
PHYSICAL REVIE W C VOLUME 7, NUMBER 3 MARCH 1973
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Eigenvalues and eigenvectors for all low-lying positive- and negative-parity nuclear states
of A=18, 19, and 20 are calculated in a shell-model basis of aQ Pauli-allowed +1~2-Odn&2-1s~g2
configurations outside an inert ~2C core. Two different effective Hamiltonians are used. One
is based on a reaction matrix treatment of the Hamada-Johnston potential, The second one is
obtained by varying the 33 effective Hamiltonian matrix elements to reach a least-squares fit
between 153 experimental level energies in nuclei in the A =13-22 region and the correspond-
ing shell-model eigenvalues. The energy level spectra and single-nucleon spectroscopic fac-
tors from these calculations are compared to the available experimental data in this region,
The calculations are also examined for the existence and characteristics of sequences of lev-
els which might be called "rotational bands. "

I. INTRODUCTION

The conventional nuclear shell model has been
applied with considerable success to the study of
properties of low-lying states of nuclei at the
beginning (A. = 18-22) of what is called the s-d
shell. ' In these calculations, an inert "0 is as-
sumed, and active particles are distributed in the

Od6/2 ~ 1l2 and Od», single-particle orbits. This
model is obviously limited, since there is ample
evidence that "0 is not an ideal closed-shell nu-

cleus. Some of this evidence involves the exis-
tence of excited states in the observed spectrum
of "0 and the existence of negative-parity states
at low excitation energies in A= 17, 18, and 19
nuclei. Zuker, Buck, and McGrory (ZBM) have
studied the structure of "0 in a conventional shell-
model calculation with the assumption of an inert
"C core and active Od, z, 1s»» and Op», orbits.
In this model space, there exist numerous excited
states in the 2=16 system, and the ZBM calcula-
tion accounted for many of the observed properties
of the spectrum of "0 below 15 MeV. Calculations
in this same model space were subsequently made
for '70 and for the A =18 system, "' in each case
with considerable success.

There are many interesting properties of nuclei
with A. = 19 and 20 which cannot be explained by
the conventional shell model with an inert "0
core. These include the existence of an apparent
E=-,' rotational band of states in "Fwhich is all
but degenerate with the ground-state E =-,"band
in that nucleus, the observed "extra" 0' and 2'
states in "Ne between 6 and 8 MeV, the existence

of possibly two low-lying negative-parity rotational
bands in "Ne, and the occurrence of several states
ln observed spectrum of F which do not occur in
any "good" shell-model calculation with an "0
core. It is of interest to see if the "0-core-ex-
cited model which accounts so well for the proper-
ties of "0, "0, and the A = 18 nuclei ean account
for some of these "anomalous" properties of A = 19
and 20 nuclei. A preliminaxy study has indicated
that such is the case. ' In the present paper, we

present in some detail the results of calcula-
tions for nuclei with A =18-20 in terms of a
Op, ~,-0d, ~,-1s„,("pds") configuration shell model.
We restrict ourselves here to discussion of ex-
citation energies and spectroscopic factors for
single-nucleon transfer reactions, deferring to
a later paper a discussion of electromagnetic
properties of states in these nuclei as ealeulated
in terms of this model.

In Sec. II, we describe the calculation in detail.
In Sec. III we present a nucleus-by-nucleus dis-
cussion of energy levels and spectroscopic fac-
tors. In Sec. IV we brieQy discuss the core exci-
tation present in the model calculations. In Sec. V,
we compare our calculations with other calculations
of these nuclei. The results are summarized in
Sec. VI.

II. DESCRIPTION OF THE CALCULATIONS

In the following sections, we will discuss the
results of three different shell-model calculations
of the properties of low-lying states in A = 18-20
nuclei, In two of the calculations an inert "C is
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assumed, and the Od„„ ls„3, and 0p, z orbits
comprise the active model space. For a nucleus
with A nucleons, we include all Pauli-allowed
states of A- 12 particles distributed in these
three active orbits. Thus, for "Ne, we distribute
eight particles in the d,/„s»„and p„, orbits.
We include configurations with any possible num-
ber of particles excited from the p, /2 orbit to the
ds/2 and sg/3 orbits. Thus, for positive-parity
states, we include all configurations with 0, 2,
and 4 holes in the p», shell, and for negative-
yarity states we include all configurations with
1 and 3 holes in the p„, orbit. Within the space
of these states we diagonalize an effective one-
body plus two-body Hamiltonian. The resulting
eigenvalues are correlated with energy levels,
and the resulting eigenvectors are used in the
calculation of spectroscopic factors for single-nu-
cleon transfer reactions. These calculations are
completely analogous to the shell-model calcula-
tions for 2=16, 1V, and 18 previously mentioned. ' '

The two pds-model calculations difi'er in the ef-
fective Hamiltonians which are employed. For one
8et of calculRtlon8 we use the lnterRctlon derived
by Zuker' for A. = 18. This interaction is con-
structed from realistic interactions determined
for this mass region from free nucleon-nucleon
potentials. The two-body matrix elements of the
Hamiltonian were determined with minimal re-
course to experimental level energies in the nu-
clei of interest. %'e will refer to the results ob-

tained with this interaction with the adjective
Z-Pds.

The other set of pds calculations has been
carried out with an effective interaction deter-
mined entirely by the observed level energies
of the nuclei in this region. The two-body part
of the effective Hamiltonian for the pds-model
space is specified by 30 two-body matrix ele-
ments. The one-body part of the Hamiltonian is
specified by three single-particle energies, which
in this model are interpreted as the binding ener-
gies of particles in the three active orbits to the
assumed inert "C core. %e treated these 33 ma-
trix elements as free parameters in a least-
squares fit of shell-model eigenvalues to 19 ground
state binding energies and 134 excitation energies
of selected levels in nuclei with A = 13-22. The de-
tails of the data set and fit procedure are described
elsewhere. ' We will refer to the results calculated
with this interaction with the adjective E-pds.

These two approaches to the determination of a
shell-model effective interaction each have their
advantages and disadvantages. The procedure for
cRlculRting so- cRlled realistic interRctlons uses
a perturbative approach which has been justified
so far mostly on pragmatic grounds, i.e., more
rigorous techniques are unavailable, and the re-
sults obtained are relatively successful vis-a-vis
experiment. The use of the realistic interaction
is more predictive in principle, since unlike the
empirical search technique, the Hamiltonian is

TABLE f. The two-body matrix elements (([fj]t[f j]t)zr]V]([fjb[t j]z)zr) for the Z-pds, Il pds, and%-ds-d model
Hamiltonians, The different orbits are identified by their orbital angular momenta g&. Single particle energies:

Z-pds 3.50 2.75 0.0
E-pds Gd~/2 =-1.67, 1sg/2 =-2.84, Gp(/2 =-5.70
E-dsd -4,15 28 i o e

I,
&

~& $3 I, 4 JT Z-pds

Matrix
element
{Me'g
E-pds

Matrix
element

{MeV)
E -pds X-dsd

d
d
d
d
d d

d d
d d

d

8
d 8

s

d d 01
d d 10

21.
d d 30

d 41
d d 50
d s 21
d s 30
8 s 01
s s 10
p p

d s 20
8 21

d 8 30

-2.41
0.01

-1.21
0.38

-0.08
-4.26
-0.88
-3.53
-1.04
-4.27

3,37
-1.20
-1.70

1I17
-2.60

-1,69
-1.89
-0.82
-2.08
—0.32
-4.33

1+23
-2,89
-1.03
-3.26

3.76
-1.92
-2 19
-1.84
-3.54

-2.44
-1.03
-1.04
-0.86
-0.05
-3.66
—0.85
-1.57
-0.97
-0.60

-0.62
-1.29
-3;69

d s
. d p
d p
d p

p

8 S
8 8
8 8
8 P
8 p
s p
8 P
p p
p p

8 31
d p 20
d p 21
d p 30

p 31
s 8 01
s s 10
p p 01
p p
s P 00
s P 01
s P 10
s p 11
p p
p p

1.16
-3.93

0.71
-2.58
-0.34
-1.67

3pl 7
0.82
0.83

-3.48
1.67

-1.28
-0.24
-0.26
-4.15

1.64
-4.15
0.78
3022

-0.08
-1.86
-4.06

0.59
1.23

-3.25
2.19
2 Q 11
0.41

-0.29
—4.47

0.17

-1.95
-3.18
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not directly determined by part of the data of
interest.

The approach of determining the shell-model
Hamiltonian directly from the level energy data
is not encumbered with such problems as what
diagrams to include in the renormalization pro-
cedure. In principle, it includes the correct
renormalizations implicitly. It is obviously close-
ly tied to the experimental data. On the other
hand, it is difficult to determine precisely which
parameters are unambiguously determined by the
selected experimental data. This problem is
closely tied to the problem of which levels should
be included in the search, and how many levels
comprise an adequate set. Again, after pointing
to these problems, we appeal to the final results
for justification of the procedures.

The third calculation we will discuss here is
based on the more conventional shell model of
these nuclei in which an inert "0 core is assumed,
and the 0d»„1s»„and Od», orbits are active in
the model space. The two-body effective interac-
tion we use for this calculation is the realistic in-
teraction designed by Kuo' for this mass region.
For the eigenvalues of the diagonal one-body opera-
tor we use the observed energies of the lowest-
—,", —,", and —,

"states in "O. The results for this
model which are discussed here are taken from a
detailed study' of "0-core shell-model calcula-
tions for s-d-shell nuclei reported previously.
We will sometimes refer to this calculation as
E-dsd.

Most of the matrix elements used in these three
calculations are listed in Table I. For the Kuo
interaction used in the E-dsd calculations we list
only those matrix elements which involve the d»,
and sy/2 orbits. Over-all, the character of the
Z-pds and E-pds interactions are similar, but
there are significant differences in some indivi-
dual matrix elements. Perhaps the most striking
difference is for the diagonal matrix element in-
volving the ~d», ', J=1",T=O) state. In Z-pds this
matrix element is 0, while in E-pds it has a value
of about 2 MeV. In the conventional s-d shell-
model calculation the largest component in the
"F 1', T=0 ground state is (d„„d»,1', 0). Since
we omit the d3„orbit from the active model space,
such a state is not present in the pds calculations.
In these calculations we introduce contributions
of states involving d„, particles by perturbative
renormalization of matrix elements in the active
space. It would not be surprising if there were
some difficulties in attempting to introduce as a
perturbation the effects of a component which is
dominant in a given state. The discrepancy be-
tween these two matrix elements might be symp-
tomatic of such a difficulty. The largest discrep-

ancies between matrix elements of the interac-
tions Z-pds and F-pds occur for the T=0 matrix
elements. We have found in almost all instances
in which we have searched for effective interac-
tions that the T = 1 matrix elements are deter-
mined with much smaller uncertainties than are
the T= 0 matrix elements, and this is also the
case here.

We have included results for the two different
interactions in the pds model to illustrate which
properties of the calculated results are sensitive
to the effective interaction. As we will show be-
low, the results calculated with the two different
interactions are not in general very different,
and one interaction is not clearly superior to the
other. We have included the conventional shell-
model calculations so that we can see which states
might be described as "core excited, "and which
states are sensitive to the presence or absence
of the d„, orbit. The calculations have all been
made with the use of the Oak Ridge-Rochester
shell- model computer programs. '

III. DISCUSSION OF RESULTS
FOR ENERGY LEVELS AND

SPECTROSCOPIC FACTORS

In this section we present the results of calcula-
tions of energy levels of "O, "F, "Q, "F, "0,
"F, and "Ne, in terms of the models described
in the previous sections. We have also calculated
spectroscopic factors for single-nucleon transfer
reactions in which these nuclei are targets and/or
residual nuclei.

A. A=18, T=O( F)

The calculated and observed' spectra of excited
states in "F are shown in Fig. 1 and listed in
Table II. In the E-dsd shell-model spectrum,
seven states are calculated to come below about
4 MeV excitation. There are reasonable partners
for all of these states in the experimentally ob-
served spectrum. In addition there is a 1+, a 2',
and two possible 3', 7= 0 states experimentally
observed in the first 4 MeV of excitation which
are not accounted for by the "0-core model, as well
as four negative-parity states which, of course,
cannot even be described in principle by a model
with only positive-parity orbits. Both the positive-
and negative-parity states not accounted for by
the E-dsd calculations are present in the pds-
model calculations. In both the Z-pds and F-pds
calculated spectra there are more states calcu-
lated below 4 MeV than are found in the experi-
mental spectrum. Neither one of the calculated
pds spectra is obviously superior to the other.

The S factors extracted from the data on the
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"0('He, d)"F reaction' are presented in Table II
together with the S factors calculated in the three
models under discussion. For transitions to the
lowest 1', 3', and 5', T=O states, there is fair
agreement between theory and extracted S factors.
For the ground-state transition, the experimen-
tal number is significantly larger than either of
the pds values. The E-dsd model predicts a
significant d„, admixture in this ground-state
wave functions, but, of course, neither of the
Pds models include this orbit in the active space.
As we discussed above, compensation is made for
the omission of this orbit by a renormalization
of the two-body interaction. The calculated re-
sults we will discuss here suggest that in the
Z-pds calculation, the 8», admixtures are en-
hanced over those in the "0-core model for the
low-lying states of "Fwhile d, ~, admixtures are
more enhanced in the E-pds calculations. (See
the S factors calculated for transitions to the

lowest I", T=0 and O', T=0 states. ) The major
discrepancy between the pds-model results and
the stripping data concerns the 2', T =0 state ob-
served at 2.52 MeV. The first possible model
counterpart for this level is calculated to have a
higher excitation energy than this in both pds
models and, more importantly, is predicted to
have a large S factor, while no such strength is
observed for the 2.52-MeV level. The calculated
strengths for the "F(p, d)"F reaction are sum-
marized in Table G. Results for this experiment
have not been reported so far.

In summary, the core-excited model seems to
give a reasonable accounting for the states in "F
which do not fall within the province of the "0-
core model with the exception of the 2', T = 0 level
observed at 2.52 MeV, which appears to have a
quite different wave function from the lowest pds
model 2', T=0, which occurs at a higher excita-
tion ener gy.

1+,O

2+, I

2+,0

(3)+,0

2+, O

(3 ),0
1+ 0

(3),0
&, 0
2+, 1

2+, O

3+, 0
4 Q

5,0
2,0
2+, 0

3,0
3,0; 2, 1,0

2+, 1

5,0
4,0
2,0

2+, 0
, 0

1+ P
3,0
2+, O; 3+,O

2+, 1

O
I-

O
X
LU

2,0

1+ P

2,0

1+,O

1+ P

5+, o

0+ 1

3,0

5+, o
0,0
0+, 1

3+, 0

0,0

5+, 0

0,0
5+, o
3+,0

K-dsd EXPT.

1+,0

18F

F-pds

1+,0
Z-pds

1+, 0

FIG. 1. Calculated and observed (Ref. 9) energies of lour-lying states in ~ F. The captions K-dsd, I -pds, and p-pd+
are related to the model space and interaction used to calculate the given spectra as explained in the text.
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TABLE II, Excitation energies and spectroscopic factors for A =18, T =0 system.

Energies (Me V)
J" Expt. ~ K -dsd Z-Pds E-Pds

S factor ~70 A =18, T =0
Expt. b K-dsd Z-pds

l =2/l =0 L =2/l =0 l =2/l =0
E-pds

l =2/l =O
$ factor ~~F A =18,2' =0
K -dsd Z-pds E -pds

1+
1+

1

2+

2+

0
1.70
3.72

2.52
3.84

0

4.13

2.72
6.88

0
1,71
3.51

3.18
3.79

0
1.87
2.92

3.03
3.65

1.5/O

&1.1/1.0

1.1/O

o.5/o

O.3/O. 5
O.6/O. 3

o.6/o
o/o
o/o

o/o. 4
o/o. 5

O 9/O O

o/o o
O 1/O O

o/o. 5
0/0. 4 2

0.4

0.3

0.6
0
0

0.1
0

0.5
0
0

0.2
0

3+ O 94
3+ (3.36)
3 4,12

1,13

0.92

4.87

1.12

1.01
3,16
4.08

1.09

0.32
3 o12

4.08

0.78

&0.7/0. 6
o/o
1.5/O. 3

2.0/0

0.6/0. 8

1.3/0. 3

2.0/0

o.6/o. 6
o/o
0.7/0. 1

1.8/0

O.8/O. 5
o/o
0.7/0. 3 2

1.8/0

0.7 0.8
0
0

0.9
0
0,1

0 1.09

3.13

1.32

3.03

0,2

0.6

0.2

0.5

2 2.10

3 3.78 3.23

2.23

3.03

0.1

0,2

0.1

0.1

Reference 9.
b Reference 10.

TABLE III. Excitation energies and S factors for A=18, T =1 system.

Energies (MeV)
J Expt. ' K-dsd Z-pds I' -pds

S factor F70 A =18, T =1
Expt. b K-dsd Z-pds E -pds

L =2/L =0 L =2/L =0 L =2/l =0 L =2/L =0
S factor ~9F A=18, T =1

L Expt. K-dsd Z-pds I' -pds

0+ 0
0 3.63
0 5.33

1+
1+

0
4.03

14.39

8.85
10.08

0
3.84
5.04

9.40
10.91

0
3.70
5.01

8.99
10.73

2.3/O

(0,2) /0
(&0.2) /0

1.7/O

0.2/0
1.6/0
o.5/o
o/o

1.6/O

o.5/o
o/o

0 0.6
0 0.1
0 0.2

0.5
0

0.6
0
0.2

0.5
0
0.2

2+ 1.98
2 3,92
2 5.25

3+ 5 37

4 3.55
4+

0 (6.86)

4 45
1 (6,19)

2 (5.52)
2

3 5.09
3

1,74 2.50 1.80
3,99 4.39 4.18
8.42 5.85 5.10

4.94 5.97 6.34

3.38 4.62 3.89
7.79 7.77 7.05

5.85 5.99

4.04 4.16
6.44 6.26

5.97 5.08
6.74 5.90

4.61 4.89
6,45 6.09

7.71 6.94

1.5/O. 3
1.0/0. 4
0/(0. 3)

0/0. 1

2.0/0

1.1/0.4
O.9/O. 6

0/1.0

1.9/O

0.8/0. 4
1.O/O. 4
o/o

0/0. 9

1.8/0

0.1
0.1

0.2
0

0.7/0. 5
1.1/0.3
O/O. 2

O/O. 9

1.8/0

0
0.1

2 0.8
2 0.0
2 0.5

1 2.0

0,6
0.1

0.4
0
0.4

0.6

1.8

0.5
0
0.4

0.6
1.5
0.2

' Reference 9.
b Reference 11.
~ Reference 12.
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8. A= la, T=l

In Fig. 2, the experimentally observede spec-
trum of "0 is shown together with the three sets
of shell-model results. In this system, there are
J = 0' and 4= 2' states below 6 MeV unaccounted
for in the "6-core model, as well as at least
three negative-parity states. Here, the pds re-
sults look to be in quite good agreement with ex-
periment, with the I-pds results showing some-
what better quantitative agreement. There are
obvious calculated analogs for all states observed
in "0below 6 MeV. The pds results are similar-
ly gratifying for predicted 8 factors. In Table III,
these values are compared to values extracted
from a study of the "0(d,p)"0 reaction. " For
these data, the Z-pds results appear better than
the I'-pds results, mainly because of the distri-
bution of strengths between /=0 and i=2 transi-
tions to the lowest two 2+ states. A similar evalua-
tion holds for the "F(d, 'He)"0 reaction. " The

pickup strength to the l state at 4.45 relates to

the degree of occupation of the Op, (2 orbit. The
observed strength suggests the p, ~, shell is es-
sentially full. Both calculated values are smaller
than the experimental number, which could indicate
that the pds models overestimate the degree of
excitation, I'-pcs to a greater extent than Z-pds.
This matter will be discussed at greater length
below.

C. A=19, T=-,

The observed' and calculated spectra of the
2=19, T= —,

' system are presented in TaMe IV
and in Fig. 3. The experimental and theoretical
values of the 8 factors for the population of these
states by stripping from 0 and pickup from
' Ne are also presented in Table IV. There are
at least 21 states observed below 6 MeV in this
system, eight of which probably have negative
parity. In this same energy region, the E-dsd
results account for seven levels, and put three
more states between 6 and V Mev which might

2, 3+
2+, 0

OX
UJ

0
K-dsd

0+
EXPT.

)80
F-pds

0 0+

FIG. 2. Calculated and observed (Ref. -9) energies of low-lying states in 80. The captions K-dad, F -pds, and Z-pds
are related to the model space and interaction used to calculate the given spectra as explained in the text.
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correspond to levels which occur around 6 MeV
experimentally. All of these "0-core states can
be correlated with levels in the observed spec-
trum. The total number and density of levels in
the spectra calculated in the pds models are in
general agreement with experiment. It was point-
ed out in the Introduction that "F showed essen-
tially degenerate positive- and negative-parity
K= ~ bands. We see that this feature is accounted
for in both pds models. The major discrepancy
between the pds and experimental spectra in the
region of low excitation energies concerns the
first ~" level. The lowest —,

"level observed ex-
perimentaDy come significantly below the ener-
gies of the lowest —,

"states in the pds spectra.
On the other hand, the "0-core calculation puts
the first —,

' state at the correct energy. As is
discussed below, the —,

"state experimentally ob-
served at 1..56 MeV has a significant single-parti-
cle strength for stripping from "O. This implies
that this state contains a significant d3&, component
and hence it should be difficult to account for this

level in a model in which the dsg2 ox'bit is omitted.
The fact that even the results of the searched in-
teraction fail to put the first ~" state low enough
is consistent with this idea, and, in fact, the lev-
el should probably not have been included in the
set of data from which the empirical interaction
was determined. However, the search was re-
tried without this state included in the set of lev-
els to be fitted, and the over-all results mere not
significantly altered. This indicates that the ef-
fects of renormalization of the interaction for the
basis space truncation arise from the more gen-
eral tx ends of the entire data set.

Levels in A. = 19, T = —,
' can be populated by pro-

ton transfer xeactions from "Ne and "0 and by
neutron pickup from "Ne. Four states are popu-
lated strongly in the proton stripping reaction.
For transitions to the first ~+ and first ~" states,
the strength calculated in all three models are
consistent with experiment. The transition to the
—,
"state at 1.56 MeV, which indicates a significant
admixture of d, » single-particle strength in this

t~+
)+

tj5, 7
5+

-(5', 7-)
Q7 7+ $+
l)+ 5+
k5(-I
~5

15+

7+b-
7
g{+)

7
j)+

5
5+
7+
9
$+

$+

/7
/5+
r5+
~1 3+

7

9
7+
5+

EXPT.
19F

A=~9, T= ~/~

Z-pds

FIG. 3. Calculated and observed (Ref. 9) energies of low-lying states in ~~F. The captions X-de, F -pds, and Z-pd's
are related to the model space and interaction used to calculate the given spectra as explained in the text.
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state, i.s reproduced in the K-dsd calculation. As
already discussed, this orbit is not present in
our pds models, so the observed transition to the
1.56 MeV cannot be reproduced even in principle.

The strength of the stripping transition to the
—,
'- state at 110 keV is related to the amount of
p-shell core excitation, as was the "F-A =18
pickup data to the 1 state. This transition is
forbidden if the p, &, shell is fiQed and if we can
ignore higher —,

' single-particle orbits. The pds
models predict more than twice as much strength
as is quoted from experiment, which suggests
again that the models predict too much core ex-
citation. (There is always the possibility that the
extracted number might be in error due to uncer-
tainties in the reaction analysis. }

Similar results are obtained from examination
of the pickup reactions leading from the 2'We

ground state to excited states in A = 19y T= g.
There is a strong transition observed" to the
first —,

"state of "F in "Ne(d, 'He}"F. This is
reproduced by the "0-core model, but not, of
course, by the pds models. Comparison of the
predicted and observed transition strengths to
the lowest —,

' state again seems to imply that the
models contain too much core excitation. The
excitation of the —,

' state at 1.51 MeV is forbidden
in all the models.

D. A =19, T=g

The calcul. ated and observed' '90 levels for A = 19,
T = ~ are shown in Fig. 4 and, together with the
calculated and observed" 8 factors for the
'W- "0 reaction, are presented in Table V.

The K-dsd spectrum is not in particularly good
agreement with the experimental data available.
The first —,

"level is too low by 1 MeV, as is the
second —,

"state. The pds spectra are similarly
in only qualitative agreement %1th experiment.
In none of the models is there a second ~" state
to correlate with the state observed at 3.24 NeV.
(ln point of fact, the data on the transition to this
state do not suggest a very convincing —,

"as-
signment. } Both pds models predict the —,

' and —,
'

levels too low by an MeV. The predicted 8 factors
for "0-"0 transition are consistent with the
rather sparse data. '

E. A =20, T=O

The structure of "Ne has been the subject of
numerous theoretical and experimental investi-
gations. Much of this interest has been stimu-
lated by the apparent rotational nature of the
structure of this nucleus. Since "We can be dis-
cussed in terms of fairly complete microscopic
calculations, it is an obvious meeting ground for

(~+)

(7+)
(9+)

9
7
5

5+, 5
g+

5, 7
9+

5

7+

K-dsd EXPT

)9O

A = ) g, T= ~&p

F- pds

FIG. 4. Calculated and observed (Ref. 9) energies of low-lying states in O. The captions K-dsd, I'-pds, and Z-pds
are related to the model space and interaction used to calculate the given spectra as explained in the text.



collective and microscopic models. For this
reRson %'e will discuss this spectruIQ in some de-
tail. In Fig. 5, the observed spectrum' is shown
as are the spectra calculated in the three models.
The observed spectrum shows many more levels
in the energy region below 10 MeV than are ob-
tained in the E-dad cRlculRtlon. The pd8 models,
on the other hand, do an excellent job of account-
ing for these extra states. The Z-pds spectrum is
generaBy too expanded with respect to the observed
spectrum, but, over-all, there is little qualitative
difference between the two calculated pds spectra,

and there is a remarkable qualitative similarity
of the calculated spectra with the observed ones
which becomes more apparent in Fig. 6, as we
now discuss.

In Fig. 6, there are 24 levels below about 10
MeV, j.v of which are generally ascribed" to five
rotRtioQRl bands~ with K vRlues of 0

~
0

q
0

0, and 2 . Such a decomposition of the observed
spectrum is shown in the lower half of Fig. 6. In
the E-pds calculation, there are 21 levels be-
low about 10 MeV. 17 of these levels can be
placed in five rotational bands with E' values of

t, 3, 2+
o+
Q+

g+
3

t
2+6+

5

EXIT.
20ge

A= 20, 7=0

o+

FIG, 5. Calculated and observed (Ref. 9) energies of low-lying states in 20Ne. The captions E-dsd, E-pds, and Z-pds
are related to the model space and interaction used to calculate the given spectra as explained in the text.
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0', 0', 0+, 1, and 2 . In decomposing the cal-
culated spectrum, we have put each successive
level of a given spin in the lowest possible band;
i.e., the second J' =2' state is in the second
K=O' band, the third J"=4' state is in the third
K =0' band, etc. (This is not the case in the ex-
perimental spectrum. There, the cluster-trans-
fer data suggest" that the third J"=4' state is
in the second K=O' band and the second J'=4'
state is in the third K=0' band. ) The excitation
energy of the observed band-head state is indi-
cated in the calculated spectrum by a dashed line.
The similarity of these two plots is striking.

In the calculated spectrum in Fig. 6 below 10
MeV, three of the four states not assigned to the
first "bands" are J"=2', 3', and 4', suggesting
a K= 2' band. In the model, this is a 6p-2h band
(on grounds described below). It could be anal-
ogous to the low-lying K= 2' band seen in "Ne. '

In the observed spectrum, two of the three posi-
tive-parity states not included so far in some
bands are J"=2' states, and one of these could
be the band head of the K' = 2' band.

One interpretation" of the cluster-transfer data
says that the first two K =0' bands consist pri-
marily of states with 4p in the s-d shell, and the
third K' =0' band has an 8p-4h character. From
an analysis of occupation probabilities, discussed
below, we find that the third K' =0' band has
essentially a 6p-2h character, in contradiction to
the interpretation of the cluster data.

We have not mentioned an obvious discrepancy
between the calculated and observed spectra
shown in Fig. 6. In the observed spectrum, the
second negative-parity band consists of states
with J"= 1, 3, and 5 . The 4p and 8p transfer
data" suggest that this band is a K=O band, from
the configuration (sd)'(fp)'. The models used here

TABLE IU. Excitation energies and spectroscopic factors for A =19, T =1/2 system.

Energies (MeV)
2J" Expt, ' K-dsd Z-pds F -pds

. S factors for P-g =19, r =T
Expt. b K-dsd Z- pds F -pds

S factor for ~ONe-A =19, T =$
l Expt. K-dsd Z-Pds F-Pds

1+
1+
1+

5+

5+

5+

5+

9+

11+

13+

0 0 0
5.34 6.75 4.79
6.25 8,04 6,07

1.57 1.25 3.05
3.91 3.86
5.50 6.45 5.95

6.93 6.72

0.20 0,36 0.27
4.50 4.97 4.62

6.59 5.35
7.72 5.50

4.38 5.12 4.35
5.47 5.68 5.83

6.76 6.24

2.79 2.78 3.06
6.50 6.98 6.35

4.65 5.26 5.30

0.11

0
5.09
6.21

2.35
2.98
5.97
6.76

0.24
3.80
5.30
5.45

3.94
5.74
6.17

2.59
5.90

5.26

0.23

0 0.5
0 0.1
0

2 0.4

0.6
2

2
2

1 0.2

0.5
0

0.3

0.7
0.1
0

0.6
0
0

0.6
0.1
0
0

0.4

0.5
0

0,6
0.1
0
0

0.4

1.5

1.0

3.4

3.7

0.9
0

0.7
0

2.3
0
0

1,4
0

2,9
0,3
0
0

3.2

1.3
0

3.2
0.3
0
0

2.8

5
5

1.51
4.56

1.35
4.68

4.00
5.43

4.03

1.95
5.23

1.51
4.73
5.86

4.85
5.66
6.66

4.15

1,70
5.17

1.42
4.74
5.82

4.39
5.53
6.50

4.00

0.9

Reference 9.
b Reference 13.' Reference 12.



984 J. B, McGRORY AND B. H. WILDENTHAL

4+

y+

2
yy+

6+

g2
0+

2
2
0+
4

0+

2+

0

6—

X0 5—
GX
UJ

0— 0+

K=p

5 +

)+
2+

+
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FIG, 6, Decomposition of observed and calculated spectra of 2oNe into rotational banda. The upper spectrum is the
spectrum calculated with the E-pCk interaction, and the lower spectrum is the observed one. In the calculated spec-
trum, the dashed lines indicate the experimentally observed position of the band-head state for each band.
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do not include such configurations. In the calcu-
lated spectrum, the second negative-parity band
consists of states mith J'=1, 2, 3, etc. , and
is most likely a 5p-1h X=1 band. In the ob-
served spectrum, the extra negative-parity states
are J'=1, 1, and 3 states. Tmo of these
states could be members of a K" ™-1band of a
5p-1h character. They are at a significantly
higher energy than the calculated E= 1 band.
However, the lowest SU(3) state of a 5p-lh char-
acter which contains a %=1 band is known to
have a large component mith a spurious center-
of-nlass lllotloll. (Tllis was polllted out to us by
A. Arims, .) This suggests that the shell-model
E=1 band may be similarly contaminated. If
the. states in the observed spectrum around 9 MeV
are members of this K=1 band, it suggests the
possible existence of a J "=2 state in this same
energy region.

There is considerable interest in the shape of
the line which plots the energy versus J(J+ 1) for
the states of an assumed rotational band. We have
made such plots from the known experimental lev-
els of "Ne for the three K=0' bands and the %=2
band, and for all calculated states up to the highest
spin possible in our model space (J'= 10' and J'= 9 )
in Fig. V. The qualitative features of these curves
are similar in both calculations, in that they both
"kink" at the same points and in the same direc-

tion. We include the 10' state in the plot of the
ground-state bandy Rlthough it is questionable to
do so. The question of the "cutoff" of this band
at the 8+ state in ' Ne has been discussed in some
detail elsewhere. " In our model space, the 10'
has at least tmo p,~ holes, mhile the remaining
members of the band are dominated by four 8-@-
shell particles outside the close p», configuration.
To lowest order, there is no one-body E2 transi-
tion betmeen these states, and the calculated E2
transition for the 10' to 8' transition is very weak.
In the usual operational definition of a rotational
band, i.'e. , that E~~ J(J+1) and the E(E2) value
for the transition from g- J- 2 is strong, the 10'
is not a member of the rotational band. The theo-
retical curves bend upward significantly more
rapidly between the 8' and the IO' state. A possi-
ble reason for this is that there are only tmo 10+
states in our model space, so there is no coherent
collective effect possible which mould depress the
energy of this state as there is for the lower spin
states. Pittel" suggests that admixing some one-
particle 2 8+ excitations in this state could lead
to significant E2 strength and such admixtures
mould quite likely depress the excitation energy
of the state.

For the second and third E= 0 bands, me have
accepted the assignments suggested by the cluster-
transfer experiments. If they are correct, the

TABLE V. EIIergies alId spectroscopic factors for A =19, T =j system

Expt. '
Energies (MeV)

E-dsd Z-pds
8 factor's ItO A =19, T =j

Expt. " X-dsd Z-pds E-pds

3+
3+

3+

1.47
(3,24)

0.10
{3.07)

0
3.15

(4,12)

(2.78)

{2.37)

-0.12
3.14
4.53

0
2.15
4,11

1,07
6.43

0.44
3.32
4.77

0
2.85
4.83

2.58

0.26
3.49
4.38

0
2.94
4.98

0.4
weak

0.9

0
0.1
0.8
0,7
0
0

0.6
0
0

0.6
0
0

4.58 3.22
4.12

3.00
2.40

3.22
4.03

2.95
3.88

4.01

' Reference 9.
"Reference 14.

~Number not Calcu1ated.



second 0' band shows no obvious qualitative devia-
tion from a straight line, and this is reproduced
qualitatively by both interactions. The third K = 0+

band shows a definite upward bend with increasing
J, and this feature is reproduced by both calcula-
tions. For the second and third E=O' bands, the
Z-pds model is in somewhat better agreement
with the experimental trends of these curves.

For the K=2 band, the observed deviations
from a pure J(8+1) dependence are relatively
small, and this is the feature observed in both
calculations up to the 8 state. There is a pro-
nounced kink between the 8 and 9 states. This
again may be a truncation effect.

Thus, the calculated energy levels very ob-
viously display the rotational characteristics
which have been ascribed to the experimental lev-
els, and they also display deviations from the rigid

rotor predictions very similar to those exhibited
by the observed levels.

In Table VI, calculated and experimentally"
determined spectroscopic factors for proton strip-
ping from '9F and "Ne are presented. Within the
accuracy of the experimental numbers, the con-
ventional shell-model results are in excellent
agreement with the experimental numbers. The
calculated numbers in the two core-excited mod-
els are quite similar to each other. The strength
for the d,» transition to the ground state is more
than twice as big as the extracted number. This
implies that the renormalized numbers are over-
emphasizing the d», admixtures in these wave func-
tions. The calculated values for transitions to the
remaining states are in good qualitative agreement
with experiment.

20

l4

e F pcIs
i EXPERIMENT
o Z-pd

2

0
o2.' 22

~ 20

~ te

14

12

)0—

o

6

7//

p'
PF'

02545678
J(J+&)

1902 5 4 5 6 7
J(J+i)

FjG. 7. Plots of E~ versus j(4+1) for members of rotational bands in 20Ne. The lower left-hand plot, 1s for the
ground-state band, the lovrer right-hand plot 1s fox' the f1rst excited (Sgj) band the upper left-hand plot is the second
excited 'Qeformed" band, and the uppex right-hand plot is the %=2 band.
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F. 3 =20, T=1

The calculated and observede spectra of 'OF are
shown in Fig. 8. The excitation energies and
spectroscopic factor for the "F(d,p)20F reaction"
are presented in Table VII. In the observed
spectrum, there are 13 states below 3 MeV,
8 positive-parity and 5 negative-parity states.
All the calculated spectra show more positive-
parity levels than this. The trend seems to be
that the higher excited states come too low in
energy. But there ax'e good analogs to the ob-
served positive-parity states in all three calcu-
lated spectra, and the states appear in roughly
the right order. The simplest ¹ilsson model
would predict low-lying E=1+, 2', 1, and 2
bands, and states which couM be ascribed to such
bands account for all the observed levels below

3 MeV. Howevex', the level spacing of these
"bands" are significantly distorted from a J(Z+ I)
spectrum. There are no significant qualitative
differences between the spectra calculated in the
Z-pds and E-pds models.

Calculated spectroscopic factors and factors
extracted from experimental'9 data for the "F-
(d, p)"F reaction are presented in Table VII.
(These numbers were not calculated for the Z-pds
interaction. } For the positive-parity states, the
K-dsd and E-pds results are quite similar and in
acceptable agreement with experiment. The data
imply more splitting of the various single-parti-
cle strengths than the K-dsd results show, and gen-
erally this splitting is reproduced by the E-pds
calculation. The most obvious discrepancy for
the positive-parity states is that the s», strength
is too lom by 0.5 to 1.0 MeV in both calculations.

Q+
2+
1+ $+
5+

(2+ P+)

(2,5,4 )

(1+ P+)
2+
(1,2, 5)
(2,3)
5+

2 4
2+
6+ 1+

1

4+
5
1+
Q

2+
Q+

(1,2,S)-

1+

(I, 2)

5+

1

2

Q

Z pds

A=20, T= 1

FIG, 8, Calculated and observed (Ref. 9) energies of low-lying states in 2 F. The captions E-dsd, &-pcs, and Z-pds
are related to the model space and interaction used to calculate the given spectra as explained in the text.
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No negative- parity states are significantly popu-
lated in the (d, p} reaction and no significant
strengths are predicted for such transitions.

G. A=20, T=2

The calculated and observed' spectra for the
A =2O, T =2 system are shown in Fig. 9. There
are no single-particle transfer reactions possible
which populate states in this system, and there
are relatively few other data available. For the
spectra shown in Fig. 9, we see that these two
core-excited model calculations are seemingly
in better agreement with experiment than in the
K-dsd calculation, the main difference being that
the excited 0' is calculated to be at the correct
energy in Z-pds and E-pds.

IV. PARTICLE-HOLE DESCRIPTION

OF STATES IN A = 18, 19, AND 20

ln this section, we attempt to describe the wave
functions obtained in these calculations in a quali-

tative way, primarily as np, mh states. Zuker
has already presented a detailed analysis of
the mave functions in the A = 18 system. He has
shown very clearly that the states which are de-
scribed by the conventional shell model with an
inert "0 core can be similarly described in the
core-excited calculations, if the term "inert "0
core" is replaced by "the ground state of "O."
In other words, the ground state of "Fhas a
complicated structure in the spherical representa-
tion we use, but it is essentially a 1', T= 0 state
of 2p in the s-d shell coupled to the ground state
of "0 as calculated in the same core-excited
model. The best analysis of our wave functions
mould be to make weak-coupling decompositions
of the wave functions in terms of states coupled
to states in the A=15, 16, and 1V nuclei. %e
have not done this, and here we merely attempt
to obtain a qualitative description of the wave
functions purely in terms of the expectation value
of the p», -number operator (which we will refer
to as the P», occupation}, which reflects the oc-

Z.'
O

I—

X
UJ

4+
-1+
X3+2+

2+

pt

2+
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p+
2, 3
2+
1

4

p+
4

3
/4+
j)+

P+ 2+
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0
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20p
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&=20,T= 2
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0

FIG. 9. Calculated and observed (Ref. 9}energies of low-lying states in 0, The captions K-dsd, F-pds, and Z-pds
are related to the model space and interaction used to calculate the given spectra as explained in the text.
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cupation of the p„, orbit in each state. In the "0
calculations, Zuker's interaction leads to a p„,
occupation of 3.20 for the ground state, while the
fitted interaction gives a value of 3.26. In the first-
excited 0' state in "0, these values are 0.42 and
0.47, respectively. This latter state is generally
referred to as the 4p-4h state of "O. This sug-
gests that states with p», -occupation values
around 3.2 might be described as Oh states, while
states for which this value is around 0.5 are 4h
states.

In Table VIII, the p», occupations for the ground
states of the nuclei treated here are listed for both
the Z-pds and F-pd8 interactions. Perhaps the
most surprising point illustrated here is the rela-
tively weak evidence for any Pauli blocking effect.
One would expect that the probability for core-
excitation would decrease as the number of par-
ticles already present in the orbits above the

"core" increases. In our model, if there are 20
active particles outside ~C, there is only one.
state, the (p», ', d, »~, s»,'}configuration with all
shells filled. There is no core excitation here
because all orbits are filled. To lowest order in
our calculation, there are no s-d particles in the
ground state of "0, and there are four s-d parti-
cles in the ground state of "Ne, but the amount of
core excitation is essentially identical for these
two nuclei. The other systematic features shown
here are that for states beyond "0, F-pds gives
more core excitation than does Z-pds, and there
is significantly more core excitation in the ideriti-
cal particle nuclei ("0, "0, "6, or "Ne, "Na,
"Mg}.

As mentioned above, a detailed analysis of the
mass-18 wave functions has already been made,
so we will give only a brief description of these
states. For the T=O states in "F, the lowest

TABLE VI. Excitation energies and spectroscopic factors for A =20, T =0 system.

graf'

Energy (Me V)
Expt. ' K-dsd Z-pds E-pds

S factors for ~~F-A =20, T =0 states
Expt. b K-dsd Z-Pds F—Pds

p+

p+

p+

1+

2
2
2+

3+
4+

4+

4+

5+

6+

6+

6+

8+
8+

8+

]p+

0
1
1
2
2
3
3
4
5
5

0
6.72
7.20

(9.95)
1,63
7.42
7.83

4.25
9.04
9.99

8.78
12.15
12.56
11.95

5.79
8.72
4.97

5.62
7.17
7.01
8.45

(8.82)

10.61
13.33

(15.62)
15.18

0
6.81

12,81
11,78
1.46
8.43

10.37
10.69
3.86

10.18
11.19
12.48
8.19

13.41
15.24
12.36
16.37
22.77

0
7.33
9.92

12.86
2.05
7.91

10.17
10.07
3.58

10.27
11.22
12.39
9.77

13.54
13.80
12.48
17.46
19.13
21.36

6.58
10,09
5.12
7.69
5.83
8.84
7.55
9.27

12.78

11.80
13.56
16.17
16.47

0
7.09
8.49

11.33
1.74
7.98
8.57
9.58
5.09
9,19
9,62

11,64
9.14

12.57
13,21
11.98
16.67
17.54
19.85
11.82
6.10

10.08
4,54
7.26
5.44
8.07
6.79
8.68

11.79

10.91
12.99
15.13
15.89

0.6
0.9

&0.1

1.3
0.3
0

0.1

0.9
1.0
0

1.0
0.2
0

1.4
1.0
0

0.9
0.2
0

0
0.1

1.3
0.8
0

0.9
0,2
0

0
0.1

' Reference 9."Reference 18.
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1', 3', and 5' states all have p]/g occupation val-
ues of 3.35. The second and third 1' and 3' states
have values of =2, and could be called 4p-2h
states. There is one 2' state in the E-dsd cal-
culation, while there are two low-lying 2' states
in the pds calculations, both with occupation
probabilities near 2.5. This suggests that for
these states the "spherical" and the 4p-2h "de-
formed" states are very mixed. (The experimen-
tal data, Table II, suggest there should be much
less mixing. } The lowest 0, 2, l, and 3 lev-
els have occupation values near 2.5, and are es-
sentially 3p-1h states. A similar analysis of the
T=1 states, in "O, suggest that the first and
second 0' and 2' states and the first 3' and 4'
states are "conventional" states, while the third
0' and 2' states are 4p-2h states.

The p», -occupation values in "Fare given in
Table IX. They have been grouped into sets of
states which can be referred to as rotational bands,
and we see a clear distinction in these values in
the different bands, In the ground-state band in

Z-pds, the values are all in the region from 3.2
to 3.5. With the I'-pds calculation, the values
for the —,', —,', —,', —",, and '-,' states cluster around
3.0. As discussed above, the —,

"state is probably
strongly admixed with the d, /, orbit which is
omitted from this calculation. There is thus
anomalously large core excitation in this state,
(NP, q,}=3.34, as a result of trying to fit the ob-
served ~3 level. There is apparently consider-
able mixing between the two low-lying —,

"states
in the E-pds model, leading to a somewhat low
value for the p„, occupation for the lowest —", level.

Above the ground-state rotational band, the lev-
els can be conveniently grouped into three "bands",
aE=~ band, a %=2" band, and a E=-,' band.
The —,

"bands have p, /, occupations consistent
with a 5p-2h description, while the negative-parity
bands are 4p-lh states, with slightly more 6p-3h
admixture in the lower band.

It is not easy to characterize the low-lying
states in "0 in this fashion. The p, /, occupations
do not suggest any obvious low-lying deformed

"gABLE pQ. Excitation energies and spectroscopic factors for the A. =20, T =1 system.

Energy (MeV)
Expt, ~ X-dsd Z-Pds

(2J+1)x S factors for ~SF A =20, T =1 system
Expt. b K-dsd E -Pds

l =2/l =0 l =2/l =0 l =2/l =0

3.53
1.06
3.49

0
(2.04)
(3.59)
(4.28)
0.66

(2.20)
(2.97)
(3.69)

(0.98)

(1,31)
(1.97)

(1.82)
(3.17)

(2.87)

2.68
0.92
2.47
3.75
0
1.76
2.63
3.86
0.61
2,26
2.43
3.55
1.21
4,17
2.29
4.48

2.11
1.36
2.98
3.70
0
2.14
2.60
4.10
0.27
2.25
3.79
4.06
0.68
4.25
1.74
4.23
2.92
0.85
3.52
0.98
1.43
3.71
1.41
2.70
4.14
2.56
4.12
3.45
5.50

2.59
0.94
3.03
3.57
0
1.73
2.70
3.62
0.45
1.76
3.51
3.86
0.78
3.32
1.64
3.53
2.87
0.68
3.45
0.88
1.43
3.68
1.51
2.30
4.02
2.20
3.70
3.28
4.93

0/0. 3
o/o
O/1. 2

(0.1/0
o/o
2.3/O
0.4/&0. 4
0.1/0
2.6/0
o.:/o
o.4/o
o/o

o/o. 6
o/o
O/1. 7
0,2/0
o/o
3.3/O
O.1/O
0.2/0
4.7/O

0.1/0
0.1/0
o.4/o

o/o. 5
o/o
O/1. 2

/o
0.3/0
2 4/0
o.5/o
o/o
3.9/0
o.4/o
O.2/O

o/o

~ Reference 9.
b Reference 19.
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state in 'O.
The p„, occupations for "Ne are shown in Table

X. There are several features of interest here.
We list the three 0' bands. The first two bands
all have p„, occupations greater than 3.0 and can
be classified as s-d-shell "bands, "while the third
band has an occupation value around 2.0. These
results are reasonably consistent with informa-
tion drawn from cluster-transfer experiments'" "
which populate ' Ne. The third band in ' Ne is
not populated in n transfer on "0, but it is popu-
lated in 2-g transfer on "C. This has led to de-
scribing the third band as an 8p-4h band. The
occupation values around 2.0 for these levels in
the calculated spectrum bring this description
into question. The 4h state in "0, as calculated
here, has a p», occupation of about 0.5. This all
suggests that this third band has a large 6p-2h
component. Roughly 30-40% of the wave functions
for the states in this third band consist of con-
figurations with four holes in the p», orbit, while
states in the first two bands have less than 4/p of
the wave functions involving configurations with
four p», holes. But this 30 to 40% 4h component
may well arise from acting on the 30% 2p-2h com-
ponent in the "0 ground state with a 6p-2h opera-
tor to generate this third band.

Thus, the evidence from this type of analysis
of the wave functions suggests the third band in
"Ne in a 6p-2h band instead of an 8p-4h band.
As pointed out above, the 8p-4h description arose
because the states in this third band are populated
in the ("C,n) reaction on "C, but not in the o.
transfer reaction on "0, and the tacit assumption
was made that the cluster transfers are stronger
when all particles are transferred into the same
oscillator shell. There is no calculated evidence
that this assumption is valid, and indeed there is
evidence" that the opposite is true; i.e., that the
spectroscopic factor for n transfer with two par-
ticles entering the p shell and two entering the
s-d shell are comparable in size to the case where
all four particles occupy the s-d shell.

TABLE IX. (Np ) for states in i F.

(N„„)
2&& J~; I -pds Z-pds 2x ePt E -pds g-pds

1+i 3.14

2.34

3.31

3.18 3i

2.40

2.41

2.53

2.55

There is one set of data which is somewhat dif-
ficult to reconcile with a 6p-2h description of this
band; i.e., the data on the 22Ne(p, f)' Ne reaction"
do not imply any strength to these "6p-2h" states,
while the 6p-2h picture suggests the states should
be seen. This is again somewhat hueristic, and
only a detailed analysis of the 2p and 4p transfer
reactions involving "Ne will shed real light on this
question.

Table X shows that the E = 2 band states all
have p„, occupations close to 2.6, consistent with
a 5p-1h description.

Returning briefly to the p», occupation in the
ground-state band of "Ne, note that in both the
Z-pds and I'-pds calculations this value steadily
increases with increasing J through the J=6'
state. This means that with increasing J, the
rms radius of these states is decreasing, or
there is "antistretching. " This is in contrast to
the concept in collective rotational models that
the nucleus stretches as the "rotational frequency"
increases, thus accounting for the bending over
of the energies in rotational bands with increas-
ing J.

As discussed above, the simplest Nilsson model
picture of "F says there should be low-lying E=1'
2', 1, and 2 bands seen in the spectrum of this
nucleus, and indeed the calculated levels in "F
in the pds-model calculations appear with spins
in sequences consistent with this picture. The
p», occupations for the K=1' and 2' bands are
consistent with an s-d-shell nature for these
states, and the K=1 and 2 bands are 5p-1h
states. The lowest positive-parity states in the
calculated spectrum outside these bands have

TABLE VIII. (N~ ) in ground states.

Z-pds

5+

7+
1

3.04

2.64

3.24

3.24

3.26

3.25

3.44 9i

2.40

2.39

2.40

2.54

2.57

i6p
i8F
"p
f9F
iep
"Ne
20F
20p

'Not calou1ated.

3.26
3.21
.2,62
3.14
2.90
2.93
3.36
2.65

3.20
3.36
2.75
3.31
3.10
3.24
a
3.0

3+
2

7+
2

2,26

1.60

2.14

1.94

3.53

1.88

1.86

2.03

1.99

2.48

2.37

2.42

2.51

2.67

2.59

2.63

2.75
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J=0' and J=2' with p», occupations which imply
that they are 6p-2h states.

The p», occupations for "0do not suggest any
partieulatly illuminating comments.

This discussion then implies that although the
first excited band in the core states in "0 is a
4p-4h state, in the nuclei with A. =18, 19, and 20,
all the low'-lying deformed states are based on 2p
excitations from "O. We have found no low-lying
states in the mass 18, 19, and 20 systems for
which the calculations imply a primarily 4h

character.

V. COMPARISON WITH OTHER
CALCULATIONS

TABLE X. (N& ) for states in 2 Ne.

E -pds g-pds
(Np

Jfl,, E -pds Z-pds

0, 2.93

2g 3.06

4, 329

6g 3.50

Sg 3.37

02 2.50

22 2.53

42 1.73

62 2.11

3.55

3,06

3.50

03 1.73

1.59

43 1.78

63 1.92

2g 2.34

3g 2.35

4( 2.37

5g 2.42

2.62

2.55

2.57

2.66

There are a number of other calculations" '7

which attempt to give a microscopic description
of even- and odd-parity states in these light s-d-
shell nuclei. We have already referred to Zuker's
calculation for mass 18 which is essentially re-
peated here. Ellis and Engeland" have treated
the mass region from A =1V-19 in a weak-coupling
model approach originally suggested by Arima,
Horiuchi, and Sebe." They obtain shell-model
w'ave functions for up to 4p in the 8-d she1,1 and
for up to sh in the p shell. They thus include
some effects due to the d», and p, ~, orbits ex-
plicitly, while we include none. They then form
states by weakly coupling the lowest appropriate
h and p states to form states in the given nuclei.
In the mass 18 and 19 negative-parity state cal-
culations they consider in detail only 1h states,
and in the positive-parity states in A. =18, only
2h states. For the separate h and p calculations,
they work in an SU(3) representation which is very
convenient for truncation purposes. Our calcula-

tions for "1h" states and "2h" states give results
similar to theirs. Our spectrum is richex above
these states, obviously, since we include more
multiparticle excitations. Benson and Flowers'
have reported similar ealeulations with similar
results.

Arima and Strottman" have calculated proper-
ties of ' Ne in an SU(3) basis with up to 4h in the
0 core, and they including excitation to the f-p

shell. One of their conclusions is that the V.2-
MeV 0' state is most likely 4h in nature. We have
pointed out that our calculated results describe
this state as a 6p-2h state and we have also pointed
out the difficulty. in clearly resolving this discre-
pancy.

We have presented here the results of a series
of calculations of the structure of low-lying posi-
tive- and negative-parity states in the mass re-
gion A =18-20. The calculations were done in
terms of a conventional spherical shell model,
with "C treated as an inert core, and active parti-
cles ln the pyg2 d5~ and 8~@ ox'bits. In these
core-excited model calculations we used two dif-
ferent effective residual interactions. One w'as

based on so-called realistic interactions derived
from a nucleon-nucleon potential, and one was
parametx ized in terms of two-body matrix ele-
ments which were determined by observed excita-
tion enex'gies of states in nuclei from A. = 13-22.
The single-particle energies used are consistent
with the energies suggested by the spectra of "C
and "N. It should be stressed that although these
single-particle energies are quite different from
the h p energies around the xeO core, the models
do yield correct relative binding energies for the

ground states of the A. = 15, 16, and 1V systems,
ao that the calculations are completely consistent
with nature in this regaxd. The results of these
calculations can be summarized as follows'.

(l) With one model, the energies of almost all low-

lying states of both negative and positive parity
in the A. = 18 to A = 20 nuclei are reproduced with

almost quantitative accuracy. The calculations
with the Zuker interaction can fairly be described
as parameter free as far as this calculation is
concerned. The E-pds calculation involved many

parameters. The few differences between these
two calculations imply that these results are not
dependent on any fine details of the residual in-
teraction. Within the accuracy one can expect
for extracting spectroscopic factors by distorted-
wave methods, the calculated spectroscopic fac-
tors are in equally good agreement with experi-
ment.
(3) The calculated p», occupations suggest that
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the degree of core excitation is not significantly
affected by the addition of four particles going
from "0 to ' Ne. The model does imply that there
is a larger degree of core excitation in the oxygen
isotopes than in the other nuclei treated. We know

of no evidence that this is true in nature.
(3) None of the low-lying states in the calculations
reported here can be called "4h" states, and we

can offer no suggested experiment which would

clearly distinguish between 2h and 4h states insofar
as cluster-transfer experiments are concerned.
(4) The "rotational" features observed in these
nuclei appear in a completely natural fashion.
The fact that the wave functions for the ground-
state "rotational band" in "Ne imply that the rms
radius decreases with increasing J is in contradic-
tion to the usual centrifugal stretching concept of
the collective model.

(5) Insofar as the excitation energies and spectro-
scopic factors are concerned, the only direct con-
sequence of our extreme truncation is a failure to
describe the -,"member of the ground-state rota-
tional band in "F, which state obviously requires
some d», single-particle admixture. There is no

similar discrepancy which can obviously be as-
cribed to the omission of the p, &, orbit. The other
main problem here is with the 2' states in "F,
which still defy accurate description. One must
always remember, too, that the center-of-mass
spurious state problem has not been treated in
any way here.
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useful discussions during the course of this in-
vestigation: H. T. Fortune, A. Arima, and M. H.
Harvey.
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