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Low- and medium-spin states have been investigated in the even-even nifZleby using in-beamy-ray
spectroscopy via the reactiof§Co(?®Si,p2n) and %&Ni(%?S,«2p) at beam energies of 99 and 135 MeV,
respectively. Several new levels have been identified, including a new even-spin sequence-vbtiagional
band. The previously known sequence has been found to be built 6rstae at 1575.3 keV representing the
odd-spin sequence. In addition, t8&/EC decay of mass-separat&tiNb sources has been studied Byand
y-ray spectroscopy following the bombardment of a tFiNi target with 2%Si ions at 94 MeV. Some low-lying
daughter states up to spin and parity 6f Bave been identified ifi*Zr, and a half-life of 9.5:1.0 s has been
measured for thé&*Nb ground-state decay. The systematicsyefibrational states in even-even Zr nuclei and
a comparison with model predictions indicate increasirgpftness and triaxiality as the spherical neutron shell
closure atN=>50 is approached. Using an empirical estimate, a triaxiality of about 25° has been extracted for
847r. Furthermore, a negative-parity structure 6fdnd 6  states which is similar to othé= 44 isotones has
been identified ir?“Zr as a two-quasineutron excitation.
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[. INTRODUCTION depopulate by weakly enhanc&® transitions withB(E2)
strengths of about 7 Weisskopf unij#/.u.) for the low-spin
High-spin states of some neutron-deficient even-even Zstates[9] and about 14 W.u. for the high-spin stafd<],
isotopes have been studied extensively in the past, and interdicating the presence of vibrational excitations.
esting features have been identifiedtZr, such as a sub- A large quadrupole deformation was deduced f6zr
stantial quadrupole deformation ¢@,~0.4 interpreted as from an early level lifetime measuremerit]. Subsequent
rigid rotation [1], gg;» quasiproton andgg, quasineutron lifetime measurements of the lowest yrast states, however,
alignments[2,3] along the yrast line, competition of vibra- provided a wide time range in particular for the 3rast
tional and rotational collectivity[4], superdeformation at level, from 14.47) ps[11] to 24(2) ps[3]. The latest results
very high sping5,6], and band terminatiofi]. [3] indicate a smaller quadrupole deformation along the
In recent years there has been increasing interest in exarpeositive-parity yrast band, yielding an average value of
ining the relationship between collective rotations and vibraB(E2)=32 W.u. for the E2 transition strengths between
tional excitations for the neutron-deficient nuclei in the states up to the 8 level and, thus, a weakening of the rigid
mass-80 region. Neutron number 44 has been found to be abtor picture. Further, the energy ratios B{4")/E(2%)
the borderline where rotational and vibrational collectivities=2.34 andE(6")/E(2%)=3.96 as deduced from the low-
interchange their dominance in the excitation spectrum; i.elying yrast levels in®*Zr deviate substantially from the rigid
the even-even nucleu¥Zr,, has been considered to show rotor limit of 3.33 and 7.0, respectively. Hence, vibrational
evidence for rigid rotatiofil] which has recently been veri- collectivity may still affect the low-spin states. Early
fied, e.g., by another measurement of magnetic dipole mopotential-energy surface calculatigrg suggested an almost
ments of low-lying statef8], while the yrast states if®Zr,;  spherical shape fof*zr in its ground state, with the evolu-
tion of a deformed triaxial shape at low angular momenta.
Thus, to explore the evolution of the nuclear shape as a func-
*Present address: Department of Chemistry and Physics, Purddi@n of excitation energy and angular momentum in a more

University Calumet, Hammond, IN 46323. complete way, the present study of low-lying and/or nonyrast
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at 6304 keV. The latter state has been assigned as a memberin general, the DCO ratio depends on the initial and final
of the yrast-state band. This suggests a spin assignment prokpins and on the mixing ratio of different multipoles in the
lem along the level sequence built on the secofidstate  gating and the transition of interest, as well as on the degree
and could be related to the missing 3tate which is present of nuclear alignment. When a gate is set on a stretdb2d

in most of the even-even nuclei in the mass-80 region but nagansition, then the interpretation of the experimental ratio is
yet observed ir?Zr. Thus, a reinvestigation of the low- to most straightforward. In this case, a DCO ratio of about 0.5
medium-spin structure d¥*Zr may also contribute to resolve g expected for a purdl =1 dipole transition and 1.0 for a

this discrepancy. _ o stretchedA | =2 transition based on the geometry of the FSU
Two different kinds of experiments have been initiated t0G4_getector array. For a mixedll =1 transition, the ratio
gather nuclear structure information &fizr. First, an in- may vary between 0.2 and 1.8 as a function of the dipole-

84 ; ;
32?6mt05tu:y of tszIT)a'SdabeSetgtgeLrJfo'r n;eo!t W't;nda flt\a/e(-)(nt- guadrupole mixing and the amount of nuclear alignment.
clor array & n niversity, second, mbiguities may also occur since an unstretched phfe

mass-separatefNb— 8Zr decay study has been carried out o dto h io slightly | h
by using fast “in-flight” separation provided by the Argonne _(.) tra}nsnpn IS expected to have a rat!c_> slightly larger than
unity; i.e., similar to a stretcheB2 transition[17].

fragment mass analyzéFMA) [12]. Here a setup of three : .
Ge detectors combined with three plastic scintillators was DCO ratios have been deduced whenever possible from

used to recordy and 3 radiations. the statistics in the gated coincidence spectra. However, for

Previously, the ground state of the nuclef\b was SOMe strong transitions between high-spin states, the large
found to decay with a half-life of 123 s and states up to the Doppler-shifted peaks prevented a clear extraction of the line
4" yrast level in 8%Zr were identified[13]. Thus, a (3)  intensities. They-ray energies, relative intensities, and DCO
assignment was suggestEt4] for the 8Nb ground state. ratios of transitions assigned f8zr have been compiled in
This moderate spin and the relatively lar@gc value of  Table I.

9610 keV deduced from systemati¢45] promised the
B-delayed population of many nonyrast state$4zr. B. Angular distribution measurement

An angular distribution measurement was performed via
the S8Ni(%2S,a2p)®*Zr reaction at 130 MeV beam energy.
Il. EXPERIMENTAL TECHNIQUES The Compton-suppressed Ge detector having an energy reso-
A. In-beam coincidence measurements lution of 1.9 keV at 1332.5 keV was placed about 15 cm

. . . away from the target. Singles spectra were measured at
The low- to medium-spin structure ¢fZr was studied angles of 0°, 30°, 45°, 60°, and 90° relative to the beam

via in-beam experiments through two different reactions, the;. © . . SR
59C0(2%Si,p2n) and the SNi(32S,a2p) reactions, at beam direction. The yields were normalized by the live-time-gated,

energies of 99 and 135 MeV, respectively. The ion beamlntegrated beam current. The peak areas of the transitions of

: : / . Thterest were deduced from each spectrum by means of a
were provided by the Florida State University Tandem'least-squares fitting procedure usirimostly symmetric

Superconducting Linac facility. . L .

: . . . Gaussian curves for the description of théine shapes. The
In the first .experlrr_lent a metallie’Co foil (100% natural angular distribution fUﬂCtiOﬂV\?(@):At:?]ﬁFaZPZF()COS®)
abundancewith a thickness of 10.6 mg/chwas used as +a4P,(cos®)] was fitted to the normalized peak intensities,

target. In the second experiment, the target wadi foil where P,(cos®), k=2, 4, are the Legendre polynomials,

. . ; 0
|sptop|cally enrlche_d to over 99@ and about 20 mdfcm The resulting angular distribution coefficierds anda, for
thick. In both experiments, the emittedrays were recorded Sﬁ)me transitions i#*Zr are compiled in Table II. Only those
with a setup of five Compton-suppressed Ge detectors, each,. . ' ]
about 25% relative efficiency, combined with a Iow-energy?r’1 g;gjr:rr: erne(pggggmvggjlc\tli aa:ﬁ ekr;(;vrxrl]r; f:gianctt;iocg (;?rildae nee
photon spectrometefLEPS. Three Ge detectors and the P

o : Lo ingle peak or part of a complex group which could be reli-
LEPS were placed at 90° relative to the beam direction an YY)
two Ge detectors at a backward position of 145°. bly decomposed. For the strongest transition§*#r, the

Twofold or higher coincidence data were stored in Iistdeduced coefficients are in fair agreement with previously
9 . reported value$4,8]. In case of poor statistics and/or large
mode on 8 mm tape and subsequently analyzed using sta

dard in-house softwarel6]. From each measurement, trian- gﬁﬂ; ncertainty, the fit was restricted to thw coefficient
gular and square matrices were generated with different en- "~
ergy dispersions. The triangular matrices contained all Ge-
detector coincidence events and were used to construct the
level scheme of“Zr, while the square matrices, where the A number of nuclei were produced by bombarding a
events from the backward detectors were sorted against thie0 mg/cnt i target with a 94 MeV beam of®Si ions

90° events, were analyzed with respect to directional correprovided by the ATLAS facility at Argonne National Labo-
lations of oriented nuclgiDCO) to help in spin assignments. ratory. TheA= 84 recoils were separated from other reaction
The DCO ratio was determined from the experimental intenproducts using the FMAL2] and implanted onto aluminized
sities of a selecteg transition as deduced from coincidence Mylar tape located just behind the focal plane position. After
spectra gated by a low-lyingl=2 transition at 145° and a deposition time of 20 s, the tape was moved to a counting
90° according to the relatioRpco=1,(145°)1,(90°). station approximatgl1 m away from the focal plane and

C. Decay measurement
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TABLE I. Energy, spin, and parity of initial and final states, and energy, relative intensities, and DCO
ratios for y transitions assigned t&Zr.

Eiev (keV) 17 17 E, 2 (keV) 1P Roco” ,° Roco®
Band 3
539.8 2 0" 539.81) 100(3) ¢ 1.033) 1003) ¢ 1.044)
1262.7 4 2% 722.91) 81(2) 1.01(3) ® 792) 0.974) ©
2136.3 6 4" 873.61) 55(2) 1.034) 55(2) 0.995)
3088.8 g 6" 952.51) 38(1) 0.995) 32(2) 0.957)
4068.5 10 8" 979.12) 30(1) 1.046) 24(2) 1.037)
5135.8 12 10" 1067.32) 24(1) 0.997) 16(1) 0.949)
6302.1 14 12" 1166.33) 11(1) 0.9312 7.1(5)
7497.9 16 14" 1195.83) 8(1) 5.4(6)
8744 18" 16" 12461) 3(1) 1.56)
Band 2
4587.4 (10)) 10" 518.93) 2.54) 0.7412 2.2(6)
8" 14991) 1.54) ~1
5615 (12) (10)) 10281) ~1 ~1
6643 (14) (229 102911 ~1 ~1
(12%) 1507.63) 2.7(4) 2.803)
7857 (165) (14)) 12131) ~1 ~1
14" 15551) 1.54) ~1
Band 1, even
1119.2 25 2% 579.31) 5.6(6) 1.2910) 8.96) 1.0211)
0" 1119.32) 2.6(4) 3.14)
1887.6 4; 3t 312.23) 0.42) ~1
4" 625.23) 0.5(3) ~1
25 768.53) 1.42) 3.1(4) 0.91(17)
2739.6 6, 6" 603(1) 0.2(1) ~1
4; 852(1) 0.93) ~1
Band 1, odd
1575.3 3 25 456.21) 3.23) 0.9710) 8.2(5) 1.0210)
2* 1035.82) 2.1(4) 0.96110) 4.95) 1.0921)
2335.1 5 3 759.82) 3.403 1.0518) 6.1(4) 0.9412
4" 1072.43) 1.1(3) 0.4318) 1.903)
3202.0 7 5% 866.92) 3.94) 1.0811) 5.005) 1.1519)
4137.4 g 7 935.43) 2.803) 1.0415) 3.25) 1.1224)
5150.1 11 9+ 1012.75) 4(2) 0.9516) 4(2)
6248.2 13 11* 1098.14) 1.7(3) 1.0521) 2.2(3)
7299.8 (15) (14)) 656.44) 3.24) 0.267) 2.8(4) 0.47(15)
13" 1051.96) 1.44) 2.4(4)
8499 a7) (15") 11991) ~1 ~1
Band 4
2825.8 5 4" 1563.13) 15(1) 0.547) 15(1) 0.639)
3493.8 7 6 415.02) 1.1(3) 0.2510) 1.1(2) 0.51(18)
5° 667.92) 1.92) 1.2224) 2.54)
6" 1357.53) 12(1) 0.567) 11(1) 0.548)
3551.7 7, 6 4731) ~1 ~1
5 726.44) 1.43) 1.503)
6" 1415.54) 4.6(6) 0.4011) 4.1(5) 0.5021)
3722 (73) 6" 15861) ~1 ~1
4378.5 g (73) 656(1) ~1 ~1
75 826.93) 2.04) 1.0424) 1.3(5) 1.1419)
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TABLE I. (Continued.

Epey (keV) 7 I7 E, ? (keV) ,° Roco” 1, ° Roco®
7 884.12) 9.4(5) 0.999) 7.605) 0.9313
8" 1289.64) 0.7(3) 1.1(3)
5316.4 1T 9~ 937.92) 11(2) 1.0009) 7.005) 1.0814)
6324.5 13 11" 1008.13) 9.97) 1.019) 6.7(6) 0.9414)
7410.9 15 13~ 1086.43) 5.1(6) 0.86(16) 4.004) 1.003)
8608 17 15 11971) 2(2) ~1
Band 5
2810.8 4 5* 475.35) 1.1(3) ~1
43 922.94) 1.57) 2.04)
3* 1235.62) 1.83) 2.63) 0.6211)
4% 15481) ~1 ~1
3078.8 6 5” 253.12) 1.42) 1.32) 0.5814)
4- 267.12) 2.602) 2.83) 1.0517)
3313.3 6, 57 487.51) 7.8(4) 0.294) 7.805) 0.356)
4036.7 g 7 543.12) 3.03) 0.286) 2.714) 0.3412)
6, 723.33) ~8 1.013) ¢ ~6 0.9714) ¢
6~ 957.93) 1.34) 1.1(3)
4869.2 10 9~ 490.63) 1.32) =<0.2 1.43)
8~ 832.51) 12(1) 0.9209) 8.35) 1.0813)
5785.3 12 11 4701) 1.34) 1.64)
10” 916.12) 101) 0.9411) 7.407) 0.9217)
6797.4 14 12- 1012.15) 5(2) 0.859) 4(1)
7929.3 16 14~ 1131.95) 2.6(5) 0.8915) 2.94)
9196 18 16~ 12671) 3(2) 2(1)

8Uncertainty is given in parentheses in units of the last digit.

bReaction®Ni(3%S,a:2p)8*Zr. DCO ratios have been deduced from gates set on low-Igiddransitions.
°Reaction®*Co(?®si,p2n)®4zr.

dNormalization.

€DCO ratio is given for the doublet.

counted for a period of 20 s. The emittedrays were de- TABLE Il. Results of the angular distribution measurement for
P ) y rays assigned t8°Zr. Listed are transition energy, spin and parity

tected With threg _high—purity Pb_-Cd-ShieIdeq G_e dete_Ctor%f initial and final states, angular distribution coefficients, and pro-
(55% relative efficiencysurrounding the plastic pipe which posed multipolarity.

housed the moving tape in close geometry. All three Ge de
tectors had a thin£3 mm) plastic scintillation detector in E, (keV) 17 If a, a, Multipolarity
front to record positrons emitted during the decay. Gamma:= ~

ray spectra were recorded with the Ge detectatsich had 267.7 6 4+ 0.21(7) 0.047) E2
thin Be windows in the energy range 20—2000 keV. Singles 456.2 ¥ 2, 01 0.0%12) M1/E2

and coincidence events were tagged by an electronic time8’- 6, 5+ —0.53(11)  —0.09(12) M1/E2
signal and written in list mode on magnetic tape. Measure®3%- z 0_ 0.231) ~0.03(1) E2
ments were also made with deposition and counting times o431 8; 7+ —0.75(8) 0.069) M1/E2
6 s to enhance the number of counts for shorter lifetimes>9-3 22 2+ _0‘12(2) 0.027) a M1E2
The measured events were sorted off-line iBte, B-y-v, 4 2+ 0.292) —0.03(3) E2
v-v, time-y, and B-gated timey matrices. Also, the events 7598 5: 3+ 0.368) —0.09(8) E2
from the 6 s counting cycles were added to the events fron{ 085 42 22+ 0.138) E2
the 20 s cycles to improve the statistics. Energy calibratior$96-2 4 5+ 0.3510  —0.22(10) E2
was done using well-known background lines, in particular873'6 & 47 0.322) —0.07(2) E2
the lines from the '*3Cd(n,y)“Cd reaction which are i 9+ 0.286)  —0.03(6) E2
known with high precisior18]. An efficiency calibration 9.7 10 8+ 0.205) —0.05(6) E2
was performed with very weak radioactive sourced®gu, 3275 r 6+ ~0.30(9) El
%6Co, 2%8Th, and '®Ta to minimize pileup and dead-time 1563.1 5 4 —043) 0.1%8) El
effects. aCoefficients are given for the 722.9-723.3 keV doublet.
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FIG. 1. Level scheme d¥*Zr as deduced from the present in-beam measurements. The bands labeled with 3, 4, and 5 have been observed
to higher levels in previous wors].

Ill. LEVEL SCHEME assignment to the level at 1575.3 keV, as previously sug-
gested 1,4,5. However, our measured results are also com-
patible with the assumption of a mixed dipole-quadrupole
The low- to medium-spin level scheme 8fZr as de- nature for the 456.2 keV transition. Our DCO ratios and
duced from our in-beam measurements is shown in Fig. langular distribution coefficients for the 456.2 keV transition
Several new levels and transitions have been introducedre compatible with a 8—2" assignment. A dipole-
based on ouy-y coincidence data. As an example, ieay  quadrupole mixing o8~ 0.7 can be determined for this tran-
spectra in coincidence with two low-lying yrast transitions sjtion which yields arE2 admixture of at least 33%. Sys-
are shown in Fig. 2. In some cases previously reported spifematics of the 3—2; transition of even-even nuclei in the
assignments have been challenged. Our arguments for thgass-80 region show that a similar hig2 admixture oc-

A. States in 8zr deduced from in-beam measurements

changes will be discussed below. curs quite often, e.g., if°%Kr (90% E2 [19]) or ®Se (17%
I E2 [20]).
1. y-vibrational band The measured DCO ratio for the depopulating 1035.8 keV
The y-vibrational band is built on the second Xtate at  transition is also not conclusive since plE2 or mixedAl
1119.2 keV. The previously reportéd,2,4] coincidence re- =1 characters are possible. This situation is very similar to

lationships have been confirmed; i.e., the 456.2 keV transithe one found in®?Sr [21] where the extracted DCO ratios
tion has been found to depopulate the level at 1575.3 keMor the corresponding transitions are also close to unity. Only
This transition is in strong coincidence with all transitions ofthe DCO ratio for the 1235.6 ke¥1 transition indicates a
the known feeding sequence, confirming the reported placeslear Al =1 nature. Since the spin of the 2810.8 keV level
ment of this side structure. has been established to be 4 through the DCO ratio of the
The measured DCO ratios and the angular distributiorfeeding 267.7 keV transitiofsee Sec. Ill A 2, a spin of 3 is
coefficients of the 456.2 keV transitideee Fig. 3could be  deduced for the 1575.3 keV level. For the intraband transi-
interpreted as &l =2 transition leading to a possible spin-4 tions at 759.8, 866.9, and 935.4 keV, DCO ratios of close to
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FIG. 2. Background-correcteg-ray spectra in prompt coincidence with the 540 and 874 keV transitions of the yrast sequéfite in

unity have been extracted, supporting B2 assignments of the 540 keV gate displayed in Fig. 2. Thus, a new level at
reported earlier. Thus, the DCO ratios lead to an odd-spiri887.6 keV has been identified which is weakly populated by

assignment to the known decay sequence.

an 852 keV transition, leading to a new level at 2740 keV.

Further, new transitions at 768.5 and 852 keV have beeithis level also decays by a weak 603 keV line to the yrast
found to feed into the second'2state at 1119.2 keV. The 6" state. The DCO ratio and angular distribution for the
new 768.5 keV line can be seen in the higher-energy portio68.5 keV line indicaté\| =0 or 2. The weak connection to
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FIG. 3. Examples of angular distribution re-
sults for few transitions in®¥Zr. Experimental
data are shown by solid circles and results of the
fit by solid lines.
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250 ————T T T T has been identified and assigned as the even-spin level se-

579 1 quence of they-vibrational band.

325 (135 MeV) on *®Ni
Gate 540 keV

2000—: 2. Low-lying negative-parity states

A 267.7 keV vy transition has been found in strong coin-
cidence with the known 1235.8 keV line, establishing a new
level at 3078.8 keV. This level also decays by a 253.1 keV
line to the known 5 state at 2825.8 keV. Both low-energy
transitions can be seen in the 540 keV gated coincidence
spectrum displayed in Fig. 4. Previously, a 271 keV line was
reported 5] which was placed in a similar way to the present

1500

COUNTS

1000

03 ] 267.7 keV line; however, the given energies did not match
200 300 400 500 600 up. The new level at 3078.8 keV is cross-linked to several
. 4 . . . .
ENERGY (keV) other known states if%Zr, increasing our confidence in the

indicated placement. DCO ratios for the 253.1 and 267.7 keV

FIG. 4. Background-corrected spectrum of low-enepgiays in -~ transitions(see Table)lindicateAl=1 and 2 character, re-
prompt coincidence with the2-0" 540 keV transition irf*Zr, as  spectively, leading to spin assignments of 6 and 4 to the
extracted from theé’S on 58Ni in-beam measurement. levels at 3078.8 and 2810.8 keV, respectively. Negative par-

ity has been assigned to the 3078.8 keV level due to the
a higher-lying 4 level by a 922.9 keV line supports the 957.9 keV linking transition from the 8 4036.7 keV level.
Al=2 character, and thus, a spin of 4 is assigned to thifNegative parity then follows for the 2810.8 keV state be-
level. No reliable DCO ratio could be extracted for the 852cause of thde2 multipolarity of the 267.7 keV transition. An
keV line. However, the weak 603 keV line depopulating thisE2 transition of this low energy might indicate a ns lifetime
level to the yrast 6 state supports a spin of possibly 6 for of the 3078.8 keV level, which could not be deduced from
the 2740 keV level. the data due to low statistics in the LEPS time spectra.

In summary, we have found evidence that all spins previ- For the first time, a 1415.5 keYy line has been found to
ously assigned to th&l =2 sideband feeding into the 1575.3 feed into the yrast sequence 8Zr at spin 6. The coinci-
keV level have to be reduced by one unit due to the follow-dence relationships with the lower-lying yrast transitions are
ing reasons(i) The DCO ratios of the 456.2 and 1035.8 keV unambiguous. Thus, a new level at 3551.7 keV has been
transitions can be interpreted asl=1 mixed dipole- found. The DCO ratio of the 1415.5 keV line proves\a
qguadrupole transitions. Considering the cross-linked levels=1 transition, leading to a spin-7 assignment. It should be
and all measured DCO ratios, a firm assignment of spin 3ioted that the 1415.5 keV line is a close-lying doublet in the
can be made to the 1575.3 keV level and, accordingly, oddotal coincidence matrix. Transitions at energies of 1415 and
spins to the known level sequend#) The previous assign- 1416 keV are known to be present in the neighboring odd-
ment of 14" to the state at 6248.2 keV makes this state yrasmass nucleu$®y [7,22]. The present placement in the level
compared to the 14 state at 6302.1 keV of the well- scheme has been made after a careful identification of all
established ground-state band. However, this is nhot compatbserved coincidence relationships.
ible with the weak population of the 6248.2 keV state ob- The new 3551.7 keV state is depopulated also by a weak
served in both experiments. Our new assignment of 8  726.4 keV transition to the known Sstate at 2825.8 keV
the 6248.2 keV level resolves this proble(ii.) An alterna- and is fed by a 826.9 keV transition connecting the level to
tive sequence involving the 768.5 and 852 keV transitionghe known 9 state. SinceM 2 transitions are extremely un-

1000 T | T | T | T I T |
1 5400 5 o -
800 - o ig B - v - ¥ projection L
15 s ™ FMA set on A = 84 L
» 5> E .
£ 6003 3 EeN _
% de T ; Mo -
> J mm
S 4008 &2 & o L
© 1888 || |3 g2 1 i S
200 1 N1 || Ex 8 = g
| ! | I 'l_
0_ T T T T T

| | |
1000 1200 1400

ENERGY (keV)

1 |
400 600 800

FIG. 5. Projection of the3-gatedy-y matrix. TheA= 84 recoils were mass separated and transported to the counter station via a tape
system. The label Cd represents the 558.46 keV transitid®'@d arising from the'*3Cd(n,y) neutron capture reactidi 8] in a thin sheet
of natural Cd which was placed around the Ge detectors to suppress Pb x rays.
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likely, these twoAl =2 transitions connecting the new state B. Level scheme of®*Zr deduced from the 3Nb decay
with known negative-parity states provide a negative-parity

. In our B-decay measurement only very fi and y-
assignment for the 3551.7 keV level. The 3551.7 keV 7 A-decay y very fgvy andy-y

coincidences were observed. A representajiray spectrum
, h ) : 85 shown in Fig. 5. The strongest lines in the spectrum are the
sembling similar structures in oth&f=44 isotones such as 11 o kev annihilation peak and the 540.0 keV 20*
*Kr [23] and *Sr [21] where three 7 states were found. o civion in 84z [1,13). Figure 6 shows the coincidence
However, it is difficult to identify additional transitions feed- spectrum resulting from a gate set on the 540 keV line. There
Tflmtko \t/he 35|(5;.7hkev Ielvel 'du% to the complexﬂy of the is clear evidence for a coincidence with a 579.4 keV transi-
5 h'ed peak in the T[O;]a gomﬁl ence Imatr||x. K tion which is known from the present and previous in-beam
A third 7= state might be the new level at 3722 keV o neriments[1,4] to depopulate the second*2state at
which depopulates via a 1586 keV transition to they§ast 1119 5 kev. The population of this second Rvel has been
level. Spin and parity assignments are tentat|ye|y 9VeLeen inB decay for the first time. The previously reported
based on the weak 656 keV linking transition to thel@vel 23% decay branchi3] to the 4" yrast state at 1263.0 keV
at 4378.5 keV. which decays to the 2 yrast state by a 723.0 keV transition
has been observed with only about 7% relative intensity.

(1,2,3)F 00 T,,=95s The level scheme o¥*zr deduced from the present decay
\ data is shown in Fig. 7. Besides the observation of the yrast
\ 84 Nb 2" and 4" states, the level at 1575.7 keV has been seen in

\ 41 43 BTIEC decay for the first time. It should be noted that the

‘~ energy of the weak 1036.4 keV transition deviates by 0.7
+ — keV from the energy difference, and thus, a tentative place-

B7/EC  Q =9610 keV ment is given only. The assignment of the 456.2 keV transi-

tion to the Nb decay is firm and a contamination through

the 454.2 keV line[14] from the decay of thé®®Y — 8Sr

82 60 1966.7 channel can clearly be ruled out.

BR (%) log fot

121 59 3+ A new level at 1244 keV has be_en.tentatively introduped
—_— ; 1575.7 based on a weak 540—704 keV coincidence measured in de-
59 63 4 PN cay. The 704 keVy ray has not been seen in previous decay
<44 >65 (0F § 1263.0 1944 nor in-beam experiments. It is likely that this line depopu-
D . 2N I 11195 lates the second "0 state in 8Zr. The proposed spin and
350 56 2% o 4 o i o = parity assignments are, however, entirely based on systemat-
& g &gl R ;
g =t N IS ICS.
344 58 2t v v v v 540.0 The half-life of the 8Nb ground-state decay has been
2 remeasured by analyzing the background-corre@tedtime
3 distribution of the 540.0 keV line which is shown in Fig. 8. A
o* v 0.0 half-life of 9.5+£1.0 s has been obtained from a fit of a
single-exponential decay curve to the experimental points.
84 Our value is in fair agreement with the previously reported
Zr half-life of 12+3 s[13].
40 44
Determination of logft values
FIG. 7. Decay scheme of“Nb— 8Zr as deduced from the
present study. Spin and parity assignments giver?1gr levels are For the calculation of the Idg values aQgc value of
based on the present decay and in-beam work. The transitior3610 keV has been used. This value has been extracted from
shown by a dashed line have been placed tentatively. the mass excesses given in Rdf5]. It should be noted that
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v TABLE lIl. Energy levels andy transitions assigned to tHézr
nucleus as observed in the radioactive decag‘tib.
I ;ﬁie;fﬁms ] Brey ” (keV) i I E, " keV) '
- ] 540.0 2 0" 540.41) 100(2)
“ 1119.5 2,5 2" 579.41) 34(2)
E 0+ 1119.62) 13(2)
=) 1244 (03) 2+ 704(1) <5
S 12l 1263.0 & 2 723.03) 6.7(17)
L 1575.7 3 2;’ 456.22) 7.6(12)
. 2" 1036.45) 6.1(15)
L J 1966.7 2 1426.73) 9.3(15
i i ®Energy of the initial state.
20 TR S E— 1!0 TR — 2'0 bSpin and parity_ of i_nitiql anql final states. _ _ N
°Energy uncertainty is given in parentheses in units of the last digit.
TIME (s) dNormalization.

FIG. 8. Background-corrected decay curve of the 540 keV tranbetween rotational and vibrational collectivities.
sition in 8Zr. The time information obtained from thgy, B-v-v,

and y-y events has been added up. A. y-vibrational band and triaxiality

The low-lying levels in some neutron-deficient even-even
Zr isotopes deduced frop-decay studies and in-beam work
are compiled in Fig. 9. The lowering of the yrast 24",

a recent experiment determined th®&b mass by an end-
point measurement ofy-gated B spectra to Qgc

=7200(300) keV 24]. This value is inconsistent with mass . . ;
(300) kevi24] and 6" level energies with decreasing neutron number re-

models and systematic trend&5]. The 8-y coincidence " X 6
technique is known to sometimes produce incorrect masieCts the transition from an aimost spherical shapé 'ffzr
to a well-deformed shape with aboy,~0.4 in °“Zr

measurements when the decay has a ld)ge value, be- 282
cause the3 decay is likely to proceed through many highly [28,29. | . ity levels 8zr h b
excited daughter states, giving rise to many lower energy Several nonyrast positive-parity levels TZr have been

B's. This situation was found for the decay of the odd-odd3rCuP€d into ay-vibrational band which is built on the sec-
nucleus®Y [25], where a discrepancy was encountered inond 2" state at 1119.2 keV. The band assignment is based on

Qe values determined by means of the end-point methot’ihe observed decay pattern and on systematics. A compila-
[24] and a direct mass measuremgze]. tion of the knowny-vibrational states irf?848Zr and their

The logft values have been calculated based on branchin€¢@y modes is also displayed in Fig. 9.

ratios deduced from the relative intensities given in Table IIIb Irc‘j geneLaI, the excita.t(ijon 3nergie; of thevibrational h
and the new half-life of 9.5 s. They are given in Fig. 7 and?and members are considered to reflect to some extent the

Table IV. It is difficult to estimate the3 branch directly evplutlon of the nqclear shape in a chain of nuclei when
populating the®Zr ground state. In general, the relatively going from a spherical to a deformed_ sha_pe. Such an .evolu—
weak occurrence of aft*zr lines compared tol’asimilar mea. tion often means a transition from vibrational to rotational

surement of theN=Z+ 28 nucleus[25] may indicate excitations through a region of considerablesoftnesd 34].

some direct ground-state feeding. However, the calculation TABLE IV. Levels in #Zr populated in theg*/EC decay of
of the logt values has been carried out with the assumptiormNb. '
of no direct ground-state feeding. Also, energetically al-
lowed, but so far unobserve@,decays to higher-lying levels E., (keV) 17 Branching?® (%) logft® Branching® (%) logft®
in 84Zr could reduce the observe@l feeding to the known —

levels. 0.0 0" (O
540.0 2" 34.4 5.8 77 5.6
IV. DISCUSSION 1119.5 25 35.0 5.6
, , o 1244 (03) <44 >6.5
P.r.eV|ousI_y, a high degree of collectivity was fqund for the 1263.0 & 59 6.3 23 59
positive-parity yrast sequence #Zr based on lifetime mea- 1575.7 3 121 59
surements. Over the years, lifetime values for tHesate at 1966.7 8.2 6.0

540 keV of 7=24(2) ps[3], 20.311) ps[1], 17.811) ps
[27], and 14.47) ps[11] were measured which lead to re- ®Present results. Program LOGFT provided by the Brookhaven
ducedE2 transition probabilities between @3 and 563)  Nuclear Data Center has been used. fitogalues have been calcu-
W.u. for the 2" —07 transition supporting the deformed lated withQzc=9610 keV[15] and the measured,;,=9.5 s.

shape. In the following, the properties of the low- to "Referencd14].

medium-spin states are discussed in terms of the interplajNo ground-state feeding has been assumed.
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FIG. 9. Positive-parity yrast states witke6 in 8-87r and states of thg-vibrational bands built on the second fevels. The data have
been taken fronf%zr [28,29, 8zr [30], ®2Zr [31,32, and 8Zr [33]. Note that not ally decays are shown. In tH&Zr level schemg30],
no spin assignment is given for the 1061 keV level; however, the present systematics points to a possible ‘satateda? this energy.
Thus, it is assumed in the present work.

Based on simple model considerations, transition energy raclearly indicates the tendency of increasipgsoftness with

tios can be calculated for the states in thevibrational increasing neutron number for both chains. Thus, this ten-
bands. In a pure vibrational model, the energy separation alency reflects the increasing influence of the spheri¢al
adjacent states is constant, leading to a normalized energy50 neutron shell closure.

difference of 1 and 2 foAl=1 and 2 transitions, respec- In the rotational model, the second Xtate forms the
tively [35]. In the approximation of a pure rotational model head of the collective-vibrational band, and a low-lying*3

[35], the energy ratio is a linear function of the initial spin. state is predicted. This*3level corresponds very likely to
Both tendencies have been displayed in Fig. 10 by dasheghe level at 1575.3 keV i§*Zr. Based on the 3—2* tran-
lines. The values deduced from the experimental energies @fition energy of 456.2 keV, the moment of inertia is smaller
the y-vibrational bands irf?#%Zr and ®Sr are displayed by in the y-vibrational band compared to the ground-state band,
solid symbols. One can see that the experimental values fandicating a less deformed shape. It should be mentioned that
847r are closer to the vibrational limit. Thus, the data pointsthe 3* assignment to the 1575.3 keV level #zr fits well
indicate a shape coexistence picture f8Zr, a deformed into the systematics, as opposed to the previously reported
prolate shape for the lowest positive-parity yrast states, and &* assignment.

weakly deformed {-soft) shape for the low-lying states of A distinction between excitations ingsoft and ay-rigid

the y-vibrational band. potential can be deduced from theband level energy sepa-

In terms of ay-fluctuating triaxial rotor mod€ll36], they  ration and can be expressed in the staggering function
softness of the potential is represented by the energy of thg(4,3,2) [37]. Experimental values 08(4,3,2) for some
second 2 bandhead energy. The softer the nucleus, theven-even Kr, Sr, and Zr nuclei are displayed in Fig. 11 as
lower is the energy of the second Ztate relative to the function of the neutron number. They all lie in the range
yrast 4" state[36], and thus the smaller becomes the energyfrom —0.7 to —0.1. Theoretical values of t#(4,3,2) func-
ratio E(2, )/E(4"). Experimental values of 1.02, 0.89, and tion vary between 0.3 ané 2.0 for ay-soft rotor. Thus, the
0.85 can be deduced for tH88+8Zr nuclei and 1.16, 0.88, experimental values may imply g-soft rotor with a triaxi-
and 0.82 for the®%®285r nuclei. The observed pattern ality of about 25° for®Zr, similar to the conclusion found
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E 40+ 7 w827, ] FIG. 11. Experimental values of the staggering function
= - / ¢34z, . S(4,3,2) deduced from known states in thevibrational bands of
L a0k S ] even-even Kr, Sr, and Zr nuclei. Predictions of different models are
g C ] shown by dashed horizontal lines. The sign convention of the tri-
L 20 = vibrator ] axiality parametety is according to Ref[37].
| 1 ,
= . 1 vorable, and the ground-state band®r has been associ-
YN ' ' ' L ated with this triaxial-deformed shapé].

An additional minimum occurs in the middle panel of Fig.
Spin 1 (7) 12 at a lower quadrupole deformation Bh~0.15 andy
~15° which moves towards a near-prolate shape with in-
FIG. 10. Normalized energy difference fdrl=1 (top) and  creasing frequency. Even though in the proton-rich Zr nuclei
Al =2 (bottom states in they-vibrational bands of?#%r and®Sr  experimental evidence for shape coexistence at low spins is
as a function of the initial spin of the state. The predicted ratios foless clear, it has been seen in the calculations that thenl
a pure vibrational and a pure rotational behavior are given bypartly the 2" states of the ground-state band are pushed
dashed and dash-dotted lines, respectively. For normalization thdown in energy, presumbly due to an interaction with excited
2% energy of the ground-state bafgsh of the respective Zror St 0% and 2" states with smaller deformation. This low-spin
nuclei has been taken. shape coexistence is reflected in the middle and right panels
of Fig. 12 by the occurrence of additional minima at reduced
80 L _ quadrupole deformation. Thus, one may identify the second
recently for®-Sr[25]. Note that the triaxiality parameteris  minimum with the collective band built on the second 2
defined in Ref[37] as 'y.=O° andy=+60° for prolate and  state. The calculated shape is verysoft; however, the tri-
oblate shapes, respectively. axiality of 25° deduced in the previous sectiomhich cor-
responds to-25° in the TRS notationis not reproduced.
B. Evolution of the nuclear shape at low spins in®zr

Total Routhian surfacéTRS) calculationg38] have been C. Two-quasineutron excitations

performed to probe the evolution of the nuclear shape as a The observation of the closely spaced dnd 6 levels at
function of the rotational frequency. The calculations were2810.8 and 3078.8 keV if*Zr, respectively, is somewhat
carried out using a Woods-Saxon potential for the singlesurprising in light of the reportefd,3] large quadrupole de-
particle energies and a monopole-type pairing force. At eacformation for this nucleus. A similar structure has also been
grid point the energy was minimized with regard to the hexa-seen in the moderately deformed nuclééSr[21] and in the
decapole deformation. Results from these calculations aress deformed nuclei®r [19,23 and "®Se[20], all N=44
shown in Fig. 12 for low-lying positive-parity states. The isotones to®Zr, as displayed in Fig. 13. In the lighter iso-
TRS plots are composed of variogsollective configura-  tones ®Se and®Kr, the measuredE2 transition probabili-
tions specified in terms of parity and signature quantunties of 41) and 72) W.u. for the 271 and 249 keV 6
numbers, which compete in energy and thus reflect shape-4~ transitions, respectively, verify a low collectivity. It is
coexistence. very likely, based on the similarity in the excitation energies
In the ground statéleft panel of Fig. 12, the even-even and depopulation pattern, that this structure is preserved in
nucleus®Zr exhibits a spherical nuclear shape, in agreement“Zr, implying a low collectivity too. The relatively weak
with previous calculation$6]. A deformed minimum lies population of the 6 state in our experiment, however, did
about 800 keV higher in energy and is pretty shallow. At anot allow us to measure its lifetime.
rotational frequency of only about 0.29 MeV, a triaxial shape The assumed low collectivity for the 4and 6 states in
with 8,=0.29 and a triaxiality parameter af=—24° be-  8%Zr and the nonobservation of a feeding high-spin band in-
comes lowest in energy, however, this shape is veoft.  dicate a much reduced quadrupole deformation, where a pos-
Thus, collective rotation quickly becomes energetically fa-sible triaxiality cannot be excluded. Since this negative-

014315-11



J. DORING et al. PHYSICAL REVIEW C 67, 014315 (2003

0.5

Trf}

N
ho=0.0 MeV

0.4 =

03

ALl Lad uaay

0.2

RE AN VNI £

B,sin(y+30°)

4):1 , i 3 %:V "gi;/%y 'Qggy :

-0.2

/)
4

,"/

=) =)
S :aw\%f/// \
= 7 SN //4/ sy

B,cos(y+ 30°)

-0.3

FIG. 12. Total Routhian surfaces calculated for positive-parity yrast states with signatirén 84Zr and displayed in theg,,y) polar
coordinate plane. The rotational frequencies and the corresponding spins are given in the insets. The energy separation between contour lines
is 200 keV. The absolute minimum is indicated by a solid dot. Collective prolate and collective oblate shapes correspond to triaxiality
parameters ofy=0° and—60°, respectively.

parity structure persists at almost the same energy despite D. Spin and parity of the ®Nb ground state

filling the protonfs, and py, orbitals; i.e., across the sub-  The strong apparem feeding of the 2 and 2 levels at
shell closure aZ =38, it is related to the 44 neutrons. For 540.0 and 1119.5 keV ifi*Zr, respectively, with loét values
this neutron number and a relatively smalear-prolatede-  below 6 indicates allowed transitiof40] and supports a
formation, the Fermi level is close to the negative-pafijy ~ positive-parity assignment for the ground staté’®ib. The
and p,, orbitals which are mixed by rotation. Thus, we in- spin is restricted to values of 1, 2, or 3. The fogf the 8
terpret the observed 4 and 6 states as noncollective branch to the 4 level at 1263.0 keV calculated with the
(9o, pf) two-guasineutron excitations, in contrast to the@ssumption of no diregi feeding to the ground state appears

: : - i ible spins of"lor 2* and has led to the
lowest states of the negative-parity bands 4 and 5 which ha9 contradict possib
been identified asgy,,pf) two-quasiproton excitations at a Previous assignment of (3 [14]. However, the 723.0 keV
near-prolate shape witi,~0.2 [4]. Probably, the main line has been observed to be rather weak in the present decay

; o work, and it is quite possible that the 4state is fed prima-
componeqts in the 4 and 6 states are two-quasiparticle rily by y decays from higher-lying levels populated by un-
configurations of the typ@(gg2,P12) and v(depz. 52, re- opserveds branches. Also the new assignment of spintd
spectively, reflecting the small energy separation between thde more strongly populated 1575.7 keV level leaves both
1/2" ground state and the lowest 5/3tate in the odd-mass spins 2 and 3 possible for the ground state*tb.
N =43 isotones’’Se to 8zr. On the other hand, a spin assignment 6ftb the ground

In the isotone®*Mo,,, the depopulation of the(6) state  state of #Nb would explain the lowy intensity associated
at 2959 keV occurs via a 242 keV transition to tHe5state, ~ with the 7/EC decay of theN=2Z nucleus Mo which
and no 4 state is knowri39]. It seems that the nature of the should have been produced via tA&Ni(?%Si,2n) reaction
negative-parity high-spin sequence changes its character be41,42. The production cross section fé¥Mo was esti-
tween 84Zr and #Mo. In the lighter isotone€2Sr and®yzr, ~ mated to be @) ub [41]. If we assume a 1 assignment,
collective bands are built on the second 6tates at 3339 then the 0 ground state ofMo can easily be depopulated
and 3313.3 keV, respectively, which become negative-paritpy an aIIoweng?ranch to the ground state 8fNb. Further,
yrast sequences at the 8evels. These sequences have beerfn€ 8 decay of™Nb can procged through an allowed transi-
observed up to high spins. Alignment properties and the exion to the ground state of“Zr, similar to the 7525)%
tracted moments of inertia support the interpretation as colPranch observed in the decay of the I ground-state decay
lective states built on two-quasiproton excitations.8fo,  Of the isotone®?Y [43]. In conclusion, the spin of the ground
a decay sequence has been found which is built on the lowe§tate of*Nb remains an open question, and spin-parity val-
6 state with a different behavior of the moments of inertiat€s of 1", 2*, or 3" are all possible, depending on which, if
when compared t#“Zr; see Fig. 4c) in Ref. [39]. These any,3-decay branches have not been observed.
moments of inertia indicate that the negative-parity sequence
in ®Mo is less collective than if*Zr. Thus, the decay se-
quence in®Mo reflects the influence of quasiparticle excita- The low- to medium-spin structure of the even-even
tions which are present in the lowest &tate. nucleus®Zr has been reinvestigated via tA&Ni(32S,a2p)

V. SUMMARY AND CONCLUSIONS
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FIG. 13. Systematics of experimental energies of the lowests4, and 6 states and some of thejr decays to lower-lying states in
selected\ =44 isotones. The experimental data were taken ff8&e[20], 8Kr [19,23, 8Sr[21], and Mo [39].

and %°Co(%si,p2n) reactions by using a five-Ge-detector separated from other reaction products through the Argonne
plus LEPS setup at the Nuclear Structure Laboratory afragment mass analyzer and measured witB-g detector
Florida State University. Several new levels related to thesetup. Several low-lying states #Zr have been identified,
y-vibrational band have been found, in particular the evenand a half-life of 9.5:1.0 s has been measured for tHelb

spin sequence. Further, new spin assignments have be8fPund-stated decay. The extracted légvalues and pos-
made for the previously reported members of this band basegiPl€ uncertainties dug to unobserved branChf’S restrict the
on our DCO ratios and an angular distribution measuremengPin and parity of thé™Nb ground state to 1, 2, or 3".
Thus, they-vibrational band in®¥zr is now known in great- Ad_dmonal decay experiments are necessary to determine the
est detail when compared to other neutron-deficient Zr isoSPIn value of th
topes. This provides a unique opportunity to infer the degree

of triaxiality.

As a result of our new assignment of 3o the 1575.3 The authors appreciate the on-line service of the National
keV level, the previously known even-spin sequence hasjuclear Data Center, Brookhaven National Laboratory, for
been converted into an odd-spin sequence. This fits well intproviding the code for the Idg calculations. We are grateful
the systematics, and the previously reported Y4ast state to W. Nazarewicz and R. Wyss for providing the computer
in this band becomes a 13assignment. Systematics of en- codes and data files for the TRS calculations, and to H.
ergy separations in the-vibrational bands of?#%r indicate ~ Grawe for illuminating discussions regarding the nuclear
an increasingy softness with increasing neutron number asshell model. The nuclear physics research was supported by
verified from the energy of the second bandhead state and the National Science Foundation at Florida State University
the staggering functionS(4,3,2). This behavior of the under Grant No. PHY 95-23974 and at the University of
proton-rich even-even Zr isotopes resembles that of th&lotre Dame under Grant No. PHY 94-02761, and by the
proton-rich even-even Sr isotopes. Division of High Energy and Nuclear Physics of the U.S.

The radioactive decay of mass-separafétlb sources Department of Energy at Argonne National Laboratory under
has also been studied. The sources were produced by bor@ontract No. W-31-109-ENG-38 and at the University of
barding a*®Ni target with a beam of 94 Me\?®Si ions, Maryland under Grant No. DE-FG02-94-ER40834.

e®Nb ground state with higher confidence.
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