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The production and survival of*%Ta in stars presents a nuclear structure and astrophysics puzzle. From
earlier work in the laboratory, photon scattering from thg 95 keV isomeric state has been shown to result
in eventual de-excitation to the relatively short-lived Bround state, through intermediate states whose
character is uncertain. It is suggested here that the lowest observed photon resonances match the energies of
known states in the rotational band based on the recently assigfire® " state at 592 keV, states which are
accessible b¥1 excitation from the 9 isomer. Analysis of the previously observed resonance strengths and
the known in-band properties impligsray E1 transition probabilities which are stronger than expected given
the nominalk forbiddenness. Predicted widths for “back”-decay to the Bomer and its rotational band are
calculated and shown to be significant. Their observation would have implications for the proposed associa-
tions and mixing effects above the yrast line.

DOI: 10.1103/PhysRevC.64.061302 PACS nunier23.20.Lv, 25.20.Dc, 27.78.g, 97.10.Cv

The uniqueness of®Ta", the only naturally occurring combination with the known in-band decay properties of the
nuclear isomefwith an excitation energy of 75 keV and a proposed intermediate states, this analysis leads to the pre-
long mean-life ofr,,>1.2x 10" y), gives it a special place diction of “back” decays whose intensities are significant
in nuclear-structure and nuclear-astrophysics investigationsind, in principle, measurable.

Its stellar nucleosynthesis has been the subject of conjecture The lowest photon energy identified to date, which is able
(see, for example, the summary by Schlegehl. [1]) and  to deplete’®Ta™ through the short-lived#,=12 h) ground
there is the possibility that it could be destroyed in the verystate, has been measured to be 10Q0keV [10], corre-
same stellar photon bath in which it may be synthesizedsponding to an excitation energy #i°Ta of 108510) keV.

Early measurements of th&°Ta™ (y,’) reaction, in fact, The same experimental study has observed subsequent reso-
yielded large cross sections leading from the i8omer to  nances at photon energies of 1220 and 143030) keV

the ground statf2-5] implying excitations through an inter- [11], corresponding to excitation energies 6f1295 and
mediate statgor statey and subsequent decay that would ~1505 keV.

mitigate against its survival in stellar processes. The addi- Since the most likely photon character is electric dipole
tional implication, that the inelastic excitation requirkd (E1), the only isolated states which are expected to be
mixing to allow for the change of eight units in the quantumstrongly excited from the 9 isomer would have spin and
numberK (the projection of the spin on the nuclear deforma-parity, I of 8°, 9%, and 10. Figure 1 shows the known
tion axig to pass from theK"™=9~ isomer to theK™=1" positive-parity bands int®Ta incorporating the recent reas-
ground state, provided one of the imperatives for detailedignments, based on conversion-electron measurements, for
studies of its nuclear structure. Since the nuclé®f§a is theK™=4" and 5" bands[9]. Superimposed on this figure
prolate deformed but axially symmetric, the angular-are the excitation energigshe group of asterisks labeled
momentum projectionK, on the symmetry axis should be (A)] implied by the lowest three photon-scattering reso-
approximately conserved]. nances observed by Belat al.[10,11], assuming they are in

Recent work on the spectroscopy$fTa[7-9] and more  order of increasing spin. These fall very cldsethin experi-
precise studies of photon excitatift0] have given informa- mental uncertaintiego the energies of the'§ 9", and 10
tion which may provide the ingredients for a more detailedmembers of the band based on the 592 kK¢V=5" state.
understanding of the excitation and decay process. The geffhis, and the fact that thK value of the band is midway
eral difficulty faced, is that while the spectroscopic studieshetween those of the isomer and the ground state, is the basis
are effective in identifying yrast states which are predomi-of the associations proposed here. The properties of the low-
nantly of highK, the states involved in they(y’) excita- est resonance are the most precisely determined td tidle
tions which eventually lead to th€™=1" ground state, are so we begin with its analysis.
likely to be nonyrast and of relatively low- Belic et al. [10] determine a resonance cross section of

With the benefit of recent reassignment of parities for0.0574) eV.b for the 101QL0) keV photoexcitation, which
some known nonyrast statgd] it is now possible to identify we associate with the 1076 keV'8state. (Details of the
a path via a band of mediuik-states accessible initially by level scheme are shown in Fig.)2n the case of an isolated
E1 excitation from the 9 isomer. The previously measured resonance, the Breit-Wigner form of the energy and angle-
photon-scattering cross sections can then be analyzed to eixtegrated cross sectiorsd) for inelastic photon excitation
tract decay widths and the impligell strengths. Taken in from an initial state with angular momentulp to an inter-
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for transition energyE,, in MeV. This gives 2.15 eV for a 1
MeV single-particle transition. The decay width of 2.98
X 10 ° eV therefore corresponds to a transition strength of
1.39x 10 ° single-particle units(W.u.), or equivalently, a
hindranceF,= 7 x 10*. While this hindrance is substantial,
it is less than would be expected given tiemismatch, at
least superficially. AllowedE1 transitions between rotational
bands have hindrances which may vary substantially because
of structure effect§such as specific configuration changes

FIG. 1. Excitation energies of known positive-parity bands in but normally they would fall in the range of 1Go 1C.
189Ta. The asterisks indicate the excitation energies correspondingdditional hindrance is expected for transitions which &re
to known photon-scattering resonandd®,11] plotted assuming forbidden[6,14]. In the present case, withkachange of four
spins of 8, 9, and 10, in sequential groups lab&ked (B), and(C),  units, and a multipolarity of unity, the transition is threefold
as discussed in the texiGroups(B) and (C) are preliminary and K forbidden, which would normally carry an additional hin-
have been communicatdd1] as 1550, 1850, and 2160 keV, and drance of about FOper degree of forbiddennefs4]. While
2400, 2640, and 2800 keV, with uncertain errors. The grouping ighere is considerable variation and uncertainty in such esti-
our constructiori. The calculated energies of the secand@=5"* mates, the present hindrance value(T0") must be seen as
bandhead and the fir&t"=6"% bandhead7] are also indicated. marginal if it is to be understood in this context.

One effect which will modify hindrances is the specific

mediate statel,, involves the statistical factog=(2l,  mixing associated with the configurations of the states in-
+1)/(21,+1), the photon wavelengtih, and the decay volved. The 9 configuration, for example, consists of the

0 100 200
I(I+1)

widths[12,13, with neutron () and proton ) Nilsson-model orbitals
v9/27[624]® w9/27[514]. The v9/2*[624] orbital is from
A2 T[T, aniqz;» neutron, which will have significark mixing due to
Sg= jE odEng T (1) Coriolis coupling. Estimates of this mixing using the
R

particle-rotor model give amplitudes of about 0.30 foKa

=8 admixture in the 9 state, with slightly higher values in
where the total decay width of the intermediate stafé,ithe  the higher-spin members of the same band. Similarly, the 5
decay width for all paths that reach thé fround state is band, with  probable  configuration »1/27[510]
I'g, andI’,, is the width for decay back to the initial (9 ® 79/27[514], itself shows the effects of rotation alignment
state. [7] which is a manifestation of Coriolis mixing, hence it

It is evident thatl',<I', and thus the cross section of must also contain significai{ admixtures. The systematic

0.0574) eV.b measured by Beliet al. [10] for a transition  effect of such mixtures ok1 rates for a given configuration
energy of 101Q0L0) keV translates to a widti',,>1.68 change has been documented for specific césep, Ref.
X 107° eV. (Note that Belicet al.also quote a 20% system- [15]).
atic error which we ignore for this discussiprSince we We can also look to cases involving the same configura-
consider the proposition that the states being excited artion change as occurs between the Band and the 9 band
members of a previously observ&d™=5" rotational band as a further guide; the only comparalilé transitions in the
whose decay properties are known, or can be reliably estiegion are in'8Hf, where a 9/2[624], 80 us isomer de-
mated,I'y (and its componentscan be specified. Further- cays to members of the 1/2510] band[16]. Note that this
more, in the absence of any other decay paths except for tHavolves the same level ok forbiddenness. In*8!Hf, the

in-band decays, thell=I'g+I",, whereI',,, the “back’  hindrance factors are in the rangg,= 10'°— 10'%, approxi-
decay width, has to be consistent with the proposed excitamately the strengths that would be expected normally. While
tion. the different Fermi levelsN =107 for *®°Ta, andN= 109 for

In these circumstances rearrangement of (g gives 1814f) may have an effect, and the Coriok&mixing con-
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FIG. 2. Partial level scheme fdf°Ta, adapted from Ref9], with energies in keV. The low-energy photoactivation transitidi®;11]
from the long-lived isomer are illustrated on the right-hand side. They correspond to photon resonance energie$l16f RE0
~1220 keV, and~1430 keV. The correspondingxcitation energies are 75 keV higher. Also shown are finedicted EL transitions
decaying from theK"=5" band back to th&™=9" band.

ditions will not be precisely the same in both nuclei, thecients[19] and where necessary the mixing ratios implied by
purported '&Ta transitions are apparently orders of magni-the rotational-band analysjg,9].
tude faster. Note that neither the in-band-ray widths, nor the
The major and perhaps most pertinent difference betweeoonversion-electron widthgthe sum of which givel’ for
these cases, however, is that the upper state$%fa are  each state are dependent on any assumptions about the
very nonyrast, in contrast to the states iAHf. Level-  strengths of th&1 decay paths. ThE1 width for the 1076
density effects(random mixing due to overlapping levels keV state is extracted from the photon-scattering cross-
may be the key feature, as these are already known to redusection data, as discussed above, and all d#iewidths in
hindrances foE2 transitions from states, depending on theirTable | have been estimated assuming the same hindrance of
position above the yrast ling.7]. Fw="7x10% As can be seen from the table, there are several
Independent of the explanation, to be consistent with th€E1 decay paths possible from each of the &nd 10" mem-
inferredE1 excitation strength, this treatment also implies abers of theK"=5" band, which would also result in signifi-
significanty-ray branch from the 1076 keV'8state back to cant y-ray branches back to the 9band. These are illus-
the 9 isomer. As is clear from Figs. 1 and 2, the next twotrated schematically in Fig. 2.
resonances also mat¢ithin the uncertaintiosthe energies Furthermore, the results of Table | can be used in Egs.
of K™=5" band members. The situation is summarized inand (2) to predict the cross sections which should be ob-
Table I (and schematically in Fig.)2vhere the decay widths served at resonance energies corresponding to thar@l
are listed for all states of th€™=5" band which might be 10" states. Application of these formulas gives cross-section
accessible byl excitation from the 9, 75 keV isomer. predictions of 0.073 eV.b and 0.089 eV.b at photon energies
The decay widths within the rotational band are estimateaf 1203 keV and 1424 keV, respectively. Bekt al. [10]
using a combination of the rotational-model formulas for aobserve a clear second discontinuity at 1@2DkeV in their
band withK=5, and the known in-bang-ray branching (v,y’) data and subsequent analy$&$| for it and a third
ratios from which the other band properties associated witlesonance at 14880) keV, give even larger cross sections
the intrinsic configuration (g—gg values, mixing ratios, (0.27 and 0.24 eV)than those predicted here. If the large
etc) have previously been extractEd,9]. A quadrupole mo- cross sections are substantiated, then they are at the limit of
ment of 6.79 e b, consistent with that measurgtB] for the  what can be understood within the present scenario, i.e., by
=9~ state, has been assumed. Also included are the totainly lowering the hindrances for tHel transitions(to, say,
widths for each branctcolumn seven of the tabléncluding ~ F=10* which is equivalent to increasirig,,. It may also
conversion, estimated from calculated conversion coeffibe necessary to consider mechanisms for incredsin@nd
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TABLE |. Partial y-ray decay widths for th&"=5" band at  scattering experiments and the members of the kn&wn
592 keV in *®Ta and predictedE1 branches to th&”=9" band. =57 band is striking and we emphasize that, even iffe
Total widths including conversion are shown in the last column. transitions turn out to be more hindered, they must occur at
some level, which will result in resonance behavidtote
Initial state 17 I M\ E, r,* (1+epl, also that very recent Coulomb excitation studies'8tra

(keV) (10°° eV) (10°° eV) [20] have suggested a deexcitation path through Kife
=5"% bandhead, but without identification of the specific

1499 10 81 E2 423 8.79 9.06 states excitedl.
9" MlE2 221 4.73 6.88 It should also be emphasized, as illustrated by Fig. 2, that
while there are other positive-parity states known which de-
9 E1 1424 8.? 8.7 cay to the ground state, and which are, in principle, acces-
100 E1 1221 55 5.5 sible by E1 excitation, only theK=5 band seems to be
11- E1 995 3.0 3.0 populated in the photon scattering. This is consistent with the
need to minimize the change i For example, the lowest-
1278 9 7" E2 383 4.29 4.47 energy 8 state that decays to the short-livéd=1 ground
8" M1E2 201 2.74 4.34 state is at 736 ke\7] equivalent to an isomer photoactiva-
tion energy of only 661 keV. From the total angular-
9~ E1 1203 5.9 5.2 momentum and parity values, which permit&h transition
100 E1 1000 3.0 3.0 from *°TaM, it might be expected that the stellar photon bath
would destroy*®Ta™ through this state. However, tHel
1076 8 6 E2 344 1.75 1.85 transition would be sevenfold forbidden, and the transition
77 M1E2 182 115 2.00 hindrance factor would be expected to be much greater than
that observed for transitions to the=5 band. Thus, the
9 E1 1001 [2.9§° [2.99° ability of 18°Ta™ to survive in stars may be attributed, at least

. . in part, to axially symmetric nuclear deformation and the
@Calculated withk =5 andQ,=6.7% b for the Al =2 E2 transi- consequent influence of thé quantum number.

tions, combined with measured branching ratios to obtainAthe F|na”y, St”l hlgher_energy resonances have recently been
=1 transitions; predicteEl widths are in italics, assuming a gbserved by Beliet al. [11] and these can be arranged in
strength of 1.4107° W.u. sets of three, indicated by the groups of asterisks lab@gd

®This decay width back to the isomer correspondE fan Egs.(1)  and (C) in Fig. 1. The nonyrast experimental states in the
and(2). The value[2.98 is obtained from the cross section given higher-energy region are probably inaccessible to conven-
by Belic et al. [10]. tional spectroscopy, but it should be noted that the roughly
monotonic energy spacing is consistent with band structure.
; ; Further, group(B) falls in the region expected for the band
thereforel') implying decay routes to the "1ground state members of the second™=5" band or the firs 7= 6

additional to the in-band rotational paths shown in Table | . -
and Fig. 2. Such branches become more probable as the Land (from the unfavored couplings of thel1/27[521]

citation energy increases. ?779/ 27[(51.1‘? dat?d V|3/2|7[t'512]®779d/2'7[d5143 dc_on;‘:iguri—
As stated earlier, even with tHel strengths restricted to ions) predicted by calculation§’] and indicated in Fig. 1.

that obtained for the first resonance, all prediciEd y-ray In summary, the comparison of rece_nt photon-scattering
branches back to the™9band are significant. Out-of-band and y-ray spectrgscopy Qata_gnables dlscrete_ levels fror_n a
E1 transitions are not unusual, but their importance in thé)and withK”=5" to be identified as intermediate states in

present context is that their observation could establish co _gve)l(fliiztligZ/ndti?‘if:?':i(?r:ov?/ﬁzst.hzhfoge\ivoe)zslie(y :ggsﬁalﬁcit éO?G
clusively the relationship between the photon-scatterin :

. . orrect, then a 1001 ke\E1 back-decay transition is pre-
resonances and the states observed in high-resolytiay rdicted. Similar transitions are predicted from the &nd 10

spectroscopy. Their presence is both a stringent test of t ot fth tational band wh : I tch
internal consistency of the proposition, and a test of the trans ates of the same rotational band Whose energies aiso matc
hoton resonances, if the equival&it hindrances are pre-

tsr;'{éocv;:lr(e{:)ggh;[é[rgglg%nauvc\:/?]igiﬂi(;hfnsig;ﬁri%gf; &S:th[ﬂgd @erved. Observation of such transitions would serve both as

E1 strengths should be lowéwhich would then be in con- confirmation of the proposed associations and as a quantita-

flict with the cross sectionsat this stage the nonobservation tive test of the impliecE1 strengths an& hindrances. Im-

can be attributed to experimental limitations. The member?.ortfintly’ theEl tr_ansitions implied by the.se analysc_as are
of theK™=5" band are well above the yrast line, and theirS|gnn‘|cantly less hindered than expected givenKhierbid-

very weak population in in-beam experiments makes ver 1ENNess. The ability to ma;ch.n.onyrast rotational states iden-
difficult the -y gating on transitions feeding into each state. ified in spectroscopy with individual photo_n-scatterln_g reso-
Such gating is necessary to identify properly the relativelypam.:e.S may provide a means of probing, quantitatively,
high-energyE1 branches. Experiments planned with moreK'm'XIng well above the yrast line.

efficient y-ray detector arrays should reach the sensitivity We are very grateful to the authors of Refl1] for
required to test specifically the precise predictions madegraciously providing their results prior to publication. J.J.C.
here, or at least to quantify thEl strengths further. The acknowledges the support of AFOSR Contract No. F49620-
match between the location of resonances in the photor§9-1-0263.
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