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Abstract. The variation of He+ and He2+ and the relative
abundance of various ion species across co-rotating interac-
tion regions (CIR) have been studied with ACE SEPICA and
ULEIS. The He+/He2+ ratio increases consistently from the
start of the event towards the end of the CIR, whereas the
absolute flux of the energetic ions usually reaches a maxi-
mum close to the beginning of the event. Because of the co-
rotation of the CIR the spacecraft is magnetically connected
to the compression region and the reverse shock at a distance
from the sun that increases with time across the CIR. There-
fore, the increasing He+/He2+ ratio can be interpreted as an
increase of the relative importance of the interstellar gas over
the solar wind as a source for the observed energetic ions.
However, in order to treat the relative contributions of the
two sources quantitatively, differences in the transport must
be taken into account. Therefore, we will compare the vari-
ation of the He+/He2+ ratio with the variations of the abun-
dance ratios of several ion species with different rigidities
and discuss these variations in terms of transport effects. Si-
multaneously, we can derive relative acceleration efficiencies
for these species.

1 Introduction

A substantial contribution of He+ to interplanetary energetic
particle populations was first reported by Hovestadt et al.
(1984). As a possible source of these ions the admixture of
cold solar material was suggested. Subsequently, the detec-
tion of interstellar pickup He+ (Möbius et al., 1985) in the
inner heliosphere has introduced another potential source for
particle acceleration in interplanetary space.

Compression regions and associated shocks between ad-
jacent fast and slow solar wind streams, coined co-rotating
interaction regions (CIRs), have long been known to acceler-
ate particles efficiently (Barnes and Simpson, 1976; McDon-
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ald et al., 1976). They are an important source of energetic
particles in interplanetary space, preferably during times of
low solar activity (e.g. Richardsen et al., 1993; Mason and
Sanderson, 1999). The composition of these energetic ions
is generally very similar to that of solar energetic particles
and the solar wind. However, differences, notably for He
and C, have been reported (Reames et al., 1991; Mason and
Sanderson, 1999). For a CIR at 5 AU Gloeckler et al. (1994)
identified interstellar pickup He+ as the major contributor of
the suprathermal He in CIRs with Ulysses SWICS for ener-
gies up to 60 keV. More recently, He+ was also found as part
of the suprathermal CIR population (up to 200 keV/Q) at 1
AU with SOHO STOF (Hilchenbach et al., 1999) and with
Wind STICS (Chotoo et al., 2000).

These observations led to the suggestion that pickup ions
may constitute an important source of suprathermal ions
for further acceleration at interplanetary shocks (Gloeckler,
1999). Based on the increased efficiency of pickup ions,
with which they are injected into the acceleration processes
to higher energies, Gloeckler et al. (2000) have argued that
inner source pickup ions may also contribute substantially to
the energetic particle population in CIRs. As a consequence a
substantial contribution of singly charged ions would be ex-
pected in the energetic heavy ion population of CIRs. For
a recent series of unusual CIRs close to solar maximum
in 1999 and 2000, M̈obius et al. (2002) have reported a
substantial fraction (10–30%) of He+ in the energy range
0.25–0.8 MeV/nucleon, which they attributed to interstellar
pickup ions. However, except for an 8% contribution of
Ne+, which is most likely of interstellar origin, no signifi-
cant singly charged component in the charge distributions of
other heavy ions was found, and in general the mean charge
state resembles that of CME related solar energetic particle
events and that of the solar wind.

For the same CIR events Morris et al. (2001) have shown
that the He+/He2+ ratio increases consistently over time dur-
ing the crossing of the CIR structure. This increase was inter-
preted as the increase in the relative contribution of interstel-
lar pickup ions over solar wind ions with distance from the
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sun in the CIR population. Figure 1 shows that after crossing
the stream interface, a spacecraft at 1 AU is connected to the
CIR at increasing distances as time elapses (Richardson et
al., 1993; Lee, 2000). On one hand the extrapolation of the
He+/He2+ ratios to a distance of 5 AU falls short of the value
obtained by Gloeckler at al. (1994). On the other hand rigid-
ity dependent transport from the CIR to the spacecraft may
also change the charge state composition, as would be ex-
pected from the model by Fisk and Lee (1980), because He+

and He2+ differ by a factor of two in rigidity. The potential
influence of rigidity dependent transport can be tested, using
the ratio of various pairs of ions in the CIR population with
substantially different M/Q ratios. Therefore, we combine in
this paper the charge state observations made with SEPICA
with the study of the evolution of abundance ratios, as ob-
tained with ACE ULEIS, for the series of CIRs that occurred
over six consecutive solar rotations in 1999 and 2000.

Fig. 1. Schematic view of a CIR and apparent path of a spacecraft
at 1 AU across the CIR structure (adapted from Richardson et al.
1993).

2 Spacecraft and instrumentation

The ACE spacecraft was launched on August 25, 1997, and
injected into a halo orbit around the Lagrangian point L1 on
17 December 1997 (Stone et al., 1998). Within the comple-
ment of high-resolution spectrometers to measure the com-
position of solar and local interstellar matter, as well as galac-
tic cosmic rays, SEPICA provides the ionic charge state dis-
tribution of energetic particles and ULEIS the elemental and
isotopic composition in the same energy region with high res-
olution and sensitivity.

To simultaneously determine the energy E, nuclear charge
Z and ionic chargeQ of incoming particles SEPICA com-
bines electrostatic deflection in a collimator-analyzer assem-
bly with an energy loss versus residual energy particle tele-

scope. Z andE are determined in the latter, whileQ is
derived from the electrostatic deflection. After problems
with its pressure control valves for the proportional coun-
ters, SEPICA has been operating for most of the time be-
tween early 1998 and 2000 with one of its two large geo-
metric factor sensor units. Its ionic charge resolution at an
energy of 1 MeV/Q is approximately∆Q/Q = 0.3 and its
geometric factor is 0.09 cm2sr. A complete description of the
SEPICA instrument and its data system may be found else-
where (M̈obius et al., 2000).

ULEIS determines the mass and energy of incoming ions
with high mass resolution by combining two time-of-flight
measurements with the determination of the residual energy
in a solid state detector. The large geometric factor of ULEIS
provides excellent counting statistics also for low flux ener-
getic particle events (Mason et al., 1998).

3 Data Selection and Observations

Close to solar maximum a series of CIRs caused by a low
latitude coronal hole was observed with ACE. This CIR was
tracked over six consecutive solar rotations in 1999 and 2000.
The time periods of observation for each recurrence are com-
piled in Table 1. Also shown are the times for the crossing
of the boundary between the fast and the fast compressed so-
lar wind (F and F’ in Fig. 1), i.e. the boundary in the CIR
structure that evolves into the fast shock at larger distances
from the sun. This is the boundary that has been used as a
reference for the computation of the radial distance from the
CIRs at any time during the observations according to the
model by Lee (2000) in the paper by Morris et al. (2001) and
in this investigation.

Table 1.

CIR Dates F–F’ Boundary
1 284 - 287 1999 284 00:00 UT 1999
2 311 - 313 1999 312 17:00 UT 1999
3 337 - 340 1999 338 17:00 UT 1999
4 364 1999 - 003 2000 001 00:00 UT 2000
5 026 - 030 2000 028 12:00 UT 2000
6 054 - 058 2000 055 14:30 UT 2000

In Fig. 2 the He+/He2+ ratios have been compiled for all
CIR occurrences as a function of time, referenced to the F–
F’ boundary (indicated by the vertical line att = 0) for each
recurrence of the CIR. The ratios have been computed by
fitting a double-Gaussian to the observed distribution. The
horizontal error bars indicate the integration time for each
data point, which is roughly one day, but adjusted to achieve
statistical errors that do not vary too widely. The vertical
error bars indicate the statistical error of the ratios. Clearly,
the He+/He2+ ratios increase consistently with time from the
beginning of the CIR. There is some scatter between the indi-
vidual recurrences, as reflected by the average ratios reported
by Möbius et al. (2001), but all of them follow the same trend
over time. The dashed line through the data points in Fig. 2
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represents a linear fit, which intersects the F–F’ boundary
with a value of 0.27. This is close to the average He+/He2+

ratio of all CIR recurrences.
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Fig. 2. Variation of the He+/He2+ ratio with time from crossing of
the boundary between the fast and the fast compressed solar wind
for all 6 recurrences of the CIR.

We will now test how much of the increase of the ratio
with time (i.e. with radial distance of the CIR) can be at-
tributed to rigidity dependent transport. Therefore, we study
the temporal variation of elemental ratios, as obtained with
ACE ULEIS, for two of the most intense CIR recurrences,
starting on DOY 364, 1999, in Fig. 3 and on DOY 26, 2000,
in Fig. 4. In both figures the fluxes of O and Fe at 0.4–
0.6 MeV/nucleon, i.e. in the center of the energy range for
He, are shown in the top panel. The center panel contains
daily averages (horizontal bars) of the C/O and the Fe/O ra-
tio, and the bottom panel of the O/H ratio. The dashed line
indicates the F–F’ boundary. The vertical error bars indicate
the statistical error of the ratios.

 Fe 

 16O 

10-3

10-2

10-1

100

F
lu

x

C/O
Fe/O

0

0.2

0.4

0.6

0.8

�����

0

0.0001

0.0002

0.0003

0.0004

364 365 366 367 368

F
lu

x 
R

at
io

DOY

ACE ULEIS

Fig. 3. Fluxes of O and Fe together with the C/O, Fe/O and O/H
ratios as a function of time across the CIR on DOY 364, 1999, to
DOY 3, 2000.

As can be seen, the fluxes increase already way before the
F–F’ boundary is encountered. In fact the peak values al-
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Fig. 4. Fluxes of O and Fe, the C/O, Fe/O and O/H ratios as a
function of time across the CIR on DOY 26 31, 2000.

most coincide with the boundary. In both cases the C/O and
the Fe/O ratio do not vary significantly with time across the
CIR. The high Fe/O values on DOY 364, 1999, and at the
beginning and end of the second event in Fig. 4 can be at-
tributed to very low fluxes. In fact the CIR fluxes do not
rise substantially above the levels of other energetic particles
in interplanetary space during these times. Disregarding the
same data points for O/H the remaining data may contain a
mild trend that shows an increase over time. Similar results
are obtained for the remaining CIR recurrences (not shown
here), but with lower counting statistics.

4 Discussion and conclusions

With ACE SEPICA we have observed a substantial increase
in the He+/He2+ ratio over time from the beginning of the
CIR. This observation appears consistently in six recurrences
of the same CIR in 1999 through 2000. While He2+ rep-
resents the solar wind source, He+ stems from interstellar
pickup ions. As can be seen in Fig. 1, a spacecraft at 1 AU
is magnetically connected to the CIR at increasing distances
from the sun towards later times. The relation between the
time after crossing the CIR and the connection distance has
recently been solved analytically by Lee (2000). This re-
lation suggests a possible interpretation of our observations
that involves competition between the solar wind and the in-
terstellar source as a function of distance from the sun. Be-
cause of continuous production the integral pickup ion flux
varies as1/r, while the solar wind flux decreases as1/r2.
As a result the He+/He2+ ratio would increase linearly with
distance from the sun and thus, according to Lee (2000), ap-
proximately linearly with time. If rigidity dependent trans-
port does not play a significant role, the observed variation
of the ratio may in fact directly reflect the variation of the
source strengths with distance from the sun.
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We have tested the influence of rigidity dependent trans-
port with elemental abundance ratios. As expected the C/O
ratio did not show any variation with time across the CIR.
The rigidities of these two species are very close to each
other, because theM/Q ratio of C is≈2.35 and that of O
≈2.6 for average charge states of 5.1 and 6.1, respectively, in
the CIRs under investigation (M̈obius et al., 2002). However,
with an average charge state of≈11.4 theM/Q ratio of Fe
is≈4.9 and thus almost twice as high as that of O, but no no-
ticeable variation of the Fe/O ratio with time is observed in
the two CIR events shown in Fig. 3 and 4. For the O/H ratio
(with a difference onM/Q by a factor of 2.6) a very small
increase may be visible in the event in Fig. 4 and an increase
by a factor of two in Fig. 3.

The latter two results appear to be inconsistent with each
other, as both pairs Fe and O, as well as O and H differ sub-
stantially inM/Q and thus rigidity. However, it may be dif-
ficult to include H in such studies. As bulk species of the
solar wind its abundance may be affected by additional pro-
cesses, which may not be important for heavy ions. Be- cause
in none of our cases the Fe/O ratio varies signifi- cantly this is
a good indication that rigidity dependent transport is not very
important for the temporal evolution of the He+/He2+ ratio
in CIRs. This result lends additional credibility to our inter-
pretation of this evolution, i.e. as a reflection of the variation
of the interstellar versus the solar wind source with distance
from the sun.

Our result is generally consistent with the finding by
Gloeckler et al. (1994) that He+ pickup ions constitute the
main source for suprathermal He in CIRs at 5 AU, as ob-
served with Ulysses for one example at lower energies. It
should be noted though that with≈ 0.7 our projected ratio
for He+/He2+ at 5 AU (c.f. Morris et al., 2001) is lower by
about a factor of 5 compared with the reported Ulysses ob-
servations at 5 AU. This difference may have several reasons.
Firstly, our observations at 1 AU may be affected by cross-
field transport and thus not reflect exactly the ratios encoun-
tered at the CIR via magnetic connection. In fact, Dwyer
et al. (1997) reported evidence for cross-field diffusion at
CIRs. As a result the observed population may include mate-
rial that was accelerated closer to the sun, which would lower
the observed ratio. Secondly, the He+/He2+ ratio may vary
substantially from event to event, as is already evident from
the results shown by M̈obius et al. (2002). The value re-
ported by Gloeckler et al. (1994) could be an exceptionally
high He+/He2+ ratio. Further observations and preferably a
direct comparison with observations at 1 and 5 AU may be
needed to resolve this puzzle.
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Möbius, E., et al., Charge states of energetic ions obtained from a
series of CIRs in 1999–2000 and implications on source popula-
tions, Geophys. Res. Lett., subm., 2001.

Morris, D., et al., Implications for source populations of energetic
ions in co-rotating interaction regions from ionic charge states,
in: ACE-SOHO Workshop on Solar and Galactic Composition,
ed. R. Wimmer-Schweingruber et al., AIP Conf. Proc., subm.,
2001.

Reames, D.V., T.R. Sanderson, and L.M. Barbier, On the differ-
ences in element abundances of energetic ions from corotating
events and from large solar events, Astrophys. J., 382, L43 - L46,
1991.

Richardson, I.G., L.M. Barbier, D.V. Reames, and T.T. van
Rosenvinge, Co-rotating MeV/amu ion enhancements at = 1 AU
from 1978 to 1986, J. Geophys. Res., 98, 13 - 32, 1993.

Stone, E.C., et al., The Advanced Composition Explorer, Space Sci.
Rev., 86, 1 - 22, 1998.


