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processes in the heliosphere. The presently available data on the ionic charge com-
position provide the basis for future more detailed comparisons of the ACR charge
composition with model calculations.

9. A Search for Minor Ions in Anomalous Cosmic Rays
B. Klecker, R.A. Mewaldt, M. Oetliker, and R.A. Leske

9.1. INTRODUCTION

There are presently seven elements that are generally recognized as members of the
ACR component: H, He, C, N, O, Ne, and Ar. All of these, except C, have relatively
high first ionization potentials, ranging from ~ 13.6 eV for H to ~ 24 eV for He. It
is therefore expected that a large fraction of these species are in a neutral state in the
local interstellar medium (LISM). Carbon, with its lower first ionization potential
(~ 11 eV), is expected to be mostly ionized in the LISM. Recently, Reames et
al. (1996) and Takashima et al. (1997) reported possible evidence for ACR sulfur
at 1 AU. Sulfur has a first ionization potential of ~ 10.4 eV, similar to C, and
somewhat higher compared to neighboring elements such as Mg (~ 7.6 eV) and
Si (~ 8.1 eV). In an effort to verify these new S results, Stone and Cummings
(1997) examined Voyager 1 and 2 data from the outer heliosphere. They found
enhanced abundances of Si, S, and Fe, which they attributed to anomalous cosmic
rays. However, the relative abundance of S they observed was much less than that
reported at 1 AU (see also Table VIII) suggesting that there may be an additional
source of low-energy S or that none of the S is of ACR origin.

The present situation with S may be similar to that with ACR C. Beginning with
the discovery of ACR ions more than 20 years ago, the quiet time analysis of low
energy interplanetary spectra of C and O in the inner heliosphere generally showed
C/O ratios of ~ 5-15% (Oetliker et al., 1997b, and references therein), much higher
than expected from an interstellar source. The first convincing evidence for ACR
C was presented by Cummings and Stone (1988) based on Voyager data from
~ 20 AU during the 1987 solar minimum. The observed C/O ratio was ~ 0.01,
consistent with the interpretation that only a small fraction of C is neutral in the
LISM. Using Ulysses data, Geiss et al. (1995) reported evidence for an additional
“inner source" of C, N, and O: they observed an enhanced abundance of C among
pickup ions at distances < 4 AU, which they attributed to contributions from
interstellar dust. However, a quantitative estimate showed (Geiss et al., 1996) that
the total production of C* and O from this inner source is only of the order of
~ 0.1% as compared to the total production of O from the interstellar gas and
does not contribute significantly to O (or N) in the ACRs. However, its contribution
to ACR C may not be negligible and could be of the order of ~ 10%. In a recent
SAMPEX analysis, Mewaldt er al. (1996a) and Oetliker et al. (1997b) used the
Earth’s magnetic field as a rigidity spectrometer to filter out high charge states
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from the low-energy quiet-time spectra and obtain a “pure" sample of ACRs. They
found ACR C/O ratios of 0.014+ 0.009 (17-42 MeV/nuc) and 0.021 + 0.009
(8-20 MeV/nuc), respectively, consistent with the observations by Voyager in the
outer solar system. These low abundances indicate that most low-energy C at
1 AU in interplanetary space is not singly charged, as expected for ACRs, and that
additional sources may contribute to the quiet-time fluxes at 1 AU,

In this section we report preliminary results of an extension of the SAMPEX geo-
magnetic filter approach, including data from mid-1992 to early 1996, as measured
with the HILT (Klecker et al., 1993) and MAST (Cook et al., 1993) instruments
on SAMPEX. The advantage of this approach is that particles of galactic origin,
which are essentially fully stripped, or of solar and interplanetary origin (e.g. SEP,
CME), which have high charge states characteristic of coronal temperatures of
about 2 - 10° K (Luhn er al.,, 1984, OQetliker et al., 1997a, and references there-
in), are filtered out, leaving a pure sample of ions with low charge states (e.g.,
g =+1,+2, etc).

9.2. OBSERVATIONS

SAMPEX is in a near polar orbit (82° inclination) that cuts across geomagnetic
cutoffs from ~ 0 to ~ 15 GV four times per orbit. Using particle trajectory
calculations and empirical geomagnetic cutoff relations derived from fully-stripped
galactic cosmic rays and solar energetic particles (see Klecker ef al., 1995; Mewaldt
et al.,, 1996a), it is possible to filter out GCR and SEP nuclei as well as trapped
ACRs (Selesnick et al., 1995) to obtain a “pure" sample of ACRs. HILT covers
the low energy range from ~ 8 to 28 MeV/nuc (for O), while MAST covers the
higher energy range, varying from 14-32 MeV/nuc for C to 29-60 MeV/nuc for
Fe, in this analysis. Relative abundances of C, O, Ne, Mg, Si, S, Ar, and Fe with
low charge states have been obtained over a large energy range (Table VII).

Atlow energies, using HILT data during the time period September 1992 to July
1995, and following the approach of Oetliker ef al. (1997b), relative abundances
of ions with low charge states in the energy range ~ 8-20 (C—Ne) and ~ 10—
20 MeV/nuc (Mg—-Fe) have been derived from ionic charge analysis. At higher
energies, the geomagnetic filter approach has been used to discriminate against
high charge states by selecting data from mid latitudes of ~ 52° to 65°, where
highly charged ions do not have access (Mewaldt ef al., 1996a). Figure 26 shows
that in the MAST energy range for Z>10 only 1 Mg and 1 Si count have been
observed. The results on elemental composition are summarized in Table VII. The
abundances reported recently from interplanetary measurements at 1 AU (Reames
et al.,, 1996; Takashima et al, 1997) and in the outer heliosphere (Stone and
Cummings, 1997) are summarized in Table VIII.

The abundances of Si and Ar with ¢ < 4 are compatible with the observations in
the outer heliosphere. However, somewhat surprisingly, the upper limit for singly
charged Ar is significantly smaller than both the interplanetary measurements in
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Figure 26. Histogram of events with low charge states from HILT (left) and MAST (right).

Table VII

Summary of elemental abundances derived with the geomagnetic filter approach at intermediate
latitudes and from trapped particles at low latitudes (I o errors are given in parentheses)

HILT HILT MAST MAST

Element Z | Energy g=1) (g<4) Energy Filtered | Trapped
(MeV/nuc) (MeV/nuc)

C 6 | 7-20 0.9(0.5) 27D 14-32 0.7(04) | 0.08 (0.03)
0] 8 | 820 70 86 1742 100 100
Ne 10 | 9-20 3.5(0.3) 4.5(0.6) 1946 6.3 (1.1) | 3.0 (0.25)
Mg 12 | 9-20 0.07(0.03) 0.1(0.03) | 21-51 <0.7 <0.05
Si 14 | 1020 <0.03 <0.07 22-56 <0.7 <0.06
S 16 | 10-20 <0.03 <0.10 24-60 <0.5 <0.09
Ar 18 | 10-20 <0.02 0.10(0.03) | 25-60 <0.6 <0.11
Fe 26 | 1020 <0.02 <0.02 29-60 <0.7 <0.23

the outer heliosphere and at 1 AU, The upper limit for Fe with ¢ < 4 is also
significantly smaller than the abundance observed at Voyager. The upper limit of
S*/0 is compatible with the abundance in the outer heliosphere. However, the
interplanetary S/O ratio in the outer heliosphere is significantly smaller than at
I AU, as reported by Stone and Cummings (1997).

We have also searched for evidence of ACRs with Z > 10 in the radiation
belt at low latitudes (L~ 2) composed of trapped ACRs (see, e.g., Selesnick et
al., 1995). Among more than 13,000 trapped C, N, O, and Ne nuclei observed by
MAST there were no nuclei heavier than Ne (see Table VII). This places limits on
the interplanetary abundance of singly or doubly charged ACRs with 2 > 10, but
they are difficult to quantify because of uncertainties in the trapping process. Note,
however, that if heavy ACR nuclei have charge to mass ratios of A /a4 S 12, they
are not likely to be trapped (see discussion below and Selesnick ef al., 1995).
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Table VII
Summary of elemental abundances from quiet time measurements in inter-
planetary space. The data are taken from Reames ef al. (1996)', Takashima
et al. (1997)%, and Stone and Cummings (1997)*

Geotail Wind' Geotail® Voyager®
Element Z ~10 ~10 ~20 ~6-20
(MeV/nuc)  (MeV/nue)  (MeV/nuc) | (MeV/inuc)
C 6 9 2.9 18 ~2.0
O 8 100 100 100 100
Ne 105 6 4.4 4.8
Mg 12 0.23
Si 14 ] 0.25 1.0 ~0.07
S 16 | 0.10 0.24 ~0.02
Ar 18 0.25 ~0.15
Fe 26 ’ 0.83 ~0.07

9.3. DISCUSSION

The geomagnetic filter approach to discriminate against high charge states provides
a valuable tool to derive the composition of a “pure" ACR sample in the inner
heliosphere. It has been demonstrated that most of the low energy quiet time
C observed in interplanetary space at ~ 1 AU is not of ACR origin. However,
the observed C/O ratio of ~ 1% for low charge states is compatible with the
observations in the outer heliosphere where contamination by solar / interplanetary
particles is apparently less significant. Table VII shows that abundances derived
for low charge states (¢ < 4) at ~ 10 MeV/nuc are in general consistent with the
abundances observed in the outer heliosphere, with the exception of Fe, where low
charge states are significantly less abundant. This also seems to be true for singly
ionized Si and Ar with energies > 10 MeV/nuc.

The interplanetary measurements at ~1 AU and in the outer heliosphere are
not consistent for C and S. Although there is no direct evidence from the S ionic
charge measurement, this suggests that at ~1 AU a significant fraction of S (as
most of C) may be from a highly charged solar or interplanetary component. The
low energy (< 10 MeV/nuc) S/C ratio of ~ 0.015 as observed at 1 AU (Takashima
et al., 1997) is, for instance, only a factor of ~ 2 smaller than coronal hole type
solar wind composition (~ 0.031, Shafer et al., 1993) and a factor of ~ 4 — 5
smaller than typical in-ecliptic solar wind (~ 0.053-0.07, Geiss et al., 1994) or
SEP composition (~ 0.08, Breneman and Stone, 1985).

If low energy Si and Fe as measured by Voyager are of ACR origin, then the low
abundances of Si* and Fe™ at 1 AU (as of Ar") could qualitatively be understood
in terms of the acceleration process: the maximum energy particles of charge ¢ can
gain at the termination shock is ~ 240 ¢ (MeV) (Jokipii and Giacalone, 1998).
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This is consistent with the observation that the energy per nucleon above which
multiply charged ions dominate is decreasing with mass (Selesnick ef al., 1997;
Section 8). Using the value of 350 MeV for the energy where the abundances
of singly charged ions drop to 50%, as derived in Section 8§ for ACR N, O, and
Ne, the corresponding energy per nucleon for Si, Ar, and Fe would be 12.5, 9.7,
and 6.3 MeV/nuc. Therefore, in the energy range > 10 MeV/nuc not many singly
ionized Ar and Fe ions would be expected. Furthermore, the abundance of multiply
charged ions will also depend on the charge exchange cross sections. For example,
the cross sections for stripping 1 or 2 electrons from Art at 2 MeV, i.e. near
the energy range of the maximum stripping cross section, are a factor of ~ 2.5
larger than the corresponding cross sections of oxygen (Lo et al., 1971). For Fe the
corresponding cross sections are a factor of ~ 2 smaller than for oxygen, and do not
provide an explanation for increased losses. Thus, the question of the source of low
energy S, Si, and Fe needs further investigation, Interplanetary measurements with
improved collecting power or closer to the termination shock, in combination with
ionic charge analysis and model calculations for minor ions will help to improve
our understanding of rare ACR species.

10. Summary

As we conclude this chapter it is appropriate to revisit the “Top Ten Questions in
Anomalous Cosmic Ray Studies" listed in Table I, in order to assess in which areas
there has been progress.

Questions 1 and 2 concern possible additional species and/or sources of ACRs.
The search for rare ACR ions in Section 9 demonstrates the power of the geomag-
netic technique for addressing this question; this approach can separate partially-
ionized from fully-stripped ions. This work provides confirming evidence that there
are at least two sources of low energy carbon ions at 1 AU in addition to the low-
energy tail of the modulated GCR component. There is apparently an interstellar
neutral source with C/O ~ 0.01-0.02 that is consistent with Voyager observations,
and also an additional source of ions of unknown origin that appear to be dominated
by intermediate charge states (2 < q <5).

Section 9 also indicates that the low-energy sulfur component reported by Wind
and Geotail (Reames et al., 1996; Takashima et al., 1997) may partly have an origin
other than the neutral ISM, since apparently little of these S ions are singly-charged.
In addition, there appears to be low-energy Mg, Si, and Ar ions that are neither
fully-stripped nor singly-charged. The Ar is likely of interstellar neutral origin that
(at energies >8 MeV/nuc) has been stripped to charge states of ¢ > | during the
ACR acceleration process (see below). The origin of the partially-ionized Mg and
Si ions remains unclear, but it is evident that this field will continue to be one of
vigorous investigation over the coming years,
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Questions 3, 4, and 5 are concerned with the injection of pickup ions into the
acceleration process, with the observed mass dependent acceleration efficiency and
with the possible pre-acceleration of pickup ions in the heliosphere. It has been
shown that acceleration in the inner heliosphere by CIRs and in the outer heliosphere
by stochastic acceleration, in particular in corotating merged interaction regions,
could significantly contribute to the particle population finally accelerated to ACR
energies at the termination shock. It has also been demonstrated that the increase
of the acceleration efficiency with mass could be reproduced in the mass range
1 to 4, at least qualitatively. However, a corresponding increase at higher masses
could not be shown yet. As the next step, the pre-acceleration models including
representative elements (e.g. H™, Het, O1) have to be combined with models for
acceleration at the termination shock and propagation in the heliosphere to fully
understand the processes governing ACR injection, acceleration and propagation
in the heliosphere (see below).

It was not expected that new measurements of ACR gradients and energy spectra
would lead immediately to improved interplanetary diffusion coefficients and other
transport parameters (Question 6), but the spacecraft data sets that are compiled
in Section 2 represent a necessary first step towards this goal by providing bench
mark data sets against which new models of cosmic ray transport in the heliosphere
will be measured. The modeling efforts in Section 3 manage to fit the spectra of
H and He individually, but do not yet provide a self-consistent fit to both ACR H
and He. However, this model is being actively pursued and improved results have
already been reported (C. D. Steenberg, private communication). In addition, new
data continue to be added to the ACR archive at ISSL.

Although we are only beginning to realize the implications of multiply-charged
ACRs (Questions 7 and 8), the report in Section 8 provides clear evidence that
multiply-charged ACRs are common to other ACR species besides oxygen, and it
suggests a pattern to the energy range where they predominate. Based on SAMPEX
data for N, O, and Ne, it appears that singly-charged ACRs dominate below a total
kinetic energy of ~ 350 MeV, while multiply-charged ACRs dominate at higher
energies. This pattern appears to be consistent with Jokipii’s model of diffusive
shock-drift acceleration, in which the spectra of accelerated species are expected
to steepen significantly above a characteristic energy of ~ 240 MeV (e.g., Jokipii,
1996).

In their review, Cummings and Stone (1998) provide evidence that the spec-
trum of accelerated ions observed as Voyager approaches the termination shock
has a spectral index of —1.3, suggesting that the solar wind termination shock may
be a weak shock, with a strength s of <2.8. Although none of the studies pre-
sented in this chapter address this observation specifically, during the discussions
at the workshop a second possible interpretation was suggested. In the diffusive
shock-drift acceleration model, the accelerated ions gain energy largely by drift-
ing towards the poles of the heliosphere (during the current gA > 0 phase of
the solar cycle), suggesting that the highest energy particles end up in the polar
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regions. Thus, if the potential energy gained by drift is indeed significant, one might
expect the accelerated spectra in the polar regions to be harder than predicted for
a given shock strength, while at lower latitudes the spectra near the shock would
be softer than expected from simple shock-acceleration theory (the Voyagers are
both located below 35° latitude). It should be possible to test this suggestion with
multi-dimensional acceleration and transport models.

According to the latest predictions, Voyager 1 may cross the termination shock
sometime before 2003 (e.g., Cummings and Stone, 1998). With the wealth of data
now available from present solar minimum, it appears quite reasonable to expect
that extensions of present models will have predictions available from a reasonably
complete and self-consistent ACR acceleration/transport model (Question 10) in
time for direct in situ testing by Voyager 1. It will be an additional challenge to
ensure that such models are also consistent with the well-documented behavior of
galactic cosmic rays (see also the Chapter of Working Group 1).
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