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1. Introduction

Low-lying isomers may affect the nucleosynthesis path in various nualdossis processes
dramatically. In particular, the synthesis of heavy nuclei is influencediaiedK -isomers. The
K quantum number is the projection of the angular momentum on the intrinsic symmistigf ax
nucleus; it is approximately conserved. Especially in heavy odd-odigirthe angular momenta
jp and j, of the unpaired proton and neutron may couple to states with Kigh|jp| + | jn| and
low K ~ \j},\ — |jn| = 0. Transitions between loW-and highK states are strongly suppressed by
approximately a factor of 100 per degreekoforbiddenness which is defined as= |AK — 7|
where.Z is the multipole order of the electromagnetic transition [1]. E.g.}$6Fa this increases
the lifetime 1 of an E2 transition witlAE = 100 keV from about s withoutK-suppression by
twelve orders of magnitude to about ten days for a transition with6, Ki = 9 — K; = 1.

Direct transitions between loW-and highK states are strongly suppressed. However, a cou-
pling between lowK and highK states may be realized by higher-lying states with intermediate
which may decay directly or via cascades to the low-lying kvand highK states. The proper-
ties of these so-called intermediate states (IS) have to be analyzed can€utiay be excited in
the thermal photon bath of the respective stellar environment, e.g. at themergiekT of about
8keV and 26 keV for the neutron sourcE€(a,n)*®0 and??Ne(a,n)*®Mg in the s-process, or
about 150- 300keV in the py)-process. The transition rafebetween lowK and highK states
via an IS at energ¥,s depends on the energy-integrated cross section:

AT) = /cny(E,T) 0(E)dE ~ cny(Eis, T) lo(Eis) (1.1)
with the thermal photon density

and the energy-integrated cross section

(1.3)

- / (E)dE= D+ ( nﬁc)2 M5 tow—k [1s—high-K
21h+1 \ Es r

Ms—low—k andls_nigh-k are the total decay widths from the IS to Idvand highK states (in-
cluding all cascadesl), = I'is_.jow—k + Ms—high—k IS the total decay width];s andJp are the spins
of the IS and the initial state, and the eneEjy is given by the difference between the excitation
energies of the IS and the initial statgs = Ex(IS) — Eg. The facto js_jow—k X Nis—high—k /T in
Eq. (1.3) may also be written dfs .iow—k X Dis—high-k X I wherebjs_jow—k andbs_nigh-k are
the total decay branchings of the IS. The total stellar transition rate is givéme sum over all IS;
however, from the exponential dependence of the photon density {1 2§it is obvious that only
very few low-lying IS — and often only the lowest IS — dominate the stellar iiangate.

There is a significant enhancement for the stellar transitionrdsetween lowK and highK
states in Eq. (1.1) because laboratory measurements (e.g. photoactivaonlomb excitation
[2, 3]) of the integrated cross sectity determine only the minor direct transitidhs_initial from
the IS to the initial state in the experiment (excluding cascades) instead ofahddoay width to
the lowK or highK initial state in Eq. (1.3) [4]. In particular, the lowest IS cannot be fountthé
experiment if there is no direct decay from the IS to the initial state in the empet [4].
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2. Nucleosynthesis of 18%Ta: s-process, p(y)-process, r-process, V-process?

The nucleosynthesis of the rarest quasi-stable nuéf€tia is still an open question. Whereas
the 1 ground state of8%Ta is unstable with a half-life of about 8 h, there isai8omer atE, =
77 keV with a half-life of more than #0y. At first view, it is bypassed in the s-process and
shielded from the r-process. Consequertfi{Ta has been assigned to thg)pprocess, and a small
temperature window has been found to produce a significant amotiiTafoy the'®'Ta(y,n)*eTa
reaction [5, 6]. Howevert8Ta may also be produced in two branches of the s-prodpssa(
the decay of thermally excitet! °Hf to 17°Ta and subsequent neutron captureigrvia isomer
population and decay in tHé°Hf(n,y) 8 MHf(3~)8°MTa chain [7], or by neutrino interactions, e.g.
in the 18%Hf(ve,e)18Ta reaction [8]; r-process synthesis'8fTa remains indeed excluded because
of very weak isomer-to-isomer decay branches inAhe 180 decay chain [9].

Based on the photoactivation data [2] and the interpretation [10] of theriexentally deter-
mined IS as high-lying members of ti&" = 5" band atEx = 594 keV, a recent analysis [4] has
shown that the 5 band head acts as lowest IS1f#Ta. The observed activation after Coulomb
excitation [11] may also be assigned to this band by an E3 transition fronT tieofher to the 6
state at 735 keV. Because the nucleosynthesi€’da was studied in detail in [4], here | only repeat
the main conclusions. They are based on reasonable theoretical estionatesdecay strengths
of the new IS at 594 keV and on the measured integrated cross sectioghef-lying IS [2].

The new low-lying IS at 594 keV does not affect the nucleosynthest&%®a atkT ~ 8 keV
which is typical for the'*C(a,n)*®0O neutron source which burns for ten thousands of years in AGB
stars. However, akT ~ 26 keV which is typical for the??Ne(a,n)*®Mg neutron source which
burns for a few years°Ta is thermalized within a few hours. Thu§°Ta can survive s-process
conditions only because of fast convective mixing with its timescale of the ofdsveral hours.

If the s-process production &%°Ta could be measured, e.g. from an isotope analysis of meteorites,
180Ta may be used as “mixometer” for the convective mixing in AGB stars.

Nucleosynthesis df°Ta in the p{)-process ow-process occurs at much higher temperatures
KT >> 100 keV where'®%Ta is thermalized within less than microseconds. The isomer abundance
freezes out when the coupling via IS becomes slower than the supemmeavacale of about one
second. This leads to a (354) % survival of'8Ta in its long-living isomeric 9 state — indepen-
dent of the production by photon-induced or neutrino-induced reacfjn

Although the abundance df°Ta is the lowest of all naturally occurring nuclei, the above
conclusions indicate that three nucleosynthesis processes — theesqrbe pf)-process, and the
v-process — are required which synthesi@&a with almost similar contributions.

3. Nucleosynthesis of 176Lu: thermometer for the s-process

The 7 ground state of’®Lu decays with a long half-life of about 40 Gy to stabléHf. Both
178 y and’®Hf are s-only nuclei. Their abundance ratio seems to be a perfectarnegar for the
s-process. However, there is a low-lying tsomer in’®Lu with a much shorter half-life of 3.7 h
for the decay td’®Hf. The coupling of isomer and ground state via IS shortens the effestidlar
halflife of 16Lu and turns the chronometer into a thermometer for the s-process.
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It is generally accepted that the lowest IS{ALu is a 5 state aE, = 839 keV. Its decay prop-
erties have been measured [12, 13, 14], and it has been found th&tdeeays predominantly to
the ground state. Thus, an experimental determination of the integratedsei®on; is possible,
and such experiments have been performed using Coulomb excitatiord[Bhatoactivation with
bremsstrahlung [15].
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Figure 1: Integrated cross sectidg for various IS in neutral atomit’®Lu. The combined analysis of all

avaliable experimental data for the lowest IS at 839 keV 231B, 14, 15] (red) is about a factor of 10 higher
than a recent astrophysical determination [16] (brown)thar discussion see text.

The results of the various experiments are summarized in Fig. 1. ISywsifiectroscopically
confirmed decay branches to Idvand highK states are marked in green [12, 13, 14]. For the
lowest IS at 839 keV upper and lower limits for the lifetime are available leadititgetehown error
bar forl4(839). An upper limit for the lifetime is known for the IS at 922 keV leading to a lower
limit of 15(922). No lifetimes are known for the other IS; thug, remains unknown (indicated
by vertical lines). IS with dominating ground state transitions, i.e. IS whichulshibe seen in
photoactivation or Coulomb excitation, are additionally marked by greewarma top of Fig. 1.

The Coulomb excitation [3] experiment cannot resolve individual 1Stebu, it provides a
sum ofl4 of the low-lying IS (blue). The analysis of the photoactivation data [15pisfimished,

i.e. thely are not yet determined. However, the excitation energies of IS can ba fekm the
photoactivation yield curve in [15] (grey bars). An energy diffeein¢ about 180 keV is found
between the two lowest IS, corresponding to the IS at 839 and 103ZkeNbining all available
experimental data, one finds tHa{839) is close to its upper limit (in agreement with theroretical
considerations in [14]), anig:(922) is close to its lower limit (red). The result ftg(839) is about

a factor of 10 higher than the so-called 'best case’ of [16] (browtmitivis based on an analysis of
lutetium and hafnium abundances from a realistic s-process model in fE8 s

Thels of IS in 176Lu are shown for atomic natural®Lu. The small transition energy of the
M1 transition from the 5 state at 839 keV to the4state at 723 keV leads to a significant enhance-
ment ofl;(839) under laboratory(!) conditions because this transition is enhancedrivgision
electrons. At s-process temperatures one fimds: 0.4 electrons in the&k-shell [17] instead of
nk = 2 leading to an effective conversion coefficierft™ ~ 0.4 instead ofa = 2.42 for neutral
atoms [18]. In total)4(839) is about a factor of two larger in laboratory experiments than under
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s-process conditions. This cannot resolve the shown discrepancy tesihit of [16], see Fig. 1.

4. The s-process branching at 1®%Re and the Re/Os cosmochronometer

The ground state of*®Re has]™ = 1~ with a short half-life of 3.7 days. Ar8") isomer
is found atEx = 149keV with a half-life of 2« 10°y, and a candidate for an IS is tt{é)~
state at 186 keV. Decay properties of the candidate for an IS are wnknievertheless, it can
be stated that the influence of the isomer on the s-process branchififRetand the Re/Os-
cosmochronometer is negligible. The isomer is only weakly populated in necégtare [19]
with (1.3+0.8) %. If the (6)~ state acts as IS, this weak population of the isomer is further re-
duced to the thermal equilibrium value below 1 %. Under any realistic circugesahe s-process
branching at®®Re remains weak, especially when compared to the neighboring branchfifg/at

5. Conclusions

Isomers may affect nucleosynthesis dramatically. Because of their logisdmers!’6Lu is
a thermometer for the s-process, aftTa may act as “mixometer” for the s-process. Additionally,
only one third of the synthesizé8°Ta survives pf)-process- ov-process-conditions. Contrary to
180Ta and!’®Lu, the isomer in®®Re has no significant influence on tH€Re s-process branching.
A significant discrepancy for the integrated cross section of the lovgest 1/6Lu between the
experimental data and an astrophysical determination [16] remains to leelsolv
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