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ABSTRACT 

We consider the acceleration of heavy ions in impulsive solar flares. In particular, we have performed Monte Carlo 
simulations of stochastic acceleration by AlfvCn wave turbulence, and compare new results for magnesium and silicon 

ions with previous results for iron. The model takes into account stripping due to collisions with ambient electrons 

and heavy particles (protons and He+2) which becomes increasingly important for more energetic ions, as well as 

radiative and dielectronic recombination due to collisions with electrons. Spatial diffusion and Coulomb losses are 

also taken into account. For comparison, we also calculate equilibrium mean charges. We examine the effects of 

plasma parameters on the calculated energy-dependent charge state distributions of these elements, which can be 
compared with results from space-borne instruments in order to put constraints on the physical environment of the 

acceleration region. 0 2002 COSPAR. Published by Elsevier Science Ltd. All rights reserved. 

INTRODUCTION 

It is accepted that solar events such as flares and coronal mass ejections (CME) can be divided into two 
classes, “impulsive” and “gradual” (e.g., Pallavicini, Serio, and Vaiana, 1977; Kahler et al., 1984; Cane, McGuire, and 

von Rosenvinge, 1986). The resulting solar energetic particles (SEP) from impulsive flares are believed to originate 

from stochastic acceleration in hot flare plasma, whereas those from gradual flare/CME events are believed to be 

accelerated by a travelling, CME-driven shock. One of various differences is that SEP ions accelerated in impulsive 

events are stripped to higher charge states than those from gradual events (Luhn et al., 1987). Recent high-sensitivity 

measurements by the SEPICA instrument on board the ACE spacecraft for a variety of events have revealed mean Fe 
charges ranging all the way from 11.3 to 19.7 (Mijbius et al., 2001; Popecki, 2001). 

The ionic charge distributions can serve as unique diagnostics of the source plasma, because they are deter- 

mined by ionization and recombination processes which are sensitive to the plasma temperature, density, etc. Qual- 
itatively, the charge states can identify the plasma of origin of the particles (i.e., hot plasma, open corona, or solar 

wind) and help to classify SEP populations (Ruffolo, 2001). Quantitatively, they can help to elucidate the details of 

the acceleration site and acceleration mechanism. In addition, they can give information on the residence time of the 

ions in that plasma. 

It is very useful to consider ionic charge states of several elements for the same event, in order to place much 

better constraints on parameters of the source and acceleration/propagation regions (Ruffolo, 1997), and to take ad- 
vantage of the beautiful observational data from the SAMPEX and ACE spacecraft, with mean charge states obtained 

for up to 13 elements for a single event (Leske et al., 1995). In particular, Mg, Si, and Fe are abundant SEP species 

for which there is a wide range of observed charge states, providing especially good diagnostics. Therefore, this work 
aims to extend previous work on modeling Fe charge states resulting from stochastic acceleration in impulsive solar 

flares (Ostryakov et al., 2000b) to consider Mg and Si. In addition, we also consider the equilibrium mean charges in 

detail, and confirm the importance of ionization by collisions with p and He+2 for such energetic ions. 
In this work, we model charge distributions under two types of conditions: a) We first consider idealized, 

equilibrium conditions, under which an ion is imagined to maintain a given energy while traveling through a plasma 

for a time sufficiently long that the charge distribution achieves a steady state (Luhn and Hovestadt, 1987; Kocharov 
et al., 2000). b) We then consider a realistic model of stochastic acceleration during an impulsive solar flare, as 
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considered by Ostryakov et al. (2OOOa,b). Their results, including comparisons with measured spectra, indicated that 
even SEP ions originating in the dense plasma of an impulsive solar flare region do not follow equilibrium, energy- 

dependent Fe charge distributions (i.e., r:N is not sufficiently large), in contrast with the premise of Reames et al. 

(1999). 
Nevertheless the consideration of equilibrium mean charges is still worthwhile because they represent the 

extreme endpoint of stripping restricting the allowed range of charge changes. The charge distributions of heavy 

ions, which can be observed by means of X-ray or optical (forbidden line) spectroscopy or by direct measurements 

of particles, provide a means to study plasmas for thermonuclear or inertial confinement fusion. Knowledge of these 

distributions is also important for determining the performance of tandem accelerators (Luhn and Hovestadt, 1987). 

Furthermore, measurements of charge states are also widely used in solar physics and astrophysics in general; one 
example is the observation of optically forbidden line emission from specific Fe ions during a solar eclipse. 

The importance (or necessity) of processes changing the charges of ions during their propagation through a 

plasma has been confirmed experimentally (Dietrich et al., 1992; Neuner et al., 1998). However, such experiments 
are technically difficult and do not provide us complete information about properties of equilibrium charge distri- 

butions even for a single element. Therefore numerical calculations of such distributions based on ionization and 

recombination cross sections available in the literature are highly desirable. 

In the case of thermal (or low-energy) ions, only collisions with electrons are important in determining the 

equilibrium charge distribution. Ions are ionized due to collisions with electrons via direct and excitation ionization. 

They can also capture electrons from the surrounding plasma due to processes of radiative and dielectronic recombi- 
nation. For thermal ions, almost no protons (or other heavy ions) in the ambient plasma have a high enough velocity 

to overcome the ionization threshold. However, additional ionization by protons becomes quite important when the 

ions move with a higher energy. 

IONIZATION AND BECOMBINATION BATES 

The ionization rates can be calculated through corresponding cross sections as (Luhn and Hovestadt, 1987; 
Kocharov et al., 2000): 

(1) 

In this equation we consider collisions of the accelerated ion I with both plasma electrons (e) and various plasma ion 

species 0’; here we consider p and He+2). Then 71, J is the characteristic time of ionization from the initial ion I to ion 
J, and N and o are the number density and cross section, respectively, for each plasma species. The relative speed of 

a plasma electron with respect to the accelerated ion I is denoted w,, and the distribution function f(w,) is a so-called 
offset Maxwellian distribution: 

f(dh = ~~~{exp[-~(we-ur)2]-exp[-~(~e+~,)2]}, (2) 

where VI is the energetic ion speed. Note that in equation (1) we neglect the thermal velocities of plasma ion species, 

so that the relative speed in the final term is simply the speed of the accelerated ion I. Recombination rates are 
calculated in the same manner, but considering only collisions with plasma electrons. 

The direct ionization cross-sections due to collisions with electrons (and corresponding rates) were calculated 

in accordance with Amaud and Rothenflug (1985). To calculate the excitation ionization due to collisions with 

electrons, we used the formulae of Amaud and Rothenflug (1985) and Sampson and Golden (198 1). For calculating 
the ionization cross sections for collisions with protons (using Np = N, = N) and He+2 (NH~=O. 1 N) we used Bohr’s 

formula (for details, see Kartavykh et al., 1998; Kocharov et al., 2000). Radiative recombination was accounted for 

according to the tables of Shull and Van Steenberg (1982a,b). Dielectronic recombination was calculated following 
the tables in Mazzotta et al. (1998). 

Figures 1 and 2 show total ionization and recombination rate coefficients for the transitions Si+g +-+ Si+‘O 
and Si+12 +-+ Sif13, respectively, together with separate contributions of different processes at a plasma temperature 
T = lo6 K. For low charges, with valence electrons in the L-shell or higher, dielectronic recombination is dominant 
in the energy range below N 1 MeV/nucleon, and radiative recombination dominates at higher energies (Figure 1). 
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For valence electrons in the K-shell, radiative re- 

combination is more important, with the exception of nar- 

row energy ranges where resonant conditions for dielec- 
tronic recombination are fulfilled (Figure 2). Ionization 

cross sections due to collisions with Hef2 are similar to 

those for protons, but with about l/4 of their absolute mag- 
nitude. 

EQUILIBRIUM MEAN CHARGES 
If an equilibrium is achieved between ionization 

and recombination processes, we have ~&=Tx~+~cY~+~, 

where nq is the relative number density of ions with charge 

state q, R, is the ionization rate coefficient and CX~+~ is the 

recombination rate coefficient. 
Figures 3 and 6 show the mean equilibrium charges 

of magnesium and silicon as a function of energy, calcu- 

lated at three different temperatures. For these tempera- 

tures, it is is crucial to take collisions with heavy particles 

(e.g., p and Hef2) into consideration for Mg and Si ions 

of N l-5 MeV/nucleon. Actually, additional ionization by 

helium ions does not lead to noticeable changes in equilib- 

rium mean charge; nevertheless it has some influence on the 
mean charge of accelerated ions, as we shall see in the next 

section. 

The curves for ionization by electrons alone, as typ- 

ically used in previous research (e.g., Luhn and Hovestadt, 

1987) are smoother than the more accurate curves taking 
into account collisions with both electrons and heavy par- 

ticles. The inclusion of additional ionization by heavy par- 

ticles (protons and helium) leads to occasional, sharp in- 

creases in the equilibrium mean charge, e.g., at an energy 

of N 1 MeV/nucleon. This is because ionization cross sec- 

tions peak shortly after a certain threshold. Taking account 
of additional ionization by heavy particles can increase the 

summed ionization rate by several orders of magnitude (for 

example, in the case of Si+12 - see Figure 2) and drastically 

change the relative equilibrium between ionization and re- 

combination, leading to such sharp steps. At higher tem- 

peratures, the equilibrium charge increases more gradually 
with energy, because the ionization produced by electrons 

in the tail of the Maxwellian distribution becomes more im- 

portant. 
It is also seen in Figures 3 and 6 that at low energy, 

the equilibrium mean charge depends more strongly on tem- 
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Fig. 1. Ionization rates for Si+‘: 1 - by electrons, 2 - by 

protons, 3 - by He +2, 4 - sum. Recombination rates for 

Si+“: 5 - radiative recombination, 6 - dielectronic, 7 - 

sum. 
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Fig. 2. Same as Fig. I, but for Si+12 and Si+13. 

perature. Consequently ions at lower energy (5 0.3 MeV/nucleon) are more sensitive temperature diagnostics for the 
acceleration region (for more details, see Kartavykh et al., 2001). 

MEAN CHARGES FROM A STOCHASTIC ACCELERATION MODEL 
In the present paper we use the same stochastic acceleration model as Ostryakov et al. (2OOOa,b). The solution 

of the corresponding Fokker-Planck equation is defined by the ratios of characteristic times for acceleration (TV), 

spatial diffusion (Ed), Coulomb losses (TV) and ionization and recombination (71,~). A similar calculation for the case 
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of shock acceleration has been performed by Stovpyuk and 

ostryakov (2001). 
New technical considerations in the present work 

include the selection of the injection energy, which influ- 

ences the resulting spectra only through a boundary ef- 
fect, yet its choice significantly influences the number of 
test particles required for adequate statistics, and hence 

the computation time. To verify this point we have per- 
formed simulations injecting particles at different initial en- 

ergies, 100 eV/nucleon (thermal) and 50 - 100 keV/nucleon. 

After several energy steps the mean charge curves ob- 

tained for different injection energies merge into one, so 
in our simulations we selected an injection energy such 

that results in the energy range of interest are free from 

boundary effects while maintaining a reasonable computa- 

tion time. Also, the inclusion of ionization due to colli- 

sions with He2+ produces small changes (at most about 0.1 

charge units) at an energy of about 1 MeV/nucleon, while 

the inclusion of protons provides a significant increase of 
the mean charge, especially at low temperature and high val- 

ues of r:N (see Figure 8). 
The key model parameters that affect the result- 

ing mean charge are the plasma temperature, T, and the 

product of the acceleration timescale for protons and the 
electron number density, TIN. [Note that 7,” for protons 
serves as a reference value, while for heavy ions we use 

7 - ~~(Q/A)s-2 with an AlfvCn wave spectral index 

5&2 (Ostryakov et al., 20OOb).] The remaining variable 

parameter r,/rd has only a weak effect. 

The plasma temperature mainly affects the model 
results for (Q(E)) (see Figures 4 and 7) in two ways: 

1) by determining the initial, low energy charge distri- 

bution, and 2) by determining the final equilibrium dis- 

tribution that would result if the ions remained in that 

plasma at a given energy for a long time (see previous sec- 

tion). Typically we expect (Q(E)) to be bounded by those 
extreme values. Note that for a high temperature and rea- 
sonable r:N value, we see essentially no stripping beyond 

the thermal mean charge at low energy, even when the equi- 

librium mean charge has already begun to rise (see Fig- 

ures 3, 4) . More precisely, even the equilibrium mean 

charge, (Q)+ has changed less than one charge unit from 
the thermal value for Mg with (Q) 2 10 and E < 0.8 
MeV/nucleon (Figure 6) and for Si with (Q) > 12 and 

E < 1.1 MeV/nucleon (Figure 3). The analogous range 

for Fe is (Q) > 16 and E < 0.6 MeV/nucleon (Ostryakov 
et al. 2OOOb). Thus for such ions, the mean charge directly 

indicates the source plasma ionization temperature. Note, 

however, that for 0 and Ne ions, whose equilibrium charges 
rapidly increase already at E - 0.4 - 0.6 MeV/nucleon, 

their observed mean charges from impulsive solar flares (at 
energies above N 0.5 MeV/nucleon) do not serve as clear 
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Fig. 3. Calculated (Q)eg,~i: I - T=Idj, 2 - T=Zo6.5, 3 

- T=f O7 K for collisions with e- (thin curves) or e-, p, 
and Hef2 (thick curves). 
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Fig. 4. Calculated (Q)si vs. E forTiN= x Ido cmm3 
s: 1 - T=Z@, 2 - T=f@5, 3 - T=107 K. 
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Fig. 5. Calculated (Q)si vs. E for T=lo6 K: I - 
riN=O. 1, 2 - rtN=l.O, 3 - rtN=lO x 10” cme3 s. 
Solid line - (Q)eq,si. 
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indicators of the temperature. Therefore, their charge states 

should be calculated with a complete model of stochastic 

acceleration such as that presented here. 

13 

Figures 5 and 8 show that the calculated mean 

charges increase along with the product r:N. This can be 
understood in that a higher TIN implies a greater opportu- 

nity for stripping, and the mean charge approaches the equi- .Z 
librium value. Note, however, that even for the highest T,” N 

values considered here, the equilibrium mean charge does 
3 lo 

not provide an accurate indication of the mean charge except 
at extremely high energies where ions are fully stripped in 

the acceleration model. This justifies the need for a detailed s 7 

model of acceleration rather than oversimplified approach 0,Ol 0.1 1 10 100 

of Reames et al. (1999). 
E, MeVlnucleon 

Fig. 6. Same as Fig. 3, but for Mg. 
CONCLUSIONS 

In this paper, we present calculations of the mean 
charges of energetic Mg and Si ions for both equilibrium 

conditions and a realistic model of stochastic acceleration 

during an impulsive solar flare. Our calculations indicate 
that it is very important to take into account ionization by 

collisions with both electrons and heavy particles (here, p 

and He2+), especially for Mg and Si ions of about 1 to 5 

MeVlnucleon. 

The key plasma parameters that affect the calcu- 
lated mean charge in the stochastic acceleration model are 

the plasma temperature and the product of the acceleration 

timescale for protons with the electron density, $N. The 

plasma temperature affects (Q(E)) by determining both 

the initial, low-energy charge distribution and the energy- 

dependent equilibrium charge distribution. For low TIN, 

the ions undergo little stripping during acceleration. As this 
product increases, there is more stripping and (Q) vs. en- 

ergy approaches closer to the equilibrium curve, though not 

yet reaching it for reasonable values of TIN (e.g., as deter- 

mined by Ostryakov et al., 2000a). 

These results for the mean charges of Mg and Si 

ions as a function of energy, along with previous results for 

Fe, allow a comparison with data for these, the key abundant 

heavy ions that have a wide range of observed charge states. 

Such a comparison will be the subject of a separate paper. 
Note also that for a high mean charge at energies below - 1 

MeV/nucleon, as is frequently observed for what are pre- 

sumably impulsive solar flare events, we find that there is 
no significant stripping of the thermal charge distribution, 

and such ionic charge states can serve as indicators of the 

source plasma temperature. 
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