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the target nucleon to form fragments, the expo-
nential nature of F(k) produces the observed inde-
pendence of k&, on the mass of the ejected frag-
ment.

Finally, we note that in the subthreshold pro-
duction of antiprotons in p-nucleus collisions,
Piroue and Smith® were led unalterably, a decade
ago, to the need for an exponential form for F(Z).
W. Frati and this author,'* by refitting the anti-
proton data with F()=exp(k/k,)/k and using the
proper effective energy of the struck nucleon,
find the value k,~95 MeV/c. This provides anoth-
er direct confirmation of the single-scattering
hypothesis.

We conclude that “quasi-two-body scaling”
gives a simple representation of a wide body of
experimental data. The analyses are consistent
with the hypothesis that the interactions that pro-
duce backward particles can be represented by
the single scattering from an effective high-mo-
mentum distribution F(k)=exp(-k/k,)/k.

I wish to take this opportunity to thank Dr, Wil-
liam Frati for his splendid collaboration in our
experimental work and for his encouragement and
discussions during the course of this attempt to
understand high-momentum distributions in nu-
clei, Ithank D. Yang for his enthusiastic help
with the computations, and R. Woloshyn and
R. Amado for spirited discussions.
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Sub-Coulomb Resonances in the 12C-12C System through the Reaction 2C(12C, %0)®Be

R. Wada, J. Schimizu, and K. Takimoto
Department of Physics, Kyoto University, Kyoto 606, Japan
(Received 27 December 1976)

The excitation functions of the reaction 2c(!*c, 16O(g.s.)') 8Be(g.s.) were measured at 35°
lab (~90° c.m.) and at 20° lab (~50° ¢c.m.) near and above the Coulomb barrier (5.75 €E. m,
£8.9 MeV). Resonant structures were found at 5.94, 6.35, 6.69, 8.0, and 8.4 MeV. These
resonant structures were correlated with those in the elastic channel. The angular dis-
tributions at 6.4, 6.65, and 8.0 MeV were measured, and the spin-parity assignments are
2%, 2* and 4%, respectively. The oxygen partial width at 5.94 MeV was determined to be
14 keV, which is as large as the carbon partial width.

Since the resonant structures in the 2C-'2C sys-
tem were first observed near and below the Cou-
lomb barrier,' several experiments have been
performed? and new information on this system
has been accumulated. Theoretical work also has
been forwarded to understand these structures.

In the simplest picture these resonances are
represented as shape resonances in a potential
well. Recent attempts to apply this picture to the
12C-12C and '2C-'°0 systems were reported by
Park, Scheid, and Greiner® and by Nagorcka and
Newton.* In other pictures, doorway-state mod-
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els which are based on either nuclear molecule®®
or a-particle molecule models” have been pro-
posed. In particular, Imanishi succeeded in re-
producing the resonant structures in the *C-12C
system, including their carbon widths, and furth-
er predicted the spin and parity for the resonance
at 6.3 MeV to be 0*.5 But no one has concluded

as to which model is the most suitable.

We measured the *0-%Be channel in an effort
to get more information on the 2C-'2C system.
This channel is favorable for this purpose, con-
sidering the @-value effect and angular-momen-
tum matching, because the threshold energy for
this channel differs by only 200 keV from that of
the *C-'2C channel; moreover, ®Be and O are
the a-conjugate nuclei which are often associated
with resonant structures. However, it is very
difficult to detect ®Be in this low-energy region
[5.5<E(®Be) <20 MeV]. We detected low-energy
recoiled %0 particles by using a gas AE-E count-
er system.® In this Letter, we shall report on
the resonant structures near and above the Cou-
lomb barrier in the 2C-2C system through the
reaction 2C(*2C,*0)®Be.

The experiment has been performed using the
1203+ and 2C* beams from the Kyoto University
tandem Van de Graaff accelerator. The target
was a carbon foil with a gold layer of a few micro-
grams per square centimeter. The target thick-
ness was 15-25 pg/cm?. Absolute cross sections
were determined by assuming that the elastic
scattering of carbon by gold is pure Rutherford
scattering.

The excitation functions of the reaction *2C (*2C,
%0(g.s.))®Be(g.s.) were measured in 50-keV steps
for 5.75<E ., < 8.9 MeV at 35° lab (~90° c.m.)
and for 6.4<E , <8.9 MeV at 20° lab (~50°
c.m.). The result at 35° lab is shown in Fig. 1(a).
Several remarkable peaks are found at 5.94, 6.4,
6.65, 8.0, and 8.4 MeV. The peak at 8.0 MeV is
also found in the excitation function at 20° lab
(~50° c.m.), as shown in Fig. 1(b), an angle
which corresponds to that of a peak of | P,(cos6)I?
and valleys of |P,(cos6)I? and |P¢(cos6)|?. The
first two peaks may be the same as the ones first
observed by Almqvist, Bromley, and Kuehner,’
about which we shall discuss below in detail. The
peak at 8.0 MeV may correspond to that observed
in the reaction #°Ne(a,*2C)'2C in which L =4 and
6 are dominant.®

The elastic excitation function was also mea-
sured at 90° c.m. in 50-keV steps for 5.5<E . .
<9.0 MeV. The result is shown in Fig. 1(c). Our
data are similar to those of Spinka and Winkler.°
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FIG. 1. (a) The excitation function of the reaction
2e(t2c, %0(g.s)) *Be(g.s) at 35°1ab. (b) The excitation
function of the reaction 2c(!?c, *0(g.s.)) *Be(g.s.) at
20°1ab. In (a) and (b), the solid curves are the results
of resonance calculations with the Breit-Wigner shape.
(c) The excitation function of the elastic scattering of
2 +12C at 90° c.m.

The resonant structures, appearing in the *O-
8Be channel, seem to be correlated with those of
the elastic channel.

The angular distributions at 6.4, 6.65, and 8.0
MeV were measured. The results are shown in
Fig. 2 and were fitted with | P, (cos6)|® by assum-
ing these peaks as isolated resonances. The good
fits shown in Fig. 2 strongly suggest that the
spins and parities of the resonances at 6.35, 6.69,
and 8.0 MeV are 2", 2*, and 4" respectively. The
spin of the resonance near 6.3 MeV was predicted
to be 0* by Imanishi,® but recently Kondo, Mat-
suse, and Abe! pointed out that this assignment
was doubtful because the observed cross section
was much larger than the upper limit of the
yield calculated in the case of complete absorp-
tion for L =0. Our spin assignment is consistent
with this latter calculation. The spin of the reso-
nance at 8.0 MeV is also consistent with data on
the reaction 2°Ne(a, '2C)*2C.° The spin of the res-
onance at 5.925 MeV (in our data, 5.94 MeV) in
the ¥0-%Be channel was assigned to be 4* by Coo-
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FIG. 2. The angular distributions of the reaction
2e(t2c, 1%0(g.5.)) *Be(g.s.) and | Py (cosb) |2 fits (a) at
6.4 MeV and L =2, (b) at 6.65 MeV and L =2, and (c) at
8.0 MeV and L =4.

per, Lau, and Reisdorf.’® This result is the
same as that of Almqvist, Bromley, and Kueh-
ner.! Thus the resonance at 5.94 MeV can be re-
garded as the same one observed in other exit
channels.’

The resonance energy of 6.35 MeV was deter-
mined as follows: In the *0O-%Be channel, another
stronger resonance with the same spin (J=2)
exists near 6.65 MeV. Thus these two resonances
interfere and draw near each other. The calcu-
lated result taking account of this interference
effect is shown in Fig. 3. The resonance at 6.35
MeV may also be the same one observed in other
exit channels by Almqvist, Bromley, and Kuehn-
er.!

Under the assumption that the resonances are
isolated resonances with the Breit-Wigner shape,
partial widths of the resonances at 5.94, 6.35,
6.69, and 8.0 MeV were deduced. For the reso-
nance at 5.94 MeV, we obtained an oxygen partial
width ' of 14 keV and a reduced width {y 2 of
9.8% for R =7 fm by using the carbon width I'¢ of
3.75 keV in Ref. 1. This reduced width is as
large as those of the elastic channel. For the
other three resonances, the partial widths were
obtained in the form of the product of I'g and I' .
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FIG. 3. The result of the calculation of the interfer-
ence effect between the resonances near 6.4 and 6.65
MeV (solid curve). Each Breit-Wigner shape is shown
by a dashed curve. The resonance energies are as fol-
lows: E{=6.35 MeV and E,=6.69 MeV.

This product (I'oT'¢) is determined to be 950,
2050, and 3050 keV? for the 6.35-, 6.69-, and
8.0-MeV resonances, respectively. These re-
sults suggest that the reduced widths of the *O-
8Be channel are possibly as large as those of the
elastic channel. This fact shows that the *¥0O-%Be
configuration, as well as the *C-!2C configura-
tion, plays an important role for the sub-Cou-
lomb resonances.

It is worth comparing the *O-2Be channel with
the a channel. In a recent study of the a channel,
two more resonances appear at 7.71 and 9.84
MeV which have J =4 and J =8, respectively.'®
The former was found also in the 2°Ne-a channel
but did not appear in the *0O-®Be channel in our
measurement in which these two channels were
observed simultaneously. To the contrary, the
resonances at 6.69 and 8.0 MeV are not clearly
seen in the a channel. Recently, in a measure-
ment of the *0-%Be channel in the energy region
of 9<E ., <20 meV, ** gross structures of a
few MeV in width were found which consisted of
several intermediate structures of a few hun-
dred keV in width with the same spin, and more-
over it was revealed that these gross structures
might construct a rotational band. The existence
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of a broad rotational band like this was predicted
by Arima, Sharff-Goldhaber, and McVoy*® from
an analysis of the optical potential. This predic-
tion agrees very well with the above data. The
resonances at 6.35 MeV (2%), 6.69 MeV (2%), and
8.0 MeV (4%) in our data also seem to belong to
this rotational band. This means that the sub-
Coulomb resonances which are enhanced in the
160-%Be channel are led by shape resonances.

The narrow widths, however, cannot be repro-
duced by the shape resonance alone. The states
which overlap well with the **O-%Be configura-
tion may couple with the shape resonances to
make the intermediate structures. This result
may support the double-resonance mechanism.%®
However the state which must be coupled is not
the state C*(2+%,4.43), but the state which belongs
to the second K" =0" band.™

We thank Y. Kondo, T. Matsuse, and Y. Abe
for stimulating discussions and their continuous
encouragements, and also H. Horiuchi for his
helpful comments.
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Giant Magnetic Dipole States in 2°°Pb Observed in the 2°’Pb + n Reaction*

D. J. Horen, J. A, Harvey, and N. W. Hill
Oak Ridge National Labovatory, Oak Ridge, Tennessee 37830
(Received 17 March 1977)

High-resolution neutron transmission and elastic-scattering measurements on N7pp
have revealed a concentration of p-wave strength in 28ph which is mainly accounted for
by J"=1" resonances. The sum of the ground-state radiative widths for these resonances
is ZI‘YO =7.2 eV which agrees well with a one-particle—one-hole theoretical prediction
which locates a fragment of the giant M1 resonance at 7.50 MeV with I'};,=9.3 eV.

The location of the magnetic dipole strength in
208pp has been the subject of a number of papers,
both theoretical and experimental. From an ex-
amination of experimental works,!”' it is evident
that uncertainty exists as to the magnitude and
distribution of the M1 strength observed. Thus
far, a major difficulty has been to obtain data
which can be utilized to assign definitively levels
as having J"=1",

In this work we present the results of high-res-
olution neutron transmission and (preliminary)
elastic-scattering measurements on >°’Pb which
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allow the definitive assignment of spin and/or
parity to many resonances in *°*Pb. Examination
of the p-wave resonances between 3 and 400 keV
shows a concentration of p-wave strength (i.e.,
a doorway state) in the vicinity of E,=120 keV
which mainly arises from several resonances
having J™" =1*, Combining our J" assignments
with the neutron-capture data of Allen and Mack-
lin,"! we are able to demonstrate that a significant
portion of the M1 strength in **®*Pb is located with-
in our observed doorway state.

The experimental work was performed at the



