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tively. In an extreme weak-coupling model, with
an f,,, neutron coupled to the 3737-keV 3~ state
and to the 0* ground state of *°Ca to give, respec-
tively, the *'Ca 3369-keV level and the *'Ca
ground state, the predicted transition strength is
12/56 times that for the E3 core transition. From
the measured strength of the “°Ca transition, 31
W.u.,'* we expect 6.6 W.u. for the 3369 ~0 transi-
tion. Since this should be a rough upper limit to
the 3 *—~ %~ E3 rate, the solution x=-(0.31+0.10)
and B(E3)=4.1+2.3 W.u. appears the most prob-
able. The M2 strength is then 0.10+0.01 W .u.

Results from heavy-ion—induced compound-nu-
cleus reactions, exemplified here by data for *’K
and *'Ca, will obviously be a powerful stimulus
for detailed model predictions. For instance,
the small E2 strengths encountered here are
most intriguing (the average of the four values
listed in Table I is only about 1 W.u.). It will be
interesting to see how well these E2 strengths
can be understood.

A limitation on the use of these reactions, for
the present, is the difficulty of obtaining rigor-
ous spin assignments without time-consuming
y-y directional correlation measurements. Pos-
sibly one could obtain quite reliable assignments
by coupling these studies with a theoretical or
phenomenological description of the reaction
mechanism. Thus, more information on the re-
action mechanism is important, both for its own
sake and for the aid it would provide to nuclear-
spectroscopy studies.
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Excitation of Giant Resonances in *®Ni via Inelastic Scattering of Polarized Protons*
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Measurements of the analyzing power and the differential cross section in the nuclear
continuum for the reaction **Ni(p,’) initiated by 60-MeV polarized protons provide
strong evidence for a quadrupole (E2) interpretation for the giant resonance at E,~ 63/
Al/3 MeV. A resonance approximately 3 MeV lower in excitation energy has also been

observed.

Experiments on the inelastic scattering of elec-
trons,' "3 protons,?”” and *He particles®® have
established the existence of a giant resonance in
the nuclear continuum, which is consistently 2-3
MeV lower in excitation energy than the well-
known giant dipole (E1) resonance.!® The observed
excitation energy, E, ~63/AY3 MeV, agrees well
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with predictions' for an isoscalar giant quadru-
pole (E2) resonance.

Angular distributions for the resonance from
electron scattering are consistent with either an

E2 excitation or an EO giant monopole excitation.!~?

Angular distributions from proton scattering
were initially interpreted as evidence for an E2
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excitation,®!2 but a subsequent analysis'® did not
rule out an EQ assignment. A measurement of
the relative cross section at two angles in *®Pd(p,
p’) provides evidence for an E2 assignment.”
In *He scattering an E2 assignment is suggested®®
by a comparison of the observed transition strength
with predictions based on the linear energy-
weighted sum rule (EWSR).™* However, the as-
signment from the *He measurements is some-
what tenuous because of uncertainties in extract-
ing the resonance cross section® and possible un-
certainties in calculating the expected EWSR
strength.'®

In order to provide more conclusive evidence
for the spin of the resonance, we have taken a
new approach to the study of the giant resonance
region. Since calculations by Satchler'® suggest-
ed that the analyzing power of the resonance for
incident polarized protons could distinguish be-
tween E2 and EQ excitations, we have studied the
reaction *®Ni(p, p’) with 60-MeV polarized protons.

The measurements were made using the polar-
ized proton beam'® from the Oak Ridge isochron-
ous cyclotron (ORIC) and a broad-range magnetic
spectrograph with nuclear emulsions. The over-
all energy resolution was less than 200 keV. At
each angle measurements were made with a spin-
up proton beam (3lk;,x k,,) and a spin-down
beam. The number of incident protons was deter-
mined by integrating the unscattered beam in a
Faraday cup. A measurement was also made
with an unpolarized beam to provide additional
cross section data and to check that false asym-
metries were not extracted from the polarized-
beam measurements.

The beam polarization p, was measured be-
tween runs with a polarimeter employing p-'2C
elastic scattering at 6, =60°. The polarimeter
analyzing power at this angle was determined to
be A,=+0.95+0.05 by comparing the left-right
asymmetry at 60 MeV with the asymmetry at 49
MeV where the p-'*C analyzing power is known.”

The polarized-beam spectra in the continuum
region at 6, = 20° are shown in Fig. 1. The data
are plotted in ~400-keV wide bins to yield =3%
statistical uncertainty, The spectra above E, =~ 24
MeV show little structure and a small asymmetry
€= (0yp = Cgoun)/ (0 p+ Tgoyn). At lower excitation
energies a broad enhancement is observed with
exhibits a pronounced asymmetry., In ®Ni we
observe the resonance at £,=16.5+0.5 MeV.

The resonance width is about 4 MeV FWHM (full
width at half-maximum).

The analyzing power for the 16.5-MeV reso-
nance was obtained from the polarized-beam
cross sections in the region E,~14.6-16.7 MeV.
For each spin direction the resonance cross sec-
tion was obtained from the measured cross sec-
tion by subtracting contributions from the under-
lying continuum and the E1 resonance. The con-
tinuum contribution was estimated by a linear
extrapolation of the observed cross sections
above 24 MeV joined smoothly to the observed
cross sections near the neutron separation ener-
gy. The assumed spectral shape for the continu-
um was based on our data at 6, =40°, where the
resonance cross sections are unobservably small,
and on data for other nuclei in this mass region.®
The E1 contribution was estimated by assuming
a spectral shape obtained from the known total
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FIG. 1. Polarized-beam cross sections at 6 =20° versus outgoing proton energy (E,+) and approximate excitation
energy (E,); S, is the neutron separation energy; E1 is the known energy of giant dipole resonance.
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FIG. 2. Analyzing powers for resonance at E,=~ 16.5
MeV compared with DWBA predictions.

photonuclear cross section for nickel*® and nor-
malizing the E1 shape to the observed cross sec-
tions in the region E,~20.6-23.0 MeV. The E1
contribution to the cross section for E =~ 14.6-
16.7 MeV was always less than 10%.

The analyzing powers,'® A,=¢/p,, extracted
for the 16.5-MeV resonance was shown in Fig. 2.
The uncertainties with the data are purely statis-
tical.?® Comparison of the measurements with
the distorted-wave Born-approximation (DWBA)
predictions’® shows a clear preference for an E2
assignment.

We have also extracted cross sections for the
broad enhancement between E,~12.7 and 23.7
MeV, which is presumed to include the 16.5-MeV
resonance and most of the E1 resonance. Small
contributions from the peak at £, ~13.5 MeV (see
Fig. 1) were not included. The results are shown
in Fig. 3. The estimated absolute uncertainty is
+20% except +33% at 6, =35°. The curves are
obtained from DWBA predictions'®!® for E1, E2,
and EO excitations. The normalization of the
curves is based on the following percentage de-
pletions of the predicted EWSR strengths: FE1
=170%,'® E2=89%, and E0=100%. The shape of
the measured angular distribution shows a pref-
erence for the E1+ E2 curve. The discrepancy
between the measured and predicted transition
strength, which has been noted in other work,' "3
may indicate that additional E2 strength occurs
at other energies or that the predicted EWSR
strengths are in error.

An additional feature in our spectra is a peak
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FIG. 3. Cross sections in giant resonance region (E,
~12.7-23.7 MeV) compared with DWBA predictions.

at E,~13.5 MeV (see Fig. 1) with a width of about
2 MeV FWHM. A resonance observed at this en-
ergy in **Fe(e, e’) was given a tentative E3 as-
signment.®? However, our cross sections shown
in Fig. 4 are in poor agreement with an £E3 DWBA
prediction, but show better agreement with E2
or EO predictions. The data also show good
agreement with relative cross sections for the
E2 resonance at E,=16.5 MeV.*" The EO possibil-
ity appears to be ruled out by the large negative
asymmetry at 6; =20° (see Figs. 1 and 2), Mea-
surements on other nuclei are needed to confirm
the existence of the 13.5-MeV resonance and to
determine its spin unambiguously.

We note from Fig. 4 that the cross section for
the 16.5-MeV resonance shows an increase at
forward angles which is not in agreement with
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FIG. 4. Cross sections for resonance at £,~ 13,5
MeV (estimated absolute uncertainty is +40%), cross
sections for E2 resonance at E,~16.5 MeV (Ref, 21),
and DWBA predictions, The last two quantities are nor-
malized to the cross section for the 13.5-MeV reso-
nance at 0 =20°,
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the E2 calculation. A comparison of the data with
the DWBA predictions suggests that some EO
strength may also occur at this excitation energy,
An EO contribution could affect the cross section
at the forwardmost angles without noticeably in-
fluencing the analyzing power and the cross sec-
tion at larger angles. Measurements at more
forward angles would be useful in further investi
gating the possibility of an EO contribution.

In conclusion, a comparison of the measured
analyzing power and cross section for the reac-
tion %®Ni(p, p’) with polarized protons at 60-MeV
incident energy with DWBA predictions shows
that the giant resonance at E, ~63/4Y° MeV is
predominantly E2 in character. The assumption
that the DWBA provides a proper description of
the reaction needs to be tested by studying the
excitation of collective levels having known spin
and parity with medium-energy polarized beams.
It is noteworthy that the conclusion from the an-
alyzing power measurement does not depend upon
either calculated or measured transition strengths.
The results of this experiment suggest that in-
elastic scattering studies with polarized beams
may provide a unique and powerful method for
investigating giant resonances and the nuclear
continuum,

The authors wish to thank the ORIC operating
staff for development of the polarized beam,

G. R. Satchler for many stimulating discussions,
V. Jones and R. Shelton for rapid and efficient
plate scanning, and S. J. Ball for preparation of
the manuscript.

*Research sponsored by the U.S. Atomic Energy Com-~
mission under contract with the Union Carbide Corpora-
tion.

fNuclear Information Research Associate. Work sup-
ported by the National Science Foundation through the
National Academy of Sciences—National Research Coun-
cil, Committee on Nuclear Science.

IR. Pitthan and Th. Walcher, Phys. Lett. 36B, 563
(1971); F. R. Buskirk, H.-D. Graf, R, Pitthan, H. Theis-
sen, O. Titze, and Th. Walcher, Phys. Lett. 42B, 194
(1972).

%y, Torizuka et al., in Proceedings of the Internation-
al Conference on Nuclear Structure Studies Using Elec~

tron Scattering and Photoreactions, Tohoku University,
Sendai, Japan, 1972 (unpublished); Y. Torizuka et al.,
in Proceedings of the International Conference on Pho-
tonuclear Reactions and Applications, Pacific Grove,
California, 1973 (to be published).

33, Fukuda and Y. Torizuka, Phys. Rev. Lett. 29, 1109
(1972); M. Nagao and Y. Torizuka, Phys. Rev. Lett. 30,
1068 (1973).

iy, Tyren and Th. A, J. Maris, Nucl. Phys. 4, 637
(1957), and 6, 446 (1958), and 7, 24 (1958).

’F, E. Bertrand and R, W, Peelle, Phys. Rev, C 8,
1045 (1973).

®M. B. Lewis and F., E. Bertrand, Nucl. Phys. A196,
337 (1972).

M. B. Lewis, F. E. Bertrand, and D, J. Horen, Phys.
Rev. C 8, 398 (1973).

M. B. Lewis, Phys. Rev, C 7, 2041 (1973).

%A, Moalem, W. Benenson, and G. M. Crawley, Phys.
Rev, Lett, 31, 482 (1973).

g, Hayward, Photonuclear Reactions, National Bu-
reau of Standards Monograph No. 118 (U.S. GPO, Wash-
ington, D.C., 1970).

113 R, Mottelson, in Solvay Conference on Symmetry
Properties of Nuclei, edited by I. Prigogine (Gordon
and Breach, New York, to be published).

2G. R. Satchler, Nucl. Phys, A195, 1 (1972),

3G, R, Satchler, to be published.

A, M, Lane, Nuclear Theory (Benjamin, New York,
1964).

150, Hansen and O. Nathan, to be published.

16366 ORNL Reports No. ORNL-4404, 1969 (unpub~
lished), p. 96; No. ORNL-4534, 1970 (unpublished),

p. 75; No. ORNL-4649, 1971 (unpublished), p. 99.

"R, M. Craig, J. C. Dore, G. W. Greenless, J. Lowe,
and D. L, Watson, Nucl. Phys. 83, 493 (1966).

185, M, Wycoff, B. Ziegler, H, W, Koch, and R. Uhlig,
Phys. Rev. 137, B576 (1965).

193 E. Darden, in Proceedings of the Thivd Interna-
tional Symposium on Polarization Phenomena in Nucle -
ar Reactions, Madison, Wisconsin, 1970, edited by
H. H. Barschall and W, Haeberli (University of Wiscon-
sin Press, Madison, Wis., 1971), p. 39.

20We note that a normalization error of 5% in the as-
sumed continuum cross section would increase A4, by
about 75% at 67 =20°, but much less at other angles
where A, is smaller. Possible errors due to incorrect
normalization of the E1 cross section are negligible.

The cross sections for the E2 resonance are propor-
tional to the average of the spin-up and spin-down res-
onance cross sections in the region E,~ 14,6—16.7 MeV,
obtained as described previously in this paper. The un-
certainties are purely statistical.

1073



