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The decay of ' Sr (193 ms) to the low-spin ' Y isomer (735 ms) was studied from mass-
separated activity produced in thermal neutron Assion of "'U. y singles and y-y coincidence mea-
surements resulted in the placement of 67 y transitions in a decay scheme with 26 levels below 2
Mev. The multipolarities of low-energy transitions were determined from internal conversion elec-
tron measurements. Logft values were deduced using an absolute y-ray intensity determination
for the A =100 decay chain. The 1+ levels in ' Y at 10.70 and 974.61 keV each receive -40% of
the P feeding from ' Sr. A K =1+ rotational band (with 1+, 2+, and 3+ levels at 10.70, 76.15,
and 172.03 keV) is proposed which can be characterized as a nearly "pairing-free" band. Other
levels in ' Y are discussed in terms of two-quasiparticle Nilsson orbitals.

I. INTRODUCTION

Neutron-rich nuclei with Z =40 and A = 100
comprise a new region of deformation. Many of the
properties of A =100 nuclei have been revealed during
the last decade, primarily by means of studies done at
ISOL (isotope separator on-line) facilities. Recent re-
views of these properties (Refs. 1 —4 and the references
therein) describe characteristics of odd-odd and odd-A
nuclei as well as the more completely studied even-even
nuclei. BrieAy, this region of nuclei exhibits three
unusual characteristics: (1) an extremely abrupt onset of
deformation at N =60, (2) coexistence of nearly spherical
and highly deformed shapes near N =60, and (3) rota-
tional moments of inertia for deformed bands in odd-odd
nuclei that are nearly equal to the rigid value.

Information about single-particle Nilsson states, de-
duced from the rotational bands observed in deformed
odd- A nuclei, ' strongly supports the microscopic ex-
planation of Federman and Pit tel for the unusual
features of A =100 nuclei. They argued that strong at-
tractive neutron-proton interactions between g7/p neu-
tron and g9/p proton spin-orbit partners are the underly-
ing cause of the unusual characteristics. The require-
ment that spin-orbit partner orbitals lie near the Fermi
surface both before and after the onset of deformation is
satisfied since the onset occurs for Z =40 and X-60.
For these nucleon numbers the Nilsson states n.—,'[422]
for odd-Z and v —', [411] for odd-N, which are deformed
"partner" orbitals, have been identified as low-lying
bandheads in odd- A deformed nuclei. '

Odd-odd nuclei such as Y and Nb in the A =100 re-
gion with X)60 are expected to be quite deformed, par-
ticularly for two-quasiparticle states with a —,'[422] pro-

ton coupled to a —,'[411] neutron. ' A E = 1+ band
formed from such a neutron-proton coupling should be
strongly fed in the P decay of the 0+ even-even parent
nucleus. In Ref. 4 we presented preliminary data on the
deformed odd-odd ' ' Y and ' ' Nb nuclei and pro-
posed that four K =1+ bands (one in each nucleus) are
nearly "pairing-free" bands. In Ref. 3 we presented the
decay scheme for the decay of ' Sr to ' Y and summa-
rized the changes in the structure of Y nuclei around
N =60. In the present paper we present our detailed de-
cay scheme for the decay of ' Sr and compare it with
previous information on the decay of ' Sr. The
present ' Sr decay scheme establishes, via logft assign-
ments that could not be made from our preliminary
data, the K = 1+ bandhead in ' Y. Possible two-
quasiparticle assignments of other levels in ' Y are also
discussed.

II. EXPERIMENTAL METHODS AND RESULTS

A. Source preparation

Mass-separated ' Sr sources were produced at the
TRISTAN mass separator facility on-line to the high
Aux beam reactor at Brookhaven National Laboratory.
Beams of A = 100 ions were obtained from a high-
temperature Re surface ionization source containing a
target of 5 g of enriched U which was exposed to a
thermal neutron Aux of 3X10' n/cm s (Ref. 10). At the
ion source temperatures employed, Sr was the dominant
component of the A = 100 ion beam and only trace
amounts of Rb were present. As was discussed in our
study of the decay of ' Y, we were able to set an upper
limit of 1% on the amount of primary Y in the beam.
The mass-separated A =100 ion beam was deposited on
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a movable aluminum-coated Mylar tape. There was no
evidence for cross contamination from adjacent masses.

10

B. Half-life of ' Sr

The f3-decay half-lives of ' Sr and ' Y were deter-
mined by following the decay of intense y rays using a
Ge(Li) detector. The results of these measurements, in-
cluding sample decay curves for both ' Sr and ' Y,
were reported in Ref. 3. The half-life we obtained for

Sr was 193+4 ms, where 4 ms is the rms uncertainty
for several y rays in the decay of ' Sr. Our result is
slightly smaller than the values 214+8 ms (based on y
rays) and 201+4 ms (based on delayed neutrons).
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C. Internal conversion electron measurements

Spectra were obtained using a Si(Li) detector of 200
mm area, 3 mm depletion depth, and 1.6-keV resolution
(FWHM) for 624-keV electrons. The Si(Li) detector, a
HpGe detector, and a thin plastic scintillator viewed the
activity that was deposited on an aluminized Mylar tape.
The measurement point was 15 cm from the ion beam
deposit point. Spectra were taken simultaneously in the
Si(Li) and HpGe detectors when a coincident /1 signal in
the plastic scintillator was present. Such /3-gated spectra
were free of all background activity. Both the HpGe
and Si(Li) detectors were calibrated for absolute
efficiency using standard sources. [Although the
efficiency of the Si(Li) detector was determined primarily
for electrons, it was also deduced for low-energy pho-
tons. ] As on-line checks, K and L conversion electron
intensities and the corresponding y intensities for pure
E2 transitions in even-even 3 =100 nuclei yielded con-
version coefficients in excellent agreement with theoreti-
cal values. " Results of our conversion electron mea-
surements for the ' Y decay were reported in Ref. 3.

Since the data accumulation point was 15 cm away
from the ion beam deposit point, decay during the tran-
sit of activity from the deposit point caused the 0.19-s

Sr activity to be relatively weak in comparison to the
longer-lived activities of ' Y, ' Zr, ' Nb, etc. The
lower part of Fig. 1 shows a Si(Li) spectrum obtained
under these conditions. The upper part of Fig. 1 shows
a y spectrum obtained at the point of deposit of the ion
beam using a high-resolution planar HpGe detector. In
this HpGe spectrum the 0.19-s ' Sr y rays are
enhanced. Since the intense 65-keV transition is the
only ' Sr transition cleanly resolved from other peaks in
the Si(Li) spectrum, we were able to obtain E and L con-
version coefficients only for this ' Sr transition. The
values we obtained were az ——0.53+0.05 and
aL ——0.064+0.010. Theoretical values" for multipolari-
ties El, Ml, and E2 are, respectively, 0.325, 0.535, and
3.92 for az and 0.0363, 0.0622, and 0.920 for o.'L. The
weak 66.0-keV y ray (discussed in Sec. II D) does not
aAect the Ml multipolarity deduced for the 65.5-keV y
ray since the 66.0-keV y ray is only 1.6% of the 65-keV
doublet intensity. The experimental az and o.L values
are inconsistent with the possibility of El for the 65.5-
keV y ray and E2 for the 66.0-keV y ray. The experi-
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FIG. 1. Upper part: high-resolution y-ray spectrum taken
with a small planar HpGe detector with ' Sr peaks labeled
only by their energy. Lower part: electron spectrum taken
with a Si(Lij detector with K and L +M conversion electrons
and y' rays labeled for the four most intense 3 =100 transi-
tions.

mental values can be explained only with a choice of Ml
for the 65.5-keV y ray. (The experimental uncertainties
are too large, however, to permit determination of the
multipolarity of the weak 66.0-keV y ray, for which E2
cannot be ruled out. ) Thus our experimental values indi-
cate essentially pure Ml multipolarity for the 65.5-keV
transition, although we cannot exclude a small E2 ad-
mixture.

D. Determination of y-ray energy, intensity,
and coincidence relationships

Several y singles and y-y coincidence measurements
were made for mass-separated 3 = 100 nuclei. Both
types of spectra were taken with time cycles (i.e. , beam
deposit time and data accumulation time) chosen to
enhance either the 0.19-s ' Sr or the 0.74-s ' Y activity.
Both singles and P-gated singles spectra were obtained
with several Ge detectors. The various runs used for
enhancement of ' Y were discussed in our report on
the decay of ' Y. All y-y coincidence measurements
for ' Sr were done at the point where the 3 =100 ion
beam was deposited on an aluminized Mylar tape (parent
port) with two Ge detectors in 180' geometry. At the
parent port a thin plastic scintillator provided the /3-

coincidence gate signal for /3-gated spectra. These P-
gated spectra were free of background y rays. Compar-
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ing P-gated and ungated singles spectra showed that
there were no distortions in y-ray intensities due to the
P gate.

Figure 2 shows a y-ray spectrum with the ' Sr activi-
ty enhanced. This P-gated spectrum was obtained dur-
ing the first 0.25 seconds of an 8-s gamma multiscale
(GMS) cycle that consisted of 32 time-sequential f3-gated
spectra, each of 0.25-s duration. The first 16 spectra
were taken while the ion beam was being deposited and
the second 16 with the beam deflected. Consequently,
the 0.19-s ' Sr y rays are enhanced in Fig. 2 relative to
the longer-lived members of the 3 =100 decay chain.
The more intense ' Sr y rays were distinguished from y
rays belonging to other 3 =100 nuclei and their ener-
gies and intensities determined from these GMS spectra.

The upper part of Fig. 1 shows the low-energy portion
of a spectrum obtained with a small planar HpGe detec-
tor. The 10.68-keV y ray was cleanly resolved from all
x rays. In particular, due to the good resolution (0.47
keV FWHM at 10 keV), an upper limit of 1% (of the
10.68-keV intensity) could be set on the 9.88-keV Ge
"escape peak" x rays. The GMS data (consisting of nine
spectra, each of O. l-s duration) showed that the 10.68-
keV y ray decayed at the same rate as the ' Sr y rays
and ' Y K x rays. Energies and relative intensities of
the low-energy ' Sr y rays were in excellent agreement
with values obtained earlier using larger-volume Ge
detectors.

Absolute y-ray intensities were determined using an
equilibrium A =100 Ge spectrum and assuming only
ions of Rb and Sr were present in the A =100 beam. A
saturation spectrum was obtained in which Sr, Y, and Zr
activities were in equilibrium with the ion-beam deposi-
tion rate. Details of this run are given in Ref. 3.
Briefly, by comparing ' Y rays to ' Zr y rays whose
absolute intensities have been published, we determined
that there is no P feeding to the ground state of ' Zr in
the decay of the low-spin isomer of ' Y (Ref. 3). The
same saturation spectrum was used in the present study
to determine absolute intensities of ' Sr y rays.

Figure 3 shows the low-energy portions of four y-y
coincidence spectra. These spectra, which are selected
to illustrate the existence of a 95.9-keV doublet in the

Sr decay, are discussed in Sec. III ~ In order to estab-
lish the ' Sr decay scheme, it was necessary to deter-
mine energies and relative intensities of coincident y
rays in several selected gates because, in the GMS spec-
tra, many ' Sr y rays were either not resolved from oth-
er transitions in the 3 =100 decay chain or were so
weak that they could only be observed in coincidence
spectra.

Compton-scattered peaks, such as those in Fig. 3 la-
beled 212 CS (for a 212-keV Compton-scattered y ray),
can occur in y-y coincidence spectra. In a coincidence
spectrum for a y-ray gate of energy E~, CS peaks are ob-
served when an intense y ray of energy E~ is Compton
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FIG. 2. y-ray spectrum with enhanced ' Sr activity. Selected ' Sr peaks are labeled by energy and other A =100 peaks are la-

beled by their element symbol Y, Zr, Nb.
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FIG. 3. Low-energy portions of coincidence spectra for four
gates with ' Sr y rays labeled by energy. The bipolar peaks in

the 65-, 88-, and 95-keV gates, due to Compton-scattered pho-
tons from the intense 212.6-keV y ray in ' Y, are discussed in
Sec. II D.

three detectors: a small planar HpGe, a moderate-size
HpGe& and a large Ge(Li). For y rays above 200 keV,
only the latter two detectors were used. Due to the
close detector geometry, the effects of single-detector
coincidence summing were not negligible, requiring
corrections to be made for both summing-in and
summing-out effects. Such summing corrections were
negligible only for the Si(Li) and small planar HpGe
detectors.

Several transitions listed in Table I were established
by analysis of selected coincidence spectra. Once the
placement of each component of the unresolved doublets
at 65, 95, and 299 keV had been deduced via its y-y
coincidence relationships, accurate energies and intensi-
ties were found by fitting the peaks in the appropriate
coincidence spectra. The energy and relative intensity of
the 66.0-keV transition were determined from three
gates: 299, 309, and 484 keV. Analysis of singles and
coincidence spectra showed the 66.0-keV component to
have (1.6+0.2)% and the 65.5-keV component to have
(98.4+0.7)% of the intensity of the 65-keV doublet.
(For this reason the 66.0-keV component does not affect
the Ml multipolarity deduced for the 65.5-keV transi-
tion. ) For the 299-keV doublet, the 466- and 518-keV
gates determined the 299.0-keV component and the 65-
and 484-keV gates determined the 299.7-keV component,
In all cases there was excellent agreement between the
results for a given y ray from the different gates. As
Table I reveals, however, both y rays in the 95.9-keV
doublet have, within experimental uncertainties, the
same energy. This explains why the 95-keV peak does
not appear to be a doublet in the high-resolution HpGe
spectrum of Fig. 1.

scattered from one detector into another, leaving energy
E~ in the gated detector and energy E~ —Eg in the other
detector. In a difference spectrum (i.e. , peak minus
background), they appear as "bipolar" peaks. In Fig. 3,
the 88- and 95-keV gated spectra show bipolar peaks
with energies of = 125 and = 117 keV, respectively.
(Since the same background gate was used for both
peak gates, the negative parts of both bipolar peaks
occur at =121 keV. ) The likelihood of observing such
bipolar peaks for any y ray can be predicted from the
relative intensities of the true y rays and the probability
of Compton scattering. In the 88- and 95-keV gates the
CS peaks are relatively large since their energies are
close to the 116.0-keV energy for the Compton back-
scattering (180') of a 212.6-keV y ray. As is discussed in
Sec. III B, such CS peaks may not have been recognized
as such in a previous ' Sr decay study.

Table I gives energies, intensities, level placernents,
and coincidence relationships of y transitions in the

Sr decay. Energy uncertainties are due to statistical
factors and system nonlinearities. Uncertainties in y-ray
intensities are due to statistical factors and uncertainties
in the photopeak e%ciency curves for the detectors used.
Values for the 10.7-keV y ray came from the small pla-
nar HpGe detector. For other y rays below 200 keV,
the values listed are weighted averages of spectra from

III. DECAY SCHEME FOR ' Sr

The level scheme for ' Y from the decay of ' Sr is
shown in Fig. 4. It is based on y-ray singles and coin-
cidence measurements. Placements of individual y rays
are given in Table I. The P branching ratios and logft
values were determined from transition intensity bal-
ances. A Q~ value of 7090+150 keV, reported by
Pahlmann et al. , was used. The multipolarities of the
intense transitions at 10.7 and 65.5 keV were found ex-
perimentally to be El and Ml, respectively, as indicated
in Fig. 4. Our conversion electron measurement (dis-
cussed in Sec. II C) showed that the 65.5-keV transition
was essentially pure Ml. The El multipolarity of the
10.7-keV transition was deduced as explained in the fol-
lowing.

At 10.7 keV, the total conversion coefficients for Y are
8.71, 15.77, and 6171 for E1, Ml, and E2, respectively. "
The transition's multipolarity thus strongly affects the
total branching (13, y, and e ) to the ground state of

Y. Using our decay scheme and absolute y-ray inten-
sities, the total branching to the ' Y ground state due to
y rays and conversion electrons is 103+4 per 100 decays
of ' Sr with El multipolarity for the 10.7-keV transi-
tion. A choice of Ml multipolarity, however, leads to
the impossible value of 173+7 per 100 decays of ' Sr.
Any multipolarity for the 10.7-keV y ray other than El
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E~ (keV)

TABLE I. y transitions observed in decay of ' Sr.

Placement (keV) Coincident y rays (keV)"

10.68 (3)
65.46 (3)

66.0 (6)'
88.SO (3)

95.91 (4)

95.94 (4)

99.20 (3)

107.43 (11)

114.86 (5)
127.65 (11)'
181.17 (3)

195.01 (3)

204. 11 (8)
233.77 (4)
240.64 (8)
256.63 (4)
276.90 (6)
285.11 (8)
288.7 (3)'
299.03 (5)'

299.70 (6)'

309.68 (6)

311.62 ( 19)'
365.31 (4)

376.96 (7)

384.55 (14)
407.43 (8)
466.46 (6)

473.33 (15)
484.77 (8)

505.09 (8)'
518.67 (6)

526.72 (8)'
539.64 (8)
550.45 (19)'
S62.08 (18)'
564.56 (7)'
581.26 (6)
602.95 (9)

44 (4)
69 (5)

1.11 (15)
6.4 (3)

3.68 (25)

3.13 (16)

5.75 (25)

0.48 (7)

0.88 (6)
0.13 (2)
2.46 (12)

1S.9 (7)

0.26 (4)
1.84 (10)
0.77 (7)
2.01 (10)
0.94 (9)
0.39 (6)
0.04 (1)
5.6 (4)

1.10 (7)

3.75 (22)

0.28 (6)
3.22 (17)

1.58 (1 1)

0.42 (7)
0.52 (6)
2.61 (17)

0.80 (12)
1.41 (12)

1.04 (9)
3.07 (17)

0.36 (6)
0.71 (9)
0.33 (6)
0.13 (3)
0.96 (7)
1.65 (10)
2.00 (17)

10.70
76.15

376.04
99.16

194.98

172.03

99.16

483.57

309.86
483.57
376.04

194.98

376.04
309.86

1389.97
355.75
376.04

1146.33
483.57
309.86

376.04

309.86

483.57
376.04

860.60

483.57
483.57
776.25

849.47
860.60

860.60
1379.17

698.71
849.47
860.60
734.03

1340.73
776.25

1379.17

0
10.70

309.86
10.70

99.16

76.15

376.04

194.98
355.75
194.98

172.03
76.15

1149.40
99.16
99.16

861.19
194.98
10.70

76.15

172.03
10.70

483.57

99.16
76.15

309.86

376.04
376.04

355.75
860.60

172.03
309.86
309.99
172.03
776.25
194.98
776.25

95,(107),(204),233,240,299.7,
(311),376,407,466,(518),(S26),
(562),622, (655),657,(873),898,
969,1069,1073,(1240),1302,
1313,1623
299.309,484, (518),964, 1003
95,181,256,276,(376),384,505,
518,762,875,(964),(1241),1280
88,99,(107),181,(288),518,564,
581,(602),665,(1069),(1183)
65,204,311,(376),526, 562,655,
873,(1240)
95,181,256,276,(376),384,505,
518,762,875,(964),(1241),1280
(65),(95),(181),(299),365,376,
(518)
195,466,(550),602,(964),1069
256
88,95,99,(107),195,473,484,
(518),964, 1003
114,181,288,(473),(466),484,
5 18,564,581,602,633,665,951,
964, 1003,1069,1183
(65),95
65,466,518,539,564,602, 1069
65
88,99,127,(376),505,5 18
88,99,473,484, (518),964, 1003
762
(95),195
66,(107),(376),466,484, 518,
539,(550),564,602, (964),1069
65

66,(376),466,(484),5 18,539,
(550),564,602, (964),1069
(65),95
107,(376),473,484, (5 18),964,
1003
65,(88),(95),(99),107,(256),
(299),(309),(365),384,407, 5 18
88,99,376,518
65,376,518
65, 114,(195),233,299,309,564,
602
181,(195),276,365
66, 181,195,276,299,(309),365,
518
88,99,256,518
(66),88,9S,99,(107),(181),195,
233,256,(276),299,309,(365),
376,384,407,484,505,(550),665
(65),95
233,299,309
(114),(299),(309),(518)
(65),95
95,195,233,299,309,466,581
95,195,564,602
(95),1 14,195,233,299,309,466,
581
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TABLE I. ( Continued ).

E,, (keV) Placement (keV) Coincident y rays (keV)

622.47 (11)'
633.04 (10)'
655.87 (11)'
657.84 (9)
665.45 (8)'
723 ~ 33 (6)
762.06 (6)
861.02 (11)
873.90 (14)'
875.45 (11)
898.50 (4)
951.46 (16)'
963.85 (4)
964.57 (8)'

969.02 (21)'
1003.04 (11)
1069.24 (6)
1073.31 (8)
1183.90 (17)'
1240.12 (14)
1241.66 (19)'
1280.08 (17)
1302.89 (16)d
1313.70 (10)
1379.25 (15)
1401.2 (4)
1623.78 ( 10)
1689.61 (25)

0.78 (9)
0.39 (4)
0.44 (7)
1.01 (10)
0.92 (9)
3.4 (3)
2.9 (3)
1.81 (20)
0.44 (9)
1.56 (17)

86 (4)
0.38 (6)

100 (4)
3.2 (3)

0.26 (6)
1.15 (22)
2.97 (22)
2.04 (12)
0.36 (10)
1.54 (16)
0.87 (15)
0.71 (17)
0.54 (7)
1.25 (9)
1.88 (22)
0.77 (20)
2.12 (13)
0.57 (16)

698.71
827.97
827.97
734.03
860.60
734.03
861.19
861.19

1045.70
974.61
974.61

1146.33
974.61

1340.73

1045.70
1379.17
1379.17
1149.40
1379.17
1412.12
1340.73
1379.17
1379.17
1389.97
1379.17
1412.12
1700.00
1700.00

76.15
194.98
172.03
76.15

194.98
10.70
99.16
0

172.03
99.16
76.15

194.98
10,70

376.04

76.15
376.04
309.86
76.15

194.98
172.03
99.16
99.16
76.15
76.15
0

10.70
76.15
10.70

65
195
(65),95
65
95,195,518

88,99,285

(65),95
88,99
65
195

66,(88),(99),(1 14),181,195,
276,(299),(309),365
65
66, 181,195,276,365
65,(95),114,195,233,299,309
65
(95),195
{65),'(95)

(88),(99)
88,99
65
65

65

'These relative intensities can be converted into absolute intensities per 100 decays of ' Sr by multiplying by 0.22+0.01.
Energies in parentheses indicate coincidences classified as possible; all others are classified as definite. For gates set on the dou-

blets at 65, 95, 299, 964, and 1240 keV, the partitioning of coincidences indicated in this column was determined by resolved y-ray
singlets.
'E~ and I~ determined from y-y coincidence spectra. These y rays were not gated unless they are one of the gated doublets listed
in footnote b above.
E~ and I~ determined from an average of singles and coincidence spectra.

is inconsistent with the absolute y-ray intensities. We
thus conclude that the 10.7-keV transition is E1 and that
p branching to the ' Y ground state is zero (i.e., —3+4
per 100 decays).

Beta branchings and logft values are shown in Fig. 4
for the four levels whose f3 branches exceed 2%, within
the experimental uncertainties of the y-ray (plus conver-
sion electron) intensity balances. The levels at 10.7 and
974 keV have large P branches and correspondingly low
logft values. For the other two levels the deduced p in-
tensities could decrease (and the logfr values thus in-
crease) significantly due to the cumulative effects of
unobserved high-energy y rays feeding these levels. For
this reason, we are hesitant to assert that these levels are
fed by allowed P transitions even though their logft
values indicate that they appear to be allowed. ' The
two levels with I~ values &40%%uo, however, have too
much P feeding to be affected in a significant way by
unobserved y rays. Their designation as 1+ levels, based

on their very low logft values, ' is thus definite. The
76-keV level has both a large depopulation intensity (by
the Ml 65.5-keV transition) and a large population from
above by y rays, resulting in a net intensity that is zero,
within the rather large experimental uncertainty of —3
per 100 decays of ' Sr. The experimentally deduced P
branching to this level is taken to be zero, as is the de-
duced p branching to the ground state, although weak p
branches of a few percent cannot be excluded in either
case.

Reeder et al. determined that ' Sr has a p-delayed
neutron emission probability of 0.75+0.08 per 100 de-
cays of ' Sr. From our y spectra, we do not observe
any of the y rays from the decay of Sr (Ref. 13); thus
there is no evidence for P-delayed neutron branching to
any excited state in Y. However, it was not possible to
place a limit lower than 0.3 per 100 decays of ' Sr on a
y ray at 125.1 keV (from the first-excited state of Y)
from the y-ray spectra. The presence of other y rays
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FIG. 4. Level scheme for ' Y from the P decay of 0.19-s ' Sr. To obtain y-ray intensities per 100 decays of ' Sr, multiply by
0.22.

near 125 keV, such as the intense ' Y y ray at 118 keV,
determined the lower limit of 0.3.

A. Placement of 10.7-, 65.5-, and 95.9-keV

y rays in the ' Y level scheme

The three transitions of energy 10.7, 65.5, and 95.9
keV played key roles in the determination of the ' Sr
decay scheme. Arguments for the placements of these y
rays are discussed in the following.

The 10.7-keV transition. Our y-y coincidence data re-
vealed two pairs of y rays (an 88.5 and 99.2 keV pair
and a 299.0 and 309.7 keV pair) that differed in energy
by 10.7 keV. Both y rays in a pair had identical coin-
cidence spectra, indicating a 10.7-keV transition. The
placement of this transition was determined by addition-
al coincidence spectra and the establishment of levels at
195, 376, and 1379 keV. The 10.68-keV y ray was sub-
sequently observed and its large intensity determined its
placement. Including the contribution of internal con-
version (see the discussion above of conversion
coefficients at 10.7 keV), this transition is the most in-
tense one in the decay of ' Sr.

The 65.5-keV transition. The placement of the 65.5-
keV transition as depopulating a level at 76.1 keV was
deduced from the y-y coincidence data. The 309-, 376-,
and 1379-keV levels, each of which is well established by
several coincidence relationships, led to the placement of
the 65.5-keV y ray as feeding the 10.7-keV level rather
than the ground state. (It is appropriate to note here
that, due to ignorance of the 10.7-keV transition, the
65.5-keV transition was placed as feeding the ground
state in both Ref. 7 and in the preliminary level scheme
for ' Y we reported in Refs. 2 and 4.)

The 95.9-keV doublet. The recognition of a doublet at
this energy also played a key role in the deduction of the

Y level scheme. Both of the 95.9-keV transitions
shown in Table I (and Fig. 4) are established by y-y
coincidence relationships with other y rays. The coin-
cidence gate on the 95.9-keV doublet revealed all of the
coincident y rays listed in Table I for the two com-
ponents of the doublet. Since the position of each com-
ponent is established by coincidences from both above
and below, the possibility of only one 95.9-keV y ray
and a 23.0-keV transition can be eliminated. (Further-
more, Fig. 1 shows that no 23.0-keV y ray is observed. )
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FIG. 4. (Continued).

Figure 3 illustrates some of the evidence for two y
rays at 95.9 keV. The 181-keV gate shows a 95-keV
peak that has about half the intensity, compared to the
195-keV peak, as in singles. In addition, the 88- and 99-
keV peaks in this gate have a total intensity equal to that
of the 95-keV peak, as expected for the 95.9-keV com-
ponent between the levels at 195 and 99 keV. The 88-
keV gate shown in Fig. 3 allowed the intensity of this
95.9-keV y ray to be compared to other y rays feeding
the 99-keV level. (The 99-keV gate gives the same infor-
mation as the 88-keV gate and is thus not shown in Fig.
3.) The 65-keV gate shows the other component of the
95.9-keV doublet. Comparing its intensity to that of the
233.8- and 299.7-keV peaks (and also to several other
peaks not shown in the low energy range of Fig. 3)
helped to determine the intensity of this 95.9-keV y ray.
Analysis of relative intensities of peaks in the 95.9-keV
gate confirmed the placement and relative intensity of
each component of this doublet. Finally, the sum of the
intensities of the two components, as determined by

coincidence spectra, agreed well with the total intensity
observed in singles spectra.

B. Comparison with previous ' Sr decay scheme

Our decay scheme of Fig. 4 diff'ers significantly from
the decay scheme of Munzel et al. In terms of the y
rays identified as belonging to the ' Sr decay, the
present scheme has placed 67 y rays among 26 levels,
whereas 23 y rays were placed in 12 levels in Ref. 7.
The most significant di8'erences involve the two intense
low-energy y rays at 10.7 and 65.5 keV discussed above.

The lowest energy transition reported by Munzel
et al. was 65.4 keV but with a much higher intensity
than observed by us. Normalizing the intensity of their
964-keV y ray to 100, they reported a 65-keV transition
with an intensity of 145. Our spectra gave instead an in-
tensity of 69 for the 65.4-keV transition. Using the
small high-resolution planar HpGe detector, we carefully
determined its photopeak eKciency in the energy range
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10—300 keV. With the 195-keV y-ray intensity normal-
ized to 15.9, this measurement gave the 65-keV y-ray in-
tensity of 69.4. For comparison, the two larger-volume
detectors we used in our y-y coincidence experiment
gave (after summing-in and summing-out corrections
were made) an average intensity of 68.5. The Si(Li)
detector used for our electron measurements gave an in-
tensity of 70.4. Thus a11 of our spectra, from various
types of experiments using diff'erent detectors, gave the
same relative intensity for the 65.4-keV y ray.

The y-y coincidence results tabulated in Ref. 7, al-
though containing far fewer y-y coincidences, are in
essential agreement with the present work. An excep-
tion, however, concerns the six y rays that are listed in
the coincidence table of Ref. 7 at 117, 125, 174, 354,
770, and 869 keV. We found all six to be Compton-
scattered peaks rather than true ) rays. (See Sec. II D.)

With good coincidence statistics, they appeared in our
data as we11-defined bipolar peaks, as can be seen in the
88- and 95-keV gates in Fig. 3, which illustrate the false
peaks at 125 and 117 keV. Each of the six false peaks
included in the y-y coincidence table of Ref. 7 is associ-
ated with an intense y ray in the decay of ' Sr, ' Y, or

Nb whose energy exceeds the gate energy by an
amount that corresponds closely to Compton back-
scattering. In our data, we also eliminated these six false
peaks by their failure to appear in other gates that would
have confirmed the placement of a true y ray.

In Ref. 7 the extra intensity of the 65-keV y ray led to
the deduction of 1+ for the level depopulated by this y
ray. The present study shows that this level (the 76-keV
level in Fig. 4) has weak /3 feeding instead of 23% /3

feeding and a logft of 4.9 as was deduced in Ref. 7.
Therefore logft arguments cannot be used to establish aJ" value of the 76-keV level. Our proposal that this
level is 2+ is reviewed in the next section.

consistent with 1 or 2 . A J range of 1
—or 2 was

determined from the /3 and y decay patterns in ' Y de-
cay. In the present ' Sr decay study, the E1 transition
from the 10.7-keV level limits J to 0, 1, or 2
Thus, from these two ranges, only the choices 1 or 2
are possible for the ' Y ground state.

B. The "pairing-free" K = 1+ band in ' Y

The arguments which lead one to expect nearly
"pairing-free" rotational bands (with moments of inertia
nearly equal to the rigid value) for two-quasiparticle
states in odd-odd deformed nuclei in the A =100 region
have been explained in detail in Refs. 2 and 4. BrieAy,
the experimentally deduced moments of inertia, ex-
pressed as a fraction of those of a rigid spheroid of the
same mass, were found to be unusually large (-0.70 for
even-even and -0.85 for odd-3) for deformed nuclei
with 3 = 100. The increase for odd- 3 suggests
"quenching" of the residual pairing for an unpaired
quasiparticle. In odd-odd nuclei, the second unpaired
quasiparticle could further quench the pairing and result
in a rotational band with a rigid moment of inertia.
This expectation is further supported by the nearly rigid
moment of inertia deduced for a high-spin band in Y
at 1655 keV which was characterized as a three-
quasiparticle E = —", band. '

Figure 5 shows partial level schemes for four odd-odd
nuclei. (Reference 2 gives the details on ' Y and Ref. 4
gives the available information on ' '' Nb. ) Compared
to similar figures in Refs. 2 and 4, the energies of the

Y levels in Fig. 5 have been increased by 10.7 keV, A
more significant change is that both 1+ levels are now
assigned logft values. The low logft value of the 10.7-

IV. DISCUSSION

—974.6
Ooo

4.6 1 599.6

A. Ground-state P feeding in ' Sr and ' Y decays

Our experimental determination that the ' Sr /3

branch to the ground state of ' Y is essentially zero
solves a puzzle that remained after our previous study
of the decay of ' Y. In Ref. 3 we determined that the
ground-state p branch in the decay of ' Y to ' ozr was
consistent with zero, within experimental uncertainties.
At the time this fact was puzzling because we had as-
sumed that the ground state of ' Y had a J of 1+. If
such were the case, then the lack of ground-state
branching (supposedly 1+ to 0+) in the P decay of ' Y
to ' Zr could not be understood.

With the present decay scheme for ' Sr, this puzzle
no longer exists, since the 10.7-keV level is the lowest 1+
level, rather than the ground state of ' Y. The absence
of P feeding from ' Sr to the ' Y ground state is quite
consistent with the absence of P feeding from ' Y to the

Zr ground state. For the ' Y ground state, it is not
possible to assign a specific J, but both /3 decays are
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FIG. 5. Partial level schemes for odd-odd N =61 and
N =63 isotones showing the K ' = 1+ rotational bands pro-
posed earlier (Refs. 2 and 4) and revised here to correspond to
the present '" Sr decay scheme. Logft values are given to the
left of the levels. Relative y-ray intensities are given for the
upper 1+ levels.
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keV level established the 1+ assignment that was initial-
ly suggested by strong similarities in the level spacings
and the P an-d ) -decay patterns for all four odd-odd nu-
clei. ' (The assignments for ' ' Nb are less firm since
decay schemes for ' ' Zr are not complete enough to
allow deduction of logft values for the lower 1+ levels of

Nb. ) The lower 1+ levels are expected to consist
mainly of the two-quasiparticle configuration
Im —,'[422],v —,'[411]j, with the upper level being mainly

I~—,'[422], v —,'[422]j. The logft values to the 1+ levels

are consistent with Gamow-Teller transitions, and the
y-decay patterns are consistent with nonhindered M1
transitions which dominate over collective intraband E2
transitions, as the absence of 3+ to 1+ transitions
shows. '

C. Other two-quasiparticle Nilsson orbitals in ' Y

Without the experimental signature provided by a low
logft value in p decay from a 0+ parent, it is difficult to
assign unique J values to other levels in ' Y. Using
the J" assignments shown in Fig. 5 for the four positive
parity levels in ' Y, it is not possible to assign unique J
values to other levels using the normal "rule" that only
El, M1, and E2 y rays are likely to be observed. How-
ever, we can discuss the most probable choices for low-
lying levels based on knowledge of Nilsson orbitals near
the Fermi surface for neighboring odd-3 deformed nu-
clei. ' The orbitals involved are vr —', [422], m —,'[303], and
n —', [301] for protons and v —', [411],v —,'[404], v —,'[541], and
v —', [532] for neutrons. These Nilsson orbitals can be
used to predict the low-lying two-quasiparticle
configurations for odd-odd 3 =100 nuclei. Such phe-
nomenological calculations have been made for ' '' Nb
in Ref. 15 and for a "typical" medium-mass odd-odd nu-
cleus in Ref. 16.

The predictions of Refs. 15 and 16 agree with the level
ordering of Fig. 5, with K = 1+

I m
z [422],v

z [411]j
lower than K = 1+

I m —', [422],v —', [422] j by -0.5 MeV.
Below —0.3 MeV they also predict a E = 1

Im-,'[303],v—,'[411]j, a K"=2 Ivr-', [303],v —,'[404]j, and
K =3,0 I m —', [301],v —,

' [411]j. Both 0 and 3 are
ruled out experimentally for the ' Y ground state. The
2 Im.—', [303],v —',[404]j possibility is eliminated by the
E1 multipolarity of the 10.7-keV transition, since this 2
configuration cannot be reached by a single-particle E1
transition from the 1+ level at 10.7 keV. This leaves
only the 1 choice, which has a m —', [422]= & n —', [303]
El transition. Thus the combination of experiment (the
selectivity of the 10.7-keV El transition) and phenome-
nology leads to a choice of 1 for the ' Y ground state
that consists of the two-quasiparticle configuration
I 7r-,' [303],v-,'[411)j.

With the above prediction that the ' Y ground state
is a K"=1 Ivr —', [303],v —,'[411]j bandhead, the level at
99.2 keV can be evaluated as the 2 member of this
band. The y-decay pattern would then have a 99.2-keV
intraband Ml+E2 transition and an 88.5-keV interband
E1 transition. Using transition strengths from neighbor-

ing odd-3 nuclei, we predict an intraband transition that
is dominated by a neutron M1 transition, as
(gz —gz )/Qo-0 for the —', [303] proton' ' and

(gx —gz )/Qo=0. 17 for the —,'[411] neutron. ' '' With
an E1 strength that was shown to be appropriate for
~—,'[303]~n—', [422] transitions in Y and ' Nb (Ref.
17), we estimate an intensity ratio (88.5 to 99.2 keV) of
-0.44. This is in reasonable agreement with the experi-
mental intensity ratio of 1.1, considering the order-of-
magnitude "adjustments" typical for E1 strengths.
Thus, the 99.2-keV level could be the 2 member of a
tentative 1 Im.—5[303],v —,'[411]j ground-state band in

Y. This 1 band shows another similarity between
the two N =61 isotones ' Y and ' Nb, since the same
1 configuration has been associated with the lowest-
energy 1 and 2 levels (at 20.5 and 94.0 keV) proposed
for ' Nb (Ref. 15).

Other possible assignments of levels to likely
configurations can be considered. A band with a band-
head of 0 [m.—', [303],v—', [411]j has also been associated
with low-lying levels in ' Nb (Ref. 15). In ' Y, the
only low-lying levels that could be candidates (i.e., do
not decay to either the 2+ or 3+ levels) for a similar 0
bandhead are the levels at 194 and 355 keV. However,
neither of these two levels has a decay pattern similar to
that of the 0 band in ' Nb, and thus the similarity be-
tween ' Y and ' Nb does not appear to include the pro-
posed' 0 band.

The 194-keV level has a logft of 5.6, indicating that it
could be fed by allowed p decay; thus it could be either
0+ or 1+. (Due to the small deduced p feeding of =3%
and the likelihood that unobserved y rays feed the level,
there is no justification for the stronger statement that
logft =5.6 definitely shows an allowed p decay. ) The 0+
possibility would be ruled out if the 99-keV level were
2, as tentatively proposed above. If the 194-keV level
were 1+, then El ) rays to the 1 Ivr —', [303],v —,'[411]j
ground-state band should be possible, but M1 y rays to
the 1+ Ivr —', [422],v —,'[411]j band should not be possible.
This y-ray pattern would occur naturally for a 1+
I~—,'[303],v —', [541]j level at 194 keV because it would
have a neutron E1 transition but would not have any
possible single-particle M1 transitions. Such a 1 as-
signment for the 194-keV level, although reasonable
since both Nilsson orbitals are low-lying, ' must be re-
garded as tentative since the multipolarities of both the
p and y transitions involved are assumed rather than es-
tablished by experiment.

Although there are other levels that could correspond
to additional predicted' ' states, any band assignments
besides the firm E =1+ band at 10.7 keV are too specu-
lative, based on current information, to be justified. This
is especially true for any levels involving Nilsson orbitals
(in particular neutron orbitals) for which there is a lack
of experimental data on relative intraband and interband
transition strengths. When such data are available, and
when new conversion electron or y-y angular correla-
tion data are obtained for selected transitions in ' Y,
then it should be possible to extend our knowledge of
the band structure and the associated Nilsson orbitals in
100Y
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