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Abstract. Accderation of iron ions by a sphericd shock
wave moving through the solar corona is considered. The
energy dependence of the mean charge, 7, (E), is deter-
mined by the charaderistic accéeration time, T,, and time
for charge changes, T,. The latter varies along with plasma
number density during the propagation of the shock wave.
An acount of adiabatic energy changes and shock broad-
ening is shown to insufficiently influence the dependence
%(E). According to our estimations the photoionizing
processes do not affed the ionic states of the accéerated
iron in gradual eventsin most cases.

1 Introduction

For the last two decales there has been a significant prog-
ressin accumulating experimental data on the charge states
of cosmic rays of different origins. Particularly, those data
(Luhnet al., 1984 1985; Mason et a., 1995; Oetliker et al.,
1997 Maaurr et al., 1999; Mobius et a., 1999) have dl owed
one to discover the increase of the mean charge of heavy
elements with energy. To acount for this dependence the
charge-consistent models for particle accéeration have to
be used (Ostryakov and Stovpyuk 199%; Barghouty and
Mewaldt, 1999. This in turn enables to evaluate plasma
parameters in the accéeration site from the experimental
data fits (Kartavykh et a., 1998 Ostryakov and Stovpyuk,
199b; Stovpyuk and Ostryakov, 2001).

In a series of our previous works on this problem we have
considered regular accéeration of multicharged ions by a
paralel shock in planar geometry. These simulations were
performed under assumptions of homogeneous plasma and
spatial independence of the diffusion coefficient. The
model represented below is freefrom these simplifications.
Namely, it takes into account sphericd geometry of the
shock moving through inhomogeneous lar corona ad
adiabatic energy changes of ions. Similar to previous papers
(e.g., Stovpyuk and Ostryakov, 2001, we have included
into consideration the processes of ionization of a projedile
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by thermal protons and eledrons (including autoionization)
aong with radiative and dieledronic recombination. In ad-
dition, we have dso analyzed the @ntribution of photoioni-
zdion. Thus we have studied the differences in energy de-
pendence of the mean charge of iron, 7,,(E), arised in a

more complicaed model compared to the ealier and sim-
pler ones.

2 Acceleration of iron by a propagating
spherical shock

As an example we @nsider Fe becaise this multicharged
and abundant element is espedally convenient to demon-
strate the energy and charge spedra dterations during ac-
cderation. In general, the ion energy gain is acompanied
both by eledron loss(q- g+1) and eledron gain (- gq-1)
processes. The dharaderistic rates of these ae mrrespond-
ingly asfollows:

S(V)=N [Ogg(VF(V)VAV (1)
ag(Vi)=N [og..(V)f(V)VdV . @

HereV isthe velocity of eledrons or protons with resped to
the accéerated Fe ion; o,,.,(/) are the relevant cross sc-

tions dependent on V; f(V) is the distribution function of
plasma particles in the rest frame of a movingion of veloc-
ity V; (Luhn and Hovestadt, 1987 Kocharov et al., 2000); N
is the number density of plasma with equal number of elec-
trons and protons, Ne=Ny=N. Let f, be the distribution func-
tion of the ions of charge g, where we omit for brevity the
energy, E, and heliocentric, r, variables. The system of dif-
fusion equations acmunting charge transitions in a spheri-
cd symmetric case can be written:
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where the charge index runs from gn=+1 up t0 Qnax=*Z, Z
- is the nucleus charge. In the rest frame of the shock front
propagating ypward with the velocity u, the inflow velocity
can be chosen as:

O u — + -
w-u, U uzthrRB F>R. (4)
ulr)= 0 2 OgoQO
Hu, , r<R,
2
- + . . .
where u,=u,/g, g = (K I)M‘ > 2 is the compression ratio,
K +1)M,;

M, isthe Mach number, K isthe aliabatic index and d isthe
shock front width. The negative sign in the definition (4)
indicates that the plasma flow is direded towards r de-
crease. This formula dso describes in a simplest way a
broadening of the shock front caused by energetic protons
(see eg., Toptygin, 1985 Berezhko et al., 1988). Here and
below the indices i=1,2 refer to the upstream (r>R) and
downstream (r<R) regions, respedively. Becaise the shock

1
front radius R increases with time t, R(t)=Rg+ [, (¢')dr", the
0

gpatial non-homogeneity of the ambient coronal plasma is
equivalent to the temporal non-homogeneity of the inflow
flux. The uy(t), or uy(R), dependence is apparently not a
universal function. In the present paper we gply both ana-
Iyticd results by Kaplan (1967), u,(R)O(R’N)*, and nu-
mericd simulations of shock propagation in the solar co-
rona caried out by Wu (1982.

The accéeration time being sufficiently long, the ion
faces inhomogeneous plasma during shock wave propaga-
tion. Hence, this global property of matter could influence
the dharge state formation of heavy ions. For N=N(r) in
solar corona we have utilized the formula which is valid
within several solar radii if shock still is not in the inter-
planetary space(Lang, 1974:

N(r)= NOEI:»SEGEH.%ER%E]OE ©)

where Rs=6.96x10" cm is the solar radius. Such a depend-
ence grees well with the measurements of the K-emission
of solar corona if one supposes N,=1.55%x10° cm’™.

The gpatia diffusion coefficient in (3) can be dosen as
dependent on the heli ocentric distance:

%)ql (E)-, r>R,

Dq r): O R ©6)
%qz (E)%, r>R,

where the multi pli cand
-2
p,(£)=D,HLf xgt 2 s<2 (@
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is the function of energy, charge, atomic mass number A
and spedral index of turbulence S (Hasslmann and Wib-
berenz, 1968; Toptygin, 1985; D, being some mnstants,
which are different for bath regions (usually Dy;>>Dyy,).
Note that taking into acourt in Eq. (3) the only coordi-
nate r means virtually the mincidence of the center of our
sphericd coordinate system with the center of the Sun. This

is a reasonable simplification at least for some shocks ob-
served in solar corona (Maxwell and Dryer, 1982 Pinter,
1982). Besides, such shock fronts are segments of a sphere.
Thisin turn means the necessity to include edge dfedsinto
consideration. However, the aeaof these alge regions be-
ing small, we asume their insignificant contribution to the
total number of escaping particles.

To find a numerical solution of the system (3) we gply
the Monte-Carlo approach. The random charader of the
charge change readions is easy to noticein (3). In fad, the
last three terms of the left hand side of Egs. (3) may be
formally presented as a threepoint demnvolution of the
“convedion” and “diffusion” terms in charge space(lvanov
etal., 1987):

0 2
(5, -a) 90+ 5 5, v )52 ®

S, and ay, coefficients shall be cnstrued here & continuous
functions of q, the latter representing continuous variable
itself. If the relative charge changes are small enough,
1/g<<1 (multicharged ions), such a substitution alows one
to study the behavior of the function Z](E) analyticdly at

high aacuracy (Kurganov and Ostryakov, 1991; Ostryakov
and Stovpyuk, 1997). In our simulations we cnsider, how-
ever, amore general kinetic goproach based on Egs. (3).

In our model the andition of the ion escgpe from region
“2" was its rather distant position in regard to the shock
surface from where the probability to return badk to the
shock front is very low. This distance was chosen to be
about 2x10° cm. According to numericd simulations of Wu
(1982) there ae density and magnetic peaularities in the
downstream region. We asume that the accéerated parti-
cles could be acumulated and stored there. Subsequent
opening of these “traps’ could result in the particle legkage
into the interplanetary spacewhere they can be deteded.

3 Resultsand discussion

A numericd scheme described in the previous Section was
used to reseach the influence of various model parameters
on the energy and charge spedra of acceerated ions. Let us
first discuss plasma inhomogeneity. As shown by Kurganov
and Ostryakov (1997), the principa criterion for the im-
portance of charge change readions during accéeration is
the ratio of the charaderistic accéeration time, T, and
charge change time, Tq (including Tien and T,e). The dar-
aderistic time T, is construed here @ follows (see eqg.,
Berezhko et al., 1988):

D
=3 +_qu ©)

U —u, iy Uy

Since both T, and T, are inversely propational to the
number density of readants (eledrons and protons) of a
surrounding plasma, the product T,M(r) becomes the main
parameter of the problem (Ostryakov and Stovpyuk, 1999h
Stovpyuk and Ostryakov, 2001). Clealy, the higher is the
value of this product, the sharper is the growth of the mean
charge of heary element with energy. If, however, the
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number density itself depends on time (coordinate) becaise
of the shock propagation, the value of T, is affeded by this
propagation speed. Thus, one more parameter (for example,
the asolute value of T,) isto charaderizethis stuation at a
given shock velocity. According to Maxwell and Dryer
(1982) the time necessry for shock front to move from
r=R,=Rg+H to r=2Rsis about 15 minutes (HL0" cm is the
height above solar photosphere where the shock is pro-
duced). Its velocity for the first 5 minutes was $own to be
700km s increasing further up to 170 km s within two
solar radii. Though the Mach rumber of the shock also
varies together with flow velocity, it yields minor effed on
9re (E) dependence, providing that T,M, is kept constant.
Figure 1 depicts this dependence obtained at various accé-
eration times T, and various parameters T,MN,. It is obvious
that the plasma non-homogeneity begins to affed this func-
tion if T, is comparable to (or greder than) the characeris-
tic time of density changes. For example, “3" and “4"
curves refer to the same parameter T[N, but different T,.
For the cae described by curve “4”, the accéeration occurs
fast enough as compared with the shock propagation, there-
fore the results are very close to those for homogeneous
plasma. Alternatively, at large values of the parameter T,
(curve “3") the shock front reades aufficiently lower den-
sity regions, where the darge transfer processes ceae to
play any role in prolonged acceeration. As a result, lower
magnitudes of the mean charge of iron can be adieved. For
comparison, also depicted is a airve of equilibrium Fe

charge, §§Z(E), formally corresponding to the infinite

time, which ions gend in a plasma (Kocharov et a., 2000
Ostryakov et a., 200Q Stovpyuk and Ostryakov, 20017).
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Fig. 1. The mean charge of iron acceerated on a shock front
propagating in the solar corona (see text) with a temperature
T=10° K. At energy F=1 MeV/nucleon for curve *“1”
T(Fe®xN,=2.3x10° sidm™ and T,(Fe®)=45 s, for “2”
TA(Fe®)xN,=2.3x10'° sdm™ and T,(Fe'®)=450 s for “3"
TA(Fe®)xN,=6.9x10"° sldm™ and T,(Fe'®)=1350 s for “4”
Ta(Fe®)xN,=6.9x10'° sdm™ and T.(Fe'®)=45 s; curve “5” isthe
iron equilibrium charge.

The next panel (Figure 2) shows the variance of the
charge distribution function versus energy, or(E), corre-
sponding to the mean charge from Figure 1. It manifests
more pronounced structure & large values of T,xN,, i.e., for
the caes when charge transfer processes become more im-
portant. The mostly narrow distributions (locd minima) in
ore(E) occur for ion energies at which equilibrium chargeis
approximately constant. As pointed out by Ostryakov et al.

—eq

(2000), these horizontal plateausin qp, (E ) are the conse-
guence of the dedron shell structure of the dement. In faad,
due to the sharp jumpsin eledron binding energy for K-, L-
, ... shells the @omic readions pradicdly do not ater the
mean ionic state within those energy intervals. Thisleadsto
the *“concentration” of charges in the vicinity of

q_Fe(E) =..., 16, 24 (closed eledron shells ..., 1s?2572p°,
1<, respedively) and hence to a rapid decreasing in vari-

ance oge(E). In contrast, very sharp increase in g, (E ) isa
signature that the ionization does take place & these ener-
gies. This corresponds also to the growth in variance og(E)
because threshold energies for various electrons within a
definite shell do not differ so dramatically as those for
neighbouring shells. Thisis a good example of the dfedive
diffusion in charge space (see Eq. (8)) displayed most no
ticealy for large values of T,MN,.
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Fig. 2. The variance of Fe darge distributions corresponding to
the mean charge from Figure 1.

One should note that particle storage inside the “magnetic
traps’ of the downstream region could result in z}(E) rise.
Thiseffect is espedally important if the time of shock wave
propagation is much longer than the accéeration time. In
thiscase z,, (£) approadhes g (E).

Now we briefly discuss the influence of photoionizing
processes. Our estimations of the charaderistic photoioni-
zdion time dlow usto assert that the processunder discus-
sion does not noticealy contribute to the formation of the
charge states of iron at least in gradual solar energetic parti-
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cle events. In this procedure we have relied on the -
proximation formulae for partia cross ®dions given by
Verner and Y akovlev (1995:

o (V)=0, F(hVIE,), Mb, (10)
where

FO)=[-1P+ 22+ Jom)) y=hvie, @

Here n, | are the principal and orbital quantum numbers,
respedively; o, E,, Q, ya and y,, are the fitting parameters.
Relevant X-ray data for solar flares are aurrently avail able
from patrol measurements of GOES-6, 7 satellites being
reguarly published in Solar Geophysical Data. A typicd
value for the fluence a the Earth’s orbit is apparently
around 0.1 erg cm? s (in the energy range of photons
hv=1.5+12 keV). If we choose for a spatial scde of gradual
event to be ~10'° cm, then this fluence is J [2.5x10° erg
cm™? st inside the adive region. Soft X-rays have typicdly
power law distribution, J, v, with the spedral indices y
ranging from 3 to 7. Thus, the photoionization rate, repre-
sented by the formula

P (2o ()dv | (12
nl v, hv
for Fe'® ion and y=3 yields "=2x107° s*, while for Fe*®
ion it proves to be smaler by two orders of magnitude:
~3x107° s, Thisvalueis the sum of partial ionization cross
sedions of asubshell nl charaderized also by the ionizaion
threshold frequency w,. For comparison, the total colli-
sional ionization rates for those ions at injedion energy
Ei=50 keV nucleon™" and N,~10° cm™ are 3x107° s and
1.4x107% s™, respedively. Numericd caculations indicae
that the acount of photoionization alters g, (E) by ~1%.

That is within the acaracy of our Monte-Carlo method.
One should note that the magnitudes for al the @ove pa-
rameters have been chosen to oltain a typicd estimate for
" At the same time, the process considered could be
much more significant for a cmmpad impulsive event with
the dharaderistic spatial scale of the order of ~10° cm or
less Then, the photoionizaion rates increase by a fador of
10" It is worth noting that the @ove etimates have been
made asuming the existence of the ionizing photons during
the whole phase of aflare event. If heavy particle accéera
tion (and particle escagpe) occurs faster than the global
plasma heding and/or accéeration of eledrons, then the
photoionizaion may be negligible even for impulsive
events.

4  Conclusions

In the present paper the recently propaosed charge-consistent
accéeration model has been further developed. New simu-
lations have been applied to solar cosmic rays and take into
acount i) propagation of a sphericd shock wave through
non-homogeneous lar corong; ii) shock broadening and
adiabatic energy changes of ions; iii) photoionization by
soft X-rays emitted by adive region. Finally, our analysis
has shown that

— the mean charge of iron depends on the shock wave ve-
locity if the accéeration is not fast enough;

- the influence of such effeds as shock front broadening
and adiabatic energy changes on the function g, (E)is in-
sufficient;

— photoionizaion by soft X-rays cannot dominate for
gradual solar energetic particle events and might be impor-
tant for impulsive ones.
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