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An investigation of the reaction Ni(d, d') at E&=46 and 70 MeV has demonstrated sig-
nificant advantages in studying isoscalar giant resonances with deuterons compared with
other projectiles. The differential cross section at 70 MeV for the resonance at E„
= 63A ~~ MeV provides strong evidence for an E2 interpretation. A comparison of mea-
surements in. 58Ni(d, d') and (p,p') provides evidence for excitation of the giant dipole
resonance by protons.

The giant resonance region of the nuclear con-
tinuum has been extensively studied via inelastic
scattering of electrons, protons, ~He particles,
and e particles. ' The primary purpose of previ-
ous measurements has been to characterize the
pronounced resonance structure at E„=63A ' '
MeV, which is 2-3 MeV below the well-known El
giant dipole resonance.

The spin of this resonance is usually deduced
by comparing measured differential cross sec-
tions with predictions of the distorted-wave Born
approximation (DWBA) normalized to transition
strengths based on depletion of the linear energy-
weighted sum rule (EWSR). ' Electron scattering
and initial proton scattering results could not dis-
tinguish between excitation of an & 2 giant quadru-
pole resonance and an I.'0 giant monopole reso-
nance. ' Later proton cross-section measure-
ments" showed a preference for the E2 interpre-
tation. The angular distributions for 7l-MeV
SHe ions could not distinguish between E2 and EO
excitations, but the E2 interpretation was pre-
ferred from the predicted EWSR strengths. ' ' An

angular distribution for 1 l 5-MeV e particles
showed some preference for an E2 excitation,
but an EO excitation cannot be ruled out by the
EWSR strengths. '

ln this Letter, we report a study of the giant
resonance region in "Ni using inelastic scatter-
ing of deuterons, a projectile not previously em-
ployed in such measurements. We find that three
significant advantages are obtained with deuter-
ons. (1) The cross section for the resonance
structure relative to the cross section for the un-
derlying, unstructured nuclear continuum is sig-
nificantly increased compared with results for
other projectiles. (2) Since, to a good approxi-
mation, the isovector El resonance is not excit-
ed by isoscalar projectiles, the resonance at E„
= 63A ' ' MeV can be isolated from the &l reso-
nance. (3) DWBA predictions suggest that the
resonance differential cross section in deuteron
inelastic scattering is sensitive to the transition
multipolarity, particularly in distinguishing be-
tween E2 and EO excitations.

Most of the measurements were made using a
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FIG. 1. Cross sections in the nuclear continuum for deuteron inelastic scattering from Ni versus excitation
energy; S„ is the neutron separation energy. The smooth curves with the 70-MeV spectra are described in the text.

70.3-MeV deuteron beam from the University of
Maryland cyclotron. The scattered deuterons
were detected in a 4E-E counter telescope con-
sisting of a 2-mm-thick silicon surface-barrier
detector and a Nal(TI) detector. Data were also
taken at 45.9 MeV using the Oak Ridge isochro-
nous cyclotron. The scattered deuterons were

recorded on nuclear-emulsion plates placed in
the focal plane of a broad-range magnetic spec-
trograph.

Deuteron spectra in the continuum region are
shown in Fig. 1. The spectra show an enhance-
ment centered at E„=16.0+ 0.5 MeV, an energy
in agreement with a previous measurement' in
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sections in the nuclear continuum for proton and deuteron inelastic scattering from
the giant dipole resonance; S„ is the neutron separation energy. The uncertainties
The smooth curves indicate assumed separations into the resonance and the under-
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58Ni(p, p'). The cross section in the region of the
16-MeV resonance results primarily from exci-
tation of the relatively unstructured nuclear con-
tinuum. Comparison of the deuteron spectra at
20' with a spectrum at 20' for "¹(P,P') at 60
MeV' shows that the continuum cross section
just above the resonance is almost a factor of 2

less for 70-MeV deuterons and is further re-
duced for 46-MeV deuterons. The reduced deu-
teron continuum results in a greater enhancement
of the resonance. A similar result is obtained
from a comparison between deuteron and o. -par-
ticle' spectra.

The excitation of the isovector E1 resonance by
deuterons was investigated qualitatively by com-
paring inelastic deuteron and proton' spectra for
"Ni, as shown in Fig. 2. It is known that the
strength distribution for the El resonance is
skewed toward energies above the F-1 peak at E„
=18 MeV. ' In the region E„=18—26 MeV, we find
that the resonance structure for protons extends
several MeV beyond that for deuterons. This dif-
ference is consistent with the assumption that the
E1 resonance is excited much less by isoscalar
deuterons than by protons.

The spectra in Fig. 1 provide clear evidence
for a second resonance at E„=13MeV. ' To ex-
tract cross sections for the 16-MeV resonance,
we decomposed the spectra for E„=12-21 MeV
into contributions from the underlying continuum
and the 16- and 13-MeV resonances. From iso-
spin selection rules and the results of Fig. 2, the
cross section for the El resonance was assumed
to be negligible. Typical spectral decomposi-
tions at 70 MeV are shown by the smooth curves
in Fig. 1. The 13-MeV resonance will be dis-
cussed in a later publication.

Cross-section angular distributions calculated
in DWBA were compared with our measurements
for the 16-MeV resonance. Deuteron optical-
model parameters were taken from Table I and
Eq. (3) of Duhamel et al. g The applicability of
the DWBA to the excitation of collective states
in "Ni by 70-MeV deuterons is demonstrated in
Fig. 3. Excellent fits to our angular distributions
for the first 2' and 3 states are obtained, and
the extracted deformation parameters agree well
with previous results. "

The cross sections for the 16-MeV resonance
are shown in Fig. 4. The absolute uncertainties
result mainly from estimated uncertainties in
the cross sections assumed for the continuum
underlying the resonance. The E2 DWBA predic-
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tion is normalized to give a best overall fit to
the data. The EO and E3 predictions are normal-
ized to the EWSR strengths not depleted by known

bound states. " The E2 prediction provides an ex-
cellent fit to the data, while the EO prediction
gives poor agreement for any assumed normal-
ization. " It is a weakness of our analysis, how-
ever, that no collective EO excitations are known

with which to test the DWBA predictions. The
poor fit given by the E3 curve demonstrates the
sensitivity of the DWBA to higher transition mu l-
tipolarities. We conclude that multipolarities
other than E2 can contribute only a small fraction
of the total cross section for the 16-MeV reso-
nance.

The normalization for the E2 calculation in Fig.
4 yields a, deformation parameter P,

' = 0.022,
which, with R =1.2A'' fm, corresponds to 509o

depletion of the isoscalar &2 EWSR strength. ' A
similar analysis at 46 MeV gives 40%%up depletion.
Therefore, our results are consistent with (45
+ 10)%%uq depletion of the isoscalar F2 strength.

By subtracting calculated E2 cross sections
based on 45%%up depletion of the EWSR strength from
the measured "Ni(P, P') cross sections shown in

Fig. 3 of Ref. 3, we obtain good agreement with
the assumed E1 cross section shown in the same
figure. This indicates that the E1 cross section
can be calculated reliably with the DWBA and the
E1 EWSR. ' This result may help resolve incon-
sistencies in proton measurements on spherical
and deformed Sm nuclei. "

In conclusion, an analysis of the cross section
for the reaction "Ni(d, d') at E„=70MeV shows
clearly that the giant resonance at E„=63A '
MeV is predominantly ~2 in character. We be-
lieve that the deuteron result provides the best
evidence to date for the identification of the iso-
scalar giant quadrupole resonance. The signifi-
cant reduction in the cross section for the nucle-
ar continuum in the resonance region compared
with other projectiles and the negligible contribu-
tion from the E1 resonance allow the cross sec-
tion for the E2 resonance to be determined with
increased accuracy, compared with previous
measurements. Furthermore, the angular dis-
tributions predicted by the DWBA clearly dis-
tinguish between different transition multipolar-
ities, so that a spin assignment can be made
without reliance upon measured and calculated
transition strengths. In view of our results, it
would be interesting to investigate the E2 reso-
nance in "Ni using vector-polarized deuterons
in order to possibly understand the analyzing

power results for the reaction 58Ni(P, &, p'). '4
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