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Abstract. We have studied the multi-nucleon transfer reaction >C("Li,p) at Fja, = 44 MeV, populating
states in the oxygen isotope *¥0. The experiments were performed at the Tandem accelerator of the Maier-
Leibniz Laboratory in Munich using the high-resolution Q3D magnetic spectrograph. States were populated
up to an excitation energy of 21.2 MeV with an overall energy resolution of 45keV, and 30 new states of
80 have been identified. The structure of the rotational bands observed is discussed in terms of cluster
bands with the underlying cluster structures: *C ® o and '2C ® 2n ® «. Because of the broken intrinsic
reflection symmetry in these structures the corresponding rotational bands appear as parity doublets.

1 Introduction

In light nuclei clustering and deformations are observed
as general phenomena at excitation energies close to the
a-decay thresholds [1-4]. With the additional neutrons
specific molecular structures appear, with binding effects
based on covalent molecular neutron orbitals. This ob-
servation has been summarized in the “Ikeda” diagram
for N = Z nuclei [1] in 1968, and for nuclei with extra
neutrons in an extended diagram by von Oertzen [5]. In
these diagrams a-clusters and 'O clusters are the main
ingredients. Actually, the **C-nucleus has also equivalent
properties as a cluster as 0. These are: i) closed p-shells
(even better closure than in €0), ii) the first excited
states are at 6MeV excitation energy, iii) the binding
energies of nucleons are very high: Ep(p) = 20.83MeV,
Egp(n) =8.17MeV, iv) the binding energy for a-particles
is also high (Fp(«) = 12.012MeV). Therefore pronounced
clustering and molecular configurations with a-clusters
and neutrons are also observed in the oxygen isotopes with
A > 18.

At present the a-cluster structure for a number of low-
energy states of 180 is reasonably well established. For
180 the literature [6] shows a large variety of reaction
studies, as well as calculations, which established the level
scheme and the main shell model structures. A number

? e-mail: oertzen@helmholtz-berlin.de

b Present address: School of Physics and Astronomy, Univer-
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of experimental studies were devoted to the direct inves-
tigation of the a-cluster properties of the *0 nucleus
close to the a-decay threshold. Morgan et al. [7] popu-
lated a-cluster states in 2O up to 12.5MeV excitation
energy with the *C("Li, t) reaction (at the beam energy
of 20.4MeV) and Fortune et al. [8] studied 80 using the
12C("Li, p) reaction at 16 MeV. Cunsolo et al. [9,10] have
measured 180 states up to 17.0 MeV excitation energy via
the 1*C(°Li, d) reaction at the SLi beam energy of 34 MeV
and performed a detailed analysis of the deuteron angular
distributions. A study of y-decays in the 1*C("Li, t,v) re-
action [11] has given strong evidence for enhanced F1 and
E2 transitions. These are explained due to pronounced
clustering as discussed in the present work, where the ex-
istence of parity inversion doublets is invoked. Angular-
correlation studies of the decay of 'O states populated
in the *C(°Li, d)*®*0 — 4C + a reaction have been used
in the work of Artemov et al. [12,13] to extend the sys-
tematics of *C ® a cluster states in 0. Finally, many
of the spin values of resonances with a potential clus-
ter structure above the a threshhold have been assigned
via elastic scattering 1*C(a, o) and the C(«,n) reaction
in the work of Morgan et al. [14]. The a-decay of the
states above the 6.226 MeV threshold has been observed
by Curtis et al. [15] using the **C(*80; C, ) C reaction
at an incident energy of 102MeV. Several exited states
were observed between 7.86 MeV and 16.42 MeV, and the
energy-spin systematics of the states was extended. The
molecular band in 0 with a (12C ® 2n ® «) intrinsic
structure, proposed by Curtis et al. [15], has also been
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Fig. 1. (Color online) Cluster model structures (shown in the upper part) and corresponding shell model structures (lower part)
of '¥0. On the left the (*0 ®2n) structure can be described by the shell model. The structure shown in the middle corresponds
to an additional (2p-2h) excitation; it is also well described in the cluster model. The structure on the right requires a (6p-4h)
excitation in the shell model, and a “molecular” configuration with two valence neutrons in the cluster model.

discussed earlier by Fortune et al. [16] in the framework
of (6p-4h) shell model states. The missing 0" band head
was predicted by Fortune et al. at 7.11 MeV, however, we
have localized it at a different place (see sect. 2). Negative-
parity a-cluster states in '®0O have been investigated by
M. Gai et al. [17] and V. Goldberg et al. [18] giving indi-
cations for intrinsic reflection assymetric shapes.

There are several theoretical publications addressing
the formation of (1*C ® ) cluster states in 0, and the
associated molecular bands, for example, by Lawson et
al. [19], Lévai et al. [20], Reidemeister et al. [21] and De-
scouvemont and Baye [22]. More recently the AMD (an-
tisymmetrised molecular dynamics) calculations of rota-
tional bands by Furutachi et al. [23] form a useful quanti-
tative basis for the comparison with the present measure-
ments. The role of the valence neutrons being shared by
all four « giving rise to intrinsically symmetric states is
discussed by Itagaki and Kimura [24], giving low-lying 0
states.

In the shell model frame work deformations and ro-
tational bands appear as multi-particle-multi-hole exci-
tations (zp-yh). These are already well known in €O,
a (4p-4h) rotational band is well established starting at
6.05 MeV with the K = 05 band head. The correspond-
ing structures in 180 have (4p-2h) and (6p-4h) configu-
rations [16]. In this work the emphasis was put on states
with positive parity. The negative-parity states are related
to odd numbers of particles and holes, in the shell model,
e.g., (Ip-1h) or (3p-3h) for 0. Similarly, the particle-
hole structures of the negative-parity bands in 2O are,
e.g., (3p-1h) or (5p-3h). In the cluster model the negative-
parity bands appear in these cases as a natural conse-
quence of the intrinsic reflection asymmetry of the clus-
ter configurations. The appearance of the parity inversion

band with negative parity was for the first time suggested
for 2°Ne, where for the '*O®a configuration in the ground
state two bands are obtained: the K = 0 ground-state
band and the K = 0] band [1]. They correspond to (4p-
Oh, 5p-1h) configurations in the shell model, respectively.
In O the corresponding structures are (4p-2h, 5p-3h),
these form excited bands.

With the parity projection of the intrinsic asymmet-
ric cluster structures shown in fig. 1 for 8O, we obtain
inversion doublets, e.g. for "*C ® o two bands with quan-
tum numbers K = 0 and K = 0, . Similarly we ex-
pect an inversion doublet for the cluster states with the
12C ® 2n ® a configuration (in the shell model these will
be (6p-4h) configurations). Here molecular orbitals for the
valence neutrons appear. These covalent neutron configu-
rations are also predicted in the AMD calculations, and
were also found in the Ne-isotopes with masses A = 21,
22 based on the %0 ® a cluster structure, as discussed in
ref. [5]. In earlier work on negative-parity configurations
with cluster structure in '®O the emphasis was put on the
4C ® a structure with intrinsic dipole and octupole mo-
ments and expectations of E1l-y-transitions [17]. The in-
trinsic reflection asymmetry gives rise to rotational bands
as parity doublets, with E'1-y-transitions between the two
bands. However, until now these structure effects have not
yet been fully established.

In the present work [25] the multi-nucleon transfer re-
action ("Li,p) on '2C is used, which can populate both,
shell model states in '*0 as well as those with cluster
structure. We have studied the reaction with the aim to
establish the higher-lying cluster states and find the cor-
responding inversion doublets and the high-spin members
of the rotational bands. Due to the angular-momentum
mismatch between the incoming and outgoing channels
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Fig. 2. The Q3D magnetic spectrograph used for the study of
the reaction "Li + 2C — p+ 180, at Figp = 44.0 MeV.

(particles "Li and p have very different mass, and the lat-
ter can carry only small amounts of angular momentum)
the reaction is expected to populate strongly higher-spin
states of the rotational bands. This is also true for a com-
pound nuclear reaction mechanism. In addition, in direct
reactions a strong population of states with cluster struc-
tures and high spin should be observed. Independently of
the reaction mechanism for the population of states, we
expect within the same band a dependence of the cross-
section on (2J + 1), the spin multiplicity. This feature,
together with the energy systematics for rotational bands
(dependence on J(J+1)) and the predictions of the AMD
calculations are used to establish the rotational bands in
180, with new, although preliminary, spin assignments.

2 The experiments
2.1 Experimental conditions, energy spectra

The experiments have been performed at the Tandem-van-
de-Graaff accellerator of the Maier-Leibniz Laboratoty
of the Technische Universitdt Miinchen and the Ludwig-
Maximilians Universitdat Miinchen. The incident energy of
"Li was 44 MeV, which allowed, together with the high
positive Q-value of 8.401 MeV, the population of states
up to high excitation energies. The "Li®*)-beam inten-
sity was typically about 200nA. The ("Li, p) reaction has
been measured at the Q3D magnetic spectrograph [26]
(see fig. 2) and the outgoing protons were identified by
the focal-plane detector using the energy loss in a gas-
filled chamber and the light output of a scintillator behind
it. The position in the focal plane was established using
the cathode strips read-out and ASIC! interpolation tech-
nique. Further details of the detector in the focal plane [27]
and the experimental set-up are given in [25]. The 2C
targets had a thickness of 70 ug/cm?, with an enrichment
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Fig. 3. (Color online) Energy spectrum of protons obtained
with the Q3D spectrometer for the reaction “Li+'2C — p+'80
measured at 44.0 MeV incident energy and 6., = 10°. The
lines are explained in the text (sect. 2.1).

of 98.9%. To determine contributions from oxygen in the
12C target, a Vo035 target of 69 ug/cm? on a 2C back-
ing of 20 ug/cm? was used. Only negligible contributions
from oxygen (< 1%) and 3C (1.1% natural share) were
observed in the spectra.

The measurements have been performed at three scat-
tering angles 615, = 10°, 20° and 39°. The solid angle
was 13.85 msr (horizontal opening: 6°). Ten (10) field set-
tings (with regions of overlap of about 10%) were needed
per angular setting in order to cover an excitation energy
range of 21 MeV. The resulting 10 spectra were joined to-
gether and normalized in the overlapping regions. With
an energy resolution from the beam of 5keV, the final
resolution of 45keV achieved is mainly due to the energy
loss differences in the target between projectile and ejec-
tile. This resolution becomes worse at the larger angles
due to larger values of the kinematical factor, which in-
fluences the final width due a limiting value of the beam
emittance. The 0 spectrum at 64, = 10° is shown in
fig. 3 and for 0,4, = 39° in fig. 4. Strong and rather nar-
row lines are observed well above the particle thresholds
for a and neutron emission at 6.226 MeV and 8.044 MeV,
respectively. The particle thresholds for 18O are listed in
table 1.
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Fig. 4. (Color online) Energy spectrum of protons obtained
with the Q3D spectrometer for the reaction "Li+'2C — p+'20
at 01 = 39°. The lines are explained in the text (sect. 2.1).

Table 1. Particle thresholds for 20.

Sa [MeV]
6.226

Sn [MeV]
8.044

Sgn [MGV]
12.187

Sp [MeV]
15.942

In the analysis of the spectra the lines in the particle-
stable region have been fitted using Gaussians, and above
particle thresholds with Breit-Wigner line shapes, their
intrinsic width has been obtained using the fitting code
SPEC [28]. The large number of narrow states at higher
excitation energies points to their particular structure and
to potentially high spins. The energy calibration was ob-
tained with the positions of the sharp well-known levels [6]
n 80 below 10 MeV, the overall agreement up to 11 MeV
excitation energy was found to be within 5keV. In this
analysis 96 states were identified, 30 of these are new.

In the spectra there is almost no background from
target contaminants. At higher excitation energies, how-
ever, continua of two 3-body distributions and one 4-
body distribution appear, starting at the corresponding
thresholds. The flat backgrounds in figs. 3, 4 correspond
to the 3-body phase-space distributions for the three
particles: i) n+170,, (both not detected) and p (detected),
and ii) p + '"N* (both not detected) and p (detected).

Table 2. Experimental excitation energies between 7.0 MeV
und 8.5MeV in O, measured at 645 = 10°, and the corre-

sponding literature values from ref. [6].

JLit Bz Lit E.(10°) Ey — By Lit
[MeV] [MeV] keV]
4+ 7.117(1) 7.120(3) 3
1- 7.616(1) 7.619(5) 5
2” 7.771(1) 7.792(4) 21
5 7.864(5) 7.860(4) —4
(31,47) 7.977(4) 7.973(3) —4
1- 8.038(1) 8.035(4) -3
5~ 8.125(2) 8.130(4) 5
2t 8.213(4) 8.217(4) 4
3" 8.282(3) 8.283(5) 1
(27) 8.410(8) 8.414(5) 4

At about 12.8 MeV the 4-body phase-space distribution
(n+n+10,5+p) (orange line) becomes visible. The cor-
rect description of the background shapes is quite impor-
tant. These functions are calculated in the code SPEC [28].
The green continuous lines in figs. 3, 4 represent the sum
of all phase-space distributions.

The spectra at 10° (fig. 3), 20° (not shown) and 39°
(fig. 4) have been analyzed in this way. In the overlap
regions of the 10 individual sections of the spectra some
states may be affected causing some systematic error at
that place in the fits. However, with the other angles these
overlaps occur at different regions of excitation energies,
and thus these uncertainties can be eliminated.

Due to the careful calibrations and the high-energy
resolution we investigated the excitation energy region be-
tween 7.5 MeV and 8.4 MeV with the aim to search for pre-
viously unresolved states. Table 2 shows the fitted peak
positions at 10° in comparison to the excitation energies
from the literature [6]. The values all agree within £5keV
in their absolute value to the known excitation energies,
except the 27 state at 7.792 MeV. Its fitted position has
a too large deviation (21keV). We can determine peak
positions with a 5keV uncertainty due to the good statis-
tics (and 45KeV of the resolution), and postulate that
there is a doublet at 7.792MeV. Therefore we unfolded
this peak with two states: the J™ = 27 state at its liter-
ature value 7.771(5) MeV and a new state, which we find
at 7.796(5) MeV. The same value within 5keV is found in
the fits (using the program SPEC [28]) of the other two
spectra. Figure 5 shows in an expanded scale the region
between 7.5 MeV and 8.35MeV excitation energy at the
angles of 10°, 20° and 39°. The 7.796 MeV state clearly
dominates at 10°, whereas two states are definitely needed
at larger angles to obtain an optimum fit to the energy
spectrum. This new state is a very good candidate for the
“missing” band head of the molecular band as discussed
later (sect. 4.4 and fig. 10).
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Fig. 5. (Color online) Regions of **O spectra near 8 MeV at
(a) 10°, (b) 20° and (c) 39°, showing a doublet at 7.8 MeV and
the determination of the 7.796 MeV (J™ = (0™1)) state.

3 Discussion of cluster bands
3.1 Shell model and cluster structure

The different structures of the *¥O nucleus can be char-
acterized by the configurations (see fig. 1): i) %0 ® 2n,
ii) C®a, and iii) *C®2n®a. All these structures can be
populated in the 12C("Li, p)'8O reaction, which we have
used in our investigations. In this case we transfer “He”
or rather an a-particle and 2 neutrons to the 2C target
in arbitrary sequence. The configuration 10 ® [v(sd)?] is
characterized by 2-particle-0-hole (2p-Oh) configurations
with even parity. Another possibility is a (2p-2h) pro-
ton excitation of the '®O core, which leads to (4p-2h)
states with 14C ® [r(sd)? ® v(sd)?] structures and with
a strong parentage to the '*C ® « cluster configuration.
Furthermore, we expect the molecular ?C ® 2n ® « struc-
ture consisting of a '?C core and an a-particle, bound
by two valence neutrons. In a shell model description
this corresponds to a (6p-4h) configuration with 2 pro-

Table 3. Components of wave functions for the first three 0"
and 2% states and for the first two 41 states in 8O (dataset
“constrained II” from Lawson et al. [19] and Sherr et al. [29]).

Configurations
J™ | E. MeV] || v(dss2)? v(s1/2)? coll.
o 0.00 0.719 0.192 0.088
0F 3.63 0.213 0.112 0.676
05 5.33 0.068 0.696 0.236
J" | E. MeV] || v(dss2)® | v(ds)2,s1/2) coll.
2F 1.98 0.599 0.235 0.120
25 3.92 0.381 0.366 0.251
24 5.26 0.002 0.362 0.629
J7 | E. MeV] || v(ds2)® | v(dse,ds)2) coll.
4f 3.56 0.972 0.023 0.004
45 7.11 0.014 0.154 0.832

tons and 4 neutrons in the (sd) shell corresponding to
a 20 ® [r(sd)? @ v(sd)?]o ® v(2s1d)? structure. An odd-
particle-odd-hole excitation produces odd-parity states by
excitations from the (1p) shell to the (2s1d) shell. How-
ever, the rotational bands of negative parity, which rep-
resent the parity inversion partners due to the underlying
cluster structure, need higher order xp-yh excitations and
thus are very difficult to obtain in shell model calculations.

The microscopic structure of the low-lying states in
80 is understood on the basis of the analysis of Law-
son et al. [19] (table 3). The major components of the
wave function for all positive-parity states below 7.2 MeV
arise from the (2s1d) model space. There is also one core-
excited collective state for each of the spins 0, 2% and
47, Those states, which have a predominantly collective
structure and thus strong configuration mixing (though
they are predominantly of (4p-2h) configuration), are the
states at E, = 3.63MeV, 5.26 MeV and 7.11 MeV [19] as
marked in the last column in table 3.

3.2 Parity splitting of rotational cluster bands

The cluster and molecular structures studied in the
present work consist of two different clusters with different
size (for example *C ® «). Such cluster structures usu-
ally correspond to octupole deformations of the nucleus,
which leads to specific properties of the rotational bands.
In the book of Herzberg [30] the nature of the rotational
spectra of molecular structures is reviewed. The most im-
portant aspect for an intrinsically asymmetric structure
is the broken intrinsic reflection symmetry. Such systems
have no well-defined parity. The parity projection, which
is obtained from the linear combinations of two reflected
states using a positive and a negative sign, respectively,
leads to a splitting of the rotational bands. The feature of
symmetry breaking has been explored in nuclear physics
by Bohr and Mottelson [31], where this phenomenon ap-
pears with the odd multipoles of deformation, in particular
with the octupole deformation [31-34].
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For reflection-asymmetric but axial-symmetric sys-
tems the signs in the linear combinations correspond to
the signature r defined as the eigenvalues of the R opera-
tor. R describes a rotation of 180° about an axis perpen-
dicular to the symmetry axis [31,32]:

r=e ", (1)

Here J is the spin and 7 the intrinsic parity. For systems
with intrinsic octupole-deformed shapes and an even num-
ber of nucleons a parity doublet appears [33] with bands
for r = £1 and an energy splitting between them:

JT =027, 4% ..., (2)
JT=1",37,5",.... (3)

r=+1,
r=—1,

This feature allows clear predictions for the states. Their
properties of broken symmetry gives rise to the splitting
of the rotational bands into the parity inversion doublet.
We can therefore identify for the nuclear molecules,
formed with two clusters of different size, two rotational
bands (the parity inversion doublet), which originate from
the same intrinsic structure. For the '*C ® « cluster con-
figuration in 180 with ¢, = [1*C ® a) (a-cluster right),
¢ = |a @ 11C) (a-cluster left), and N as a normalisation
factor, the linear combination can be written as follows:

PE = N(¢r = ¢l)

The wave functions @ and &~

o 1
#9) = s (o) £l (@)

have eigenvalues

1 _

Ef=— (E+FE 5
with A = (¢,|¢;) the non-orthogonality, £ = 1/2(E, + E))
and Fa = (¢,|H|¢;). For A <« 1, we have in first order
the following energies:

Ef~FE+6g (6)

with B
dp=FAr—E-A. (7)

The energy splitting amounts to ET — E~ = 2 dp (see
eq. (6)). The value of this energy splitting reflects the in-
trinsic asymmetric structure.

Figure 6 illustrates the splitting of the known parity
doublet bands for the a-cluster structures '>C ® a of 60
and for "0 ® « of 2°Ne. We will come back to these struc-
tures in connection with the discussion of ¥0 in sect. 4.3.

4 Results for rotational bands in 180

The excitation energy E, of the members of a rotational
band depends on the total angular momentum J as fol-
lows [31]:

h/2
=—[J(J+1)] + Eyp. (8)

E.(J) = 35
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Fig. 6. (Color online) The a-cluster bands of positive (solid
lines) and negative (dashed lines) parity in '°O [35] (green
filled and open circles, respectively) in comparison with these
structures in 2°Ne [36] (red filled and open triangles, respec-
tively). The lines represent linear fits through the experimental
data, numbers correspond to the fitted slope parameters (see

eq. (8)).

Table 4. Members of the K™ = 0] ground-state band in **0.
The following entries are shown: spins and parities J™, exci-
tation energies Fy, cross-sections do/d{2 in the centre-of-mass
system at 645 = 10° and results from the literature [6].

JT E, (do/d2)em JFu Eyrit
[MeV] [ub/sr] [MeV]

O1ap = 10°
0t 0.000(4) 2.82(17) 0F 0.000
2t 1.982(4) 6.31(25) 2+ 1.982
4t 3.558(5) 2.35(11) 4t 3.555

Here the factor 7%/20 (unit: [MeV]) is the slope parame-
ter obtained in a linear fit between E,(J) and J(J + 1),
where @ is the moment of inertia with respect to the ro-
tational axis of the deformed nucleus in the given cluster
configuration, and FEj is the constant obtained in the fit.

We present here results for bands, where some mem-
bers are already known. We are able to extend these by
further band members and identify also the corresponding
negative-parity bands of the inversion doublets. To estab-
lish the bands we used several informations: i) the relation
between E, and J (eq. (8)), ii) the (2.J + 1)-dependence
of cross-sections and their angular dependences, iii) in-
formation from the AMD calculations, as well as GCM
calculations. Tentative assignments for all members of the
rotational bands have been made in this way.

4.1 K™ = 0] ground-state band

All members of the well-known ground-state band of 20O
are observed [8]: 01 at 0.00MeV, 27 at 1.98 MeV and
4% at 3.56 MeV (table 4). These states are characterized
by the '°0 ® 2n configuration with the 0 ® [v(d5/2)?]
structure (see table 3), they do not form a rotational band.
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Table 5. Members of the positive-parity K™ = 0 cluster band
in '®0: spins and parities J”, excitation energies E,, widths
of resonances I', cross-sections do/df2 at 0145 = 10° (see also
fig. 7) and results from the literature [6].

J" E, r (do/d)em || JFi | Furit
[MeV] keV] [ub/sr] [MeV]
Orap = 10°

ot | 3.638(5) 0.28(5) 0t | 3.634
2t | 5.259(4) 3.21(13) 2t | 5.255
4t | 7.120(4) | <10 | 12.06(30) a4t | 7117
6% | 11.696(6) | 19(7) 6%t | 11.69
(87) | 18.062(15) | 80(15) | 19.35(31) 18.049

30 . L L L L Il L L L L Il L L L L Il
251 80 8% op0 F

Fig. 7. (Color online) Differential cross-sections for members
of the K™ = 0F rotational cluster band in '®0, for different
reaction angles, plotted as a function of spin (2J + 1).

The structure terminates at the expected maximum spin
value J™ = 4+,

4.2 The K™ = 0; cluster band

In this section we discuss the results for the 180 rotational
band based on the K™ = 07 state at 3.64 MeV. The first
four members of this (4p-2h) cluster rotational band corre-
sponding to the '*C ® o intrinsic structure in 20 are well
established [9,10,16,19,22,23]. We observed this positive-
parity cluster band with the 02+ band head at 3.64 MeV,
the 23 member at 5.56 MeV, the 45 at 7.11 MeV and the
67 at 11.69 MeV. The (8*) state was proposed by Cun-
solo et al. [10] at (17.6 & 0.2) MeV as a fifth member of
this band. We suggest that the (8) member is located at
18.06 MeV (see table 5), because this state is well popu-
lated in the present '2C(7Li, p) reaction (figs. 3, 4) and also
in the C(°Li, d) reaction of Cunsolo et al. [10] (see there
fig. 1b), where this relatively narrow state at 18.1 MeV has
not been further considered. The energy of the 18.06 MeV
(8T) state is consistent with the J(J + 1) rule (see eq. (8)
and fig. 8) and the differential cross-sections follow well
the (2J + 1) systematics (fig. 7). These systematics are
obtained at the three measured angles (at 10° the value
for the 67 state just falls to the edge of the overlapping
partial spectra and is therefore not given in table 5).
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Fig. 8. (Color online) Energy systematics for the members
of the 0 a-cluster rotational parity doublet with K™ = 05
(filled squares) and with K™ = 05 (filled triangles) as a func-
tion of J(J 4 1). The values of fitted slope parameters (see
eq. (8)) are indicated. Results from theoretical calculations
are also displayed: GCM calculations [22] by open squares
(K™ = 0J), and open triangles (K™ = 0, ); AMD+GCM cal-
culations [23] by open circles (K™ = 0F), and open diamonds
(K™ = 05 ) shifted by —4.6 MeV; shell model calculations (see
sect. 4.2) by open stars (K™ = 03 ).

In the theoretical work of Buck et al. in the frame-
work of the a-cluster folding model [37] the authors ob-
tain the (8") state at 18.03 MeV, and in the work of De-
scouvemont and Baye [22] in the framework of the Gen-
erator Coordinate Method (GCM) the (8*) state is ob-
tained at 18.0 MeV, with a resonance width of 100keV.
These results support our choice that the (87) state at
E, = 18.06MeV is the fifth member of the K™ = 0F
positive-parity cluster band.

Further theoretical calculations have been used to sup-
port the selection of the members of the K™ = 03 cluster
band. We performed for this band shell model calculation
using the code OXBASH [38] with the “psdpn” model
space and the single-particle energies and with the “ps-
dmwkpn” interaction [39]. For the members of the (4p-2h)
cluster band corresponding to the C ® « intrinsic struc-
ture we have selected those theoretical states, which have
7(2p-2h) proton excitations w[(1p)~2(2s1d)?] @ v(2s1d)?
and which possess a good collectivity. Our shell model
calculations are in agreement with the experimental data
(see open stars in fig. 8). The (AMD+GCM) theoretical
calculations by Furutachi et al. [23] also reproduce the
members of the K™ = 05 cluster band with a common
shift of —4.6 MeV (open circles in fig. 8). The band head
is experimentally located at an excitation energy 2.58 MeV
below the a-cluster threshold.

4.3 K™ = 0, cluster band

In order to establish the inversion partner of negative par-
ity we use several points for its identification. To determine
the energy splitting 205 (eq. (6)) between the K™ = 02jE



24 The European Physical Journal A

Table 6. Members of the negative-parity K™ = 0, cluster band in '®0. In the first four columns the following entries are
shown: spins and parities J”, excitation energies F,, widths of resonances I" and cross-sections do/df? in the centre-of-mass
system of the present measurement. The next two columns show results from a-'*C angular-correlation studies in the decay of
180 [15,40]. In the last two columns are given spins and parities J™, and excitation energies F, from the literature [6].

J7 E, r (55) E, E, Il Eu it
[MeV] [keV] [ub/sr] [MeV] [MeV] [MeV]
O1ap = 10° 1O(10; o, 140) 9Be(180; a, 14C)
[15] [40]

1- 8.035(5) <10 0.43(8) 8.04 (1) 1~ 8.038
(37) | 9.711(4) 15(4) 3.26(13) 9.70 ((37)) 9.72 ((37)) (57) | 9.713
(57) | 13.624(8) 22(7) 16.32(35)

(77) | 18.63(1) | 100(20) | 29.92(64)

parity doublet bands, we compare the “C ® a struc-
ture in 80 with the well-established ?C ® « structure
in 0 (K™ = 05) [35] and the 0 ® a structure in 2°Ne
(K™ = 07) [36] (fig. 6). For these neighboring nuclei the
parity doublet energy splitting is approximately 2.9 MeV
and 4.8 MeV, respectively. In the framework of the Weak
Coupling Model (WCM) we then expect an energy split-
ting 26 for the cluster parity doublet in 8O of about
3.85MeV. Therefore the 1~ band head of the FE,(05)
band is expected close to F,(05) +20g +0.2(J(J +1)) =
3.64 + 3.85 + 0.40 (for J = 1)MeV ~ 7.9MeV (using
0.2MeV for the slope parameter, see fig. 8). We have
localized this band head as a well-known 1~ state at
8.035(5) MeV (see table 6). This state was also observed
in the C(*0; o, *C)C reaction by Curtis et al. [15].
In their work the a-cluster structure in 0 was inves-
tigated using a *C + o angular-correlation measurement
technique. Therefore we suggest, that this 1~ state is an a-
cluster state and is the band head of the K™ = 0, cluster
band with the intrinsic '4C ® a configuration. The energy
of the parity splitting is almost identical to the value in
20Ne, indicating a similar role of the clusters **C and 0.

The members of the rotational band built on the 1~
state at 8.04 MeV have been observed in the present work
up to J™ = (77). The second member is the 3~ state at
9.71 MeV, which was also determined as a J™ = (37) state
in the works of Cunsolo et al. [9], Ashwood et al. [40] (cf.
table 6) and Goldberg et al. [18]. Futhermore we propose
for the state at 13.624 MeV a spin and parity (57) and
for the state at 18.632 MeV (77), which both form further
members of the K™ = 05 band in '®O as discussed below.
Our energy splitting for this K™ = 02jE doublet of about
4.0MeV is in good agreement with results of Descouve-
mont and Baye [22] and of Furutachi et al. [23] (4.2 MeV).
Note that the energy splitting is calculated always as the
energy distance between the two lines of the doublet bands
at the same J-value, not as the energy difference for the
0" and the 1~ band heads.

In our shell model calculations we can not find states
corresponding to the members of the negative-parity
band, because they correspond to excitations into the
(1f2p)-shell. The GCM-calculations of Descouvemont and
Baye [22] (open triangles in fig. 8) and the (AMD+GCM)

20

Fig. 9. (Color online) Differential cross-sections for members
of the K™ = 0, rotational cluster band in '®0, for different
reaction angles, plotted as a function of spin (2J + 1).

calculations by Furutachi et al. [23] (open diamonds in
fig. 8 shown with a common shift of —4.6 MeV) reproduce
very well the proposed members of the K™ = 05 negative-
parity partner of the inversion doublet.

Also the systematics of differential cross-sections as a
function of spin J for the members of the negative-parity
band follows quite well a linear dependence on (2J + 1),
as shown in fig. 9.

4.4 K™ = 0} and K™ = 0, molecular bands

For the molecular band, which has an intrinsic structure
2C®2n®a, the three known members 2+, 8.216 MeV, 41,
10.293 MeV, and 61, 12.55 MeV [8,15] are also observed
in the present work. The 0 band head, suggested by For-
tune at 7.11 MeV [8], has now been identified for the first
time as the 0] state at 7.796(5) MeV (see sect. 2). Fur-
thermore, using the J(J+1) rule for the excitation energy
and taking into account that the states of this molecular
band should be strongly populated in our (“Li, p)-reaction
with a (2n ® «) transfer, we extended this band by tenta-
tively assigning states J™ = (8%) at 15.81 MeV and (107)
at 20.38 MeV. GCM calculations by Descouvemont and
Baye [22] (open diamonds in fig. 10) reproduce well the
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Fig. 10. (Color online) Energy systematics for the members
of the K™ = 0F molecular rotational bands of %0 form-
ing a parity inversion doublet based on the OI band head at
7.796(5) MeV as a function of J(J + 1). The slope parameters
for both rotational bands are indicated. The open diamonds
show results of GCM calculations [22] with a shift of —2.0 MeV.

three known members of this K™ = 0] molecular band
with a common shift of —2.0 MeV.

The 2C ® 2n ® o structure (fig. 1) is an intrin-
sic reflection asymmetric configuration, thus we expect
also here a parity inversion doublet. As in the case
of the positive-parity band, the states of the negative-
parity molecular band should be strongly populated in
the ("Li,p)-reaction. We suggest for the first five mem-
bers of the negative-parity partner the states: 10.59 MeV
((17)), 10.92MeV ((37)), 13.82MeV ((57)), 16.99MeV
((77)) and 20.28 MeV ((97)MeV), where the tentative
spin assignments were obtained using the J(J+1) system-
atics for the excitation energies (see table 7 and fig. 10).
The energy splitting for the K™ = Off molecular inversion
doublet is 2.4 MeV. The smaller value in comparison to the
K™ = 0F cluster inversion doublet (4.0 MeV) shows, that
the molecular configuration has a larger deformation and
a larger spatial dimension making the non-orthogonality
overlap smaller. The energy splitting between positive-
and negative-parity states becomes smaller, when the
overlap integral between the direct and reflected intrin-
sic shape (¢, |¢;) is smaller. This is expected, when the
distance between the two clusters is larger (see sect. 3.2).
We must assume that in the covalent binding picture the
neutrons are in m-orbits, where the residual interaction be-
tween the two neutrons is large, similar to the '9Be ground
state, where the extra binding energy is more than 8 MeV.
Covalent configurations with o-orbits would lead to an al-
most vanishing energy splitting.

4.5 K™ =1~ band

In addition to the ground-state band and to the cluster
inversion doublet bands described above, a negative-parity
configuration band with a one-proton excitation based on
the 4.457MeV (J™ = 17 ) state is proposed. The first three

Table 7. Members of the positive-parity K™ = 0} (upper
part) and negative-parity K™ = 0; (lower part) molecular
bands in 0. In the first four columns the following entries are
shown: spins and parities J”, excitation energies E,, widths of
resonances I', and the cross-sections do/d{2 in the centre-of-
mass system of the present measurement. In the last column
are given known exitation energies F, from the literature [6].

J" E, r (do/d2)em || Eao,rvit
[MeV] [keV] [ub/sr] [MeV]
Orap = 10°
[6,8]
0" 7.796(5) <10 2.38(10) -
2" 8.216(4) <10 20.25(45) 8.21
4t 10.293(4) 23(8) 12.97(33) 10.29
6" 12.557(6) | 22(8) 7.67(16) 12.53
(8%) | 15.810(10) | 20(8) 31.40(48)
(107) | 20.385(15) | 155(25) | 45.07(61)
(6]
(1) 10.59(1) | 70(16) 7.86(16) 10.595
(37) 10.92(1) 30(9) 17.26(41) 10.91
(57) 13.82(2) 27(8) 48.77(76)
(77) 16.99(1) | 50(12) | 20.70(35)
(97) | 20.28(3) | 120(21) | 21.08(29)

Table 8. Members of the negative-parity K™ = 1~ band in
80. The following entries are shown: spins and parities J™, ex-
citation energies E,, widths of resonances I" and cross-sections
do/df? in the centre-of-mass system for the present measure-
ment. In the last two columns are given: spins and parities J"
and excitation energies E, from the literature [6].

J E, I (do/d2)em || JLit | Ex,rLit
[MeV] keV] [ub/sr] [MeV]
O1a = 10°
1 | 4.457(5) 1.96(9) 1 | 4.456
2= | 5.534(4) 3.95(14) | 2 | 5.530
3= | 8283(5) | 5(1) | 4.34018) || 3~ | 8.282
(47) | 11.115(8) | 5(5) | 3.84(14) 11.13
(57) | 14.63(1) | 27(8) | 16.94(32)
(67) | 18.43(1) | 18(5) | 15.16(29)

members J* =17, 27 and 3~ of this K™ = 1~ band are
known states with well-established spin assignments [6].
In order to identify higher-lying members we examined for
possible candidates the systematics of excitation energies
in dependence on J(J + 1) by extrapolating the trend to
J =4, J =5 and J = 6. Furthermore, we took into
account that all states of this band have a very narrow
width (< 30keV) and large cross-sections (see fig. 3 and
table 8).

This K™ = 17 band is shown in fig. 11 (filled trian-
gles). Shell model calculations (open squares) performed
with the shell model code OXBASH [38] describe the data
quite well (with a common shift of —2.3MeV) using the
(7[(1p1/2) " (sd)]@v(sd)?) (3p-1h) configurations in '#0.



26 The European Physical Journal A

20— (67) L
i 18@ -
] <5*)//
15 -
] -
S ] (4 >//
L SR ¢ #2/20
10 J
e : 2- ;/ O‘* 0.33MeV 0.355MeV W":
Irw”
Slw . % 5
1 Bl 4
Jo*
0 H——
0 10 20 40 50

30
J(J+1)

Fig. 11. Energies of the members of the K = 0] ground-
state band (filled circles) and K = 1~ one-proton excitation
band (filled triangles) in '®O plotted as function of J(J + 1).
A comparison with shell model calculations (open stars and
squares) is shown (see text).

The K™ = 0] ground-state band (filled circles), which
is also well described by shell model calculations (open
stars), is shown for comparison.

5 Reaction mechanisms

The reaction "Li+'2C — p+'80 has been studied pre-
viously at lower incident energy of 15-20MeV [8,14,17].
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Fig. 12. (Color online) Coupling scheme for the sequential
transfer of two neutrons and an a-particle in either order to
the final states of the 80 ground-state band and the K = 0F
band. The relevant intermediate states in '*C and 'O and also
the Q-values are shown.
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Fig. 13. (Color online) Angular distributions for the three 0
band heads of the O positive-parity bands discussed in the
analysis. Lines correspond to FRESCO CRC calculations. The
factors on the left are applied for the plot on a common scale.

In this case strong contributions from the compound
nuclear-reaction mechanism were assumed. At the present
energy of 44.0 MeV these contributions are expected to
be smaller, and simultaneously the direct multi-nucleon
transfer contributions are expected to be much stronger.
Actually the angular distributions suggest a more direct
mechanism, since for a compound decay a sharper rise to-
wards smaller reaction angles should have been observed,
in particular for higher spin values. The “6He” transfer
has to be considered as a sequential transfer in two steps
of two neutrons and an a-particle in either order. We have
specified for the two-step reaction calculations the domi-
nant states populated in the intermediate steps in fig. 12,
namely the two-neutron transfer on 12C to *C (with sub-
sequent « transfer), and the a-particle transfer on 12C to
160 (with subsequent 2n transfer). In these transfers a
large variety of intermediate states in '*C and 'O must
be considered.

Such calculations have been performed using the cou-
pled reaction channel (CRC) code FRESCO [41]. It cannot
be expected that absolute differential cross-sections can be
obtained, because not all states will be included, and also
microscopic amplitudes were not available. The coherent
properties of the amplitudes being added in the calcula-
tions give in addition a dependence on the phases of dif-
ferent branches. However, the large number of transitions,
which is explicitly taken into account, reduces the flux into
a single exit channel. This has the effect to increase the
mean absorption and the characteristic shapes of angular
distributions for specific angular-momentum transfers are
smoothed. We have therefore chosen for all spectroscopic
amplitudes a value of 1.0, and have summarized the spec-
troscopic strength for the calculated transitions in a single
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Fig. 14. (Color online) Angular distributions for the 0
ground-state band and the negative-parity K™ = 1; band of
180. The lines correspond to FRESCO CRC calculations. The
factors on the left are applied for the plot on a common scale.

strength factor “SF” to fit the absolute value of the cross-
sections of the experimental angular distributions of 180
final states (see fig. 13). The shapes of the angular distri-
butions still give some information in their dependence on
spins and @-values for the final states.

As discussed above, we have used for assignments of
states the excitation energy systematics on the spin J in a
plot of differential cross-sections as a function of (2J + 1)
at the measured scattering angles. The proportionality to
the spin factor (2J + 1) appears for both, the compound
and the multi-nucleon transfer reaction mechanisms.

5.1 Angular distributions

Experimental angular distributions were obtained from
the spectra taken at the three angles 10°, 20° and 39°
in the laboratory system. Comparison of these data with
calculated angular distributions are given in figs. 13-16.
In fig. 13 the shapes of the angular distributions for states
with spin J™ = 0T are compared. Clearly, a Q-value de-
pendence of the shapes is observed, but besides this, no
characteristic structures or differences between the shapes
can be seen, also not in figs. 14-16. We note, however, that
for higher spins the fall off to larger angles is weaker.
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Fig. 15. (Color online) Angular distributions for the K™ = 03
parity doublet bands of *#0. See also the caption of fig. 14 for
more details.
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6 Survey of all states

In this chapter we try to give a comprehensive overview of
all theoretically expected states in comparison to the ob-
servation in the present experiment of the 96 states (30 are
new) up to an excitation energy of 21 MeV. The reaction
may still be selective in the population, and the resolution
of 45keV implies that above 10 MeV of excitation energy
we may have missed a considerable number of states. With
the described methods we have attempted to place the
dominantly populated states into rotational bands, which
correspond to: i) shell model configurations, ii) cluster
bands with parity inversion doublets and, iii) molecular
bands and their parity inversion doublets. The complete
list of all observed states in this measurement is given in
table 9 for general use.

6.1 Shell model states

For the shell model states we can make a list of possible
couplings and obtain predictions for the number of states.
The following configurations can be considered:

i) The 90 @ [v(sd)?] structure: it is characterized by
(2-particle, 0-hole) states with even parity. There are (n =
14) possible states with spins 0, 1, 2, 3, 4 and positive
parity. A mixing with the cluster states of lower spin can
be expected, but this should be small.

Excitations with an even number of proton holes in the
p-shell have been discussed before in connection with the
a-cluster structure. These structures show preferentially
the characteristics of collective excitations (with a large
number of components of similar strength in the wave
function) and are therefore not considered as shell model
states.

ii) One-neutron-hole configurations in the 1p; /;-shell:
these are negative-parity states. In order to count the pos-
sible number of shell model states, we tentatively consider
in the spirit of complete spectroscopy the number of shell
model states up to (and beyond) the neutron threshold at
8.04 MeV.

The configurations are:

(w[(1p1y2) " (1ds 2)']
(w[(1p1y2) =" (1dsy2)']
(V[(1p12) " (251/2)"]
(V[(1p12) M (2s1)2)"] @ v(1ds)2

and, in addition, mixed configurations for the pair of neu-
trons in the (sd)-shell coupled to the v(1p-1h) excitation,
in total more than 34 states. From these configurations
with spins from 0~ up to 7~ the list may contain several
states also above the neutron threshold, in the continuum.

iii) One-neutron-hole configurations in the 1ps,,-shell:
these belong to the higher-lying states with smaller width.
Similar to the case ii), we can have more than n = 34
states. The (v[(1ps/2)~*(sd)'] ® v(sd)?) configurations
were important in the previously discussed OXBASH cal-
culations for the higher-lying members of the K™ = 1~
band shown in fig. 11.

Single-proton excitations (7[(1p1/2) " (sd)'] @ v(sd)?)
will contribute in 'O especially at higher excitation en-
ergies. Because of the high binding energy of protons (the
proton threshold is at 17.54 MeV) we can expect some nar-
row states of negative parity at high excitation energies.

6.2 Rotational bands, cluster states

The results for rotational bands are summarized in fig. 17.
Excitation energies up to 18 MeV are reached for the states
of the cluster bands and up to 20.3 MeV for the molecu-
lar band. The positive-parity states have mixed configu-
rations or correspond partially to some shell model states
with (4p-2h) excitations. The high-lying negative-parity
states correspond to the parity inversion partners of the
positive-parity cluster bands, they are pure cluster states
and are in general well reproduced in cluster model calcu-
lations. The negative parity introduces an additional node
in the relative motion. Therefore, similar to the negative-
parity band in 2°Ne, the a-particles are well separated
from the larger cluster. They will mix with shell model
states with particles in higher shells (5p-3h). However,
these are very difficult to obtain at the correct excitation
energies in the shell model calculations.

Similarly, in the AMD+GCM calculations of Furutachi
et al. [23], the negative-parity states show a pronounced
clustering with a large separation between the clusters.
In these calculations the absolute values of the excitation
energies are not reproduced (the calculated K = 05 band
starts 2-4 MeV above the a-threshold depending on the
chosen interaction), however, our experimental moments
inertia agree with the predicted values also for the K =
05 band. These facts confirm the cluster and molecular
structure of the bands. The larger deformation of some
states at lower excitation energy has been established by
the enhanced E1-y-transitions observed in the work of
ref. [17].

There is quite a number of states at higher excita-
tion energies (above 12 MeV), which have not yet been as-
signed. In this region we should also expect oblate shapes,
where four a-particles are placed in a plane with two co-
valent neutrons shared by all four a-particles. The thresh-
old in 10 for the decomposition into four a-particles is at
14.44 MeV, allowing some binding induced by the valence
(two) neutrons, we expect such states in the excitation
energy region above 13 MeV. The analogue configuration
in '“C has been identified as a triangular shape of three
a-particles with two neutrons, both experimentally and
in calculations [42,43], these states form a K™ = 3~ band
with a large moment of inertia. Further states in this ex-
citation energy region must correspond to the o config-
urations (or mixed o-m) of the valence neutrons in the
K = 0] band.

7 Conclusions

With the present multi-nucleon transfer reaction it was
possible to observe many new states at higher excitation
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Table 9. Spins and parities J™, excitation energies E,, widths of resonances I" and cross-sections do/df2 in the centre-of-mass
system at 10°, 20° and 39° for the present measurement. In the last column are given spins and parities J™, excitation energies

E, and widths of resonances I" from the literature [6].

I Ex r (5) crn (%) cm (%) cm TEit Erie  ILa
[MeV] [keV] [ub/sr] [b/sr] [b/sr] [MeV] [keV]
O1ap = 10° O1ap = 20° Orap = 39°
0.004(4) 2.82(17) 2.22(20) 0.96(10) ot 0.000
1.980(4) 6.31(25) 7.80(38) 3.00(17) ot 1.982
3.558(4) 2.35(11) 2.80(15) 1.44(10) 4t 3.555
3.637(5) 0.28(4) 0.22(4) 0.09(2) ot 3.634
3.919(5) 2.42(12) 2.44(14) 0.92(7) 2+ 3.920
4.453(5) 1.96(10) 2.32(14) 1.05(8) 1~ 4.456
5.098(5) 4.93(16) 5.71(22) 2.55(12) 3~ 5.008
5.254(5) 3.21(13) 3.70(18) 1.91(10) 2t 5.255
5.336(5) 1.01(7) 0.92(9) 0.44(5) ot 5.336
5.380(5) 0.62(6) 1.07(9) 0.39(5) 3+ 5.378
5.531(5) 3.95(15) 3.02(16) 1.37(9) 2" 5.530
6.195(5) 1.47(10) 1.02(14) 0.69(8) 1~ 6.198
6.351(5) 1.46(11) 2.38(13) 1.13(9) (27) 6.351
6.401(5) 4.27(18) 4.58(17) 0.92(8) 3~ 6.404
0~ 6.880
7.115(5) 12.06(30) 12.59(29) 7.39(23) 4t 7.117
7.619(5) 0.76(8) 1.25(9) 0.45(6) 1- 7.616
7.770(5) 0.76(8) 2.13(12) 1.49(10) 9~ 7.771
0t 7.796(5) 2.37(13) 2.30(12) 1.26(9)
7.857(5) 8.02(25) 14.29(31) 8.15(24) 5- 7.864
7.971(5) 9.68(27) 7.30(22) 4.54(18) 5~ 7.977
8.035(5) 0.43(6) 0.93(8) 0.63(7) 1- 8.038
8.129(5) 3.01(15) 4.29(17) 1.85(11) 5~ 8.125
8.216(5) 20.25(39) | 20.51(37) 9.16(26) ot 8.213
8.284(5) 4.34(18) 4.48(17) 2.27(13) 3~ 8.282
8.414(5) 10 0.43(6) 0.48(6) 0.23(3) 1~ 8.410 8
8.508(5) 5 2.04(12) 2.50(13) 8.86(5)
(47) 8.521 < 50
8.664(5) 8 1.50(12) 0.66(7) 0.11(2) 8.660
1+ 8.817 70
8.846(5) 33 0.82(9) 1.03(9) 0.33(3)
9.03
9.053(6) 100 6.12(24) 7.89(24) 4.20(11)
(0,1,2)~ 9.27
9.362(5) 37 1.64(12) 2.02(12) 2.11(8) 2t 9.361 27
9.414 120
9.474(5) 20 0.50(7) 1.01(8) 0.62(4) 9.48 65
(37) 9.672 60
(37) | 9.715(5) 15 3.26(17) 4.69(18) 2.20(8) (57) 9.713 < 50
9.890 150
10.111(5) 12 1.66(12) 3.28(15) 1.13(6) 3~ 10.118 16
(0,1,2)" 10.24
10.293(6) 28 12.97(35) 15.80(33) 9.10(16) 4t 10.295 <50
10.400(7) 30 2.44(15) 2.46(13) 1.56(8) 3~ 10.396
(27) 10.43 < 50
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Table 9. Continued.

T s F @ | @ | @ [ e Ee T
[MeV] [keV] [ub/sr] [ub/sr] [ub/sr] [MeV] [keV]
Orap = 10° Orap = 20° Orap = 39°
(1) 10.59(1) 70 7.86(27) 12.49(30) 3.92(12) 10.595
(27) 1067 <50
10.762(8) 10 1.25(11) 1.09(9) 0.83(6)
10.82
(37) 10.92(1) 30 17.26(40) | 17.97(38) | 10.69(20) 10.91
10.996(6) 29 5.66(23) 3.44(17) 1.89(9) (27) 10.99 <50
(6~ 11.06
(47) | 11.115(@8) 5 3.84(15) 6.85(24) 3.59(12) 11.13
2h) 11.39
11.423(5) 35 9.66(27) 6.50(15) (4+) 11.41
(0,1,2)" 10.49
(27) 1152 <50
11.616(8) 25 3.54(14) 10.65(29) 5.04(14) 5~ 11.62
11.702(6) 27 ((7.2)) 17.38(37) 12.23(20) 6+ 11.69
11.855(9) 19 3.96(14) 10.24(29) 7.90(18) (37) 11.82
(27) 11.90 <50
12.058(6) 12 6.36(18) 6.92(24) 6.27(16) (2+) 12.04
12.118(9) 20 1.70(9) 4.48(19) 2.78(10) 1-,2%) 1209 <50
12.243(8) 13 5.65(17) 6.75(23) 4.25(13) (1) 12.25
12.327(9) 45 3.20(13) 8.12(26) 6.02(14) 5- 12.33
(37) 12.41 143
12.454(7) 24 3.43(13) 6.67(23) 3.44(12) 4+ 12.50
12.52 < 50
12.557(7) 24 7.62(20) 12.85(32) 8.28(18) 6+ 12.53
12.652(8) 25 2.34(11) 5.19(20) 3.22(12) (27) 12.66 <50
12.711(8) 10 1.50(9) 3.28(16) 2.51(11)
12.777(8) 20 1.20(8) 3.17(15) 1.95(9)
12.903(7) 73 9.11(20) 9.51(26) 4.08(14)
13.001(7) 45 7.43(19) 7.76/(24) 6.88(18) (47) 12.99 68
13.098(7) 40 6.09(18) 7.46(23) 5.05(15) 1 13.1
13.262(8) 90 4.80(15) 7.59(24) 4.99(15)
13.391(5) 28 2.72(13) 5.49(21) 4.79(14) (27) 13.40 108
13.493(5) 10 3.51(13) 4.37(18) 3.25(10)
(57) | 13.624(6) 22 16.31(28) | 12.97(31) 6.41(17)
13.742(7) 3 5.76(17) 4.96(19)
(57) 13.82(2) 28 48.77(48) | 56.14(64) | 36.75(41) 1 13.8 600
(67) 13.85 200
13.937(6) 17 6.82(18) 7.77(24) 5.24(15)
14.161(7) 127 10.22(22) | 11.80(29) | 11.65(23) (67) 14.17 140
14.433(16) | 283 25.05(35) | 23.26(41) | 14.81(19) 14.45 1070
(57) 14.63(1) 27 16.94(28) | 19.95(38) 9.53(15)
1~ 14.7 800
14.803(7) 53 10.04(23) | 10.87(28) 3.89(10)
14.985(9) 88 10.16(23) 11.32(28) 4.41(10)
15.285(9) 28 13.68(27) 18.27(36) 13.34(18) 15.23 300
15.471(9) 127 8.58(21) 4.57(18) 6.54(13)
15.662(8) 40 9.94(23) 11.69(29) 9.38(15)
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Table 9. Continued.

" E, r (55) e (55) e (5%) e ILin B Twu
[MeV] [keV] [ub/sr] [ub/sr] [ub/sr] [MeV] keV]
O1ap = 10° O1ap = 20° Orap = 39°
(8t) | 15.810(10) 20 31.40(40) | 46.64(57) | 29.26(27) 1- 15.8 700
15.981(9) 87 20.10(32) | 18.81(36) | 11.74(17) 15.95 <50
16.111(8) 150 8.40(21) 9.77(26) 5.71(14)
1) 16.210
16.333(7) 33 8.25(21) 6.80(19) 8.17(16) (3,2)" 16.315
16.425(9) 113 31.40(23) | 46.64(12) | 29.26(12) 2~ 16.399 <20
16.721(12) 217 25.41(35) 19.49(32) 16.67(22)
(27.47) 16210 <50
(77) 16.99(1) 50 20.70(32) | 23.13(34) 12.24(20) (3,2)" 16.948
(37) 17.025 20
17.163(15) | 283 36.50(42) | 38.89(44) | 22.40(27) (77) 17.05 350
1~ 17.398 600
17.430(8) 69 13.06(25) 10.84(23) 4.92(13) (2,1,3)" 1745
(47) 17.46 600
(47) 17.5 150
(1,2,3)"  17.502
17.568(12) 150 12.73(25) 11.20(24) 5.93(14)
(8%) 17.6
17.718(15) 142 17.01(29) 17.77(30) 9.71(18)
18.049 4300
(8%) 18.058(8) 83 19.35(30) | 21.49(35) | 12.45(20)
18.198(7) 25 6.88(20) 4.94(16) 3.27(10) 18.2
(67) 18.43(1) 16 15.16(30) | 10.07(23) 5.75(14) (37) 18.45
18.5
(77) | 18.630(10) 100 20.92(42) | 35.75(44) | 23.36(26)
18.721(10) 140 50.88(55) | 46.76(50) | 24.17(28)
I 18.871
(1,21) 18.927
19.028(10) | 247 54.43(57) | 54.65(54) | 28.17(30) (77) 18.95 350
(1,3)" 19.027
19.24 <20
19.431(11) 213 26.04(39) 5.47(16) 1- 19.4 900
19.597(13) 70 11.36(26) 19.57(31)
19.695(10) 85 18.30(37) 12.87(25) 19.7 200
19.918(17) 80 9.15(26) 7.11(19)
20.2 180
(97) 20.28(3) 120 21.08(39) 16.12(28)
(10%) | 20.385(12) | 165 45.07(57) 19.34(31) (77) 2036 <20
20.753(10) | 110 17.33(35)
20.86 97
21.0 150
21.181(16) 190 43.72(56)
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Fig. 17. (Color online) Overview for all the band structures
observed in 0. Upper part: plot of all bands discussed in this
work in a diagram of excitation energies F, vs. J(J+1). Lower
part: level diagrams for the discussed six bands of *O. Left
column: K™ = 0] ground-state band and the K™ = 1] band;
central column: members of the K™ = 03 inversion doublet
bands; column on the right: members of the K™ = 0} inversion
doublet bands.

energy in '80. Although spin assignments were not possi-
ble directly, we were able to use cross-sections and excita-
tion energy systematics to establish six bands, where four
rotational bands form two parity doublets with internal
cluster structure. Figure 17 gives an overview of all bands
in 180: the upper part shows a plot of excitation energies
in dependence on J(J + 1) together with the moments of
inertia © (in the figure the values of h%/2@ are given).
These values correspond to distinctly large deformations

according to the cluster structure suggested in fig. 1. In
the lower part of fig. 17 the level diagrams for the six
bands of 20 are plotted separately.

We may also conclude that the strongly bound 4C nu-
cleus has equivalent properties as an 60 cluster, as men-
tioned already in the introduction. Therefore the Ikeda
diagram [1] and extended Tkeda diagram with valence neu-
trons [5] must be revised to include also the *C cluster.
For the latter, the study of bands in 2°0 by Furutachi et
al. [23] clearly establishes parity inversion doublets pre-
dicted for the **C®°He cluster and **C®2n®a molecular
structures.

The technical staff at MLL is gratefully acknowledged for the
stable operation of the accelerator with the high-current "Li
beam.
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