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The giant dipole resonance (GDR) in "0 has been studied with the reaction '"O(y,p)'*N from
E,=13.50 to 43.15 MeV using quasimonoenergetic photons. The measured cross section shows major
peaks at 15.1, 18.1, 19.3, 20.3, 22.2, 23.1, 24.4, and ~26.5 MeV. The intermediate structure in the main
GDR region is remarkably similar to that observed in '°0O, indicating that the valence neutron outside
the doubly magic '®O core perturbs the core-excited states minimally, in support of the weak-coupling
hypothesis. We correlate the trends in GDR structure of '*!180 with changes in ground-state proper-
ties related to static deformation. The (y,p) reaction selects strength predominantly from two-
particle—one-hole configurations formed via E1 transitions from the 1p,,, subshell; comparison with
other reactions (photoneutron and radiative capture) provides information on the microscopic structure
of E1 states. The peak observed near threshold at 15.1 MeV is remarkably strong; we infer that it origi-
nates from photoexcitation of a few narrow T=3 states and that M1 transitions contribute to the mea-
sured strength. The total absorption cross section is approximated by summing the (y,p) cross section
and the previously published photoneutron cross section; comparison with particle-hole shell-model cal-
culations shows that the main cross-section features, including isospin distribution, are well predicted.
Evidence is found for isospin splitting in '’O. Systematics of the integrated cross sections for the carbon,
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nitrogen, and oxygen isotopes are delineated.

PACS number(s): 24.30.Cz, 25.20.Lj, 27.20.+n

I. INTRODUCTION

The very loose binding (4.14 MeV) of the 1d5,, valence
neutron to the doubly magic '°0 core makes the 'O nu-
cleus perhaps the ideal case to observe the influence of a
weak perturbation on the E1 core-excited states forming
the giant dipole resonance (GDR). The photoneutron
cross section for !’O has been measured [1] and shows
evidence of some intermediate structure in the GDR re-
gion, the details of which are not sufficiently clear to es-
tablish their relationship with the sharp intermediate
structures clearly visible in the photonuclear cross sec-
tions of !0 [2]. The photoproton reaction on 7O is a
particularly suitable means of probing the effects of the
valence neutron on the core-excited GDR states since it
involves transitions only from the core and excludes
strength from the valence neutron. In addition, the
structure in this reaction should be more pronounced
than that in the photoneutron cross section since far
fewer reaction channels are represented. This paper re-
ports the first measurement of the O(y,p)'*N cross sec-
tion.

This reaction probes the simple particle-hole structure
of the core-excited states. The final states of '*N popu-
lated via the photoproton reaction are known [3] to have
a very pure one-particle—one-hole (1p-1h) nature with
strong (1p, ,,) ! components. The photoproton reaction
mechanism in light nuclei is dominated by the semidirect
process [4] (i.e., direct decay of the intermediate GDR
state), which has been recently confirmed for 'O [5].
This reaction then selects the 2p-1h configurations with
(1p,,,)”" components in the wave function of the inter-
mediate states, whereas the photoneutron cross section
contains strength from 2p-lh and more complex
configurations dominated by (1p;,,)”' components.
Comparison of the cross sections should allow
identification of strong 2p-1h features and indicate the
relative importance of (lp;,,)”' and (1p;,;)” ' com-
ponents.

Reactions involving radiative capture of composite
particles, 14C(3He,y )70 and 14N(3H,y )'70, have been re-
ported [6,7] and show resonances in the region of the
GDR. These reactions probe the 3p-2h components of
the continuum wave function [8]. Hence it would be use-
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ful to compare these results with those of the presem.
measurement in order to see the relative importance of
2p-1h and 3p-2h configurations in the GDR region of
70. This is interesting particularly since multiparticle-
multihole (2p-2h, 3p-3h, etc.) components are thought to
play an important role in the formation of intermediate
structure observed in %0 [8,9].

In the weak-coupling model [10], the photoabsorption
cross section for 'O consists of a component correspond-
ing to the excitations of the valence neutron, with the
core remaining inert, plus strength from excitations of
the '%0 core, with the valence neutron acting as a specta-
tor. The strength from valence neutron excitations can
be identified with the classic pygmy resonance observed
in the photoneutron cross section of !’O at ~13.5 MeV,
below the main GDR strength (~23 MeV) [1]. Its ab-
sence in %0 suggests that this strength may be associated
with the valence neutron. Its formation via single-
particle excitation of the valence neutron leaving the re-
sidual core in its ground state is supported by the mea-
surements [11,12] of the (y,n,) cross section, which ac-
counts for most of the photoneutron strength in the re-
gion of the pygmy resonance. This illustrates the minor
role of the core in valence neutron excitations. One then
has good reason to expect that the valence neutron plays
a minor role in core excitations, particularly since these
are at a higher energy. Some support for this comes
about from the observation that the gross features of the
main GDR strength in !0, i.e., its location, shape, and
width, are similar to those in %0, indicating that the cou-
pling of the valence neutron to the core is too weak to
disrupt the GDR in a major way. The present measure-
ment provides a more stringent test of the validity of the
weak-coupling picture for the 'O nucleus in the GDR
region since it provides a clearer view of the intermediate
structure.

The particle-hole shell model should provide a good
framework for the description of E1 states in "0 espe-
cially since the gross features of the %0 photoabsorption
cross section are well predicted in the 1p-1h model [13]
and the weak-coupling picture seems to hold. Several
particle-hole model calculations [14-17] of the photoab-
sorption cross section for mass-17 nuclei have been car-
ried out in the 2p-1h and 1p basis differing mainly in the
form of the residual two-body nucleon-nucleon interac-
tion that was used. It is of interest to see how well these
calculations perform in a truncated shell-model basis and,
within this truncation, to note which form of the residual
interaction gives best agreement with experiment.

The first such calculation of the E1 strength distribu-
tion was performed for the mirror !"F nucleus by
Harakeh, Paul, and Gorodetzky [14] using the realistic
Kuo-Brown interaction. The only photonuclear data for
mass-17 nuclei available at that time for comparison with
the model predictions was their "F(y,p,)'%0 cross sec-
tion [14] (15.4-30.4 MeV) obtained using the principle of
detailed balance from the '°O(p,y,+7,)""F 90° excitation
function. This reaction is T =1 selective (assuming iso-
spin is a good quantum number) and reflects only part of
the total T = distribution in the GDR and so was useful
for assessing the predictions of the 7'=1 strength only.

Two additional calculations were reported by Albert
et al. [16], one using the Soper interaction and another
using the Tabakin interaction. Again, only the
E(y,p) %0 reaction data were available for comparison
with the calculated T =1 distribution.

More data for the T =1 states became available later
with the measurement of the differential cross section at
98° for the "O(y,n,)'°0 reaction (5.0-30.4 MeV) by
Johnson et al. [11] and the integrated-over-angles cross
section and angular distributions for the same reaction
(10.1-24.0 MeV) by Jury et al. [12].

The first investigation of the main GDR strength in
70 was carried out by Norum, Bergstrom, and Caplan
[15] via inelastic electron scattering (at 75°). Their results
defined the broad features of the GDR, but are limited
for comparison with the above predictions because of the
presence of multipolarities other than E1 and of isoscalar
strength. They also performed a particle-hole calculation
of the differential C1 form factors using both the Boeker-
Brink and Kuo-Brown interaction and find that the latter
provides a far better description of the strength distribu-
tion observed in their spectra and the g dependence of the
GDR.

The measurement of the photoneutron cross section for
70 by Jury et al. [1] provided the first photonuclear data
for the core-excited states. Comparison was made with
results of Albert et al. [16] only. More recently, another
calculation, by Eden and Assafiri [17], using the Cooper-

- Eisenberg interaction has been carried out expressly to

calculate core-excited states in the 2p-1h framework, ex-
cluding 1p-Oh excitations.

The present data permit a more complete evaluation of
these calculations than was possible with previous data,
particularly since it can be summed with the photoneu-
tron cross section to obtain a good approximation of the
photoabsorption cross section for '70.

The photoabsorption cross section for 'O consists of
two isospin components T_ =1 and T, =2, formed via
isovector transitions from the T'=1 ground state of '"O.
The energy distribution of these two components and
their properties—such as the relative intensity and dis-
placement energy between the centers of strength of the
two components (isospin splitting magnitude) —provides
further tests of the shell-model predictions and various
other estimates of the properties of these distributions.
Of particular interest is the phenomenon of isospin split-
ting, which has been established in heavy nuclei [18]. In
light nuclei the situation is more complex since the two
distributions generally overlap. A special case is the *C
nucleus which provides a good example of isospin split-
ting [19]: A strong 2p-1h T _ fragment is observed at 21
MeV below the main T, GDR at ~24.5 MeV. Such
clear separation has not been reported in '"O. Experi-
mental evidence for this phenomenon in 7O is still lack-
ing. Estimates of its magnitude [14,21,22] are roughly
one-half of the GDR width (~6 MeV), so that strong
overlap of the two groups is expected, thus making it
difficult to determine their energy distributions. By iden-
tifying the resonances in the GDR and their isospin na-
ture, it might then be possible to distinguish the two
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groups.

This measurement is part of a series [23] (C-N-O.
aimed at measuring the (y,n), (v, 1n), (y,2n), and (y,p)
cross sections for neutron-rich isotopes of carbon (1314C),
nitrogen ('*N), and oxygen ('7'30), which may be con-
sidered to have one or two particles or holes outside an
A =4n core (1>C or '%0). The recent measurement [24]
of the *C(y,p) cross section, made subsequent to this
measurement, completes the carbon series. The present
measurement completes the oxygen series and allows us
to observe for the first time the effects of progressively
adding neutrons to the doubly magic °O core on the
core-excited GDR states. A short summary of the sys-
tematic trends observed in the carbon and oxygen iso-
topes is presented in Ref. [24].

II. EXPERIMENTAL DETAILS

A. Photon source

The experiment was performed at the Lawrence Liver-
more National Laboratory (LLNL) Electron-Positron
Linear Accelerator Facility using a beam of quasi-
monoenergetic photons produced from positron annihila-
tion in flight. A brief description of this facility is given
below; further details are available elsewhere [25-29].

A 120-MeV electron beam from the linac, pulsed at
720 Hz, was directed onto a tungsten-rhenium converter
where fast positrons were created from electron brems-
strahlung by pair production. These positrons were
transported through an analyzing slit, set to restrict the
momentum spread of the beam to £1%. The analyzed
beam, having typical currents of ~1 nA (at E, =24
MeV), was then focused onto a 0.76-mm-thick beryllium
disk of diameter 12.7 mm. A small fraction of the posi-
trons in the beam interact in the target to produce a near-
ly monoenergetic spectrum of photons by annihilation, as
well as a continuous spectrum of bremsstrahlung pho-
tons. The transmitted positrons were magnetically
deflected through 90° into a 5-m-deep beam dump. The
forward moving photon beam then passed through a
series of circular collimators and a well-shielded photon-
flux monitor before striking the 'O sample, which was
positioned 3.1 m from the annihilation target and directly
in line with the positron beam. The collimation was
designed so that the beam diameter was fractionally
greater than that for the sample, which is usually fixed at
3.81 cm for experiments at this facility.

Because the photon beam includes both annihilation
and bremsstrahlung photons, the measured yield at a
given positron energy does not give a direct measure of
the cross section: Correction for the bremsstrahlung con-
tribution must be made. This was done by repeating
yield measurements with a photon beam derived from
electrons instead of positrons and subtracting this contri-
bution, after appropriate normalization, from the yield
measured with the positron-generated beam. The energy
resolution [full width at half maximum (FWHM)] of the
annihilation-photon spectrum, as a result mainly of the
positron energy spread and energy loss in the annihilation
target, was ~320keV at E, = 15 MeV [30] and increased

in a near-linear way [25,31] to ~400 keV at E, =30
MeV. The energy calibration had been determined to an
accuracy of about +0.25% in previous experiments
[26-29,32] by the observation of several (y,2n) reaction
thresholds, resonances in the 16O('y,n ) cross section, and
the 15.11-MeV state in the *C(y,n) cross section [33].

B. Detection system

The 17O(}/,p)mN cross section was derived from the
yield of !®N activity, measured as a function of positron
energy. The residual !N decays by B~ emission with a
half-life of 7.13 s. Transitions to excited states in 1°0
lead to emission of 6.13- and 7.12-MeV y rays, which re-
sult, respectively, from 67.0% and 4.9% of the B~ decays
[34]. The remaining decays are almost entirely to the
ground state of '°0, resulting in a spectrum of B~ parti-
cles with an end-point energy of 10.42 MeV [34]. This
short-lived !N activity was detected between linac beam
bursts in the experimental arrangement described below.
The dominant 6.13-MeV y-ray branch forms the basis of
the present measurement.

The 6.13-MeV y rays were detected efficiently in situ,
using two large Nal(Tl)-crystal spectrometers, one 27.94
cm diameter X 13.97 cm and the other 20.32 cm X20.32
cm. These spectrometers were positioned close to the
sample, in a horizontal plane, with the axis of each crys-
tal at 90° relative to the incident beam direction. With
the exception of the front face, each spectrometer was
shielded by 10 cm of lead. For the front face, a 17.8-cm-
diam collimator hole was cut in the 2.5-cm-thick lead
shielding. Further shielding was provided by boric-acid
bricks to reduce the activation of Nal crystals by the in-
tense flux of thermal neutrons produced during the 3-us-
long beam burst.

Each Nal crystal was viewed by four photomultiplier
tubes (PMT’s), the gains of which were carefully
matched. The output signals were summed, amplified,
and shaped and then fed into a programmable pulse-
height analyzer. For data taken below E, =29 MeV, the
analyzer was gated to ensure that pulses produced more
than 65 us after the beam burst were analyzed, thus giv-
ing a gating efficiency of 95%. Above E, =29 MeV the
gate delay was increased to 140 us in order to minimize
spectrum-resolution deterioration resulting from short-
term PMT gain instabilities which were induced by a
significant increase of the background in the detectors
during the beam burst.

The efficiency for detection of 6.13-MeV y rays from
the extended 'O sample was determined using spectra
collected from a calibrated [35] 2**Pu-a-3C source posi-
tioned at several locations along the sample axis. The
6.13-MeV 7 rays from this source result from the
13C(a,n)'0 reaction, which populates the same (second)
excited state in '°0 as that which is populated following
B~ decay from the '°N formed by the "O(y,p) reaction
[34]. In determining the absolute cross-section scale, it is
necessary to have at least one detector calibrated abso-
lutely, and we used the 27.94 cm X 13.97 cm Nal spec-
trometer for this purpose; its better resolution allowed for
a more reliable extraction of the 6.13-MeV y-ray photo-
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peak area. The photopeak efficiency for the extended
sample was determined by taking into account (i) the
variation of the photopeak efficiency along the sample
axis, (i) the reduction in the '*N activity along the length
of the sample as a result of attenuation of the incident
beam by the sample, and (iii) a correction of 5% for the
self-absorption of y rays, calculated by a Monte Carlo
method [36]. This efficiency was confirmed by another
result obtained by multiplying the total efficiency calcu-
lated for the present geometry using the Monte Carlo
code [36] by the peak-to-total ratio determined from sam-
ple spectra measured in this experiment.

C. Sample details

The sample consisted of 52.0 g of 'O in the form of
isotopically enriched water, in two parts [H,'’O (I) and
(IN)], with different isotopic compositions as detailed in
Table I. Each part was contained in a separate thin-
walled Lucite [(CsHgO,), ] cylinder, 3.81 cm in diameter
and of length as indicated in Table I.

The '*0 contaminant in this sample, amounting to 31.1
g, contributed to the '®N activity via the '*0(y,pn) and
0(y,d) reactions. This contribution to the O(y,p) re-
action yield was measured by irradiating an '*0-enriched
water sample containing 83.3 g of 80, also in two
cylinders [H,'®0 (I) and (I)] with different isotopic com-
positions and lengths as detailed in Table I. This neces-
sary background determination provided the only avail-
able measurement of the '*O((y,pn)+(y,d)) reaction
cross section, which is reported elsewhere [20].

The beam-dependent background was measured by ir-
radiating a sample of distilled water also packaged in two
separate cylinders [H,"O (I) and (II)]. The H,™O,
H,!’0, and H,'®0 samples were each held in identical
styrofoam containers to facilitate pneumatic transfer into
and out of the beam.

A remotely controlled pneumatic device was used to
place the various samples in a reproducible location be-
tween the Nal detectors. This device was aligned optical-
ly so that the beam line, defined by the centers of the an-
nihilation target and collimators, passed through the
center of the sample; we believe that the umbra of the
beam covered the entire sample.
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FIG. 1. H,""O-sample spectrum (27.94 cmX13.97 cm Nal)
collected for 20 min at E, =35 MeV with the positron beam in-
cident on the annihilation target. The markers indicate the
summation region 5.2-7.1 MeV that was used in the analysis.
The lower limit was chosen to exclude the long-lived beam-
induced background present in the spectra below 5.2 MeV. The
upper limit was chosen to minimize the effects of any error in
the energy calibration ( £ +0.3%) on the sum of events between
the markers.

D. Photon-flux monitoring

The photon flux was measured using a calibrated [26)
cylindrical transmission ion chamber filled with xenon
gas. The stability of this chamber was monitored periodi-
cally during the experiment by placing a %Co y-ray
source in a standard position near the chamber; drifts in
the ion-chamber response were negligible ( £0.5%). The
chamber background, resulting from cosmic rays and
electronic noise, also was measured periodically. Con-
tinuous monitoring of the photon-flux rate during the ir-
radiation period was achieved by recording the digitized
flux in 1-s intervals. This time spectrum, representing the
photon-flux history, also facilitated a small correction for
that part of the N activity that remained after the irra-
diation period and which was not recorded because of a
large increase in PMT gain immediately after the beam
was switched off.

TABLE I. Characteristics of the samples used in the present measurements.

Mass Length Isotopic composition (at. % )*

Sample (® (cm) 150 o %0

H,"0 (I) 79.3 6.6 18.2 45.3 36.5
(I1) 40.8 3.5 34.62 54.75 10.63

H,"*0 (D 72.7 5.8 2.77 1.86 95.37

(1) 239 1.9 2.5 1.4 96.1
H,"™'0 (I) 74.5 6.6 99.762 0.038 0.200
(ID 34.1 3.0 99.762 0.038 0.200

*The isotopic compositions for the enriched-water samples were provided by Monsanto Research Cor-

poration, Mound Facility, Miamisburg, OH.
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E. Data acquisition

The annihilation-photon energy was varied from 13.50
MeV (just below the 13.78-MeV reaction threshold [37])
to 43.15 MeV. For each positron-energy setting, spectra
were collected, in turn, from the irradiated composite
samples of H,"'0, H,'’0, and H,'®0. The spacing be-
tween successive positron-irradiation energies was varied
from 120 keV near threshold to 960 keV at photon ener-
gies above E, =29 MeV. In order to measure the posi-
tron bremsstrahlung contribution to the yield, data were
collected with the electron beam incident on the annihila-
tion target. These data were taken with coarser energy
spacings than those taken using annihilation photons.

With H,"'0, H,'®0, and H,!’O samples in position,
minimum counting periods for energies above E, =29
MeV were 10, 20, and 30 min, respectively. These
periods were increased up to 60 min for energies below
E,=29 MeV. A pulse-height spectrum from the H,'’O
sample is shown in Fig. 1.

III. DATA ANALYSIS
AND EXPERIMENTAL UNCERTAINTIES

A. Reduction of data to absolute cross section

At each photon energy, the number of ’O(y,p) reac-
tion events was determined from the sum of counts in the
H,!’0O-sample spectrum between 5.2 and 7.1 MeV as indi-
cated in the spectrum shown in Fig. 1. Before summing,
each spectrum was energy calibrated to compensate for
long-term gain drifts in the PMT which may have oc-
curred during the experiment. This number of events
was then corrected for (i) the gating factor (1.05 for
E, <29 MeV and 1.11 for E, >29 MeV); (ii) the dead-
time factor, determined by taking the ratio of real to live
time (<1.5%); (iii) the beam-independent background,
determined precisely over many hours ( ~40% at E,, ~15
MeV, ~12% at E,~23 MeV, and £3.5% for E, 230
MeV); and (iv) the 1Y‘SN activity remaining after the irradi-
ation period, but which was not counted (accurate
corrections, of <29%, were made on the basis of the
recorded photon-flux history). Spectra from the H,"*'O
and H,'®0 samples were reduced in a similar way.

The relative reaction yield then was determined at each
photon energy by dividing the corrected number of
events (/N) by the photon flux (Q). The flux was correct-
ed for the ion-chamber background, resulting primarily
from cosmic rays and from electronic noise in the
current-to-frequency converter. The contribution of this
background to the total measured flux was ~25% at
E,~15 MeV, ~11% at E7,223 MeV, and <3% for
E, %30 MeV.

This procedure, after having been repeated for every
point, reduced the data to six complete yield curves for
each detector: one yield curve with positrons incident on
the annihilation target and one with electrons incident
for each of the three samples. These yield curves for each
detector were analyzed independently following the pro-
cedure outlined below.

The H,"O-sample yields represent the total beam-

dependent background which originates from reactions
induced by the photon beam ( ~70%) mainly in the colli-
mators and by the e* beam (~30%) mainly in the beam
dump; the presence of the H,"'O sample accounts for
$10% of the total measured background. These back-
ground yields are nearly constant across the entire energy
range spanned in the experiment. A linearly fitted value
was therefore subtracted at each energy from the
H,!"!80-sample yields to obtain yields representing con-
tributions from 7130 alone. This background accounts
for 8%, 6%, and 4% of the H217O-sample yield measured
with positrons incident on the annihilation target at
Ey =15, 22, and 40 MeV, respectively.

The '7130-sample yields which result from annihilation
photons alone were determined by subtracting the
electron-run yields from the positron-run yields:
et e
o)

N —k

N

Q Q Q

where k is the previously measured [26,28] energy-
dependent normalization factor which allows for the
different photon-flux monitor response for positrons and
electrons. Since the electron-run data were taken in
larger energy steps than the positron-run data, it was
necessary to smooth the electron-run yield curve and in-
terpolate to obtain the yield at appropriate energies. Fig-
ure 2 shows a comparison of the positron-run yield from
the H,'’0O sample with the normalized electron-run yield
(and its smooth representation) using the 27.94
cm X 13.97 cm Nal detector.

The net yield (N/Q)™ due to the '"O(y,p) reaction
alone was obtained by removing the contribution of the
130 contaminant in the H,'’O sample as follows:

(n=17,18) , (1

n n n

net

N

N N
Q Q
Here m 3=0.38 (m;;=1.01) is the mass normalization
constant which corrects for the presence of *O (70) in

—remgGog
17

=m;Gy;

(Arbitrary Units)
=)
S
T

Zl% 0.05 /
o s a0 s 40
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FIG. 2. Yield from the H,"70 sample and the 27.94

c¢m X 13.97 cm Nal detector obtained with positrons incident on
the annihilation target, compared with the normalized yield
(and its smooth representation) obtained when electrons are
used.
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the H,’0 (H,'®0) sample; G;; (Gy4) corrects for the
atomic attenuation of photons in passing through the
H,"0 (H,'®0) sample and varies from 1.11 (1.08) at
threshold to 1.09 (1.07) at E,, =43 MeV; r,=0.98 and is
the ratio of efficiency for detection of N activity from
the H,'’O sample to that from the H,'0 sample. The
uncertainties in these factors are small and result in a
negligible uncertainty in the cross section.

Figure 3 shows for each detector the H,’O-sample
yield at this stage of the analysis compared with the
H,'®0-sample yield, where the yields have been scaled by
the factors given in Eq. (2). The observed structure in
these yields reflects directly the structure in the cross sec-
tions. The yield from the H,'®O sample is due to both
the '0(y,pn) reaction (above 21.82 MeV) and the
30(y,d) reaction (above 19.60 MeV). Below these
thresholds the nonzero yield has been identified as being
due to capture of fast neutrons by the Nal crystals.
These neutrons result from delayed neutron emission
from excited states of !’O, which are formed following
the 4.17-s half-life B~ decay of '’N [34]. The !N is pro-
duced by the '30(y,p) reaction in the sample. Further
details are presented in Ref. [20], which reports the
B0((y,pn)+(y,d)) cross section.
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FIG. 3. Comparison of the yields from the H,'’O (upper data
points) and H,'®0 (lower data points) samples due to annihila-
tion photons only, obtained from (a) the 27.94 cm X 13.97 cm
Nal and (b) the 20.32 cm X 20.32 cm Nal.

The cross section o at each photon energy was calcu-
lated from the expression

o= X
0

Here (N/Q)™" is the weighted (by the inverse square of
the error bars) average of the net yields from the two
detectors given by Eq. (2). The net yield from the 20.32
cm X 20.32 cm Nal spectrometer was normalized prior to
averaging to that from the 27.94 cm X 13.97 cm Nal spec-
trometer by multiplying by a constant factor of 1.06.
This factor was determined from the ratio of the two
yields taken at all energies and simply reflects the
difference in the relative efficiencies of the two detectors.
The absolute photoproton efficiency for detecting pho-
toproton events € was then given by the photopeak
efficiency, determined only for the 27.94 cmX13.97 cm
Nal as outlined in Sec. II B, multiplied by (i) the ratio of
counts in the photopeak to that in the summation region
5.2-7.1 MeV (determined from spectra taken with the
sample to an accuracy of better than +1%) and (ii) 0.67,
being the number of 6.13-MeV ¥ rays per reaction [34].

In Eq. (3), @/ A is the number of photon-flux monitor
units per annihilation photon, which increases linearly
with energy; the calibration used in this measurement
was determined in Refs. [26] and [28]. The solid-angle
factor SAF is a constant correction to the value of Q/ 4
resulting from the method used in the calibration. It
takes into account the difference in the solid angles sub-
tended at the annihilation target by the Nal detector used
in the calibration [26,28] and by the collimator used to
define the beam striking the sample. It also takes into ac-
count the effective number of sample nuclei per unit area
that are irradiated.

The resulting cross section is shown in Fig. 4.

ne

et
(SAF) c (3)

w

B. Experimental uncertainties

The error bars on the individual data points of Fig. 4
represent the statistical uncertainties only. An energy-
independent systematic uncertainty of 8% arises from
the determination of the total detection efficiency. The
significant contributions in this arise from uncertainties
in (i) the absolute number of 6.13-MeV y rays emitted
from the 2**Pu-a-13C source (+6%) [35], (ii) the extrac-
tion of the photopeak area from the 6.13-MeV y-ray
spectra recorded from the 2*®Pu-a-13C source (+5%), and
(iii) the branching ratio for B~ decay of !N leading to
emission of 6.13-MeV y rays (1+1%) [34].

The significant energy-dependent systematic uncertain-
ties are the following: (i) The uncertainty in Q/ A4 in-
creases in a near-linear way, from +3% at E y = 12 MeV
to £9% at E, ~42 MeV [26]. (ii) The uncertainty in the
photon-flux normalization constant k of +1.5% [26]
translates into an uncertainty in the absolute cross sec-
tion of $1% for E, $24 MeV and ~8% at E, =30
MeV. Above E, =30 MeV the positron bremsstrahlung
contribution to the measured photoproton yield dom-
inates more and more, as seen in Fig. 2. This increases
the uncertainty in the cross section to ~25% at E, =35
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MeV and ~55% at E,=40 MeV. (iii) Distortions in structure in the cross section is expected to be minimal.

some energy regions of the cross section of up to about The overall systematic uncertainty in the cross section
+30 ub might be introduced by the interpolation and was estimated by summing the above components in
smoothing of the yields as mentioned above; the effect on quadrature. This uncertainty is £10% at E, $26.5 MeV
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FIG. 4. ""O(y,p)'*N reaction cross section. Part (a) shows the cross section over the entire range of the measurement, and part (b)
gives more detail of the region below the GDR. The error bars indicate the statistical uncertainties only. The arrow in part (b) indi-
cates the reaction threshold at 13.78 MeV.
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and increases almost linearly to +~18% at E, 6 ~33
MeV, followed by a further almost linear increase to
+~75% at E,, ~43 MeV.

1V. RESULTS

A. Cross section

Figure 4(a) shows the "O(y,p) reaction cross section
measured from 13.50 MeV (just below the 13.78-MeV
threshold) to 43.15 MeV. The cross section is observed to
have a significant amount of structure, characteristic of
the photoproton cross sections of other light nuclei. The
main strength, clearly forming part of the 70O GDR, is
concentrated in the region from 21 to 26 MeV and is cen-
tered at ~23 MeV, with a width of ~5.5 MeV. In this
GDR region, clear peaks are observed at 22.2, 23.1, and
24.4 MeV and a less well-defined peak at ~26.5 MeV.
The maximum cross section observed is 3.681+0.08 mb at
22.17 MeV, which is somewhat smaller than the magni-
tudes of photoproton cross sections of other light nuclei.
Above 27 MeV the cross section tails off to near zero at
~44 MeV. Within the photon-energy resolution of the
present experiment, no unambiguous structure is ob-
served above 27 MeV.

Figure 4(b) shows the detail in the cross section below
the GDR. A weak peak is observed near threshold, at
14.1 MeV, and a pronounced asymmetric peak at 15.06
MeV. A shoulder is barely evident at 17.1 MeV, and
clear peaks in this low-energy region are also observed at
18.1, 19.3, and 20.3 MeV.

To facilitate further discussion and to allow compar-
ison with data from other studies of 7O, the structure in
the region 17-21 MeV was fitted with noninterfering
modified Lorentz curves. Prior to x? fitting of the data,
the Lorentz curves were convoluted with a Gaussian hav-
ing a width chosen to match the photon-energy resolu-
tion near the resonance energies. The positions and
widths of the peaks (assumed to be single resonances)
determined in this way are listed in Table II. The uncer-

TABLE II. Peaks observed in the "O(y,p)'*N cross section.

Photon energy® Width
(MeV) (MeV)
(14.1 +0.1)°
15.06+0.05 ~0.45¢
((17.1 +0.1))®
18.09+0.07¢ 0.59+0.14
19.28+0.07¢ 0.75+0.20
20.33+0.07¢ 0.30+0.10
22.1740.1 ~1
23.1 +0.1
24.4 +0.1

(26.5 +0.15)°

“Uncertainty in the energy calibration is about +0.25%.
PParentheses indicate peaks that are not well established.
“Estimated from the observed width of ~625 keV and experi-
mental energy resolution of ~320 keV using the procedure
given in Ref. [38].

9Uncertainty includes +20 keV from the fit discussed in the
text.

tainties in the widths of these resonances result mainly
from the uncertainties in estimating the underlying con-
tribution from the GDR. The effect of this contribution
on the derived widths was estimated by assuming
different shapes for the rising tail of the main GDR
strength. This procedure has a minimal effect on the
peak positions, and hence the uncertainties associated
with the peak energies are smaller.

It should be noted that the measured cross section
shown in Fig. 4 represents decays by emission of single
protons from 'O leading to the population of the ground
state (J"=2") of !N and the low-lying excited states at
120 keV (07), 297 keV (37), and 397.5 keV (17) only.
These states are shown in Fig. 5, together with the
relevant kinematic data for 7O photoreactions. All other
excited states in '®N that can be populated are unbound;
the (y,pn) threshold is at 16.27 MeV (2.49 MeV in excita-
tion for 'N). Since the probability of gamma decay from
unbound states relative to particle decay is lower, typical-
ly by several orders of magnitude, then essentially all
70(y,p) events leading to states in '*N higher in excita-
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FIG. 5. Kinematic data for the 'O photoreactions. Some of
the relevant nuclear levels are shown. All energies are given in
MeV.
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tion energy than 2.49 MeV will result in the subsequent
emission of a neutron (or a proton if above 15.27 MeV in
I6N). Contributions from reactions where neutrons are
emitted in association with protons, such as (y,pn) and
(7,np), are included in the "O(y,sn) cross section of
Jury et al. [1].

B. Integrated cross section

The integrated cross section for the "O(y,p)!*N reac-
tion from threshold (13.78 MeV) to 43.15 MeV, the upper
limit of the present measurement, is 26.71+3.7 MeV mb.
This exhausts 10.6% of the Thomas-Reiche-Kuhn (TRK)
sum rule. The integral up to 30 MeV is 21.9+2.3
MeV mb and up to 40 MeV is 26.3+3.4 MeV mb. The
quoted uncertainties include only systematic uncertain-
ties in the cross section; the statistical uncertainties make
an insignificant contribution.

C. Estimate of the '"O(y ,tot) cross section

The (y,tot) cross section for 'O can be approximated
by summing the present (y,p) cross section and the
(y,sn) cross section of Jury et al. [1], where

o(y,sn)=o(y,n)+o(y,np+pn)+o(y,2n)+ao(y,na)

+o(y,3n)+ - . 4)
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FIG. 6. (a) '"O(y,p)!*N cross section reported here compared
with that for '"O(y,sn) reported by Jury et al. [1]. (b)
70Q(y,tot) cross section, obtained by summing the cross sections
shown in part (a) and also including the preliminary "O(y,n)
cross-section data of Eden, Thompson, and Zubanov [39] below
10 MeV.

Included below 10 MeV is the preliminary (y,n) data
measured at Melbourne [39]. The (y,p) and (y,sn) cross
sections, shown in Fig. 6(a), were both measured at
LLNL with similar annihilation-photon resolution and
energy calibration, thereby minimizing distortions in tak-
ing their sum. It should be noted that the absolute
cross-section scales are nearly independent since different
detectors and photon-flux monitors were used; these are
the major source of systematic uncertainties. Since the
(y,sn) cross section is larger than the (y,p) by a factor of
~4, the uncertainty in the (y,tot) cross section stems
mainly from the (y,sn) cross section, which was estimat-
ed in Ref. [1] to vary from 7% below 20 MeV to some-
what less than 20% at the highest energies measured.

Indications from neighboring nuclei are that reactions
such as the (y,a), (y,d), (‘;/,3He), etc., contribute less
than a few percent to the (y,tot) strength [2]. For 'O,
only the contributions from the (y,°H,) and (y,*He,) re-
actions are available [34]. The capture cross section for
the "“N(°H,y,)'70 [7] and the '“C(°He,y,)!’O [6] reac-
tions result, after detailed balancing, in maximum pho-
tonuclear cross sections of only ~45 ub (near 21 MeV)
and ~200 ub (in the GDR), respectively. We do not ex-
pect the sum of contributions from such reactions to
exceed several percent of the !7O(y,tot) strength shown in
Fig. 6(b).

V. DISCUSSION

A. Photoproton reaction

As noted above, the (y,p) cross section reported here
results from population of the ground state of "N (27)
and the first three low-lying excited states at 120 keV
(07),297 keV (37 ), and 397.5 keV (1) only. These final
states are known to have very pure 1p-1h nature. Shell-
model calculations incorporating a full p-s-d shell basis
[3] predict >96% (1p, ,,)~'(1ds ;)" configuration for the
27 and 3~ states and >98% (lp,,,) '(2s,,)"
configuration for the 0~ and 1~ states. Thus the proton
decay of 2p-1h configurations with (1p, ,,)~ ' components
is represented, while the decay both of 2p-lh
configurations with (1p;,,)”' components and of more
complex configurations (3p-2h, 4p-3h, etc.) formed from
the correlated '’O ground state will be suppressed be-
cause of their insignificant parentage involving a proton
coupled to the !®N final states. The proton decay of
configurations with (1p;,,)”! components will populate
the unbound levels of '°N, the strength of which is
represented in the (y,pn) reaction and included in the
(y,1n) cross section [1].

This selectivity is valid only for (y,p) strength pro-
duced via the semidirect process. The dominance of the
semidirect process in the (y,p) reaction has been estab-
lished recently by O’Rielly, Zubanov, and Thompson [5]
in a measurement of the deexcitation y rays emitted in
the "O(y,py')'®N reaction. About 10% of the proton
decays populate the 0~ and 1 states in '°N, which is a
measure of the nonsemidirect processes (i.e., preequilibri-
um and statistical), since the 0~ and 1~ states have a
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(v2s,,,)! configuration and thus can only be reached
from the (vlds,)' ground state of 'O if scattering
occurs. Assuming that the nonsemidirect strengths for
27 and 37 states are comparable to the 0~ and 1~ states,
we see that ~80% of the (y,p) strength results from the
semidirect process. The study of the proton pickup reac-
tion '"O(d,*He)!'®N by Mairle et al. [40] confirms the
strong population of the 27 and 3~ states; they see no
population of the 0~ and 1~ states. Furthermore, all of
the observed spectroscopic strength from the 1p,,, sub-
shell is carried by the 27 and 3~ states. On this basis,
the (y,p) cross section represents all of the proton-
transition strength from the 1p, ,, subshell.

A comparison of the (y,p), (y,sn), and (y,tot) cross
sections is made in Fig. 6. In the main GDR region, the
(v,p) cross section is only ~20% of the (y,tot) cross sec-
tion, which can be taken as evidence of the dominance of
(1p;,,) ! components in the wave function of the strong
El states of '"0O. The ratio o(y,tot)/o(y,p) increases
with excitation energy, which indicates an increase in the
relative importance of (1p;,,)” " components as one
passes through the GDR. There is no major restructur-
ing of cross-section strength from (1p,,)”! and
(1p3,,)”" components. The splitting in energy of
strength from transitions 1p, ,, —2s-1d and 1p; ,, —2s-1d
can be estimated from the center of strength in the (y,p)
and (y,sn) cross sections. We exclude the (y,n) strength
in the pygmy resonance, since it originates from transi-
tions 1ds,,—1f-2p (see below), and we assume that the
energy distribution of the transitions v1p, ,, —2s-1d and
mlp,,, —2s-1d are the same. A separation of ~ 1.6 MeV
is obtained, which represents a measure of the
configurational splitting within the 1p shell.

A large fraction of the total photoproton strength for
170, corresponding to the transitions from the 1p;,, sub-
shell, is represented in the (y,pn) reaction. Since the
photoproton reaction mechanism is dominated by the
semidirect process, the (y,pn) and (y,p) integrated
strengths should be proportional [4] to the summed spec-
troscopic factors for the unbound and bound levels of
16N, respectively (i.e., a factor of ~ 1.5 [40]). We estimate
that the (y,pn) integrated strength is comparable to the
(y,p) strength reported here, after allowing for the lower
penetrabilities of the (y,pn) channels. Further support
for the large (y,pn) strength comes from the following
observations.

(i) The measured average neutron energy in the (y,1n)
reaction is low (~3.5 MeV) and constant in the GDR re-
gion (E, =19-27 MeV) [1], indicating strong population
of the high-lying states in 'O and '®N, which become
even stronger with increasing excitation energy.

(ii) The observation of strength (~0.6 mb above ~24
MeV) in the (y,2n) cross section [1] is significant, since it
might indicate population of T=1 states in %0 above
15.67 MeV from T=3 states in the GDR of !"O (see Fig.
5). The (y,np +pn) channels (which open at 16.27 MeV)
compete strongly with the (y,2n) channels (which open
at 19.81 MeV), as is suggested by the slow rise in the
(v,2n) cross section extending for a few MeV above
threshold (see Fig. 3 of Ref. [1]).

(iii) In the GDR region, the (y,sn) cross section is a
factor of ~4 larger than the (y,p). A factor of 2 is ex-
pected on the basis of Clebsch-Gordan coefficients cou-
pling the T =1 states in '"O (which are dominant in the
GDR region) and the T=1 analogs of °0 and '*N. The
factor of ~4 may be understood if strength comparable
to that observed in the (y,p) reaction reported here is
carried by the unbounded 16N states, consistent with ex-
pectations based on proton pickup data.

(iv) At energies above the GDR, the (y,1n) cross sec-
tion [which includes the (y,np +pn) strength] is ~2.5
mb. Assuming that the (y,n) cross section tails off in the
same way as the (y,p), then the (y,np +pn) channels car-
ry most of the (y,tot) strength in this region.

It is noteworthy that around 40 MeV single-proton
emission from 7O contributes very little to the (y,tot)
strength, which is consistent with the expected [41] onset
near this energy of the quasideuteron mechanism of pho-
ton absorption leading to emission of correlated proton-
neutron pairs.

B. Structure in the cross section

To facilitate the discussion of structure observed in the
present cross section, Fig. 7 summarizes the relevant
photonuclear-reaction data.

1. 14.1-MeV peak

A weak but clear peak is observed at 14.1 MeV, only
320 keV above threshold. It is significant that it is seen,
despite the size of the Coulomb barrier, which severely
suppresses decays by proton emission. If a T _ state at
this energy were photoexcited, it would decay so strongly
by neutron emission that the proton channels would not
be seen. However, if it were a T, state, neutron decay
would be isospin forbidden to the low-lying 7=0 states of
160, leaving the proton channels, despite the low penetra-
bility, as the only available decay mode. It is thus highly
probable that this peak in the ’O(y,p) cross section indi-
cates a T =3 state in '’O at 14.1 MeV.

A state in 'O has been reported [34] at 14.15+0.10
MeV, with a width of about 100 keV. Its tentative J” as-
signment is %+ or %Jr, with no isospin assignment. Be-
cause the J7 assignment is tentative, identification of this
state with that seen in the present experiment cannot be
ruled out. Also, the state observed in this experiment
might be the analog of a J”; T =373 state in the mirror
nucleus '"F at 14.176 MeV with a width of 30+5 keV
[34].

In the photoneutron cross section [1], a shoulder can
be seen near this energy, suggesting that this state might
be isospin admixed. If this were the case, evidence of it
should be seen in other particle-decay channels [for ex-
ample, the (y,a)]. A strong resonance near this energy
should be manifest in photon-scattering measurements.

2. Pronounced resonance near 15 MeV

The (y,p) cross section shows a pronounced resonance
located at 15.06 MeV, just 1.3 MeV above the photopro-
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ton reaction threshold. Despite a Coulomb barrier of ~2
MeV, the resonance is remarkably strong relative to the
main GDR peak at 22.2 MeV and exhausts about 6% of
the cross section integrated over the entire energy range
covered in the present measurement. The resonance has
a clear asymmetry; the half width at half maximum on
the high-energy side of the peak is a factor of 1.3 greater
than that at the low-energy side. Even after taking into
account the strength from the GDR tail, it falls more
slowly on the high-energy side. It is possible that the
asymmetry is due to barrier-penetrability effects: The
Coulomb barrier suppresses proton emission to a greater
extent on the low-energy than on the high-energy side.
However, the observed asymmetry also could result from
the excitation of more than one state
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FIG. 7. Comparison of the photonuclear data for mass 17:
(a) the "O(y,p) cross section (present data), (b) the "O(y,sn)
cross section of Jury et al. [1], (c) the O(y,n)'®0 integrated-
over-angles cross section of Jury et al. [12], (d) the O(y,n,)'*0
98°-differential cross section of Johnson et al. [11] multiplied by
47 and energy corrected according to Ref. [50], and (e) the
"F(y,po)'°0 cross section obtained using detailed balance from
the '°O(p,y)"'F 90°-excitation function measured by Harakeh,
Paul, and Gorodetzky [14] and which was normalized to an in-
tegrated cross section of 10.2 MeV mb estimated in Ref. [14]
from angular distributions measured at a few energies.

Proton emission to the low-lying states of !N (which
have T=1) can occur from both T'=1 and  states in
70. However, neutron decay from T =% states in 17O to
T=0 states in '®0 is isospin forbidden. Neutron decay
from T =1 states in '’O becomes allowed at an energy of
16.94 MeV (in '70), when decay to the first =1 state in
160 (at 12.80 MeV) becomes energetically possible. Thus,
below 16.94 MeV, T =3 states in 70 are forbidden to de-
cay by neutron emission, while neutron decay of T =1
states is allowed —and favored by penetrabilities—to any
of the many available T=0 states in '°0. Figure 8 shows
the available photoneutron data for '’O near 15 MeV.
The absence of a strong resonance both in the (y,sn)
cross section [1] and in the integrated-over-angles (y,n )
cross section [12]—which, in good isospin, selects only
T =] strength—provides strong evidence for an isosopin
assignment of T =3 for the major part of the strength in
this peak.

The FWHM of this peak at 15.06 MeV is 625150 keV.
After correcting for the experimental resolution of ~ 320
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FIG. 8. Comparison of the available photonuclear data for
70 around 15 MeV: (a) the (y,n) cross section of Jury et al.
[1]; (b) the (y,no) 98°-differential cross section of Johnson et al.
[11], multiplied by 47 and energy corrected according to Ref.
[50]; (c) the integrated-over-angles (y,n,) cross section (47 A4,)
of Jury et al. [12], and (d) the Legendre coefficient a, for the
(y,nq) reaction [12].
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keV [30], the width becomes ~450 keV. Hinterberger
et al. [42] have studied the T=1 states in 'O by
measuring the neutron transmission on '°0 and find it
probable that T =2 states in the 14—16-MeV region have
widths that are characteristically 50 keV or less. In this
energy range, the width of a T =32 state results almost
entirely from the proton channels; all other open particle
channels [(y,n), (y,a), and (y,d)] are isospin forbidden
[34]. The total widths of T =3 states in this energy re-
gion are expected to be narrow because of the small num-
ber of open (y,p) channels and the low penetrability of
those channels. The observation of a peak whose width is
an order of magnitude larger than the characteristic
width strongly suggests that more than one state is con-
tributing.

That more than one level may be photoexcited near 15
MeV is indicated by the observation of two peaks in the
70(e,e’) spectra measured at 75° by Norum, Bergstrom,
and Caplan [15]. One is at 14.76 MeV (> 300 keV wide)
and another stronger peak is seen at 15.24 MeV (~200
keV wide). Unfortunately, the quality of the electron-
scattering data in this energy region was not good enough
to determine the transition multipolarities [15]. There is
also a pronounced structure at ~15.2 MeV in the (y,ng)
reaction (see below).

Because this resonance is strong, E1 transitions are ex-
pected to contribute. Several narrow levels have been re-
ported in the 14.5-15.5-MeV region of excitation in "0
[34]. The properties of most of these levels are not fully
established, and the corresponding levels in the mirror
7F nucleus are even less well known [34]. Although a
few of the reported levels may be E1 accessible, none has
an established assignment of J"=217, 27, or 17, re-
quired for an E1 transition from the 3% ground state of
170'

At energies just above 15.06 MeV—the peak of the
resonance —two possible non-E1 levels are reported [34],
which, if photoexcited, may account for the observed
asymmetry in the peak. Both were observed by Hinter-
berger et al. [42] in their high-resolution study of the
180+ n reaction. One was observed at 15.198 MeV with
I’'=52+14 keV and the other at 15.37 MeV with
I’'=40+6 keV. If analog association is made between
these two states and those at 4.01 and 4.21 MeV in 'N,
then J 7 assignments of %+ and %* are determined for the
15.198- and 15.37-MeV levels, respectively. The analog
association of the 15.198-MeV level in '’O with the 4.01-
MeV level in "N has been confirmed by Cunsolo et al.
[43] in a parallel investigation of the *C(°Li,>H)!’O and
1C(Li,*He)''N reactions. Hinterberger et al. [42] have
been able to observe these levels because of their nonzero
isospin-forbidden neutron-decay widths; the ground-state
neutron decay widths l",,o for the 15.198- and 15.37-MeV
levels are ~10% (5.5 keV) and ~5% (~2 keV) of the to-
tal width, respectively. Since the widths F"o are small
but significant, evidence for photoexcitation of these lev-
els should be sought in the (y,n) reaction.

A pronounced peak is observed at ~15.2 MeV in the
0O(y,n,) 98°-differential cross section of Johnson ez al.

[11], shown in Fig. 8(b), which is confirmed by the 90°
data of Jury et al. [12]. There is little evidence of struc-
ture in this energy region in the integrated-over-angles
70(y,n,) cross section of Jury et al. [12], shown in Fig.
8(c), consistent with the small F,,o found [42] for both lev-

els. Furthermore, the asymmetry Legendre coefficient a,
from the fitted angular distributions [see Fig. 8(d)]
changes from a value of ~Q at 15.0 MeV to ~—0.35 in
the region from 15.1 to 15.5 MeV, indicating E1-M1 (or
E2) interference. Thus there is evidence for the photoex-
citation of at least one of the two positive-parity levels (at
15.198 and 15.37 MeV). We expect these levels to be ob-
served in photoproton channels since these channels pro-
vide the only isospin-allowed mode for particle decay.
The asymmetry observed on the high-energy side of the
peak probably represents strength from these levels.

Levels with J7 of 2* and 1" are accessible from the
3% ground state of "0 via M1 or E2 transitions. We
prefer M1 transitions, since the M1 giant resonance is ex-
pected to be located in light nuclei at an excitation energy
of ~354 1% MeV [44], which, for 0, is at ~13.6
MeV. The isovector E2 strength, on the other hand, is
believed [44] to be centered at ~1304 !/ MeV (i.e.,
~50 MeV for 1’0). We may have located the major part
of the giant M1 resonance in '’O; the strength in the
asymmetry component (~0.03 mb) exhausts a large frac-
tion of the Gell-Mann-Telegdi sum rule for M1 transi-
tions [45] (0.05 mb for '’0). The inverse energy-weighted
strength for the 15-MeV resonance is 0.10+0.01 mb,
which is twice that given by the M1 sum rule [45]. Thus,
as noted earlier, it is unlikely that all of the strength in
this resonance corresponds to pure M1 transitions. It is
noteworthy that the angular distributions for the (y,ny)
reaction on the low-energy side of the resonance ( <15.0
MeV) are consistent with E1 excitation.

Only one report of M1 transitions has been made in
170, at 15.10 MeV, that by Rangacharyulu et al. [46] in
their high-resolution (e,e’) study at 153° (measured from
11 to 15.3 MeV). This state was so weakly excited
[B(M1)~0.1u% ] that photoexcitation would contribute
only ~0.1 MeV mb to the 15-MeV resonance, and so is
unlikely to account for the asymmetry in the 15-MeV res-
onance and for the structure observed in the (y,n,) reac-
tion. On the basis of the narrow width of this level, it
was concluded that it did not correspond to the 15.198-
MeV %’L state seen in the 'O+~ study [42]. Interesting-
ly, in their published spectrum (see Fig. 2 of Ref. [46]), a
wider peak is observed at 15.20 MeV, but no comments
were made regarding its excitation mode.

The existence of M1 transitions in '’O indicates that
ground-state correlations of the '°0O core are present in
this nucleus. Strong correlations of the %0 core are ex-
pected, since significant M1 strength has been found in
both '¢180 nuclei [47]. However, to date, very little M1
strength has been found in 0. The present work indi-
cates that additional M1 strength in 7O may be found in
a 37" level at 15.198 MeV and also possibly a 2™ level at
15.37 MeV. Clearly, this region should be explored fur-
ther with the (e,e’) reaction at large backward angles in
order to confirm the present arguments and determine
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the M1 transition strength of any such levels for compar-
ison with M1 strength found in %180 [47].

3. 18.1-MeV peak

There is no evidence of a resonance at 18.1 MeV either
in the O(y,n,)'%0 integrated-over-angles cross section
of Jury et al. [12] or in the "O(y,n,)'%0 98°-differential
cross section of Johnson et al. [11]. However, it should
be noted that the absence of a resonance in the T _-
selective 7O(y,n,)'%0 reaction does not necessarily im-
ply that the observed structure must have T=%, since
the configuration of this state might be such that there is
no parentage involving a neutron coupled to the ground
state of '%0. Nonetheless, the fact that there is no evi-
dence of a resonance at this energy in the O(y,sn) cross
section [1] implies that no significant population of
(T=0) excited states in '°0O occurs and weighs the argu-
ment further in favor of a T =3 assignment. Consistent
with this assignment is the absence of a peak near 18.1
MeV in the T _ -selective '®O(p,y )!"F reaction [14].

However, the 590-keV width of the peak observed in
the present measurement seems too large for a T =2 level
near 18 MeV. The total width of T'=3 levels in the re-
gion from 14 to 16 MeV is characteristically small, <50
keV [42,34]: This width comes about almost entirely be-
cause of the availability of the isospin-allowed proton-
decay channels to T=1 states in N, which open at 13.78
MeV. Fora T =% level in 7O near 18 MeV, the number
of isospin-allowed decay channels has doubled as a result
of the opening of the neutron-decay channels to 7T=1
states in '%0, which open at 16.94 MeV. (The opening of
the "'N+n +p decay channels at 16.27 MeV has a
minimal effect.) With the number of channels effectively
doubled and an increase in the penetrabilities for the
'N(T =1)+p channels, the width of T =2 levels near 18
MeV may increase by a factor of roughly 2-3; an order-
of-magnitude increase would be unusual. Thus, on the
basis of its width, it would seem that this peak has T =1.
Furthermore, this 18.1-MeV peak is comparable in width
to those seen in this experiment at 19.3 and 20.3 MeV, for
which a T = 1 assignment is argued below.

Since no levels of width comparable to that observed in
this experiment are reported in 'O near 18 MeV, the
possibility that this broad peak in the "O(y,p)'*N cross
section might be the result of two or more states should
be considered. Two states are listed in the Ajzenberg-
Selove compilation [34] around 18 MeV, only one of
which can be photoexcited by E1 radiation: that at
18.110 MeV with J";T=27;3 and [ =46%12 keV. A
small ground-state neutron-decay width (~1.0 keV) has
been determined for this level, which is consistent with
the absence of strength at 18.1 MeV in the (y,ny) cross
section [11,12]. If this state were excited in the present
measurements, its narrow width of 46 keV could not
alone account for the observed width.

Evidence from photoneutron data [1,11] exists for pho-
toexcitation of a level at about 18.3 MeV, which together
with the 46-keV-wide level mentioned above, can account

for the 590-keV width of this peak. In the "O(y,sn)
cross section [1], a clear shoulder is observed at ~19.3
MeV, which corresponds to the 19.3-MeV resonance in
the present O(y,p)!*N cross section. If strength with
the characteristics of this resonance is removed from the
70(y,sn) cross section, the presence of a level at about
18.3 MeV is revealed. Further evidence of this level is
available from the "O(y,n,)'%0 98°-differential cross sec-
tion of Johnson et al. [11] shown in Fig. 7(d), where a
clear bump is observed at about 18.3 MeV. No clear in-
dications of a resonance are seen in the lower-resolution
70(y,n4)'%0 integrated-over-angles cross section of Jury
et al. [12], although the possibility of weak strength can-
not be discarded.

Although a state in 170 at 18.3 MeV is not included in
the Ajzenberg-Selove compilation [34] or any analog state
been reported at the appropriate energy in !’F, there is
evidence from the photonuclear data for its existence.
Furthermore, in a study of the Bo(°Li,d)'0* »a+ ‘3Cg.S
reaction measured by Cardella et al. [18], a strong peak
was observed in the deuteron-energy spectrum at an ener-
gy corresponding to an excitation of 18.3 MeV; the same
state has been observed earlier in the same reaction by
Artemov et al. [49]. Assuming good isospin, a decay to
the T =4 ground state of BC must come from a r=1
state in 1’0, an assignment consistent with the observa-
tion of the 18.3-MeV state in the ’O(y,n,)!°0 reaction.

In summary, the peak observed at 18.1 MeV is prob-
ably a doublet consisting of (i) a T =3 level correspond-
ing to that reported [42,34] at 18.101 MeV with J7=3"
and a width of 46 keV, and (ii) a T =1 level at 18.3 MeV,
which is weakly excited in the (y,n,) reaction, has
preference for decaying to excited states in '°0 and which
may have an a-cluster structure. (It should be noted that
the available data for the second level also are consistent
with it being an isosopin-admixed 7' state which can de-
cay by ground-state neutrons and alphas through its 7'
component.)

4. 19.28-MeV resonance

The presence of a peak at 19.3 MeV in the "0(y,nq)
integrated-over-angles cross section [12] with a width
similar to that observed in this experiment at 19.28 MeV
dictates an isospin assignment of T =1 for this state in
170. The "0(y,n,)'%0 98°-differential cross section mea-
sured by Johnson et al. [11] also shows a clear peak at
19.2 MeV. In view of the estimated +100-keV uncertain-
+y at these energies in the modified energy scale [50] of
the work of Johnson et al., there is little doubt that this
peak is caused by the same level as that observed in the
present experiment and that of Jury et al. [12]. At this
energy there is clear evidence as well for a shoulder in the
70O(y,sn) cross section [1]. The strength in this shoulder
is too large to be accounted for by ground-state neutrons
only; most of the neutron decays are to the excited states
in 1%0. Also, the T =1 analog in the mirror '"F is ob-
served as a clear shoulder at ~19.4 MeV in the
F(y,po) %0 cross section [14] shown in Fig. 7(e).
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This T =1 level in '"O can be identified with the reso-
nance which appears to be present at ~19.3 MeV in the
90°-excitation function for the 7 _-selective reaction
“N(*H,y,,,)!0, reported by Linck, Kraus, and Blatt [7].
Additional evidence for this resonance is available in the
mirror reaction “N(*He,y . ,)!"F reported by Mo, Blue,
and Weller [51]; an ~300-keV-wide resonance was ob-
served at 19.4210.05 MeV and most likely corresponds
to the shoulder evident at ~19.4 MeV in the
E(y,po)'®0 cross section [14]. Following *H capture by
14N, transitions to both the 3* ground state (y,) and 1+
first excited state (y,) at 0.87 MeV in 'O appear to
resonate at this level [7]. Assuming dipole-only transi-
tions, the spins of resonances seen in the y, excitation
function are limited to J =2, , or 1, while those in the
7, channels are limited to J =1 or 2; observation in both
reactions implies J = 3. The strength of this resonance in
the "O(y,p)!*N and !"O(y,sn) cross sections and the
dominance of E1 radiation in photonuclear cross sections
favors negative parity. The value of the asymmetry
Legendre coefficient a; of ~0 near 19.3 MeV observed in
the '"O(y,ny)'%0 reaction [12] further supports the El
assignment.

The decay of this dipole state via the (y,p), (v,sn),
(7,n,), and (y,3H,) reaction channels suggests a mixed-
configuration structure. The present (y,p) cross section
selects predominantly 2p-1h components. It is reasonable
to suppose that *H emission is proportional to the 3p-2h
components of the continuum wave function [8]. Com-
parison of the integrated cross sections over the reso-
nance in these reactions can give an indication of the rel-
ative importance of the two components. The resonance
strength in the (y,%H,) reaction, obtained from the in-
verse capture reaction using the principle of detailed bal-
ance, is roughly 0.5% of the (y,p) strength. However,
penetrabilities favor the emission of /=2 protons over
/=0 tritons by around a factor of 500; any other [ values
increase this factor. Hence the reduced (y,*H,) strength
is considerably larger than the (y,p) strength. It appears
that 3p-2h components are more important than 2p-1h in
the description of this dipole state.

Furthermore, a state has been reported at 19.3 MeV in
the '3C(°Li,d )170"—>a+’3Cg.s_ reaction by Artemov
et al. [49] and, more recently, by Cardella et al. [48],
who studied the same reaction and observed a strong
state at 19.4 MeV. Because the peak in the deuteron
spectrum is superimposed on a steep continuum, the ex-
cited state occurs at a lower energy, closer to 19.3 MeV
(see Fig. 1 of Ref. [48]). Assuming good isospin, this re-
action favors T =1 states. This state probably corre-
sponds with the structure observed in the photonuclear
reactions, indicating that a-cluster components might
also be present in the wave function of this dipole state.

5. 20.33-MeV resonance

A clear peak, of about the same width as that observed
in the present measurement, is seen in the 17O()/,sn) Cross
section [1] at 20.3 MeV. The "O(y,n,) 98°-differential
cross section of Johnson et al. [11] shows a strong peak

at 20.3 MeV, comparable in width to that reported here.
Therefore, the most probable isospin assignment for this
structure is 7'=J. This peak is not evident in the
70(y,n,) measurement of Jury et al. [12], but poor reso-
lution would preclude its being seen there. Further sup-
port for this isospin assignment is available in the
F(y,p0)'%0 reaction [14], where the T = mirror ana-
log state is evident as a clear peak at 20.2 MeV. This
state might also correspond to that observed at 20.4 MeV
in the '°O(n,n)'°0 reaction [52], which excites only T =1
resonances in !’O; T', /T'~0.7 was estimated, which is
consistent with the strength observed in the "O(y,sn)
cross section relative to that in the total absorption cross
section.

The 20.33-MeV resonance can be identified with that
observed at 20.39+0.05 MeV with J"=3* or 1~ and
I'=660170 keV by Linck, Kraus, and Blatt [7] in the
T _ -selective “N(*H,y,,,)!7O reaction. An EI transition
is favored since a strong resonance is observed in the
70(y,p)'®N and 'O(y,sn) cross sections. Therefore, the
J ”=-f,_—+ assignment can be discarded. Furthermore, in
the mirror reaction “N(°He,y,.,;)!'F, Mo, Blue, and
Weller [51] reported an ~350-keV-wide resonance at
20.25+0.05 MeV with J"=17, which probably corre-
sponds to the 20.2-MeV resonance evident in the
YE(y,p,) reaction [14]. This T =] state in F is very
likely to be the mirror analog of the level observed in !7O.
If this association is correct, then an assignment of
J7=1" can be made.

The integrated cross section over this resonance in the
(7,°H,) reaction, obtained from the inverse capture reac-
tion using the principle of detailed balance, is smaller
than that in the (y,p) reaction by about a factor of 10.
Linck, Kraus, and Blatt [7] report that their 20.39-MeV
resonance is formed by capture of /=3 tritons. Penetra-
bilities hinder /=3 triton emission with respect to proton
(I>0) by more than a factor of 1000. Hence the reduced
(7,°H,) strength is larger than the (y,p) by at least two
orders of magnitude. It is reasonable to assume that tri-
ton emission is directly related to the 3p-2h component of
the continuum wave function [8]. Therefore, it appears
that the amplitude of 3p-2h configurations in the wave
function of this resonant state is dominant and that the
neglect of these configurations in any calculation of di-
pole states near 20 MeV in 7O is not justified.

6. Structure in the GDR region

The intermediate structures observed clearly in the
(v,p) cross section at 22.2, 23.1, and 24.4 MeV are seen
as well in the (y,sn) cross section [1]. The weak struc-
ture evident in the (y,p) cross section as a dip at 25.5
MeV and a peak at ~26.5 MeV is not seen in the (y,sn)
cross section and is reported here for the first time.
Large statistical errors could have masked any evidence
for this structure in the (y,sn) cross section.

Most of the resonance strength in the GDR region is
T ; this is supported by the much larger overall strength
observed in the photoneutron channels than in the pho-
toproton channels. Furthermore, the peaks at 22 and 23
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MeV are both absent from the T _ -selective (y,n,) reac-
tion {11,12] so that a T'=3 assignment for both peaks is
therefore preferred, but is not guaranteed. The structure
at 24.4 MeV is indicated in the (y,n,) reaction [11], sug-
gesting a T =1 assignment. This assignment may be con-
sidered tenuous, since T, states in the GDR region are
generally more isospin admixed and therefore can decay
via the isospin-forbidden channels through their T _
components.

Two major differences in the (y,p) and (y,sn) cross
sections are observed in the GDR region: the 22.2-MeV
peak, dominating the (y,p) cross section, is less pro-
nounced in the (y,sn) cross section—the dominant struc-
ture in that cross section occurs at 23 MeV; and the
broad shoulder observed in the (y,sn) cross section at
~28 MeV is not seen in the (y,p) cross section. These
differences cannot be attributed to changes in the isospin
nature of the major structures, but could arise from
changes in the configuration of E1 states as one passes
through the GDR. The selectivity of the (y,p) reaction
to (1p,,,)” ' components and the (y,sn) to mainly
(1p5,,)~ !, discussed in Sec. V A, suggests that the change
in relative strength of the two peaks reflects a relative
enhancement of (1p;,,)” ' components at 23 MeV, which
become more dominant in the configurations of E1 states
at ~28 MeV.

Importance of 3p-2h configurations. —Table I11 sum-
marizes the known resonances in !’O in the energy region
of the GDR. The resonances observed in the radiative
capture reaction '*C(°He,y)"’O measured by Chang,
Diener, and Ventura [6] are particularly interesting, since
this reaction probes the 3p-2h components of the contin-
uum wave function [8]. If the reduced strengths of reso-
nances seen in the (y,°He,) reaction were significant
compared to those observed for (y,p) reaction—which
probes 2p-1h states only—then there would be a good
reason to consider 3p-2h configurations in the theoretical
treatment of core-excited states in !’O.

The El-accessible resonance (J"=17) observed at
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22.140.1 MeV (I’ ~750 keV) in the (*He,y,) reaction [6]
may be identified with that observed in the present work
at 22.2 MeV (I'~1 MeV). The resonance observed at
24.4 MeV in the (*He,y,) excitation function may corre-
spond to that seen in the present work at the same ener-
gy; if correspondence is made, then the resonance has
J7=37, since the (®He,y,) reaction selects JT=(1,3)"
states (the first excited state in !’O has J ”=%+) and the
photonuclear reactions select J"=(3,3,7)". The
positive-parity levels observed in the (*He, y,) are excited
mainly via E2 transitions [6] and are not likely to contrib-
ute significant strength in the photonuclear reaction.

We can estimate the importance of 3p-2h components
near 22 MeV. At 22.2 MeV the (y,p) cross section is 3.7
mb, while the on-resonance (y,°He,) cross section ob-
tained from the (3He,yo) cross section by detailed balance
is 0.21 mb. Making a correction for the different penetra-
bilities of *He particles and protons, on the basis of 8-
MeV (outgoing) protons (/=2) and 4.1-MeV *He particles
(1=3 [6)), leads to a (y,°He,) reduced strength that is
about 30% of the (y,p). This suggests that 3p-2h com-
ponents play a significant role in the GDR, at least for
the resonance at 22.2 MeV. Brown and Green [55] have
indicated the presence of significant admixtures of the
type (1p,,) " %(1ds,,)® in the ground state of 170, so that
the 3p-2h negative-parity states evidenced in the *He-
capture reaction could be formed by E1 excitation from
this 1ds,, admixture. The 7~ state at 22.2 MeV may
then be a combination of 2p-1h and 3p-2h configurations,
with the former dominating.

C. Integrated cross-section systematics
for 12,13, N'C, 14, ISN and 16,17, 180
’

The photoproton and photoneutron cross sections, in-
tegrated up to 30 MeV, for the entire series of measure-
ments encompassing '>!>14C, %1°N, and ¢'"180 are
given in Table IV. The '2C, N, and !°O values are from
an evaluation by Fuller [2]; the other values have been

TABLE III. Resonances observed in the GDR region of ’O.

(y,p)? (y,sn)° (y,no)° (e,e’)d Other®

(MeV) (MeV) (MeV) (MeV) E, (MeV) JT I (keV)
21.7%¢ 3° ~750

22.2 22.2 22 22.168ni %—7 ~750
22.5° 3= ~1000
23.0°% 1+ ~ 400

23.1 23 23
23.5°

24.4 24.4 24.4 24.4¢

(25.1)
(26.5)
~28k

“Present work.
*Reference [1].
‘References [11] and [12].
dReference [15].
‘Reference [34].
Reference [6].

EReference [53].

"Reference [54].

iReference [49].

iAlso evident in the '°O(p,y)'’F reaction [14].
kBroad shoulder.
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updated from papers forming part of this systematic
study. The photoneutron cross sections for this C-N-O
series are complete, while the present measurement, to-
gether with the recently published measurement of the
“C(y,p) cross section [24], completes the photoproton
series.

On the basis of the weak-coupling model [10], the
(y,sn) strength is expected to increase as each extra neu-
tron is added to a closed 4n core. For the A =4n,4n+1,
and 4n-+2 systems, experimental evidence strongly sup-
ports this expectation. The '%!7!80 nuclei display a sys-
tematic increase in photoneutron strength of around 0.15
TRK sum-rule unit up to 30 MeV, as detailed in Table
IV. The photoneutron strength for the '>1314C series
also increases, but in a less systematic way (a large in-
crease followed by a smaller increase), probably because
the doubly magic oxygen core is more closed than the
filled 1p;,,-subshell carbon core. Similar trends are also
apparent in the 2%2%2Mg and 2%?%3%; systems (see Ref.
[60]). Interestingly, the photoneutron strength for
28.23.308; nuclei also increases systematically by around
0.15 TRK unit, whereas the 2*2>2°Mg series displays rel-
ative changes in photoneutron strength similar to those
for 121314C. These systematics suggest that the degree of
closure of the '°0 core is similar to that of the 2!Si core
and that of '2C is similar to that of 2*Mg, the two former

being more closed than the two latter. It should also be
noted that the addition of a proton hole followed by a
neutron hole to the %O core (the '>'*N systems) again
systematically increases the photoneutron strength by
around 0.15 TRK unit.

Using this simple picture, the integrated photoproton
cross section is expected to drop systematically in order
to maintain an essentially constant E1 absorption
strength. This trend is seen in '®'%0, 415N, and 213 14C.
However, the present photoproton cross section intro-
duces a deviation from this trend. The drop in strength
between ®!70 is about a factor of 2 larger than the ex-
pected drop of 0.15 TRK unit. This lower photoproton
strength for 170 relative to that for '®'30 might be due to
a substantially larger (y,pn) strengths for this nucleus;
the (y,pn) strength is carried by the (y,sn) cross section.
The (y,pn) [ +(y,np)] strength for '*'20 (up to 30 MeV)
are small [0.013 (see Ref. [2]) and 0.023 (Ref. [20]) TRK
unit, respectively]. The discussion in Sec. V A supports a
value for the "O(y,pn) strength comparable to that for
(v,p), i.e., roughly 0.1 TRK unit. When this correction
is made to the value in Table IV for 170, the expected sys-
tematic decrease in the total photoproton strength for the
oxygen isotopes becomes apparent. However, the total
photoabsorption cross section for 'O, taken to be the
sum of the photoneutron and photoproton integrated

TABLE IV. Integrated photonuclear cross sections for '>!314C, 415N, and '%!71%Q,

max

max

Em s [s7 oly.snidE, s,® [s] otr.pdE, Sum®

Nucleus (MeV) (MeV) (MeV mb) (TRK)® (MeV) (MeV mb) (TRK)® (TRK)®
2c 30 18.72 43.14 0.241¢ 15.96 71.6%¢ 0.400 0.641
Bc 30 4.95 95.5f 0.495 17.53 428 0.218 0.712
el 30 8.18 108" 0.527 20.83 17 0.083 0.610
UN 30 10.55 113.0¢ 0.540 7.55 25.2¢ 0.121 0.661
BN 30 10.83 92 0.412 10.21 52k 0.233 0.646
160 30 15.66 57.6¢ 0.241¢ 12.13 105.0%¢ 0.439 0.680
70 30 4.14 97.5' 0.385 13.78 21.9™ 0.087 0.472
o) 30 8.04 142.5" 0.537 15.94 30.7" 0.116 0.652
e} 40 15.66 80.7¢ 0.338 12.13 125%° 0.523 0.861
70 40 4.14 123bp 0.486 13.78 26.3™ 0.104 0.590
180 40 8.04 1927 0.723 15.94 432" 0.163 0.886

#Separation energies are taken from Ref. [37].
®Uncertainty is +10-15 %.
‘Thomas-Reiche-Kuhn sum-rule units, 59.74NZ / A.

4From an evaluation by Fuller [2] of the available photonuclear-reaction data.
“Value given is the o(y,sp)=0a(y,p)+o(y,2p)+o(y,pa)+o(y,3p)+ - -, but not o(y,pn), which is

included in the o(y,sn).

fReference [33].

EReference [56] (extrapolated from 28 MeV).

"Reference [32].

‘Reference [24].

iReference [57] (below 26.5 MeV) and Ref. [58] (above 26.5 MeV).

kSum of partial cross sections for population of the ground and the 7.01-MeV states in '*C, the only
states populated following single-proton emission in the measurement reported in Ref. [59].
'Reference [1] (above 10 MeV) and preliminary (y,n) cross-section data from Ref. [39] (below 10 MeV).

™Present work.
"Reference [29].
°Estimated from values in Table 4.4 of Ref. [2].

PData from Ref. [1] was extrapolated from 39.7 MeV.
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cross sections up to 30 MeV, also exhausts significantly
less than the expected % TRK unit, the fraction exhaust-
ed by its neighbors.

In order to see if the 7O(y,tot) integrated cross section
that appears to be missing is to be found above 30 MeV
(the limit of integration used above), the summation limit
was extended to 40 MeV for 17130, and these data also
are included in Table IV. The trends are observed to be
the same as in the region below 30 MeV, with the total
absorption strength for 70 now being lower by about 0.3
TRK unit, compared to both %0 and '®0. Reactions
such as (y,a), (v,d), ('y,3He), etc., each contribute typi-
cally less than 2% to the integral of the total cross sec-
tion to 30 MeV for 12C, “N, and '°0 [2] and are expected
to be of similar significance for their non-self-conjugate
neighbors. For example, the “N(°H,y,)’0 [7] and
14C(*He,y,)'70 [6] radiative capture cross sections, when
converted by detailed balance to the inverse photonuclear
cross sections, give, respectively, 0.054 MeV mb (integrat-
ed to 21.3 MeV) and 0.49 MeV mb (integrated to 24.9
MeV); their sum thus contributes less than 1% to the in-
tegrated (y,tot) cross section. If the lower total absorp-
tion strength for 7O relative to its neighbors cannot be
accounted for by these small-component reactions, the
missing dipole strength might be found above 40 MeV.

The total photonuclear cross section integrated up to
the meson threshold (~140 MeV) is given by the
Levinger-Bethe sum rule [61] as 60NZ(1+«k)/ A
MeV mb, where the factor « is usually interpreted as a
measure of the two-body meson exchange currents. For
10, (14+k)=1.40 (£10%) [62], and « is expected [63] to
decrease by only a few percent for 17O as the neutron ex-
cess and mass increase. If one expects that the integrated
cross section for 7O up to 140 MeV also exhausts near
1.40 TRK units, then the 7O strength in the region
40-140 MeV would need to exceed that for '°O by about
a factor of 1.6.

At higher energies the photonuclear reaction mecha-
nism is dominated by the (y,pn) process in which the
photon is absorbed by a correlated neutron-proton pair
(the quasideuteron effect) [41,61]. Therefore, any large
increase in the !"O(y,tot) cross section above 40 MeV
might be an indication of a much large quasideuteron
contribution than is present in '%0. Such a situation is
not likely, since the critical parameters in Levinger’s
model [61], namely, the number of p-n pairs and Levinger
factor (L), are not expected to change significantly from
180 to 0. It is, therefore, not expected that the major
part of the strength that appears to be missing below 40
MeV is to be found in the 40—140-MeV region.

The relatively low (y,tot) strength for 'O remains
unexplained. It is noteworthy that the magnitude of the
present measurement has been confirmed in the recent
measurement of the ’O(y,py’)'*N reaction by O’Rielly,
Zubanov, and Thompson [5].

D. Comparison of the !%!-180(y, p) cross sections

Figure 9 shows the !!7180(y,p) cross sections. The
160 photoproton cross section is the '®O(y,sp) cross sec-
tion obtained by Fuller [2], and the '*O(y,p)!'N cross
section is that published by Woodworth et al. [29].

These cross sections reflect almost entirely transitions
from the 1p shell. Differences in shapes of these cross
sections must therefore be a measure of the effect of the
valence neutrons on the doubly magic %0 core. The in-
termediate structure observed in the !"'®0(y,p) cross
section is also reflected in the '""!80(y,sn) cross sections,
but is less pronounced. The "'30(y,p) reactions, having
thresholds (at 13.78 and 15.94 MeV, respectively) which
are much higher than those for the "'%0(y,sn) reactions
(4.14 and 8.04 MeV), carry cross-section strength from
fewer reaction channels than is carried by the
”'180(7/,sn) cross sections. In addition, the main GDR
structure observed in the !"!80(y,sn) cross sections, re-
sulting mainly from core excitations, is obscured to some
extent by strength arising from the valence neutrons.
Core effects are therefore more noticeable in the pho-
toproton cross sections.

The ''7O(y,p) cross sections show strikingly similar
intermediate structure. Resonances are observed in both
near 22.2, 23.1, and 24.4 MeV. The shoulder observed at
25 MeV in the '%O(y,p) cross section is not clearly evi-
dent in the '"O(y,p) cross section; however, it is evi-
denced in the '"O(y,n,) 98°-differential cross section of
Johnson et al.[11] [see Fig. 7(d)]. This strong similarity
indicates that the valence neutron only weakly perturbs
the '®0 core, so that the E1 transitions by protons to
form the GDR are essentially unchanged in 'O com-

4 ———————

L '7O(y,p) ]

L — "O(y,sp) x&

Cross Section (mb)

6  oup) | i

'» (- i
HRFIRENRI
L . o
2'_ " h‘ |||*| 1-

0714 i6 18 20 22 24 26 28 30 32
Photon Energy (MeV)

FIG. 9. Comparison of the photoproton cross sections for
the oxygen isotopes: (a) the present "O(y,p)'*N cross section
compared with the '°O(y,sp) cross section of Fuller [2] multi-
plied by % and (b) the '*O(y,p)'"N cross section of Woodworth

et al. [29].
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pared with those in '°0O. This is as expected from the
weak-coupling model [10]. The loose binding of this
valence neutron is reflected, for example, in the very low
70(y,n) threshold (4.14 MeV) and the large rms charge
radius of the 1ds, orbit in 0. This was determined by
Hicks [64] from magnetic electron-scattering data to be
3.56 fm, which is larger than the orbit radius of other
1d; ,, nuclei (e.g., 3.25 fm for Mg and 3.40 fm for 2’Al).
Also, the magnetic dipole moment of "0 is very close to
the Schmidt limit.

In contrast, the ®O core is considerably perturbed by
the addition of two neutrons. The GDR region of the
80(y,p) cross section is dominated by two broad and
pronounced structures at 23.7 and 27.5 MeV instead of
the four narrower and more tightly clustered peaks ob-
served in the '®'7O(y,p) cross sections. In the case of
130, it appears that, far from being spectators which
leave the E1 transitions of the core essentially unaffected,
as is the case for 1’0, the two neutrons strongly influence
the structure in the GDR [65].

The trends in the '%!"%0(y,p) cross sections may be
correlated with changes in the ground-state properties re-
lated to static deformation, viz., ground-state correlations
and rms charge radii. A measure of the correlations of
the '%0 core in the ground state of the oxygen isotopes is
provided by the proton-occupation numbers for the 2s-1d
shell, which were obtained by Mairle et al. [66] by sum-
ming the spectroscopic factors determined from proton
pickup data leading to positive-parity excited states in the
residual nuclei. The proton occupation numbers for the
2s-1d shell of 0.45, 0.29, and 0.94 are reported for
1617.180  respectively. A similar trend is obtained from
shell-model calculations, [67] viz., 0.35, 0.32, and 0.83 for
16.17.180, respectively. These numbers may be interpreted
to arise from changes in deformation of the core [66,68].
The large increase in the proton-occupation probability
for the 2s-1d shell from %70 to '®0 is consistent with
the known deformation-parameter values for %O
(8= —0.084) and '%0 (8= —0.35) [4].

It is interesting to note that similar trends are followed
by the charge radii. The rms charge radii of !®!7130
have been determined [69] by elastic electron scattering;
the result obtained is R ; <R 4 <R 3 and the radii are in
ratio R ,¢:R,7:R,5=1.000:0.995+0.006:1.0200.005.
Both the proton-occupation numbers for the 2s-1d shell
and the charge radii indicate that a single neutron per-
turbs the '%0 core minimally (if anything, it is slightly
tightened), whereas a pair of neutrons significantly alters
the core.

We observe that the changes in E1 core excitations be-
tween '°0 and 'O are minimal and the changes between
16170 and B0 are major, consistent with the above
trends. It appears that a pair of neutrons in '30, in de-
forming the already deformed '®O core, causes a major
redistribution of E1 strength from the core, whereas the
single neutron in 70, in having essentially no effect on
the core, also causes a minimal change in E1 transitions
from the core. The large observed shift in energy of reso-
nances in '®0 is therefore not surprising. Also, the larger
number of valence protons in the 2s-1d shell for 30 re-
sults in Pauli blocking of proton excitations from the !0

core and so might account for the suppression of some of
the weaker transitions observed in %70 to produce a
less-structured '®0(y,p) cross section in the GDR region.
In addition, the distribution of valence protons among
the three 2s-1d subshells caused by deformation might
also account for differences in structure and relative
strength observed below the GDR in the ®'30(y,p)
cross sections.

A similar situation exists in the carbon isotopes
[24,70]. The lp, ,,-subshell proton-occupation numbers
for 1213%14C show that the addition of 1p,,, neutrons
leads to a consolidation of the 1p;,, proton subshell clo-
sure. The number of protons in the 1p;,, subshell de-
creases from 0.7 in 2C to about 0.4 in *C and to 0.3 in
14C [68]. This decrease was interpreted by Mairle and
Wagner [68] to result from decreasing nuclear deforma-
tion (from about = —0.3 to —0.1) as a function of in-
creasing neutron number. The photonuclear cross sec-
tions for the carbon isotopes show some redistribution of
E1 strength and an increase in the GDR position, from
~23 MeV for 2C to ~24.5 MeV for 1°C and to ~25.6
MeV for 'C [2,24,32], which also may be linked with
changes in static deformation.

E. ''70(y,p) cross-section structure
and the core-excitation model

By appealing to the core-excitation model [71], we can
obtain an indication of the strength of the interaction be-
tween the core and valence neutron in ’0O. According to
this model, the J"=1" (T=1) collective (assumed) excit-
ed states formed by E1 transitions from the °O core
should couple to the valence neutron in its 1ds,,-
ground-state orbital to form the core multiplets J ”=%_,
37, and 17 (T=1 or 3). The probability of populating
each member of the multiplet is proportional to 2J+1,
and the energy centroid of the multiplets is predicted to
coincide with the energy of the core excitation. The mag-
nitude of the energy splitting depends on the strength of
the interaction between the core and valence particle, and
in the absence of a strong interaction these states will be
nearly degenerate.

The close resemblance in structure of the '!'’O(y,p)
cross sections in the GDR region, as noted above, sug-
gests that, if the core-excitation model were valid for 'O
(configuration mixing might affect the predictions of the
model), the strength of the interaction would be very
weak, and consequently the energy separation of the mul-
tiplets would be too small for them to be resolved. The
resonances in 'O appear to be only slightly broader than
their counterparts in !0, which might result from the
formation of the predicted multiplets with a separation of
the order of 100 keV or less.

F. Comparison with shell-model calculations

The photoabsorption cross section for mass-17 nuclei
has been calculated in the particle-hole shell-model
framework by several authors: (i) Albert et al. [16] used
both a modified zero-range Soper interaction and a separ-
able Tabakin interaction; (ii) Eden and Assafiri [17] used
the Cooper-Eisenberg interaction; and (iii) Harakeh,
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Paul, and Gorodetzky [14] used the Kuo-Brown interac-
tion. Negative-parity states were calculated using the
Tamm-Dancoff approximation with harmonic-oscillator
single-particle wave functions in a basis of good isospin
and a pure 1ds,, ground state. States with T=3 were
constructed from 2p-1h configurations and T =1 states
were constructed either from 2p-1h configurations only
[i)] or from both 1p-Oh and 2p-1h configurations [(i) and
(iii)]. For the 1p-Oh configurations, the 1f-2p shell was
active for the particle, and for the 2p-1h configurations,
the 2s-1d shell was accessible to the particle. The entire
1p shell was active for the hole. These authors all used
the unperturbed single-particle and single-hole energies
derived from experimental data by Jolly [72]. The main
difference between these calculations is in the form of the
residual nucleon-nucleon interaction that was used. It is
of interest to see whether the general features of the pho-
toabsorption cross section for 'O are reproduced within
the framework of a truncated shell-model basis and also
to note which form for the residual interaction, within
this truncation, gives best agreement with experiment.
The photoabsorption cross section, constructed from
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FIG. 10. Comparison between the '"O(y,tot) cross section
[o(y,tot)=~0o(y,p)+o(y,sn)] and several theoretical predic-
tions: (a) that of Albert et al. [16] using a modified zero-range
Soper interaction, (b) that of Albert et al. [16] using a Tabakin
potential, (c) that of Eden and Assafiri [17] using the Cooper-
Eisenberg interaction, and (d) that of Harakeh, Paul, and Goro-
detzky [14] using the Kuo-Brown interaction.

the sum of the (y,p) and (y,sn) cross sections, is com-
pared with theoretical calculations in Fig. 10, where the
calculated results have been normalized in the GDR re-
gion. Albert et al. [16] have assigned an arbitrary width
of 2 MeV to each predicted level. Eden and Assafiri [17]
have summed their dipole strengths in 1-MeV bins. We
have calculated the dipole strength for each level predict-
ed by Harakeh, Paul, and Gorodetzky [14] from their
tabulated B (E1) values and have summed these in 1-MeV
bins.

The predictions using the Soper, Tabakin, and Kuo-
Brown residual interactions apportion the main absorp-
tion strength into two major peaks. The first and dom-
inant peak forms the main GDR strength and appears at
22-24 MeV, in good agreement with experiment.
Roughly one-half of the strength predicted in this peak
accounts for the major part of the T_ strength in the
GDR. The second, weaker peak, which is mainly T, , is
placed 3-5 MeV higher and is evidenced in the present
0(y,tot) cross section both as an asymmetry in the
GDR which is broader on the higher-energy side and as a
weak indication of a dip near 27 MeV [also see the
70(y, sn) cross section in Fig. 6).

The calculation of Eden and Assafiri, using the
Cooper-Eisenberg interaction, also places the major ab-
sorption strength into two groups with relative strengths
similar to the predictions using other residual interac-
tions. However, the main GDR component appears
about 4 MeV lower than its experimental location. In ad-
dition, the larger separation of the two major components
of about 7 MeV is not supported by experiment. It seems
that this interaction is far better in predicting the distri-
bution of absorption strength for '“C and '*0 [32,73] than
it is for 0.

A measure of a part of the T _ distribution in 'O is
available from the T _-selective (y,n,) cross section
[11,12] which accounts for only about 10% of the (y,tot)
cross section in the GDR region. Assuming that the
(y,ng) reaction faithfully reflects the entire T _ distribu-
tion, concentration of T, strength can then be identified
in the three-peak structure centered at ~23 MeV and
also in the broad shoulder at ~28 MeV. The concentra-
tion of (y,n,) cross-section strength in the region 20-25
MeV and the absence of any major strength at higher en-
ergies are consistent with predictions of the T _ distribu-
tion.

The three-peak structure apparent in the main peak of
the (y,tot) cross section might correspond to the T =3
dipole states predicted by Harakeh, Paul, and Goro-
detzky [14] at 23.0 (J"=17), 23.2 (37), and 24.7 (37)
MeV, which dominate the GDR with dipole strengths of
47, 36, and 38 MeV mb, respectively. If the 7™ state pre-
dicted at 23.0 MeV is identified with the resonance ob-
served at 22.2 MeV, which was assigned above as

T=17, then the slight displacement in the predicted lo-
cation could be attributed to the presence in the wave
function of the observed resonance of a large 3p-2h com-
ponent in addition to the dominant 2p-1h component (see
above). Also, the extension of basis in the particle-hole
calculation to include 3p-2h configurations might frag-
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ment the strength of this 2p-1h dipole state and bring the
relative strengths of the three states into better agreement
with experiment.

The Soper and Tabakin potentials predict significant
T =% strength above 35 MeV, but there is no clear evi-
dence for such strength in the present !"O(y,p) cross sec-
tion or in the 'O(y,tot) cross section. In '*C dipole
states have been predicted [16,74] above 30 MeV, which
result mainly from the (1s,,,)”'(1p,,)* configuration
and for which evidence exists in the 3C(y,sn) cross sec-
tion at ~37 MeV [33]. The corresponding structure in
70 is not expected since nucleon transitions from the
1s,,, shell to the near-filled 1p shell are suppressed by
Pauli blocking.

In the present work, T, strength has been identified in
the structure near 15 MeV and in the peak at 18.1 MeV.
In the calculations adequate T _ strength to account for
this is predicted only using the Soper and the Cooper-
Eisenberg interactions. It also seems that the inclusion of
isospin and space-exchange terms in the residual interac-
tion (Cooper-Eisenberg) puts more T, strength in dipole
states below the main GDR peak. Eden and Assafiri pre-
dict that the T, strength in the 15-MeV region is con-
centrated in two states. One is at 14.9 MeV (J7=17)
with a strength of 6.1 MeVmb and a dominant (98%)
configuration of (1ds,,)'(2s,,,)(1p,,,)”". The other
state is at 15.3 MeV (J"=37) with a strength of 5.4
MeVmb and a wave function with the same dominant
(92%) (1ds,,)'(2s,,,)'(1p,,,)”! configuration plus a
small (5%) (1ds,,)*(1p;,,)”"' component. Both of these
states are possible shell-model counterparts for the El
strength in the strong 15-MeV peak.

Also noticeable in the predictions using the Soper, Ta-
bakin, and Kuo-Brown interactions shown in Fig. 10 is
the near absence of strength in the region of the observed
pygmy resonance. It is argued below that this strength is
in fact relocated, and its absence does not reflect a major
flaw in these particle-hole shell-model predictions, as has
been suggested earlier [1,12].

The single-particle energies for the highly unbound
1/-2p orbitals used by Harakeh, Paul, and Gorodetzky
and Albert et al. greatly affect the predicted strength and
location of the pygmy resonance in these calculations.
The calculations of Harakeh, Paul, and Gorodetzky are
particularly revealing with regard to the origin of the
pygmy strength and single-particle energies required to
predict its location correctly.

Of the three calculations done by Harakeh, Paul, and
Gorodetzky, the one using 2p-1h and lp basis and the
single-particle energies proposed by Jolly [72] predicts
the pygmy strength to be due to 1d;5,,— 1f, transitions
and places the strength between 17 and 18 MeV. This
gives the best agreement with strength reported near 17
MeV in their measurement [14] of the '*O(p,y)!"F reac-
tion at 90° [see Fig. 7(e)]; they identified this structure as
the pygmy resonance. This identification was not
justified in view of the subsequent photoneutron data
[1,11,12] for 'O, which has established the location of
the pygmy resonance significantly lower, at ~13.5 MeV,
with a width of about 4 MeV. Better agreement with ex-

periment would result if the energy of the 1f,,, orbital
were lowered by ~4 MeV.

The calculations of Harakeh, Paul, and Gorodetzky
show that the description of the pygmy resonance re-
quires the inclusion of 1ds,, —1f-2p single-particle tran-
sitions. On the other hand, the calculation of Eden and
Assafiri, which ignores the 1f-2p orbitals, still predicts
adequate strength in the region of the pygmy resonance,
but this is probably due to the fact that the GDR is locat-
ed at too low an energy by about 4 MeV, so that the
strength in this region is really part of the GDR rather
than of the pygmy resonance. The calculations of Albert
et al. place very little strength below 17 MeV, the region
of the observed pygmy resonance. However, the single-
particle energies for the 1f-2p shell are too high, as dis-
cussed above, so that the 1ds,,—1f-2p single-particle
transition strength would overlap to some extent with the
transitions contributing to the GDR. In fact, this over-
lap is evidenced by the dip in the T _ distribution at 20
MeYV in the calculation using the Soper interaction and at
21.5 MeV in the Tabakin case.

The measured integrated cross section up to 17 MeV
(the region of the pygmy resonance) exhausts (9.5+1.3)%
of the "O(y,tot) cross section integrated up to 40 MeV.
This compares with predictions using both the Soper and
Tabakin interactions of 6.5% and with a value of 6% for
the Kuo-Brown interaction; the strength below 20, 21.5,
and 19 MeV, respectively, was taken as belonging to the
pygmy resonance. The difference is understandable—the
calculations place all of the dipole strength in the region
below about 40 MeV, whereas in reality two-body corre-
lations distribute some of the strength to much higher en-
ergies. As an indication of this, the integrated "O(y,tot)
cross section up to 40 MeV exhausts only 59% of the
TRK sum-rule value. Particle-hole shell-model calcula-
tions seem to be capable of placing an adequate fraction
of the total E1 absorption strength into the pygmy reso-
nance by involving only the 1d5,,—1f-2p single-particle
transitions. There is, therefore, no need to invoke more
sophisticated treatments involving the core to explain the
observed pygmy strength.

G. Isospin splitting of core-excited GDR states of '’O

The particle-hole shell-model calculations, discussed
above, all predict that about 1 of the energy-integrated
(7,tot) strength is from T _ states and about % from T,
states. In all cases the center of the dipole strength from
T . states is displaced lower in energy by a few MeV rela-
tive to that for the T, distribution. The resulting isospin
splitting, defined by [22,75] AE=E_,—E_ (E
=09/0_,) is 3.7, 3.0, 4.1, and 3.4 MeV for the Soper,
Tabakin, Cooper-Eisenberg, and Kuo-Brown interac-
tions, respectively. Various other estimates for isospin
splitting are available for !’0: Two phenomenological-
model estimates differ widely—one [75] gives 5.3 MeV
and relates the magnitude of the isospin splitting to the
symmetry energy of the nucleus, which another [21] gives
a value of 1.8 MeV and relates the splitting to the rms ra-
dii of neutrons and protons; an essentially model-



194 D. ZUBANOV et al. 45

independent estimate [22] based on sum-rule limits for
T = nuclei gives an upper limit of 3.4 MeV.

Although the isospin nature of most of the features ob-
served in the (y,tot) cross section has been identified, the
strong overlap of resonances makes it difficult to extract
the T and T, distributions; the major uncertainty
arises in the GDR region, where the T _ strength carried
by non-ground-state neutrons is not known. Clearly,
there is no spectacular separation of isospin components
of the core-excited states forming the main GDR. How-
ever, a small separation can be inferred from the pho-
tonuclear data in the region 20-30 MeV. The T_
strength is centered at ~22 MeV [from the (y,n,) cross
section], and the T, centroid is somewhere between the
three-peak structure at ~23 MeV and the broad feature
at ~28 MeV, both of which contain mostly 7. strength.
A separation of 2—3 MeV is reasonable, consistent with
microscopic theory (when the pygmy-resonance strength
is excluded) and with estimates reported in Refs. [21] and
[22].

In *C the core-excited T_ fragment is observed at
~21 MeV and is separated clearly from the main GDR
strength at ~24.5 MeV [19]. If we assume that the
isospin-splitting magnitude in 'O is comparable to that
in 13C [21,22,75), then the T _ core-excited fragment(s)
from the major T, transitions in O (at ~23 MeV)
should be located at around 20 MeV. Perhaps the T =1
peak(s) observed in the present work just below the main
GDR (at 19.3 and 20.3 MeV) represents the 7 _ core-
excited fragment(s).

VI. SUMMARY AND CONCLUSION

This paper reports the measurement of the
70(y,p)!®N reaction cross section from threshold to an
excitation energy of 43 MeV. The measurement
represents the cross section for the (y,p) reaction leading
to the low-lying bound states in !N only; (y,pn) strength
is not included. Because of the almost pure 1p-1h nature
of the final states in '°N, it is concluded that the mea-
sured E1 strength resulting from the (dominant) semi-
direct reaction process is almost entirely 2p-1h in nature,
with only configurations of the type (wlp,,,)"!
represented. Comparison with the previously reported
photoneutron cross section indicates a relative increase in
amplitude of the (1p;,,) ! components in the wave func-
tion of strong E1 states, with increasing excitation energy
through the GDR. It is inferred that the (y,pn) strength,
which is included in the photoneutron cross section, is
large and comparable to the (y,p) strength reported here.
On the basis of proton pickup reactions, it is inferred that
the present cross section represents the total photoproton
transition strength from the 1p,,, subshell. A measure of
the energy splitting of strength from transitions
1p,,,—2s-1d and 1p;,,—2s-1d of ~1.6 MeV is ob-
tained.

Distinct resonances are observed in the "O(y,p)!'*N
cross section. Using the present data, together with re-
sults from other reactions for this nucleus, it is possible to
make spin, parity, and isospin assignments for the main
features. Furthermore, comparing the resonance

strength observed in the (y,p) cross section with that ob-
served in radiative capture of composite particles, it is
concluded that 3p-2h components play a significant role
in the GDR region (~22 MeV) and a dominant role in
the structure of weaker peaks observed just below the
main GDR strength (~19-21 MeV).

The most striking feature of the cross section is the
pronounced structure observed at 15.06 MeV. We assign
T =2 to the major strength in this peak. On the basis of
its large width and asymmetry, we conclude that more
than one state is excited. Evidence is presented that M1
transitions to the known %* level at 15.20 MeV and pos-
sibly the %“L level at 15.37 MeV are contributing to this
structure. Further study of these levels is needed to
confirm their transition multipolarity and to determine
their electromagnetic transition widths: Large-angle
(e,e’) reaction are particularly sensitive probes of M1
transitions.

The intermediate structure observed in the photopro-
ton cross section for 7O in the region of the GDR is re-
markably similar to that for '°0, indicating that the
valence neutron in !’O has only a weak influence on tran-
sitions from the °O core, in support of the weak-coupling
hypothesis, but is very different from the situation for
130, where the two valence neutrons profoundly perturb
the '%0 core. The trends observed in the photoproton
cross sections of '¢17130, which reflect transitions from
the core, appear to be linked with changes in ground-
state properties related to static deformation (viz.,
ground-state correlations and rms charge radii) of the ox-
ygen isotopes.

The (y,p) cross section reported here has been added
to the previously measured photoneutron cross section to
provide a good approximation to the total photoabsorp-
tion cross section for ’0. The GDR of "0 is located at
~23 MeV with a maximum strength of ~16 mb and a
width of ~5.5 MeV. The photoabsorption cross section
for 0 is considerably smaller than that for either °0 or
30. A satisfactory explanation for this anomaly did not
result from examining the possibility of greater integrated
?;rength at higher energies (about 40 MeV) for the case of

0.

Comparison with several particle-hole shell-model cal-
culations performed in a 2p-lh and 1lp basis using
different residual interactions shows that the main
features of the photoabsorption cross section, including
the isospin distributions, are generally well predicted. In
particular—and contrary to previous interpretations—it
is found that the single-particle transitions of the type
1ds,, —1f-2p can account for the strength observed in
the pygmy-resonance region. This supports the single-
particle nature of the pygmy resonance and the near-
spectator role of the core in valence particle excitations.
Overall, the calculation of Harakeh, Paul, and Goro-
detzky using the Kuo-Brown interaction seems best for
the description within the particle-hole framework of col-
lective E1 strength distribution in the GDR of the mass-
17 system.

Finally, an isosopin splitting of core-excited states
(only) of about 2—-3 MeV is indicated in '7O.
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FIG. 10. Comparison between the "O(y,tot) cross section
[o(y,tot)=~0c(y,p)+a(y,sn)] and several theoretical predic-
tions: (a) that of Albert et al. [16] using a modified zero-range
Soper interaction, (b) that of Albert et al. [16] using a Tabakin
potential, (c) that of Eden and Assafiri [17] using the Cooper-
Eisenberg interaction, and (d) that of Harakeh, Paul, and Goro-
detzky [14] using the Kuo-Brown interaction.



