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tiple~4 phonon (magnon) terms in the expansion
of exp[@(v)] in Eq. (5a).
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Recent measurements of the ratios of Cou-
lomb excitation probabilities for two different
projectiles, which have been interpreted in
terms of the reorientation effect, ' are unable
to give verification of the mechanism involved. ' 4

We have measured the reorientation effect and
thus the quadrupole moment of the 0.558-MeV
2+ state in Cd"~ by observing the angular dis-
tribution of 25-MeV oxygen ions inelastically

scattered off Cd" nuclei. The shape of the
angular distribution gives conclusive evidence
of the presence of the reorientation effect.
The scattered ions were detected in coincidence
with the de-excitation gamma radiation over
an angular range fro~ 50' to 160' in the lab-
oratory.

The advantages of this technique are these:
(1) Only a single type of projectile is required.

318



VOLUME 19, +UMBER 6 FHYSIt AI. REVIEW I.ETTERS 7 AUGUsT 1967

5nX4n NAI (TL)

INCIDENT BEAM

SOLID-STATE DETECTORS
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Consequently possible penetration by the light-
er projectile is eliminated. (2) With our par-
ticular geometry, favorable counting rates
are obtained by operating several detectors
simultaneously. (3) Because of the favorable
counting rates, the experiment can be execut-
ed at lower bombarding energy, where the
uncertainties in the theoretical interpretation
are considerably reduced. ' (4) The angular
distribution can aid in distinguishing the reor-
ientation effect from excitation via the giant
dipole resonance. '

The experimental geometry is shown in Fig. 1.
A 5-in. x4-in. Nal(T1) crystal is centered over
the target position. The face of the gamma-
ray detector is 1-,' in. from the target and par-
allel to the scattering plane defined by the beam
and scattered-particle directions. Four sil-
icon surface-barrier detectors are arrayed
at the various scattering angles. Because it
is not necessary to resolve the energy of the
inelastic and elastic ions, large (0.5%) solid
angles and thicker targets may be used.

The signals from the four particle detectors
are fed to a time-sharing electronics system
where they are placed in coincidence with that
from the gamma-ray detector. The random
events were measured simultaneously by a
circuit developed by Simms. ' These signals
together with the individual particle detector
rates were stored in a multichannel analyzer.

The separated-isotope Cd" targets were
prepared by vacuum depositing 200- pg/cm'
Cd"4 metal on a 75-pg/cm' Cu backing. A
thin (20-pg/cm') Cu evaporation shield was
deposited on top of the Cd metal. The enrich-
ment was 97%.

The 25-MeV oxygen ions were produced by
the Argonne National Laboratory tandem ac-
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FIG. 2. Coulomb excitation y-ray spectrum with
windows.

celerator. The gamma-ray detector spectrum
is shown in Fig. 2. One gamma-ray window
was set on the 0.558-MeV photopeak. A sec-
ond gamma-ray window was operated above
the 0.558-MeV photopeak.

Because the oxygen ions scattered off Cd
and Cu could not be resolved at all scattering
angles, both the Cd and Cu ion peaks were ac-
cepted by the electronics. A fifth particle de-
tector located at 160', where the Cd and Cu
peaks were clearly resolved, served as a beam
current normalization and target monitor.
Raw coincidence data were corrected for ran-
dom and background events and then divided
by the Cd elastic counting rate. The Cd elas-
tic counting rate was scaled from the individ-
ual rates with the help of the monitor counter.
In a separate experiment we measured the Cd
elastic angular distribution and found no devi-
ation from Rutherford scattering.

Fo],lowing Alder et al.,' the ratio of inelastic
to elastic Coulomb scattering is given by

do. /dn

e
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FIG. 3. Differential excitation probability of the 0.558-MeV state of Cd

where P(6) is the probability of excitation.
We can apply this expression to the experiment
if the variation of the gamma-ray angular dis-
tribution with ion scattering angle 6) is taken
into account. This is possible because of the
insensitivity of the gamma-ray angular distri-
bution to the reorientation effect. We have
measured the relative photopeak efficiency
with respect to the symmetry axis of the crys-
tal. This efficiency is folded with the gamma-
ray angular distribution obtained from the semi-
classical theory. ' Thus a "gating efficiency"
can be determined for the various scattering
angles. In addition we measured the gamma-
ray angular distribution with respect to the
incident beam direction and found it unperturbed.

The experimental excitation probabilities

are shown in Fig. 3. A marked deviation from
first-order Coulomb excitation theory is evident.

We have investigated the magnitude of higher
order effects compared to the reorientation
effect. We used the semiclassical theory and the
the B(E2) values measured by Stelson and Mc-
Gowan. ' We find: (1) The population of the
0.558-MeV 2 state is changed by only 0.15 /p

by de-excitation from higher states. (2) The
uncertainty in theoretical interpretation of the
reorientation effect due to virtual excitation
of higher levels is insensitive to the magnitude
of the reorientation effect and varies rapidly
with the bombarding energy. For 25-MeV ox-
ygen ions the effect of the higher levels intro-
duces a +1% uncertainty in the excitation prob-
ability at 162' in the center-of-mass system.
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We have fitted the experimental data with
the function

P(8) =A(8)+M„B(8),

where A(8) and B(8) are obtained from the two-
level semiclassical theory using M» values
which straddle the data. A maximum-likeli-
hood fit gives M» = 0.85 + 0.15. If we include
the uncertainties introduced by the higher lev-
els I» = 0.85+ 0.25. Since

we obtain

Q» = -0.64 + 0.19x 10 ' cm'

for the quadrupole moment of the 0.558-MeV
2 state of Cd"~, in agreement with ratio mea-
surements. ' 4 This value of the quadrupole
moment is in striking contrast with the vanish-
ingly small quadrupole moments predicted by
the pure vibrational model.

This analysis neglects the possibility of ex-
citation via the giant dipole resonance, which
is believed to be small. " The observed angu-
lar distribution is in good agreement with the
reorientation-effect mechanism and suggests
experimentally that the giant dipole resonance
effects are very small.
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COUPLING BETWEEN (d, p) and (d, n) CHANNELS AND THE SPECTROSCOPIC FACTOR
IN (d, n) REACTIONS LEADING TO ANALOG STATES*
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The spectroscopic factor of Be(d, n)~ B leading to the T =1 state is increased by about
a factor of 2 by considering the t T interaction, and becomes consistent with shell-mod-
el predictions.

Sometime ago, Siemssen et al. ' pointed out
a serious inconsistency in several single-par-
ticle-transfer reactions in light nuclei. Name-
ly, they found that the values of the spectro-
scopic factors S& derived from ('He, d) and

(d, n) reactions on the same target and to a
given final state differed considerably from

each other when that final state was an isobar-
ic analogous state, i.e., a state with isospin
T = T& = Tt+ 2, where T& is the isospin of the
target.

Previously, ' we argued that a difficulty of
somewhat related nature, namely the difficul-
ty of too large S& in neutron pick-up reactions,
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