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Excited states of ' 0 up to an excitation energy of 15 MeV have been studied by high-resolution

electron scattering for momentum transfers between 0.8 and 2.6 fm '. Previous electron-

scattering measurements in this excitation region were confined to momentum transfers below 1 ~ 1

fm ' and were of lower resolution. Form factors were measured and reduced transition probabili-

ties determined for most excited states below 9.5 MeV. The present data are interpreted within

the framework of weak-coupling models to facilitate a simple description of the observed spec-

trum. Particular emphasis is placed upon understanding states that are excited strongly by electric

quadrupole or octupole transitions. Spins and parities have been assigned for several levels that

have very narrow widths and, hence, are not amenable to partial-wave analyses involving the
' 0+n and ' C+a reactions. Levels at 5.87 MeV ( —'+), 6.86 MeV ( —'+), 7.58 MeV ( —'+), and 8.47

MeV ( —,+) are suggested as candidates for predominantly 5p-4h members of a K"= z+ rotational

band. A narrow state (I (20 keV) at 12.22+0.02 MeV was observed for the first time and the ex-

istence of narrow states at 8.90+0.02 and 14.72+0.02 MeV was confirmed.

I. INTRODUCTION

' 0 is known' to have approximately 45 excited states
below 10 MeV of excitation. This oxygen isotope there-
fore presents a challenging opportunity in which to un-
derstand a rich level structure in a light, stable nucleus.
(A level diagram for the known states up to an excita-
tion energy of 15 MeV is shown in Fig. 1.) Virtually all
prior information concerning spins and parities of levels
below 15 MeV was obtained from partial-wave analyses
of the ' 0+ n and ' C+a reactions. Most low-lying
levels are amenable to such studies because the thresh-
olds for ' 0 to decay by neutron and alpha emission are
relatively low (4.14 and 6.36 MeV, respectively). Of the
three excited states below the neutron-decay threshold,
the level at 0.87 MeV was identified to be the "single-
particle" —,

'+ state from a study of the ' O(d, p) "0 strip-

ping reaction and the levels at 3.06 and 3.84 MeV were
identified to have J = —,

' and —', , respectively, from a
coincidence study of the ' C(a,ny )' 0 reaction.

The differential cross section (at 98') for the
' O(y, no)' O reaction was measured for the first time by
Johnson et al. in their investigation of excited states of
' 0 with real photons. At least 30 states between 5 and
33 MeV of excitation were observed. This reaction is

sensitive mainly to T = —,
' states that are excited strongly

by E1 transitions. Experimental studies also have been
performed (see Ref. 1 and references therein) involving
many other reactions, some of which selectively excite
states dominated by special configurations. The present
work is a spectroscopic study of ' 0 by inelastic electron
scattering.

The first study of ' 0 by inelastic electron scattering
was performed by Kim et al. at momentum transfers
between 0.6 and 1.1 fm '. Although all states below 9
MeV of excitation were investigated, levels closer than
120 keV were not individually resolved. The giant reso-
nance region of ' 0 also has been investigated by low-
resolution inelastic electron scattering at momentum
transfers between 0.34 and 0.98 fm '. Recently, T = —,

'

levels in ' 0 between excitation energies of 11 and 15.3
Me V were studied by a high-resolution electron-
scattering experiment at momentum transfers between
0.32 and 0.52 fm

The present work reports the first measurements of in-
elastic electron scattering from ' 0 for states below 15
MeV at momentum transfers above 1.1 fm '. High-
resolution measurements were performed at the MIT-
Bates Linear Accelerator Center, primarily at 90 and
160', for momentum transfers between 0.8 and 2.6 fm
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presented in Sec. IV. Several low-lying levels in ' 0 and
' 0 are described and compared. Detailed results for in-
dividual states are discussed in Sec. V. Information
from several earlier experiments is reviewed and dis-
cussed, as appropriate, to elucidate the properties and
structures of states observed in the present experiment.
This section is divided into four parts. The first part
discusses the "single-particle" positive-parity states at
0.87 and 5.09 MeV. The second part discusses the col-
lective positive-parity states below 9.5 MeV of excita-
tion. Emphasis is placed on describing members of a
proposed E = —,

'+ rotational band, which are strongly
excited by electric quadrupole transitions. The third
part describes the negative-panty states below 9.5 MeV.
Here the focus is on describing states with strong elec-
tric octupole transitions. The fourth and final part of
Sec. V describes the states observed between 9.5 and 15
MeV. In this excitation region, many of the sharp states
have T = —,'; thus, our high-momentum-transfer data
complement the electron-scattering measurements of
T =—', levels by Rangacharyulu et al. , which were per-
formed at low momentum transfers. The conclusions
and main findings of the present work are summarized in
Sec. VI.

II. EXPERIMENTAL DETAILS

FIG. 1. Experimental level diagram for ' O. States are la-
beled by 2J and, in most cases, by their excitation energy.
Most states with widths greater than 40 keV are not shown.
Above 9.5 MeV, only T = —' states (heavy lines) and states seen
in the present experiment are included.

Limited measurements, which are reported elsewhere,
also were performed for states between 15 and 23 MeV.
Form factors were extracted for most states below 9.5
MeV and for the more strongly excited narrow states be-
tween 9.5 and 15 MeV. The deduced electromagnetic
decay properties of these levels, when combined with in-
formation from other experiments and from nuclear-
structure calculations, allow spins and parities to be as-
signed for several narrow levels (typically, I'&2 keV)
that previously had either unknown or questionable
spins and/or parities. In some cases, prior tentative J
assignments have been confirmed. This work therefore
provides a major step toward understanding the low-
lying level structure of ' O.

The remainder of this paper presents detailed descrip-
tions of the measured form factors for individual excited
states and our interpretations of the states in terms of
simple nuclear-structure models. Comparisons will be
made, when possible, to selected shell-model calcula-
tions. The experimental details of the present measure-
ments are discussed in Sec. II. The data analysis, which
encompasses extraction of cross sections and form fac-
tors from the measured electron energy-loss spectra, sep-
aration of the form factors into longitudinal and trans-
verse components, and decomposition of the longitudinal
and transverse form factors into contributions from indi-
vidual multipoles, is discussed in Sec. III. A review of
the weak-coupling model for particles and holes is

The present electron-scattering measurements for ' 0
were performed at the MIT-Bates Linear Accelerator
Center as part of a comprehensive program to study the
oxygen isotopes ' 0, ' 0, and ' 0. Our elastic-scattering
measurements for these isotopes are discussed in Ref. 9,
whereas our previous inelastic-scattering measurements
are discussed in Refs. 10 and 11 for ' 0, Ref. 8 for ' 0,
and Refs. 8 and 12 for ' O. The MIT energy-loss spec-
trometer system (ELSSY) used for these measurements is
described by Bertozzi et al. ' General experimental de-
tails are described else~here. '

Spectra of scattered electrons were measured at 90' for
incident electron energies of 119.4, 149.3, 174.8, 175.4,
194.3, 209.2, 228.3, 248.4, and 268.8 MeV, which corre-
spond to momentum transfers (q) between 0.8 and 1.9
fm '. Spectra also were measured at 160' for incident
electron energies of 100.5, 105.0, 115.3, 125.0, 139.7,
169.9, and 179.5 MeV (1.0&q & 1.8 fm ') and at 140'
for an incident energy of 134.2 MeV (q =1.3 fm ').
The energy resolution [full width at half maximum
(FWHM)] for the measurements ranged from 20 to 50
keV at 90', from 30 to 60 keV at 140, and from 70 to 80
keV at 160'.

Form factors extracted from the present measure-
ments were analyzed simultaneously with (unpublished)
form factors from an earlier set of measurements. ' Ear-
ly measurements were performed at 90' for incident en-
ergies between 170.4 and 369.2 MeV (1.2&q &2.6 fm ')
and at 160' for incident energies between 171.2 and
256.2 MeV (1.7&q &2.6 fm '). Form factors measured
at 90 were available only for the levels at 0.87, 3.06,
3.84, 5.22, 5.38, 6.97, 7.17, and 7.76 MeV; form factors
measured at 160 were available only for the level at 0.87
MeV.



1702 l3. M. MANLEY et al. 36

A single ' 0 target of average thickness 29. 1 mg/cm
was used for all of the present measurements performed
at 90 and 160 . A second ' 0 target of average thick-
ness 28.7 mg/cm was used for the 140 measurements.
Both targets were isotopically enriched BeO foils
manufactured at Lawrence Livermore National Labora-
tory. ' Details of their fabrication are described briefly
in Ref. 12. Isotopic oxygen abundances relative to beryl-
lium were approximately the same (within 1%) for both
targets: 85% ' 0, 11% ' 0, and 4% ' 0. The deter-
mination of the relative abundances also is discussed in
Ref. 12. The targets also contained impurities (absolute
abundances were a few percent) from carbon and nitro-
gen. Background peaks from Be, ' 0, and ' 0 were
taken into account by fitting spectra measured with tar-
gets of pure metallic beryllium and with BeO foils that
contained either natural oxygen or were enriched in ' 0.
Spectra obtained with these targets were measured under
the same kinematic conditions as for the ' 0 targets.

III. DATA ANALYSIS

A. Line-shape analysis

The procedures that were used to fit spectra and ex-
tract cross sections and the corresponding form factors
will be reviewed here briefly; further details can be found
elsewhere. ' Spectra were fitted with a modified ver-
sion of the MIT line-shape —fitting routine ALLFIT, '

which uses a maximum-likelihood algorithm based upon
Poisson statistics. This code parametrizes spectra by a
sum of peak-shape functions and a background term.

The peak-shape function is described by a convolution of
an instrumental resolution function, an intrinsic line-
shape function, and a radiative response function. The
form of the resolution function was taken to be a ten-
parameter asymmetric hyper-Gaussian distribution with
exponential tails. " One set of parameters was used to
describe oxygen peaks and another set was used for
beryllium peaks. In practice, good fits were obtained by
suppressing the tail region and varying only the five pa-
rameters that describe the central part of the resolution
function. The form of the intrinsic line-shape function
was taken to be a Lorentzian distribution for peaks with
I" ~ 10 keV and a delta-function distribution for nar-
rower peaks. The radiative response function was calcu-
lated following the theoretical work of Mo and Tsai, ' as
applied by Bergstrom' and Creswell. ' Finally, the
background term was described by a quadratic or
lower-order polynomial in the electron energy loss,
which was allowed to have a discontinuous increase in
slope at the neutron-decay threshold of Be.

The following procedure was used to handle back-
ground peaks from the Be, ' 0, and ' 0 contaminants.
First, contributions from Be peaks were determined by
fitting the appropriate Be spectrum. Next, contribu-
tions from ' 0 peaks were extracted by fitting the corre-
sponding Be' 0 spectrum and varying only an overall
normalization factor to describe the Be contribution.
Contributions from ' 0 peaks then were obtained by
fitting the Be' 0 spectrum and accounting for contribu-
tions from Be and ' 0 in a similar manner. The only
significant ' 0 peaks in the Be' 0 spectra were those

17
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FIG. 2. Fitted electron spectrum for Be' 0 measured at 0=90 for Fo ——268. 8 MeV. The curve shows the results of the overall
fit, which had 73 peaks and 78 free parameters. Peaks are labeled for the ground states of Be, ' C, ' N, ' 0, ' 0, and ' 0.
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B. Multipole analysis of form factors

where

crM, « (Z——a/2E0) (cos 8/2)/(sin 9/2) (2)

is the Mott cross section for scattering electrons from an
infinitely massive nucleus with charge Z and

Form factors were calculated from the measured cross
sections do. /d Q by the expression,

I

F
I =(~Mott9) 1 dO

&4vr q
J

Fcj(q)= Z (2J+ 1)!! (2J, + I)'~~

J+1
J (2J +1)ti2

J

Z (2J + 1)!!

Vc(r) was approximated by the field of a uniformly
charged sphere with radius R =&5/3r, „where
r, , =1.203 ' fm.

The longitudinal and transverse form factors can be
written in terms of reduced matrix elements of the elec-
tromagnetic transition operators:

g= [I+(2EO/M)sin 8/2] (3)

is the recoil factor that corrects for the finiteness of the
nuclear mass M. Here, o. is the fine-structure constant,
E0 is the incident electron energy, and 0 is the scattering
angle. Since Zo. &&1, the plane-wave Born approxima-
tion (PWBA) may be used to express

I
F

I

as'

IF I'= ", IF, (q) I'+ '+tan'9/2 F,(q) I',
4 —q„
4 L

2q

(4)

where FI is the longitudinal electric (or Coulomb) form
factor, FT is the transverse form factor, q is the momen-
tum transfer, and —q„/q =1—~ /q =1, where ~ is
the energy loss of the scattered electron.

The longitudinal and transverse form factors can be
decomposed into contributions from different multipoles:

I
FL(q)

I

'= & I
Fci(q)

I

'
J&0

I
FT(q) I

'= 2 l I
FEJ(q)

I

'+
I
FM. (q)

I

'1

where FCJ, FFJ, and F~J are form factors for Coulomb,
transverse electric, and transverse magnetic transitions
of multipolarity J. The allowed values of J in Eq. (3) are
restricted by

I
J, —Jf I

&J &J;+Jf, where J, = —,'is the
spin of the ' 0 ground state and Jf is the spin of the ex-
cited state. These values are restricted further by elec-
tromagnetic selection rules, which require the change in
parity to be ( —1) for electric (CJ,EJ) transitions and
( —1) +' for magnetic (MJ) transitions. If no nucleons
lie in orbitals higher than the s-d shell, then the highest
multipoles that may contribute are C3 and M4 for
negative-parity states and C4 and M5 for positive-parity
states.

Small distortion effects arising from the attractive
Coulomb field of the target nucleus can be accounted for
approximately in the PWBA by expressing the measured
form factors as functions of an effective momentum
transfer q,z rather than q. We calculated q,z from the
expression,

q tr=q I
I Vc(r)/Eo)

where Vc(r) represents the field of the nucleus at dis-
tance r. We set r =(L +1)/q, where L is the minimum
orbital angular-momentum transfer for the transition.

&4~ q 1+1 (JfllTJ "(q)IIJ )

Z (2J+1)!! J (2J +1) ~

Reduced transition probabilities are obtained by extrapo-
lating the matrix elements to the photon point, q =m:

B (CJ&)= lim
q ~co 2J, +1

(8)q-~ 2J;+1
B (EJ&)= lim

B (MJ!')= lim
q ~cu 2J, +1

Since the data discussed herein lie far above the photon
point (q ~1 fm '), we performed the extrapolation to
the photon point within the context of a model in which
the reduced matrix elements were par ametrized by
polynomial-times-Gaussian forms, as suggested by the
use of harmonic-oscillator wave functions:

q)IIJ;)=( J+ )'"

(Jf II TJ'(q)ll J ) = ( J'+ )'~~f (q)f N(q)(co/. q.

Xe 'gb y

(Jf ITJ "(q)IIJ;)=(2J;+1)' 'f ttt (q)fN(q)e 'pc y

Here, y =(bq/2), b is the oscillator parameter,
fN(q)=(1+q /A ) is the single-nucleon form factor
that corrects for the finite size of the nucleon, and

f, (q)=e~ is the center-of-mass form factor that
corrects for the lack of translational invariance in shell-
model wave functions. The size parameter, A =4. 33
fm ', is determined by fitting data for the proton form
factor and corresponds to a proton charge radius of 0.80
fm. The polynomial coefficients a, b, and c can be
determined either theoretically from nuclear-structure
calculations (see, for example, the recent shell-model
description of ' F electron-scattering data by Brown
et al. ') or empirically by fitting the measured form fac-
tors. Coefficients for selected single-particle transitions
have been tabulated by Donnelly and Haxton.

Total form-factor measurements at 90, 140, and 160'
were fitted simultaneously with the parametrizations
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lim I [//(J +1)]' FFJ(q) —(co/q)FcJ(q) I =0,
q~o

and hence, from Eqs. (7) and (9), ao ——bo.

(10)

IV. THE WEAK-COUPLING MODEL

The particle-hole structure of states in many nuclei
can be understood in terms of the well-known weak-
coupling model for particles and holes. In this model, it
is assumed that the interaction between particles in the
same shell is stronger than between particles in different
shells and that the interaction between particles and
holes can be treated as a perturbation. This model's
conceptual simplicity is part of the reason for its appeal.
The mass of a state with m particles and n holes (relative
to a T =0 core state M, ) and with isospin T is given by
the Bansal-French-Zamick formula,

given in Eqs. (7) and (9). Experimental values for the
longitudinal form factor were deduced by subtracting
calculated values of the transverse form factor from
measurements of the total form factor at 90. Similarly,
experimental values for the transverse form factor were
deduced by subtracting calculated values of the longitu-
dinal form factor from measurements of the total form
factor at 140 and 160'. Uncertainties in the fitted form
factors were propagated into the uncertainties in the
subtracted quantities. Specific details of the fits will be
presented in Sec. V. In most cases, we assumed transi-
tions to orbitals higher than the s-d shell can be neglect-
ed. This assumption restricts the polynomials in Eq. (9)
to be, at most, quadratic in y. In particular, it implies
that F~„Fz„and FE2 each require three nonzero ex-
pansion coefficients, Fco Fci Fcz FM2 Fm3, FF3, and
FF4 each require two, and FC3 and F&4 each require one.
Not all of these coefficients are independent, however,
since local charge conservation requires'

The restriction to "isospin-stretched" configurations is
motivated by a weak-coupling calculation for potassi-
um and scandium isotopes that suggests that the weak-
coupling prescription may be inadequate for calculating
states with T & T,„. Our calculations used binding en-
ergies from the tables of Wapstra and Bos. As exam-
ples, the excitation energy (in MeV) of the first predom-
inantly 4p-4h state in ' 0 with T =0 is predicted to be
2.43+ 16A, whereas the excitation energy of the first
predominantly 2p-2h level in ' 0 with T =2 is predicted
to be 16.79+ 4A +B.

A. Application to ' O

In Table I we compare experimental and calculated
excitation energies for several states in ' O. We deter-
mined A =0.23 MeV and B =5.02 MeV by reproducing
approximately the experimental excitation energies of
the first T =0 and 2 excited states in ' 0 at 6.05 and
22.72 MeV, respectively. Wave functions for the T =0
negative-parity states, which have T & T,„, are expect-
ed to be admixtures of the 1p-1h and 3p-3h weak-
coupling configurations. We note, however, that the
pure 1p-1h configurations are calculated to lie lower in
energy than the pure 3p-3h configurations.

The interpretation of the positive-parity levels given in
Table I was suggested originally by Arima, Horiuchi,
and Sebe. In agreement with a variety of other calcula-
tions, ' the low-lying positive-parity states are de-
scribed mainly by 4p-4h configurations. One particular-
ly interesting and successful prediction of the weak-
coupling model is that electroexcitation of the second 2+
state at 9.85 MeV should be dominated by transitions
within the p shell. Indeed, the measured form factor for
this state, unlike that of other 2+ states in ' 0, looks
very similar to that of the first 2+ state in ' C at 4.44
M V 10,32

M*=M +Mh —M, +Amn+8(T Th),
TABLE I. Comparison of calculated and experimental exci-

tation energies for selected states in ' O. The experimental
values are taken from Ref. 1.

Here, M (Mh) denotes the mass of the nucleus with m
(0) particles, 0 (n) holes, and isospin T~ (Th); A is the
average particle-hole interaction energy and B measures
the strength of the isospin interaction. Possible spin-
dependent interactions and the small Coulomb interac-
tion between protons and proton holes have been
neglected. We denote the weak-coupling structure of the
particle-hole state with spin J by M'(J)=[M (J )

Mh(Jh)]J, where M (J ) and Mh(Jh) refer to yrast
levels with spins Jp and Jh, respectively. For example,
the first 2+ state in ' 0 is dominated by the weak-
coupling structure Ne(2+ )g ' C(0+ ), where Ne(2+ )

refers to the first 2+ state in Ne and ' C(0+) refers to
the ' C ground state.

The appropriate core state for describing the oxygen
isotopes is ' O. Our discussion will concentrate mainly
on configurations with T =T,„, where T,„Tp+Th.

0+
2+
4+
2+

3

0

Q+

Configuration

Ne(0+ } ' C(0 )
20N ( 2+ )g 12C(Q+ )' Ne(4+) "C(0+)
20N (0+ ) 12C(2+ )

[17F( 5 + )g 15N( 1 —
)2 2

+ "0(—,
' ')e "0(—,

' )]/v'2

[' F( —'+)' N( —' )2 2

+ "0(-'+)e"0(-' )]/&22 2

["Ne(0+ )
' C(0+ )

+218F+ (0+ ) 14NW (0+ ~

+ "0(o+)~ "0(o+ ) ]/&6

["Ne(2+)' C(0+)
+ 2 "F*(2+)g '4N*(0+ )

+ "0(2+)a "0(O+)]/&6

Calc.
(MeV)

6.11
7.74

10.36
10.55

13.01
13.01

13.61
13.61

22.73

24.72

Expt.
(MeV)

6.05
6.92

10.36
9.85

12.97
13.26

12.80
13.09

22.72

24.52
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B. Positive-parity levels in ' O

We now apply these ideas to ' O. The first three
positive-parity states in ' 0 are described in lowest ap-
proximation by the predominantly single-particle weak-
coupling configurations,

—,'+(0.00 MeV)= Id, /2' O(0+),

—,'+(0.87 MeV) =2s&/zS' O(0+),

—,'+(5.09 MeV) = ld3/~i8
' O(0+ ),

(13)

TABLE II. Comparison of calculated and experimental ex-
citation energies for selected positive-parity states in ' O. The
experimental values are taken from Ref. 1.

Configuration
Calc. '
(MeV)

Expt.
(MeV)

where ' O(0+ ) refers to the predominantly Op-Oh ground
state of ' 0. Positive-parity states at higher excitation
energies must be mainly collective in nature. Our calcu-
lations for ' 0 used the same values of A and B as were
used for ' 0, except for the T = —,

' positive-parity states,
which used A =0.30 MeV. The first collective positive-
parity state is expected to be a predominantly 5p-4h lev-
el with J = —,'+. We identify this level as the known —,

'+
state at 5.87 MeV. Wave functions for the physical —', +

states at 5.08 and 5.87 MeV probably contain significant
1p-Oh and 5p-4h components since the states are nearly
degenerate in energy; thus, the 1d3/2 orbital is probably
important for describing the wave functions of both
states.

The first T = —,
' state with positive parity has a calcu-

lated excitation energy of 13.49 MeV. It is expected to
be a mainly 3p-2h state with J = —,

' +. We identify this
state as the known —,

'+ level at 12.94 MeV. The first
T =—', state is expected at about 26.0 MeV; it should be a
predominantly 3p-2h state with J = —,

'+ or —,
' . As yet,

no experimental candidates for T = —,
' states in ' 0 have

TABLE III. Comparison of calculated and experimental ex-
citation energies for selected negative-parity states in "O. The
experimental values are taken from Ref. 1.

Configuration
Calc.

(MeV)
Expt.
(MeV)

been observed.
In Table II we present a comparison of experimental

and calculated excitation energies for selected positive-
parity states in ' O. The T = —,

' states at 5.87, 6.86, 7.58,
and 8.47 MeV are candidates for members of a predom-
inantly 5p-4h rotational band that has the weak-coupling
structure [ 'Ne(J )' C(0+)] . Here, 'Ne(J ) refers
to the —', +(g.s.), —,'+(0.35 MeV), —,'+(1.75 MeV), and
—', +(2.87 MeV) members of the ground-state K"=—', +

band in 'Ne. All four levels in ' 0 have narrow widths
and are strongly excited by electric quadrupole transi-
tions. Similarly, the T =—', states at 12.94, 13.64, 15.20,
and 16.24 MeV are candidates for the —,'+, —,'+, —,'+, and
—', + members of a predominantly 3p-2h rotational band,
analogous to the ground-state K = —,

' + band in ' F.
None of these four T = —', states are excited very strongly
by electron scattering. Two broad T = —,

' states (not in-

cluded in Table II), a —,
'+ state at 6.36 MeV (I = 124+12

keV) and a —', + state at 7.20 MeV (I"=280+30 keV), pos-
sibly can be described by the predominantly 3p-2h
configuration [' F( —,

'+ )igi
' N(1+ )], where J = —,

'+ or
3+
2

C. Negative-parity levels in ' 0
Table III presents a comparison of the experimental

and calculated excitation energies for selected negative-
parity levels in ' 0. Calculations indicate that several
predominantly 4p-3h and 2p-1h weak-coupling
configurations with T = —,

' lie low in energy; hence, the
physical T = —,

' states are expected to be admixtures of
both 4p-3h and 2p-1h configurations. Weak-coup-

3+
2

5+
2

7 +
2

9+
2

1+
2

"Ne( 3 +
) g, »C(p+ )2

N ( 5+)12C(0+)
2

»Ne( 7+ )g, »C(P+ )2

»Ne( 9+)g»C(P+)
2

[&2/3 "F(—'+ )
' N*(0+ )

2

+&1/3 ' Ne( —'+)g)' C(0+)
2

5.81

6.16

7.56

8.68

13.49

5.87

6.86

7.58

8.47

12.94

5+
2

3 +
2

9+
2

[&2/3 ' F( —'+)isi' N*(0+)
2

+V 1/3 Qe( —+ )g) C(p+ )2

[&2/3 "F(—'+ )e ' N*(0+)
2

+&1/3 "N ( —'+)g "C(0+)
2

[i/2/3 "F(—'+)g ' N*(0+)
2

+v 1/3 ' Ne( —+)g ' C(0+)
2

13.70

15.04

16.27

13.64

15.20

16.24

'Calculations for the T = —' states used the value 2 =0.30
MeV (see text).

1—
2
5—
2
3—
2
3—
2
1—
2
7—
2
11—
2
9—
2

1—
2

3—
2
5—
2

7—
2
9—
2

'This work.

Ne(0+ )g) "C(—' )2

' Ne(2+)g ' C( —' )2

Ne(2+)(3' C( —' )2

"F(1+)g"N( —' )2

"F(1+)g"N( —' )2

"F(3+)g "N( —' )2

' F(5+)g)' N( —' )2

"F(5+)g "N( —' )

[&2/3 "F'(0+ )e "N( —'- )

+&1/3 "O(0+ )g) "O( —,
'

)

[&2/3 "F"(2+ ) "N( —' )

+&1/3 "O(2+)its "0(—,
' )]

[~2/3 F*(4+ )Ni isN( —
)

+&I/3 "O(4 )is "0(—,
' )]

4.39

6.02

6.02

6.98

6.98

7.92

8.10

8.10

10.55

12.56

12.56

14.14

14.14

3.06

3.84

4.55

5.38

5.94

5.70

7.76

9.15

11.08

12.47

13.00

14.23

14.72'
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ling configurations of the types Ne( J")C8
' C( —,

' ),

Ne(J )' C( —,
'

) (J =0+,2+,4+) and ' F(J )

C3
' N( —,

'
) (J =1+,3+,5+) give rise to the negative-

parity spectrum: ( —,
' ), ( —', ), ( —,

' ), ( —,'), ( —,'),
( —", ), where the superscripts indicate the number of
states that have the specified J . This calculated spec-
trum agrees well with the levels observed experimentally
below about 9 MeV. Our calculated energy of 8.10 MeV
for the first —", level agrees well with the experimental
energy of 7.76 MeV. States with J = —,', —,', —', , and

and with the dominant configurations
Ne(4+)IS' C( —,

'
) are predicted at about 12.32 MeV.

One of these states may correspond to a new narrow lev-
el (I (20 keV) that we observe in our spectra at
12.22+0.02 MeV. The fact that the calculated excita-
tion energies of many T = —,

' negative-parity states are
too high probably stems from our neglect of mixing of
the 4p-3h and 2p-1h weak-coupling configurations.

For T = —,
' negative-parity states below about 16 MeV,

our calculations indicate that only predominantly 2p-1h
weak-coupling configurations are important. Thus, the
low-lying T = —,

' negative-parity levels are expected to be
described better by the simple weak-coupling model than
the low-lying T = —,

' negative-parity levels. Indeed, Table
III shows that calculated and experimental excitation en-
ergies agree better for these levels. The level we observe
at 14.72+0.02 MeV with I =35+11 keV corresponds to
the first predicted —,

' level with T = —,'. This state was

reported first as a narrow level at 14.75 MeV in the low-
momentum-transfer electron-scattering experiment of
Rangacharyulu et al. A fitted spectrum from the
present experiment, which shows the —,'level at 14.23
MeV and the —', level at 14.72 MeV, is shown in Fig. 2

of Ref. 8.
We have observed that many features of the spectrum

of ' 0 can be described by the weak-coupling model.
Our discussion focused on isospin-stretched con-
figurations, since other configurations are thought to
provide a poorer description of most physical states. Fi-
nally, we note that various shell-model calculations,
which are discussed below, give similar structures for
many of the states discussed here. Ideally, shell-model
descriptions of these levels should consider
multiparticle-multihole configurations and include the
full p and s-d shells in the active model space.

V. RESULTS

A. Single-particle levels

The predominantly single-particle levels in ' 0 include
the —,

'+ ground state, the first —,
'+ level at 0.87 MeV, and

the first —,
'+ level at 5.09 MeV. These states, which are

discussed in the preceding section, have wave functions
that can be described in lowest approximation as a single
valence neutron coupled to an ' 0 core. Separated lon-
gitudinal and transverse form factors are shown in Figs.
4(a) and 4(b) for the 0.87-MeV level and in Figs. 4(c) and

4(d) for the 5.09-MeV level. The curves that pass
through the form factors in these figures were obtained
by phenomenological fits as described in Sec. III. Both
states were fitted simultaneously using the same value of
the oscillator constant, b =1.779+0.018 fm. The obser-
vation of large Coulomb transitions for both levels indi-
cates that protons from the ' 0 core participate in the
transitions.

1. The 0.87-Me V level

Only the C2 multipole contributes to the longitudinal
form factor for the 0.87-MeV level. As Fig. 4(a) shows,
its shape is well determined by the present measurements
up to the region of the second maximum. Both E2 and
M3 multipoles can contribute to the transverse form fac-
tor, which is shown in Fig. 4(b). The curve shown in
Fig. 4(b) shows the results of our best fit, which essen-
tially assumed dominance by the M3 component (see dis-
cussion below). For this level, we determined
8 (E2t) =2. 18+0.16 e fm, which implies a mean life-
time ~ =249+18 ps, in good agreement with the tabu-
lated average' of 258.6+2.6 ps.

2. The 5.09-Me V level

The 5.09-MeV level with J = —,
'+ is somewhat more

complicated to describe empirically than the 0.87-MeV
level, since additional multipoles can contribute. Our
analysis was complicated further because measurements
were confined to a more limited range of momentum
transfer (see Sec. III). Curves for both the C2 and C4
components of the longitudinal form factor are shown in
Fig. 4(c). The shape of the C2 component was assumed
to be the same as for the 0.87-MeV level. Our measure-
ments of the transverse form factor are shown in Fig.
4(d). Curves are not shown for its multipole com-
ponents, since there were insufficient measurements to
determine contributions from individual multipoles
unambiguously. The reduced transition probabilities
determined for this level were B (E2 t ) =2.05+0.20
e fm and B(E4t)=191+34e fm .

3. Discussion

The percentage of single-particle (lp-Oh) component in
the —,

'+ and —,
'+ levels of ' 0 has been calculated by

several authors. Using somewhat similar models, Brown
and Green (BG) and Birkholz and Beck (BB) obtain
78% and 65%%uo, respectively, for the 1p-Oh component in
the first —,

'+ level. Lower percentages of 42% and 61%,
respectively, result from the calculations of Zuker, Buck,
and McGrory (ZBM) and Reehal and Wildenthal '

(RW). The calculations of ZBM and RW are very simi-
lar to each other but are rather different than those of
BG and BB. Details of these models are reviewed in
Sec. V B4.

The 1d3/p orbital is not active in the models of ZBM
and RW, so their calculations do not predict a predom-
inantly single-particle —,

'+ state. The models of BCi and
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10-4 :laj
t

0.87 MeV 1/2

TABLE IV. Collective positive-parity states in ' 0 below
9.50 MeV. All spins, parities, excitation energies, and widths
(I & 10 keV) are from Ref. 1, except where otherwise noted.
An asterisk marks levels for which peaks were observed clearly
in the measured spectra.

LL
10

10

10

{bj

r/

r/

I.I

I/

i /t

5.09 MeV 3/2

E
(MeV)

5.87*

6.36

6.86*

7.20

7.38*

7.58*

7.96

8.07

8.34

8.40*

8.47

8.90

9.19*

3+
2

1+
2

5+
2

3 +
2

5+
2

7 +
2

1+
2

3 +
2

1+
2

5+
2

9+
2

3+
2

5+
2

r
(keV)

&10
124+ 12

&10
280+30

&10

&10
90+9
85+9

11.4+0.5

&10

&10
101+3

&10

Comments

Listed as ( —,
'

) in Ref. 1

Member of unresolved doublet

Listed in —,'in Ref. 1

Not observed in spectra

Listed in —+ in Ref. 1

Not observed in spectra

Member of unresolved doublet

10-'
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FIG. 5. Transverse form factors for the predominantly
single-particle states at (a) 0.87 MeV and (b) 5.09 MeV com-
pared with predictions of the single-particle shell model. The
curves were calculated with harmonic-oscillator wave functions
using the oscillator parameter b =1.80 fm. See the caption to
Fig. 4 for a description of the data points.

single-particle states, are almost completely longitudinal.
Form factors for the low-lying 0+, 2+, and 4+ states in
' 0 and ' 0 also have negligible transverse com-
ponents ' this fact is usually attributed to the collec-
tive natures of these states.

1. The levels at 5.87, 6.86, 7.58, 8.40, and 8.47MeV

Figures 6(a) —6(e) show the extracted longitudinal form
factors for the narrow levels in ' 0 at 5.87, 6.86, 7.58,
8.40, and 8.47 MeV, respectively. Curves in the figures
were obtained by fitting the form factors with contribu-
tions from CO and C2 multipoles; C4 contributions were
neglected. Monopole form factors for the collective —', +

levels in ' 0 were described by a single shape, which was
assumed to be similar to that for the 0+ level in ' 0 at
6.05 Me V. The C2 form factors for all collective
positive-parity levels in ' 0 also were described by a sin-

gle shape, which was determined by simultaneously
fitting the five levels at 5.87, 6.86, 7.58, 8.40, and 8.47
MeV. The E2 form factor was small and poorly deter-
mined. The value of the oscillator parameter for
describing these levels, b =1.856+0.052 fm, is somewhat
larger than that for describing the single-particle levels,
although both values are consistent with b = 1.80 fm.

The levels at 5.87 and 8.40 MeV are listed in Ref. 1 as
—', + and —,

'+ states, respectively. Since our measurements
reveal these levels to be excited primarily by electric
quadrupole transitions, we confirm their positive-parity
assignments.

a. The 6.86-MeV level. The spin and parity of the
level at 6.86 Me V were not established by previous
works, although a tentative J" assignment of —,

' was

proposed from a study of the ' N('He, p)' 0 reaction.
The q dependence of the measured form factor for this
level indicates that it is primarily an electric quadrupole
excitation; thus, its parity must be positive and its spin
must be between —,

' and —', . Form-factor measurements
for this level were fitted with a C2 contribution only
(X /datum =7.9) and with C2+ CO contributions
(X /datum =6.3). Thus, this level most likely has
J = —,

' + since its form factor seems to require a
significant monopole component. This assignment is of
interest because shell-model calculations predict a —,

'+
level near 6 or 7 MeV for which, previously, there had
been no viable experimental candidate.

b. The 7.58-MeV level. The level at 7.58 MeV is list-
ed in Ref. 1 as a —', state. Present form-factor measure-
ments for this level determine its parity to be positive,
however, since it is strongly excited by an electric quad-
rupole transition. The measured B(E2t) value for this
level is, in fact, larger than that of any other level except
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FIG. 6. Longitudinal form factors for (a) the —'+ state in "0 at 5.87 MeV, (b) the —,'state at 6.86 MeV, (c) the —',
+ state at 7.58

MeV, (d) the —'+ state at 8.40 MeV, and (e) the —+ state at 8.47 MeV. See the caption to Fig. 4 for a description of the data points.

the one at-8.47 MeV. The previous incorrect negative-
parity assignment for this level can be traced to a 1970
paper by Bethge, Pullen, and Middleton. These au-
thors observed the 7.58-MeV level in measurements of
the ' C( Li,d)' O and ' C( Li,t)' 0 reactions, but they
did not determine its spin or parity. Table I of Ref. 35
lists this level as a —', state and indicates that this J as-

signment is from a paper by Lister and Sayres, which
reported a spectroscopic study of ' 0 with the
' 0(n,n)' 0 reaction. The 7.58-MeV level, which has a
small neutron width (Ref. 37), was, in fact, not observed
by Lister and Sayres. (Instead, they assigned a level at
7.69 MeV to have J = —,'.) Our establishment of posi-
tive parity for the 7.58-MeV level explains why the low-q
form-factor measurements of Kim et al. seemed to indi-
cate an unusually large Cl component for this level,

when it was assumed to be a —', state.
The spin of the 7.58-MeV level was established to be

from an early study of the ' C(a,n)' 0 reaction.
Since this level is excited by an electric quadrupole tran-
sition, we may conclude that it has J"= —,'+ or —', +

~

Shell-model calculations by Reehal and Wildenthal '

predict the first two —',
+ levels at 6.77 and 8.40 MeV and

the first two —,'+ levels at 8.04 and 10.08 MeV. The state
at 8.47 MeV is the most probable candidate for the first
—', + level, since it has a larger B(E2t ) value than mea-

sured for any other state in ' O. We therefore conclude
that the most likely J" assignment for the state at 7.58
MeV is —,'+. Recall also that the weak-coupling-model
calculations discussed in the preceding section predict a
—', + state at 7.56 MeV.
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c. The 8.47-Me V level. The level at 8.47 MeV is listed
in Ref. 1 as a —,

'+ state. This assignment is based on the
work of Barnes, Belote, and Risser, who investigated
the spectroscopy of ' 0 through studies of the
' C(a, a)' C and ' C(a,n)' 0 reactions. Our preferred
assignment for this state is —,

'+. In the following discus-
sion, we review previous works to show that they are
consistent with this assignment.

The 8.47-Me V level is excited strongly in the
' C(a, a)' C reaction but weakly in the ' C(a,n)' 0 reac-
tion. Thus, I ~~t „, where I" and I „are the alpha-
particle and neutron partial widths and I =I +I „ is
the total width of the level. It was suggested in Ref. 39
that the 8.47-MeV level is excited by 1 =3 alpha parti-
cles, which implies that J = —,

'+ or —,'+. The spin assign-
ment of —,'was preferred because of the large magnitudes
of both the ' C(a, a)' C and ' C(a,n)' 0 cross sections,
which are proportional to (2J + 1)(I /I ) and
(2J+1)(I I „)' /I, respectively. On the other hand,
our preferred J assignment of —', + implies that this level

is excited by 1=5 alpha particles. It can be inferred
from Ref. 39 that all observed states were assumed to be
formed with 1(4. From Fig. 2 of Ref. 40, which was a
similar study at higher excitation energies, it can be seen
that the angular distribution expected for a —', + state
formed by 1 =5 alpha particles is almost identical to that
expected for a —', + state formed by 1 =3 alpha particles.
Thus, we conclude that a —', + assignment for the 8.47-
Me V level is consistent with existing data from the
' C(a, a)' C and ' C(a,n)' 0 reactions. A spin assign-
ment of —', also was proposed for this level from studies
of the ' C( Li,d)' 0 and ' C( Li,t)' 0 reactions, based on
the assumption that these reactions proceed by the
compound-nucleus mechanism. '

Our main basis for assigning the 8.47-MeV level to
have J"=—', + is its very large B (E2t ) value of 10.1+1.2
e fm . This value is more than twice as large as that
measured for any other level in ' O. In an oversimplified
model that assumes the positive-parity states in ' 0 arise
by "weakly" coupling a 1d»2 neutron to the first 2+
state of ' 0 at 6.92 MeV, the B(E2t ) value of a state in
' 0 with spin J is predicted to be (2J+1)/30 times the
B (E2t ) value of the 2+ state in ' 0. For the 6.92-MeV
level in ' 0, B(E2t)=38.9+0.2 e fm (Ref. 10). Thus,
this model predicts B (E2t)=13.0 e fm" for the —,'+ level

in ' 0, which agrees reasonably well with our measured
value for the 8.47-MeV level. Shell-model calculations
by Reehal and Wildenthal ' also predict the first —', + lev-

el to have a much larger B(E2&) value than any other
level in ' 0. Their predicted value of B (E2t) =8.2
e fm is also in reasonable agreement with our measured
value.

The present assignments for the levels at 5.87, 6.86,
7.58, and 8.47 MeV agree nicely with the predominantly
5p-4h rotational band predicted by the weak-coupling
model. Our conclusions regarding these states are sup-
ported also by the fact that these states are strongly pop-
ulated in the ' C( Li,p)' 0 reaction, which should pref-
erentially excite states that contain a large 5p-4h corn-
ponent.

10

7.38 MeV 5/2'
7.38 IHeV 5/2

10

10

10
10

10-4.-

9.18 IVleV 7/2
9.19 IVleV 5/2
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2. The levels at 7.38 and 9.19 MeV

The —,
'+ state at 7.379 MeV was not resolved in our

spectra from a narrow —,
' state at 7.382 MeV and the

—,
'+ state at 9.19 MeV was not resolved from a narrow

state at 9.18 MeV. Shown in Figs. 7(a) and 7(b), re-

spectively, are the longitudinal form factors for the dou-
blets at 7.38 and 9.19 MeV. Curves indicate the total
contributions from both levels of each doublet. The —', +

level at 7.38 MeV is excited primarily by a monopole
transition, whereas the —,

'+ level at 9.19 MeV is excited
primarily by an electric quadrupole transition. The pro-
cedure that was used to fit the negative-parity members
of both doublets is discussed in Sec. V C.

3. The levels at 6.36, 7.20, 7.96, 8.07, 8.34, and 8.90MeV

Figures 8(a) —8(d) show the extracted longitudinal
form factors for the relatively broad levels at 6.36, 7.20,
7.96, and 8.34 MeV, respectively. Results for these lev-
els should be interpreted with some caution since these
states are not easily visible in our measured spectra.
Furthermore, the measured form factors for these levels
are subject to rather large errors. Reliable form-factor

FIG. 7. Longitudinal form factors for (a) the —', + state in "0
at 7.379 MeV and the

z
state at 7.382 MeV, and (b) the —'+

state at 9.19 MeV and the
2 state at 9.18 MeV. See the cap-

tion to Fig. 4 for a description of the data points.
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10
- (a)

10-4.-

6.36 MeV 1/2 '
TABLE V. B(E2)) values (in e fm ) for positive-parity lev-

els in ' O. The present experimental results are compared with
the previous low-q electron-scattering measurements of Kim
et al. (Ref. 5) and with theoretical calculations using the
Reehal-Wildenthal (RW) interaction (Ref. 31). Predictions for
theoretical levels with an uncertain match with experiment are
enclosed in parentheses.
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E
(MeV) Kim et al.

Experiment
Present

work
Theory

RW

LL

1P —6

1 0 —3

: (b)

1P —4

10 6

10
~ (c)

10

7.20 MeV 3/2

7.96 MeV 1/2

0.87

5.09

5.87

6.36

6.86

7.20

7.38

7.58

7.96

8.34

8.40

8.47

9.19

1+
2

3 +
2

3 +
2

1+
2

5+
2

3 +
2

5+
2

7 +
2

1+
2

1+
2

5+
2
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2

5+
2

2.18+0.16

2.05+0.20

2.13+0.22

1.43+0.21

0.83+0.25

1.79+0.25

(0.8

4.20+0.51

2.00+0.38

0.48+0.07

2.10+0.34

10.05+ 1. 19

0.48+0. 16

2.10+0.01'

2.5 +0.7

2. 1 +1.3
1.9 +1.0

8.3 +2.6

2.72

3.40

(0.16)

0.01

(0.79)

(0.45)

2.85

(0.31)

(0.13)

(1 ~ 76)

8.21

(0.08)

1P -5
'Average of lifetime measurements (Ref. 1).

1.45+0.35 and 3.30+0.31 e fm, respectively, where

10
10

: (d) 8.34 MeV 1/2

10 4.—

10-'.—

10-'
0

qen (fry ')

FIG. 8. Longitudinal form factors for weakly excited states
in "O at (a) 6.36 MeV, (b) 7.20 MeV, (c) 7.96 MeV, and (d)
8.34 MeV. The levels at 6.36, 7.96, and 8.34 Me V have
J = 2+, whereas the level at 7.20 MeV has J"=—,

'+. See the

caption to Fig. 4 for a description of the data points.

measurements could not be obtained for the weakly ex-
cited broad levels at 8.07 and 8.90 MeV.

4. Discussion

Only two —,
'+ states, those at 6.86 and 7.38 MeV, were

found to be excited significantly by monopole transitions.
The monopole matrix elements (A. ) for the levels at 6.86
and 7.38 MeV were determined to have values of

= lim 36Z (Fco/q ) (14)

These values can be compared with W = 3.46+0. 18
e fm for the 0+ level in ' 0 at 6.05 MeV (Ref. 10).
Thus, the low-lying monopole strength for ' 0 is similar
to that for ' O. The level at 7.38 MeV contains about
84%%uo of the observed monopole strength for ' 0, whereas
the level at 6.86 MeV contains about 16% of the total
strength.

Extracted B (E2&) values for the collective and
single-particle positive-parity levels in ' 0 below 9.5
MeV are summarized in Table V. The total F2 strength
in a given nucleus can be estimated from the sum of
B (E2&) values. For ' 0, we obtain XB (E2t ) =29.7
+1.5 e fm, where the sum extends over all states up to
9 5 Me V. This is slightly less than the value of
XB(E2t)=38.9+0.2 e fm measured for ' 0 (Ref. 10).
Note that only the first 2+ state at 6.92 MeV contributes
to the sum for ' 0 in this energy range.

Table V also includes the B (E2t) values determined
from the low-q electron-scattering experiment of Kim
et al. Uncertainties in the values from the present
work are typically much smaller than those from Ref. 5.
Theoretical B (E2 1 ) values calculated with the shell-
model code oxBASH, using the interaction of Reehal
and Wildenthal, ' also are included in the table. It was
necessary to assume some correspondence between the
experimental and calculated energy levels in order to
compare the experimental and theoretical B (E2T )
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TABLE VI. The positive-parity spectrum of ' O. Experimental excitation energies are compared
with theoretical predictions by Reehal and Wildenthal (RW) (Ref. 31) and by Brown and Green (BG)
(Ref. 28). Experimental values are from Ref. 1. J assignments for levels marked with an asterisk are
from the present work. The RW wave functions are given also. Theoretical levels with an uncertain
match with experiment are enclosed in parentheses.

Excitation energy (MeV)
Expt. RW BG

Wave function (%)
5p-4h 3p-2h 1p-Oh

1+)

)2
1+
2

)3
1+
2

1+)
2

3+)
2

3+)
2

3+)
2

3+)
2

5+)
2

5+)

)32

5+)
2

7+)
2

1
9+)

0.87

6.36

7.96

8.34

5.09

5.87

7.20

8.07

0.00

6.86*

7.38

8.40

7.58

8.47

0.85

(6.75)

(9.13)

(9.56)

4.88

(7.17)

(7.86)

0.00

5.91

(7.64)

(9.72)

6.77

8.04

0.50

(5.70)

(6.53)

(10.75)

5.10

5.71

(6.48)

(7.42)

0.00

7.16

(7.55)

(8.70)

30

22

26

10

85

36

14

76

57

34

90

78

27

74

90

28

12

59

86

24

43

61

68

values. Such a correspondence is presented in Table VI,
which compares the experimental positive-parity levels
in ' 0 with theoretical predictions by Reehal and Wil-
denthal ' (RW) and by Brown and Green (BG). The
first —,

' +, —,
' +, and —,

' + states are mainly 1p-Oh

configurations; the second —,
'+ and —,

'+ states and first —', +

and —,'+ states are mainly 5p-4h configurations; the
second —,

'+ state is mainly a mixture of 3p-2h and 5p-4h
configurations.

Calculations similar to those of RW were performed
by Zuker, Buck, and McGrory (ZBM). In both calcu-
lations, ' 0 is described in terms of five nucleons moving
outside a ' C core. The model space includes all possible
configurations of five particles moving in the 1p»z,
1d5~2, and 2s, ~2 orbitals; the 1p3~2 and 1d3~2 orbitals are
ignored. Consequently, there is no theoretical level that
corresponds to the first —,

'+ single-particle level. Both
calculations treat the single-particle level spacings and
two-body matrix elements as free parameters that are
determined by fitting shell-model eigenvalues to a selec-
tion of experimental energy levels. The wave functions
for the theoretical levels at 4.88 MeV ( —', +), 5.91 MeV
( —,'+), 6.77 MeV ( —,'+), and 8.04 MeV ( —,

'+) are strongly
dominated by the predominantly 5p-4h weak-coupling
configurations 'Ne( J )

' C(0+ ), where 'Ne( J ) refers
to a state in the ground-state rotational band of 'Ne.
Thus, these shell-model calculations support the ex-
istence of a K = —,

'+ rotational band in ' 0 as described
in Sec. IV.

The early work of Brown and Careen describes
positive-parity levels in ' 0 in terms of a "coexistence
model. " Physical states are formed by mixing the usual
single-particle shell-model states with 3p-2h and 5p-4h

deformed states. Thus, unlike the calculations of ZBM
and RW, this model includes approximate contributions
from the full p and s-d shells.

C. Negative-parity levels

The known negative-parity levels in ' 0 below 9.50
MeV are listed in Table VII. Peaks were clearly ob-
served in the spectra for the levels at 3.06, 3.84, 4.55,
5.22, 5.38, 5.94, 6.97, 7 ~ 17, 7.69, 7.76, 8.90, and 8.97
MeV. Peaks for the strongly excited levels at 5.70 and
5.73 MeV were incompletely resolved and the negative-
parity levels at 7.38 and 9.18 MeV were not resolved
from the —', + levels at 7.38 and 9.19 MeV, respectively.

Form-factor measurements for the negative-parity lev-
els in ' 0 below 9.50 MeV were fitted with C1 and C3
components for the longitudinal form factors and with
E1, M2, E3, and M4 components for the transverse form
factors. The shapes of these components were con-
strained, in part, by fitting form-factor measurements' '"
for the first 1 level in ' 0 at 7.12 MeV, the first 2 lev-
el at 8.87 MeV, the first 3 level at 6.13 MeV, and the
isovector 4 level at 18.98 MeV. To obtain a good fit
for the 1 level, which has a significant transverse form
factor, it is necessary to vary more expansion coefficients
for the longitudinal component than are allowed if
single-nucleon transitions are confined to the p and s-d
shells. Thus, this level probably involves significant
transitions to orbitals in the p fshell. In the-
momentum-transfer range of this experiment, the E1
form factor for the 7.12-MeV level in ' 0 is larger than
the M2 form factor for the 8.87-MeV level. Measure-
ments for the first 3 level in ' 0 were used only to con-
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TABLE VII. Negative-parity states in ' 0 below 9.50 MeV.
All spins, parities, excitation energies, and widths (1 & 10 keV)
are from Ref. 1, except where otherwise noted. An asterisk
marks levels for which peaks were observed clearly in the mea-
sured spectra.

E
(MeV)

r
(keV) Comments

3.06*

3.84*

4.55*

5.22*

5 ~
38*

5.70*

5.73*

5.94*

6.97

7.17*

7.38*

7.56

7.69*

7.76

7.99

8.20

8.50

8.69

8.90'*

8.97*

9.15

9.15

9.18

9.42

9.49

1—
2
5—
2
3—
2

9—
2
3—
2
7—
2

1—
2

5—
2
5—
2
3—
2
7—
2

ll—
2
1—
2

3—
2
5—
2
3—
2

7—
2
1—
2
9—
2
7—
2
3—
2
5—
2

& 10

& 10

40+5

&10
28+7

&10

&10
32+3

&10

&10

&10
500+50

14.4+0.3

&10
270+30

60

&10
55.3+0.6

&20
26+2

& 10

& 10

&10
120

15+1

Listed as ( —, ) in Ref. 1

Listed as ( —,
'+) in Ref. 1

Member of unresolved doublet

Not observed in spectra

Not listed in Ref. 1

Member of unresolved doublet

Member of unresolved doublet

Member of unresolved doublet

'The level we observe at 8.90+0.02 MeV with I &20 keV is
probably the level reported in Ref. 39 at 8.884 MeV with I =8
keV (see text).

strain the magnitude of the E3 form factor, which is
small, and were not used to constrain the shape of the
C3 form factor in ' O.

Values of the oscillator parameter for describing tran-
sitions in ' 0 were not assumed a priori to be the same
as for describing similar transitions in ' 0, except for
M4 transitions. The value of the oscillator parameter
for describing M2, C3, and E3 form factors in ' 0 was
determined to be 1.818+0.002 fm by simultaneously
fitting the levels at 3.06, 5.22, 5.94, 7.76, and 9.15 MeV.
These levels cannot be excited by E1 transitions since
they have J" assig~~e~ts of —,', —,', or —", . Next, the
value of the oscillator parameter for describing C1 and
El form factors was determined to be 1.759+0.018 fm

by simultaneously fitting the levels at 3.84, 4.55, 5.38,
and 5.70 MeV, which have $" assignments of —', , —,', or

The value of the oscillator parameter for M4 form
factors in ' 0 was assumed to be the same (1.58 fm) as
for the 18.98-MeV 4 level in ' 0 (Ref. 11). We ignored
possible M4 transitions in all low-lying levels except
those with J = —,

' or —", . They were considered for
these levels because a significant transverse form factor
was measured for the —", level at 7.76 MeV that cannot
be attributed to El or M2 transitions. Further discus-
sion of M4 transitions in ' 0 can be found in Refs. 8 and
45.

1. The levels with J g z, and '2

We consider here the levels at 3.06, 5.22, 5.94, 7.76,
8.90, and 9.15 MeV. The levels in ' 0 with J
and —", are of special interest because their form factors
can easily be described empirically: only a C3 com-
ponent should contribute appreciably to their longitudi-
nal form factors. In contrast, levels with J
and —, can be excited by electric dipole transitions and
should have longitudinal form factors dominated by C3
and C1 components.

The levels at 3.06 and 5.94 MeV are known' to have
J"=—,

' . Form factors for these levels are shown in Fig.
9. Both states have significant transverse form factors
that are ascribed mainly to M2 transitions. The ZBM
wave function for the first —,

' level is dominated by the
Ne(0+)S' C( —,

'
) and ' 0(0+)' 0( —,

'
) weak-

coupling configurations, whereas the ZBM wave func-
tion for the second —,

' level is dominated by the
[' F(1+) ' N( —,

' )], configuration. Thus, the first

level in ' 0 can be described approximately by the
wave function ip i&z

' 0(oz+ ), where ' 0(02+ ) denotes
the predominantly 4p-4h state in ' 0 at 6.05 MeV.

The narrow levels at 7.76 and 9.15 MeV were first ob-
served as selectively excited states in the ' N(a, d)' 0 re-
action. Both levels also are populated strongly in the
' N( He, p)' 0 reaction. Wave functions for these lev-
els are probably dominated by the predominantly 2p-1h
configurations [' F(5+)' N( —,

' )], where J =—,'or
The authors of Ref. 46 assumed that the level at

7.76 MeV had J = —", because of its larger cross sec-
tion in the "N(a,d)' 0 reaction and because shell-model
calculations predict the —", state to lie lower in energy
than the —,

' state. Neither level is observed in ' C+a
or ' 0+ n reactions. In the present work, the level at
9.15 MeV was not resolved from a narrow —,

' level at
9.15 MeV, which has been seen in the ' C(a, a)' C and
' C(a,n)' 0 reactions.

The narrow level at 5.22 MeV is a strong resonance in
the ' N(a, p)' 0 reaction and was suggested to have
J"=—,", —,', or —", based on the assumption that the reac-
tion proceeds by the compound-nucleus mechanism.
This state often is regarded as a strong candidate for the
first —', level, which several shell-model calculations pre-
dict to lie near 5 MeV. It has not been observed in the
' C+a or ' 0+ n reactions.

The level at 8.90 MeV is not included in the compila-
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FIG. 9. The (a) longitudinal and (b) transverse form factors for the
~

state in "0 at 3.06 MeV, and the (c) longitudinal and (d)

transverse form factors for the —' state at 5.94 MeV. See the caption to Fig. 4 for a description of the data points.

tion of Ref. 1, although it is listed in an earlier (1971)
version as a —,

' state at 8.87 MeV. Our electron-
scattering measurements for this state determine
E =8.90+0.02 and I (20 keV. This state is probably
the narrow level ( I „b= 8 keV) observed by Barnes,
Belote, and Risser at 8.884 MeV in the ' C(a, a)' C re-
action. Since the level is not seen in the ' C(a,n)' 0 or
' O(n, n)' 0 reactions, it must have I =I . Further-
more, since the state is excited by I =4 alpha particles, it
must have J = —,

' or —,
' . The authors of Ref. 39 as-

signed the level, rather arbitrarily, to have J = —', . Al-
though the present measurements do not exclude this as-
signment, we prefer a —', assignment for the level based,
in part, upon shell-model arguments. We will return to
this point in Sec. VC2c.

The present experiment confirms the low-q work of
Kim et al. in determining the levels at 5.22 and 7.76
MeV to be excited more strongly by electric octupole
transitions than any other levels in ' O. Therefore, these
levels must have negative parity and spins between —,

' and
Shell-model calculations predict only two levels in

' 0 to have E3 strengths comparable to those measured
for the levels at 5.22 and 7.76 MeV. One of the levels
should be an —", state with a large
[' F(5+)' N( —,

' )]„component in its wave func-

tion; the other level should be a —', state with a large
[ O(4+)S ' 0( —,

'
)]9&2 component. Hence, we confirm

that the levels at 7.76 and 9.15 MeV have J = —", and

, respectively. This follows since the same —", level

that is excited strongly by an octupole transition in elec-
tron scattering must be one of the two levels selectively
excited in the ' N(a, d)' 0 reaction. Furthermore, we
conclude that the level at 5.22 MeV must be the first —',
state, which has a large [' O(4+)s' 0( —,

' )) com-

po11ent in its wave function.
The longitudinal form factor for the —,'level at 5.22

MeV is shown in Fig. 10(a). Our B(F3t) value for this
level is larger than that measured for any other level in
' O. Figure 10(b) shows the extracted transverse form
factor for the unresolved, weakly excited —', , —,

' doublet
at 9.15 MeV. Contributions from the M2, M4, and E3
components are not well determined; however, any M4
component must be associated strictly with the —', level.
The longitudinal form factor must be small, since a peak
for the doublet was observed more clearly in spectra
measured at 160 than at 90'. Figure 10(c) shows the ex-
tracted longitudinal form factor for the ( —', ) level at
8.90 MeV. Uncertainties in the form factor are fairly
large because this level is excited weakly. The longitudi-
nal form factor for the —", level at 7.76 MeV is shown
in Fig. 10(d). The fact that the large well-measured lon-
gitudinal form factors for the levels at 5.22 and 7.76
MeV are described very well by a single shape for the C3
component provides partial justification of our fitting
procedure. Figure 10(e) shows the transverse form fac-
tor for the 7.76-MeV level. Its magnitude and shape are
consistent with a significant M4 component; however, a
significant E3 component is possible also.
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FIG. 10. (a) The longitudinal form factor for the — state in "0 at 5.22 MeV, (b) the transverse form factor for the unresolved

doublet at 9.15 MeV, (c) the longitudinal form factor for the ( — ) state at 8.90 MeV, and (d) the longitudinal and (e) trans-

verse form factors for the —", state at 7.76 MeV. See the caption to Fig. 4 for a description of the data points.

2. The levels with J = ~, 2, and 2

The levels considered here are the —,
' states at 4.55,

5.38, 7.56, 8.20, 8.69, and 9.42 MeV, the —,
' states at

3.84, 5.73, 7.17, 7.38, 8.50, and 9.49 MeV, and the —',
states at 5.70, 6.97, 7.69, 8.97, and 9.18 MeV. Levels in
' 0 with J =—', , —,', and —', can be excited by electric
dipole as well as by electric octupole transitions. The Cl
component in the longitudinal form factor, which peaks
at a lo~er momentum transfer than the C3 component,
was determined by the deviation from the shape expect-
ed for a pure C3 transition. For most levels, the C1
component is fairly small and not well determined.

a. The —', levels. Strong peaks were seen clearly in
the measured spectra for the first two —', states at 4.55
and 5.38 MeV. Peaks for the weakly excited —,

' states

at 7.56, 8.20, 8.69, and 9.42 MeV were not visually obvi-
ous, although an eA'ort was made to extract their cross
sections by line-shape fitting. The longitudinal form fac-
tors extracted for the levels at 4.55, 5.38, 7.56, 8.20,
8.69, and 9.42 MeV are shown in Figs. 11(a)—11(A, re-
spectively. Since form factors for the weakly excited lev-
els at 8.20 and 8.69 MeV were not well measured, they
were fitted ignoring possible contributions from electric
dipole transitions.

The shape of the longitudinal form factor for the first
state at 4.55 MeV suggests a strong C1 component.

In contrast, the shape for the second —,
' state at 5.38

MeV suggests dominance by the C3 component. The
8 (E3t } value determined for the 4.SS-MeV level in the
present work is 20+12 e fm, which is considerably less
than the value of 98+8 e fm determined by the low-q
electron-scattering measurements of Kim et al. The



36 HIGH-RESOLUTION INELASTIC ELECTRON SCATTERING FROM ' 0 1717

4.55 MeV 3/2 8 ~ 20 MeV 3/2

10-4.— 10-4.—

10-5 10

10-'
10

- (b)
5.38 MeV 3/2

10-'
10

: (e)
8.69 MeV 3/2

10-4.- 10-4.—

10- '.— 10-';

10-6)
10

- (c)
7.56 MeV 3/2

10-eI
10

: (&)
9.42 MeV 3/2

10 10 -4.-

10- '.- 10

10-6
0

eff (fm )

10

q~ff (fm ')

FIG. 11. Longitudinal form factors for the —' states in "0 at (a) 4.55 MeV, (b) 5.38 MeV, (c) 7.56 MeV, (d) 8.20 MeV, (e) 8.69
MeV, and (f) 9.42 MeV. See the caption to Fig. 4 for a description of the data points.

discrepancy stems from the fact that Kim et al. assumed
their low-q measurements to be dominated by a C3 com-
ponent, whereas our work suggests that they are prob-
ably dominated by a C1 component.

The ZBM wave functions for the first two —,
' levels

contain strong admixtures of several predominantly 4p-
3h and 2p-1h weak-coupling configurations. Experimen-
tally, a large cross section is observed for the 4.55-MeV
level in the ' C( Li,d)' 0 reaction, whereas a large
cross section is observed for the 5.38-MeV level in the
' O(d, t)' O reaction. Thus, the level at 4.55 MeV is ex-
pected to have a predominantly 4p-3h composition,
whereas the level at 5.38 MeV is expected to have a
predominantly 2p-1h composition. Several shell-model
calculations predict a strong [' F(1+ ) ' N( —,

' )]
component for the 5.38-MeV level. The fact that the
5.38-MeV level is excited strongly in the ' O(d, t)' 0 re-
action suggests that the ' O(0+)Cg ' 0( —,

'
) configuration

is also a significant component in its wave function.

The extracted longitudinal form factors for the broad
states at 7.56 MeV (I =500 keV) and 9.42 MeV

(I =120 keV) apparently have significant Cl com-
ponents, as does the form factor for the first —,

' state.
Our results for these two broad states should be inter-
preted with caution, however, since measurements for
broad states generally are subject to greater uncertainties
than those for narrower states.

b. The —,
' levels. Longitudinal form factors for the

levels at 3.84, 5.73, 7.17, 8.50, and 9.49 MeV are
shown in Figs. 12(a) —12(e), respectively. The extracted
longitudinal form factor for the —,

' level at 7.38 MeV is
shown in Fig. 7(a). This level, as discussed previously,
was not resolved from a nearby —,

'+ level. The level at
5.73 MeV, which we identify tentatively to have J
was resolved only partially from a —,'level at 5.70 MeV.
Both levels are excited with about equal strength. Sharp
peaks were observed clearly for the isolated —,

' levels at
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3.84 and 7.17 MeV. The level at 8.50 MeV appears in
our spectra as a weak shoulder on the strong peak for
the positive-parity level at 8.47 MeV. The level at 9.49
MeV is excited weakly and its form factor was not well
measured.

The longitudinal form factor for the first —,
' state at

3.84 MeV was measured particularly well in the present
experiment. As shown in Fig. 12(a), it is dominated by a
C3 component, although a significant C1 component is
suggested by the enhancement near 1 fm '. The ZBM
wave function for this level is primarily a mixture of
the Ne(2+)' C( —,

'
) and ' 0(2+)' 0( —,

'
) weak-

coupling configurations. Thus, the first —', and —,
' lev-

els in ' 0 can be described approximately by the wave
functions [Ipl&z' 0(2+)], where J = —', or —', and
' 0(2+ ) denotes the predominantly 4p-4h state in ' 0 at
6.92 MeV.

In the present experiment, the form factor for the lev-
el at 5.73 MeV was measured accurately between 0.8 and

1.9 fm '. This level was not resolved from the —,'level
at 5.70 MeV in the early electron-scattering experiment
of Kim et a1. Previous spectroscopic studies of ' 0
have been unable to determine either its spin or parity
because of similar problems with low energy resolution.
The longitudinal form factor [Fig. 12(b)] for this state is
dominated by a C3 component; there is no measureable
Cl component. We conclude that the level has negative
parity and a spin between —,

' and —", . The large B (E3&)
value of 134+21 e fm for this level suggests J) —,

' and,
since shell-model calculations do not predict a low-lying

or —", state that could correspond to this level, the
most likely J assignment is —,

' or —', . We prefer a ten-
tative J = —', assignment for this level, since it is a good
candidate for the second —,

' level that shell-model calcu-
lations predict near 6 MeV (see Table VIII).

Measurements for the —,
' states at 7.17 and 8.50 MeV

seem to indicate large C1 components in their longitudi-

10
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FI~. 12. &ongitudinal form factors for the —' states in ' 0 at (a) 3.84 MeV, (b) 5.73 MeV, (c) 7.17 MeV, (d) 8.50 MeV, and (e)

9.49 MeV. See the caption to Fig. 4 for a description of the data points.
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TABLE VIII. The negative-parity spectrum of ' O. Experimental excitation energies are compared
with theoretical predictions by Reehal and Wildenthal (RW) (Ref. 31) and by Ellis and Engeland (EE)
(Ref. 30). Experimental values are from Ref. 1. J" assignments for levels marked with an asterisk are
from the present work. The RW wave functions are given also, Theoretical levels with an uncertain
match with experiment are enclosed in parentheses.

Excitation energy (MeV)
Expt. RW EE

Wave function (%)
4p-3h 2p-1h

),

)2

)

)4

3 —
)2

),

)3

)4

5 —
)2

)p

)

)

7 —
)2

),

)3

)4

9 —
)2

)

)

11 —
)

3.06

5.94

7.99

9.15

4.55

5.38

7.56

8.20

3.84

(5.73)

7.17

7.38

5.70

(6.97)*

7.69

8.97

5.22*

(8.90)*

9.15

7.76

3.27

6.21

(7.53)

(8.54)

4.62

5.80

(7.74)

(8.37)

3.67

(6.27)

(7.85)

(7.19)

6.02

(8.08)

(8.45)

(9.44)

5 ~ 39

(9.34)

8.08

7.23

3.1

6.3

(7.4)

(7.9)

(5.0)

(6.1)

(8.3)

(9.4)

5.2

(7.5)

(8.1)

(8.7)

6.4

(8.2)

(9.44)

6.7

9.1

7.3

75

29

59

35

38

51

47

49

33

24

41

43

83

31

95

23

23

25

65

71

55

41

65

62

49

53

53

51

67

76

59

57

17

69

77

77

nal form factors. The longitudinal form factor for the
8.50-MeV level, in particular, seems to be dominated by
the Cl component. These results again must be inter-
preted with caution, since the measured form factors for
these levels have fairly large uncertainties. Form factors
for the levels at 7.38 and 9.49 MeV were fitted ignoring
possible contributions from dipole transitions. Hence,
the B(E3t) values extracted for these levels should be
regarded as upper limits.

c. The
~ levels. Longitudinal form factors for the

levels at 5.70, 6.97, 7.69, and 8.97 MeV are shown in

Figs. 13(a)—13(d), respectively. The extracted longitudi-
nal form factor for the —,

' level at 9.18 MeV is shown in

Fig. 7(b). This level was not resolved from the —,
'+ state

at 9.19 MeV. We tentatively assign J"=—', to the level
at 6.97 MeV. The spins and parities of the levels at 5 ~ 70,
7.69, and 8.97 MeV were established from early studies
of the ' 0 + n and ' C + a reactions.

The longitudinal form factors for the —,'states at
5.70, 6.97, 7.69, and 8.97 MeV are dominated by C3
components, although significant Cl components seem
to be indicated for the levels at 6.97 and 8.97 MeV. Pos-
sible dipole contributions were ignored for the —,

' level
at 9.18 MeV.

The ZBM wave functions for the first —', level (5.70

MeV) and the third —,
' level (7.17 or 7.38 MeV) are

dominated by the predominantly 2p-lh weak-coupling
configuration [' F(3+ ) "N( —,

' )], where J"=—,'or
Shell-model calculations by Ellis and Engeland

and Millener" predict a similar structure for the first —',

state. The ZBM wave functions for the fourth —,'level
(8.97 MeV?) and the third —', level (8.90 MeV?) are simi-

larly dominated by the predominantly 4p-3h weak-
coupling configuration [ Ne(4+ ) ' C( —,

' )], where

J = —,
' or —,'. Thus, the levels in ' 0 at 8.97 and 8.90

MeV are candidates for states that can be described ap-
proximately by the configurations [lp &

&2cg
' O(4+ )]J,

where '60(4+) denotes the predominantly 4p-4h state in
' 0 at 10.36 MeV and J"=—,

' or —', . If the level at
8.90 MeV has J"=—', , as suggested by the authors of
Ref. 39, then it is dificult to match it with one of the
theoretical levels calculated by ZBM. It should be not-
ed that the ZBM model is quite successful at predicting
excitation energies. If, on the other hand, the level at
8.90 MeV has J =—', , which is our preferred assign-
ment, then it probably corresponds to the third ZBM
level at 9.03 MeV. The large Ne(4+)S' C( —,

'
) com-

ponent in the wave function of that state also overs a
possible explanation for the large cross section of the
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state near 7 or 8 MeV, which may correspond to the
6.97-MeV level or the known —,'level at 7.69 MeV. In
a study of the ' N( He, p)' 0 reaction, it was
discovered than the measured angular distribution for
the 7.69-MeV level could be described by the ZBM wave
function for the third, but not the second, theoretical

level. These results suggest that the 6.97-MeV is a

good candidate for the second —,'level predicted by the
ZBM model. Since the level at 5.73 MeV is our pre-
ferred candidate for the second —', level, we tentatively

assign J =—,'to the level at 6.97 MeV.

3. Discussion

10

10 4.—

10-'(
10

I (c)
7.69 MeV 7/2

10 4.—

8.97 MeV 7/2

10 -4

10-5
0

q~gg (fm I

FIG. 13. Longitudinal form factors for the — states in ' 0
at (a) 5.70 MeV, (b) 6.97 MeV, (c) 7.69 MeV, and (d) 8.97 MeV.
See the caption to Fig. 4 for a description of the data points.

8.90-MeV level in the ' C(a, a)' C reaction.
The spin and parity of the level at 6.97 MeV were not

established from prior experiments. A tentative J as-
signment of —,

'+ was suggested, however, from a study of
the ' N( He, p)' 0 reaction. A spin of —,

' also was sug-

gested from studies of the ' C( Li,d)' 0 and
' C( Li,t)' 0 reactions, where it was assumed that these
reactions proceed by the compound-nucleus mecha-
nism. ' The present work suggests strongly that the
6.97-MeV level is excited by electric octupole and dipole
transitions, which implies that it has J = —,', —,', or —,'
Experimental candidates exist for all of the low-lying —,

'

states predicted by shell-model calculations. However,
the 6.97-MeV level is clearly a candidate for the second

state predicted near 5 MeV, which we have discussed
already. Shell-model calculations also predict a second

The experimental negative-parity spectrum of ' 0
below 9.5 MeV is compared in Table VIII with theoreti-
cal calculations by Reehal and Wildenthal ' (RW) and
by Ellis and Engeland (EE). The calculations by RW,
which have been discussed already, are similar to those
of ZBM (Ref. 29) and Bobker. Calculations by EE
were performed within the framework of a weak-
coupling model restricted to the p and s-d shells. In
their model, negative-parity particle-hole configurations
lying above 9 MeV were neglected and wave functions
were restricted to have a maximum of five components.
While still an approximate treatment, the EE model al-
lows for particles and holes in the 1p3/p and 1d3/p orbit-
als, which are not active in calculations by Bobker,
ZBM, and RW. General agreement with experiment
among the various theoretical calculations is quite
reasonable. We have not attempted to compare experi-
mental energy levels with the predictions of theoretical
calculations ' that are restricted to 2p-1h
configurations, since there is ample experimental and
theoretical evidence to indicate the importance of 4p-3h
configurations in the low-lying negative-parity states.

Knowledge of the theoretical wave functions often is
required to match the theoretical and experimental ener-

gy levels. In several cases where levels with the same J"
lie near in energy (less than about 2 MeV), the ordering
of theoretical levels may be inverted relative to the ex-
perimental levels. We have attempted in our discussion
to indicate some cases where such level inversions may
occur.

In Table IX we compare experimental 8 (E3t) values
determined by the present experiment with those deter-
mined by the low-q electron-scattering experiment of
Kim et aI. The value of the oscillator parameter in
Ref. 5, b =1.83+0.10 fm, is in good agreement with the
value b =1.818+0.002 fm, determined for octupole exci-
tations in the present work. Uncertainties are smaller
than in Ref. 5 for several of the levels studied in both ex-
periments. The average agreement between this work
and Ref. 5 is only about 40%%uo, however, which is much
poorer than would be expected from the quoted experi-
mental uncertainties. An inspection of Table IX reveals
that the B(E31') values determined in the present work
are systematically lower than those in Ref. 5. The
disagreement can be attributed, in part, to the absence of
E1 strength in Ref. 5. The similarity in shapes of the Cl
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TABLE IX. B(E3&) values (in e fm ) for negative-parity levels in "O. The present experimental
results are compared with the previous low-q electron-scattering measurements of Kim et al. (Ref. 5)
and with theoretical predictions calculated with the models of Reehal and Wildenthal (RW) (Ref. 31)
and Millener (Ref. 45). Predictions for theoretical levels with an uncertain match with experiment are
enclosed in parentheses.

E (Me V)
Experiment

Present work Kim et al.
Theory

RW Millener

3.06

3.84

4.55

5.22

5.38

5.70

5.73

5.94

6.97

7.17

7.38

7.56

7.69

7.76

8.20

8.50

8.69

8.90

8.97

9.15

9.15

9.18

9.42

9.49

1—
2
5—
2
3—
2
9—
2
3—
2
7—
2

1—
2

5—
2
5—
2
3—
2
7—
2
11—
2
3—
2
5—
2
3—
2

7—
2
1—
2
9—
2
7—
2
3—
2
5—
2

14.1+3.9
93.0+8.3

20 +12
319 +13
47.9+4.3

97.0+6.5

134 +21

25.3+5. 1

75.5+5.6
11.1+2.9
36.9+2.4

&15
33.9+4.9

287 +14
11.0+1.3

&7

5.2+ 1.2

13.3+2.3

36.3+4. 1

&2.3

2.4+ 1.0

17.6+4.8

6.5+ 1.0

31+6
153+6
98+8

360+11
45+12

270+32

17+10

147+34

22+25

47+38

369+15

83

27

337

49

117

(97)

16

(16)

( &1)
(10)

(20)

(1)

314

( &1)
(1)

( &1)
(8)

(27)

(3)

&1

46

324

50

131

(61)

(78)

(101)

290

and C3 form factors cause difficulty in separating contri-
butions from these multipoles. Reliable extraction of the
C1 component requires measurements, with high statis-
tics, of the form factor at momentum transfers near the
photon point.

The reliability of our B (E3t ) values for ' 0 can be es-
timated by using the polynomial-times-Gaussian approx-
imation [Eq. (9)] to fit recent form-factor measurements
of Buti et al. ' for the first 3 level in ' 0 at 6.13 MeV.
The resulting B (E3&) value agrees to within 10%%uo with
the model-independent value in Ref. 10, which was ob-
tained by including additional low-q measurements in
the fit.

The total E3 strength for ' 0 measured in Ref. 5 (see
Table IX) is XB (E3 t ) = 1559+70 e fm, where the sum
extends over all states up to 8 MeV. In the same region
the present experiment determines XB (E3 & ) = 1400+34
e fm, whereas if the integration region is extended to
9.5 MeV, we obtain XB(E3t)=1619+35 e fm . To
compare with ' 0, we note that B(E3&)=1411+28
e fm for the first 3 state in ' 0 at 6.13 MeV (Ref. 10),

which is the only low-lying 3 state in ' 0. We con-
clude that, while ' 0 and ' 0 have comparable E3
strengths, there may be as much as 15% more low-lying
E3 strength for ' 0 than for ' 0.

Table IX also compares the experimental B (E3t )

values with theoretical predictions calculated with the
shell-model code oxBASH, using the Reehal-Wildenthal
(RW) interaction as described in Ref. 31, and with
Millener's model, which includes all possible 2p-1h
configurations within a 1k' basis. The theoretical
B(E3t) values labeled "Millener" in Table IX were cal-
culated from the isoscalar and isovector matrix elements
in Ref. 45. We used an oscillator parameter of b =1.818
fm, which was determined from our electron-scattering
measurements, and polarization charges of 6 =0 and
5"=0.42, where 5„" and 6" describe the polarization of
core protons by valence protons and neutrons, respec-
tively. Both sets of theoretical B (E3t) values general-
ly agree very well with the results of the present experi-
ment. Since the first —', level at 5.22 MeV and the first

level at 7.76 MeV are believed to be dominated by
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TABLE X. States in ' O between 9.5 and 15 MeV. All
spins, parities, excitation energies, and widths (I & 10 keV) are
from Ref. 1, except where otherwise noted. An asterisk marks
levels with T = 2.

E
(MeV)

r
(keV) Comments

9.71

9.86

9.88

11.04

11.08*

12.22

12.47*

12.94*

13.00*

13.58

14.23*

14.45

14.72*

7 +
2

( —,
'

)

1—
2

1 +
2
5—
2

7—
2

9—
2

23.1+0.3
&10

16.7+ 1.7

31 +3
& 10

&20
&10

&10

&10

68 +19
20.5+ 1.6

40 +6
35 +11

Unresolved doublet

Unresolved doublet

Not listed in Ref. 1

Unresolved doublet

Width from present work

Listed as ( —', ) in Ref. 1

Not listed in Ref. 1

2p-1h configurations, it is particularly gratifying that our
experimental results for these levels are reproduced by
Millener's model. It should be noted, however, that
5 &6" is required in order for this model to reproduce

P P
the slightly smaller B (E3t) value of the —", level. The
principal cases of strong disagreement between the two

theoretical calculations are for the second and third —,'
levels. Measured B(E31) values of the corresponding
experimental levels do not agree better with one calcula-
tion than the other.

The measured transverse form factors for the
negative-parity states in ' 0 are generally small and typi-
cally have large uncertainties in both this work and in
Ref. 5. Transverse form factors of the —,

' level at 3.06
and 5.94 MeV (see Fig. 9) are expected to be dominated
by M2 components. In addition to these two —,

' levels,
several states with J"=—,

' and —,', and —', appear to
have significant M2 strength. The levels at 5.70 and 7.38
MeV, in particular, appear to have large M2 form fac-
tors. Unfortunately, credible B (M21 ) and B (El 1 )

values could not be extracted due to lack of high-
statistics data at sufficiently low momentum transfers.

D. The levels between 9.5 and 15 MeV

Table X lists the levels in ' 0 between 9.5 and 15
MeV for which peaks were observed clearly in the mea-
sured spectra. Several of these levels are evident in Fig.
14, which show a Be' 0 spectrum measured at 90' for
an incident energy of 268.8 MeV. Particularly obvious
are the predominantly 2p-1h states with T = —,

' at 12.47
MeV ( —,

' ), 13.00 MeV ( —,'), 14.23 MeV ( —', ), and 14.72
MeV ( —', ), and the narrow state at 12.22 MeV, which
has not been reported previously. Shown in Fig. 15 are
total form-factor measurements for the levels we ob-
served at (a) 9.71 MeV, (b) 9.86 and 9.88 MeV, (c) 11.04

104—

' 0 {13.00}

0 {12.47}~

0 (8.90} 0 (12.22}~,'~ 2}—

0 (8.97}

10 12

Excitation energy (MeV}

I

14 16

FIG. 14. Part of a fitted electron spectrum for 'Be' 0 measured at 0=90 for EO =268.8 MeV. The curves show the results of
both the overall fit and contributions from individual peaks. Note, particularly, the new state at 12.22 MeV and the T = —' states at
12.47, 13.00, 14.23, and 14.72 MeV. The broad peak near 10.5 MeV is a state in Be.
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and 11.08 MeV, (d) 12.22 MeV, (e) 12.47 MeV, (f) 12.94
and 13.00 MeV, (g) 13.58 MeV, (h) 14.23 MeV, (i) 14.45
MeV, and (j) 14.72 MeV. Total form-factor measure-
ments at 90 and 160 are displayed as solid circles and
squares, respectively. Measurements in this excitation
region were too sparse to separate longitudinal and

transverse components except at a few values of momen-
tum transfer.

The level at 9.71 MeV is listed in Ref. 1 as a —',
+ state.

This J" assignment was determined from a study of the
' C(a, a)' C and ' C(a,n)' 0 reactions. Present
electron-scattering measurements for this state [Fig.

1O-4.-

1O-"

~ 90
~ 160'

9.71 IVleV 7/2
10

: (f)

10

10 4.-

12.94 MeV 1/2
13.00 MeV 5/2

CV

LL

10
- (b)

10

9.86 MeV (5/2 )
9.88 MeV (1/2 )

10 —5

10
- (g)

t
'I

13.58 MeV {11/2 )

1O-'
'IO

- (c)

10

11.04 MeV
11.08 MeV 1/2

10-4:-

10-5
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(h)
14.23 MeV (7/2 )

10-4.— 10

1O-' 10- '.-

12.22 MeV

10-'
10

14.45 IVleV

10
(e) 12.47 MeV 3/2

10

LL

10 10-2
- (j) 14.72 MeV (9/2 )

1O-4.— 10
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0

qetr (fm ')

l

2
10 —4

0
q gg(fm )

FIG. 15. Total form factors for the states in ' 0 at (a) 9.71 MeV, (b) 9.86 and 9.88 MeV, (c) 11.04 and 11.08 MeV, (d) 12.22
MeV, (e) 12.47 MeV, (f) 12.94 and 13.00 MeV, (g) 13.58 MeV, (h) 14.23 MeV, (i) 14.45 MeV, and (j) 14.72 MeV. Measurements at
90' and 160' are shown as solid circles and squares, respectively.
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15(a)] indicate that its transverse form factor is small. If
its positive-parity assignment is correct, then its form
factor is probably dominated by a strong C4 component.
It should be noted that significant E4 strength is not ex-
pected in ' 0 at excitation energies below about 9.5
MeV.

The unresolved levels at 9.86 and 9 ~ 88 MeV have ten-
tative J" assignments of —,

' and —,', respectively, which
were suggested by a high-resolution study of the
' 0(n, n)' 0 reaction. Our electron-scattering measure-
ments for this doublet [Fig. 15(b)] indicate a significant
transverse form factor.

The unresolved levels at 11.04 and 11.08 MeV have
T = —,

' and —', , respectively. The spin and parity of the
11.04-MeV state are unknown. However, J for the
11.08-MeV state, which is the first level in ' 0 to have
T = —,', is well established to be —, . As indicated in

Table III, this level is dominated by the predominantly
2p-lh weak-coupling configuration ' 0(0+ )S ' 0( —,

' ).
Figure 15(c) indicates that, within experimental uncer-
tainties, the form factor for the unresolved doublet is
completely transverse.

A new level was observed at E =12.22+0.02 MeV
with I (20 keV. This level is very near the energy
(12.32 MeV) predicted for the predominantly 4p-3h
configuration [ Ne(4+)8 ' C( —', )], where J"=—,

'

, or —", . Our measurements [Fig. 15(d)] for the
12.22-MeV level suggest that its transverse form factor is
probably small.

The levels at 12.47 and 13.00 MeV have J = —,
' and

, respectively. Both levels have T= —', and are dom-
inated (see Table III) by the predominantly 2p-lh weak-
coupling configurations, [' 0(2+ )g ' 0( —,

' )], where

J = —,'or —,
'

~ The level at 13.00 MeV probably corre-
sponds to an isolated narrow peak that we observed at
12.97+0.02 MeV, although this peak may contain con-
tributions from the narrow —,

'+ state with T = —at 12.94
MeV. We regard this possibility as unlikely, however,
since no other established positive-parity states with
T =—', were observed to be excited strongly in our spec-
tra. The form factors for the peaks we observed at 12.47
and 12.97 MeV [Figs. 15(e) and 15(f), respectively] ap-
pear to have large transverse components.

The level at 13.58 MeV is selectively excited in the
' C( Li,d)' 0 and ' C( Li,t)' 0 reactions. This level
was suggested to have J"=—", or —", , based on the as-

sumption that it is dominated by the predominantly 4p-
3h configuration Ip&zz 0(6+ ), where ' 0(6+) refers to
the mainly 4p-4h state in ' 0 at 16.28 MeV. In the no-
tation of Sec. IV, its wave function should be dominated
by [ Ne(6+ ) ' C( —,

' )], where Ne(6+ ) denotes the

first 6+ level in Ne at 8.78 MeV. Our calculated exci-
tation energy for this configuration is 13.17 MeV, where
we used the parameters A =0.23 Me V and B =5.02
MeV from Sec. IV. The level observed in our spectra
has E = 13.58+0.02 MeV and I =68+ 19 keV. Our
electron-scattering measurements [Fig. 15(g)] suggest
that its transverse form factor is small. Therefore, we
regard the suggested —", assignment as unlikely and we

tentatively assign this level to have J"=—",

The levels at 14.23 and 14.72 MeV have J =—', and

, respectively. Both levels have T = —,
' and are as-

sumed to be dominated by the predominantly 2p-1h
weak-coupling configurations [' 0(4+ )S ' 0( —,

'
) ]

where J =—,'or —', . The form factors for these levels
are dominated by transverse components, as shown in
Figs. 15(h) and 15(j). The level that we observe at
E =14.72+0.02 MeV was measured to have total width
I =35+11 keV. This level corresponds to the level re-
cently observed at 14.75 MeV in the low-q electron-
scattering measurements of Ref. 7. Thus, our experi-
ment independently confirms its existence. The —', as-

signment for the 14.72-MeV level is based, in part, on its
very large transverse form factor, which probably has a
significant E3 component. It should be noted that our
measured excitation energy for this level agrees perfectly
with a calculation of Hinterberger et al. , which used
the isobaric-mass-multiplet equation.

The final level in this energy range that we discuss is
the state at 14.45 MeV. Its spin, parity, and isospin
were not established previously, although it was ob-
served in high-resolution measurements of the
' 0(n, n)' 0 reaction. Our electron-scattering measure-
ments [Fig. 15(i)] for this level indicate that its trans-
verse form factor is small.

The measured form factors for all ' 0 states discussed
in this paper, including previously unpublished data
from Ref. 12, and their fitted expansion coefficients [see
Eq. (9)] may be obtained from the Physics Auxiliary
Publication Service (PAPS).

VI. SUMMARY AND CONCLUSIONS

We have presented the results of an extensive new
study of ' 0 by inelastic electron scattering. Nine excit-
ed states below 9.5 MeV with positive parity and 15
states with negative parity were observed clearly in the
measured spectra. Most of these states have relatively
narrow widths (I (40 keV).

The present work may be regarded as a spectroscopic
study since our approach has been motivated, in large
part, by an effort to determine or constrain the spins and
parities of several levels whose previous J assignments
were uncertain or unknown. On the basis of the theoret-
ical and experimental results discussed in this paper, the
levels at 5.22, 6.86, 7.58, and 8.47 MeV are assigned J"
values of —', , —,'+, —', +, and —', , respectively. We deter-
mine the parities of the levels at 5.73 and 6.97 MeV to
be negative and tentatively assign them J" values of —,

'

and —', , respectively. We also confirm prior J" assign-
ments of —", and —', , respectively, for the levels at 7.76
and 9.15 MeV. Our new J assignments for the levels at
6.86, 6.97, 7.58, and 8.47 MeV disagree with those sug-
gested previously. '

Our measurements confirm the existence of a narrow
level at 8.90+0.02 MeV that was first reported more
than two decades ago. We tentatively assign J
to this level. This level and the —', state at 8.97 MeV
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are assumed to be dominated by the predominantly 4p-
3h weak-coupling configuration lp, &z' O(4+), where
' O(4+) denotes the predominantly 4p-4h state in ' 0 at
10.36 MeV. We also report a new narrow level at
12.22+0.02 MeV and confirm the existence of a —', state
with T =—' at 14.72+0.02 MeV. The 14.72-MeV state
corresponds to the narrow state recently reported at
14.75 MeV in an electron-scattering experiment at low
momentum transfer.

We propose the existence of a predominantly 5p-4h
rotational band in ' 0, which contains the levels at 5.87,
6.86, 7.58, and 8.47 MeV. All four levels have narrow
widths (I (2 keV) and are strongly excited by electric
quadrupole transitions. Similar positive-parity rotational
bands are known to exist in ' O and ' O. For example,
the 0+, 2+, and 4+ levels in ' 0 at 6.05, 6.92, and 10.36
belong to a predominantly 4p-4h rotational band and the
0+, 2+, and 4+ levels in ' 0 at 3.63, 5.26, and 7.12 MeV
belong to a predominantly 4p-2h rotational band. The
measured form factors for all these collective states have
negligible transverse components.

Simple interpretations of many states are given within

the framework of the weak-coupling model. An exten-
sive phenomenological analysis was performed for most
of the observed states below 9.5 MeV. Separations of
the longitudinal and transverse form factors were per-
formed and reduced transition probabilities were extract-
ed. The present high-resolution electron-scattering work
confirms the essential validity of the weak-coupling mod-
el for describing the nuclear structure of ' O.
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