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Introduction:  Overproduction of 186Os in s-
process models led Meyer and Wang to speculate that 
s-process enhanced s-process branching across 186Re 
might occur because neutron capture from 185Re would
feed the long-lived 8+ isomeric state at 149 keV, which, 
if it did not de-excite rapidly to the 1+ ground state, 
would neutron capture to 187Re, thereby bypassing 
186Os [1].  Meyer and Wang also speculated that this 
enhanced branching could explain the apparently large 
neutron flux environment inferred from Os isotopic 
measurements in presolar SiC grains [2].

Recent experiments and calculations suggest that it 
is no longer necessary to invoke a high-flux environ-
ment to explain the presolar grain data [3]. The sug-
gestion further is that nuclear flow via the 186Re iso-
meric state is unlikely to give the 20% enhancement in 
the branching needed to account for the 186Os overpro-
duction problem because the isomeric state will de-
excite sufficiently rapidly to the ground [3] in s-process 
conditions.  

In order to address this question, we seek to study 
the de-excitation of the 8+ isomeric (or meta-stable) 
state in 186Re and its role is s-process branching quanti-
tatively.

wn_two_level:  Gupta and Meyer computed the ef-
fective equilibration rate between a ground state and a 
long-lived isomer by assuming all other states quickly 
attained a steady state because of  their rapid destruc-
tion and creation timescales [4].  This treatment allows 
the nucleus to be divided into two separate nuclear 
species that can then be considered separate species in 
a nuclear reaction network.  The two species are a 
ground state ensemble, that is, the ground state and the 
portion of all higher-lying states connected to the 
ground state, and the meta-state ensemble, that is the 
isomer and the portion of all higher-lying states con-
nected to the isomer.  Interestingly, a higher-lying state 
can belong to both ensembles, a portion of the state 
belonging to the ground state ensemble and another 
portion belonging to the meta-state ensemble.  The 
effective equilibration rate is the transition rate be-
tween the two ensembles.

Calculation of the effective equilibration rates re-
quires operations on matrices containing rates between 
individual levels within the nucleus.  To facilitate cal-
culation of internal equilibration rates for other nuclei, 
we have constructed a C code module, called 
wn_two_level, that performs these operations.  
wn_two_level is released under the GNU General Pub-

lic License and is publicly available for download from 
http://www.webnucleo.org/home/modules

Equilibration rate of 186Re:  We used 
wn_two_level-based codes to compute the internal 
equilibration rate of 186Re.  Few of the necessary inter-
nal transition rates between nuclear levels are experi-
mentally known, so, where necessary, we computed 
them from Weisskopf estimates [5].  The results are 
shown in Fig. 1.  At low temperature (T9<107), the 
transition rate from the isomer to the ground is simply 
that due to spontaneous transitions down.  As the tem-
perature rises, however, transition rates within the nuc-
leus increase.  Multi-step transitions then increase the 
effective transition rate from the isomer to the ground.  
Similarly, the transition rate from the ground to the 
isomer grows with temperature.

Fig. 1:  The effective transition rate between the 
meta-stable state ensemble and the ground state 
ensemble (dashed curve) and the effective transition 
rate between the ground state ensemble and the meta-
stable state ensemble (solid curve).  

Nearly all transitions in the effective rate 
calculations shown in Fig. 1 rely on Weisskopf 
estimates.  While these are only estimates, they are 
typically good to within a factor of ten or so.  We 
repeated our calculations with all estimated transition 
rates increased or decreased by a factor of ten.  The 
results were than the effective rates similarly increased 
or decreased by about a factor of ten.  A factor of ten is 
thus a good estimate for the accuracy of our calculated 
transition rates between the ensembles.
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Fig. 2 shows the result of an equilibration calcula-
tion for 186Re at T9 = T/109 K = 0.2 in which the initial 
population of the states is entirely in the isomer.  As
time progresses, however, the population of the ground 
state grows while that of the isomer declines.  The two 
states are fully equilibrated within about one second, as 
expected from the effective rate at T9 = 0.2 in Fig. 2.

Fig 2:  The state population probabilities for the 
ground state and isomer as a function of time for an 
internal equilibration calculation for 186Re at T = 2x108

K  in which the initial population is 100% in the iso-
mer.  The solid curve is for a calculation that includes 
all energy levels within about 1 MeV of the ground 
state while the dashed curve is for a two-state reduced 
system using the effective equilibration rate computed 
from wn_two_level.

s-Process branching at 186Re:  With an effective 
equilibration rate between the ground and isomeric 
states in 186Re, it is possible to analyze the s-process 
branching in the steady-state approximation.  If we 
neglect electron capture from 186Re to 186W, we find 
that the abundance of 186Os, Y(186Os), is related to the 
abundance of 185W, Y(185Os), by the expression

186 185

186

, Re,186 185Re( ) ( )g

g Os

v
Y Os R Y W

v

 


  


where λβ is a beta-decay rate, <σv> is a thermally-
average neutron-capture cross section, and Λg is the 
total destruction rate of 186Reg:

,186Re 186Re,g gm A ng
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where here λgm is the excitation rate from the ground to 
the meta-stable ensemble, ρ is the mass density and Yn

is the abundance of neutrons per nucleon. The quantity 
R is given by
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Here Λm is defined analogously to Λg (with λmg replac-
ing λgm) and the subscript 185Re indicates the total cap-
ture cross section from 185Re while 185Re,m indicates
the cross section for capture from 185W into the meta-
stable (m) state of 186Re .  Were there no contribution 
to the branching at 186Re from the isomer, R = 1 and

,186Re 186Reg A nN v Y    
in which case the flow from 185W to 186Re would simp-
ly be the steady flow corrected for the simple branch-
ing at 186Re.  When there is flow into the meta-stable 
state and between the meta-stable state and the ground 
state, R differs from unity.  R < 1 indicates an increase 
in the branching and a bypassing of 186Os.

With rates λgm and λmg available from our 
wn_two_level-based code calculation, and assuming 

185 Re,m
v = 185 Re,g

v , we find that R≈0.99 for

T=2x108 K and a typical ρYn for the s-process of nuc-
leosynthesis.  We thus find that the isomer increases
the branching at 186Re only the order of a few percent 
or less at typical s-process conditions.  Indeed, at this 
temperature, the ground and isomeric states are nearly 
equilibrated. At lower temperatures the contribution is 
typically even less.  This means that branching via the   
186Re isomer does not solve the problem of overproduc-
tion of 186Os in the s-process.  As emphasized by [3],
however, this apparent overproduction is probably due 
to an incomplete accounting for all the other uncertain-
ties in the problem.  We further conclude that consid-
eration of branching via the 186Re isomeric state will 
only need to be accounted for when comparison of s-
process models and presolar grain data reaches the 
level of roughly a percent.

While we have only considered 186Re in this paper, 
there are isotopes in the s-process that have long-lived 
isomers at branch points.  The code and techniques 
presented in this paper would be appropriate for them 
as well.
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