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The energy dependence of the total cross section for the mutual inelastic scattering re-
action °C +2c— 2C(2,*) +2C(2,*) has been measured from E._p, (12C) =15 to 45 MeV. A
rotationlike sequence of resonances is observed with strengths up to 17% of the unitarity
limit and widths approaching the '*C +!2C single-particle width.

The present Letter reports the observation of
a striking series of previously unobserved reso-
nances in the angle-integrated cross section of
the reaction 2C(**C, **C(2*))*23C(2*) which shed
new light on the nature of the intermediate-struc-
ture resonances in the *C +'C system.

The initial studies® of the light-particle decay
channels of the 2C +'2C system by Almqvist,
Bromley, and Kuehner revealed resonances in
the total reaction cross section near and below
the Coulomb barrier (E, , =5 to 7 MeV). Subse-
quent research? showed that these unusual com-
pound-nucleus states have a partial width for de-
cay back into the entrance channel which approach-
es the Wigner limit. These measurements con-
stituted the first examples of nuclear molecular
phenomena.

In recent years the search for nuclear molecu-
lar phenomena in **C +'C has been extended to
energies well above the Coulomb barrier. De-
tailed excitation functions of the p, d, n, a, °Be,
2C, and '®*C* channels as well as the total “fu-
sion” cross section have been measured.* ** The
light-particle decay channels are dominated by
statistical evaporation processes and Ericson
fluctuations. Detailed statistical analyses and
searches for cross-channel correlations have re-
vealed, however, discrete intermediate struc-
tures with 150 < I',, < 700 keV. One such study,’
which focused on the p +?*Na channel, identified a
rotational sequence of resonances with J"=8" to
12+,

Feshbach' has recently summarized the exist-
ing information on resonances in the light-parti-
cle channels and demonstrated that resonances
of the same spin are generally clustered within
2 to 3 MeV. In this light, the broad structures'®
observed in the total fusion cross section may be
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understood as a superposition of all of the indi-
vidual sharp resonances seen in the light-parti-
cle decay channels. This suggests™ that the indi-
vidual sharp resonances are examples of isolated
doorway states which are excited within energy
windows defined by molecular shape resonances
in the elastic channel. Two experimental ques-
tions are posed by this interpretation: (1) Do the
molecular shape resonances exist, and if so,
what are their energies, spins, widths, and
strengths? (2) What are the dynamics involved
in the generation of the doorway state?

The present Letter reports new experimental
data on the energy dependence of the total cross
section for the mutual inelastic scattering reac-
tion ¥C +2C - 2C(2,*) +2C(2,*) as well as the in-
clusive cross section for producing either one or
two carbon nuclei in their 2,* state. These mea-
surements furnish direct experimental informa-
tion on both of the questions posed above.

The experiments consisted of detecting y rays
from the **C 2,* = 0" transition (£, =4.44 MeV)
in singles and coincidence using two 10-in.x10-
in. Nal crystals positioned in plane in a highly ef-
ficient geometry. An inset in Fig. 1 shows a typi-
cal y spectrum obtained at E ;=71 MeV. “C
beams from the State University of New York at
Stony Brook FN tandem accelerator and the Brook-
haven National Laboratory three-stage MP tan-
dem facility were used to cover the bombarding
energy range of E_ ,, =15 to 45 MeV in steps of
AE ., < 250 keV. Self-supporting natural carbon
foils of 20 ug/cm? thickness mounted close to a
liquid-nitrogen—cooled surface were used for all
measurements, and carbon buildup on the target
was negligible.

The resulting excitation functions for inclusive
2,*—~ 0" transitions and mutual inelastic scatter-
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FIG. 1. Energy dependence of the total cross section
for C 2,*— 0* y-ray transitions observed in °C +!*C
collisions, Spin assignments of the resonances are dis-
cussed in the text. The inset shows a typical singles 7y
spectrum obtained at Ey, ('2C) =71 MeV.

ing are shown in Figs. 1 and 2, respectively. The
scale of the absolute total cross section for the
mutual-inelastic-scattering data was established
in a charged-particle experiment in which the
corresponding angular distribution was measured
from 6,=5° to 45° at E, =22 and 24.5 MeV.
This procedure is accurate to + 20%. The abso-
lute cross-section scale for the inclusive 2,* - 0*
data was established (to + 40%) using a measured
solid angle, calculated total efficiency, and esti-
mated line shapes for the 4.44-MeV y rays in the
Nal detectors. Further experimental details are
given by Cormier ef al.'®

The excitation functions are dominated by a
series of broad resonances which, in the case of
mutual inelastic scattering, have peak-to-back-
ground ratios of up to 2:1. Although the present
experiment does not allow a direct measurement
of the spins of the resonances it is instructive to
compare the positions of the measured resonanc-
es with previously observed sharp resonances in
light-particle decay channels for which spin as-
signments could be made. Thus one notes, e.g.
(see Table I of Ref, 14), that states with spins

12* are generally clustered in the range 18 <E com,

<20 MeV, which is around the position of the
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FIG. 2. Energy dependence of the total cross section
for the reaction '*C('2C, *c(2) C(2*). Spin assign-
ments of the resonances are discussed in the text.

strong structure observed at E ;;, =~ 19 MeV in
our data. Similar statements apply for the bumps
around E_ ., =14 and 25 MeV where 10* and 14*
strength seems to be concentrated. It should,
however, be mentioned that the above correlation
is not completely unique since two J"=10* states
have been identified at E, ,, =18.8 MeV ® and
E. m,=19.0 MeV ** indicating that states with the
same spin may be spread out over several MeV.

The correlation between our resonances and
high-spin states identified in light-particle decay
channels is even more suggestive if one plots the
energy centroids of the structures observed in
the singles excitation function (Fig. 1) versus the
dominant J(J + 1) values. Assuming spins 10* and
12* for the resonances at E , =14 and 19 MeV
immediately suggests the identification of the
higher-energy resonances as members of a com-
mon (molecular) rotational band with spins 14*,
16*, and 18" at energies E ,, =25, 30.5, and
37.1 MeV, respectively, as shown by the straight
line in Fig. 3.

Figure 3 also displays the results of an optical-
model calculation of the *C+*C, »=0 single-
particle states obtained using the Yale potential'®
and an energy-dependent potential of the type dis-
cussed by Malmin.!” In both cases the absorption
is taken to be zero.'® These states, which, in
the molecular model, correspond to the lowest
lying K™ =0* molecular rotational band in **Mg,
are in remarkable agreement with our experimen-
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FIG. 3. Experimentally observed resonant energy
centroids vs J(J +1) for the spin assignments given in
Table I, The energies of the =0 molecular rotational
band are shown for comparison using two different
prescriptions for the real potential as discussed in the
text,

tal energy centroids.'® Table I compares the to-
tal widths observed in the singles excitation func-
tion with these calculated single-particle, molec-
ular widths. The comparison suggests that the
observed resonances are reasonably pure single-
particle states. In fact, it is observed that the
experimental widths of the 10* and 12* resonanc-

es exceed the single-particle width. In terms of
the doorway-state interpretation, this suggests
the possibility that the total width of these states
is determined by the sum of the spreading width
to more complex compound nucleus states and
the single-particle width.

The mutual inelastic scattering and inclusive
2,*~ 0" cross sections exhibit different energy
dependences below E ., =22 MeV. In particular,
the 10* and 12* resonances either are not ob-
served or they are only partially observed in the
mutual inelastic channel. This effect may result
partially from the lower center-of-mass energy
relative to the Coulomb barrier in the mutual in-
elastic channel or may reflect an inhibition of
this channel related to the dynamics of the door-
way-state production. Assuming spins 14%, 16*,
and 18" for the resonances at E ,, =25, 30.5,
and 37.1 MeV yields ratios of ¢/2(2J + 1)72%=0.16,
0.17, and 0.11, respectively, for the resonant
cross section to the appropriate unitarity limit.
These numbers are obtained after subtracting a
smooth nonresonant background from the data of
Fig. 2. Furthermore, the resonant cross sec-
tions extracted from the present data place limits
on the elastic and mutual inelastic widths, I', and
Ty+, 5+, and determine®® an upper limit for the
sum of the compound nucleus damping width (I'¢y)
and single inelastic width (I';+). These quantities
are given in Table I. It is clear that the present
data imply T'; or T+ »+ widths on the order of 1
MeV which further indicates the quasimolecular
nature of the resonances.

The results discussed above suggest that the
gross features of the observed resonances may
indeed be attributable to molecular shape reso-
nances. A fine structure is also observed which
in many cases seems to be correlated with known
resonances in various light-particle decay chan-

TABLE I. Comparison of the experimentally observed resonant energies and widths with the molecular band cal-

culations.
Experiment Molecular band calculations

E,.(**Mg) Trot Opeot Ty, Tyt Tor? Tror?
J" (MeV) (MeV) 2(2J +1)mA? (MeV) T+ + ey E.(*Mg)® (MeV) E,(**Mg)® (MeV)
10* 28.5 1.8 27.0 0.7 28.6 1.1
12+ 33.0 2.9 32.0 2.0 32.8 2.0
14* 39.0 2.3 0.16£0.03 0.10S Ty, [yppr S2.2 1.4 37.8 3.3 37.8 3.4
16* 44.70 3.0 0.17£0,03  0.13< [y, Ty <2.87 1.76 44.0 5.0 43.5 4.5
18+ 51.0 4,3 0.11£0.02 0.12ST,, Iyypr < 4,18 2.87 51.8 8.5 50.0 5.0

2yale potential, Ref. 16,
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nels. If, as suggested in Ref. 14, this fine struc-
ture corresponds to individual isolated doorway
states, then the fact that all such states (i.e., the
whole molecular shape resonance) are observed
in the mutual inelastic and single inelastic chan-
nels tentatively suggests that these channels are
important components of the doorway-state wave
function. These observations provide the first
direct, albeit incomplete, experimental evidence
in support of a model®***?? of the *C +'2C molecu-
lar resonances at high energies in which doorway
states are created by coupling the molecular
shape resonances of the elastic channel to more
tightly bound channels containing one or both of
the '2C excited to the 2,* state.
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ful discussions with Professor Peter Paul.
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