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Levels in "'Eu were populated using the (d, t) reaction. Most of the cross section is
concentrated between an excitation energy of 2.2 and 2.6 MeV while levels below 261 keV
were not observed. We interpret this as evidence for the coexistence of three distinct
shapes in '5'Eu.

The idea that a nucleus can exist in eigenstates
with two different shapes is not new. The phe-
nomenon was first seen' in "0 and later was ob-
served in many light nuclides. ' The effect is at-
tributed to the T =0 component of the nucleon-
nucleon interaction, which favors a large spatial
overlap of the single-particle orbitals. Thus,
two highly symmetrical SU(3) configurations that
possess very different shapes are often close in
total binding energy.

The situation in heavy nuclei is more obscure.
The transitions from spherical to deformed nu-
clei can be calculated quantitatively in Hartree-
Fock type-models, and regions of stability can
be qualitatively predicted from a knowledge of
the single-particle shell structure as a function
of deformation. ' Thus, the filling of a strongly

down-sloping (prolate) or the emptying of a strong-
ly up-sloping (oblate) Nilsson orbital will drive
the nucleus toward a larger deformation.

Experimental evidence for shape coexistence
in the rare-earth nuclei is not as conclusive as
j.n s-d-shell nuclei. A number of authors~' have
speculated about coexistence in the even-even nu-
clei around N = 90, because the (p, t) and (t,p) l
=0 strength is fragmented over several 0' states
in a manner consistent with shape coexistence.
Similar studies in odd-A nuclei also were inter-
preted as evidence for shape coexistence. "Us-
ing y-ray spectroscopy, Kleinheinz et a/. ' report-
ed coexistence in "'Gd. They observed a rota-
tional band with very small deformation based on
the i/3/2 orbital and a strongly deformed band
built on the h»» orbital.
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FIG. 2. Experimental spectrum of ' 'Eu between 0
and 3 MeV at 35'. The inset magnifies the region be-
tween 0 and 1.5 MeV. The first peak is due to the
261-keV level, which is shown riding on the background
of a light impurity.
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FIG. 1. Experimental data below 1 MeV for '5'Eu.
The data displayed are the following: inelastic deuteron
scattering (column g, the ( He, d) reaction (Refs. 9 and

10) (column II), adopted levels from Nuclear Data Sheets
(Ref. 13) (column III), our experimental data at 35'
(column IV), and the (p, t) results of Ref. 7 (column V).

Shape coexistence has been postulated" for
"'Eu in particular. The experimental evidence
relating to the ground state is consistent with its
description as a spherical d„, quasiparticle. The

g7/2 and h yz/ 2 quasiparti cle state s also were strong-
ly populated in the ('He, d) reaction. '" Four of
the five quadrupole-phonon states based on the
d„, ground state were seen in Coulomb excita-
tion" and inelastic scattering. " However, in (p,
t) reaction studies, "not only were the spherical
states weakly populated, but a previously unob-
served set of deformed states, starting with a 2+

level at 261 keV, was strongly populated. The
authors postulated that this level is the band head
of the —',[413j intrinsic Nilsson state. ' They also
identified the T' member of this band and the —,

"
and T' members of a P-vibrational band built on
this orbital. All of these experimental data, pre-
sented in Fig. 1, are consistent with the notion
that inelastic scattering and the ('He, d) reaction

act selectively to populate spherical states while
the (p, t) reaction acts to preferentially populate
deformed states.

In recent in-beam y-ray studies, "evidence
was found not only for this deformed band, but
for a decoupled band built on the h, z, orbital. To
explain these results, Dracoulis and Leigh" per-
formed a Coriolis-mixing calculation and attempt-
ed to describe all of the structure of "'Eu in
terms of one small deformation (e =0.145). By
introducing arbitrary shifts in the positions of
the single-particle orbitals, they obtained a con-
sistent description of all the experimental data.
Thus, the question of coexistence in "'Eu is in
doubt.

In the present experiment, we studied the lev-
els in "'Eu using a (d, t) reaction. We used a 20-
MeV deuteron beam from the three-stage tandem
Van de Graaff facility at the Los Alamos Scientif-
ic Laboratory and analyzed the tritons with a
quadrupole-triple-dipole spectrometer and a 1-
m-long, helical proportional detector. ' The mea-
surements were taken in 10 steps between 15
and 65 . The '5 Eu target was made by irradiating
isotopically separated "'Eu with thermal neu-
trons, and then by chemically purifying, separat-
ing, and collecting the "'Eu on a thin carbon foil.
The fabrication of this target will be discussed in
more detail in another publication. "

For the 35 run, the experimental spectrum be-
tween 0 and 3 MeV is shown in Fig. 2. The strik-
ing feature is the concentration of cross section
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between 2.2 and 2.6 MeV. Because the ground
state of '"Eu is very deformed, "it is easy to
postulate that these states are closely related to
the "'Eu ground state and possess a large defor-
mation.

As shown in Fig. 1, no state below 261 keV was
populated in our experiment, and only upper lim-
its could be assigned for those cross sections.
The cross section for the ground state is less
than 30 nb at 25 . All the deformed states ob-
served in the (P, f) reaction were populated, al-
though the so-called P-vibrational state at 654
keV has a. larger cross section than the 2[4&3]
band head.

We have calculated cross sections for "'Eu by
assuming the same deformation as in "'Eu (e
=0.26) and, except for the —,[400] and 2[402] or-
bitals, by using the theoretical energies and pair-
ing parameters of Immele and Struble. " These
N=4 orbitals appear much lower in the experi-
mental spectrum'o of '"Eu than would be predict-
ed on the basis of the single-particle energies
tabulated in Ref. 19. The distorted-wave Born-
approximation (DWBA) code DWUCK, "along with
optical-model parameters from Oelert et al. ,

"
was used to evaluate the single-particle cross
sections. Assuming pure deformed configura-
tions, we calculated the spectroscopic factors
for each state of the various bands and used these
along with the DWBA results to obtain the pre-
dicted cross sections. To account for configura-
tion mixing, we distributed the cross section sym-
metrically about the position of a state using an
energy-dependent I orentz factor."

A theoretical spectrum for 35' is shown in Fig.
3. The experimental and theoretical spectra are
similar except that in the theoretical spectrum
all of the low-energy strength is in the -', [413]
band. Above 2 MeV, greater than 90% of the
strength is due to removal of a neutron from N

5.0

1.0—
—Theory

~ Experiment

= 4 orbitals.
We compare experimental and model data. for

angular distributions in Fig. 4. The agreement
for the %=4 states is good. However, the exper-
imental distributions for the deformed states be-
low 1 MeV peak at 35 instead of the predicted 25'.

This experiment and our calculation suggest
that there are three distinct deformations in "'Eu.
States related to the ground state are spherical.
States related to the 2' state at 261 keV are mod-
estly deformed, and states between 2.2 and 2.6
MeV are strongly deformed and are essentially
one-neutron holes coupled to the ground state of
"'Eu. The properties of the states above 2 MeV
agree well with those predicted by the calculation.
These states are expected to be deformed since
both the ~[505] and the —,[400] or 2[402] neutron
orbitals are strongly up-sloping and are only half
full in such three-quasiparticle states. The frac-
tionation of (d, t) strength among low-energy, K
=

& bands and the poor fit of the angular distribu-
tions are consistent with a dramatic change in
the core between "'Eu and the low-energy states
in "'Eu. Indeed, the P vibrations may have a
better overlap with the strongly deformed "'Eu
while the angular distribution of the -', [413] state
at 261 keV will not be pure l =5, because transi-
tions with smaller l are permitted through the
core. Additional evidence for the small deforma-
tion of the 261-keV state is provided by the mo-
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FIG. 3. Theoretical calculation for the (d, g) spectrum
at 35' (see text).

FIG. 4. Triton experimental and theoretical angular
distributions. The upper curve shows the variation
with angle of the sum of do-/dO for all levels between
2.2 and 2.6 MeV. The lower curve exhibits similar
data for levels between 0.261 and 1.0 MeV.
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ment of inertia' associated with its band. It is
half the magnitude of the comparable band in
153Eu

States between 0 and 261 keV were not observed
in our experiments. Dracoulis and Leigh" sug-
gest that the levels near the ground state are de-
formed and that the ground state is the —', member
of a band built on the 2[411] Nilsson orbital while
the 22-keV state is primarily the ~ member of a
v7[404] band. To reproduce the observed level
sequence, Dracoulis and Leigh performed a Cori-
olis-mixing calculation that gave a ground-state
wave function that contained a small component
(-2%) of the —', [413] orbital but a much larger
component (- 30/g) of this orbital in the 22-keV
level. If we combine these admixtures with our
predicted cross sections for a pure -', [413] con-
figuration at 25 (32 pb/sr, —', +; 15 pb/sr, z'),
we predict ™600nb/sr and -4400 nb/sr for the
0- and 22-keV states, respectively. These pre-
dictions are one to two orders of magnitude larg-
er than our conservatively estimated, experimen-
tal lower limits and suggest that the absence of
(d, t) excitation to the 0- and 22-keV states is
due primarily to differences in the nuclear cores.
We further note that the moderately deformed —,

"
state at 261 keV has a cross section reduced be-
low the theoretical predictions by only a factor
of 3-4. Thus, we speculate that the additional
(d, t) hindrance to levels below 261 keV occurs
because these states are nearly spherical.

Because deformations of nuclei in this transi-
tion region depend crucially on the occupation of
the ~ [505] orbital, it would be interesting to de-
termine whether the low-energy neutron-excited
states in "'Eu have the same deformation as the
ground state. A sensitive probe of this would be
a (p, t) reaction on deformed "4Eu. If the ground
state of this target occurs as an excited state in
'"Eu and if the target configuration does not have
the same deformation in the two nuclides, then
the very strong (p, t) strength of this configura, -
tion should be spread among a number of states.

This work was performed under the auspices
of the U. S. Energy Research and Development
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