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Although the exact site for the origin of the r-process
isotopes remains mysterious, most thinking has centered on
matter ejected from the cores of massive stars in core-collapse
supernovae [1-3]. In the 1970’s and 1980’s, however, dif-
ficulties in understanding the yields from such models led
workers to consider the possiblity of r-process nucleosynthe-
sis farther out in the exploding star, in particular, in the helium
burning shell [4,5]. The essential idea was that shock pas-
sage through this shell would heat and compress this material
to the point that the reactions13C(α, n)16O and, especially,
22Ne(α, n)25Mg would generate enough neutrons to capture
on pre-existing seed nuclei and drive an “n process” [6], which
could reproduce the r-process abundances. Subsequent work
showed that the required13C and22Ne abundances were too
large compared to the amounts available in realistic models [7]
and recent thinking has returned to supernova core material or
matter ejected from neutron star-neutron star collisions as the
more likely r-process sites.

While the models studied in the 1980’s showed no r-
process would occur in the helium-burning shell, the authors
of those models noted that interesting quantities of the radioac-
tivities 26Al and 60Fe were produced [7]. This signaled the
helium-burning shell as a site of interest for cosmochemistry.
This was bolstered by independent and contemporaneous ef-
forts to understand the Xe isotopic patterns in microdiamonds
in terms of a neutron burst [8,9].

Recent experimental work and new calculations confirm
cosmochemical interest in explosive burning in the helium
shell. Isotopic abundances of molybdenum, zirconium, stron-
tium, and barium in silicon carbide X grains (thought to arise in
supernovae) [10,11] show a pattern consistent with the neutron
burst expected from the helium-burning shell [12]. Detailed
stellar evolution calculations confirm the neutron burst in the
helium shell (e.g., [13]). In addition, it appears possible that
matter injected from this shell into the early solar nebula may
explain the inferred abundances of the short-lived radioactivi-
ties36Cl, 41Ca,60Fe, and182Hf [14].

With these considerations in mind, we have begun a de-
tailed analysis of the neutron burst with our own stellar evolu-
tion calculations and explosion code. Our goal is to understand
the burst in detail and its sensitivity to input parameters. We
also seek to make as many of our results available on the
world-wide web in as user-friendly way as possible.

We evolved a 25 solar mass star with the Clemson/AUB
stellar evolution code [15,16] to the point of stellar collapse.
We then exploded the model with a version of the stellar evo-
lution code that included artificial viscosity and was therefore
appropriate for following supernova explosions. We deposited
2.9×1051 ergs in the center of the star as a bomb and computed
the subsequent shock wave and its effect on the outerlying lay-
ers of the star. The resulting kinetic energy of the ejecta at
infinity was 1.9 × 1051 ergs. As an example of the type of

details available from the model, Fig. 1 shows the temperature
(T9 = T/1.0× 9 K) as a function of time in the explosion for
helium shell zones 360-370, which range in mass from 5.362
to 5.504 solar masses in the star. The supernova shock wave
hits the helium shell around 5 seconds after the explosion in
our model. The innermost zones are heated the most and reach
temperatures in excess of7× 108 K.

Figure 1: Temperature vs. time in zones in the helium shell.

From the detailed output, we then computed the nucle-
osynthesis by post-processing calculations. We used thermo-
dynamic trajectories from our explosion calculation and the
initial abundances from the pre-supernova model as input to
the nucleosynthesis code. We also followed the initial nu-
cleosynthesis arising from a small burst of neutrons due to
neutrino interactions on4He prior to arrival of the supernova
shock. As expected, neutrons were liberated by shock passage
and gave rise to a neutron burst. Fig. 2 shows the neutron
density as a function of time in the various zones in our model.
Peak densities are in excess of1018 neutrons per cubic cen-
timeter, well below the densities needed for an r process, but
certainly sufficient for a robust neutron burst. Interestingly, the
innermost zones (360 and 361) achieve a lower neutron density
than zones farther out. This is due to smaller amounts of4He
and22Ne in those zones in the pre-explosion star. These inner
zones had experienced more pre-supernova burning.

In the burst, neutron captures drive pre-existing nuclei in
the neutron-rich direction. This is the n process. Fig. 3 shows
the abundance of182Hf in zones 360-370 in our model. An
abundance of182Hf exists in this zones prior to shock passage
because of pre-supernova s-processing and neutron captures
induced by the burst of supernova neutrinos. However, when
the shock passes and liberates neutrons, significant neutron
capture occurs and drives all Hf isotopes into182Hf. The
innermost zones experience such a strong burst that nuclei
capture beyond182Hf to even higher mass Hf isotopes. In
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Figure 2: Neutron density vs. time in zones in the helium
shell.

these zones, the final182Hf eventually arises from decay of
182Lu and 182Yb. In zones farther out, the182Hf is largely
made as itself.

Following Meyer et al. [14], we use the yields from our
model to compute the abundances of short-lived radioactivi-
ties in the early solar nebula if enough matter from the star
were injected into the early solar cloud to explain26Al at the
canonical level of26Al/27Al= 5 × 10−5. As in Meyer et al.
[14], we compute these values as a function of injection mass
cut, and we allow for a 1 million year interval between the
supernova and incorporation of the isotopes into solar system
solids. We also note that we use60Fe/56Fe= 2× 10−6 for the
inferred initial abundance of60Fe, a high value motivated by
recent measurements [17]. Our results are shown in Fig. 4.

Figure 3:182Hf mass fraction vs. time in zones in the helium
shell.

In agreement with our previous results [14], we find sup-
port for the notion that several of the short-lived radioactivities
were indeed injected from outer layers of a massive star into the
early solar cloud. Clearly,36Cl and107Pd are somewhat high
in our model. Both of these isotopes are somewhat destroyed

in the explosive burning in the helium shell; therefore, their
overabundance in the injection scenario arises from too high an
abundance in the pre-supernova model. We are investigating
these abundances and their dependences on the input physics
in the stellar models. Furthermore, the amount of107Pd may
be affected by decay from its isomeric state, an effect we are
not treating in a fully satisfactory way yet. We are pursuing
all of these issues and will present them in future works.

Figure 4: The abundance of the radioactivity in the solar sys-
tem relative to the meteorite value for the given injection mass
cut. A time interval of 1 million years between the supernova
and incorporation in solar system samples is assumed.

As we run our calculations, we are preparing them for
dynamical viewing on the web. The idea is that any Inter-
net user should be able to access our data and dynamically
make plots similar to those in Figs. 1-3 for any zones or
isotopes. The interested reader should consult the web page
http://www.ces.clemson.edu/physics/nucleo for updates on the
progress of this project.
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