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The thermal coupling between low-K and high-K states via so-called intermediate states (IS) in

a stellar photon bath is analyzed. The transition rates depend linearly on the integrated cross

sections of IS and exponentially on temperature. These transitions may affect the effective half-

life of nuclei under stellar conditions dramatically. Three examples are studied in detail:176Lu,
180Ta, and186Re.176Lu acts as a thermometer for the s-process; however, there are discrepancies

for the integrated cross section of the lowest IS at 839 keV.180Ta is thermalized under s-process

conditions within hours and may be interpreted as a “mixometer” for the fast convective mixing

in AGB stars. In the p(γ)-process andν-process180Ta is produced in thermal equlibrium leading

to survival of about one third of the synthesized180Ta in the 9− isomeric state. The(8+) isomer

in 186Re does not have significant influence on the s-process branching at186Re.
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1. Introduction

Low-lying isomers may affect the nucleosynthesis path in various nucleosynthesis processes
dramatically. In particular, the synthesis of heavy nuclei is influenced by so-calledK-isomers. The
K quantum number is the projection of the angular momentum on the intrinsic symmetry axis of a
nucleus; it is approximately conserved. Especially in heavy odd-odd nuclei the angular momenta
~jp and~jn of the unpaired proton and neutron may couple to states with highK ≈ |~jp|+ |~jn| and
low K ≈ |~jp|− |~jn| ≈ 0. Transitions between low-K and high-K states are strongly suppressed by
approximately a factor of 100 per degree ofK-forbiddenness which is defined asν = |∆K −L |

whereL is the multipole order of the electromagnetic transition [1]. E.g., for180Ta this increases
the lifetimeτ of an E2 transition with∆E = 100 keV from about 1µs withoutK-suppression by
twelve orders of magnitude to about ten days for a transition withν = 6, Ki = 9→ K f = 1.

Direct transitions between low-K and high-K states are strongly suppressed. However, a cou-
pling between low-K and high-K states may be realized by higher-lying states with intermediateK
which may decay directly or via cascades to the low-lying low-K and high-K states. The proper-
ties of these so-called intermediate states (IS) have to be analyzed carefully. IS may be excited in
the thermal photon bath of the respective stellar environment, e.g. at thermalenergieskT of about
8 keV and 26 keV for the neutron sources13C(α ,n)16O and22Ne(α ,n)25Mg in the s-process, or
about 150−300 keV in the p(γ)-process. The transition rateλ between low-K and high-K states
via an IS at energyEIS depends on the energy-integrated cross section:

λ (T) =
∫

cnγ(E,T)σ(E)dE≈ cnγ(EIS,T) Iσ (EIS) (1.1)

with the thermal photon density

nγ(E,T) =

(

1
π

)2 (

1
h̄c

)3 E2

exp(E/kT)−1
(1.2)

and the energy-integrated cross section

Iσ =
∫

σ(E)dE =
2JIS+1
2J0 +1

(

πh̄c
EIS

)2 ΓIS→low−K ΓIS→high−K

Γ
(1.3)

ΓIS→low−K andΓIS→high−K are the total decay widths from the IS to low-K and high-K states (in-
cluding all cascades),Γ = ΓIS→low−K +ΓIS→high−K is the total decay width,JIS andJ0 are the spins
of the IS and the initial state, and the energyEIS is given by the difference between the excitation
energies of the IS and the initial state:EIS = Ex(IS)−E0. The factorΓIS→low−K ×ΓIS→high−K/Γ in
Eq. (1.3) may also be written asbIS→low−K ×bIS→high−K ×Γ wherebIS→low−K andbIS→high−K are
the total decay branchings of the IS. The total stellar transition rate is givenby the sum over all IS;
however, from the exponential dependence of the photon density in Eq.(1.2) it is obvious that only
very few low-lying IS – and often only the lowest IS – dominate the stellar transition rate.

There is a significant enhancement for the stellar transition rateλ between low-K and high-K
states in Eq. (1.1) because laboratory measurements (e.g. photoactivationor Coulomb excitation
[2, 3]) of the integrated cross sectionIσ determine only the minor direct transitionΓIS→initial from
the IS to the initial state in the experiment (excluding cascades) instead of the total decay width to
the low-K or high-K initial state in Eq. (1.3) [4]. In particular, the lowest IS cannot be found inthe
experiment if there is no direct decay from the IS to the initial state in the experiment [4].
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2. Nucleosynthesis of 180Ta: s-process, p(γ)-process, r-process, ν-process?

The nucleosynthesis of the rarest quasi-stable nucleus180Ta is still an open question. Whereas
the 1+ ground state of180Ta is unstable with a half-life of about 8 h, there is a 9− isomer atEx =

77 keV with a half-life of more than 1015 y. At first view, it is bypassed in the s-process and
shielded from the r-process. Consequently,180Ta has been assigned to the p(γ)-process, and a small
temperature window has been found to produce a significant amount of180Ta by the181Ta(γ,n)180Ta
reaction [5, 6]. However,180Ta may also be produced in two branches of the s-process (i) via
the decay of thermally excited179Hf to 179Ta and subsequent neutron capture or (ii ) via isomer
population and decay in the179Hf(n,γ)180mHf(β−)180mTa chain [7], or by neutrino interactions, e.g.
in the180Hf(νe,e)180Ta reaction [8]; r-process synthesis of180Ta remains indeed excluded because
of very weak isomer-to-isomer decay branches in theA = 180 decay chain [9].

Based on the photoactivation data [2] and the interpretation [10] of the experimentally deter-
mined IS as high-lying members of theKπ = 5+ band atEx = 594 keV, a recent analysis [4] has
shown that the 5+ band head acts as lowest IS in180Ta. The observed activation after Coulomb
excitation [11] may also be assigned to this band by an E3 transition from the 9− isomer to the 6+

state at 735 keV. Because the nucleosynthesis of180Ta was studied in detail in [4], here I only repeat
the main conclusions. They are based on reasonable theoretical estimates for the decay strengths
of the new IS at 594 keV and on the measured integrated cross sections ofhigher-lying IS [2].

The new low-lying IS at 594 keV does not affect the nucleosynthesis of180Ta atkT ≈ 8 keV
which is typical for the13C(α ,n)16O neutron source which burns for ten thousands of years in AGB
stars. However, atkT ≈ 26 keV which is typical for the22Ne(α ,n)25Mg neutron source which
burns for a few years,180Ta is thermalized within a few hours. Thus,180Ta can survive s-process
conditions only because of fast convective mixing with its timescale of the order of several hours.
If the s-process production of180Ta 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 of180Ta in the p(γ)-process orν-process occurs at much higher temperatures
kT ≫ 100 keV where180Ta is thermalized within less than microseconds. The isomer abundance
freezes out when the coupling via IS becomes slower than the supernovatime scale of about one
second. This leads to a (35±4) % survival of180Ta in its long-living isomeric 9− state – indepen-
dent of the production by photon-induced or neutrino-induced reactions [4].

Although the abundance of180Ta is the lowest of all naturally occurring nuclei, the above
conclusions indicate that three nucleosynthesis processes – the s-process, the p(γ)-process, and the
ν-process – are required which synthesize180Ta with almost similar contributions.

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

The 7− ground state of176Lu decays with a long half-life of about 40 Gy to stable176Hf. Both
176Lu and176Hf are s-only nuclei. Their abundance ratio seems to be a perfect chronometer for the
s-process. However, there is a low-lying 1− isomer in176Lu with a much shorter half-life of 3.7 h
for the decay to176Hf. The coupling of isomer and ground state via IS shortens the effectivestellar
halflife of 176Lu and turns the chronometer into a thermometer for the s-process.
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It is generally accepted that the lowest IS in176Lu is a 5− state atEx = 839 keV. Its decay prop-
erties have been measured [12, 13, 14], and it has been found that theIS decays predominantly to
the ground state. Thus, an experimental determination of the integrated cross sectionIσ is possible,
and such experiments have been performed using Coulomb excitation [3] and photoactivation with
bremsstrahlung [15].
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Figure 1: Integrated cross sectionIσ for various IS in neutral atomic176Lu. The combined analysis of all
avaliable experimental data for the lowest IS at 839 keV [3, 12, 13, 14, 15] (red) is about a factor of 10 higher
than a recent astrophysical determination [16] (brown). Further discussion see text.

The results of the various experiments are summarized in Fig. 1. IS withγ-spectroscopically
confirmed decay branches to low-K and high-K states are marked in green [12, 13, 14]. For the
lowest IS at 839 keV upper and lower limits for the lifetime are available leading tothe shown error
bar for Iσ (839). An upper limit for the lifetime is known for the IS at 922 keV leading to a lower
limit of Iσ (922). No lifetimes are known for the other IS; thus,Iσ remains unknown (indicated
by vertical lines). IS with dominating ground state transitions, i.e. IS which should be seen in
photoactivation or Coulomb excitation, are additionally marked by green arrows on top of Fig. 1.

The Coulomb excitation [3] experiment cannot resolve individual IS. Instead, it provides a
sum ofIσ of the low-lying IS (blue). The analysis of the photoactivation data [15] is not finished,
i.e. theIσ are not yet determined. However, the excitation energies of IS can be taken from the
photoactivation yield curve in [15] (grey bars). An energy difference of about 180 keV is found
between the two lowest IS, corresponding to the IS at 839 and 1032 keV.Combining all available
experimental data, one finds thatIσ (839) is close to its upper limit (in agreement with theroretical
considerations in [14]), andIσ (922) is close to its lower limit (red). The result forIσ (839) is about
a factor of 10 higher than the so-called ’best case’ of [16] (brown) which is based on an analysis of
lutetium and hafnium abundances from a realistic s-process model in AGB stars.

The Iσ of IS in 176Lu are shown for atomic natural176Lu. The small transition energy of the
M1 transition from the 5− state at 839 keV to the 4− state at 723 keV leads to a significant enhance-
ment ofIσ (839) under laboratory(!) conditions because this transition is enhanced by conversion
electrons. At s-process temperatures one findsnK ≈ 0.4 electrons in theK-shell [17] instead of
nK = 2 leading to an effective conversion coefficientαeff ≈ 0.4 instead ofα = 2.42 for neutral
atoms [18]. In total,Iσ (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 to the result of [16], see Fig. 1.

4. The s-process branching at 186Re and the Re/Os cosmochronometer

The ground state of186Re hasJπ = 1− with a short half-life of 3.7 days. An(8+) isomer
is found atEx = 149 keV with a half-life of 2× 105 y, and a candidate for an IS is the(6)−

state at 186 keV. Decay properties of the candidate for an IS are unknown. Nevertheless, it can
be stated that the influence of the isomer on the s-process branching at186Re and the Re/Os-
cosmochronometer is negligible. The isomer is only weakly populated in neutroncapture [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 circumstances the s-process
branching at186Re remains weak, especially when compared to the neighboring branching at185W.

5. Conclusions

Isomers may affect nucleosynthesis dramatically. Because of their low-lying isomers,176Lu is
a thermometer for the s-process, and180Ta may act as “mixometer” for the s-process. Additionally,
only one third of the synthesized180Ta survives p(γ)-process- orν-process-conditions. Contrary to
180Ta and176Lu, the isomer in186Re has no significant influence on the186Re s-process branching.
A significant discrepancy for the integrated cross section of the lowest IS in 176Lu between the
experimental data and an astrophysical determination [16] remains to be solved.

I thank R. Gallino, F. Käppeler, U. Kneissl, K.-L. Kratz for encouraging and fruitful discussions.
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