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An isomer, witht;,=35+10 ns andJ,K™=14,14", has been observed in the nuclet/w using the
reaction ¥ Nd(®°Si,4n) at a beam energy of 133 MeV. The isomer exhibits an unusual pattern of decay in
which themajority of the flux proceeds directly to states witk)=0, bypassing available levels of interme-
diateK. This severe breakdown of normiétselection rules in"’% is compared with recent observations of
K violation in neighboring nuclei, within the framework of proposed theoretical approaches. The available data
on theseK-violating decays seem to have a consistent explanation in modefs rafxing which include
large-amplitude fluctuations of the nuclear shape.

PACS numbegs): 23.20.Lv, 21.10.Re, 21.60.Ev, 27.7(y

[. INTRODUCTION Systematic studies have revealed a normal pattern of de-
cay of highK states which proceeds stepwise to lower values
A guantum-mechanical system containing a finite numbenof K, minimizing AK at each stepl]. When the only avail-
of particles can often be accurately described in terms of able decay mode is via a transition with a lar§&, the
shape. For particles moving in a mean field imposed by sucHecay is hindered and the level is isomeric. The existence of
a shape, symmetries of the shape imply the existence of cosuch isomers, known a§ isomers, is a clear indication of
served quantum numbers. In deformed nuclei with axiallythe approximate conservation of tkequantum number. The
symmetric equilibrium shapes, the projectikinof the total  associated selection rule involves the degrek ddrbidden-
angular momentum along the axis of symmetry is an exness,y, defined a=|AK|—\, where\ is the multipolarity
ample of such an approximately conserved quantum numbeof the gamma-ray transition associated with the decay. Thus,
The yrast statefi.e., the states with the lowest energy for a v denotes the part dfK that cannot be accounted for by the
given angular momentumin even-even nuclei with such angular momentum carried away by the photon. Transitions
shapes are most commonly those involving collective rotawith » > 0 are forbidden to first order and are hindered. A
tion, with K=0. Collective rotation does not contribute to highK isomer is able to decay to a state of lowronly
K, because a quantum rotor cannot rotate about an axis &ecause of very small admixtures of nondominant values of
symmetry. HighK states compete with collective rotation as K in the wave functions of the initial or final state, or both.
an energy-efficient mode of accommodating angular momenA” empmcal measure oK mixing is the hindrance factor
tum only in a small number of nuclei nedr=180. These F=tu2/t1/,, wherety,is the experlmentally determined par-
nuclei have many orbitals near the neutron and proton Ferndial half-life of the transition andyy, is the Weisskopf esti-
surfaces with large projectior® of the individual nucleonic mate for the half-life of a single-particle transition. The typi-
angular momenta along the axis of symmetry. cal observation is thdt increases by a factor of about 100
per degree oK forbiddennes$2].
One mechanism that has clearly been shown to contribute
“Present address: Argonne National Laboratory, Argonne, L0 K mixing, especially for small values &K, is Coriolis

60439. mixing with a fixed shapgl]. This represents fluctuations in
Present address: Dept. of Physics, Univ. of Massachusetts Lovthe angle between the axis of symmetry and the angular mo-
ell, Lowell, MA 01854, mentum vector. In the rotating body-fixed frame, the Coriolis
*Present address: Schuster Laboratory, University of Manchestelprce contributes to the Hamiltonian a tefic,= — wJy,
Manchester M13 9PL, United Kingdom. wherew is the rotational frequency anlj is the component
SPresent address: Dept. of Radiology, University of California atof the angular momentum perpendicular to the axis of sym-
San Francisco, San Francisco, CA 94143. metry. The matrix elements i ,, link states differing by
'Present address: Dept. of Radiology, Indiana Univ. Medical CenAK= *1, and are typically small compared to the spacing of
ter, Indianapolis, IN 46202. states with a givelK value, so that a perturbative treatment

TPresent address: Present address: Dept. of Physics, University @f the mixing converges rapidly. Coriolis admixtures with
Udine, 1-33100 Udine, ltaly; on leave from Universith Padova, large AK occur only in high-order perturbation theory, and

Padova, Italy. should show a roughly exponential increasa~oés a func-
" Present address: Niels Bohr Institute, DK-4000 Roskilde, Dention of v. This is precisely what was observed in all the cases
mark. originally studied 2], and until recently, the physical mecha-
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nisms ofK mixing were thought to be fairly well understood *WNd(*°Si,4n) at a beam energy of 133 MeV. The target

in terms of Coriolis couplings. consisted of 1.1 mg/chof isotopically pure’®Nd on a 53
MO_re recently, transitions with Iarg&K, but _abnorma”y mg/cm2 Pb backing, with a thin |aye|’ of Au evaporated on

low hindrance factors, have been observed in a few nucleie front of the target to prevent oxidation. The intrinsic tim-

[3-5]. This constitutes a challenge to the established pictur, oharacteristics of the accelerator system provided pulses
of Coriolis mixing. A new mechanism that has been sug-

. ; ~ ¥ of <1 ns duration, separated by 82 ns. The gamma rays were
gestgd to explain these abnormal cas] involves large -agetected by the Argonne-Notre Dame BGO gamma-ray facil-

ity [9], which consists of 12 Compton-suppressed Ge detec-

nonaxial ellipsoidal fluctuations cause = =2 mixing, and ~ [0rS and an inner array of 50 BGO elements. The master
can therefore only cause largek admixtures through (rigger for the experiment required two Compton-suppressed
higher-order effects. Large nonaxial fluctuations, however>€ detectors to fire within 120 ns of each other, in coinci-
may result in a complete rearrangement of the nuclear wav@ence with at least four BGO detectors. In all, 4510
function, and cannot be understood perturbatively. Such flucevents were recorded.
tuations could carry a nucleus from=-120° (an axially In order to extract information on weakly populatéd
symmetric prolate shape witK=J) to y=0° (the same isomers, the data from the BGO detectors were recorded and
shape withK =0), penetrating a barrier in the potential at analyzed in more detail than is usually required in studies of
intermediate values of [3,6]. Such a mechanism is referred high-spin states. The energy and time parameters of each
to asy tunneling. The definition ofy adopted here corre- individual BGO element were written to tape on an event-
sponds to the Lund convention. by-event basis, in addition to the usual energy and time pa-
Our goal in this work was to find experimental observa-rameters of the Ge detectors. All times were measured rela-
tions and theoretical methods that would allow a comparisonive to the radio-frequency signal from the accelerator, which
of simple models ofy tunneling and Coriolis mixing as de- s related to the time of arrival of the beam pulse at the
scriptions of these anomalous decayosomers. Ify tun-  target. The terms “prompt” and “in-beam” will be used in-
neling is an important mechanism in these anomalous deerchangeably to indicate gamma-ray transitions occurring
cays, then the measured hindrance factors should varRyyring a beam burgias defined by the timing resolution of
strongly as a function of the shape and height of the potentig},¢ detectors

barrier between the minima gt= —120° andy=0°. In the The energy and timing information from the BGO detec-
A~180 region, the height of this barrier is predicted t0 varyio s \as used to create several data sets of Ge-Ge coinci-
rapidly with changing proton number, based on calculationgye e with different coincidence requirements. In addition
of the potential energy surfaces described in Sec. IV. I, 40 1ormal BGO foldi.e., the number of BGO elements
agreement with these calculations, the measured excnatlcmat fired within the coiﬁc'i’dence windowand BGO sum

energies of y-vibrational bands also show significant energy parameters, a delayed BGO fold parameter was cre-
changed7], reflecting variations in the softness towards tri- ated, defined as the number of BGO elements that fired be-

axial deformations. If Coriolis mixing is the dominant . ) "
mechanism, then the strengths of the decays should be tyeen beam bursts. This provided an extremely sensitive and

function of variables such as the quasiparti@e) configu- _eficient coincidence trigger fo_r is_olating decays of high-spin
ration, the deformation, and the rotational frequency, andSOmers. Gamma-gamma coincidence matrices were con-
should not depend on the shape of the potential energy sugiructed with requirements on both total and delayed BGO
face. fold in order to enhance coincidences above, below, and
The nucleus®V is a good candidate for testing these across the isomers.

models. It is an isotone of”Hf, in which weak branches Spectroscopy of isomers requires an accurate determina-
with large AK have been observed] in the decay of a tion of the timing of the detected gamma rays. In addition, an
K=14 isomer, competing with stronger branches havingaccurate measurement of the intensity of both prompt and
smallAK. An investigation of the decay modes of isomers indelayed gamma rays is extremely sensitive to the require-
178\ at similar spins allows a comparison of these two iso-ments on the time parameters. Therefore, these parameters
tones within the framework of the proposed models. Thisneed special attention in order to correct for the intrinsic
paper presents the results of a detailed experimental study ehanges in timing of the Ge and BGO detectors with varia-
both the delayed and prompt gamma decay'&, includ-  tions in gamma-ray energy. Constant-fraction discriminators
ing the observation of an isomer with an unusual pattern ofCFD’s), which were used for both Ge and BGO timing,
decay. The broad spectroscopic information contributes viprovide a first-order correction for the dependence of the
tally to the understanding of the physics Kfisomers by  timing signal on the amplitude of the pulse from the detector.
identifying many of the low-lying intrinsic structures which |, practice, however, variations as a function of energy are
are the building blocks for the multiquasipartideisomers,  opserved, both in the mean timing and the timing resolution,
and by mapping out, as completel)_/ as possible, the_ set Qfue to the inherent physics of the detector’s operation. This
levels available for the decay of the ISOMETS. Cal_culatlons effect is not automatically corrected for in an efficiency cali-
are "."lfo perlforn;er(]j_ and cl?anar%d with the e>(<jper|m_ental datBration using radioactive sources, for which there is no tim-
Partial results of this work have been reported previol&ly ing reference and therefore no time parameter. Incorrect

symmetry, measured by the triaxiality parameger Small

Il. SPECTROSCOPY OF 176y gamma-ray intensities will be extracted from coincidence
_ data if no correction is made. The timing parameters for both
A. Experiment BGO and Ge detectors were therefore adjusted off line ac-

The experiment was carried out at the ATLAS facility cording to the empirical formula—t+aE}, wherea and
at Argonne National Laboratory using the reactionb were fit to the data. When setting a coincidence condition
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FIG. 1. Level scheme of"® deduced from this work. Gamma-ray transitions are shown with their energies in keV, and states with their
spin and parity. The labels for the rotational bands are shown in circles above or below the dmsntbst

around the prompt peak &t in the Ge time spectra, it was eight are new in this work. The bands with>0 are labeled
necessary as well to vary the width of the coincidence winin the level scheme by numbers from 1 to 9 to facilitate
dow (and the width of the window for subtracting random discussion in the text. The ground-state basiates involv-
coincidencelsto accept a fixed fraction of the peak, regard-ing only collective rotationis referred to as thg band, the
less of energy. The observed widths of the peaks in the timé¥west configuration containing two rotation-aligned neu-
spectra, as a function of energy, were fitted to the functionalfons as thes band, and the band built on the first excited
form w,=cE?, and the widths of the time windows were set K"=0" state as the § band. The spins of the levels ob-
accordingly as a function of energy, usually to cover theServed in this work were deduced by the method of direc-

range ofty+ 1.70, whereo denotes the standard deviation. tional correlations from oriented statéBCO's), with the
g 0 o o DCO ratios defined as in Ref9]. These ratios are given

below where they are relevant for determining the spins of
the various bandheads. Quadrupole transitions were found to
The complete decay scheme bW derived in this ex- have DCO ratios clustered around 0.95, and dipoles around
periment is shown in Fig. 1. It includes 148 transitions, abou0.45. A more complete list of DCO ratios is given in Ref.
a factor of 4 more than reported in earlier wgfl0,11. The  [12]. The observation of regular rotational cascadeddf
energies and intensities of the observed gamma rays awhdE2 transitions throughout the level scheme served as an
given in Table I, along with the spin assignments of the rel-additional check on the consistency of the spin assignments.
evant levels. The intensity of the weakest gamma ray rein the following two subsections, the level scheme is sepa-
corded in the table is about 0.025% of the total population ofately discussed fofi) the K=0 and intermediaté states
178, corresponding to an absolute cross section~&  primarily observed in the prompt spectroscopy 4iidl the
ub. Twelve rotational bands are observ&iy. 1), of which  feeding and decay of higk-isomers.

B. Level scheme
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TABLE I. Energies and intensities of gamma rays' W observed in this work, and spin assignmeffitsm measured DCO ratipgor
the initial and final states of the transitions.

E, (keV) 1,2 K,J™— K,J7 E, (keV) 1,2 K,J™— K,J7
107.81) 25° 0g.2" 04,0" 405.43) 0.72) (7,9 7.7
174.23) 0.6(1) 467 4,57 408.41) 2.82) 05,14" 05,12"
186.32) 0.72) (13,14 (13,13 418.01) 2.06) 0s,12" 0s,12"
202.16) ~0.1 C 430.82) 0.92) 0,,10" 0,,8"
210.51) 0.07 e 431.63) 1.32) (7,10 (7,9
218.04) 0.52) (13,15 (13,14 434.71) 2.32) 0.,12* 0,,10"
219.04) 0.62 f 440.41) 56(2) 0,.8" 04,6*
222.81) 1.12) 14,15 14,14 441.03) 1.84) 891d*> 898(,)
230.141) 1.02) 05,147 04,147 443.71) 0.73) 614 6169
238.21) 0.92° 14,16" 14,15 445(1) 0.256)" M '
239.11) 826) 054" 0g,2° 445.51) 4.42) 4,120 4,10
247.12) 0.6(2) (13,16 (13,15 446.70) 3.02) (7.13 (711
251.93) 0.X1) 487 471 460.91) 1.8(4) 0.,16" 0,,14"
256.21) 0.6(1)° . 14,17 14,16 461.12) 0.275)¢ 14,16 14.14"
266.61) 0.448) e 466.55) 0.22) (13,16 (13,14
267.62) 081 68" 66" 472.41) 6.02) 413" 4,110
27231 061 4,1 487 473.43) 163) 812" 8,10”)
273.91) 3.02) 4,67 447 489.03) 1.13) 8,107 487
275.02) 0.6(2)d (13,17 (13,16 490.92) 0.4(1)" K
2759 0.51) 14,18 1417 494.83) 1.02) (7,13 (7,10
233;3 é;;iid (174,‘919 (174,,7)18* ggg.ig Z:(,;s)d 14,17++ 14,15:
297.41) 0.204) g £08.8 1.865) gg i §+ gg ’i o
30063 0.4 410" 49" 512.23) 2.04) 8.14°) 8,12
301.33) 0.5(1) (13,19 (13,17 .
308.61) 0.31)¢ 14,20 14,19" 21223 00539 )

' D ' ' 513.41) 2.85) (7,19 (7,13
313.11) 0.235) 9 518.63) 0.296)" k
2225‘(3 2.28(6) i4 21 14,20° S 322 4147 412

' ' : 522.55) 0.32) (13,17 (13,15
326.04) 0.31) ) (13,19 (13,19 530.52) 0.53) 6.14%) 6.14°)
3811 0215 g 532.51) 0.466) 14,18 14,16'
334.41) 3.42) 4,97) 4,77) ' '
334.84) 0.11(4) ¢ 1422 14,21 23344 284 47 08"
339.92) 0.6(1) 6.10") 6.8 540.41) 4.6(3) 4,187) 4,137
om0 am  am gar g
wam)  ss ag) sy | oM me) e

: 0,12 04,10"

354.61) 0.82) e 569.82) 0.385) 14,19 14,17
359.03) 0.7(1) 4,97 0,10 574.11) 4.0(6) 05,18" 0g4,16"
362.13) h g 576.11) 2.6(6) (7,17 (7,19
363.02) 0.5(1) 0,,8" 0,,6 579.15) 0.41) 8,1247) 4,107
374.03) 0.194) ¢ g 595.91) 19(1) 0,,14" 04,12*
374.61) 2.92) (7,1 7.9 600.75) 0.62) (7,17) (7,15
382.81) 4.1(3) 4,107 4,87) 600.81) 3.14) 4,177 4,187
397.03) 0.72) 8,87 4,67 603.02) 0.376)° 14,20 14,18
401.61) 5.5(3) 4,11) 4,9°) 607.71) 1.000) 418°) 416"
405.03) <0.1 (13,19 (13,13 611.41) 3.005) 0s,20" 0s,18"
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TABLE I. (Continued.

E, (keV) 1,2 K,J™—K,J™ E, (keV) 2 K,J7— K,J7
612.04) 0.275)° g 718.33) 1.54) 0y,20" 0y.18"
618.82) 1.44) 0,,8" 04.8" 735.05) h g

624.04) 1.04) 0,,12*% 0g4,12" 752.12) 0.4(1) 0s,24% 0,22
625.31) 8.86) 0y,16" 0y,14% | 760.92) 1.603) 4,117) 0y.,10"
628.05) 1.603) 0y,18" 0,16" | 767.34) 0.5(2) 0y.22° 0y.20°
629.712) 0.7(2) 4,207) 4187) | 78541 1.1(1) 4,87) 0g.8"
631.12) 0.29(6f! 14,21 14,19 808(1) 0.31) 0,26" 0,24
6321) 0.074)" k 826.61) 0.81) 0,14" 0y.12"
633.91) 1.22) (7,19 (7,17 866™ <0.2 14,14 4,137)
641.22) 0.52) 0,,12" 0,,10" 867.91) 3.04) 4,97 0y.8"
647.94) 0.184)° g 876.41) 5(2) 4,67 0y.6"
648.02) 1.22) 4,197 4,177 884.52) 0.256) k

650.01) 0.41) 4,247) 4,207) 916.83) 0.31(4)" 14,14 0,,12"
656.32) 0.256)"! k 945.02) 0.154)" 14,14 0y.14"
657.63) 0.26(6)¢ 14,22 14,20 953.711) 2.702) 4,47) 0g.4"
674.71) 0.7(1) (7,20 (7,19 957.61) 1.2(1) 6,61 0y.6"
680.24) h g 973.42) 2.2(4) 4,747 0y.6"
682.04) h 14,23 14,21" | 1010.@3) 1.21) 7.9 Q.8"
685.52) 2.1(7) 0s,22" 05,20 | 10472) 0.63) 0,,6" 0y.4"
685.13) 0.4() 4,217) 4,197 | 1049.83) 0.21(6)") 0y.12"
691.23) 3.33) 05,16" 04,14 | 1067.93) 0.166)" k

693.13) 2.703) 0,,18" 05,167 | 10961) 0.083)" k

697.02) 1.42) 0,,6" 0y,6" 1122™ <~0.1 14,14" 0,12%
701.41) 2.2(6) 4,587 04,6 | 1159.54) 0.31) 7,7 Q.6"
708.64) 0.256)° 14,24" 14,22° | 1225.91) 3.2(6) 6,8") 0y.6"
709.54) 0.245)¢ g 1240.63) 0.72) 7,7 0y.4"
714.1(1) 0.81) 14,14 05,14% | 1296.43) 0.92) 0g.6"
717.44) 0.5(1) (7,7) 8" 1541™ <0.06 14,14 0y,12°

3ntensities normalized to total intensitgamma plus internal conversipof the 108 keV transition(100%. All intensities are from
coincidence spectra, with conditions on the number of detectors figinigast two Ge detectors and ten BGO detegtors

Based on theoretical internal conversion coefficient.

“Transition in cascade connecting band 9 to band 8.

YIntensity from a coincidence spectrum with conditions that both Ge detectors fire in beam and at least three BGO detectors fire out of beam,
and normalized using intensity of the 223 keV transition.

Transition in cascade connecting the 10-ns isomer to the 35-ns isomer.

Decay transition of band 9, not placed in level scheme.

9Transition in band 2 built on 10-ns isomer.

"Not measurable.

Intensity from a coincidence spectrum with conditions that both Ge detectors as well as at least two BGO detectors fire out of beam, and
normalized using the intensity of the 35-ns isomer.

IThe intensity listed is the intensity of population through the 35-ns isomer; the intensity due to prompt feeding could not be measured.
kTransition observed in the decay of the 35-ns isomer.

'Energy from sums and differences of other gamma-ray energies, and not determined directly from the centroid of a gamma-ray peak in a
spectrum.

MUnobserved transition. An upper limit on the intensity was extracted to allow the calculation of a lower limit on the corresponding
hindrance factor.
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FIG. 2. Sample gamma-ray spectra for fhe 0 states(a) spec-
trum in coincidence with the 686 keV 22-20" transition, show-
ing the high-spirs band;(b) sum of spectra in coincidence with the 04 2 -
694, 718, and 767 keV members of the nonyrast part ofjtband. 200 400 600 kB°°
Both spectra have the additional coincidence requirement of BGO gamma-ray energy (keV)
fold =10.

FIG. 3. Gamma-ray spectra based on coincidence events in
which both Ge detectors registered delayed gamma faydotal

The yrasts-band states int"8W were extended tq™ projection, (b) spectrum in coincidence with the 596 keyband
=26". Theg band was also extended beyond the backbend#fansition,(c) spectrum in coincidence with the 408 keV transition
to spin 22, and is discussed in more detail below. Man)from the s band. All spectra have the additional coincidence re-
weakly populated, nonyrast structures were first noticed irfluirement of delayed BGO fole=1. Transitions involved in the
this experiment because they were fed preferentially by th ecay of the 35-ns isomer are Iabeled. in keV. Transitions |r’gthe .
decay of high-spin isomers. The study of these structure and populated by the decay of the isomer are marked with tri-
probably would not have been possible with prompt specf’mg es.
troscopy alone. For example, a large number of nonyrast i
levels of theg, s, and (g bands(Fig. 1) was first observed of M2 ch_aragter, unprecedentedly low hlndran_c_e factors
via decay of the 14 isomer. These nonyrast structures WerewowiI E’.e |rrt1)pl|edd(5e.g.,Fs1 fgrtthaiégl% If<eV trtan_5|t|<|)|r\1/| ge-
then extended in prompt spectroscopy. Representativ@c’pu."’.1 INg band 5, compared 1o oratypica
gamma-ray spectra for the ands-band states are shown in transition withv=6 [2]). The negative parity tentatively as-
Fig. 2. The observation of the nonyrast members of dhe signed to band &and, consequ_ently, o its signature partner,
band ands band is noteworthy, not just because these stategir;dngt'Sral?arsleqeonoi’ﬁfm;tt'grsﬁ gfh:jsecp:mgf %?n'gnﬂintthg
are rarely observed, but also because of their relevance fc?rj ural In view P decay
understanding the highlK-violating decays. In particular, g band, in which no quadrupole transitions are observed. For
detailed spectroscopy of these bands in the region where thé e 397-441 ke_V sequence near the bottom of band 5 the
cross and interact allows the extraction of a matrix elemen roposed ordering of iransitions Is ba$ed on the rotational
for the interaction, and, as discussed in Sec. IV, this ha attern of levels. In the level scheme given in e, the

important implications for testing the role of Coriolis mixing ﬁcr?]y rOf :Jananéotth?rb%n(tjhls g’ﬁ&dwfgsbsgggw batlrserﬂ_
in the decay of highk states to they ands bands. on more recent daia 1ro € Spectro

: . : . eter, and has been corrected here. A more complete descrip-
The spins of the variouK=0 and intermediaté&: rota- S . .
tional bands are all unambiguously determined, except fot|on of the results of the GAMMASPHERE experiment will

band 7, where the DCO ratio of @I for the 1241 keV [)e presented in a future paper.
transition is not conclusive. The other two newly observed
2gp configurations are the bandheads of bands 5 and 6,
whose spins are determined from the DCO ratios 0f2).3 Two new high-spin isomers were observed' {AW (Fig.

and 0.41), respectively, extracted for the 397 and 1010 keV1). The more strongly populated one, for which complete
transitions. The tentative parity assignments of bands 5 and jgatterns of feeding and decay were established, is assigned
are based on the observation of fast quadrupole transition$™= 14" for reasons explained below. Delayed feeding of
linking states in these bands to structures with significantlyrast states, pointing to the existence of such an isomeric
different values oK. If these K-violating) transitions were level in /%, had previously been report¢#i0]. An indica-

1. K=0 and intermediate-K states

2. Feeding and decay of high-K isomers
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TABLE II. Intensities of transitions associated with the decay of

100000 N the 35-ns isomer, listed as percentages of the total flux through the
) — 714 key isomer(100%=2.4% in Table ).
$ 100001+ , . . - -
e W E, (keV) l, K,J™—K,J
o 10004 ° - . : 231 61) 0,.14" 014"
- . S g 240 9a17) 04" 0,.2"
£ o0- : o kev 280 <0.1 14,14 5,13
£ roiecti 348 <0.22 14,14 8,147
2 projgetion 351 9a17) 0y.6" 0p.4*
5 107 363 44) 0,8" 0,6"
© 82 ns —‘ 408 184) 0s.14" 05.12%
T 418 143) 0s.12" 0y.12"
0 50 100 430 q3) 0,.10" 0,.8"
time (ns) 434 13 012" 0,.10"
440 9a4) 0,.8" 0y.6"

FIG. 4. Measurement of the half-life of the 35-ns isomer from

the reaction®°Ti(**°Te,4n) with a recoil-shadow geometrysee 445 103)

text). Three time spectra are shown, based on ba(:kground‘-190 164)

subtracted slices taken from a histogram of gamma-ray energy ver08 9a4) 0g 10" 0q 8"

sus time. All times were measured relative to the rf pulse from theéd08 <0.2° 14,14 6,14+)

accelerator, which relates to the time of arrival of the beam. Theb13 a1

lines through the data all show half-lives of 35 ns, with amplitudes519 123)

fitted individually to the three spectra. The calibration of the time541 74) 0,.10" 0g.10"

axis can be read directly from the total projection at the bottom;ssg 444) 09,12+ Og,lO+

which shows the 82-ns beam-pulsing period of the accelerator. Thggg 14) 0,.14" 0,.12"

data have been renormalized by factors of 100, 14, 1, and 1/200%,19 52) 0,.8" 0.8

respectively, for the 714, 491, and 408 keV slices and the tota&324 32) 0,.12* 09’12+

projection. 632 12) ' E
641 44) 0,,12" 0,,10"

tion of the quality of the data can be gained from the spectrgsg q3)

in Fig. 3. The decay of the isomer, with a measured half-life714 334) 14,14 0..14"

of t1»,=35=10 ns, includes a strongliK-violating branch, 775 <0.2 14,14 7.137)

connecting the isomer directly to the 4nember of the gp7 52) 0..14" 0,.14"

ground-state band, as well as other direct branches to levelgg <02 14,14 4137

with K=0. In a previous description of this woil8], the  gg4 1a3)

half-life of this isomer was stated as70 ns. An accurate g7 132) 14,14" 0,.12"

measurement of the half-life was difficult in this experiment, a3) 1414 0. 14"

since it was not possible to use the delayed BGO fold Pa7 o5 13) ¢

rameter to enhance the peaks whose half-lives were beir}g) 53)

fitted, since this would have introduced a bias in the time of ho6 31)

the decay. In a more recent experiment using the reactioT122 <—g 14.14 0. 12

50Ti(13%Te,4n) and a recoil-shadow geometfy3], the Ge ’ st

detectors were shielded from gamma rays emitted directl)}541 <2 1414 0p 12

from the target, but were able to detect transitions emitte@jntensity was not measurable directly because of the proximity of
from recoiling W nuclei that stopped in a Pb catcher foil the strong 351 ke\g-band transition. An upper limit was obtained
17 cm downstream. An event was collected if two Ge deteCfrom coincidence spectra of transitions in band 4 with transitions in
tors and two BGO detectors registered signals in coinCihand 1 above the isomer.

dence. Consequently, the peak-to-background ratios of thgntensity was not measurable directly because of the proximity of
transitions depopulating the isomer were enhanced by mor@e strong 508 ke\g-band transition. An upper limit was obtained
than an order of magnitude without any use of the delayegom coincidence spectra of transitions in band 8 with transitions in
BGO fold parameter, thus allowing a much more reliablepand 1 above the isomer.

determination of the half-life, as shown in Fig. 4. The most

significant cause of deviations from the fits lies in the sys-around a value of 35 ns, within the present error bars of
tematic error in choosing the correct amount of background- 10 ns. Table Il gives the intensities of the transitions de-
subtraction for the relevant gamma-ray peak. Other effectqpopulating the 35-ns isomer.

such as the presence of later beam pulses and the feeding of The delayed BGO fold parameter proved to be a very
the 35-ns isomer by a higher-lying isomer, are less signifipowerful tool for investigating the decay of the 35-ns isomer.
cant. Despite these uncertainties, the half-lives extractedlthough the isomer was populated in this reaction with an
from the 714, 491, and 408 keV transitions, as shown in Figintensity of only 2% of the'’®W reaction channel, the
4, as well as the 558, 440, and 917 keV transitions, all clustegamma rays associated with the decay constituted 15% of alll
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constructed with the requirement of a high delayed BGO
fold.

The ordering of the following cascades in the decay of the
35-ns isome(Fig. 1) could not be determined: 884-656, 445-
1096, and 519-1068-512 keV. The ordering of the 316-210-
267-355 keV cascade depopulating the 10-ns isomer is based
on the intensities of the transitions; the time spectra gated on
these transitions are also consistent with this ordering.

A band was also observed built on a highstate tenta-
tively labeledK=(13). This bandband 9 in Fig. 1is very
prominent in spectra gated on a very high delayed fold and is
thus apparently populated partly by the decay of another iso-
mer with even higher spifFig. 1). The decay pattern of the
K=(13) bandhead could not be mapped out entirely because
of its fragmentation into many weak branches; nor could the
decay scheme of the very high-spin isomer feeding it be

FIG. 5. Demonstration of the sensitivity provided by requiring aconstructed. In contrast to the *14som_er, the decay of the
coincidence with the delayed firing of four BGO detectors. TheK =(13) state appears to have a half-life too short to measure
transitions from the decay of the 35-ns isomer are not visible in théVith electronic timing, and seems to occur bothKe=0
ungated spectrurta), but are quite prominent in the spectrum with States and to the bands with intermediktevalues, such as
the coincidence requiremeftt). band 8.

200000
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1500
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— 77—
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events with delayed BGO folg=2 and 45% of those with
delayed fold= 3. The power of this method is illustrated by IIl. DISCUSSION

a comparisor(Fig. 5 of total projections from the coinCi-  The most important result of this experiment is the obser-
dence matrices, both with and without a coincidence requireytion of highly K-violating transitions in'"®W leading di-
ment that the delayed BGO fold be at least 4. The isomerig:ectly from theK =14 isomer to theK =0 states in they

decays are not y?sible above the back.g.round without the c-ies-, and G bands. As noted in Sec. |, there have been several
layed fold condition, but are clearly visible after the condi-

tion is imposed recent obser.vatio.ns of'transitiop.s wi_th anlomalously large
In addition t;) the 35-ns isomer. a second isomer Withvalu'es ofAK in neighboring nuclei in this region. In all these
t,,~10 ns was observe(Fig. 1) _”’]e DCO ratios of the previous cgse$3,4,l4,16,1z howev_er, the anomalous de-
12 ; 9. 2. . cays constituted only a small fraction of the total decay of
transitions depopulating the 35-ns aqd 10'.”.5 ISOMETS WET, o isomer, while the predominant path of deexcitation was
not measgrable, due to the very IOW. |ntenS|t!es_|nvoIved %%ne that followed the usuad-selection rules. An exception
deorientation of the nuclear spin during the lifetimes of the.

. . 7 . .
isomers, or both. The interlocking pattern of branches in théS the decay of an isomer i*W [S], which involves an

decay of the 35-ns isomer restricts its spinJte 14, assum- ?ngdem.al degenerac{;lz6,-2ﬂ. In contrast, the novgl feature
) - ; . in 1% is that themajority of the decay of theK isomer
ing that no\ =3 transitions are involved. For example, if the X o B .

. . proceeds through highlK-violating AK=14 transitions,
917 keV transition were oE3 character, its strength would with no observable decav to the manv available states with
be 17 Weisskopf unit§W.u.), while E3 transitions with a Y y

. : intermediate values df.
degree ofK forbiddennesss as low as 1-2 typically have ! e vaid

: The identification of & =14 isomer in*"% with mul-
strengths of 102-10"° W.u.[2]. Direct decays are observed .. PR : o . )
from the 35-ns isomer to the 14states of they ands bands, tiple K-violating decay branches is especially interesting be

but not to the 12 levels. This suggests>13 for the spin of cause sir_nilatK-yioIating decay_s have recently been_ :_e,tudied
the isomer, since forJ<13 one would expect stronger In th_e neighboning even-even 'SOtOHéHf. [4]._In addm_on, .
branches to the I2states, based on the associated multipo2S discussed b.elc7>w, We propose a quasiparticle configuration
larities and gamma-ray energies. TREL/E2 branching ra- f0r1t7he isomer m%_G\N that is the same as that of the isomer
tios for the transitions in the band built on the isomer and thd? " Hf- The ability to compare hindrance factors for the
absence of any rotational alignment are also consistent witdecay ofK isomers with the same configuration in different
those expected for the lowest=14 deformation-aligned Nuclei makes this pair of isomers a powerful tool for explor-
configuration, as discussed in Sec. Ill. Thus, the 35-ns isoNg the mechanisms of highli¢-violating decays, since it is
mer is assigned™=14". possible to examine the systematics of the decays while

Decay schemes were also constructed for the rotation&ieeping many of the relevant degrees of freedom constant.
bands built on the two isomeric bandheads. The techniqu&he spin andK assignments for the states to which the iso-
used to enhance these cascades was the requirement ofnar decays, as well as the levels to which no decay branches
delayed coincidence with gamma rays from the decay of thare observed, are essential to the discussion of variation of
35-ns isomer, before inspecting the data for coincident tranthe hindrance factors witl forbiddenness. Therefore, the
sitions with prompt timing. These bands were then investiK=0 and lowK states are discussed first, followed by an
gated further using prompt-prompt coincidence matricesnalysis of the feeding and decay of the highisomers.
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2.0 : AJ=2 transitions within and between bands are compared to
14" isomer simple two-band-mixing calculationd.8] for different val-
13%/ ues of[Vy4d, where “out” refers to the out-of-band branch
. (g—s or s—g) and “in” to the in-band branchd—g or
02 bandr 1339 |gog s—s). The best agreement between calculations and experi-
ment is obtained withV 4|~ 30-33 keV. The ratios are larg-
1.0 est near the crossing of the two bandetweenJ=16 and
’ 18), where the mixing is the greatest. Although the measured
values do not all overlap with the calculated numbers within
g band s band statistical errors, it should be noted that while the ratios span
two orders of magnitude, the values calculated under the
simple model assumptions mentioned above are within a fac-
tor of 5 of the experimental numbers. A value |bf,¢|~32
0 100 200 300 400 500 600 700 keV is adopted below for the discussion of possible mecha-
JU+) nisms for theK-violating decays.
At high spins, a large but gradual increase is observed in
FIG. 6. Excitation energy as a function afJ+1) for theg,  the moment of inertia of thg band, as evidenced by the
s, and @ bands, and the T4isomer in1". A rotational band  curvature of itsE versus)(J+ 1) trajectory in Fig. 6. Similar
with perfectJ(J+ 1) level spacing would appear on this figure as aeffects were observed, e.g., W [19], where the yrast
straight line. An arbitrary reference value @ keV)xJ(J+1) has  band was also observed to high rotational frequencies. When
been subtracted from the excitation energies in order to highlighthis type of gradual increase is observed, it has been shown
small deviations from d(J+1) level spacing, due either to inter- [20—27 that it is not possible, based only on the observed
actions between bands or to other effects such as centrifugal stretcBnergy |evels, to separate the contributions of centrifugal
ing (See text for a detailed diSCUSS)OlThe three arrows show the Stretchlng, Coriolis antlpalrlng, and gradual quaS|partlcle
direct decay paths of th&k=14 isomer toK=0 states, and the alignments. Calculations using the cranked Nilsson-
agsociaj[ed intensitieg are given as a fraction of the total Strengt@trutinsky code of Ref.23] have been carried out as part of
with which the band is populated. the present work. These calculations indicate that the defor-
mation of theg band increases gradually frona),=0.24 in
A. Rotational bands with K=0 the ground state toeg) ;=0.29 at spin 18, and then remains

Figure 6 shows the relative excitation energies of the ob&Pproximately constant from spin 18 through spins greater
servedK =0 states as a function gfJ+1). From the fig- than 30.(The detalls_ of the calqulathns are given in Sec.
ure, the presence of three rotational bands with two bandf! C.) This increase in deformation will lead to an increase
crossings is obvious. The nonyrast parts ofghends bands I the moment of inertia, with some contribution as well
are easily identified from this figure, and these assignment§om the Coriolis antipairing effect. It should be noted that
are confirmed by the deviations from the expected rotational© alignment process other than gdand-s-band crossing
energies in the crossing region, as well as the branching rd$ Predicted to occur in the range of frequencies being con-
tios between the two bands. In a simple two_band_mixin93|dered.(Allgnment processes in this region have been dis-
scenario, assuming that the interaction matrix elemept ~ cussed elsewheri@2,24.) No strong centrifugal stretching
between the two bands is constant with respect to spin, afffect is predicted for the band, which is expected to main-
upper limit of |V, <33 keV can be stated from the 66-keV tain a deformation of¢;)s~0.22-0.23 for the range of spins
difference between the ’QtGand 16 levels, since the energy observgd in this experiment. This is in agreem.en.t with the
separation is always greater thavi;2. The best source of a jaji 1SII’:CE ':hes bgndeIo%s not hShOW anl>clj gewatlontfrdor?
lower limit on Vg comes from the interband branching ratios ( ) evel spame ig. 6), such as would be expected
rather than from the energy levels. Such branching ratioghere_was significant StfetCh'”g- Near tgeba_md—_s-band_
have seldoni18] been measurable in previous experimentsC/SSing. a rather large difference in deformation is predicted

In Table Ill, the measured ratio&(E2),./B(E2);, for the between thes band andg band[(e;);=0.22, (€2)q=0.29,
consistent with the observation of only a small interaction

between the bands. Such deformation changes may be par-
tially responsible for the complicated alignment curves ob-
served in the yrast sequences of the W isotd@2524]. It

"has also been suggested that quadrupole pairing plays a role
[25] in the alignment processes in this region, although the
effect is predicted to be far more pronounced in the d@dd-

T T T T T SO N S |

E , - reference (MeV)

0.0

TABLE lIl. Comparison of experimental and calculated branch-
ing ratios of out-of-band to in-band stretchB@ decays in thes
band andy band. The calculated values are given for three differen
interaction matrix element¥, showing the quality of the fit as a
function of V.

. - systems.
LT;ZI Expt. V=2I'35(II<E :\'/OUD/\?(:EZ%IELV V=32 keV It has been debatd@6,27 whether the structure referred
to here as the band might in fact involve two quasineutrons
14% s 0.0081) 0.002 0.003 0.004 coupled in the novel Fermi-aligned schef®s], in which
16" s 0.246) 0.11 0.16 0.33 the quasineutrons create a state with nonZ&p=(J,), as
18% s 1.1(5) 0.05 0.07 0.16 well as a nonzero rotational alignmefi,). This coupling
18" g 1.03) 0.05 0.07 0.16 scheme is predicted to arise from a balance between the

mean field and the Coriolis force, and is stable for certain
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ranges of values of the rotational frequency, pair gap, and
Fermi level. This coupling scheme, however, cannot apply to A
the band presently being discussed for the following reason. A A

™
2
>

The band shows a nearly perfect patternJéd+1) level 1.5 [ IS L
spacings(Fig. 6) from spin 1Z to spin 2@, implying a o

constant rotational alignment. Thus, only one coupling 1.01

scheme is involved in this range of spins. Since, even in the 05

most favorable cases, the Fermi-aligned coupling scheme is
not predicted 28] to be stable at rotational frequencies as
high as those observed here (> 0.35 Me\), the entire

® 4™ in W isotopes
A 7~ in W isotopes

excitation energy (MeV)

sequence of states is assigned to a rotation-aligned configu- 20 L O -
ration (“ s band”), with (K)=0. 1.54 E m O

A third band populated by the decay of the isomer is O
assignedK =0. It is identified as the band structure built on 1.0
the first excited 0 state, and labeled as thg ®and, based
on the following observationda) In the region where the 0.5 +. .
0, band crosses the band, the measured perturbations of - 67 in W isotopes
the 12" level energies and the interband branching ratios 0.0 —1— D, 6. m, Hfllsoltop|es
give |V02+,5|~30—110 keV for the interaction matrix ele- 96 néggronwdmbénps

ment.(Sufficient data for a more detailed calculation such as
the one performed above fgWy4 are not available.An
interaction this large would be quite anomalous for band%e
with different K values.(b) No signature partner band is
observed in the datdc) The electromagnetic transitions to pare their properties with the results of cranked Woods-
theg band are fairly strongB(M1)~0.02 W.u., assuming a Saxon calculations performed using the computer code and
mixing ratio of §=0] compared to those normally sef2]  the “universal” parameters described in REB7]. The pair
for K-violating transitions(d) Although the depopulation of gaps were extracted from the odd-even mass differences as
the band at low spins is too sudden to allow the observatioin Ref.[42], multiplied by 0.9 as suggested in Rp43]. This
of levels with J<6 in these data, two states #iW have results in values ofA, =0.92 MeV andA,=0.83 MeV.
been observedat 929 and 1117 kelMin the radioactive de- Cranking calculations can only determine angular momenta
cay of the 3 state in'"Re [29], which form a clear con- and Routhians relative to some additive reference. We have
tinuation of theJ(J+1) pattern of excitation energigsee  chosen as the reference a function=J,+J,w2, with
Fig. 6, where these levels have been inclydédrthermore, 3,=43%2 MeV ™! and J,=80:* MeV~3 fitted to the mo-
the levels from 2 to 10" of the O; band in'’% are nearly ment of inertia of band 6 as a function of rotational fre-
identical (gamma-ray energies differing by 8 keV) to the  quency, because this band is observed over a large range of
corresponding levels of the;Oband in"8 [7], which has  rotational frequencies.
been observed down to the=0 bandhead. The i values Bands 3 and 4 require a short preface since it is not en-
are very similar(Inft=6.7 and 6.9, respective[{29,30) for  tirely clear that 2qp assignments are appropriate for these
population of the corresponding States in*’% and'’®  bands. Based on previous data, it had been sugggs@d
from the"®Re and'’®Re B decays. that these sequences might correspond to two of the four
The observation of the crossing between sheand and members of the octupole-vibrational multiplet witk™
the 0, band is noteworthy, since it has only been observed ir=0~,17,2",3". Such an interpretation would require the ex-
a few case$§18,31,33. The band built on the first excited istence of bandheads with<4, which might not have been
0* state is often labeled as th@vibrational or “8 band.”  Observed in previous experiments purely because of the early
The extrapolated bandhead energy of 0.9 MeV is considerdepopulation of these bands into theband. The present,
ably lower than that expected for a two-quasiparticle statefnore sensitive experiment has, however, failed to reveal any
but attempts to associate such states in this region witfdrther in-band transitions leading to bandheads With4,
Simp|e collective modes ||k$ vibrations or pairing vibra- Calling the vibrational interpretation into question. As shown
tions have failed to reproduce the available data on electrd?€low, many of the characteristics of these bands can be
magnetic and particle-transfer matrix elemef#8—36. We  understood naturally if they are the two signature partners of
therefore avoid the label 8 band” in this paper. The mea- & two-quasiproton band witk=4. We will briefly note be-
surement of the interactioviy+ . in this work may test future 10w some of the successes and failures of such a description.
2" Afirst step in classifying the intermediakebandheads as
two-quasiproton £2) or two-quasineutron?) states is to
examine the systematics of the bandhead energies in nearby
nuclei (Fig. 7. TheK=4" and 7 states occur at approxi-
A large number of intermediat€- states is observed in mately constant excitation energies in the W isotopes with
this experimentbands 3-8 in Fig. Xl and most of these can A=172-184, suggesting that they aré states. The ener-
be assigned 2qgp configurations with some confidence. In thigies of the 6 states in the Hf isotopes show evidence of a
section, we discuss the structures of these states, and cominimum nearN=104; this is in agreement with calcula-

FIG. 7. Systematics of two-quasiparticle states observed experi-
ntally in the W and Hf isotopes.

theoretical descriptions of these low-lying excitations.

B. States with intermediate values oK



53 HIGH-K ISOMERS IN 8/ AND MECHANISMS OF K VIOLATION 1183

TABLE IV. Configurations assigned to intermedidte-band-
heads, and comparison of experimental and calculated bandhead

energies. 0.2
E, (expt) E, (theory 0.0
K™ Configuration (MeV) (MeV) 0.2
4- m 1271541 © 7 7/2t1404) 1.301 2.0 E 04
7" m 9/27[514] ® « 5/2*[402] 1.857 1.9 =
8 m 9/27(514] ® 7 7/27[404] 1.972 1.9 ~
6"  v527(5129 ® v 7/27(514] 1.656 1.9 b 02
.0
0.0
tions of the quasineutron statésee below, which show that
the configurationw 5/27[(512] ® v 7/27[514] should be fa- -0.2
vored in this vicinity, rather thanr? configurations.(Less 0.4k
extensive data are available for thé 6tates in the W iso- '} theory
topes) Both v? and 7> states withK =8~ have been ob- PR R
served in the Hf-W region, but fo’W the 72 state is pre- 0.0 ho (OI\JIEV) 0.4

dicted to be much lower in energy than thestate based on
the present calculations. Given these inferences regarding the ri. g, comparison of observed and calculated two-
= and v? characters of the states, the configurations ar@uasiparticle Routhians if’®. Each band is labeled with the
unambiguously determined by the available combinations Oﬁuantum numberk™ or K™, a.
Q) values, as supported both by the present Woods-Saxon
calculations and the observed one-quasiparticle states in theany clues as possible regarding its underlying structure.
neighboring oddA nuclei. The predicted excitation energies Both the Woods-Saxon and Nilsson calculations show that
are compared with experiment in Table IV. The agreement obased on the&) values of the states lying near the Fermi
the calculated and measured excitation energies is satisfagurface, a state with a value Bf this large cannot be con-
tory, except in the case of thé 4 state. structed from the angular momenta of only two quasiparti-
Figure 8 compares the experimental 2qp Routhians witltles. The 14 isomer is therefore most likely to be a 4qp
the calculated ones. The slopes of the observed Routhians ageate, since 6qp states are not predicted to occur this low in
well reproduced, as are the relative energies of th& 8,  energy. Band 1, the band built on the isomer, is composed of
and 8 Routhians. While the two 4 Routhians are calcu- two signature partners with no signature splitting, implying
lated to be considerably higher in energy compared to exthat noQ)=1/2 orbitals are occupied.
periment, they show the correct energies relative to one an- Band 1 is observed up to the rotational frequencies where
other as well as the correct slopes and alignment behaviothe i, 5, neutron rotational alignment occurs in the yrast cas-
The calculations predict the excitation energy of tHeiB-  cade, and neither signature partner shows any sign of rota-
trinsic state to be lower and the signature splitting of thetional alignment. This strongly suggests that thg, align-
4~ Routhians to be larger than the experimental observament is blocked by the intrinsic configuration.
tions. The 4qp configuration predicted by Woods-Saxon calcu-
No attempt is made here to discuss band 7 in detail, sincrtions to lie closest to the yrast line is

its parity andK are unknown.
K™=14",77/2"[404]® m9/27 [514® v7/2"[633]

C. ngh'K states ® V5/27[512]

In the following discussion, the data for the highstates ) i ]
are compared with the results of cranking calculations. Thd he two other low-lying 4gp configurations for al4tate
Woods-Saxon potential, as described above for thé'®
intermediatek, 2gp states, is used wherever possible be- " " " "
cause of its somewhat better description of the structure of ml[27[404]® w5/27[402]© v 7/27[ 633 @ v9/27[624]
the quasiparticle levels. The modified harmonic oscillatory,q
(Nilsson model was used, however, for the calculation of
potential energy surfaces in Sec. 1V, since a computer code ,7/2[633]® v5/2 [512|® v7/2 [514]® v9/21[624].
was available[23] which could transform the calculation
from the rotating frame into the laboratory frame. This al-The first is calculated to lie at an excitation energy of 3.6
lowed potential energy surfaces to be constructed for a fixetMeV, while both the others lie 400 keV higher at an excita-
value of(J,) rather than for a fixed rotational frequency. For tion energy of 4.0 MeV. The first configuration seems to be
these calculations, described in more detail below, théhe most logical choice based on excitation energies alone,
Nilsson parameters of R€f38] were used. since the lowest-lying 14 is expected to be the most

To understand the unusual pattern of decay of thé 14 strongly populated in fusion-evaporation reactions. The ob-
isomer, it is important to analyze both the decay of the isoserved value of 3.746 MeV is also in closest agreement with
mer and the rotational band built on it in order to obtain asthe calculated value of 3.6 MeV.
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able since &K =14 isomer with the same quasiparticle as-

%\ 6k signment has also been observed in the neighboring even-
S even isotone!’Hf at E, = 3.312 MeV [4,14,15, but in
= 1744f the highly K-violating branch represents only a small
S 4Ar fraction (~2%) of the total decay. Despite these very differ-
w ent patterns of decay, the bands built on the two isomeric
o ) states exhibit similar properties. Their moments of inertia are
=2r similar (32=66 and 6342/MeV for "% and*"*Hf, respec-
< ¢ tively, near their bandheagsand neither exhibits any rota-
o — T tional alignment at the frequency at which thends bands

16 18 20 22 Cross. i ) )

initial spin Since detailed data are available on the half-lives and

branching ratios for the anomalous decays of ke 14

FIG. 9. Comparison of measuréggdoints and calculatedline) states with identical quasiparticle assignments‘fw and
B(M1)/B(E2) ratios in band 1, the band built on the 35-ns isomer'’*Hf, both absolute and reduced hindrance factors
in 7% (see text (f=F") for the AK =14 transitions in these two nuclei are

compared in Table V(Transitions have been included in the

In addition, the observeB(M 1)/B(E2) branching ratios table only if they are significant at the two-sigma leyel.
agree very well(Fig. 9 with those calculated according to Although the differences between the reduced hindrance fac-
the strong-coupling formulas of R€B9], using quasiparticle tors of the two nuclei may appear small, they represent very
states with the above Nilsson quantum numbers and gpin large changes in the absolute hindrance factors. For the de-
factors equal to 60% of their free-space values. This configueays of the 14 states to the bands in'’%W and"Hf, for
ration has a neutron s, orbital occupied, consistent with the example, the absolute hindrance factors differ by more than
absence of rotational alignment. two orders of magnitude. In the following section, the focus

The spectroscopic information for band/Eig. 1) is rather  is on trying to understand this large difference in absolute
incomplete. A comparison of its gamma-ray energies withhindrance factors.
those of the band built on the 35-ns isonfleand 2 suggests
a spin of roughly 13. The Woods-Saxon calculations predict|y cALCULATION FOR DECAYS OF HIGH- K ISOMERS
a near-yrast state with the configuratigi=13", 7 5/2* . _ . _
[402] ® m 9/27(514] ® v 7/271633] ® v 5/27(512]. The _ Since the first obser\_/atlor[§—5] of gamma-ray transi-
B(M1)/B(E2) data for this band are not very precise, buttions between states with large values oK but anoma-
seem to be consistent with those calculated for this configulously low hindrances compared to the usiaiselection
ration and are higher by an order of magnitude than those dules, it has become necessary to reevaluate old assumptions
band 1. about K violation, as one would like to understand the

Little can be said regarding the configuration of band 2 mechanism responsible for these exotic decays. Since the

since the spin and parity of the 10-ns isomer, on which thélecays arise from small-probability fluctuations in the
band is built, are unknown. guantum number, it is not possible to gain direct insight into

the decay mechanisms by measuring quantities such as exci-
tation energies or electromagnetic moments and transition
rates. At present, the mechanismsofiolation can only be

The most striking observation in this experiment is thataddressed by comparing theviolating transition strengths
the decay of the 14 isomer deviates completely from the with theoretical calculations.
normal pattern of decay of ¥ isomer. The majority52%) In this section, the focus is on understanding why differ-
of the decay proceeds directly t§=0 states, and no ences of several orders of magnitude exist between the
branches of any detectable strength were found to the statetrengths of theAK =14 transitions in'’% and "Hf. As
with intermediateK values, even though many such levels discussed in Sec. I, two suggested mechanisms that might be
are available, as shown above. This is all the more remarkeesponsible for coupling states with different valueodre

D. Summary of data on the decay of the highK states

TABLE V. Hindrance factors in the nuclél® and"“Hf for decays of 14 isomers directly to states with
K=0. As defined in Sec. I is the hindrance factor anflis the hindrance factor per degree6fforbid-

denness.

Final Branching ratid%) F f

state v 176y 174¢ 176y 174 176y 1744
g,14% 13 63) 1.046) 2.0x 10 5.6x 10° 3.6 5.6
g,12" 12 <2 0.2712 >6.0X 10° 5.0x 108 >3.2 5.3
s,14% 13 334) 8.0x 10° 3.0

s, 12" 12 <4 0.718) >1.2x10° 5.2x 10° >2.9 (3.6)

0, ,12* 12 132) 0.5914) 8.0x 10° 2.4x 10 2.3 4.1




53 HIGH-K ISOMERS IN 8/ AND MECHANISMS OF K VIOLATION 1185

v tunneling[3,6] and Coriolis mixing4]. The Coriolis force

mixes wave functions corresponding to the same shape but 102k
oriented differently with respect to the angular momentum | o
vector. In contrasty tunneling involves large-amplitude col- 10 \}&%&
lective motion in which the shape of the nucleus changes. e ) dl}f‘;%&\)

The distinction between these two mode&ofixing can 2 —0 g2 S

.. - L . . Q &
be tested empirically: Coriolis mixing should manifest itself BE8 SR g,14"
in systematic variations il mixing as a function of con- ) + DNk
. . . . . TR Os,12 P
figuration and rotational frequency, whilgtunneling mod- 285 o6 - 099,,&6 5,14
els predict thaK-violating decays should show strong varia- o35 ! ,06;?'(29 45 128 a2
tions in strength as a function of the height and shape of the _g \@9;\;,(»‘(’
barrier in the potential energy surface. Both concepts are 104 [ ,}9,;;0’3‘ ® 176w ’0,12+
discussed below in light of the present data. - Q‘Z\;@‘ O 174yf
, - e 102 T T T T o Ty
A. Testing predictions of Coriolis mixing 10 10 10 10 10 10

minimum calculated

As described above, an explanation previously proposed hindrance factor

to account for thé-violating decays int’“Hf [4] associates
a change in Coriolis mixing at high spins with a change in £, 10. comparison of the Coriolis mixing calculations with
the structure of the yrast states frajrband tos-band con-  experiment. Thex axis shows the minimum calculated hindrance
figurations. The meak value of thes-band levels is zero, factor, under the extreme assumption that 100% othand wave

but because the two quasineutrons are aligned perpendiculihction hask = K 5 (see text The arrows on the two data points

to the symmetry axis, admixtures of variokisvalues are to  for %V indicate an experimental upper limit on the corresponding
be expected in the-band wave function, with values &t branching ratios. The dashed line represents the assumption that the
ranging from O to approximately+K.., where Kﬁqax hindrance factors are as small as possible in the context of the
:jﬁnax_iz- Here,j maxis the maximum spin to which the two model, and thus data points lying below this line are unphysical.
neutrons can be coupled subject to the Pauli exclusion prin-

ciple andi is their rotational alignment. The alignments of drance factors and thg-band admixtures, however, seems
the s bands int"% and7#Hf extracted from the data are 8.7 Vvery difficult to explain in any model of Coriolis mixing.

f and 6.@, respectively, leading t&,,,x = 8.3 and 10.4.

[We usej2 ., rather thar maj maxt+ 1), since this is only an B. Calculations of ¥ tunneling

approximate treatmert.The previously observed highly — the fajlure of the Coriolis mixing picture leads one to

K-violating decays are then ascribed to Coriolis mixing, with consider a possible interpretation of these decays in terms of
essentially normal values of the hindrance per degrek of 5 . nneling picture. The mechanism is schematically illus-
forbiddenness, i.ef~100, but with a smaller degree &  (3¢e4 in Fig. 11. Dynamic motion in the shape degrees of
violation, »"=v—Knay. Although decays are also observed freedom of nuclei is often very difficult to describe theoreti-
to theg-t?a.nd states, such decays are attrlbuteq in tf_ns modeda"y' as small-amplitude shape vibrations are usually
[4] to mixing of the g- and s-band configurations in the coypled strongly to the single-particle degrees of freedom.
band-crossing region, so that the hindrance factors should bF‘unneIing processes, therefore, could be extremely impor-
approximately F=f""/(|(¥|s)|2X|(s|Kma|?). Here, tant, because they represent a possible simplification of the
|(s|Kmax|? is the squared amplitude of the part of the puredynamics. When a nucleus tunnels through a classically for-
s-band wave function having =K .., and|(¥|s)|? is the  bidden region along a path parametrized by a deformation
squared amplitude of the-band configuration in the wave v, the wave function is attenuated exponentially, falling off
function of the state in question, as calculated in Sec. Ill. by 1/ over a distanceSy = (V—Ey) Y2 whereE, is the

The model predicts a strong correlation between the hinenergy eigenvalue of the state, and the potentig)) is
drance factor and the amountssband admixture in the final defined as the minimum adiabatic value of the energy at any
state. The smaller value &f,,,,in 1"% should also contrib- value ofy. To give some perspective, it is worth noting that
ute to increased hindrance factors relative to thosE4f.
Figure 10 presents a test of the predictions of this model for

=
A

the two 14 isomers int’Hf and 5. Although the hypoth- -

esis was a reasonable one to account for'ffef data, the Ji
addition of the!’® data to the figure reveals that there is

essentially no correlation between thdvand admixture and s s

the hindrance factors. Furthermore, the hindrance factors in v

178 are orders of magnitude too low, even with the most %Jf
drastic assumption of 100% admixture K=K, in the

s-band states. This is undoubtedly a very schematic treat- y=0 y=-120°

ment of Coriolis mixing; the objective was not to calculate

the effect, but simply to search for the expected trends in the FIG. 11. Schematic representation of tlyetunneling model.
data and to evaluate whether the orders of magnitude were ifhe thick lines depict the potential energy as a functioryofvhile
the right range. The lack of correlation between the hin-the thin lines illustrate the wave function.
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In an adiabatic model, the information on the dynamics is
14% states N contained in the inertial parameter. At present, the dynamics
are not understood well enough to allow an accurate calcu-
lation of this quantity from first principles. One fact that
seems to emerge from all microscopic approadite4Q] is
that superfluidity in nuclei has an important effect on the
inertial parameters. Another approach is to take a phenom-
enological functional form for the inertial parameter and to
fit adjustable parameters to the available information on
properties of nuclei. The results of such an apprdddhfall
. : : | within the range of values calculated from the microscopic
0 -30 d-60 -90 -120 methods. It is worth noting, however, that the starting point
¥ (degrees) for such a fit is the observed transition rates for tunneling
processes as observed in the decays of fission isdm&fs
From this point of view, experiments involving tunneling
processes could directly measure the inertial parameters.
even when the decay of & isomer occurs with an abnor- SUCh @ program might be a reasonable one to pursuk for
mally low hindrance, the hindrance factbris still on the ~ISOMers in the long run, but first it must be established
order of 1d—1 or larger[3-5]. Thus, if tunneling is re- Whether ay-tunneling approach can provide a reasonable
sponsible for these decays, the attenuation is extremely s€escription of the data. This is the more modest goal of this
vere. Any motion through nonoptimal single-particle con-Paper. As is explained in more detail below, the calculations
figurations with E>V should, therefore, be strongly factor out most of the effect of the inertial parameter and the
attenuated, with the attenuation length reduced &p  final results are inspected to see whether they can approxi-
«(E—Ey) Y2 Tunneling processes may be the only type ofMately reproduce the data for a reasonable choice of the

collective nuclear motion other than rotation for which aninertial parameter. _ o
adiabatic approximation is justified. For an adiabatic The WKB approximation for the tunneling probability is

. . T _oz—1 — :
guantum-mechanical tunneling process, the only quantitie$ =exd—24""[v2D(V—Ezp)dy] where Ezp is the zero-
needed to calculate the tunneling probability are the potentidpoint energy, i.e., the eigenvalue of the Sainger equa-
V and the inertial paramet@’ which Corresponds to the tion, andD andV are defined as above. The tunneling prob—
mass in the Schdbinger equation and is discussed in moreability T represents the squared amplitude of the part of the
detail below. wave function localized in the potential well aroune-0°,

In the present work, the potential energy has been calcuwhich is interpreted as the admixture of the=0, J=14
lated as a function of for the K= 14 isomers int’Hf and ~ component in the wave function of the=14 state(which
1786y with the cranked Nilsson-Strutinsky method, using thehas predominantlyk=14). The hindrance factor for the
computer code described in RER3]. In these calculations, K-violating transition is calculated &°= 1/T'S, which can
the deformation parametets and e,, as well as the static be compared with the measured quanB§fP=t,,/t}/,, as
pair gapsA, andA,, were all varied self-consistently; i.e., defined in Sec. I. Here, the absolute normalization of the
the y-tunneling path is assumed to be the path of steepegtansition rate is determined via the const8niThe strengths
ascent to the saddle point and steepest descent from tleé unhinderedM1 transitions(i.e., those withAK less than
saddle point. The cranking frequency was varied to provide &, the multipolarity of the phonortypically cover a range of
constant value ofJ,), and particle-number projection was 0.03-0.3 W.u[2], and the corresponding range $fis de-
employed. A step size of 10° was used far Considerable picted as a horizontal bar in the figures below, showing the
variation was found ire, as a function ofy, with values of final results of the calculations. In the caseE¥# transitions,
€, ranging from 0.00 to 0.05, and it was found that a propeithe model ascribes the decay of the isomer to mixing of the
self-consistent variation of, was necessary for an accurate K=14 wave function with &K =0, J7= 14" wave function
determination of the potential energy surfaces. The paransuch as that of thd™=14" member of theg band. This
eterse,, A,, andA, showed variations as functions ¢f admixture then allows a2 decay to occur to th&=0,
but remained within about 10% of their average values. Thd”=12" state. We have chosen a range of 10—-100 W.u. for
calculated potential energy curves are shown in Fig. 12. Ainhindered stengths of such allowed transitions. The final
summary of some of the calculated parameters is given igalculated transition rates, which incorporate the factdr 1/
Table VI. are, of course, much smaller.

(=} [=] (=4

potential energy (MeV)
o
>

FIG. 12. Calculated potential energy curves ¥ and"“Hf
as functions ofy deformation for positive parity an(l,)=14.

TABLE VI. Calculated barrier, shape, and dynamical parameters used if-theneling model for the
14* statesVg is defined as/(y= yg) — V(y=—120°), whereyg refers to the saddle point.

Ve €2 €2 €2 Ezp
(MeV) (y=-120°) (r=1s) (y=0) (MeV) €,/€,(0) [RA/R,(0)]2
744 3.4 0.26 0.25 0.26 0.53 0.96 1.00

176 2.5 0.25 0.23 0.25 0.43 0.90 0.94
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An estimate of the zero-point ener§yp was obtained by

calculating the energy for Gaussian trial wave functions 10 | decays of //
(), with the Gaussian width used as a variational param- g 1077 6+ isomers m e
eter. Since the isomers arel MeV higher in energy than 8 T //
the yrast levels with the same spin, it is assumed that the ‘; 108 - e
dominant contribution to the decay comes from tunneling 2 _ 176p¢ 7
from the minimum aty= —120° to the one a¥=0° (giving g 10 - _—
low-K admixtures in the initial stajerather than from tun- _g 174y //
neling in the opposite directiofwhich would result in high- o T 172 f—/ —
K admixtures in the final state 2 104 4 M 7 178uf
As explained above, the philosophy adopted here is one of @ i —
extracting the inertial paramet& and comparing it with 8.2 // 178w
variousa priori estimates. There are two ways in whith 10 102 ' 164 ' 166 ' 1(')3 ' 1(')10

which is assumed to remain constant wijthaffects the cal-
culated hindrance factors. The more important one is the
eXpl.'(.:'t dependence of_the tnneling probability On In FIG. 13. Test of they-tunneling interpretation as applied to
addition, _ the zero-pollnt energy a!so depends  on K =6 states in the rare-earth region. The dashed line is obtained for
(Ezp~ /D for a harmonic well. Neglecting the latter for the - 5 yalue of the inertial parametBr= 3042 MeV~* rad 2 The width
moment, simple algebra yields Aff°=(\DXA)—INS  of each data point indicates the range given in the text for the
where the quantith= 2% "1 2(V—Ezp)dy is independent  unhindered strengtB.

of D. In other words, in a log-log diagram d&®*® vs

F2 the slope is proportional ' and a change 8 yclei in this region. Data are available for a large sample of
shifts the data points horizontally. The slope equals 1 for the, ,jej all having 6 isomers decaying through transitions of
correct value ofD, and this is essentially the method usedjo samee2 multipolarity, and the decays to the devels of
here to extract values & from the data, aIthqugh the minor o (K=0) ground-state bands represent an excellent test of
dependence dEzp on D has also been taken into account, asihe predictive power of the model. The results of the calcu-
shown below. lations, shown in Fig. 13, exhibit a clear correlation between

To describe consistently the variations of the tunnelinge cajculated and observed hindrance factors. The correla-
probabilities from nucleus to nucleus, it is necessary to recoq petweerF Pt and F<¢ is not significantly affected, for

ognize that a systematic variation in the inertial parameter i%xample by the specific choice of the functional form of

calculated hindrance factor

. . . 72 . .
inertial parameter proportional " [6,40), and variation ject to this uncertainty, the inertial parameter required to fit
with the deformation is expectddl] to result in ane; de-  ihe data isD~3042 MeV ! rad 2 which is of the right

pendence. We have therefore made the following modificag,ger of magnitude compared to a previous estimate of
tion: INF°—InF°x f(e,A), where f(e,A)=(es/el”))  ~1312 Mev~? rad 2 at zero spir{41].

X (Ry /R M2 andR, is an appropriately chosen function of  Returning to thek = 14 isomers, the results féf%W and

A, andA,. The value ofe)’ was fixed at 0.25. Since the 7/Hf are shown in Fig. 14. As in the case of the Bomers,
inertial parameter depends on both pairing gapgs and
A,, a functional form forR, must be chosen. Motivated by
the method used in Ref6] to calculate the inertial param-

. -5 decays of
eter, the expressioR,=>G;A; “/ZG; was chosen, where 10'%1 14%isomers ==
the indexi refers to neutrons and protons, and the pairing j _
strengths arés,=(18 MeV)/A andG, = (21 MeV)/A [6]. 8
(It should be noted, however, that other authpt6] have 1077 =
proposed somewhat different functional forms for this de- z

pendence on the pair gapsSince the calculations do not
show very large variations in the pair gaps as a function of
v, the pair gaps used in the tunneling calculations have been

—
[=]
»
'
\
I\ |—'I—>
(N
(N
\
\
N
\

observed hindrance factor

determined simply from the odd-even mass differerid@s 107 1 L — 17w
The quadrupole deformations have been taken from the ==17Hf
calculated values at the saddle point. The reference value of 104 108 108 10'°
R, (denoted aR\) was fixed at 1.21 MeV?, the value for calculated hindrance factor

1744t A summary of the dynamical quantities for the 14

states is included in Table VI. It should be emphasized that FG, 14. Test ofy tunneling for the 14 isomers. The dashed

since the model of tunneling is entirely adiabatic, no attempfine in this case is for an inertial parameter=604i2 MeV

was made to take into account any difference in tunneling fofag-2. As in Fig. 13, the width of each data point indicates the range

different configurations with the same spin and parity. given in the text for the unhindered streng@hThe data points with
Before comparing theory and experiment for thé igo-  arrows pointing upwards represent lower limits on the hindrance

mers, the model was tested on a series ofiomers in  factors.
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the tunneling calculations reproduce the variations of the 1 " : —
hindrance factors. The extracted inertial parameter is 1 - .00 . .
D~60/% MeV ™! rad 2 Remembering that the absolute hin- ] - ot
drance factors span many orders of magnitude, it is encour- i T
aging that data on the'6and 14" isomers can be reproduced
with values of theD that are of the right order of magnitude
compared to the estimate of Rgd1]. It should be reempha-
sized that the goal here was not to extract an accurate value
of D, but simply to investigate the possibility that systematic
variations in the hindrance factors can be understood using a
physically acceptable value @. The fitted value oD is
quite sensitive to some of the phenomenological assump-
tions, such as the form of the functidfe,A). Nevertheless,
the inertial parameter is a quantity of great physical interest,
and the results presented here are encouraging as an indica- ] 174Hf
tion of the future possibilities for extracting information 1
about dynamics from this type of data, provided that appro- 3.03 .
priate refinements are included in the model. THe data o 30 6o 90
provide support for the broad predictive power of the model, tilting angle, O (degrees)
although these states follow the ordinary pattern of decay of

o

)-h

excitation energy (MeV
w
8 2

K isomers, and could perhaps be explained in other frame-
works. More importantly, the qualitatively new pattern of
decay observed for the 14isomer in1’% provides evi-
dence that a new mechanism of decay is being observed, and FIG. 15. Excited 14 states calculated i"*W and "“Hf as a
that the agreement of the calculations with experiment igunction of the tilting angle. Note that because of zero-point rota-
unlikely to be fortuitous. tion, states wittK=J have tilting angles slightly greater than zero.
An important aspect of the experimental observations in
17 i i i
W that could not be addressed in the simpiéunneling  |ocated near the yrast line 1% using the unified model.
model is the complete absence of decays ofkhel4 iso- T intrinsic states came from calculations using the Nilsson
mer to the intermediati- states. To address this issue ON€podel[23], with particle-number projection to avoid the in-
) t restricted to lie al incinal axis. An obvi t(?lroduction of spurious particle-particle and hole-hole states
IS not restricted 1o lie along a principal axis. An 0bvious nexte, configurations involving quasiparticles far from the
step is to expand the-tunneling calculations to include as a . . B .
o Fermi level. A deformation oé=0.23 was used, and the pair
second degree of freedom the tilting angle} : . )
gaps were adjusted to reproduce the typical energy differ-

=arccogK/yJ(J+1)], which is the angle between the an- _ = among Ogp. 2qp, and 4qp states. The moments of in-
gular momentum vector and the axis of symmetry. It appears

i — 2 2 2 -1
that'’%, in which the ordinary pattern of decay to states ofctiawere taken to bg=364", 464", and 56~ MeV ", for
similarK is absent, is an extreme case, in which jhéegree Ogp, 2gp, and 4qp states, respectively. In contrast to the cal-

of freedom is dominant. Such a calculation would not Onlyculatlons of Ref[50] where all states were included, only the

provide a way to evaluate the relative importance of fhe States with the same spin and parity were considered.
and 9 degrees of freedom in intermediate cases, but wouldrotational-alignment effects were ignored in these calcula-
also allow the calculation of the decays to states with inter{ions for simplicity, especially since the core rotational fre-

mediateK, which are outside the model space of principal-duéncies involved are all below the values at which align-

axis cranking calculations. The calculation of cranking wavements occur and the goal was (137nly to compare the densities
functions at various values df is a subject of much current Of states. The results fof*Hf and*"% are shown in Fig. 15.

theoretical worl{44—49. The density of 14 states is essentially the same in both

A schematic method for understanding the fluctuations ircases. The Fermi level changes by only 0.4 MeV between Hf
the orientation or “tilting” angled has been suggested re- and W because of the high density of proton levels. Since
cently [50], in which a spectrum of states is calculated nearthis change in the Fermi level is significantly less than the
the yrast line, corresponding to a varietykfvalues. These pair gapA, the quasiparticle energieﬂ E—)\)7+ A2 change
states are subsequently coupled together with randomly cheery little. For the range of energies shown in the figure, the
sen matrix elements. The matrix elements are assumed terage density of states for a given value kofis 1.1
vary from zero toV; =Vof‘VK‘7KJ'|, whereV, and f,, are  MeV ! for 7% and 1.3 MeV'! for 17“Hf. Within the per-
phenomenological parameters to be fitted to the data. Matrigpective of the model, this result implies that orientation
elements connecting states wjth—K;|>1 are intended to fluctuations in’% should be slightly smaller than those in
describe the nonaxial shape fluctuations. The hindrance fa¢/#Hf, but the experimental observations are to the contrary.
tors thus calculated are mainly sensitive to the level densiThe calculations of Ref[50] also result consistently in a
ties. strong correlation between the hindrance factors and the de-

In order to evaluate the applicability of this model to the grees ofK forbiddenness, and such a correlation is not ob-
present data, we have calculated the spectrud=df4 states  served in the decay of the isomeriffw.

K=J
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It has been suggest¢80] that y tunneling should actu- are larger by two orders of magnitude. Simple models of
ally become less competitive at high spin, since the inertialCoriolis mixing andy tunneling were applied in an attempt
parameter varies with pairing @ 2 and pairing is weaker to account for these observations. It was found that the
at high spins. However, BCS calculations with particle-present results on the decay kf=14 isomers cannot be
number projection, such as those carried out here, show onkgproduced with simple extensions of the accepted picture of
a very slow decrease df. Our fitted values of the inertial Coriolis mixing. In contrast, &-tunneling framework seems
parameteD seem to exhibit an increasing trend as a func-to provide a natural explanation for the marked differences
tion of spin, but we do not presently consider our method obetween thé’% and’“Hf decays, although the issue of the
fitting sufficiently reliable to constitute an experimental mea-lack of decay of the!’% isomer to intermediaté- states
surement oD as a function of spin. falls outside the model space of these calculations. The
178V nucleus may have provided the first example of a high-
K isomer whose decay is dominated by large-amplitude,
) ) ] nonaxial fluctuations of the nuclear shape. In most nuclei,

Until the last decade, it appeared that a satisfactory undegowever, both shape fluctuations and fluctuations in the ori-
standing of the systematics d-violating transitions had entation of the nucleus with respect to the angular momen-
been achieve{l], with universal hindrance factors of about ;m vector will be important at moderate spins. Calculations

100 per degree oK forbiddenness. More recent dd®4],  incorporating both degrees of freedom are clearly desirable.
including the present work, have now shown that significant

deviations from the previously established systematics can
occur. In particular, & =14 four-quasiparticle isomer was

found in "% for which these deviations represent the only  The authors thank J. Greene for the fabrication of the Nd
detectable mode of decay; the usual decay paths, which tendrgets, T. Bengtsson and the Warsaw theory group for mak-
to minimize the degree df violation, were not observed at ing their computer codes available to the physics community,
all. The decay of this isomer is even more intriguing whenand S. Frauendorf for stimulating discussions. This work was
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ACKNOWLEDGMENTS

compared with the decay of anothi€= 14 isomer, with an
identical configuration, in the neighboring nucletHf,
where the hindrance factors for similAK =14 transitions

supported in part by U.S. DOE Contracts Nos. DE-FG02-
91ER-40609,  W-31-109-ENG-38, and DE-FGO02-
94ER40848.

[1] A. Bohr and B.M. MottelsonNuclear Structure(Benjamin,
New York, 1975, Vol. Il.
[2] K.E.G. Ldbner, Phys. Lett. B26, 369 (1968.

[18] T.L. Khoo, F.M. Bernthal, J.S. Boyno, and R.A. Warner, Phys.
Rev. Lett.31, 1146(1973.
[19] P.M. Walker, G.D. Dracoulis, A.P. Byrne, B. Fabricius, T.

[3] P. Chowdhuryet al,, Nucl. Phys.A485, 136 (1988.

[4] P.M. Walker et al, Phys. Rev. Lett.65 416 (1990; N.L.
Gjorup, P.M. Walker, G. Sletten, M.A. Bentley, B. Fabricius,
and J.F. Sharpey-Schafer, Nucl. Phg&82, 369 (1995.

[5] P.M. Walkeret al, Nucl. Phys.A568, 397 (1994).

[6] T. Bengtsson, R.A. Broglia, E. Vigezzi, F. Barranco, F.n2ao,
and Jing-ye Zhang, Phys. Rev. LedR, 2448(1989.

[7] P.C. Sood, D.M. Headly, and R.K. Sheline, At. Data Nucl.
Data Tablest7, 89 (1997).

Kibédi, and A.E. Stuchberry, Phys. Rev. L&z, 433(1991).

[20] R. Bengtsson, irProceedings of the XVIII Mikolajki Summer
Schoo] Mikolajki, Poland, 1986, edited by Z. Wilhelmi and G.
Szeflinska(Harwood Academic, Chur, Switzerland, 198p.
20.

[21] T. Bengtsson, Nucl. Phy#$520, 201¢(1990.

[22] R. Bengtsson, iProceedings of the International Conference
on High-Spin Physics and Gamma-Soft Nucleittsburgh,

[8] B. Crowell, P. Chowdhury, D.J. Blumenthal, S.J. Freeman, C.J. 1990, edltgd by J.X. Saladin, R.A. Sorensen, and C.M. Vincent
Lister, M.P. Carpenter, R. Henry, R.V.F. Janssens, T.L. Khoo,  (World Scientific, Singapore, 1991p. 289.
T. Lauritsen, Y. Liang, F. Soramel, and |.G. Bearden, Phys.[23] T. Bengtsson, Nucl. PhysA496, 56 (1989, and references
Rev. Lett.72, 1164(1994). therein.

[9] Danzhao Ye, Ph.D. thesis, University of Notre Dame, 1991. [24] F.M. Bernthal, C.L. Dors, B.D. Jeltema, T.L. Khoo, and R.A.

[10] G.D. Dracoulis, P.M. Walker, and A. Johnson, J. Phys4,G Warner, Phys. Lett64B, 147 (1976.

713(1978. [25] Y. Sun, S. Wen, and D.H. Feng, Phys. Rev. L&®, 3483
[11] LY. Lee, C. Baktash, and J.X. Saladin, Phys. Re\29; 837 (1994.

(1984. [26] P.M. Walker and G.D. Dracoulis, Phys. Rev. LetR, 3736
[12] B. Crowell, Ph.D. thesis, Yale University, 1993. (1994.

[13] B. Crowell et al. (unpublished
[14] G. Slettenet al., Nucl. Phys.A520, 325¢(1990.
[15] P.M. Walker, Phys. Scr. B, 29 (1983.
[16] A. Kramer-Flecken, Ph.D. thesis, University of Bonnjiclu
Report No. Jl+Spez-458, 1988. [30] P.F.A. Goudsmit, J. Konijn, and F.W.N. deBoer, Nucl. Phys.
[17] A. Kramer-Flecken, T. Morek, R.M. Lieder, W. Gast, G. Heb- A151, 513(1970.
binghaus, H.M. Jger, and W. Urban, Nucl. Instrum. Methods [31] H.R. Andrewset al, Nucl. Phys.A219, 141 (1974.
A 275 333(1989. [32] R.M. Liederet al, Phys. Lett.49B, 161(1974.

[27] B. Crowell et al, Phys. Rev. Lett72, 3737(1994.

[28] S. Frauendorf, Nucl. Phy#\557, 259¢(1993.

[29] Eh.E. Berlovich, P.P. Vajshnis, V.D. Vitman, R.V. Moroz, and
V.K. Tarasov, Probl. Yad. Fid. Kosm. Luch@&j 15 (1977).



1190 B. CROWELLet al. 53

[33] O. Mikoshiba, R.K. Sheline, T. Udagawa, and S. Yoshida, 393(1984).

Nucl. Phys.A101, 202 (1967. [43] R. Wysset al, Phys. Lett. B215 211(1988.
[34] D.R. Bes and R.A. Broglia, Nucl. Phy80, 289 (1966. [44] S. Frauendorf, inContemporary Research Topics in Nuclear
[35] B.L. Birbair, N.A. Voinova, and N.S. Smirnova, Nucl. Phys. Physics edited by D.W. Feng, M. Vallieres, M.W. Guidry, and
A251, 169 (1975. L.L. Riedinger(Plenum, New York, 1982 p. 1.
[36] D.G. Burke, G. Lovhoiden, and T.F. Thorsteinsen, Nucl. Phys.[45] S. Frauendorf and T. Bengtsson, Future Directions in
A483, 221(1988. Nuclear Physics with # Gamma Detection Systems of the
[37] S. Cwiok, J. Dudek, W. Nazarewicz, J. Skalski, and T. Werner, New Generationedited by J. Dudek and B. Haas, AIP Conf.
Comput. Phys. Commur6, 379 (1987). Proc. No. 259AIP, New York, 1992.

[38] T. Bengtsson and I. Ragnarsson, Nucl. P#436, 14 (1985. [46] F. Donau, Nucl. PhysA496, 333(1989.
[39] F. Donau and S. Frauendorf, iRroceedings of the Interna- [47] F. Donau, Nucl. PhysA520, 437¢(1990.
tional Conferences on High Angular Momentum Properties of[48] F. Donau, Nucl. PhysA517, 125 (1990.
Nuclei Oak Ridge, 1982, edited by N.R. Johns@tarwood [49] F. Donau, inProceedings of the International Conference on

Academic, Chur, Switzerland, 1983.143. High-Spin Physics and Gamma-Soft Nu¢22], p. 66.
[40] F. Barranco, G.F. Bertsch, R.A. Broglia, and E. Vigezzi, Nucl. [50] S. Frauendorf, irProceedings of the International Conference
Phys.A512, 253(1990. on the Future of Nuclear Spectroscoyrete, 1993, edited by
[41] P. Mdler and J.R. Nix, Nucl. PhysA361, 117 (198J). W. Gelletly, C.A. Kalfas, and R. Vlasto(nstitute of Nuclear

[42] A.S. Jensen, P.G. Hansen, and B. Jonson, Nucl. F%431, Physics, Athens, Greece, 1994



