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Abundance observations indicate the presence of rapittarecapturei(e., r-process) elements
in old Galactic halo and globular cluster stars. These efagiens provide insight into the nature
of the earliest generations of stars in the Galaxy — the pribgrs of the halo stars — responsible
for neutron-capture synthesis of the heavy elements. The Etar-to-star scatter observed in the
abundances of neutron-capture element/iron ratios at letalficities — which diminishes with in-
creasing metallicity or [Fe/H] — suggests the formatiorhefste heavy elements (presumably from
certain types of supernovae) was rare in the early Galaxg.stéllar abundances also indicate a
change from the-process to the slow neutron capture.(s) process at higher metallicities in
the Galaxy and provide insight into Galactic chemical etiolu Finally, the detection of thorium
and uranium in halo and globular cluster stars offers angaddent age-dating technique that can
put lower limits on the age of the Galaxy, and hence the Usger
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1. Introduction

Neutron-capture elements are present in some of the olaest; metal-poorife., low iron
abundance) Galactic halo stars. These elements are syethés either the slows) or rapid ¢)
neutron-capture process in generations of stars precéagngalo stars[1, 2]. The abundances of
thesen-capture elements, particularly where they are enhancietiGalactic halo stars, are being
employed to provide clues and constraints on a number oftofdihese topics include the nature
of the synthesis and the identities of the stellar generatidhose that preceded the halo stars - in
the early Galaxy. The stellar abundances are also provitgmginsight into the astrophysical site
(or sites) forr-process nucleosynthesis. Te@rocess seems to be identified in asymptotic giant
branch (AGB) stars [3]. However, the astrophysical sitettier-process has not been determined,
although it is likely in a supernova environment[4]. Neatttapture abundance determinations in
a wide variety of stars are also helping in understandinghttiare of, and the trends in, Galactic
chemical evolution. The detections of the long-lived raditve elements, such as thorium and
uranium, provide direct chronometric age determinatiamgtie oldest stars, which in turn place
constraints on age estimates for the Galaxy and the Universe

2. n-Capture Element Abundancesin the Halo Stars

Comprehensive, high resolution abundance studies haverbade for a number afprocess
enhanced halo stars, including CS 22892-052[5], BD°8248[6], HD 115444[7], CS 31082-
001[8] and HD 221170[9].

2.1 Dependence Upon Atomic Data

The stellar abundance determinations depend criticalbydipe atomic data. We illustrate this
in Figure 1. In the left panel we show the abundances from Badsed upon previously published
atomic data, for the metal-poor halo stars CS 22892-05BB]+17°3248[6], HD 115444[7] and
the Sun[10]. The abundances are scaled with respect to-phecess element Eu. The solid
horizontal line is given by log(X)observea 109€(X)ss(r—onlyy = 0. Ther-process-only values
are determined by the deconvolution of the solar abundamtesindividual s- and r-process
contributions[11, 12]. We focus on the abundance detetiimsfor Nd, Sm, Gd and Ho in these
four stars. It is clear in the (left panel of the) figure thadrthis a large amount of scatter for those
elements, using the previously published atomic data. igiw panel of Figure 1 shows the revised
stellar and solar abundances employing new atomic dataeTtas been a concerted effort in the
last decade to place these data on a firm, experimental iNsidy measured values, particularly
transition probabilities, have been obtained for the el@maNd[13], Ho[14], Pt[15], Sm[16, 17],
and Gd[18]. It is clear from the figure that as a result of eryiplp these newly revised atomic
data, the abundance scatter for the elements Nd, Ho, Sm aih<ldeen dramatically reduced.
This indicates that the relative abundances of these elsraemthe same in all of these metal-poor
halo stars. We note further that the abundancealladf the n-capture elements in the three stars
are consistent with the SSprocess-only abundances — the stellar abundance vallietose to
the solid horizontal line log(X)observed 109€(X)ss (r—onty) = O.
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Figurel: (left) Abundance values (scaled at the element Eu) for saledlements in the stars CS 22892-052
(open circles), HD 115444 (x), BD +13248 (triangles) and the Sun (filled circles), based uponipusly

published atomic data. (right) Newly derived abundanceeslbased upon recent experimental lab data
(after [17, 18]).

While the agreement is excellent, there are still some steaflations between the stellar and
solarr-process abundances. The salgrocess values have been obtained as residuals, after first
subtracting thes-process values from the total Solar System abundancese 8ie stellar abun-
dances have become increasingly more reliable, in largedparto the more accurate laboratory
atomic data, it may be possible to predict directly thgrocess abundances, rather than relying
on the subtraction of theprocess components from the Solar System abundanceshasiseen
attempted recently for the elements Gd, Sm, Nd and Ho[18].iléeAthere are still some uncer-
tainties in the individual values, the technique could beable new method of predicting the
r-process-only contributions to the Solar System abundance

2.2 Observational Evidence for Two r-Processesin Nature?

Stellar abundances of the enhanced, metal-poor Galadticsteas have shown a consistently
solarr-process pattern for the stable elements Ba and above|[lt H&s only been in recent years,
however, that elemental abundances between Sr-Y-Zr andiBalieen detected in these stars[5].
We illustrate in Figure 2 a summary of the observational flatéhe fiver-process enhanced stars
CS 22892-052[5] , BD +1°B248[6], HD 115444[7], CS 31082-001[8] and HD 221170[9].eTh
data have been scaled vertically (except for CS 22892-0&2jlléistration purposes. A scaled
solar systenr-process only abundance curve (solid line) is superimpasedach set of stellar
data. While some of these stars (e.g., HD 115444) have dittta between Z=40 and Z=50, most
of these lighten-capture element abundances seem to lie somewhat belowl#nesgstem curves
that fit the heavien-capture data. In particular Ag is below the SS curve in adlesa This seems
to suggest a different origin or perhaps a different sitetier synthesis of these two groupsroef
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capture elements, and in particular may support the sugggbiased upon solar system meteoritic
data) that there are twoprocess sites in nature[19]. Whether there are actualty deparate
supernova sites[20] or just different regions of the sanpeswva site[21] is still unclear. If there
are two sites for this synthesis, it is also unclear at whaheht the split occurs[22]. Clearly more
observational and theoretical studies will be requiredédtids understand the origin of both the
lighter and heavien-capture elements.
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Figure 2: An observational summary of the observed n-capture elesrierfive r-process rich halo stars:
CS 22892-052 (filled circles, [5]), HD 115444 (filled squaléy, BD +17°3248 (filled diamonds,[6]),
CS 31082-001 (stars,[8]), and HD 221170 (filled triang®d3,[ The vertical scale for the CS 22892-052
abundance set is true, and abundances of all of the otherlsae been vertically scaled downward for
display purposes. Each of these stellar abundance setgikiovwith the scaled solar systemprocess
abundance distribution that best fits the observed aburddsolid lines).

3. Chemical Evolution of the Elements

In the last few years observations using the STIS of the HS& bpened up the element range
available for study in these halo stars. In particular el@meuch as Ge have their strongest transi-
tions in the UV part of the spectral region, and thus are nail@ve to ground-based observations.
A recent survey of this element (along with Zr, Os, Ir and R group of 11 metal-poon-capture
enhanced Galactic halo stars was undertaken[23]. Thesema shown for Ge in Figure 3. Sur-
prisingly, it appears that the Ge abundances in these siadate with the iron abundance, with a
ratio of [Ge/H]~ [Fe/H] - 0.8. Since Ge is normally thought of asmcapture element, this be-
havior seemed initially surprising. It may be, howeveri floa these most metal-poor stars, some
type of charged-particle reactions could be responsiblthtoearliest Galactic synthesis of Ge[24],
before the eventuaprocess contribution sets in.

Certain chemical evolution trends can be understood withpaoisons ofr- and s-process
elements as a function of metallicity - very roughly a timetienship. While the ¢process) el-
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Figure3: Relative abundances of the elemental ratio [Ge/H] as aifumof metallicity .e., Fe) for a sample
of 11 Galactic halo stars (after [23]). The arrow represémsderived upper limit for CS 22892-052. The
dashed line indicates the solar abundance ratio of theswals, [Ge/H] = [Fe/H], while the solid green line
shows the derived correlation [Ge/H] = [Fe/H] — 0.79. A tyadierror is indicated by the cross.

ement Ba has been used in ratio to theiocess) element Eu[25], recent studies have employed
La/Eu[11]. We illustrate in Figure 4 the abundances [La/ialud group of Galactic halo[11] (blue
circles) and disk[30] (red diamonds) stars as a function effatficity. Superimposed on the abun-
dance data are predictions for thprocess only ratios: dotted line[25], dashed line[27] kmd)-
dashed line[26]. (An additional value would fall betweea ttashed line and the long-dashed line,
based upon a very recent experimental determination ofebtan capture cross section’éfLa,

S. Marrone, private communication.) The magenta squarEgyure 4 are the-process rich stars
CS 22892-052, HD 115444, CS 31082-001 and BD°8248. There are several important points
worth noting in this figure. The general upward trend in therelance ratio with increasing [Fe/H]
reflects the increased contribution from tprocess to La production — lower-mass stars have time
to evolve and enrich the interstellar gas wstprocess-rich ejecta. It is also seen that at very low
metallicities some of the ratios of La/Eu appear to lie abiheer-process only value. This sug-
gests somea-process contributions even at very low metallicities gmésumably, early Galactic
time. However, the onset of the bulk Galaatiprocess nucleosynthesis occurs at somewhat higher
metallicity, but still below [Fe/H] = —-2[25, 11]. Exactly velne this mains-process production
begins — with implications for the identities of the (massges of) sites and nature sfprocess
synthesis — depends upon the value ofrtpeocess only ratio of La/Eu. This illustrates the critical
nature and importance of the nuclear experimental data nieghrd to the neutron cross-section
measurement df°La, which in turn determines thee andr-process components for this element.

Additional information regarding the synthesis in the iesatlgenerations of stars can be ob-
tained by comparing elemental production as a function daftigty. We illustrate this behavior
for Eu and Mg in a group of Galactic halo and disk stars in Feghf2]. The large scatter in the
Eu/Fe abundance at very low metallicities suggests thab#iaxy was chemically inhomogeneous
(i.e., unmixed) inn-capture elements at early times. At later times, and highetallicities, this
scatter diminishes. In contrast the-glement) Mg abundance data[28, 29] does not show this
scatter. These abundance comparisons suggest-fitatess synthesis (whatever the site) was a
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Figure 4. Abundance trends with respect to metallicity for the eletakratio La/Eu in a large number of
halo (blue circles) and disk stars (red diamonds) in our 3a(after [11]). The long-dashed[26], dashed[27]
and dotted[25] lines are predictions floprocess only ratios by different investigators, and tHaldime is

the total Solar System abundances. The labeled stars arpraitess rich. The magenta squares are well-
studiedr-process enhanced stars.

relatively rare event, while Mg production must have beemearmmmmon at early Galactic times.
These comparisons further suggest possibly differens $ae the major Eu and Mg synthesis.
Since Mg is commonly thought to be produced in massive sEarsnight instead be synthesized
in less massive stars that become supernovae[4].

4. Chronometers

The detection of Th, with its very long half-life, allows fonronometric estimates for the ages
of the halo stars. The preferred chronometer pair for thgsedaterminations is U/Th, since both
elements are made entirely in thgorocess and they are nearby in mass number (see discussions
in [1, 4, 2]). U/Th has been employed to determine the agesso3182-001 (12.5- 3 Gyr,[32];

14 4+ 2.4 Gyr[8], ; 15.5+ 3.2 Gyr[31], 14.1+ 2.5 Gyr[34],) and BD +173248 (13.8+ 4 Gyr[6]).
However, uranium (with its low abundance and frequent spebtending with molecules) is diffi-
cult to detect in most stars.

Despite being widely separated in mass number from Th, Eassyedetected with ground-
based observations and made almost entirely im{4m®cess[11]. For these reasons chronometric
age estimates based upon the Th/Eu ratio have been made twnlzen of halo stars, typically
with age ranges of 11-15 Gyr [33, 36, 37, 38, 7, 35, 6, 5, 9] aitldl average age uncertainties
3-4 Gyr. This approach has also yielded a similar age for ¢oleugar cluster[39]. These stellar
values are also consistent with age determinations for Hiex based upon main-sequence turn-
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Figure5: Abundance scatter of elemental ratios [Eu/Fe] ([11, 30) [ahg/Fe] ([28, 29]) versus metallicity
for samples of halo and disk stars in our Galaxy (after [2])

off ages for globular clusters[40] and recent cosmologiga estimates from WMAP[41] and Type
la SNe[42, 43].

We note, however, that the chronometric age estimates degpamsitively upon the initial
predicted values of Th/Eu, which in turn depend on the nuctesss formulae andprocess models
employed in making those determinations (see discussiqBlin44]). We also note that in at
least one case, the chronometer ratio Th/Eu does not appéarusable. While the abundances
of the stable elements (through th&r3process peak) in CS 31082-01 are consistent with the
scaled solar systemprocess distribution, Th and U are enhanced with respetitegmthern-
capture elements[8, 31]. Thus, in this star the Th/Eu chrater leads to unreasonably low age
determinations, while the U/Th ratio predicts an age coesiswith other ultra metal-poor halo
stars. However the lead abundance[45], which predominaesiults froma decay of Th and U
isotopes, in CS 31082-01 seems to be too low with respectciolsigh abundance values of these
radioactive elements[46]. Clearly, additional obsensi and theoretical studies of this star, and
others with enhanced Th and U abundances, will be neededtéy bederstand and further refine
the chronometric age determinations.

5. Conclusions

Abundance studies of the old, metal-poor Galactic hal® stee providing a wealth of data and
information regarding the nature of early nucleosynthesigd the identities of the earliest stellar
generations. New clues to the site of thprocess are also coming from such studies. Comparisons
of the abundance levels in these stars, with respect to yourgl more metal-rich Galactic stars,
provides insight into the history of chemical evolution ietGalaxy. In particular the influence,
and period of onset, afprocess nucleosynthesis in the Galaxy are seen in thesgacimons. The
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detection of the radioactive elements (such as Th and U)gewa technique to determine the ages
of the oldest stars, which will help to determine the age ef@alaxy and the Universe.
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