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Resonant and nonresonant behavior of the heavy-ion reaction ' C+ ' C
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The ' C+ ' C reaction has been studied by a kinematic coincidence technique at 13 incident energies

ranging from E, = 19.35 to 24.9 MeV. The resonances previously reported from y-ray yield measure-

ments were observed in the equivalent excitation functions, as well as in the large angle elastic scattering

data, of the present measurements. Spin assignments were made to the two resonances in this energy

range. These resonances are members of a band with angular momenta several units larger than the

grazing values corresponding to ' C and ' C orbiting about each other at a distance significantly outside

the strong absorption radius. Other structures which were observed were unrelated to the resonant be-

havior.

PACS number(s): 25.70.Bc, 25.70.Ef

I. INTRODUCTION

The excitation functions of the ' C+ ' C reaction show
a series of resonantlike structures which were first ob-
served in y-ray intensity measurements [1]. Although
the origin of these resonances was unknown it was as-
sumed that they arose from some mechanism involving
the grazing partial waves. This assumption was support-
ed by the calculations of Haas and Abe [2] who found
that the number of open channels available to the grazing
partial waves of the ' C+' C system dipped to relatively
low values when their angular momenta L lay in the
range of about 15—20 units, i.e., at about E, =25 MeV.
The weaker absorption implied by the smaller number of
open channels could allow resonant effects to show up
within an energy window which agrees roughly with the
region where structures were observed. A possible mech-
anism with attendant spin assignments of J= 15, 16, and
17 for the resonances at energies around E, =21, 23.5,
and 25.5 MeV, respectively, was proposed by Tanimura
[3].

More recently Konnerth et al. [4] have studied the
' C+ ' C reaction and concurrently channels of the
' C+ ' C reaction as a consequence of the important frac-
tion of ' C in their target. They found that the L =18
partial wave resonates at the structure peaking at
E, =23.5 MeV. As the grazing angular momentum L
at this energy is only 15 (a spin assignment J =16 was
proposed by Tanimura) it is clear that the explanation for
these resonances must require a mechanism where the
nuclei interact at larger separation distances than had
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hitherto been supposed. Similar conclusions had been
reached in the case of the resonant behavior of the
' C+' 0 reaction [5]. We have therefore undertaken
particle measurements to verify whether the spins of the
resonances of ' C+' C are as high as claimed using a
technique similar to that of Konnerth et al. , and identi-
cal to that which we employed for the ' C+' 0 system.
The bombarding energies were chosen to encompass two
of the most prominent resonances which appeared in the
y-ray work. As we will report in Sec. III we have
confirmed the findings of Konnerth et al. that the
resonating partial waves have significantly higher angular
momenta than grazing partial waves. The results also
vindicate their proposed description of the resonances in
terms of a molecular configuration where the exchange of
the outermost nucleons provides the binding between the
nuclear cores. Although qualified as highly speculative at
the time this description is quite in keeping with the pic-
ture which emerges from the present data.

II. EXPERIMENT

The ' C+' C reaction was studied using the radioac-
tive '"C beam from the Strasbourg MP tandem Van de
Graaff. These measurements were made during the same
series as the ' C+' 0 experiment [5] with the same ex-
perimental geometry. The target was a self-supporting
carbon foil nominally 20 pg/cm thick. To cover the en-

ergy region where two of the resonances of our earlier y-
ray data at E, =20.75 and 23.5 MeV were observed,
runs were made at 13 bombarding energies ranging from

E&,b =41.92—53.95 MeV. Repeat runs were made at the
end of the experiment to estimate the carbon buildup on
the target. During the measurements one run was made
with a 50-MeV ' C beam as a check on our absolute cross
sections and angular distributions [6,7]. Where possible
our cross sections were verified against previous data
[4,8] and the agreement is acceptable considering the
20% error assigned to the present absolute values.

As described in our ' C+ ' 0 article a standard kine-

46 589 1992 The American Physical Society



590 R. M. FREEMAN et al. 46

matic coincidence setup was used to measure the angular
distributions of the outgoing channels as a function of
bombarding energy. The outgoing particles were detect-
ed in coincidence in two position-sensitive silicon detec-
tors, one placed to cover the laboratory angles 22' to SO'

and the other detector —42' to —70 . A spectrum of the
masses detected in the more forward detector, deduced
from the kinematic relation between the two coincident
particles, is displayed in Fig. 1. For masses 10 the lim-
iting angle of the associated particle is less than the
minimum angle of the second detector and consequently
only one coincidence branch (heavier partner in the most
forward detector, lighter in the second) can appear. It is
noteworthy that in this figure the dominant binary chan-
nels of the reaction are for masses 12—14, i.e., ' C, ' C,
and ' C. The ' 0+' Be channel, for example, is surpris-
ingly weak compared with channels involving the rear-
rangement of neutrons.

Selecting the M = 13 peak and angles compatible with
the ' C+' C' channel kinematics Q-value spectra have
been constructed from the parameters of the coincident
events and are shown in Fig. 2 for all 13 incident ener-
gies. The most intense peak is the unresolved doublet of
' C at 3.68 —3.85 MeV where two resonances are clearly
visible. These two resonances are consistent with the
structures observed earlier in our y-ray data for the yield
functions of transitions from the 3.85-MeV level of ' C.
On the other hand, the channel to the ground states of
' C appears to fiuctuate in a manner little correlated with
the resonances. The results selecting mass 17, i.e., chan-
nel ' 0+ Be, are shown in Fig. 3. Be has no bound ex-
cited states so only peaks corresponding to the four
bound states of ' 0 are seen. Very strong Auctuations in
the ground-state cross section are evident.

Angular distributions were determined for some of the
outgoing channels. These were integrated over wide an-
gular ranges to approximate to a yield function for the
channel. In the case of weak channels the intensities of
the excitation functions were obtained simply by sum-
ming the number of counts and are expressed in arbitrary
units. The ' C+' C channel is special in that no distinc-
tion can be made between the two identical nuclei.
Hence our cross sections for this channel are larger by an
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comparing with the inverse reaction data of Korotky
et al. [Sj. In principle different excited states of ' C can
be distinguished but this is not feasible in practice and
our cross sections for the ' C+ ' C* channels are there-
fore the sum of intensities at angles 0 and 180'—0.

Although the kinematic coincident technique is
designed to study the binary channels results were also
obtained for the ' C(' C, 2a)' 0 reaction. Where only
two of the three outgoing particles are detected there is
suScient information to reconstruct the kinematics pro-
vided the masses of the detected particles are known. In
the present experimental setup these masses are not
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FIG. 2. Variation of the "C+"C channels with bombarding
energy. The resonant structure is visible in the peak of the un-
resolved 3.68-3.85-MeV doublet.
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FIG. I. Typical mass spectrum constructed from the infor-
mation in the coincident events.

FIG. 3. Variation of the ' 0+ Be channels with bombarding
energy. Note the strong fluctuations for the ground-state peak.
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known for events more complex than binary. However it
was found that a large portion of these events mere due to
coincidences between the two cz particles of the 2a+' 0
channel. Thus by suppressing binary events (total lnass
of 26) and assuming that the remainder were a-a coin-
cidences a relatively clean spectrum of ' 0 states could be
obtained. The results of this analysis will be presented in
Sec. IV.

III. RESULTS FOR THE C+C CHANNELS

The results for channels which are observed to
resonate are assembled in Fig. 4 with earlier y-ray work
to show the concordance which exists between the two
techniques (the y-ray measurements reproduced here
were recorded in parallel with ' C+' C data taken at
Munich [9] and have been partially published elsewhere
[10]). The two techniques do not measure precisely the
same cross sections though, as Fig. 4 indicates, the reso-
nant component is common to both. From the combined
results of both techniques in Figs. 4(a) —4(d) we learn that
there is resonant structure in the simple excitation of the
3.85-MeV level of ' C and the 6.73-MeV level of ' C. In
Fig. 4(e) the results for another channel which has been
observed to resonate are included. This is the cross sec-
tion for large angle elastic scattering which can be inter-
preted as arising from the exchange of a pair of neutrons

between the two ' C cores.
Elastic angular distributions are shown in Fig. 5 for all

13 incident energies. Almost pure L =16 and 18 forms
are observed for the lower and upper resonances, respec-
tively, in the region of large angle elastic scattering where
the transfer elastic component, arising from the neutron
exchange, dominates. The elastic angular distributions
on-resonance, as well as at an intermediate energy, are
shown in Fig. 6 where they are compared with PL(cos0)
shapes. The L =18 assignment to the upper resonance
was already made by Konnerth et al. and the present re-
sults are in complete agreement. A regular series of small
structures is observed in the y-ray yield functions to pre-
cede these two resonances at approximately E, =14,
16, and 18 MeV. They are shown on a more expanded
scale in Fig. 7 for the inelastic channel where they have
been tentatively identified as the J =10+, 12+, and 14+
members, respectively, of the same band of resonances.
As illustrated in Fig. 7 the five resonances fall on a line
given by the expression

E, =aL (L +1)+ED,
where the rotational parameter (a =I /2I) is found to be
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FIG. 4. Comparison between excitation functions of previous
y-ray measurements (b) and (d) and the present results: (a)
"Cg, + ' C* for the unresolved 3.68—3.85-MeV doublet
(50 —75 ), (b) feeding of the 3.85-MeV level of "C from the y-
ray intensity measurements, (c) ' C*+ ' CI, for the unresolved
group of states including the 6.73-MeV level of ' C (55 —85 ), (d)
feeding of the 6.73-MeV level of ' C from the y-ray intensity
measurements, and (e) elastic channel at large angles (95'—135').
The degrees in brackets are the ranges over which the angular
distributions were integrated.
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the two nuclear centers. The nuclear radii of '"C and ' C,
rI, and r2 (mass radii taken equivalent to the charge ra-
dii), are calculated with a radius parameter of 1.2 fm.
From the experimental moment of inertia we are thus led
to a two-center distance R which corresponds to the two
carbon nuclei orbiting around each other at a distance of
8a2 fm, well outside the strong interaction radius of 6.9
fm given by the expression
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FIG. 6. Elastic angular distributions of the ' C+ "C reaction
at the two resonances and at an intermediate energy. Compar-
ison is made with the PL(cos0) forms for L = 16 and 18.

40 keV (I =5.4X10 MeVs ) and the bandhead Eo is
9.8 MeV (E,„[Mg]=29.0 MeV). The moment of iner-
tia I is given by the expression

I =—', (AIr, + A2r2)+PR (2)

where p is the reduced mass and R the distance between
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FIG. 7. y-ray intensity measurements for the 6.73-MeV level

of ' C [see Fig. 4(d)] showing the proposed high moment of iner-

tia band.

1.36(A', +A2i )+0.5 . (3)

The moment of inertia as expressed by Eq. (2) implies a
rigid rotation of the system (the sticking limit) as often
assumed for closer nuclear collisions where there is ap-
preciable friction between the interacting ions. In the
present case of a more distant collision this approxima-
tion may no longer be adequate. As a consequence, the
interaction radius deduced from the moment of inertia
may be even larger since with reduced friction only the
term pR will tend to remain in Eq. (2) yielding in the
limit R =9.0 fm.

The energy of the bandhead should be roughly equal to
the Coulomb barrier EO=Ecz. But at a distance of 8.2
fm the inter-ion Coulomb potential is only 6.3 MeV corn-
pared with the value 9.8 MeV found for Eo. The moment
of inertia found experimentally also falls outside the sys-
tematics compiled for resonances in other heavy-ion sys-
tems [11,12]. Using the expression for the moment of in-

ertia given in these references, which differs only in detail
from Eq. (2) above (in particular their model is based on a
grazing encounter R =rI +r2), then I is calculated to be
3.54X10 MeVs whereas the experimental value is
more than 50% greater. In spite of the large distance be-
tween the two nuclear centers which follows from our es-
timated moment of inertia, of the 160-mb of flux in the
incoming L =18 partial wave at resonance, more than 20
mb exit in identified resonating reaction channels and a
comparable fraction returns to the elastic via the transfer
of a neutron pair. Nothing more than the rearrangement
of neutrons is required in the resonant processes.

The assumptions of the foregoing discussion concern-
ing how the resonances are assembled into a band were
made in order to obtain a more quantitative determina-
tion of the rotational parameter and subsequently the
two-center distance between the orbiting nuclei. Even
without those assignments which remain to be tested it is
nevertheless evident that this distance is larger than the
strong interaction radius of Eq. (3) as illustrated in Fig. 8

where the 90' elastic scattering results of the present
work are compared to the gross structure occurring in
' C+' C [13] and ' C+' C (reproduced in Ref. 8). The
energy scale is appropriate for ' C+ ' C but to take ac-
count of the increasing size of the nuclei with mass it has
been modified for the other two reactions to line up their
grazing angular momenta. Leaving aside certain
differences between the ' C+ ' C and ' C+ ' C reactions,
notably the intermediate structure which has been
smoothed out of the ' C+' C results, the gross structure
in both cases is similar arising essentially from peripheral
effects which can be simulated using surface-transparent
optical model potentials. The partial waves responsible
for the structures have angular momenta close to the
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excitation of the 6.73-MeV state of ' C, where resonant
behavior could be anticipated, the situation in other
channels is less clear for though structures are observed
the correlation with the resonances is not too evident. In
particular for the ' C+' C outgoing channel, for which
calculations based on molecular orbits exist [8,15,16],
correlation with the resonant structure is only minor if
present at all. Since the spin of ' C is —,

' the angular mo-

ments L in the entrance and exit channels are identical
and indications of this L may be found in the angular dis-
tributions. An example of an angular distribution at the
energy of the upper resonance is shown in Fig. 10. It fits
more closely to an L = 16 rather than to the L = 18 form
assigned to the resonance which is further evidence that
the channel participates little in the resonant mechanism.
Konnerth et al. [4] remarked on the comparative weak-
ness of the inelastic channel to the 2+ (4.44 MeV) state of
' C. Over the larger angular range of the present data
the dominance of the strength of the inelastic channels to

5.0—

grazing values contrasting with the situation for ' C+ ' C
where the angular rnomenta are about 3 units greater.
The features distinguishing the ' C+ ' C system from the
other two systems can be understood qualitatively by
considering the channels available for the exchange of
nucleons. As remarked with respect to Fig. 1 most of the
outgoing flux from the ' C+' C reaction is in the rear-
rangement of the neutrons. The Q value for a one-
neutron transfer reaction is —3.2 MeV and for the
transfer of two neutrons from ' C to ' C it is trivially
zero. For the ' C+' C system the rearrangement of one
or two neutrons (or protons) requires at minimum nearly
14 MeV and for ' C+ ' C nearly 7 MeV. These very neg-
ative Q values will result in unfavorable matching condi-
tions for nucleon exchange in the two identical boson sys-
tems.

The properties of the resonant behavior of this reac-
tion, i.e., the channels which resonate involve the rear-
rangement of neutrons at a distance where only the tail of
the nuclear densities interact, strongly suggest that the
resonances are due to molecular configurations that are
held together by the sharing of valence neutrons. The
symmetry of the system composed of two ' C cores
bound by a pair of neutrons would also explain the ab-
sence of the odd L members of the band. Such a system
with isospin T=1 and spin S =0 has been discussed by
von Oertzen and Bohlen [14]. The molecular states are
split according to whether they are excited by even or
odd L partial waves (L =J, the spin of the molecular
state in this case). Presumably it is the lowest energy
molecular band of even J states which appears in the
present data.

Excitation functions for other C+C channels are
shown in Fig. 9. Apart from the large angle data for the
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FIG. 9. Excitation functions for other C+C channels com-
pared with the resonant structure (a) of the large angle elastic
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Cg + Cg (50 85 ) (c) Cg + C* for the 4.44-MeV level
of ' C (50 —85 ), (d) as for (c) but at larger angles (105 -130'), (e)
' C*+' Cg, at large angles for the unresolved group of states
including the 6.73-MeV level of ' C (115'—132'). The degrees in
parentheses are the ranges over which the angular distributions
were integrated.
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in reaction channels. If the ' C+' C system has given
the clearest indications of the formation of a molecular
configuration this can be ascribed to its greater simplicity
since only two valence neutrons are principally involved
in the exchange processes.

C',

b
10-1

o 0
0 0

0 0
0 4

0 p
0 0

0
0 O O

o

60

Oc.m. (deg )

0 4

90

FIG. 10. Angular distribution of the "Cg + Cg channel
at E, =23.5 MeV.

the 3 state of ' C relative to the 2+ state of ' C is not so
apparent.

The particular features which characterize the two
channels which do resonate will now be considered.
These channels, i.e., the excitation of the 6.73-MeV state
of ' C and the 3.85-MeV state of ' C, both have a Q value
of about —7 MeV and decrease by 3 units of angular mo-
menta in the outgoing channels. The dynamics are very
similar because the two channels are closely related by
their nuclear structure; a more explicit description will
shortly fo11ow. For grazing collisions there is good
matching between the entrance and exit channels in both
reactions as pointed out in our first article [1]. However
the grazing assumption is now superseded by our estimat-
ed energy versus I. dependence for the resonances, i.e.,
0.040L(,L +1) MeV where a change of 3 units of L is
equivalent to an energy change of only about 4 MeV.
Thus the matching is not as favorable as formerly sup-
posed and not the overriding factor. The prime reason
should be sought in the affinity between the molecular
configuration and the outgoing channels. Intuitively, the
resonant excitation of the 6.73-MeV level of ' C could be
expected. The formation of a pear-shaped octupole state
is the type of deformation which might result from the
breakup of a configuration consisting of two ' C cores
bridged by the pair of valence neutrons. When viewed
from the shell model the relation with the other resonat-
ing channel becomes apparent. The dominant
configuration of the two valence neutrons of the 6.73-
MeV {J =3 ) state of '4C is d&&zpt&2 [17]. Knowing
that the valence neutron of the 3.85-MeV state of ' C is
in the d5&2 subshell it follows that the two channels can
be interchanged simply by displacing either one of the
valence neutrons, without changing its quantum num-
bers, from one ' C core to the other. Under this sym-
metric exchange of a single neutron one channel can be
transformed into the other.

Another reaction which exhibits similar features is
' C+' 0 [5]. Considering the role of nucleon exchange
in these reactions it is probably significant that, in com-
rnon with the ' C+ ' C reaction, the target and projectile
nuclei differ by a pair of nucleons. In both reactions the
large angle elastic scattering is correlated with resonances

IV. OTHER CHANNELS

Other binary channels are weak as can be judged from
Fig. 1. These channels require a fairly complex rear-
rangement of the nucleons and are unlikely to be strongly
coupled to any simple mode associated with the resonant
effects. Although nothing correlated with the resonances
was observed various structures appear in the energy
dependence and a selection is displayed in Fig. 11. In
particular the strong fluctuations of the ' 0+ Be chan-
nel, also visible in Fig. 3, are included. Structures of this
type have been seen in other reactions (see, for example,
the ' C+ Mg data of Glaesner et al. [18]) and have
been interpreted as Ericson fluctuations in a dinuclear
system. They also coexist in the C+C channels (see Fig.
4) with the resonant structure. The inclusive y-ray tech-
nique tends to wash out such fluctuations to a level where
they are difficult to detect.

The yield function for the 1.27-MeV y-ray transition of
' Ne is reproduced from Ref. [10] in Fig. 12. This transi-
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Ng s + 'Bg s,
(d) Og + Beg



46 RESONANT AND NONRESONANT BEHAVIOR OF THE HEAVY-. . . 595

I I I I
i

I I l I
(

I I I I
(

I I 1 I

22

40
80 — +o 1.27 MeV Transition

60—

20—

I & ( & i I I i i & I i I & & I & i t & I

10 15 20 25 30

Ec ~ (MeV )

tion generally follows the emission of a single u particle
though the rise at higher energies shows that other chan-
nels like 2p2n are beginning to contribute. Little remains
of the strong structure apparent at lower energies in the
higher energy region where the present measurements
were made. In this region most of the cross section for
the emission of a particles is in the 2a and an channels.
As explained in Sec. II the 2a channel feeding states of
' 0 is responsible for much of the background in the
coincidence spectra. In fact the states of ' 0 can be
reached in two ways via the coincidences: (l) a particles
from the fusion-evaporation process are detected in coin-
cidence and the total kinetic energy corrected for the
missing recoil energy of ' 0 or (2) from the breakup of
the ground state of Be where the two a particles stay so
close together that they are often detected as a single
mass 8 particle in coincidence with ' 0 and can be treat-
ed like other binary channels. Spectra for the excitation
of ' 0 can be reconstructed from the coincident events
for both situations and are shown in Fig. I3. The energy
resolutions depend on a number of factors but with care-
ful attention to the detector calibrations noticeably im-

FIG. 12. Yield function of the 1.27-MeV y-ray transition of
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FIG. 13. Spectra of states of ' 0 excited by (a) the
' C(' C,2a) and (b) the ' Cf' C, 'Be) reaction which have been
reconstructed from the coincident events as explained in the
text. In both cases the spectra are the sum of results for the 7
highest incident energies. Three high spin states appearing in
the continuum in (a) are indicated by arrows.
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FIG. 14. Spectra of intermediate states of Ne excited by the
a-a chains of the ' C(' C, 2a)' 0* reaction which feed the first
4+ state of ' 0. Results are shown for incident energies ranging
over the lower resonance.
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proved resolutions are obtained for (1) where only a par-
ticles are detected. Note also the presence of unbound
levels and the higher background in Fig. 13(a) due to the
less stringent selection conditions in this case.

The two spectra of Fig. 13 correspond to two distinct
reaction mechanisms which populate the states
differently. For the most part the fusion-evaporation pro-
cess of the 2a channel should be purely statistical result-
ing in a preference for feeding the high spin states. This
spectrum can then be checked against levels of ' 0 com-
piled by Ajzenberg-Selove [19]. No discrepancies are
found for the low-lying levels but at higher excitation en-
ergies a reported 4+ state at 9.0 MeV [20] is not seen and
further up in the continuum high spin states in the form
of three small peaks appear at 10.3, 11.1, and 11.7 MeV
where the correspondence with the compilation is uncer-
tain. The energies of the highest two agree well with
states at 11.06 and 11.79 MeV which are strongly excited
in the ' N(' C, ' B)' 0 reaction [21] and are proposed to
be the 7 and 6 states, respectively, formed by coupling
a p, zz hole to the 13/2+ state of ' F. In the case of the
' 0*+ Be channel the intensities depend on the spectro-
scopic factors for a-particle transfer. As might be ex-
pected this spectrum, shown in Fig. 13(b), resembles that
for another a-particle transfer reaction, ' C( Li, t)' 0
[22]. The most prominent peak is a group of unresolved
levels of spin no greater than 3.

It is also possible to reconstruct the spectrum of states
of Ne which feed the ' 0 levels shown in Fig. 13(a).
Here an ambiguity arises since the coincident events
separate into two branches depending on whether a given
detector counts the first or second a particle in the chain.
Being unable to distinguish between the two branches
events of only one type will be supposed; the peaks for
events of the other branch will be smeared out into the
background. An example is shown in Fig. 14 for states in
the continuum of Ne which feed the first 4+ state of ' 0

at bombarding energies ranging over the lower resonance.
In this, as in other examples, states at high excitation en-

ergy in Ne are observed to vary rapidly in intensity with
energy. The behavior is consistent with a statistical pro-
cess subject to fluctuations.

V. CONCLUSION

Considerable structure has been observed in the energy
dependence of various channels of the ' C+' C reaction.
Much of this structure can be described merely as fluc-
tuations due to the relatively fewer degrees of freedom
available to a dinuclear system. However, in three chan-
nels we have observed correlated structure in the form of
a band of resonances. The spins for two of these reso-
nances were measured and a moment of inertia deduced.
The band of resonances corresponds to a system where
the ' C and ' C orbit each other at a distance where on1y
the tails of the nuclear densities interact. It is therefore
assumed that the resonances arise from a molecular
configuration held together by the exchange of the outer-
most nucleons. This dinuclear complex breaks up in

three major ways: (1) back into the elastic channel where
at 1arge scattering angles the resonant effects stand out
and the angular distributions enable firm spin assign-
ments to be made, (2) into the ' C+' C* (3.85 MeV
J =5/2 ) channel, and (3) into the ' C+ ' C" (6.73 MeV
J"=3 ) channel. These two reaction channels are close-
ly related as both can result from the promotion of a p, &2

neutron to the d 5&2 orbital.
The members of the Frankfurt group, who have done

much to advance the idea of molecular orbitals in a two-
center shell model, concentrated their efforts for the Mg
compound system on the ' C+' C~' C+' C channel
[15,16] for which previous data exist [8]. This channel
participates little if at all in the resonant behavior. The
most interesting phenomena are accessible via the
' C+ ' C entrance channel.
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