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Abstract: Charge state measurements of solar energetic particles (SEP)  provide diagnostic information about the 
source populations and acceleration mechanisms and their locations in SEP events. The SEPICA instrument on board 
the ACE  spacecraft can directly measure the ionic charge state for SEP iron ions with energies below 0.6 MeV/nuc. 
The direct measurement technique yields not only the mean charge of iron ions for an event, but the charge state dis-
tribution as well. We determined event-averaged iron charge state distributions in the energy range 0.23 to 0.33 
MeV/nuc for several large (gradual) SEP events. We find a large variability of iron  charge distributions, ranging 
from distributions compatible with a coronal source at  ~1MK to distributions with a pronounced tail at high charge 
states, suggesting the  presence of multiple sources or additional effects, such as stripping in the low corona. We 
present some typical examples and discuss the implications for propagation and acceleration effects.  
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1 Introduction 
 

Charge states of solar energetic particles (SEPs) provide 
information about the source regions and acceleration 
history of the ions. The charge state observed at Earth is 
the result of ionization at the source region plus colli-
sional stripping that may occur as ions are accelerated 
out of the solar atmosphere, the rigidity dependence of 
the acceleration process and transport effects between the 
Sun and the observer.  
 
SEP events have often been classified with the terms 
gradual or impulsive. The gradual events tend to be more 
intense and last longer than impulsive events. Gradual 
events typically feature a CME-driven shock, and may 
have an associated flare eruption. Impulsive events are 
typically associated with flares, and tend to have an 
excess abundance of heavy ions such as iron, compared 
to the corona (Reames, 1999). They also have an abun-
dance enhancement of 3He to 4He (Mason et al., 2002). 
 
Charge state measurements in SEPs were reported by 
Klecker et al. (1984) for both classes of events. These 
were direct measurements, using the ULEZEQ sensor on 
ISEE-3, in the energy range 0.3-1.0 MeV/nuc. In 3He-
rich events, they found a mean iron charge state of 19+, 

while for the large gradual events, the mean iron charge 
state was 14+. Charge states for Si were reported by 
Luhn et al. (1987) from the same sensor. They found the 
mean charge state for Si at 11.0+ and 14+ for gradual and 
impulsive events respectively. They also reported mean 
charge states for iron as 14.1+ and 20.5+ for the two 
classes of events. 
 
In addition to these differences in gradual and impulsive 
events, later observers reported an energy-dependence in 
SEP charge states. These typically featured an increase of 
charge state with energy, starting at 20 MeV/nuc. The 
first was observed in SEP events in October and Novem-
ber of 1992 (Oetliker et al., 1997). These results were 
obtained with the SAMPEX spacecraft using the geo-
magnetic filter method, in which the Earth’s magnetic 
field is combined with elemental composition measure-
ments to infer the ionic charge state (Leske et al., 1995, 
Baker et al., 1993). Additional observations of energy 
dependent iron charge states in both impulsive and gra-
dual SEP events were reported and summarized (Möbius 
et al., 2003, Popecki et al., 2006, diFabio et al., 2008), at 
energies less than 1 Mev/nuc. The energy dependence 
suggested that the ionic charge states were not simply set 
by the local temperature of the ion source region, but 
were additionally influenced by other factors.  
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Events with energy-dependent iron charge states have 
been studied with time-dependent models that accelerate 
ions in the corona, while allowing simultaneous colli-
sions with particles in the local medium. The acceleration 
is sufficiently rapid that the ions do not reach local equi-
librium. Their charge state distributions depend on the 
product of residence time and local density during acce-
leration. Gradual event cases in which a CME shock 
provides the acceleration have been developed by Barg-
houty & Mewaldt (2000), Ostryakov and Stovpyuk 
(2003), Lytova and Kocharov (2005) and Kocharov 
(2000, 2006). These models used a source region tem-
perature of approximately 1MK. Impulsive, flare-related 
cases have been modeled by Kartavykh et al. (2005, 2006, 
2007) and Dröge et al. (2006), using stochastic accelera-
tion. In one flare event, Kartavykh et al. (2007) also 
added a small source component of ions at 10MK. These 
models suggest that most of the high charge states are 
produced by collisional processes during acceleration, 
and a small component may be produced by a high 
source temperature. 
 
In the next section, iron charge state distributions from 
four large SEP events will be examined in a narrow 
energy range. The distributions will be fitted with models 
of two possible sources: one at an equilibrium tempera-
ture and the other representing a flare-related source. 
Deviations from these two sources suggest the presence 
of an additional component that was accelerated in a non-
equilibrium process. 
 

2 Observations  
 
Four large SEP events were observed by the SEPICA 
instrument on the ACE spacecraft in 1998 and 2000.  The 
SEPICA instrument is a an energy loss/residual energy 
telescope that uses a deflection high voltage to obtain the 
energy per charge ratio of an ion. The deflection and 
energy loss are measured in a proportional counter. The 
residual energy is measured with a solid state detector. 
All three measurements are combined to yield elemental 
composition and ionic charge state (Möbius et al., 1998). 
The energy range for iron is approximately 100 to 600 
keV/nuc.  
 
The events are identified in Table 1. All four were asso-
ciated with a halo CME and Xray flares. Three also in-
cluded an ICME passage at ACE during a portion of the 
event. The iron charge state distributions are shown in 
Figures 1-7. One event distribution has a symmetrical 
appearance with a peak near charge state 10+. The other 
three also have a peak near 10+, but feature a tail toward 
higher charge states.  
 
Six flare events were also observed by SEPICA in the 
1998-2000 period. They were identified independently 
by Ho et al. (2001a, 2001b), using the time profiles of 
energetic electrons observed by ACE/EPAM. Their 
charge state distributions were combined and smoothed 
to produce an empirical model of a flare source in the 

0.23-0.33 MeV/nuc energy range. Each of these flare-
related distributions may be part of an energy-dependent 
charge state profile. Together, they provide an estimate 
of the range of flare-related charge states observed in the 
0.23-0.33 MeV/nuc band. 
 
The charge state distribution for Event 1, 1998, DOY 
310.0-317.0 is shown in Figure 1. It has been fit with two 
components. One is an iron charge state distribution from 
a source at 1.15MK, using Bryans et al. (2006), and fold-
ing the source distribution through the instrument re-
sponse function. This peaks at charge state 10+. The 
other component is the empirical flare model. This is a 
broad distribution that peaks near 16+. The gray trace in 
Figure 1 is the fit to the observations shown in the 
black/dotted trace. These two components fit the obser-
vations well, with a 17% probability of exceeding the chi 
square statistic. The two fit components are shown sepa-
rately in Figure 2. This event was accompanied by a 
series of 29 C and M class flares and a CME-driven 
shock. 
 
Event 2, 2000 DOY 159.0-162.0, is shown in Figure 3. 
This was accompanied by an X class flare at a longitude 
of E18 and a CME-driven shock. This is the most sym-
metrical distribution of the four. It is fit with one compo-
nent, an iron source at an equilibrium temperature of 
1.12MK. No other source is needed. The fit is also good, 
with a 32% probability of exceeding the chi square statis-
tic. 
 
Event 3, 2000 DOY 95.9-98.6, is shown in Figure 4. This 
featured a C class flare at W66 and a CME-driven shock. 
The charge state distribution is fit with an equilibrium 
source at 0.99MK, plus the empirical flare source. The 
two modeled source components are shown in Figure 5. 
The flare source is limited by the small observed quanti-
ties at charge states 20+ and above. Consequently, there 
is a large discrepancy between the two sources and the 
observations in the charge state range 11+ to 17+, peak-
ing at 13+. 
 
Event 4, 2000 DOY 256.9-264.0, consisted of two se-
quential injections. Injection 1 was 256.9-260.5, and 
injection 2 was 260.5-264.0. Like the others, this event 
included a CME-driven shock and two flares, although 
the flares were near the central meridian at W08. The 
charge state distribution for the first injection is shown in 
Figure 6. This event also included a magnetic cloud pas-
sage and a second injection in the latter portion of the 
event. During the second injection, the mean iron charge 
state increased. The second injection had a more promi-
nent tail to higher charge states. The charge state distri-
bution for the second injection is shown in Figure 7. This 
is fit with an equilibrium source at 1.12MK, plus an 11% 
contribution from the empirical flare model. Again, the 
two sources are unable to represent the observations. The 
discrepancy is in the charge state range 14+ to 17+.  
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Figure 1. Event 1 data and fit, using a source at thermal 
equilibrium and a flare component. 

 
Figure 2. The two model components for event 1 are 
shown separately. 

 
Figure 3. Event 2 is shown with a single, equilibrium 
temperature component. 
 

 
Figure 4. Event 3 cannot be fit with a combination of an 
equilibrium source and the empirical flare model. 

 
Figure 5. The two fit components are shown with the 
observation for event 3. The difference between the fit 
and observations is principally near Q=13+. 

 
Figure 6. The first injection of Event 4 is well-
represented by the two component model. The fit is dom-
inated by the equilibrium source component. 

 
Figure 7. The second injection of Event 4 is not well 
represented by the two model components. The compo-
nents are shown separately. The differences peak near 
Q=14+. 
 

3 Discussion  
 
Two of the four large events and part of a third may be 
represented with some combination of an iron source at 
thermal equilibrium plus an empirical flare source of 
various intensities (Event 1, 1998, DOY 310.0-317.0 , 
Event 2, 2000 DOY 159.0-162.0 and Event 4, injection 
1). Event 1 combined a CME shock with a series of 
flares in the western hemisphere. In this case, the high 
charge state component, represented by the empirical 
flare model, may include acceleration in the presence of 
local particle collisions. However, in this narrow energy 
range of 0.23-0.33 MeV/nuc, the low charge state com-
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ponent does not show much evidence of this. Charge 
state distributions at higher energies in these events could 
reveal departures from thermal equilibrium. Event 2 also 
combined a shock with a large flare, but the flare was 
near the central meridian and therefore presumably not 
well connected magnetically to ACE. It was represented 
by a source at an equilibrium temperature. The first in-
jection of Event 4 was similar to Event 2, but a small 
contribution from the empirical flare model was needed. 
 
The other two events: Event 3, 2000 DOY 95.9-98.6 and 
injection two of event 4, 2000 DOY 260.5-264.0, dis-
played significant departures from the two source model. 
Event 4 featured a large flare near the central meridian 
like event 2 above. However, the high charge state 
second injection of event 4 was also accompanied by a 
magnetic cloud passage at ACE. The cloud may have 
provided the magnetic connection to the flare ions (for 
example, see Farrugia et al., 2002). Event 3 included a C 
class flare at W66, which should nominally be well con-
nected to the spacecraft. Interestingly, in both cases, the 
empirical flare component was relatively small because 
the tail in the observed charge state distribution dropped 
off too steeply to accommodate a flare contribution. If 
the empirical flare model is a reliable estimate of the 
flare contribution, then flare ions were a minor part of 
both event populations. These events are candidates for 
models using shock-driven acceleration in a collisional 
environment.  
 
 

Event Period 

Associated 
CME 
Eruption 

Associated 
flares 

Local shock 
passage at 
ACE 

(1)  

98/310.0-
317.0  

Nov. 6.0-13.0 

Halo 
CME, 
Nov. 5, 
2044 UT 

• 29 C & 
M flares, 
AR 8375 
• M & C, 
AR 8371 

98/312  

Nov. 8 at 
4UT 

(2) 

00/159.0-
162.0  

Jun 7.0-10.0 

Halo 
CME, Jun. 
6, 1554 
UT 

X class at 
1525 UT 
Jun. 6, 
N20E18 

00/160  

Jun. 8, 
0841 UT 

(3)  

00/95.9-98.6  

Apr. 4.9-7.6 

Halo 
CME, 
Apr. 4, 
1632 UT 

C class at 
1541 UT 
Apr. 4, 
N16W66 

00/97  

Apr. 6  

1604 UT 

(4)  

00/256.9-

Halo 
CME, 
Sep. 12, 

• M class, 
S17W09  

• C at 
N14W08  

00/259  

Sep. 15,  

264.0  

Sep. 12.9-20.0 

1154 UT M class, at 
N13W07 

3:59 UT 

Table 1. SEP Event Periods 
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