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Resonances in the 8+ C system
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Excitation functions have been measured at several angles for the elastic, inelastic, Be, and n-particle exit
channels of the "8 + ' C system. Nine resonances are identified in the energy range E„,, =—9.4 to 17.8 MeV.
A comparison with resonance data from the 'Be exit channel of the "C+ "C, "C + "0, and 'Be + "C
systems is presented.

NUCLEAR REACTIONS C{ B, Be), C{ . B, n), and elastic and inelastic
scattering, g, = 9.4-17.8 M eV; measured 0(H, E); deduced resonances.

I. INTRODUCTION

In spite of the effort put into searches for reso-
nances in heavy-ion systems (see Refs. 1-3 and
references therein), there is still no clear picture
of the way in which the strengths, widths, and
densities of heavy-ion resonances change as one
goes from one heavy-ion combination to another.
In particular, there is not yet enough information
to draw solid conclusions about the effect of add-
ing or removing a nucleon from one of the heavy
ions in the strongly resonating e-type systems

C+ ~C and ' C+ "O. At the very lea.st such in-
formation should be helpful in evaluating the
models proposed to explain resonances in the "C
+"C and "C+"0 systems.

We report here a study of the "8+"C system.
We have measured excitation functions for the
elastic, inelastic, 'Be, and n-particle exit chan-
nels of the "8+ 'C system over the energy range
E, =9.4 to 17.8 MeV. The data show clear
evidence for nine narrow resonances in "Na. The
average width is about 300 keV. Two resonances
which appear strongly in the elastic scattering
channel were reported in an earlier publication, 4

where the elastic scattering and some 'Be data
were presented. A comparison with 'Be data from

systems is
presented and discussed.

H. EXPERIMENTAL DETAILS

The measurements were made using a "Bbeam
from the Florida State University (FSU) super-FN
Tandem Van De Graaff accelerator, with natural
carbon targets. Excitation functions were mea, -
sured between laboratory energies of 18.8 and
34.1 MeV in steps of approximately 200 keV.

Elastic scattering cross sections were obtained
at 10 c.m. angles from 28.0 to 150.8' for the "B
by measuring both "B and "C yields at laboratory
angles of 14.6', 19.6', 24.6', 49.6, and 59.6 . A

telescope with a 15 p, m 4E detector was used at
the three most forward angles; at the two remain-
ing angles, single thin detectors were used so as
to minimize the energy loss of light reaction prod-
ucts and prevent them from obscuring the rela-
tively low energy "B and ' C events. Some data
were obtained at 14.6 and 19.6 for two "C recoil
groups from inelastic scattering events.

The 'Be measurements were made using the I"SU

Be detection system. ' Thin aluminum foils were
used in front of the detectors to stop the elastically
scattered "Bparticles. The 'Be events were de-
tected at 5 intervals from 7.5' to 32.5' in the labo-
ratory. Data were obtained for reactions leading to
the g.s. of ' N, the unresolved states at 5.270 and

5.299 MeV, the state at 6.323 MeV, and the un-
resolved states at 7.154, 7.300, and 7.563 MeV.
Because breakup n particles from low energy 'Be
events were stopped in the aluminum foils, the
lower energy groups were observed only at for-
ward angles. Some data were lost also because
of interference from a contaminant group due to the
'H("B, 'Be)'He reaction.

The o.-particle measurements were made at the
laboratory angles 19.6', 29.6. , and 39.6'. Data
were obtained for reactions leading to the unre-
solved g.s., 0.110, and 0.197 MeV states, the un-
resolved 1.35, 1.46, and 1.56 MeV states, and the
2.79 MeV state in "F.

During all of the measurements discussed above,
carbon buildup on the targets was reduced by plac-
ing liquid nitrogen traps in the beam line and
around the target. Carbon buildup was found to
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be about 10%%uc over the duration of one excitation
function for the elastic scattering and n-particle
measurements, and about 20%%uc for the 'Be mea-
surements. The data are not corrected for target
1;hickness increase with time. Absolute cross
sections were obtained by measuring the yield of"0 elastic scattering at 20 MeV at angles of IV
to 23' in the laboratory, and normalizing to the
calculated Rutherford cross section. The absolute
cross sections are believed accurate to within 15%%uo.

- The target thicknesses were found to be about 60
iig/cm' for the elastic scattering and o.-particle
measurements, and about 80 pg/cm' for the 'Be
measurements. These correspond to energy losses
of 200 and 2V0 keV in the laboratory at the low
energy end of the excitation functions. All c.m.
energies given in this paper are corrected for
energy loss in the target.

III. RESULTS AND DISCUSSION

The elastic scattering excitation functions are
shown in Fig. 1 and those for the four 'Be groups
in Figs. 2-4. Figure 5 shows the n-particle data,
and Fig. 6 the inelastic scattering data.

In the following discussion it is argued that nine
resonances may be identified in "Na on the basis
of our data. The arguments are based entirely on
correlations over angle and exit channel. To re-
duce the probability that a chance correlation be-
tween peaks due to fluctuations might be mistaken
for evidence of a resonance, we consider only
structure which is found to be correlated in at
least three exit channels. The probability of such
a mistake is further reduced in most cases by the
observation of correlations over angular ranges
much greater than the estimated fluctuation co-
herence angles (1/br=4' for the elastic scattering,
for example). In each case, data are compared
for the various exit channels at one or two angles
where the structure is clearest. The selected
data are presented in Figs. V-9.

10.2 MeV (E&g 7). Evi.dence for a resonance at
10.1 MeV may be seen in the cross sections of the
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FIG. 1. Center of mass cross sections for elastic
scattering of ~~3 on 2C. The angles are c.m. angles of

8 emission.

FIG. 2. Center of mass cross sections for the
C( B, Be)t5N (g.s.) reaction. The angles are the c.m.

angles at E, =13.5 MeV incident energy.
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FIG. 3. Center of mass cross sections for the
C( B, Be)i5N" (5.2V and 5.30 Mev) reaction. The an-

gles are the c.m. angles at &, m
= 13.5 MeV incident en-

ergy.

first two 'Be groups and the second n-particle
group. Note that the structure is correlated over
about 32' in the c.m. for the ground state 'Be
group.

10.9 Me V (Fig. 7). Here, structure is seen in the

second and fourth 'Be groups, the first n-particle
group, and in the elastic scattering at the three
most backward angles. The structure in the first
e-particle group is observed at all three angles,
a range of about 26'.

11.7MeV (Fig 7). The firs.t two n-particle
groups and the elastic scattering show structure at
this energy. The structure appears over a wide
angular range in the first two e-par'ticle groups
and is observed at 140.8', 150.8', and, weakly, at
93.9 in the elastic scattering.

12.5 Me V (Fig 8). Structu. re is observed in the
first two 'Be groups, the thi, rd O. -partic&e group,
and the elastic scattering. The effect in the elastic
scattering cross sections is strong and is corre-
lated over about 57 . The structure is correlated
over 32 for the first 'Be group and 26 for the
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second Be group. This resonance was reported
previously. '

23.8 MeV (Fig. 8). Evidence of this resonance
appears in the data for the second and fourth 'Be
groups, and in the elastic scattering. Structure
is observed in the elastic channel near 13.2 MeV
at every angle from 60.8 to 150.8, and for the
second 'Be group at every angle studied, a range
of about 35 . This resonance was also reported
previously. 4

Z4.8 MeV (Fig. 8). At this energy an effect is seen
clearly in the data. for the first, second, and fourth

FIG. 6. Laboratory cross sections for the inelastic
scattering of ~ 8 from ~ C leading to the indicated final
states. The angles are laboratory angles.

'Be groups. There is also vreak structure in the
second n-particle group and in the elastic scatter-
ing.

14.8 and 15.3 Me V (Fig. 9). This anomaly, ob-
served at every. angle in the data for the second
'Be group, is the most striking feature in the 'Be
data. It is evidently due to a pair of overlapping
resonances having energies of about 14.8 and 15.3
MeV. The inelastic scattering to the first excited
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state of 'B shows a similar anomaly, slightly
shifted in energy. The first 'Be group shows weak
structure near 14.8 and 15.3 MeV, the third 'Be
group shows an effect near 15.3 MeV, and the
fourth 'Be group shows structure near 14.8 MeV.

26.0 MeV (Fig. 9). Structure is seen here in the
data for the second, third, and fourth 'Be groups,
and for the third n-particle group. The second
'Be group shows an effect at all angles, a range of
about 35 . There is also weak structure in the
elastic scattering at 93.9 and 150.8'.

In addition to the more or less isolated reso-
nances for which evidence is presented above,
there is evidently a group of two or more over-
lapping resonances near 11.2 MeV. Broad struc-
ture, overlapping the position of the 10.9 MeV
resonance, is observed for all 'Be groups and also
for the third n-particle group. The broad struc-
ture changes shape and width from angle to angle
and final state to final state, suggesting that it is
due to more than one resonance.

There are a number of energies at which struc-
ture is observed which is probably due to reso-
nances, but these cases do not meet the criterion
employed above, namely, that there be a clear
correlation over at least three final states. For

example, at about 12.1 MeV structure is present
in the data for the second and fourth 'Be groups
and also, very weakly, in those for the third 'Be
group. Other such examples occur at about 13.5,
17.0, and 1'7.5 MeV.

Apart from the evidence presented above for the
presence of resonances in "Na, there are some
general features of the data which should be men-
tioned.

Both the elastic and inelastic scattering cross
sections (Figs. 1 and 6) show gross structure.
For the elastic scattering at far back angles,
where the broad structure is very strong, it was
found4 to be consistent with distorted-wave Born
approximation (DWBA) calculations of the one pro-
ton elastic transfer contribution.

While the elastic scattering, 'Be, and e-particle
cross sections all show considerable narrow
structure, the inelastic scattering cross sections
are relatively smooth. The inelastic scattering
data suggest that there is little involvement of the
low lying excited states of "Band the first ex-
cited state of "C in the wave functions of the
resonances observed in the other channels. This
may be contrasted with the cases of "C+"C (Ref.
6) and "C+"0,7 where it has been found that the
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The values for C+ ~ C have been reduced by a factor of 2 for easier comparison with those for the other three sys-
tems .

inelastic channels display many strong resonances
in a comparable energy range.

Other systems in the mass region of "C+"C and
"C+"0 for which resonances have been reported
are 12C+13C 8 108+14M 9 12C+14C lo 15N+12C ll a dt
'Be+ "C." Of these, the claims have been dis-
puted for "C+"C (Ref. 13) and "B+'4N. '4 The
study of "C+'~C (Ref. 10) was restricted to the o.-
particle, triton and deuteron channels, and the
study of "N+ "C (Ref. 11) to the o.-particle exit
channels, but the investigation of 'Be+ "C by
Mateja et a/. ,

"who identified five resonances in
Ne, included a study of the Be channels as well

as the elastic scattering and a-particle channels.
Since there are now four systems for which 'Be
data are available in approximately the same en-
ergy range, a direct comparison of the 'Be ground
state excitation functions is possible. Figure 10
compares our "C("B,'Be)"N (g.s.) data with cor-
responding data from the "C+"C,""C+"0,"and
'Be+ "C (Ref. 1a) systems. The data in each ease
are summed over the same four laboratory angles
to lessen the effect of differences in the angular
distributions. While the "C+"C system resonates
much more strongly in the 'Be channel than any of
the others, there is little difference in strength
between the "C+"0, "B+"C, and 'Be+ "C sys-
tems.

When making such a comparison, however, the
effect of the nonzero channel spins of the "B+"C
and 'Be+ "C systems should be considered. It has
been found for "C+"C (Ref. 15) that the reso-
nances of a particular spin are grouped near the
energy of the corresponding grazing angular mo-.

mentum, and that there is very little overlap of
groups of resonances of different spin and the same
parity. Therefore there is good reason to expect
that only one / value wi11 contribute to a given
resonance even when the channel spin is not zero.
If we assume that resonances are formed by a
single l value and decay by a single l value regard-
less of the channel spins involved, then the angle
integrated cross section for a reaction proceeding
through an isolated resonance of spin J is given
by"

4n
&ee'=

~ 2 gz T2
Of to ta1

at the resonance energy. The statistical spin
factor g~ is defined by

2J+ 1
(as, +1)(as,+1) '

where I, and I, are the spins of the pair of nuclei
in the entrance channel a. The factor
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TABLE I. Values of the angular momentum mismatch,
defined as Al =l~~, (exit channel)-l~~, (entrance) for
the four reactions compared in Fig. 10. All values are
calculated at E~m =13.5 MeV.

Reaction

~Be(i2C, 8Be)isC (g.s.)
i2C(iiB 8Be)isN (g s )

Be) 0 (g.s.
C( 0, Be) Ne (g.s.)

[(2I, + 1)(2I,+ 1)] ' accounts for the fact that only
part of the entrance channel flux with relative
angular momentum l couples to the channel spin
(or spins) to form the total angular momentum J.
This factor is 4 for "B+"C and 'Be+ "C, and &

for 2C+~ C and a2Cy O. Therefore Pjg. 10 sug
gests that the quantity

(2m+1) r. ,l"..,
total

is approximately the same for the strongest reso-
nances observed in the ground state 'Be decay
channels of the 'Be+ "C "8+"C and "C+"C
systems, while for "C+"0 it is smaller by a
factor of about 4. This is rather surprising, since
it has been generally believed that "C+"C and
"C+"0are the only two systems in this mass re-
gion which resonate strongly.

In light of the results for "C+"G," it is likely
that resonances will be strongly inhibited in a re-
action where the grazing angular momenta in the
entrance and exit channels are very different.
We have calculated the difference in grazing angu-
lar momentum between the elastic and ground
state 'Be channels for the four systems compared
above, assuming the grazing angular momentum
is given by

1 B

where E~ is the height of the Coulomb barrier and
the radius B is calculated from

The results are presented in Table I for an inci-
dent energy of 13.5 MeV c.m. Since the 'xB+ "C
and 'Be+ "C systems both have channel spin & in
the elastic channel and —,

' in the ground state 'Be
channel, it is possible for a resonance to have l
values in the entrance and exit channels which
differe by two units of angular momentum. There-
fore these two systems may be considered to be
well matched for some combinations of J, /, and

The relative weakness of the "C+"0 reson-.
anc.es may be due to the grazing angular momen-

turn mismatch of two units between the elastic
and ground state 'Be channels.

A similar comparison of elastic scattering data
for the four systems is much more difficult, be-
cause of strong statistical fluctuations in the "C
+ "C and "C+"0 cases and because of differing
background contributions from optical model
scattering and from elastic transfer at back
angles. However, it is known that both C+ C
(Refs. 6 and 18) and "C+"0 (Ref. 19) resonate
strongly in the elastic channel. While "B+"C
does show substantial resonances in the elastic
scattering, they appear to be considerably weaker
than those observed in &2Cy C and z2C-+ "O. It
should be remembered that the factor.
t(2I, + 1)(2I,+ 1)] ' appears in the formula for the
elastic scattering cross sections also, and so one
would expect resonances in the "B+"C and 'Be
+ "C cases to be inhibited by a factor of 4 with re-
spect to those for "C+"C, all other things being
equal. The 'Be+ "C elastic scattering" shows
some weak structure, but no strong resonances
are evident. The absence of strong resonances in
the 'Be+' C elastic scattering suggests that the
'Be+ "C strength in "Ne is more strongly frag-
mented than is the ~B+ C strength in Na. It
has been suggested' that the presence of the weakly
bound valence neutron might lead to strong frag-
mentation for such cases as "C+'Be and "C+"C.
Information on the effect of the valence neutron
could be obtained more directly from a compa, ri-
son of data for the C+~ B and C+ C systems,
since both "Band "C have strong "C parentage.
We are now studying the "C+"C system to obtain
data for Such a comparison.

IV. SUMMARY

Excitation functions have been presented for the
elastic, inelastic, 'Be, and n-particle exit chan-
nels of the "8+"C system over the energy range
E, =9.4 to 17.8 MeV. Nine resonances are iden-
tified in "Na using the criterion that there must
be clear structu. re correlated in at least three of
the exit channels. Four of the nine resonances
are- observed in the elastic scattering, two of them
qu, ite strongly. It is found that the inelastic scat-
tering cross sections show very little narrow
structure, in contrast with the cases of ' C+ "C
nd ' C+'6Q. %'e have compared Be data from

the "8+' C system with similar data from the
"C+"C, "C+"0, and 'Be+ "C systems, and
found that, when the effect of the nonzero chan-
nel spins is taken into account, the "C+"C, "8
+ "C, and 'Be+ "C systems resonate with ap-
proximately the same strength, while "C+"0 is
weaker by a factor of about 4.
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