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The B decay of °’Sr to °"Y has been investigated using ion-guide on-line mass separation and a 10
Ge-detector array to recomngy coincidences to a detection limit well below that of former studies. Similarities
are found in theg-decay patterns of°Zr and of its isotone®’Sr and also in they-ray decay rates and
branchings of the corresponding levels in their respective daugfidtsand °’Y. This indicates a persisting
influence of theds, neutron shell closure fot°Nb. The level structure of°Nb and thes-feeding pattern are
discussed in the frame of the interacting boson-fermion plus broken pair model and the microscopic quasipar-
ticle phonon model[S0556-281@8)06106-8

PACS numbses): 27.60:+j, 21.10.Tg, 23.20.Lv

. INTRODUCTION pair [26]. The %8Zr nucleus has a high-lying;2state at 1223
keV. In contrast, the 2 energy in1®Mo is only 536 keV.
Neutron-rich nuclei neajgZrss have been investigated i Thys, there is a dramatic change of the level structure of
numerous studies motivated by the strong shell closure assg¢<59 spherical nuclei associated with the closure of the
ciated with the neutrors, subshell filling when protons g, .-d., neutron gap when proton pairs start to occupy the
occupy the natural parity states below thg, orbital [1]. g, shell. With its proton number oZ=41, the nucleus
Nuclei with a few valence particles with respect¥@r are  9N\p s sjtuated at the transition between the region where
especially interesting owing to the rapidly changing levelthe N=56 shell closure is activeZ(<40) and the region of
structure with increasing nucleon number. With the additionthe open shell Z=42). In this context, a detailed study of
of only four neutrons, the ground states of the neighboring®Np |evels should provide an insight into the influence of a
N =60 isotones become strongly defornj@dl Deformations  sjngle go/, proton on theds, neutron-shell closure. Espe-
are as large ag=0.40 for 33Sr[3] and 33Y [4], while they  cially appealing is the comparison of levels in the=58
slightly decrease with increasiigy[5,6,5—-8. Shape coexist- isotones®’Y and *Nb. These are populated b decay of
ence has been reported for the=59 isotones®’Sr[9-11] 7Sy and %°Zr which have a very similar low-lying level
and ®® [12-14, both of which have spherical ground statesstructure[9,15]. Accordingly, levels of the same character
and deformed states at about 0.5 MeV excitation energymight be selected by decay into®’Y and **Nb and this
However, for®Zr a clear indication for an excited deformed should provide a means to follow their evolution when the
band structure is still lackinf15-18. The lowest-lying lev-  proton number crosse&= 40.
els in ¥’Sr and*°Zr present similarities with the levels inthe = The low-spin levels in’’Y have been studied bg decay
N=57 isotones®Sr [19] and Zr [20], whereas in their of |7=1/2" 97Sr by Pfeifferet al. [27]. Level-lifetime mea-
Mo [21] and '°'Mo [22] neighbors one observes an evolu- surements were subsequently performed by the TRISTAN
tion of the level structure versus neutron number. This dif-group[10] according to which several levels were interpreted
ferent behavior versus proton number is related to the vanas core+ particle configurations. For a better comparison of
ishing of theds, neutron shell closure we have recently the levels in the isotone&’Y and °*Nb we have reinvesti-
discussed for®Mo [21]. The N=58 isotones withZ<40  gated the®’Y level scheme using-y coincidence data re-
display clear fingerprints of shell closure effects. The 2 corded during former experimeni0,24].
states in even-even Sr isotopes have almost constant energiesThe levels in ® Nb have been studied by the decay of
at ~0.8 MeV from °°Sr to *°Sr. Their low collectivity has 17=1/2" 9zr, including lifetime measuremen{£8], and
been established by lifetime measuremdm3]. High-spin  several transfer reactions, compiled in the Nuclear Data
levels in the odd-proton nuclet$Y have been observed via Sheets[29]. An extended decay scheme, compared to that
isomeric decay of ah™=27/2" isomer[24]. The high-spin  published in Ref[29], was presented by Pfeiffet al.[30].
level structure of?’Y has been calculated in the frame of the The so far reported transitions have intensities of about 1%
interacting boson-fermion modéIBFM) [25] and, very re-  per decay. It has been shown that experiments at the IGISOL
cently, by its extended version including a broken neutrorfacility, see, e.g., Ref§20,21], allow the detection of tran-
sitions with still lower branchings for most of the neutron-
rich isotopes in this region. The observation of new weak
*Present address: Cyclotron Laboratory, RIKEN, Wako-Shi,y-ray branchings, combined with absolute transition prob-
Saitama 351-01, Japan. abilities should provide a basis for firm spin and parity as-
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signments. In addition, the question of whether a 2##ee  sequence. Pure singles, e.g., mgated spectra, of the low-

quasiparticle state could form an isomer, similar to the one irenergy detector were also recorded in order to allow the ob-

9%y, is still open[21]. If this configuration has a half-life of servation of occasional isomeric transitions. The data were

about 1 ms or longer, high-spin states*tNb could be ob- recorded with thevENLA data acquisition systerf86] de-

served using on-line mass separation with the ion-guide techsigned at the Accelerator Laboratory in Jgkgla A time to

nique. digital converter(TDC) marking the time of occurence of
Finally, shape coexistence has been propose@#i the  events with respect to the beginning of the separator cycle

isotone of **Nb, based on the large*(0; —0,) value of  \yas written as an additional list-mode parameter.

0.075[15]. However, a strongly deformed band built on this

0, state at 1436 keV has not been observed in a recent B. Analysis

prompt-fission study18]. To our knowledge, there have not o )

been reports of shape coexistence in neutron-rich Nb iso- The coincidence data taken with the DORIS array were

topes. Unfortunately, it is unlikely that a band structure will first sorted off-line to constructy-y and x-y matrices.

be observed after thg decay of the 1/2 ground state of Higher-fold events were also investigated, which could have
97, given an indication of a cascade of high multiplicity follow-

ing the decay of the high-spin isomer postulated to exist in
9Nb. The additional experiments yielded further TBGnd
Il. EXPERIMENTS TAC-vy matrices(where the time-to-amplitude converter re-

The main experiment was devoted to the decay’af to corded th_e t?me betwees and y rays for the determination.
%N, which is described below. For the purpose of systempf level lifetimeg. For both experiments, energy and effi-
atics some details of the decay schemd&’sfr to 97y were to ciency calibrations were performed internally, using data
be studied in greater detail. The data have been obtainegpmMPpiled in[29] and our results on the decay 8fNb to

. . : i 99 i
from previous experiment20,24 which we do not present ~ Mo [21]. Since the™Nb level scheme contains several
here. strong low-energy transitions, we describe in some detail the

determination of conversion coefficients which are obtained
from coincidence data. Intensity balance considerations for
transitions observed in gates set pmays placed above the
The parent nucleus of®Nb, °9Zr, was produced by fis- the converted transition yield the total conversion coefficient
sion of a natural U target induced by 25 MeV protons deliv-a. They are reliable since they use medium- or high-energy
ered as a 50 MeV l%] beam, thus doubling the particle in- -y data which can be calibrated accurately. Unfortunately,
tensity. The beam intensity was typically 10u\. The A the measured quantity istly, which is not very sensitive if
=99 isobars were separated on-line using the IGISOL tech« is small. A more direct method, givingy , is based on the
nique[31-33. The mass separated beams were collected ofluorescence produced by the converted transition. It, how-
a movable tape viewed by various detectors foparticles ~ €ver, requires an accurate efficiency calibration of the gated
and y rays. The®Y (T,,=1.5 9 and %°Zr (T,;,=2.1 9  spectra at the low-energies of thex rays. This is rather
activities [34] are produced with comparable independentdifficult due to the scarcity of internal references. Neverthe-
yields of about 5 10° ions/s. Hence, the cumulative yield of less, theK-x rays due to the conversion of some transitions
997r, which includes the contribution of the decay of %Y, of known multipolarity could be observed under sufficiently
is roughly twice that of*®Y. As a consequence of the similar clean conditions in various gates set on the Ge detectors.
half-lives of the®%Y and %Zr activities, their discrimination These were the transitions of 98 ke¥Z, *Mo), 130 keV
requires acquisition cycles with a long decay period. This(E2, ®°Zr), and 36 keV E1, **Y [12]). The higher-energy
reduces the duty cycle and the counting statistics. Therefor@art of the on-line efficiency curve of the x-ray detector was
two sets of experiments were performed, following the pro-determined by comparison with off-line calibrations made
cedures described in recent papé2®,21. First, coinci- Wwith *3Ba, 1*Eu, and**'Am standardg§34]. Owing to the
dences were recorded with a 10 Ge-detector affayRIS),  distribution of the Ge detectors over the whole solid angle,
a more compact version of the 12 Ge-detector TARDIS arrayngular-correlation effects were not likely to play a major
described in24], providing an improvement of a factor of role with respect to the rather large statistical uncertainties.
1.9 for twofold events. One of the detectors was a planar G&hese have not been taken into account. In addition, these
detector for low-energy radiation. In order to collect the larg-measurements yielded a value @f=0.13(3) for the 122
est number of events, the beam was continuously implantekeV transition in®Zr, confirming itsM 1 multipolarity.
in the center of the array and the tape was moved at various
time intervals in order to enhance one or the other activity. Ill. RESULTS
The coincidences were recorded with #16ROGAM data ac-
quisition system35]. Secondly, a setup consisting of two
thin plastic scintillators for3 particles, the low-energy Ge The decay scheme is based mostly on coincidence data
detector and a coaxial detector of 23% efficiency covering aising the previously reported transitiof29] as a starting
range of energies up to 3.6 MeV, was used. The goal of thipoint. As a matter of fact, the detection limit for lines in the
experiment was to recoigl-y-time coincidences and to iden- singles spectra was poorer than in the coincidence data by
tify the activities on the basis of growth and decay curves ofabout one order of magnitude. Thus, weakly populated
the y rays. For this purpose, the separator beam was pulsed (1/2,3/2) levels which only decay to the I/2somer re-
and the collecting tape was moved after each beam on/offiain unidentified if the relative transition intensity is below

A. Production of °°Zr and detector setup

A. Decay scheme of°Zr to *°Nb
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1%. This, however, should not modify the conclusions abouf28], so that it has to be ratherM 1 transition with anE2

the presence of very stronglg-fed levels near 1 MeV. component.
The decay scheme now includes 33 transitions placed be-
tween 13 levels. Although transitions weaker than 0.1 rela- B. Spin and parity assignments of**Nb levels

tive intensity units have been observed, there are only five 9O 1. ; -
new levels with respect to the decay data compiled in Ref, The decay scheme &fZr to “Nb s shpwn n Fig. 2 and
the properties of the levels are summarized in Table Ill. The

[29]. Some of these have already been reported by Pfeiffer 99, 98 10 : o
et al. [30] in their decay work or in the transfer-reaction neighbors of**Nb are *Zr and Mo which do not exhibit

study by Flynnet al. [37]. Transitions and their coincidence ;ﬁﬁgﬁg:lgglif;ﬁgﬂi;?grenertgy' Fort tzli reason, bst:ongly
relationships are shown in Table |. Several of the listed tran: ; 09 € not expected 1o occur between
the low-lying levels of**Nb. This assumption is the key for

sitions cannot be placed unambiguously, although there 5 e following spin and parity assignments
fair evidence that they belong to the level schemeib. The alloweds branches for the decay bf=1/2* 9971 to

The coincidence pair 88.8-561.4 keV is assigne&b by three levels near 1 MeV provide a starting point for the

the K-x rays originating from the conversion of the 89 keV gnayvsis. The strongest cascade is formed by the 546.1 and
transition, see Table Il. There are no other coincidence relagg  keV transitions. The Idg value of 4.1 for the level at
tionships mvolvmg these lines but their sum of 650.2 keV 1915 4 keV impliesl "= (1/2,3/2)" and, since the ground
compares well with the energy difference of the 1015.4 keVstate hag "=9/2", at least one of the 546 or 469 keV tran-
level and the isomer at 365.4 keV, so that this cascade proksitions must be of pure quadrupole character. The lifetime
ably fits between these levels. The 363.0 and 379.2 keV tranimits of Ref. [28] for both the 1015 and 469 keV levels
sitions have very weak coincidences, but which seem to forngbviously excludeM2 multipolarities, which results in™
a consistent set according to which they should be placee- (5/2,7/2)" for the intermediate 469 keV level. The en-
below the 387.5 keV level. A transition of 24.3 keV ob- hancement factors for the 469 and 546 keV transitiorS2if
served randomly in various gates could correspond to thare 4.8 and>70, respectively. Therefore, we conclude that
387.5-363.0 keV energy difference. Nevertheless, we regarthe 546 keV transition is not aB2 but aM1 and the 469
the existence of levels at 363 and 379 keV as speculativkeV transition is thee2. The spin and parity of the 469 keV
Another weak coincidence pair is formed by the lines atand 1015 keV levels are thu§=5/2" and 3/2, respec-
4445 and 600.4 keV, the sum of which may fit from thetively.
1044.5 keV level to the ground state. However, there are no The 387.5 keV level is fed from the 469 keV level via the
other data to assign these transitions°fNb. A level at 81.8 keV transition ofM1 charactersee Table i, which
1005.7 keV is uncertain, since based on two sums involvindestricts its spin and parity t6"=(5/2,7/2)". From the life-
the weak 46.1 ke\(a possible Ge-x-ray escape of the strongtime of the 387 keV leve]l28] an enhancement of 137 would
56 keV line and 536.7 keVy rays (which might be a re- result for the 387 keV ground-state transition if it were an
sidual of the strong 536.1 keV line if°Zr). Finally, the E2. Therefore, we adopt th&11 alternative and assign
weak peaks at 930.8 and 1015.7 keV seen in the single spet?(387)=7/2". Then, the 628 keV transition from the 372
tra are interpreted as due to coincidence summing of théevel at 1015 keV must be anoth&2. The transition rate
461.9 and 546.1 keV transitions, respectively, with the 469.2imit of >1.6 deduced from the partial lifetime, is indeed
keV transition placed below them. low enough to leave room for a moderately enhanced transi-
The results confirm the previously adopted level scheméion. These assignments were also made by QB8j, in
[29], except for the intensity of the 28.4 keV transition to the contrast to the very first interpretatiof39,40.
930.8 keV level. This fact turns out to be of importance, As a new result, the 931.0 keV level is directly fedgn
since it allows a more consistent interpretation of the spirdecay. The loft value of 4.9 implied "(931)=(1/2,3/2)",
and parity assignments of tH&Nb levels. The 28 keV tran- instead ofl "=5/2" [40]. We can use the same kind of ar-
sition was reported with an intensity=3 relative intensity ~gument as above to show that the 462 keV transition to the
units. Taking electron conversion into account, the intensity469 keV 5/2 level would have had an enhancemer9 if
balance of the 930.8 keV level could be achieved only in thean E2. Accordingly, we choose thEl1 alternative and as-
absence of direg8 feeding. In the present experiment, how- sign17(931)=3/2". Both 3/2" levels at 931 and 1015 keV
ever, a much lower total intensityncluding conversiorof ~ have a similary-ray branching pattern. Here also, &2
1:(28)=2.4(4) is deduced by comparing the peak area of théransition to the 387 keV level exists. The decay rate for this
56 keV transition in the 461 and 594 keV gates as shown ir543.6 keV transition is>2.4 single-particle units, which is
Fig. 1. The intensity balance now requires allowgteeding an acceptable limit.
into the 959 keV level and this impliesl™(931) The 959.4 keV level is the last of the levels strongly fed
=(1/2,3/2)" in contrast to the former 5/2assignment. by a direct8-decay branclflogft=4.4), which again allows
Conversion coefficients are shown in Table Il. The mul-17=(1/2,3/2)" as the only possible choices. Constrained by
tipolarities formerly assigned to the 28.4, 55.9, and 81.8 ke\the dipole character of the 28 keV transition to the 931 keV
transitions, mostly on the basis of balancing the level feedlevel, formerly a 5/2° state, Ohm assigneld’(959)=3/2".
ings [29], are confirmed. AnE2 admixture, 1(B)% using However, they-decay pattern of the 959 keV level is very
both K and total conversion coefficients, could be present irdifferent from those of the 931 and 1015 keV levels. The
the 82 keV transition. The conversion coefficient for the newlargest branching goes to the I/&omeric level at 365 keV.
114.2 keV transition is suggestive of a puf€ multipolar-  The decay to the 5/2level at 469 keV is weak and a tran-
ity. This is, however, not consistent with its lifetime limit sition to the 387 keV 7/2 state could not be detected. This
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TABLE I. List of v rays in the decay of%Zr to %Nb. Intensities are calculated from coincidence data and
in most cases also from singles unless specified. For absolute decay intensity mylbgly.562< 1072,

Energy Placed
(keV) Intensity from to Coincidences
28.4(1) 0.39(11) 959 931 56, 82(387), 462, 469
46.1(3) a 0.12(6) (1005 959 (594)
55.9(1) 3.9(7) 1015 959 K-Xyp, 28, 82, 179(387),
415, 462, 469(490), 594
74.3(4) b 0.02(1) 544 469 (415), (469
81.8(1) 5.8(8) 469 387 K-Xnp, (28), (56), (113,
(363, (379,
387, 462, 490, 546, 575
84.4(2) c 0.16(3) 1015 931 462, 469
86.7(3) b 0.07(2) 631 544 179(385)
88.8(2) a 0.09(2) 561
113.4(4) b 0.06(2) 1044 931 (462), (469
114.2(2) c 0.31(7) 931 817 K-Xpp), (348), 387, 429, 817
165.6(3) b 0.01(1) 931 765 (221
175.2(5) a 0.09(3) (644 469 (469
178.9(2) 10.2(16) 544 365 K-Xnp, 56, 87, 221, 250,
(385), 386, 415, 471, 500
198.0(5) c 0.06(2) 1015 817 (429, (817
220.9(2) b 0.08(2) 765 544 (166), 179, 250
250.4(3) b 0.04(1) 1015 765 (179, (221
347.5(3) b 0.08(2) 817 469 (114), (469
363.0(5) a 0.06(3) (82), (546), (629
379.2(5) a 0.10(3) (82), (546), (629
384.8(3) b 0.06(2) 1015 631 (87), (179
386.5(3) b 0.11(3) 931 544 179
387.5(2) d 14.8(23) 387 0 K-Xnp, 82, 114, 429, 462,
490, 543, 546(575), 628
415.1(2) 8.3(7) 959 544 K-Xnp, 56, (74), 179
429.3(3) c 0.38(8) 817 387 114, 198, 387
444.5(4) a 0.06(2)
461.9(2) 20.1(22) 931 469 K-Xnp, 28, 56, 82, 84(113),
387, 469,(1043
469.2(2) 100 469 0 K-Xnp, 28, 56,(84), (113,
(175), (198, (348, 462,
490, (536), 546, 575, 959,
(1043, (1321
471.1(3) b 0.12(4) 1015 544 (179
490.2(3) 0.98(16) 959 469 K-Xnp), 56, 82, 387, 469
499.9(3) b 0.06(2) 1044 544 (179
536.7(3) a 1.5(4) (1005 469 (82), (387), (469
543.6(4) c 1.26(18) 931 387 K-Xnp), (28), (387)
546.1(2) 84.9(64) 1015 469 K-Xnp, 82, (363, 387, 469, 959(1321)
561.4(3) a 0.19(6) (K-Xpp), 89
575.4(3) b 1.63(42) 1044 469 82, 387, 469
594.1(2) 46.9(54) 959 365 K-Xnp, 56
600.4(4) a 0.06(2) (444)
628.0(2) 4.0(6) 1015 387 387
650.0(2) d 4.1(8) 1015 365
816.7(3) c 0.12(4) 817 0 114,199
930.8(4) e 0.9(3)
959.4(3) 0.61(12) 1975 1015 (56), 469, 546
1015.7(4) e 2.6(7) (K-Xpp)
1043.4(4) c 0.18(4) 1975 931 (462), (469
1321.0(3) c 0.24(6) 2336 1015 (469), (546)

%possible transition of uncertain placement®fiib.
®New transition from this work.

‘Reported by Pfeiffeet al. [30].

Yntensity was determined from singles only.
®Peak due to coincidence summing.
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TABLE II. Conversion coefficients obtained from-y and x-y coincidences. Theoretical values are

obtained from 38].

G. LHERSONNEAUet al.

Energy Theoretical

(keV) Measured El M1 E2 Adopted

28.4 7.226) a 3.7 7.6 46 M1
6.1(20) b 4.3 8.7 108

55.9 1.1225) ¢ 0.57 1.05 6.7 M1

81.8 0.5812 d 0.19 0.35 1.9 M1
0.50(24) e 0.22 0.40 2.4

88.8 1.1345) f 0.15 0.28 1.4 E2, (M1)

114.2 0.5726) 9 0.072 0.14 0.59 M1+E2

178.9 0.06827) h 0.020 0.041 0.119 M1

%ay from gate on 462 keV, corrected for contributions of 56 and 82 kehys toK a-x peak.

bo from comparison of (594 andl (462 in gate on 56 keV yielding,(28)=2.50(65) and 2.335) from
x-y and y-y data, respectively.

Cay from gate on 594 keV.

day from gate on 546 keV, corrected for contribution of 469 keVay to K a-x peak.

°a from comparison of ,(82) andl (387) in gates 462 and 546 keV.

faK from gate on 561 keV, this transition is unplaced.

9% from gate on 429 keV, corrected for contributions of 28 keV aglY) due to 52-428-119 keV
cascade iy [12] to theK a-x peak. PureE2 excluded by the lifetime.

ha, from gate on 415 keV, corrected for contribution of the 56 keV toKkex peak.
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FIG. 1. Low-energy part of projected spectra of the x-ray detector gated by the 462 and 594 &gd/ The weak peak at 24 kgdpen
circle) could be due to a transition in the level schem&W®ib (see text The other open circle marks the 98 keV transitié?Mo) due to
random coincidences. The area of the 56 keV peak in the 462 keV gate is proportionajte-tbe intensity of the 28 keV transition. The
594 keV gate is used for normalization of the 56 keV peak area.
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suggestd "(959)=1/2". This new assignment implie&2

FIG. 2. Decay scheme d¥Zr to ®*Nb from this work and data compiled in R¢R9].

The 544.3 keV level has been assignée- 3/2" by vari-

character for the weak 490 keV transition to the 469 keVous author$29]. This is consistent with th&11 multipolar-

level, for which the deduced enhancement=ef.2 still can

ity obtained from the conversion coefficient of the 179 keV

be low enough. Thus, although not unique, this assignment igansition to the 1/2 isomer (see Table )l. The new 74.3
the most logical one and we will adopt it through the subsekev transition, represents an alternatie decay to the 469
guent discussion.

TABLE lIl. Levels populated in®*Nb by 8 decay of%Zzr. The
branching of the first-forbiddeg feeding to the 1/2 was assumed
to be less than 1.0%ogft= 5.9). Logft values are calculated using
Ty(%Zr)=2.1's andQ ;= 4.54 MeV[29]. Level lifetimes are from

[28,29.
Energy B feeding lodt tyo m
(keV) % [ps]
0.0 0 9/2" [29]
365.4(2) 0.6 (32 5.9 1/2° [29]
387.5(2) 0.4 (15 6.6 17(4) 7127 [29]
469.2(2) 0.4 (39 6.5 1734 527 [29]
544.3(3) 1.2 (10 6.0  56(10) 3/27 [29]
631.0(4) 0.01(2) 5/2~ [29]
765.2(4) 0.02(1) 7.8 312t [29]
816.7(2) 0.12(7) 6.9 5/2" [29]
931.0(2) 10.7 (14 4.9 < 10 3/12*
959.4(2) 28.1(30) 4.4 <10 (12
1015.4(1) 56.9 (40) 4.1 <5 3/27 [29]
1044.5(2) 0.98(25) 5.8 (1/2,3/2
1974.7(3) 0.44(8) 5.6 (172,312 [29]
2336.4(3) 0.13(4) 5.8 (1/2,312

keV 5/2" level.

Other levels are only very weakly fed and no lifetime
measurements are available. The 631.0 keV level is fed via
the y ray of 384.8 keV from the 3/2level at 1015 keV and
it decays by the 86.7 keV transition to the 3/Revel at 544
keV. These transitions and the weakness of digéteding
leave several assignments open, but consistent with
I7(631)=5/2" reported in the {,«) study of Flynnet al.
[37]. An E2 decay to the 1/2 isomer cannot be observed,
possibly due to the poorer detection limit in the singles spec-
tra.

The 765.2 keV level is placed by the clear cascade of the
250.4 and 220.9 keV transitions, the latter being slightly
more intense. This level was also reported &7] and as-
signedl ™=3/2", which indeed is possible from the transi-
tions. Theg feeding is very weak compared to those of the
above discussed 3f2states.

The 816.7 keV level was reported phdecay by Pfeiffer
et al. [30], but not included in the Nuclear Data Sheets
evaluation, and in two reaction studi€37,41 which pro-
posed "=5/2". There is a 114 keV transition from the 3/2
state at 931 keV, the lifetime lim{t28] and conversion co-
efficient (see Table I} of which, favor M1 character. Thus,
the decay data are consistent with the above stitEgil7)
=5/2" assignment.
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FIG. 3. Partial decay scheme #iSr based on Ref§10,27). Only the levels discussed in the text are shown. The new transitions of 165.8
and 730.7 keV are included and some spin assignments, as discussed in the text, have been modified.

The 1044.5 keV level is a new level. The 575-469 keVdence with the 697.3 ke\y ray and coincidences between
cascade occurs, but in reverse order, in the level scheme die 310.6 keV (1739-1428) and 697.3 keV (69%g.s.)
%9Zr [15]. Nevertheless, there is no doubt for the placementines. According to previously available information the
of a level in Nb since the 575 keV line is seen also in the 1428 keV level could be a 5/20r a 7/2" state and it was
82 and 387 keV gates. The Ifigvalue is 5.8. Thus)™  discussed as a 7/2state by Bscheret al. [10]. The new
=1/2" and 3/ are possible, with even parity being more decay branch to the 697 keV 3/2tate, however, results in
probable. the uniquel™(1428)=5/2" assignment. We subsequently

The two high-lying levels at 1974.6 and 2336.3 keV arepresent arguments supporting the exchange of the low-lying
rather weakly fed ing decay. It was mentioned that the 3>~ anq 5/ |evels, but this does not modify this conclu-
present experiments cannot rule out the existence of higf’gion ’
energy transitions with intensities of the order of up to 1 The other new 165(8) keV transition, withl .= 22(8)
relative intensity unit that would depopulate levels directly tohas coincidences with thes rays of 3’071 ker (201’2
the 1/Z° isomer. This means that th&feedings to the 1975 —.1905) and 310.6 keV (17391428) Heﬁce it fits be-

and 2336 keV vaels shown in Table IlI are lower limits andtween the 1905 and 1739 keV levels. With the new assign-
some 1/2, 3/2" levels may have remained unobserved.

; . ) ; o ents 1™(1905)=1/2" (discussed in the following and
Nevertheless, in spite of a possible shift of the distribution Oﬂ(l428)= 5/2*, and the dipole character of the connecting

B strength to higher excitation energies, it remains that thefransitions the 1739 keV level has 3/2. Unfortunately, the

Ievels.at 931, 959, and 1015 keV are very strongly fed dI'revised lodt value of 6.1 does not indicate the parity.
rectly in 8 decay.

The B decay of|"=1/2" 9'Sr to °Y has three strong
» _ _ ) o7 branches, of clearly allowed character, to the levels at 1905,
C. New transitions and revised spin assignments iff’y 2121, and 2212 keV. Pfeiffest al. did not report a value for
The y-y data from our previous experimer|20,24 re-  the first-forbiddeng branch to the 1/2 ground statg27].
veal the existence of two new transitions in the level schemélevertheless, only a 5% branching is obtained assuming the
of 9Y. A partial level scheme, relevant for the present dis-logft value of 5.9, so that this is of little consequence on the
cussion, is shown in Fig. 3. It is basically the one establishedtrong branchings. The 2121 and 2212 keV levels, which
by Pfeifferet al.[27]. The level lifetimes later measured by decay to both 3/2 and 5/2" states are thus 3/2states. By
Buscheret al. [10] provide a limit to the multipolarities of analogy with the decay of°zZr to ®Nb, it is tempting to
most of the transitions. assignl "=1/2" to the other stronglys3-fed level at 1905
A new transition of 730.(%) keV andl,=29(6),using keV. We note that "= 1/2" was excluded by the transition
the normalizatior ,(1905)=1000 from Ref[27], is placed of 477.1 keV to the 1428 keV level, as long as this latter was
between the 1428 and 697 keV levels, owing to a coinci-assigned "=7/2". The favored decay mode of the 1905 keV
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level is to the 1/2 ground state while the transition to the the two additional protons in the valence shell. E&db the
1320 keV (7=5/2") level is rather weak. This |80|<S very BCS occupation probabilities and quasiparticle energies for
.s,lmllar.to the dgcay of the 1/2state at 959 keV if°Nb. An the 7Qgjs, TP, TPa, Tlep, mds, quasiparticles are
inconsistency is, however, the presence of a decay to the 994_ 713 0.92 097 0.98 0.01 arff=1.04. 1.37. 1.54

keV level (I,=82) discussed as a 5/2state by Bscher 1 g5 704 MeV, respectively. The main difference between
et al. [10] but not to the 697 keMpresumably 3/2) level.  gyasiparticle states ifNb and ®7Y is in the relative posi-
In our analysis the latter decay branch could not be found

the intensity being estimated 19,<30. The inconsistency f|ons.of the’ﬂ'g'g/z andmpy, quasmgrt;;:les. 'Dg Y 'the P12

can be removed by exchanging the positions of the 3ad ~ quasiparticle lies belowrggy;, and in™Nb mpy, lies above

5/2~ states, with respect to RéfL0]. Then, the transition to  7Jg2. In analogy to the previous IBFBPM calculation for
the 954 keV level becomes &1, whereas the nonobserved °7Y [26], the 7ds, configuration from the shell above the
one to the 697 keV level would have to bévi2 (the single-  valence shell is added because of the large non-spin-flip ma-
particle estimate corresponds to five units, which is still berix element(wds|Y,||7gqy). All the other IBFBPM pa-

low the detection limit of the experimentsAs a matter of rameters are taken to be the same as in the previous calcula-
fact, there is no strong experimental evidence for favoringion for °7Y, except for small modifications of the boson
one or the other assignment for the 697 and 954 keV levelsarameteh, to 0.715 MeV and of the boson-fermion mono-
Pfeiffer et al.[27] favored the placement of the 5/2evel as  pole interaction strengtAg for negative parity states to 0.06
the highest one and this also yields a reasonBBlenhance- MeV.

ment for the 954 keV 5/2to 1/2" transition[10]. Neverthe- The IBFBPM Hamiltonian is diagonalized in the boson-
less, a mere quadratic extrapolation of the excitation energie@rmion basig4.1) and we obtain the energy spectra and the
in the isotopes®Y, 93y, and %Y [34] leads to values of 941 wave functions:
keV (3/27) and 777 keV (5/2), placing 5/2" indeed below

the 3/2 level in °’Y. A more meaningful argument is that meS
the 954 keV level is more strongly populated pyray cas- | k>_jndv
cadeg854 intensity unitsthan the 697 keV levedl245 unitg
[27]. It seems logical that, in the decay of tHe=1/2" level,

R gi,ndvR;J| WT,ﬂdv R;J)

+ E 7]”/]’//| |

a 3/2 level receives more feeding than a 5/2%vel. To N R vl MR
summarize) "(1905)=1/2" is the most natural assignment e
for this level and the required exchange of the the 3#hd X |[7TT,(VT',VT")| sl NR;J). (4.2

5/27 levels is not in conflict with the experimental data. This

opens the possibility of finding even more analogies between Here 77 stands for proton quasiparticlej’ andvj” for

the decays of*’Sr and *Zr, which will be dicussed in the neutron quasiparticles. In the boson part of the basis states,

next section. the ny d bosons are coupled to the total boson angular mo-

mentumR. The number of bosons associated with the bo-

IV. CALCULATIONS OF LEVEL STRUCTURE OF *Nb son statdngwR) is ng=N—ny whereN is the total number

of s andd bosons. In Fig. 4 we present the calculated energy

spectrum of®®Nb in comparison to the available data and

Table IV displays the sizeable components in the wave func-

In the systematic investigations of nuclei near #¥40, tions of some states.

N=56 subshell closures the nucled® has been recently Using the IBFBPM wave functions we calculate th@

investigated experimentally and described theoretically irand M1 electromagnetic properties 8PNb, taking the ef-

the interacting boson-fermion plus broken-pair modelfective boson charge=1, proton gyromagnetic ratig?

(IBFBPM) [26]. Details about the interacting boson model = 4 g™ and the other values of effective charges and

and its successive extensions up to the inclusion of brokegyromagnetic ratios as used in the previous IBFBPM calcu-

pairs can be found in Ref§42—955. In this paper we extend |ation for °7Y. The calculatedE2 andM1 transitions for
the IBFBPM treatment to th&Nb nucleus, with two addi-  |ow-lying states are given in Table V and the half-lives in

tional protons in comparison t&’Y. The IBFBPM configu-  Taple VI.
ration space of an odd-even nucleus withi21 valence
nucleons comprises components of the tj/p& 55

A. Interacting boson-fermion plus broken-pair model
calculation

B. Microscopic quasiparticle phonon model calculation

[N bosons1 fermion The microscopic quasiparticle phonon mod&QPM)
was introduced in Ref$56,57. The present calculation fol-
+[(N—1) boson 1 broken paiwl fermior). lows the procedure used for calculation of decay properties

(4.1  of *Nb and level structure of®™o [21]. In our MQPM
calculation we use essentially the Coulomb-corrected
As in the calculation for®”Y, we include broken neutron Woods-Saxon single-particle energies with the parametriza-
pairs. The boson-fermion basis states thus contain ondion of Ref.[58]. The neutron and proton single-particle ba-
guasiproton-two-quasineutron states in addition to onesis consist of thep-f and s-d-g oscillator major shells
quasiproton states. The main difference in the IBFBPM pacomplemented by the intruder orbitahf,, from the next
rametrization for ®*Nb with respect to®’Y is given by oscillator major shell. The monopole matrix elements of the
energies and occupation probabilities of quasiprotons, due towo-body interaction are scaled by pairing-strength param-
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FIG. 4. Calculated IBFBPM states #iNb of (a) positive parity, andb) negative parity in comparison to the available data. For positive
parity the states presented are: all states up to 1.1 MeV; all, BI2" states and yrast states 1di=15/2" in the energy interval 1.+ 2.2
MeV; and yrast states in the energy interval 2.2.8 MeV. For negative-parity the states presented are all states up to 1.6 MeV; and only
yrast states in the energy interval 2:22.8 MeV.

eters[59], by comparison with semiempirical pairing gaps  As already pointed out, the'gy, and 7p,,, quasiproton
obtained from proton and neutron separation energies. Thgates exchange their positions betw&& and %Nb. Thus
Iow-lylng states of odcA nuclei are composed of various itn 9% the 1/2" level is the ground state whereas the9/2
quasiparticles coupled to the few lowest and most |mportan‘l‘(§vel is the isomeric state, while i?®Nb the situation is the

excitations of an even-even core reference nucleus of ma . : )
A—1 constructed using the QRPA method of RéD]. The opposite. The nature of these states is the same as in the
previous calculation for’’Y [26], i.e., the largest compo-

truncation of three-quasiparticle model space is controlled b . )
looking at the convergence of the oddspectrum versus the hents in the wave functions of the 9/and 1/ states are
numgtsl)er of included RPA ex0|tat|ons._ The Odd nuclézr the gq,, and wp,, quasiparticle components, respectively.
and “Nb were constructed by, respectively, adding a neutron - The next lowest-lying even parity states 3*Nb are built
and a proton quasiparticle to the reference nucféds. This ~ n , : . . .
on therggy,»,® 2, configuration, producing a multiplet with

makes it possible to describe tifedecay of*Zr to levelsin =~ = . _ :
99Nb. However, as in the case of the IBFBPM, the experi-' =5/2",...,13/2". In the IBFBPM calculation an effective

mental excitation spectrum dfMo was used as the guide Core is used, lying betweef?™Mo with E(2;)=535 keV

line when determining the phonon energies in the QRPAand %zr with E(2;)=1223 keV, but much closer t*Mo.

calculation. The results obtained for the 1/and 3/2 states  Thus, the 7/2 (387 ke\) and the 5/7 (469 ke\) levels are

in %Nb and the corresponding calculated logft values for thehe members of this multiplet with the lowest spins, in ac-

decay of the 1/2 ground state of°Zr into these states are cordance with their strong population yray cascades after

shown in Table VII. B-decay of the®%Zzr 1/2* ground state. These states are

based on thergy,-oned-boson multiplets. From the present

coincidence data, the existence of two additional levels at

A. Nuclear structure of “Nb in IBFBPM 363 and 379 keV has been speculated, having a link to the

The region ofA~100 nuclei has been discussed in the /2" 387 keV level, which could have the=9/2 and 11/2

framework of the interacting boson model in Refs.assignments and therefore be associated with other members

[9,13,17,22,25,2b of the 77519,26921+ multiplet. However, the remaining three

V. DISCUSSION
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TABLE IV. Components in the IBFBPM wave functions of TABLE IV. (Continued.
some low-lying states i®Nb. Only the components with ampli-
tudes larger than 1% are shown. Boson states with seniority |7 aj or[7, (] w1 1 oo Ny R 3
> owest @re denoted byy R'.
9125 oo 0 0 0.26
17 mj or [7], (] il e ROE 9012 o2 04
79912 2 0 -013
9/2; o2 0 0 090 o 2 2 0.59
9912 1 2 -039 792 3 0 —042
o 3 3 0.21
712] Qor2 1 2 -o91 [ TG0, (VSy, vdsy5) 2]9/2 0o o 0.14
Tor2 2 2 -014 [ 7Qgs2, (VSyy2, vdsp) 211172 1 2 0.13
T2 2 4 0.27
[7Qor2, (VS112, vds2) 2]7/2 0 0 -015  g32f 799 1 2 -091
79912 2 2 0.21
1/27 P12 0 0 0.77 7o) 2 4 0.26
TP/ 2 0 0.15 [ 7o), (VSyy, vdsp) 211372 0 0 -0.16
TP3s2 1 2 —0.40
P32 2 2 -016 g 79912 1 2 0.48
s 1 2 -039 Tor 2 2 0.47
s 2 2 -0315 Tor2 2 4  —0.66
[ 7992, (VSyy2,vds0) 215/2 0 0 0.11
5/2; T9or2 12 o077 [ TG0, (VSyp, vdsyp) 2]7/2 1 2 -015
79/ 2 2 —0.56
T2 2 4 016 3125 79912 2 4 -0.49
9912 3 3 ~-on Tor 3 3 0.11
g2 3 4 0.33
3/27 P12 1 2 0.49 7o) 4 4 0.59
TP/ 2 2 0.19 T 4 5  —042
P32 o 0 0.67 [ 7oy, (VS1yp, vds)) 2]7/2 3 3  -o011
P32 1 2 0.34
P32 2 0 010 12f 799 2 4 0.32
P32 2 2 0.16 a2 3 4 -0.29
s 1 2 -016 T 4 4  -011
mis 2 4 -022 7o) 4 4 —0.73
T 4 5 0.41
11/2] LB 1 2 085 [ 7Gasz, (VSy2, vde) 21712 3 3 0.14
T2 2 2 0.38
Tor2 2 4 -020 3125 T 2 4 0.67
[7Qgs2, (VSy/p,vds0)2]11/2 0 0 0.18 T 3 3 —-0.39
s 4 4 0.40
5/2; P11 1 2 0.58 T 4 5 —0.34
P12 2 2 018 [79gs2, (vS1, vdsp) 2152 1 2 0.15
P32 1 2 —0.18
P32 2 4 —0.26
P32 3 4 ~012 chiculated members of this multiplet, 13/2 9/, and
s 0 0 -055 13/2] lie at a few hundred keV higher in energy. Therefore,
sz ! 2 -0z it seems more probable to assume that these two states, if
s 2 0 -010 they actually exist, are associated with intruder states. A
EP 2 2 ~019 9/2% level, although probably at a somewhat higher energy,
7512 2 4 -015 could be produced by coupling the low-lying intrudet O
[Pz, (vS12, vd512) 2]5/2 0 0 010 core state, at 854 keV ifi®Zr and and 695 keV int®Mo
N [34], to thegg, proton. Therefore, other even-parity levels
3/2, 79012 2 4 031 may exist in this energy range, btdecay from a 1/2 state
9012 3 3 0.84 is not appropriate for their observation.
9912 8 4 -024 The weakly populated 3f2and 5/2 levels at 765 and
912 4 4 015 817 keV are quite lower than the; 2and 4 levels in the
7012 45 =018 tore, but they are very close to the calculated 342d 5/2
[7dgs2, (vSyp,vds) 2]7/2 2 2 —0.16

states, which are based on thbr§9,2,33;3/2) and
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TABLE V. CalculatedE2 and M1 transitions between some TABLE VI. Calculated lifetimes of some states in comparison

low-lying states in comparison to data f8iNb. to data[28] for **Nb.
=1 B(E2) (6’?) B(M1) (u}) Ly M Ty (N9
(1) (%) IBFBPM IBFBPM  Expt. IBFBPM (%) Expt. IBFBPM
712f —912f 0.0135 0.0842 100 100 7127 0.017(4) 0.008
5/21+—>7/21+ 0.0131 0.1308 6 20 5/21+ 0.173(4) 0.088
—9/2f 0.0224 100 100 3/2; 0.56 (10 0.063
3/2, —1/2; 0.0364 0.1036 100 100 527 0.9662
52, —3/2; 0.0087 0.0046 100 100 312 < 0.39°
—1/27 0.0402 b 1216 5/22+ 0.001
3/2f —512f 0.0107 0.0022 100 312 < 0.010 0.019
—>7/21+ 0.0051 37 1/21+ < 0.010 0.005%
5/25 —3/2F 0.0025 0.0451 0.02 3123 < 0.005 0.004
*)5/2;: 0.0028 0.0103 21 2 — . - -
712 0.0100 0.3585 100 100 &The half-life is reduced to 0.22 ns by including a tensor term in the
T M1 operator(see texk
—9/2] 0.0049 32 4 benc . o
32t 5o 0.0003 0.2802 N 29 T!’]IS is an estimate for the upper limit, because only Eietran-
2 2 sition to the 3/7 state was observed, although a strong branch to
*)3/211 0.0071 0.0006 0.05 0.2 the 1/Z level is predicted.
—5/2 0.0092 0.0135 100 100 “Obtained by assuming that 94% of the decay intensity goes to
=712 0.0030 6 7 odd-parity states.
1/21+—>3/22+ 0.0015 1.789 40 34
5025 0.0034 0.1 accordance with the proton pickup data. The same interpre-
302 0.0062 0.00004 12 tation is made for the 3/2 and 5/2° levels in °’Y after
52 0.0062 106 100 exchanglng their pqsfuonésee Sec. \_/G: In the IBFBPM _
372t 172 0.000005 0.0574 5 0.2 calculation, for realistic parametnzaﬂoqs, we cgnnot obtain
+ the lowest 3/2 and 5/2° states being dominated by
—3Z 0.00002 0.0425 0-2 04 2+ etparticle coupling that was proposed in Ref
512} 0.0057 04363 007 58 '[011&@’ corerp ping prop '
_’3/21: 0.0013 0.0971 0.05 26 The agreement between the calculated and experimental
H5/2‘1F 0.0073 0.0348 100 100 electromagnetic transitions presented in Table V is reason-
11 0.0043 5 5 able. We note that the decay of the p/8tate requires addi-
3The measured value for the 387 keV transition is 0(@3pfrom  tional clarification regarding the strongest calculated branch
Ref.[28]. in comparison to experiment. Namely, the calculated; 5/2
b1t is possible that the transition even with such a large branch is not>1/2; transition is an order of magnitude stronger than the
seen experimentall{see text calculated 5/2 —3/2; transition, while experimentally there
®The measured value for the 28 keV transition>is0.7 ,u,ﬁ from is no information available on the 5/2-1/2; transition.
Ref. [28]. However, it was mentioned previously that the limit of de-

4t should be noted that the transition of 490 keV represents only Zection for this kind of transition, as a result of the isomeric
and 12 % of the strengths of tiiel transitions to the 12and 3/ character of the 1/2 level, is rather high. Thus, we cannot
states, respectively. exclude the possibility that the experimental 5/21/2;

_ transition is present and even stronger than the 5/3/2;
| 7912, 24;5/2 components, respectively, as the largest comtransition. Furthermore, we note that the 5/23/2; transi-
ponents in the corresponding wave functions. The decay afon is | forbidden in the leading order, leading to a small
the 765 keV level by a single transition to the 3/2vel at  B(M1) value. Therefore, a sizable contribution may be due
544 keV is difficult to be interpreted and this could meanto the tensor term in th®1 operator, which was previously
that, e.g., the transition to the 1/2somer was overlooked. included in some IBFM calculatior[$1,62. Since the con-
We note that the decay pattern of the 5/@ate, associated tribution of broken pairs to these two transitions is small, we
with the 817 keV level, to the 5{2 and 7/2 states, re- can estimate a possible influence of the tensor term by per-
sembles theAny=1 pattern. The main components in the forming the standard IBFM calculation with the gyromag-
wave functions of the 52, 5/2 , and 7/2 states are in netic ratio g7= 4% g7"™%r?)=5.164, which givesB(M1)
accordance with this expectation. (5/2; —3/2)=0.17u%. In this case the intensity ratio of

The odd-parity 3/2 (544 keV) and 5/2° (631 keV) lev-  the 5/2 —3/2; and 5/2 —1/2; transitions is 100/33. Thus,
els are seen in proton pickup reactid3], which indicates by including the tensor term in th®1 operator the two
important amplitudes of thps, andfs, proton holes instead  pranches depopulating the 5/Ztate become comparable,
of the py,®2" couplings. The calculated low-lying which comes closer to the experimental branchings.
negative-parity triplet states 1/23/2", and 5/2" are based We note that the largest calculat&{M1) value is ob-
on thewpy,, mPsp, and wfg;, quasiparticles, respectively. tained for the 1/2—3/2; transition. This is in accordance
The hole-type character of the 3/2and 5/2 states is in  with the strong branch observed for the 28 keV transition in
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TABLE VII. Structure of the 1/2 and 3/2" states of**Nb and lodt values for population in decay of the

1/2* ground state of°Zr calculated in the MQPM. For comparison with the IBFBPM ﬂg@@ 27 multiplet
is also shown. The first four largest components are listed unless smaller than 1%.

Iy E(MeV) logft Structure

912/ 0.00 0.937q, —0.31Qgp®2;  —0.137gp®4;  + 0.030s,@2;
712 0.38 0.980g,®2;  + 0.10Q99,04;  + 0.02Q¢,®4,  —0.02p1,©3;
52 0.46 0.990,®2;  + 0.07py;©3;  —0.067g,04, + 0.044ds,
13/ 0.49 1.0099,®2;  —0.07Qe®4;  —0.02gg,®6;  —0.02Q,26,
912, 0.52 0.95G¢,®2; + 0320y,  + 0.030gu®4;  + 0.020gp®6;
112 0.53 1.0099p®2;  —0.11Ggp®47  —0.03Qgp®4;  + 0.01Ge,®45
312 0.95 50  0.98Ggy®4; + 0.06Qop®4)  + 0.03Tsp®3]  —0.0370p®45
12 1.04 41 1.00Qy®47  —0.1000,045 —0.055y —0.0475,23]
312, 135 45  0.99Qy,04; —0.0709p,04;  —0.0409,06;  —0.02Q¢,®6;
12, 137 44 1.00Qgg,®4; + 0.10Qe,®4;  —0.02F5,03;  + 0.02Qg,04,
3/ 1.44 3.9  1.00Q,®3;

spite of its small energy. Experimentally, tiB{M 1) value
is estimated to>0.7u3,.

The levels which collect the bulk g8-decay intensity are
the 1/2" (959 ke\) and the two 3/2 stateqat 931 and 1015
keV). These levels will be discussed in Sec. V D.

Alternatively, comparison of levels dfi =58 odd-proton
nuclei versus a change of proton number by an increment of
two is of interest in this particular case. The=59 parent
nuclei of ®Nb neighbors have the same spin and parity of
I™=1/2". Consequently, one can expect that theidecay
will populate levels of same spins and parities in their re-

spective daughter nuclé’Y, *Nb, and °Tc. A compari-

B. Nuclear structure of %Nb in the MQPM
99 99 10 102 i
The even-parity levels, which are those relevant for he>0N Of “Zr to ~"Nb and Mo to *1Tc decays is, however,

allowed transitions, are well reproduced. As in the IBFBPM not very meaningfu! due to the opening of the neutron shell
in the MQPM the leading components of the B/21/2; , at Z>40 [21,37 which changes the nature of the levels in

N N N - e 10IMo [22] and of the onset of deformation in its daughter
712y, 5/, 11/2], 9/2; and 1~3/¥ are themggp @and Py, 10%7¢ [63]. In contrast, a close correspondance is found be-
quasiparticle states and thegy,®2; multiplet, respec- tween the levels i’®Nb and °’Y shown on the right-hand
tively. The lowest spin members of the multiplet, 77/2

side of Fig. 5.

5/2{ , are at the same position as in the IBFBPM but the The 9/2" and 1/2 single proton quasiparticle levels ex-
other members of the multiplet are in a different ordeze  change their positions fro’Y to **Nb, due to the filling of
Fig. 4 and Table VIi. In the MQPM calculation the 3{2  the py; subshell aZ=40.

and 5/2 levels belong to the,®4; multiplet. This con- The next°Y levels at 697 and 954 keV are 3/2and
figuration was also obtained in the IBFBPM calculation for5/2" states, where we assume the 697 keV level to be the
the 817 keV 5/2 level, but it does not seem that the 765 5/2 state. This makeS’Y the only nucleus among Y and
keV level could be identified with this 372state. The states Nb isotopes withN>50 where the 5/2 state is the lowest
with strong 8-decay feedings are some 400 keV too high in©Ne- Bischeret al.[10] discussed the 954 keV state as be!ng
the MQPM. They will be discussed in Sec. V D. Finally, the the 5/2 state from the p,®2" coupling. They based their

3/2; and 5/2 negative-parity states are predicted to be@rguments on the enhancemen®.S if E2 multipolarity for
based on th@,,®2; doublet in disagreement with the pro- the 954 keV transition is assumed, a value consistent with

+ g : .
ton pickup datd37]. This follows from the fact that the,, the rates of the 2—0™ transitions in the even-even neigh-

one-quasiparticle state is far too low in energy, leading to a'?gass. c’\c|>e\ll<(jarlt:aeéetso&aasdnrgﬁfaurrizlIgfctslntgli-cl)or?srg(t::aentcoqlcrl\gtt;\r:-
unperturbed energy of the,,®2; doublet, that is too low. ! u Wity ' Wi

value of 2.9 single-particle units if the 697 keV level is the
5/2~ level. As a matter of fact, transfer reactions of Flynn
et al. [37] show the lowest-lying 3/2 (544 ke\) and 5/2
(631 keV) levels in ®°*Nb to be mainly of theps, and fg,
larges the level gaps if’Nb with 56 neutrons, restricts the hole character. There is no obvious reason why these levels
possibility for a simple extrapolation of levels #8Nb. Nev-  would become more collective /Y.

ertheless, Fig. 5 shows a smooth evolution of the level se- The state at 1320 keV ifA’Y hasl "=5/2" [29]. The 652
quences, since only the closely lying 5/2and 3/2" levels  keV transition to the 9/2 isomer has a rate of 14) single-
change their position betweefiNb and *Nb. The system- particle units[10]. This value compares well with the 4.8
atics of spherical levels ends #Nb since, like their lower-Z  rate of the 469 keV transition if°®Nb. Therefore, the 1320
neighboring nuclei, Nb isotopes experience the onset of dekeV level in °°Y and the 469 keV level ir’®Nb are both
formation atN=60 with °'Nb [7]. built on thegy,®2" configuration. This interpretation was

C. Comparison of levels in theN =58 isotones’”Y and *°Nb

The singularity of theds,, subshell closure, which en-
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FIG. 5. Systematics of selected low-lying levels in Nb isotopes anti¥inthe isotone of**Nb. Dashed and dotted lines connect levels
of even and odd parity, respectively. The picture displays similarities of the isof@Nbsand °’Y in spite of the shell effects being larger

in yttrium than in niobium isotopes and of the exchange of the positions b th@nd gy, quasiparticles.

also proposed in Ref$10,2§.

The level at 1428 keV iP’Y was discussed by Bcher
et al.[10] as the 7/2 level belonging to theyy,®2* cou-
pling, corresponding to the 387 keV level ifNb. However,
they noticed the unusually small rate of tB2 transition
(even when assuming i1 componentto the 9/2" single-

Finally, among the highest-lying levels observedsinle-
cay, both in%Nb and °7Y, there are three levels with very
strong directB feedings which should include a large ampli-
tude of themggy,® (v97,® vSy/p)3 4 CONfiguration. This can
form one 1/2" and two 3/2" levels in agreement with our
proposed assignments. THE=3/2" levels, at 931 keV

particle state. According to our new data, this level is a'5/2 (°*Nb) and at 2121 keV YY), present similar decay prop-
state. It seems impossible in the spherical model space terties. Both have a weak branch to the 1/2vel (even not
create another 5/2 level so close to the 5/2 state at 1320 observed in®*Nb), but a strong branch to the lowest lying
keV. Hence, it could be that the 1428 keV level is the head gy,®2%)5/,+ level. The othet "=3/2" levels, at 1015 keV

of a band corresponding to a deformed potential minimumin %Nb and 2212 keV in°’Y, have a similar decay pattern,
Firstly, the excitation energy for the 5/2level in %Y is  since they decay to almost all levels which can be reached
close to the 1436 keV energy of the deformefl 6tate in  via dipole or electric quadrupole transitions, and also have
%Zr [15]. Secondly] "= 5/2* is the probable spin and par- the lowest logft valueg4.4 and 4.1, respectivelyOn the

|ty of the lowest band built on a deformed minimumq basis of ana|ogy we have proposed tAe= 1/2+ assignment
since the[422]5/2 Nilsson orbital is the ground state of the oy the 1905 keV level irf7Y, corresponding to the 959 keV
deformed *°Y [64,68, 'Y [66], and ‘®Y [67] isotopes. |evel in ®Nb. For bothE2 transitions to thedo,® 2" )s/-
Continuing this interpretation, one can find a number of lev-jgyg|s 3 rate larger than 1.2 s.p. urfitsing the threer limit

els, with weak decay branchings to the low-lying levels andy, °7y) is deduced. The branching to the possibly deformed
energy spa_cings ressembling those of rotational Ieyels in the428 keV level in®”Y has no counterpart if°Nb, probably
heavier Y isotopes. The 3/2 levedf unknown parity at g6 to the lower energy of the 1i2level in the latter
1739 keV is indeed a reasonable candidate for[8H]3/2 1 ,cjeys. with the new 3/2 assignment of the 954 keV level
band head. The 1613 and 1848 keV levels could be very, 97y ihe ratio B(E1,1/2" —3/27)/B(EL,1/2" —1/27) is
tentatively 5/2° states corresponding to th803]5/2 b_and equal to 0.52 for®Nb and 0.66 for®’Y. These values are
head and the member of t801]3/2 band, respectively. ¢jnqe 1o each other. As a conclusion of this comparison it

However, this appealing interpretation of the 1428 keV level, s out thai3 feedings andy-decay rates of corresponding
seems at variance with the rated (using the half-life upper levels in ®7Y and ®Nb are very similar.

limit of 8 ps at 3 standard deviation40]) of the E2 transi-
tion from the 1905 keV level to the state at 1428 keV, since
a hindrance is generally observed for transitions between dif-
ferent shapes. At least, it would be worthwhile to check the The N=59 isotones’’Sr and **Zr have the 1/2 ground
above interpretation by searching for a band structure on toptate associated with trsg,, neutron. The two other valence
of the 1428 keV level. IP°Nb the second 5/2 state is the neutrons(outside of theds;, subshell mainly occupy they,,
817 keV level for which a two-phonon coupled state seems arbital. Thus,3 decays of Sr and Zr parents can be explained
more probable configuratiofsee Sec. V A by the Gamow-Teller transition of one of thgy,, paired

D. B-decay properties
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neutrons, leading to th&zlg/z@(Va?/z@ V§1/2)3,4 configura- +TABLE VIII. Two-quasineutron internal structure of thejé}
tion in daughter nuclei, resulting in three strongly fed states: » @nd 4 states of the reference nucle?ir calculated in the
(I"=1/2", 3/2", 3/2"). The N=57 isotones®*Sr [19] and
977r [20] also have a 1/2 ground state. In the absence of a
strongN= 56 neutron shell closure, the occupation probabil-
ity of the g, neutron orbital should vary smoothly versus

4 3/ 4
092 MeV  132MeV  1.25MeV

neutron number and thg-decay pattern of th&l=57 and vQ7/20S1)2 —-0.63 -0.99 0.74

N=59 isotones should be quite similar, except for some = =~ 0.24 —0.02 0.01

slowing down of the transitions fdl=57. In contrast, ex- vz 2 0.18 70.01 0.04
vg7ovdsp : : :

periments show dramatic differences. In the decays of the

N=57 isotones’®Sr and’Zr, allowed transitions are slower V97129712 —0.64 0 —0.66
by at least one order of magnitufté4]. In the decay of?°Sr vds;pvdy, 0.23 —0.02 0.06
to %%y, the lowest logt values are 6.1 and 5.7 for two levels vdgovSy 0 0.05 0

at 2717 and 2933 keV, respectively, and in the decay/nf
to ®/Nb the lowest lodt value is 6.5 for the 2106 keV level. 0 . o
As a matter of fact, the strongegt branchings in terms of ground state of%Zr. Additional small contributions to t~hﬁ
intensity are due to first-forbidden decays of ths,, decay arise due to small admixtures to the dominesyi,
— 7Py, type. The reduction of allowed transition rates sug-®0; component in the MQPM wave function of the 1/2

gests a dramatic reduction of the occupation ofghgneu-  ground state of %°zr: 0.177ds,® 27 and —0.52vg7)
tron pair, which can be regarded as a further evidence for thg, 4+

shell gap atN=56. _ We note that the # state of the MQPM corresponds to
o In the IBngM wave functl_ons of the 1729roun_d states of e ng=2 state of the IBFBPM, and 3, 4} states of the

Zr and “'Sr, the dominant component is thes;,  MQPM to theny=3 states. In this sense we find a qualitative
quasineutron stat9,17,61, while in the IBFBPM wave gnalogy between the MQPM and IBFBPM calculations, only
functions of the 1/2 and 3/2 states around 1 MeV of ex- the mixing of theny=2 andny=3 IBM boson states is
citation energy in *Nb the largest components stronger for the IBFBPM. However, in both calculations we
are the |7Qg;,24;1/9, |7Qgp,24;3/2, |799»,33;3/2, encounter the same problem: all three calculated low-lying
|7T§g/2,44;1/2>, |W§9/2,44;3/3, i.e., the two-, three-, and 3/2" states are sizeably populatedgndecay, while experi-
four-d-boson components, respectively. As shown in Refmentally one of these statéthe lowest one at 765 keVs
[9], there are sizeable admixtures of {16);,24:1/2 com- weakly populated. A similar problem appears for one of the

; : two 1/2" states.
ponent in the ground states Zr and °’Sr. This component _ . . N
leads to the population of the main components in the 1/2 Conclu@ng, .the Ea'cula“oﬂs provide five .II’Z 3{2_
and 3/2 states in*Nb and °”Y by Gamow-Teller decay of States having sizablegg,»g7,vS1, components in their in-

the g, Neutron to ths, proton. The other sizeable admix- ternal structgre, _arising from_five basis g:tates, leading to siz-
ture in the wave function of parent nuclei is the able population i3 decay. Since there is no way to reduce

~ . . the number of relevant basis states from five to three, we
|vds2,12;1/2 component, which leads I8 decay to the ;0 de that an additional mixing in the wave functions is
population of thgwdsz,12;1/29 and|mds,12;3/2 admix-  needed in order to produce destructive interference among
tures in the wave functions of daughter nuclei. the contributions from they=2 andny=3 components to

Another contribution arises when osdoson in the main  g-decay matrix elements in one 3/2nd one 1/2 state of
component s, ,,00;1/2 of the 1/2" parent state undergoes Nb. In the present calculation we have not succeeded in

a Gamow-Teller decay, in which thevd,;)3 pair in the simulating such a destructive interference.
internal structure of thes boson is transformed into the

(wgo,v070)1 configuration. This leads to the population of

mQ92v97,2vS1, three-quasiparticle configurations in the in-  Several experimentdR4] and theoretical work$25,26]

trinsic structure of the 1/2 and 3/2° states of daughter nu- have been devoted to levels f{Y populated by theE3

clei. In other words, thes decay of *Zr populates the jsomeric decay of its 4T,® vG72® i)z three-

(v9712,v819)3 and (g2, vS1)4 components of the inter- quasiparticle isomer. Especially interesting is the rare oppor-

nal structure of boson states contained in the IBFBPM waveunity to observe high-spin states generated lg,aproton

functions of 1/Z and 3/2 states of**Nb. coupled to core excitations or a broken neutron pair. In these
In the MQPM, for the core nucleus all the relevant statesstates the odd proton has been lifted from phg to thegg,

47, 37 and 4 , have largevg;,vS;,, components in their ~ shell, leaving thep,, orbital empty. Similar states could be

internal structuréTable VIII). There are five 1/2 and 3/2  formed in ®Nb by simply filling thep,, shell with the two

states based on these core states coupled torgag qua- extra protons paired tt"=0". Experimental evidence for a

. ~ =~ + three-quasiparticle isomer if®Nb was first searched via its
siproton, namely the two 172(7ge,®4; , mgde®4,) and B decay to the known yrast levels #iMo [21]. This experi-

three 3/2 states (Qo®41 , 7992845 » 992®31)- Al ment was not successful but did not yet exclude the possibil-
these five states have larg®q,,vg7,vS1, cOMponents and ity of the alternative isomeric decay branching to levels in
are predicted to be sizably populated@ndecay of the 1/2  **Nb.

VI. SEARCH FOR A HIGH-SPIN ISOMER IN %Nb
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FIG. 6. Yrast levels in th&d=58 neighboring isotones c¥®Nb. The distance between thg-{,®h;;,)- broken neutron paitthe
estimate for’”Y is shown by an open circleand the 6 yrast level is crucial for the existence of an isomer.

Fingerprints of such a decay are the presence of a stronglind 1°Mo. From the discussion of level structure the latter
converted transition, which can be assigned by the characteseems a more appropriate core in which the yrast levels be-
istic Nb K-x rays, followed by a cascade ofrays of com-  come lower. Thus, with the same assumptions as above, the
parable intensities and whose energies remind of the spag~ to 6" energy gap increases and the experimental
ings between the yrast levels of the even-even core. A (27/2"—21/2") transition energy should be about 470
sequence of rays with these characteristics was searched ifkeV. For anE3 transition with the same rate characteristics
the y-y and x- matrices. In addition, matrices of three- and as the one ir’’Y, the estimated lifetime of 0.17 ms is indeed
four-fold events were analyzed, since higher coincidencgoo short to allow observation of the isomer after mass sepa-
folds should emphasize therays belonging to cascades of ration. In the present calculation we obtain the 27f@ree-
large multiplicity. However, no evidence for the Seamhedquasiparticle configuration at 2.72 MeV above th@o,

patterns was found. Assuming, by analogy with #€ data  sey ground state. This is in accordance with the conclusion

[20], that the independent population of the high-spin isomer

is approximately 3% of the total independent Nb population,Of the too high energy of thé&3 transition to the] 7gg,

then about 70 ions must be transported per second to th 67121/2" level being responsible for the nonobservation
collection spot. The limit for the detection of a cascade ofOf Epﬁ 27|/.Z level. dition for i ism is that the Sevel
500 keV y rays in this experiment is estimated to 7 ions/sec. h Ig gtlrgalte cc;]n ftion +§|r |so|mer|s(;n Is that the & éi
Hence, we must conclude that the postulated high-spin cor‘E— ou Tﬁ. € QWt N yragt evelin or efr ;0 grlfvsr}t 'tm
figuration in %*Nb is not an isomer, the half-life of which is d€¢aY- This gives a maximum energy of 753 keV for

long enough to survive the time<1 ms between its pro- ]Eransitri]on, whlllchhtralr&s:)atesflr}to g half-life gf BS. Tﬂerg— -
duction and the measurement. ore, there still should be a fair chance to observe the 27

The isomericE3 transition corresponds to a neutron tran-thrée-quasiparticle configuration ifNb at a recoil separa-
sition in which the 9 broken pair changes to™6 The en-
ergies of §7,9h11,)9- broken neutron pairs in the neigh-

boring even-even isotopes are unknown. A crude estimate VIl. CONCLUSION
can be obtained fron?”Y by subtracting the experimental  The decay schemes &fzr to %Nb and of ¥7Sr to 97

7o, €Nergy of 668 keV from the energy of 3523 keV of the have been reinvestigated. The former now includes several
(799® v072® vh110) 272 configuration. Figure 6 shows transitions with absolute decay branchings lower than®.0
the yrast levels ilN=58 isotoneg$11,34]. The estimated 9 A few additional transitions have been found in the latter that
broken pair energy is well below the yrast 8evels in both  allow a new interpretation of some levels. Several level spin
neighboring core nuclei, and the only possible electromagand parity assignments have been revidéd; 3/2™ for the
netic decay is théE3 transition to the yrast 6 level. The 931 keV level in®*Nb andl "= 5/2* for the 1428 keV level
experimentaE (27/2"—21/2") energy of 162 keV is even in °’Y. The levels at 959 keV irf®Nb and 1905 keV ir’’Y

a bit lower than the unperturbed %o 6° energy difference are proposed to be 1/2states. This requires the 697 and 954
of 376 keV (taking the average 6 state energies if°Srand  keV levels in °’Y to be the 5/2° and 3/2" states, respec-
%zr), probably due to the coupling of these core states wittively, at variance with previously made assignments. In
the go/, proton. The even-even neighbors f5Nb are ®Zr  spite of the compression of level energies®iNb with re-
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spect to %Y, several levels of the same character are oblevel in °’Y as the[422]5/2 head of a deformed band. Con-
served. The 5/2 levels at 1320 keV irP’Y and 469 keV in  firmation of this assumption would put the picture of shape
%Nb are both built on thgg,®2* configuration. New simi-  coexistence in theN\=58—60 region on a firmer ground.
larities emerge for three strongly populated levels, two firmlyPrompt fission should be the best technique for searching
assigned 3/2 states and a probable 172evel, which have whether any band structure is built on this level.
comparable loff values and decay rates in both nuclei. This

indicates that th& =56 shell closure is still active fot°Nb,

in contrast to its vanishing with only two extra protons giv- ACKNOWLEDGMENTS
ing a deformed character t§*Tc.
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