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Abstract: Quasi-molecular states near and below the threshold of the
molecular configuration in sd-shell nuclei are discussed using recent
experimental data with particle-gamma coincidence method and
particle-particle coincidence method. Possible quasi-molecular states
have been identified in 2 4Mg as well as in 28si and 32s. The important
TOIC of quasi-molecular states are discussed, specifically for the shape
evolution of nuclei as a function of excitation energy and angular
momentum.

I . Introduction

One of the interesting subjects in the study of cluster dynamics is the
cluster or molecular structure near or below the threshold energy of the
configuration. This excitation energy region is just the place to learn
about the shape evolution as a function of excitation energy and/or spin.
One expects there a dumbbell shape structure, which we call here quasi-
molecular states, rather than a well developed di-nuclear structure
which is called molecular states. In the last few years, super deformed
states have been well known at high excitation energies in some heavy
nuclei, which have an axis ratio of about ?.. The quasi-molecular states
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Fig. 1 Nuclear shape evolution.
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should have a large overlap with the super deformed states, and be
considered to be a state of further elongation from a super deformed
state to a state with a neck. There are very few experiments made for
this subject in this excitation energy region, although it should be an
interesting region to approach from both higher and lower energy sides.

Figure 1 shows a possible shape change of nuclei. The quasi-
molecular states have been long predicted in light sd-shell nuclei' " 5 ) -
For example, there are several theoretical calculations'"5) made for 3 2 s .
Most calculations have predicted'"^) a sort of dumbbell shape structure
at certain excitation energies. Well developed rotational bands based on
the shapes in fig. 1 are also expected except for the spherical shape.

Characteristics of the quasi-molecular states may be summarized as
follows", they will have large quadruple moment, large moment of
inertia, accurate J(J+1) spacing if there is a rotational band based on this
structure, and they will have long gamma life time because of the shape.
Therefore in experiment, one has to study the decay properties of these
states, by either measuring particle decay or gamma decays. Particle-
particle correlation method and particle-gamma coincidence method
were utilized in the experiments discussed here.

II . Quasi-Molecular States In Z 8Si and 3 2 S

Since the quasi-molecular states locate near and below the
thresholds of the molecular
configuration, they can not
be investigated through a
resonant scattering simply.
Instead, other methods like cp
particle-particle correlation a>
method or gamma decay ^
measurement should be >.
used. Here, I will discuss c
on the study with particle c
correlation technique, LU
which is useful*.') for the g
study of the states between 'Z. 10
the excitation energy 2

Levels of 32S

Fig. 2 Possible quasi-
molecular states in
32s together with
some theoretical
predictions'. 4,5).

z^
Ftagnarsson —

et ol.

n
1 1 1 1 / 1 i i i i i

02 A

•T

6 8 10



region of the molecular threshold and the o threshold in even-even sd-
shell nuclei, since the latter decay channels are the lowest in energy
among the particle decay channels. This technique also is feasible
because quasi-molecular states seem to have considerable parentage of
a clustering.

An example of such study*.7) is given in fig. 2, which shows possible
quasi-molecular states of 1 6 o + " > O i n 3 2 s below the molecular
threshold but above the a threshold. The particle decay widths
measured suggest some rotational band structures. The experimental
rotational constant and the band head energy are in good agreement
with the microscopic a-cluster-model prediction by Schultheis and
Schultheis4). Other theories'"3#5) also predict similar rotational bands
in this energy region.

The particle correlation measurement provides total level widths
and particle decay reduced widths in addition. Of course, the former
should be measured only when the experimental resolution is better
than the level widths. These physical quantities should be very rich for
nuclear structure study. Especially, the particle reduced widths will
give a strong guide line for
classifying the states into a
band structure. Some states
observed 6 ' 7 ) in 3 2 S have a
few tens of keV or less of a
-reduced widths, and thus
the reduced widths were
actually measured with a
high resolution spectrograph
together with the decay
particle detection. However,
these states do not show
any trace of proton decays.

This is quite contrary to
those8. 9) in 28si, shown in
fig. 3, which were also

Fig. 3 Possible quasi-
molecular states in
2"Si. Closed circles and
triangles are the data
by particle correlation
measurement.8, °)

studied through the particle-particle correlation method. The states in
2 8 si were also found to have a new rotational band structure. An
interesting observation here is that there is no measurable total level
widths, but they decay with protons by roughly (he same rates as the
as'. Further, the branching ratios of the particle decays leading to
different final states show quite different values state by state. Thus,
theoretical calculations on particle decays are strongly desired to study
further the quasi-molecular states. From the experimental point of
view, measurement of gamma decays from and between these states
should be very helpful.

I I I . 1 2 C + 1 2 C Capture Gamma Reaction

Recently, gamma rays of the capture reaction ' 2 C + 1 2C --> Y+ 2 4 Mg
have been measured for the states at 0 - 10 MeV. High-energy gamma
rays were measured in coincidence with the 24 Mg particle detection.
The gamma rays were measured by using large Nal crystals'0) and the
particles were separated out by a gas-filled isotope separator
(GARIS)11) which was installed recently at Institute for Nuclear Study
(INS), University of Tokyo. The high energy gamma detector was
surrounded by 8-cm thick plastic scintillators. The GARIS was used
without gas. A ' 2 c 2 + beam of 16 MeV was obtained from the INS
Sector-Focussing
Cyclotron, with a 1 2 c + 12c — > Y+ 2 4 M g
typical beam ,
intensity of 1 uA. S.ngles spectrum

The singles 10»x6
gamma spectra
from the capture i
reaction in fig. 4 *
show clearly the «
transitions to the *
ground state and •>

Fig. 4 ;
A Singles
spectrum of
the gamma rays
from the 12C +
' 2 C scattering
at 16 MeV. 250 500
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Fig. 5 Gamma ray spectrum from the l 2 c + 1 2 c scattering
measured in coincidence with 24ftig particles.

the first excited state, and the transition to the 4 ] + state is barely seen.
Thus, the gamma transitions to the excited states above the first 2 + state
can be hardly studied without particle coincidence measurement. Figure
4 shows a gamma ray spectrum obtained in coincidence with the 2 4 M g
particle detection, where 2 4 \ j g were uniquely identified by energy,
time-of-flight, and Bp value. The coincidence rate is very low due to the
present setup with the GAR1S and the charge state fraction of 2 4 M g ,
where 8 + was chosen for detection to minimize the background with this
separator. The spectrum observed includes several discrete transitions
from the incident channel to some specific states in 24 Mg One can
easily see the excitation of the ground band members, i. e., the
transitions to the ground state, the 1.37-MeV 2\+ stale, the 4 i + + 2 2 +

states and the 8.11-MeV 6 i + state. The members of the excited 0 + band
with the band biad energy of 6.43 MeV are excited with a much
stronger intensity. Generally, the intensity within the same band
members increases as the spin value of the final state increase'.
However, there is clearly a strong selectivity in transition, e.g., the
members of the gamma band are not strongly excited, actually almost
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Fig. 6 Relative B(E2) values divided by (2J+1). The closed bars are
the present results and the open bars are the theoretical
predictions 12).

no yield for the 3 + member of the band. More clearly, the intensities
are compared schematically in fig. 5, where the gamma ray yields were
divided by a factor of (2J + 1) with J being the final state spin, and also
divided by Ey5 assuming E2 transitions, since all transitions are for
collective states and the incident channel has only even partial waves.
The factor of (2J+1) would eliminate a part of the incident channel
effect. On the left hand side in the figure, a theoretical prediction of 1 2 c
+ 1 2 c reduced widths by K a t o 1 2 ) are plotted. The experimental
strength of the 2 i + state is normalized to that of the theory. The
relative intensity seems to be consistent with the theory for the
members of the ground band and the gamma band. However, there is
no prediciion for the members of the Kn = 0 + band with the band head
energy of 6.43 MeV, whereas the experiment show tremendous
excitation of these states. A quasi-molecular band which has a
dumbbell shape is suggested by Schultheis and Schultheis^) to locate in
this excitation energy region with the same rotational constant of 151
keV in 2 4 M g Some cluster states of a and 8 B e are predicted13) at
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excitation energies of about 11 MeV and above. The present
experimental results are clearly different from these states. Since the
rotational constant is larger than that of the ground band (k = 193 keV)
but smaller than those found in 28gi an(j 3 2g a s discussed in the
previous section, this band could have more squashed quasi-molecular
like shape. Descouvemont and Baye'^) predicted three molecular bands
of '^C + 12c, ind the lowest band has a quasi-molecular shape of the
separation of 3 fm and the rotational constant similar to the present
band, although the excitation energies are close to the ground band.
Thus, present band is a good candidate of quasi-molecular states.

IV. Summary

Experimental results with a particle correlation method were
discussed in terms of quasi-molecular states. Although the usefulness of
the technique is shown for this subject, further study in both theory and
experiment is needed to establish quasi-molecular states. Application of
particle-gamma coincidence measurement for the capture reaction of
12c + 12c -> 7 +24Mg was also discussed for quasi-molecular state
study. This reaction preferentially excites the members of the K" = 0+
band (the band head energy of 6.43 MeV), suggesting this band has a
large fraction of 1 2C + 12c quasi-molecular configuration.

Acknowledgement

The authors are indebted to Dr. K. Kato for the fruitful discussion and
the theoretical predictions prior to publication, and to Mr. I. Sugai for
target preparation.

References

1) P. G. Zim and U. Mosel, Phys. Rev. C14 (1974) 1488.
2) D. Biye mil G. Rcidemcisier, Nad. Phys. A258 (1976) 157.
3) T. Ando ct »l.. Prog. Thcar. Phys. 64 (1980) 1608.
4) H. Schullhcis ind R. Schultheis. Phys. Rev. C2S (1982) 2126.
5) I. Ragnarsson and S. Aberg, Phys. Leu. 114B (1982) 387.
6) K. Morita, S. Kubono el al., Phys. Rev. Leu. SS (1985) 185.
7) S. Kubono. a al.. J. Phys. Soc. Japan 54 (1985) Suppl. II 114.
8) S. Kubono el al.. Phys. Leu. 103B (1981) 320.
9) S. Kubono el al.. Nucl. Phys. A457 (1986) 4.

10) S. Kubono el al.. Nucl. Inslr. Mclh. A251 (1986) 74.
11) H. Miyalakc cl al.. Nucl. Inslr. Mclh. B26 (1987) 309.
12) K. Kalo, private communicalion.
13) K. Kaio, cl al.. Prog. Theor. Phys. 76 (1986) 75.
14) P. Descouvcmont and D. Baye. Phys. Leu. I69B (1986) 143.

- 7 -


