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A set of 4J=1 rotational bands has been observed on deformed (prolate) ~2 states in
Sb, Sb, 'Sb, and Sb via (6Li, 3ny) reactions on stable even Cd targets. The pat-

tern of band spacings is suggestive of a j =~2+ state coupled to a triaxial rotor. The en-
ergy systematics of the deformed states relate to the deformation-energy surfaces in
this Z =50 cIosed-she11 region.

The large stable deformations occurring for
nuclei in the 150&A& 190 and A& 220 regions
which are far from closed shells have been un-
derstood by minimizing the sum of Nilsson de-
formed-single-particle energies as a function of
deformation' together with Coulomb and pairing
corrections. Recently there has been consider-
able theoretical work" aimed at mapping these
deformation-energy surfaces into other nuclear
regions. The most recent calculations' employ
the Strutinsky prescription' to renormalize the
deformation-energy trends of deformed Woods-
Saxon single-particle states to that of a liquid
drop. For nuclear regions such as A =100 and
A=140 away from closed shells, energy minima
at both prolate and oblate deformations including
asymmetric shapes are predicted. ~ The closed-
shell regions, however, where nuclei are ex-
pected to be spherical have not been theoretical-
ly explored with care in regard to the coexis-
tence of deformations. In this Letter, we report
the observation, via ('Li, 3ny) reactions on sta-
ble even Cd isotopes, of a set of 4J = 1 rotation-
al bands built on deformed -', ' states in '"Sb,
'"Sb, '"Sb, and "Sb which are single-proton
nuclei relative to the Z = 50 closed proton shell.
These rotational bands, which for '"Sb include
seven members up to J='-,", contain the features
of a 1g,~, proton hole strongly coupled to prolate
core deformation. "The energy spacings in the
bands are suggestive of axially asymmetric ro-
tors of triaxial shapes. ' Results from a previ-
ous "'In(n, 2n)'"Sb experiment showed part of

the band in "'Sb for which a symmetric rotation-
al interpretation was given. ' The systematic be-
havior of these deformed states and the related
rotational-band spacings gives a very sensitive
probe of the core-deformation-energy surfaces
and the nuclear shapes as a function of neutron
number. A theoretical understanding of the co-
existence of these deformed properties with the
known spherical properties is important. Defor-
mation properties including possible triaxial
shapes for the 8 =82 closed-shell region have
been discussed from experimental band informa-
tion in proton-hole Tl nuclei. "

To study the excited states of the odd Sb iso-
topes, ('Li, 3n) reactions on isotopically en-
riched even Cd targets were employed. These
fusion-evaporation reactions' populate high-
spin states in AZ & 3 nuclei with large alignment.
The y-ray decay modes are predominantly
stretched cascades J-J- L whose angular dis-
tributions are characteristic of the mu1tipolarity
L and therefore sensitive to the angular momen-
tum J of the states involved. Measurements on
these decay y rays are thus expected to reveal
the properties of the Sb high-spin states.

In order to determine the level scheme and de-
cay properties of the excited states in the odd Sb
isotopes, the following set of experiments using
Ge(Li) detectors were performed: y excitation,
y-y coincidence, y angular distribution, and
pulsed-beam-y timing measurements. At ener-
gies from the Coulomb barrier to 35 MeV, the
main outgoing channels of the 'Li-induced reac-
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tions are 2n, 3n, 3nP, and 4n. To help distin-
guish the y rays associated with the odd Sb iso-
topes (3n channel), y-excitation measurements
were made over this energy range; the y-excita-
tion yields contain a dependence on the exit chan-
nel. Because of the complex nature of the y-ray
spectra from these reactions, y-y coincidence
measurements with a Ge(Li)-Ge(Li) detector
combination were required to identify the y-ray
cascades; the two y-ray energy spectra and the
relative timing spectra were collected as triple
events on magnetic tape. The final y-y coinci-
dence data were obtained from scans of the mag-
netic tapes that included appropriate Compton
and random subtraction. The y-y coincidence re-
sults also aid in the identification of the residual
nuclei by establishing a connection between un-
known cascade y rays with those known from P
decay or light-ion reactions. To obtain informa-
tion on the spins of the levels and the y-ray mul-
tipolarities as well as the y-ray intensities I~,
the y-ray angular distributions were measured
in singles at four or five angles. The y-ray
photopeak areas were extracted and fitted by
W(P) =I&(1+A+2+A,P4). In this way the A, and

A4 coefficients of the Legendre polynomials and
the intensities I corrected for efficiency were
obtained for the observed y rays. information on
J values is obtained from the W(e) on the assump-
tion that the high-spin levels are populated in
low-m substates and that they decay via stretched
J-J—L y transitions. " The intensities I are
important for ordering the cascade y rays. The

pulsed-beam-y timing measurements made with
time resolutions of -5 nsec (full width at half-
maximum) yield information on lifetimes of the
levels; lifetime limits are useful in considering
the higher y-ray multipolarities.

The y-ray decay schemes deduced for the four
odd Sb isotopes from the above ('Li, 3n) measure-
ments contain y cascades within two separate
groups of levels. " One group appears to be
made up of states formed by coupling single-
proton states to the appropriate Sn core excita-
tions while the other group is a systematic
(bandlike) set of levels with a high degree of sim-
ilarity for each of the four Sb isotopes. The de-
cay schemes for the latter group are collected
in Fig. 1 and represent the focus of the present
Letter. The band heads decrease in energy in
going from '"Sb to '"Sb while the pattern of lev-
el spacings in the bands is essentially identical
for '"Sb, '"Sb, and '"Sb with small deviations
occurring in '"Sb.

The lowest member of each of these bands is
assigned J = (-', ') on the basis of the angular dis-
tribution measurements which indicated stretched
quadrupole transitions (A, =0.25, A, =- 0.10) to
the —,

"ground states and in three cases, transi-
tions. containing large dipole components (A,
=-0.20) to the —,

"first-excited states. The an-
gular distributions of the transitions connecting
the band members are consistent with J-J-1
M1-E2 cascades which are corroborated by the
systematic occurrence of J- J—2 crossover
transitions for which only an E2 can effectively
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FIG. &. Rotational bands observed in odd Sb isotopes via ( Li, 3np) reactions on even Cd targets. The ~ -state
band heads, which occur at different energies, have been lined up for the purpose of comparing the band spacings.
The widths of the vertical lines representing p-ray transitions are approximately proportional to their intensities.
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compete. Lifetime limits of ~ s 5 nsec for these
states obtained from the pulsed-beam-y results
rule out the importance of higher multipolarities.
On the basis of the above, the other band mem-
bers are given strong, although not rigorous,
spin assignments which increase by 4J = I with
increasing energy as shown in Fig. 1. These
spin assignments are supported by the excitation
studies; in all cases, the transitions between
higher members of the bands exhibited excitation
functions whose maxima were shifted towards
higher energy relative to those for the decay
transitions of the band heads. In the '"In(e,
2n)'"Sb study, y-ray and conversion-electron
measurements yielded the same J assignments
for the five lowest members of the ' 'Sb band. '

The observed 4J = I bandlike levels in the odd
Sb isotopes shown in Fig. I are characteristic of
the rotational spectrum for a 7tg, ~, hole orbital
(two-particle, one-hole state) strongly coupled
to a prolate core deformation. The level ener-
gies in the bands show deviations from the sim-
ple symmetric-rotor equation Ez = (k'/28) J(J+I);
however, this is not surprising since Coriolis
effects on the band energies can be significant.
An axially asymmetric rotor involving triaxial
shapes, which are theoretically the most natural
deformations for this region, is another possi-
ble interpretation of these rotational bands. The
energies of the bands can, of course, be influ-
enced by small admixtures of nearby states"
made up of proton single-particle orbitals cou-
pled to the phonon excitations of the Sn cores.
Using the above rotational equation, the values
of h'/28 vary from -35 keV at the bottom of the
bands down to -20 keV at the top for '"Sb, '"Sb,
and '"Sb while in '"Sb the values are -15% larg-
er. For a symmetric deformation, the band
head would be described by the [404] —,

"¹lsson
wave function; this state for protons rises above
the Fermi level at a deformation of P =0.2.'
Fromm et al.s have interpreted their '"Sb band
information in this way.

A rotational interpretation is also implied by
the intensity ratios of the J-J- I y-ray cascade
to J—J—2 crossover transitions observed in the
four bands in that the values of ~(g,~-g~)/Q, ~

de-
duced from these ratios are approximately equal.
This is expected for a high-j state plus rotor for
both symmetric and asymmetric shapes. " In
addition, the observed J-J —I angular distribu-
tion coefficients are consistent with the MI-E2
mixing ratios predicted by the rotational inter-
pretation; a positive value of 5 is obtained for

all transitions which implies positive (g,~-g„)/Q,
and prolate deformations. Evaluating g,~ for the
[404] 9+ symmetric state (namely, gz), an aver-
age Q, =+3.0 b is deduced from the above y-ray
results which yields a prolate deformation of
P =0.2.

Although the results discussed above document
rotational spectra, they do not clearly differen-
tiate between symmetric and asymmetric rotors.
The systematics observed in the present experi-
ment for the band spacings, however, are sug-
gestive of axially asymmetric rotors of triaxial
shapes. The j+ I and j+2 levels, namely the '-"
and -',"members, are nearer each other than the
other members for all four Sb isotopes; the pre-
cision with which this pattern repeats itself for
'"Sb, '"Sb, and "Sb is phenomenal. This ap-
proach of the j+ I and j+2 levels is a character-
istic feature of a triaxial rotor with an asymme-
try parameter of y=25'. ' Admixtures of the par-
ticle-plus-phonon states appear to be rather un-
important for this feature since their energy
relative to the rotational band varies consider-
ably over the four isotopes. " Since the closed-
shell Sn cores are known to be soft vibrators
which are theoretically equivalent to triaxial ro-
tors with broad distributions in y centered at y
=30, the asymmetric triaxial shape is not an

unreasonable description of the deformations;
a symmetric shape is not expected theoretically. '

A calculation of these odd Sb bands has been
made by Meyer ter Vehn" with a static triaxial-
rotor-plus-particle model which includes an un-
attenuated Coriolis interaction. A good fit of the
band energies in '"Sb, '"Sb, and "98b including
the '-,

"and '-,"members was obtained for a static
asymmetric parameter y = 20, but not for y =0',
the symmetric rotor. The value of the deforma-
tion parameter required by this best fit was P
=0.317, an unexpectedly large value. These tri-
axial-rotor parameters are consistent with ro-
tational 2' states in the even Te core nuclei
which would have energies in this rotor model
of less than half the experimentally observed en-
ergies. A summary of experimental and theo-
retical work on time-averaged quadrupole shapes
of even isotopes in this region" gives p, , pa-
rameters for the Te nuclei that are less than 0.20
and about 0.11 for the Sn nuclei; the averaged y
parameters given for these nuclei are between
20' and 30 . For the even nuclei, however, the
quadrupole-shape contributions include vibrations
(broad distributions in y with an average of 30 )
and admixtures of rotations of a static deforma-
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tion; thus these averaged dynamic parameters
are not necessarily comparable in a direct way
to intrinsic static parameters in odd nuclei. The
static core deformations (P) deduced for the pres-
ent Sb rotational bands, which are larger than
the P, of the even-Te core nuclei, are strongly
influenced by the lg, i, proton hole (the Sb single-
particle states show no rotational bands). Dy-
namic aspects of the triaxial-rotor model, name-
ly soft vibrations in the P and y parameters about
their static values, may also be important for the
present results. Further theoretical investiga-
tions of the band-spacing systematics in terms
of the deformation shapes including dynamic so-
lutions are needed for this closed-shell region.

The energies of the deformed —,
' states (band

heads) determined in the present experiment are
1461, 1380, I160, and 97I keV in '"Sb '"Sb
'"Sb, and '"Sb, respectively. These deformed-
state energies involve the potential energy of the
core and of the j=-", state both of which depend
sensitively on the deformation shape, the vibra-
tional zero-point contributions, and pairing cor-
rections. An understanding of the energy behav-
ior of these states in terms of the deformation-
energy surfaces of the core as a function of neu-
tron number represents an interesting theoreti-
cal challenge for this Z =50 closed-shell region.
An extension of the Strutinsky-type calculation'
to these nuclei would be an interesting first step.
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A new methoa is proposed to obtain information about g, the asymptotic D-state-to-8-
state ratio for the deuteron. The method is based on the fact that polarized-beam mea-
surements for sub-Coulomb (d,p) reactions are sensitive to the deuteron D state.

In this Letter we wish to point out. that one can
obtain new quantitative information about the in-
ternal wave function of the deuteron from polar-
ized-beam studies of (d, P) stripping reactions on
heavy nuclei. We shall primarily be concerned
with measurements of the three tensor analyzing
power s T2p T21' and T». Recent pape rs"
have shown that these quantities are sensitive to
the D state of the deuteron. We propose that

such measurements can be used to obtain quanti-
tative information about the D-. state wave func-
tion.

The reliability of this information will, of
course, be limited by the accuracy of the theory
used to relate the measured analyzing powers to
the deuteron wave function, In general, nuclear-
reaction calculations are not accurate in a quanti-
tative sense. However, the predictions of exist-
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