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AAbstract: Ionic charge state studies of Solar Energetic Particle (SEP) events have indicated QFe = ~9-12 below ~0.1 
MeV/nuc for both impulsive and gradual events, which would be consistent with a source of normal coronal tempera-
ture of 1-3 MK. However, QFe >16 are often found in solar wind in association with solar activity, which suggests the 
existence of source distributions with a higher temperature. Using data from ACE SEPICA during the time period 
1998-2000, we have observed SEP events with a highly charged iron population even at low SEP energies, consistent 
with a high temperature source. Four of these highly charged SEP events show QFe > 14 throughout SEPICA energy 
range with no energy dependence of the charge states. To find out how and where such a highly charged source popu-
lation is accelerated to SEP energies we have looked for indicators of their acceleration site. In particular, we have 
found that all four events show a substantially enhanced abundance in He+ at 0.25–0.7 MeV/nuc, compared with 
normal solar wind abundances. Such abundance enhancements of He+
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have previously been related to the accelera-
tion of interstellar pick up ions to SEP energies in interplanetary space. Therefore, this finding indicates an associa-
tion of the high charge state SEP events with interplanetary acceleration.

1 Introduction
Solar Energetic Particles (SEP) are usually subdivided 
into two groups, i.e. impulsive and gradual SEP events [1,
2], that show different characteristics in composition, 
duration, X-ray event association, and charge states. For 
gradual events, the mean QFe at SEP energies of ~1 
MeV/nuc is ~9-12, compatible with the charge state 
found in average coronal conditions at a source tempera-
ture of 1-3 MK. Impulsive events showed high charge
states with QFe up to 20 [3,4], which was originally 
translated into a high source temperature. However, re-
cent studies have shown that in impulsive events QFe

So far, reports on high charge states of Fe at energies of 
<0.1 MeV/nuc in SEP events are sparse [7]. However, a
high mean ionic charge of Fe in the solar wind, with 
Q

increases from ~9-12 at <0.1 MeV/nuc to ~16-20 at ~0.5 
MeV/nuc [5, 6]. The low charge states at <0.1 MeV/nuc 
are again consistent with a source temperature of 1-3 MK, 
while the fast rise to 16-20 is due to energy dependent 
electron stripping in the dense plasma of the low corona.

mean>12 and a significant fraction of charge states Q>15, 
is often observed in ICME-related solar wind [8,9]. 
Through a survey with the SEPICA instrument on board 
ACE (Advanced Compositional Explorer) during 1998-

2000, we have found 6 SEP events that show QFe

2 Instrumentation

>14 
even at <0.1 MeV/nuc [10]. This observation supports a 
high temperature source of 2-6 MK, and appears to be 
consistent with the solar wind observations. 4 of these 6 
events show a consistent high charge state that is inde-
pendent of energy. This charge state behavior is different 
than either of the general characteristics of impulsive or 
gradual events. Thus we investigated other characteristics 
of all six events to relate them to specific solar or inter-
planetary events.

The study reported here was carried out with the Solar 
Energetic Particle Ionic Charge Analyzer (SEPICA) 
onboard ACE [11]. We also use data from the Solar Wind 
Ion Composition Spectrometer (SWICS) [12] and the 
Ultra Low Energy Isotope Spectrometer (ULEIS) [13] 
onboard ACE, as well as the Suprathermal Time-Of-
Flight (STOF) sensor onboard SOHO [14]. SEPICA 
provides ionic charge state distributions and averages in 
SEP events over the energy range 0.1-0.5 MeV/nuc. 
STOF provides mean Fe charge states at 0.01- 0.10 
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MeV/nuc. SWICS provides daily averages of solar wind 
heavy ion charge states up to 86 keV/e. With its large 
collecting power, ULEIS [15] provides the exact start and 
end time for each event, and detailed ion composition 
information. 

3 Results and Discussions

The 6 SEP events found with QFe>14 over 0.08-0.5 
MeV/nuc are listed in Table 1. Detailed procedures and 
criteria of how these events are found and selected are 
discussed in [10]. Event #1 & #5 (marked with *) are 
complex events with one of its component showing 
QFe>14. This observation of QFe>14 at ~0.1 MeV/nuc 
supports that a high temperature source population of 2-6
MK contributes to SEPs[10].

In the following, we try to find other indicators for solar 
activity related features that our SEP events are asso-
ciated with, as a first step to identify the acceleration 
sites of the newly found unusual events. Based on this 
analysis (details see [10]), we found that these events 
show features of both impulsive and gradual events. The 
only common feature for all 6 events is enhancement 
in 3He and heavy elements. This tends to point to an 
impulsive origin. However, such enhancement has also 
been found in gradual events, where impulsive material 
is accelerated by shocks [16], and is thus non-decisive.

By their charge state behavior, the 6 events can be further 
divided into two groups. Two of these events (#1 & #6) 
show QFe that increases with energy. This indicates a 
charge stripping process in the dense plasma of the lower 
corona, and thus an impulsive origin. Specifically, Event 
#6 has been studied in [6] and has been categorized as an 
impulsive event. Event #1 is a complex event. It was
studied in [5, 15], and is related to impulsive flares.

For the other 4 events, the charge states do not show a 
variation with energy, but are randomly distributed 
around the event mean. With no stripping feature, these 
particles were likely accelerated in the interplanetary
space, where the plasma column density is very low. For 
simplification, we will refer these events as “high-QFe
events” for the remainder of this paper.

Figure 1: QHe distribution of the 4 High QFe events, along 
with a double Gaussian fit (dotted line). Solid line 
represents the fitted He+ and He2+ populations

In order to characterize these high-QFe events further for 
their potential origin, we have studied the He+/He2+ ratio 
in these events. He+ ions are very rare in the solar wind
and the corona, usually with He+/He2+ of ~10-5. However, 
interstellar pick-up He+ is the most important source of 
He+

EEv.

in interplanetary space. In gradual events, pick up 
ions can be accelerated to MeV energies by shocks or 

##

YYear TTime Per iod SSWICS SSTOF SSEPICA 00.088 ––
00.13

MMev/n

0.18 ––
0.25

MMev/n

0.25 ––
0.36 
MMev/n

0.36 ––
0.54

MMev/nDOY Solar
WWind

10--100
kkev/n

0.18--0.554
Mev/n

1* 1997 311.17-314.00 15.43±1.78 14.71±1.78 14.16±1.78 15.47±1.78 16.99±1.78
2 1998 101.90 -103.50 16.60±0.98 16.61± 1.16 15.91±0.83 15.63±1.02 17.73±0.81
3 1998 124.25-125.29 13.60 13.33±0.12 14.59±0.26 14.19±0.22 13.83±0.27 16.09±0.30
4 1998 158.25-160.50 15.39±1.03 14.43±0.67 14.29±1.69 14.66±1.91 16.33±1.27
5* 2000 144.80-145.90 14.00 13.43 ± 0.50 15.95±0.42 14.70±0.44 16.80±0.38 16.80±0.38 16.80±0.38
6 2000 225.75-226.10 13.90 13.21 ± 0.56 18.22±0.72 16.62±0.74 17.86±0.74 19.29±0.71

Table 1. Events with QFe>14 over entire SEPICA energy range
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EEv.
## YYear TTime Per iod FFitted Counts HHe++/HeHe

2+
He2+ +

2 1998 101.90 -103.50 48.27 441.63 0.11
3 1998 124.25-125.29 164.09 17218.88 0.0095
4 1998 158.25-160.50 17.63 180.88 0.097
5 2000 144.80-145.90 40.45 3903.71 0.010

Table 2. He+/He2+ ratio in the high-QFe events

compression regions, which result in an enhancement of 
He+ over He2+ in these SEP populations [16].

Figure 1 shows the He charge state distribution of the 4 
high-QFe events at 0.25-0.7 MeV/nuc. All of the events 
have shown substantial He+ enhancement, as a plateau 
that extends from the main He2+ distribution or a weak 
second maximum. We further fitted the distribution with 
a double Gaussian function to analytically separate the 
He+ population from He2+. For all four events, the distri-
bution can be reliably fitted, with the total area of the fit 
within 1% of the actual counts. The two peak locations 
represent the fitted mean charge state of He+ and He2+,
which agree with the nominal values within instrumental 
uncertainty.

We then calculated the He+/He2+ ratio from the fit. The 
result can be seen in table 2. All four events shows He+

enhancement, ranges from ~1% to 10%. Conversely,
although seemingly showing a small amount of He+

existing at the very tail of the distribution, the impulsive 
event #6 cannot be well fitted by a double Gaussian.

To study the observed He+ enhancement further and 
compare with observations in impulsive events in more 
detail, we subdivided the QHe distributions into 3 energy 
channels (0.25-0.35, 0.35-0.5, 0.5-0.7 MeV/nuc).Figure 2
shows the He charge state distribution of event #2, com-
pared with that of the impulsive event #6. In event #2, a
significant contribution of He+ can be seen in all energy 
channels. The other three of the high-QFe events share a 
similar He+ distribution with event #2. The impulsive 
event #6 only shows He+ in the lowest SEP energy chan-
nel (0.25-0.35 MeV/nuc), which contributes most of the 
He+ seen for the full energy range of 0.25-0.7 MeV/nuc.
In higher energy channels, the impulsive event appears
devoid of He+.

However, dividing up into separate energy channels 
reduces the available He counts for the high-QFe events.
In attempts to fit each distribution with a double Gaus-
sian, we found that the statistical uncertainty became 
comparable to the height of He+ peak in some energy 
channels of event #3 and #5. These events have an aver-
age He+/He2+ ratio of ~1%. Though still a substantial
enhancement of He+ appears to be visible above the low 
charge state wing of the He2+ distribution, we cannot 
separate the He+ reliably in a double Gaussian fit.

To improve the counting statistics, we combined the He 
charge state distribution of all 4 high-QFe events. We 

Figure 2. Comparison of charge state distribution of He 
for event #2 & #6.

Figure 3: Comparison of He+/He2+ ratio between 4 high-
QFe events and 33 impulsive events

were then able fit this combined QHe distribution in each
energy channel using the same technique. For compari-
son, we also combined all 33 impulsive events identified
in [6] and then applied the same method.

Figure 3 shows the result of the above analysis. He+

enhancement is evident at all energy channels for the 
high QFe events. At 0.25-0.35 MeV/nuc, the ratio is 1.2%. 
It increases with energy, and reaches ������ �	� 
�� -0.8 
MeV/nuc. The 33 impulsive events, however, do not 
contain an obvious He+ contribution at energies >0.35 
MeV/nuc. In these events, He+ is only observed at 0.25-
0.35 MeV/nuc, and for the higher energies only upper 
limits are returned by the analysis. Present only at the 
lowest energy in impulsive events, He+ very likely stems 
from the suprathermal tail of the pick-up ions. Apparently, 
these particles are from a different source population than 
the impulsive SEPs, although they are observed simulta-
neously. In the high-QFe events, He+ enhancement is 
consistently present in all energy channels, and thus is 
likely associated with the SEP population of these events. 
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Figure 4: He and Fe particle flux evolution for event #3

To test this reasoning further, we plotted the temporal 
intensity profile of He and Fe for the high-QFe events 
using data from ULEIS. We found that He generally 
shares a similar intensity profile with Fe.  Figure 4 shows 
such a time profile for event #3. Both He and Fe show a 
simultaneous intensity increase at the beginning of the 
event and a similar intensity profile until DOY 124.75. 
The He intensity then rises, while the Fe intensity con-
tinues to decrease. The similar temporal behavior of He 
and Fe during the core event is consistent with both spe-
cies coming from the same acceleration region in these 
events.

It should be noted that event #1 shows some weak He+

enhancement, although it behaves more like an impulsive 
event. However, it is a complex event, with one compo-
nent of impulsive origin and another gradual component. 
We thus exclude it from this study, since it is most likely 
the gradual component that provides the He+ enhance-
ment.

4 Summary

We identified 6 SEP events with high iron charge state, 
i.e. QFe>14 over the entire SEPICA energy range. 4 of 
these events show a charge state behavior with no sub-
stantial variation as a function of energy. This behavior 
could not be categorized as either a typical impulsive or 
gradual event feature.

The constant charge state as a function of energy indi-
cates acceleration in interplanetary space. The column 
density of intervening material must be small because no 
stripping is observed. Therefore, we looked for associa-
tion of these events with specific solar/interplanetary 
activity phenomena and/or acceleration mechanisms. 
While all events show increased abundances in heavy 
ions and 3He, this observation cannot be taken as a deci-
sive to categorize them as impulsive events. To compile 
more information on their potential origin, we studied the 
He charge states in these events. We found that all 4 

events show a substantial presence of He+ throughout the 
SEPICA energy range, contrary to the events that were 
identified as impulsive, which lack such an enhancement 
above 0.35 MeV/nuc. Therefore, we conclude that the 
new type of SEP events with high iron charge states and 
no energy dependence are most likely accelerated in 
interplanetary space. 

We will yet have to identify a specific acceleration me-
chanism for these events, but they are likely accelerated 
in interplanetary space out of high temperature source 
material that may stem from active regions as it also 
contains remnant impulsive material.
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