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Abstract.

The galactic cosmic ray elemental source abundances display a fractionation that is possibly based on

first ionization potential (FIP) or volatility. A few elements break the general correlation of FIP and volatility and the
abundances of these may help to distinguish between models for the origin of the cosmic ray source material. Data from
the Cosmic Ray Isotope Spectrometer instrument on NASA’s Advanced Composition Explorer spacecraft were used to
derive source abundances for several of these elements (Na, Cu, Zn, Ga, Ge). Three (Na, Cu, Ge) show depletions which
could be consistent with a volatility-based source fractionation model.

INTRODUCTION

The elemental abundances of the galactic cosmic rays
(GCRs) reflect the abundances at their source and their
evolution during propagation through the Galaxy. Care-
ful modeling of the transport of cosmic rays through the
intervening matter can provide an estimate of the source
composition. The GCR source material is found to be
similar in composition to the pool of material from which
the solar system was formed, but with an observed ele-
mental fractionation based on chemical properties such
as the first ionization potential (FIP) or volatility (as in-
dicated, for example, by the condensation temperature).
The Cosmic Ray Isotope Spectrometer (1) (CRIS) on
NASA’s Advanced Composition Explorer (ACE) space-
craft has been measuring cosmic ray abundances for el-
ements between helium (Z=2) and selenium (Z=34) at
energies between 50 and 600 MeV/nucleon for over two
years. These new data may help to determine what physi-
cal parameter controls the fractionation and provide a vi-
tal clue for understanding the source of galactic cosmic
rays and the acceleration mechanisms that power them.

There are several explanations for the observed deple-
tion of certain elements in the galactic cosmic ray source.
One comes from a similar observation in the abundances
of solar energetic particles, coronal material, and the so-
lar wind. In those cases the elemental fractionation is
ordered by the first ionization potential (FIP), or possi-
bly first ionization time (FIT) (see e.g. (2)). Apparently,
elements with a lower FIP (or FIT) are more easily ion-

ized, enabling them to be more easily transported from
the photosphere into the corona (3). The similarity of this
depletion pattern to that seen in the GCRs led Cassé et
al. (4), Meyer (5), and others to speculate that the GCR
seed population might be stellar coronal material. An al-
ternative explanation for the GCR fractionation is that the
cosmic rays are grain destruction products whose relative
abundances are controlled by their condensation temper-
atures, or volatility (6, 7). The possibility that the GCR
source material comes from dust grains in the interstellar
medium has recently been explored again in detail (8).

The two explanations for the GCR fractionation lead
to very different views of the cosmic ray source. Fortu-
nately, the general correlation between FIP and volatil-
ity is not complete; the abundances of several elements
might be used to distinguish between them as an ordering
parameter. Four such elements, copper, zinc, gallium, and
germanium, lie just beyond the iron-nickel peak where
abundances fall rapidly with increasing nuclear charge
and secondary contributions from fragmentation of heav-
ier nuclei are minimal. A fifth key element, sodium, is
many times more abundant than zinc, but contains an es-
timated 70% contribution from secondary fragments, no-
tably from magnesium and silicon. The sodium source
abundance is much more sensitive to errors in the frag-
mentation cross-sections and the total amount of inter-
stellar material traversed than the trans-nickel elements
for which source abundances can be more reliably de-
termined. For this reason, different methods were used
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here to estimate the source abundances of sodium and the
heavier elements.

TRANS-NICKEL ELEMENTS

Figure 1 shows a charge histogram of selected heavy
element data recorded by CRIS over a two year period.
The sub-peaks in copper and zinc correspond to differ-
ent isotopes which were resolved for the first time in the
CRIS instrument. The relative abundances of these iso-
topes, with relatively large statistical uncertainties, are
consistent with the corresponding solar system values.
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FIGURE 1. CRIS charge histogram for trans-nickel elements
compared with solar system abundances (9).

A leaky box propagation model developed at the Naval
Research Laboratory for other types of propagation stud-
ies (10) was used to model the effects of cosmic ray trans-
port through the Galaxy. All stable isotopes (and those
unstable on cosmic ray time scales) from Z=21 to Z=41
were propagated by solving the leaky box equations in
the “weighted-slab” approximation in which nuclei are
followed as they pass through successive thin slabs of in-
terstellar material. The interstellar medium was taken to
be 90% hydrogen and 10% helium by number. Losses
due to fragmentation, radioactive decay, and escape from
the Galaxy were taken into account, as well as gains from
spallation and radioactive decay of heavier nuclides. The
fragmentation of elements above zirconium (Z=40) make
negligible contributions to the copper-germanium (Z=29-
32) region.

The model used the partial cross-sections of Silberberg
& Tsao (11, 12). The escape mean free path, Aegc, was
taken to be a function of rigidity, R, and particle velocity,
B, and gave results consistent with CRIS observations for
the sub-iron/iron ratio.

Aee =17.2B g/sz, R < 4.0GV )
Aese = 17.2B(R/4.0GV)"%6 R >4.0GV
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The source abundances were taken initially to be those of
the solar system (9) with elemental abundances adjusted
as necessary to fit the observed values. Figure 2 shows
the relative abundances of 20 elements near Earth. The
calculated abundances include the effects of solar modu-
lation with a modulation parameter ¢=500MV.
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FIGURE 2. Relative near-Earth elemental abundances (Fe=1).
The histogram shows the results of the propagation calcula-
tion compared with HEAO-C2 data (13) and HEAO-HNE “low-
energy” charge pair measurements (14).

The propagation model accounts reasonably well for
the sub-iron elements (21<Z<25). These elements have
minimal source abundances and are almost purely sec-
ondary. The discrepancies for vanadium and manganese
are comparable to the uncertainties in the fragmentation
cross-sections. Source abundances of elements heavier
than iron were adjusted so that the propagated abun-
dances matched CRIS data where available. Above ger-
manium, source values were adjusted in pairs so that the
sum of the propagated odd and even charge elements
matched the measurements by Binns et al. (14). With
the calculated abundances in agreement with observa-
tions above and below the elements of interest, secondary
contributions to the copper-germanium region should be
well represented.

The ratios of the galactic cosmic ray source (GCRS)
abundances to the corresponding solar system (SS) val-
ues (9) are summarized in Table 1 for the trans-nickel
elements. The uncertainties in the GCRS/SS ratios re-



flect the 10 statistical uncertainties in the calculated GCR
sources and solar system abundances, as well as an es-
timated uncertainty in the fragmentation cross-sections.
The secondary contributions for copper, zinc, gallium,
and germanium were calculated to be 16%, 6%, 23%,
and 11%, respectively, by repeating the propagation cal-
culation with one element at a time removed from the
source. A 20% overall uncertainty in the cross-sections
contributed at most a 5% uncertainty to the calculated
source abundance.

Table 1. GCR Source relative to solar system (Fe=10%).

Element GCRS* sst GCRS/SS
Copper 463449 580464 0.80+0.12
Zinc 573+58 1400462 0.41+0.05
Gallium 45414 42429 1.07+0.34
Germanium  90+21 132+13 0.684:0.17

* This work.

t Anders & Grevesse (9).

SODIUM SOURCE ABUNDANCE

To determine the source abundance of sodium, several
“purely secondary” nuclides with similar masses were
used to constrain the calculated secondary corrections.
In particular, the observed abundances of 2INe, 19, and
70 should contain fragmentation products from the same
parents that produce sodium. A series of steady-state
leaky box propagation calculations (model described in
(15)) were carried out while varying the escape mean free
path, Agg. For each Acgc the source ratios of 20Ne, 22Ne,
23Na, 25Mg, 26Mg, 27 Al, 28Si, 29Si, and 39Si relative to
the stable primary isotope 2*Mg were adjusted to repro-
duce the locally observed values. Source abundances of
heavier nuclides were held fixed at solar system values
modified by a FIP fractionation. The source abundances
of 70, F and 2!Ne were also based on solar system
values, although these are negligible compared to the sec-
ondaries produced during propagation.

For each value of Ag, the sodium source abundance
needed to account for the observed sodium is determined,
as well as the relative difference between the calculated
and observed values of the three secondary nuclides be-
ing used to constrain the model. Figure 3 shows the
correlation between the calculated sodium source abun-
dance and these relative differences. When each sec-
ondary isotope is taken individually, our best estimate of
the sodium source abundance corresponds to the point on
the curve where the calculated and observed abundances
of the tracer isotope agree (“0% difference”). These val-
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FIGURE 3. Constraints on the 2>Na/2*Mg source ratio. The
vertical axis represents the percent difference (A%) between the
calculated and observed abundances of nearby secondary iso-
topes near Earth. The point in the top panel illustrates the statis-
tical uncertainty in the calculated 22 Na/2*Mg source ratio due to
uncertainty in the local measurements. The solar system value
(9) is indicated by the vertical dashed line.

ues are indicated by the light solid lines in the figure, and
the 1o statistical uncertainty limits are indicated as dot-
ted lines. The differences between the three determina-
tions of the sodium source abundance could be due, for
example, to errors in the cross sections for producing the
various secondaries.

A weighted average of the three determinations of the
sodium source abundance was calculated and the spread
among the different values used as an indication of the un-
certainty arising from the calculation of the correction for
secondary ?*Na. The statistical uncertainty in the mea-
surement of sodium was included to obtain a best esti-
mate for the source ratio 2Na/>*Mg of 0.048 + 0.015.



Compared to the solar system (9) ratio of 0.067, sodium
was found to be marginally depleted in the GCR source
relative to other elements with similar first ionization po-
tential. The isotopic ratio was normalized to elemental
iron (Fe=1) using the HEAO (13) Mg/Fe GCRS value of
1.03+0.03 and the solar system isotopic and elemental
abundances (9), resulting in a source GCRS/SS ratio for
Na/Fe of 0.62+0.19.

DISCUSSION & SUMMARY

Figure 4 shows the GCRS/SS ratio for all five elements
studied here as a function of the first ionization potential.
HEAO data (13) are added to provide a context for the
CRIS measurements and one possible FIP parameteriza-
tion is drawn as a solid line. Gallium and zinc are con-
sistent with FIP as the ordering parameter. With only ten
events, the gallium measurement is also consistent with
volatility models. Zinc, in spite of the good statistical
accuracy, does not discriminate between models well be-
cause it is in the intermediate FIP region where some de-
pletion is likely. Copper and germanium show respective
depletions of 1.7¢ and 1.90c relative to iron, consistent
with what might be expected if volatility were the relevant
parameter. The apparent depletions of the refractory ele-
ments magnesium and silicon can be interpreted as mass
effects in the volatility model (8) and do not necessarily
reduce the significance of the copper and germanium re-
sults.

The CRIS instrument is providing new measurements
of key elemental source abundances in the galactic cos-
mic rays. Two of these elements, zinc and gallium, are
consistent with either a FIP or volatility fractionation of
the source material. Three other elements; sodium, cop-
per, and germanium, show depletions relative to elements
of similar first ionization potential which could be con-
sistent with a volatility dependent fractionation model of
the GCR source material.

The uncertainty in the sodium source abundance is
dominated by the systematic uncertainty in the correc-
tion made for the secondary contribution to the observed
abundance. The source values for the rare heavy elements
beyond nickel are all limited by uncertainties in the mea-
surements and in the solar system abundances. Even with
the large CRIS geometry factor, collection rates for the
trans-nickel nuclei are low, especially as solar maximum
approaches. Nevertheless, a five-year total mission could
allow a 50% increase in the available data set. This, along
with improvements in propagation models for elements
from carbon to nickel, suggests that over the next few
years, CRIS measurements do have the potential to dis-
criminate between FIP and volatility as the controlling
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FIGURE 4. GCR Source / Solar System as a function of FIP
(Fe=1). HEAO data (13) added for context.

parameter for the elemental fractionation of the galactic
cosmic ray source material.
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