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Evidence for the isovector giant quadrupole resonance in 0 from the 0(y, no) 0 reaction
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The cross section and angular distribution for the reaction ' O(y, no)"0 have been measured over an

excitation energy range of 25-45 MeV. Neutron time-of-flight spectra were recorded at six angles (22.5',
45', 67.5', 90', 112.5', and 135') and at four bremsstrahlung end-point energies (30, 35, 40, and 45
MeV). Differential cross sections deduced from these spectra were fitted by a fourth-order Legendre-

polynomial expansion. The cross section obtained from this expansion -decreases smoothly from 3.95 mb at
25.5 MeV to 0.22 mb at 43.8 MeV. The appearance in this analysis of large first-, third-, and especially
fourth-order coefficients, is strong evidence for significant E2 cross section. An E2 cross section extracted
from the data exhausts approximately 68% of the isovector E2 energy-weighted sum rule. The present data
are compared to previous related measurements and excellent agreement is seen. In comparisons with

theoretical studies on ' 0, there is good general agreement but relatively poor detailed agreement.

NUCLEAR REACTIONS O(p, np) ~Q, E„=25-45 MeV; measured (T (E„,8);
deduced E 2 strength.

I. INTRODUCTION

The existence of giant resonances of multipolar-
ity other than El (i.e, , M1, E2, E3) has been well
established for medium-weight and heavy nuclei
primarily by inelastic electron and hadron scatter-
ing experiments. ' In light nuclei the evidence for
higher multipole resonances is not nearly as com-
plete. For example, in "0, where the E1 giant
resonance (GDR) has been extensively studied, the
isoscalar (b,T = 0) E2 giant resonance (GQR ), al-
though elusive, has apparently been found by in-
ela, stic alpha (Ref. 2), (P, y, ) (Ref. 3), and electron
(Ref. 4) studies. This resonance is centered at
approximately 20 MeV, and although its strength
is considerably spread out, it exhausts a major
fraction of the isoscalar energy-weighted sum rule
(EWSR,). On the other hand, very little experi-
mental evidence has been obtained for the isovec-
tor (aT = 1) E2 giant resonance (GQR, ). Because
light nuclei, especially closed-shell nuclei, are
perhaps the best understood in terms of micro-
scopic theories, it is quite important that the ex-
perimental data be complete. Consequently the
present search for the GQR, in "0was undertaken,
using the "O(y, no) "0 reaction as a probe.

Since isoscalar modes of oscillation are gener-
ally pushed down in energy from their unperturbed
positions, and isovector modes are pushed up in
energy, the GQR, should appear above the GDR
In the simplest shell model description E2 ab-
sorption is characterized by the excitation of par-
ticles from closed shells to orbitals two units
higher in the major quantum number, i.e. , 2A&

transitions. This would place the unperturbed E2
giant resonance at approximately 28 MeV in "O.

More sophisticated microscopic theories place the
GQR, at anywhere from 30 to 50 MeV. ' In addition,
considerable spreading of the strength is expected
at these excitation energies. The present experi-
ment was designed to study excitation energies in
the range of 25 to 45 MeV and to test for the pres-
ence of E2 absorption by measuring the angular
distribution of ground-state photoneutrons.

Much of the experimental investigation of this
region has been done using the "N(P, yo)'60 reac-
tion. ' " The results of these measurements, in
particular those of Refs. 8 and 10 which reach
excitation energies near 40 MeV, are consistent
with considerable E2 strength in the 30 to 50 MeV
region. Unfortunately the interpretation of the-
(P, y, ) reaction has not been straightforward be-
cause direct capture and resonant capture cannot
be separated. Since the proton has a large recoil
effective. quadrupole charge while that of the neu-
tron is very small, "there will be little direct
capture in the neutron channel. This experiment
provides a test of these assumptions.

Experiments using other reactions, in particular
inelastic alpha scattering and alpha particle cap-
ture' and electron scattering, 4 have been done which
included this energy region but make no statement
about E2 strength. In the case of the alpha scatter-
ing experiment, it would be expected that isoscalar
modes are preferentially excited. The electron
scattering experiment is apparently not sensitive
enough in the 30 to 50 MeV region to separate
higher multipole strength from underlying E1
strength. In another experiment using inelastic
scattering of polarized protons, "not only was con-
siderable E2 strength obtained but an E3 (presum-
ably isoscalar) resonance was seen centered at
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about 35 MeV. These data will be examined more
fully below.

Theoretically there are several microscopic
treatments of higher multipole photoabsorption in
"0 (Refs. 13—18). Among the more detailed is the
work of Liu and Brown" which predicts giant res-
onances from monopole through hexadecapole for
'6O 'o&a 9oZr, and '"Pb. Other studies by Heil"
and Marangoni et al."predict both cross sections
and angular distributions which will be especially
important to the present measurement.

The measurement reported here is a study of
the "0(y,n,)"0 cross section and neutron angular
distribution. Neutron time-of -flight spectra were
collected at six laboratory angles (22.5, 45, 67.5,
90, 112.5, and 135') and at four bremsstrahlung
end-point energies (30, 35, 40, and 45 MeV).
From the differential cross sections the coeffi-
cients of a fourth-order Legendre polynomial ex-
pansion were extracted. Under the assumption
that M1 absorption is small, evidence for E2
strength would be obtained by the observation of
nonzero first-, third-, and fourth-order coeffi-
cients.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the Lawrence
Livermore Laboratory 100 MeV Electron-Positron
Linear Accelerator, using the bremsstrahlung-
induced neutron time-of-flight technique. Since
this facility for measuring photoneutron cross
sections and angular distributions has not been
described previously, some details will be pre-
sented. On the other hand, the techniques used
are in general standard, so that full details of all
aspects of the experiment are unnecessary.

A. Data Acquisition

An overview of the experimental apparatus is
shown in Fig. 1. An energy-analyzed pulsed beam
of electrons (with a 2% momentum spread) from
the linear accelerator was focused on a thin brems-
strahlung converter (a 1.27x10 '-mm thick gold
foil). The beam pulse had a width of 5 ns and a.

repetition rate of 1440 pulses per second. Elec-
trons passing through the converter were magnet-
ically deflected vertically down into a 5-m deep
beam dump. At the bottom of the beam dump an
aluminum block stopped the beam and the charge
collected on the block was integrated and scaled.
The bremsstrahlung beam produced at the con-
verter was incident on a photonuclear sample
which sat on a light aluminum stand at the inter-
section of the time-of-flight lines. The photo-
nuclear samples were attached to a remotely con-
trolled sample changing system(with a capacity of
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FIG. 1. Schematic diagram of the facility for photo-
neutron cross section and angular-distribution measure-
ments at Lawrence Livermore Laboratory. An inser-
table bremsstrahlung converter preceded the beam dump
magnet and neutron detectors were placed at the ends
of the 10-m flight paths.

5 samples) attached to the ceiling. Samples used
in this study were 534 g of H,O, 788 g of D,O,
679 g of CH„2.02 kg of depleted uranium, and an
empty sample container. All samples were pack-
aged in thin walled (0.03-inm thick) cylindrical
aluminum containers whose dimensions were
5.1 cm (radius) by 10.2 cm (height). In order to
reduce neutron scattering in the H,O sample, its
container (and the empty sample container) was
chosen to be an annular cylinder with an inner
radius of 2.5 cm and the same outer dimensions as
above.

Neutrons emitted by a sample were detected at
the end of 10-m flight paths by proton-recoil neu-
tron detectors. In order to decrease gamma flash,
lead filters ranging in thickness from 0.64 to
3.8 cm were put in each flight path. Each neutron
detector [illustrated in Fig. 2(a)] consisted of
three 5.1-cm (or 12.7-cm) thick by 12.7-cm diam-
eter plastic scintillators (Pilot-B) each viewed by
two 12.7-cm diameter photomultiplier tubes (RCA-
8854 or RCA-4522). The overall time resolution
of the experiment was 6 ns.

A block diagram of the data acquisition system
is shown in Fig. 2(b). In this figure the electronics
for one of the six detectors is shown in the indi-
cated area. Anode signals from each photomulti-
plier tube are routed to a discriminator set at a
50-mV threshold to reduce the response to photo-
multiplier noise. In order to further eliminate
response to noise, a coincidence between each
pair of photomultipliers on a single scintillator
was required. A valid signal from any of the three
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(a) Neutron detector (b) Neutron Time-of-Flight Electronics
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FIG. 2. (a) Design of the neutron detectors used in
this measurement. (Variations of this design were 5.1-
cm or 12.7-cm thick plastic scintillators and RCA-8854
or RCA 4522 photomultiplier tubes. ) (b) Block dia-
gram of the neutron time-of-flight electronics. The
three sections of each detector are labeled A, B, and C;
detectors are numbered 1 through 6; and the two photo-
multiplier tubes of each section are labeled E and R.
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sections of each detector is passed through a cir-
cuit which generates a single output pulse for one
or more input pulses. Logic signals from each
detector are then sent through a series of circuits
[shown as one box in Fig. 2(b)] which provided a
single stop pulse and a three bit tag identifying the
detector for that stop pulse. Also shown is an in-
put which gated the circuit off during the gamma
flash. Stop pulses and tags were then routed to
the time digitizer (EGG-TDC-100) which was set
at 2-ns time channels. The start pulse for the
time digitizer was obtained from a fast toroidal
transformer mounted between the first and second
sections of the linear accelerator. The time-of-
flight data were then read into a PDP 8/E com-
puter and stored in six separate 1536-channel
arrays. The computer also controlled a set of
scalers which recorded the number of beam pulses
(starts), the total number of events detected
(stops), and the scaled current from the dump

block.
Neutron time-of-flight spectra at six angles from

22.5' through 135' in 22. 5' steps and at four elec-
tron end-point energies from 30- through 45- in
5-MeV steps were accumulated for each of the
samples. In addition spectra for the depleted ura-
nium sample with 10.2-cm graphite filters in each
flight path were also taken (to test the neutron
energy calibration, using the absorption reso-
nances in "C).

B. Data Analysis

The data analysis for the ' O spectra can be con-
sidered as a three stage process. Initial correc-
tions were performed on the time-of-flight spectra.
Secondly, the spectra were converted to neutron
energy spectra and additional corrections were
made. Finally, conversion to spectra as a func-
tion of excitation energy (assuming ground-state
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neutron transitions) was carried out. Following
further corrections at this stage, cross sections
and angular distributions were extracted. These
stages of analysis are described in detail below.

Since the data were taken with a single time
digitizer and a tag indicating the detector, there
was the possibility that for each beam pulse,
events appearing in more thin one detector would
set an incorrect tag. In addition, there was the
usual problem of dead time, i.e., more than one
event in the same detector for a given beam pulse.
At the data rate in this experiment, the probability
of either of these occurrences was small (approx-
imately 15%) and corrections for both effects were
subsequently made. It is estimated that this cor-
rection makes at most a 1.5/p contribution to the
systematic error in the time-of-flight spectra at
any angle.

For each time-of-flight spectrum the following
backgrounds were removed: (1) time-independent
background due to photomultiplier noise, cosmic
rays, and other natural backgrounds, (2) a back-
ground due to a slowly decaying portion of the
gamma flash, and (8) neutron background from
photoneutron reactions in the aluminum sample
container. A typical time-of-flight spectrum (in
this case for a 45-MeV end point and an angle of
68') is shown in Fig. 8 with the backgrounds indi-

cated. Time-independent backgrounds were ob-
tained from time-of-flight regions which were
equivalent to neutron energies below the detector
thresholds. The gamma-Gash backgrounds were
approximated by decaying-exponential functions
fitted in the regions which were equivalent to neu-
tron energies above the maximum possible. The
exponential extrapolation of the gamma flash was
checked by examining data from runs using the
CH, sample. For this sample the region corre-
sponding to neutron energies greater than the
maximum possible energy extends 3 MeV lower
than that for "Q because of the higher neutron
separation energy in "C. Backgrounds from the
sample container were measured directly and
normalized to the foreground by examining re-
gions where only aluminum photoneutrons were
energetically allowed. The maximum systematic
error introduced by these subtractions was 2.8fp.

Time-of-flight spectra were then converted to
neutron-energy spectra using the relation

1 -12
n o (1 v 2/+2)1/2

where mo is the rest mass of the neutron, c the
speed of light, and v„=L/t the speed of the neu-
tron (L is the flight-path length and f is the neu-
tron time of flight). The length of each flight
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FIG. 3. Typical neutron time-of-flight spectrum, in this case, for the 820 sample at a 45-MeV end point and a 67.5
angle. Also shown are the background due to the aluminum sample container and the combined background due to gamma
flash and time-independent sources.



20 EVIDENCE FOR THE ISOVECTOR GIANT QUADRUPOLE. . . 1693

path was accurately measured using a laser-rang-
ing technique. Qverall neutron-energy calibration
(and consequently time calibration) was also tested
comparing the graphite transmission data de-.
scribed above with the well-known carbon reso-
nance energies. "

Relative detector efficiencies were measured by
placing a small fission detector containing a '52Cf

source at the sample position. The known neutron
spectrum from '"Cf spontaneous fission' cali-
brated the relative efficiency of the detectors from
threshold to approximately 8 MeV. In order to
obtain the relative efficiencies at higher neutron
energies, an analytical computer code" was used
and normalized to the measured efficiencies. The
efficiency code calculated contributions to the ef-
ficiency from elastic scattering including single,
double, and triple scattering events for both hy-.

drogen and carbon and from all inelastic processes
(using the approximation of Ref. 22). Although the
absolute efficiency obtained in this way could be in
error by as much as 10%, the relative efficiency
is most likely not in error by more than 2%.

After the neutron spectra were corrected for the
detector efficiencies, the "Q data were converted
to an excitation-energy scale (assuming that all
neutrons left "0 in its ground state). To obtain
absolute differential cross sections, these spectra
must be corrected for the shape and magnitude of
the incident photon spectrum for each end-point
energy. This correction was derived from the
D,Q spectra using the following procedure. The
neutron spectrum from deuterium was determined
by subtracting normalized H~Q spectra from the
D,Q spectra. The normalization constant was de-
termined from the data by requiring that structure
in the neutron energy region of the "Q giant-dipole
resonance and neutrons due to "Q at energies
above the maximum allowed for deuterium both be
canceled by the subtraction at all angles. The un-
certainty in this normalization was determined
from the scatter in the results from angle to angle
to be at most 10%. After subtraction the resultant
deuterium spectra were also converted to an exci-
tation-energy scale. The shape of these spectra is
a product of the photon flux and the deuterium
cross section. To obtain the shape of the photon
spectrum at each end-point energy, the deuterium
cross section calculated by Partovi was used.
Finally the differential cross sections for "Q-
(y, n,)"0were obtained by dividing the "0 spectra
by the photon spectrum normalized by the constant
used in subtracting the H,O data from the D,Q
data. The results are displayed in Fig. 4.

The differential cross sections as functions of
excitation energy and center-of-mass angle then
were fitted to a fourth-order Legendre polynomial
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FIG. 4. Center-of-mass differential cross sections vs
excitation energy for the O(y, no) 0 reaction. (The
angles labeling these cross sections are the laboratory
angles. )

series,

(E„,8, )=g—a, P,(cos8, ), (2)
/=0

where P,.(cos8, ) are Legendre polynomials and

a,. are the expansion coefficients. Since the first
excited state of "Q is at 5.2 MeV, the uppermost
5 MeV of each end-point energy must indeed be due
to ground-state transitions. Therefore collection
of the highest 5 MeV from each end-point energy
produced a ground-state cross section and angular
distribution.
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III. RESULTS AND DISCUSSION

The cross section (4wa, ) and the relative angular
distribution coefficients (a, /ao through a,/ao) are
shown in Fig. 5. These results have been com-
piled from the four end-point energies that were
examined in the present study. Although in prin-
ciple only the highest 5 MeV of each of these end
points was free of contamination by excited-state
transitions, empirically all angular -distribution
coefficients from a particular end point were in
excellent agreement with the next lower end point
for at least 4 MeV of their mutual overlap. In ad-
dition near the tip of each set of data statistical
errors became very large, so that the highest 1-2
MeV ef each end point has been deleted.

The error bars shown in Fig. 5 include counting-

statistics errors, estimated errors in the angular-
distribution fit, and a. systematic error (which
varied from angle to angle but was not greater than

4%) obtained from the estimates of error intro-
duced by the various corrections to the data dis-
cussed in the previous section. Corroboration
that the systematic errors did not exceed these
estimates was derived from an angular-distribution
fit to the deuterium data. Systematic deviations
from the theoretical angular distribution in this
case were used to estimate the systematic errors
in the "0 angular distribution. The estimates us-
ing this method did not exceed the 4% quoted above.
Not included in the error bars of 4~a0 was an ad-
ditional 20/o systematic error primarily due to
uncertainty in the normalization to deuterium and

also small corrections for photon attenuation and
neutron scattering in the sample.

In general the angular-distribution coefficients
are smoothly varying with energy. Notice that

a, /ao reaches a maximum value of approximately
0.4 at about 40 MeV and at the same energy a,/a,
is approximately -0.25. Even more striking is
the large positive a, /a, (approximately +0.25 from
30 to 45 MeV). The appearance of large a,/a„
a,/a„and a,/ao coefficients is indicative of mul-
tipole absorption higher' than E1. It is most pro-
bable that isovector electric-quadrupole absorp-
tion is the cause of these interference effects and

the arguments supporting this conclusion are given
below. However, it is appropriate to point out thai
such a conclusion will rest on several assump-
tions which can and should be checked by other ex-
perimental studies.

A. Detailed Analysis of the Angular Distribution Coefficients

If only E1 and E2 contributions to the cross sec-
tion are included, there are four 1p-1h complex
transition amplitudes to consider, s, &,

e'

d, &,
e''e, p», e'~&, and f,&,

e'~~ where s,&„etc. are
the real, amplitudes and Q„etc. are the real phase
shifts. The angular distribution coefficients can
then be expressed as functions of these eight var-
iables, "i.e. ,
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FIG. 5. Cross section (4' ap) and relative angular-
distribution coefficients (a&/ap) vs excitation energy for
the O(y, np)' 0 reaction.
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The s and d complex amplitudes arise from E1
absorption while the p and f complex amplitudes
arise from E2 absorption. The assumption im-
plicit in the above is that M1, E3, and higher
multipoles can be neglected. In the case of M1,
analysis of (p, yo) data has shown that neglecting
M1 in the GDR region (up to 27 MeV) is well jus-
tified. ' Above the GDB the calculated j/I1 cross
section is at least a factor of 30 smaller than the
E2 cross section. " In the case of E3, again cal-
culations""'" have shown that o(E2)/o(E3) ~ 80.
Thus neglecting M1, E3, and higher multipoles is
probably justified.

In the five independent equations of Eqs. (3)
there are eight variables. Since the phase shifts
always appear as phase differences, one of these
phase shifts can be arbitrarily fixed, i.e. , take
$,=0. In order to fully solve Eqs. (3) at least
two of the remaining variables must be fixed,
either by bringing in additional independent ex-
perimental evidence or by making some reasonable
assumptions.

However, the primary interest here is to sepa-
rate the E2 cross section from the total, and the
minimum and maximum E2 cross section allowed
by the angular distributions can be obtained with-
out a solution for all variables. It is readily seen
that in the expression for a,/a, the minimum val-
ues of p, &, and f,&, will occur when cos(Q~- Pz) = 1.
The minimum E2 cross section is easily found

(by minimizing p, ~,
'+f,~,

' in a, /a, and a,) to be
given by

o(E2) „=-',va, .
To obtain the maximum E2 cross section, the E1
cross section must be minimum and it can be seen
that the minimum value of s, /, '+d, /,

' will occur in
the expression for a,/a, when cos(Q, —P~) = —l.
Then by using a,/a„a, /a„and a, and minimizing
s

y /2 + d3/2 the maximum E2 cross section is given
in this case by

o(E2),„= ', o,+ -,'~(a, + a-,),
where oo is the total measured cross section.

The results of Eqs. 4 and 5 are shown in Fig. 6
where the appropriate extremes in the error bars
of the angular-distribution coefficients were used
in calculating these curves. The rather narrow
limits placed on the E2 cross section are primari-
ly a consequence of the large a,/a, coefficient ob-

30 35 40
Excitation Energy (MeV)

45

tained here.
Below an excitation energy of approximately

30 MeV, the polarization of the photoneutrons has
been measured at 45' and 90' (Ref. 25). These
measurements provide the required two additional
equations necessary to solve for all eight varia-
bles of Eqs. (3). Fortunately, this occurs at just
the energies where the limits on the E2 cross
section are becoming very wide. Furthermore,
the analysis of the (p, y, ) data of Ref. 3 can pro-
vide at least a starting point for obtaining a solu-
tion to Eqs. (3) augmented by the polarization in-
formation. In this analysis a remarkable con-
stancy of the sy/2 to d3/g amplitudes and of the
(Q,—P„) phase difference over the GDR region
was found. In the present analysis it was found
that values of s, &,/d, &, and (Q,- P~) very close to
those of Ref. 3, specifically 0.75 and approxi-
mately -120' respectively (the two solutions of
Ref. 3 agree within errors in this energy region),
were able to satisfy both the present angular dis-
tributions and the polarizations [P„(45')= 0.45
+0.1 at 25 MeV decreasing to 0.30+0.1 at 30 MeV
and P„(90')= -0.05+ 0.1 at 25 MeV increasing to
0.15+0.1 at 30 MeV]. Above 30 MeV where there
are no polarization measurements the following
assumptions were made: The ratio of sy/2 to d3/2
was assumed to be constant at 0.75 and the
(Q,—Q~) phase difference was allowed to vary such
that P„(45') and P„(90') varied slowly by not more
than +0.20 from their values at 30 MeV.

The E2 cross section calculated from the solu-
tions obtained above are also shown in Fig. 6.
Below 30 MeV the calculated E2 cross section de-
pends only on the reliability of the measured ang-
ular distributions and polarizations. Above 30
MeV the assumptions made above are critical and
can only be verified by a measurement of the po-
larization (for at least two angles). However, the
limits on the E2 cross section in this region are
fairly narrow and the calculated E2 cross section

FIG. 6. Electric-quadrupole cross section vs excita-
tion energy for the ' O(y, no)'50 reaction. The solid
lines are upper and lower limits on this cross section
based on the present data alone. The data points were
obtained by including information from polarization mea-
surements (see text).
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is at least reasonable. The error bars in Fig. 6
reflect only the errors on the angular-distribution
coefficients.

It is very difficult to identify the resonant struc-
tures which make up this E2 cross section for sev-
eral reasons including the assumptions necessary
to calculate the cross section, the expected large
width of resonances at these excitation energies,
and the relatively poor resolution at these ener-
gies (1.3 MeV at 35 MeV). Nevertheless, one can
speculate that there may be a resonance centered
at about 29 MeV with a width of 4-5 MeV and a
very broad (-7-MeV) resonance at approximately
35 MeV. In any case the energy-weighted integra-
tion of the E2 cross section gives 3.8+1.2 x 10 '
mb/MeV for the (y, n, ) channel which is 68% of the
energy-weighted sum rule EWSR(Ref. 16) for iso-
vector 82 which for the neutron channel is given by

dE„o(E„) 5 I NZ(
E„' 4 M (6)

(where (r') is taken as 0.6 R' where R is the radius
of the uniform mass distribution given by 8
= 1.2A'~' fm). Note that the energy-weighted inte-
gration of the lower-limit cross section is 31% of
the EWSR, .

The primary evidence that the E2 cross section
measured here is isovector is its high excitation
energy. However, approximately one isoscalar
EWSR has been exhausted at lower excitation en-
ergies. The (y, c) channel2 which must be iso-
scalar exhausts at least 55% of the EWSR, and the

(y, po) channel' which has been interpreted as
isoscalar exhausts up to 70% of the EWSR, below
27 MeV. In the latter case part of the measured
cross section at the higher excitation energies may

. be isovector just as-in the present measurement
part of the cross section at the lower excitation
energies may be isoscalar. The E2 cross sec-
tion for the other major reaction channel, (y, no),
has not been measured in detail below 25 MeV but
is estimated" to be of the same order as the
(y,p, ) cross section.

B. Comparison with Other Experimental Results

All of the previous photoneutron and most of the
previous photoproton (or equivalently the inverse
proton capture) experiments have not investigated
the energy range of 30-50 MeV. In Fig. 7 the
present data are compared to a selection of the
existing angular distribution data.

In the small region of overlap between the pres-
ent data and the earlier photoneutron data of
Jury et al."(where the last 1.0 MeV of these data
has been deleted since they are unreliably close to
the end point), there is good agreement in a, /ao and
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FIG. 7. Comparison of the present results (solid cir-
cles) for the O(y, no) ~O reaction with the results of
Ref. 26 (open diamonds) for the same reaction and with
the results of Refs. 8 and 9 (open squares) for the
' O(y, po) "N reaction Iobtained from ' N(p, y()) 60 data
by detailed balance].

a,/a, and fair agreement in a, /a, and a,/a, . Re-
cently this lower energy photoneutron experiment
was repeated at the NRCC Laboratory in Ottawa"
with very nearly the same results as here and in
Ref. 26. Even more interesting is the comparison
between the present data and the proton capture
data of Ref. 8 since these data cover the same
energy-range. The shapes of all angular distri-
bution coefficients (a,/a, was not: reported in Ref.
8) are nearly the same throughout. The magnitude
of a,/ao is also the same, but a, /ao is about 0.15
lower, and a,/a, is 0.2 higher on the average in
the proton case. Tentative results from a proton-
capture measurement at this laboratory" are near-
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ly the same as those of Ref. 8, but the measured
a,/a, has a small negative value. However, there
is good agreement between the E2 cross sections
deduced from the present data and the data of
Ref. 8 as shown in Fig. 7(f) where in the latter
case the rr(E2) was determined from a, /a, and

a,/a, by the method described in Ref. 28. From
this it can be concluded that the p and f ampli-
tudes must be nearly the same in the (Z,po) and

(Z, n, ) reactions, but the phases may be quite dif-
ferent.

The only other experimental result which finds
evidence for higher order multipole absorption in
the 30-50 MeV region is the polarized-proton
elastic-scattering measurement of Geramb et al."
Although in this measurement these authors find
evidence for E2 and even E3 strength, there ap-
parently are difficulties in converting their exper-
imental coupling constants to cross sections.
Consequently detailed comparisons cannot be
made.

Finally in Fig. 8 the results of several cross
section measurements in the 25-45 MeV range
are illustrated. Included in this figure are the
present (Z, no) data, the (Z, po) data [obtained by
the inverse (P, y, ) reaction I of Refs. '8 and 9, the
total-neutron cross section data of Ref. 29, and
the total-absorption cross section data of Ref. 30.
In the case of the total-neutron cross section
which is composed of o(y, n)+ rf(y, nP)+ o(y, 2n)
+ ' Veyssiere et al."obtained results similar to
Ref. 30 but were also able to separately measure
rf(y, np) and o(y, 2n). They show that o(y, np)
+ o(&, 2n) reaches an approximately constant value

of nearly one half the total-neutron cross section
at about 31 MeV. Consequently o(p, n) is only
slightly larger than o(y, n, ). This result correlates
very well with the observation here that there is a
high degree of overlap between the higher end-
point spectra and the lower end points (i.e. , small
cross sections for leaving "0 in an excited state).
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C. Comparison with Theoretical Results

As discussed in the Introduction there are sev-
eral microscopic calculations which include E2
and higher multipole absorption and cover the en-
ergy range examined here. "" Among these, the
studies by Marangoni et aE." and Heil" predict
partial cross sections and angular distributions.
Both calculations use the coupled-channel model
with a 1p-1h basis in the Tamm-Dancoff approxi-
mation. In addition, the calculation of Ref. 16
uses the separation approximation of the energy
and radial dependence of the single-particle con-
tinuum functions developed by Birkholz. " In Fig. 9

E
C.0

~~
V
0)

30

15.0

'12.5 =

10.0 =

7.5:—

5.0 ~,

2.5—
0

0 =
s i I

25

~o
I

35 40
i',X & j&

45

-0.4
p4
0.0

-0.4
C4

0$ -0.8—
-1.2
0.8
p4

I I

C)

CO

i i.
pp

-0.4—
-0.8
0.8

I I

I I
I

I I l 1

I
I I

0 0 —. %, . ---- U

I I -
I

I

Excitation Energy (Mev)

FIG. 8. Comparison of the cross section for the
0(p, np)' 0 reaction (solid circles) obtained here with
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FIG. 9. Comparison of the present results (solid cir-
cles) for the 0(y, np) 0 reaction with the theoretical
results of Ref. 17 (solid line) and Ref. 15 (dashed line).
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the results of these calculations are compared to
the present data. While these calculations repro-
duce the trend of the data, the overall agreement
is not very good. Especially disturbing are the
sharp fluctuations in the angular distribution co-
efficients of Ref. 17. At these high excitation en-
ergies any resonant structure is expected to be
quite broad. Note that to obtain the theoretical
results, a renormalization of the E1 amplitudes
was performed in Ref. 17 while in Ref. 15 an imag-
inary part was added to the single-particle poten-
tial.

Although Marangoni et al."calculate an E2
cross section for the (y, n, ) reaction, it is at
least four times smaller than the cross section
obtained in this experiment. It is difficult to sug-
gest which aspects of these theoretical studies
should be investigated in order to improve the
agreement with the theoretical results. However,
the present data do provide a necessary test for
any further theoretical. studies.

Another important theoretical investigation of
giant-multipole resonances is that of Liu and
Brown. " In this study the authors use the ran-
dom-phase approximation based on a Hartree-Fock
ground-state calculated with a Skyrme type inter-
action. 'The isoscalar and isovector quadrupole
strengths are calculated separately. Strong iso-
vector quadrupole strength is predicted at 26.5,
31, 33, and 37 MeV, along with weak isoscalar
strength in this same 25 to 40 MeV region. Al-
though these results compare favorably with the
present data, more detailed theoretical predic-
tions (i.e. , the complex amplitudes of emitted
nucleons are necessary before stronger conclu-
sions can be drawn. The same remark is applica-
ble to the remaining theoretical studies ci-
ted 5~&3~&4~&8

Before closing this section, mention should be
made of the hydrodynamic model which has had
remarkable success in predicting the location of
giant resonances (especially in medium-weight
and heavy nuclei). In this model the isovector E2
giant resonance is predicted at an energy given by
130 & ' ' MeV(Ref. 33) which for "0 is 51.6 MeV.
Although the experimental result of 30-40 MeV is
somewhat lower than this prediction, the giant E1
resonance is also experimentally found to be sys-

tematically lower than the hydrodynamic model
prediction in light nuclei.

IV. CONCLUSIONS

The photoneutron cross section and angular dis-
tribution for the reaction "O(y, ~,)"0have been
measured over the excitation energy range of
25 to 45 MeV. Angular distributions were fitted to
a fourth-order Lengendre-polynomial expansion.
The large value of the a,/a, coefficient over most
of this energy range (0.25 between 30 and 45 MeV)
provides strong evidence for a sizable E2 cross
section. Using the present data and previous pho-
toneutron-polarization measurements, an E2
cross section was extracted. Although not defini-
tive, the shape of this cross secti.on is consistent
with at least two resonances at approximately
29 and 35 MeV. The energy-weighted integral of
the F2 cross section exhausts 68% of the isovec-
tor energy-weighted sum rule. Because the iso-
scalar EWSR has been exhausted at lower ener-
gies and simply because of the high excitation en-
ergies investigated here, this cross section most
likely is isovector E2. However, the presence of
some isoscalar E2 strength cannot be ruled out.

Good agreement is seen in the comparison be-
tween the present results and previous (y, n, ) mea-
surements and (y,p, ) measurements [through the
inverse (p, p, ) reaction). Especially interesting is
the comparison with the latter reaction. Although
the angular-distribution coefficients have nearly
the same energy dependence, there apparently is
a systematic difference in the magnitudes. How-
ever, when the E2 cross sections are extracted
from both sets of data, nearly the same result is
obtained. The conclusion is that the real part of
the complex amplitudes must be almost the same
while the phases, are systematically different.

All the microscopic theoretical studies on "0
predict strong isovector E2 absorption in the 30-
40 MeV region in good agreement with the present
results. However, in those investigations in
which partial cross sections and angular distribu-
tions were calculated, the detailed agreement with
the present data is not especially good. The pres-
ent results provide a needed benchmark for further
theoretical investigations of higher multipole reso-
nances in this nucleus.
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