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The level structure of the N =60 isotone *°Y has been studied via the decay of *Sr. y singles and
v-v coincidence measurements have resulted in 71 y transitions placed in a decay scheme with 26
levels. y-ray multiscaling measurements give a **Sr half-life of 270410 ms. Five rotational bands,
including the previously identified K =% ground-state band, have been identified in **Y. Nilsson
orbitals, with bandhead energies in keV in parentheses, associated with these five bands are %[422]
(0), 2[303] (487), 3[301] (536), + [431] (1011), and >[431] (1119). The rotational features are con-
sistent with an axially symmetric deformation in the range 0.3 to 0.4. The characteristics of these
bands and their associated y-ray transitions are discussed.

I. INTRODUCTION

Evidence for six rotational bands in four odd- 4 nuclei
in the A~100 region has been given in a previous publica-
tion.! One of these nuclei was *°Y for which a K=+
ground-state band was identified and associated with the
Nilsson orbital 3[422]. It is the purpose of this paper to
present the details of the study of the decay of *°Sr to lev-
els in °°Y. The following paper (paper II) presents calcu-
lations of the rotational band structure of *°Y.

The region of interest on the nuclide chart lies on the
neutron-rich side of the valley of stability and is bounded
by 28<Z <50 and N > 50. Stable deformations were
predicted for this region by Arseniev et al.? in 1969. The
first experimental evidence for these deformations was
found by Cheifetz et al.>* in their study of 2>2Cf fission
fragments. They observed rotational bands in even-even
nuclei with greatly enhanced B(E2) values consistent with
equilibrium deformations S in the range 0.3—0.4. There
followed extensive nuclear spectroscopic studies of the
level structure of the even-even isotopes of Sr, Zr, Mo,
and Ru, mostly from the investigation of the decay of fis-
sion products produced at ISOL (isotope separator on-
line) facilities. The results of these studies are summa-
rized in Refs. 5—7. [ values of 0.34 for °%Sr, 0.36 for
'%8r, and 0.32 for '“Zr have been deduced from B(E2)
measurements.>®

In Fig. 1 the energy systematics of the 27 state and the
E(4T)/E(2}) ratio are plotted for nuclides in the A4 ~100
region as a function of Z and N. For even-even nuclei it
is clear from the behavior of the 2] levels that a nuclear
shape transition occurs as neutrons are added beyond
N =58, and that this transition becomes extremely sharp
for Z <40. The E(47)/E(27) ratio approaches the value
of 10/3 characteristic of an axially symmetric rigid rotor
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for Sr and Zr isotopes with N >60. For the heavy even- 4
Ru and Pd isotopes, experimental evidence can be best ex-
plained if these nuclei have basically a y-unstable charac-
ter.” Further evidence for the transitional nature of the
N =60 isotones of Sr and Zr comes from the systematics
of the 03 level which is exceptionally low at N =60 but is
much higher for lower values of N.

Potential energy calculations®~!! indicate prolate mini-
ma at deformations in the range 0.3—0.4 for N > 60 and
spherical minima for N <60. The calculations in Ref. 8
also predict a tendency toward axial asymmetry in this re-.
gion. The subshell closure at N =56 is reproduced in the
calculations of Refs. 10 and 11. For the Ru and Pd iso-
topes, a successful interpretation of the shape transition
has been made within the framework of the interacting
boson model (IBM) as a SU(5) to O(6) transition.!? In the
same framework the transition in the Sr and Zr isotopes
would be characterized as SU(5) to SU(3). In a different
approach Federman and Pittel'> have proposed a micro-
scopic shell model description of the shape transition in
which deformation occurs because of the domination for
spin orbit partners (SOP) of the n-p force over the n-n and
p-p pairing force. They successfully predict the shape
transition at N =60 in calculations on the Zr and Mo iso-
topes where they are able to describe the behavior of the
07 level as a function of neutron number.

The study of the even-even nuclides in this region has
thus provided a picture of nuclear shapes that is similar
to, but more dramatic than, that found in the rare-earth
region. In the lower-Z range clear evidence is found for
stable prolate deformations and a transition boundary at
N =60, similar to the situation encountered for N =90 in
the rare earths. As Z increases toward the upper end of
the region the transition nuclei become ¥ soft and/or tri-
axial, much as they do in the heavier mass region for the
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FIG. 1. Systematics of even-even nuclei in the 4~100 re-

gion.

Pt isotopes. The main difference between the 4 ~100 and
rare-earth regions is the sharpness of the shape transition
in the 4~100 region (it occurs in a much narrower range
of Z and N) and the apparent coexistence of nearly spher-
ical and highly prolate shapes (i.e., the exceptionally low
07 levels for ?®Sr and '®Zr at N =60). The systematics of
the excited O states are summarized in Ref. 9. Both ef-
fects appear to be closely related to the N =56 neutron

subshell closure.!®!! According to Bengtsson et al.,'! the _

combination Z =38,40 and N =56 give a particularly low
shell energy for the spherical shape with the result that
the onset of deformation is much sharper for Sr and Zr.

A clear gap in the study of this region is the lack of in-
formation on single particle states in deformed nuclei with
N >60. Such information has played a crucial role in the
understanding of the rare-earth nuclei.!* When the present
experiment began there existed no published information
on Nilsson assignments for levels in deformed odd-A4 Sr,
Y, or Zr nuclei with N > 60, although Pfeiffer et al.!® re-
ported a preliminary study of the decay of *’Sr during the
course of the present work. Data were available from
direct mass measurements'® on the Rb isotopes from
which one- and two-neutron separation energies could be
extracted. A hump in these curves at N =60 is similar to
those observed in the rare-earth!” and neutron-rich Na iso-
topes.'® This behavior is associated with the shape transi-
tion in these regions. Also available were optical measure-
ments of the quadrupole moment and isotope shift for
7Rb which lead to a deformation 8=0.33," consistent
with the S values for °% 100§ 5.6

Spectroscopic studies of these nuclides must of necessi-
ty be made from experiments on beta-decaying fission
products, since the use of single-nucleon transfer reactions
(which was so effective in the rare-earth region) is impos-
sible for neutron-rich deformed nuclei in the 4~100 re-
gion. From studies of the decay of an 8.6-us isomer? in
Y and our studies of the B decay of *°Sr, we identified
the ground and first three excited states of *°Y with a

=2 rotational band based on the 5[422] Nilsson
single-particle state.! Although model dependent, the ar-
guments for these assignments were based on fundamental
characteristics of states of odd-A4 deformed nuclei which
have been well established for the rare-earth and other de-
formed regions.'* The assignments are also supported by
the discovery of rotational bands in neighboring odd- 4
nuclei with N > 60. Recently, —;—[41 1] ground state bands
have been identified in }3°Mog, and }3°Mog; (Ref. 21) and
three rotational bands, 3[422], $[303], and $[301], have
been identified in }3°Nbg, (Ref. 22).

The present paper gives details of our study of the de-
cay of °Sr. Section II presents experimental methods and
results. The decay scheme is discussed in Sec. III. The
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FIG. 2. Sample decay curves for ¢ rays following the decay
of °*Sr. The lines represent fits with a half-life of 0.27+0.01 s.
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FIG. 3. y-ray singles spectrum from the decay of a mass 99 source. Lines associated with the decay of %Sr are labeled by their en-
ergies. Known lines following other decays are labeled as follows: *’Rb (Rb), *°Y (Y), *Zr (Zr), Nb (Nb), *Rb delayed neutron (n).

Unlabeled lines are unidentified long-lived y rays.

observed rotational bands are discussed qualitatively in
Sec. IV. The following paper (paper II) presents a
particle-rotor calculation of the rotational band structure
of Y which includes the Coriolis-coupling effects and
calculated E 1, M 1, and E?2 transition probabilities.

II. EXPERIMENTAL METHODS AND RESULTS

A. Source preparation

Sources of *°Sr for this study were obtained at the
TRISTAN isotope-separator facility operating on-line to
the Brookhaven National Laboratory high-flux beam
reactor. For the present study a high-temperature Re sur-
face ionization source containing a target of 5 g of en-
riched #3°U was exposed to a neutron flux of 1.5x 10"
n/cm?s. Positive ion beams of Rb and Sr were extracted
from the source, mass separated, and deposited on a mov-

able aluminum-coated Mylar tape. A detailed description
of this ion source may be found in Ref. 23.

The use of a Re ionizing surface enhanced the produc-
tion of primary *°Sr, which dominated the activity collect-
ed. Small amounts of *’Rb were also present, and a very
small production of primary *°Y cannot be completely
ruled out. There was no evidence for cross contamination
from adjacent masses. The only y rays observed from
9Rb decay were the prominent 91-keV line and a y ray at
144 keV from °°Rb delayed neutron emission which
depopulates the 27 state in **Sr.

B. Measurements

Gamma-ray measurements were made with one Ge(Li)
and one HpGe detector placed in 180° geometry at the
point at which the beam was deposited onto the tape. A
thin plastic scintillator also viewed the deposit point with
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FIG. 4. Coincidence y-ray spectra from the decay of **Sr for gates on (a) 125- and (b) 536-keV lines, respectively. Peaks labeled
with Y in the 536-keV gate are in coincidence with a 536-keV ¥ ray following the decay of *°Y.

an acceptance solid angle of approximately 7 steradians.
Signals from this scintillator served as a beam monitor
and were also used as a f3 coincidence gate for some of the
singles spectra. Spectra thus gated were free of all back-
ground lines except Pb x rays from scattering from the
surrounding shielding and possibly the 1293-keV *!Ar
line. Enhancement of *°Sr y lines relative to those from
the ®°Y and *°Zr daughters was achieved by moving the
tape at short intervals compared to the buildup time for
Y. Sixteen B-gated y singles spectra were recorded at
—=-s intervals during each tape cycle. These multiscale
spectra were used for half-life determination and isobar
identification. A sum of the 16 spectra provided the spec-
trum from which y-ray energies and relative intensities
were determined. The first six of these spectra (Az== s)
were accumulated with the ion beam on, which permitted
observation of the growth of the lines from the different
isobars. The last nine spectra (At =% s) were accumulat-
ed while the ion beam was deflected and provided the data
from which half-lives were determined. This cycle was

repeated for a total running time of approximately 80 h.
To check the effect of 3 gating on the y-ray intensity pat-
tern, a non-f-gated ¥ singles spectrum was collected
simultaneously with the ¥ multiscale data throughout the
experiment.

The energy range covered by both the coincidence and
singles experiments was 0—3 MeV. To check for transi-
tions above this range, a beta-gated singles spectrum cov-
ering energies up to 5.5 MeV was collected for the dura-
tion of the experiment. No 7 rays associated with *°Sr de-
cay were observed above 2.5 MeV. The energy calibration
of the system was made by simultaneous measurements of
v rays from the 4 =99 decay chain and a set of standard
sources. From these data the nonlinearities of the system
were determined. Use was also made of the fact that the
energies of several lines in the *°Y and **Zr daughter de-
cay have been measured with high precision on a curved-
crystal spectrometer.’* Finally a spectrum was accumulat-
ed with the tape stationary after the source had reached
saturation in all isobars through **Nb, which occurred 15
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TABLE I. y transitions observed in *°Sr decay.
E, (keV) I, Placement (keV) Coincident y rays (keV)
63.85+0.08 8.5+0.5 599—-536 536
120.58+0.12 11.4+1.0 656—536 160,536,1195,1421,1619
125.12+0.03 100°+6 125—0 158,160,(198),340,362,462,499,531,533,
936,1047,1066,1095,1195,1276,1388,
(1421),1548,1582,1619,1805,2080,
2114,2154
158.62+0.04 10.7+0.7 283—125 125,340,533,936
160.73+0.04 4.6+0.4 817—656 120,125,169,531,536,1388,1421
169.56+0.04 3.2+0.3 656—487 125,160,487
198.47+0.20 0.7£0.2 484—283 125,158
210.05+0.20 0.8+0.1 1402—1191 125,1066,(1191)
283.68+0.13 1.0+0.2 283—0
330.30+0.11 2.4+0.3 817—487 362,487
340.81+0.12 1.3+£0.2 624—283 125,158,(283)
362.11+£0.05 3.0+0.2 487—125 125
395° <0.8 1213—-817
462.70+0.06 6.3+0.6 1119—-656 120,125,169,(487),531,536,1195
475.59+0.05 8.5+0.6 1011536 536,1264
487.31+0.05 28.5+1.8 487—0 169,330,1443,1718,(1793)
499.26+0.07 4.8+0.5 624—125 125,(1581)
531.75+0.06 18.7+1.5 656—125 125,160,462,(556),1195,(1582),1619
533.9+0.3 43+1.4 817283 125,158
536.12+0.05 87+7° 536—0 63,120,160,462,475,556,583,661,676,
(802),875,1047,1195,1264,(1619),(1622),
(1669),1703,1739,1743
556.4 +0.3 0.8+0.3 1213—656
583.43+0.05 6.0+0.4 1119-536 536,1195
589° <0.5 1213—-624
624.32+0.06 4.6+0.3 624—0 (1581)
632.32+£0.19 1.740.2 1119—487 487
657.17+£0.16 2.0+0.2 656—0
661.58+0.07 5.5+0.4 1197—-536 536,1047
676.87+0.08 2.240.2 1213536
692° <0.6 817—125
726° <1.5 1213—487
732.3 +0.3 1.5+0.2 1930—1197
740.1 £1.0 0.9+0.2 1930—1191 1191
802.7 +0.3 1.1+£0.2 1402—599 63,536
817° <0.4 817—0
875.44+0.12 3.3+0.4 1411-536 536
922.0+0.3 0.9+0.3 1930—1009
936.93+0.11 2.84+0.3 1220283 125,158
1008.00+0.20 3.1+0.6 2205—-1197 1198
1009.12+0.20 10.8+0.8 1009—-0
1041.7 +0.4 1.0+£0.3 2239—-1197
1047.35+0.08 26.1+1.8 2245—-1197 536,661,1198
1066.48+0.20 8.4+0.8 1191—125 125,210
1088° <1.0 1213—125
1095.52+0.15 3.8+0.4 1220125 125
1117.1 +0.3 4.6+0.4 2314—-1197 1198
1119° <1.0 1119—-0 ’
1191.28—0.20 3.5+0.5 1191-0 210
1195.28+0.18 6.1+1.3 2314—1119 120,125,462,531,536,583
1198.12+0.08 57 +4 1197—-0 1007,(1009),1047,1117
1213° < 1.0 1213—-0
1264.62+0.22 1.9+0.3 2276—1011 536
1276.95+0.13 4.5+0.5 1402—125 125
1388.44+0.23 3.6+0.6 2205—817 (120),125,160,487,(531)
1402.16+0.15 7.4+0.8 1402—0
1411.74+0.12 10.1+0.8 1411-0
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TABLE 1. (Continued).

E, (keV) I, Placement (keV) Coincident y rays (keV)
1421.54+0.18 3.0+0.4 2239—817 125,(160),169,536
1443.44+0.18 4.4+0.5 1930—487 (125),487
1548.8940.18 5.2+0.7 2205—656 (120),125

1581.0 +£0.4 2.3£0.3 2205—624

1582.6 +0.3 3.040.3 2239656 120,125,(531),536
1619.23+0.13 9.8+0.9 2276—656 120,125,531,536
1623.0 +0.3 2.0+£0.4 2279—656 536
1669.8 +0.3 2.9+0.7 2205—536 536
1703.28+0.18 2.9+0.3 2239—-536 536
1718.84+0.16 5.6+0.6 2205—487 487
1739.8240.15 9.5+0.8 2276—536 536
1743.6 +0.4¢ 7 +39 2279—-536

1758.14+0.17 4.6+0.4 2245487 487
1793.0 +0.4 4.4+0.9 2279487 (487)
1805.72+0.24 6.5+0.8 1930—125. 125
1930.68+0.20 9.3+0.8 1930—0

2080.38+0.20 35 £3 2205—125 125
2114.40+0.21 6.5+0.7 2239125 125
2154.6 +0.3 6.0+1.0 2279—125 125
2206.1 +0.3 4.3+0.5 2205—0

2239.28+0.20 46 +3 22390

2245.3 £0.3 2.2+0.5 2245—-0

2276.001+0.22 7.3+1.5 2276—0

2279.42+0.20 47 +£3 2279—0

?Intensities normalized to 100 for the 125-keV ¥ ray.
® No ¥ ray observed; only an upper limit on I, could be set.
“Intensity corrected for contribution from *°Y decay.

9Energy and intensity from spectrum in coincidence with 536-keV y ray. The 1743-keV y ray contains a long-lived (not **Sr) com-

ponent.

min after the start of the activity collection. This spec-
trum was used along with some absolute y intensi-
ties'>2>2% from the decay of °°Zr to estimate the ground-
state S branch in the decay of *°Sr.

Y-y coincidence events were recorded on magnetic tape
as address triplets representing the y-ray energies and
their time separation. The timing signal was derived from
a standard fast coincidence system with (amplitude and
rise time compensated) (ARC) timing and time-to-
amplitude conversion. Time resolution at FWHM was 20
ns.

C. Half-life

The half-life for the decay of **Sr was determined by
following the decay of strong and reasonably clean ¥ lines
at 63, 125, 487, 1198, 2239, and 2279 keV in the multi-
scale data. The decay curves for the 125-, 487-, and
1198-keV lines are shown Fig. 2. A weighted average for
the above six ¥ rays yields a mean half-life (with rms un-
certainty) of 270+ 10 ms. Our value is in good agreement
with the half-life of 290+40 ms measured by Koglin
et al.”’ but disagrees with an earlier value®® of 0.6+0.2 s.

D. y-ray energies, intensities, and coincidence relationships

The y-ray spectrum obtained from the sum of the mul-
tiscale data is given in Fig. 3. The spectrum is free of
background lines (except possibly the 1293-keV line from

“1Ar) because of the B-gate condition imposed on it. In
Fig. 4 y-ray spectra in coincidence with the 125- and
536-keV y rays are shown. The y energies, relative inten-
sities, placements, and coincidence relationships among
the y transitions are summarized in Table I. The uncer-
tainties associated with the energies are due to statistical
uncertainties in determining peak centroids and system
nonlinearities, while the uncertainties associated with the
relative intensities reflect uncertainties in the determina-
tion of peak areas and detector efficiencies. Comparison
of relative peak areas from this spectrum with those from
a spectrum from the same detector that was not 3 gated
indicates no measureable distortion of intensities as a re-
sult of B gating.

Determination of the characteristics of the 536-keV line
required some special consideration. The line coincides
almost exactly in energy to a transition following the de-
cay? of *°Y, but its intensity in the *’Sr-enhanced spec-
trum is nearly a factor of 10 larger relative to other *°Y
lines than the ratio reported in Ref. 25. That a portion of
the strength of this line is associated with the decay of
%Sr is confirmed by the coincidence data, in which the
536-keV y ray is found to be in coincidence with several
%Sr lines, in particular the strong 63-keV y ray. To ob-
tain a correction for the *°Y contribution, a delayed spec-
trum was taken with %°Sr absent to obtain the ratio of the
intensity of the 536- to 724-keV line in *°Y decay. The
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FIG. 5. Decay scheme for **Sr. B branchings and logf't values are shown only for those levels for which the branching >2.0%.

724-keV y ray from °°Y decay also appears cleanly in the
»Sr spectrum and can be used as a basis for correcting the
intensity of the 536-keV line. Application of this tech-
nique to the multiscale data allows a half-life associated
with the °°Sr portion of this line to be extracted. Before
the correction, a fit to the decay data for this line yielded
a half-life value of 0.37 s. After the correction, the fit
produces a half-life of 0.28+0.02 s, in agreement with
data for other strong °°Sr lines.

III. THE **Sr DECAY SCHEME

The level scheme for Y from the decay of °Sr, based
on the y-ray singles and coincidence measurements, is
shown in Fig. 5. Placements for individual y rays are in-
dicated in Table I. Information on level energies, 3 feed-
ings, and logft values is summarized in Table II. The -
branching ratios and logft values in Table II were deter-
mined from y-ray intensity balances. A Qg value of
7.90£0.15 MeV was used.”

The *Sr ground-state B feeding was determined from
our saturation spectrum assuming that only Rb and Sr ac-
tivities were present in the 4 =99 ion beam. Equilibrium
intensities of *’Sr y rays were compared with previously
determined absolute y-ray intensities within the decay
chain. A search of the literature'>?>2% produced absolute
intensities for the following y rays, grouped by parent nu-

cleus: 125.1 keV (*Sr); 121.7 and 724.2 keV (°°Y); 469.3,
545.9, and 594.1 keV (**Zr); and 137.6 keV (*’Nb). Abso-
lute intensities for the 121.7- and 594.1-keV y rays were
determined in Ref. 25 by comparing relative y intensities
and relative fission yields for mass chains 4 =99 and 91.
The rest depend upon the respective 4 =99 level schemes.
The values we deduced for S8, the *°Sr ground-state 3
feeding, for the y rays (in keV) were ~20% (121.7 and
125.1), ~45% (469.3, 545.9, and 594.1), ~32% (724.2),
and either ~27% (137.6) or ~43% (137.6). The two
values given for 137.6 depend upon the relative population
of the two *’Nb isomers following the *Zr decay.2>2¢
There are large uncertainties in each of these values of f3,.
For the sake of discussion we have chosen 30% as a rough
average of these values.

‘The B feeding and logft values given in Table II are
based on a By of 30%. Due to the uncertainty in this
number, we assign to the corresponding logft of 5.0 an
asymmetric uncertainty of +0.5 and —0.2. The upper
uncertainty reflects.the fact that the 30% value is more
likely to be high than low because of the possibility of
missing ¥ strength directly to the ground state in our de-
cay scheme. It should be noted that those conclusions in
this paper based on logf't values would not be altered even
if By were as low as 10%.

Spin and parity assignments for levels below 1.3 MeV
are based on model dependent arguments and are dis-
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FIG. 5. (Continued).

cussed in Sec. IV. The assignment of %+ to the Y

ground state' and the low logf? for the ground state 3 de-
cay from ?°Sr limits the I™ of the *’Sr ground state to 5,
2% or 7. Results from the decay of °Rb strongly sup-
port a % assignment for this level,' and we shall assume
27 in all subsequent discussion.

A striking feature of the *°Y level scheme is a cluster of
five states between 2.2 and 2.3 MeV which account for
~40% of the observed f3 feeding (~60% of 3 feeding to
excited states). The logft values for all levels above 1.9
MeV are less than 5.8, implying that the [3 transitions are
allowed. This requires that the I™ assignments of these
levels be limited to 5, + , or + . The +  choice can
be excluded for the levels at 1930, 2205, 2239, and 2279
keV, since these levels decay to the = level at 125 keV.
In addition, levels at 2205 and 2239 keV decay to +
states which also excludes a %+ assignment. The 5 as-

signment is also excluded for levels at 2245 and 2276 keV,

since we observe a ¥ decay to a 5  state which would be
M?2. The I™ for the 1402 keV level is limited to —;—+ or
%i since it decays to the -;—+ level at 125 keV. I for the
1411-keV level is limited to 5, 5, or + based on its value

for the logf¢ of 7.8.

1V. DISCUSSION

A. Rotational bands in *°Y

Five rotational bands have been identified in °°Y.
These bands are shown in Fig. 6. Below an excitation en-
ergy of 1.3 MeV, all levels except those at 599 and 1197
keV belong to the above rotational bands. Table III gives
some of the quantities that characterize the five observed
bands. In this subsection the band assignments, a simple
empirical analysis of the level energies of each band, and a
qualitative discussion of the properties of the transitions
observed from these levels is presented. A quantitative
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FIG. 6. Experimentally determined Nilsson bands and relative transition intensities for *°Y.
analysis of the level energies and transition probabilities is have the bandhead energy appear explicitly.) For

presented in the following paper, which is referred to
hereafter as paper II.

A Nilsson diagram (calculated with the usual harmonic
oscillator potential) appropriate for protons with Z ~40
and N ~60 is given in Fig. 7. For the Nilsson parameters
k in the range 0.066—0.070 and p in the range 0.52—0.55
the Nilsson diagram reproduces the experimental single-
particle energy ordering and spacing for the spherical Y
nuclei near stability. (As is discussed in paper II, the
specific choices k=0.067 and p=0.534 best reproduce
the five observed bandhead energies of *°Y.) For the de-
formation & of about 0.35, the Fermi level for Z =39
should lie nearest to the >[422] orbital. The next four or-
bitals nearest to the Fermi level are 3[303], %[301],
+[431], and $[431]. Other choices®*!! of a deformed
potential well, such as the Wood-Saxon well of Ref. 8, do
not alter the conclusion that these five Nilsson orbitals,
which we have observed in °°Y, should occur at or near
the Fermi level for Z=39 and axially symmetric defor-
mations in the range 0.3—0.4. The energy levels and deex-
citation patterns determined experimentally were thus ex-
amined and found to provide consistent evidence of rota-
tional bands built upon these Nilsson orbitals.

For an axially symmetric rotor, the level energies can be
written, in terms of the quantity J2=II+1)—K(K+1),
as

EI,K= EK,K +aJ2+bJ4
+ark[ (=) I+ KN/(I—K)N—(—)X2K)] ,

where Eg g is the bandhead energy, a is the inertial pa-
rameter #°/2.#, b is due to the rotation-vibration and
rotation-particle couplings, and a,x (the so-called signa-
ture term) is due to the rotation-particle (Coriolis) cou-
pling. (This equation is rewritten from Ref. 14 in order to

K=+, a,/a is the usual decoupling parameter. For a
nearl?r rigid rotor, b should be negative, both b and a,x (if
K=£+) should be small compared to a, and the value of K
can be determined from the level energies.'*

For the ground band of *°Y, only K== gives a good
fit to the energy levels.! For the other four bands, with
fewer levels populated in the decay of **Sr, it was assumed
that b and a,x were negligibly small in deducing the
value of a. For the K=+ band, however, a decoupling
parameter of ~ —1.0 can be inferred from the near de-
generacy of level pairs such as 3 and % The values of a
shown in Table III show a significant variation. As is
shown in paper II, these variations in a can be completely
explained in terms of Coriolis mixing of bands. The
empirical values of a in Table III should thus be regarded
as effective values obtained with the “first-order” assump-
tion of pure-K bands. ,

In Ref. 1, experimental results were given for the quan-
tity |(gx —8&gr)/Qo| for the ground-state band in 9y,
where gx is the intrinsic g factor, gg is the collective g
factor, and Q, is the intrinsic quadrupole moment.
Under the first-order assumption of a pure-K band, the
intraband transition rates depend only on this parameter.
Experimental intraband intensity ratios can be used to
deduce an effective value of |(gx —8r)/Qo|. In Ref. 1
such deduced values were compared with calculated
values. The $[422] assignment of the ground-state band
of °°Y (and the very similar band in '°'Y) is strongly sup-
ported by such a comparison.! For the other bands in
Y, however, there is insufficient intraband data to
analyze each band in this manner. In paper II, a con-
sistent quantitative explanation of all intraband and inter-
band transitions, E 1 as well as M1+ E2, is given. In the
following discussion, the observed transition patterns are
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TABLE II. Level information for *°Y.

Level energy Branching?®
(keV) (%) logft®

0 30 5.0
125.12+0.04
283.7240.05
482.3 +0.2
487.28+0.06
536.19+0.07 2.0+1.3 6.0
599.99+0.16 2.1£0.3 6.0
624.38+0.09
656.87+0.06
817.60+0.05
1009.00+0.19 1.6+£0.2 6.0
1011.76+0.06
1119.6010.05
1191.63+0.33 1.6+0.2 5.9
1197.94+0.16 4.24+0.8 5.5
1213.07+0.10
1220.65+0.10
1402.1 +0.3 2.24+0.3 5.7
1411.69+0.10 2.1+0.3 5.7
1930.7 +0.2 3.8+0.4 5.3
2205.9 +0.2 9.9+1.2 4.8
2239.39+0.16 10.0+1.2 - 4.8
2245.34+0.09 5.3+0.6 5.1
2276.11+0.12 4.610.6 5.1
2279.7 £0.3 10.6+1.3 4.8
2314.93+0.18 1.7+0.3 5.6

*Branchings < 1.5% are considered unreliable and are omitted.
The branchings listed thus sum to less than 100%.

*The logft uncertainties are due to the uncertainty in the ground
state branching (see the text) and/or unobserved y rays. We
thus judge the logft uncertainties to be ~0.3, except for the
ground state (see the text).

used to draw qualitative conclusions about the first-order
transition strengths. These conclusions are summarized
in Table III.

2[422] band. With Eg x set to zero, fitting the seven
excited states?® gives a =17.892 keV, b= —0.0047 keV,
and a,x=0.00010 keV, and the rms deviation between
experimental and fitted levels is 1.8 keV. "This band was
also fit to the energy level expression assuming K =3 and
Z. For K=+ the resulting value of a is ~25 keV, the
value of b is —0.1 keV, and the fit is quite poor. Since
the effective value of a for the lowest band of an odd- A4
nucleus is reduced from the core value due to Coriolis
coupling, the K == fit implies a core value greater than
25 keV, whereas the neighboring even-even nuclei *®Sr or
1005 have smaller values of a. For K=+~ the fit gives
a=13.6 keV. This small value of a implies a moment of
inertia that is significantly larger than the rigid moment
of inertia.

In Ref. 1, the S[422] assignment for the ground-state
band of **Y was shown to be consistent with the observed
intraband transition ratios. Experimentally deduced
values of the parameter |(gx —ggr)/Qo| were compared
with calculated values for the two K :% possibilities,
2[422] and £[303]. As is obvious from comparing the

calculated values shown in Fig. 8 (Fig. 3 of Ref. 1) with
the experimental value of this parameter, only the %[422]
choice survives this test of intraband transition intensities.
The experimental value! of this parameter is 0.27+0.03,
which implies an E2/M1 mixing ratio 8 of ~0.01 for
the low spin members of the band.

The 30% p3 branch (logft=5.0) to the ground state im-
plies a positive parity for the **Sr ground state. *°Sr is
also deformed, with a ground-state rotational band with
K=3." The experimental intraband transition ratios for
this band could not distinguish between the two Nilsson
orbital choices 3[411] and £[541]." The strong B branch
reported here for the decay of **Sr, however, provides a
clear choice of %[411]. This low logft 3 decay is dom-
inated by the Gamow-Teller transition from the lg, 2
component (in the Nilsson wave function) for the odd
pelgl‘g;)n in *Sr to the 1g,,, component for the odd proton
in ”°Y.

The ground-state logft value of ~5.0 (actually in the
range 4.8—5.5 as discussed in Sec. III) is unusually low
for a B decay that is classified, according to the dominant
Nilsson orbitals, as allowed hindered."* [In allowed
unhindered 3 decays the quantum numbers (Nn,A) do not .
change.] In the rare-earth region, logft values of ~5.5
have been deduced for two allowed hindered (bandhead-
to-bandhead) B decays in which the Nilsson orbital
v5[521] to 73[532] (Sm to 'SEu) and 72[523] to
v2[512] (*°Ho to *°Dy) of the odd nucleon is described
by an allowed hindered 3 decay.26 These two cases are
similar to the present case of v3[411] to 73[422] in that
unique-parity orbitals are involved and the asymptotic
quantum numbers n, and A both change by unity. In
terms of the spherical shell-model components, the dom-
inant-orbitals involved are 71k, and v1h, /, for the rare
earths and 7lgy,, and v1g,, for the 4 ~100 nuclei. In
these cases the Nilsson orbitals with major components of
these spherical states lie near the Fermi surfaces in both
of the odd-A4 nuclei connected by the 8 decay. The low
logft of 5.0 reported here is thus reasonable. This would
be the lowest logft yet observed for an allowed hindered 8
decay, but because of the large uncertainty in this value
we hesitate to make this claim.

2[303] band. As Fig. 6 shows, two levels (3 at 487
keV and 7 at 624 keV) are assigned to a 3[303] band.
The weak (< 1.5%) B feeding of these levels are consistent
with the 5[303] assignment. The intraband transition be-
tween these two levels is too weak to be observed in either
singles or coincidence spectra. Instead, all possible E1
transitions to the ground band are observed. As indicated
in Table III, E1 transitions dominate M1+ E2 transi-
tions, and E2 transitions are expected to dominate M1.
The reason for the latter is that the two g factors gg and
gr are expected to be nearly equal for this intrinsic
Nilsson state. Figure 8 shows the small value of
(gxk —8r)/Qo for 3[303]. The explicit inclusion of
Coriolis mixing (see paper II) does not alter the
Agy>>Ay feature of this band. This feature, which is
also indicated by the intraband transitions reported in
Ref. 22 for the 5+[303] band in !*Nb, provides a clear
distinction between the two K== bands, 5[422] and
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TABLE III. Experimental quantities characterizing the observed rotational bands in °°Y.

Nilsson Bandhead a=#/25 Pattern of y-ray
orbital energy (keV) (keV) (2K )ayx/a deexcitations
3[422] 0 17.89 6.7x10~* Apr1>>Ags
3[303] 487 ~19.6 Ag1>>AEpa>>Aa?
31301] 536 ~23.6 AP~ A1 >>Ags
+[431] 1011 ~17.8 ~—1 A1 >>Ap,Ags
31431] 1119 ~23.6 Ap1®>> At g2

2An1 << Ag; for the %[303] band implies that the effective (ggx —gr)/Qo~0.
SAg1~Ay for the %[301] band due to hindrance of this AK =1 E1 strength.
“Ag1>> A for the %[43 1] band requires a strong enhancement of this AK =0 E1 strength.

2[303]. As paper II shows, the differences in the ob-
served transition patterns for the 3[303] bands in these
two nuclei are a natural consequence of the differences in
the Fermi levels and quasiparticle energies. 3

Z[301] band. Three levels (3 at 536 keV, 3 at 656
keV, and —;—_ at 817 keV) of the -;—[301] band are observed
in the decay of **Sr. All possible types of transitions are
observed: intraband M1+ E?2, interband M 1+E?2, and
interband E 1. The intraband transitions indicate
Aar1>>Ag, and the interband E'1 transition intensities in-
dicate Ag;~Ayr;. This latter feature restricts the relative
strengths of the E1 and M1 transitions in the calcula-
tions given in paper II. The +[301] band has been identi-
fied in '*Nb (Ref. 22) and the intraband transitions also
glve a clear indication that }‘Ml >Aps.

2[43g band. Four levels, | at 1011 keV, 37 at 1009
keV, at 1192 keV, and 5 *at 1220 keV, can be as-
s1gned to a 5[431] band. Smce the % level is slightly

below the %+ level, the decoupling parameter for this
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FIG. 7. Nilsson diagram for protons for x=0.067 and

pn=0.534,

band appears to be shghtly more negative than —1.0,
which should cause the = level to lie below the = lev-
el. The fact that it does not indicates that levels in this
energy range are likely to be highly admixed. This should
be partlcularly true for =" levels, as we have postulated
three < " levels near 1.2 MeV. For bands above ~ 1 MeV,
three-quas1partlcle (or one-quasiparticle states coupled to
B or y core vibrations) bands could be expected to mix
with one-quasiparticle bands. Thus significant violations
to the simple first-order one-quasiparticle energy and in-
tensity predictions can be expected.

Except for the E1 transition from the + L+ bandhead to
the ; level at 536 keV, the members of the proposed

2 +[431] band appear to deexcite by M1 transitions to the
5[422] ground band. If these were pure-K bands, these
would be forbidden AK =2 transitions, yet they are ob-
served and no AK =1 E1 transitions are observed (except
from the & L ¥ bandhead). This deexcitation pattern can be
understood only if the AK =1 E1 transitions are hindered
and if unhindered AK=1 M1 transitions between
Coriolis-mixed components in the +[431] or 2[422]
bands are significant. The quantitative analysis of transi-
tion rates in paper II for Coriolis-mixed one-quasiparticle
states shows that this explanatlon is indeed plausible.

2[ 431 ] band. Two levels, 3 3 at 1119 keV and 3 37 at
1213 keV, are proposed for a =[431] band. This band as-
signment is more tentative than the others and is more
model dependent. According to the Nilsson diagram, the

2[431] bandhead should occur at an excitation energy
close to that for the +[431] bandhead. The comments
made above, concerning possible admixtures of bands
based on either three-quasiparticle or 0ne—quas1partlcle
states coupled to core vibrations, apply to the 3[431] as
well as the 5[431] band.

The two levels of this band have a deexcitation pattern
of AK=0 E1 transitions dominating (unobserved) M1
transitions. ThlS lmphes an enhancement of the E1
strength for 5[431] to 2[301] transitions which is large
enough to dominate the AK=1 M1 transitions. The
latter transmon strength if approximated from the pure-
K band 5[431] to $[422] single-particle M1 strength®
(the interband equivalent of the parameter ggx—gg)
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I |

FIG. 8. Calculated values of (gx —gr)/Qo for two of the
K= % Nilsson proton orbitals. gr~Z/A4=0.39,
g’ =ggffective sgfree and Q0 =9.28(1+0.168) for Y. B and the
Nilsson  deformation parameter & are related by
B=%5(m/5)%8(1+ 16+ 58%+ -+ - ).

should not be significantly hindered. As is shown by the
one-quasiparticle calculations given in paper II, the deex-
citation pattern for this proposed band cannot be repro-
duced by one-quasiparticle calculations, but requires a
strong enhancement of the E1 strength. Designation of
this band as 3 2[431] is thus more tentative than the other
band assignments.

In a review of E1 strengths,®! the general trend is for
AK=£0 E1 transitions to be more hindered than AK =0
E1 transitions. This general tendency appears to occur
for E1 transitions in °°Y, as they are dominant for the
two AK =0 cases but not dominant for the two AK =1
cases.

B. Other levels in Y

599-keV level. The level at 599 keV is the only level
below 1.2 MeV not associated with a one-quasiparticle ro-
tational band. Only one transition (63 keV to the 3~ lev-
el at 536 keV) deexcites this level and only one transition
(802 keV from the level at 1402 keV) is observed to popu-
late it. (A level at an energy of 620 keV in '*Nb was re-
ported in Ref. 22 as the only level below ~0.7 MeV not
associated with one of the three rotational bands identi-
- fied in '©®Nb.) In the neighboring even-even nuclei **Sr
and '%Zr, exceptionally low-lying O states have been ob-
served. These O states have been attributed to shape
coexistence in these N =60 nuclei, with nearly spherical
states coexisting with well-deformed rotational states.’>33
Since the energy difference of ~0.8 MeV between the
599- and 1402-keV states in *°Y is similar to the 27 ener-
gy of ~0.8 MeV in the spherical Sr nuclei, it is. interest-
ing to speculate that the states in °°Y at 599 and 1402 keV
may be associated with a spherical shape in this N =60
nucleus.
1197-keV level. Other than the ground state, the 1197-
keV level is the only one below 1.9 MeV with significant 3

feeding. The low logft of 5.5 for this level indicates an
allf_)wed B transition, hence the spin-parity choices are
T 23 % . Of these, the most likely spin choice is
%+. The strong y-ray transmon to the ground state
would be expected for a 5 " state at 1197 keV if it has a
significant component of a particle-vibration wave func-
tion corresponding to 3[422] coupled to the 0% first 8 vi-
bration. (As stated earlier, the %[431] band could contain
an appreciable fraction of 3[422] coupled to the 2+ first
y vibration.) With 7+ states at 1191, 1197, and 1213
keV, mixing would be expected. If the 1197 keV level
consists mainly of 3[422] coupled to the first 8 vibration,
then, in order to explain the low logft, one of the three-
quasiparticle states comprising its wave function should
be such that an allowed unhindered [ transition can
occur.'

Levels around 2.2 MeV. A possible interpretation of
these low logft levels is a three-quasiparticle state in *°Y
that could be fed by an allowed unhindered B transition
from the v3[411] ground state of the deformed N =61
parent nucleus *°Sr. Likely three-quasiparticle configura-
tions are

{r5[422],v3[411],(v2[422])~ 1},

with =+, 3, and Z. The allowed unhindered Gamow-
Teller 8 transition v5[422]—73[422] would explain the
low logft values. (The orbital v+[411] lies below the Fer-
mi level in *°Sr, hence it is nearly fully occupied by two
neutrons.) Unhindered single-particle M1 transitions
v3[411]—v3[422] would explain the strong y-ray tran-
sitions to members of the 73[422] ground-state band.
Alternatively, these levels may involve 3 and y vibra-
tions coupled to the 5[422] ground state. It is intriguing
to note in this vein that the cluster of five levels is located
at about twice the energy of the 1197-keV level. If the
levels around 2.2 MeV contain admixtures of >[422] cou-
pled to the 0" second B vibration, then the y-ray strength
to the 1197-keV level would consist of a ‘“‘one-phonon
transition” to the first-3 vibrational component of the
latter level. The level at 2245 keV, which has 80% of its
y-ray strength to the 1197-keV level, would have most of
the second-f8 vibration in its composite wave function.
The signature of the other levels around 2.2 MeV is not as
simple, hence it is unclear whether a three-quasiparticle or
vibrational coupling interpretation is preferable.
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