
VOLUME 40, NUMBER 23 PHYSICAL REVIEW LETTERS 5 JUNE 1978

OM(8) and OM(7); W(7) moves towards OM(6); W(6)
moves toward OM(5) but overshoots it, probably be-
cause of the excessively large second-order breakup
correction for this particular L, value; W{5) moves in a
wrong direction; W(4) moves towards OM(4) and OM(3)
but overshoots both. Even if the location of the cor-
rected W points is not in perfect correspondence with
the OM points for the surface partial waves, the magni-
tudes of the Sz(W) scattering elements are remarkably
close to the corresponding OM values.

F. J. Bloore, Nucl. Phys. 68, 298 (1965); P. D. Kunz,
Phys. Lett. $5B, 16 {1971);R. C. Johnson and P. J.R.
Soper, Nucl. Phys. A182, 619 (1972); W. S. Pong and
N. Austern, Ann. Phys. (N.Y.) 93, 369 (1975); A. A.
Ioannides and R. C. Johnson, Phys. Rev. C 17, 1331

(1878}.
5G. H. Rawitscher, Bull. Am. Phys. Soc. 22, 597

(1977); D. C. Wright and G. H. Rawitscher, Bull. Am.
Phys. Soc. 21, 538 (1976); G. H. Rawitscher and S. N.
Mukherjee, to be published.

6N. Austern, in Selected ToPics in nuclear Theo~,
edited by F. Janouchi (International Atomic Energy
Agency, Vienna, 1963), p. 40.

S. B. Cotanch and C. M. Vincent, Phys. Rev. Lett.
36, 21 {1976).

A. J. Baltz, S. K. Kauffmann, N. K. Glendenning,
and K. Pruess, Phys. Rev. Lett. 40, 20 (1978); G. R.
Satchler, Phys. Rev. Lett. 39, 6 (1977).

9R. S. Mackintosh and L. A. Cordero, Phys. Lett.
68B, 213 (1977).

Enhancement of the Excitation Function for the 0+, 6.049-MeV State
of 0 in the Reaction C ( 0 C) 0

K. Katori, K. Furuno, and T. Ooi
Institate of Physics and Tandem Accelerator Center, The IInioersity of Tsukuba, Ibaraki 800-31, JaPan

(Received 7 November 1977)

Excitation functions for the 0+, 6.049-MeV and 3, 6.130-MeV states were measured
separately at ec ~ 15.0, in steps of 86 keV from Ec ~ =22.7—33.0 MeV. Enhancement
of the cross section by a factor of 2-5 above the constant cross section is clearly ob-
served at 23.60, 24.60, 28.40, and 32.20 MeV, for the lowest three of which the most
probable total spins, J", are found to be 14, 14, and 15, respectively. These reso-
nance energies are quite different from those for the 3, 6.130-MeV state observed at
25.2 and 29.8 MeV.

Recently, there has been a great deal of inter-
est in alpha-particle exchange during heavy-ion
reactions. In particular, it is predicted that al-
pha particles are easily formed in p- and sd-
shell nuclei having rather low excitation ener-
ies, ' resulting in enhancement of the cross sec-
tion for the production of such alpha-cluster
states in alpha-transfer reactions. Another way
to confirm the occurrence of alpha-particle ex-
change during such collisions is to search for in-
termediate resonances which selectively decay to
good alpha-cluster states. Michaud and Vogt
have proposed the alpha-particle doorway-state
model for the "C+"C system. ' However, no
strong experimental evidence to support their
model has been observed in the "C+"C system. '

For the "C+"0 system, several intermediate
resonances have also been found above the Cou-
lomb barrier in various exit channels~ and in fu-
sion. ' Precise measurements have majnly con-
centrated on the E, ~=19.7 MeV resonance, for
which the transition to the 3, 6.130-MeV state

dominates, thus explaining the failure to identify
any alpha-particle doorway state in "Si.' Recent-
ly, the "C+"0 inelastic scattering excitation
functions were measured by Malmin and Paul
over a wider energy range between 14 and 23
MeV (c.m. ).' Striking features are found for in-
elastic scattering to the 0+ and 3 states in "0
for which resonance doublets appear to occur
both at 20 and 22. 5 MeV with widths of - 300 keV.
In their measurement, ' the lack of separation of
the decay to the 0', 6.049-MeV state from that to
the 3, 6.130-MeV state prevents confirmation of
the alpha-particle doorway states in the "C+"O
system.

In the present work, the excitation functions
for the alpha-transfer reaction, "C("0,"C)"0*,
were investigated at the forward angle, first, by
separately measuring the "C ions to the 0+,
6.049-MeV and the 3, 6.130-MeV states. Four
other transitions to the (2+, 6.919-MeV), (1,
7.117-MeV), (4', 10.353-MeV), and (4+, 11.095-
MeV) states of "0were measured at the same
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time; secondly, the bombarding energies were
chosen to be over a wider energy range and to be
higher than those used in Ref. 7.

An "0'+ beam was delivered by the 12-UD Pel-
letron Tandem Accelerator at the University of
Tsukuba. The outgoing "C'+ particles were mo-
mentum analyzed by an ESP-90 magnetic spectro-
graph' and detected with use of two silicon posi-
tion-sensitive detectors placed in the focal plane.
The overall energy resolution obtained for "C
was about 70 keV for a self-supporting carbon
target 29 pg/cm' thick, and was sufficient to sep-
arate the 0+ and 3 state of "0 at reasonable
counting rates. The excitation functions for the
reaction "C("0,"C)"0*feeding the four states
(0+, 3, 2+, and 1 ) of "0were measured at 8&b
= 7.0' (8, ~ ™15'), in steps of 0.2 MeV (86 keV in
the c.m. system) from E„b= 53.0 MeV to 77.0 MeV
(22.7~ E, ~ 33.0 MeV) and the two 4' states
from E&b = 62.0 MeV to 77.0 MeV (26.6 ~ E,
~ 33.0 MeV). The excitation functions to the 0'
and 3" states are shown in Fig. l.

Several interesting points are notable in the ob-
served excitation functions. In the present I etter,
the discussion will be confined to those resonanc-
es decaying to the 0', 6.049-MeV state (i) and to
the 3, 6.130-MeV state (ii).

(i) The 0', 6 049 Me. V st-ate. The most s—trik-
ing result is the observation of enhancement in
the excitation function to the 0, 6.049-MeV state.
Two doublets and a single peak are observed near
24. 1, 27.6, and 32.2 MeV. Enhancement of the
cross section by a factor of 2-5 above the con-
stant (direct) cross section is clearly observed
Provided that this enhancement of the cross sec-
tion is due to resonances, the resonances should
have definite spins and parities. For the deter-
mination of the total spin, angular distributions
were measured at the four bombarding energies
inducated by arrows in Fig. 1. The six angular
distributions for the 0', 6.049-MeV and the 3,
6.130-MeV states are shown in Fig. 2. The
square of the Legendre polynomial, ~P~ (cos0)~',
with definite spin (L =Z), is drawn in the figure,
with the correction for finite solid angle, From
this fitting, the most probable spin values are
found to be 4"= 14+, 14+, and 15 for the res-
onances at E, = 23.60, 24.60, and 28.40, re-
spectively. In addition, the similar analysis used
by Shapira et al. ' on the angular distributions for
the 3, 6.130-MeV and 2', 6.919-MeV states sup-
ports these spin assignments. The preliminary
angular distributions at E, ~ = 32.2 MeV indicate
the total spin to be J'= 16+. With these values
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FIG. 1. Excitation functions for the 0, 6.049-MeV
and the 3, 6.130-MeV states of '60 measured at 01 ~b

.o' (8 -1 ') in the reaction ' C[ 0, C(g.s.)] 0*.
Four arrows show energies at which angular distribu-
tions are taken. The full line indicates the result for
two-level resonance-formula analysis, and the dotted
line indicates that for one-level resonance-formula
analysis.

for the total spin, resonance parameters were
extracted from the fit to the excitation function
by means of the Breit-Wigner resonance formula.
Obviously, the fit for the two-level formula is
better than that for the one-level formula, since
the destructive and constructive interferences in
both tails and in the middle of two resonances
are well described. This f-act confirms that the
resonances at E, = 23.60 and 24.60 and at E, ~
=27.00 and 28.40 MeV are, respectively, of the
same total spin. The fits are shown in Fig. 1 End
the resonance parameters thus extracted are
summarized in Table I.

By comparing the 640-720-keV total widths to
the 300-keV values for the resonances in the
yield for the 3 state, and by taking into account
the fact that the 0+, 6.049-MeV state in "0has a
4p-4h intrinsic configuration, these states can be
assumed to be doorway states for alpha exchange.
The observation of these intermediate resonances
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FIG. 2. Angular distributions for the 0+, 6.049-MeV
and the 3, 6.180-MeV states at Z~ I =23.7, 24.3, and
28.2 MeV. The square of the Legendre polynomial with
difinite spin (L=J) is drawn for the 0+, 6.049-MeV
state.

The trajectory in E, ~ versus J(J+1) is shown
in Fig. 3, where resonances having larger and
smaller Fcl c are connected by a line. From this
figure, one may deduce that two rotational bands
with different moments of inertia, h'/M = 123 and
113keV, cross over near the resonance with J"
=14', or two bands with J-dependent moments of
inertia approach each other and then separate.

Some anomalies in the excitation functions for
the 2+, 6.919-MeV and the 4+, 10.353-MeV states
(members of a deformed rotational band in "0)
are also observed at excitation energies corre-
sponding to those for the 0', 6.049-MeV state.
More fragmentation of the magnitude of the reso-
nance superposed on the continuous cross section
appears to occur than for the 0, 6.049-MeV
state. "

(ii) The 8, 6 l30 .Me V-state St.r—ong enhance-
ment of the excitation function for the 3, 6.130-
MeV state is observed at 25.2 and 29.8 MeV at
energies different form those seen for the 0',
6.049-MeV state. The doublet near 25.2 MeV ap-
pears to be similar to the doublets at 20.0 and
22. 5 MeV at 0, ~=33 observed in Ref. 7. At

higher energies, more fragmentation of the mag-
nitude of the resonance is observed, although the
magnitude of the resonance anomaly is localized
within an energy region narrow relative to the en-
ergy interval between resonances.

Of several anomalies in the excitation function

decaying to the 0+, 6.049-MeV state gives the
first experimental evidence of the alpha exchange
process predicted by Michaud and Vogt. ' This
enhancement of the yield for alpha exchange oc-
curs at energies for which the relative angular
momenta match.

r
(keV)

23.60
24.60
27.00
28.40
32.20

14
14+

(15-)
15

(16')

640
640
680
680
720

1640
1680
480

1130
750

~See Ref. 2.

TABLE I. Resonance energies, total spins, total
widths, and products of elastic and inelastic partial
widths. Resonance parameters were extracted from the
fit shown in Fig. l.
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FIG. 3. Trajectory in E~ ~ vs J(J+1). For the 0+,
6.049-MeV state, the points are connected for the reso-
nance energies with larger and smaller FcFc~. For the
3, 6.130-MBV state, the squares are shown, with the
full square from Ref. 6, and open squares from Refs.
9 and 10.
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for the ground state, "some anomalies appear to
correspond to those in the excitation function for
the 3 state. This implies that the "C(g.s.)+"0
(3, 6.130-MeV) inelastic channel can couple to
the "C(g.s.)+ "O(g.s.) elastic channel.

In fact, Matsuse et al. have performed coupled-
channel calculations based on the band-crossing
model. " They assumed that a rotational band
composed of a potential resonance with I.=J —3
in the "O(3 ) inelastic channel crosses a rota-
tional band of a potential resonance in the elastic
channel at a total spin, J', of 14+ and an E, of
19.7 MeV. The resonance energies and the reso-
nance widths are fairly well reproduced in the en-
ergy region below 27 MeV. ' For the excitation
function of the 3, 6.130-MeV state, it is plaus-
ible that nuclear-molecular states are formed at
c.m. energies of 20.0, 22.5, 25.2, and 29.8 MeV,
with total spins, J", of 14', 15, 16+, and 17,
respectively. Recently, the spins of resonances
at 22- and 25-MeV c.m. energies are assigned to
be J'= l6 (Ref. 9) and J"~ 16' (Ref. 10). Angu-
lar distributions taken by us at E, = 25.3 MeV
are also compatible with the statement that the
spin around the 25-MeV c.m. energy resonance
is J"~ 16'." These new data are plotted in Fig.
3 with the 14+, 19.7-MeV resonance. ' Thus, the
rotational band associated with the "O(3 ) inelas-
tic channel must be considered to form a differ-
ent rotational band from that associated with the
"O(0+, 6.049 MeV) inelastic channel.

In summary, the coupling between the "C(g.s. )
+ "O(0', 6.049 MeV) and "C(g.s.)+ "O(3, 6.130
MeV) inelastic channels appears to be weak, since
the energies of resonances decaying to the 0',
6.049-MeV state do not correlate with those de-
caying to the 3 state. However, the "C(g.s. )
+ "O(3 ) inelastic channel appears to be rather
strongly coupled to the "C(g.s.) + "O(g.s. ) elastic
channel. As seen in Fig. 3, the alpha-particle
exchange cross section via the alpha-particle
doorway states in "Si appears to be enhanced at
energies corresponding to (8'/28)J(J'+ 1) and the
maximum yield is attained at the energy for which
the two bands cross over or pass with the mini-
mum energy separation.
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