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Two four-quasiparticle isomers, witi™=12" and (14°) and mean lives of 45000 ns and 58(5)us,
have been identified if7%u, at excitation energies of 1515 and 1588 keV, respectively. Theid@mer
exhibits a large number ok-forbidden decay branches, populating the rotational sequences based on the
K™=7" ground state, twi"=8" states, and £"=4" state from thev{7/2 [514]} ® w{1/2"[541]} con-
figuration. Most branches have decay rates that are consistent with né+hiadirances except for the branch
to theK™=4" band. It has an anomalously low hindrance factor, which is attributed to two-state mixing due
to a near-degeneracy between thé i®omer and the 12 member of this band. The implied mixing matrix
element has a value of only 5 eV, showing explicitly that very small mixing matrix elements may be respon-
sible for anomalou%-hindered decays.

PACS numbeps): 27.70+q, 21.10.Tg, 21.10.Re, 23.20.Lv

The deformed nucleud’®u resides in a region of the Given the lack of previous spectroscopic information on
nuclear chart where several high-Nilsson orbitals lie close "%y and the likely presence of isomeric states, it was nec-
to both the proton and neutron Fermi surfaces. Multiparticleessary to use a range of techniques. Excited staté&%im
states with a large projectiofk (where K=X();), of the  ere populated by the bombardment of foils enrick@Pe)
total angular momentum on the nuclear symmetry axis, may, 176y with 45 MeV ’Li beams from the ANU 14UD
.thus be formed at low exgitation energy. Much of the imereshccelerator.y rays were detected with the CAESAR array,
in 178%u has centered on its role as a possiblgocess chro- which consisted of six Compton-suppressed hyperpure

nometel| 1,2] for nucleosynthesis, and in particular its effec- ntype germanium detectors--y-y coincidences were re-

tive mean life within the stellar environment, due to the pos- : . . :
Lo o ' corded in a continuous beam experiment using a compact
sibility of excitations from theK”™=7" ground state to the P g P

K™=1", r.—5.3h, -decaying isomer, purported to be particle-detector systerf®] in conjunction with CAESAR,
- sy Im— 9. 3 - ’

mediated by a state of intermediate Another imperative E.he resullts of which W"ll bedrepo_rted ﬁn Iag%OE). Longert
for the study of intermediate and high-states is the ques- IMe regimes were explored using choppe eams at
tion of the resilience of thé&-quantum number in the pres- 45 MeV with beam pulse width/separation intervals ranging
ence of several possiblemixing mechanisms. For example, OM 3 us/54us to 107us/1.07 ms. A subsequent time-
anomalous decays have been ascribed to either sha§@Melatedy-y coincidence measurement was performed us-
changes involving thes degree of freedorfi3], or “statisti- N9 the optimized conditions of 14s/321 us.

cal” K mixing with unobserved state®], resulting in a In the latter measurement, an electronic veto of width
spread inK values, either in the initial state, or in the final 11 ©s was used to reject events detected during beam pulses,
state, or in both. thus ensuring that only-ray cascades from the decay of

High-spin investigations of’%Lu have been limited by its long-lived isomers were recorded. The absolute times of
inaccessibility with heavy-iorxn reactions, restricting stud- eachy ray with respect to the beam pulses were measured
ies to (0,y), (d,p) [5], and ¢, ) [6] experiments. However, with a resettable ADC clock11]. Approximately 80< 10°
recent studie$7,8] of similar nuclei have exploited incom- coincidence events were sorted into promptl60 ns coin-
plete fusion(breakup reactions which can also be used here.cidence overlap early (—800 to —150 ns), and delayed
The most prolific residual nuclei of théLi bombardment of ~ (+150 to +800 ng E,-E, matrices.
176yb are 1"°Ta and "®Ta, populated via the @t and 5 To obtain direct multipolarity information, conversion
channels, while'’®.u is produced reasonably strongly via electrons were measured using a superconducting, solenoidal
the «3n “breakup” channel, albeit at intermediate spins.  Spectrometer, operated in “lens” mofi&2], again using the

We report here the discovery of two four-quasiparticle *"®Yb(’Li, @3n) reaction at 45 MeV, with a beam pulse
isomers in17%Lu of predominantly»3s character. In appar- Width/separation ratio of 2s/321us and a 2.3 mg/cfn
ent violation of theK-selection rule, the shorter-lived isomer target mounted at 30° to the beam axis, to optimize the
exhibits anE2 (AK=8) decay with an anomalously low energy resolution. The data were sorted irQ-- and
hindrance factor. The same state Mis andE2 decays with  E,-time matrices, allowing the construction gfray and
AK=4 and more typical hindrance factors. We show thatelectron spectra, matched in time.
this anomalous behavior is due specifically to mixing be- A partial level scheme fot"®Lu deduced mainly from the
tween the isomeric state and a member of a two-quasiparticleoincidence data obtained in the chopped beam measurement
rotational band, due to a near degeneracy, showing explicitlis displayed in Fig. 1. For reference, we include the higher-
how anomalous decays may arise, even with very small mixspin states of th&”=7" and 4" bands deduced from the
ing matrix elements. a-y-y(t) study. We have extended ti&" =8, band tol ™
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FIG. 1. Partial level scheme df®%.u deduced mainly from the coincidence data in the out-of-beam time region.

=13" at 1590 keV, and th&™=8, band tol™=11" at

the 73 keV transition a1=9(4)] is consistent with both

1132 keV. Our scheme differs from the most recent compiM1 (9.51) and E2 (12.2. From the conversion-electron
lation[13] as we interpret the 5 state at 657.1 keV, not as a measurement, cleap-ray and electron spectra were avail-

bandhead, but as the'Smember of theK"=4" band, with

able only for the 617 keV transition for which a

a bandhead at 635.2 keV, consistent with the observed coir-conversion coefficient ofay=0.010(3) was obtained.
cidences between in-band transitions and the 336 keV tranFhis restricts the 617 keV line t&2 or mixedE1/M2 in
sition which depopulates the 635.2 keV state, and also corsharacter, and thus the spin and parity of the 1515 keV state
sistent with the in-band branching ratios and alignmentgo 12" or 11°. We obtaina+=0.9(4) for the 162.4 keV

expected for thev{7/27[514]}+ ® w{1/27[541]}, K"=4"

configuration.

the figure displays the time spectrum of specificays with

transition, consistent with eithévl1 (0.969 or E2 (0.576,

and, assuming I2for the 1515 keV level, this results in 11
Figure Za) shows a sum of coincidence gates on the 184or 10" for the 1353 keV statd Spins and parities of 12for

(8~ —77) and 241 keV (§ —87) transitions, which collect the 1515 keV state and (1 for the 1353 keV state have

most of the delayed intensity. The insert in the upper right ofoeen adopted on the basis of implied hindrances, as will be

explained shortly. While no firm assignment can be made,

respect to the beam burst, indicating feeding from an isowe preferE2 for the 73 keV transition, and thus (L}t for

meric state with a mean life of 58(5ys. Figure 2Zb) shows

the 1588 keV level. ThéM 1 alternative would imply a re-

a y-y coincidence spectrum demonstrating the 355 keWduced transition strength of 2310”7 W.u., more than two
branch from the 1515 keV state. That state is independentlgrders of magnitude weaker than expected fdf-allowed
shown, from time-difference spectra, to have a mean life oM 1 transition[14]. In contrast, the assumption B2 multi-
450(100 ns. A spectrum of transitions detected 150—800 ngolarity implies a reduced transition strength within the ex-
before the 184, 162, 402, 487, and 617 keV lines is displayegected range.
in Fig. 2(c). The presence of a 73 keV line in this figure

places the 58(5us isomeric level at 1588 keV.
Despite difficulties due to the predominance pfde-

While the lifetime of the (14) isomer is largely attrib-

uted to the low energy of the 73 kel2 transition, that of
the 1515 keV state arises because its decayK &oebidden.

cays from17®Ta and*"°Ta in the singles spectra, some mul- The degree ofK forbiddenness is given by=|AK]|-\,
tipolarity information was obtained from intensity balances.whereAK is the change iK in the transition and. is the
The total conversion coefficient of the 200 keV transition multipole order of the transition. The reduced hindrance per
[ a7=0.24(40), which connects the isomer at 1515 keV degree of K forbiddenness, denoted,, is defined as
with the 12" member of theK"=8; band, was sufficient f,= F\l,\’,”, whereF\=(71,/1y), 7, is the partialy-ray mean

to exclude M2 and higher multipolarities, while that of life, and r,, is the Weisskopf estimate. This quantity is listed
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FIG. 2. Coincidence spectra used in establishing'fieu level
scheme(a) Prompt spectrum gated on the 184 and 241 keMys.
The insert displays the time spectrum gated on the 162, 184, 24
258, 402, 487, and 617 keV transitiori) Prompt spectrum gated
on the 285 keV transition(The filled circles indicate known con-
taminant transition$.(c) Spectrum ofy rays detected 150—-800 ns
before the 184, 162, 402, 487, and 617 keV transitions.

in Table I, for the adopte&™=12" alternative, and plotted
in Fig. 3, for bothK™=11" andK™=12". (The hindrance
factors for theE1 transitions have been multiplied by a fac-
tor of 10° before calculatingFyy, sinceE1 transitions are
intrinsically hindered. We have taken 18f,<400 (shaded
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FIG. 3. Reduced hindrance factors per degre& dbrbidden-
ness for transitions depopulating the isomer at 1515 keV, for the
two initial spin and parity possibilities.

For the 11 alternative, most of the transitions from the
1515 keV isomer would be hindered beyond any value ex-
pected from the systematif¥4]. In contrast, thd , values in
he 12" case are within the expected range, except for the

55 keV transition. Similar arguments apply to the state at
1353 keV, where the alternatives are"16r 11". The latter
alternative, together with the absence of an observable mean
life for this state, implies &-forbiddenM 2 transition to the
9~ member of theK™=7" band, with an extremely low
hindrance factor f(,<2.4), favoring 10 over 11".

The anomalous value df,=3.7 for the 355 keV transi-
tion implied by the 12 assignment for the 1515 keV isomer
is attributed to its proximity to the 12 member of the
K™=4" band, as displayed in Fig. 4. As the strength of the

region, Fig. 3 as a range to guide the spin and parity assign-355 keV transition will be dominated by any mixing between

ment for the 1515 keV isomer. The largest value known in
the mass-180 region is 33Q5], while values off ,<10 are
unusual and imply violation oK conservation.

the isomeric level and the collective 1. 3tate,3, the implied
mixing amplitude of the collective state in the"=12" iso-
mer can be estimated from

TABLE I. Decay rates and reduced hindrances for the"(12515 keV isomer.

E, Mult. I, aT T, Fw v f,
(keV) (Rel) ©)

200.3 M1 20721)  5.36x10°1 3.4(4)x10°® 8.5(1.0)x 10° 3 953)
454.2 M1 19730) 5.93x10°2 3.5(5)x10°© 1.04(15)x 107 3 21912
687.1 E2 51(19) 8.77x10°° 1.4(5)x10°° 1.5(5)x 10° 2 39Q70)
382.3 M1 257120  9.31x10°? 2.7(1)x10°8 4.74(18)x 10° 3 1684)
617.0 E2 21729 1.10x 1072 3.2(4)x10°® 2.05(26)x 104 2 14311)
355.0 E2 10621)  5.00<10°%2  6.5(1.3)x10°© 2.64(53)x 10° 6 3.75)
396.0 E1l 136) 4701072  5.3(2.6)xX10°° 1.06(52)x 10° 4 57(16)
658.0 E1l 94 3.56x10°%  7.7(4.0xX10°°  7.05(3.7)x 10 2 90(30)
1126.5 E3 12(5) 6.56<10°%  5.8(5.8)x10°°  1.40(1.4)X1C? 2 12(6)
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1000 ——— — T T T T TABLE II. Calculated and experimental two- and four-
quasiparticle states il®Lu.

L o =1 ]

sa=0 K™ Configuratior? Eop® Eres® Ecaic® Eexpt
730 - O 4-qp state . v - (keV)

- I 4+ 712 1/2- 535 —75 588 635
- i 7 712 712* 0 -128 0% 0
i 8y 912* 712* 238 +65 431 425
= i 1 8, s 9/2” 299 +50 477 488
¥ 10 11/2 9/2 1762 —75 1815 1353
=250 . 10" st 7/2- 12" 712" 2272 —245 2155 —
. T 5 ] 11 912712512 12 2172 —63 2237 -

584 12 127 7/279/2¢ 7/2* 1822 —167 1783 1515

ok § 12+ 712 7/2Y9/271/2° 2229 —110 2247 -
13" 5/277/279/2" 5/2* 2088 —149 2067 —

- i I 13 712 7/275/2°7/2° 2577 —195 2510 —
250 | i 14 5/277/279/2* 712+ 1637 —44 1721 1588
15~ 5/277/279/2* 9/2" 1936 —142 1922 -

i 1 16* 7/2°7/279/2* 9/2" 2239 —78 2289 -

T 22Y 5/277/279/2° 7/2'9/277/2 4196 —474 3850
- [N I N T [T N TN N T [N T T S T T
%0 0 2 4 6 8 10 12 14 16 18 aConfigurations: )9/2 : 9/27[514]; 7/2*: 7/2"[404]; 7/2":
I 7/27[523); 5/2": 5/2°[402]; 1/2: 12 [541]; 1/2*: 1/2"[411];

7/27: 7/27[523]: (v)11/2°: 11/27[505]; 9/2F: 9/2"[624]; 7/2":

7127[633]; 7/27; 7/27[514]; 5/2*: 5/27[642]; 5/2": 5/27[512];

1/27: 1/27[521]; 1/2°": 1/27[510].

b . . . . . . _

B(E2;355*P! tilzirse quasiparticle energies from the multiquasiparticle calcula
B(E2;355°"" °Residual interactions.

oll 5 ) YEnergies are given relative to that of the #tate, which has been
where B(E2;355f _:_(5/1677)Q_O|<|iK2q|fo>| » Qo shifted to zero after the inclusion of residual interactions.
=7.4eb[13], and the mixing amplitudea and B8 are de-

FIG. 4. Excitation energies for selected states'ffLu, from
which an arbitrary rotor energy has been subtracted.

2_a2

fined by 1 keV to 150 keV for numerous bands #°Er, and typical
. . . values in the literature are of the order of 10-20 keV. The
1127;1519 = a|12";K=12)— B[12";K = 4), small matrix element of 5 eV in the present case implies a
. . . large separation in configuration spa@éich could involve
127;1519=B|127;K=12) + a|127;K=4). both the orbital andk changesbetween the leading configu-

rations of the 12 isomer and the 4 rotational band.

A consistency check on the spin and parity assignment of
the (14") isomer is provided by a further near-degeneracy
between the 13 member of thek "=8; band at 1590 keV
and the (14) isomer at 1588 keV. If the isomer instead has

Experiment impliesB=1.2(2)x10 2 and a mixing matrix
element|V| of only 5(1) eV. Thus a squared amplitude of
1.4x 10 of the collectiveK™=4",17=12" state in the
four-quasiparticle isomer, caused by a very small mixing ma
trix element, is sufficient to account for the anomalously-low®" ™= "'~ ) -
reduced hindrance factor. In contrast to the 355 kex K —13' (the case if the 73 keV transition weké1), then

transition, the competing decays from the 1515 keV isomef"iXing between these states, assugnin5 eV matrix ele-
exhibit largef, values despite th& =4 admixture deduced MeNt would give a partiay-ray mean life of 500 ns for an

above. This is because the admixture introducesatiective =2 decay+from the 1588 keV isomer to the"1nember of
contribution to any other of the observatil or E2 transi- he K7=8; band, sufficient to cause the decay intensity to
tions. bypass the 12 state.

An admixture between two- and four-quasiparticle states Specification of the .multiqua.siparticle cc')n'figurations of
at the 103 level was also recently proposed by Kondevthe KT_r:(14+)_ and 12 isomers is a prerequisite for under-
et al.[16] to explain the low reduced hindrance of the decaystandlng the influence of sp_ecmc ork_)|tal changes on the de-
of a K™=16", four-quasiparticle isomer if®Re. The ma- Cay rates and for testing residual nucleon-nucleon
trix element deduced was 51 eV, while a value of 24 eV Wagnteractionsl. The relatively high angular momenta and low
found in %W [17] for mixing between a five-quasiparticle
isomer and a member of a three-quasiparticle band. The
small magnitude of these interactions is particularly apparentThe properties of the rotational bands associated with the isomers
when compared to other nuclei in the region. Hagemanmould provide a decisive constraint on their possible configurations,
et al. [18], for example, have obtained values ranging fromhowever, we have failed to identify these in the present study.
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excitation energy of the isomers, together with the limitedthe energy of the 11/ 505] neutron orbital, whose experi-
number of proton and neutron orbitals near the Fermi surmental energy in the neighboring nuclei is unknown. The
faces constrain their likely configurations 7w or v#> 1353 keV state decays to the Snember of the 7 band, but
character. Table Il summarizes our multiquasiparticle calcu@lso has seven branches to members of theugd 8 bands.
lations obtained using the Lipkin-Nogami approach, and in-The latter can be understood as a consequence of the mixed
cluding blocking and empirical residual nucleon-nucleon in-nature of the 8 bands[10], as any decay to a member of
teractions.(A more complete description of the formalism ©n€ band is likely to have a counterpart decay to the other.

. g . In summary, two four-quasiparticle isomers have been
may be found in8], and references therejrixed pairing identified in 17¥Lu and assqignedi”= 12" and (14). The

strengths ofG,=20.8/A and G,,=18.O[67\T were used. The y=_ 15+ jsomer exhibitsE1, M1, andE2 K-hindered de-
most likely ~configuration for theK"=12" state iS  cays with reduced hindrance factors ranging from 3.7 to 390
v*{9/2"[624],7/27[514],1/27[521]}® w{7/2°[402]} while  for the E2 transitions. An interaction matrix element of 5 eV
that of theK”=(14") state is obtained by replacing the between thek™=12" isomer and a collectivé=12", K™
1/27[521] orbit with the 5/2[512] orbit. The calculations =4" state accounts for the apparently small reduced hin-
also predict a low-lying six-quasipartické™=22" state of  drance factor for the 355 keV transition to thé #and, but
v3a® configuration. the resultanK =4 admixture in theK =12 isomer is insuf-
Another feature of the scheme is the decay pattern of thécient to significantly alter the other decay hindrances. This
(10*) state at 1353 keV. Our calculations predict a two-clearly shows a mechanism by which anomalous and normal

quasiparticle K™=10" state at 1815 keV from the K-hindrances from the same state can arise.
v{11/2°[505]}® w{9/2"[514]} configuration, while the

lowest 10" four-quasiparticle configuration is higher again,  The authors would like to thank the technical staff of the
at 2155 keV. This favors the two-quasiparticle assignmentiHeavy lon Facility at the Australian National University for
the mismatch in energy being attributed to the uncertainty inheir assistance in the course of these studies.
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