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Additional excitation functions for '*C(*’C, *Be)!®O(g.s.) have been measured. A Legendre analysis of
0 (8,E) confirms previous J" assignments of resonant structures and identifies new ones. A fragmentation of
giant quasimolecular resonances provides a preferable interpretation of the resonance phenomena observed.

[NUCLEAR REACTIONS !2C(’c, Be) 1*0(g.s.), measured (8, E), E., =~9 to 20]
MeV, deduced J ™ of resonances.

The *2C +!2C system has been one of the most
thoroughly studied heavy-ion interactions. Much
of the work is in the study of “quasimolecular”
resonance phenomena and the subject has been
reviewed extensively.! The first such resonance
discovered above the Coulombbarrier wasby Van
Bibber et al? at E,, ~19.3 MeV, by use of the
120(*2C, p) reaction going to selected final states
in 2*Na. Numerous resonance effects have since
been reported in exit channels of p, n, o, and
8Be as well as inelastic scattering.

The purpose of this communication is twofold.
Firstly, to report new excitation functions of the
12C(*2C, ®Be) reaction at angles between B,
=70° and 100° which were found necessary in
order to carry out a meaningful Legendre analysis
of o(6, E), and secondly, to provide a summary of
the results of this analysis, showing the correla-
tion between these other resonance studies which
have been reported in the literature.

The ®Be detection is by a multiangle o — a co-
incidence method which has been described in de-
tail elsewhere.® Excitation functions for
2C(**C, °Be)'°O(g.s.) were measured for E,
=~ 9 to 20 MeV in steps of AE.m. =100 keV at ang-
les 6, =176° 84° 92° and 99°. These data are
shown in Fig. 1. Bince the cross section may be
expressed as

o(6,E)= lZA,(E)é“'(E)P, (cos8)|?, 1)

it is expected that any resonance contribution for
1 =10 and 12 will be suppressed at g, , ~99°,
whereas the I = 6 contribution should be enhanced at
B..n ~84° and 99°, I=12 should be enhanced at 76°,
and all contributions should appear in the 92°yield.
Resonating ! values inferred from such general
observations are entirely consistent with the J*
assignments in our earlier work.*

Evaluation of A, (E) and 6, (E) at each energy

does not constitute a unique description of the
cross section since there exists 2(£/2-Y gets of
coefficients which yield the same value of o(E).
These sets of coefficients have been obtained by
the method of Headley, but attempts to select an
appropriate energy dependence of A; (E) and

8, (E) have not been successful.® The unique linear
Legendre expression is alternatively chosen to
express the cross section as

L
0(6,E) = Z:BZ, (E)P,, (cos®). (2)

The coefficients B,,(E) are unique, but they are
not as convenient for indicating resonance phe-
omena since a resonance appearing in B,, (E) will
also manifest itself in all lower order coefficients.
Indeed the total cross section is given by o4 (E)
=471 By(E), where all resonances should appear.

The present data along with that of an earlier
report* have been used to evaluate the coefficients
for 1 =6, 8, 10, and 12 are plotted vs E.,,. in Fig.
2. The total cross section expressed through the
coefficient By(E) is shown in Fig. 3. The J " val-
ues and resonance positions indicated in Fig. 3
are from the coefficients of Fig. 2. Errors in
values of B,; are generally less than 10% and
appreciably exceed that only when the absolute
values are less than 0.2 mb/sr.

Although Fig. 3 shows most of the resonance
structure seen in the B,, values of Fig. 2, it is
clear that the effects are much less pronounced
in the total cross section since all ! contributions
are summed together. For example, the two very
strong ! =10 resonances near E_ , =13.37 and 13.87
MeV show a peak to valley ratio of 5:1 in B,, but
only 2:1 in B;,. The I =10 resonance near E .,
=17.2 MeV is one of the most clearly defined
structures® in the entire energy region, yet in the
total cross section it might go unnoticed. Also,
nearby is the I/ =10 resonance at E.,, =2 14.35 MeV
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FIG. 1. Excitation functions at selected intermediate reaction angles for 12C(lZC,BBe)i‘*O(g.s.).

which does not seem to maximize at a correspon-
ding energy in B, because of the possible addition
of 8* strength as seen in the I =8 coefficient in
Fig. 2 at energy near 14.15 MeV. Because of such
interferences, the total cross section cannot be
heavily relied upon for identifying resonances and
therefore our resonance energies are taken from
the coefficients of Fig. 2 rather than from Fig. 3.
A tabulation of these resonance energies and the
corresponding J” values is given in Table I. This
is an update to the similar table which appeared in
Ref. 4, with the extension to a number of possible
J" =6* resonances at lower energies and some
energy adjustment.

The resonance energies and J” values from the
present work are compared with other published re-
sults in Fig. 4. References for the work displayed in

Fig. 4 are as follows: =z channels, Ref. 6; p chan-
nels, Refs. 2 and 7; d channels, Refs. 8 and 9,
respectively; o channels, Refs. 10 through 14,
respectively; 10 through 14, respectively; the
other ®Be work, Ref. 15; and the inverse « chan-
nel, Ref. 16. The values of J* shown in Fig. 4

are not actually determined in all of these ref-
rences. The values used for the sub-Coulomb
resonances are from Galster et al.!° Other de-
terminations of J " values are found in Refs. 11,
12, 13, 15, and 16, with valuable arguments for
spin assignments presented in Refs. 7, 8, and 9.
It is interesting to note that the 10* resonances,
observed so prominently between E_ , =13 and 17
MeV in the *Be channel (see also Ref. 4), are
those least observed in other reaction channels.
Only one of the weaker resonances (at Ecm, =~ 14.35
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FIG. 2. Legendre coefficients By, for I =6,8,10, and 12, extracted from angular distributions of
12¢c(12c, 8Be) %0 (g.s.) measured every 100 keV from E_, =9'to 20 MeV.
. . TABLE I. Resonances from the '2C('2C,%Be)'*0 (g.s.)
MeV) has been seen in other reactions. Some sup- reaction.
rt for the very weak resonance with a proposed
p°+ . y na propo £, MeV? Tem (keV)! JT
10* assignment at E, | =~18.6 MeV has been given i
by Eberhard and Bernhardt'® who report at E ., 9.05 e 6"
9.98 200 6"
10.30 (200) 8"
T T T T T T T 10.45 (400) 6"
251 "2¢(2c Bge)'®0 (g5 j 10.62 300 8"
gt * or(mb)= 478, 10.96 300 8t
20r l6g: T 11.20 <450 6"
1.5t e * oo * ] 11.38 200 8"
ol e e BT e 11.90 5000 8*
By i 12.36 300 8+
0.5r 1 12.98 340 8+
0.0k . | ) . . . 13.37 300 10*
. 9 i 10 I 12 13 14 5 13.87 240 o+
‘ &0 j0° 1 | (14.15) e 8*+
1Of R 1 14.36 340h 10+
osl 1 0 i W02 ] 15.35 ~1700 10
! ! 16.13 <400 10*
O'O - 1 1 1 1 A 1 +
14 15 16 17 18 19 20 16.45 < 400 10
Ec.m.(MeV) 17.19 320 10*
FIG. 3. Total cross section for 2C(*2C,®Be)!®0(g.5.) 17.18 500° ‘2i
as expressed in the zero order Legendre coefficient (18.6) 300 10+
from E_, ~9 to 20 MeV. The resonance energies and 18.8 ~ 500 12
J ™ values indicated are from Fig. 2 and Table I. The 19.46 230 12*
star indicates a resonance observed strongly in other “Error is estimated to be <50 keV.
channels.

bSome evidence for overlapping structures.
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FIG. 4. Comparison of 12C +12C resonance in a variety
of reaction channels. The long solid lines represent
grazing angular momentum calculations.

=18.5 MeV a dominant =12 contribution in the *Be
channel and I = 10 in the o, channel. One would ex-
pectaJ”=10"state near this energy to show up more
strongly in (**C, @) than J"=12"since the o particle
carries away less angular momentum than is possible
in (*2C, ®Be).

The data of Fig. 4 show quite clearly that the
resonant structure appears as a fragmentation of
broad enhancements with J" =2* through 12*.

The 6*, 8*, and 10* regions are centered roughly
at Ecm. 10, 12, and 15 MeV, with widths of 2, 3,

and 5 MeV, respectively. The distribution of 12*
structure is incomplete above E.n. =20 MeV and
difficult to observe in the **C(*2C, ®Be)'®0O(g.s.)
reaction at higher energy because of increasing
angular momentum mismatch. There is, however,
a broad enhancement in the inelastic scattering'’
near E ., =19 MeV, the region of our 12* reson-
ances, which could reflect an absorption of I =12
partial waves.

There does not appear in the summary data any
recognizable support for a quasimolecular rota-
tional band interpretation as proposed earlier?
when only a few narrow resonant structures could
be identified in the proton channel. The broad
enhancements observed are more easily explained
as fragmented giant resonances due to absorption
of grazing partial waves. Ironically, the resonan-
ces could appear because of a weak absorption of
these partial waves relative to the strong absorp-
tion from more direct nuclear collisions which
can excite a high density of lower angular momen-
tum compound states. A number of giant resonance
fragmentation models have been proposed'®. Re-
cent calculations'® of resonances as single-particle
shape resonances in an effective *2C+'?C quasi-
molecular potential fragmented by coupling to
the first 2* state of '2C give a semiquantitative
explanation of the observations.
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