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All the major photonuclear cross sections for 130, including o (y,p), o[(y,n) + (y,np)], and o(y,2n), were
measured as a function of photon energy from threshold to 42 MeV. The photon energy resolution was
between 200 and 300 keV. The source of radiation was the monoenergetic photon beam obtained from the
annihilation in flight of fast positrons. The partial photoneutron cross sections were determined by neutron
multiplicity counting, and the average neutron energies for both single- and double-photoneutron events were
determined simultaneously with the cross-section data by the ring-ratio technique. The photoproton cross
section was determined by counting the delayed neutrons from the B-decay of the residual N nuclei.
Integrated cross sections were extracted from the data and compared with sum-rule predictions. Resonances
in the pygmy-resonance region exhibit substantial decay branching to negative-parity states in 0.
Significant differences in the branching of resonances in the giant-resonance region to the various partial
cross sections, together with the photoneutron-energy data, allow isospin assignments to be made for all the
resonances, with the consequent delineation of the isospin strength distribution for 30. Evidence was found
for two weak but broad resonances above the giant-resonance region. Finally, comparison with the
corresponding cross sections for '°0 shows considerable differences between the two nuclei.
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I. INTRODUCTION

This paper is one of a series reporting on a col-
laborative effort to study in detail the nuclear
photoeffect in light nuclei having one or two nu-
cleons outside closed (4N) shells. Another paper
in this series® reports on the total and partial
photoneutron cross sections for *C, and a third
paper? describes a-measurement of the differential
ground-state photoneutron cross section for Q.

The present paper reports on the simultaneous
measurement of all of the major photonuclear
cross sections for '®0, namely, the (y, 1n)
=[(y,n)+(y,np)], the (y,2n), and the (y, p) reac-
tions. The measurements were made with mono-
energetic photons obtained from the annihilation in
flight of fast positrons at the Lawrence Livermore
Laboratory Electron-Positron Linear Accelerator
facility.

The threshold energies for photonuclear reac-
tions on !0 are given in Table I. The '®0 nucleus
is unique among stable nuclei in that its (y, p)
threshold (15.94 MeV) lies higher in energy than
its (y, 2n) threshold (12.19 MeV) (Ref. 3); this
means that the residual nucleus from the '®Q
(v, p) process, namely ''N, can decay by 8~ emis-
sion to neutron-unstable states in 0. Therefore,
the %0 (y, p) cross section can be measured by ob-
serving the resulting delayed neutrons, while the
prompt photoneutrons yield the (y,z) and (y, 2n)
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cross sections in the usual way. Figure 1 illus-
trates the reaction channels measured in this ex-
periment. This is the first time that all the major
photoreaction channels for a light nucleus have
been measured independently with monoenergetic
photons using the same beam, the same sample,
and the same detector. This simultaneous detec-
tion of both the photoproton and photoneutron
events permits comparison of these cross sec-
tions with a high level of confidence; and the fact
that all the major channels are accounted for
makes possible the determination of the total pho-
ton absorption cross section for a light nucleus
free from most of the uncertainties which arise
when summing the results of the separate partial
cross sections which frequently have been mea-
sured at different laboratories. .

The photoabsorption cross section for *®0 can be
divided conveniently into three energy regions: (1)
the region below the giant dipole resonance (GDR),
up to about 17 MeV, sometimes called the region
of the pygmy resonance, (2) the region of the GDR,
from about 17 to 31 MeV, and (3) the region above
the GDR.

The pygmy resonance for %0 is expected to be
made up of a number of strong and distinct reso-
nances, rather than a more or less continuous
distribution of strength with relatively weak reso-
nances superposed, as is the case for '3C (Ref. 1).
This is attributed to the fact that only 1~ states
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TABLE I. Threshold energies for 180 (from Ref. 3).

Threshold energy

Reaction (MeV)
180y, @) 6.228
180(y,n) 8.045
180 (y, 27) 12.189
180 (y, an) 14.404
180(y, p) 15.942
8Oy, np) 21.825
180 (y, 3n) 27.853

are excited by £1 transitions from the ground
state of an even-even nucleus like 0, while sev-
eral spin states (and consequently a much denser
and perhaps overlapping distribution of reso-
nances) are excited by E1 transitions in an odd-A
nucleus. The GDR for *®0 is expected to be domin-
ated by a few strong resonances, rather than a
continuous distribution, again as is appropriate
for an even-even nucleus. It is instructive to ex-
amine in this regard the magnesium isotopes (Ref.
4), where this behavior appears in extreme form.
Early measurements of the photoreactions for
180, all of which were performed with continuous
bremsstrahlung radiation sources, observed'in-
dividually prompt photoneutrons,®® delayed neu-
trons,”"® or photoprotons,'®*! but none of these
early efforts produced the kind of detail necessary
to compare with the present work. Also, the only
electron-scattering measurement? in an overlap-
ping energy region was done at 180°, which selec~
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FIG. 1. The main particle-decay channels for 180,
with their separation energies (in MeV). Note that the
proton separation threshold lies above that for two-neu-
tron emission—a feature unique among stable nuclei—
permitting g~ decay from 1N to neutron-unbound states
in 170, which occurs 95.1% of the time.

tively excites only magnetic transitions.

Recently, however, two more detailed photoneu-
tron measurements on '®0 have been made: Allan
et al.’® measured the ground- and first-excited-
state cross sections in the pygmy-resonance re-
gion (from 10 to 18 MeV) by the neutron-time-of-
flight technique; and Kneissel et al.'* measured
the (y,n) and (y, 2n) cross sections up to 33 MeV
with monoenergetic photons. The present mea-
surement of the total, integrated-over-angle,
photoneutron cross section complements that of
Ref. 13 of the differential, 98°, partial cross sec-
tions, thus giving further information on the char-
acter of the sharp resonances in the pygmy region.
To the results of Ref. 14, the present work adds
information on the average energy of the emitted
photoneutrons and extends the region of coverage
up to ~42 MeV. Also, certain important discrep-
ancies between the present results and those of
Ref. 14 will be noted below.

Although no detailed theoretical calculation for
the distribution of dipole strength specific to 20
yet has been reported, comparison of the present
experimental results with several general theories
still can be made. The ground-state isospin of %0
is To=(N-2)/2=1. Since %0 is not a self-con-
jugate nucleus, both 7. =T7,=1and T,=T,+1=2
components of the GDR can be excited via photo-
absorption. Since both the photoproton and photo-
neutron cross sections are measured in the pres-
ent experiment, and since the average photoneu-
tron energies are determined as well, it is possi-
ble, with some assumptions, to separate the two
isospin components across the region of the GDR
(and below).

Comparison of the photodisintegration cross
sections for '®Q- with those for %0 also might be
interesting. Similar features in the cross sections
might be expected if the model of the ®0 nucleus
as consisting of an 'O core plus two valence neu-
trons is essentially correct and if the *°0 core is
perturbed only slightly by the presence of the val-
ence neutrons (see Ref. 15).

II. EXPERIMENTAL METHOD

The same basic method has been used in per-
forming the present experiment as has been used
in the past, although a number of changes have
been made as the photonuclear program at Law-
rence Livermore Laboratory has matured and
evolved. These include the design and position of
the positron source and certain beam-transport
components, and more important, the revision and
modernization of the data-reduction programs and
procedures: They now are in modular form (and
follow upon each other in logical sequence) so that



the data can be examined at any stage in the analy-
sis, and human interaction with the computer pro-
grams is not only possible, but is used routinely
where such interaction is desirable. Previous ac-
counts which include considerable descriptive ma-
terial have been published in Refs, 16—21; Refs.
19- 21, particularly the review article by Berman
and Fultz (Ref. 21), contain material on techniques
used at other laboratories as well. An updated de-
scription of the Livermore annihilation-photon
facility and methods is given in Ref. 22.

The measurements reported here were per-
formed using the Lawrence Livermore Laboratory
Electron-Positron Linear Accelerator at beam-
pulse rates up to 1440 Hz. Positrons created by
pair production in a W-Re converter were passed
through a series of bending and focusing magnets
and an energy-analyzing slit. During runs with
electrons the fields of the magnets were reversed
and electron currents comparable to those obtained
with positrons (~1 or 2 nA) were collected from the
converter. The beam was passed through a 12.7-
mm-diameter beryllium annihilation target; after
passing through the target the remaining beam was
deflected magnetically into a 5-m-deep dump well
in the floor. Negligible background was produced
from the sides of the well. .

The collimated photon beam passed through a
spherical xenon-filled transmission ionization
chamber onto the sample. The stability and cali-
bration of the ion chamber was monitored by plac-
ing a ®Co source into a standard position near the
ion chamber periodically during the course of the
experiment.

The sample was located in the center of the 4rn
neutron detector. A remotely controlled eight-
position sample changer enabled any of seven
samples or a standard neutron calibration source
to be placed pneumatically into this position.

Verification of the energy scale and resolution
was obtained from the observed position and width
of the narrow 15.11-MeV resonance in 3C (its
natural width is about 5 keV). This was seen to
set an upper limit of 240 keV on the resolution at
this energy.

The neutron detector consists of a 61-cm cube of
paraffin in which 48 high-pressure BF, tubes have
been placed in four concentric rings of twelve
tubes each. Signals from each of the four rings
were gated by two separate gates. The prompt
gate began 4.5 us after the beam pulse and was 300
us wide. The delayed gate settings varied accord-
ing to the repetition rate of the accelerator. Since
the more energetic photoneutrons from the sample
travel farther through the paraffin before being
thermalized, relatively more fast neutrons will be
detected in the outermost ring than slow ones.
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Consequently, the ratio of the counting rate in the
outer ring to that in the inner ring increases mon-
otonically with neutron energy.

The absolute ring-ratio and efficiency scales
were fixed by using a variety of distributed and
monoenergetic neutron sources. A Monte Carlo
neutron-transport code®® also has been used in or-
der to complement the experimental studies. Dur-
ing the experimental runs the absolute scale for
these curves was monitored using a standard Pu-
Be neutron source.

Changes in the efficiency and ring-ratio curves
for the neutron detector occurred when it held hy-
drogenous samples such as the isotopically en-
riched H, 80, since they introduced more moder-
ating material. The Monte Carlo neutron-trans-
port code was used to compare the effect of differ-
ent sized water samples with the normal efficiency
at different neutron energies and to make appro-
priate corrections. The calculated curves for a
120-g water sample were checked experimentally
by running hydrogenous samples of different sizes
at the same photon energy.

The neutron yield data were subject to four types
of background contamination which were measured
carefully and subtracted from the data:

(i) Machine-off background counts resulted from
cosmic rays. The magnitude of this background
was typically less than 1% of the true counts, at
all but the lowest energies, and its subtraction in-
troduced negligible uncertainty.

(ii) Neutron backgrounds measured with the an-
nihilation target removed, but the machine on,
varied from essentially zero at low positron ener-
gies to about 2% of the true neutron events at the
highest energy. These were measured at each en-
ergy and introduced negligible uncertainty.

(iii) The beam-dependent, sample-out neutron
background also was measured and subtracted
from the data. This was at most a 10% effect and
was accounted for with negligible uncertainty.

(iv) The neutron background from the empty
sample holder was determined from measurements
using an empty lucite container of similar dimen-
sions and mass to the containers holding the sam-
ples. The relative magnitude of this background
varied with the different samples, but the maxi-
mum background was about 30%.

The photoproton reaction in %0 yields the pro-
duct nucleus N, which decays by 8 emission
with a half-life of 4.174 s to excited states in !7O.
The "0 nucleus is left in neutron-unbound excited
states 95.1% of the time, and so decays predomin-
antly by neutron emission. The *®0 (y, p) cross
section was determined by measuring the yield of
these delayed neutrons. The average delayed-neu-
tron energy was measured by using the measured
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TABLE II. Sample characteristics.

Sample-blank
Composition Net mass mass l
Sample (at. %) ) ) (g/cm?)
180 (large) 160- 1,58 118.55 28.35 10.139
110~ 1.92
180-96.5
180 (small) 160- 1.6 34.7 19.75 2.70
170. 1.8
180.96.6
t1pa 160-10.4 101.60 38.78 8.215
170-20.3
180-69.3

2Delayed neutrons from this sample aided in determining the 180(y, p) cross section.

ring ratios and found to agree with the value de-
rived from Ref. 24.

The data reported here were obtained during two
‘separate experiments. Table II shows the details
for each sample.

D,0O and H,O samples also were run at several
energies. These served to check the experimental
accuracy, since the absolute cross sections of
deuterium and oxygen have been studied and are
well known. The deuterium sample also was used
to evaluate the prompt contamination of the de-
layed neutrons.

III. DATA REDUCTION

The following describes the procedures by which
the data were reduced to cross sections, in the or-
der in which they were applied to the data. They
are described in detail in Ref. 22.

(a) Pile-up correction. Even though counting
rates were kept low enough (<1%) to minimize ap-
preciable pile-up of counts in the detector [e.g.,
two (y, 1n) events appearing as an event from the
(v, 2n) reaction], a correction was made for this
statistical effect. The uncertainty in this correc-
tion is negligible. o

(b) Removal of annihilation-target-out back-
ground. Actual or interpolated values of neutron
and ion-chamber backgrounds were subtracted
from the data for both the positron and electron
measurements. Neutron backgrounds typically
necessitated about a 1% correction and resulted
mainly from the cosmic-ray background. Ion-
chamber backgrounds typically necessitated about
a 10% correction (which, however, was determined
very precisely).

(c) Drift of the neutvon detector and ion chamber.
Measurements of the response of the neutron de-
tector and ion chamber were made at frequent in-
tervals during the experiment using standard neu-

tron and y-ray calibration sources. The largest
deviations from the average responses were less
than 2%, and were taken into account in the data
reduction, with negligible resultant uncertainty.
(d) Delayed-neutvon background. For samples
containing the %0 isotope, a steady background of

- delayed neutrons contaminated the prompt neutron

counts in the energy region where the %0 (y, p)
cross section was significant. The effect of this
contamination was accounted for with negligible
uncertainty.

(e) Subtraction of the yields from positvon

-bremsstrvahlung. Measured or interpolated reac-

tion counts for the runs using electrons were nor-
malized to equal ion-chamber readings and sub-
tracted at each energy from the corresponding
counts measured using positrons. Uncertainties
arising from the subtraction procedure are neg-
ligible, except perhaps at the very highest energies
measured.

(f) Subtraction of sample-blank background. Each
sample was contained in a hollow 38.1-mm diame-
ter right circular cylinder of Lucite (H,C,0,) held
in a standardized Styrofoam rabbit for use in the
pneumatic sample changer. The background from
the sample holder plus other sources was mea-
sured and accounted for, with <2% uncertainty.

(g) Conversion of ring vatios to efficiencies. The
efficiencies for detecting neutrons of a given mul-
tiplicity can be determined from the ratio of counts
in the outer to those in the inner ring of the neutron
detector. The uncertainty in the efficiencies so
determined varies from about 2% at low neutron
energies to about 10% at the highest neutron ener-
gies encountered in this experiment. The ring
ratio for each neutron multiplicity can be converted
to give a measure of the average neutron energy,
thus providing a valuable measure of the residual
excitation energy of the daughter nucleus.

(h) Photon attenuation in the sample. The photon



beam is reduced in intensity during its passage
through the sample; the correction for this is G
=ul/(1-e""), where . is the photon mass attenua-
tion coefficient for the sample and [ is its thick-
ness. This factor G is energy dependent; the re-
quired variations of u with energy are given in
Ref. 25. The values of [ in g/cm? for each sample
are given in Table II. The uncertainty arising
from this correction is negligible.

(i) Conversion to crvoss sections. The (y, 1) and
(y, 2n) net yield data were converted to photoneu-
tron cross sections by applying the separately mea-
sured calibration of the ion-chamber response per
annihilation photon, the known number of **0 nu-
clei in the photon beam, and the ratio of solid
angles subtended by the ion chamber and the sam-
ple. The uncertainty in the photon-flux calibration
is about 6% below 30 MeV and slightly larger at
higher energies.

(i) Evaluation of the **0 (y,p) Y'N cross section.
For samples containing %0, the total number of
delayed neutrons per unit ion-chamber response,
having been corrected for prompt neutrons with
the use of Eq. (4), can be used to evaluate the 0
(v, p) cross section. Since the 'O sample (as well
as the ®0 samples) contained a substantial amount
of 180, three sets of data were available for this
purpose. ’ :

No pileup or multiplicity corrections were neces-
sary for the delayed-neutron data; thus immediate-
ly after subtraction of the bremsstrahlung compon-
ent, these data could be used to obtain the *0
(y, p) cross section. (Since the delayed neutrons

result from the 8~ decay of !'N, the branching ratio '

and energy distribution of these neutrons are
known.2%)

IV. RESULTS
A. Average neutron energies

Plots of the average neutron energy, derived
from the ring-ratio data, are shown in Fig. 2; Fig.
2(a) shows the average neutron energy for single-
photoneutron reactions [which might include (y, np) .
as well as (y,n) events], and Fig. 2(b) shows this
quantity for neutrons from the (y, 2n) reaction. The
dashed lines in these plots represent the maximum
possible neutron energies, which would be ob-
served if all transitions proceeded to the ground
states of the residual nuclei. ‘

The average neutron energy for single photoneu-
trons [Fig. 2(a)] rises rapidly from the (y, n)
threshold, through a shoulder located from 11 to
12.5 MeV photon energy, to a maximum of about
4.3 MeV located from 14.5 to 16 MeV. An abrupt
decrease then occurs between 16.5 and 18 MeV to
a broad minimum of about 2.0 MeV centered at
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FIG. 2. The average emitted neutron energy versus
photon energy for the (@) ®0(y, ) and () *0(y, 2n) re-
actions. The shaded bands reflect statistical uncertainty
of the measured data points. The straight dashed lines
show the neutron energy expected if all decays populated
the ground state of the daughter 17O or 160 nucleus.

about 21 MeV. It then rises sharply to an average
neutron energy of 3.1 MeV at 26 MeV, followed by
a more gentle rise to a value of 3.7 MeV at about
42 MeV.

The average neutron energy for (y, 2x) neutrons
[Fig. 2(b)] rises rapidly from the (y,2n) threshold
to a value of about 3.2 MeV at 20 MeV photon ener-
gy. After a narrow dip at about 21 MeV, the aver-
age neutron energy reaches its maximum value of
about 3.3 MeV at 22.5 MeV, from which it decreas-
es slowly to a very broad minimum of 1.7 MeV at
about 33 MeV. It then rises slowly to about 2.3
MeV at 42 MeV photon energy.

B. Cross sections

The measured photonuclear cross sections for
180 are shown in Fig. 3: Parts (a) through (e) of
the figure display o(y, p), oy, n),o(y, 2n), o(y, n,)
=o[(y, n)+(y, 2n)], and oy, tot) =0 [(y, n) +(y, 2n)
+(y, p)], respectively. Numerous resonances are
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FIG. 3. Photonuclear cross section for 0: (a) o(v,p); (b) o(v, 1) =0 ((v,n) +(v,np)); (c) 8(y,2n); () o(¥,ny)

=o((v,1n +(v,28)); and (&) a(¥,tot)=a((¥,p) + (¥ ,1y)).
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FIG, 3. (Continued)

seen in all of the partial cross sections, whose
energies are given in Table III. The relative
strengths of many resonances for the various par-
tial cross sections varies widely; these substan-
tial variations in the branching ratios are dis-
cussed in Sec. V.

The *®0(y, p) cross section [Fig. 3(a)] combines
the results of three sets of data: (a) those taken
with the large (119-g) sample, which were pub-
lished in Ref. 15 (now superseded by the present
results); (b) those taken with the small (35-g)
sample, which extended the photon energy range from
31 to 42 MeV; and (c) those taken with the “H,'"0”
sample (which contained about 70 g of H,'%0), since
the delayed-neutron component of the data results

from %0 (y, p) events alone. These data were con-
sistent (i.e., they required no arbitrary normaliza-
tion to each other), and were averaged, with pro-
per (inverse-square) weighting, to yield the final
result shown. The photoneutron results [Figs.
3(b), 3(c), and 3(d)] combine the results of the
first two sets of data mentioned above. Again, no
arbitrary normalization was performed.

The prominent resonances seen in the (y, p) cross
section at 17.5, 19.4, and 21.0 MeV appear only
weakly or not at all in the (y, ) channel [Fig. 3(b)],
but the 23.7-MeV resonance does indeed appear
strongly in, and in fact dominates, the (y, 2n)
cross section. On the other hand, the (y,#) chan-
nel has five distinct and prominent resonances be-
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TABLE III. Energies (in MeV) of resonances observed in 180,

Present work Ref. 13 Ref, 14
(y,tot) (y,n) (v,2n) ,p) (v ,mg) v,my) (y,n) (v,2n)
9.1 9.1 10.2
103 10.3 {10.4 10.3
{11.1
114 11.5 11.3
11.4 114 11.7
124 (12.6)
13.1 13.1 13.2 13.1 13.0
(13.4)
13.8 13.8 13.9 13.6
147 14.7 14.8 14.7 14.6 14.5 14.5
15.8 15,7 15.8 15.6 15.6 15.6
16.7
17.3 17.1 ’ 17.5 (17.0)
19.4 (19.1) 19.4 {19'0 18.8
° . : 19.7
21.1 21.1 21.0 21.2 21.2
22.6 (22.6) 22.7 22.7 22.3 22.5
23.7 23.7 23.5 23.7 23.4 23.5
’ 25.6
27 27 27-28
30 30
36

low the (y, p) threshold, at 10.3, 11.4, 13.1, 13.8,
and 14.7 MeV. The last three of these are evident
in the (y, 2n) cross section as well. All three of
the partial cross sections measured here have
substantial strength in the giant-resonance region.
Unlike the situation in most other light nuclei, the
(y, 2n) cross section constitutes a significant frac-
tion of the total cross section, and is even larger
than the (y, p) cross section. Whereas the (y, p)
and (y, n) cross sections tail off at the higher pho-
ton energies, the (y, 2n) cross section apparently
maintains a nearly constant strength. ‘
Since no statistically significant net triple-pho-
toneutron events were observed in this experi-
ment, an upper limit of approximately 0.2 mb can
be placed on the (y, 3n) cross section from its
threshold near 28 MeV to the highest energy mea-
sured. Furthermore, it is reasonable to assume.
that all partial cross sections resulting in the
emission of charged particles olnly [other than

a(y,p)] are far smaller than the cross sections
measured here. Therefore, it is highly likely that
the sum of all these partial cross sections, shown
in Fig. 3(e), is essentially equivalent to the total
photon absorption cross section for %0.

C. Integrated cross sections

The integrated cross sections and their moments
for each of the photonuclear reaction channels
measured in this experiment, as well as for their
sums, are given in Table IV. The integrated cross
sections are o,,(y, x) = [ oly, x)dE,, and their first
and second moments are o_, = [ 0E, *dE, and 0.,
EfcrEy'szy, where in all cases the limits of in-

" tegration extend from the threshold for the (y, x)

reaction to 41.8 MeV, the upper energy limit of
this experiment. It is not surprising that the inte-
grated strengths of the neutron channels exceed
that of the proton channel because the photoneutron

TABLE IV. Integrated cross sections for 180 (integrated up to 41.8 MeV).

Oint Oint 9.4 9.2
Reaction (MeV mb) (sum-rule units) (mb) (mb MeV-1)
180 (y, p) 44.4 0.17 1.66 0.064
180 (y, n) 121.5 0.46 5.93 0.342
180 ¢y, 2n) 76.7 0.29 3.14 0.141
180y, n;) 198.3 0.74 9.08 0.483
180 (y, tot) 242.6 0.91 10.73 0.547
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thresholds both are considerably lower than the

(y, p) threshold (see Table I). The total integrated '

strength predicted by the semiclassical Thomas-
Reiche-Kuhn (TRK) sum rule o ;,=60NZ/A MeV mb
is 266.7 MeV mb for 0. The fractions of this val-
ue which are exhausted by the various reactions
(in sum-rule units) also are given in Table IV. It
is interesting that the present results, for data
taken up to 41.8 MeV, exhaust nearly one TRK
sum-rule unit (see Sec. V). In order to facilitate
data retrieval, the integrated cross sections for
the (y, p), (y,n), (y,2r), and (y, tot) reactions are
shown in Fig. 4(a), and their first moments in Fig.
4(b), in the form of running sums plotted versus
the upper photon-energy limit of integration.

V. DISCUSSION

The present work, when taken in conjunction
with the work of Allan et al.'® and of Kneissel
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FIG. 4. Running sums of (a) the integrated cross sec-
tion [F7odE and () its first moment [FYE-10dE. The
curves in each frame are (from top to bottom) for
oly,tot), oby,n), oly,2n), and oly,p).

et al.,* allows a very detailed account to be made
of the photonuclear process in this doubly-magic-
plus-2N nucleus. In view of this nuclear configu-
ration, it would be expected that the photonuclear
cross sections for 20 should reflect the excitation
of the two valence neutrons in addition to the ef-
fects which stem primarily from excitation of the
180 core. As a consequence, it makes sense to
discuss the results separately for the three energy
regions below, at, and above the giant dipole
resonance (GDR).

A. Region below the GDR (8 to 17 MeV)

The present photoneutron cross-section results
are compared with the work of Ref. 13 in Fig. 5.
In addition, Table III lists the energies of the
resonances seen in Rets, 13 and 14 as well as in
the present work. The present experiment yields
average neutron-energy data as well; these data,
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FIG. 5. The low-energy part of the photoneutron cross
section from the present work compared with those of
Allan et al. (Ref. 13): (a) present 120(y, n,); ()30 (¥, ny)
from Ref. 13; and (c) 130(y, ) from Ref. 13.
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used in conjunction with the cross-section data,
facilitate the extraction of branching ratios for
each resonance., Figure 6 shows the energies of
the resonances in %0 and the levels in 70O and *°0O
which are relevant to the discussion below. The
data for '5-17Q in this figure were taken from Ref.
26.

In the region below the GDR there is good agree-
ment as far as the energies of the resonances are
concerned. However, there are significant (~30%)
discrepancies between the present cross-section
values and those of Ref. 14 below 14 MeV. Since
the photoneutron time-of-flight measurements of
Ref. 13 are specific to (y,n,) and (y, n,) transitions
and were performed at a single angle, direct com-
parison with the total cross sections is not possi-
ble.

The weak 9.1-MeV resonance, not seen else-
where, is dominated by ground-state transitions;
the evidence for this is that the average neutron
energy [Fig. 2(a)] is much closer to 1 MeV than to
0.2 MeV, the neutron energies expected from
ground- and first-excited-state transitions, re-
spectively.

The broad, probably split,'® resonance at 10.3
MeV has a peak cross section of over 5 mb. It
should be noted that the peak value of Ref. 14 is
3.5 mb for this resonance. Since the average neu-
tron energy at 10.3 MeV photon energy is about
2.0 MeV [Fig. 2(a)], there is clearly more ground-
state strength (giving neutrons of 2.1 MeV) than
first-excited-state strength (giving neutrons of
1.3 MeV).

The strong resonance at 11.4 MeV (with a peak
cross section of 9 mb) also is seen by Kneissel
et al.," but their maximum cross-section value
here is about 6 mb. By comparing their value with
the values of Ref. 13 [Fig. 5] for the ground- and
first-excited-state cross sections, they found that
their measured cross section for this resonance
was nearly exhausted by the sum of the (y, n,) and
" (y,n,) cross sections. However, the cross section
value of 9 mb measured in this experiment greatly
exceeds that sum and shows therefore that there
must be appreciable strength feeding the second
excited state, which is the only other level to
which decay is energetically possible. Moreover,
the plot of the average neutron energy shows a dis-
tinct flattening at this resonance, indicating the
presence of appreciable excited-state strength.

Perhaps, however, the situation here is more
complicated. Two levels are seen at 11.4 MeV in
4C(a, a’) data?” and are assigned to be (2*) and
(4%), and a strong resonance is seen at that energy
in the "C(a, n) reaction®” as well. Also, levels
seen at 11.1 and 11.7 MeV in the °F(d, *He) reac-
tion?® are assigned to be (0,1,2)". Since three
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FIG. 6. The first few energy levels for ¥0, 170, and
"N, together with the energies of the resonances in 130
seen in the present experiment up to 23.7 MeV.

levels are seen in the (y, n,) data of Ref. 13 [and
only one, at 11.5 MeV, in the (y,n,) data], perhaps
the most likely assignments that can be made, in
the light of the electromagnetic selection rules,
are 1° for the 11.1- and 11.7-MeV levels and 2
for the one at 11.4 MeV,; the large resonance in
the present data is, then, an unresolved super-
position of the three.

The next two prominent resonances, which lie at
13.1 and 13.8 MeV, are seen clearly in both the
(y,n) and (y, 2r) cross sections, and the total pho-
toneutron cross section at the peaks of these
resonances reaches ~8 and 6 mb, respectively.
Neither resonance shows strongly in the (y, n,) or
(y,n,) cross sections of Ref. 13; therefore, it is
likely that transitions to the negative-parity second
(37) and third () excited states (@, =11.1 MeV,
@,=11.9 MeV) are occuring here (see Fig. 6). The
presence of these transitions probably reflects a
3p-1h component in these excited states.

The strongest resonance below the GDR, seen in



both the (y,») and (y, 2xn) cross sections, lies at
14,7 MeV and reaches a peak total cross section of
~11 mb. This broad resonance also is seen prom-
inently in the (y,n,) and (y, »n,) data of Ref. 13.
Once again, since the (y,n,) and (y, n;) cross sec-
tions exhaust at most about a third of the total
strength of this resonance, and since the neutron
energies resulting from (y, n,) and (y, »,) transi-
tions exceed substantially the average single-pho-
toneutron energy of 4.3 MeV [Fig. 2(a)], there
must be considerable strength feeding higher-lying
excited states (up to ~5 MeV) in 0. In this case,
that fraction of the resonance strength (~20%)
which decays via the (y, 2r) channel might very
well pass through the 3* single-particle state at
5.09 MeV. It should be noted as well that a weak
level at 14.6 MeV is barely seen in the F(d,*He)
data of Ref. 28.

The resonance at 15.8 MeV, which appears much
more strongly in the (y, 2x) than in the (y, n) cross
section, also must have a complex decay mechan-
ism. Here, Allan ef al.'® report almost no evi-
dence for any (single-photoneutron) ground- or
first-excited-state strength, and the energetics of
the (y, 2n) channel allows decays to proceed through
several excited states in 7O.

B. Region of the GDR (17 to 29 MeV)

In the energy region of the GDR, five major
peaks occur (see Tablelll), at 17.3, 19.4, 21.1,
23.7, and about 27 MeV, along with a distinct
shoulder at 22.6 MeV on the low-energy side of the
23.7-MeV peak, which is the most prominent peak
in the %0 total cross section [Fig. 3(e)]. All of
these peaks are seen clearly in the (y, p) cross
section [Fig. 3(a)], in roughly the same propor-
tions as in the total cross section. On the other
hand, the 17.3- and 23.7-MeV peaks are seen only
weakly in the (y,n) cross section [Fig. 3(b)], and
the major GDR strength which is manifested
through this reaction channel lies at energies
above 25 MeV. The peaks at 19.4 and 21.1 MeV

19 PHOTONUCLEAR CROSS SECTIONS FOR !80 1677

appear in the (y, 2n) cross section [Fig. 3(c)], and
the 22.6-MeV shoulder of the main peak at 23.7
MeV is more prominent here than in the other par-
tial cross sections.

Comparing the present cross-section results
with those of Ref. 14, it'is evident that very good
agreement exists throughout the energy range
from 17 to 25 MeV for both partial photoneutron
cross sections (as well as for their sum). Above
this energy, however, large discrepancies stand
out between the two sets of results, which probably
reflect the lack of knowledge of the average neu-
tron energies, and consequently of the detector
efficiency, in the work of Ref. 14.

The 80 nucleus can be thought of as a pair of
valence neutrons bound to the doubly magic *°0
core. In this view, the GDR could be expected to
resemble closely that for 1°0, since the effects of
the valence neutrons most probably would be man-
ifested in the energy region below the GDR. In
particular, if the core were not affected strongly
by the presence of the two extra-core neutrons, it
might be expected that a strong similarity would
exist between the present (y, p) cross section and
that for the !0 nucleus. But, as can be seen from
the comparison of these two (y, p) cross sections,
shown in Fig. 7(a), such is not the case. Whereas
the %0 (y, p) cross section is dominated by two
major peaks at 23.7 and 27-28 MeV, the °0 (y, p)
cross section contains four narrower and more
tightly clustered peaks at 22.3, 23.1, 24.2, and
25.2 MeV. The similarities and differences be-
tween these two photoproton cross sections have
been discussed at length in Ref. 15. [The cross-
section curves for °0 shown in Fig. 7 are compo-
sites constructed from various results in the lit-
erature. Values for the '°O (y, p,) cross section
have been taken from Refs. 29 and 30, normalized
to the mean of several other published measure-
ments; for °0 (y, p,,,), from Ref. 31; and for '°0
(y,n), from Refs. 32 and 33.]

A comparison of the photoneutron branches for
180 and 0, shown in Fig. 7(b), is even more dif-

TABLE V. Comparison of the integrated cross sections for 180 and 180 (integrated up to
29.0 MeV. The lower limit of integration for the photoneutron cross sections for 80 is 16.5

MeV.)
v, p) (y,n) (v,2n) (v,ns) (y,tot)
. 160
Gint (MeV mb) 83.6 44.8 0 44.8 128.5
o4 (mb) 3.64 1.87 0 1.87 5.52
180,
Oy (MeV mb) 28.3 55.5 41.1 96.6 124.9
o (mb) 1.18 2.39 1.85 4.24 5.42
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ficult owing mainly to the lack of as many clearly
delineated peaks in the GDR region of '®*0 as are
found in that of 0. It should be noted as well that
there is a strong resemblance between the photo-
proton and photoneutron cross sections for 0,

apart from a factor of 2 in magnitude favoring the )

photoproton branch, but for %0, even.in the GDR
region rather less resemblance is found, and the
factor of 2 (or more) in the branching goes the
other way.

However, a comparison of the total cross sec-
tions for %0 and '®0, shown in Fig. 7(c), shows
that there is rather greater similarity between
them than the comparisons of the partial cross
sections might have led one to expect. Presum-
ably, this results from compensating effects,
such as relative threshold differences and compe-
tition between the reaction channels.

Another way of comparing the GDR cross sec-
tions for %0 and 0 is to examine the appropriate
integrated cross sections. Table V gives these in-
tegrated cross sections and their first moments
integrated up to 29.0 MeV; for the photoneutron
cross sections for ‘80, the lower limit of integra-
tion is 16.5 MeV (in order to remove from consid-
eration, insofar as this is possible, the effect of
the valence neutrons in the pygmy-resonance re-
gion), while for the other reaction channels the in-
tegrations are carried out from their respective
thresholds. It now is clear that the compensation
mentioned above is almost complete.

The resonance at 21.1 MeV in *®Q, seen in the
(y,p) and (y,2x) cross sections, is of particular
interest. As will be seen below, this resonance
can be identified as T.; moreover, the average
energy of neutrons from the (y, 2n) reaction is
sharply reduced at this resonance [Fig. 3(b)].
This low average energy eliminates the possibility
that the two-neutron decay (whether simultaneous
or sequential through an excited state in '0) goes
directly to the ground state of the residual °0 nu-
cleus (see Fig. 6). Also, energy considerations
favor the 6-MeV doublet in '°0 over the 7-MeV
doublet (no higher-energy states are energetically
possible), and angular-momentum considerations
favor the 0* member of the 6-MeV doublet over its
3" member. Therefore, it might very well be the
case that the configuration of the 21.1-MeV reso-
nance in %0 is related in a simple way to that of
the highly deformed 0* state at 6.05 MeV in 0.
Since this state is known to have a large 4p-4h
component, then so should the 21.1-MeV reso-
nance; therefore, one would expect a correspond-
ing peak in the *®Q (y, @) cross sections, since the
T . assignment of this resonance would allow this
reaction to proceed to the ground or to other low-
lying 7' =1 states in C.
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C. Region above the GDR (29 to 42 MeV)

In the region above the GDR all the partial cross
sections for '®Q tail off but still remain substan-
tial. In fact, the integrated (y, tot) cross section
between 29 and 42 MeV is about one-third of the
value integrated from threshold to 42 MeV. It is
hard to predict the amount of additional dipole
strength which lies above 42 MeV. Since the E1
strength integrated up to the pion threshold is a
subject of great current interest, a measurement
of the total photon absorption cross section up to
the pion threshold for this interesting non-self-
conjugate nucleus would be very valuable, with the
present results constituting a constraint on the ac-
curacy of such a measurement.

In both the (y,n) and (y, tot) cross sections, there
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is some evidence for a weak but broad resonance
at about 30 MeV. No obvious explanation for such
a resonance is apparent, but several particle-hole
configurations in !®*0 might be candidates, and
similar weak structure is seen in 0O (y,n) cross-
section results which encompass this energy,:3
as well as in the 2C and !3C photoneutron data of
Refs. 36 and 1, respectively.

Although the statistical precision of the present
measurement of the partial cross sections-in the
energy region above 30 MeV prevent the discern-
ment of any other particular features, an examina-
tion of the total cross section of Fig. 3(e) yields
evidence for a resonance centered at about 36
MeV. This might very well signal the excitation
of the 1s nucleons in the core, as has been sug-
gested as well in the measurements on 2C (Ref,
36) and 3C (Ref. 1).

D. Isospin considerations

An attempt is made here to assign a definite
isospin to each observed resonance in the photo-
nuclear cross sections for %0, in order to deter-
mine the gross distribution of isospin strength in
this nucleus, including the ratio of 7. and T,
strengths and their splitting in energy, which then

(152)

19.1

8.05

can be compared with theoretical predictions.
The following analysis, therefore, assumes goo
isospin. ’

Figure 8 shows the states available via E1 photo-
excitation and points out the nucleon decay channels
which are ot allowed by the isospin selection rule.
Also shown are the energies of the first T, states
known in each of the possible daughter nuclei.
Below 19.1 MeV T, =2 states cannot decay via
single neutron emission because decay to 7'=4
states in 'O is not allowed. Similarly, below
25.0 MeV, the (y, 2x) reaction can proceed from
T . states only in %0 (in the absence of isospin
mixing in intermediate states in '"0O). The energy
of the first T =% state in ’N is unknown, but pro-
ton decay from both T, and T states is possible
above the proton emission theshold.

Assuming that emitted neutrons and protons have
equal penetrabilities, relationships have been de-
rived by Bangert et al.3" for the relative cross
sections for (y, p) and (y, n) reactions. For decay
to T=T, +73 states in the daughter nucleus, where
T, is the ground-state isospin of the target nu-
cleus,

g > (Y’ p) = 1 (1 )
oy, n) 2T, +1
) 250
FIG. 8. Isospin energy-
level diagram, showing the
energies of the first T,
states for I'N, 170, and
0, Also shown are the
nucleon decays forbidden
by the isospin selection
(o*,0) ' rule.
6 12.19
O+ 2n
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and

92b) Loy 41, (2)

oly,n) °°
These relations show that for decay to T=3 states
the neutron channels will be enhanced in the T,
case and proton channels in the T, case. It is
noted that proton decay also can occur to T=3
states from a 7', resonance, while neutron decay
can occur to 7 =% states from a T resonance.

The experimental data now can be examined.

For single-photoneutron reactions in !0, the
average neutron energy [Fig. 2(a)] falls sharply
between 16.5 and 18.5 MeV, before neutron decay
from 7', states is energetically possible. The fact
that T, states cannot appear below at least 19.1
MeV in o(y, n) supports the idea that neutrons are
being promoted from the core in this energy re-
gion.

The most prominent features in the total cross
section for the GDR energy region are a peak at
23.7T MeV and a broad resonance centered at about
27 MeV. The former peak is seen very strongly
in-o(y, 2n) and relatively weakly in o(y,n), whereas
the latter is seen very strongly in o(y,n) and hardly
at all in o(y, 2#). The absence of appreciable
nel compared to the (y,n) is in approximate agree-
ment with Eq. (2), which predicts o (y, p)/o(y, n)
=3 for ®0. The broad resonance at ~27 MeV might
be the T, component of the GDR. The relative
sizes of o(y, p) and o(y, n) here are in approximate
agreement with Eq. (1), which predicts o, (y, p)/
0.(y,n)=%. Thus, the relative strengths of all the
partial cross sections establish the isospin assign-
ments of the two major peaks, at 23.7 and 27 MeV,
to be T=1 and T =2, respectively.

The other three prominent resonances in the
(v, p) channel, at 17.3, 19.4, and 21.1 MeV can be
assigned isospin values of 2, 2, and 1, respective-
ly, on the following bases. For the 17.3-MeV
resonance, neutron decay from a T, state is not
allowed energetically. -Since this resonance is not
seen strongly in either photoneutron channel, it
can be assigned to have T =2. The same argument
applies for the 19.4-MeV peak, although it is just
possible to reach the first 7=3 state in 70 at 19.1
MeV. If penetrabilities were equal, Eq. (1) would
predict an enhancement of a factor of three for the
neutron over the proton channel for a T, decay.
However, the ratio of neutron to proton penetra-
bilities is ~0.2 for =0 neutrons (and less for high-
er [ values), thus offsetting the result predicted
by Eq. (1). For the resonance at 21.1 MeV, its
(v, 2n) decay from the 27-MeV peak implies little,
if any, isospin mixing in intermediate states of
70 up to 19 MeV, and also argues a favor of a T,
‘assignment for this resonance. Since the peak at

23.7 MéV is seen strongly in o(y, 2r), and since it
now can be said that there is no appreciable iso-
spin mixing in 7O, this resonance can be assigned
as T . on the basis that its energy is below 25.0
MeV (which is equivalent to 17 MeV in ’0). The
relative size of this peak as seen in the (y, p) chan-
appearance in ¢(y, 2n) argues against a T, assign-
ment. This resonance does not appear in o(y, ),
consistent with Eq. (2), which predicts an enhance-
ment of o(y, p) by a factor of 3 over oly,n) for T.
resonances.

In order to compare the present data with isospin
sum rules, it is necessary to separate the two
components. This cannot be done in the present
case without ambiguity, but reasonable assump-
tions allow separation of the components across
the region of the GDR. Defining o%, +0% =o® and
o +07 =¢", Eqgs. (1) and (2) yield ¢% =30" and o?
=¢7/3. For oly,n) and oy, p) below 20 MeV, the
strength is assumed to be T . except for the two
T, resonances at 17.3 and 19.4 MeV. The (y, 2n)
strength is assumed to be all 7, below 27 MeV,
above 27 MeV, T_and T, assignments for the
(v, 2n) strength are made in the same proportion
as given by the sum of those for the (y, n) and (y, p)
channels. Solution of these simultaneous equations
then gives the T and T, components for the neu-
tron and proton channels. The resulting “pure”
isospin cross sections o, and o, given by o, =0’
+0% +0%" and o0, =0” +02", are shown in Fig. 9.
The integrated cross sections are given in Table
VI. .

A sum rule given by Hayward ef al.®® predicts
the relative strengths of the two isospin compon-
ents to be

- 1 ‘ 1 . 2
01§T+ ) - T+1[1_ 1%(/?)(1_5)], (3)
-1

where (R?)Y? is the rms charge radius and &
=(2T7-1)A%3/3NZ is small. The use of the empir-
ical value measured by Miska et al.?® of ( R%)¥?2
=2.794 fm leads to ¢.,(T=2)/0.,=0.342, so that
0.,(T=2)/0.,(T=1)=0.52. The present measured
value for this ratio, 0.64+0.13, is in reasonable
agreement with the sum-rule prediction.

It is expected that the 7. and T, components of
the GDR will be separated by an energy given by
Akyliz and Fallieros?®® to be

U(T+1)
AE=Eqp,,-Ep= —a

(4)
where the dipole symmetry energy U is about 60
MeV, giving AE ~ 6.7 MeV. Leonardi and Lip-
parini** predict U ~40 MeV for %0, thus giving
AE ~4.4 MeV. If the energy of the T _ strength is
chosen to coincide with the major peak in the T
cross section [Fig. 9(b)] at 23.7 MeV and that of



PHOTONUCLEAR CROSS SECTIONS FOR 189

1681

T T T T T T T T
@ o
o=
T 1 |
gl :
3 | H i
G I
5 ‘ —
/;ﬁ 1
N , :
0 1 1 4 7 ! | | !
T T T T T T T T
sl (b %o _
¥ Tc=1
S “ H *1
£ '
510 t —
;’f [ .:‘ ' K 4 i 7]
5 T gt plin B ¢
° 5 A l||l t 'ﬁ{ ! ! {i{{} |
1] II M i
r . 1 u {fiil { I [ n
o | | | | | PSR BR T
6 10 14 18 22 26 30 34 3s! 42

Photon Energy (MeV)
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the T, strength to be the centroid of the broad
maximum in the T, cross section [Fig. 9(a)] at
~29 MeV, then the present measurement yields a
value for AE of ~5.3 MeV, lying between and in
reasonable agreement with these theoretical pre-
dictions.

VI. SUMMARY AND CONCLUSIONS

All the major photonuclear cross sections for
180 were measured from threshold to 42 MeV with
monoenergetic photons of good resolution. These
cross sections, o(y, p), oly,n), oly,2n), oly,n,),
and o(y, tot), were measured simultaneously and
independently, using the same beam, the same
samples, and the same detector, thus effecting an
internal consistency unique for such photonuclear
measurements to date. ‘The average energies of
the emitted photoneutrons were measured simul-
taneously as well, for both the (y, 1z) and (y, 2x)
reaction channels. Integrated cross sections and
their moments for all the reaction channels are
presented along with the cross-section data.

Much structure is seen in the cross sections.

The data points have been average in pairs for purposes of this
of this analysis. The dashed line represents estimated values.

-

For several of the resonances seen in the pygmy-
resonance region below 17 MeV, the cross-section
and photoneutron-energy data acquired here were
combined with the (y, n,) and (y,n,) data of Allan
et al.’® to extract nuclear spectroscopic informa-
tion that shows a complex behavior for the decay
of the resonances in this energy region. In par-
ticular, the substantial neutron decay to the low-
lying negative-parity states in "0 shows that
states in the pygmy-resonance region of *0 con-
tain appreciable 3p-1h components.

For the giant-resonance region, the branching
of the various resonances into their decay modes
also shows a complex pattern. Using this branch-

TABLE VI. Integrated cross sections for the separated
isospin components.

Oint o4
Isospin (MeV mb) (mb)
T=1 122.2 6.52
T,=2 120.4 4.20
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ing-ratio information along with the average photo-
neutron energies, isospin assignments were made
for all the resonances, and the resulting distribu-
tions of 7. and T, strength shows good agreement
with predictions of theoretical sum-rule and iso-
spin-splitting calculations.

Evidence for weak but broad resonances at about
30 and 36 MeV might indicate the presence of high-
energy particle-hole states. Similar evidence has
been seen as well for °0 and for the carbon iso-
topes.

Comparisons of the 0 cross sections were
made with the corresponding cross sections for
180, illustrating the differences between these two
nuclei, which go beyond the expectations based
upon a picture of the **0 nucleus as an 'O core
which is only weakly coupled to and perturbed by
two valence neutrons.

Finally, the integrated (y, tot) cross section for
180 as measured here exhausts nearly one TRK
sum-rule unit up to 42 MeV. A total cross-section

measurement extending to the meson threshold,
but constrained by the present results at the lower
energies, would constitute a valuable addition to
our knowledge of this interesting light non-self-
conjugate nucleus.

Preliminary reports of this work appeared as
Refs. 39 and 40. The data in the present paper
supersede as well the preliminary data presented
in Lawrence Livermore Laboratory Report No.
UCRIL.-78482, 1976 (unpublished).
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