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Evolution of r-Process Elements in the Hot
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Abstract. We review some of the recent arguments as to why the r-process
is thought to be associated with supernovae and how the high-temperature,
high-entropy inner region of a core-collapse supernova is an ideal r-process
site. We present preliminary extensions of our earlier work on the forma-
tion of the high-entropy "bubble" that describe more accurately its late-time
evolution and the ejection of the neutrino-energized wind from the surface
of the nascent neutron star. This site leads naturally to a distribution of
temperature, density, neutron excess, and entropy for material ejected at
different times in the wind as required by Solar abundances. We present
simple analytic expressions which approximate these distributions. This site
also predicts an amount of r-process material ejected per event in agree-
ment with simple galactic evolution arguments. However, it is not yet clear
whether the entropy in this model is high enough (or the electron fraction
is low enough) to produce an optimum fit to the Solar r-process abundance
curve and additional mechanisms may be required to increase the entropy
per baryon. We conclude with a discussion of nuclear measurements which

• would help to probe this r-process environment.

1. Introduction

Abundances for heavy auclei in the Solar System indicate two distinct neutron-capture
processes -one at high neutron density (the r-process) and one at low neutron density
(the s-process). The focus of the present work, the r-process or rapid-process, involves
neutron captures on a time scale which can be short compared to beta-decay lifetimes
even far from stability.

The exact site for the r-process has remained a mystery. At least 10 different
astrophysical environments have been proposed over the past three decades (for a review
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see Mathews and Cowan 1990; Cowan et al 1991; Mathews et at 1992). Supernovae have
long been implicated (Burbidge et al. 1957; Cameron 1957) as the most plausible site
for the r-process. Some of the more recent evidence for this comes from observations
of r-process abundances in metal poor stars of the Galactic halo. In these stars it has
been found (Mathews et al 1992) that the evolution of r-process abundances relative
to iron are best explained if the r-process elements are formed in Type II supernovae.
Other recent evidence comes from nuclear measurements and calculations of beta-decay
rates (Kratz et al. 1988; Kratz 1988) near the path of nuclei produced in the r-process.
These rates seem to indicate that the r-process abundances are only consistent with the
conditions (n, 7) and beta-flow equilibrium characteristic of the high temperature and
density near the core of Type II supernovae.

From beta-decay lifetimes and observed abundances it can be inferred that the
conditions required for the r-process (Norman and Schramm 1979; Kratz et al. 1988;
Kratz 1988; Mathews and Cowan 1990) are temperatures -_ 1 - 3 x 109 K, free neutron
number densities of > 102° cm -3, and timescales ,,, 1 s. In addition, because the r-process
must produce actinide nuclei (A ,,, 240) from initial seed nuclei with Z _ 26- 40 and
A _ 70- 100, it is necessary to have >100 free neutrons per seed nucleus or a neutron-to-
proton ratio of up to n/p _ 7- 8. Furthermore, from the presently observed r-process
abundances (Anders and Grevesse 1989; KS,ppeler et al 1989) and an average Galactic
supernova rate of -,_ 10-2 y-1 (Mathews and Cowan 1990), it can be estimated that

10-5 Mo of r-process material is probably produced per supernova. It has also been
recognized for some time (Seeger et al 1965; Kodama and Takahashi 1975; Hillebrandt
et al 1976; Kratz et al 1992) that a distribution of histories of neutron-to-seed ratio and
temperature is required to obtain a good fit to the r-process abundance curve. It has
proven difficult, however, to identify precisely where in supernovae all of these conditions
for the r-process can take place (Mathews and Ward 1985; Mathews and Cowan 1990;
Cowan, Thielemann, and Truran 1991).

Recently, however, we reported on studies (Woosley and Hoffman 1992; Meyer et
al. 1992) of a new site which appears capable of overcoming the difficulties associated
with previously proposed sites for the r-process. This new r-process site is within the
so-called "hot bubble" that forms as neutrinos escape from the collapsing proto-neutron
star during a supernova explosion (Bethe and Wilson 1985; Mayle and Wilson 1988;
1990; Colgate 1990; Woosley and Hoffman 1992). It has been argued (Bethe and Wilson
1985) that the formation of a hot bubble is a necessary, and perhaps unavoidable, aspect
of any successful supernova explosion mechanism. In any superlmva explosion (by any
mechanism) there will be a mass separation between the nascent neutron star and the ex-
panding outer envelopes. As time passes (a few seconds) a low-density high-temperature
region will develop just outside the neutron star. Furthermore, independent of the details
of the explosion mechanism, the nascent neutron star must always be accompanied by a
wind (Duncan, Shapiro, and Wasserman 1986; Woosley and Baron 1992; Woosley 1993)
as material on the surface continues to be heated by escaping neutrinos. We identify this
wind with the r-process site.

In (Meyer ct al 1992) we used the models of Mayle and Wilson (1988; 1990) as a
schematic outline of the essential features of this r-process environment, the parameters
of which were optimized to reproduce the solar-system abundances. In those studies

/ -- , ,,_ i ..... 1_,,of ,-_l,-,,l_ions whir.h took into account a schematic distribution
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of temperatures, densities, and neutrons-per-seed which might be imposed by the hot
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bubble environment. We also considered possible effects of neutrino interactions (the
u-process) withirt the bubble on the calculated r-process abundances. The success of
those calculations, both in terms of the relative abundances and the amount of material
ejected, suggested that the hot bubble might, indeed, be a viable candidate site for the
r-process.

•In the present work we report preliminary results of the next step in this study. We
examine more carefully the detailed formation and evolution of the neutron-star wind
responsible for the formation of r-process elements in a real supernova model. That is,
we extend the the models of Mayle and Wilson (1988; 1990) to compute the late time
production'and evolution of'r-process elements as material is heated on the surface of
the nascent neutron star and ejected.

2,- Development of the High-Entropy Bubble

Since the seventies there has been a recurring difficulty with supernova models - after
the core bounce the initial prompt shock stalls and is dissipated as its energy is spent
photodisintegrating iron-group nuclei in the.outer core. However, in the e_.gh#._esa reso-
lution of this dilemma was developed (Bethe and Wilson 1985; Mayle and Wilson 1988;
1990) whereby energy transported by neutrinos emerging late from the core rejuvenate
the shock. This is the so-called "delayed" supernova mechanism.

"" -_ A brief description of this scenario follows. A massive star evolves until its iron core

ai_proaches_a Chandrasekhar mass of A, 1.4M o. This core begins to collapse due to the
combined effects of electron capture and photo-disintegration which remove the pressure
support of the core. As the core collapses, the inner -_ 0.6 M o collapses homologously
i'_':/¢_C6"opersteiia and Baroli::I99ff)'. Once the c0_'e density exceeds nuclear density, the
core bounces and a shock wave is driven out which works its way through the remainder
of the original iron core. Behind the shock, material has been disintegrated. This
disintegration of heavynuclei slows the outward motion of the shock. If the shock breaks
through the outer edge of the collapsing core before losing ali of its positive velocity, a
"prompt" supernova mechanism occurs (e.g. Cooperstein and Baron 1990). However,
as mentioned above, in most calculations the shock stalls before it read,es the outer
boundary and no explosion occurs.

:." Nevertheless, as the shock slows, material falling through it accrete,_ onto the proto-
neutron star. The inner core is cooled by radiating energetic neutrinos _vhich provide an
outlet for the gravitational binding energy released by the accreting material. Some of
these neutrinos begin to deposit energy in the matter just below the shock via. charged-
CUrrent ifiteractions with nucleons, u-e scattering, and u_ annihilations. As energy
is deposited, the temperature rises and the entropy increases leading to the copious
pr0du_t'ion of electron-positron pairs which can themselves scatter neutrinos resulting
in yet more energy deposition. In this way, the entropy per baryon rises to s>200 after
several seconds in the calculations of Mayle and Wilson, and continues to rise as the
bubble is further evacuated. ' .......

Although this region behind the shock is at relatively low density, the entropy is
so high that tremendous pressure builds up and revives the shock's outward motion. If
the shock is able to eject the.overlying matter_ a "delayed" supernova explosion occurs.

. .
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Figure 1. Radius as a function of time for various mass cuts from the calcu-
lations of Mayle and Wilson (1988).

This situation is depicted in figure 1 from the 20 Mo model of Mayle and Wilson
(1988) which shows the evolution of various mass cuts as a function of radius. The core
bounce occurs at about 0.030 s in this figure. The shock then slows until ,,_0.1 - 0.2 s
when delayed neutrino heating accelerates its outward motion. The motion of this heated
material generates the evacuated bubble at late times. However, this figure does not
display the r-process. The mass resolution of the zones shown in this figure is roughly

10-2M®, too coarse to show the ejection of < -4~10 Mo of r-process material.

In order to explore the r-process, however, we must study-the evolving neutron
star to much later times and with much finer resolution. This we have done by following
the hydrodynamic evolution and neutrino-transport of the Mayle and Wilson (1988)
model beginning with the 20 Mo model of figure 1 as initial input. Figure2 shows this
evolution with a resolution of ,,, 3 x 10-SMo near the surface of the nascent neutron
star from 3.5 to 8.5 s after bounce. Here a peculiar phenomenon occurs. After a couple
of seconds, the last zone on the surface of the slowly contracting neutron star suddenly
turns around and is ejected from the core. This zone is, at last, a candidate for the
r-process site. More detailed resolution (,,_ 2 × 10-6M®) of zones near the surface of
the nascent neutron star is shown on figure 3. Here it is clear that this is a continuous,
although diminishing, process of mass ejection from the star. The velocity and density of
this escaping material can be understood semi-analytically (Duncan et al 1986; Woosley

and Baron i992; Woosiey i993) as the result of neutrino absorption and emission at the
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Figure 2. Radii as a function of time for _ 3 × 10-s Mrg zones near the
surface of the nascent neutron star for our extension of the Mayle and Wilson
(1988) 20 Mo model.

surface of the star which heats material to sufficient internal energy to be ejected as a
wind.

Figures 4 and 5 show the evolution of temperature and baryon density as a function
of time for material which is ejected from the surface of the proto-neutron star. Even
though the rate at which material is being ejected decreases with time, the evolution
of temperature and density is approximately the same for all material ejected into the
bubble. This is particularly true during the temperature conditions relevant for the r-
process, T ,,_0.5 to 0.1 MeV. The reason for the nearly self similar evolution of material

ejected at different times can be traced to the fact that the profile of the wind is largely
fixed by the gravitational potential of the proto-neutron star (Woos!ey 1993) which varies
little during this time interval. Note that the timescale for material to pass through
the temperatures relevant for the r-process is ,,_ 1 s, just what is required to achieve
the observed beta-flow equilibrium near the r-process abundance peaks. Although the
evolution of temperature is nearly self similar, at the latest times and lowest temperatures
there are oscillations in the temperature and other parameters as material in the wind
encounters the more slowly expanding outer layers. This is a real hydrodynamic effect in
these calculations. For the most part, however, these oscillations occur at temperatures
below the alpha and r-process freezeout. Therefore they do not significantly affect the
calculated r-process abundances.

Figures 6 and 7 show the evolution of electron fraction, Y_, and entropy per baryon,
s, for m-_sscuts which are ejected from the proto-neutron star. lt is at first, perhaps, a bit
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Figure 3. Same as figure 2 but with a mass resolution of 2 x 10-6 Mo.
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Figure 4. Evolution of temperature as a function of time for material ejected
from the surface of the proto-neutron star.
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Figure 5. Evolution of baryon density as a function of time for material
ejected from the surface of the proto-neutron star.

disappointing to see the that the electron fraction is so high, ,,_0.42, for material in the
wind. This implies a neutron-to-proton ratio of only ,,_ 1.4. However, the high entropies
compensate for this, as we shall see below, by driving most of the material into bound
alpha particles plus extra neutrons and a few seed nuclei so that the neutron-to-seed
ratio remains high.

In addition, we see on figure 3 that ,-, 4 x 10-6 M o s -1 of material is ejected from
the star. Most of this material is in alphas plus about 1/5 which is in r-process elements.
The wind lasts for ,_ 15 seconds; therefore, we expect ,-_10-s Mo of newly synthesized r-
process material to escape from the supernova - exactly the amount required to account
for the Solar r-process abundances.

3. Entropy and the r-Process

For primary r-process sites, heavy-element synthesis results from the expansion of ma-
terial from high density and temperature. Early in the expansion, the nuclear reactions
producing a nucleus out of Z protons and A- Z neutrons (and the reverse reactions) are
much faster than the expansion rate. Nuclear statistical equilibrium (NSE) then holds,
and the mass fraction of nucleus AZ is given by (e.g. Burbidge et al. 1957)

X(Z,A) = G(Z,A)[_(3)A-17r(a-A)/22(3A-S)/2]AS/2(kT/mNc2)3(A-1)/2¢ 1-A

-I
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Figure 6. Evolution of electron fraction as a function of time for material
ejected from the surface of the proto-neutron star.
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Figure 7. Evolution of entropy as a function of time for material ejected

from the surface of the proto-neutron star.



× xpZ X,_A- Zexp( B( Z, A) / kT), (1)

where G(Z,A) is the nuclear partition function, _(3) is the Riemann zeta function of
argument 3, T is the temperature, mN is the nucleon mass, ¢ is the photon-to-baryon
ratio, Xp and X_ are the free proton and neutron mass fractions, respectively, and
B(Z, A) is the nuclear binding energy.

can be written in terms of the temperature and density,

n.y 1 gr _(3)(kT) 3 (2)pNA '

where n._ is the photon number density, p is the mass density, NA is Avagadro's number,
gr is the helicity for photons, and T is the temperature. In terms of the temperature (Tg)
in units of 109 K and density (ps) in units of 105 g cm -3, equation (2) can be written,

¢ = 0.34 T2 . (3)
p5

When most of the entropy is in relativistic particles, the photon-to-baryon ratio is simply
related to the entropy (per baryon) in relativistic particles. That is,

s,_a(kT)3/pNA , (4)

where a is the Stephan-Boltzmann constant,

g_r_ 1

30 ' (5)
7

and g = g._+ "d(g,t,_+ gpo_)= 11/2 is a spin factor.
From equation (2) we may therefore write,

¢ _ 0.10s . (6)

The key point of equation (1) is the strong dependence of X(Z,A) on ¢ (or s)
• and B(Z,A)/kT. If ¢ is of order unity or less, iron-group nuclei are typically favored

in NSE because of their large binding energies. However, if ¢ is large, the baryons form
a dissociated gas of nucleons and alpha particles in which it is [[ifficult to build up an
appreciable abundance of heavy nuclei.

This picture is useful for understanding a primary r-process (Woosley and Hoffman
1992 ; Meyer et al 1992). Material begins in NSE at high temperature and density. As the
material expands and cools, nuclear reactions first fall out of equilibrium and then freeze
out. The charged-particle reactions are the first to drop out of equilibrium, leaving nuclei
and ft'ce neutrons. The r-process occurs as the heavy seed nuclei capture neutrons and
beta decay. Initially, the neutron-capture reactions are in equilibrium with their reverse
reactions in what is called a "classical" r-process (Hoyle and Fowler 1960; Seeger, Fowler
and Clayton 1965). Eventually these reactions also drop out of equilibrium and freeze
out. A primary r-process can thus be thought of as just one phase of the freeze out
of NSE, a phase which occurs when the ratio of free neutrons to seed nuclei is large.

i '_]l This simple picture is, however, slightly more com')licated (Woosley and Hoffman 1992;



Meyer et al 1992) when the entropy is high. Some charged-particle reactions (particularly
9Be(c_,n)l_C) do not freeze out until after the r-process has begun.

The nature of the nuclei formed during NSE and the subsequent freezeout is de-
pendent upon ¢ and the n/p ratio or electron fraction, Y, = [1 + n/p] -a. For ¢<1,
all protons are bound into iron-group nuclei by the time the charged-particle reactions
freeze out. If the n/p ratio is small (n/p <2, Y_ >0.3), the neutrons are also bound into
nuclei. Some neutron-rich nuclei such as 4SCa, 5SFe, etc., may be produced in this way
(Hartmann, Woosley, and E1 Eid 1985), but no r-process occurs. If the n/p ratio is large,
however, free neutrons will be available for capture on iron-group NSE seed nuclei even
after the charged-particle reactions have ceased, so an r-process can occur. To make
actinide nuclei, the r-process needs >100 free neutrons per seed nucleus. Thus, if ¢<1,
the r-process requires an (n/p) ratio of up to ,._ 7 - 8 (Y_ -._0.1).

At sufficiently high temperature, NSE favors alpha particles and free neutrons.
As the temperature falls, the NSE balance shifts toward heavier nuclei. If ¢ is large
enough (¢>10), however, this occurs relatively late in the expansion, at which point the
reactions that could recombine the alpha particles may have dropped out of equilibrium.
One reason for this is that the rate limiting reaction which leads to heavier nuclei is
mostly the sequence a + a + n _ 9Be followed by 9Be(a, n)12C, which involves a slow
three-body reaction. Since this reaction depends upon density as p3 this path to heavy
nuclei is disfavored at high entropy (i.e. small p for a given T).

On the other hand, the alpha-capture and neutron-capture rates on the newly
formed nuclei are large. Therefore, once alphas have recombined, they quickly build up
to high mass (A .._ 100, Z _ 40; see Woosley and Hoffman 1992 ). At these high masses,
photo-disintegration impedes further alpha capture to higher mass. Neutron captures,
however, can continue to occur at low temperatures giving rise to an r-process.

In the actual dynamical supernova environment, the degree to which the alpha
particles combine to form heavier nuclei will be regulated by the relation of the triple-
alpha and two-alpha-plus-neutron reaction rates to the rate of expansion and cooling.
For sufficiently large ¢ and fast expansion, very few alphas can recombine so that the
number of seed nuclei available for the r-process is small. Alpha particles do not capture
neutrons. Thus, even for _ > 0.4, the ratio of free neutrons to seed nuclei could easily
be > 100 -a ratio quite sufficient for an r-process.

Such conditions were first considered by Hoyle and Fowler (1960) and Seeger,
Fowler, and Clayton (1965), although finding the site at which, these conditions oc-
cur proved somewhat problematic (e.g. Hillebrandt 1978). As-discussed below, these
conditions naturally arise in the late-time wind ejected into the hot bubble.

4. Conditions within the Hot Bubble Wind

It has already been noted that figures 3 and 4 display a self-similarity of temperature
and density as a function of time for material which is ejected from the surface of the
nascent neutron star. It is convenient, therefore, to only specify the time evolution of one
variable, say temperature, and deduce the functional dependence of other variables upon
this quantity during the interval relevant to the r-process. From figure 4 we see that
temperature _1,_,..,,_o,_oroughly ,_,,,_,,.,_,,_;_11,,with time, ..... ;o+"',_ ,,,;_' our pre-'iously
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Figure 8. Baryon density in the wind as a function of temperature during

the interval relevant for the r-process.

e_sumed time dependence (Woosley and Hoffman 1992 ; Meyer et al 1992). We find in

the present study that the temperature (in MeV) can be approximated to within a few

percent over the relevant interval by,

T ,_ 0.91e -s'st + 0.08 , (7)

where the constant approximates the slowing of the wind as it encounters the outer edge

of the bubble. Also, the density and temperature evolve approximately adiabatically as

shown in figure 8. This evolution can be fit to within about 10 percent with a power

law_
T

3.6p-_ 2.6 x 105(0.5 MeV gcm -a . (8)

The density falls a bit more rapidly than a true p cx T 3 adiabatic expansion due to

neutrino heating of material within the wind.

Figure 9 shows the evolution of entropy for various zones as they are ejected from

the proto-neutron star. Here we see that the entropy has only a slight linear dependence

on temperature in the relevant interval. However, there is a substantial increase in

tile entropy of material ejected at late times. The simple temperature dependence of

the entropy per baryon for material ejected in the wind is simply due to the comoving

expansion of the radiation with the baryons which keeps the photon-to-baryon ratio

nearly constant. The entropy increases slowly, however, due to neutrino heating in the

wind. The increase in en;ropy at late times is probably due to the contracting neutron

I star which requires _t higher initial photon to baryon ratio for material to be ejected from

the gravitational potential. The simple dependence of entropy on temperature can be
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Figure 9. Entropy per baryon in the wind as a function of temperature
during the interval relevant for the r-process.

exploited in r-process calculations. Only a distribution of entropies evolving along the
above power law is required• From figure 9 we deduce that the distribution of entropies
can be approximated by an exponential,

P(s) _ ,
where,

so = 100(T- 0.5) . (9b)

We note, however, that subsequent extensions to later times seems to indicate a build
0

up of probability at high entropy above that given by this simple exponential relation.

Similarly, figure 10 shows the distribution of electron fractiSn in the relevant time
• interval. Here we see that the material which is ejected late has a slight dependence on

temperature and time. The decrease in Ye with time is simply because th.e material is
more neutronized at later times. Within the wind, Ye does not change until heavy nuclei
begin to appear at T<O.4MeV. After that, Y_ decreases roughly linearly due to weak
interactions in the wind. The time and temperature dependence can be approximated,

Ye _ 0.49 - 0.07(0.4 - T)O(T - 0.4) - 2 x 10-4s , (10)

where O(t) = 1 for t > 0 and zero elsewhere.

So the evolution of material as it passes through the high entropy bubble at late
times can be described as a simple time evolution of Ye, s, p, and T with an exponential

distribution of entropies.
|
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5. Conclusions

In this paper we have presented results of a preliminary extension of the Mayle and

Wilson (1988; 1990) supernova model. We have shown a calculation of the distribution

of trajectories in temperature, density, electron-fraction, and entropy for material ejected

at late times in a wind driven by neutrino heating of the surface of the neutron star.

What remains is to follow the nucleosynthesis along these trajectories to derive the r-
process abundances as a final definitive test of the viability of this site for r-process

nucleosynthesis. Work along this line is currently in progress, and will be reported on in

a subsequent paper. However, some conclusions can already be derived.

In (Meyer et al 1992) we computed r-process abundances t_om conditions similar

• to the above. However, in that work we ignored the temperature and time dependence

of Y, and s. That is, we considered an exponential distribution of electron.fractions for

fixed entropy with density expanding adiabatically. In that work it was found that an

excellent fit to the Solar r-process abundance curve was possible (see figure 11). However

a good fit required a distribution of electron fraction which was weighted to somewhat
lower values of _ than that given in the above relations. Of course, calculations which

include the distribution of entropy and the time dependence of Y, will give somewhat

different results. To some extent the more extreme values of Ye required in that work are

a result of choosing an entropy which was too low. Nevertheless, preliminary calculations

using the above conditions seem to indicate that r-process nuclei are indeed produced
with the adore conditions. Howevei _, we caii not yet say as Lo ' "wneLner these conaidons

iii will give an optimum fit to the Solar abundance curve.

I



If we do not make enough heavy nuclei it will be either an indication of not enough

neutronization (_ too large) or insufficient heating of the bubble (s too small). Our
suspicion is that the latter is more likely. A need for incre_ed entropy may be a reflection

of omitted processes for transporting energy from the proto-neutron star to the bubble

such as mechanical vibrations, viscous dissipation of angular momentum, magnetic field

annihilation, or convection. This latter phenomenon seems to definitely occur early on

in the development of the bubble (Herant et al 1992). It is not yet clear if convection
plays an important role at the late times we are considering for the r-process.

The primary motivation for this workshop has been to consider nuclear physics

• applications to problems in astrophysics. Therefore, we conclude with a summary of

some of the measurements which could help to clarify the nature of the r-process site.

• One of the programs which should be undertaken is to use two-body inverse stripping
and pick up reactions for radioactive ion beams on the far neutron-rich side of beta

stability, particularly in the vicinity of neutron closed shells. These data could serve

two purposes. For one, they could be used to determine binding energies near the r-

process path. Nuclear binding energies affect the calculated abundances exponentially

(cf. eq. (1)). For another, they might provide spectroscopic information as to the

location and strength of neutron capture resonances. This would facilitate much more

accurate theoretical neutron capture cross sections. In particular, a more accurate cross

section for 132Sn would greatly clarify whether or not a high-temperature environment is

necessary for the r-process. This is because, near the A=130 peak, the main distinction

between a low-temperature neutron-capture r-process and a high-temperature classical r-

process is the flow through 132Sn which may be inhibited in the former scenario depending

upon how small the neutron capture cross section is for 132Sn.

It would also be particularly useful to have improved binding energies and beta-

decay lifetimes near the N=82 closed shell and for nuclei with Z - 40 to 42 and A =

110 to 120 leading up to the closed shell. Data for the closed-shell nuclei would help to

better quantify the analysis of abundances (Kratz et al 1988). Data for the A = 110

to 120 nuclei would help to explain the consistent under abundance of the calculations

for this mass range apparent in figure 11 (Meyer et al 1992). It would also be useful

to have better binding energies for nuclei with A = 135 to 150, particularly near 139Te.

The under abundance of the calculation near this mass range is at least in part traceable

(Meyer et al 1992) to the prediction of a shape transition in the adopted mass formula.

It would also be valuable to know binding energies and beta decay rates for nuclei with

A = 180 to 200 near the N = 126 closed shell for a similar analysis to that discussed

• for the A = 130 peak. Finally, it might help to recheck the a + a+ n _9 Be reaction,

which fixes the equilibrium 9Be abundance, and the 9Be(a, n)12C, which begins the flow
to heavier nuclei.
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