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Stellar Abundances: Better Measured Than Predicted
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The masses of exotic nuclei must be measured or calculated very precisely to explain how they led to

the formation of heavy elements.
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If gold had been as abundant on earth as iron, it
wouldn’t be as famous for its rarity. If a tiny screw in
the cosmic kitchen had been turned by just a bit, iron
might have been the one that was most rare and desired,
but during the creation of the Universe the course was
set differently.

Clarifying what astrophysical conditions could explain
the observed elemental abundances depends on precisely
knowing the masses of short-lived neutron-rich nuclides.
When masses are not yet experimentally available, the-
oretical nuclear-mass models must be used. In Phys-
ical Review Letters, Jonathon Van Schelt at Argonne
National Laboratory, Illinois, and colleagues show that
only high-precision mass measurements of trapped nu-
clei, more so than current mass models, permit firm con-
clusions to be drawn about these astrophysical nuclear
reactions [I].

The elements were created by nuclear processes in stars
and stellar explosions. Up to iron-56—the nucleus with
the highest binding energy per nucleon—new elements
can be created by fusion reactions in stars. The creation
of the heavy elements is still not well understood. The el-
ements between iron and uranium are generally thought
to have been produced in supernovae and other stellar
explosions. The so-called rapid neutron-capture process
(r process) of stellar nucleosynthesis is held responsible
for the production of these elements. However, the as-
trophysical context for a successful r process has not yet
been identified [2].

The r process consists of neutron capture followed, at
a rate depending on the half-life of the nucleus, by beta
decay, which creates a less neutron-rich isotope closer
to the valley of beta stability. In this way, the r pro-
cess follows different paths along the neutron-rich side of
the nuclear chart of neutron and proton number. Which
exact path is taken depends in part on the astrophysi-
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cal environment assumed, because different temperature
and density conditions reflect in slightly different path-
ways. Nevertheless, the underlying structure of nuclei
also plays a role, making nuclei around the closed shells
at neutron number N = 50, 82, and 126 prominent. One
of the outstanding questions in nuclear physics is whether
these magic numbers retain their cherished characteris-
tics in nuclides far from stability. The most neutron-rich
N =50 and N = 82 species are therefore the priority for
many experiments in nuclear physics.

Precision mass measurements gd, 4] have reached
neutron-rich nuclides around 8°Zn® and #2Sn%?, which
are in the region of plausible r-process paths. These
measurements can, in turn, constrain nuclear-mass mod-
els that are needed as input for astrophysical models
when experimental masses are not (yet) available. Mass
measurements with precision of parts per million are
also needed to reliably calculate elemental abundances
because, in the balance between neutron capture and
the reverse process of photodisintegration, the mass dif-
ferences between neighboring isotopes determine the 7-
process pathway for a given set of astrophysical condi-
tions. Equally important are the beta-decay half-lives of
participating nuclei, which determine the time it takes to
build up heavy elements.

Mass measurements provide insight into the nuclear
interaction and thus apply to a variety of physics top-
ics. Penning-trap mass spectrometry, in particular, has
the advantages of being fast, efficient, and highly accu-
rate [5]. The current experiment was carried out at the
Canadian Penning Trap mass spectrometer (CPT) at the
Californium Rare Isotope Breeder Upgrade (CARIBU)
facility [6].

This facility selects nuclei from spontaneous
californium-252 fission in a large radio-frequency
(rf) gas catcher to deliver purified neutron-rich beams to
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FIG. 1: Short-lived neutron-rich nuclei were captured in a
trap like this, where their masses were measured to an accu-
racy better than one part per million to better understand
the nuclear reactions that created heavy elements. (Courtesy
J. Van Schelt)

low-energy experiments, such as the CPT (see Fig. [1]).
The high-intensity gas catcher uses a novel rf focusing
structure for rapid and efficient operation at much higher
incoming ion current than previously demonstrated,
and it routinely provides a low-energy beam with good
optical properties all across the nuclear chart in contrast
with, for example, the ISOL (Isotope Separation On
Line) technique [7].

The mass measurements of neutron-rich tin isotopes
and others reported by Van Schelt et al. mark the first
mass measurements at the new CARIBU facility using
the 50 millicurie fission source. The CPT uses time-of-
flight ion-cyclotron resonance in a Penning trap, in con-
junction with a reference mass measurement, to extract
the mass of the ion of interest. The typical measurement
precision was at the 100 ppb level.

Most neutron-capture events in a supernova explosion
are thought to occur on time scales of order 1 s in en-
vironments of temperature T > 10° kelvin and neutron
density n, > 1020 cm™3. The authors used a code de-
veloped by their group to simulate the classical r process
for a given temperature over a range of neutron densities.
For certain environmental conditions, the nuclides they
measured lie on the r-process path.

Tin isotopes, which have some of the longest beta-
decay half-lives, are in a position to limit the progress of
material to the heaviest elements. The classical r-process
waiting time at tin has been calculated directly from ac-
curate, high-precision experimental masses for a feasible
set of conditions with minimal model dependence. The
calculations show that, when contrasted with the actual
measured masses, the widely used mass models render
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conclusions based on them highly uncertain. The re-
searchers calculate a minimum neutron density to move
beyond tin within the typical time scale of ~ 1 s or less
and thus create significant quantities of heavier elements.
More decisive conclusions will not be possible without
considerable improvement in either the accuracy of mod-
ern nuclear theories or more experimental data on cur-
rently unmeasured nuclei.

An alternative theory to the supernova-induced r pro-
cess is the decompression of neutron-star matter by its
merger with another neutron star. A landmark paper
in 1971 presented a model for neutron stars in which
increasingly heavy and neutron-rich nuclides (resulting
from electron capture) exist in a state of equilibrium for
beta-decay processes [8]. Unlike many scenarios in nucle-
osynthesis, in which astrophysical uncertainties dominate
those resulting from nuclear physics, the elemental abun-
dances of the neutron-star crust model are relatively ro-
bust. Recent results from Penning-trap mass spectrome-
try have also made a contribution to study the elemental
composition of the outer crust of neutron stars, where
the binding energy is of major input [3] 9].

In these experiments, CPT at CARIBU has measured
masses for the most neutron-rich nuclides to date and
holds the potential to measure nuclei that are even a few
neutrons more exotic. The results nicely extend the ca-
pabilities of existing radioactive ion-beam facilities until
the advent of future projects like FAIR (Facility for An-
tiproton and Ton Research) in Germany or FRIB (Facility
for Rare Isotope Beams) in the US.
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