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Photoneutron energy spectra from the ' Q(y, no) "Q reaction were measured as functions of labora-
tory angle over a range of excitation energies from 30 to 35 MeV. Angular distribution Legendre-
polynomial coefficients were extracted up to third order as functions of excitation energy. Nonzero
values of the coefficients a& (+0.25+0.02} and a3 ( —0.2+0.02) were observed over the energy re-
gion explored, indicating interference between states of opposite parity. These values can be ac-
counted for in a simple model incorporating electric quadrupole absorption strength decaying via the
ground-state photoneutron channel. When combined with the previously-determined amplitude ra-
tio for the E1 p —+s and p —+d single-particle transitions, the present results suggest that about 4%
of the isovector energy-weighted sum rule is found in the (y,no) channel in the energy range studied.
The value of the (y,no) cross section was found to vary from 1.5+0. 1 mb at E =30 MeV to
0.8+0. 1 mb at 35 MeV. The average magnitude of the E2 contribution to this cross section was es-
timated to be 0.05+0.02 mb. This is in reasonable agreement with a recent continuum random-
phase approximation shell model calculation, but is in disagreement with a previous measurement.

I. INTRQDUCTIQN

Among the light nuclei, ' 0 has been the object of in-
tensive investigation. From the theoretical point of view
it is doubly magic and is readily amenable to different
forms of shell model calculations (see, for example, Refs.
1—3). Experimental investig'ation has established the
properties of the giant dipole resonance (GDR) in ' 0
through photonuclear and radiative-capture angular dis-
tribution measurements (see, for example, Refs. 4—6).
Within the last few years a number of experiments were
performed in search of giant resonances other than the
GDR in ' O.

Phillips and Johnson have measured the angular distri-
butions of photoneutrons from the ground-state reaction
' O(y, no)' O. In the energy region of 25—45 MeV,
nonzero at, a3, and a~ values (normalized coefficients of
a Legendre polynomial fit to the angular distribution)
were observed, indicating the presence of electric quadru-
pole strength in the neutron channel. The E2 cross sec-
tion was extracted as a function of photon energy by mak-
ing assumptions about the phase differences and transi-
tion amplitude ratios extraplated from previous polariza-
tion data from (p, yo) experiments (e.g., Hanna et al. ).

The E2 cross section deduced by Phillips and Johnson

for the neutron channel was of the same order of magni-
tude as that for the proton channel. For example, at 35
MeV, the neutron E2 cross section was reported to be
about 0.21+0.01 mb. Measurements of the proton chan-
nel indicate an- E2 cross section of about 0.22+0.01 mb at
this energy. These findings have led to three different in-
terpretations which are of major consequence to the
understanding of the physics of this nuclear reaction:

(a) The large photoneutron E2 cross section (reported
in Ref. 7) might have arisen from an erroneously large a&
value (approximately +0.25 from 30 to 45 MeV) resulting
from a possible overfitting of the Legendre series to the
experimental data (this was suggested in Ref. 10).

(b) It is possible that no, or very little direct absorption
is present in the neutron channel in the energy region con-
sidered here; all the E2 cross section observed might be of
resonant nature. If this is the case, the results of Ref. 7
constitute dramatic evidence for a giant electric quadru-
pole resonance (GQR).

(c) There is also the possibility that both direct and
resonant absorption strengths are present (perhaps in a
50-50 mixture) as predicted by some direct-semidirect
(DSD) models (for example, Ref. 11), and the simple con-
cept of recoil quadrupole effective charge' ' is inaccu-
rate. The effective quadrupole charge of a neutron (in
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' Q) should be 30 times weaker than that of 8 proton
(q„=0.03e, q&

——0.91e ). Therefore, direct absorption
strength in the neutron channel should be much weaker
(900 times) than that in the proton channel. The DSD
model predicts 50% of the E2 cross secfian shauld be at-
tributed to thc dlfcct stIcngth. This strength ls expected
to concentrate in the proton channel. As for fhc resanallf
portion, fhc strength should bc dlvldcd equally bcfwccn
the neutron and proton channels. This means only 25%
of the total E2 crass section should be found in the neu-
tron channel. Assuming the DSD model is applicable to
the '"0 nucleus, one would expect the ncutran E2 cross
scctlQA fo bc about allc-third of fhc proton E2 class scc-
f ion. However, this ls contlaly fa fhc Mcasulcn'lcflt I c-
ported in Ref. 7.

In order fo differentiate among these interpretations
Bnd fo fest fhe validity of the experimental reslllts, 8 sirni-
lar experiment ta that of' Ref. 7 was carried out Bllil is re-
ported in this paper. Although the same expcnmental ap-
proach was crnploycd, nlany clctal ls lfl thc expel l men tal
design and procedures, data reduction Bod analysis. and
interpretation of the Bl&gular distribution coefficicI&fs were
signl fleant ly dl ffcfcnf.

The angular distribution Aleasurements for t hc
' 0(y, no) '-'0 reaction were performed at the electron
linear accelerator laboratory af the National Research
Council of Canada, Using thc br cmsstrahlung- ind Uced
photoneutron time-of-flight techllique. Since this facility
has been described in some detail alrcacly by Jury et ai, "
and Watson eI al. ,

" only some of the noteworthy features
will be highlighted here.

Thc photoneutron tlmc-of-fllghf spcctl8 wcl c lccordcd
at eight angles simultaneausly over 10 m flight paths.
Each of the eight detectors praduced a "stop" signal for
its own time-ta-digitall coverter, which was previously
started by 8 signal generated by the photon beam strikirlg
a detector placed near the sample. A computer-controlled
sample changer cycled the samples info the photon beam
far time periods which were very shar t compared to the
duration af a run. This helped to ensure that the pha-
toneutran samples received the same amount of phaton
flux. The highest 5.2 MCV region of the brernsstrahlung
tip corresponds unambiguously to groulld-state transitions
(the first excited state in 0 is at 5.2 MeV).

Photoneutron data fram a total Qf three samples were
recorded. These were D~O (to monitor phatoli dist ribu-
tian), H~O (the ' 0 sample), and a "'blank" (BA empty con-
tBlncr ta measure thc backgl ounds conti lbufcd by thc
sample contalncl s j. In order fQ I"cdUcc t hc ncuf foll scl f"
scattering within the samples, 8 hollow right-cylindrical
design for the sample containers was employed. " Con-
tainers of different radii werc used for different runs to
crlsuIc thc angUlal dlsf rlbUtlans observed wcl c not dUc to
self-scaftcrlng effects ln fhc sample.

The time calibration Bnd determination of thc relative
efficiencies Qf 'thc dcfcctlon sysfcnls werc obtained in the
same manner as previously reported. ' ''-' The relative cf-

ficiencies were obtained using a thin (250 pm) titanium
radiator, assuming the distribution of the bremsstrah1ung
produced is that of Schiff, ' and by using the calculated
deuteron photodisintegraf ion cross section.

The reduction af data from the series of photoneutron
time-of-flight spectra fo yield a total ground-state cross
section Bllong wi f h an i sat ropy coefficien fs was performed
by means of the following steps.

Initial corrections for dead time and natural and con-
tainer backgrounds were performed on the time-Qf'-flight
spectra before they were converted inta neutran energy
spectra in the center-of-mass system. The neutron energy
spectra were corrected fol. detector efficiency and convert-
ed to fhe excltatlon cncIgy scale.

Third order Legendre polynomials were fitted to the en-
ergy spectra and the coefficients a; (i = 1 to 3) in the fo1-
lowlng expression:

Bnd a; = 4; /Ao were extracted as functions of excitation
energy usi ng 8 weight ed least-squares technique. ' The
total cross secfian was obtained by dividing 4vrAo by the
bremsstrahlung distribution scaled fo the relative number
of nuclei of 0 Bnd H cxposcd to fhc photon beam. Thc
scale of the cross section was determined relative to the
deuterium cross section, as calculated by Arenhovel et
a/. ' for F. less than 10 MeV and by Partovi'" for E
greater than 10 MeV

III. RESULTS

The total ground-state cross section is shown in Fig. 1

together v ith the normalized angular distribution coeffi-
cients. Thc pl cscrlf I'csults werc abfairlccl fr arrl two in-
dependent measurements using an end-point energy af 36
MCV, taken 16 months apart. Resu1ts are shown for
Legendre fits up fo third order. An attempt was made to
fif the experimental data ta a fourth older Legendre poly-
Ilamial, but for several energies the cross section extrapo-
lated to 0 became negative. Alsa, no improvement in the
reduced-g- values was observed when the order af the fit
was extended fo include a~. It was concluded that, al-
though the data had very little statistical error (typically
about 60000 caunts were collected for each data point),
there could have been small unobserved systematic errors
contributing to the (sensitive) a4 coefficient. The a; (i = 1

to 4) coefficients measured in Ref. 7, on the other hand,
do not produce negative cross sections at any energies.

In general, the angular disfribntian coefficients a; vary
smoothly with energy. The value of al rises from clase to
zero at 30 MeV ta about +0.50~0.02 at 35 MeV, the a2
values averaged fa be about —0.65+0.02 in this energy
region; and aver the same energy region, the value of aq
remains approximately constant at —0.20+0.02. The
nonzero values af a, and a, be~~een 30 and 35 Mcv are
Indlcaflvc of multlpolc absorption other fhan E1. Bc-
CBUsc M I-E 1 lntcrfclcncc cannot gcnclatc 8 flnltc a ~

l-a-

tia, the observed nonzcra value of a
&

is an indication af
the presence of E2 (or higher) multipole absorption.
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FIG. 1. The yngle-integrated cross section of the
' O(y, no)' 0 reaction is shown along with the normalized angu-
lar distribution coefficients a; (i =1,2, 3) as functions of excita-
tion energy (solid circles). The scale of the cross section was
determined relative to that of the deuteron. Also shown are the
angular distribution coefficients obtained in the photoneutron
measurement of Ref. 7 {open squares) and those from the pho-
toproton work of Ref. 8 (open diamonds), Ref. 9 {open trian-

gles), and Ref. 20 (solid diamonds).

IV. DISCUSSION

Excellent agreement is found in the total ground-state
photoneutron cross section between the present results and
those of Ref. 7. They are shown in Fig. 2 together with
the ground-state photoproton data of O' Connell and Han-
na, Paul et al. , and the recent work of Anghinolfi et al.
The photoproton measurements of Refs. 9 and 20 are seen
to be within equally good agreement with one another.
On the average, the photoproton cross section appears to
be about one-third lower in magnitude than the pho-.

—2.0
E

o
OP
(0
e I.O-
tO

U

I I

o prssant work

i=i ~ and Johnson

Hannao O'Connel

, r
& Paul et al.

I
) (

e Anghinoe et ai

3l 32 33 34
Excitation Energy (MeV)

FIG. 2. The present ground-state cross section (solid circles)
is compared with the ground-state photoneutron work of Phil-
lips and Johnson {open squares; Ref. 7), and ground-state pho-
toproton cross section deduced from the work of O' Connell and
Hanna (open diamond; Ref. 8), Paul et al. (open triangles; Ref.
9), and Anghinolfi et al. (solid diamonds; Ref. 20).

toneutron cross section, but it exhibits a similar variation
with energy.

Figure 1 presents a comparison of the present measure-
ments for the Legendre coefficients a; (i=1,2, 3) with the
coefficients obtained in Refs. 7—9 and 20. For the aI
values, the present data lie between the low values
(a& —0. 1) of the photoneutron work and the higher
values (0.4 to 0.6) of the photoproton measurements. ' '

The a2 values for all sets of results are in reasonable
agreement. The present a3 values agree reasonably well
with the previous photoneutron results but disagree with
the photoproton results ' ' at several energies. This
comparison is not totally valid because the present work
and the results of Refs. 8 and 9 have employed third-order
Legendre fits (assuming a4 ——0), whereas the results of
Refs. 7 and 20 have come about using a fourth order fit.

In analyzing the angular distributions of the present ex-
perimental results, several assumptions similar to those of
Ref. 7 were used. Since no neutron polarization data are
available between 30 and 35 MeV, assumptions based on
existing neutron polarization and proton polarization
measurements at lower energies ' were made for the
transition amplitude ratio of s- to d-wave neutrons (s/d
ratio) and (at several energies) the relative phase difference
between the s- and d-wave neutrons.

The s/d ratio as obtained in Ref. 22 (solution I) was ex-
trapolated from 27 MeV and assumed to be constant at
0.75+.0.05 in the energy region of 30—35 MeV. The neu-
tron polarization measurement of Hanser ' found that the
phase difference, at lower energies, between the s- and d-
wave neutrons is ( —118+5)'. The proton polarization
work of Ref. 22 yielded a phase difference of ( —120+5)'
in the same energy region. We have therefore assumed
that the phase difference is ( —120+5)' and that it is ap-
proximately constant in the energy region of 30 to 32
MeV. Above 32 MeV, it was possible to extract from the
measured a ~, az, and a3 coefficients values for this rela-
tive phase difference as described in the following. The
fact that values of about —120' were obtained (for exam-
ple at 33 MeV) suggests the validity of this extrapolation.

The Legendre coefficients can be expressed in terms of
single-particle matrix elements and relative phase differ-
ences. This formulation is readily available in the litera-
ture~3 and is often reduced to expressions involving only
El and E2 amplitudes for this range of excitation ener-

gies (30—35 MeV) and momentum transfer (q=0). For
the ground state photoneutron reaction in ' 0, the E1
matrix elements can be represented by s and d and the E2
matrix elements by p and f. Relative phases can be
represented by 6,d, 5&f, etc.

Table I presents a model-dependent description of the
3; (i =0 to 3) coefficients under the assumption that f,
one of the E2 matrix elements, is small with respect to
the other E2 matrix element. Because the a4 coefficient
depends only on terms of first or higher order in f, this
assumption implies a value of a4-0. This is reasonable
in consideration of the low nuclear penetrability of f-wave
neutrons relative to p-wave neutrons. The f-wave "centri-
fugal barrier" in this nucleus is about 19 MeV. The max-
imum neutron energy in this experiment was about 18
MeV. The analysis model we are employing allows E2
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A ~
———1.34dp cos5~&

+9.49sp cos5,~

5d +2 5p2

+4.24sd cos5,q

A 3 —+8.05dp cos5gp

absorption to proceed primarily via the emission of p-
wave neutrons. This implies that neutron penetrabilities
act to reduce the E2 matrix element for the single-particle

p ~f transitions, even though in the absence of the cen-
trifugal barrier these transitions might play a significant
role in the reaction. This model is supported by the re-
sults of the recent ' N(p, yo)' 0 measurement of Anghi-
nolfi et al. They found the a4 values for the (p, yo) chan-
nel to be zero in this energy region.

Given these assumptions and expressing the total
ground-state cross section as

o'(g. s )tot=&s+od+crp ~

and the ratio of E2 to E 1 absorption as

o(E2)
(p/d )

(2)

(3)

we can derive an expression for the E2 (p-wave) cross
section in terms of the (p/d) ratio. The E2 (p-wave)
cross section is approximated by

oo(p/d )
cr(E2)p —— (4)

0.94+(p/d)

TABLE I. Simplified expression for the angular distribution
coefficients for ' 0 after setting the f wa-ve amplitude to zero.
The matrix elements are represented by the symbols s, p, and d
for simplicity, and for example, the relative phase shift between
emitted d-wave neutrons (following E 1 transition) and p-wave
neutrons (E2 transitions) is represented by 5q~.

A =3s +3d +5p

where o.o is the total ground-state cross section and the
transition amplitude ratio (p/d) and relative phases 5,~
and 5~ can be obtained from the experimental a~, a2,
and a3 coefficients (refer to Table I). Table II shows the
extracted values of p/d, the relative phases 5,~ and 5pp,
and the E2 cross section for the energy region 30 to 35
MeV. For energies up to 32 MeV, the 5,~ relative phase
was assumed to be —120, which is an interpolation from
the measurecl values of Refs. 21 and 22 at 27 MeV
( —120') and the averaged value of 5,~ ( —121 ) found in
this experiment at energies of 32.5 to 33.5 MeV.

To explore the validity of the assumption (f=0) used
to obtain these E2 values, a calculation was carried out
under a second simplifying assumption. We assumed that
the E2 f amplitudes were comparable to the p amplitudes
and repeated the extraction of p/d ratios, relative phases,
and E2 cross section based on measured a&, a2, and a3
values. The E2 cross section values extracted using this
model were seen, at all energies, to be somewhat lower
than the results for the model with f=0. This suggests
that if small E2 f-wave transitions were present, no
enhancement of the E2 cross section would result from
our analysis of the measured a ~, a2, and a3 coefficients.

A recent theoretical calculation was performed using a
continuum random phase approximation theory with a
Skyrme III force by Cavinato et al. ' These authors have
calculated the E2 ground-state cross section for the ' 0
photoneutron reaction. The present E2 results are shown
in Fig. 3 together with this calculation and the measure-
ments reported in Ref. 7, which are significantly larger
than the present values at all energies. The calculation
appears to be in much better agreement with the present
results. It also reproduces approximately the same magni-
tude and trend in the E2 cross section as are observed in
the present experiment; that is, an increase in the cross
section near 33.5 MeV.

Assuming that the effective charge concept of Bethe'
(subsequently elaborated by others, see Ref. 13) is correct,
then the amount of direct E2 strength in the neutron
channel should be negligible. Therefore, within this

TABLE II. Values of the electric quadrupole cross section, pp'd amplitude ratios, and the relative
phase differences 5,q and 5~ extracted from the measured anisotropy coefficients. The phase differ-
ences have an estimated uncertainty of +5'. Integrated cross section: 0.24+0.09 mb MeV; energy-
weighted integrated cross section: 0.216+0.09 pb MeV '; percentage of the EWSR& isovector sum rule
(5.596 JMb MeV '): 3.9+1.6%.

Excitation
energy
(MeV)

30.0
30.5
31.0
31.5
32.0
32.5
33.0
33.5
34.0
34.5
35.0

p/d
amplitude

ratio

0.0
0.0
0.231
0.194
0.162
0.156
0.154
0.160
0.210
0.326
0.380

5,g
(deg)

—120
—120
—120
—120
—120
—120
—122
—122
—109
—92
—84

5'
(deg)

124
131
148
114
118
111
117
111
117

o.(E2)
(mb)

0.0+0.02
0.0+0.02
0.071+0.02
0.048+0.02
0.030+0.03
0.026+0.01
0.023 +0.01
0.025+0.01
0.041+0.01
0.088+0.02
0.127+0.02
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FIG. 3. The present results for the photoneutron E2 cross
section {solid circles} have been extracted from the measured a l,
aq, and a3 values in a model where electric quadrupole f ampli-
tudes are assumed to be zero. Also shown are the data of Ref. 7
(open circles) and the RPA-SK III calculation of Cavinato et al.
(broken line; Ref. 10).

model any E2 strength observed is resonant in nature. It
can be concluded that there exists an electric quadrupole
resonance in the neutron channel even though the present
E2 cross section results are substantially lower than those
previously reported.

The present E2 neutron data suggest that the ratio be-
tween the direct strength and the resonant strength lies
somewhere between a 60%%uo (direct)-40%%uo (resonant) and
70% (direct)-30%%uo (resonant) split. This assumes that all

the direct and one-half of the resonant strengths are con-
centrated in the proton channel, and the other one-half of
the resonant strength is found in the neutron channel.
The latter ratio of the direct strength to resonant strength
will yield a neutron E2 cross section of about one fifth of
the magnitude of the proton E2 cross section which is the
case when the results of this experiment are compared to
photoproton measurements. ' '

From the present experimental results, the energy-
weighted integration of the E2 cross section between 30
and 35 MeV gives 0.22+0.09 pbMeV ' for the E2
ground-state photoneutron channel. This is about 4% of
the EWSR& (one EWSR& for ' 0 is 5.60 pbMeV ' using
the EWSR~ of Ref. 26).

V. CONCLUSIONS

Excellent agreement was found between the present
ground-state cross section and a previous (y, no) measure-
ment, and (y,po) measurements ' ' were seen to be
about one-third lower in magnitude in the energy region
studied (30—35 MeV). The angular distributions reported
here display nonzero values of the a~ and a3 coefficients,
indicating the presence of either E2 or M1 absorption
strength (or both) interfering with the E 1 strength in the
neutron channel.

The E2 cross section was obtained from the present a &,

a2, and a3 values [using a model where there is negligible
E2 ( f-wave) neutron emission] and information from
previous polarization experiments. In the energy region
studied, the present E2 results are significantly lower in
magnitude than a previous measurement. We believe
that this difference arises in part from fitting the differen-
tial cross sections with a different I.egendre polynomial
order an'd, in part, from a different interpretation of the
measured angular distributions and the single-particle ma-
trix elements describing them.

The recent calculation by Cavinato et al. ' of the E2
cross section is in good agreement with the present results
over the energy region studied.

The energy-weighted integration of the E2 cross sec-
tion between 30 and 35 MeV gives 0.22+0.09 pb MeV
for the ground-state neutron channel, exhausting about
4% of the isovector E2 energy-weighted sum rule.

To obtain a more accurate and model-independent esti-
mate of the E2 photoneutron cross section, polarization
measurements are required in energy regions higher than
30 MeV.
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