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Multiconfiguration microscopic study of a+ ' C molecular states
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Antisymmetric e+' Cg, and a+' C(2&+) wave functions are used in the generator coordinate
formalism to investigate molecular properties of "0 states. Quadrupole moments, rms radii, and re-

duced a widths of these states are calculated as well as reduced El and E2 transition probabilities
between them. A number of molecular bands are found and analyzed. The assignment of experi-
mental states to these bands is discussed. The alternating-parity band proposed by Gai et al. is in-

terpreted as a fortuitous alignment of molecular states belonging to different bands.

I. INTRODUCTION

The existence of molecular states in the ' 0 spectrum is
revealed by an enhancement of El and E2 transitions be-
tween these states. ' In general, molecular states in light
nuclei are interpreted as arising from a dinuclear structure
involving an unexcited core (' C in the present case) and
an a particle. The existence of such states is well estab-
lished for the neighboring ' 0 and Ne nuclei (see Refs.
3—7 for different theoretical descriptions). More surpris-
ing is the suggestion' that an alternating-parity molecu-
lar band is formed by some of the ' 0 states, e.g. , Oz+ (3.63
MeV), 1~ (4.46 MeV), 23+ (5.26 MeV), 33 (8.29 MeV), and
43+ (10.26 MeV). The comparable ' 0 and Ne nuclei do
not provide any indication on the existence of such a
molecular band. On the contrary, E =0+ and 0 bands
are well separated and correspond in general to rather dif-
ferent molecular configurations. Examples of positive-
and negative-parity molecular bands are given, respective-

ly, by the 6.05 MeV 0+ band in ' 0 and the 5.78 MeV 0
band in Ne. Notice that the slopes of these ' 0 and Ne
molecular bands are more than 30% smaller than the
slope of the ' 0 band suggested by Gai et al. The fact
that the above-mentioned ' 0 states, and several other
ones, have a molecular parentage is well established. On
the contrary, evidence for the existence of a mixed-parity
band is relatively weak; it is essentially based on the fact
that the five molecular states form a more-or-less straight
line in a rotational diagram.

In order to investigate this problem theoretically, we
have recently performed a fully microscopic calculation of
the o.+' Cg, cluster structure. This system is studied in
the framework of the generator-coordinate method
(GCM), ' with an exact treatment of antisymmetrization
and of good quantum numbers. The GCM antisymmetric
wave functions are then employed to compute E1 and E2
reduced transition probabilities. " The microscopic results
of Ref. 8 do not support the idea of a mixed-parity rota-
tional band. For several forces, two distinct molecular
bands (X =0+ and 0 ) are found. Moreover, the 3 -1
and 4+-2+ energy differences are always found too small
to agree with the rotational constant of the band suggest-
ed in Refs. 1 and 2.

Apparently, a very different conclusion has been

reached by the Munster group' in a similar study. Using
the orthogonality condition model' (OCM) to describe
the a+ ' Cg, system, these authors confirm the existence
of a mixed-parity rotational band with enhanced E1 tran-
sitions. Since the OCM is based on an approximation of
the GCM, both approaches should however lead to con-
cordant results. In fact, the contradiction between the
conclusions of both calculations is not due to the models.
In Ref. 12, Assenbaum et al. assume a priori the ex-
istence of the mixed-parity band: For each partial wave,
they fit the OCM effective potential in order to reproduce
the experimental energy of the molecular state. Then,
they find enhanced E1 transitions between these states.
Obviously, their study does not bring conclusive informa-
tion about the very existence of the band.

In Ref. 8, we have suggested that, because of antisym-
metrization, the ' Cg, core could not be considered as a
rigid cluster in an a+' Cg, structure. Virtual excitations
of the ' C cluster also lead to low-lying ' O states with
molecular properties. This effect is well known in the ' 0
spectrum where o.+' C* configurations are essential in a
realistic cluster description. ' ' The controversy about
the molecular bands in the ' 0 spectrum has thus prompt-
ed us to perform a multiconfiguration microscopic calcu-
lation of the a+' C system in the GCM framework.
Similar studies have already been made for the a+ ' C
and ' C + ' 0 systems. ' ' For computation-time
reasons, the calculation is restricted to the two configura-
tions which are expected to be the most important, i.e.,
a+' C(0+,g.s.) and a+' C(2+, 7.01 MeV). Indeed, as
shown in Sec. II, these configurations present an impor-
tant overlap because of antisymmetrization and may thus
be strongly coupled. In Sec. III, the coupled-channel cal-
culation is compared with the single-channel approach of
Ref. 8 and with experimental data. Reduced E1 and E2
transition probabilities and reduced a widths are calculat-
ed. A band structure is proposed and compared with oth-
er works in Sec. IV. Concluding remarks are presented in
Sec. V.

II. THEORETICAL FRAMEWORK

All the results presented in the following sections are
obtained with fully antisymmetric wave functions. For-
mally, these wave functions resemble usual coupled-
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channel wave functions but the introduction of antisym-
metrization over the 18 nucleons represents a tremendous
complication. The calculations are made possible by the
introduction of a generator coordinate which allows one
to express the wave functions as a function of Slater deter-
minants. The occurrence of Slater determinants makes
the calculation of the matrix elements systematic and well
adapted to a numerical computation. Let us now present
the wave functions more precisely.

First, we define the a and ' C internal wave functions.
I.et 4 be a Slater determinant composed of four Os har-
monic oscillator wave functions with the different spin
and isospin quantum numbers. The function 4 is not
translation invariant, but because of the harmonic-
oscillator assumption, a center-of-mass wave function can
be factorized out exactly. The remaining factor P is
chosen as translation-invariant internal wave function of
the o. particle; it depends only on the hprmonic oscillator
parameter chosen. This definition of P remains rather
formal, but the explicit form of P is never needed in ac-
tual calculations. The ' C internal wave functions are
readily constructed using the same technique. The
ground-state internal wave function goo is obtained from a
single Slater determinant 4oo corresponding to a closed
neutron p shell and to a closed proton p3/2 subshell. The
2 state is obtained by exciting a p3/2 proton into the
p&/2 subshell. The states @&+2 are still described by a sin-
gle Slater determinant but the states +2o and 42+& each
require a linear combination of two determinants. After
removing the c.m. dependence, one obtains the ' C inter-
nal wave functions fix. If b is the harmonic oscillator
parameter, a simple calculation provides ( —,", )'~ b as rms
radius for the ground state and e b as the quadrupole mo-
ment for the 2+ state. The B(E2, 2+~0+) is equal to
5/4m e b . With b=1.7 fm, the rms radius and B(E2)
are in good agreement with experimental' values (2.59
fm—including a finite proton radius contribution —with
respect to 2.56+0.05 fm and 3.3 e fm with respect to
3.6+0.5 e fm ).

Besides its simplicity, the present jj-coupling descrip-
tion of the 0+ and 2+ states of ' C offers the important
advantage that it reproduces easily the energy difference
between these states. The correctness of the 2+ excitation
energy is indeed essential for the study of molecular bands
in order to avoid nonphysical band crossings and unrealis-
tic partial widths. ' As shown in the Appendix, the ener-

gy difference between the 0+ and 2+ states depends main-
ly on the strength of the two-body spin-orbit interaction.
For reasonable choices of the Majorana parameters m;,
the correct 2+ excitation energy is obtained with a spin-
orbit parameter' SO=58 MeVfm . As for other light
nuclei described in the harmonic oscillator model with the
jj coupling scheme, effective two-body spin-orbit interac-
tions have to be chosen somewhat stronger (by about 40%
here) than the realistic one. '

The totally antisymmetric wave functions of the two-
cluster system are defined as' '

gpJ~~ @JMn +@JMm
0 2

with

In Eq. (2), W represents the antisymmetrization projector.
The quantal relative coordinate p is the difference between
the cluster c.m, coordinates. The sum over the orbital
momentum l is restricted to even or odd values according
as the parity m. is positive or negative. The functions

g~z (p) are unknown relative wave functions to be deter-
mined from a variational principle.

Except for the occurrence of the antisymmetrizer M,
is identical to usual coupled-channel wave func-

tions. However, antisymrnetrization introduces a major
difference with coupled-channel calculations: for given J,
M, and m, the functions +o and %~& are not orthogo-
nal in spite of the orthogonality between $00 and $2x-. Be-
cause of this overlap effect, the coupling between +o
and +z may be rather strong. Notice that for a normal-
ized state qi, the partial contributions ('Po

~

4'0 )
and (qI2

~
%2 ) cannot be interpreted straightforward-

ly since their sum is not unity. These quantities represent
probabilities of a given configuration only when
(qio

~
%p ) is much smaller than unity.

In the GCM formalism, the wave functions are ex-
pressed as a function of Slater determinants. For this
purpose, it is convenient to choose a common value for
the harmonic oscillator parameters of both clusters. This
choice, which leads to a somewhat too large cz-particle ra-
dius, represents an important economy of computation
time. Let us consider two harmonic oscillator wells locat-
ed at a distance R from each other. The GCM basis func-
tions ' are defined as

I
c lI «)= g (~10K

l
JK)P~MClx (Rz), (3)

with

41x+ (R)=WC ( ——„R)@ix.( —„R) . (4)

@JIB yf Jmq JMm(R ) (5)

i.e., by an expression linearly combining basis functions
taken at different values of the generator coordinate.

a+ '4C
Since Pl++ is a combination of Slater determinants, all
the calculations of matrix elements are systematic. For
bound states and narrow resonances, the unknown coeffi-
cients f~z„ in (5) are determined by applying the variation-
al principle. As shown in Ref. 18, this bound-state ap-
proximation accurately yields transition probabilities and
a widths for resonances whose widths are smaller than a
few hundred keV. For broader resonances, scattering
techniques ro, ~ i have to be applied.

The antisymmetric product in (4) is a linear combination
of at most two Slater determinants. Its component with
angular momentum J and projection M is projected out
by operator Px~ in (3). The correct relative orbital
mornenturn l and parity are then obtained through angu-
lar momentum coupling. The distance R is taken as the
generator coordinate and the wave functions %~q of Eq.
(2) are approximated by
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In order to have a deeper insight into the configurations
that we have selected, let us consider the properties of the
GCM basis functions for small values of the generator
coordinate R. Obviously, when R tends towards zero, the
Slater determinants in (4) vanish because they have identi-
cal columns. More precisely, one has

+ 14C 6
.@IK. R +2p+R~0

(6)

The shell-model state X2p is composed of a closed ' 0
shell and two neutrons with opposite spins in the (002)
Cartesian harmonic oscillator state. Except for an ir-
relevant normalization factor, this state is independent of
I and II. The different configurations in our calculation
have thus the same limit for vanishing distances R. This
property explains that the a+ ' C(2+ ) configuration is the
most strongly coupled with the a+ ' C(0+) configuration.
On the other hand, the 2p shell model space contained in
our model is not complete. Its extension would require
the introduction of additional molecular configurations
like a+ ' C(1 ) and a+ ' C(3 ). Such a multiconfigura-
tion calculation is, however, presently too complicated.

For projected basis states, Eq. (6) can be generalized as

2m~~
C JMm' R ll +IyJMm+. . .

1I
R —+0

(7)

In this expression, m~1 is the number of so-called forbid-
den or redundant states. The forbidden states are func-
tions g~z different from zero for which an antisymmetric
wave function %~& defined by Eq. (2) vanishes. ' The
numbers m~z calculated as explained in Ref. 17 are given
in Table I. The shell model wave functions X corre-
spond to 2m' +l —6 harmonic oscillator quanta of exci-
tation with respect to the 2p configurations. As a conse-
quence, different states corresponding to the same power
2m~~g+l are in general obtained from the same intrinsic
state and will exhibit band properties as exemplified in
Sec. III.

III. RESULTS

A. Bound-state and resonance properties

The microscopic calculation is performed with Vol-
kov' V2 plus spin-orbit' and exact Coulomb interac-
tions. The harmonic oscillator parameter is chosen as 1.7
fm. In order to reproduce correctly the experimental en-
ergy of the 02+ and 1~ states of ' 0, we have used a slight-
ly different Majorana parameter for both parities
(m =0.618 for positive parity and m=0. 636 for negative
parity). The spin-orbit amplitude is determined by requir-
ing that the excitation energy of the ' C(2+) is exactly
reproduced (see the Appendix). This condition yields
So ——57.91 MeVfm for positive parity and SO=58.25
MeV fm for negative parity.

Notice that we have used the few available parameters
to fit the quantities that we consider as important for a
band-structure study, i.e., the properties of the ' C cluster,
the energy separation between the channels, and the loca-
tion of the band heads. Because of the equal-oscillator-
parameter assumption, the a-particle radius is overes-
timated. Moreover, the internal energies of the a and ' C

TABLE I. Numbers of forbidden states.

/I /I
J,O J—2, 2 J,2 J+2,2 J J—1,2 J+ 1,2

0+ 3
2+ 2
4+ 1

6+
8+ 0

& 10+ 0

0

&10

1 3
3 2
5 1

7 0
9 0

&11 0

]+
3+
5+
7+
9+

& 11+

10

FIG. 1. (a) Bound-state and resonance energies with respect
to the a+' C threshold obtained with a single configuration.
The open circles represent the states obtained with +o . The
full circles and squares represent the natural and non-natural-
parity states obtained with V2 . (b) The same as Fig. 1(a}with
the two configurations Wp

" and %2 . The vertical bars indi-
cate the width of the resonances.

clusters are not minimized with respect to this parameter.
In Fig. 1(a), we display the location of the states ob-

tained without coupling between the I=O and I=2 con-
figurations, i.e., by using only one component of the wave
function (1). The energies corresponding to +o are
plotted as open circles. They are very similar to those ob-
tained in Ref. 8 where a slightly different nuclear interac-
tion was used. The ground-state band is not presented in
Fig. 1. The states of this band are located 10.2(0&+),
9.4(2~+), and 8.3(4~+) MeV below the a+' C threshold
when only the a+ ' C(0+) configuration is taken into ac-
count. As it was found in Ref. 8, the binding energies of
these states are too large. This effect is partly due to the
fact that the a and ' C binding energies are underestimat-
ed. The solid circles and squares (natural and non-
natural-parity states, respectively) represent the energies
corresponding to the wave function O'P solely. The
ground-state band obtained with %2 ( —10.5, —9.7,
—8.5 MeV) is slightly lower than with %0 . The simi-
larity of the descriptions of the ground-state band with

and 4q is a consequence of the fact that these
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TABLE II. Positive-parity states. Ez" is obtained by adding 6.23 MeV to the theoretical c.rn. energy
E'h defined with respect to the u+' C(0+) threshold. The dimensionless reduced a widths are calculat-

ed with a channel radius of 6 fm.

0+1

21
4+

Eth

(MeV)

—11.0
—10.1

Eth

(MeV)

—4.8
—3.9
—2.5

Eexpr
{MeV)

0
1.98
3.55

Qo

(e fm2)

g2

(%)

0.24

0.15

0.03

g2

(%)

0.05

0.04
0.01

3.03
2.96
2.80

0+
23+

4+
6+

—2.6
—1.5

5.4
11.5

3.6
4.7
7.3

11.6
17.7

3.63

5.26

7.12

11.69

58

57

57

46

20.8
19.5
17.3
14.6
8.2

0.14

0.10
0.03
0.11

1.2

4.38

4.37

4.34
4.34
4.04

1(l)

3+

5+
6+

5.5
4.5
5.7
54
8.5
8.1

11.7
10.7
12.0
11.6
14.7
14.3

8.22

10.26

12.53

48

1

16

73

47

77

0.5

0.8

2.0

20.7
21.1
21.8
16.1
20.0
13.4

4 49
4.55

4.50
5.11

4.46
5.19

wave functions become proportional at small interdis-
tances (see Sec. II). The 0 band is close to, but distinct
from, the 0 band obtained in the elastic-channel calcula-
tion. Both descriptions of the negative-parity band are
thus not expected to be equivalent. Because of the
nonorthogonality of Vo and 4'z, the proximity of
these bands in the uncoupled calculation can yield two 0
bands with strongly different properties in the coupled-
channel study. Several other bands corresponding to con-
stant values of 2m~& +I are expected from Table I, but we
restrict our study to the most important of them.

The spectrum obtained by mixing the a+ ' C(0+ ) and
a+' C(2+) configurations is depicted in Fig. 1(b), and we
present in Tables II and III the energies, quadrupole mo-
ments, reduced alpha widths, and mean distances between
the clusters. The energies E„'" are obtained by adding the
experimental a+ ' C(0+) threshold energy to the theoreti-
cal c.m. energy:

E„' =E'"+6.23 MeV, (&)

This definition is useful for the sake of comparison with

the experimental data; however, it leads to a negative exci-

TABLE III. Negative-parity states. (See caption to Table II.)

31

51

7(1)

Eth

(MeV)

—1.7
—1.2

0.4
2.9

Ethr
(Mev)

4.5
5.0
6.6

Eexp

(MeV)

4.46
5.10
8.13

Qo

(efm )

35

29

23
18

80

(%)

12.5
4.9
1.5
0.2

g2

(%)

0.6
0.8
0.4
0.1

4.13

3.75
3.40
3.06

33

52

3.4
3.6
6.9

9.6
9.8

13.1

7.62

8.29
11.62

-120
-110
—180

36
39
60

1.4

1.4

12

22

3(4)

4(1)

5(3)

6(1)

1.8
2.4
8.6
4.7

10.8
7.9

8.0
8.6

14.8
10.9
17.0
14.1

6.20
7.77

—27

44
39

, 36
41
29

3.1

3.4
2.9

0.6

4.42

3.64

5.66
3.46
4.03
3.15
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tation energy of the GCM ground-state band. The quad-
rupole moments in a band K are presented in the form of
intrinsic quadrupole moments QD defined by '

where Q is the microscopic quadrupole moment. " The
constancy of the QD values in a band indicates the rota-
tional character of this band. The dimensionless reduced
a widths in the I=O and I=2 channels are labeled by 6IQ

and H2, respectively. By extending Eq. (4) of Ref. 18, one
gets

Hi (256——vr' a/3) g ~ gII (a)
~

/(2I+1),
I

(10)

The 02+ band

This band presents a marked rotational nature in the
a+' C(0+) channel. The important values of Q0 and d
indicate. a molecular shape of these states. The
a+' C(0+) structure of this band is confirmed by the
large dimensionless a widths in the elastic channel. On
the contrary, the Oz values are significantly smaller. The
energy locations obtained in our theoretical calculation
suggest to identify the states of the 02+ band with the ex-
perimental 02+, 23+, 42+, and 6&+ states, whose energies
nicely agree with our results. The assignment of these ex-
perimental states to a rotational band has already been
proposed by Buck et al. in a local-potential model cal-
culation. Moreover, the same conclusion has been drawn
in the experimental analysis of Cunsolo et al. The
slight disagreement observed for the 23+ state is explained
by the absence in our calculation of the 22+ state at

where a is the channel radius; this radius must be chosen
large enough (6 fm in the present calculation) so that the
antisymmetrization operator in (2) is negligible. For not
too broad states (whose total a width is lower than about
0.5 MeV), this bound-state approximation leads to HI

values close to those obtained from a phase-shift analysis.
For broad resonances a fully dynamical calculation has
been performed. Finally, the mean distance d is related to
the mean square radius (r ) by

d =(—„)(18(r ) 4(r )~——14(r )&& ),
where (r )~ and (r ),~ are the mean square radii of a
and ' C, respectively. For the states belonging to a rota-
tional band, the d values are expected to be nearly J in-
dependent.

The positive-parity bands are weakly affected by the
coupling, the 0+ and 1+ bands being obtained mainly
from one a+' C configuration. As expected from the
variational principle, the ground-state band is slightly
pushed down with respect to the single-configuration cal-
culations ( —11.0, —10.1, —8.7 MeV), but the excited
configuration does not modify significantly the properties
of these states (see Ref. 8). The members of the ground-
state band are close to a shell-model structure, and the 2p
configuration towards which the GCM wave function
tends at small interdistances is not flexible enough to pro-
vide a more realistic description of the shell-model states.

E =3.92 MeV. Our theoretical investigation predicts an
8+ resonance in the molecular band at E =18 MeV with
a width of about 0.1 MeV. Let us notice the similarity be-
tween the 02+ band in ' 0 and the 0&+ band in the ' 0 nu-
cleus. By fitting the experimental energies of these bands
(from J =0+ up to J"=6+) to a rotational law, one
finds 5.9 and 5.3 fm, respectively, as the distances between
the ~+14C and u+' C clusters. Moreover, the values of
the quadrupole moments and of the rms radii obtained in
the present study are very similar to those calculated with
the same method for the 0&+ band in the a+ ' C system.

2. The 1+ band

The states belonging to this band have mainly an
a+' C(2+) structure, and the coupling with the elastic
channel does not significantly affect their energy location
[compare Figs. 1(a) and (b)]. Because of their large re-
duced width in the excited channel, these states can be
considered as molecular a+'"C(2+) states. This interpre-
tation is supported by the large distances and intrinsic
quadrupole moments of most of the states. Let us point
out that the constancy of the QD values is not fully real-
ized because of the presence of many other states in the
vicinity of the 1+ band. This is especially the case for the
24+ and 3[+~) states. However, the similarity of the Oz and
d values gives some confidence in the assignment of the
states belonging to this band. There are no experimental
candidates for the non-natural-parity states. However, the
theoretical 24+ (10.7 MeV) state could correspond to the
experimental 24+ (8.22 MeV) level, which presents a very
small a width (HD

——0.6%), in nice agreement with our cal-
culation. The overestimation of the energy in the GCM
study can be explained by the lack of other configurations
[e.g. , the a+ ' C(3 ) and a+ ' C(1 ) configurations]
whose effect on the energy locations could be non-
negligible. If one keeps in mind this overestimation of
about 2 MeV, the 43+ and 62+ states can be considered as
the experimental 43+ (10.30 MeV) and 6q+ (12.53 MeV)
states. For the 43+ state, the disagreement between the
theoretical reduced a width (Ha ——0.8%) and the experi-
mental' one (H0-15%) arises from too weak a coupling
with the molecular 42+ resonance in the GCM calculation;
this yields too small an a+' C(0+) component in the
GCM 43+ wave function. Notice that similar results have
been obtained by Sakuda et al. (Ha=0.5% for the 43+

state and HD ——4.5% for the 6&+ state). Besides, because of
its high excitation energy, the 43 state is most likely af-
fected by the neutron channel.

It is interesting to notice that, even below the inelastic
threshold, the a+' C(2+) channel may strongly affect
the elastic phase shifts. To illustrate this point, we com-
pare in Fig. 2(a) the elastic phase shifts of the 4+ partial
wave obtained in the single-channel calculation (dashed
line), and in the multichannel one (solid line). Obviously,
the effect of the a+ ' C(2+ ) configuration is the introduc-
tion of a narrow resonance at E, =5.4 MeV, which is
not apparent in the single-channel study. The resonance
corresponds to the formation of a bound a+ ' C(2+ ) sys-
tem; however, this configuration is not stable with respect
to the elastic channel, and hence may decay to an un-
bound a+' C(0+) system. This effect is easily visualized
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V (MRV)
10

date for J =5 is the 5~ (8.13 MeV) state, whose u
width should be very small; our investigation also predicts
a narrow (I ~ & 1 eV) 7 resonance around E„=10 MeV.

4. The 02 band

2x

I

I

I

K I I I I I I I I

1 2 3 4 5 E(MRV)
I I

6 R (fm)

-10

in Fig. 2(b) where we have plotted the elastic and first in-
elastic quasidiagonal energy curves. ' The energy curves
represent the expectation value of the Hamiltonian at a
given cluster interdistance; they are straightforwardly de-
duced from the overlap and Hamiltonian kernels. For a
light system, such as o;+' C, the energy curves should not
be strictly considered as nucleus-nucleus potentials.
Nevertheless, they bring useful information about the na-
ture of the considered states. We have represented by hor-
izontal lines the energies of the different 4+ states. The
4~ bound state is not affected much by the excited chan-
nel. However, the 42+ resonance lies above the bottom of
the first a+' C(2+) well, which leads to a decrease of its
elastic component. This reduction is revealed by the 00
and d values which are lowered with respect to the
single-channel calculation (80——28% and d =5.09 fm).
Besides, from the energy-curve picture, the 43+ state can
be interpreted as a bound a+ '"C(2+) system.

FIG. 2. (a) Elastic phase shift of the 4+ partial wave in the
single-channel (dashed line) and in the multichannel (solid line)
calculations as a function of the c.m. energy. (b) Locations of
the states obtained in the GCM calculation (horizontal bars).
The quasidiagonal energy curves relative to the 4+ partial wave
are plotted as solid lines for the multichannel calculation and as
a dashed line for the single-channel calculation.

This band contains broad resonances, located above the
Coulomb barrier of the elastic channel, and resulting from
the coupling of the a+' C(0+) and a+' C(2+) configu-
rations. The large reduced n widths correspond to total
widths equal to 1 MeV (13 ), 0.5 MeV (33 ), and 2 MeV
(52 ). Since the bound-state approximation is not accurate
for such broad states, the Qo and d values are indicative
only. They show a marked cluster structure of the 13,
33, and 52 states. The 13 state is expected to be the
most influenced by the inelastic channel, since an inver-
sion between two 1 states occurs when both channels are
coupled [compare Figs. 1(a) and (b)].

We illustrate the influence of the a+' C(2+) configu-
ration on this band by comparing in Fig. 3(a) the 3
phase shifts obtained with the single-channel (dashed line)
and multichannel (solid line) calculations. The effect of
the inelastic channel is to lower the energy of a small
bump present in the single-channel calculation, yielding a
more apparent resonance at E, =3.6 MeV. The energy
curves displayed in Fig. 3(b) support this interpretation:
The 33 resonance is located just above the well of the first
inelastic energy curve, but its component in this channel is
weak. The overlap between Vo and 4 being small
(=10 ), the partial contribution (%0

~
Vo ) =0.8

can be interpreted as a probability. Hence the influence of
the a+' C(2+) configuration is mainly restricted to a de-
crease of the excitation energy.

Because of their large a widths, the theoretical 13 (9.6
MeV) and 33 (9.8 MeV) states can be considered as good
candidates for the experimental 13 (7.62 MeV) and 33
(8.29 MeV) states, which are known to have an important
molecular parentage [Oo(13 ) & 6% and 9o(33 ) = 15
+2%]. It must be emphasized that, although these states
have large components in the a+'"C(0+) channel, our
calculation shows that they cannot be described in a
single-channel picture.

3. The Oq band

The comparison of Figs. 1(a) and (b) shows that this
band is rather strongly affected by the a+ ' C(2+) config-
uration. %'ith respect to the single-channel investigation,
the present study leads to a less pronounced cluster struc-
ture and hence to less pronounced molecular properties:
the reduced a widths are lowered by more than a factor of
2, and the distances between the n and ' C clusters are re-
duced by about 1 fm. Notice that this effect becomes
more and more important with increasing values of J.

In our previous study we assigned the theoretical 3
state to the experimental 32 (6.40 MeV) state, as suggest-
ed by the comparison between the theoretical 1 -3 and
experimental 1~ -32 energy gaps. However, our mul-
tichannel calculation exhibits a very small energy differ-
ence between the lowest 1 and 3 states, which leads us
to assign the theoretical 3 (5.0 MeV) to the experimental
3~ (5.10 MeV) state. A reasonable experimental candi-

V I MRV) l0

I

I

I

I

I

0[
1 2 3

I I I I

E(MRV) 2 R (frn)

FIG 3 Same as Fig 2 for the 3 partial wave
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5. The 1 band

Although the states 12, 22, 3(4~, 4(~) 5(3) and 6(&~ do
not follow a rotational sequence (see Fig. 1 ), their proper-
ties are qualitatively similar, and hence these states can be
considered as forming a band. Except for the 12 state, all
the states of this band are weakly modified when both
channels are coupled [compare Figs. 1(a) and (b)]. The in-
trinsic quadrupole moments are nearly constant, except
for the 12 state, whose properties are strongly affected by
other 1 resonances in its vicinity. The coupling with
neighboring states also explains the important deviations
of the 3~4~ and 5(3) states from the pure rotational law.
The mean distances d indicate a marked molecular struc-
ture of the natural-parity states, while the non-natural-
parity states are closer to shell-model configurations.
From energy and electric-transition-amplitude considera-
tions (see below), we propose the experimental 12 (6.20
MeV) and 22 (7.77 MeV) states as candidates for the 12
(8.0 MeV) and 22 (8.6 MeV) states obtained in the present
study.

B. E1 transitions

The El transitions (see Ref. 11 for details on the calcu-
lation) are displayed in Table IV, and compared with the
results of the single-channel calculation, and the experi-
mental data of Refs. 1 and 20. The transition amplitudes
between the OI and 0~+ bands are not, significantly modi-
fied in the multichannel study. They are much too large
with respect to the experimental values. The disagree-
ment results from the lack of flexibility of the 2p shell-
model component in the GCM wave function; this prob-
lem is not solved by the introduction of the a+' C(2+)
configuration. On the contrary, the El transition ampli-
tudes between the molecular 0] and 02+ bands are

markedly reduced with respect to the single-channel
study, in better agreement with the experimental data.
This decrease arises from the reduction of the a+ ' C(0+)
molecular components in these bands, and hence of the
overlap between them. It is likely that the introduction of
the a+ ' C(3 ) and a+ ' C(1 ) configurations would
still reduce the E1 matrix elements and lead to a good
agreement with experiment.

We illustrate the E1 transitions between other bands by
a few typical examples. The transitions from the 33 reso-
nance are stronger towards the Oz+ band than towards the
0&+ band, revealing similar molecular properties of the 33
resonance and of the members of the Oz+ band. Although
the overall agreement with experiment is not good, there
is experimental evidence for this enhancement. The same
phenomenon occurs for the 1 band, the agreement with
experiment being rather good for the 1z —+0&+ and
12 —+23+ transitions. The large experimental value for the
lz —&23 transition amplitude is confirmed by our theoret-
ical approach, indicating that, as suggested in Ref. 1, the
molecular properties in ' 0 are shared by several states.
From this conclusion, the very weak experimental transi-
tion amplitudes between the 12 and 02+ states, which are
both shown to have an important molecular parentage, is
unexplainable by our model.

We also present in Table IV the E1 transitions from the
24+ and 43+ states, which belong to the 1+ band. The com-
parison with the available experimental data shows that
the GCM values are too large. This is probably due, as
for the transitions between the 0& and 02+ bands, to an ex-
cess of molecular components in the theoretical wave
functions. A striking fact is the enhancement of the
43 ~33 transition amplitude, indicating similar cluster
structure for both resonances. However, the small energy
difference between them reduces the y width of the transi-
tion. With the theoretical values, the branching ratio of

TABLE IV. Reduced E1 transitions probabilities (in 10 W.u.).

3J

3l

5)

0+
2+
2+
4+
4+

28

40
23

11

8

Theory

24

32

26

10

15

Ref. 1

& 10
0.5

Expt.

Ref. 20

0.38+0.08
0.57+0.23

0+
2+
0+
23'

Theory

1.8
29

52

Expt.

Ref. 1

0.8
22

1(
23+

3J
4+

0+

1)
23+

3}

63
84

52
74

130
160
140
170

28

9
28+6

8. 1+1.0
24
2+

24
24

31

12

33

13

30
38
38

33

33

33

33

2+
4+

23+

4+

1.4
0.5

94
ill

& 0.01
6

22

4+ '

4+
4+

3l

5)

33

22

21

116

'Multiconfiguration calculation.
Single-configuration calculation (Ref. 8) (with %'0 only).
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TABLE V. Reduced E2 transitions probabilities (in W.u. ) between positive-parity states. {See cap-
tion to Table IV.)

Theory

Ref. 1

Expt.

Ref. 20

Theory

2$

4+

23+

4+

6)+

23'

0+

23+

4+

2+

4+

6+

p+
2+

p+

4+

p+

2)

2+

4+

4+

2.9
2.1

32

30

1.6

4.3

1.5

2.3

0.7

0.6

1.3

2.4
1.5

29

43

58

5.0

13.8

4.6

6.2

1.9

1.4

2.2

27

20

25

3.3
1.2

20+ 10

2.0+0. 1

1.3+0.5

19+8

24

24

24

24

24

2+

24

4+

4+

4+

4+

4+

4+

1+
0+
2+

0+

23+

4+

24

3(1)

4+

23+

18

0.06
0.18

0.16

2.0

0.20
0.03

0.14

0.09

5.2

1.4

the 43+ state is about 6% towards the 33 resonance.
Nevertheless, this example shows that two states may
have similar molecular parentage, although they are
members of different bands.

have been obtained by Sakuda et al. , who use an effec-
tive charge 0.2e for cluster states and 0.5e for 2p states.
Notice that almost all the transitions involving the 0&+ or
02+ band are obviously improved in the multichannel cal-

C. E2 transitions TABLE VI. Reduced E2 transitions probabilities (in W.u. )

between negative-parity states. (See caption to Table IV.)

We present in Tables V and VI E2 transitions between
positive and negative parity, respectively. According to
our previous single-channel investigation, an .effective
charge 5e=0.3e is used for E2 transitions involving states
of the ground-state band. The effective charge corrects
for missing core polarization effects, which are important
in the shell-model —type of states. For molecular states,
the deformation is represented by the cluster structure of
the system and effective charges should not be necessary.
The E2 transition amplitudes provide a confirmation of
the assignment of the states into bands since in a rotation-
al band, a nearly J-independent intrinsic quadrupole mo-
ment can be deduced from the B (E2) values. '

The E2 transition amplitudes inside the 0~+ and 02+

bands are not significantly modified in the multichannel
approach. On the contrary, for the same reasons as stated
above (i.e., a reduction of the molecular component in the
GCM wave functions), the transition amplitudes between
these bands are reduced in the present study, leading to a
better agreement with the experimerit. Similar results

3]
51

33

33

22

22

22

3(4)

3(4)

3(4)

3{4)

3(4)

3]
5)

3J

3}
33

12

31

33

22

11

8

4
13

4
2

5

2

7

0.03
0.7
0.07
1

0.7

Theory

26
15

4

Exp

Ref. 1

24

15
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culation. However, the large experimental B(E2) values
for 02 ~2] and 23 —+4~+ remain inexplicable. The in-
band transitions in the 1+ band are much stronger than
the transitions from the 1+ to the 0~+ or 02+ band. This is
easily explained by the weak mixing between these bands.

The situation is rather different for the negative-parity
states. The lowest 0 band being strongly influenced by
the a+' C(2+) configuration, the E2 transition ampli-
tudes in this band are significantly reduced in the mul-
tichannel calculation with respect to the single-channel
study. If one considers the experimental value 24 W.u.
for the 5~ ~3& transition, this reduction seems even too
important. An experimental determination of the
B(E2,3& —+1~ ) would be useful for the study of the 0~
band.

The similarity of the 3~ ~1& and 33 ~1~ transitions
(the latter being in good agreement with-the experimental
value) shows once more that molecular properties can be
shared by several states. The transitions from the 1

band do not present a selective behavior, as was the case
for the 1+ band. This fact confirms the complexity of the
negative-parity states, and the mixing of their molecular
properties.

IV. DISCUSSION

The determination of the precise nature of the ' 0
states is a long-standing problem to which many papers
have been devoted (see, e.g. , references in Refs. 25 and 28).
The interpretation of some of these states in terms of nu-
clear molecules and the search for molecular bands' are
more recent. A molecularlike band had, however, already
been proposed by Morgan et a/. in 1970. These authors
noticed that the well-deformed 02+ (3.63 MeV) and 23+

(5.25 MeV) states form an apparent rotational band with
the 43+ (10.29 MeV) resonance observed in a scattering on
' C. These states are nothing but the positive-parity states
of the dipole molecular band proposed by Gai et a/. '
Alignment reasons also led Morgan et a/. to attribute the
42+ (7.10 MeV) state to a band containing the ground and
2j+ states.

These attributions of the 42+ and 43+ states, as well as
the attribution of the 33 state, ' are in contradiction with
several experimental analyses (see, e.g. , Ref. 23) and with
most of the theoretical studies. For example, Lawson
et a/. study the ' 0 nucleus with a model in which the
full 2p shell-madel space is mixed with deformed collec-
tive states. The contributions of the collective states are
found dominant in the Oz+, 23+, and 42+ states. Although
the collective states are interpreted in Ref. 28 as projec-
tions of a deformed Nilsson state, and not of an a+' C
molecule, these results are in excellent qualitative agree-
ment with ours. An explicitly molecular model has been
studied by Buck et a/. The ' 0 nucleus is described as
an a+' Cg, structure in the simple cluster model of Ref.
3. The results suggest a 0+ molecular band composed of
the 02+, 23+, 42+, and 6&+ states. All the states of .this band
have a dominant u+'"Cz, parentage in our calculation.
This agreement is natural since the model of Buck et a/.
can also be derived as an approximation of the GCM.
This band is also confirmed by the microscopic analysis

of Sakuda and co-workers. In this microscopic model,
all the 2p or 3p-1h shell-model states are mixed with rigid
a-cluster configurations which simulate 4p-2h and higher
excited configurations. These o;-cluster states correspond
to one of our GCM basis functions @II (R) with R fixed
at the values 3.5 fm for the positive-parity states and 5.0
fm for the negative-parity ones. A slight difference with
&II

"arises from the fact that the ' C nucleus is described
in the LS coupling scheme. Different interactions are em-
ployed for the shell-model states, for the a-cluster states,
and for the couplings between them. This choice provides
a more realistic energy location of the ground-state band
with respect to the o, + ' C threshold than in our calcula-
tion. Sakuda et a/. do not explicitly discuss the problem
of molecular bands. For the positive parity, however,
they obtain the same band as Buck et a/. with large re-
duced 0. widths. There is no clear indication for excited
bands. For the negative parity, they obtain a strong clus-
tering for the 13 and 33 states in agreement with Table
III. In our calculation, however, the 1&, 12, and 3&

states also present a non-negligible clustering. The re-
duced a widths of these states in Ref. 25 agree qualitative-
ly with ours so that we estimate that the band structure
we propose is not in contradiction with the work of Saku-
da et a/. The remaining differences are probably due to
the lack of flexibility of their molecular configurations.

The band structure suggested by the GCM calculation
is compared in Fig. 4 with experiment. The open dots
represent theoretical energy locations from Fig. 1. For
the sake of clarity, the 1 band and the non-natural-
parity states belonging to the 1+ band are not shown. The
crosses correspond to selected experimental states; the
dashed lines represent our proposal for a band structure,

l I

01 2

FIG. 4. Comparison between the theoretical (full lines) and
the suggested experimental (dashed lines) bands. The molecular
band proposed by Gai et al. (Ref. 1) is represented by a dash-
dotted line.
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based on the comparison with the theoretical results. The
agreement between the theoretical and experimental 02+

bands is excellent. The small deviation from a pure rota-
tional sequence observed for the experimental 23+ state is
probably due to the existence of the 22+ state. The cou-
pling between these states introduces a repulsion between
them. This effect cannot be studied in the present model
since the description of the 2&+ state would require an en-
largement of our basis space to other e+' C* configura-
tions. The existence of the 02+ band can be tested by
searching for the missing 8+ state which is predicted by
the model. Its probable location is about 18 MeV.

The agreement between the theoretical and experimen-
tal 0& bands is also fair, but the energy of the 5& state is
underestimated. This effect is obviously due to too strong
a coupling between the two channels since the 5& energy
is much better in the single-channel calculation (see Fig.
1). The missing 7 and 9 states of the band should also
be searched for. Because of the inaccuracy on the 5~ en-

ergy, predictions about the 7 and 9 locations are more
difficult, but the 7 energy should not exceed 13 MeV.

Besides these bands, we propose candidates for three
other bands. The 02 band is formed by the 13, 33, and
52 experimental states which correspond to excited vibra-
tional states of the a+' C(0+) configurations. The 1+
band is composed of the 24+, 43+, and 62+ experimental
states and has an a+'"C(2+) structure. It would be very
interesting to identify the non-natural-parity states of this
band. However, the fact that these states are not on a
straight line will make their identification rather delicate.
Finally, our model suggests that the non-natural-parity 2~

state belongs to the same band as the 12 state, with how-
ever a less marked clustering. This suggestion seems to be
difficult to check experimentally.

The different bands shown in Fig. 4 can be considered
as molecular although for some of them the ' C cluster is
mainly in a 2+ excited state. The dash-dotted line in Fig.
4 represents the band proposed by Gai et aI. ' In the
present microscopic interpretation, this band is, in fact, a
fortuitous alignment of molecular states belonging to four
different molecular bands. The enhancement of transi-
tions between these states is explained in the microscopic
model by the important overlap, due to antisymmetriza-
tion, between the a+' C(0+) and a+ '"C(2+) configura-
tions.

V. CONCLUSION

Most of the states which exhibit molecular properties
are fairly described in the present approach, i.e., with the
o.+' Cg, and one a+' C* configurations. With respect
to the single-channel calculations of Ref. 8, the energies
and transition probabilities are in much better agreement
with experiment. The fact that among the different excit-
ed states of ' C located above 6 MeV, the 2+ (7.01 MeV)
state plays the major role, is a consequence of the Pauli
principle. The a+' C(2+), configuration is the most
strongly coupled with the o;+ '"Cg, one. The introduc-
tion of other configurations should improve the quantita-
tive agreement with experiment and allow a description of
missing states like the 22+ or 32 states. However, the
treatment of the a+ ' C(1 ) and a+ ' C(3 ) configura-
tions would be extremely difficult because of the large
number of Slater determinants involved. Moreover, if the
energies of the ' C excited states are not well reproduced
by the interaction, the results will be meaningless. ' The
influence of these additional channels might be easier to
study in simpler models like the extended cluster model of
Ref. 7.

APPENDIX

As effective interaction, we take effective central and
spin-orbit forces and the exact Coulomb interaction. The
nuclear part of the interaction is parametrized as

N
V= g V;(1 —m;+m;P~) exp( r lp; —)

—2Sov iii r)&p s exp( r /v ), —

where r, p, and s are, respectively, the relative coordinate,
relative momentum, and total spin of the two nucleons,
P~ is the Majorana exchange operator, and X, V;, I;,p;,
So, and v are parameters. The parameters X, V;, and m;
are taken from standard effective central forces like the
Volkov forces. ' To reduce the number of parameters, the
zero-range approximation is performed for the spin-orbit
part of the interaction which is then entirely defined with
the strength parameter So.

The energies of the 0+ and 2+ ' C states are then given

—So 'yo" —"(5+3yo»

—So yo —,(29+ 15yo),

1/2

E(0+)= '„' fico+ g V, y,'~'[——,', (437+470y;+185y';) —,y;m;]+
i 7T

1/2

E (2+ ) = ~ irico+ g V y; [—„(436+472y; + 184y; )—,y;m; ]+
7T

where co=%/mNb (mN being the nucleon mass), y; =p;/p;+2b, and yo v /v +2b——
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