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ABSTRACT

We have measured the annual variation in the quiet-time composition of interplanetary suprathermal ions
between 0.04 and 1 MeV nucleon�1 from 1994 November 20 through 2006 January 1. Our results show the
following: (1) The C/O and Fe/O ratios are similar to the corresponding values measured in the solar wind and
corotating interaction regions (CIRs) during solar minimum conditions of 1994–1997 and 2005. (2) During
periods of increased solar activity between 1998 and 2002, the C/O ratio is similar to that measured in solar
energetic particle (SEP) events, while the Fe/O ratio lies between the values measured in coronal mass ejection–
driven interplanetary shock and SEP events. (3) The3He/4He ratio lies in the 1.5%–5% range during 1997–2005
August, but it dropped by an order of magnitude during 2005. We conclude that the composition of the suprathermal
ion population between∼6 and 30 times the solar wind speed near 1 AU is dynamic and is essentially dominated
by ions accelerated in SEP events during solar maximum conditions and by suprathermal solar wind ions and/
or those accelerated in CIRs during solar minimum conditions.

Subject headings: interplanetary medium — shock waves — solar wind — Sun: activity —
Sun: particle emission

1. INTRODUCTION

One of the most remarkable results of recent ion composition
studies is the discovery that a sizable fraction (∼50%) of co-
ronal mass ejection (CME) or CME-related interplanetary (IP)
shock events and large gradual solar energetic particle (SEP)
events exhibit substantial enrichments in the abundance of3He
ions (Mason et al. 1999; Cohen et al. 2000; Desai et al. 2001,
2006) and occasionally in that of He� ions (Kucharek et al.
2003). Since3He and He� ions are very rare in the solar wind
(the 3He/4He and He�/He2� ratios in the solar wind are less
than 10�4; Gloeckler & Geiss 1998), the above results cannot
be explained by invoking simple shock acceleration mecha-
nisms operating on a seed population composed solely of solar
wind ions (Lee 1983, 2005; Ellison & Ramaty 1985). The only
known source of3He ions is impulsive solar flare events (see,
e.g., Mason et al. 2002), while the He� ions originate as in-
terstellar neutral He atoms that get ionized and picked up by
the outward-flowing solar wind (e.g., Mo¨bius et al. 1985;
Gloeckler et al. 1994). Thus, the very presence of tracer ion
species such as3He and He� provides evidence that CME-
driven shocks accelerate suprathermal ions with speeds greater
than ∼1.5–2 times that of the bulk solar wind speed (e.g.,
Gloeckler et al. 1994; Mason et al. 1999; Chotoo et al. 2000).

Comprehensive studies of CME-related IP shock and SEP
events show that the heavy-ion abundances from4He through
Fe are not organized by any simple physical quantity such as
mass, mass-per-charge ratio, or first ionization potential when
compared with those measured in the solar wind (Mewaldt et
al. 2002; Desai et al. 2003, 2006). These results indicate that

the seed population accelerated in CME-driven shocks is not
dominated by ions with solar wind–like composition but, in-
stead, comprises heavy ions with composition similar to that
measured in3He-rich and gradual SEP events (e.g., Desai et
al. 2003, 2006). Indeed, a wide variety of sources such as
interstellar and inner source pickup ions (Gloeckler et al. 2000),
ions accelerated in solar and interplanetary activity (Mason et
al. 1999; Mason 2000), and solar wind suprathermal ions
(Gloeckler 2003) are expected to contribute to the suprathermal
energy regime (e.g., Mason 2000). Thus, even though the ex-
istence of suprathermal ions and the critical role they play
during injection and shock acceleration processes has been
known for some time (e.g., Gloeckler et al. 2000), many prop-
erties such as the relative contributions from different sources
and their temporal and spatial evolution are poorly understood.

In this Letter, we examine annual variations of the quiet-
time suprathermal heavy-ion composition from 1994 Novem-
ber through 2006 January and investigate, for the first time,
properties of the suprathermal energy regime over a complete
solar cycle. We find that the composition of the suprathermal
ion population near 1 AU between∼6 and 30 times the solar
wind speed during solar minimum conditions of 1994–1997
and 2005 is similar to that measured in corotating interaction
regions (CIRs) and the solar wind. In contrast, the composition
of the suprathermal ion population during the solar maximum
period of 1997–2004 is similar to that measured in SEP events.

2. INSTRUMENTATION

We use suprathermal- through energetic-particle measure-
ments between 0.04 and 1.0 MeV nucleon�1 obtained by two
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Fig. 1.—(a) Daily averaged 80–160 keV nucleon�1 Fe intensity measured
by Wind/STEP from 1994 November 20 through 2006 January 1. The yellow
shaded region shows the intensity range of “quiet days,” when the Fe intensity
fell below 10�2 particles (cm2 sr MeV nucleon�1)�1. (b) Fraction of quiet days
(green) and occurrence rates of C-, M-, and X-class X-ray flares (blue) and
that of sunspots (red) plotted vs. time. Occurrence rates of X-rays flares and
sunspots are normalized to their respective maxima.

Fig. 2.—The 80–160 keV nucleon�1 mass histograms obtained byWind/
STEP during the quiet days in 1995, 2001, and 2005.

time-of-flight versus residual energy mass spectrometers,
namely, (1) the Suprathermal through Energetic Particle tele-
scope (STEP; von Rosenvinge et al. 1995) on board theWind
spacecraft (Acun˜a et al. 1995) and (2) the Ultra Low Energy
Isotope Spectrometer (ULEIS; Mason et al. 1998) on board the
Advanced Composition Explorer (ACE; Stone et al. 1998).
STEP has a geometry factor of 0.4 cm2 sr with a 10 cm flight
path and measures He–Ni ions in the 0.03–2 MeV nucleon�1

energy range. ULEIS has a geometry factor of∼1 cm2 sr with
a 50 cm flight path and measures He–Ni ions between 0.1 and
10 MeV nucleon�1.

3. SELECTION OF QUIET DAYS

In order to investigate properties of the suprathermal ion
population over the last 12 years, we selected quiet days from
the daily averaged 80–160 keV nucleon�1 (hereafter referred
to as ∼120 keV nucleon�1) Fe intensity measured byWind/
STEP from 1994 November 20 through 2006 January 1, as
shown in Figure 1a. We identify “quiet days” during which
the Fe intensity dropped below 10�2 particles (cm2 sr MeV
nucleon�1)�1. Figure 1b shows the fraction of quiet days in
each year along with the annual occurrence rates of X-ray flares
(C-, M-, and X-class) and sunspots,1 normalized to their re-
spective maxima in 2003. As expected, the figure shows that
the fraction of quiet days is anticorrelated with solar activity.

4. HEAVY-ION COMPOSITION

Figure 2 shows the∼120 keV nucleon�1 mass histograms of
C–Fe ions obtained byWind/STEP during the quiet days in
1995, 2001, and 2005. Each histogram is normalized to the
total number of O counts obtained during 2001. Note that the
C, O, and Fe mass peaks are well resolved. These results show

1 Taken from http://sec.noaa.gov/Data/index.html#indices.

that the quiet-time mass histograms and the C/O and Fe/O ratios
in 1995 and 2005 are remarkably similar. In contrast, the quiet-
time composition during 2001 is depleted in C but enriched in
Fe. The mass peaks in the range Ne–Si are not separately
resolved; however, it is clear from the histogram that in the
low solar activity periods, Ne is more abundant than Mg and
Si, while in the solar active 2001 data, it is somewhat less
abundant. The differences measured during high and low solar
activity periods are similar to the differences between CIR and
SEP material wherein the solar quiet periods contain the sig-
nature of CIRs.

Using similar quiet-time histograms obtained for each
year, we calculated the∼120 keV nucleon�1 C/O and Fe/O
ratios by taking ratios of the total number of counts measured
over the following mass ranges: 10.5–13.5 amu for C; 14.5–
18 amu for O; and 51–70 amu for Fe. Figure 3 shows the yearly
variations of these abundances along with the average
C/O and Fe/O ratios measured in3He-rich (Mason et al. 2004)
and large gradual SEP (Desai et al. 2006) events, CME-driven
IP shock events (Desai et al. 2003), fast and slow solar wind
(von Steiger et al. 2000), and CIRs (Mason et al. 1997). The
C/O and Fe/O ratios exhibit a clear dependence on solar ac-
tivity, with the C/O ratio varying by a factor of∼2 and the
Fe/O ratio varying by a factor of∼5. Specifically, we note the
following: (1) During solar minimum the C/O ratio approaches
that seen in the solar wind and (for 1995–1997) CIRs, while
during active periods it decreases toward values seen in gradual
and impulsive SEPs. (2) During periods of low solar activity
the Fe/O ratio lies close to the solar wind and CIR values,
while in periods of high solar activity it increases toward values
seen in IP shocks and gradual and3He-rich SEPs.

We also extended the lower energy range of our analysis
down to∼40 keV nucleon�1 (i.e., near the lower energy thresh-
old of Wind/STEP) and found that the results are similar to
those presented in Figures 2 and 3.

5. THE 3He/4He RATIO

The frequent presence of impulsive flare–related material in
the interplanetary medium near 1 AU is identified from the
detection of suprathermal through energetic3He ions on board
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Fig. 3.—The 80–160 keV nucleon�1 C/O (top) and Fe/O (bottom) ratios
obtained byWind/STEP during the quiet days of each year. Horizontal lines
represent average abundances measured in various heliospheric ion popula-
tions: orange, corotating interaction regions (“CIRs”; Mason et al. 1997);
brown, 3He-rich or impulsive solar energetic particle events (“ISEPs”; Mason
et al. 2004);black, gradual solar energetic particle events (“GSEPs”; Desai et
al. 2006); purple, CME-driven IP shock events (“IP Shocks”; Desai et al.
2003);blue, fast solar wind (“FSW”);green, slow solar wind (“SSW”). Av-
erage solar wind values are taken from von Steiger et al. (2000).

Fig. 4.—The 0.35–1.0 MeV nucleon�1 He mass histograms measured by
ACE/ULEIS during the quiet days in 2001 and 2005.

Fig. 5.—The 0.35–1.0 MeV nucleon�1 3 He/4He ratios obtained byACE/
ULEIS during the quiet days of each year.

ACE (e.g., Mason et al. 1999; Wiedenbeck et al. 2003). Fig-
ure 4 shows the 0.35–1.0 MeV nucleon�1 He mass histograms
and the corresponding3He/4He ratios obtained by ULEIS dur-
ing the quiet days in 2001 and 2005. Both histograms show
that the3He peak is finite and well resolved from the more
abundant4He. However, we note that the3He/4He ratio is more
than an order of magnitude greater (nearly∼3%) in 2001 when
compared with∼0.25% in 2005 (see Desai et al. 2006 for a
discussion of the calculation of the3He/4He ratio). Nonetheless,
the 3He abundances in both periods are enhanced between fac-
tors of∼6 and 60 over the corresponding slow solar wind value.

Figure 5 shows the annual average values of the3He/4He
ratio measured during the quiet days identified in Figure 1. The
figure shows that the3He/4He ratio remained between the
∼1.5% and 5% levels from 1997 August to 2005 January and
that it dropped by an order of magnitude in 2005. Previously,
Richardson et al. (1990) reported that the∼1–10 MeV nu-
cleon�1 quiet-time abundances of3He and Fe at solar maximum
were similar to those seen in impulsive SEPs.

6. DISCUSSION

The quiet-time composition of 0.04–1 MeV nucleon�1 supra-
thermal ions from 1994 November 20 through 2006 January
1 shows the following:

1. During solar minimum conditions, both the C/O and
Fe/O ratios are similar to the corresponding values measured
in the solar wind and CIRs.

2. During solar maximum conditions, the C/O ratio is sim-
ilar to that measured in SEP and CME-driven IP shock events,
while the Fe/O ratio lies between the values measured in IP
shock and SEP events.

3. The3He/4He ratio is at the∼1.5%–5% level during 1997–
2005 August, but it drops by an order of magnitude during
2005.

Our results show that the suprathermal ion population be-
tween 0.04 and 1.0 MeV nucleon�1 is dynamic and consists of
ions from multiple sources that themselves vary as a function
of solar cycle. Under solar minimum conditions, the supra-
thermal population is dominated by ions whose composition
is similar to the solar wind and/or those accelerated in CIRs.
In contrast, CIR and solar wind ions apparently made minor
contributions to the suprathermal energy region during solar
maximum from 1998 through 2004. The fact that the C/O ratio
is remarkably similar to that measured in IP shock and SEP
events while the Fe/O ratio falls between the corresponding
values measured in these events indicates that the suprathermal
ion population is essentially dominated by ions accelerated in
3He-rich SEP events, gradual SEP events, and IP shock events.
Moreover, the near-constant level of3He/4He ratio indicates
that the contribution of ions accelerated in3He-rich SEP events
probably remains consistently high during 1997–2004. The dra-
matic decrease in the3He/4He ratio indicates that3He-rich SEP
events made a relatively smaller but nonetheless significant
contribution during 2005. Given the variability of solar activity,
it is not obvious that CIRs will always dominate over transient
events in the 1 AU suprathermal ion population at solar min-
imum; however, since CIRs were observed to dominate over
transient events in the 1993–1995 period (e.g., Sanderson et
al. 1995; Richardson et al. 1998), the CIR-like composition for
the suprathermal ion pool is not a surprise for the solar min-
imum periods studied here.

Recent results fromACE have shown that many key prop-
erties of heavy ions accelerated in CME-driven IP shock events
(e.g., Fe/O ratio, the O spectral index, and energy-dependent
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behavior of the Fe/O ratio) are well correlated with those of
the suprathermal heavy-ion population measured prior to the
arrival of the IP shocks atACE (Desai et al. 2003, 2004). These
studies also show that ambient suprathermal ion population is
highly variable and composed of material accelerated in both
3He-rich and gradual SEP events. Thus, these new results high-
light the important role of understanding the origin and evo-
lution of the suprathermal seed population as a function of
solar cycle and how its properties affect the injection and ac-
celeration of particles at CME-driven shocks.

In summary, the composition of the suprathermal ion pop-
ulation between∼6 and 30 times the solar wind speed is dy-
namic and is dominated by ions accelerated in SEP and CME-
driven IP shock events during periods of increased solar activity
and by ions with composition similar to the solar wind and
CIRs during solar minimum conditions. Thus, the seed pop-
ulation for CME-related IP shocks and SEP events that occurred
predominantly during the maximum of cycle 23 is dominated
by suprathermal ions accelerated in3He-rich and gradual SEP

events (see Desai et al. 2004, 2006; Mewaldt et al. 2006). On
the other hand, we predict that the seed population for CME-
and CIR-related shocks during the upcoming solar minimum
will be dominated by suprathermal solar wind ions or those
accelerated in CIRs.
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