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New Neutron-Rich Nuclei ' ' Zr and the A —100 Region of Deformation

M. A. C. Hotchkis, J. L. Durell, J. B. Fitzgerald, A. S. Mowbray, and W. R. Phillips
Department of Physics, University of Manchester, Manchester M13 9PL, United Kingdom

I. Ahmad, M. P. Carpenter, R. V. F. Janssens, T. L. Khoo, E. F. Moore, and L. R. Morss
Argonne National Laboratory, Argonne, Illinois 60439

Ph. Benet
Purdue Uniuersity, West Lafayette, Indiana 47907

D. Ye
University of IVotre Dame, Notre Dame, Indiana 46556

(Received 5 February 1990)

Partial decay schemes in the neutron-rich nuclei ' 'Zr and ' Zr have been measured for the first time
and rotational bands in ' ' 'Zr have been extended to spins of up to 10h by observing prompt y rays
from the spontaneous fission of 'Cm. These nuclei are among the most deformed known at low spin
and excitation energy. The level structures in the odd-A nuclei show that the h 1 II2 intruder orbital plays
an important role in stabilizing the deformation in this region.

PACS numbers: 21, 10.Re, 23.20.Lv, 25.85.Ca, 27.60.+j

The region of deformation among neutron-rich nuclei
with A —100 exhibits many interesting features includ-
ing (I) an abrupt transition from nearly spherical to
highly deformed ground states (pi-0.4) in the Zr and
Sr isotopic chains' at IV 60; (2) evidence for coex-
istence of spherical and deformed shapes2 near the shape
transition; and (3) moments of inertia approaching the
rigid-body value, suggesting that the pairing forces are
relatively weak in these nuclei. Accounting for these
features has proved to be a challenge to theories of nu-
clear structure. The properties of the Zr isotopes have
been discussed ' in terms of the spherical shell model,
the emphasis being on the importance of the isovector
neutron-proton interactions between nucleons occupying
spin-orbit partner states (g912 protons and g71q neutrons)
in establishing a stable deformation. These studies sug-
gest that the h iit2 intruder orbital is not important at the
onset of deformation. On the other hand, calculations
using deformed mean fields indicate that states de-
rived from the neutron hi|12 orbital lie well below the
Fermi level for large deformations near 1V=60. Hence,
the relative importance of the vh~~i2 and vg7i2 states in
stabilizing the large ground-state deformations in this re-
gion is not clear. Further insight into this problem can
be gained in two ways: First, by extending, to higher ex-
citation energy and spin, decay schemes in those
neutron-rich nuclei for which only data on low-lying lev-
els are available; second, by examining hitherto unob-
served isotopes with large neutron excess in which the
occupation probabilities of the important single-particle
levels are changed.

At present the neutron-rich nuclei in the A —100 re-
gion can only be produced for experimental study
through fission, and most existing data on them have
come from p -decay studies of mass-separated fission

fragments. However, recent advances in instrumentation
for coincident y-ray spectroscopy have opened up a new

avenue for the study of fission fragments through their
prompt radiation. Discrete states in fragments are popu-
lated ' with an average spin of (6-7)h, and with
sufficiently broad spin distributions that the yrast-level
schemes of certain strongly produced fragments can be
constructed up to spins of —12h. The analysis of
prompt y-ray data from fission has been taken a step fur-
ther in the present work, with the conclusive assignment
of 7-ray transitions to less strongly produced fragments
for which there was previously no information, and
thereafter the construction of their partial decay
schemes. We have for the first time determined partial
decay schemes in the nuclei 'O'Zr and ' Zr, and ob-
tained extensive new data on ' '0 Zr. The results for
'OiZr have also been obtained in a similar experiment, as
recently reported. "

Prompt y rays following the spontaneous fission of
2 sCm have been observed using the Argonne-Notre
Dame 7-ray facility. This consisted of ten bismuth-
german ate-suppressed Ge detectors, two low-energy
photon spectrometers (LEPS's), and an array of fifty
bismuth-germanate scintillators used as a multiplicity
filter. Data were recorded when any two of the Ge or
LEPS detectors fired along with at least three elements
of the filter. This multiplicity requirement effectively
selected prompt fission events, which have an average g-
ray multiplicity of —10. Almost all events associated
with the p decay of fission products are eliminated. The
source was a pellet of 11 mm diam containing 5 mg of

Cm (6.5x10 fissions per second), made by mixing
curium oxide with 150 mg of potassium chloride and
compressing under a pressure of 600 MPa. The curium
was chemically purified (separated from fission products)
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two days before the experiment started. With the source
dimensions given above, the absorption of x rays and
low-energy y rays was limited, while the fragments were
stopped quickly so that no Doppler broadening was ob-
served in the y-ray spectra.

The y-ray data consist of prompt coincidence events
between transitions in a particular nuclear decay se-
quence and also coincidence events involving transitions
in complementary fragments. In spontaneous fission, the
primary fragments are produced at a range of excitation
energies such that a few neutrons may be evaporated
from each fragment. The total number of neutrons emit-
ted per fission event v typically ranges from 1 to 5. A
transition in a given nucleus will therefore appear in

coincidence with a number of complementary fragments.
Hence, for example, transitions in a range of Zr isotopes
will appear in spectra gated on a particular transition in

a Ba fragment. While this complicates the coincidence
spectra, it also provides a means for identifying the ori-
gin of any unknown transition. By studying spectra in

coincidence with transitions in a series of Ba fragments,
a sequence of y rays in different Zr isotopes is observed,
among which candidates can be found for transitions in
Zr isotopes heavier than those previously known. The
procedure is illustrated with an example in Fig. 1. Fig-
ure 1(a) is a y-ray spectrum in coincidence with the 2t+-
01+ transition in ' Ba. This nucleus is lighter than the
peak yield for Ba fragments (which occurs at mass 144),
and therefore we expect to see the higher-mass Zr iso-
topes in coincidence. Candidate transitions for toi'o4Zr

(corresponding to v =3,2) are indicated along with
known y rays in ' " Zr (v=5,4). These candidates
are established as belonging to Zr nuclei because spectra
obtained in coincidence with them show known transi-
tions in a corresponding range of Ba isotopes, as well as
other transitions that can be assembled into a consistent
level scheme for that particular Zr isotope. Figure 1(b)
shows a spectrum observed in coincidence with the can-
didate 2t+-Ot+ transition in ' Zr. From the relative
yields of the Ba fragments seen in this spectrum, the
mean value of the Ba mass associated with this transition
can be deduced. The same procedure was followed for
other transitions proposed in te4Zr as well as for transi-
tions proposed in 'o Zr and for known transitions in the
lighter Zr isotopes. In Fig. 1(c) the resulting average Ba
masses are plotted as a function of the known and pro-
posed Zr masses. A smooth trend is seen, confirming our
mass assignments for the new level sequences. Support-
ing evidence is provided also by the relative yields of the
Zr isotopes which approximate a Gaussian distribution
with a maximum at ' 'Zr.

The level schemes of the even-Zr isotopes obtained in

this measurement are presented in Fig. 2. These nuclei
are among the most deformed known at low spin and ex-
citation energy, with P2-0.42, as derived from the mea-
sured' lifetime of the 2t+ state in ' Zr. E(2t+) for
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FIG. 1. Examples of data obtained from the fission of
Cm. (a) Part of a LEPS spectrum in coincidence with the

' 2Ba 2+-0+ (360 keV) transition; peaks are numbered with

the masses of the corresponding complementary Zr fragments.
(b) Ge detector spectrum in coincidence with the LEPS peak
at 140 keV, which is identified as the 21+-Ol+ transition in

Zr; peaks are labeled with the complementary Ba fragment
mass or the ' Zr ground-state band transition. (c) Average
mass of complementary Ba fragments observed in coincidence
with each of the Zr isotopes.
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FIG. 2. Level schemes of ' ' ' Zr. New transitions ob-
served in this work are shown shaded. y-ray intensities are
given in square brackets relative to 100 y decays of the first ex-
cited state; uncertainties in these vary from ~ 10% for transi-
tions near the bottom of the bands to ~ 25% for transitions be-
tween the highest spin states observed.
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80 Well-developed rotational bands are also observed in
' 'Zr and ' Zr (see Fig. 4). The present work extends
substantially the information on the low-lying states in
' 'Zr reported previously, ' and transitions in ' Zr have
been seen for the first time. The most probable spin-
parity values of the levels are indicated, based on the fol-
lowing arguments. In previous work, ' ' the ground-
state bands of the isotones Sr, ' Mo, and ' 'Zr have
been assigned to the —',

+ [411] configuration on the basis
of feeding patterns in (8 decay and intraband branching
ratios. Furthermore, a recent measurement' of the
ground-state spin and moments of 99Sr confirms the as-
signment in this case. We note that the excitation ener-
gies in the extended band structure of ' 'Zr reported
here strongly support a K 2 assignment when the level

spacings are compared with calculated rotational spac-
ings expected for different K values. Accepting these ar-
guments, the ground-state band of 'o'Zr is adopted with
K —', and positive parity. The possible spin values for
the 217-keV level of the sideband (Fig. 4) are then limit-
ed to 2, 2, 2, and 2 . Spin —,

' is ruled out because the
population intensities of the higher-lying levels in the
sideband indicate that this band becomes yrast and spin

is excluded on the basis of comparisons with rotation-
al spacings for different K values. With spin 2 for the
bandhead, the 321-keV level is expected on the basis of
intensity rules for decays to rotational states to decay be-
tween 4 and 7 times more strongly to the ground state
than to the 98-keV level. In fact, our data put an upper
limit of 2% on the ratio of 321- to 223-keV y rays. A
spin of & for the 217-keV level leads to no such conflict
and is therefore adopted. The sideband most probably
has opposite parity to that of the ground-state band, oth-
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FIG. 3. The kinematic moments of inertia [22'/tl' (4I
2)/E—„] plotted as a function of rotational frequency for the

observed rotational bands of ' ' Zr.

0.4

'o4Zr is lower than that of ' Zr, suggesting that the de-
formation is larger at the higher neutron excess. ' Zr
has an E(4i+)/E(2i+) ratio of 3.23, the same as that ob-
served' in '~Sr. This value of the ratio is the highest
found in this region of nuclei, and close to the theoretical
limit of 3.33 expected for a perfect rotor. The data given
above have been used to calculate kinematic moments of
inertia $| which are plotted as a function of angular fre-
quency in Fig. 3. For all even-Zr isotopes under discus-
sion, the moments of inertia are large and become rough-
ly equal to 60% of the rigid-body value as the rotational
frequency increases. The differences in the values of Si
at low frequencies are thought to reflect admixture of
coexisting spherical configurations into the low-spin
states of ' 'o Zr, and the mixing decreases at higher
frequencies. However, some of the deviations could also
arise from changes in the pairing field with mass number
and/or rotational frequency. "
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FIG. 4. Level schemes of ' 'Zr and ' Zr. States with spin ( — in ' 'Zr were observed in Ref. 14.
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erwise Coriolis mixing would be expected which would

enhance an E2 transition from the 321-keV level to the
ground state. Levels of the same spin in the two bands
would also be expected to repel each other to a degree;
yet pairs of levels with spins —", , '2', and '2' in the two

bands are observed very close in energy. Thus, a 2 as-

signment to the head of the sideband is most probable.
This band is then associated with the —,'[5321 intruder

configuration (vht tie) which is the only one with ap-
propriate spin and parity located near the Fermi sur-
face. We note that signature splitting is present in the
sideband of ' 'Zr and not in the ground-state band. The
newly observed band in ' Zr exhibits signature splitting
as well, and we propose the same & [532j configuration.
With this assignment, the St values for these two bands
are similar (see Fig. 3).

The configuration assignments given above for the
bands in 'o'Zr and ' Zr are consistent with single-

particle energies for neutrons derived from various de-
formed mean-field calculations, and correspond with

distinct minima in the predicted potential-energy sur-

faces s at large prolate deformations (p2=0.4). The
result that in ' 'Zr the —', [5321 orbital is nearly degen-
erate with the ground state shows that there is substan-
tial occupancy in ' Zr of the 0= 2 and -', Nilsson
orbitals of the h ~ lt2 intruder. In ' 2 ' Zr corresponding-

ly significant occupation of the 0 = —,', —', , and —', or-

bitals is expected. This conclusion supports deformed
mean-field calculations which predict that the occupation
of the hl~t2 orbitals near the Fermi surface provides the
driving force towards large deformation. It is in contrast
with shell-model calculations which predict that the
h 1 lt2 orbit has small occupancy and attribute the defor-
mation to the g7t2 orbit.
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