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The decay of low- and high-spin isomers of '°2Y to levels in highly deformed '*Zr was studied
from mass-separated activity produced by thermal neutron fission of 2**U. Based on ¥ singles and
coincidence measurements, decay schemes for both isomers are deduced. Of special interest are
states observed at 894 and 1211 keV that are postulated to be 05 and 25, respectively. Possible in-
terpretations of these newly observed levels in terms of 3, ¥, or spherical bands are given.

I. INTRODUCTION

The evolution of the nuclear shape in the neutron-rich
region near !Zr is characterized by some unusual
features,' such as an exceptionally abrupt transition from
spherical to highly deformed shapes at N ~60. The
abruptness of the shape transition is especially large for
Sr and Zr. This has been attributed to subshell effects
(for Z=38,40 and N=56,58) and to residual proton-
neutron interactions among the valence nucleons.>? A
second unusual feature of this region is very low-lying ex-
cited 0" states, which occur at much lower energies in
%Sr and !Zr than in any other shape transition region.
The 05" states in these two N=60 isotones give evidence
for shape coexistence and mixing of 0% states with very
different deformations.* "’

Recent studies’ ~!'! of level lifetimes of Sr, Y, and Zr
nuclei in the 4 =~100 region provide additional insights
into the development of collectivity in this region.
B(E2) and p(EO0) values in **Sr and '%Zr led to the con-
clusion’ that *®Sr and '%Zr have coexisting bands that are
weakly admixed. The mixing analysis’ showed that the
0" ground states are ~90% D band and ~10% S band.
The S bands have moderate (~0.2) values of {2)!/2, but
there is insufficient information to completely character-
ize the S bands. The highly deformed (3~0.4) prolate D
bands are very similar to the yrast bands in the N=62
isotones 19°Sr and 1927, indicating that the deformation
“saturates” at the N=60 onset of deformation.” The
striking similarity in the deformed bands of these two
N=60 isotones extends also to B (E2) rates from their 4;"
levels.®

An analysis'® of E2 and M1 properties of deformed
bands in 7Y, *°Sr, and '°°Y indicates, within the present-
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ly available precision of the data, that the deformation of
the deformed even-even core (°®Sr) is unaffected by the
presence of a valence proton, a valence neutron, or one of
each. Odd-even effects, however, show up in the less
strongly deformed Mo isotopes. The saturation of defor-
mation (deduced for even-even A4 =100 Sr nuclei in Ref.
7) was thus shown!® to be valid also for these three odd- 4
and odd-odd nuclei. This conclusion about saturation of
deformation for Sr nuclei was also reached in Ref. 11, in
which a new B (E2) strength was reported for '°°Sr. The
“immediate” saturation of deformation in the 4 ~100 re-
gion can be explained by simple arguments based on the
slopel Oof valence Nilsson orbitals at the onset of deforma-
tion.

The structure of the N=62 isotones of Sr and Zr are of
interest in determining whether the two coexisting bands
observed in the N=060 isotones still persist as a neutron
pair is added. Of special interest is the location of the 05
and 25 states and their decay properties. The deformed
potential-energy minimum, which is only 0.2-0.3 MeV
below the more spherical (or slightly oblate) minimum in
the N=60 isotones of Sr and Zr, is expected to lie
significantly lower for the N=62 isotones.>?>!* Thus the
0, state in '2Zr or '“Sr would be expected to be sub-
stantially higher in energy, perhaps as high as, or higher
than, - or y-vibrational excitations of the deformed
yrast band. No candidates for 0;" or 2, states have been
located in !%Sr. A primary goal of the present study is to
locate these states in '°2Zr and compare them to corre-
sponding states of the N==60 isotones.

Levels in '%2Zr were first studied by Cheifetz et al.'* by
observation of prompt y rays from fission fragments.
Transitions from yrast-band states were observed up to
the 8; level and a large deformation was deduced. These
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results were confirmed in a similar experiment by Khan,
Hofmann, and Hirsch.!” Delayed-neutron emission from
102y was observed by Reeder et al.'® The 1Y decay was
studied by Shizuma et al.,'” using the JOSEF separator
under conditions in which 9%Y fission fragments were
directly separated; thus, the observed '9*Y activity was
primarily that of a ‘“high-spin” isomer of °2Y. This
study has been repeated under improved experimental
conditions. In contrast, in the present experiment at
TRISTAN, the 'Y came from the 8 decay of '°2Sr; thus,
the decay of a “low-spin” isomer of °°Y is observed.
Preliminary results from the present experiment have
been presented earlier.'®

II. EXPERIMENTAL METHODS AND RESULTS

A. Source preparation

At TRISTAN, sources of '©2Y were obtained from
the A=102 mass-separated beam produced by the
TRISTAN facility operating on-line to the High-Flux
Beam Reactor at Brookhaven National Laboratory. The
target consisted of 5 g of enriched *°U in a high-
temperature thermal ion source.!” The neutron flux at
the target was 3X 10!° neutrons/cm?s. We assume that
the 4=102 beam consisted primarily of '°2Sr ions, with
only a minor amount of '°2Y ions in the beam, due to the
characteristics of the thermal ion source, although the
fission yield® of '°2Sr is much smaller than the yield of
102y, The !'°2Y activity studied in this work is therefore
assumed to originate primarily from the decay of '°2Sr.
There is no evidence for cross contamination from adja-
cent masses.

JOSEF is a recoil separator which has been operated at
the Research Reactor DIDO of the Kernforschungsan-
lage (KFA) Jilich. JOSEF needs no ion source. The
number of fission fragments available for spectroscopic
studies is thus directly proportional to the fission yield for
that fragment. Since the independent fission yields of
1025 and '°%Y in the thermal fission of 23°U are estimat-
ed? to be about 5X107°% and 1.3 107 !%/fission, re-
spectively, the overwhelming contribution to the 4=102
beam at JOSEF is due to the latter. Therefore, if a high-
spin isomer in '92Y exists, then it may well be populated
in the fission process and its decay studied at JOSEF. A
previous study'” at JOSEF of the !°°Y decay had indicat-
ed the existence of a high-spin isomer. The present
JOSEF study was obtained under improved experimental
conditions.

B. Measurements

At TRISTAN, the y-ray measurements were made us-
ing two HPGe detectors in 180° geometry. The beam was
collected for 1 s and then moved to an intermediate posi-
tion for a 1-s count. This was necessary to suppress the
short-lived (T';,,=68 ms) '“Sr parent activity.?! The
tape move time was measured to be about 0.36 s. A thin
plastic scintillator provided a coincidence 3 gate which
allowed for background suppression. Due to the low lev-
el of activity, only the strong 151-keV y ray from 92y
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could be observed without the B gate. The only back-
ground observed with S gating was from Pb x rays and y
rays from capture of neutrons in the Ge detectors. After
establishing the presence of !°2Y, the main data-taking
run began in which the sample decay was followed for 1
s. The 1-s counting period was divided into 20 sequential
time bins, each 0.05 s long. After each counting period
the tape was moved and the cycle repeated. This time se-
quence allowed us to suppress short-lived ©2Sr and to
separate '°2Y y rays from those originating from the de-
cay of longer-lived nuclides (!%Zr, '2Nb, etc.) further
down the decay chain, thus enabling us to measure the
102y half-life and obtain y-y coincidences with '°2Y de-
cay enhanced. Data taking continued for about one
week.

At JOSEF, y-ray singles spectra were measured with a
planar Ge detector of 19 cm? area and 1.9 cm depth.
These spectra were obtained at several values of the mag-
netic rigidity of JOSEF in order to identify?? the y rays
from the decay of '°2Y. y-y coincidences were studied
with the planar Ge detector and a coaxial Ge detector of
130 cm? volume. The y-ray singles and y-y coincidence
measurements were both made in-beam?? with irradiation
and measurement periods of 4 s. After each period the
activity was removed with a transport tape within 0.4 s,
and the 4.4-s cycle repeated.

C. Half-life

The half-life of the low-spin isomer of '°2Y was deter-
mined at TRISTAN by following the decay of the 151-
keV y ray, which was the only '°°Y y ray intense enough
to provide sufficient statistics. The resulting decay curve
is shown in Fig. 1. A weighted least-squares fit to the
above curve yielded a half-life for '°2Y of 0.30(1) s, which
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FIG. 1. Decay curve for the strong 151-keV y ray following
the decay of '2Y. The line represents a half-life of 0.30 s.
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FIG. 2. y-ray singles spectrum from the 4=102 source. The
counting period for each sample was 1 s. The ¥ rays from 'Y
are indicated by their energies in keV. Strong known y rays
from '°28r, 192Zr, and '2Nb decay are indicated by Sr, Zr, and
Nb, respectively. Ge indicates Ge neutron-capture y rays.

is not in agreement with the value of 0.44(6) s measured
from delayed-neutron decay by Reeder et al.!® Our mea-
sured value is slightly different from the value of 0.36(4) s
for '°2Y decay measured!” at the JOSEF separator where
mainly the decay of the high-spin isomer of %Y is ob-
served, as discussed below. (The y-ray spectrum multi-
scaling measurement at JOSEF [for which a half-life of
0.36(4) s for 'Y was reported in Ref. 17] was not repeat-
ed in the present JOSEF measurements.)

D. y-ray energies and intensities

A y-ray spectrum, obtained by shifting and summing
[3-gated singles spectra from the two detectors which
viewed the source at TRISTAN, is shown in Fig. 2. The
v energies, relative intensities, placements, and coin-
cidence relationships are summarized in Table I. Uncer-
tainties in the energies are due to statistical factors in
determining peak centroids and system nonlinearities.
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FIG. 3. y-ray spectra in coincidence with the (a) 151-keV
transition and (b) 743-keV transition. The Compton back-
ground has been subtracted.

The intensity uncertainties are due to statistical factors in
determining peak areas and detector efficiencies. y-ray
spectra obtained at TRISTAN in coincidence with the
151- and 743-keV y rays are shown in Fig. 3. The Comp-
ton background has been subtracted.

Inspection of the TRISTAN y-ray spectrum in Fig. 2
reveals y rays from !°2Sr, 192Zr, and '°Nb decay as well
as from '°2Y decay. Due to the short counting period no
v rays were observed from longer-lived Mo and !®Tc
decays. A number of weak y rays were observed with
half-lives longer than that of '°2Y. They were dis-
tinguished from '°2Y decay by comparison of sums of ap-
propriate sequential y multiscaling spectra. These
unidentified y rays are probably from the decay of '%2Zr
and 'Nb.

TABLE L ¢y transitions observed in '°*Y decay.

Relative y-ray intensity

Coincident y rays (keV)

E, (keV)* TRISTAN® JOSEF*¢ High spin’ TRISTAN JOSEF
151.73(14) 100(4) 100(3) 79(10) 326,743,1059 159,326,486,579
743,1059,1091

159.8 <1.1 8.0(8) 8.0(8) 151,579
326.64(15) 8.6(9) 44(3) 42(3) 151 151,486
486.8 <19 6.7(11) 6.7(11) 151,326

579.4 <1.1 28(3) 28(3) 151,159
743.01(18) 17(4) 3.5(14) 151

1059.21(18) 29(3) 14.1(17) 8(3) 151 151

1091.3 <13 33(3) 33(3) 151,159,579
1159.49(22) 16.0(19)

1211.08(16) 40(4) 11(4)

“Energies with uncertainties are from TRISTAN y-ray singles studies; those without uncertainties are from JOSEF (see Ref. 17).

"TRISTAN intensities are from low-spin isomer of %Y.

°JOSEF intensities are from a mix of low-spin and high-spin '°2Y isomers.
dIntensities of high-spin isomer are deduced by combining TRISTAN and JOSEF studies as explained in Sec. III C.
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The y-ray energy range covered in the TRISTAN ex-
periment was from 18 keV to 3.6 MeV, but no y rays
were observed from 1°2Y decay with energies greater than
1211 keV. The energy nonlinearities and 7y-ray
efficiencies of the detector system were determined using
standard y-ray sources. Gamma rays of 159, 486, 579,
and 1091 keV were observed at JOSEF (see below) but
not at TRISTAN. Upper limits on their intensities from
the TRISTAN measurements are given in Table I.

At JOSEF the y-ray singles spectra allowed y rays of
151, 326, and 579 keV to be unambiguously assigned to
the decay of '°2Y using the isotope identification pro-
cedure?? used at JOSEF. (Other y rays were assigned to
the 1°2Y decay based on y-y coincidences.) The relative
y-ray intensities which result from these singles spectra
are given in Table I. As discussed below, the y-ray inten-
sities obtained at JOSEF were combined with those ob-
tained at TRISTAN to deduce the separate decays of the
two isomers of 7Y,

E. y-y coincidence relationships

At TRISTAN, y-y coincidence measurements were
carried out with the front face of the HPGe detectors 1.5
cm from the 4=102 source. Because of the low level of
the 4A=102 activity, all -y events were [3 gated. The
coincidence events were recorded as address triplets
representing the y-ray energies and time separation. The
timing signal was derived from a standard fast coin-
cidence system with a time resolution full width at half
maximum (FWHM) of about 20 ns. Table I gives the de-
duced coincidence relationships.

At JOSEF, the coincidence pattern that was obtained
is given in Table I. The present study resulted in im-
proved coincidence statistics compared to the previous
JOSEEF study of Ref. 17. It confirms most of the relation-
ships given in Ref. 17, except for the possible coin-
cidence!” between the 326- and 579-keV transitions. The
present JOSEF study shows that these two y rays are not
in coincidence. An additional, although weak, coin-
cidence between the 159- and 1091-keV transitions is de-
duced from the present results.

The relative intensities of ¥ rays observed at JOSEF in
coincidence with the 151-keV y ray were deduced from
the areas of the peaks in the spectrum gated by the 151-
keV y ray. They have been normalized to the 326-keV y
ray, whose intensity was observed in the singles spectrum
to be 44(3) relative to an intensity of 100 for the 151-keV
v ray. We point out that the relative intensities are more
precise than those given in Ref. 17. However, a deviation
beyond the quoted uncertainties occurs only for the 579-
keV y ray, which must be attributed to a contaminant in
the previous study of Ref. 17.

III. LEVEL SCHEME FOR 927y

A. Evidence for two B~ decaying isomers in !°2Y

There is little doubt that two 8~ decaying '°2Y isomers
exist. The ratio of y-ray intensities I(27 —07)/I(4%
—27T) observed at JOSEF is 2.3(2) compared to 11.6(17)
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at TRISTAN. This ratio can be understood if both a
low-spin and a high-spin isomer exist for °2Y. The
amount of %Y in the 4=102 beam at TRISTAN is very
small due to the refractory nature of Y compared to Sr,
but this is not a factor for the JOSEF fragment analyzer.
Thus the °28r (J”=0") activity?! in the TRISTAN ion
beam B~ decays only to the low-spin isomer of !°%Y,
whereas both isomrs of °2Y were observed at JOSEF. As
additional support for this argument, the 965-keV 67
state in '92Zr was not populated at TRISTAN but was
observed at JOSEF. Another factor adding strength to
the above argument that a low-spin decay mode is seen at
TRISTAN is the fact that the “y strength” observed at
TRISTAN for the decay of !°2Sr is much greater than for
the decay of 1°2Y, suggesting B~ decay directly to the
102y ground state. It is interesting to note that the half-
lives of the two B~ decaying states are very similar.
Furthermore, the energy difference between the two iso-
mers is unknown and there is no information about
which isomer is the '°2Y ground state. It is possible that
the higher-lying isomer may decay only by B~ decay.

B. '92Zr from 8~ decay of low-spin '°2Y

The level scheme for '©2Zr populated in '©2Y decay
(low-spin isomer) is shown in Fig. 4(a). The scheme is
based on the TRISTAN y-ray singles and y-y coin-
cidence measurements.

The ground-state band. The first two excited yrast
states are the 2, state at 151 keV and the 4;" state at 478
keV. Their assignments are well established from previ-
ous studies of '“Zr decay!” and prompt decay of fission
fragments.'*!> The ratio E (4;)/E(2]") for the energies
of the first two yrast states is 3.15, which is close to the
limit of 3.33 for a rigid rotor.

894-keV level. We postulate a level at 894 keV based
on a strong coincidence between the 743- and 151-keV y
rays. A crossover ¥ ray to the ground state was not ob-
served and the upper limit on its intensity is 0.7 com-
pared to an intensity of 17 for the 743-keV y ray. Based
on the absence of a transition to the ground state, we pos-
tulate a tentative assignment of 0; for the 894-keV level.
This is quite different from the situation in '°Zr where
the energy of the 0, state is at 331 keV. The significance
of this result is discussed in the next section. The above
conclusion is also consistent with our postulate that the
decay of only the low-spin isomer of !°2Y was observed at
TRISTAN and that the 743-keV transitions is only weak-
ly seen at JOSEF.

1159- and 1211-keV levels. The 1159-keV level is based
on a relatively intense ¥ ray at 1159 keV that was not in
coincidence with any other y rays but whose decay
characteristics indicated it originated from '°2Y decay.
No stopover transitions from the 1159-keV level were ob-
served. Since only one depopulating transition was ob-
served, the level is dashed in Fig. 4(a). The level postulat-
ed at 1211 keV is well established based on observation of
a crossover transition at 1211 keV and a strong coin-
cidence betwen the 151- and 1059-keV y rays. The
1211-keV level is strongly fed in B~ decay since 44% of
the B feeding to excited states populates this level. A ten-
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FIG. 4. Decay scheme for (a) low-spin and (b) high-spin isomers of '2Y with energies in keV. The intensities in (a) and (b) are

from the TRISTAN and high-spin columns, respectively, in Table I.

tative assignment of 27 is given for the 1211-keV level
based on observation of transitions to both the ground
and 2; states and the fact that 17 states are not expected
to lie this low in energy for deformed nuclei.

Neither B~ feeding nor logft values are given in the
decay of the low-spin '°2Y isomer shown in Fig. 4(a). The
B~ feeding to the ground state of '°?Zr is not zero. This
is supported by a comparison of “y strengths” in an
A=102 equilibrium spectrum which indicates that the y
strength for '°28r decay is roughly twice that for '°2Y de-
cay. This, together with the assumption that the
A =102 activity in the TRISTAN ion beam is mainly
10291, leads to the conclusion that about half of the B~ de-
cay of '92Y goes directly to the '©2Zr ground state.
Furthermore, due to the high 8~ -decay Q value, which is
estimated to be 11.0(5) MeV from systematics,?® and the
weak level of 4=102 activity observed at TRISTAN, it
is likely that significant y-ray intensity was not observed.
Therefore the uncertainties are too large to warrant re-
porting B~ feedings and logf? values based on the present
data. Nevertheless, the available data indicate that both
the 0" and 2% states of '°2Zr appear to have significant
B~ feeding. This suggests a tentative conclusion that the
low-spin isomer of '°2Y is likely to be limited to 0™, 17,
or 27 . Except for 07, which was ruled out in Ref. 21,
these J7 values are consistent with those deduced from
the decay?! of 192Sr.

C. '92Zr from B~ decay of high-spin 102Y

The y rays observed in the JOSEF studies of the decay
of '92Y contain contributions from both the low- and
high-spin isomers of 1°%Y. The decays of the two isomers
can be disentangled by using the intensity of the 743-keV

v ray, which is intense in the low-spin decay but is hardly
seen at JOSEF. If it is assumed that the low-spin com-
ponent of the intensity for a ¢ ray is proportional to the
intensity of that y ray relative to the 743-keV y ray, then
the decay scheme for the high-spin isomer of '°?Y can be
deduced. The resulting y-ray intensities are labeled
“high spin” in Table I.

The decay scheme of the high-spin isomer of !92Y is
given in Fig. 4(b). Certain aspects of this decay scheme
need to be discussed. The 1211-keV y ray is not seen at
JOSEF because of contaminants in the singles spectra;
thus, its intensity given in Fig. 4(b) is deduced from the
branching of the 1211-keV level [see Fig. 4(a)]. The rela-
tive ordering of the 159-, 579-, and 1091-keV cascade is
not firm. The low intensity of the 159-keV ¥ ray suggests
its position at the top of the cascade since internal con-
version for this transition is not expected to account for
the difference in the intensities of the 159- and 579-keV y
rays. The fact that the high-spin isomer of 'Y popu-
lates the 67 and 4% states of '92Zr strongly suggests that
the spin of the isomer is too high for direct 8~ feeding of
the 0" ground state of '2Zr.

With the assumption of no B~ feeding of the '%Zr
ground state by the high-spin '°2Y isomer, it is possible to
deduce B~ feedings for the levels shown in Fig. 4(b). The
logft values could also be deduced, using the estimated??
B~ -decay Q value of 11.0(5) MeV and the half-life!” of
0.36(4) s. However, this procedure is not warranted for
the following reason. The ratio of the y strengths ob-
served at JOSEF for the decays of 1°2Y and °2Zr should
be the same as the ratio of their fission yields. The ob-
served y strengths of these isobars, however, show that
only about one-third of the expected y strength of the
high-spin isomer of °2Y was observed. This suggests
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that about two-thirds of the y-ray intensity in the decay
of the high-spin '°Y isomer goes to high-lying levels that
populate the low-lying levels of Fig. 4(b) via unobserved
v cascades. The level with the largest combined (i.e.,
direct B~ plus indirect ¥ cascade) feeding is the 4™ level
at 478 keV. Its combined feeding is 32(3)% of the high-
spin isomer decays. All other levels have less than 20%
combined feeding. There is little that can be deduced
about the J7 of the high-spin '°2Y isomer. The mere fact
that a high-spin isomer exists, however, suggests a spin
difference between the two isomers of at least three. The
observed large combined feeding of the 4™ level is not un-
reasonable given the likely J™ values of 17 or 2~ for the
low-spin isomer.

IV. DISCUSSION

The new levels of interest for the structure of '“Zr are
those at 894 and 1211 keV with tentative spin-parity as-
signments of 07 and 2%, respectively. These levels,
which decay only to members of the yrast band, are re-
ferred to below as the 0;" and 2, levels. Before discuss-
ing these levels further, however, we first discuss the
yrast band in '%2Zr in order to determine whether mixing
of coexistence shapes is indicated for '?Zr as it is for
1007y, Only the four lowest members of the yrast band in
1027 are populated in the decay shown in Fig. 4(b), but
other yrast band members are known: a 8, level at 1595
keV,'>!" and a 10, level at 2352 keV.?*

The yrast-band systematics presented in Fig. 5 reveal a
smooth pattern for '°2Zr, with a linear relationship for
the kinematic moments of inertia for the known yrast-
band members. In contrast, the situation for '°Zr shows
that the lowest point deviates markedly from the linearity
of the other points. This deviation reflects the mixing of
the 0" states of the S and D bands discussed in Ref. 7.

0 | | | |
0] 0.l 02 03 04

hw (MeV)

FIG. 5. Systematics of kinematic moments of inertia
[27,/#*=(4I—2)/E,] as a function of rotational frequency
(iw=E, /2) for '®Zr and '"Zr. The open point for '°Zr was
obtained after corrections for the mixing of the shape-coexistent
0" states (Ref. 7).
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(In Ref. 7 the E2 transition between the 2; and 05" or 0;
states was assumed to be due solely to the D-band com-
ponent of these 01 states. The observed E2 strengths
then determine the band mixing and thus the unper-
turbed energies of the S and D bands.) The mixing causes
the 0" level to lie lower in energy than the 0" member of
the D band; thus, it raises the energy of the 2;" level. The
energy difference between the 2 level (assumed’ to be
pure D band) and the 0" member of the D band can be
used to “modify” the lowest point in Fig. 5. This gives
the new point which restores, to a good approximation,
the expected linearity. We note that the mixing in Ref. 7
was deduced independently of any moment of inertia sys-
tematics (but used the E2 branching from the 05 level),
which increases our confidence in drawing inferences
about mixing from curves like those in Fig. 5. Compar-
ing the “mixing-modified” '°Zr systematics with the
1027y systematics shows that no mixing correction is
needed for the yrast band in '2Zr. We further note that
the yrast bands of '°Zr and '©2Zr become nearly identical
at higher spins. The yrast band in '°2Zr appears to be
similar to the D band of !°°Zr, with both bands having
deformations of ~0.4. These two bands are also similar
in terms of their 2J,/#° values to those of '%Zr, but
differ significantly from the 2J,/#* values for '°'Zr and
1837+ as is discussed in Ref. 24.

We next consider the 894-keV 0; and 1211-keV 2
levels of '92Zr. The energy of the 0, is almost three
times higher in !°2Zr than the value of 331 keV for the
corresponding state in '°°Zr. The relevant question is as
follows: Do either of these levels resemble the S-band
levels of '°Zr, or are they members of - or y-vibrational
excitations of the deformed core? First we note that the
25 and 0; levels lie too close in energy to both be
members of a band similar to the S band of '%*Zr. The 25
and 02+ levels could both belong to the same 8 band, how-
ever, since the dynamic deformation calculation by Ku-
mar et al.?® gave a B band with an 840-keV 0% level and
a 1207-keV 27 level. This calculation also gave a ¢ band
with its 2" bandhead at 823 keV, but there is no analo-
gous 27 level observed in the present study. The calcu-
lated B and y bands both have 3 values that are nearly
identical to the ~0.4 deformation of the yrast band. Un-
fortunately, there are no lifetime data on the 05 or 2
levels that could determine whether they belong to f3- or
y-vibrational bands. We note that the 25 level has the
v-decay pattern expected for a y-vibrational 2% state if
we assume that the transition 2," —2" is pure E2, since
this gives a value of 1.42+0.20 for the ratio
B(E2,25 —2]")/B(E2,2; —0;"), in good agreement
with the Alaga rule value of 10/7. It is thus quite plausi-
ble that the level at 1211 keV is the 2 member of the y-
vibrational band. (We further note that the 2, level does
not have the y-decay pattern of a B-vibrational 2% state,
for which the analogous Alaga rule value is 5017.)

The possibility remains that the 0 level is not the
head of a 8 band but is instead the head of a band similar
to the S band of '“Zr, which has an rms deformation of
magnitude ~0.2 (instead of a value of ~0.4 expected for
a B band). The feasibility of this depends upon whether
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the 0, energy of 894 keV is reasonable for shape coex-
istence of “spherical” and deformed 0% states in '“Zr.
Calculations?™2% of 0" states for the Zr isotopes have
been made in order to determine how the energy
difference between normal 0" and intruder 0% states de-
pends upon N. The normal 0 state is assumed to have
an intact Z =40 subshell whereas the intruder 0" state
has proton particle-hole excitations across the Z=40 sub-
shell. The intruder 0% state falls below the normal 0%
state for '%Zr; thus, the normal 0" state models the
“spherical” or S-band 0% state and the intruder 07 state
models the deformed D-band 0% state. According to the
calculations of Etchegoyen, Federmann, and Vergini26
the energy difference E(0,)—E(0Og) is —0.19 MeV for
1007+ and —0.57 MeV for '%2Zr, in good agreement with
the experimental value of —0.33 for '°°Zr and the present
value of —0.89 MeV for ©2Zr. They?® conclude that the
simultaneous polarization of protons and neutrons to the
spin-orbit partner orbits (in particular 1g,,, and 1go,)
seems to play a crucial role in obtaining the rotational
bands in the Zr isotopes.

Heyde et al.?’ calculated the excitation energy for
low-lying 0" intruder states as a function of N for
major closed shells (Z=50,Z=82) and subshells
(Z=40,Z=64). For Zr, two-particle-—two-hole (2p-2h)
excitations across the Z=40 subshell separated intruder
from normal states. The intruder excitation energy, or
E(0p)—E(0Og), includes single-particle energies, pairing,
and two p-n interaction terms AE, and AE,. The
monopole p-n term AE,, for Z=40 was calculated for N
between 56 and 82 using a residual § interaction and the
quadrupole term AE, was calculated using an SU(3) ex-
pression?® for two choices of the neutron shell closure.
Figure 6 gives the results of the calculation?’ together
with experimental values for N =56-62. The excellent
agreement between experiment and the dashed curve for
deformed '%Zr and '°°Zr implies that the N=56 subshell
does not remain closed once deformation sets in at
N=60. The experimental points for *°Zr and *®Zr lie
within the hatched region, suggesting an ‘“‘intermediate”
situation for these nuclei. In other words, the energy gap
associated with the N=>56 subshell decreases with N and
is no longer significant after the onset of deformation at
N=60.
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FIG. 6. The excitation energy for the lowest 2p-2h 0" in-
truder state as a function of N. The thick, full line is the value
of A—AE, —AE, obtained for a neutron shell of 56-82. The
A value of 2.5 MeV was deduced for **Zr.?” This neutron shell
and the corresponding AE, curve shown above result from as-
suming the 2ds,, neutron subshell is intact for all values of N.
The dashed curve results when calculating AE, for a N =50-82
shell. The hatched region gives the possible range for the in-
truder 07 state for the two extremes N=156 and N=50 for the
neutron closed shell. The solid dots for N=56-62 are the ex-
perimental values. (This figure is Fig. 16 of Ref. 27 with the ex-
perimental points added.)

In conclusion, the 0" state at 894 keV could be inter-
preted either as an essentially “spherical” state?®2” or as
the bandhead of a [3-vibrational excitation of the highly
deformed core.?> In addition, the 2% state at 1211 keV
could belong either to such a 8 band or be the bandhead
of a y band. Additional experiments, involving either lo-
cation of other members of 8 and ¥y bands, or the deter-
mination of the lifetimes of these states, could remove the
ambiguity in the character of these nonyrast states.
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