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The level scheme of *Zr was studied by in-beam measurements on y transitions in the
ONi(**Si,2pny)®Zr reaction and by helium-jet studies of delayed y-ray activity from the
8Ni(*28,3pn)®Nb(B+ /EC)%Zr reaction. In the latter study, measurements consisted of y-y and B-y
coincidences, excitation functions, and a lifetime determination. An *Nb decay scheme was ob-
tained which suggests J"=5" for the **Nb ground state. The in-beam study consisted of y-y coin-
cidences, excitation functions, angular distributions, and lifetime measurements via both Doppler
shift attenuation and recoil distance methods. The high-spin decay scheme and level lifetimes ob-
tained from the in-beam studies suggest intrinsic modes of excitation rather than the collective

behavior seen in %Zr.

I. INTRODUCTION

The study reported herein is part of an effort to under-
stand the high-spin spectroscopy of the even Zr isotopes
from ¥Zr (Ref. 1) to *°Zr (Ref. 2), that is, from one end of
the gy,, neutron shell to the other. A quite detailed and
careful in-beam study of 3¢Zr was recently made by Hat-
tula et al.’ using Sr(*He,xn) and Sr(*He,xn) reactions.
Some previous but less comprehensive studies have also
been reported.*~® It was anticipated that the production
of ®Zr via a heavy-ion reaction, such as **Si-+%Ni, would
both enhance the population of high spin states and pro-
vide favorable conditions for measuring level lifetimes
through the recoil distance method (RDM). In practice,
the decay scheme was not extended beyond a probable
J7=14" state at 6321 keV, possibly due to the fragmen-
tation of the decay pattern into many cascades. However,
the extraction of lifetime information for many of the lev-
els has provided a new insight into the structure of these
states.

The low-lying high-spin states of the even Zr isotopes
can be studied also via the Bt /EC decay of the corre-
sponding Nb isotopes. Previous studies of **Nb decay
have been made, most recently by Korschinek et al.> and
Della Negra et al.® It was felt that further decay mea-
surements would yield valuable data supplementing the
in-beam results, and so, such a study was also undertaken.

II. PROCEDURES AND RESULTS

A. Nb(B* /EC)%¢Zr

The %Nb radioactivity measurements were performed
at the Brookhaven National Laboratory (BNL) double MP
tandem facility using a helium-jet system!® whose use for
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other spectroscopic studies in this mass region has been
described previously.''~!3 Sources of **Nb were prepared
with high yield by the Ni(*’S,3pn)®Nb reaction at
E(328)=130—150 MeV. Efficient transport of this activi-
ty in the helium-jet system allowed measurements of exci-
tation functions, lifetimes, x-ray and y-ray energies and
intensities, and the accumulation of (x,y,?), (y,7,?), and
(B,7,t) coincidence spectra.

A decay scheme for *Nb(B+ /EC)¥Zr was constructed
from these data. Use was also made of data from the in-
beam study to be described in Sec. II B. Relative intensi-
ties observed for the y rays assigned to ®Nb decay and
the placement of the y rays in the 8Nb decay scheme are
given in Table I, while the decay scheme is shown in Fig.
1. There is strong overlap between the decay scheme es-
tablished for **Nb decay and the in-beam Sr(*He,xny )%¢Zr
study of Hattula et al.® They observed all the 36Zr levels
we observed except the top two at 3254 and 3418 keV and
the lower-lying member of the 3030-keV doublet. The
evidence that there are two rather than one 3030-keV lev-
els is twofold. (1) The 388-keV 3418—3030 transition is
in coincidence with the 1363-keV ¥ ray, but not the 988-
keV y ray; (2) the 3030-keV level produced in the in-beam
studies of Ref. 3 and the present work (Sec. IIB) emits
360- and 1363-keV y rays, but not a 988-keV y ray.

Once the *Nb decay scheme had been established, a
separate series of experiments was performed to measure
the decay energy of 3*Nb. These experiments involved
(B*,7) coincidence spectroscopy in which positrons gated
by selected y rays were detected in a plastic scintillator
telescope, consisting of a thin (1 mm) AE detector in front
of a thick (15 cm) E detector, positioned at 180° with
respect to the Ge(Li) y-ray detector. Positrons entering
the telescope from the 8Nb source passed through a thin
Mylar window when exiting the helium-jet system. Pro-
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TABLE L. 36Zr energy levels deduced from the assignment of y rays to the 1 /EC decay of *Nb.

E*® , E; E° L BR®
J72 (keV) (keV) (keV) (relative) (%)
2+ 751.744(30) 0 751.740(30) 1000(25) 100
2+ 1421.764(50)¢ 752 670.013(40) 152(7) 87(2)
0 1421.66(20) 23(3) 13(2)
4+ 1666.599(60) 752 914.810(50) 799(17) 100
(3) 2041.896(90)° 1667 (375.335) <6 <6
1422 620.111(90) 78(4) 79(3)
752 1290.30(30) 21(3) 21(3)
(37) 2343.740(60)f 2042 (301.844) <7 <8
1667 677.20(10) 25(4) 29(4)
1422 921.960(60) 62(5) 71(4)
752 (1591.980) <7 <8
6" 2669.806(80) 1667 1003.240(50) 382(9) 100
5 2705.609(70) 1667 1039.037(30)2 65(20) 100
[51" 3016.857(80) 2706 311.248(30) 14(2) 100
3029.47(13)b 2042 987.569(90) 52(5) 100
3029.545(90) 2670 359.718(40) 17(2) 15(2)
1667 1363.134(60) 93(6) 85(2)
3254.30(10Y 3030 (224.642) <5 <3
2670 584.520(56) 100(3) 53(2)
1667 1587.75(10) 90(6) 47(2)
3417.644(90) 3254 (163.344) <3 <2
3030 388.13(15)k 55(5)k 34(3)
2670 747.755(90) 66(6) 40(3)
1667 1751.14(20) 42(3) 26(2)

2From Ref. 3 unless otherwise noted.

®Corrected for recoil. The numbers in parentheses are the uncertainties in the least significant figure.
°Not corrected for recoil. Energies in parentheses are inferred from the level separation. The energies
are obtained from both the delayed and in-beam studies.

9If multiplied by 8.90 these units are the same as those of Table IV. -

°The level branching ratio in percent.

fObserved in the in-beam (*He,xny) study of Ref. 3 but not in the present in-beam (*°Si,2pny) study.
€Doublet with a #Y(B8+/EC) y ray. Separated in the multiscaled singles data and in the in-beam study.
"From the in-beam study and the formation of this level in Nb(3™+).

iThe evidence that there is an energy level doublet near 3029.5 keV is discussed in the text.

JNot observed in either in-beam studies, i.e., CHe,xny) or (**Si,2pny).

kCorrected for an 7Y activity.

cedures used have been described fully.!! The telescope

was calibrated with well-known positron emitters, e.g.,
278i, 3°Ca, 8Cu, and ®Zn. These were produced in the
helium-jet system and transported and counted in an iden-
tical geometry as the ®Nb sources. In addition, **Sc™—
produced in *’S bombardment of '2C and/or '°O
contaminants—provided a convenient internal calibration.
End point energies were analyzed by two independent
methods: Fermi-Kurie analysis and use of shape-fitting
functions.'* Identical results within experimental errors
were obtained by these methods. Table II displays end
point energies for the three most intense y-ray gates.
Since the decay scheme of ®*Nb is complex (see Fig. 1),
the method of analysis used is approximate and the mea-
sured end point must be associated with an effective exci-
tation energy which we take to be the weighted mean as
determined from the ¥ and B intensities of Fig. 1. The
uncertainty associated with this procedure is the main
contribution to the final adopted Qgc of 8150(200) keV.
B™ spectra in coincidence with the nine next most intense

y-ray peaks of Table I were also extracted. The results
for these were consistent with the analysis just described;
however, the statistics were not good enough to give com-
parable accuracy.

A value of Qgc of 7980(80) keV was extracted by Della
Negra et al.’ from similar 8-y and (recoil *Zr)-B coin-
cidence measurements. However, this result was based on
the assumption (erroneous) that 100% of the B+ feeding
was into the 2670-keV level. The actual measured end
points were in good agreement with the present results
(Table II) and a treatment based on the decay scheme of
Fig. 1 would presumably yield a Qgc value in agreement
with the present result.

The half-life of ®*Nb was investigated by multiscaling
4096-channel y spectra in five equally spaced time bins.
Three measurements were made with time bins of 1, 20,
and 100 s, respectively. The decays of all the identified y
rays (Table I) were followed and all had half-lives con-
sistent with that determined from the three most intense y
rays, namely 87.8+0.5 s (statistical errors only). Selected
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FIG. 1. Decay scheme for **Nb(B*/EC)*Zr. The y- and
B*/EC-branching ratios (given in percent) are from Tables I
and III, respectively. The spin-parity assignments are those of
Ref. 3.

decays are illustrated in Fig. 2. This verification gives
added credence to the decay scheme of Fig. 1. A total
systematic uncertainty of ~1 s is assumed in the half-life
measurements so that the adopted value is ¢;,, =88(1) s.
This value is in good agreement with the value of 87(3) s
obtained by Della Negra et al.’

The intensities of Table I translate into the B+ /EC
branching ratios of Table III. Note that these branching
ratios have asymmetric uncertainties, (0, /0_). The
upper uncertainty is statistical only, while the lower un-
certainty o _ includes an estimate of the effect of missing
v-ray flux. As is often the case in complicated 3-decay
schemes, it is difficult to ascertain and communicate the
uncertainty in 3-decay branching ratios due to the prob-

ably significant but unobserved y-ray flux from higher-

lying levels. If the B decay populated a high-lying level
which had a complicated ¥ decay, then appreciable y flux

TABLE II. Measured positron end points and Qg values for
8Nb decay.

Gating Qkc
transition EQY Orc® adopted
(keV) (keV) (keV) (keV)
752 4254(140) 8096
916 4264(130) 8106
1003 4202(280) 8235 8150(200)

2Calculated from the weighted average for the final %%Zr excita-
tion energy (see the text).
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FIG. 2. Time decay of y rays following ®*Nb(3+/EC)*Zr.
Some data points are omitted for clarity.

TABLE III. Branching ratios and allowed logft values for

¥Nb(B+/EC)*Zr.  Calculated . using t;,=88(1) s and
Qrc=8150(200) keV.
86Zr B+/EC®
E, Branching ratio

Jra (keV) (%) logft
2+ 752 <8 >6.9
2+ 1422 3.5(9/22) 7.02(13)
4+ 1667 10.1(16/35) 6.47(14)
(3%) 2042 4.7(7/21) 6.66(11)
(37) 2344 8.6(7/15) 6.28(10)
6+ 2670 19.7(15/23) 5.76(10)
5~ 2706 5.1(20/28) 6.35(20)
[5] 3017 1.4(2/21) 6.76(12)
[4] 3029 5.2(6/20) 6.19(12)
[5] 3030 5.5(9/22) 6.16(13)
[5] 3254 18.8(12/21) 5.52(12)
[5] 3418 16.2(11/22) 5.50(12)

*The spin-parity assignments in square brackets are speculations
based on the 8% /EC- and y-decay modes, the other assignments
are from Ref. 3.

*From the relative intensities of Table I. The numbers in
parentheses give the asymmetric uncertainties (o, /0_). o, is
the purely statistical uncertainty while o_ incorporates an esti-
mate of the possible effects of undetected y-ray feedings from
higher-lying levels, as explained in the text. The uncertainty as-
signed to the logf't values corresponds to o .
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TABLE IV. (Continued).
™An unresolved doublet with an average energy of 862.43(10) keV and an intensity of 420(40) units can have contributions from both the 3533—2670 and 4134—3271 transitions

°Not corrected for recoil. Energies enclosed in parentheses are calculated from E;-E;. Those in square brackets were not positively identified in the yy coincidence data and thus are
(Ref. 3). However, the excitation function for this doublet is not typical of the 2pn channel.

somewhat uncertain. An entry of 0 for 4, means the fit was to I,,(1+ 4,P,) only, i.e,, X? was not significantly improved by the inclusion of an A, term.

9The relative intensity I y is corrected for the relative y-ray efficiency and is in arbitrary units.
“Relative side feeding of the level in question in units of 1007,.

fFrom the RDM measurements unless otherwise noted.

8From Ref. 8.

®Corrected for recoil. The uncertainty in the least significant figure is given in parentheses. E; completely enclosed in parentheses are to some degree speculative.

¥The absence of this transition is evidence that one of the 3030-keV levels assigned to *Nb decay (Table I) is different from this 3030-keV level.

A y ray of 362.584(80) keV with an intensity of 140(10) units of unknown origin was observed but not the 2705—2343 transition of Ref. 3.
'Reported in Ref. 3 with no branching ratio given.

In Ref. 3 a 663-keV transition was assigned to a 2705— 2042 transition. The branching ratio was not given.

iObscured in singles by an unknown contaminant. E, and I, are from the 8*/EC results.
"The presence of a 1000+2 keV y ray somewhere above and feeding the 5234-keV level is definite; its placement here is not.

°This transition shows a Doppler shift. The analysis to obtain a lifetime is described in Ref. 2.

*From Ref. 3 or speculations from the present results (square brackets).

into the low-lying levels could be overlooked. The prob-
lem is quite severe in the present case since Qgc is large
enough to accommodate significant B*/EC feeding of
levels several MeV above those observed. In the present
Y-y coincidence measurement a 2-MeV y transition hav-
ing I,,~20 (units of Table I) would be on the threshold of
perception. We indicate the error introduced by overlook-
ing such a transition into each level by taking o_ to be
the root mean square of this error and the statistical un-
certainty. Of course, it should be kept in mind that even
more than one such feeding transition could be overlooked
for a given level.

Using the presently measured Qgc and t,,, values, we
obtain the allowed logfz values of Table III. Most of the
logft values are small enough so that they are likely to
correspond to allowed transitions, although only the de-
cays to the two highest-lying levels and the 6% 2670-keV
level meet the accepted criterion!® for exclusion of forbid-
den decay, i.e., logft >5.9. Assuming all are allowed, the
decays to the 4* and 6% levels would fix the 3Nb ground
state as 5. This, however, leads to a discrepancy with
the most probable spin-parity assignments for the 2042-
and 2344-keV levels (J™"=3" and 37, respectively) pro-
posed by Hattula et al.’> Three possible explanations are
evident:

(i) Both levels in question have J"=4". The extent of
the disagreement of these latter assignments with the
(®He,xny) data is not clear from the presentation of Ref.

(ii) There is an (undetected) low-lying isomer in 86Nb, as
in ¥ %Npb, such that the intensities of Table I involve al-
lowed contributions from the decay of two 3Nb levels of
different spin and/or parity. In this case, however, the
two half-lives must be nearly identical, since there was no
evidence for a different value of t;,, for the 2042- and
2344-keV levels (Atl/z <5 s).

(iii) The most likely explanation is that the 2042- and
2344-keV levels are not fed in (37 /EC) decay to any sig-
nificant extent, and that the “apparent” (8% /7EC) branch-
ing is due to unobserved y flux into these levels, as dis-
cussed previously. In any event, it is clear that more work
;rgust be done to establish a definitive decay scheme for

Nb.

B. In-beam %°Ni(?°Si, 2pny )®Zr studies

The in-beam high-spin investigation of 3Zr consisted of
y-ray excitation functions, angular distributions, recoil
distance (RDM) and Doppler shift attenuation (DSA) life-
time measurements, and yy-coincidence measurements.
A 2°Si beam of 10—50 particle nA (particle nanoamps) at
E(*°Si)=70—120 MeV was provided by the second stage
of the BNL double MP tandem facility. The experimental
procedures were nearly identical to those used in the in-
beam study® of ®%Zr and therefore they will only briefly
be discussed. Gamma rays were detected with both large
coaxial Ge detectors and a planar low-energy photon spec-
trometer (LEPS). For the excitation functions, RDM, and
angular distribution measurements one Ge detector was
placed in a Nal(Tl) anti-Compton shield, the whole
operating as a Compton suppressed spectrometer (CSS).



1216 E. K. WARBURTON et al. 31

The y-y coincidences were measured using the CSS detec-
tor and two unshielded Ge detectors. The target consisted
of a 1.1-mg/cm? ®Ni foil which, in all but the RDM
measurements, was backed by 13 mg/cm? of evaporated
natural Pb. The excitation function was taken in 10-MeV
steps from E (¥Si)=70 to 120 MeV. The *Zr yield was
found to peak near 100 MeV and so angular distribution,
y-y coincidence, and RDM lifetime measurements were
performed at that energy. These were all routine except
that the excitation function and angular distribution mea-
surements were made with a timer/programmer control
set for a sequence with a 10-s beam on period during
which prompt events were recorded followed by a 1-s
beam off waiting period and a 1-s period for recording de-
layed events. This procedure was followed so that the
prompt data could be corrected for any delayed contribu-
tions from B+ /EC decay. It was important to do so since
it turned out that delayed activities constituted a large
fraction of the observed intensity near the bottom of the
decay scheme and subtraction of these activities was
necessary in order to obtain accurate angular distributions
and excitation functions. The method used provided a
quite accurate way of correcting for these activities as
well as providing useful information on them.

Angular distributions were taken simultaneously with
the CSS detector at angles of 0°, 22°, 30°, 45°, 60°, 69°, and
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FIG. 3. Decay scheme of *Zr from the *°Ni(*Si,2pny)*Zr
reaction. The spin-parity assignments in square brackets are
speculations based upon the present work. The remainder are
those proposed in Ref. 3.

90° and the LEPS at angles of 90°, 97°, 105°, 120°, 135°,
140°, and 145°. A 31-h yy-coincidence measurement was
recorded with three Ge detectors (one a CSS) and an ~ 6-
h yy-coincidence measurement was performed with a
LEPS-Ge combination to search for low-energy transi-
tions. Recoil distance measurements (RDM) were made
as described in Ref. 2. The recoil velocity in these mea-
surements was v /c =0.0257.

A synthesis of the present measurements is given in
Table IV from which we deduce the decay scheme of Fig.
3. The quality of the data (angular distributions, excita-
tion functions, yy coincidences, etc.) is similar to that of
Ref. 2 to which we refer the reader for an appraisal. The
level lifetimes (mean lives) listed in Table IV are mostly
from the RDM. Representative data are shown in Fig. 4.
Only two y rays definitely assigned to *¢Zr showed
Doppler shifts in the angular distribution measurements.
For these y rays, limits on the lifetimes could be obtained
using the Doppler shift attenuation method as discussed
in Ref. 2. For both, the lifetimes are short enough so that
the transitions must be predominantly dipole:

The decay scheme of Fig. 3 and Table IV is very similar
to that of Hattula er al.> with which we have no
discrepancies. Our results proceed to slightly higher exci-
tation energy via the 694-, 381-, and 959-keV transitions,
while the results of Hattula er al. contain more informa-
tion on the decay of nonyrast states. Spin-parity assign-
ments based only on the present results are, in general, not
very definitive. Two exceptions are the first two excited
states for which firm J™=2% and 4% assignments can be
made. More definitive assignments for the other levels
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£ 1000 F1=057 -
= T1= 7.9
£ i
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X
2 100 | 4326
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862(
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FIG. 4. Recoil distance lifetime results for the 6321-, 5396-,
and 4326-keV levels of 3¢Zr. The procedure is discussed in Ref.
2.
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TABLE V. Transition rates and excitation energies in light, even zirconium isotopes. [The transition
rates are in Weisskopf units (W.u.) as defined in Ref. 18.]

E, 2) B(E2;2t—0%) B(E2;8%*—6")
Nucleus N (keV) (W.u.) (W.u.)
0Zr 50 2186 5.38(17) 3.13(9)
87r 48 1057 a 5.16(60)
86Zr 46 752 14(3) 4.1(4)
8470 44 540 40(2) 22(6)
827r¢ 42 407 86(10) a

2Not measured.
YReference 19.
°Reference 1.

would be possible, if, as in the study? of ¥%Zr, linear po-
larization data were available. In Table IV and Fig. 3 we
adopt the spin-parity assignments suggested by Hattula
et al.® with speculations from the present results given in
square brackets. We caution that the assignments of Hat-
tula et al.® are not definitive.

The failure to observe higher-lying levels of appreciably
higher spin in the reaction 2°Si+ %Ni relative to >*He+Sr
was a major surprise. In contrast, the 88,907+ results from
the reaction '80+747%Ge reported in Ref. 2 extended the
range of excitation energy over that observed in “He+Sr
by ~4 MeV and extended the yrast levels from J~11 to
J ~21. Reaction calculations with CASCADE (Ref. 16) in-
dicate the most probable spin formed in ¥Zr by
298i+%ONi is ~ 167 with a spread of ~ 167 FWHM (full-
width at half maximum). The most probable explanation
for our failure to find the decay of states above those ob-
served is that in %Zr—in contrast to %°°Zr—the yrast
levels in the range J~16—24 decay by many different
routes so that the intensities, being fragmented, are hard
to detect. Clearly, a more sensitive experiment—such as
the use of TESSA (Ref. 17) or some other total-absorption
multiplicity detector—is needed to explore the higher-
lying yrast levels in 3¢Zr.

III. DISCUSSION: THE SYSTEMATICS
OF THE EVEN, 4 <90 Zr ISOTOPES

The excitation energies of the first J7=2% states in
light Zr isotopes show a smooth decrease between *°Zr
and %Zr (Table V). The trend is reflected in a similarly
regular increase in the B(E2;2—0) values, as is also
shown in Table V. However, it is probably incorrect to
interpret these trends as being caused by a gradual onset
of permanent deformation, as the B(E2) values encom-
pass contributions from static deformation and dynamic
vibrations. A more useful indicator of the onset of per-
manent deformation is to examine the transition rates be-
tween higher-lying members of the yrast sequence where
vibrational influences are smaller. Table V also gives the
B(E2) values for the yrast 8% —6% decay for ¥Zr.
Here a new trend emerges with a jump in collectivity be-
tween %Zr and 3Zr.

The suggestion that the onset of the nonspherical
shapes is at N =44 for Zr isotopes is supported by the
model potential energy surface calculations of Moller and
Nix.2% Between 4 =90 and 86 the nuclei are predicted to
be spherical, but with a diminishing minima in the poten-
tial surface. At A =84 competition from nonspherical

TABLE VI. Transition strengths of some E2 transitions in %¢Zr.

Initial state? Final state? E, 7 (partial)® B(E2)* B(E2; rotor)
E; (keV) Jr E; (keV) Jr (keV) (ps) (W.u.) (W.u.)
752 2+ 0 o+ 752 10.6(20) 14(3)¢ 20
1667 4+ 752 2+ 915 8.7(39) 7(3)4 29
2670 6+ 1667 4+ 1003 11.5(52) 3.0(14)¢ 32
3298 8+ 2670 6+ 629 90(9) 4.1(4) 34
4326 10* 3298 8+ 1028 3.0(6) 10.5(21) 35

5388 11~ 4429 9~ 959 4(1) 11.1(28)
5396 12+ 4419 10+ 978 14(3) 2.9(6) 35
5396 12+ 4326 10+ 1070 5.3(13) 4.9(12)
6233 13 5234 11 999 6.1(10) 5.9(10)
6321 14+ 5396 12+ 925 7.5(9) 7.1(9) 36

*The listed spin-parity assignments are assumed.
From the level lifetimes and branching ratios of Table IV.

°The transition strength in Weisskopf units (W.u.) as defined in Ref. 18.

9From Ref. 8.
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shapes starts and prolate shapes with €,>0.35 are the
most bound for 8%2Zr. Bonche et al.?! have done three-
dimensional Hartree-Fock calculations for these nuclei.
They find the mass quadrupole moment (in units of fm?)
0 =0 for both *Zr and %8Zr.?! For %Zr they find that
the energy surface is flat (for 0 < Q < 300), while for 3*Zr a
softly triaxial shape is indicated. Table IV is a collection
of E2 transition rates measured for %6Zr. The 2+ —0+
transition shows some enhancement, probably indicating
some softness to vibration, but amongst the higher states
the transition strengths are only a few single particle
units, and are similar to corresponding transitions in
88,907r. Hence, these data would appear to support a pic-
ture of excited states in *Zr arising from shell-model ex-
citations of relatively few particles.

The interpretation of Hattula ez al.? is drastically dif-
ferent. They assume the nucleus has a permanently de-
formed shape and suggest that the excited states form ro-
tational bands. Taking the deformation parameters from
Hattula’s work (e,=0.15, €,=0, ¥ =~ —20) and assuming
a uniform charge distribution, the transition rates in the
ground state band can be predicted in the framework of
the rotational model. These are given in the last column
of Table VI. It is clear that these predictions reproduce
neither the trends nor the absolute values for any of the
states with J > 2; therefore we feel that the interpretation
and conclusions presented by Hattula ez al.? should be
viewed with some caution.

Some further insight into the change in deformation of
Z ~ N ~40 nuclei with neutron number is provided by the
spins of the lowest-lying even-parity Nb levels. These lev-
els are most simply generated by
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Low-lying even-parity states with 0 <J <9 are expected,
and which state lies lowest depends rather sensitively on
details of the structure. The prediction?? of the spherical
shell model gives correctly a lowest-lying even-parity state
of 8% for ®Nb and °Nb. For a highly deformed prolate
nucleus and an inert (f,p) core, the simple Nilsson model
prediction for the lowest-lying even-parity state is
J=(n+1)/2, where n=A4 —81 is the number of go/,
neutrons. For ¥Nb, this prediction of 2% is consistent
with a recent ¥Nb(B* /EC)¥Zr study®® which indicates
J™=1%, 2%, or 3*. However, the prediction is expected
to be modified by participation of the (f,p) core. Promo-
tion of one or more pairs of (f,p) particles into the g¢,,
shell is expected, especially at high prolate deformations.
This situation is handled quantitatively by Kreiner and
Mariscotti?® who applied a two-noninteracting-
quasiparticle-plus-rotor model to 7gq,, XVgq,, states in
"6Br. By analogy with this calculation one might expect a
J™=3% or 4% ground state for *Nb and J"=4% or 5%
for 8Nb for reasonable prolate deformations. As dis-
cussed in Sec. II A, J”=57 is suggested experimentally
for #Nb.
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