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The angular distributions of cross section and analyzing power for the radiative capture reac-
tion "N(p, y )' 0 have been measured at excitation energies of 35.0 and 39.0 MeV in ' O.
Gamma rays were detected in a large, self-shielded NaI spectrometer at eight angles from 23' to
155'. The complex reaction amplitudes associated with the capture channels leading to dipole,
quadrupole, and octupole radiation have been extracted. The data at 39 MeV excitation indicate
a quadrupole component oe2joe] 0.124+'0.015, and an octupole component oE3/ere[ 0.0051
+'0.0026. The observation of high multipolarity radiation is discussed within the context of mi-

croscopic calculations which locate large components of the isovector quadrupole and octupole
resonances within this region of excitation in ' O.

Studies of the fundamental modes of excitation of the
nuclear continuum provide information on the bulk prop-
erties of nuclear matter and on the inAuence of specific
nuclear properties such as nuclear shape, or equivalently
of the shell structure at high excitation. The individual
multipole components of these excitations predominantly
exhibit the particle-hole interactions within the mean nu-
clear field. The coupling of p-h configurations to addition-
al degrees of freedom, such as surface modes of excitation,
affects the detailed structure observed in each mode.
Several calculations have been made of the distributions
of high multipolarity strength in spherical nuclei using a
variety of interactions and calculational techniques. '

The results demonstrate that a clear test of these models
requires experimental measurements of separated mul-
tipole strengths over a range of energies extending beyond
50 MeV in excitation.

Recent experimental results for elastic photon scatter-
ing have demonstrated the existence of substantial quad-

rupole strength in ' 0 above the giant dipole resonance re-
gion. These studies follow numerous previous photonu-
clear investigations of both isovector and isoscalar excita-
tions of this nucleus. ' The present investigation is in-
tended to demonstrate that the distribution of quadrupole
strength for radiative capture of polarized protons can be
determined in a nearly model-independent manner in this
energy region. Moreover, we find that these data, espe-
cially the measured analyzing powers at angles near 0
and 180, display a strong sensitivity to the relatively
small electric octupole amplitude.

In this Rapid Communication we present the initial re-
sults of measurements of cross sections and analyzing
powers for the reaction ' N(p, yo)

' 0 at excitation ener-
gies of 35.0 and 39.0 MeV. A more complete series of
measurements is presently underway at energies from 28
to 48 MeV, and will be reported at a later time.

The present measurements were made at the Indiana
University Cyclotron Facility, using extracted proton
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beams at 24.4 and 28.8 MeV. The magnitude of the beam
polarization was typically 0.70, and was determined by
measuring the asymmetry of elastically scattered protons
from He in a gas cell target. The beam was pulsed at a
frequency of about 16 MHz, and individual beam bursts
exhibited a time spread of less than 3 nsec at the target
location.

Gamma rays were detected in a NaI spectrometer"
which included a NaI core element of diameter 20 cm and
a length 25 cm, surrounded on the front and sides by an
active NaI shield consisting of a 4 cm thick disk and a
six-segment annulus also of 4 cm thickness. Both the core
and the individual optically-isolated shield segments were
instrumented with analog-to-digital converter and time-
to-digital converter analyzers, operated in a CAMAC-
based data acquisition system. Cosmic-ray backgrounds
were detected in the active shield and rejected, while the
measured energies from all eight NaI segments were digi-
tally summed for events in which cosmic rays were not in-
dicated. Figure 1 shows a typical pulse height spectrum of
39 MeV gamma rays where the transition to the ground
state of ' 0 is clearly resolved from transitions to the
low-lying excited states, separated in energy by more than
6 MeV. The overall efficiency of the spectrometer was
determined with the electron-photon shower code EGs4
(Ref. 12) to be 25% at 39 MeV gamma-ray energy, using
a threshold of 36.3 MeV. We have confirmed the
efficiency for our spectrometer at a gamma-ray energy of
10.8 MeV by comparing the results of an Eos4 calculation
with the measured yield of the reaction Al(p, y) Si at
the well-characterized resonance at E~ 992 keV. '

These results agree to within 5%. During the experiment
the stability of the gain of the spectrometer at high total
counting rates was maintained with an active feedback
circuit coupled to the high voltage supply of the photomul-
tiplier tubes. ' Additionally, pulse pileup in the core NaI
element was detected and rejected event by event to im-
prove the reliability of the measured gamma-ray yields at
the high counting rates observed.

Data were collected from 23 to 155' in eight angular
steps at a target-to-detector spacing of about 91 cm.
Differences in time of flight (TOF) were used to distin-
guish gamma rays from the background of direct neutron
groups produced in the target. The overall TOF resolu-
tion was 800 psec. Attenuation of slow neutrons was ac-
complished by placing boron around the lead shieM of the
detector.

The target consisted of a gas cell of 2.7 cm length pres-
surized to approximately 3 atm with ' N gas enriched to
99%, and operated at room temperature. The gas cell
contained beam entrance and exit windows of Havar with
a total thickness of 12.5 pm. Beam passing through the
target was deposited in a well-shielded iron beam dump
approximately 5 m from the target location.

The cross-section angular distribution at 39 MeV exci-
tation for the ground state gamma-ray transition is shown
in Fig. 2(a). The data display the dominant dipole angu-
lar distribution, but a notable asymmetry about 90 also
is evident, due to the interference between dipole and
quadrupole components. In Fig. 2(b) the products of the
measured diff'erential cross sections and analyzing powers
at this energy are displayed. The departure from the
sin(28) distribution indicative of pure dipole radiation is
complementary evidence for an interference among mul-
tipoles.

In the reaction ' N(p, yo)
' 0 the population of states

with J 1 proceeds through s- and d-wave capture
with the complex amplitudes Sl and Di, as specified in
I.S coupling. Electric quadrupole radiation from J 2+
states occurs through the p- and f-wave capture ampli-
tudes P2 and F2. Neglecting a contribution from g-
wave capture, electric octupole radiation may proceed
through the amplitude D3. The amplitudes associated
with each of these channels determine the angular distri-
butions of cross sections and analyzing powers in a well-
known manner. ' We have used the observed distribu-
tions of a(8) and o(8) xA~(8) as input in a search algo-
rithm which yields a solution for the amplitudes and rela-
tive phases associated with each channel. From these
solutions the ratios of cross sections are given by
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While more than one solution for the individual ampli-
tudes can be found which are not distinguishable by the
data, the above ratios of cross sections are much less sensi-
tive to the variations among these solutions. At 39 MeV,
for example, "solution A" yields amplitudes in the ratios:

FIG. 1. Gamma-ray energy spectrum taken at 39 MeV exci-
tation. The ground-state transition is indicated by the arrow;
transitions to excited states in ' 0 occur in channels 285 and
below.

whereas "solution 8" yields the results:
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0.80 TABLE I. Measured ratios of cross sections for E1, E2, and
E3 multipoles for excitation energies of 35.0 and 39.0 MeV.
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model calculation' at this energy

which strongly favors solution A. The value of crzz corre-
sponding to the accepted solution A is 22% smaller than
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FIG. 2. (a) The measured diff'erential cross sections are
shown at 39 MeV excitation. The curves show the best chi-
squared 6ts obtained when only E1 and E2 multipoles are re-
tained (dotted curve), and when E l, E2, and E3 radiations axe
included (solid curve). (b) Measured angular distribution of
cross section times analyzing power at 39 MeV excitation. The
calculated distributions corresponding to the chi-squared 6ts to
the amplitudes are shown.

that for solution 8.
The dashed curves in Figs. 2(a) and 2(b) show the re-

sults of the fit to the data at 39 MeV for which only E 1

and E2 amplitudes are included in the search. While the
cross-section data are adequately described, the product
cr(8) xA~(e) is poorly represented, especially at the data
points at 23' and 155 . The value of gz for this 6t is 19.2.
The solid lines in Figs. 2(a) and 2(b) show the results of
including the amplitude D3 in the search; the correspond-
ing value of gz drops to 1.8, thus providing strong evidence
for the contribution of electric octupole radiation. At 35.0
MeV the value of g is likewise signi6cantly lowered —by
a factor of 3.3—with the inclusion of the E3 multipole.

In Table I the ratios of the measured quadrupole and
octupole cross sections at both 35.0 and 39.0 MeV are
shown; the relative fraction of quadrupole radiation is ob-
served to double in this interval. A qualitatively similar
increase in E2 strength is observed in the elastic photon
scattering data from ' 0, although these results indicate
a much larger ratio, oEq/crE1 = 2, near 39 MeV.

The sensitivity of the capture data to the E 3 amplitude
results primarily from the availability of analyzing powers
at 23 and 155', even though the measured E3 total cross
section is only a fraction of a percent of the total. That
the E3 multipole could contribute in ' 0 near 39 MeV
was indicated by previous analyses of inelastic proton
scattering data, ' and by the model calculations.

%'e note that a similar level of agreement with the
present data can be achieved by considering only E 1, E2,
and M1 multipoles in the amplitude search procedure. In
order to fit the 39 MeV data, we find that the resulting
magnetic dipole cross section is required to contribute
22% of the total. However, a calculation in the direct-
semidirect model gives a ratio o~1/o„, 0.14%, i.e., a
value too small to significantly aA'ect the electric cross sec-
tions deduced from the data.

Further use of the radiative capture reaction with polar-
ized protons in the energy range above the giant dipole
resonance is clearly indicated as a means for identifying
resonant multipoles. Such a program is now underway in
' 0, with additional capture measurements over the range
28~E ~48 MeV.
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