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Levels of 9 Zr populated following the P decay of the 0 ground state of Y have been investi-

gated by y-ray and conversion electron singles, y-ray multispectral scaling, y-y and y-e coin-
cidence, and y-y angular correlation measurements. These data have been used to establish the
population of eight excited levels of Zr, to confirm the 0+ assignment of the 2695-keV level, and

to determine a half-life of 5.4(1) s for ' Y. The deduced beta transition strengths establish the de-

cay to the ground state, with logft of 5.6, as one of the fastest first-forbidden decays known and

support the notion of double subshell closure at Z=40 and N=56. The observed strong hin-

drance of transitions to excited 0+ states is indicative of shape coexistence. The observed level

pattern of the band built on the 0, state exhibits similarities to nearby vibrational-like nuclei hav-

ing four valence protons and four valence neutrons. A four-particle, four-hole interpretation of
the 02+ state is supported by the data, and we determine a deformation parameter, Pz-0.2, for this
intruder bandhead.

I. INTRODUCTION

The nucleus of Zr has several unusual features. One
such feature is its nearly magic character resulting from
the double subshell closure at Z=40 and N=56 as
shown by the energy of the first excited 2+ state' at 1750
keV and the purity of the ground state configuration.
Also, the lowest excitation is a 0+ state, which exhibits
unusually strong excitation in the two-neutron stripping
and alpha-pickup reactions. This state and two associ-
ated levels with spin 2+ and 4+ were recently identified
as members of an intruder band and were interpreted as
four-particle, four-hole (4p-4h) excitations. A recent
study of neighboring Zr also demonstrated that the
first excited 2+ state associated with the ground state
(g.s.) is at 1590 keV, relatively close in energy to the
1750-keV first excited 2+ state in Zr. This observation
led to the suggestion that, for the Zr nuclei, a unique sit-
uation of double subshell closure occurs over a pair of
nuclei. Evidence for the extent of the double subshell
closure also comes from the characterization of a high-
spin three quasiparticle state in the Y nucleus which is,
in a sense, between Zr and Zr. Thus, in order to

characterize better the nature of the excited states in
these nuclei with doubly closed subshells, we have stud-
ied the beta decay of Y which has been shown' to
have a spin-parity value of 0 with predominantly a
m.(2p, &z)v(3s&&2) g.s. configuration. We use our mea-

sured beta-transition strength to the intruder bandhead
and ground state, in combination with the measured 0+
(intruder) to 0+ (g.s.) monopole strengths, to determine
the extent of deformation of the intruder bandhead.
Preliminary results of this work, together with some in-
elastic neutron scattering (INS) data, have already been
published. '

Prior to the present study only the g.s. and the first
excited 0+ levels in Zr were known' to be populated
from the beta decay of Y . Moreover, recent studies of

Zr using in-beam spectroscopic techniques" ' have
led to the establishment of a number of new levels.

II. EXPERIMENTAL PROCEDURES

The measurements were performed at the online mass
separator TRISTAN at Brookhaven National Laborato-
ry. The activity was produced by thermal neutron in-
duced fission of an enriched U target inside the
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separator's positive surface ionization (PSI) source'
which has a high efficiency for the production of Rb
and considerably lower efficiencies for Sr and Y.
This selectivity allowed the desired low-spin isomer
of Y to be populated predominantly via the decay
chain: Rb(t, zz

——0.2 s)~ Sr(t, &2
——I s)~ Y(t»z

=6 s) ~ Zr. The Rb was ionized by the PSI source,
extracted to form an ion beam, mass separated by a 90'
magnet and deposited onto a movable, aluminized Mylar
tape. The counting cycle consisted of three consecutive
time intervals, T&, T2, and T3. The source was accumu-
lated for a period of time, T„selected to optimize the
yield of the yttrium activity. At the end of T„the beam
was electrostatically deflected for a time interval, T2, to
allow the short-lived Rb and Sr to decay. Finally,
the Y source was moved to a daughter-port counting
station where various detectors were positioned to study
the emitted radiations over a period of time, T3, after
which the cycle was repeated. Typical cycle times of
T~ = 10 s, T2 ——4 s, and T3 = 16 s were used for the sin-
gles, y-ray multispectral scaling (GMS), and conversion
electron studies. A different set was used for the y-y
coincidence experiment (T, =T2 ——T3=6 s), as well as
for the y-y(e) angular correlation measurements (T& ——6
s, T2 ——8 s, and T3 =6 s).

A. Gamma-ray measurements

The gamma-ray measurements consisted of singles,
GMS, y-y-t coincidences, y-y(e) angular correlation
measurements, and a saturation beam measurement.
The saturation beam measurement is discussed in Sec.
II C.

A typical y-ray spectrum is presented in Fig. 1. The
strongest y lines arise from a strong P-delayed neu-
tron branch of Rb via the following decay
chain: Rb(t, &2

——0.2 s)~ Sr(t, &2
——25 s)~ Y(t, &z

=10.3 min)~ Zr(t, &2
——64 d). The energies of new

transitions were determined from a combination of
ofBine calibrations and internal calibrations using
known' transitions in Y and Zr. The efficiency cali-
brations were performed ofHine using standard sources.

Gamma-ray transitions were assigned to the decay of
Y from the multispectral scaling measurements. In the

GMS cycle time of 16 s, 32 consecutive spectra were col-
lected. The decay curve for each transition was fitted to
a single-component decay after correcting for dead time
effects by normalizing to a long-lived impurity line. The
decay curves for some selected transitions are illustrated
in Fig. 2. The 122-keV transition from the Sr~ Y
decay served as an internal test of the normalization pro-
cedure. The half-life of 1.04(l) s which we determine for
this line compares well with the adopted' value of
1.06(3) s. The half-life for the Y decay is found to be
5.4(l) s. The statistics obtained in the experiment are
sufficient to rule out any significant contribution to our
data from the high-spin 10 s isomer. ' The energies, in-
tensities, and GMS results for the transitions associated
with the decay of the 0 isomer of Y are presented in
Table I. Some of the low-intensity transitions were as-
signed to the decay of Y on the basis of coincidence re-
lations rather than the GMS results.

In the y-y-t measurements about 1.6&(10 coincidence
events, energies of the two transitions and the time delay
between them, were stored on magnetic tapes and sorted
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FIG. 1. A y-ray singles spectrum with energies given for transitions in Zr populated from the decay of the 5.4 s 0 ground
state of Y. Dominating impurity lines from the decay of Sr~ Y (A) and from the decay of Sr~ Y (B) are illustrated in the
figure.
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ofHine. Figure 3 shows the spectra obtained in coin-
cidence with the most abundant 1750- and 2225-keV
transitions, respectively. Examination of the 1750-keV
gamma-ray coincidence gate indicates that any missing
gamma-ray intensity populating the 1750-keV level is
probably less than 0.2% of all decay. A similar result
comes from an analysis of the 2225-keV gate.

The y-angular correlation experiments were per-
formed at the daughter port using a four-detector sys-
tem. ' The four detectors were positioned at distances
of =7 cm from the source in a geometry which allows
simultaneous measurements at six angles: 90', 105', 120',
135', 150', and 165'. Relative detector efficiencies were
obtained for each detector from a singles spectrum gated

by its own timing signal. These spectra were simultane-
ously accumulated during the measurement. Finite
solid-angle corrections were obtained from tabulated'
attenuation coefficients. The high counting rate required
for the measurement resulted in dead time effects which
were different for each coincidence channel. Conse-
quently, normalization factors were obtained from the
known' correlations in ' Ba, which were measured un-
der similar experimental conditions. In order to mini-
mize any systematic errors, two cascades were selected
in ' Ba, one of positive and one of negative a2
coefficient. Nevertheless, some residual corrections
specific to the Y decay are possibly unaccounted for.
Inasmuch as these corrections are expected to be of the
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FIG. 2. Decay curves observed in the y-ray multispectrum scaling measurement for the 122-keV photopeak in the Sr decay
spectrum [T,~2=1.04(1) s] and for the 469, 475, 644, 1750, and 2225 keV photopeaks in the decay of 5.4-s 96Yg. The T, ~2 values
measured for the latter transitions are listed in the fourth column of Table I.
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FIG; 3. Gamma-ray spectra in coincidence with (a) the 1750-keV 21+ ~0~+, and (b) the 2225-keV 22+ ~0&+ transitions.
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FIG. 4. Angular correlations for two cascades in Zr: 469—644 keV and 469—2225 keV. The upper panels indicate the fit of
the experimental data to the theoretical angular correlation coefficients which, for the purpose of comparison, were attenuated by
the Q2 and Q4 coefficients. The solid line indicates the fit to the 0-2-0 sequence. In the bottom panels X is plotted against
5(L +1/L) (the latter compressed by the arctan6 function) for a sequence of spins. Same type of lines are used in both panels to
mark the same spin sequences.
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TABLE I. Energies and intensities of Y~ Zr decay lines. 1.7

(keV)

146.653(10)
328.7(2)
469.5(2)
475.3(2)
644.4(2)
699.4(4)
771.7(2)
781.2(2)
918.5(2)

1174.9(4)
1750.4(2)
1897.4(3)
2225.6(4)b

32(3)
21(2)
72(4)
87(4)
35(2)
18(3)
9.1(5)

24(1)
35(2)
20(4)

1000(50)
&5
150(15)

E;~Ef
(keV)

1897.1~1750.4
2225.7~ 1897.1

2695.4~2225. 7
2225.7~1750.4
2225.7~ 1581~ 4
2925.2~2225. 7
2668.9~1897.1

3450.1-+2668.9
2668.9~1750.4
2925.2~ 1750.4
1750.4~0.0
1897.1~0.0
2225.7~0.0

titan

(s)

5.7(3)
7.5(14)
5.3(4)
5.7(4)
5.3(6)

7.7(17)

5.31(12)

6.9(15)

1.3—

1.1—

07—

0.5
0.0

cos'8
0.8 1.0

EEo
(keV)

1581.4(5)

IE0

480(100)

E; ~Ef
(keV)

1581.4~0.0
10-

'Multiply by 0.0029(9) to obtain I~ per 100 decays of Y.
E~ from Ref. 1.

order of a few percent in the intensities and randomly
distributed among the individual angles, they would not
affect the conclusions drawn from the results. The angu-
lar correlation data were fitted to the expression

W(8) =No[l+a2Q2P~(cos8)+a4Q4P4(cos8)],

where No is a normalization constant, while Q2 and Q4
are the attenuation coefficients. ' The numerical results,
together with the multipole mixing ratios obtained from
a X fit of the data to the theoretical coefficients, are
summarized in Table II ~

Figure 4 illustrates the angular correlations for the
469-2225 keV and the 469—644 keV cascades. Both
de-excite the 2695 keV level in Zr and have angular
correlations characteristic of a 0~2~0 sequence. In
the upper panels we have shown the theoretical angular
correlations for the 0—+2~0 sequence (the solid lines)
and for other spin sequences (indicated by broken lines).
The latter were obtained from a 7 search against the
5(L+1/L) mixing ratio for the two lowest multipolari-
ties that were allowed by a given spin sequence. Clearly,
the 0~2~0 sequence is associated with the best X, al-
though the 2~2~0 solution is also allowed by the one
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FIG. 5. Angular correlation for the 475-1750 keV cascade
is presented in the top panel. The solid line indicates the
correlation for the spin sequence 2—+2~0 and the mixing ratio
for the 475-keV transition of 5= —1.5 (arctan5= —56). This
parameter was found from the X' fit to the theoretical
coefficients as illustrated in the bottom panel. 3 and B
represent two acceptable 5 mixing ratios for the 475-keV tran-
sition obtained in the angular distribution (n,n'y ) measurement
(Ref. 11)~

percent 7 confidence limits. The latter spin sequence,
however, must be rejected on the basis of excitation
functions obtained in the (n, n'y) studies. '

In Fig. 5 we show the results for the 475-1750 keV
cascade which depopulates the 22+ state at 2225 keV.
The solid line represents the best fit to the theoretical
coefficients obtained at 5= —1.5 from a 7 search

TABLE II ~ Angular correlation a2, a4, and 5 parameters.

Transition
(keV)

469-644
469-2225
475-1750

aexp
2

0.13(14)
0.24(9)
0.36(6)

aexp
4

1.19(19)
0.96(13)
0.19(8)

Spin
sequence

0~2~0
0~2~0
2~2~0

atha2

0.357
0.357
0.365'

atha4

1 ~ 143
1 ~ 143
0.224

5(E2/M1)

—15 io

'a2, a4, 5 parameters from a p fit to the data obtained at the value of X;„.
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against 5 for the spin sequence 2~2~0. The results of
this search are illustrated in the bottom panel where the
5 parameter is compressed by the arctan function. The
search yields a range of acceptable 5 values, 6
= —1.5+I 0 (indicated on the plot by a double arrow),
which satisfy the condition' of 7 &Pmj„+1 This value
must be compared to precise angular distribution results
obtained in the (n, n'y) experiment at Kentucky. The11

latter provided two acceptable solutions, marked as A

and 8, which are illustrated in the bottom panel of Fig.
5. One of those solutions, A, 5=3.07+0 &z, would re-
quire a negative az and a large positive a4 angular corre-
lation coefficient (a2 ———0.260 and a4 ——0.295), and thus
is incompatible with the present data. However, the
other pair of values, az ——0.311 and a4 ——0.002, associated
with the second solution, 5= —0.09+OOI7, is consistent
with the results of the angular correl'ation measurements.
In view of these facts, we adopt the latter solution.

B. Conversion electron measurements

Conversion electrons were detected in a daughter port
configuration using a specialized chamber, which al-
lowed simultaneous measurements of e and y-ray sin-
gles spectra and e -y coincidences; all were gated by
coincident signals from a thin plastic beta detector. Ap-
proximately 5 )& 10 e -y-t coincident triplets were
recorded. Conversion electron spectra were measured
with a 200 mm Si(Li) detector which has a 3 mm de-
pletion depth and a full width at half maximum resolu-
tion of 1.6 keV at 624 keV. The Si(Li) energy and
efficiency calibrations for conversion electrons and low-

energy y rays were measured oNine using thin radioac-
tive sources.

The beta-gated e spectrum is illustrated in Fig. 6.
We observe strong K and L electron lines and the y
peak for the 122 keV Y transition and dominant K and
L peaks for the 02+~0,+ EO transition in Zr. We
determine an energy of 1563.3(5) keV for the EO K con-
version line. This results in the energy of 1581.4(5) for
the g.s. EO transition, which is in agreement with the re-
cent value of 1582(2) keV reported by van Klinken
et al. but is substantially lower than the earlier result
of 1594(1) keV. ' ' A further confirmation of the 1581-
keV value comes from the Grenoble online isotope
separator data that has been recently recalibrated inter-
nally. This recalibration gave an EO transition energy
of 1581.5(8) keV. In the present work this energy was
also independently obtained from the coincidence re-
quirements of the decay scheme and the y-ray energy
balances to yield a value of 1581.5(3) keV.

We have deduced the ratio of intensities between the
EO transition and the y-rays in Zr from our simultane-
ous measurement of the P-gated e singles spectrum
presented in Fig. 6 and a P-gated y-ray spectrum accu-
mulated using a Ge(Li) detector. The three peaks from
the 122-keV Y transition in the e spectrum and a cor-
responding peak in the y-ray spectrum were used to nor-
malize both spectra. The largest contribution to the un-
certainty in the measurement arises from the uncertain-
ties in the relative efficiencies in each detector. The in-
tensity of the EO transition has been found to be
480(100) on the scale of 1000 for the 1750-keV y ray.
Figure 7 illustrates the y-ray spectrum observed in coin-
cidence with the 1581-keV EO transition. It shows only
the 644.4-keV y ray, which can be unambiguously as-
signed as a transition between the 22+ and 02+ levels. A

12similar assignment was recently made by Henry et al.
using in-beam (t,pye ) spectroscopy.
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FIG. 7. Spectrum of y-rays in coincidence with the 1581-keV EO transition in Zr. Only one photopeak at 644-keV was
identified in the spectrum.

C. Saturated beam measurement

Previous studies" have reported an absolute P feed-
ing to the 0+ ground state varying from 75% to 95%,
with the remaining intensity ascribed to feeding of the
02+ level. In order to establish the absolute beta feeding,
a y-ray singles spectrum was measured at the point of
beam deposition where the source was continuously ac-
cumulated for a few hours. Using these y-ray intensi-
ties, we have derived the absolute P feeding to the 0+
ground state of Zr from the assumption of an equilibri-
um among the decays in the isobaric chain. In the first
step, the rates for the Sr and Y decays were found
equal to within 12%. This value was established using
the 815-keV transition in Sr and the 122- and the 809-
keV transitions in Y, which were corrected for the ab-
solute y-ray branchings' of 76(2), 76.5(12), and 72(3) per-
cent, respectively. This confirmed that, as expected, the
PSI source gave direct production of Sr at least an or-
der of magnitude lower than for Rb. In the second
step, we assumed an equal source strength between the

Sr to Y and Y to Zr decays. This led to an inten-
sity value for the 1750-keV gamma ray of 2.9(9) percent
of the total decays of Yg and a value of 1.4(5) for the
1581-keV EO transition. Our new decay scheme lead to
a value of 4.8(9) percent of all Ys decays for the ob-
served population of excited states in Zr. Thus, the ab-
solute beta feeding to the ground state of Zr is 95.2(9)
percent, in close agreement with the previous value' of
95.0(15) percent, but very different from the value of
75% adopted in a recent data compilation for the A =96
chain.

III. LEVEL SCHEME OF Zr

The levels of Zr populated in the beta decay of Y
are shown in Fig. 8. This level scheme includes seven
levels in addition to the 0~+ and 02+ states which were the
only levels reported" ' ' previously as being populated
by this decay. The placements of the y rays in the decay
scheme are based on the coincidence relations which are
indicated by dots on the transition arrows. The beta de-
cay half-life of 5.4(1) s is lower than the previously mea-
sured' value of 6.2(2) s. Several factors could have con-
tributed to a higher value in the previous study. Howev-
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FIG. 8. Level scheme of 4OZr, 6 as populated in the P decay
of the 5.4-s 0 ground state of Y. The numbers in brackets
above the transition arrows indicate relative transition intensi-
ties. For possible first-forbidden unique transitions, the logf, t
values are indicated.

er, the difFerence most probably lies in the fact that the
source used in our study gave negligible direct produc-
tion of Y while ion sources used in earlier investiga-
tions gave a mixture of Ys and Y . The logfot and

logf, t values given in Fig. 8 were calculated using a Q&
value of 7140(40).

Spin and parity assignments for the three lowest-lying
excited states in Zr have been reported in a recent eval-
uation. ' The levels at 1750 and 1897 keV are the first
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excited 2+ associated with the 0+ g.s. (Ref. 24) and the
octupole (Ref. 25) excitations, respectively. The first ex-
cited level in Zr has J"=0+ and decays to the ground
state by an EO transition. ' ' ' The coincidence of the
1581-keV EO transition with the 644-keV y ray necessi-
tated the placement of this y ray between the 2225-keV
level and the 02+ first excited state. An erroneous energy
for the EO transition reported in previous works ' was
probably the reason that the 644-keV y ray feeding the
02+ level had been overlooked. The 2225-keV state has
been found to have spin-parity 2+ and has been inter-
preted as the 2+ member of a band built on the first-
excited 0+ state. The angular correlation data for the
475-1750 keV 22+ —+2&+~0~+ cascade, in conjunction
with the angular distribution results from the INS
work, " indicate a very small (1%) E2 admixture for the
475-keV interband transition. In addition to the 0+
1581-keV and the 2+ 2225-keV levels, a third member of
the band has been recently suggested ' at 2857-keV
with J =4+, but we would not anticipate the popula-
tion of this state in the low-spin P decay, and it is not
observed.

The present angular correlation results confirm the
previously made' ' 0+ spin-parity assignment for the
2694-keV level. The remaining three Zr levels, which
are populated with logft values between 7 and 8, must
also be of low spin. It is difficult, however, to make
unambiguous spin assignments on these grounds alone.
Nevertheless, the logf, t value of 9.6 is consistent with a
spin and parity of 2+ for the 2269-keV level, providing
the P transition is unique first forbidden. Finally, we
note that all of the states reported here are populated by
the INS reaction '" and, with the exception of the
3450-keV level, have also been observed in a recent
(t,py) study. '

I
Oi+ & =a

l
(2pi/2)'0+ &+b

I
(lg9/2)'0+ & (2a)

bidden transition is characteristic for nuclei near doubly
closed shells where the transitions involve states with
nearly pure shell model configurations. Thus, this
class of transitions is of considerable interest because it
can provide unique tests of P-decay theory, such as that
discussed for Zr and other cases by Khafizov.

There is considerable evidence to support the concept
of a double subshell closure at Zr. The energy of the
first 2+ state is high at 1750 keV and characteristic
discontinuities are observed in the two-neutron and
two-proton separation energies. Furthermore, single-
proton and single-neutron transfer reaction studies have
shown that the n(2p, /2) and v(2ds/2) valence or-
bitals are almost filled, whereas the higher-lying orbitals
do not contribute appreciably to the ground-state
configuration. In particular, single proton stripping
studies have revealed an occupation probability of 0.91
for the n (2p, /z ) and m (2p3/p ) orbitals, and an occupation
probability of only 0.05 for the (lg9/2) proton orbital
yielding almost pure, 91+3%, m(2p, /z) configuration
for the Zr ground state wave function.

The significant hindrances of the beta feedings to the
excited 0+ states in Zr, along with the enhancement of
the P transition to the ground state, suggest that the
configurations of these states are considerably different.
At least for the 02+ state the most natural choice is the

n(lg9/2 ) orbital which is the only valence proton orbital
above Z=40 and below the Z=50 major shell closure.
If we make the simplifying assumption that the m(2p i/2)
and ~(lg9/p) configurations are the main two proton
configurations that contribute to the wave functions of
the 0&+ and 02+ states, respectively, then a simple two-

level mixing formula can be applied:

IV. DISCUSSION

A. The 0 ~0+ decay of Yg and double subshell closure

The 0 assignment for the Y GS was established in
the previous work of Jung et al. ' Because this assign-
ment is critical to our analysis of the Zr levels, we

briefly review the experimental evidence. The 932-keV
level in Y was found to be strongly populated with a
logft of 4.0 in the P decay of the 0+ g.s. of Sr, and
thus a firm spin-parity assignment of 1+ was made for
the 932-keV state. The 932-keV level was shown to de-
excite by an 809-keV transition which was in cascade
with a 122-keV transition. The measured internal con-
version coefficients of these transitions gave E1 and
Ml(+E2) multipolarity for the 809- and 122-keV transi-
tions, respectively. Jung et al. ' also performed angular
correlation measurements for the 809—122 keV cascade,
deduced a 1+~1 ~0 sequence of levels, and thus es-
tablished a spin-parity of 0 for the Y g.s.

The beta decay of the 0 Y g.s. to the 0+ states of
Zr can shed light on the nature of Zr. Our results

confirm that beta decay mainly populates the Zr g.s.
with logft of 5.6. This is one of the three fastest 0 to
0+ beta transitions now known. ' Such a fast first for-

fr (0+)lfr (0+)=a'Ib' . (3)

Using our measured ft values, we obtain almost pure
(a =96+2%) proton configurations of (2p, /2)2 for the
0,+ ground state and of (lg9/2) for the Oz+ state, respec-
tively. Conversely, there is a small (b =4+2%%uo) admix-
ture of the 2pi/2 configuration in the Oz+ state and (the
same amount) of the lg9/2 in the ground state of Zr.
Therefore, the ground state composition deduced from
the beta decay is in quantitative agreement with the re-
sults of the single-proton transfer reaction studies. The
relative purity of the wave functions has already been
suggested ' to account for the weakness of the EO
transition connecting the 0&+ and 02+ states in Zr, in
contrast with Zr.

Shell-model calculations for Zr have failed to
reproduce the important feature of the double subshell

IOz+&= —b I(2Pi/2) 0+&+a I(lg9/2) 0+&, (2b)

where a +b =1. The Y has been shown8, 9 to have
predominantly a n (2p, /z )v(3s i/2 ) configuration. Since
the P-decay matrix element connecting the odd si/z neu-
tron in Y with a p»2 proton is much larger than for a
g9/2 proton, it is thus possible to determine the
coefficients a and b from
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closure in Zr, namely, the purity of its 0&+ and Oz+

states, despite the fact that these models can reproduce
the general features and trends in the Zr isotopes.
One particular limitation of these models has been the
severe restriction of the neutron space to include only
the valence 2d5/z and 3s, /z orbitals, but not the impor-
tant vlg7/z orbital. Federman and Pittel have shown

the important influence of the occupation of the vlg7/z
orbital and the n-p interaction on the onset of deforma-
tion in the A -100 region. In particular, they demon-
strated that a collective Oz+ state can be produced by a
mechanism which involves proton pairs and neutron
pairs in the mlg9/z and vg7/z spin partner orbitals.
With a sufhcient number of such pairs, a deformed state
can indeed result. In the case of the excited 0+ state in

Zr, a double subshell closure would prevent substantial
occupation of the n.( lg9/2) and v( lg7/p) orbits and, con-
sequently, the Oz+ state is expected to be at most weakly
deformed.

B. Deformation of the intruder band

Assuming that the 0,+ ground state and the Oz+ excited
state are admixtures of spherical and deformed states
which can be associated with the (2p, /z) and (lg9/2)
proton configurations, respectively, one can write
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where a and b are the wave function amplitudes of (2).
Hence the strength of the EO transition between these
0+ states is

FIG. 9. Systematics of the energies of the 2&+ states and the

energy ratios, E +/E +, as a function of the deformation pa-
&&+ z~+

'

rameter P, for even-even nuclei in the /I -96 region. Data are
from Refs. 40 and 44. The value of P, =0.20 derived for the
02+ state of Zr is indicated by an arrow.

p(EO) =abkP2/eR o, (5)

where pz is the quadrupole deformation parameter
characterizing the presumably deformed configuration
and k is given by Bohr and Mottelson as

k =(3/4n)ZeRo[1+(4n /3)(ao/Ro) ] . (6)

The Woods-Saxon form factors, a 0 ——0.66 fm and
Ro=5.54 fm, yield k/eR&& ——11.4 for Zr. Using the
amplitudes established from Eqs. (2) and (3), we have de-
duced the deformation parameter for the Oz+ level in

Zr. Its value, p2 ——0.20, indicates a relatively small de-
formation for the excited 0+ state but, nevertheless it is
significantly larger than the value deduced for the
ground state (P2 ——0.081).

Since we conclude that the intruder band is an in-
dependent set of excitations, we can deduce the collec-
tive parameters of the associated levels from the value of
the p2 parameter. A correlation of collective parameters
has been established in a number of studies. ' Figure
9 illustrates an empirical correlation of the energies of
the first excited 2+ levels and the energy ratios,
E +/E +, plotted as a function of P2 for the ground

bands of nuclei in the A -96 region. Using the value of
pz ——0.20, one can deduce the energy of the 2+ level to
be approximately 600 keV above the Oz+ level and the en-

ergy ratio between the first 4+ and 2+ levels to be about

2.2 (relative to the 02+ bandhead energy). The 2+ and
4+ members of the Oz+ bands have been recently
identified at 2225 keV and 2857 keV, respectively.
Thus, the 2+ level is 644 keV above the Oz+ state and the
energy ratio is 2.0. The good agreement between the ex-
perimental and the predicted values must be a conse-
quence of the weak mixing between these collective
states and the corresponding levels of the ground state
structure. Indeed, a strong 8 (E2) branching ratio
(100:0.7) in favor of the 22+~0&+ transition over the
2z+ ~0&+ transition supports this weak mixing interpreta-
tion. It is also consistent with the small 5(E2/Ml) mix-
ing ratio deduced for the interband 2z+~2&+ transition.
Furthermore, a beta transition from the 0 ground state
of Y populates the 2&+ state by an unhindered unique
first-forbidden transition, thus confirming the small col-
lectivity of the 2~+ level. The beta feeding to the 2z+ lev-

el is even smaller.
The collectivity of the band implies the simultaneous

presence of valence protons and neutrons in the Oz+

state. Casten has recently shown that, for a given re-
gion like A —100, there is a strong correlation between
the structural properties and NpN the product of the
number of valence neutrons and protons. This correla-
tion implies that nuclei which belong to the same re-
gion and have similar collective properties, must also
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FIG. 10. Energies of the 2&+ levels and energy ratios,
E +/E +, as a function of the neutron number for Mo, Ru,

41 21

and Pd nuclei with 52 & N (64. Data are from Sakai (Ref. 44).
The values found for the coexisting band in Zr* are indicated
by arrows.

have a similar product number of the valence particles.
Such intercomparison has been long expected ' to in-
clude also the intruder bands. Indeed, in a recent study
of Zr, Meyer et al. have identified eight excited states
of the intruder Zr* band and have demonstrated a
correspondence with the levels in the even-even ' Ru
nucleus. We expect to find a similar correspondence for

Zr', with the exception that, unlike Zr where the
coexisting structures are strongly mixed, one can be
more specific about the number of valence particles for
the almost pure Zr* intruder band. Figure 10 illus-
trates the systematics of the energies of the first excited
2+ states and the energy ratios plotted agains the neu-
tron number for 4zMo, ~Ru, and 46Pd nuclei, where the
valence proton orbital is 1g9/p as it is also for the Oz+

level in Zr. The Cd nuclei are not included since their
structures are influenced ' by configurations intruding
across the Z=50 shell gap. The neutron space has been
arbitrarily limited to 52&N(64. As indicted in the
figure, only two nuclei in this region, namely Ru54 and

Pd54, match both the experimental energy, E +
——644

keV, and the energy ratio of 2.0. Furthermore, the value
of P~=0.195(3) measured for Ru is identical to the
value of 0.20 deduced for the Zr* band. Both Ru
and ' Pd are at N=54, and thus have four neutrons
above the N=50 shell; Ru has four protons above the
Z=40 shell, while ' Pd has four-proton holes below the

Z=50 shell. This close correspondence implies that the
Zr* intruder bandhead has effectively four valence neu-

trons and four protons.
In order to estimate independently the number of

valence particles in the Oz+ state in Zr, one has to es-
tablish the nearest shell closure. In the case of a second
ground state in a doubly closed subshell nucleus the task
is rather simple. A disruption of either of the subshell

gaps would greatly increase the number of valence parti-
cles and would result in a large Pz. However, the defor-
mation parameter deduced for the excited Oz+ state,
P~=0.2, indicates that the counting of valence particles
for this state must be also limited by the shell gaps at
Z=40 and N=56. On the other hand, the value of Pz is

sufficiently large (see Fig. 9) to verify through the n-p in-
teraction a simultaneous presence of valence protons and
neutrons. Thus the simultaneous promotion of one pro-
ton pair and one neutron pair across the Z=40 and
N=56 shell gaps is implied. By treating particles and
holes above and below the closed shell equally, one ar-
rives with four valence protons and four valence neu-
trons for the Oz+ state in agreement with the numbers
implied from the correspondence of the Zr* to Ru
and ' Pd. It is not clear to which valence orbital the
neutron pair is promoted, although the most likely solu-
tion may involve a combination of a few orbitals. How-
ever, in the view of the occupation of the proton (lg9&z )

orbital, some occupation of the neutron 1g7/Q orbital is
almost certain due to the strong attractive n-p interac-
tion in those orbitals. These ideas complement earlier
work in which the 4p-4h configuration for the 0&+ state
in Zr has been also proposed on a different basis, using
multiparticle transfer data. '

V. SUMMARY

The beta decay of the 0 Y isomer was found to
populate several excited states in Zr. The unhindered
first-forbidden transitions to the 0+ ground state and the
first 2+ level provide additional arguments in favor of a
double subshell closure at Z=40, N=56. A large hin-
drance of the beta decay to the Oz+ state has been mea-

sured indicating a structure completely different from
that of the ground state. A small mixing of the
n(2p&zz) configuration was deduced for the otherwise
pure (lg9&z) proton configuration of the Oz+ state. Also,
a deformation parameter of 0.20 was obtained for the Oz+

level through the EO transition strength. From the sys-
tematics of the collective variables in the A -96 region
one expects the E + -600 keV and the energy ratio

E +/E + -2.2 corresponding to this Pz. These predic-

tions closely match the values of 644-keV and the energy
ratio of 2.0 determined for the collective band in Zr*.
Furthermore, all evidence indicates that the mixing of
the GS and intruder bandhead is very weak. Consistent
with the previous findings on Zr*, we find a
correspondence between the vibrational-like band in

Zr* and the lowest states of Ru (Z =40+4,
N =50+4) and ' Pd (Z =50—4, N =50+4). This
correspondence implies similar effective occupation of
the valence proton and neutron orbitals and thus sup-
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ports the concept that the Oz+ state of Zr contains a
substantial four-particle, four-hole component.
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