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Abstract The astrophysical s-process is a sequence of 
neutron-capture and beta-decay reactions on a slow time 
scale compared to beta-decay lifetimes near the line of 
stability. We systematically study this detailed sequence 
of neutron capture, continuum and bound-state beta decay, 
positron decay, and electron-capture reactions that comprise 
the s-process for a broad range of astrophysical 
environments. Our results are then compared with the 
solar-system abundances of heavy elements to determine the 
range of physical conditions responsible for their 
nucleosynthesis. The nuclear data needs are extensive but 
have begun to be precise enough to allow for a consistent 
interpretation of the astrophysical site for the s-process. 

INTRODUCTION 

It has been clear for some time* that an exponential 
distribution of neutron exposures is required to fit the 
solar-system s-process ON curve (neutron capture cross section 
times abundance) as a function of atomic mass. Ulrich>«' 
showed that an exponential distribution of exposures could be 
achieved in a single star which subjected initial seed material 
to periodic neutron exposures followed by dredge up of some 
fraction of the irradiated material to the stellar surface. This 
s-process scenario has been explored in a series of papers^ -' 
based on a ^'Ne(a,n)2^Mg neutron source for the s-process 
during thermal pulses of asymptotic giant branch stars. There is 
sufficient uncertainty in the stellar models, however, that a 
different approach is warranted, i.e. to utilize the observed 
solar-system s-process ON curve to define the constraints on 
any stellar model for the s-process. This is the subject of the 
present work. This study reveals that the s-process is best fit 
with conditions similar to those expected for relatively low-mass 
red-giant stars near the end of their lifetime. Deviations of 
the fit from the observed solar-system values highlights the 
need for improved nuclear data. 
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S-PROCESS CALCULATION 

In the c l a s s i c a l s-process (without beta-decay branching) 
the abundance of an isotope i s given simply by the solution to 
the set of coupled d i f f erent ia l equations, 

dNA/dT - OCA-DNA-X - a(A)NA , (1) 

where T is the, time integrated neutron flux (i.e. neutron 
exposure) and a the Maxwellian averaged neutron capture cross 
section. 

At equilibrium, a single exposure would lead to a constant 
ON value for all isotopes in the s-process. The solar-system 
ON curve (see Fig. 1), however, requires an exponential 
distribution of neutron exposures, i.e. the probability, p(t) 
for a given exposure is taken to be, 

P(T) « exp(-T/To) . (2) 

In a periodic s-process operating in a single star^»^, the 
mean exposure, T 0, is simply related to the average exposure 
per pulse, AT, and the fraction of material, r, which remains 
after each dredge up, i.e. T 0 = -AT/ln(r). Note, that the 
mixing fraction and exposure per pulse are not independent 
parameters. 

In dynamic stellar environments, such as thermally-pulsing red 
giants, the simplicity of the classical s-process (Eq- l) is lost 
due to a break down of the assumption that neutron captures are 
slow compared to beta decay. We therefore, compute the 
nucleosynthesis in-a network: 

dN(Z,A) = N(Z",A-l)nnan>Y(Z,A-l)+ N(Z-l,A)Xp(Z-l,A) 
dt 

- N(Z,A)[n nO n | Y(Z,A) + Xg(Z.A)] . 

The time-dependence of the flux and temperature dependence of the 
cross sections and beta rates are included. In a few cases, 
positron, electron-capture, or alpha decay'must also be added to 
Eq. (3). We utilize experimental neutron-capture cross sections 
when available**- . Cross sections for unstable or unmeasured 
nuclei were taken from Hauser-Feshbach estimates*' along with the 
temperature dependence of all cross sections. Decay rates from 
thermally populated excited states were calculated assuming thermal 
equilibrium and with appropriately choosen ft values*8. The 
initial seed abundances were taken from solar-system values*'. 

RESULTS 
We have adjusted the parameters to minimize x^ f ° r t n e fit 

to 23 s-only nuclei with Z > 40. Lighter nuclei were omitted 
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Figure 1 Fit to the observed ON curve. 

because of possible contribution from other sources". The most 
sensitive parameters in the fit are T 0, and n n, although the 
temperature, pulse shape, and interpulse period also enter. 

Figure 1 is an example of a good fit (x^2.3) for a mean 
exposure of T 0 = 0.29 mb - 1, a constant density (n n = 
l.lxlO8 cm - 3) and temperature (T = 0.30xl09K), with a long 
interpulse interval (1500 y). The x 2 quickly increases for 
higher fluxes, but increases more slowly as the flux is decreased. 
From this study we conclude that the best-fit parameters are n n = 
1.0(±8;§)xlO8 cm-3, T = 0.30(±0.04)X109K), and 
T 0 = 0.28 ± 0.01 (mb~l), corresponding to a pulse duration 
of 500(+30g) yrs. This is consistent with previous 
estiraates^i14 of the neutron density based on one or two branches 
alone. What is most interesting is that these stellar parameters, 
(derived solely from input nuclear data and observed abundances) 
are very similar to the conditions thought to exist^ in 
relatively low-mass (M * 3 M@) red-giant stars as they 
ascend the asymptotic giant branch. 
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The best fit for the solar-system ON curve exhibits 
pronounced deviations from the smooth monotonically decreasing 
classical s-process curve. The reason for this is that many stable 
nuclei are actually produced as beta-unstable progenitors due to 
neutron captures on beta-unstable nuclei. If the progenitor has a 
larger (or smaller) cross section there will be a dip (or peak) in 
the ON curve when ON for the stable daughter is calculated. 
This is the reason for the pronounced peaks on Fig. 1 at ̂ %b 
(partially produced as ^Zr) and 151j;u (partially produced as 
151 Sm). 

Finally, we point out some nuclear data needs which are 
evident from this study. For one, there are still a number of 
stable nuclei along the s-process path for which neutron-capture 
cross sections are not measured. These include, ° 6 Z n ^^,73ge 

"Se, and 9 9 R u > a n d 192-195Pt 

Amoung these isotopes ^9RU a n d 192pc a r e a particularly 
important. *°2Pt is an s-only nucleus and both of these nuclei 
are part of significant branch points. 

A second point is that there are several s-process only 
isotopes with measured cross sections which can not be brought into 
agreement (within one standard deviation) with the rest of the 
solar-system s-process ON curve for any variation of parameters. 
The most notable descrepancies are for lO^Pd, and 116S n 
(possibly also 

1 7 6 H f 

and 1 9 8 H g ) . The uncer ta in ty in the 
. abundances for these nucl ides i s probably not very largely 

(except for l ' ° H g ) . Therefore, the nuclear data for these nuclei 
and neighboring isobars ought to be reexamined. 
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