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Excitation functions for the &2+(l60 i2C )i60 reaction feeding the 0+,6.049-, 3,6.131-, 2+,6.919-, 1,7.117-,
4+, 10.353-, and 4+, 11.095-MeV states of ' 0 have been measured at 8„„=7.0' over the energy range
22.7 & E, & 37.7 MeV in 86- or 173-keV steps. The Ericson-fluctuation type analysis was performed and

nonfluctuating enhancements with a width of 700 keV are observed at E, = 23.6, 24.6, 28.4, and 32.2 MeV
for the 0+,6.049- MeV states. The most probable total spins for the lowest three states are assigned to be

J = 14+, 14+, arid 15, respectively. These enhancements are strongly correlated to those for the 2+,6.919-
MeV state, but anticorrelated to those for the 3,6, 131-MeV state. Model calculations based on Hauser-

Feshbach and band-crossing theories were performed and none of them have succeeded to reproduce the
data iri a consistent way. Alpha-particle doorway states embedded in the high excitation of "Si (39-54
MeV) are indicative to describe these intermediate-structure resonances.

NUCLEAB REACTIONS C( 0, C) 0; E= 53-88 MeV, 8~= 5'-16.5': mea-
sured o(E, 8), deduced resonances, J', correlation analysis of Quctuations.

I. INTRODUCTION

The subjects of resonant phenomena and inter-
mediate structure in heavy ion scatterings and re-
actions have been recently of great interest and
have been extensively studied both from theoretical
and experimental points of view. At first, the "C
+ "C system was extensively investigated and suc-
cessively the "C+"0 system was attacked notably
in the various exit channels below mainly E,
= 23 MeV, since the riarrow resonance was dis-
covered at 19.7 MeV. ' The recent reviews are
provided in the literature. ' '

The most elaborate work on intermediate struc-
ture resonances in the inelastic scattering of "C
on "0has been recently published by Malmin,
Harris, and Paul' who elucidated the physical sit-
uation in the energy region between 14 and 23 MeV.
As conclusions, they indicated four important
points and summarized them as follows: (1) The
inelastic channels show a great deal of nonstatis-
tical resonances of a width intermediate between
Ericson fluctuations and ion-ion potential reso-
nances. (2) Only a very few angular momenta in
the incident channel contribute to the inelastic
channels. Individual structures have unique spin
assignments. (3) Inelastic channels dominate the
structure of the observed resonances, both rela-
tively and absolutely. (4) The emerging picture of
at least the present resonances is that of eigen-
states, which are populated through an L window
or doorway and which are structurally only one or
two steps removed from the entrance channel. In-
dications point toward alpha-particle exchange.
Even though they took extensive data and made

various analyses on them, two contrasting mech-
anisms —one for the extended double-resonance
model' ' and the other for the resonant alpha-par-
ticle doorway-state model' "—could not be de-
cisively distinguished.

The further work which should be done in order
to check their conclusions in the "C+"0 system
and to distinguish one model from the other would
be (1) to extend the bombarding energy range to
higher than 23 MeV in order to find other addition-
al sequences of resonances and to confirm the
rise and fall of resonant yields until reaching the
continuum region, (2) to separate the 0+, 6.049-
MeV state from the 3,6.131-MeV state and the
2', 6.919-MeV state from the 1,7.117-MeV state
in the final spectrum, and to measure the corre-
sponding excitation functions, because these states
have contrasting characters; i.e. , the 0', 6.049-
MeV state and the 2+, 6.919-MeV state belong to
the 4p-4h member of the defomed rotational band
in "0, while the 3,6.131-MeV state belongs to the
1p-1h state, and (3) to investigate a number of ex-
citation functions for other different kinds of ex-
cited states in 0 and C.

In the present work, we investigated the
"C("0,"C, ) "0 reaction to six excited states
in "O. Detailed excitation functions to these states
were measured at 8„„=7.0' over a wide range of
center-of-mass energies from 22.7 MeV to 37.7
MeV, corresponding to the excitations from 39.4
MeV to 54.4 MeV in "Si. Angular distributions
for the 0', 3, and 2' states were measured to de-
termine the spins of the observed resonances.

If alpha-particle doorway states really exist at
the high excitation of a composite nucleus, a good
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choice of a system, an exit channel, a bombarding
energy, and kinematics is essential to find them.
The "C+"0 system, like "0+"Ne is considered
to be an easier system to allow an alpha particle
to be attracted by each of two identical "C cores
and to exchange it in a potential formed during the
collision. " Lf the alpha-exchange mechanism is
dominant during the collision of "0 and 'C, the
resonant alpha-transfer process will be able to be
more sensitively observed in the excitation func-
tion for the transition to the 0', 6.049-MeV state in"0 in the "C("0,"C)"0*reaction than for that to
the ground state. This is because calculated spec-
troscopic factors ("0-"C+n) are twice as large
for the 0+, 6.049-MeV state as for the ground state
[S(0', 6.049 MeV)/S(g. s.) = 0.679/0. 300]." In addi-
tion, the rise in the differential cross section at
backward angles for the 0+, 6.049-MeV state in the
"C("0,"0)"C scattering is observed and consid-
ered to be due to the population of the 0', 6.049-
MeV state not by inelastic scattering but by alpha
transfer since the monopole strength is small.

On the other hand, for the higher excitations in
the p- and sd-shell mass nuclei, multimolecular
structures with the linear chain configuration were
proposed by Horiuchi, Ikeda, and Suzuki. ' The
bombarding energies, where intermediate struc-
ture resonances appear, correspond to those pre-
dicted by them, and thus the resonant alpha-ex-
change process will be expected to occur through
eigenstates with more complex alpha configura-
tions in the decays to such low-lying alpha-cluster
states if they are kinematically allowed to be pop-
ulated during the collision.

Reports of the present work have been partly
presented elsewhere. "
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The actual overall energy resolution obtained
for "C was about 70 keV for a self-supporting car-
bon natural foil 29 pg/cm' thick. This energy res-
olution is necessary and sufficient to separate the
transitions to the 0', 6.049-MeV state from the
3,6.131-MeV state without losing counting rates.
Spectra are shown in Figs. 1(a) and 1(b). The
target thickness used was measured by the energy-
loss method using an ESP-90 spectrograph with an
"'Am n source just before and after each run to
check carbon buildup. No significant indication of
it was found. A solid angle of 0.94 msr was usual-
ly used, which corresponded to d H„b=+0.'72

(b, 8, = +1.5'). Zero degree checks were made
before and after each run in the angular distribu-
tion measurements to confirm the beam direction
with respect to the scale of the magnet since no
beam collimators were used along the beam line.
One-point position check at the target and good

II. EXPERIMENTAL PROCEDURE
300-
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An "0"""beam was delivered by the 12 UD
Pelletron Tandem Accelerator at the University
of Tsukuba. "

The outgoing "C"particles were momentum-
analyzed by an ESP-90 magnetic spectrograph"
and detected using two 4V mm silicon position-
sensitive detectors placed in the focal plane. One
detector covered particles for the transitions to
the 0', 3, 2', and 1 states of "0and the other
covered "C particles for the 4 (10.353 MeV) and
4' (11.095 MeV) states. For data acquisition,
conventional analog dividers were used to get
position signals gated by the energy signals of
"C' particles. In half of the runs, the energy and
the energy- times- position sig nals w ere stored
on-line in PDP 11/40 and 11/50 computers. Two-
dimensional analyses were made off-line to get
the momentum spectrum of "C particles.

~ ~ ~ 0 ~ ~ ~ ~
~ ~ ~ ~ ~ ~

e ~ ~ ~

~ re% ~ ~
~ ~ ~ ~~ ~ ~

50 100
CHANNEL NUMBER

&50

FIG. 1. Momentum spectra of the ~ C ' particles at
Ec ——32.57 MeV (E,~= 76.0 MeV) inthe C( 0 ~ C) 0
reaction measured at 8&= 7.0'. (a) for the 0', 6.05-,
3,6.13-, 2', 6.92-, and 1,7.12- MeV states of ~60,
(b) for the 4', 10.35- and 4', 11.10-MeV states of 0.
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tuning of the beam direction could set the beam
within 8„~-0.2' for each run as this is important
for obtaining correct large-L values.

The absolute cross section was estimated to have
an uncertainty of 20%%uq which includes uncertainties
of the charge collection, target thickness, and de-
tection efficiency.

The excitationfunctions for the "C("0,"C, , )"0*
reaction feeding the six states —0', 6.049
3, 6.131, 2', 6.919, 1,7.117, 4', 10.353, and
4', 11.095 MeV —of "0*were measured at
8„„=7.0'. The angle of 8,~=7.0' for the ex-
citation function measurements is chosen be-
cause this is the position of the first maximum of
~P~(cos8) ~' at e, -15' for I,=12-17 in the re-

gion of 20 & E„&40 MeV. If one L value domi-
nates, a peak will be found in the cross section at
this angle.

For the four states (0', 3, 2', and 1 }, mea-
surements were made from E„„=53.0 to 77.0
MeV (22.7 & E & 33.0 MeV) in steps of 0.2 MeV
(86 keV in c.m. system) and from E„b=77.0 to
88.0 MeV (33.0 & E, & 37.7 MeV) in steps of 0.4
MeV (173 keV in c.m. system), but the 0' and 3
states were not separated in the higher energy re-
gion (77-88 MeV).

For the two 4' states (10.353- and 11.095-MeV
states), measurements were made from E„»
=62.4 to 77.0 MeV and from E„„=65.2 to 77.0
MeV, respectively, in steps of 0.2 MeV and from
77.0 to 88.0 MeV in steps of 0.4 MeV.

Angular distributions were measured at E,
= 23.7, 24.3, and 28.2 MeV on the enhanced cross
sections and at 25.2 MeV between the enhanced
peaks. A preliminary angular distribution was
measured at E, =32.2 MeV. The angular distri-
butions were taken from 8,~= 5.0' to 16.5' in steps
of 48„„=0.5' with the angular resolution of
&8„„=+0.58' (&8, + 1.1') for the 0', 3, and
2' states and also for the 1 state at E, =25.2
and 28.2 MeV. The angular range of measure-
ments at the backward angles was limited by the
pole pieces of the magnet if the 0' and 3 peaks
are to be resolved.

III. EXPERIMENTAL RESULTS

Experimental results are presented in turn for
the transitions to the six states the 3", 0', 2', 1,
4+ (10.353 MeV}, and 4'(11.095 MeV) states in "O.
Discussion of the excitation functions for the
0', 6.049- and 3, 6.131-MeV states is made in the
previous. paper. " New data taken after this pub-
lication are presented in this section.

The 3-, 6.131-MeV state. We extended the exci-
tation function measurements from E, = 33.0 to
37.7 MeV for the unseparated 0' and 3 states as
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FIG. 2. Excitation functions in the transitions to the
1,7.12-, 3,6.13-, 0', 6.05-, -2+, 6.92-, 4', 10.35-,
and 4', 11.10-MeV states of 0 measured at 8~~= 7.0'
in the C( 6, C) 60 reaction. Open circles for the 3
state indicate the sum of the cross sections for the 0'
and 3" states. Curves are results of Hauser-Feshbach
calculations. See text in Sec. VIA for explanation.

shown in Fig. 2. In this bombarding energy region
the differential cross section for the, 0' state is
assumed to be reduced rapidly, and the contribu-
tion to the cross section for the 3 state is less
than 10%. An enhancement of the cross section is
newly observed around 35.2 MeV. Except for the
large peak around 30 MeV, the envelope of peaks
gradually decreases with the bombarding energy.

The excitation function at 8„„=4.0 measured by
Shapira et al."is in good agreement with our data
in the energy region of 22.7 MeV- E, - 29.2
MeV, although transitions to the 0' and 3 states
were not separated in their data.

The data for the unseparated 0+ and 3 states



1390 KATORI, FURUNO, OOI, AND HANASHIMA

I

measured by Malmin, Harris, and Paul at 8,
= 165' in the energy region from 14 MeV to 24 MeV
are also in good agreement with our data in the
overlapping energy region. The relative peak
heights of the two doublets appear reversed in the
lower energy region. This feature may reveal
channel-coupling effects between incoming and out-
going channels which cause a change in the relative
intensity of the doubl. et with the bombarding energy.

The 0', 6.049-MeV state. The total 0' —0' pair
transition probability was measured by Malmin,
Kahn, and Paul" in the energy region from 19
& E, & 24 MeV. Good correspondence with our
data for the excitation function is observed in the
overlapping energy region, especially the enhance-
ment at E, = 23.7 MeV.

If the enhancement at 20.57 MeV is assumed' to
be due 4o the resonance with the definite spin of
J'=13, which is suggested by Malmin, Kahn, and
Paul, "the band formation for the 0', 6.049-MeV
state (J'=13, 14', 15, and 16' at energies of
20.57, .24.0, 27.5, and 31.5 MeV) follows the
J(J+ 1) trajectory quite well and can be further ex-
tended to the energy region of the fusion barrier
in the incident channel. In fact, the spin assign-
ment of J'=13 is confirmed by the good fitting of
~P»(cos8) ~' to their data taken at 20.5 MeV for the

unseparated 0' and 3 states, if one assumes that
the main contribution to this resonance is from the
0' state between 140' and 172 .'

The doublet structure of the enhancements is also
found in the energy region measured, although the
reason for the occurrence of the doublets has not
yet been explained. In the excitation function for
the unseparated 3 and 0' states, the doublet struc-
ture at E, = 20.5 MeV is also enhanced. ' The
data taken by Shapira et al. at 8„„=4.0' for the un-
separated 3 and 0' states do not show any sign of
the doublet. " However, this is understandable
since the Legendre polynomials of ~P~(cose} ~'

have a minimum value at 8, -8.0' for I. around
14. '

The 2', 6.919-MeV state. Although the 2', 6.919-
MeV state belongs to the same deformed rotational
band as the 0', 6.049-MeV state, the continuous
part of the differential cross section has a larger
yield than that for the 0', 6.049-MeV state and less
fluctuations are observed at 8„„=7.0', although
some of peaks correspond to the enhancements of
the yields for the 0' state.

The excitation function measured at 8, = 165'
by Malmin, Harris, and Paul' for the unseparated
2 and 1 states shows good agreement with our
data in the energy region between 22.7 and 24 MeV.
The excitation function measured at 8„„=4.0' by
Shapira et al."for the 2' state is in good corre-
spondence with our data in the energy region be-

tween 22.7 and 29.2 MeV. In addition, the angular
distribution at E, = 25.54 MeV is in good agree-
ment with our data at E, = 25.2 MeV.

The 1,7.117 state. The excitation function at
7 ~ 0 is observed to be small and shows no

strong fluctuations in the present bombarding en-
ergy region similar to that measured at 8„b=4.0'."
However, the angular distributions at E, = 28.2
and 25.2 MeV show strong oscillations.

The 4', 10.353-MeV and 4', 11.095-MeV states.
The excitation function for the 4', 10.353-MeV
state at 8„,= 7.0' shows a strong enhancement
around 30 MeV and the yield gradually decreases
at energies higher than 30 MeV. Qn the other
hand, the excitation function for the 4', 11.095-
MeV state shows a rather smooth change with the
bombarding energy and the yield gradually de-
creases. The energies at the enhancements of the
yields for the 4', 10.353-MeV state do not corre-
spond to those for the 4', 11.095-MeV state. The
relative yield of the two 4' states at E, = 37
MeV, where both excitation functions become
smooth, is about 20 times larger than the ratio of
the n widths I',(11.10)/I' (10.35) = 0.28 keV/27
keV-0. 01." The ("0,"C}reaction preferably
populates the 4', 11.095-MeV and 4', 10.353-MeV
states in the same ratio as the ('Li, d) reaction. ~

Within the 70 keV energy resolution in the spec-
trum, few states around 10.353-MeV and 11.095-
MeV |.xcitation in "0 contribute to the excitation
functions. It is inevitable that an ambiguity in sub-
tracting the continuous contribution in the momen-
tum spectrum causes an uncertainty larger than
that for four low-lying 0', 3, 2', and 1 states.
The continuous part usually contributes less than
10% for the 4', 10.353-MeV state and 20% for the
4', 11.095-MeV state.

IV. THE ERICSON FLUCTUATION ANALYSES OF
EXCITATION FUNCTIONS

In this section, we analyze the data, assuming
that fluctuations in the excitation functions are due
to many overlapping resonances with statistically
random phases. We give the results of Ericson
fluctuation type analyses" of the measured excita-
tion functions.

The energy-dependent averaged cross section
is defined by

where ~ is the number of AE steps in the averag-
ing iriterval I. Using this averaged cross sec-
tion, the deviation function D(E), the autocorrela-
tion function R (e), and the normalized cross-
correlation function C,(e) are defined as follows:
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and

D(E) = g(E)/(o(E)) —1, R (e) = ((o (E)/(g (E))—l)(g (E+ E)/(o (E+ e)) —1)),

C„,(~) = ((oe(E)/(o, (E)) —1)(o,,(E+ e)/(o, ,(E+ e)) —1))/[R (0)R, ,(0)7'~'.

A. Autocorrelation functions

The autocorrelation functions of the excitation
functions for the 0', 3, 2', and 1 states are
shown in Fig. 3(a) for the energy region between
22.71 and 33.0 MeV. The Lorentzian form 1'/
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FIG. 3. The autocorrelation functions of the excitation
functions: (a) for the 0', 2', 3, and 1 states for the
aver aging energy inter val of 1.81 Me V in the energy range
from 22.71 to 33.00 MeV, (b) for the 2', 3,4+, 10.35-
and 4', 11.10-MeV states for the averaging energy in-
terval of 1.87 MeV in the energy range from 27. 94 to
37.71 MeV.

The optimum averaging energy interval was deter-
mined from the autocorrelation function, where N
was varied in order that the coherence width 1 and
the autocorrelation function coefficient R (0) at-
tain their plateau values. " In the present case,
the averaging energy interval I of 1.81 MeV or
1.87 MeV (c.m. system) was chosen. This value
is large enough to define a meaningful averaged
cross section, but small enough to follow the inter-
mediate structure evident in the data.

(1'+ e') is found for e & 0.5 MeV, and thereafter
periodic oscillations are dominant for all four
states especially for the 3 state. These oscilla-
tions are too regular to be caused by finite-range-
of-data effects for large values of &, and also the
ratio of the range to b,E is too large for this in-
terpretation. ~ The coherence widths for the four
states range from 150 keV to 200 keV, which are
about 4 times smaller than the width of -VOO keV
obtained by the resonance analysis for the 0' state
as shown in the next section.

For the 3 state, the periodicity of -1.6 MeV is
maintained with no evident reduction in amplitude
up to a value of 5 MeV. Kolata et a/. reported a
periodicity of -725 keV in the total fusion cross
section in the energy region between 1V and 28
MeV. This reduction of the periodicity to half its
value is understandable if one considers that the
correlation functions for the 3 and 0' states have
an opposite phase and an almost equal period over
this energy region. '

For the 0 state, a doublet separation of -1.2
MeV is found with a repetition separation of -3.6
MeV. Obviously, the regular enhancements at
E, =23.7, 24.V, 2'V. O, 28.2, 30.5, and 32.2 MeV
shown in Fig. 2. are responsible for the regular
periodicity in the autocorrelation function.

For the 2 state, the autocorrelation fun'ction

[Fig. 3(a) 7 is similar to that for the 0' state with
a slightly damped amplitude. The similarity of
the periodicity can be regarded as coming from
the excitation function decaying to the same mem-
ber of the deformed rotational band of "O.

For the 2 state, the periodicity of -1 MeV is
maintained with the gradual damping of the ampli-
tude up to g-5 MeV.

The autocorrelation function coefficients R (0)
in the higher bombarding energy region between
27.94 and 3V.Vi MeV shown in Table I are smaller
than those in the lower energy region behveen
22.71 and 33.00 MeV for the 2' and 3 states.
This indicates that the previously found anomalous
enhancements due to the intermediate-structure
resonance gradually damp in the region from the
energy of the Coulomb barrier plus the centrifugal
barrier to about four times energy of the Coulomb
barrier, finally giving the continuous cross sec-
tion, and similarly for the autocorrelation func-
tion coefficients for two channels.

For the 4', 10 35 MeV sta. te -and for the
4', 12.20-Me V state, the autocorrelation functions
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TABLE I. The coherence widths, the percentages of the noncompound reaction, autocorrelation function coefficients,
and cross-correlation function coefficients obtained in the Ericson fluctuation analyses. The energy range analyzed and

the interval of the moving average are indicated. In deducing the percentage of the noncompound reaction, jeff 1 is
assumed. The uncertainties indicated come from the uncertainties of a choice of the averaging interval.

(a) The coherence width I' and the percentage of the noncompound reaction FD
(22.71—33.00 Me V} (27.94—37.71 Me V)

I=1.81 MeV I=1.87 MeV
State r (keV) r (keV)

0+, 6.05-Me V
2+, 6.92-Me V

3, 6.13-Me V
1, 7.12-Me V
4+, 10.35-Me V
4', 11.10-Me V

165+20
141+15
164 ~20
109+15

95+1
99 +1
97 +1
98 ~ 1

210 +30
230*30
158 + 30
195+ 30
274*50

99+1
98+1
98+1
99+1
98 +1

(b) The autocorrelation and cross-correlation function coefficients B«(0}and C~~ (0) (22.71—33.00 MeV), I=1.81 MeV
0+, 6.05 MeV 2+, 6.92 MeV 3, 6.13 MeV 1,7.12 MeV

0', 6.05 MeV
2, 6.92 MeV
3,6.13 MeV
1,7.12 MeV

0.094 + 0.018 0.151
0.022 6 0.002

-0.058
-0.142

0.052 + 0.012

0.099
0.226
0.235
0.045 ~ 0.004

(c) The autocorrelation and cross-correlation function coefficients R„(0) and C ~(0) (27.94-37.71 MeV}, I=1.87 M V

, 6.13 MeV 2+, 6.92 MeV 4+, 10.35 MeV 4+, 11.10 MeV

3, 6.13 MeV
2+, 6.92 MeV
4+, 10~ 35 MeV
4+, 11.10 MeV

0.032 + 0.008 -0.102
0.019+ 0.003

0.524
—0.072

0.008 +0.002

0.186
0.025
0.149
0.030+0.012

are quite different from those for the other four
states [Fig. 3(b) J.

The autocorrelation function coefficient R (0)
is proportional to (1/N, «) [1 —((a)»/(o))'J, follow-
ing Ericson's prescription. For the 0' state, N, f f
is unity for all angles, and hence R (0) = 0.0935
gives Y~= (o)»/(o)= 0.952. This value of 95% di-
rect component is far from reality in the case
when the intensity is localized on regularly spaced
resonances within the width of f00 keV and at the
energy interval of -3.6 MeV. For the 2' and 3
states, similar values of the direct component
can be extracted assuming reasonable values of

g„, in the range 1 & N„, + (Is+ 1).
The results obtained by Ericson fluctuation

analyses are summarized in Table I.

B. Cross-correlation functions

The cross-correlation functions were taken for
the channels between the 0' and 2' states, the 0'
and 3 states, the 2' and 3 states, the 3 and 1
states, the 0' and 1 states, and the 2+ and 1
states in the energy region between 22.71 and 33.00
MeV. The two-channel cross-correlation func-
tions for the 0' and 3 states and the 2' and 3

states are completely out of phase, whereas those
for the channels between the 0' and 2' states and
the 3 and 1 states are in phase. The cross-cor-
relation function coefficients at E= 0 have opposite
sign for the channels between the 0' and 3 states
and the 2' And 3 states as shown in Table I.

In the higher energy region between 27.94 and
37.71 MeV, the cross-correlation function coeffi-
cient between the 2' and 3 states is still negative,
while that between the 3 and 4', 10.35-MeV states
is positive.

To summarize this section, the Ericson fluctua-
tion analyses failed to describe any of the features
of the excitation function for the six states in "P.
The random-phase assumption between compound
states does not hold in this bombarding energy re-
gion, but the states with one or two dominant and
definite J's may be localized and the phases of the
partial decay widths of these states in the differ-
ent decay channels may be correlated.

C. Deviation functions

The deviation function for the 0', 6.05-MeV state
shown in Fig. 4 clearly shows peaks at E,
=23.7, 24.7, 27.0, 28.2, 30.5, and 32.2 MeV as
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FIG. 4. The deviation functions for the 0', 2+, 3, and
1 states in the energy region from 22.71 to 33.00 MeV.

seen at the energies in the excitation function.
In the deviation function for the 2' state, the

lower energy peak of the doublet for the 0' state
corresponds quite mell to the lower energy peak
for the 2+ state, whereas the higher energy peak
of the doublet for the 0' state corresponds to the
minimum after the first zero crossing point for
the 2' state. It is noteworthy that the peaks for
the 2' state correspond to the peaks for the 3
state, and their intensities indicate the moderately
strong coupling between those two channels. Al-
ternatively, the peaks for the 3 state are meakly
correlated with the peaks for the 0' and 2' states.

For the excitation functions for the 2', 6.92-MeV

In this section, we start from an assumption op-
posite to that in the previous section, i.e. , the en-
hancements observed in the excitation functions
are due to resonances. In this case the angular
distribution taken on a resonance mould show char-
acteristic features, since it should have single
definite spin and parity.

For determining the total spin of the reso-
nances, angular distributions were measured for
the 0', 6.05-MeV, 3,6.13-MeV, and 2+, 6.92-MeV
states at E, =23.7, 24.3, 25.2, 28.2, and 32.2
MeV and for the 1,V.12-MeV state at E, = 25.2
and 28.2 MeV.

By the fitting of the Legendre polynomials
~P~(cos8) ~' to the angular distribution for the 0'
state, the total spins were determined. Single
definite spins are assigned to the resonances at
E, = 23.'7, 24.3, and 28.2 MeV and the most
probable spin values are J'=14', 14', and 15,
respectively. The preliminary angular distribu-
tions at E, = 32.2 MeV indicates the total spin to
be J"=16+.

At E, = 25.2 MeV off-resonance, the angular
distribution cannot be fitted by a single Legendre
polynomial. However, a good fit was obtained with
4'= 14' and 16' interfering with equal weight and
opposite sign.

To confirm these spin assignments, the S-ma-
trix analyses of the angular distributions for the
3, 6.13-MeV and 2+, 6.92-MeV -states were per-
formed. If all relevant states have zero spin ex-
cept the final state of spin I~ and the intermediate
state of spin J, the angular distributions can be
simplified to give

2

do/dQ= wX'g g (2J'+ 1)'~'(L&-melam~
~

JO)Sz ~,~F~"&(0)
m~ ~aLf

In the case of a single J value, the angular dis-
tribution for the 2 state monotonically decreases
for L&= 4+2. The only oscillatory angular distri-
bution appears for L&= Z. The angular distribution
for the 3 state also monotonically decreases for
L&= J+3, while the angular distributions shorn os-

t

cillations for L&= 4+1. Since the largest trans-
mission coefficient appears for the smallest Lz,
the angular distribution predicted in the S-matrix
expression favors the stretching schemes with Lz
= J —2 and Lz= J —3 for the 2'and 3 states, re-
spectively, and hence should show a monotonic
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FIG. 5. The angular distributions for the 0', 2', 3
states at E~ ~ = 23.7„24.3, 25.2, and 28.2 MeV with the
curves fitted in the S-matrix expression. For the 3 and
2' states, see the right-side scale for the differential
cross sections.

decrease with angle.
Contrary to this prediction, all the measured

angular distributions except that for the 3 state
at E, = 23.7 MeV show strongly oscillatory dis-
tributions. These oscillatory angular distributions
were generated by increasing the amplitude of the
matrix element with I &= J or I.&= J-1 against that
with I.&= J-2 or L&= J-3. By adjusting the mix-
ing ratio of the matrix elements for different I

&

in the exit channel, good fits were able to be ob-
tained as shown in Fig. 5. For example, the mix-
ing ratio of S",„,„/S",», „=0."l5 was the best
fit one for the 2', 6.92-MeV state at E, = 23.7
MeV, which was twice as large as the value ex-
pected by transmission coefficients.

The quality of the fit to the oscillations in the
angular distributions for the 3 and 2' states gives
a good measure of the accuracy of the Jvalues.
Thus, the total spins for the resonances at E,
=23.7, 24.3, and 28.2 MeV were confirmed to be
J'=14', 14', and 15, respectively. Again, at
E, = 25.2 MeV the mixing of the J'= l4+ and 16'
components must be taken into account to fit the
data and this supports the spin determination made
for the 0' state. -

For the 1 state at E, „=28.2 MeV, the fit is
quite good ai supporting the spin assignment of
J'7 ]5

Using these values for the total spins of the res-
onances, the excitation functions for the 0' state
were fitted by the Breit-Wigner resonance formu-

la and the resonance parameters were extracted. "
Obviously, the fit for the two-level formula is
better than for the one-level formula as shown in
Fig. 6. This fact confirms that the resonances at
E, =23.6 and 24.6 MeV and at E, =27.0 and
28.4 MeV are of the same total spin, respectively.
The resonance parameters extracted are tabulated
in Table II.

As a summary of this section, the states with
one or two definite dominant total spins J's ap-
pear to bunch within the localized energy region to
form resonances.

VI. TYCHO MODEL CALCULATIONS

In the present section, the measured differential
cross sections for the six states of "0 is com-
pared as a function of the bombarding energy to
the calculated cross sections based on the Hauser-
Feshbach and the band-crossing theories.

A. The Hauser-Feshbach theory calculation

si
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1.0-

E
V

~)4

40
I

28S; (E„)
45

I ~

Eq(' 0)=6.049 Mev
0

W~)4I s»t3eAW
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FIG. 6. The excitation function for the 0', 6.05-MeV
state and the fits by the Breit-Wigner one- (dotted line)
and two- (full line) level resonance formula.

The calculations based on the Hauser-
Feshbach theory" were made as an extension
from those made at lower bombarding ener-
gies. ~ Denominators G(J) are calculated at E,
= 30 MeV, and the interpolation has been made be-
tween E, = 24 and 30 MeV by using energy-de-
pendent parameters. " Transmission coefficients
for the numerators are calculated using shallow'
and deep" potential parameters and the results are
shown in Figs. 2 and 7.

The calculated bombarding energy dependence of
the cross sections for all states reproduces the
energy-averaged cross sections at 8, = 15' quite
well as shown in Fig. 2. An increase at the lower
energy and a gradual decrease at higher energies
are able to reproduce fairly well the cross sec-
tions, for the 0', 2', 3, 4', 10.35-MeV and
4', 11.10-MeV states.

Adding data taken at 8, =165' for the unsep-
arated 0' and 3 states measured by Malmin, Har-
ris, and Paul' in the lower energy range to the
present one for the 3 state, one can draw an en-
velope with a rapid rise from 17 to 22 MeV and a
slow fall from 23 to 37 MeV; in this energy region
the peaks of the strongly localized enhancements
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TABLE II. Resonance parameters —resonance ener-
gies, total spins, total widths, and products of elastic
and inelastic partial widths —which were extracted from
the fit shown in Fig. 6.

&MeV)

r,r, ,

(ke V')

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

3.0
2.0

are included.
Around E, = 30 MeV, another sort. of.anoma-

lous enhancement with an width of -1 MeV may be
observed not only in the excitation functions of the
differential cross sections for the 3 and 4' states
at 8, = 15', but also in the excitation functions of
the double cross sections for the 4'(10.36-MeV}
and 6'(14.82-MeV) states at 8'„b= 30' and 8'„b
= 30'." This anomalous phenomenon remains an
open question to be investigated.

For the absolute cross section, the calculated

values for the 3, 1, and 4', 11.10-MeV states are
larger ihan the experimental values, whereas
those for the 0', 2', and 4', 10.35-MeV states are
almost equal to or smaller than the experimental
values. This important difference will be ex-
plained later.

The calculated angular distributions reproduce
the data only for the 0' state at E, = 23.7 and
24.3 MeV as shown in Fig. 7. The angular distri-
bution at the higher energies appears to shift a
little toward the forward angle. At E, = 25.2
MeV, where the energy region is considered to
be in the many-level-overlapping energy region so
that the statistical assumption is valid, the calcu-
lated-curves are completely out of phase with the
data. For the 2' and 3 states, the calculated
curves show a smooth decrease, while the experi-
mental data are strongly oscillatory. Thus, in
contrast to the S-matrix analyses, the Hauser-
Feshbach theory can not reproduce the data for
the 0', 2', and 3 states as a whole.

This suggests that the cross section is not due
to the contributions of many J's with random
phases, but rather comes from a narrow band of
J''s whose contributions combine constructively;
we call this the J-narrowing effect.

To summarize, the general trend of the excita-
tion functions for the six states can be fairly well
described by the Hauser-Feshbach theory. How-
ever, the intermediate-resonance structures and
the angular distributions for the 2' and 3 states
cannot be described in this way. Thus, it is diffi-
cult to attribute the reaction mechanism to the
statistical process.
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FIG. 7. The angular distributions for the 0', 3, and
2' states at E, = 23.7, 24.3, 25.2, and 28.2 Me& End
Hauser-Feshbach calculations.

B. The band-crossing model calculation

The numerical calculations of the excitation func-
tions for the transitions to the 0+, 6.05-MeV,
2', 6.92-MeV, and 4', 10.35-MeV states of "0 in
the "C("0,"C)"0*reaction have been tried here
by applying a band-crossing model. "" Many cal, -
culations for molecular resonances were per-
fomed by Matsuse, Kondo, and Abe" for the tran-
sitions to the 2'(4.44 MeV in "C}and 3 (6.13 MeV
in "0) states in the "C("'0,"0*)'C reactions.
They found that the experimental excitation func-
tions of the differential and angle-integrated cross
sections to the 2'(4.44 MeV in ' C) and 3 (6.13 MeV
in "0) and of the elastic scattering are well re-
produced in the energy region below E, = 26
MeV in the band-crossing model calculation.

We have extended similar calculations to a high-
er energy region up to 34 MeV with more channels.

The channels coupled together are increased to
seven, and grouped into three sections: (i) "C
+"0, and "C(2', 4.44 MeV)+ "0.. . (ii) "C, ,
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FIG. 8. The excitation functions for the 0', 2', and 3
states calcu1ated by the band-crossing model.

+ "O.. . "C, , + "O(3,6.13 MeV), and (iii) "C
+ "O.. . "C,. + "O(0, 6.05 MeV), "C,
+ ~~O(2', 6.92 MeV) "C y '~O(4+, 10.35 MeV),
and "C . + "O(6, 16.20 MeV).

The couplings are made only within each group.
For simplicity in the calculation, only one aligned
rotational band for each channel mas taken into
account in coupling of the channels.

The coupling strength in section (i) and in sec-
tion (ii) is set equal to the depth of the attra, ctive
potential in the single-excitation channel multi-
plied by the deformation parameters of P, = —0.1
in section (i) and y, = 0.1 in section (ii). The
strengths and form factors for the coupling be-
tween channels in section (iii) are so chosen that
the internal motion of the 0', 6.05-MeV, 2', 6.92-
MeV, 4', 10.35-MeV, and 6', 16.20-MeV states of
"0 is represented by an axially symmetric rotor.

Optical parameters of the so-called shallow po-
tential: V= -24 MeV for "C, +"0, , and

and "C, + "O(0', 2', 4', and 6'), with r, =1.25
fm and g=0.40 fm, were used. In the present cal-
culation, the imaginary part is switched off in
order to enhance the coupling effects. The P pa-
rameters in the strengths of the coupling in section
(iii) were adjusted to describe the data. The re-
sults are shown in Fig. 8 where the P parameters

are chosen to be P, =+0.2 for all the 0', 6.05-,
2', 6.92-, 4', 10.35-, and 6', 16.20-MeV states.

The excitation function calculated at 8, = 166'
for the 0', 6.05-MeV state shows strong peaks at
E, =18.6, 20.8, 23.2, 25.6, 28.4, and 31.6 MeV
with widths of -250, -300, -500, -700, -1200, and
-2000 keV, respectively.

A sharp rise from 18 MeV to 23.2 MeV and a
gradual fall from 23.2 to 34 MeV j.s found. How-
ever, the doublets can not be reproduced.

For the 2', 6.92-MeV state, a large peak at 22.0
MeV is produced as a result of increasing both the
number of outgoing coupled channels and the
strengths of the couplings between the relevant
channels. This large peak at E, = 22.0 MeV has
not been reproduced by the simple double reso-
nance model. "The doublets mith a spike and a
broad peak are seen from 25 to 34 MeV and the
lower sharp spikes of the doublets correspond to
the peaks for the 0', 6.05-MeV state from 26 to
32 MeV.

For the 3,6.13-MeV state, the groups of reso-
nances mainly consisting of doublets are seen
around 20, 22.5, 25, 27.5, 31, and 34 MeV. The
out-of-phase relation of the resonant energies in
the excitation functions for the 0', 6.05- and

3, 6.13-MeV states is well reproduced in the cal-
culation. On the whole the energies of the reso-
nances appear to be lower than the data, so that
the bombarding energy scale has to be expanded
to reproduce the general trend of the data.

VII. DISCUSSION AND CONCLUSION

We first discuss whether and to what extent the
conclusions for the lower energy region (14-23
MeV) hold also from 22.7 to 37.7 MeV, and then
discuss the interpretation of the intermediate-
structure resonances observed.

(1) In the higher energy region investigated here,
the inelastic channels also show nonstatistical res-
onances of a width intermediate between Ericson
fluctuations (I'c~-140-220 keV) and ion-ion poten-
tial resonances, which mere calculated for the
elastic scattering at 8, =165' by a deep poten-
tial" or by an energy-dependent shallow potential
resulting in a width of 2-5 MeV. The widths of
the nonstatistical resonances for the 0', 6.05-MeV
state range from 640 to 720 keV and for the 2',
6.92-MeV state the similar widths are observed.
For the 3,6.13-MeV state groups of resonances
are observed mith a widths of less than 1 MeV
every energy interval of 3-4 MeV.

This behavior found in the lower energy region
is also found in the higher energy region.

(2) The autocorrelation functions have a Lorent-
zian form only in the limited region of 0 & &&0.5
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MeV. Thereafter, periodicities of 1.2 and 1.6
MeV appear in the autocorrelation functions of the
0', 6.05-MeV state and of the 3,6.13-MeV state,
respectively. For the 2', 6.92-MeV state the same
period as for the 0', 6.05-MeV state is observed.
Thus this energy region seems to belong to the
nonstatistical region where waves of many Jvalues
do not overlap with random phases. In other
words, J narrowing occurs to enhance the yields
in the excitation functions. The angular distribu-
tions show a more direct evidence for J narrow-
ing. Although the angular range measured is ex-
perimentally limited for the 0', 6.05-MeV state,
single definite J values are assinged on reso-
nances.

The oscillatory nature of the angular distribu-
tions for the 2', 6.92-MeV and 3,6.13-MeV states
also supports J narrowing. In addition, the os-
cillatory features in the angular distributions for
the 2' and 3 states suggest that the components
of I.&= J and L,&= J-1 are more favored than those
of 1.&= J-2 and I.&= J-3 which dominate the trans-
mission coefficients, respectively. This fact re-
flects some structure of the individual resonances.

The statement that only a very few angular mo-
menta contribute to the inelastic channels and that
individual structures have a unique spin assign-
ment still hold in the high energy region up to
E, = 37.7 MeV.

(3) The main effort in the present experiment is
to separate the C particles from the reaction to
the 0', 6.05-MeV state from those to the 3, 6.13-
MeV state in "O. The characteristic features ap-
pearing in the excitation function are that the se-
quential enhancements have the sequential total
spin. Assuming that the sequential enhancements
of the yield form a rotational band in the composite
system of "C+"O, the rotational band associated
with the "C, +"0(0', 6.05-MeV state) inelastic
channel is different from that associated with the
"C, + "0(3,6.13-MeV state) inelastic channel. "

This reveals itself in the analysis of the Eric-
son's fluctuation theory; i.e. , the autocorrelation
function for the 0', 6.05-MeV state has a periodicity
of 1.2 MeV, while that for the 3,6.13-MeV state
has a different periodicity of 1.6 MeV. The cross-
correlation function and its coefficient between the
0', 6.05- and 3, 6.13-MeV states are out-of-phase
and negative.

A comparison of the ratio of the differential
cross sections predicted by the Hauser-Feshbach
theory with the data is made between the excita-
tion function for the 0', 6.05-MeV and 3,6.13-MeV
states. The results indicate that for the 0' state,
the averaged experimental cross section is larger,
while that for the 3 state is smaller in the energy
region investigated here.

These facts indicate that at excitation energies
of 40-50 MeV in "Si, the band associated with the
decay to the 0' excited state in "O has a complete-
ly different character from the band associated
with the decay to the 3 state in "O.

(4) It is considered that the 2', 6.92-MeV state in
O belongs to a member of the deformed rotational

band based on the 0', 6.05-MeV state. The popula-
tion of the 2', 6.92-MeV state is enhanced in the
"C("0,"C)"0*reaction as much as the 0', 6.05-
MeV state in the present energy region, and the
differential cross sections are comparable to those
predicted by the Hauser-Feshbach theory. The
autocorrelation for the 2', 6.92-MeV state is simi-
lar to that for the 0+, 6.05-MeV state, though the
amplitude is damped for the larger value of e.

The cross-, correlation function between the 2'
and 0' states shows a fairly strong correlation and
its coefficient is positive at &= 0. The cross-cor-
relation function between the 2' and 3 states shows
an anticorrelation and its coefficient is negative
at &=0 just as between the 0'and 3 states. These
facts support the statement that the rotational band
associated with the "C, + "0 (2', 6.92-MeV state)
is the same one associated with the "C
+ "0(0', 6.05-MeV state).

(5) The correspondence of the enhanced peaks
in the excitation functions are not usually obtained
in the weakly coupled or uncoupled calculations of
the potential model as observed in the excitation
functions for the 0' and 3 states in "O. In order
to obtain a good matching of the resonance peaks
for the different channels in the band-crossing
model, strong coupling is essential between close-
spaced bands in the band diagram. " The bands
associated with the 0', 6.05- and 2', 6.92-MeV
states are parallel in the present range of excita-
tion energies. However, the correspondence of
resonance peaks in the excitation functions was not
obtained in the simple coupled channel calculation.
Thus, the observation of the strong correspondence
between peaks for the 0' and 2' states in the devia-
tion functions suggests that there may exist eigen-
states with the same configuration in "Si decay-
ing to the correlated states of the 0', 6.05- and
2', 6.92-MeV states in the same rotational band in
16O

In addition, the fact that the width of th, e band
for the 0', 6.05-MeV state does not increase rapid-
ly as a function of the bombarding energy suggests
that the band observed in the excitation function for
the 0', 6.05-MeV state corresponds to the eigen-
states in ' Si and that they are populated during the
kinematically favored collision in the E, = 20 to
33 MeV energy region. On the contrary, the state-
independent potential model predicts a rapid in-
crease of the width as a function of the bombarding
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energy as shown in Fig. 8.
Thus, taking into account all statements from (1)

to (5), the alpha-particle doorway state model can
be accepted as the most favorable interpretation
of the resonances observed in the reaction to the
0', 6.05-MeV state of "O.

(6) As a further support for the formation of the
alpha-particle doorway state, the value of the mo-
ment of inertia is noteworthy for the band consist-
ing of the ground state in "C and the 0', 6.05-MeV
state in "'O. The 4 parameters (A. = 5'/M) of 112
and 123 keV are obtained for -the doublet. " The
grazing radius of It, = 1.32(A', ~'+A', ~') fm, which
corresponds to 74 keV in the A. parameter, is ex-
tracted from the fusion data" which bring the in-
cident channel information in the "C, , + "Q, ,
system. The A, parameter of 'li3 keV gives the
sinall value of Ro= 1.08 (A', ~'.+ A', ~') fm in the
"C, + "9,, system. If one takes the grazing
radius in the "C, + "C, system, the value is
found to be 8,=1.20 (A,'~'+AtI') fm. This vabse
is still smaller than that for the ground states in
the "Q and 'C system. Then, a preferable picture
is that an alpha particle crystalizes outside the
"C core in "O, with the excitation energy of 6.05
MeV and with I.=O', and the alpha particle is
bound in the common field formed by two attached
"C cores. Thus, an A parameter larger than
that in "C, + "C, , may be explicable by the
smaller moment of inertia. . This picture ls Slml-
lar to that for the alpha exchange model proposed
by Michaud and Vogt, ' Stockstad et gl. ,""and
Brady et g/. " However, this picture does not
mean directly the idea of the linear chain config-
uration of 'C-n-"C proposed by Horiuchi, Ikeda,
and Suzuki, "where the moment of inertia is ex-
pected to be larger.

In conclusion, the enhancements with definite
spin and intermediate-resonance width observed in

the excitation function for the 0', 6.05-MeV and
2', 6.92-MeV states indicate that the sequence of
these enhancements corresponds to eigenstates in
"Siwhich are populated during the collision, have
a life longer than the resonances formed in the
ion-ion potential, and decay preferentially into the
"C+"O~ (0+, 6.05-MeV, 2', 6.92-MeV) channel.
These states are similar to those proposed as
alpha-particle doorway states.

On the other hand, the enhancements observed in
the excitation function for the 3, 6.13-MeV state
indicate that these enhancements may be due to the
coupling between two bands formed in the potentials
for the incident and exit channels, respectively.
Thus, the sequence of the enhancements for the
0', 6.05-MeV state of "0observed in the present
work can be regarded as one of experimental evi-
dences for the existence of the alpha-particle
doorway states at excitation energies between
39.4 and 49.7 MeV in "Si.
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