
PHYSICAL REVIEW C VOLUME 51, NUMBER 3 MARCH 1995

Level scheme of Zr and structure of the 2V = 61 Sr, Zr, and Mo isotones
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The neutron-rich nucleus 4oZr61 has been studied at the isotope separator ISOLDE via the
P decay of Y. A detailed level scheme has been obtained from p-ray singles, p-p-t and P-p-
t coincidence measurements. The level structure of Zr is similar to that of its isotone Mo
showing that, in contrast to their Sr neighbors, the Zr isotopes do not reach maximum of deformation
immediately at its onset. This result is rather well reproduced by particle-rotor coupling calculations.
A level systematics for the deformed N = 61 isotones of 38Sr, 40Zr, and 42Mo allows the assignment
of Nilsson configurations to several rotational bands.

PACS number(s): 27.60.+j, 23.20.Lv

I. INTRODUCTION

The neutron-rich 4oZr isotopes are especially interest-
ing for nuclear-structure studies in the A 100 region. It
is well known that the onset of ground-state deformation
between neutron numbers N = 58 and N = 60 is dra-
matic when viewed in terms of the 2~ energies, dropping
from 1223 keV in ssZr to 213 keV in ~ Zr [1]. More
recent detailed spectroscopic investigations have shown
that the N = 56 nucleus Zr has a semimagic charac-
ter [2], whereas Zr exhibits shape coexistence [3,4], and

Zr is with Pz ——0.32(1) highly deformed in its ground
state [5—7]. For the N = 62 isotope ~ 2Zr [8], a further in-
crease of deformation to P~ = 0.37(2) has been obtained
from earlier lifetime measurements [9]. A systematics of
moments of inertia versus ground-state deformations was
presented briefly in [3]. It revealed a strong linear correla-
tion, apparently without mass dependence, for Zr and

Zr, as well as for their immediate neighboring 38Sr and
42Mo isotones. Accordingly, the identical bands observed
in Sr isotopes result from the insensitivity of the moments
of inertia to the addition of a few valence nucleons outside
a Sr core, in agreement with the conclusions of Mach
et al. [10],and the phenomenon of saturation of deforma-
tion in the ' ' Sr isotopes. As discussed by the
TRISTAN group [6,11,12], the closely lying 0+ states,
in both N = 60 isotones Sr and Zr, are strongly
mixed. Even in the N = 58 nucleus Zr, where the sep-
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aration between the spherical 0~ ground state and the
deformed 03 excited state is about 1.5 MeV, the large p
value [4] can only be accounted for by large mixing. The
mixing between configurations with difFerent shapes has
been shown in [6,11] to perturb transition probabilities
and level energies. In particular, the deformed 0~ ground
states are pushed down by their interaction with the 02
states. Presumably, this prevents the ground-state bands
in Sr and Sr [13] from being identical down to spin
zero.

The picture of shape coexistence presented in [4] has
shed new light on the phenomenon of deformation in the
A 100 region. With the increasing occupancy of the
+g7/2 and vh z z j2 orbitals, resulting in a larger interac-
tion with the vrggy2 orbital, a fast but steady lowering
of a strongly deformed minimum (P 0.3 —0.4) of the
potential-energy surface is observed. This minimum is at
about 1.5 MeV excitation energy in the N = 58 Sr and Zr
isotones, drops to about 0.6 MeV in the N = 59 isotones
and becomes the strongly deformed ground state of the
N = 60 isotones, below the spherical minimum at about
0.3 MeV (see, e.g. , Fig. 8 in [4]).

In contrast to the even-even nuclides, until recently de-
tailed information on odd-neutron Zr isotopes was scarce.
From decay studies at the separators OSTIS and JOSEF
[14], shape coexistence could be identified in Zrss [4].
For the nucleus Zr6q, the first odd-neutron Zr isotope
in the deformed region, the ground-state band and an ex-
cited rotational band have first been reported by Wohn
et al. [15]. These bands have recently been extended to
higher spins in a prompt fission study by Hotchkis et al.
[16]. The deformation of Zr was measured at the sep-
arator JOSEF by Ohm et al. [17]. However, their value
of P = 0.32(6) does not allow a conclusion whether de-
formation increases smoothly with neutron number up to
the neutron midshell at N = 66, or whether it saturates
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at a value comparable to that of Zr. This question is
of interest in the light of our recent data for the q8Sr iso-
topes with the same neutron numbers [13] which do show
saturation of strong ground-state deformation (P 0.40)
already at its onset at N = 60.

Thus, the present study is aimed at clarifying the ex-
perimental situation in order to provide a basis for a, still
missing, microscopic interpretation. In addition, Zr is
the link between the strongly deformed N = 61 nucleus
9sSr (P = 0.41(3) [18,19]) and its, somewhat less, de-
formed isotone Mo (P~ = 0.34(2) [20]). The detailed
knowled. ge of the Zr level scheme will thus allow a sys-
tematic study of neutron levels versus deformation in the
N = 61 Sr, Zr and Mo isotones.

II. EXPERIMENTAL SETUP AND DATA
ANALYSIS

A. Production method

The isotope i Zr was obtained as a P-decay product
of mass separated Sr at the CERN-ISOLDE facility. A
12 g/cm2 uranium-carbide target was exposed to the 600
MeV proton beam from the Synchrocyclotron. After fast
diffusion from the target, the Sr isotopes were ionized by
a surface-ionization source and mass separated. About
2000 Sr+ ions were produced per s. The ion beam was
collected on an aluminized Mylar tape, viewed by various
detectors. The tape transport made it possible to keep
the level of long-lived activities low. Collection times
of about 1 h were chosen in order to obtain saturation
activities for the short-lived daughter products in mass
chain A = 101. With this, ground-state P feedings could
be measured by the 6liation method.

B. Detector setup

The P and p decays were studied by conventional spec-
troscopic techniques. Gamma-ray singles spectra were
recorded with a Ge(HP) detector with 20% efficiency and
1.8 keV FWHM resolution at 1.33 MeV. In order to re-
duce the room background the Ge d.etector was gated
by the time signal from a thin (3 mm) plastic scintillator
triggered by P particles, with a time window of about 0.8
ps. This detector covered the energy range kom 12 keV
to 4.1 MeV. Three parameter p-p-time coincidences were
recorded with the Ge(HP) detector and a small planar Ge
detector (area 4.9 cm, thickness 1.3 cm) having a reso-
lution of 0.55 keV at 122 keV. This detector covered the
energy range from 6 keV to 810 keV. From the intensity
ratio of the K x rays to p rays in selected gates, con-
version coe%cients could be obtained by the Auorescence
method. For the determination of level lifetimes, coinci-
dences between P particles and p rays measured with the
small Ge detector were recorded as two parameter p-time
events. The time signal from the small Ge detector was
split and fed. into two constant fraction discriminators in
the way described in [21]. In this way, one branch was
optimized for high coincidence eKciency at the energy of

the x rays ( 15 keV) and the other one for timing. The
timing resolution was 5.3 ns at 122 keV.

During a period of about 40 h, a total of 1.9x10
coincidence events were recorded, mainly corresponding
to decays in the A = 101 chain. Data acquisition was
performed with the GOOSY on-line system at ISOLDE.
Coincidence events were recorded in list mode and stored
on magnetic tape for ofF-line processing.

C. Data analysis

The various coincidence events were sorted oK line in
order to build coincidence matrices. A total of 131 gates
in the energy range of 6 keV to 782 keV were set on peaks
belonging to the projection onto the small Ge detector.
These gates were used for both the analysis of the P-p-t
events for lifetime determinations and the analysis of the
p-p coincidences. Additionally, for a crosscheck of the
p-p matrix, 258 gates were set on peaks from the projec-
tion onto the large Ge detector in the 43 keV to 2693 keV
energy range. Corrections for Compton background con-
tributions were made using windows on both sides of the
peak gates, according to the procedure described in [22].
Because of the low coincidence rate of about 10 counts/s
it was not necessary to correct for random coincidences
by setting a separate gate on the time peak. Neverthe-
less, their intensities were estimated kom the peak areas
of the 276.1 keV ( Mo) or the 306.8 keV ( Ru) p lines
which were dominant in the singles spectra but showed
only very weak p-p coincidences.

Energy and eKciency calibrations were made using ac-
tivities present as P-decay products of i Sr. In partic-
ular, the recent data on the level scheme of ioiY [23]
were used in the range 79.7 keV to 2693.8 keV. Other
reference energies could be taken from the crystal spec-
trometer data on Mo [24], from the Table of Isotopes
[1] and the relevant Nuclear Data Sheets [25]. Transition
energies and intensities were deduced as average values
from the analysis of the singles spectra and of selected
gates on both detectors in the coincidence set up.

For the determination of conversion coefFicients by the
Huorescence method, the calibration of the on-line coin-
cidence eKciency is quite critical. The e%ciency in the
energy region of the x rays was measured using the 13.5
keV Ml transition in Mo [24] and K x-rays of a num-
ber of transitions whose conversions are known. These
lines consisted of the 128.3 keV transition in i iY (n~ =
0.091 was deduced from the analysis of the ground-state
band by [23]), the 43.5 keV transition in siMo (n~ =
8.7(8) [24]), the 127.2 keV line in Ru [1] and finally,
the E2 transitions of 118.6 keV ( Zr) and 159.5 keV
( Mo) [26], which are populated via P-delayed neutron
emission. Theoretical conversion coeKcients were calcu-
lated with a simple interpolation code [27].

The time spectra from the P-p coincidences were anal-
ysed by the centroid-shift method. The energy depen-
dence of the position of the prompt reference peak was
determined with a Eu standard source, recorded be-
fore and after the on-line measurement, covering a range
of p energies from 40 keV to 778 keV. The energy de-
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pendence of the prompt curve was obtained by a fit of
the centroids versus the reciprocal of the p-ray energies.
The limit of the accuracy was about 0.1 ns for p-ray en-
ergies above 120 keV. At lower energies the uncertainties
rapidly increased due to the scarcity of calibration points.
The accuracy of the prompt curve was estimated to 0.6 ns
at 66 keV, which was the lowest-energy on-line reference
point [10].

III. RESULTS

A. Level scheme

All previously reported transitions [17] could be con-
firmed. However, with increasing energy, the p-ray en-
ergies become systematically lower and their intensities
higher than quoted in the above paper. The present level
scheme includes 22 levels with 61 transitions. Most lev-
els which were previously based on a single coincidence
are now firmly established. The transitions are listed
in Table I, together with their coincident lines. Several
ground-state transitions do not show up in the p gates.
Some of them are masked by contaminants in the singles
spectra. Therefore, the determination of their intensi-
ties deserves special care. This applies in particular for
the Zr p line at 759.5 keV (+ 759.7 keV in Nb), the
doublet at 1297.7 and 1297.9 keV (+ 1297.6 keV in Y)
and for the 1529.9 keV line (+ 1530.3 keV in isiTc). In
view of the implications on the understanding of the level
scheme, the ground-state transition of 759.5 keV needs
to be discussed in some detail. The level at 759.5 keV
was established previously by the 98.2 —661.4 keV co-
incidence [17]. However, the corresponding ground-state
transition was not reported. It might have been masked
by the 759.7 keV transition in i iNb [28]. We have de-
duced its intensity in Zr after subtracting the contri-
bution Rom Nb (about 10% of the total peak area) by us-
ing the data of [28] for normalization. The ground-state
transition in Zr appears to be the third strongest in
the level scheme.

The level at 231.9 keV seems to be somewhat more
strongly fed than reported in the previous experiment
of Ref. [17]. The origin of this additional feeding (
6 relative p-intensity units) is not clear. It might in-
dicate in our case the presence of a short-lived isomer
which decays to the 231.9 keV level. We also note that,
compared to the recent prompt fission study of [16], we
have observed some additional weak low-energy transi-
tions which turned out to be crucial for the assignment
of excited bands.

The P branching to the ioiZr ground state was deduced
from the p-ray singles spectra by comparing the intensity
of the 205.6 keV transition in Nb (I~ = 0.061(15) per

Zr decay [28]) to those of the 98.2, 104.4, 133.7, and
216.7 keV lines in the level scheme of Zr. The method
assumes that the independent ionization of Zr is negligi-
ble, so that the intensity of the 205.6 keV line originates
solely &om i iY decay by filiation. In addition, P-delayed
neutron emission &om Zr has to be negligible. Both

requirements are well satisfied. Our measurement yielded
an absolute p intensity of 0.30(8) per decay for the 98.2
keV transition. Accordingly, a ground-state P branch of
0.19(21) was deduced.

The level scheme is shown in Figs. 1 and 2. All adopted
levels are based on at least one clear coincidence or sev-
eral weaker coincidences showing up in a consistent pat-
tern. Only six weak lines listed in Table I have not been
included in the scheme. logft values are calculated using
the P-decay half-life of 0.565(50) s for the Y ground
state [29] and the Qp value of 8.54(9) MeV [30]. For
some levels, spin and parity assignments can be deduced
from the logft values and the p transition rates. A list
of Zr levels is given in Table II.

For the first time, conversion coeKcients have been
determined for the 98.2, 104.4, and 133.7 keV transi-
tions (Table III). The projections relevant for the 98.2
and 104.4 keV lines are shown in Fig. 3. For both lines,
the conversion coefficients establish Ml/E2 multipolar-
ity.

B. Level lifetimes

The centroid positions for the strongest time peaks of
the P-p-t coincidences are plotted in Fig. 4. Four lines
in Zr show a measurable delay, namely the 98.2 keV
and 216.7 keV ground-state transitions and the 104.4 and
223.0 keV p rays which both deexcite the 321.2 keV level
(Table IV). As expected from [17], these delays are due
to the lifetime of the 98.2 keV level, but in addition they
also imply a measurable lifetime for the level at 321.2
keV. Since there is no clear evidence for further delayed
transitions, the contributions from other levels to the ex-
perimental centroid shifts have been neglected. The half-
lives of the 98.2, 216.7, and 321.2 keV levels have been
obtained from a least-squares analysis of the various ob-
served centroid shifts (see Table V).

The deduced value of 0.39(18) ns for the 98.2 keV level
overlaps rather poorly with the previous value of tzy& ——

0.9(3) ns of Ref. [17]. The reason is not obvious. Our
coincidence data do not provide evidence for a contami-
nating "prompt" transition of about 98 keV, which could
account for a smaller experimental centroid shift. It is
therefore more probable that the discrepancy results from
systematical errors in the respective prompt curves. In
the following discussion, we therefore adopt the average
value of tig2(98) = 0.6(2) ns.

For the level at 321.2 keV a half-life of 0.3(1) ns is ob-
tained (Table V). For the subsequent analysis, the partial
p half-life of the intraband transition of 104.4 keV (to the
bandhead at 216.7 keV) is the relevant quantity. The cor-
rection for internal conversion and competing transitions
is discussed in a later section.

In addition, the line at 216.7 keV shows a measurable
delay. The 216.8 keV line in iMo [24] could be a pos-
sible contaminant. However, this line is very weak and
the stronger 441.1 keV line which depopulates the same
level in Mo seems to be prompt. Thus, the delay has
to be due to the line in Zr.
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TABLE I. List of p rays assigned to the level scheme of Zr. Weak coincidences and tentative
levels are given within brackets. Levels based on one weak coincidence only are not included in the
level scheme. ioo p-intensity units correspond to a p feeding of 80.2%.

104.43
118.56
133.67
146.64
176.44
216.68
222.97
231.91
236.20
251.18
309.98
377.49
378.07
422.99
487.44
494.22
524.02
527.32
551.65
554.92
571.14
575.47
577.21
592.05
596.40
611.93
624.27
645.88
648.59
661.39
670.67
673.21
688.40
710.06
727.34
729.57
744.02
746.70
759.45
782.15
786.53
804.51
808.29
827.77
846.67
855.84
860.77
880.36
940.22
954.36
958.63

1081.33
1166.97

(7)
(»)
(6)
(7)
(9)
(7)
(7)
(i5)
(»)
(24)
(i2)
(»)
(69)
(70)
(»)
(26)
(»)
(i2)
(27)
(i4)
(59)
(is)
(46)
(27)
(4i)
(28)
(26)
(47)
(i6)
(»)
(24)
(»)
(i7)
(66)
(46)
(i6)
(i4)
(56)
(7)
(38)
(3i)
(47)
(»)'
(13)
(»)
(32)
(68)
(»)
(31)
(33)'
(34)'
(62)
(26)

Energy (keV)

87.44 (i9)
89.35 (ii)
98.2i (6)

8.0
4.8

24.3
2.5
3.0

44.7
6.1

13.4
1.0
0.9
2.6
0.8
0.5
0.6
3.6
1.2
0.9
6.5
1.2
6.1
1.2
5.0
1.2
2.4
0.9
1.6
1.2
0.9
8.1

14.4
1.4
4.5
6.2
0.6
1.5
6.2
2.2
1.4

30.2
1.4
1.6
1.1
2.2
2.6
1.5
1.5
1.1
7.8
2.7
1.0
1.4
1.7
4.6

(4)"
(5)'
(»)'
(8)
(3)'
(»)'
(5)"
(i4)
(4)
(3)
(3)
(8)
(3)
(8)
(5)
(5)
(4)
(i5)
(6)
(»)
(6)
(7)
(5)
(8)
(5)
(3)
(3)
(4)
(i4)
(ii)
(5)
(23)
(8)
(4)
(6)
(7)
(6)
(4)
(26)
(5)
(6)
(5)
(6)
(6)
(4)
(5)
(5)
(ii)
(8)
(6)
(8)
(8)
(&)

p intensity

i.s (4)
(6)'

100.0

408.3
321.2
98.2

321.2
231.9
0.0

321.2
216.7
231.9
467.9
408.3
216.7
321.2
231.9
467.9
467.9
408.3
845.3
786.5
744.0
808.5
902.6
845.3
744.0

(783.5
786.5
786.5
673.5
808.5
808.5
827.8

(7io.i
(722.5
744.0
880.4
759.5
902.6
673.5
786.5
808.5
958.9
827.8
744.0
845.3
759.5
880.4
786.5
902.6
808.5
827.8

(944.9
(954.2
958.9
880.4

1038.4
(954.2
958.9

1297.9
1398.6

216.7
98.2
98.2
321.2
231.9
0.0
98.2
0.0
231.9
216.7
98.2
467.9
408.3
321.2
321.2
408.3
321.2
216.7
23i.9)
231.9
216.7
98.2
231.9
216.7
231.9
98.2)
98.2)
98.2
231.9
98.2
931.9
0.0
98.2
98.2
231.9
98.2
0.0
98.2
0.0
98.2
0.0
98.2
0.0
0.0
98.2)
98.2)
98.2
0.0
98.2
0.0)
0.0
216.7
231.9

Placed from / to Coincident lines

(i04)
(i34), (i47)
(89), i04, ii9, i34, 223, 310,
487, 554, 575, 649, 661, 688,
729, (782), 1300
98, ii9, i47, 2i7, (487)
98, (i04)
98, i76, (554)
98, i04, (2i7), (228)
98, i34, (232)
i04, (i47), (527)
98, (i47)
(i76), (554)
134
217
98
(i04), (i47), (25i)
(i34)
(i04)
98, i04, (2i7), (223)
(is4), (282)
(i04), (2i7)
(lls), 2i7
98, (i34)
98, 134, (232)
(2i 7)
98
(i34)
(2i7)
(9s)
(98)
(gs)
(»)
98, i34, (232)
98
(98), (i34)

98
(gs)
(98), (i34)

(9s)

(98)

(»)

(98)
(98)
(gs)

(217)
(98), 134
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TABLE I. (Continued).

Energy
1248.06
1297.72
1297.89
1300.26
1398.60
1432.83
1529.95
1925.51
1984.69
2023.06
2082.82

(keV)
(44)
(42)
(ii)
(17)
(20)
(87)
(i5)
(39)
(52)
(17)
(45)'

p intensity
i.5 (5)
5.1 (16)
5.9 (38)

29.7 (23)
5 8 (i2)
1.5 (6)
4.5 (7)
4.9 (11)
3 0 (6)

11.3 (10)
1.3 (5)

Placed
(1346.3
1529.9
1297.9
1398.6
1398.6
1529.9
1529.9
2023.2
2082.9
2023.2
2082.9

from / to
98.2)
231.9
0.0
98.2
0.0
98.2
0.0
98.2
98.2
0.0
0.0

Coincident lines

(98)
(98), 134

98
(98)
(98)

(98)
(98)

Line seen only in coincidences, or for which the peak in the singles spectra was masked by con-
taminants.

Conversion of this line has been taken into account when computing intensity balances.
'Line not seen in the projection of coincidence events.

IV. SPIN AND PARITY ASSIGNMENTS

A. The ground-state K = 3/2+ band

The ground state and the 98.2, 231.9, and 408.3 keV
levels were identified by Ohm et al. , Ref. [17],as members
of a rotational band with K = 3/2. Even parity for the
ground state of Zr is well established by the allowed
character of the P decay to the [422]5/2+ Nb ground
state [28]. This band has recently been extended up to
spin 17/2 in the prompt fission study by Hotchkis et al.
[16]. There is no clear evidence that further band mem-
bers with I ) 11/2 are observed in the P decay of Y
(I = 5/2+) [23] to ioiZr. Guided by the data of [16],
the marginal coincidences at 201.8(5) keV [Iz ——0.2(1)]
and 378.6(5) keV [I~ = 0.9(6)) in the 176.4 and 133.7
keV gates, respectively, might be an indication of a very
weak population of the 11/2 band member. Although,
as was already mentioned, we obtain a stronger feeding
of the 231.9 keV level than in the previous experiment

at JOSEF [17], the intensity ratios of the crossover to
stopover transitions of 0.55(7) (this work) and 0.63(10)
[17], do agree within their uncertainties. This fact is im-
portant for the band analysis since this ratio determines
the ~(g~-g~)/Qp~ band parameter.

The new information for this band includes the mea-
surement of the K-conversion coefBcient of the 98.2 keV
transition (Table III). The b'(E2/Ml) mixing ratio de-
duced from the conversion coefFicient n~ compares well
with the one extracted from the band analysis (Tables VI
and VII), following the procedure described in [31]. The
deformation parameter P deduced from the mean value
of the lifetime measurements in this work and by Ohm et
aL [17],i.e. , ti~2(98) = 0.6(2) ns, is P = 0.37(7). Unfortu-
nately, the large uncertainty does not allow a conclusion
about a further increase or a saturation of deformation
when going &om Zr (P = 0.34(1) [5]) to P Zr. How-
ever, it will be shown later that a more accurate value for

Zr can be obtained indirectly from level systematics of
the N = 61 isotones.
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FIG. 1. Low-energy part of
the decay scheme of Y into

Zr. Full (open) circles
represent clear (weak) coinci-
dences. Dashed lines indicate
low-intensity transitions which
have not been seen as coinci-
dences, but whose energies fit
well between the levels. These
transitions were not included in
the calculation of the intensity
balances. Level spin and parity
assignments are indicated if less
than 3 alternatives.
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FIG. 2. High-energy part of
the decay scheme of Y into

Zr. For legend, see Fig. 1.

B. The first excited K = 5/2 band

The levels at 216.7, 321.2, and 467.9 keV (see Fig. 1)
form an excited band. Since the rotational spacings are
close to those of the K = 3/2 ground-state band, Wohn
et al. [15] suggested a K = 3/2 value also for this excited
band. More recently, this band has been extended up to
spin 19/2 [16]. However, based on the Alaga p-branching
rules for transitions between rotational states these au-
thors favor a K = 5/2 assignment. In both reports
[15,16], odd parity has been assumed for the excited band
according to Nilsson-model considerations and Coriolis
mixing. Indeed, the P feeding of the 216.7 keV bandhead
(log ft = 6.0) and of the next rotational level at 321.2 keV
(logft = 6.5) are consistent with first-forbidden transi-
tions. Moreover, the half-life of 0.3 ns for the 216.7 keV
bandhead (Table V) corresponds to a hindrance of about
10 relative to the Weisskopf estimate for an E1 transi-
tion. This is a very reasonable hindrance factor. The
weak interband transition at 87.4 keV from the 9/2+
level of the K = 3/2 ground-state band to the I = K+
1 level of the excited band, which was not observed in
the mentioned previous studies [15,16], competes success-
fully with the intraband transitions at 176.4 keV (Ml;
9/2+ -+ 7/2+) and 310.0 keV (E2; 9/2+ ~ 5/2+). A
direct measurement of the multipolarity of the 87.4 keV
transition was not possible due to the limited counting
statistics. Nevertheless, since the lifetime measurements
exclude that the transition of 87.4 keV has M2 charac-

ter, K = 3/2 can be definitely excluded for the sideband,
thus leaving K = 5/2 (implying El multipolarity for the
87.4 keV transition) as the only possibility.

In addition, for the erst time the conversion coeKcient
for the intraband K+ 1 ~ K 104.4 keV transition and
the half-life of the K+ 1 level have been measured (see
Tables III and V). The conversion coefficients n and n~
for this transition establish its multipolarity as Ml/E2,
with ~8~ 0.4. The p branching of 0.58(3) is deduced
taking into account the competing E1 transitions at 89.4
keV and 233.0 keV and the conversion of the 104.4 keV
line itself. This yields a partial p-half-life of 0.47(23) ns
for the 104.4 keV transition (Table VI). Although the
uncertainty is large, the deduced deformation parameter
(Table VII) confirms the large deformation of the nucleus
101Zr

C. Evidence for further band structure

The level at 759.5 keV is one of the most strongly pop-
ulated ones. The logft value of 5.7 indicates allowed P
feeding and, accordingly, even parity of the 759.5 keV
level. Moreover, transitions to the 3/2+ and 5/2+ mem-
bers of the ground-state band are observed, but branch-
ings to the next 7/2+ member level or to levels of the
5/2 band are below a limit of about one p-intensity
unit. Thus, a I = 3/2+ assignment is most probable.
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TABLE II. List of Zr levels populated in the P decay of Y. For computing logft values,
Tzy2( Y) = 0.565 s [29] and the qp value of 8.54 MeV [30] have been used. Spin and parity
assignments without brackets refer to levels in the 3/2+ ground-state and 5/2 first excited bands.
Assignments in brackets are based on a systematics of levels with similar decay patterns and a
comparison with the trend of Nilsson levels versus deformation.

Energy (keV)
0.

98.21 (6)
216.70 (6)
231.89 (7)
321.17 (6)
408.32 (10)
467.85 (8)
673.53 (22)
744.03 (9)
759.48 (6)
786.74 (»)
808.49 (12)
827.80 (1o)
845.25 (19)
880.40 (10)
902.57 (17)
958.86 (25)

1038.43 (32)
1297.89 (11)
1398.59 (12)
1529.94 (15)
2023.16 (24)
2082.85 (34)

P feeding (%%uo)

19.0 (21o)
2.2 (24)
8.2 (24)
2.1 (12)
2.4 (7)
1.6 (5)
1.1 (4)
2.9 (1o)
3.1 (1o)

13.5 (36)
4.7 (13)
3.0 (9)
2.9 (8)
0.9 (3)
5.2 (15)
1.1 (4)
1.2 (5)
0.8 (3)
2.3 (13)

12.1 (33)
3.4 (1o)
4.9 (14)
1.3 (4)

logft
5.7
6.6
6.0
6.6
6.5
6.7
6.9
6.4
6.3
5.7
6.1
6.3
6.3
6.8
6.1
6.7
6.7
6.8
6.3
5.6
6.1
5.8
6.3

I, configuration
3/2+, [411]3/2
5/2+
5/2, [532]5/2
7/2+
7/2
9/2+
9/2
(5/2+, [4O2] 5/2)
(3/2, [541]3/2)
(3/2+, [422]3/2)
(7/2')
(5/2 )

(7/2, [523]7/2)
(5/2 )
(9/2+)

(3/2+, [402]3/2)

If the 759.5 keV level is the head of a K = 3/2 band,
the Alaga rules would predict a 5% P feeding of the next
band I = 5/2+ member. The 880.4 keV level is a pos-
sible candidate for such a level. This interpretation is
consistent with the level systematics shown Fig. 5 and
discussed in the next section.

The level at 744.0 keV decays not only to the ground-
state band but also with a strong branch to the 5/2
bandhead at 216.7 keV (see Fig. 1). This peculiar decay

pattern favors odd parity, in which case I = 7/2 can
be excluded &om the observation of a transition to the
3/2+ ground state. Another level with similar character
is the one at 808.5 keV, which has branches to the 5/2
and 7/2 levels, and also a decay to the ground state. If
the parity of the 808.5 keV level is odd, the only possi-
ble assignment is I = 5/2 . In addition, the level at
845.3 keV has strong branchings to the K = 5/2 band,
however only to its 7/2 and 9/2 members (see Fig.

TABLE III. Conversion coefBcients.

Energy
(keV)
98.2

104.4

133.7

0.24

0.38
0.25

(6)
(20)
(1o)'

0.00 (14)

Experimental
n~ or o.

0.19
0.16

0.95

0.095 0.36

Theoretical
o.~ (M 1) n~(R2)

0.19 0.98

Mixing ratio
Ia(~2/~1)

I

0 3+

0.6+;
0 4+3

0 4+2 d—4

0.0+0

o.a from the intensity ratio I(K )/I~(98), averaged over the gates on the 134, 223, 310, 661, 688,
575, and 1300 keV transitions.

Average o. from the intensity balance It &(104) =I& t(119)+I&o&(217) in the projections gated by
the 14? and 487 keV transitions. The 119 and 217 keV transitions are assumed E1 multipolarity.
'nJc from the ratio I(K )/I~(104) in the 217 keV gate. The weak contribution from the 147 keV
line to the K peak ( 5'Fo) was estimated using its h value deduced from the band analysis (Table
VII).

Average from and '.
Average a from the intensity balance I& q(98) = It q(134) in the projections gated by the transitions

at 176, 555, 649, and 1167 keV.
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2). This suggests odd parity and a rather high spin. The
branch to the 5/2+ member of the ground-state band,
however, excludes a 9/2 assignment. Thus, the 845.3
keV level is a good candidate for I = 7/2 . Sumrna-
rizing, it is tempting to assume that the levels at 744.0,
808.5, and 845.3 keV are the bandhead and the lowest
members of a K = 3/2 band.

Another set of selected levels shows decay patterns
with branchings to the ground-state band. The level
at 673.5 keV is the lowest of the newly identified states
(see Fig. 1). The p decays to the 3/2+ and 5/2+ lev-
els of the ground-state band with similar strengths and
the logft value of 6.4 indicate a low spin I = (3/2, 5/2).
The next member of a possible band built on the 673.5
keV level could be the level at 786.7 keV. It decays with
strong branches to the 5/2+ and 7/2+ members of the
ground-state band and has a possible decay to the 9/2+
level. Thus, its most probable spin is I = (5/2, 7/2).
The ground-state transition excludes odd parity if I =
7/2. The log ft value of 6.1, indeed. , seems to favor even
parity. The third band member could be the 902.5 keV
level. This state also decays to the 5/2+ and 7/2+ mem-
bers of the ground-state band and possibly to the 9/2+
level, but a transition to the 3/2+ ground state is not
observed. This is consistent with I = (7/2, 9/2). Fit-
ting the energies of the 673.5, 786.7 a,nd 902.5 keV levels,
including the first-order term in I(I+1) and the A2~ sig-
nature term, one obtains inertia parameters of a = 20.6
and 15.3 keV for K = 3/2 and 5/2, respectively. Com-
pared to the a values deduced for the ground-state band
and the 5/2 side band (Table VII), both choices of K
are reasonable. For K = 5/2, this band mould, however,
have to be perturbed as is the lorn-lying 5/2 side

Further assignments become very tentative. The lev-
els at 827.8 and 958.9 keV could be members of another
K = 3/2 or 5/2 band. Both states decay to the ground-
state band, the first with its strongest branch to the 5/2+
lev'el, the second to the 7/2+ level. This could indicate a
spin difference of one unit. The energy spacing of 131.1
keV is consistent with I(827.8) = 5/2, if the band is
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FIG. 4. Centroids of time distributions of on-line P-p coin-
cidences vs p-ray energy. Full (open) points belong to isotopes
in the mass chain 101 (100). The errors bars of the centroids
for the lines at 98, 128, 163, and 307 keV are smaller than the
size of the points. Transitions in the level scheme of Zr are
marked by a frame. The prompt curve is indicated by a solid
line where the accuracy is 0.1 ns, continued by a dashed
line at lower energies where the accuracy deteriorates.
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TABLE IV. Centroid shifts from P-p(Ge)-t coincidences. The coefficients for the contributions
of the 98, 217, 232, and 321 keV levels are calculated using P and p intensities from Tables I and
II. Other levels do not show a measurable delay. Errors on centroid shifts include statistical errors
on the centroids and the systematic error on the prompt reference curve (Fig. 4).

Transition
(keV)
98.2

104.4
133.7
216.7
223.0
231.9

0.60
0.38
0.14
0.53
0.45

-0.16

Centroid shift
(ns)

(25)
(22)
(17)
(17)
(36)
(18)

Origin of the delay

7g8 + 0.04*T217 + 0.17*7232 + . *
7321
7.2g2 + 0.04*7321

+ 0.15*T321
7321
&232 + 0 04*7321

TABLE V. Half-lives extracted from a least-squares analysis of the centroid shifts shown in Table
IV and in Ref. [17].

Level
(keV)

98.2
216.7
231.9
321.2

0.39
0.33

-0.02
0.27

From Table IV
(18)
(12)
(9)
(13)

Half-life (ns)
From Ref. [17]

0.9 (3)

TABLE VI. Input parameters for the band analysis (Table VII). Half-lives are partial p-half-lives
for intraband transitions.

3/2
Level (keV)

98.2
231.9
408.4
321.2
467.8

I7l

S/2+
7/2+

9/2+
7/2
9/2-

Parameters
tii2(98) = 0.6(2) ns

tii2(104) = 0.47(23) ns', I,"„')'—0.49(6)'

Adopted average from this work and Ref. [17].
Average from this work and Refs. [16,17].

'Average from this work and Ref. [16].

TABLE VII. Properties of the K
data in Table VI. Reduced transition
single-particle values. (s) is calculated

3/2+ and K = 5/2 bands, deduced from the input
probabilities B(M1) and B(R2)'s are given relative to the
using g~ = 0.5 *Z/A and g, = 0.65 *g, (free).

Deduced quantities
a = 5'/(2 *J) (keV)
A2~ (keV)
l(g~ —g~)/Qol ( ~ ')
l~~+i~~

I

laic+2-etc+i
l

B(M1,K+ 1 —+ K) ( 10 W.U. )
B(E2,K+ 1 —+ K)
&0 (5)

(s, )

(24)
(4)
(2)
(10)
(68)
(8)
(7)
(6)

K = 3/2 g.s. band
19.4
0.072
0.164
0.24
0.24
2.9
160
3.7
0.37
0.24

(7)
(3)
(3)
(1s)
(121)
(11)
(10)
(10)

K = 5/2 band
15.3
-0.019
0.093
0.31
0.34
3.0
241
4.4

0.44
0.21
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unperturbed. Alternatively, the tentative level at 722.5
keV which may result &om the 98.2 —624.3 keV coinci-
dence (see Table I) could be the K = 3/2 head of this
band. With the three levels at 722.5, 827.8, and 958.9
keV, an inertial parameter of a = 20.3 keV is deduced,
which compares quite well with the corresponding value
for the ground-state band. Unfortunately, the data are
too uncertain to make a firm K assignment.

In summary, we have proposed assignments to all lev-
els below 1 MeV. At higher energies, the increasing level
density and the limitations of the experiment make fur-
ther assignments too much unreliable. We only note that
the energy spacings of the levels at 1297.9, 1398.6, and
1529.9 keV resemble closely those of the ground-state
band, which could indicate a K = 3/2 band. More-
over, similarities in the p-decay patterns can be observed
among levels which, however, cannot be grouped within
the same band. The levels at 827.8, 1398.6, and 2082.9
keV have their strongest decay to the first excited 5/2+
state at 98.2 keV. The level at 1529.9 keV has strong
branches to the 3/2+ and 7/2+ levels of the ground-state
band, like the level at 880.4 keV (5/2+). Finally, the de-
cay of the level at 2023.2 keV shows similarities to that
of the 759.5 keV level (3/2+).

V. DISCUSSI(3N

A. Deformation of Zr

Among the N = 61 isotones the nucleus 4oZr occu-
pies a position between the strongly deformed 38Sr with
P = 0.41(3) [18,19] and 42Mo with P = 0.36(2) [20]. For
definition of the deformation parameter P, we use the
formula Qo —— *Z*B *P*(1+0.16*P), in order to

facilitate comparison with older results. Sometimes, the
quantity P~ is used which is, however, practically identi-
cal (P~ P —0.02) in the P 0.3 region. Prior to this
work, only a partial level scheme for Zr was available
from studies at the TRISTAN [15] and JOSEF [17] sep-
arators. The new detailed data provide the missing link
between the % = 61 isotones Sr and Mo, so that
the relative positions of several neutron states can be fol-
lowed in a systematical way as a function of deformation.

The systematics of selected levels is shown in Fig. 5.
Since, within the range of large deformations of P 0.3—
0.4, the energies of most Nilsson orbitals vary smoothly,
the deformation of Zr can be estimated by an interpo-
lation of the excitation energies of corresponding levels
versus deformation parameter P. The result is shown in
Fig. 6. Using the first excited 3/2+ level, which has
been assigned reliably in all three N = 61 isotones, Sr,
ieiZr, and i sMo, the interpolation yields Pz, 0.28*Ps,
+ 0.72*PM . Inserting the P values for Sr [18,19] of
0.41(3) and for iesMo [20] of 0.36(2), a deformation pa-
rameter of P(Zr) = 0.37(2) is deduced. This value is just
the same as was obtained &om the average of the life-
time measurements. The validity of the above procedure
is supported by the fact that, with the adopted value
of P = 0.37, regular energy trends are obtained also for
other levels with similar decay patterns.

Thus, it turns out that Zr is more strongly deformed
than Zr (P = 0.34(1) [5]) but probably less than Zr

(P = 0.39(2) [9]). This observation implies that, al-
though both Sr and Zr isotopes show the same qualita-
tive picture of shape coexistence and of fast lowering of
the deformed minimum with increasing neutron number
[4], only in the Sr isotopes the deformation does reach
saturation at its onset. Mach et al. [10] have related the
saturation of deformation to the maximum occupation of
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down-sloping orbitals near the Fermi surface. However,
we note, that in the N = 63 isotones Sr and Mo,
both with similar deformations of P 0.40, the 3/2+ ex-
citation energies above the 5/2 ground states, 271.2 keV
[32) and 246.7 keV [16,31,33,34], respectively, are very
close. Accordingly, it is unlikely that the occupancies
of the neutron orbitals would change dramatically from

Sr to Zr. Thus, there must be another explanation
to account for the specific saturation of deformation at
its onset in the Sr isotopes, e.g. , the integrated proton-
neutron interaction [13] in the formalism of [35]. As a
matter of fact, in this interpretation, Sr and Zr isotopes
difFer by the contribution of the last proton pair.

B. Rotational levels

The v[411]3/2 Nilsson orbital has been assigned to the
ground states of the N = 61 isotones Sr [18], i Zr

[17],and io Mo [31]. This assignment is confirmed by our
analysis in terms of the rotational model (Tables VI and
VII). An unexpected feature of the [411]3/2 ground-state
bands in these isotones is the linear correlation between
moment of inertia and deformation. The values of the
moment of inertia are 27.6, 25.5, and 24.8 h *MeV for

Sr, Zr, and 3Mo, respectively. The trend clearly
is opposite to the prediction of the rigid-rotor formula in
which the mass enters as A / scaling factor. It must be
stressed that this phenomenon is not accidental but is
observed also for the N = 60 and 62 isotones of these
elements and is a requisite for the occurrence of iden-
tical ground-state bands at low spin in neighboring Sr
isotopes [3]. The systematics of moments of inertia will
be discussed in more detail in a forthcoming paper [36].
Based on the large gaps between the proton and neutron

single-particle levels, a deformed "magic" Sr core was
proposed by Mach et at. [10] to account for g factors in its
immediate vicinity. The observed trend of the moments
of inertia seems to indicate that even a larger number of
valence particles does not afFect the Sr core.

The excited bandhead at 216.7 keV has been assigned
to the v[532]5/2 orbital [16]. The 5/2 assignment is
confirmed by the new low-energy interband transitions.
Also the band analysis (Tables VI and VII) is in agree-
ment with the proposed Nilsson configuration. In the
slightly less deformed isotone Mo the excitation en-
ergy of this orbital is expected to lie solnewhat higher.
Indeed, the level at 346.5 keV in Mo shows a decay
pattern which is in excellent agreement with that of the
level at 216.7 keV in Zr (Fig. 5). The same assignment
for the Mo level was made by Liang et al. [20].

In Sr, the 5/2 bandhead is not yet identified. Due
to the larger deformation, the strongly down-sloping
[532]5/2 orbital (of particle character) must come closer
to the [411]3/2 ground state. The nonobservation of the
5/2 level in ssSr, in spite of p-p coincidence experi-
ments with high statistics [37], seems to indicate that it
lies below or very close above the first excited state I
5/2+ at 90.8 keV. In all nuclei observed in the prompt
fission study of [16] the 5/2 band is perturbed, show-
ing a compression especially of the low-lying levels. This
is also reproduced by calculations with the particle-rotor
model (see Sec. IV C).

There are no other levels for which band properties are
firmly established from an analysis of p-ray intraband-
branching ratios. However, the energy trend of levels of
similar character can be followed in the isotones Sr,

Zr, and Mo and compared to the evolution of Nils-
son orbitals versus deformation. Following this procedure
a number of levels can be associated to Nilsson orbitals
(see Fig. 7).
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indicate rather well-identified Nilsson configurations. Open
points represent more tentative assignments. Open triangles
represent the 6rst excited level of the [422]3/2 band. The
dashed lines are extrapolations based on the slopes of the sin-
gle-particle energies vs deformation, as calculated with the
Nilsson model.

The best established systematics concerns the first ex-
cited 3/2+ levels. It shows that levels with properties
similar to those of the 759.5 keV level exist in both Sr
and Mo (Fig. 5). Thus, the levels at 1071.2 keV ( Sr),
759.5 keV ( Zr), and 641.1 keV ( Mo) have the same
nature. The levels in the next set 151.6 keV ( Sr),
880.4 keV ( Zr), and 746.2 keV ( Mo) also show
similar decay properties. These levels are candidates for
the I = K + 1 band member. We note that, using the
Alaga rule for estimating the unknown ground-state P
branching in Mo, we derive logft values of 4.9 and 5.5
for the proposed 641.1 keV (3/2) and 746.2 keV (5/2)
levels, respectively, which indeed supports the postulated
even parity. However, Liang et al. [20] assign the 692.8
keV level to the 5/2+ band member in Mo. We believe
that this level more likely corresponds to the 786.7 keV
state in Zr, both having their strongest decay to the
5/2+ member of the ground-state band. For the latter
our interpretation is diferent, as discussed below. There
is hardly an alternative choice to the v[422]3/2 orbital
for the 3/2+ level. Apart from the [411]3/2 ground state,
this orbital is the only one with K = 3/2+ available at
low energy. This interpretation is supported by the trend

of the levels in the N = 61 isotones versus deformation,
i.e., the excitation energy of a down-sloping hole orbital
increases with deformation. The same assignment was
also made by [20] on the basis of calculations with the
particle-rotor model.

The 744.0 keV level is proposed to be the head of a
band with K = 3/2, with the 808.5 keV level being
the next band member. In Sr, levels with similar p-
decay branches could not be observed but in Mo, the
level at 489.9 keV obviously corresponds to the 744.0 keV
level in iZr (Fig. 5). For the 489.9 keV level we de-
rive a logft value of 6.5, which is consistent with odd
parity. The only choice for a K = 3/2 bandhead is
the v[532]3/2 orbital. Since it is a strongly down-sloping
orbital of hole character, its energy should increase by
a fairly large amount &om Mo to the more deformed

Zr. This is indeed the observed trend. In the A 100
region, so far the [532]3/2 orbital has only been identified
in the nucleus "Srss [21]. The energies of the K+1 ~ K
transitions in Sr (69.1 keV) and Zr (64.5 keV) are
similar. The level at 845.3 keV is the possible 7/2 mem-
ber of the band. Relative to the other band members,
its energy is low. Thus, it could be perturbed by the
v[523]7/2 bandhead, which is expected to lie at about
this energy.

The levels at 673.5, 786.7, and 902.5 keV could form a
band with K = 3/2 or 5/2 and probably even parity. The
Nilsson scheme shows that low-lying odd-parity orbitals
with K = 3/2 and 5/2 have been exhausted, so that even
parity is, indeed, a reasonable choice. The only still avail-
able low-lying levels of even parity have both K = 5/2,
namely the v[413]5/2 and the v[402]5/2 orbitals. There
are states in the N = 61 neighbors with a decay pattern
quite similar to the one of the 673.5 keV level. These are
the level at 422.5 keV in Sr and both states at 456.1
and 526.1 keV in Mo (Fig. 5). The 422.5 keV level
in Sr is clearly a good candidate for a 5/2+ state. It
may form a band with the 535.0 keV level and its logft
value of 5.9 indicates an allowed transition from the 3/2+
ssRb ground state [37,38]. In Mo, both levels at 456.1
and 526.1 keV have a decay pattern fairly similar to that
of the Sr level. Accordingly, the level at 422.5 keV in

Sr and one of the Mo levels at 456.1 or 526.1 keV
could be associated with the [413]5/2 orbital, since this
5/2+ orbital keeps parallel to the [411]3/2 ground-state
orbital in the deformation range P = 0.3 —0.4. In ioiZr
a level at this energy is not identified. Consequenly, the
higher-lying 673.5 keV level and the second one of the
above-mentioned Mo levels could be associated with
the other 5/2+ bandhead, namely the [402]5/2 orbital of
particle character, which is strongly up-sloping, in agree-
ment with the observed trend of excitation energies. An
extrapolation of the trend to Sr makes the level at
1669.5 keV the best candidate for the 402]5/2 orbital.
Finally we note that in Zr, the [402 5/2+ bandhead
is close to the 5/2+ level (I = K +1) from the [422]3/2
band (Fig. 6). The repulsive interaction, pushing up-
wards the 5/2 level of the [422]3/2 band, could account
for the energies of the K+ 1 + K transitions in the K =
3/2 band, somewhat larger in iZr (120.9 keV) than in

Mo (105.1 keV).
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As discussed in [13], the strongly up-sloping hole
v[404]9/2 orbital seems to play an important role in sta-
bilizing the deformation of the Sr isotopes near N = 60 by
compensating the deformation-driving force of the down-
sloping particle [532]5/2 orbital. The [404]9/2 orbital was
postulated by Meyer et al. [41] to correspond to an iso-
mer observed in former prompt-fission experiments [42].
In that work p lines at 91.6, 98.2, and 133.7 keV were
assigned to the Zr scheme and they showed a delay of

18 ns with respect to fission. These data suggest the
existence of an isomer at 323.5 keV, decaying to the 7/2+
level at 231.9 keV (of the K = 3/2 ground-state band)
through the 91.6 keV transition. In the present work, we
noted that the intensities of both lines depopulating the
7/2+ level are somewhat higher than were measured in
previous experiments at JOSEF [17]. This observation
might have indicated an additional feeding through this
postulated 9/2+ isomer. However, our P-p-t coincidence
data neither show evidence for the above 91.6 keV line,
nor for a 18 ns delay of the 98.2 and 133.7 keV transitions.
From this we conclude that the 9/2+ isomer discussed by
[41] is not populated in P decay of Y. In issMo, the
[404]9/2 orbital was proposed to correspond to the 353.8
keV level [31],but in the mean time, this assignment was
found to be incorrect [20]. Thus, neither in ioiZr nor in
i sMo, the [409]9/2 orbital has been identified among the
excited states. In Sr, the strongly up-sloping [404]9/2
hole orbital is expected at very low energy. The obser-
vation of levels with spins up to I = ll/2+ in the P
decay of 9 Sr (I = 3/2+) to Y [38—40] might indicate
the P decay of a, so far nonidentified, high-spin isomer
in 99Sr, which could correspond to the [404]9/2 orbital.
This would set a rather restrictive upper limit on its ex-
citation energy, since if it were lying well above the first
excited state (I = 5/2+) at 90.8 keV, it could decay via
an E2 p transition with a moderate K-hindrance factor.

Finally, among the high-energy levels the 2320.6 ( Sr),
1398.6 (ioiZr), and 1185.6 keV (i sMo) levels all have a
strong branch to the 5/2+ state. If they have the same
nature, the trend of their excitation energies is consistent
with their assignment to the [402]3/2 orbital.

In summary, all Zr levels at low energy have been
associated either to Nilsson neutron orbitals or to the
lowest band members built on them. Conversely, the ex-
pected low-lying Nilsson orbitals except the [411]l/2 and
[404]9/2 orbitals, have been associated with experimen-
tal levels, at least in two of the Sr, Zr, or Mo
isotones. The existence of the decoupling parameter for
K = 1/2 bands makes our simple arguments based on
energy spacings within the band members impossible, al-
though some members might be populated in the decay
from the I = 5/2+ mother nucleus Y. On the con-
trary, population of the K = 9/2 band has to be weak
and this explains why the [404]9/2 orbital has not been
identified so far in this region.

C. Particle-rotor madel calculations

A calculation of the levels in Mo was recently per-
formed [20] in the frame of the particle-rotor coupling

model, using parameters (v„=0.084, p„=0.28) opti-
mized for this nucleus. Given its success, the calculation
was repeated for Zr and Sr with the same parameter
set but for diferent deformations. In this calculation the
Coriolis mixing is a crucial ingredient in order to account
for the perturbation of energies and transition probabil-
ities in the low 0 bands of hiqg2 origin. This was espe-
cially well demonstrated in the prompt fission studies by
Hotchkis et al. [16], who have observed the 5/2 band
up to at least I = 15/2 in io Zr, Mo, and Zr.

For Zr the best agreement with the experiment was
achieved at the deformation of P = 0.36 (see Fig. 6),
which is also the value adopted from lifetime measure-
ments and level systematics. In addition to the [411]3/2
ground-state band, also the excited rotational bands are
reasonably well reproduced. The v[422]3/2+ bandhead
is calculated at about 660 keV; this is to be compared to
the experimental level at 759 keV. The odd-parity band
head v[532]5/2 is predicted at 142 keV, fairly close to the
experimental energy of 217 keV. The [404]9/2 orbital, dis-
cussed in [41], is calculated below the 7/2+ member of
the ground-state band.

For Sr the agreement is less satisfactory at the mea-
sured deformation of P = 0.40. The [422]3/2 orbital is
about 400 keV too low. In order to shift it up to the
experimental energy of 1071 keV, an even stronger de-
formation of P = 0.44 has to be chosen. This value is
still consistent with the experimental deformation. How-
ever, the [404]9/2 orbital becomes the ground state, 230
keV below the [411]3/2 bandhead. This situation can-
not be excluded by our present knowledge of the decay
scheme of Sr, but, as already mentioned, there is so far
no direct evidence for such a level.

VI. CONCLUSION

This study has considerably extended the level scheme
of Zr. This nuclide is the first odd-neutron Zr isotope
in the deformed A 100 region and represents the miss-
ing link between the N = 61 isotones Sr and Mo
for which detailed level schemes and values of the defor-
mation were available. The previously known [411]3/2
ground-state band has been confirmed. The band built
on the 216.7 keV level has been firmly identified as K
5/2, and can be associated with the [532]5/2 Nilsson or-
bital. For the first time, K-conversion coefIicients for the
K+ 1+ K transitions in both bands have been mea-
sured. Lifetimes of the first excited members of both
bands have been determined and confirm the existence
of strong deformation in the range P 0.3 —0.4. In
addition, a number of rotational levels are identified on
the basis of level systematics of the N = 61 isotones Sr,

Zr, and Mo. Below an excitation energy of about 1
MeV, all experimental levels in Zr are associated either
with Nilsson orbitals or with corresponding band mem-
bers. The level schemes of Zr and Mo turn out to be
very similar. In contrast, the level scheme of Sr clearly
refIects the changes induced by higher deformation. The
trends of excitation energy for levels with similar p-ray
decay patterns establish that Zr is only slightly more
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strongly deformed than Mo. The quadrupole defor-
mation parameter is estimated to P = 0.37(2). The pro-
posed interpretation of the rotational structure of Zr is
supported by calculations with the particle-rotor model.

Summarizing, although both Sr and Zr isotopes show
an unusually rapid lowering of the deformed minimum of
the potential-energy surface, known as the sudden onset
of deformation, the evolution of the magnitude of defor-
mation is smoother in Zr and resembles rather the one in
the, somewhat less deformed, Mo neighbor nuclei. Thus,
the unique feature of a saturation of deformation at its
onset observed in the Sr isotopes cannot be accounted for
exclusively in terms of the occupancies of valence neutron
orbitals but, probably, reHects the inHuence of the strong
Z = 38 deformed gap and of the change in the integrated
proton-neutron interaction.

As a final remark, the position of the [404]9/2 orbital
is very sensitive to the deformation and to the spin-orbit
splitting. Lifetime measurements could be a tool for the
identification of this orbital in the moderately deformed
nuclei, owing to the K hindrance for the decay into the
ground-state band. For strongly deformed nuclei, where
this orbital is to be lying very low, a search for isomeric
decay by electron spectroscopy could be rewarding.
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