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Angular distributions of the relative cross sections and analyzing powers have been measured for
the N(p,7,)'°0 reaction in =500 keV steps for excitation energies in 'O between 17.8 and 24.9
MeV. All El and E2 transition matrix elements were determined using a partial-wave analysis.
Below 22 MeV, little quadrupole strength was found in excess of that predicted in direct capture
calculations. A clear enhancement of the E2 cross section was observed at energies above 22 MeV.
Our data indicate that about 10% of the isoscalar E2 sum rule for '°0 is exhausted in the p, decay
channel between 18 and 25 MeV, with approximately % of this integrated strength concentrated be-
tween 22 and 25 MeV. The E2 strength seen in (y,py) is strikingly different from that observed in
(a,a’) or (a,a'p). The effect of the M1 state at E, =18.8 MeV previously found in (p,y) studies is

clearly observed.

I. INTRODUCTION

It is now well established that nuclei can be excited
into various electromagnetic modes of oscillation,
classified by their multipolarity: E1, M1, E2, and so on.
These excitations, strong and highly collective in nature,
are fundamental modes of nuclear motion, observable as
resonances in a wide variety of reactions. Though the
isovector giant dipole resonance (GDR) has been studied
extensively in photonuclear and radiative capture reac-
tions, most information to date on the electric quadru-
pole (E2) strength in medium to heavy nuclei has been
obtained through inelastic hadron scattering measure-
ments. These studies show the E2 strength to be concen-
trated within a fairly narrow band of excitation energies,
typically 3—5 MeV, and to exhaust a large fraction of the
E2 sum rule.! In lighter nuclei, however, the E2 strength
appears more fragmented and comparatively weak, pro-
viding less definitive evidence for the existence of a com-
pact giant quadrupole resonance (GQR).

For !0, inelastic a-scattering studies’ suggest that
=~67% of the (T =0) E2 energy-weighted sum rule
(EWSR) strength lies between 15.9 and 27.0 MeV. Later
investigations3 of the coincident '°O(a,a’,c) reaction
(c=pop1s .- -»qpay, . ..,) showed the p, decay branch
to be small and nonresonant between 18 and 27 MeV, ex-
hausting only 9% of the isoscalar EWSR, while
significant structure and somewhat more strength (13%)
was observed in the a, decay channel. These latter re-
sults are qualitatively consistent with those seen in the in-
verse !2Cla,y,)'®0O studies,* though the integrated
strength deduced in the inelastic work is twice as large as
that seen in radiative a capture. The '®O(a,a’py)!°O re-
sults, however, differ markedly from previous studies of
the inverse '>N(p,7,)'®0 reaction at Stanford® and Seat-
tle.® These searches for E2 strength are in qualitative
agreement with each other and suggest that 20-30 % of
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the (T =0) sum rule strength lies between 15 and 30
MeV. Approximately half of this strength is concentrat-
ed between 23 and 27 MeV, much higher in excitation en-
ergy than in the hadron results.

Other reactions have yielded rather ambiguous infor-
mation on the integrated strength and energy distribution
of the GQR in '®0. In the work of Hotta et al.” the E2
strength seen via electroexcitation between 20 and 30
MeV represents at most 20% of the isoscalar E2 sum
rule, and no estimate could be made of the strength dis-
tribution. The E2 strength in the (y,ny) or (n,y,) channel
is comparable® to that found in (p,y,) measurements.
Photoneutron studies at higher excitation energies’
(30-50 MeV) appear to correlate well with proton cap-
ture work!® and offer evidence for non-E1 contributions
to the cross section, but a multipole decomposition has
not been possible in a model-independent manner. E2
strength distributions in '%0 have also been obtained by
combining elastic photon scattering results with photo-
absorption measurements.!! These data suggest that
1.25% 13 of the total sum rule (isoscalar plus isovector) is
exhausted between 22 and 42 MeV, with a distribution at
low energy suggestive of that seen in the (p,y,) work.

Theoretical descriptions of the GQR and its decay
modes are not yet quantitative for the lighter mass nuclei.
Early 1p-1h shell model calculations'>~'* could predict
the positions of the dominant E2 states, but provided lit-
tle or no information on their widths. Calculations that
included a coupling of the nucleons to the continu-
um'®~!7 gave single-particle escape widths much smaller
than those experimentally measured (=1 MeV in 160),
suggesting that the major contribution to the observed
width comes from the spreading width, i.e., the coupling
of the 1lp-lh states to more complex configurations.
These ideas have been developed rigorously in several
theoretical calculations,'®=2° and in each case strong
fragmentation of the giant E2 state was found. In the
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work of Dehesa et al.,? three strong isoscalar E2 states

are predicted to lie between 16 and 26 MeV, exhausting
55% of the T =0 sum rule.

In summary, our knowledge of the E2 strength in °0
remains rather unclear and often contradictory. There
are significant differences between the proton capture and
alpha capture results, and both of these differ from the
hadron scattering work. In an attempt to resolve some of
the existing experimental discrepancies, we have reexam-
ined with higher precision the N(p,7,)'°0 reaction
(Q=12.126 MeV), measuring the angular distributions of
the emitted photons, and taking advantage of the power-
ful analysis techniques this procedure allows for
sufficiently simple spin sequences. By extracting the am-
plitudes and phases of all E1 and E2 transition matrix
elements, we have determined the distribution of the E2
strength as a function of excitation energy in '%0, as ob-
served in the proton ground state decay channel.

II. EXPERIMENTAL TECHNIQUE

The photon yields from the reaction *Ne(p,y,)'*0
were measured at nine detector angles between 25° and
155° for incident proton bombarding energies between
6.25 and 13.75 MeV, stepped in 500 keV intervals. The
experiment was conducted with the model EN tandem
Van de Graaff accelerator at the University of
Wisconsin—-Madison Nuclear Physics Laboratory. The
intense polarized beam (= 300-400 nA) used was provid-
ed by the Wisconsin colliding-beam polarized negative
ion source.’!’ Proton polarizations were typically
88-91 % and stable to better than 1% over long periods.

The target gas cell consisted of a vertical cylindrical
steel chamber 3.81 cm in diameter. A slot in this
chamber subtending an angle of 245° and covered with a
nickel foil 1.9 um thick, served not only as the entrance
and exit foil for the beam, but also as a thin window for
all outgoing photons of interest. To suppress back-
ground, the gas cell, the back wall of the scattering
chamber, and the entire beam dump were lined with
clean lead sheets. The target was N, gas enriched to
~99% in >N. The cell pressure was monitored to ap-
proximately +0.02%, relatively. The pressure averaged
400 mm Hg, corresponding to an effective target thick-
ness of 2.7 mg/cm?.

Prior to each run, the center of the scattering chamber
was aligned with the center of rotation of the Nal crystal
assembly. Mylar targets were used to generate exact im-
ages of the beam profile, 2.2 mm in diameter. A transit
indicated less than a 0.25 mm discrepancy between beam
center and the true center of rotation. Use of a double
slit system, with current feedback to steerers, kept the
beam centered both horizontally and vertically during
data acquisition.

The capture y rays were detected in a single cylindrical
crystal of Nal(T1), 25 cm long by 25 cm in diameter. The
crystal is viewed by six low gain phototubes matched to
high count rate bases. Energy resolution is typically
2.2% for 22 MeV y rays at low counting rates, with a
free-running gain stability of better than 1% per day.
The use of transistor-stabilized bases kept gain shifts to
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less than 0.2% for detector rates up to 400 kHz.

The crystal is surrounded by an annulus of plastic scin-
tillator (NE102) 10 cm thick, segmented into six identical
optically insulated pieces, each viewed by two photo-
tubes. This annulus serves to tag those events in which
either the full energy of the photon is not deposited
within the Nal crystal, or which are generated by stray
sources of radiation, such as cosmic rays or the beam
dump. Low energy background components are greatly
attenuated by jackets of lead and of ®Li,CO;, as was done
previously.?

The complete assembly is mounted on a carriage which
can rotate about the target spot and allows for varying
the distance from target to detector. The detector colli-
mator was designated to just illuminate the entire back
face of the Nal crystal at a distance of 62 cm from target
to the front of the collimator. At this distance, the detec-
tor subtended a solid angle of 35 msr and could be rotat-
ed from 23° to 156°.

Three solid-state charged particle detectors were
mounted inside the target chamber directly above, below,
and to the right of the gas cell, which allowed the beam
position (both vertical and horizontal), relative beam po-
larization, and target thickness to be monitored continu-
ously. All three detectors were double-slit collimated to
ensure that only particles scattered from the target gas
could reach the detectors.

Absolute measurements of the proton ?olarization
were made with a standard “He polarimeter?>~2° mount-
ed 5 m downstream from the main scattering chamber.
The polarization state of the incident beam was reversed
every 2.5 s during both the polarization measurements
and actual data acquisition.

The electronics used for signal processing and routing
is fairly standard.?®?” After the six Nal phototube out-
puts are fast summed, passive filter shaping is used to de-
crease the long signal decay times. A high-level discrimi-
nator used in conjunction with a fast low-level updating
discriminator serves to reject a severe low energy back-
ground produced largely through thermal and fast neu-
tron capture.

For the anticoincidence annular shield, the two photo-
tube outputs from each plastic segment are first added,
then independently amplified and fast summed. The seg-
mented configuration of the plastic annulus allows for
faster, more uniform light collection, and the plastic-Nal
coincident resolving time was typically 8 ns. This com-
bination of fast pileup rejection and nanosecond timing
results in an energy resolution of better than 3% for a 22
MeV photon at detector rates up to 400 kHz, and gives
less than a 10% accidental rejection of valid events for
count rates in the annulus up to 4 MHz.

All Nal signals that exceeded the high level discrimina-
tor and satisfied the no pileup requirement were routed to
either an accept or reject spectrum, the latter consisting
of those events in which a coincident signal was detected
in the plastic shield. A branch of slow shaping electron-
ics improved the spectrometer resolution by processing
only valid events. An externally triggered tail pulse was
also fed into the Nal fast-summing box, and appeared as
a narrow “high energy” peak in the spectra. Typical
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spectrometer performance is illustrated by Fig. 1 in
which most of the features mentioned above can be ob-
served.

At each bombarding energy, at least two complete an-
gular distributions were measured, the angles being swept
in opposite directions. The proton polarization was mea-
sured immediately before and after each scan. At the end
of each scan, an on-line analysis program performed sim-
ple y-ray and particle monitor peak sums, retrieved
necessary scaler information, and then calculated all
yields and correction factors due to pulse pileup losses,
electronic dead time, and accidental rejection of valid
events by the anticoincidence shield. The program also
ensured that all gain shifts and most electronic or detec-
tor malfunctions would be immediately noted. The first-
pass analysis served only to monitor on-line the integrity
of the data.

III. DATA REDUCTION

To determine the number of counts in the y, peaks
(Fig. 1), the 18 spectra accumulated during a given scan
were first summed, after adjusting the energy scale at
each angle to correct for center-of-mass effects. In the
summed spectrum, the peak region (whose limits were
defined to be certain fractions of the centroid) was then fit
with a third-order spline curve constrained at the end
points to approach physically acceptable asymptotic
values. This procedure provided an analytic expression
for a line shape that could then be used to fit each of the
individual peaks from the same scan, varying only the
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FIG. 1. The accept and reject spectra obtained with spin-up
protons at E,=10.64 MeV for 6,=90". The y, and pulser
peaks are visible near channels 254 (E, =22.08 MeV) and 340
(peak off scale), respectively. In this figure zero energy is at
— 128 channels.
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peak centroids and amplitudes from angle to angle.

The integrated areas under the fitted line shapes were
converted into relative y-ray yields as follows. To
correct for rate-dependent losses, the peak areas from the
Accept spectra were multiplied by the ratio of the num-
ber of pulser counts generated to the number of pulser
events that actually appeared in the accept spectrum.
This factor accounts for losses due to pileup rejection, ac-
cidental anticoincidence veto, and any analog-to-digital
converter (ADC) dead time; typical values were 15%,
1-2 %, and 0.2%, respectively. Because the Nal count-
ing rate was held constant for all angles, the pileup rejec-
tion rate was essentially angle independent.

The accidental anticoincidence rejection rate was
determined by comparing pulser peak areas in the accept
and reject spectra after a flat background, due largely to
cosmic rays, was subtracted from the latter. The values
obtained for the accidental rejection rates were found to
scale very closely with the observed counting rates in the
plastic annulus.

Normalization of the measured ¥ yields to either the
integrated beam current or to the particle monitor yields
produced no statistically significant differences, and the
particle monitor results were used throughout. Center-
of-mass conversions were also made before the yields
from the various scans were combined into a final set of
angular distributions.

The differential cross section for a radiative capture re-
action initiated by a polarized proton can be separated
into its polarization-dependent and -independent com-
ponents by writing it in the form

o (E,,0,;P)=04(E,,0,)[1+P,n4(E,6,)], (1

where 0((E,0,) is the usual unpolarized cross section,
A(EP,OY) is the vector analyzing power for the reaction,
P, is the incident proton polarization, and n is a unit vec-
tor defined by the Madison convention to lie along
kinxkout‘

The functions 0y and A4 can be written as series expan-
sions of the rotation matrices. For the differential cross
section o, summing over all possible spin states for all
particles collapses the expression into a simple sum of
Legendre polynomials?®

oW E,0)=S A, (E)P,(6)
k=0

k

max

=Ao(E) |1+ 3 a,(E)P(6) |, %)
k=1

where unnecessary subscripts have been dropped. Simi-
larly, the polarization-dependent term involves a summa-
tion over all spins except that of the incident proton, and
reduces to a sum of associated Legendre polynomials,?®

kmax

oo(E,0)A(E,0)= 3 B (E)P}(8)
k=1

k max

=Ao(E) 3 b (E)PLO) . 3)
k=1
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In this notation the total cross section is given by
oo E)=4mAY(E) ,

so A, carries the information on the resonance strength,
while the fractional coefficients {a, = A4,/ Ay, b, =B/
Ay} completely specify the (normalized) angular distribu-
tions. The value of k,,, is equal to twice the multipolari-
ty of the highest multipole transition considered.?®

For a given spin and parity configuration, the a; and
b, coefficients can be expressed in terms of the reduced
matrix elements R, for the various allowed reaction chan-
nels ¢, in the form

a,=3C(t,t',k)Re(R,,R}) , (4a)

tt'

by =3D(t,t',k)Im(R,,R} ), (4b)

t,t'

where (R,,R ) represents the product of (complex) chan-
nel matrix elements. Explicit expressions for C(¢t,t',k)
and D(z,t’,k ) have been given by Seyler and Weller?® and
Glavish,*° and special cases have been tabulated.’!

For the reaction *N(,7,)'°0, a given multipolarity
excitation can occur through just two reaction channels.
If E1 and E2 transitions are the dominant radiations,
only s, ,, and d;,, capture (to form the E1 1~ states) and
P3,, and fs,, capture (for the E2 2% states) are allowed.
The reaction matrix can then be completely specified in
terms of seven independent parameters (four complex
matrix elements, with one phase arbitrary). Because
kmax =4 for this case, the photon yield data can be
characterized by nine coefficients [see Egs. (1)-(3)], and
the extraction of the complete reaction matrix from the
experimental data is overdetermined. The full expres-
sions relating the seven capture amplitudes and phases to
the nine experimentally determined angular distribution
coefficients are given explicitly in Appendix A. Compli-
cations that arise from the inclusion of other multipole
radiations, chiefly M1, will be discussed herein.

The analysis program used in this investigation fit all
normalized y, yields (usually 18) for a given energy
simultaneously. In the first phase of the analysis, the nine
angular distribution coefficients (A4, ..., A4,By,...,
B,), were determined at each energy by fitting Egs.
(1)-(3) to the data by a standard linear least-squares
method. These coefficients were then corrected for the
finite solid angle acceptance of the Nal spectrometer,?
and for linear target effects using an iterative procedure.

The second phase of the analysis involved a least-
squares fit, based on the algorithm of Marquardt,* of all
seven reaction matrix parameters directly to the correct-
ed yields, i.e., one uses Egs. (1)-(3), but inserts the ex-
pressions for the 4, and B, coefficients given in Appen-
dix A explicitly into the minimization equations. From
these quantities one can determine the contribution of
each multipolarity to the total radiative capture cross
section. This procedure assumes that only E1 and E2 ex-
citations are present at measurable levels. Nevertheless,
the nonlinearity of these expressions often resulted in
multiple solutions, and more extensive statistical analysis
was frequently warranted.
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IV. RESULTS

A. Angular distributions fits

A sample of the unpolarized differential yields and re-
action analyzing powers determined in this investigation
is shown in Fig. 2. At each energy, the data were nor-
malized against the value of A, calculated for each scan,
and the results averaged over all scans. The solid lines
are the theoretical curves calculated from the best fit
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values of the a; and b, coefficients.

The predominance of E1 radiation is clearly seen, espe-
cially at E,=10.64 MeV, near the peak of the GDR in
160. The yields and analyzing powers follow closely the
sin?0 and sin26 angular dependences, respectively, pre-
dicted for pure electric dipole radiation. Deviations indi-
cate the presence of other multipolarities; in particular, a
loss of symmetry (antisymmetry) about 90° in the
differential yield (analyzing power) results specifically
from interfering radiation of the opposite parity, which
suggests E2 or M1 strength. Though such deviations are
most apparent at lower energies, they may be noticeable
here only because of the great decrease in absolute E1
strength.

The fitted values for the expansion coefficients are
shown as functions of excitation energy in Fig. 3. The
final values for A, deduced in this study are also plotted,
after having been scaled to force our value for A4, at
E,=10.64 MeV to match the cross section measured pre-
viously®* at this energy. This single conversion factor
produced very acceptable agreement between the two ex-
periments, lending confidence to the normalization pro-
cedures employed to obtain absolute strengths.

In the region of the GDR, roughly 20-25 MeV, the a,
and b, coefficients are large in magnitude and relatively
constant. This would suggest that the E1 giant resonance
is either characterized by a nuclear configuration that
changes only slightly with excitation energy, or, as sug-
gested by Mavis,*® gives rise to similar angular distribu-
tions even if the basic configuration changes. Some rath-
er striking fluctuations do occur in these coefficients near
21 and 23 MeV, especially in the a, values. These devia-
tions appear to be correlated with structure in the E1 to-
tal cross section, and may indicate interference between
the various dipole states.3®37

The nonzero odd a; and b, coefficients can be taken as
unambiguous evidence for the presence of radiation of
positive parity (given that the dominant radiation is
indeed E1), presumably E2, M1, or both. The nonzero
k=3 terms then indicate at least some E2 strength at al-
most all energies. Interpretation of the a, and b,
coefficients is more difficult, since they are sensitive to
both E2 and M1 radiations. We only point out that b, is
generally fairly close to zero, except for a value of —0.4
measured just below 19 MeV. The significance of this re-
sult for possible M1 strength will be discussed herein.

The small k=4 coefficients support our hypothesis that
the E2 strength is weak relative to E1 radiation, and that
contributions from even higher multipoles, such as E3 ra-
diation, are negligible at these excitation energies. This
last possibility was investigated more rigorously by ex-
tending some of the fits to include polynomials up
through order k=6. In all cases, the values obtained for
the k=5 and 6 coefficients were consistent with zero
within statistics, and no significant decreases were seen in
the X2 values for the fits.

As an independent test of these assumptions, one can
compare the distribution of X2 values obtained to the dis-
tribution expected theoretically, as shown in Fig. 4 for
our 36 fits to the individual scans. The overall agreement
seems reasonable for the small sample size considered.
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FIG. 4. Distribution of the reduced X2 values obtained in fits
of the Legendre and associated Legendre polynomials to the po-
larized yields measured in the individual scans. The smooth
curve shown is the predicted distribution of fits with nine de-
grees of freedom for a sample size of 36.

B. Reaction matrix fits

Pure E1 radiation will lead to a twofold degeneracy in
the values extracted for the various matrix elements, an
ambiguity intrinsic to the nature of the defining equa-
tions.” The reasonable assumption that E1 radiation
dominates the cross section suggest that a similar degen-
eracy should still exist. In our searches for E2 strength,
we used two different sets of starting parameters, one
which assumed a dominant s-wave capture solution for
the E1 matrix elements, the other a dominant d-wave
solution. In each case the starting values of the p- and f-
wave amplitudes were both taken to be small, typically
5-10 %, which corresponds to E2 strengths on the order
of 1% of the total cross section.

The capture amplitudes extracted through this pro-
cedure are shown as functions of excitation energy in Fig.
5 for both the dominant d-wave and dominant s-wave
solutions. In most theoretical calculations, the GDR is
excited most strongly via an /—/+1 transition with no
spin flip. Because these models predict a dominant p —d
transition in '%0, we will limit our discussions to the d-
wave solution. (The reduced X values and the E2
strengths deduced for the two solutions did not differ
from each other by more than 0.1% at any energy.)

The E1 parameters, shown in the upper portion of Fig.
5, are relatively constant throughout the GDR, from
roughly 20 to 25 MeV. The phase difference in this re-
gion does not exhibit any strong correlation with the
structure seen in the cross section, and no dramatic
changes occur in the d-wave to s-wave amplitude ratio as
one moves through energy regions where the dipole reso-
na?gce configuration is predicted to be changing radical-
ly.

The partial wave capture amplitudes for E2 excitations
are shown in the lower part of Fig. 5. The solution corre-
sponding to a dominant d wave shows a p-wave ampli-
tude that is small and relatively featureless; the seemingly
larger values below 20 MeV reflect only an overall de-
crease in E1 strength, since we have normalized these
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amplitudes against the total capture cross section.

The relative f-wave amplitude is also small, but
significantly nonzero, even in regions of fairly large total
cross section. The singularly high point seen at 18.8
MeV must not be considered valid because of the poor
quality of the fit at this energy. Above 22 MeV there is
clear evidence for an increase in the f-wave amplitude.
The phases of the p;,, and f5,, matrix elements both
show rapid fluctuations at all but the highest energies.
The correlations seen between the two phases suggest a
relatively constant phase difference between the two E2
matrix elements, much like that observed for the E1 ma-
trix elements.

The solution corresponding to dominant s-wave cap-
ture is also shown for completeness. Most of the general
features noted above are reproduced by this set of fitted
values, though this choice of E1 parameters appears to
reverse the “roles” of the E2 parameters as well, i.e., the
[s,, amplitude is small and devoid of any suggestive
structure, while the p,,, amplitude peaks at the higher
energies.

C. Treatment of M1 radiation

To determine absolute M1 strengths, additional infor-
mation is required, either from more complete experi-
ments or from theoretical models. As yet, theoretical
predictions are not of sufficient quality to be quantitative-
ly useful, nor have the necessary experiments been per-
formed, e.g., detecting the polarization of the outgoing
photon.

One means of searching for possible M1 strength is
suggested by the equations that relate the angular distri-
bution expansion coefficients to the reaction capture am-
plitudes. If one neglects the M1 parameters (as in the
Appendix) during the fitting process, yet these matrix ele-
ments are contributing to the measured yields, this
deficiency should manifest itself in the values of X that
one obtains. Figure 6 shows our minimum X? values plot-
ted versus excitation energy.

Note first the cluster of potentially ‘‘unacceptable”
values around 19 MeV. The quality of the fit at 18.8
MeV is sufficiently poor that the results of our E1-E2
analysis at this energy must be considered essentially use-
less, even though analysis in terms of Legendre and asso-
ciated Legendre polynomials yielded very satisfactory fits
(X¥s of 1.00 and 0.25 for the two scans). The existence of
M1 strength in this region has also been predicted
theoretically®® and observed in other experiments.**!
The situation is somewhat more ambiguous for the two
adjacent points between 19 and 20 MeV. Although the
X2 values are down by a factor of more than 20 from the
value at 18.8 MeV, these two points remain high. When
one considers the narrow width attributed to the 18.8
MeV state (120 keV in Ref. 41), it is not inconceivable
that two separate states of non-E1 or non-E2 character
exist in this region.

A more intriguing problem arises near 24.5 MeV,
where the X2 is again very high. For the lower energy
points just discussed, the poor X? was due almost entirely
to the anomalously large negative values found for the b,
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FIG. 6. The reduced X? values, obtained in fits of the E1 and
E2 capture amplitudes to the polarized yield data, plotted
versus excitation energy in '%0. The two dashed horizontal
lines denote the level below which the indicated percentage of
all points are expected to lie. To relate these points to the giant
resonance structure of '°0, reference can be made to the total
cross section curve of Fig. 3.

coefficient, which might be attributable to significant
(E1,M1) interference effects. The 24.5 MeV data, howev-
er, yielded fairly “typical” values for all the a;, and b,
coefficients, and the deduced E1 and E2 amplitudes and
phases seem quite reasonable compared to those at neigh-
boring energies. On the basis of these arguments, one
cannot rule out the possibility of M1 strength in this re-
gion, but there is little evidence to support this explana-
tion for the poor quality of the fit.

Because M1 radiation contributes almost exclusively to
the k=1 expansion coefficients, one can reduce the sensi-
tivity of the analysis to M1 strength by artificially
decreasing the statistical weighting given to these
coefficients in the analysis. An approach used in previous
studies was to eliminate the a; and b, coefficients entire-
ly, by either excluding them from a fit directly to the
coefficients,” or by deleting appropriate rows and
columns from the full error matrix in a sequential fitting
process.® Because there are no degrees of freedom left in
the fitting procedure, X2 will vanish identically if a solu-
tion is possible, and one cannot test the applicability of
the fitting equations used.

In this work, both of the above methods have been
used. The E2 strengths determined by this technique
were consistently larger than those deduced in the fits to
all the data by factors of 1.5-5, with error bars enlarged
by similar amounts. Attempts to use the capture ampli-
tudes determined without the k =1 coefficients to predict
a, and b, also generally resulted in values that were too
large, with errors often an-order of magnitude greater
than those determined in the original fits to the data. At
several energies the predicted k=1 coefficients differed by
more than two standard deviations from those measured,
though there was no obvious correlation between these
energies and those for which the X2 values discussed ear-
lier were anomalously large. No clear interpretation of
these results was found.
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D. Discussion of E2 strength

Even if one could be sure that all sources of systematic
error had been properly handled, and all effects due to
M1 radiation were known to be negligible, the nonlineari-
ty of the fitting equations, coupled with low statistics, can
often result in ambiguities in extraction of the E2
strengths. There are at least two degenerate minima in
the X2 surface for E2 strength, corresponding to the dom-
inant s-wave and dominant d-wave E1 solutions. Several
additional secondary minima may also exist where
searching routines might get trapped, thereby missing the
true minimum. To locate as many of these minima as
possible, it is useful to constrain the E2 strength to some
constant value while allowing all other parameters to
vary. By minimizing the value of X2 for a fixed E2
strength, the searching routine is forced to follow certain
contours along the X2 surface, specifically contours of
constant p%+ 2. Mapping out the projection of this sur-
face onto the E2 strength axis not only enhances one’s
ability to locate multiple minima, but provides important
qualitative information on the goodness of the fit.

The E2 strength, expressed as a fraction of the total
yield, was therefore stepped from 0.0 to 0.2 in increments
of 0.01, though the region below 0.05 often required
study under finer resolution. The same set of starting pa-
rameters was used for all fits so that “continuity” would
not push the search vector along valleys in the X2 surface,
rather than permitting it to step coarsely over the al-
lowed contour. In all cases, a dominant d-wave solution
was assumed for the initial values for the parameters.

The results of this analysis are illustrated in Fig. 7 for
all of the data. At most energies, the X2 curve has a sin-
gle, relatively sharp minimum. The five highest energies,
23.0-24.9 MeV, demonstrate this type of behavior, even
in regions of large E2 strength, though the large value of
the X2 minimum at 24.45 MeV is disturbing. At lower
excitation energies a secondary minimum appears more
frequently, but usually corresponds to a statistically
unacceptable value for X2. One exception occurs at 21.6
MeV, where the two minima represent essentially equally
good fits. More curious is the 20.7 MeV data, the only
case where the minimum corresponding to the higher
value of E2 strength produced a lower value for X2. In
the study by Bussoletti® a similar pattern was observed at
E, =20.4 MeV, lending credence to these results.

The final regime of interest centers about the three
points near 19 MeV noted earlier for their unacceptably
high X? values. The 18.8 MeV data yield a single broad
minimum, but at a totally unacceptable confidence level.
At both 19.3 and 19.7 MeV a second minimum is suggest-
ed, but at an unreasonably large E2 strength. It is not
clear what significance can be ascribed to this behavior,
given the possible presence of M1 radiation at these ener-
gies.

Bearing all of the above in mind, we present in Fig. 8
the final values determined in this work for the E2 cross
section as a function of excitation energy in '°0O. The E2
strengths shown are those that correspond to the smallest
X2 value found at that energy. All E2 strengths for
secondary minima falling below the 1% confidence level
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are displayed as well, since these alternate fits cannot be
discarded a priori as “spurious” solutions; the point at
18.8 MeV, however, has been omitted as being meaning-
less. Also shown for reference are the results of a direct
capture calculation.*?

Because our primary goal in this work is to map out

T T T T [ T T T 1 [ T T LI ] T T T T ]

200} 17.84 Mev { 200} 18.32 MeV 1
100 1 100 B
50 P { 50 /—-—"“‘~
20PN/ 1 20F\_~ i
10 < 10 -
[ B R | E T ST (S S U O |

T T T T T T T T T T 1 7T I‘l T T T 1

2000p 18.79MeV 1 5901 19.26 e\, i

T
i

1000} 200 g
500 100 .
200} 50 1

100+ 4 20 R

IR T S N S S W S | PR ST N N N N

T T T T v T T T T T T T | T T 1
500F 19.74 MeV 1 200} 20.19 MeV p
200 4 100f 1
100H 4 50 B
S50 1 20 =
20F 5 10 B
[T T T ST W S | S S R ST RS |
T T T T T LI T T T T T I T T T T ]
100 20.67 MeV 1 100r 2114 MeV 1
50 4 50 4
20 4 20 B
10F B 10 B
2
X st 1 s} J
IO WS N N SO N U | PP B Ra |
LANLA S A BN A B B B | T 1 1T T lj T T
200} 21.61 Mev 4 200} 22.08 MeV-
100} 4 100 -
50F 4 50F -
20 4 20F B
10F 1 10

[T R B S S T A | [ S N U T R
T T T T T T T T T T 1 7T 171

100 22.57 MeV 1 200k 23.04 MeV
50 1 100
20H] 4 50
10 .
20F
5V 7 no-\/

I S Y S | el ¥

TR W S B S N S N | T T ST N N S S l1
T T AL | T 1 7T T 1 1T T " T T '
200F 23.51 MeV 1 200{2399MeV, .
100 4 100} 1
50 4 50 1
20 4 20 E
[o] . 10F s
IS TS T S N T I S AR B
T T LN A DR B B T 7 T T T T I T T T
I000F 24 45 MeV 1 200f 24.92 MeV <
500 1 100 -
200 41 50 B
100F E
20F
50} 4 |0>—\/ ]
T+ttt + ST S ST U AN T SR S |
(o} O.t 0.2 o [oX] 0.2
NORM. o (E2) NORM. o (E2)

FIG. 7. Curves of X minima for stepped values of the nor-
malized E2 cross sections. The corresponding excitation energy
is provided on each plot. The solid horizontal line indicates the
1% confidence level for these functions. Actual fitting results
appear as points; the smooth curves are drawn only to guide the
eye.
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FIG. 8. Final values determined for the absolute and normal-
ized (to o, E2 cross sections for the reaction *N(p,y,)'°O.
Open circles indicate additional solutions falling below the 1%
confidence level. The total cross section curve is explained in
the caption of Fig. 3. The smooth curve in the o, plot is the
result of a direct capture calculation (Ref. 42). The datum at
18.8 MeV is omitted because of its unreasonably large value of
X2 (see the text).

the E2 strength distribution in a search for resonant be-
havior, the energies above 22 MeV are of greatest in-
terest. The X2 curves for these energies were all charac-
terized by a single, well-defined minimum at an accept-
able level of statistical confidence, except for the 24.4
MeV point where the minimum occurred at a rather high
value of X2. The pronounced enhancement in the extract-
ed E2 cross sections compared to those obtained at lower
energies is obvious, as is the excess of E2 strength over
that predicted in the direct capture calculation.

To evaluate this increase in strength quantitatively, we
compare the integrated observed strength to that of the
appropriate sum rule, which is the energy-weighted in-
tegral of the total photonuclear cross section over all ex-
citation energies.! For isoscalar E2 transitions, we have

o ( 9C)
> f__EZE—Z—dEx=(w2a/3Mpcz)(Zz/A)(rz) ,

where M, is the proton mass, Z and A4 are the proton
and nucleon numbers of the photonuclear target nucleus,
and (r?) is its mean square nuclear charge radius. The
sum over c is a reminder that one must include the pho-
tonuclear strengths observed in all decay channels. If we
use {(r2)172=2.72 fm, as determined by DeJager et al.*
from electron scattering data, the isoscalar E2 sum rule
value is 7.56 ub/MeV. For the isovector E2 sum rule a
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numerically equivalent result is obtained for self-
conjugate nuclei, although meson exchange effects may
modify this result.

To compare our integrated E2 cross section to the sum
rule, the radiative capture results must be converted to
the corresponding photonuclear cross sections. Using the
principle of detailed balance, one finds

(27, +1E20(y,po)
=(2J,+1)(M,/M)*2M ,c*E )0 (p,7o) »

where J, and M, are the spins and masses for the target
(x=t) and final (x =f) nuclei, M, is the proton mass,
and E, and E are the lab energies of the incident photon
and proton, respectively.

In determining our integrated strength, the E2 cross
section deduced at 18.8 MeV was replaced by an average
of the cross sections at the two adjacent energies. At 20.7
and 21.6 MeV the lower E2 values were selected, based
largely on continuity arguments. Both of these lower
values were obtained in fits with a X2 less than 1.3, so
these solutions are not unreasonable. With these assump-
tions, we find that 9.8+1.2 % of the isoscalar E2 sum
rule is exhausted between 17.8 and 24.9 MeV. If the
larger E2 value is used for either the 20.7 or 21.6 MeV
data, this figure increases to 12.4+1.3 % or 12.5+1.4 %,
respectively.

If one considers just the energy region between 22.6
and 24.9 MeV, which encompasses the six highest excita-
tion energies studied, one finds an integrated E2 strength
corresponding to 7.0+1.1 % of the sum rule. Subtracting
the calculated direct capture components of the cross sec-
tion decreases the strength found in this region to
6.1t1.1 %, where the error quoted does not account for
possible uncertanties in the results of the direct capture
calculations. For energies below approximately 22.5
MeV, there is little E2 strength in excess of that attribut-
able to direct capture, unless either one or both of the
two higher E2 strengths are taken to be the correct value.

Though we have observed a quadrupole resonance near
24 MeV in '°0, the assignment as a “giant” resonance re-
quires that a significant fraction of the appropriate sum
rule be exhausted when summed over all decay channels.
To make such a comparison, knowledge of the p, branch-
ing ratio, FPo/ T, is required. In the coincidence work of

Knopfle et al.® this quantity is estimated to average
about 30% for excitation energies between 24 and 27.3
MeV. If one assumes all the E2 strength seen in the
present work to be due to isoscalar transitions, this would
imply that perhaps 20-25 % of the E2 sum rule is ex-
hausted in an energy range of just slightly more than 2
MeV.

V. OTHER WORK

Previous estimates of the E2 strength seen in the
5N(p,70)'0 reaction tend to be in qualitative agreement
with these results. Earlier Stanford studies’ found a simi-
lar enhancement in the extracted E2 cross section above
23 MeV, but LaCanna’s measurements suggest that 38%
of the E2 sum rule is exhausted in the somewhat wider
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energy range between 22 and 27 MeV. In a study by Bus-
soletti,® the same type of structure was also observed near
24 MeV. Integrating from 19 to 29 MeV, Bussoletti
found approximately 28% of the isoscalar E2 sum rule,
though this was considered to be a lower limit. In a
reanalysis of the data by Snover,® in which some new
lower energy results were included, the integrated E2
strength was estimated at 12-22 % of the sum rule be-
tween 17.9 and 27.3 MeV.

In Fig. 9 results from the present work are compared
with those from hadronic excitation of the E2 strength in
160. In (a,a’) excitation,? the E2 strength is seen to be
concentrated in a resonantlike structure between E, =17
and 26 MeV. It is clear that the E2 strength seen in the
(y,po) channel (the present work) bears very little resem-
blance to the (a,a’) curve in shape or location. This dis-
similarity is heightened by a comparison with the (a,a’p)
coincidence results.® Although 9% of the isoscalar E2
sum rule was found to lie in the proton ground state de-
cay channel when integrated between 18 and 27 MeV,
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FIG. 9. Comparison of E2 strength in this experiment with
other work: (a) random-phase approximation calculation based
on lplh+2p2h excitations (Ref. 18); (b) the (p,y,) reaction,
present data; (c) the inelastic (a,a’) excitation (Ref. 2); (d) the
(a,a’p) coincidence process for E; >4 MeV (Ref. 3); and (e)
photon scattering experiment (Ref. 11).
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which is quite consistent with the results found here, it is
disturbing that in the (a,a’'py) work no resonant effect
was observed to correspond with either the (p,y,) or
(a,a’) results. This would suggest that the pronounced
enhancement seen above 22 MeV in the present work
may be due to the onset of the isovector E2 resonance.

A meaningful comparison can be made between the
present (y,p,) result and the total E2 cross section ob-
served in y scattering and absorption,!! also shown in
Fig. 9. In this case, there is remarkably good agreement
in the location of the major E2 strength, which in the
photon experiment was seen to extend up to 42 MeV, and
corresponds to 1.25 times the total isoscalar plus isovec-
tor sum rules. The E2 strength derived from (y,n,) mea-
surements® is also in reasonable agreement with the
present results.

There have been many calculations of the E2 strength
in %0 based on variety of models and interactions. At
the top of Fig. 9 we show the results of a calculation'®
which incorporates 2p-2h excitations into the basic 1p-
1h, 2% configurations. We see that the predicted
strength is not only spread out widely, in agreement with
the various measurements, but there is a strong local con-
centration of strength in the region where it has been ob-
served in the (p,y,) and photon experiments.

Finally, our results at £, =18.8 MeV agree with those
of Snover et al.*>* who postulated the existence of a rel-
atively strong M1 level at this energy and estimated some
parameters for the state. The existence of this state has
also been confirmed in (e,e') (Ref. 41) and (p,p’) (Ref. 46)
excitations.

VI. SUMMARY AND CONCLUSIONS

In this investigation we have performed precise mea-
surements of the angular distributions of the photons em-
itted in the decay to the ground state of the %0 nucleus
following polarized proton capture by 'N. Knowledge
of the reaction yields and analyzing powers allows one to
determine all the complex E1 and E2 capture amplitudes
in a model-independent manner, if one assumes these to
be the only multipolarities contributing significantly to
the (p,y,) cross section. Studies were made for incident
proton bombarding energies in the range of 6.25-13.75
MeV, which corresponds to excitation energies in '°O be-
tween 17.8 and 24.9 MeV. Below 22 MeV, no quadrupole
strength was found in excess of that predicted in direct
capture calculations, although the data at two energies
were somewhat ambiguous. A clear enhancement of the
E2 cross section was observed at energies above 22 MeV,
but it was not possible to make a realistic estimate of the
resonance centroid or width. Our data indicate that only
10% of the isoscalar E2 sum rule is exhausted in the p,
decay channel between 18 and 25 MeV excitation energy.
Approximately 70% of this integrated strength is concen-
trated between 22 and 25 MeV.
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APPENDIX A: EQUATIONS FOR THE
ANGULAR DISTRIBUTION COEFFICIENTS

The expressions relating the angular distribution
coefficients of the polarized proton capture differential
yield to the actual reaction matrix parameters are unfor-
tunately far from standardized in form. In this work we
have adhered as much as possible to the conventions es-
tablished by Glavish®® and now codified by Seyler and
Weller.?® The equations used here will differ only by a
normalization factor relating the capture amplitudes to
the true reduced reaction matrix elements.

We will designate the angular momentum values
relevant to a radiative capture reaction in the following
way:

a(x,L)c . (A1)

In our notation, a is the spin of the target nucleus, x the
(intrinsic) spin of the incident particle, / the orbital angu-
lar momentum in the entrance channel, b the spin of the
intermediate state excited in the final nucleus, L the mul-
tipolarity of the emitted photon, p the electromagnetic
J

Ao=s1,+d3+05+ 3,
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mode of the photon (electric=1, magnetic=0), and ¢ the
spin of the final nuclear ground state.

We work in the j-j coupling representation, where j is
the total angular momentum brought in by the incident
particle. The various angular momenta are coupled ac-
cording to the following scheme:

l+x=j ’
(A2)
j+a=b=L+c.

For the reaction *N(p,y,)'%0, ¢ =0, so L =b. We can
therefore unambiguously specify the reduced transition
matrix elements by

RfF={pLc;b||R||(Ix)ja;b ) . (A3)

The complex capture amplitudes referred to throughout

this work are explicitly defined by
Le™=(h/2)% ~'a ~'BREE, (A4)

where 7=(2j+1)"!/2, etc. Because of this direct rela-

tionship, the expressions ‘“‘capture amplitudes” and “re-

action matrix elements” have been used interchangably.
For brevity, we adopt the notation

($12:P32)=0s, ,— 8y, ,» etC-

and, for E1 and E2 radiation from “N(p,y,)!°0, we find

A4, =‘/351/2P3/2°°S(51/2,P3/2 )—(V3/5 )d3/2P3,/2€08(d3 /3,3 ,2)+ 9 v2/5 )32 f s pc08ds 05 f50) s

Ay =V2s, 5d3;,c08(51 3,d37) —1d} ) +1p3 1, —(V6/T)p3 1o f 5 2€08(P3 12, f5 2)+ 2R 2
Ay=25,,,f5,,c08(51 2, f5,2) +6(V'3/5)d;3 3p3 yc08(d 3 3,032 ) —4(V'2/5)d ;3 )5 f s pyc0s(dy 13, f 5 2)

A4=8(‘/3/7)P3/2f5/2°°S(P3/2,f5/2 )—%fg/z ’

B, =(‘/3/2)51/2P3/25in(51/2)P3/2)-2(‘/3/5)d3/2P3/25i“(d3/2’P3/2)—9(‘/5/10)d3/2f5/25in(d3/2»f5/2) ’
By=—(V2/2)s, ,1d; psin(sy 5,d3,)+5(V'6/42)p3 1 f5 joSin(p3 2 f5.2) »
By=—21s5,,fs5,8i0(s 5, f5,2)+2V3/5)d3 5p3 ppsin(d3 13,p3,2) +(V2/15)d5 o f 5 posinlds 0, f52)

By=—2V6/T)p3,1f s psin(p35,f52) -

Using the above notation, we can determine the abso-
lute strengths of the contributing multipoles using the
equations

Oin=4mAg=0g +0p) (A6)

and

(AS)

opi=4n(s},+d3,) ,
2 2 (A7)
g =41(p3,+f5,),

where o is a total cross section, in units (for example) of
ub, or, equivalently, ub/4sr.
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