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Spin-flip transitions in ' 0 and ' 0 excited by inelastic proton scattering

C. Djalali, * G. M. Crawley, B.A. Brown, V. Rotberg, G. Caskey, and A. Csalonsky
Rational Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan State University,

East Lansing, Michigan 48824

N. Marty, M. Morlet, and A. Willis
Institut de Physique Nucleaire, 91406 Orsay, France

(Received 8 December 1986)

Inelastic proton scattering at forward angles has been carried out on ' 0 and "0 at a bombarding
energy of 201 MeV. The (p,p') spin-flip transitions to I+ and 2 states are compared with (e,e'),

(p,y), and charge exchange data, and with microscopic distorted-wave Born approximation calcula-
tions using shell model wave functions. The ratios of orbital to spin contributions are deduced for
the known 1+ states in ' O.

I. INTRODUCTION

During the last few years, an impressive breakthrough
in our understanding of spin-isospin modes of excitation
in nuclei has been achieved both experimentally and
theoretically. M1 transitions have been extensively stud-
ied in a large number of nuclei by different selective
probes such as (e,e'), ' (y, y'), and (p,p') (Ref. 3) reactions.
A common property of such excitations is that the ob-
served strength is generally quenched (up to a factor of 3
in some nuclei), as compared to standard shell model pre-
dictions. Different mechanisms have been proposed to ex-
plain this quenching, including the admixture with high-
lying many particle —many hole configurations via the
tensor force or virtual (b-h) excitations. It should be
noted, however, that the amount of missing Ml strength
that can be attributed to these high order mechanisms de-
pends strongly on how accurately the lowest order effects,
such as configuration mixing within the lowest major
shells or ground state correlations, are included in the
model calculations. The importance of such effects is
clearly seen in doubly closed shell nuclei such as ' 0 and

Ca. In the independent particle model, the ground states
of these nuclei consist of filled shells of both spin-orbit
partners and therefore 0%co single particle 1+ states can-
not occur; they become possible, however, through two
particle —two hole components in the ground state wave
function. The study of Ml transitions in closed shell nu-
clei provides a clear test and direct measure of 2Aco, 4%co,

etc. correlations in the ground state wave function.
Extensive studies of the M1 strength distribution in the

oxygen, isotopes have been carried out by (e,e') (Refs. 6
and 7) and (p,y) (Ref. 8) reactions; this motivated us to
carry out the (p,p') measurements for comparison. The
excitation of 1+ states by the electromagnetic interaction
involves both a spin and an orbital contribution, whereas
the hadronic interaction at small momentum transfer only
has a spin part. Such comparisons in relative intensities
have been made for the calcium isotopes, where there is
agreement for some transitions, but noticeable disagree-
ment in other cases. In a simple model, the oxygen iso-

topes, like the calcium isotopes, are built by adding neu-

trons to a doubly closed shell, and one might therefore ex-

cept similar effects in these nuclei. For some particular
1+ states, ' the comparison between the excitation of the
same transition by (p,p') and (e,e') reactions allows a
determination of the orbital and spin contributions to the
electromagnetic transition probability.

An additional motivation for the present work was pro-
vided by the fact that shell model calculations (for 1+ and
2 states), which have been reasonably successful in
describing nuclei in the beginning of the s-d shell, were
available for the oxygen isotopes. By comparison with
our results and previous (e,e') results, these models can be
tested and the ratio of experiment to theory for the total
1+ and 2 strength can be obtained.

In this paper, we report on 201 MeV (p,p') scattering at
forward angles on ' 0 and ' 0 with particular emphasis
on 1+ and 2 states. The use of gaseous targets and the
data reduction are described in Secs. II and III. A
description of the shell model wave functions used is
given in Sec. IV. Finally, in Sec. V the results obtained in
the present work are discussed and compared to other ex-
perimental data.

II. EXPERIMENTAL PROCEDURE

The measurements were carried out using a 201 MeV
proton beam from the Orsay synchrocyclotron. The gen-
eral experimental arrangement to obtain proton spectra at
angles as small as 2' with very low background has been
described previously. " The unique new feature of the
present measurements was the use of a gas target. Natur-
al oxygen gas was used for the ' 0 target (99.79% ' 0),
and an enriched gas was used for the ' O target, consist-
ing of 98.0% ' O, 1.4% ' 0, 0.6% ' 0, and other contam-
inants. The gas was contained in a. short metallic cylinder
having its symmetry axis along the beam direction and
with entrance and exit windows made of thin Kapton
(C22HtpN204)„ foils. In contrast to the case of solid tar-
gets which are, in general, 10—20 pm thick, the relatively
large length of the gas cell along the beam axis (of the or-
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der of a few centimeters) strongly affects the energy reso-
lution. In order to limit this geometrical effect, we used a
short gas cell with sufficient gas pressure to maintain
reasonable target thickness. Studies of the rupture pres-
sure versus the window thickness were made and the op-
timum design consisted of windows made of double foils
of 12.5 pm thick Kapton. The gas cells were operated at
pressures of about 3—4 atm. At these pressures the Kap-
ton windows bowed, giving a total effective length of the
gas target of about 1.8 cm. The pressure in the gas cell
was constantly monitored and regularly readjusted. Runs
were taken at each angle under the same beam conditions
on two identical cells, one filled with oxygen and the other
filled with hydrogen at the same pressure, so that an accu-
rate measurement of the contribution from the Kapton
windows could be obtained. The target thickness was
checked regularly by measuring the (p,p) scattering on the
hydrogen target. The deduced target thickness for the ox-
ygen gas ranged between 7.5 and 10.0 mg/cm .

Measurements were made for ' 0 from 2' to 6' in 1'

steps and at 8' and 10', and for ' 0 from 2' to 10' in 1'

steps and at 12 . The excitation energy regions covered in
the present experiment ranged from 6 to 29 MeV in ' 0
and from 5 to 20 MeV in ' 0. The best energy resolution
obtained at forward angles was about 75 keV (full width
at half maximum). Due to geometrical effects, the energy
resolution became worse as the scattering angle increased,
reaching 150 keV at 12.
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FIG. 1. (p,p') spectra measured at 3': (a) gas cell filled with
' 0, (b) windows' contribution measured on a hydrogen filled
gas cell, and (c) subtracted spectrum; the two regions perturbed
by the subtraction are cross hatched (see text).

III. DATA ANALYSIS

Spectra measured at 3, under the same experimental
conditions, on two identical gas cells filled with ' 0 and

H, respectively, are shown in Figs. 1(a) and 1(b). The
spectrum from the H filled target is mainly due to inelas-

tic scattering on the C, and to a lesser extent on the 0 and
N contained in the Kapton foils. The elastic (p, p) scatter-
ing on the H, contained either in the foils or in the gas
cell, appears in the excitation energy region studied here
only at angles greater than 8 ~ In the off-line analysis, at
each angle, the spectrum measured on the H filled target
is first normalized to the oxygen filled target spectrum us-

ing the area of the strongly excited carbon peak at 15.11
MeV, then corrected for possible shifts in energy between
runs and finally subtracted channel by channel from the
corresponding oxygen spectrum. The energy shifts be-

tween experimental runs are always less than 50 keV. An
example of subtracted spectra for ' 0 is given in Fig. 1(c),
where the cross hatching corresponds to those portions of
the spectrum which are perturbed by the subtraction of
strong peaks from the carbon.

The calibration in excitation energy is deduced from
known levels in ' 0 (or ' 0) and by using levels of ' C
contained in the window foils, taking into account the
kinematic shift. The calibration is good to about 20
keV.

Absolute normalization of the cross sections is obtained
by comparison with the known p-p scattering cross sec-
tion at 15', using a polyethylene target. The efficiency of
the detection system is 93+2%.

The peaks or structures in the subtracted spectra are

analyzed with a standard peak-stripping program. Con-
cerning the peak shape used in the fitting procedure, two
different approaches are followed. One consists of choos-
ing, at each angle, the strongest excited state in the spec-
trum as the reference peak; the other approach assumes a
Gaussian shape with asymmetric exponentially falling
tails. Both analyses give similar results within a few per-
cent. Broad structures are assumed, for purposes of
analysis, to consist of a number of narrow peaks; if the
variation with angle of the excitation energies of these
peaks is comparable to the separation in energy between
them, then only the summed cross sections and the cen-
troid energy of the whole structure will be given. In the
figures and the tables, the centroid energies of broad
structures are given in angular brackets (( ) ).

Above the neutron emission threshold (15.66 MeV in
' 0 and 8.04 MeV in ' 0, broad structures and narrow
peaks appear on top of a continuum which is mainly due
to many-body reactions and the tails of giant resonances.
The height and shape of this continuum are generally
determined empirically. At high excitation energies and
for small structures, the uncertainties due to this some-
what arbitrary choice of the continuum can be as large as
30%%uo.

IV. THEORETICAL MODELS

A. Shell model wave functions

The model spaces and interactions used for the present
calculations have been discussed previously and will only
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be briefly summarized here. Most of the low-lying nega-
tive parity states can be understood as predominantly
one-particle —one-hole excitations outside of the closed
(Is) (lp)' configuration for ' O. The lp-lh configura-
tions within this model space have been diagonalized with
the residual interaction of Millener and Kurath. ' For the
low-lying positive parity excitations two-particle —two-
hole and four-particle —four-hole excitations are most im-
portant. The only model space for which it is presently
feasible to accommodate these excitations consists of al-
lowing for all configurations within the three orbits 1p&&2,
1 d&/q, and 2s&/2 with a closed (Is, /3) (lp3/2) configura-
tion for ' C. The wave functions were obtained from the
residual interactions "F" (Ref. 13) and "Z" (Ref. 14),
which were determined by least squares fits to energy lev-
els in the 3 = 13—18 mass region.

For the M1 excitations it would clearly be desirable to
include both spin-orbit partners in the valence model
space, i.e., 1p3/2 and 1d3/2 in addition to 1p~~2 and 1d5&2.
However, at present it seems difficult to obtain reliable ex-
citation energies within a model space which includes the
complete two-particle —two-hole basis. ' This may be
resolved by including four-particle —four-hole configura-
tions, but the dimensionalities involved (of the order of
10000 for the 1+ T =1 states) become too large for a
straightforward calculation.

The 1+ states in ' O were calculated in the (Ip~/z-
Idz/2-2s&/2) model space with the "F"and "Z" interac-
tions. The results for the M1 strength obtained with the
"Z" interaction have been reported previously. ' In addi-
tion, the 1+ state corresponding to the neutron transition
to the Id3/p orbit was included by using (sd) wave func-
tions obtained from the new empirical interaction of Wil-
denthal. '7

The percentages of zero-, two-, and four-(p, /2) hole
configurations in the ground states of ' 0 and ' 0, calcu-
lated with the "I' " and "Z" interactions, are given in
Table I.

TABLE I. Percentage of zero, two, and four p~q2-hole in the
ground state configurations of ' 0 and ' 0, calculated with the
F and Z interactions described in Sec. IV.

p~~2 holes

69.5
26.8
3.7

160

Z

65.6
28.9

5.5

44.3
42.4
13.3

180

Z

47.8
42.0
10.2

dQ (q =0)= ((M/2M ) (kf/ki)ND
l
V.g l

'

&k &k
k

where ND is a distortion factor and
~

V;„,
~

is the
modulus of the nucleon-nucleon interaction responsible
for the transition ( V, for 1+, b, T = 1; V for 1+,
b, T =0; etc.).

From electron scattering data, one deduces the transi-
tion probability:
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C. Comparison between (p,p') and (e,e') results

Assuming the impulse approximation and following the
notation of Refs. 9 and 23, the (p,p') cross section for ex-
citing a 1+ state at small momentum transfer (q =0) can
be factorized as follows:

B. DWBA calculations

Microscopic DWBA (distorted-wave Born approxima-
tion) calculations for (p,p') cross sections have been per-
formed using the code Dw81, which is a modified and
extended version of the code DwBA7o. ' The one body
transition densities were obtained from the wave functions
described above. The interaction derived by Franey and
Love from 210 MeV free nucleon-nucleon scattering
amplitudes was used as the effective nucleon-nucleon in-
teraction in the calculation. The optical potential used
was taken from the elastic scattering data on Al at 156
MeV. ' It has been verified for medium-heavy nuclei
such as Ca and Zr, where the distortion effects are
much more important than in the oxygen isotopes, that
the (p,p') cross sections calculated with the optical poten-
tial parameters obtained at 156 or 200 MeV are identical
at forward angles (8&20 ) to within a few percent. The
optical potential obtained by extrapolating the parametriz-
ation of Schwandt et al. to A =16 and E =200 MeV
also gives very similar results.

where g, and g~ are the spin and orbital gyromagnetic fac-
tors.

Using the shape of the calculated angular distribution,
one can extrapolate the measured (p,p') cross sections to
q =0 and deduce the value of the square of the reduced
matrix element which appears on the right hand side of
Eq. (1). This matrix element is directly related to the spin
component B(cr) of the transition probability B(M1).
Therefore, by combining (p,p') and (e,e') measurements,
one can deduce from Eqs. (1) and (2) two values for the
ratio of orbital to spin amplitudes, v'B(l)//v'B(o), de-
pending on the relative phase between 3/'B (1) and 3/'B (o ).

D. Comparison between (p,p') and (p,n) results

If the impulse approximation is assumed, the (p,n) cross
section for exciting a Gamow-Teller (GT) transition at 0
(q =0) can be factorized in a way similar to that given in
Eq. (1), the nucleon-nucleon interaction being V, .
Therefore, the (p,n) cross section at 0' for exciting a GT
transition (1+, T = To) can be simply related to the (p,p')
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cross section for exciting the analog (1+, T = To) state in
the parent nucleus, at the same momentum transfer q,

do
(q)~~ ~ I

——(To/2)(Ng'" /Ng'")

' 0(p, p') E =201 MeV g„b——3'

(3)
(0 1000—
A

o
II

The distortion factor for (p,p') scattering on the oxygen
isotopes is obtained as the ratio of distorted wave to plane
wave cross sections at 0' calculated for the strongest 1+
states predicted by the shell model calculations. Using the
optical potentials described previously, we obtain
Ng'" =0.50+0.05. The modulus of the nucleon-nucleon
interaction involved in the transition at small momentum
transfer is calculated from the Franey-Love parametriza-
tion.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS
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Subtracted spectra obtained at 3' and covering the exci-
tation energy regions from 6.5 to 15.0 and 15.0 to 28.5
MeV are shown in Figs. 2(a) and 2(b), respectively. Below
15 MeV, except for a broad structure centered at 14 MeV,
all the peaks observed correspond to known transitions.
At higher excitation energies, beside two sharp and well
isolated levels at 16.22 and 17.14 MeV, many broad struc-
tures are observed with widths ranging from 250 keV to
several MeV. Of these broad structures, only the one cen-
tered at 18.7 MeV could be uniquely analyzed in terms of
single levels at all angles. All these structures appear on
top of a continuum, the height and shape of which were
determined empirically in two different ways.

(i) Starting at the neutron threshold, the continuum was
assumed to rise smoothly and join the high excitation en-

ergy region by connecting the lowest points of the spec-
trum [dotted curve in Fig. 2(b)].

(ii) Assuming that the broad structures observed at 22.3
and 24 MeV correspond to the main components of the
giant dipole resonance (GDR), which is clearly excited in

(y,n) experiments, ' the (p,p') spectrum above 21.5 MeV
can be fairly well reproduced in shape by the (y,n) spec-
trum [solid line, Fig. 2(b)] on top of a flat continuum
[dashed line in Fig. 2(b)]. The continuum is assumed to
fall off smoothly to the neutron threshold, with the (y,n)

spectrum superimposed on top of it. We see from the
second approach that the excitation of the GDR can ac-
count completely for the (p,p') spectrum above 21.5 MeV
of excitation energy. The uncertainties in cross sections
due to the different choices of the underlying continuum
are included in the error bars.

Angular distributions obtained for different transitions
are given in Fig. 3 and compared in shape with theoretical
predictions. The shape of the angular distribution at for-
ward angles is characteristic of the transition. The only
angular distributions that are forward peaked correspond
to transitions to 1+, T =1 and 0+, T =0 states. However,
there is a difference in the shape of the angular distribu-
tions, namely the typical 0+ angular distribution decreases
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FIG. 2. ' O(p, p') subtracted spectra at 3': (a) from 6.5 to 15
MeV of excitation energy; (b) from 15.0 to 28.5 MeV of excita-
tion energy. The dotted curve corresponds to the empirically es-
timated continuum. The ' O(y, n) spectrum (Ref. 25) (thick line)
is shown for comparison on top of a smooth continuum (dashed
line).

1. 1+ states

The excitation energies of states having angular distri-
butions characteristic of a 1+, T = 1 transition are given
in Table II together with the results obtained in (e,e'),

more rapidly and has a minimum at 7 . This is illustrated
in Fig. 3 for the known 0+ state at 12.05 MeV. In this
figure the solid and dashed curves correspond, respective-
ly, to the predicted shape for a 0+ and a 1+ state. In
heavy nuclei where Coulomb excitation is strong, the
Coulomb excited 1+ states have a foward peaked angular
distribution similar to that of a 1+ state. This is not the
case in light nuclei such as oxygen, where the Coulomb
excitation is much weaker. In ' 0 the angular distribu-
tion of a 1, T =1 state is similar to that of a 2, T =1
state (shown in Fig. 3) and is characteristic of a &L =1
transfer. Natural parity states of higher multipolarity,
like the 2+ state at 11.52 MeV, have angular distributions
which rapidly increase with angle.
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(p,y), and (p,n) (Ref. 27) reactions. The three well estab-
lished 1+ states, first observed in (p,y) and (e,e') reactions,
are clearly excited in (p,p') at 16.22, 17.14, and 18.77 MeV
[Fig. 2(b)]. In the (e,e') experiment, eight additional
weakly excited 1+ states are reported between 17.4 and 18
MeV; no such states are observed in the present experi-
ment.

Another difference with the results of previous experi-
ments is the clear observation in the present experiment of
a broad structure at 14 MeV, with a full width at half
maximum of 0.4 MeV [Fig. 2(a)]. The (p,p') cross section
for exciting this structure is as large as the sum of the
cross sections observed for the three well known 1+ states.
It is therefore puzzling that no such 1+ state (or analog
1+ state) is observed in the (p,y) [or (p,n)] reaction.

In an early (e,e') experiment, a structure with a width
of 170+50 keV was observed at 14 MeV and was inter-
preted as a 0+ state. A 0+ state with a width of 200+50
keV is also listed at 14.03 MeV, as observed in ' C+ o;

scattering. There is also some indication of a 0+ state at
13.95 MeV obtained in ' O(a, a') scattering. However,
the width measured in all these experiments is almost a
factor of 2 smaller than the 400+30 keV observed in the
present (p,p') experiment. Furthermore, our measured

(p,p') angular distribution for the 14 MeV structure (Fig.
3) does not exhibit a minimum near 7', as would be ex-
pected for a typical 0+ state, such as the known 0+ state
at 12.05 MeV (Fig. 3).

It is unlikely that the 14 MeV structure is a 1+, T =0
state, since the angular distributions of known 1+, T =0
states are much flatter than the angular distribution for
this structure. Based on the shape of the measured (p,p')
angular distribution, we would conclude that the 14 MeV
structure is a I+, T =1 state. However, if it were a 1+,
T = 1 state, it should have been observed in the (p,n) or
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FIG. 3. Measured (p,p') angular distributions for some states
in ' 0 compared with microscopic DWBA calculations (see text
for normalization factors).

TABLE II. 1+ states observed in ' 0 and "0by different inelastic scattering experiments. f denotes the centroid of a broad struc-
ture. fT denotes candidates for 1+, T =1 states. s denotes the centroid of eight weakly excited states between 17.4 and 18 MeV.
[A]=12.4—13.2 MeV, [B]=13.2—14.0 MeV, and [C]=14.0—15.0 MeV.

(MeV)

(p,p')'

JOre T (MeV)

(e,e')'
E„

(MeV)

(p,y)' (p,n)

E~ (in ' F)
(MeV)

160

180

(14.0)'
16.22+ 0.01
17.14+0.01

18.77+0.01

8.82+0.01

(10.10)'
[A]
[&]
[C]

(1+;1)"
1+;1
1+.1

1+~ 1

(1+;1)"

( 1+.1)tt

( 1+.1)tf
(1+-1)~~
(1+.1)Tt

16.22+0.01
17.14+0.01

(17.7)*
18.79+0.01

18.871+0.005

1+~ 1

1+;1
1+;1
1+1

1+,2

16.22+ 0.01
17.14+0.01

18.8 +0. 1

1+;1
1+.1

I+;1

3.76
4.65

6.23

9.9
10.9
11.9

1+;1
1+;1

1+'1

(1+;1)~~
( 1+.1)tf

( 1+ 1)TT

'Present work.
Reference 6 for 0 and Ref. 7 for 0,

'Reference 8.
Reference 27 for ' O and Ref. 36 for "O.
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TABLE III. Comparison of (p, p') cross sections for I+ states with predictions using (p,n) cross sections measured at 135 MeV.
denotes normalization by 1.76 as suggested by the authors of Ref. 38. + denotes fine structures within the 10.1 MeV broad structure.

16O

E~ (in ' F)
(MeV)

3.76
4.65
6.23

(p,n)'
(do. /d A)(p „)(0')

(mb/sr)

=0.03
0.38
0.33

(p,p') predicted from (p, n)

( d o /d II )I'"' ""
( 3')

(mb/sr)

=0.2
0.20+0.04
0.17+0.03

(MeV)

16.22
17.14
18.77

(p,p')'
( do /d A)(p p )(3 )

(mb/sr)

0.07+0.01
0.24+0.02
0.14+0.01

18O

E„(in ' F)
(MeV)

9.9
10.9

1 1.9

( do /d Q)(p )(0')
(mb/sr)

0.44+0.09
0.65+0. 13

0.48+0. 10

(der/dQ)[" ""(I 5')
(mb/sr)

0.24+ 0.07
0.33+0.10

0.25+0.07

E„
(MeV)

8.82
9.76
9.89

10.80

( do. /d Q)(p p )(1.5')
(mb/sr)

0.32+0.05
0.15+0.03*
0.16+0.03*
0.06+0.02*

'Qn ' O, Ref. 27; on '80, Ref. 36.
This work.

electromagnetic measurements; on the other hand, if it
were the 0+ state suggested by some earlier measure-
ments, first the width observed in the present experiment
is too large and, second, the measured angular distribution
should have a minimum near 7'. Therefore, there remains
some ambiguity about the nature of this transition. Possi-
bly a 0+ state with a rather special radial dependence of
its form factor might have an angular distribution at for-
ward angles which is similar to that for a 1+, T =1 state
in ' O. Spin-flip transition probability measurements on
' 0 would help to clarify the nature of this transition.

The (p,p') and (p,n) (Ref. 31) 1+ cross sections mea-
sured, respectively, in ' 0 and ' F are compared in Table
III. Using Eq. (3), from the measured zero degree
Gamow-Teller cross section in ' F, the (p,p') cross section
for the parent 1+ state in ' 0 has been predicted at the
same momentum transfer [which, in the case of ' 0, cor-
responds to a (p,p') scattering angle of 3']. Except for the
16.22 MeV state, the analog of which is only weakly excit-
ed in the (p, n) reaction, the agreement between the
predicted and the measured (p,p') cross sections is very
good. Relation (3) can be used the other way by predict-
ing (p,n) cross sections from the (p,p') results; this has
been done for the 14 MeV structure, assuming that it is an
M1 transition. The analog of this state is predicted to be
excited in the 135 MeV (p, n) reaction at an excitation en-

ergy of 1.51 MeV in ' F with a zero degree cross section
of about 0.8 mb/sr. The fact that, as mentioned above, no
such state has been observed adds to the puzzle about
the nature of this structure.

The 1+, T =1 strength distributions measured in the
present experiment and in the (e,e') experiment are com-
pared with theoretical predictions in Fig. 4. The compar-
ison is limited to the excitation energy region below 20
MeV, first because in (e,e') only the region between 16 and
20 MeV has been studied in detail, and second because
above 20 MeV the 1+ strength is expected to be very frag-
mented and especially difficult to detect in (p,p'), where
the GDR is so strongly excited. In Fig. 4, the (p,p')
strength measured at 14 MeV has been assumed to be dis-

(1+,T=1 ) STRENGTH IN 0

0.4

Theory (e,e')
ll F II

0.0

0.4

Experiment (e,e')
not studied

0.0 (

0.4 Experiment (p, p')

0.2

8

0

0.0
0.4

Theory (p, p')
tl F tt

0.0
20

. n I . . I

15
Excitation energy (Me&)

FIG. 4. (p,p') and (e,e') predicted strength distributions for
1+, T =1 states in ' 0 (see Sec. IV) compared with the mea-
sured ones [this work and Ref. 6 for (e,e')].

tributed over several single states simply to reproduce the
shape of the structure. Both calculations predict almost
the same total 1+ strength up to 20 MeV of excitation en-
ergy; however, the strength distribution depends strongly
on the interaction used. With the Z interaction, more
than 80% of the total strength is concentrated in two
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TABLE IV. Spin transition probabilities B(o) and orbital to spin ratios
~

V'B(l)i+B(cr)
~

for 1+ states in ' 0 and "0, deduced
from the comparison between (e,e') and (p,p') results. t denotes the centroid of a broad structure. s ( s s ) denotes constructive (de-
structive) interference between V'B(1) and V'B(o ).

E„
(MeU)

( dc'/dQ)p p (p 0)
(mb/sr)

B(~)T'

(PN) (e,e')

B (M1) y

(pg)
(p r)'

~

&B(1)I&B(u)
~

(range)

160 ( 14.0)'
16.22

17.14

18.77

(6.28 +0.45) )& 10
(9.52+0.93)~ 10

(3.49+0.24) ~ 10

(1.96+0. 18) )& 10

0.54+0.04
0.08+0.01

0.30+0.03

0.17+0.02

0.20+0.02

0.32+0.03

0.13+0.03

0.22+0.02

0.33+0.04

0.14+0.02

0.41—0.77*
2.41—2.77'*
0.03—0. 14
1.94—2. 14**
0.03—0.27*
1.72—2.03

18O 8.82
( io. io)'

18.87

(3.50+0.20) ~ 10
1.62+0.05

(6~ 10

0.18+0.03
0.83+0. 11

(0.05 0.28+0.04 Z 1.20—1.50
&3.20—3.50"

'This work.
Reference 6 for ' 0 and Ref. 7 for ' O.
Only for 0, Ref. 8.

strong states at 13.08 and 14.64 MeV. In the calculation
with the F interaction, the strength is distributed over five
states between 15 and 20 MeV. The centroid energy of
the predicted strength below 20 MeV is almost the same
for (p,p') and (e,e'); it is equal to 14.3 MeV using the Z
interaction and 17 MeV using the I' interaction. These
values are to be compared with the experimental ones,
which are 17.4 MeV for (e,e') and 17.5 and 15.8 MeV for
(p,p'), depending on whether the 14 MeV strength is in-
cluded in the total strength or not. Experimentally, there
are fewer differences in relative intensities between (p,p )

and (e,e') for the well known 1+ states than are expected
from the models. For most of the 1+ states, both calcula-

tions predict a significant orbital contribution which in-
terferes constructively with the spin term in the (e,e') re-
action.

The predicted ratio of orbital to spin amplitudes
[VB(l)IYB(o )] varies from state to state and is in the
range 0. 1—1.7 using the I' interaction and 0.6—1.3 using
the Z interaction. Following the procedure described in
Sec. IVC, we have deduced for the well established 1+
states two different ranges of values for the ratio of orbi-
tal to spin amplitudes, depending on the relative phase be-
tween these amplitudes. These ratios are given in Table
IV. If we assume, as suggested by the models, construc-
tive interference between the orbital and the spin ampli-

TABLE V. Ratio of the measured 1+ strength to the total predicted strength (summed up to 20 MeV

of excitation energy) for individual transitions and their sum, in ' 0. t denotes the centroid of eight

weakly excited states between 17.4 and 18 MeV. + denotes a nature not well established.

Measured strength divided by total
predicted strength for M1 states

F z

(14.0)'*
16.22'b
17.14'
&17 7)"*
18.77'

g, three well established
1+ states observed
in both a and b

g, all 1+ states
listed above

'This work.
b(e,e'), Ref. 6.

(p,p')'

0.73
0.12
0.38

0.21

0.71+0.06

1.44+0. 11

(e,e')b

0.15
0.23
0.27
0.10

0.48+0.06

0.75+0. 13

(p,p')'

0.65
0.10
0.34

0.19

0.63+0.05

1.28+0. 10

(e,e')b

0.14
0.21
0.25
0.09

0.44+0.05

0.69+0.12
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tudes, we see that only the state at 16.22 MeV has an orbi-
tal contribution that is significant; it is 2—3 times larger
than for the two other states. Assuming that the 14 MeV
structure is a 1+ state, we obtain a large spin transition
probability B (o ) =0.54 IMN. Therefore, its nonobservation
in (p,y) reaction would imply a very large orbital contri-
bution which, contrary to the theoretical predictions,
would have to interfere destructively with the spin term.

The measured 1+ strengths for (p,p') and (e,e') are com-
pared to the total predicted strength below 20 MeV in
Table V, where the ratio of experiment to theory is given
for the individual states as well as for their sum. If we
consider only the states at 16.22, 17.14, and 18.77 MeV
for the total measured strength, then the ratio of experi-
ment to theory is of the order of 0.7 for (p,p') and 0.5 for
(e,e'). The (e,e') ratio will increase to 0.8 if the fragment-
ed strength observed between 17.4 and 18 MeV is included
in the total measured strength. The (p,p') ratio becomes
larger than 1.0 if we include the strength observed at 14
MeV. If we limit the comparison only to the three well
known 1+ states, the (e,e') ratio of experiment to theory is
smaller than the (p, p ) ratio. This is a little surprising be-
cause in other light nuclei studied the reverse situation is
generally observed.

2. 2 states

M2 transitions involve angular momentum transfers
hL =1 and 3. However, in intermediate energy (p,p') re-
actions at forward angles, the AL =1 transfer dominates,
giving a characteristic shape to the angular distribution
(Fig. 3). The measured angular distributions for the
known 2, T=1 and 2, T=O states excited at 12.97
and 12.53 MeV are shown in Fig. 3 and compared with
theoretical predictions. The calculated isoscalar 2 angu-
lar distribution is flatter than the isovector one; this is
due, in part, to the q dependence of the isoscalar spin part

of the N-N interaction.
Except for the E1 structures observed at 22.3 and 24

MeV, all the states having an L =1 angular distribution
are listed in Table VI and compared to the 2 states mea-
sured in (e,e') (Refs. 6 and 28) and ( He, t) (Ref. 32) reac-
tions. By comparison with the (y,n) spectrum [Fig. 2(b)],
the broad structures at 20.4 and 20.9 MeV cannot be El
transitions and must therefore correspond to 2, T =1
states. A 2, T=1 state is also observed in (e,e') (Ref.
28) at 20.3 MeV. The 20.4 MeV state (or the sum of the
20.4 and 20.9 MeV states) could be the analog of the
broad 2, T = 1 state observed in ' F at 17.4 MeV in both
the ( He, t) (Ref. 32) and the (p,n) (Ref. 27) reactions. In
the (e,e') experiment, four additional 2, T = 1 states
have been observed at 16.82, 17.78, 18.50, and 19.00 MeV.
In the charge exchange reaction only the analog of the
17.78 and 18.50 MeV states are excited. In the present ex-
periment, we do not have any clear evidence for 2, T = 1

states at these energies; only upper limits for the (p,p')
cross section are given in Table VI. In the (e,e') experi-
ment, the measured ratio B(M2; 19.0 MeV) /B(M2; 12.97
MeV) is equal to 2.82+0. 10. The equivalent ratio for the
measured (p,p') cross sections is smaller than 0.1. If the
19.0 MeV state observed in (e,e') is indeed a 2 state, it
would imply that this state is excited mainly by an orbital
contribution; this has already been suggested in Ref. 6.
The state at 12.53 MeV has been reported as a 2, T =1
state in the (e,e ) experiment. This state is listed as iso-
scalar in the table of levels of ' O. It has been shown
that there is at least 17/o isospin mixing between the 2
states at 12.53 and 12.97 MeV. This may explain why the
shape of the measured (p,p') angular distribution for the
12.53 MeV state (shown in Fig. 3) lies between the calcu-
lated shape for isoscalar (solid line) and isovector (dashed
line) 2 angular distributions.

The 2, T =1 strength distributions measured in (p,p')
and (e,e') experiments are compared to theoretical predic-

TABLE VI. 2 states observed in ' 0 and "0 by different inelastic scattering experiments. f denotes the centroid of a broad
structure.

16O

E
(MeV)

8.87
12.53
12.97
16.82
17.78
18.50
19.00

(20.40)
(20.90)

(p,p')'

2;0
2;0
2;1

2;1
2;1

do /d A(6')
(mb/sr)

0.032+0.003
0.18 +0.01
0.74 +0.03

& 0.065
& 0.050
& 0.065
& 0.065

1.25 +0.05
0.33 +0.04

(MeV)

12.53
12.97
16.82
17.78
18.50
19.00
20.30

(e,e')

2-;lb
2 1b

2 —,lc
2 ;1'
2 ;1'
2 —,1c

2 lb

a(W2) &

(pN fm')

38+9
121+24
19+2
13+3
59+7

341+51
461+ 162

E„(in ' F)
(MeV)

0.424

5.274
5.828

(7.40)

('He, t)"

2;1

2;1
2;1

2;1

Sl~
(fm )

1.67

0.13
0.50

3.48

18O 16.39 2;2 0.345+0.006 16.399
(+0.005)

2 1' 58+7

'This work.
Reference 28.

'Reference 6 for ' O and Ref. 7 for ' O.
Only on ' 0, Ref. 32.
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FIG. 5. Same as Fig. 4, but for 2, T = 1 strength.

Excitation energy (Mev)

FIG. 6. ' O(p, p') subtracted spectra at 3 and 6. The excita-
tion energy regions perturbed by the subtraction are cross
hatched. The dashed curve corresponds to the empirically es-
timated continuum. See text for the definitions of A, B, and C.

obtained because of its proximity to the 12.71 MeV state
of ' C. The angular distribution measured for the isoscal-
ar 0 state is given in Fig. 3. The shell model description
of this state is almost a pure (ip&&2,2s»2) configuration.
The 0%'BA calculations were multiplied by 0.83 in order
to reproduce the measured cross sections.

tions in Fig. 5. The (p,p') strength at 20.4 MeV has been
distributed over several single states to reproduce the
shape of the resonance. The measured 2, T =1 strength
distribution is reproduced quite well by the calculations.
The ratio of the total observed strength to the total
predicted strength up to 21 MeV of excitation energy is
equal to 0.46+0.04 for (p,p') and 0.79+0.19 for (e,e'). lf
the 19.0 MeV state is assumed not to be a 2 state, then
the (e,e ) ratio is reduced to 0.53+0.16, which is in agree-
ment with the (p,p') ratio.

The shell model calculations predict two strong 2
T =0 states at 14.9 and 17.6 MeV which are not observed
experimentally. In the present experiment, a state at 14.9
MeV could have been missed because of the uncertainty
associated with the subtraction of the strong 15.1 MeV
carbon peak. The only experimentally known isoscalar 2
states are that at 8.87 and possibly the state at 12.53 MeV.
The ratio of the total observed 2, T =0 strength to the
total predicted strength up to 21 MeV of excitation energy
is equal to 0. 10+0.02 for (p,p').

3. 0 states

A 0, T =0 state at 10.96 MeV and a 0, T =1 state
at 12.79 MeV are reported in the table of levels of Ref. 24.
These states have been studied recently in a 65 MeV
(p,p') experment. In the present experiment, the cross
section for the isovector state at 12.79 MeV could not be

B. '0
Subtracted spectra obtained at 3' and 6' for the same in-

tegrated incident charge, and covering the excitation ener-

gy region from 5.5 to 19.5 MeV, are shown in Fig. 6. The
3' spectrum exhibits two well isolated sharp states at 8.82
and 16.40 MeV and many broad structures. Except for
the 16.40 MeV state, which is a well known 2, T =2
state, all the other structures seem to become smaller as
the angle increases. Starting at the neutron threshold
(8.04 MeV), an empirical continuum has been assumed,
rising smoothly and joining the high energy region of the
spectrum, as shown by the dashed lines in Fig. 6. The
structure around 10 MeV can be analyzed as single levels
for angles smaller than 6; at larger angles the experimen-
tal energy resolution is not sufficient to resolve the struc-
ture into single states. Therefore, only the centroid energy
and the total strength of the structure are given. The en-
ergies of the dominant single levels in the structure are
9.76, 9.89, 10.02, 10.27, 10.37, 10.67, and 10.80 MeV.
The other broad structure, one that extends from 12.3 to
16 MeV, has large uncertainties near 12.7 and 15.1 MeV
due to the subtraction of ' C and ' 0 peaks. The spec-
trum between 12 and 16 MeV has been analyzed in bins of
120 keV of excitation energy.

The (p,p') angular distributions measured for different
transitions or regions of excitation energy are given in
Figs. 7 and 8 and are compared in shape with theoretical
predictions.
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FIG. 7. Measured (p,p') angular distributions for some states
in ' 0 compared with microscopic DW'BA calculations (see text
for normalization factors).

5
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10

1. I+ states

FIG. 8. Measured (p,p') differential cross sections for dif-
ferent excitation energy regions in ' 0 (see Fig. 10) compared
with microscopic DWBA calculations for the 1+ state (see text
for normalization factors).

All the states, structures, and excitation energy regions
having a forward peaked (p,p') angular distribution
characteristic of an isovector 1+ transition are listed in
Table II and are compared to the results obtained in other
reactions. In ' 0, isovector states can have either an iso-
spin T =1 or 2. From the energy of the analog of the
ground state of ' N in ' 0, T=2 states are expected to
occur at excitation energies greater than 16.2 MeV.
Therefore, the state at 8.82 MeV and the broad structure
having a centroid energy of 10.10 MeV are proposed to be
1+, T = 1 states. The excitation energy regions
12.4—13.2, 13.2—14, and 14—15 MeV, labeled [A], [8],
and [C], respectively, contain significant amounts of pos-
sible 1+, T = 1 strength which is not observed in the other
reactions. In fact, the only Ml transition reported in the
detailed (e,e') analysis of ' 0 between 11 and 27 MeV of
excitation energy corresponds to a 1+, T=2 state at
18.87 MeV. No such 1+ state is observed in the present
experiment; only an upper limit for the (p,p ) excitation of
this state can be given.

As for ' 0, the (p,p') and (p,n) 1+ cross sections mea-
sured, respectively, in ' 0 and ' F, are compared in Table
III. In the charge exchange (p,n) reaction on ' 0, T =1
Gamow-Teller transitions to states in ' F are observed at
9.9, 10.9, and 11.9 MeV. The analog of these states in ' O
would be, respectively, the 8.82 MeV state and the struc-
tures around 9.8 and 10.8 MeV within the broad 10.1

MeV structure. For the 8.82 MeV state, the predicted and
the observed (p,p') cross sections agree within the error
bars. For the other structures the comparison is difficult
because of the uncertainty in the state to state correspon-
dence.

The 1+, T=1 and 1+, T=2 strength distributions
measured in the present experiment and in the (e,e') exper-
iment are compared with theoretical predictions in Fig. 9.

1 STRENGTH IN 0

0.4

Theory (e,e')
I

CQ
I

O
I

II F II

I ~
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0.0

0.4
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0 4 Theory (p, p')
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IIIII I II I I Ill l

II F II

II tV II

— (sd) 2
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I I

i I. i lilti t

15
Excitation energy (MeV)
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FIG. 9. (p,p') and (e,e') predicted strength distributions for
1+, T =1 and 2 states in ' 0 (see Sec. IV) compared with the
measured ones [this work and Ref. 7 for (e,e') j. The asterisk in-
dicates that the strength is an upper limit.
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The calculations using the I' and Z interactions predict
the 1+ strength due to the excitation of the ' 0 core. The
T=1 strength is fragmented between 10 and 15 MeV,
and in both calculations the strongest predicted state is a
T =2 state around 18.5 MeV. Significant orbital contri-
butions are predicted for the T =2 states, interfering con-
structively with the spin contribution. The ratio of orbital
to spin amplitudes can be as large as 0.8 (0.7) using the F
(Z) interaction. The comparison between (e,e') and (p,p')
results for the 18.87 MeV state indicates an important or-
bital contribution (see Table III) which is larger than the
theoretical predictions.

The (sd) calculations predict a large amount of 1+,
T =1 strength due to the two additional neutrons outside
the ' 0 core. This strength is concentrated in two states
predicted at 10.82 and 11.34 MeV which can be related to
the observed states at 8.82 and 10.10 MeV. The deduced
spin transition probability B (cr) for these states is given in
Table IV. If these states are mainly neutron excitations,
as predicted by the (sd) calculations, they should be ob-
served with the same transition probability in the (e,e ) ex-
periment. Unfortunately, the (e,e') experiment only stud-
ied the region above 16 MeV.

The measured 1+, T = 1 (p,p') strength and 1+, T =2
(p,p') and (e,e') strengths for the individual structures are
compared to the total predicted strength below 20 MeV in
Table VII. If, in the total 1+, T =1 measured strength,
we include only the states at 8.82 and 10.10 MeV, then the
ratio of experiment to theory is of the order of 0.7 for
(p,p ). This ratio will double if we include the additional
possible strength observed between 12 and 15 MeV. For
the 1+, T =2 strength, the (e,e') ratio is of the order of
0.4—0.5, depending on the interaction used in the predic-

tions. Only an upper limit of 0.16 can be given for the
(p,p') ratio.

2. 2 states

The only 2 transition observed in both the present ex-
periment and the (e,e') experiment is the well known 2
T =2 state at 16.40 MeV. The measured (p,p') angular
distribution is given in Fig. 7 and is very well reproduced
in shape by the DWBA calculation. In good agreement
with the experiment, the shell model calculations predict a
strong 2, T =2 state at 17.04 MeV.

The ratio of experiment to theory for the 2, T =2
strength below 20 MeV of excitation energy is, respective-
ly, 0.42+0.04 for (p,p') and 0.28+0.03 for (e,e').

VI. SUMMARY AND CONCLUSIONS

In the present (p,p') experiment, 1+ and 2 states are
clearly excited in ' 0 and ' O. In ' 0, in addition to the
well established 1+ states at 16.22, 17.14, and 18.77 MeV,
a broad structure centered at 14 MeV is observed with a
(p,p ) angular distribution characteristic of an isovector
M1 transition. However, there is some doubt about the
nature of this transition because of the disagreement with
the (e,e'), (p,n), and (p, y) (Ref. 8) results. In ' 0, a
state at 8.82 MeV and a broad structure at 10.1 MeV are
identified as M 1 transitions. Additional possible M 1

strength is found between 12 and 15 MeV.
The ratios of the orbital to spin amplitudes have been

deduced for the 1+ states by comparison with (e,e') re-
sults. In ' 0, only the 1+ state at 16.22 MeV has an orbi-
tal contribution which is significant. In ' 0, the 1+ state
observed in (e,e') at 18.87 MeV is mainly due to orbital

TABLE VII. Ratio of the measured 1+ strength to the total predicted strength (summed up to 20
MeV of excitation energy) for individual transitions and their sum, in ' O. [A]=12.4—13.2 MeV,
[B]= 13.2—14.0 MeV, and [C]=14.0—15.0 MeV.

(MeV)
(sj)
(p,p')

(sd) +Z
(p,p')

Measured strength divided by total
predicted strength for M1 states

1+, T=1'
(sd)'+F

(p,p')

8.82
(10.10)

Total

[A]
[B]
[C]

Total including
[A], [B],4 [C]

0.14
0.60
0.74+0.04

0.17
0.22
0.37
1.50+0. 12

0.12
0.53
0.65+0.03

0.15
0.19
0.33
1.32+0. 10

0.13
0.54
0.67+0.03

0.15
0.20
0.33
1.35+0.10

1+, T=2"
E„

(MeV)

18.87

'This work.
(e,e'), Ref. 7.

(p,p')

& 0.15

(e,e')

0.41+0.06

(p,p')

& 0.16

Z
(e,e')

0.50+0.07
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excitation. For well separated 1+ states with small uncer-
tainty in the background subtraction, the measured (p,p')
cross-sections are in excellent agreement with those
predicted from the GT cross sections measured for the
analog states in the (p,n) reaction.

The M1 and M2 strengths observed in the oxygen iso-
topes have been compared to shell model calculations.
The agreement for the 1+ strength in ' 0 is good, given
that the relatively simple model we have used leaves out
one of the spin orbit partners. As shown in Ref. 8, previ-
ous 2p-2h calculations which include both spin-orbit
partners give about the same total strength, but it is
spread thinly over about a 2S MeV excitation energy
range. The sensitivity to the interaction used in the com-
plete 2p-2h space should be investigated, and it may be
necessary to go up to 4p-4h or more in the basis to pro-
vide a consistent interpretation for the M1 strength.
Given the simplicity of our F and Z calculations, we do
not feel that too much significance should be attached to
the details of the calculated strength distribution.

The M1 strength seen in ' 0 in the T =1, 8.82 MeV
and broad 10.1 MeV states in fairly well accounted for by
just the (sd) part of the calculation. The ratio of experi-
mental cross sections to those predicted of 0.74 is some-
what larger than the ratio of 0.61 observed for the strong
3 =18 Gamow-Teller transitions. The remaining T =1
strength in the 3, 8, and C regions is about twice as
much as expected from the F and Z open-core calcula-

tions. However, we should keep in mind that the strength
in the A, 8, and C regions has only been observed in the
(p,p') reaction. The T =2 strength at 18.87 MeV is very
small in (p,p') compared to the calculations. This sug-
gests that the strong (e,e') excitation observed at 18.87
MeV is mainly orbital in nature, in disagreement with the
calculations.

The experimental strength distribution for the 2
T =1 states in ' 0 is farily well reproduced by our calcu-
lation, with the strongest states being around 20 MeV.
However, the large differences between the detailed
strength distributions around 20 MeV in (p,p') and (e,e')
are not reproduced by the calculation.

The overall quenching of about 0.5 (in both ' 0 and
' O) is probably due to higher-order configuration mixing
( & 3%co). The large difference between (p,p') and (e,e') for
the lowest 2, T =1 state is reflected in the calculation.
For the 2, T =0 strength the calculation indicates that
there is considerable strength missing in the 15—18 MeV
region. However, this strength may have been missed ex-
perirnentally because these states are relatively weakly ex-
cited and may be broad.
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