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Abstract. We present the energy-dependent rates of ionization
and recombination of energetic Fe ions in solar coronal plasma
for the energy range from 0.01 to above 100 MeV nucleon−1.
For the> 0.1 MeV n−1 ions, the energy dependencies become
essential for both ionization and recombination processes. Ion-
ization of the Fe projectile by ambient protons is important if
the Fe energy exceeds typically0.2–0.9 MeV n−1. The equilib-
rium distributions established by the balance between ionization
and recombination collisions are calculated for the temperature
rangeT = 106–107 K. We also present numerical calculations
of the time-dependent (nonequilibrium) mean charge state at
a given energy of the Fe ion. The results are relevant for the
interpretation of charge states of the solar energetic ions. Our
calculations support the qualitative conclusion that the observed
energy-dependent Fe charge states are a result of concurrent
acceleration and charge-changing processes. However, the es-
timated time scales of the processes are shorter than would be
expected based on the energy-independent (thermal) charge-
changing rates with no proton impact ionization included. The
∼ 30 MeV n−1 Fe charge state observed in the 6–9 November
1997 event and our calculations suggest that the∼ 30 MeV n−1

ions were accelerated mainly near the Sun, at heliocentric dis-
tances< 2R�.

Key words: Sun: corona – Sun: flares – Sun: particle emission
– acceleration of particles

1. Introduction

If one wishes to probe the solar accelerator with solar energetic
particles (SEPs), one is faced with a deficit of experimental data
despite numerous observations in the interplanetary space. For
this reason, the new observations of ionic charge states of SEPs
are expected to provide crucial information on the accelera-
tion sites. Brief but comprehensive reviews of the observations
have been recently given by Barghouty & Mewaldt (1999) and
by Reames (1999), so that we can refer an interested reader to
those papers and references therein, and concentrate only on the
relevant calculations applicable to the interpretation of the ob-
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served Fe charge states. We choose Fe ions for the same reasons
as Barghouty & Mewaldt (1999) did: iron charge states are ex-
pected to be quite sensitive to parameter variations because Fe
should not be completely stripped even at rather high energies,
and there is a set of atomic parameters needed to calculate all
the charge states, as compiled by Arnaud & Raymond (1992).
That is not to say that the charge-changing rates as given by
Arnaud & Raymond (1992) for the thermal ions are directly
applicable to energetic Fe projectiles. However many necessary
atomic parameters could be extracted from that paper. Those
parameters are used for evaluatingenergy-dependentionization
/ recombination rates applicable to the energetic ions.

Luhn & Hovestadt (1987) gave examples of how charge-
changing rates determined at thermal energies could be re-
calculated for energetic ions, but their calculations did not in-
clude Fe, being limited to elements from carbon through sulfur.
Also theproton-impact ionizationwas missed. The latter how-
ever becomes important for solar energetic ions, because the
velocity of the∼ 1 MeV n−1 ion is not less than the velocity of
a thermal electron, and it is only the relative velocity of target
and projectile that is important for a charge changing collision.
The proton-impact ionization was also ignored in the Fe charge
state calculations by Ruffolo (1997) and Barghouty & Mewaldt
(1999). On the other hand, Kartavykh (1999) and Kartavykh
& Ostryakov (1999) attempted to incorporate the ionization by
the proton impact but essentially overestimated the correspond-
ing cross section. However, it is known from atomic physics
that (1) the cross section for ionization by a high-energy pro-
ton coincides with the electron cross section at equal velocities
with respect to the atom/ion to be ionized (e.g. McDaniel 1989,
his Eqs. 6-14-29 and 6-14-32); and (2) the threshold energy for
the proton-impact ionization comes from the energy-time inde-
terminacy relation, so thatEth ≈ 1

4 (Mp/me)I (per nucleon),
whereMp/me is the proton-to-electron mass ratio, andI is
the ionization potential of the corresponding electron. For in-
stance, the proton-impact ionization threshold for Fe+11 is about
150 keV n−1.

To the best of our knowledge, proton-impact ionization was
firstly incorporated into SEP calculations by Kharchenko & Os-
tryakov (1987), being applied to helium and oxygen (also Os-
tryakov & Kharchenko 1988). Surprisingly, after the publica-
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tions of Luhn & Hovestadt (1987) and Ostryakov & Kharchenko
(1988) there was a degradation of the charge-changing rate per-
formance, though the latter should be crucial for the accuracy
of any charge-changing acceleration model. For this reason, we
concentrate on the evaluation of the rate coefficients and on the
most general estimates. The acceleration modeling should be
the subject of a separate investigation, once the charge-changing
rates have been established.

The organization of the present paper is as follows: Sect. 2
presents the evaluation of the energy-dependent ionization and
recombination rates for Fe projectiles, including the proton-
impact ionization. In Sect. 3, we apply the deduced rates to cal-
culations of the equilibrium charge states of iron. We also cal-
culate nonequilibrium charge states as a function of the electron
density× residence time product (Sect. 4). The implications and
applications of our results are discussed in Sect. 5.

2. Ionization and recombination rates

A charge state distribution of energetic ions is established by the
interplay of ionizing collisions and recombinations. Keeping in
mind applications to particle acceleration modeling, we should
start with a distribution functionNi(E) for the ions of charge
Q = i − 1 and kinetic energyE. We wish to calculate the ion
fractionφi at a given energy

φi = Ni(E)
/ k∑

i=1

Ni(E),
k∑

i=1

φi = 1, (1)

wherek is the total number of charge states of a given chemical
element (k = 27 for Fe). If one neglects acceleration, the bal-
ance of charge-changing processes is described by the following
rate equations forφi (e.g., Luhn & Hovestadt 1987):

dφ1

dt
= n(−φ1S1 + φ2α2),

dφi

dt
= n(φi−1Si−1 − φi(Si + αi) + φi+1αi+1),

dφk

dt
= n(φk−1Sk−1 − φkαk), (2)

wheren is the ambient electron number density;Si = Si(T, E)
is the temperature-energy-dependent ionization rate coefficient
for transition from the ionization statei to the statei + 1;
αi = αi(T, E) is the recombination rate coefficient from the
ionization statei to i−1; Si andαi are in units ofcm3 s−1. If ac-
celeration is not omitted, one should start with a kinetic equation
for Ni(E) (e.g. Barghouty & Mewaldt 1999), where the same
energy-dependent charge-changing rate coefficients should be
employed. The rest of this section is devoted to a careful evalu-
ation of the rate coefficientsSi(T, E) andαi(T, E) for a set of
Fe ions.

2.1. Ionization rate coefficients

For an energetic Fe ion, the ionization rate comprises two parts
corresponding to collisions with electronsSe and collisions with
ambient plasma protons andα-particlesSp,

S = Se + Sp, (3)

where the charge state indexi is omitted for brevity. The rate
coefficients are obtained by integrating the corresponding cross
sectionσ with a flux of ambient particles being considered in
the rest frame of Fe. In particular, for electrons we have

Se =
∫ ∞

0
σe(v)vf(v)dv, (4)

wheref(v) is the electron velocity distribution in the rest frame
of the Fe ion moving with velocityV in respect to plasma. The
distributionf(v) is of the form parallel to expression (12) by
Luhn & Hovestadt (1987):

f(v) =
2√
πvT

v

V
exp(−v2 + V 2

v2
T

) sinh(
2vV

v2
T

), (5)

where

vT =
√

2kBT

me
(6)

is the thermal electron velocity. For a low velocity (e.g. thermal)
Fe ion,V � vT and the electron distribution is a Maxwellian
distribution independent of the ion energyE:

f(v) =
4√
πv3

T

v2 exp(− v2

v2
T

). (7)

In the opposite case,V � vT , the electron distribution does not
depend on the plasma temperature:

f(v) = δ(v − V ), (8)

and correspondingly

Se = V σe(V ). (9)

A similar expression is always valid for the ionization rate due
to energetic ion collisions with ambient protons andα-particles,
because their thermal velocities are always small compared to
V . Thus the sum of proton and helium impact ionization rates
takes the form

Sp = R V σp(V ), (10)

where we have introduced a composition-dependent factorR
normalizing the ionization rate to the electron number density
n which appears in Eq. (2) (see also Sect. 2.1.2).

2.1.1. Ionization by electrons

The electron ionization cross section comprises the direct ion-
ization partσc and the excitation autoionization partσa: σe =
σc+σa. The conventional expressions for the electron cross sec-
tions are given by Arnaud & Raymond (1992, their Eqs. 1, 3).
Given the cross sections, one can calculate the rate coefficients
according to Eqs. (4, 5). For an ion with energy per nucleonE,
the electron ionization coefficient is of the form

Se =
2vT√
πkBT

exp(−y2)
y

[ ∫ ∞

xa

Φ(u) exp(−x2) sinh(2yx)dx +

∑
j

1
Ij

∫ ∞

xj

Ψj(uj) exp(−x2) sinh(2yx)dx
]
,
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y =
V

vT
=

√
meE

MpkBT
, u =

( x

xa

)2
, uj =

( x

xj

)2
,

xa =
√

Ia

kBT
, xj =

√
Ij

kBT
, (11)

whereIj is the ionization potential for electron levelj of an Fe
ion, andIa is the exitation autoionization threshold. The sum-
mation is performed over the subshellsj of the ion. Functions
Ψj(uj) andΦ(u) come from the direct electron ionization cross
section and from the excitation autoionization, respectively,

Ψj(uj) =

Aj

(
1− 1

uj

)
+ Bj

(
1− 1

uj

)2 + Cj ln(uj) + Dj
ln(uj)

uj
,

Φ(u) =

A + B
(
1− 1

u

)
+ C

(
1− 1

u2

)
+ D

(
1− 1

u3

)
+ Ea ln(u).

The two sets of numerical coefficientsIj , Aj , Bj , Cj , Dj , and
Ia, A, B, C, D, Ea are given in Tables 1A and 1B respectively
of Arnaud & Raymond (1992). We use the same designations
as those by Arnaud & Raymond (1992), excludingEa, which
is identical toE in their Table 1B, and a shell indexj is not
explicit in their Table 1A.

Fig. 1 illustrates the electron impact ionization rate calcu-
lated for the ion Fe+17 in the energy range fromE =10 keV n−1

to 100 MeV n−1. The asymptotesV � vT andV � vT are
clearly seen. The former coincides with the result of Arnaud &
Raymond (1992) for the thermal ions, while the latter coincides
with Eq. (9). It is also seen that the region around 1 MeV n−1,
interesting for comparison with SEP observations, falls between
the asymptotes.

2.1.2. Proton-impact ionization

In the general case of collision of a fully stripped ion with an
atom or partially stripped ion, the electron-loss cross section
comprises the charge-exchange partσcx and the ionization part
σI , σloss = σcx + σI (e.g., Janev 1983). However, in our case
of collision of a proton with an already highly ionized Fe ion,
there is no deep enough energy well near the proton to cap-
ture an Fe+n electron, so that the charge-exchange is negligible
and the impact ionization is the main process for the electron
loss. The ionization process for very fast, fully stripped ions
colliding with light atoms is well understood both theoretically
(Bethe 1930, Inokuti 1978) and experimentally (e.g., Haugen
et al. 1982). However, a precise description of the low energy,
threshold behavior ofσI should be based mainly on experi-
mental data (cf. Janev 1994). The experimental data are not
available for highly ionized Fe ions colliding with protons. No
simple scaling applicable for all ions in the entire energy range
is expected. For these reasons, we adopt here the conventional
cross section published by Bohr (1948).

The Bohr cross section for the single ionization of an
ion/atom by fast fully stripped ions of chargeZ and velocity
V can be expressed in the form (Knudsen et al. 1984)
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Fig. 1. Ionization rate coefficients for the ion Fe+17. Thin curves il-
lustrate the electron contributionSe; the dash-dotted line represents
its high-energy asymptote. The dotted linep illustrates the proton and
α-particle impact ionizationSp. Total ionization rates are shown with
heavy solid curves

σI = 4πa2
oZ

2 Io

I

(vo

V

)2
F (η, κ), (12)

whereI is the ionization potential of an ionic/atomic electron;
Io = 13.6 eV;vo = 2.189×108 cm s−1 is the Bohr velocity, and
ao = 5.292×10−9 cm is the Bohr radius. The theoretical treat-
ment of ionization depends on the values of two dimensionless
parametersη andκ,

η =
2V

vI
, κ =

2Zvo

V
, (13)

wherevI = vo

√
I/Io. The resulting parameter dependencies

can be reduced to the compact form of the functionF (η, κ),

F (η, κ) =
[([κ

η

]−1 + δ ln
[ η2

[κ]2
]− 1

η2

)
+ 1

]
− 1, (14)

where parameterδ is a fraction of distant (small momentum
transfer) encounters leading to ionization. The square brackets
in Eq. (14) have the property:[x] = x for x > 1, [x] = 1 for
x ≤ 1.

We consider ionization by the fully stripped ions, protons
or α-particles of energy per nucleonE and chargeZ = 1 or 2,
respectively. Expression (14) is compact but actually not very
simple. For this reason, after some reduction, introducing two
new parameters

u =
meE

MpI
and κo =

4Z√
I/Io

, (15)

we recast expression (12) also in a more explicit form

σI = 4πa2
oZ

2
(Io

I

)2 1
u

F1(u, κo), (16)
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whereF1(u, κo) is defined as following

1. In the case ofκo ≤ 1 (it meansI ≥ 16Z2Io),

F1 = 1− 1
4u

+ δ ln(4u) at u > 1/4, (17)

F1 = 0 at u ≤ 1/4. (18)

2. In the case ofκo > 1 (it meansI < 16Z2Io),

F1 = 1− 1
4u

+ δ ln(4u) at u > κ2
o/4, (19)

F1 = 1− 1
4u

+ δ ln
(16u2

κ2
o

)
at κo/4 < u ≤ κ2

o/4, (20)

F1 =
4u

κo
− 1

4u
at
√

κo/4 < u ≤ κo/4, (21)

F1 = 0 at u ≤ √κo/4. (22)

If the charge of ionizing particleZ is not very high, as our
Z = 1 or 2, and iron is already highly ionized, the case 1
works and the ionization threshold energy is exactly equal to
1
4 (Mp/me)I.

A total proton ionization cross section,σp, is a sum of the
cross sections (16) over all electrons of an Fe ion:

σp =
∑

j

njσI(I = Ij), (23)

wherej is the index of the electron subshell with the ionization
potentialIj , and the number of electrons in the subshell isnj .

We still have to refine two last points: (i) the parameterδ
is estimated to be∼ 0.3, but its precise value for Fe ions is
not known; and (ii) the high-velocity asymptote of the proton
impact cross sectionσI as adopted by Knudsen et al. (1984) may
not exactly coincide with the asymptote of the electron impact
cross section published by Arnaud & Raymond (1992). For the
purpose of removing uncertainty in the value ofδ and getting
consistency between the proton and electron cross sections, we
introduce a normalization factor to the proton cross section:
σI ← AnormσI , where the factorAnorm is expected to be close
to unity. Then we set the high-velocity asymptote of the proton
cross section equal to the high-velocity asymptote of the electron
direct ionization cross section. Skipping some algebra, we give
the resulting values of the parameters

δ =
Cj

Aj + Bj − Cj ln 4
, Anorm =

Aj + Bj − Cj ln 4
4πa2

oI
2
onj

, (24)

where coefficientsAj , Bj andCj are the same as in Sect. 2.1.1.
The deduced sets ofδ andAnorm are typified by values of≈ 0.3
and≈ 0.9, respectively. Finally, for all Fe-charge states≥ +8
(Ij ≥ 16Io = 218 eV, κo ≤ 1), the proton impact ionization
cross section takes the form of

σp(E) =∑
j

1
ujI2

j

(
(Aj + Bj − Cj ln 4)

(
1− 1

4uj

)
+ Cj ln(4uj)

)
,

uj =
meE

MpIj
. (25)

A contribution of α-particles is approximately accounted
for by a factorR:

R =
nH + Z2

HenHe

n
, (26)

where the electron densityn = nH + ZHenHe, ZHe = 2. At
nHe/nH = 0.08 (Grevesse & Sauval 1998), this yields

R =
1 + 4nHe/nH

1 + 2nHe/nH
= 1.14, (27)

the value actually adopted in the ionization rate expression (10).
The sum of proton andα-particle impact ionizations is shown
as a dotted line in Fig. 1.

2.2. Recombination rate coefficients

It is well known that an ion recombination rate comprises two
terms,

α = αr + αd, (28)

corresponding to radiative (subscriptr) and dielectronic (sub-
scriptd) recombination. Each rate should be obtained by con-
volving the corresponding cross section with the ambient elec-
tron distribution as seen in the rest frame of the Fe ion (Eq. 5):

αr(d) =
∫ ∞

0
σr(d)(v)vf(v)dv. (29)

In the general case, these rates depend on both the ambient
electron temperature and the Fe ion energy. However, in the
low energy (thermal) limit, the energy dependence disappears
(see Eq. 7), and the recombination rate coincides with the known
thermal recombination rate:αr(d) = αT

r(d)(T ).
Following Luhn & Hovestadt (1987), we adopt a simplified

expression for the radiative recombination cross section (their
Eq. 6),

σr(Ee) = CrE
−a
e . (30)

The parametersCr anda are selected to fit the recombination
rates previously established for thermal ions. Evaluating integral
(29) in the thermal limit yields

αT
r =

2√
π

vT Cr(kBT )−aΓ(2− a). (31)

Then, for the accelerated ion of energy per nucleonE, the re-
combination coefficient can be expressed in terms ofαT

r as

αr = αT
r

1
Γ(2− a)

exp(−y2)
y

∫ ∞

0
xp exp(−x2) sinh(2xy)dx,

wherep = 2(1− a), Γ(x) is the gamma function,

y =
V

vT
=

√
meE

MpkBT
. (32)

In our calculations we useαT
r in the form of Eq. (4) by Shull &

Steenberg (1982)

αT
r = Ar

( T

104K

)−χr

, (33)
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Fig. 2. Recombination rates for Fe+17. Thin linesr illustrate contri-
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and correspondinglya = χr +0.5. For Fe+14 – Fe+25 ions, we
adoptχr in the form of expression (6) by Arnaud & Raymond
(1992),χr = α+β log(T/104K), and Table 2 therein for values
Ar, α andβ. For Fe0 – Fe+13 and Fe+26 ions, the values ofAr

andχr = constantT are published by Shull & Steenberg (1982)
(their Table 2 and errata).

The cross section for the dielectronic recombination is in
the form (e.g. Luhn & Hovestadt 1987)

σd(Ee) =
∑

j

σd,jδ(Ee − Ej). (34)

The quantityσd,j is a constant which gives the strength of the
contribution of levelj with energyEj into recombination of
the ambient electron of energyEe. Substituting expressions (7)
and (34) into (29) and integrating yield the thermal dielectronic
recombination coefficient,αT

d , for the electron Maxwellian dis-
tribution of temperatureT

αT
d =

∑
j

αT
d,j ,

αT
d,j =

4√
2πmekBT

σd,j
Ej

kBT
exp(− Ej

kBT
). (35)

Similar to the radiative recombination, we express the dielec-
tronic recombination rate for an accelerated ion of energyE in
terms of the thermal dielectronic recombination rate:

αd =
∑

j

αT
d,j

sinh(2xjy)
2xjy

exp(−y2), (36)

where

y =
V

vT
=

√
meE

MpkBT
, xj =

√
Ej

kBT
. (37)

In our calculations we use the expression forαT
d,j from Arnaud

& Raymond (1992) (their Eq. 7),

αT
d,j = cjT

−3/2 exp(− Ej

kBT
), (38)

and the values ofcj andEj for the Fe ions from their Table 3.
Fig. 2 illustrates the recombination rate calculated for the

ion Fe+17 in the energy range fromE =10 keV n−1 to
100 MeV n−1. It is seen that the energy dependence of the
recombination should not be neglected for SEPs with energy
> 0.1 MeV n−1.

3. Equilibrium charges of energetic ions

Given a set of charge changing rates, one can calculate charge
state distributions of the energetic Fe ions in a variety of acceler-
ation / propagation models. We start with a simple calculation of
the steady state charges of Fe ions after passing through a coro-
nal plasma with all energy change effects neglected. We believe
that such a simple calculation is useful for estimates and should
precede incorporation of the rates into the more sophisticated
computations. For the equilibrium case, Eq. (2) is reduced to

φiSi = φi+1αi+1. (39)

A solution of the set of Eqs. (1, 39) can be written in the form

φi = ΠiΣ−1, (40)

where

Πi =
( i−1∏

j=1

Sj

)( k−1∏
j=i

αj+1

)
, i = 2, 3 ... k − 1;

Π1 =
k−1∏
j=1

αj+1, Πk =
k−1∏
j=1

Sj , Σ =
k∑

i=1

Πi. (41)

In Fig. 3 we show the equilibrium mean charge of Fe as a func-
tion of its kinetic energy for eleven values of the electron tem-
perature from1 × 106 K through1 × 107 K. The effect of the
proton-impact ionization is illustrated in Fig. 4. It is seen that in-
clusion of the proton ionization essentially increases the mean
charge of an accelerated Fe ion in the SEP energy range. At
E > 150 keV n−1, the equilibrium charge is ruled mainly by
the proton-impact ionization, and the mean chargeQ̄ could be
estimated using the equation:I(Q̄) = 4meE/Mp, whereI(Q̄)
is the ionization potential for the ion Fe+Q̄, E is the energy per
nucleon. Fig. 5 shows fractions of different Fe ions contributing
to the mean charge in a wide energy range, from 10 keV n−1,
where ionization is nearly thermal, to SEP energies, where the
Fe ions should be highly stripped.

4. Nonequilibrium calculations

Observations of the intermediate charge states of energetic ions,
between the thermal ionization and the equilibrium ionization
Q̄, could be a signature of nonequilibrium ionization during
either SEP acceleration or transport or both. To calculate a
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Fig. 3. The equilibrium mean charge of Fe as a function of its kinetic
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ambient plasma electron temperature

nonequilibrium charge state, we solve Eqs. (1, 2) with a Monte
Carlo method. This method is employed because we actually
incorporated the charge changing processes into an available
Monte Carlo code for ion acceleration. However, for the goals
of the present paper, the acceleration has been turned off and
ions are removed from the system after a fixed time has elapsed.
Thus we present results of calculations of the nonequilibrium
charge distributions for the Fe ions with a constant energyE but
a variable chargeQ depending on the timet that particles have
spent in the region of the electron densityn. Such a distribution
does not depend on details of acceleration / transport models
and could be employed for a qualitative analysis of experimen-
tal data and estimates.

In Fig. 6, we show the calculated nonequilibrium mean
charges〈Q〉 for energetic ions injected with the initial charge
Q0 = +11 in the plasma of temperatureT = 1.6× 106 K. The
time profiles reveal no universal, energy independent time scale
for the charge change. A time scale for leaving the initial (ther-
mal) charge varies from∼ 3 × 108 cm−3 s to∼ 1010 cm−3 s
depending on energy. Equilibrium charge is approached on a
time scale from∼ 1010 cm−3 s to∼ 1011 cm−3 s.

Fig. 7 shows the temperature dependence of the time profiles
of the mean charge,〈Q〉. The initial rise of〈Q〉 is not sensitive
to the electron temperature because ionization is mainly due to
collisions with protons, and recombination is not essential as
long as〈Q〉 is far from its equilibrium value,̄Q. A dependence
on the initial chargeQ0 is illustrated in Fig. 8. It is noteworthy
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Fig. 6.The nonequilibrium mean charge as a function of time for differ-
ent values of the Fe ion energyE. The initial ion charge isQ0 = +11

that it takes one order of magnitude longer time to approach the
equilibrium chargeQ̄ from a higher value of the initial charge,
Q0 > Q̄, than to approach̄Q from Q0 < Q̄, because the re-
combination is relatively slow.

5. Discussion

The initial charge state of Fe ions is believed to be a “ther-
mal” charge state calculated for optically thin coronal plasma,
e.g. by Arnoud & Raymond (1992). During ion acceleration
and/or transport, the initial charge may be changed. The mean
charge of Fe ions was recently observed to increase with energy
from ∼ 0.2 to ∼ 40 MeV n−1 (Oetliker et al. 1997, M̈obius
et al. 1999, Mazur et al. 1999, Cohen et al. 1999). Such an
energy-dependent feature may come from the charge-changing
processes during an acceleration (Kurganov & Ostryakov 1991,
Ostryakov & Stovpyuk 1997, Barghouty & Mewaldt 1999), sug-
gesting that the coronal+ interplanetary transport is fast and
does not alter the accelerated ion charge state. Alternatively,
it might be suggested that energetic particles spend∼ 1 day
trapped behind an interplanetary shock sampling the densities
at several solar radii, and their charge might tend to the equi-
librium charge state appropriate for their velocity through the
material (Reames 1999). It might also be suggested that acceler-
ation is very fast, not changing an initial charge state, but takes
place close to Sun, and ions may be partially stripped during
passage through the overlying coronal layers.

To discriminate between those alternatives, we use the
nonequilibrium charge calculations of Sect. 4. We employ the
energy-dependent Fe charge states observed after the 6 Novem-
ber 1997 flare (M̈obius et al. 1999, Cohen et al. 1999) and our
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Fig. 7.The nonequilibrium mean charge vs. time for different values of
the ambient plasma temperatureT . The initial ion charge isQ0 = +11,
the kinetic energy being 0.5 MeV n−1

calculations shown in Fig. 6. The reported charge states fall be-
tween the “thermal” charge states and the equilibrium mean
chargesQ̄ shown in Fig. 3. This indicates that the observed
charges are of a nonequilibrium nature. The experimental data
were originally plotted on the charge-energy,〈Q〉 − E, plane.
In Fig. 9 we map the data onto then × t − E plane, in which
t is the residence time in the region of plasma densityn. The
points in the figure depict the time required for stripping the ion
Fe+11 to the observed charge state at a given energyE. It is seen
that the residence time for ion stripping (orn × t) turns out to
be a rising function of energy. However, we do not expect that
the transport time of a higher energy ion is longer than that of a
lower energy one. For this reason, we can rule out both transport
type explanations, that due to a direct passage through the dense
coronal layers and that due to a long-time trapping behind the in-
terplanetary shock. Thus we are left with the charge-changing
acceleration suggested by Barghouty & Mewaldt (1999), be-
cause on average it takes an ion a longer time to be accelerated
to a higher energy, so that then × t product should gradually
rise with increasing energy if concurrent charge changing and
acceleration processes take place. However, the rise is not ex-
pected to be very steep. Our calculations support the qualitative
conclusion of Barghouty & Mewaldt (1999), but the numer-
ical results are very different, partly due to the fact that our
charge-changing rates also account for the proton-impact ion-
ization. The proton-impact ionization was incorporated into the
recent calculations of the Fe charge states performed by Kar-
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tavykh (1999) (also Kartavykh & Ostryakov 1999). However,
the proton-impact ionization rate of Fe ions was essentially over-
estimated because of a misinterpretation of the atomic physics
results published by Sidorovich & Nikolaev (1988) (also Niko-
laev & Sidorovich 1989). We employ presently conventional

proton-impact ionization cross section, but because of a lack of
experimental data, further studies of the cross-section threshold
behavior are still desirable.

It is seen from Fig. 9 that for the∼ 30 MeV n−1 ions the
productn × t is estimated to be≈ 1010 cm−3 s. In a gen-
eral way, the characteristic time scale increases and density
decreases with increasing distance from the Sun. We express
the residence time in terms of the acceleration region depth
L and a bulk velocityU (see e.g. Drury et al. 1999), so that
n × t = n × L/U . At nearly constantU (e.g. estimated as
Alfv én velocity) then× t product definitely decreases with in-
creasing distance from the Sun. The valuen× t = 1010 cm−3 s
could be achieved atL = 0.3 R�, U = 6 × 107 cm s−1 and
n = 3 × 107 cm−3. That means that∼ 30 MeV n−1 ions were
accelerated at heliocentric distances< 2R�. A slow decrease
of n × t with decreasing energy from∼ 30 to ∼ 1 MeV n−1

can be naturally explained as due to the concurrent acceleration
and charge changing processes. However, the decrease below
1 MeV n−1 is much steeper. It indicates that a second effect
should also be involved. The low-energy (sub MeV n−1) ions
seem to be accelerated farther from the Sun when the shock trav-
els in the interplanetary medium, as Reames (1999) proposed.
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