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Inelastic excitation of new high-spin yrast isomers in*®Ta
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For the first time, six-quasiparticle isomers have been observed in the meta-stable fffflays. Two
new high-spin isomers were populated following deep-inelastic reactions with a ﬁéghbtjeam incident on
a thick 1§2Hf target. Out-of-beamy-ray events were collected using the Gammasphere germanium detector
array. In addition to the known four-quasiparticle isomers, yiast(22") and K=23 six-quasiparticle
isomers have been observed with microsecond half-lives. These are the highest-spin isomers observed using
the technique of deep-inelastic excitation. The assignments are compared to predictions made by BCS and
Lipkin-Nogami multiquasiparticle calculations.

PACS numbd(s): 21.10.Tg, 23.20.Lv, 27.78.q

The structure and excitations of the rare isotdffa are A 1.6 GeV pulsed%3U beam provided by the ATLAS
of considerable current interest, for example Réfs=3],  accelerator facility at Argonne National Laboratory was used
arising from its unique status as the only isotope to occufg hombard a thick targetf40 mg cn 2) of 8¢, backed
naturally in an isomeric state. The®lground-state has a by =50 mgcni 2 of "Ph. The beam energy was chosen to
half-life of only 8 hours, whereas an excited 8tate lying at 5 1504 ahove the Coulomb barrier, consistent with Refs.
75 keV, has a lifetime of>10'"° years. The direct decay of [11,19. The target was enriched to 98.2% HOHf, the

this isomer is highly hindered due to a combination of its Iowheaviest stable isotope, to favor the population of neutron-

excitation energy and high spin, relative to the ground state.. : : .
Several studies have attempted to explain the production anr<'1Ch products. The natural pulsing period of the beam is 82.5

survival of this spin-trap isomer in stellar environments,ns’ and th!s. was swept on two longer time ranges with ON/
most recently Ref[1]. OFF gondltlons of 8.25us/16.5 us and 2 ms/4 mscorre-
This odd-odd nucleus with 73 protons and 107 neutronSPonding to 100/200 and 24 250/48 500 beam bursts, respec-
lies in a region of the nuclear chart where large prolate delively)- All of the recoils were stopped at the target position
formations are energetically favored. This leads to partiaft the focus of the Gammasphere array, comprised of 98
conservation of the angular momentum projectioon the ~ y-ray Compton-suppressed germanium detectors and 3
nuclear symmetry axigt]. The decay of these intrinsic states Compton-suppressed planar x-ray germanium detectors. The
to the competing collective rotational levels is hindered, pro{rigger condition required at least one germanium detector to
viding a sensitive probe of the underlying structure of thefire in the beam-off period. These delayed events were sorted
nucleus. into y-y, y-x-ray andy-time matrices and g-vy-y cube,
Previous experiments to study the yrast structuré®®fa  allowing level schemes and half-lives to be deduced from
have used light heavy-ion projectiles, nametyB and 4Li coincidence relations. A wide variety of targetlike isomers
on targets of'7®vb [2,3]. Several new isomers have been have been observed frof§gTm up to *&3ir, together with a
observed using these partial fusion and fusion-evaporatiolarge number of nuclei from the fission of uranium. The most
reactions, including a 3lus K™=15" four-quasiparticle intense out-of-beam decays are those from the inelastically
state[5]. However, this technique is limited to-20 # of  excited isomers in thé®Hf target[12], but the one-proton
angular momentum. Recently, experiments using deepransfer channels to tantalum nuclei are also strongly popu-
inelastic reactionf6—8] have enabled states with spins up to lated.
~301% to be reachef9] andK isomers have been populated A new isomer was observed i{°Ta, feeding the known
in neutron-rich nuclei that cannot be accessed using fusiorstates in theK”=19" band based on the 2899 keV level
evaporation reactions with stable beams and tafd€s12. [2,3] via transitions with energies of 492 and 370 keV. The
The first isomers at spins 20 %, using this method of trans- level scheme is shown in Fig. 1. From the coincidence spec-
fer and inelastic excitation are now reported. trum gated by the 365 keV transitigFig. 2 (top)] it can be
seen that the new 492 keY ray is much weaker than the
370 keV and subsequent decays45% of they-ray inten-
*Present address: Department of Physics, Oliver Lodge Laboraity). A probable explanation for the difference in coinci-

tory, University of Liverpool, Liverpool L69 7ZE, UK. dence intensity is the presence of an intermediate half-life.
"Present address: Department of Physics and Astronomy, Univeifhe time window fory-ray coincidences to be in the same
sity of Manchester, Manchester M13 9PL, UK. event remains open for 800 ns. A half-life of 20.5 us for

0556-2813/2000/68)/0573014)/$15.00 62 057301-1 ©2000 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW C62 057301

ol ;N:\ Wide—delayed (365 keV gate) |
w0
[} s ~ g =
“" <o o m )
§250- é; - g) gﬂ.
~17 us : € i
(2324,25) 4170+A i
g S abeanafut s ek bt
492.0 asol o Narrow—delayed (312 & 410 keV)_
N (22) 3678 "
12 —~
~ € 2 2
2 S 369\8 o0 3308 3 2500 3 8
_____ 8 % O\
2]
~ &
sol
19~ 2899
22 ns i , ]
180TQ 311.‘8 2587 180 R o Earlies gated by 410 keV
73" 2107 431/3 2 ¢ N 1
17- 2156 g ol B ¢
3650 136.8 I ' 5
16~ 1791
‘705‘7— O fphclvppbty iy .'J e -
15 339.8 1451 100 300 500 700
14~ 1308 143.0 b Energy (keV)
"""""" a3ts 31 us
13- 28881 1019 J
‘l—¥557‘6_ ----------------- FIG. 2. The top panel shows delayedrays gated by the 365
12_-515’5?6?3* 751 keV transition in*8°Ta with an 800 ns coincidence window. The
- | 2469 middle panel shows the “logical and” of two delayed spectra, ob-
Ty 753504 - iti i
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smaller of the two per channgl3]. This helps to reduce contami-

FIG. 1. Decay scheme for the new six-quasiparticle isomers iant y rays) The 492 keV decay is no longer present and the
18013 observed in the present work. The spins and parities for statégtensity of the transitions below the 22 ns isomer is reduced. The
below the (22) 3678 keV level are taken from Refi2,3]. bottom spectrum shows the “early” transitions which precede the

410 keV vy ray by between 40 and 800 ns. Known contamingnt
the 3678 keV level would allow=25% of the coincidences rays are labeled by their energy and associated nuclide.

to fall inside of the 800 ns window. This half-life is con-
firmed by the absence of the 492 keV transition when the NO 779 keV decay was observed from the 3678 keV state

coincidence window is reduced to 20 f&ig. 2 (middle)].  totheK”=19" bandhead, but an upper limit can be obtained
(The transitions below the 22 ns isomer also have reducetpr the partialy-ray half-life from the maximum intensity of
intensity in this spectrum.The 492 keV transition can be this transition. This yield¢},>10 us for the unobserved
cleanly observed by gating on the 410 keVray and pro- 779 keV transition. Comparisons with the Weisskopf single-
jecting the coincidence events observed between 40 and 8@@rticle estimate show that such a half-life is only consistent
ns earlier, as shown in Fig. (dottom). with A =3 transitiongwithin a generous margin of $psug-

All of the y rays below the 4170 keV level are contami- gesting a spirl =22 for the 3678 keV state. From intensity
nated[see, for example, Fig. &op)] precluding a half-life  balancing with the 410 keW11 transition, the total electron
measurement using thg-time matrix. In addition the time conversion coefficient for the 370 keV decay ds(exp)
spectra for the 16.5«s range are distorted, perhaps as a=0.09+0.08. This is consistent with electric quadrupole
result of the high in-beam rate. Therefore, eighy matrices [a7(E2)=0.04] and electric octupole assignments
gated by 1.5us time intervals(with 1.6 us separating the [a;(E3)=0.16], considering only those multipolarities that
centroidg, for times >2 us, were constructed. The peak lead to a spin greater than 21for the~2 us isomer. M2,
areas for the transitions above the 3% isomer, obtained M3, and higher multipoles are ruled out by this analysis.
from spectra gated by the 365, 410, and 431 keV decay$S herefore, the most likely spin and parity assignments for
were plotted as a function of time, negating the problem ofthe 3678 keV state ark™=22" and 23 . Examining the
contaminants. To correct for the distortion, the resultingWeisskopf unitgW.u.) for the 370 keV decay favors tHe2
spectrum was divided by a normalized half-life curve corre-assignment, as aB3 multipole would imply ~300 W.u.,
sponding to a long-lived produet 100 us). (This technique  which is exceptionally fast for a noncollective-forbidden
reliably reproduced known half-lives, for example, the 1O0transition. Thus, the preferred tentative assignment for the
+1 us isomer in®Hf [12] was measured here to be 9.6 3678 keV level isK 7= (22").
©s.) The result is shown in Fig. 3 yielding a lifetime of  There are two possible scenarios for the 492 keV transi-
t1,=17%£5 ws. The large uncertainty arises from the pres-tion observed above the2 us isomer. Firstly, it could be
ence of the=2 us half-life component for the 3678 keV the direct decay from the isomeric state, consistent with
level and a sensitivity to the profile used to correct for the<3 transitions. Alternatively, the 4170 keV level could be
distortion. the
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FIG. 3. Peak areas for the transitions above the.8isomer in
18013, plotted as a function of time. The intensities were obtained 5= 1451 15 1507 - 1409
from spectra gated by the 365, 409, and 431 keV de¢sgs text e— —_—
for detaily. The solid line through the data represents a one- 31 ,U/S
component fit with the half-life shown.
first excited member of the rotational band associated with
theK™=22" state, which could be fed by a low-ener@n-
observedtransition from the_w 17 us isomer, represented by >1o15 years
the offset A<60 keV in Fig. 1. Such a decay would be o 75
compatible withA<2. In both of these situations the transi- H—yp
tion rate favors a quadrupole assignment by comparison with
Weisskopf estimates. The most likely spin assignment for the EXpt Calc.l Cale.ll

~17 us isomer is 23, 24, or 25.
In addition to the first observation of the 3678 and 4170 o )
+ A keV isomeric states, a new 1137 k&allowed transi- FIQ. 5_. Observequxpt.) and calcul_ated intrinsic four- and six-
tion, with a branching ratio of 7%, has been observed fronguasmartlcle states itf°Ta. The energies of Calc. .I are taken from
the 22 ns isomer to the 3&s isomer. This is shown in Fig. <ef-[2] and Calc. Il are taken from Ref3]. Residual nucleon-
4. The 2587 keM =18 level has previously been assigned ar?ucleon interactions are included in the energies of both calcula-
; o . . tions. See text for details.
tentative positive parity2,3]. The absence of a competing
guadrupole decay to the 179T=16" state favors arE3
multipolarity for the 11:?7 kﬁv transition, supporting a posi- @ {2 [514], %'[404], 37[402]} and v{27[624],
tive parity assignment for the 22 ns isomer. 7- 7 _ 74 54
Pfedic){ions fgor the excitation energies, spin and parity as? [514), z "[503)} @ ={z [514], z [4Of1]’ z [402]}, re-
signments for low-lying six-quasiparticle isomers have beerspectively. The predicted energies &#&' =3775 keV and
made using Lipkin-Nogam[2] and BCS calculation§3]  E22 =3188 keV from Ref.[2] and E?* =4133 keV and
(see Fig. 5, at deformations of,=0.237,£,=0.056 and  £22" —3314 keV from Ref.[3]. (Note that these energies
82:9'242'84:07;087’ Jrrespectlvily. These calculations bothjnejde residual nucleon-nucleon interactiorEhese calcu-
predict yrast K"=24" and K"=22" six-quasiparticle |51e states have the most favored residual interactions pos-
states with configurations{ % *[615], 37[624], 5 [514]}  sible as given by the Gallagher-Moszkowski coupling rules
[14], which result in a lowering of the energies with respect
to unfavored configurations. Saitat al. [3] point out that
these energies are “only accurate to withird00 keV but
that it is reasonable to assume that tKis=22" level lies
below the 2T level of the 19 band” at 3737 keV. As no
low-lying spin 23# states are predicted it is likely that the
et s ~2 ws isomer is the calculated 22intrinsic level, which
10 300 5g%ergy (ke(/f)m 900 oo doeslie below the 2T member of theK™=19" band. The
K7™=(22") state qualifies as ayrast trap as it lies below all
_ of thel =21 levels, forcing it to decay by ®>1 transition.
FIG. 4. Gamma-ray spectrum produced from summing the SPECThe energy of the=17 us state observed at 4170\ keV is

tra double gated by the 492 keV decay with the 312, 370, and 41 : ; _opt
keV transitions. The 1137 keV transition can be clearly seen. ?n good agreement with the predictid =24" level. [There

Counts
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are no low-lyingK = 25 states predicted andkd’ =26~ state In summary, two new high-spin six-quasiparticle yrast
(discussed latgiis calculated to be 1029 keV higher than the isomers have been populated in the nucléfi§a, using
K™=24" state[2].] deep inelastic reactions with #% beam. These are the

Dracoulis et gl. [2] haye cglculated the energies of the highest spin and highest senioriky isomers yet identified
most favored eight-quasiparticle states. The lowest of theswith deep inelastic reactions. The excitation energies of the
is a K™=26" level with the configurationv{3s[624], new intrinsic states are found to be in good agreement with

_ _ _ _ - redictions of multiquasiparticle calculations, and configura-
77[514], $7[503), §[512, § (512} ® ={3 [514, P duasi g

£7[404], 57[402]}, predicted at 4804 keV, including re- tion assignments have been made.

sidual interactions. No candidates for transitions from this This work was supported by the U.K. EPSRC and by
possible isomer to the 4170\ keV state have been identi- the U.S. Department of Energy, Nuclear Physics Division
fied in the present study, but this together with higher statesnder Contracts No. DE-FG02-94ER40848 and W-31-109-

provide a challenging objective for future studies. ENG-38.
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