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The mean equilibrium charges of ions are important as diagnostics of
high temperature plasmas and in understanding the charge state abundance of solar
energetic particles. The equilibrium charge states are derived from a balance of
ionization and recombination processes. For slow ions, only the collisions with
surrounding electrons are important; therefore, the electron velocity distribution is
important for our calculation. According to space observations, the enhanced number of
high-energy electrons is well modeled by a kappa distribution, a distribution function
with a parameter, x. We consider the formation of equilibrium charge states of N, O,
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temperature and the x value. We find that the electron velocity distributions affect the
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of high-energy electrons). At lower temperature, the kappa distribution has a strong
influence on the ionic charge states of all elements. In addition, in the range of coronal
temperatures (~10° - 10’K), our results show a significant effect of different x values on
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Chapter 1

Introduction

1.1 Introduction

Solar physics is the one of many fields in astrophysics, concerning the
amazing variety of physical phenomena best observed at the Sun. These include
the huge explosions of solar flares and coronal mass ejections, known collectively
as solar events. At this time solar events are divided into two classes, “impulsive”
and “gradual” events, and the resulting solar energetic particle populations can
be classified according to their origin and final acceleration sites (Ruffolo, 2001).
Many direct measurements, e.g., by detectors on spacecraft and neutron monitors,
are used as diagnostics of a solar event.

One type of observed data concerns ionic charge states of the various
elements that are present in the Sun as well as in the solar energetic particles
(SEP), e.g., Sit? and Fe™'!. The charge state abundances serve as diagnostics of
the source temperature of solar particles. In that sense, the observed mean ionic
charge of solar particles (SEP) indicates their site of origin or initial acceleration.
Therefore, the calculation of the mean equilibrium charges of ions of different ele-
ments is important-in understanding the particle ejection from high temperature
plasmas and the charge state abundances of solar energetic particles.

Ionic charge state distributions arise from ‘charge changing processes,
which take place when ions collide with other particles in the medium. In this
case, the medium is a plasma, which contains ions (protons, alpha particles, and
small amounts of ions of all other elements) and electrons. Here we consider only
collisions between ions and plasma electrons, whereas we neglect the collisions be-

tween ions and other plasma ions, such as protons or alpha particles (He™?). The



reason is that the ionization reaction cannot take place if the collision energy is
less than the ionization threshold energy. Therefore, because of their higher mass
compared with electrons, plasma protons, alpha particles, etc. are too slow to
collide with ions and then cause ionization reactions. Ionization reactions include
direct ionization and excitation-autoionization (Arnaud and Rothenflug, 1985;
Arnaud and Raymond, 1992; Sampson and Golden, 1981). In addition, radia-
tive recombination (Shull and Van Steenberg, 1982; Arnaud and Raymond, 1992)
and dielectronic recombination (Mazzotta et al., 1998) reactions are considered.
The equilibrium charge distributions of ions are considered in this thesis. In this
case ions are taken to be slow, or essentially at rest with respect to the typical
electron speed, which is often the case in their source plasma because they are
much heavier in comparison with electrons. Therefore, the time-dependent rates
depend on the characteristics of the electron velocity distribution.

In the solar corona, the electron distributions are typically assumed to be

Maxwellian (Dzif¢akova, 1992):

mo\32
o/ —E/kyT
fmaz(B) (27kaT) ¢ . (1.1)

where m is the electron mass, k;, is Boltzmann’s constant, and 7" is the tempera-
ture characterizing the mean particle energy < E >= 3k,T/2.

However, many observations of the solar wind and other space plasmas
show that the number of electrons with a high energy is larger than that esti-
mated by a Maxwellian distribution (Owocki and Scudder, 1983; Maksimovic et
al, 1997). Thus here we employ the velocity distribution of the electrons as a
kappa distribution (Olbert et al., 1967; Olbert, 1969). The kappa distribution is

expressed as (Owocki and Scudder, 1983):

f(B) = (27:;;,T)3/2A“/<1 + WY“’ (12)



where T is temperature, I'(k+1) = !, and A, = I'(k+1)/[(k—3/2)%?T (k—1/2)].
The kappa distribution can be closely represented by a Maxwellian distribution
at the low-energy “core,” but we can vary the power-law parameter x of the high-
energy “tail.” This distribution formula is a convenient parameterization that is
used to study the effect of an enhanced high-energy tail of the electron velocity

distribution.

1.2 The Objectives of This Thesis

Analytical and numerical calculations are used to calculate the influ-
ence of the kappa parameter and plasma temperature on the equilibrium charge
distribution of N, O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni. The reason we choose
those elements for our calculation is there are the ionic charge states that are
best measured in space observations. The results could later be compared with
measured data for solar energetic particles such as N, O, Si, and Fe etc., and
with some charge state ratios from previous research (Luhn and Hovestadt, 1985;
Mazzotta et al., 1998).

We also obtain the ionization fractions, i.e., the relative abundances of
charge states of each element as a function of x and plasma temperature, in order
to provide useful information for various applications. The observed ionization
fraction, or the presence of a given ion, serves as a diagnostic of the source plasma.
Measurements of charge states are widely used in solar physics and astrophysics.
An example is the observation of optically forbidden line emission from specific
Fe ions during a solar eclipse, or extreme ultraviolet (EUV) lines observed by
spacecraft. Another example is the growing field of X-ray spectroscopy to indi-
cate the ionic charge states in laboratory fusion experiments or in hot plasma
throughout the universe.

The following chapters in this thesis are organized as follows: The basic

knowledge and historical evidence are given in Chapter 2. The methodology of



both analytical and numerical calculations are described in Chapter 3. The results
of our calculations are presented in Chapter 4. The discussion and conclusions
are given in Chapter 5. In the Appendices, we present tables of calculated ioniza-
tion fractions and mean charges, our newly written computer programs in the C

language, Verner’'s FORTRAN program, and a sample Mathematica calculation.



Chapter 2

Theoretical and Observational
Background

Space observations of ionic charge states provide evidence about the phys-
ical properties of their source regions. In this thesis, we calculate the ionization
fractions and equilibrium mean charges of heavy ions as a function of temperature.
In the mean time, we study the influence of the electron velocity distribution on
the calculated results. Assuming the condition of thermal equilibrium, most as-
trophysicists employ a Maxwellian distribution function for the electron velocity
distribution. However, there are many lines of evidence showing that in actual
space plasmas, the electron velocity distribution has a suprathermal tail, i.e., an
enhancement of particles at high energy. Several distribution functions have been
suggested to find that which is the most suitable for the observed data.

The kappa distribution, a characterized distribution function, is used in
our work. It is helpful for explaining different observed data, while the enhanced
tail can be changed by the parameter, «. In our work, this electron velocity distri-
bution is used in the calculation of ionization and recombination rate coefficients.

Then, the ionization balance and mean equilibrium charge are calculated.

2.1 Maxwell Distribution

The Maxwell (also called “Maxwellian”) distribution function was first
obtained by James Clerk Maxwell in 1859 (Tipler, 1978). From basic physics, in
the condition of equilibrium, the electron velocity distribution can be approxi-
mated by a Maxwell distribution. There is much previous research in astrophysics
which employs this distribution function for the electron velocity distribution

(e.g., ionization equilibrium calculations by Arnaud and Rothenflug, 1985; Luhn



and Hovestadt, 1987; Arnaud and Raymond, 1992; Mazzotta et al., 1998).

f(E)

0.6

05 4

04

03 1

0.2 +

0.1

0 1 2 3 4 5 6 7

E/k,T

Figure 2.1: An example of the Maxwell distribution function f(F) for the kinetic
energy E (in units of k,T7) corresponding to the relative velocity v (k7" = 861.71
eV, m = 9.1 x1073! kg).

The Maxwell distribution function is given by

Hh = e 1)

where m is the electron mass, k; is Boltzmann’s constant, and 7" is the temper-
ature characterizing the mean particle energy (E) = 3k,7/2. In this thesis, the
thermal electron velocity v is that relative to the ions, considered to be at rest

because of their greater masses in comparison with those of electrons.

2.2 Kappa Distribution

Astrophysicists have found that observed electron velocity distributions
in space have more high energy electrons in comparison with a Maxwellian distri-

bution (Montgomery et al., 1968). It was suggested (Owocki and Scudder, 1983)



that non-Maxwellian distributions with an enhanced high energy tail occur as
an effect of high gradients in particle concentration or temperature. In previous
work (Feldman et al., 1975), the solar wind electron velocity distribution has been
expressed as the sum of two distribution functions: a Maxwellian distribution for
a low energy ‘core’ and a power law distribution for a high energy ‘tail.’

The kappa distribution function has served primarily as an empirical fit
to the observed particle distribution (Collier, 1999). This distribution function
characterizes enhanced, power-law tails of particle distributions by a parameter

k (Owocki and Scudder, 1983):

WE E

fo(E) = WAK//(l + m)nﬂ, (2.2)

where T is temperature, I'(x + 1) = &!, and A, = ['(xk + 1)/[(k — 3/2)*?T'(k —
1/2)]. The kappa distribution closely approximates the Maxwell distribution in
the low-energy “core” but varies as a power law in its enhanced high energy “tail.”
Therefore, we employ a kappa distribution to be the more suitable distribution
function for modeling the actual electron velocity distribution.
As shown in Figure 2.2, the kappa distribution tends toward a Maxwellian when
k is large, while the enhanced tail is strong at small k. Considering the peak
energy, I, for a kappa distribution, we obtain
By, | K=3/2

k‘bT K

(2.3)

According to the above equation, it is seen that £ must be greater than 3/2.
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Figure 2.2: Kappa electron distribution function f.(E) vs. the electron kinetic
energy, F, (in units of k,7) for kappa distributions with x = 2 and 5, and a
Maxwell distribution (£ = 00). The temperature T is assumed to be equal for
all three distributions (k,7=861.71 eV, m= 9.1x10 3 kg).

2.3 Observational Evidence for Kappa Distribu-
tions

Direct observations of electron velocity distributions in the solar wind
have shown that there are many more particles with high energy than for a
Maxwell distribution (Feldman et al., 1975; Owocki and Scudder, 1983; Collier,
1999).

Recently, kappa distributions have been confirmed to be suitable for char-
acterizing the enhanced high-energy tails in observed electron velocity distribu-
tions.

As shown in Figure 2:3 (Pierrard et al., 1999), the electron velocity distributions
measured by the electrostatic analyzer of the 3DP instrument on the Wind space-
craft are divided into two types. The first type (Figure 2.3a) is the typical slow
speed solar wind (v = 320 km/s and n, = 10 cm—?), and the second distribution
(Figure 2.3b) is the typical high speed solar wind (v = 650 km/s and n, = 4

cm3).



log,o(f)

10g,6(f)

Figure 2.3: Typical electron velocity distribution functions measured by the elec-
trostatic analyzer 3DP on Wind of the (a) low speed solar wind, measured on
January 24, 1997, at 1834 UT, and (b) high speed solar wind, measured on Jan-
uary 28, 1997 at 1336 UT. The cross sections of the phase space density are
plotted as a function of the normalized velocity parallel y (solid lines) and per-
pendicular y; to the magnetic field direction (Pierrard et al., 1999). Here y refers

to Av/\/2k,T/m.

For low speed solar wind, the electron distribution is somewhat anisotropic
and exhibits noticeable power-law tails, while for higher speed solar wind, there is
an even stronger distinction between the Maxwellian thermal ‘core’ and a highly
anisotropic, hot ‘halo’ population whose velocity distribution decreases as a power
law with the velocity. Fitting with a kappa distribution, Pierrard et al. (1999)
find k ~ 3.1 and k ~ 2 for the slow and high speed solar wind, respectively. These
extremely low  values indicate strongly non-Maxwellian distributions.

Furthermore, Maksimovic et al. (1997) have fitted a kappa function to
16,000 electron velocity distributions measured in the solar wind by the electron
plasma instrument on board the Ulysses spacecraft. Statistically, the electron
distributions are observed to have important high velocity tails in the fast solar

wind but are slightly closer to a Maxwellian distribution (with a somewhat higher
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Table 2.1: Summary of the statistical analysis of slow solar wind (V' < 550 km/s)
and fast solar wind (V' > 550 km/s) (from Maksimovic et al., 1997).

V' > 550 km/s V' < 550 km/s
number of events 3,494 12,393
(k) 1.90 + 0.08 2.71 £+ 0.56
{oit) 0.16 0.11

k) in the slow wind. The reported data are shown in Table 2.1.

In order to quantify the result, Maksimovic et al. (1997) have split the
results into two sets: events (data samples) with a low speed solar wind (V' <
550 km/s) and high speed solar wind (V' > 550 km/s). For each of the two
populations the mean value (k) of the fitted parameter s are calculated, along

with the variances of the fits (o) (Table 2.1).

2.4 Tonization and Recombination

In this thesis we consider only the collisions between the ions of interest
and plasma electrons, whereas the collisions between ions and plasma protons
or alpha particles (He?") are neglected for reasons explained in Chapter 1. We
consider two types of collisional processes, ionization and recombination.

Ionization is a process that increases the charge state of an ion. Two
types of ionization processes are considered: direct ionization and excitation-
autoionization.

A) Direct ionization is a process that can take place after the
collision between a free electron and ion. Then an electron in the ion is excited
to become another free electron.

B) Excitation-autoionization takes place by a process similar to
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the direct ionization process. However, it is an electron in an inner shell that is
excited. With its high binding energy, the inner shell electron just releases the
excitation energy and comes back to the ground state. Fortunately, it is an outer
shell electron that receives the energy and becomes another free electron.

Recombination is a type of process that decreases the charge state of
an ion. We also consider two recombination processes, radiative recombination
and dielectronic recombination.

C) Radiative recombination is the process where a free electron
is bound to the ion after the collision. The electron emits its excess energy in the
form of electromagnetic radiation.

D) Dielectronic recombination is more complicated than the pre-
vious process. After the collision, the initially free electron becomes bound and
emits its energy. Then the energy is taken up by another bound electron. After
the bound electron receives the energy, it is in an excited state for a moment
and comes back to the ground state by emitting energy through electromagnetic

radiation. Finally the ion has gained another electron.

2.5 Rate Coefficients

Electrons in a hot plasma can collide with the slow ions, considered as
the collision targets. The probability of collision is explained by the cross section
(cm?). If n, is the electron density (cm ?).and v is the electron velocity (cm s™!),

the rate of collisions is equal to the product of the cross section with n, and v:

rate of collisions per ion = n, X v X [cross section] st (2.4)

According to the rate calculation, a rate coefficient can be defined by
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rate coefficient = v x [cross section] cm?® s (2.5)

SO

rate of collisions
= n; X ne X [rate coefficient]  cm™3 s (2.6)

unit volume

In the calculations, we used the rate coefficients of ionization, S,, and
recombination, oy, in the rate equation involving the density of ions at a given
charge state, n,, where ¢ is the charge state. The calculation will be explained

further in the next chapter.

2.6 Ionization Fraction and Equilibrium Mean
Charge

The ionization fraction is the ratio between the density of a charge
state, ng, and the sum of the density for every charge state of that element, ) n;.

(3
In presenting the results, it is more convenient to present the ionization fractions:

—logm(%). (2.7)
i
The equilibrium ionization fractions for N, O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni are
presented in Appendices. The ionization balance is important for understanding
how the abundance of a charge state is related to the source temperature.
The equilibrium mean charge is the average charge that is observed

at a certain temperature. In our work, we calculate the equilibrium mean charge

by using the ionization fraction:

> ngq
@ =

q

(2.8)
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This quantity is useful because some observational data (e.g., for solar

energetic particles) are in terms of the mean ionic charge of a given element, e.g.,

(@)o, (Q)si, etc.

~,
Y |
!'lJ

|
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Chapter 3
Methodology

3.1 Calculation Procedure

The charge state distribution of ions is established by two processes,
ionization and recombination. The rate equations are taken into consideration,
where the contribution of a process to the rate of change of the charge density
of charge state ¢, dn,/dt, depends on the product of the densities of collision
partners (e.g., n, and n,) and the ionization (S,) or recombination («,) rate co-

3s=! which is consistent with the product

efficient. The units of dn,/dt are em™
of the units of n, and n. (both em*) and the rate coefficient (cm?®s™'). However,
the rate equations are not difficult to solve. The difficulty is to calculate the rate
coefficients, because there are many cross sections used to calculate rate coeffi-
cients. Some cross sections are obtained from several papers in the literature, but
others are already presented in terms of rate coefficients which are calculated with
a Maxwellian electron velocity distribution. We have to convert such reported
rate coefficients into cross sections and then calculate the rate coefficients for a
kappa distribution.

Therefore, most of the work of this thesis has been on the source literature

and techniques described in this chapter.

3.1.1 Rate Equations

To calculate the mean equilibrium charge vs. temperature for a given

element, we consider this system of equations (Luhn and Hovestadt, 1987):



15

dn

d—to = ne(—nOSO + nlal)

dny

prle Ne(Ng—15¢-1 — Ng(Sq + ag) + Ng104+1) forg=1,2,...,. 7 -1
dn

d—tZ = ne(anISZfl - nZOéZ), (3-1)

where n, is the density (cm™*) of charge state ¢, n. is the density of electrons,
and Z is the atomic number. In this work, we consider S;, the ionization rate
coefficient from charge ¢ to ¢+ 1, and ¢, the recombination rate coefficient from
charge ¢q to ¢ — 1. The rate equations present the rate of change of n,, the density
of charge state ¢, as a function of n,, n., and the rate coefficients, S, and ay. The
charge state density, ng, is increased by ionization processes from charge state
g — 1 and recombination precesses from charge state ¢ + 1. On the other hand,
ng is decreased by ionization processes from charge state, ¢ and recombination
processes from charge state, ¢q. For the equilibrium case, the rate equation is

reduced to (Luhn and Hovestadt, 1987)

dng

prl 0 and NgSq = Ng+10g+1 forq=1,2,...,7 — 1. (3.2)

The rate coefficients S, and ¢, are obtained by multiplying the corresponding
cross section o or g, for direct ionization, excitation-autoionization (Arnaud and
Rothenflug, 1985; -Arnaud. and Raymond; 1992; Sampson: and-Golden, 1981),
radiative recombination (Shull and Van Steenberg, 1982; Arnuad and Raymond,
1992), or dielectronic recombination (Mazzotta et al., 1998) with the relative

velocity v between the collision partners and averaging over the relative velocity

distribution, f(v):
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S = /vai(v)f(v)dv,

a = /Uar(v)f(v)dv. (3.3)

Using the relation between kinetic energy E and velocity v as E = mv?/2, we

obtain
5= [ BBy E)E
4 % / Eo,(E)f(E)dE (3.4)

We consider the formation of the equilibrium charge distribution of ther-
mal or slow ions. For the reasons explained in Chapter 1, ions are taken to be
slow, or essentially at rest with respect to the typical electron speed. In this case
the rates depend only on the characteristics of the cross section and the electron
velocity distribution. Furthermore, we consider the electron velocity distribution
f(v) to be kappa distribution.

Finally we can calculate the mean equilibrium charges by the following

equation:

Z”qq
q
>Ny

q

Q) = (3.5)
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3.2 Cross Sections

The probability for a particular reaction can be expressed in terms of
its reaction cross section, 0. The cross section for a reaction is the number of
reactions per unit time per target particle divided by the incident flux. Because
the incident flux is the number of incident particles per unit time per unit area,
o has the dimensions of area (Blatt, 1992).

There are many cross section formulas that we use for various processes.
There are several papers in the literature in which cross section or rate coefficient
formulas are fitted to experimental data. For ionization processes, each cross
section formula is a function of u, the ratio between the electron kinetic energy
and ionization threshold energy (I; for direct ionization and Ip4 for excitation-
autoionization), u = E//I. Because the ionization processes cannot take place
if the electron kinetic energy is less than the ionization threshold energy, it is a

condition that E must be greater than Iz 4, or u > 1.

3.2.1 Direct Ionization

For the direct ionization (DT), the cross section formula was taken from
Arnaud and Rothenflug (1985; this form was also used by Arnaud and Raymond,

1992; Mazzotta et al., 1998; etc.):

‘ =

[\

opr(u) = Z e {Aj<1 = %) +Bj(1 — %)2+C’jln(u)+Dj

<

where u = E//I;, E is the energy of the incident electron, and I; is the ionization
potential for the level j. The units of £,7" and I; are eV, while A;, B;, C}, and D,

are constants in the units of 10~"* cm2eV2. In other words, the numbers provided
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in tables in the literature need to be multiplied by 10~'*. Most constants are taken
from Arnaud and Rothenflug (1985). Only for Fe are the constants taken from
Arnaud and Raymond (1992).

3.2.2 Excitation-Autoionization

- For all Fe ions, the cross sections are calculated by following formula

(Arnaud and Raymond, 1992):

{A+B(1—%) +C(1—i) +D(1—$) +Fln(u) } em?, (3.7)

u2

1
oralu) = ulpa

where u = F /I 4, E is the incident electron energy (in eV), I, is the excitation-

autoionization threshold (in eV) and A, B, C', D, and F are constants (in the

units of 107'% cm2eV?) taken from a tabile (Arnaud and Raymond, 1992).

- For Ca*® and Ca'!, cross sections are from Arnaud and Rothenflug

(1985):

o () = %[1 i bln(u)] cm?, (3.8)

where u = E/Ig4.
For Cat’: ¢ = 6.6 x 107" em?; b = 1.12; Ip4 = 25 eV.

For Catl: ¢ = 9.8 x. 1077 ecm?; b = 1.12; Ip4 = 29 eV.

- For Other Ions, an excitation-autoionization cross section (op4) is
used for various sequences (in all other cases, oga is negligible in comparison
with ops). A “sequence” is defined by the number of remaining electrons, e.g.,

the lithium sequence refers to ions with three remaining electrons.
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A) For the Lithium (Li) Sequence (e.g., Si™'!, Mg*® and Net")
the cross section formula is taken from Sampson and Golden (1981), so that the

full ionization cross section for Li-like ions is

Ta? 4 2
O'ion(’LL) [280 [WQg(QS, U) + W <6H(U - §2) [ZZQH(l — 2)] off
+ BZH(U — &) 7%l = n) + gH(u —&,)Qn(1s, u/§15)>] cm?.
n=3 -
(3.9)

The terms with Q% (nl, u), the reduced cross section, describe the contribution
of direct ionization and [Z%Qy (1 — 2)].sy, the effective scaled collision strength,
is the most important term which contributes to the excitation-autoionization.
Neglecting the Qg (1 — n) term, the excitation-autoionization cross section for

the lithium sequence is

2mad
= "% g, — [ZZQ 1—>2] 2 3.10
OEA (U) IQSngff(ls)uﬁ (U fg) H( ) o/ cm ( )
1 0.488 1.201
where Z*Qu(1 — 2)] = 2.2201n(u) + 0.669 <1 — —> + +——— eV,
eff U U U
0 if <0
AT T {1 i w0,
§ = Ipa/lss,

Ly = 13.6/4(Z~1.679)% eV,
|
Ipa = 13.6 [(Z — 0.835)" = 7(Z = 1.620)°| eV,

Zesr(ls) = Z —0.43, Z is the nuclear charge,

E
IZs,
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5 - 1
T 1t+2x10473
ap = Bohr radius = 5.292 x 10? c¢m.

nd

For H(x), x is the difference between the impact electron energy and the threshold
energy for the transition.
B) For the Sodium (Na) Sequence, the observed excitation-

autoionizaiton cross section is (Arnaud and Rothenflug, 1985):

B.1 For 7Z < 16,
opa(u) = g(1 - 1) Cl (3.11)
u u
where u=FE/Iga,
Iz4=26(Z —10) eV and
a=28x10""(Z —11)7°7 ¢cm?.
B.2 For 18 < Z < 28,
TpAlEy= g(1 = %) cm?, (3.12)
u U

where u=FE/Iga,
Iga=11(Z —10)"? eV and
a=13x10""(Z —10)73" cm?

C) For Sequences from Magnesium (Mg) to Argon (Ar)
(Arnaud and Rothenflug, 1985). The excitation-autoionization cross section

can be calculated as follows:

opa(u) = %(1 — i) cm?, (3.13)
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where u=E/Iga,

ax Igs=4x10713772 cm? eV,

Magnesium sequence Igy, = 10.3(Z —10)'2 e
Aluminum sequence  Ip4 = 18.0(Z —11)'¥ ¢
Silicon sequence Ipa =18.4(Z —12)1% ¢
Phosphorus sequence Ipy = 23.7(Z —13)1% eV and
Sulfur sequence Iga =40.1(Z — 14)'10 ¢

3.2.3 Radiative Recombination

For all elements, the radiative recombination cross section is related to
the rate coefficient (for a Maxwellian distribution) from Shull and Van Steenberg

(1982). Those authors specify the rate coefficient formula:

arp(T) = Avga(T/10* K)=7 em 371 (3.14)

where the coefficients A, .4 and 7 are given in a table. Now following Luhn and

Hovestadt (1987), we note that if

O'RR(E) = CradEia Cm2, (315)

then
4 Crad
vV 27rmeka (k-bT)a—l

arr(T) = (2 —a)cm st (3.16)

The quantities Cqq and a are chosen so that Equation (3.16) matches Equation

(3.14). From this we derive
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1.495 x 1078 kp|?
URR(E) _ [ b]

Apog B~ em? 3.17
T(3/2—7) [10* K" " o (3:17)

as the cross section consistent with the rate coefficient presented by Shull and

Van Steenberg (1982).

3.2.4 Dielectronic Recombination

The cross section formulas for all elements are the same. According to
Mazzotta et al. (1998), the dielectronic recombination rate coefficient formula

(for a Maxwellian distribution) is

4

1 E; _
O[DR(E) = W ZC]' exp ( N kb—;—’) Cm3S 1, (318)

i=1

where k7" and E; are given in eV and ¢; in cm3eV*2s~!. Each term in the sum
corresponds to a different dielectronic transition. The coefficients ¢; and E; are
given in a table from Mazzotta et al. (1998).

Using the same technique as for radiative recombination, we utilize the

relation between ogr and agrg for a Maxwellian distribution according to Luhn

and Hovestadt (1987), where

O'DR(E) = chi,jé(E— E]) cm2, and

J

apr(E) cm *s7'. (3.19)

o & oo (- 5

The quantity Cy; ; is a constant which gives the strength of the contribution of
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level j with energy E;. Comparing Equations (3.18) and (3.19), we derive the
corresponding cross section:
. S(E-E;)
opr(E) =1.495 x 10 chij cm?. (3.20)

3.3 Analytical Calculations

In this section, we only present the results, the rate coefficients, of the
analytical calculations, while the quantities are defined as in §3.2. Most of the
rate coefficients for kappa distributions can be calculated analytically. In this

case Equation (3.3) becomes

6.60 X 107 (> Eo,(E)
S(Ty= / _ 4B
k. T)3/2 B k+1
k) : L+ asmT)
6.69 % 107 /°° E o,(B)
a(T) = - - dE 3.21
(T) (BTP2 Sy [14 2 B o (3:21)
T kT

In our calculation of rate coefficients we use the partial fractions expansions:

1 1 Kk+1 y
uwd +yu)stt T ou Zl (1 + yu)n
1 17 (k1Y S (k—n+2)y
S e S (3 i A P00
u?(1 + yu)rtl u? u e (L+yu)"

where u is E/Ip4 and y is Iga/[(k — 3/2)kyT]. In each case, the calculations by
hand have been checked by using the Mathematica program (version 4.0, Wolfram

Research, Inc., 1999) and also by our own numerical integration (see §3.4) and
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Appendix D. Furthermore, we have studied some calculation techniques from
previous works, e.g., Dzif¢dkova (1992). Her technique, like ours, is to find the
cross sections by considering the rate coefficients given in the literature (see §3.2.3
and §3.2.4). All cross sections we have considered are calculated directly, while
Dzif¢akova (1992) had to approximate a formula of the dielectronic recombination

rate coefficeint to be less complicated for specification of the cross section.

3.3.1 Direct Ionization

Calculated by Equation (3.6), the direct ionization rate becomes a func-

tion of temperature 717

Su(T) = SBIXIT | {AJ{M+§ 1/(n—1)]

(KpT)3/2 Yk — (1 +y)~!
(1+y)™" kY —ny + 2y + 2
B |——— 2 1
+ ][ " +(2+ky +y)l —l—E CEETE -+

du} cm?®s™1 (3.23)

where y=1;/ [k’,bT(m T 3/2)].
The last term cannot be calculated analytically (as verified with the Math-

ematica program).. Therefore a numerical integration is necessary for this term.

3.3.2 Excitation-Autoionization

- For Iron (Fe), excitation-autoionization rate calculated by using

Equation (3.7) is



25

Soam) = o{ AL plOADT (1 ZM]

yK yK y+1 (1 4yt

n=2

k+1

+ C’[(l ;g)n B yz - _/ilg(?l”bi‘j)n_l + (k+1)yln (y_;rl) - 1]

K+1
(k—n+2)(k—n+3)y* (k+1)(k+2) o, (y+1
+ D[Z F 4 - y ln { ——
—~ 2(n — 1)(1 +gy)"! 2 ( )
(1+y) " 1] F[ y+1 = 1/(n—1)]}
Y Dy —= |+ m((Ll=) _§S 22—
+ o Ry - §| o n( y ) > g
em?®s™1 (3.24)
where :IE—A and
Y= (T 3/2)kaT
_6.69 x 1074,
o (kyT)3/2

- For Ca’ and Ca'!, the rate coefficient is calculated by using Equation

(3.8):

6.69 x 107 1+ B,)™" b 1+ B,
Spa(T) = 7(]%71)3/2 A,J%Aa{( HBK) + wB. [ln < B, )
~ (L+B,) Y 3.1
nz; T ] cm’s™!, (3.25)

where u=FE/Ipa,
for Cat% ¢ =6.6 x 1077 cm?; b = 1.12; Iz4 = 25 eV and

for Ca™: a = 9.8 x 107" cm?; b = 1.12; Iga = 29 eV.

- For Other Ions
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A) For the Lithium (Li) Sequence, the cross section is from

Equation (3.10):

(2220 Iné&, B,& " 1/(n—1)
SEA(T) B C{ ’%Bn |:(1 + Bn&?)n * i <1 + Bn€2> a (1 + Bn§2)n1:|

n=2

B.& (14 B.&)™" < 1/(n—1)
+ 0.669 {m (1 - anz) g 3 Ry Bn&)n_l]

n=2

[ 14+ B\ o= A1)
* 0-488_IH(T@)—ZW]

n=2

Bl 1+ B.& i (k —n+2)Byg
+ 1201 = Gk DB (525 + > oo+ BH@)”—I] }

em®s™H (3.26)

4.20 x 1084, a’a
where c = i and
(kT)*2 ZZ4(1s)

IZs
(k— 3/2)kyT"

B) For the Sodium (Na) Sequence, the excitation-autoionization

rates can be calculated by using the cross section depending on the atomic mass

Z.

B.1 For Z <16, from the cross section in Equation (3.11):

669 107 L (B B, o 1/(n—1)
SEA(T) = 7(KbT)3/2 AHIEAG]{iI{BR +1H (71 —|—B,€> + ; (1 +Bn)n_1

cm®s™1 (3.27)
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Ipa
(k — 3/2)k, T’
Igs = 26(Z—10) eV and

where B,

a = 28x107'7(Z —11)"%" cm?

B.2 For 18< Z <28, from the cross section in Equation (3.12):

1+ B,) " Be+1
Spa(m) = AEEB) " B L 050+ 1) (5 + 2)B2In ( i )
kB, B,
05(k—n+t2)(k—n+3)B2 1
: e 3g-1 3.28
+ nz (n —1)(L+ By 2} oms, (3:28)
Ira
h B, _£ £
where (5~ 3/2)kyT
6.60 x 107
CcC = WAH’IEAG,

Ipa = 11(Z — 10)'° eV and

a=13x10""*Z —10)"*" cm?.

C) For Sequences from Magnesium (Mg) to Argon (Ar) from

the cross section in Equation (3.13):

1+ B,)" B, +1
Spa(T) =-¢ Q—F(H—FI)BK—0.5(H+1)(H+2)len( * )
HB,; Bn
0.5k =i+ 2) (K SnE3)B2 1
: . ¢ 341 3.29
A | Z (n— D + Bt 2} 2t ) (3.29)
n=2
I
where B, = ba

(k — 3/2)kT"
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6.69 x 107

Cc = WAH[EAU/,

axIpa=4x1082"2  cm?eV,
Magnesium sequence Igy, = 10.3(Z —10)'2 e
Aluminum sequence  Ip4 = 18.0(Z —11)'¥ ¢
Silicon sequence Ipa =18.4(Z —12)1% ¢
Phosphorus sequence Ipy = 23.7(Z —13)1% eV and
Sulfur sequence Iga =40.1(Z —14)*1% ¢

3.3.3 Radiative Recombination

The rate corresponding to Equation (3.17) is

B U e Ve ik T2 i
aRR(T) = AT‘adAH F(/{', n 1) Tﬂ(lO‘lK)*Tl cmes C. (330)

3.3.4 Dielectronic Recombination

From the cross section in Equation (3.20), the rate is:

A, . E; - 3.—1
CYDR(T) = (ka)3/2 ZC]' (1 = m) cme=s . (331)

3.4 ‘Numerical Techniques

In this thesis, numerical methods are used to solve rate equations and in-

tegrate rate coefficients. The integration step is the most complicated. At first
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we employed Simpson’s Method, a high-accuracy integration method, to inte-
grate the last term of the direct ionization rate coefficient as shown in Equation
(3.23). However the upper limit of integration, infinity, led to a difficult decision
as to when we should stop integrating. A newly developed Robust Integra-
tion Method is used to deal with that difficulty, while the Bisection Method

(Johnson and Riess, 1982) is also used.

3.4.1 Simpson’s Method

Generally, the integration of a funetion f(z) along an interval between a and

b is considered:

[:/ f(z)dz. (3.32)

In Simpson’s rule, an integral path from a to b is divided into two parts
indicated by three points xgy, x1, and 5. Next, f(x) between three adjacent grid

points is approximated by a quadratic function like the curved line in Fig (3.1):

f(z) =az® +bx +ec (3.33)

Since the values of xg, 1, ©3, fo(2), fi(z), and f5(x) are known, we obtain a, b,

and ¢ from

T =Tp: f(zo) = axp+bxg +c,
T =T f(z)) = ax?+bx; +c, and
T =1Ty: f(zy) = az5+bry +ec. (3.34)

Substituting a, b, and ¢, Equation (3.33) becomes :

f(x) = Lo(x) f(wo) + Li(x) f(x1) + Lo() f(22), (3.35)
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f(x) f(x,)
) f(x,)

f(xo)

- X

Figure 3.1: Function f(«) between three adjacent grid points xg, 1, and 5.

where

Lo(w) = | (22 < 2)(@1 = )|/ | (@2 — 30} (1 — w0) .

Li(z) = (x2 —z)(xo — x) /[(:vg —a1)(xg — xl) , and

Ly(w) = |(m1 = 2)(@o = #)| /|(21 = @) (w0 — 32).

After substituting function f(z) into Equation (3.32), we get

N PT (2 —"21) (x =) . (0 — x0)(x — x9) .
R Ril=ry re Uk fery

(21— 7o) (21 =+ 72)

NERCAED] Cana Vi R ) (3.36)

(w2’ = mp) (z2 —'21)

Therefore we can directly integrate the above equation, where xo —21 = 1 — ¢ =

h:



31

Figure 3.2: An example of Simpson’s method for integrating a function f(x) when
we know f(x) at zg, @1, and x.

I 5 [ + A0 + £ (ae)]. (3.37)

Equation (3.37) is Simpson’s 1/3 rule, a name which refers to the coefficient 1/3.

More generally, we can write

fl@o) +4f (1) + f(z2)|- (3.38)

- Many intervals of Simpson’s rule are used when b — a is broad.
Using only one interval might cause an inaccurate integration, where the error of
integration will be presented later.
From Figure (3.3), we divide the interval from a to b into n parts. Thus the width
h is
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Figure 3.3: Simpson’s method for the case where the integration interval is broad.
The interval is divided into n parts.

b— a
h = 3.39
-, (3:9)
and the z-coordinate of each point i is
Lo —..Q,
z; 7= Zog+ih 1=1,2,...,n—1, or
x, = b. (3.40)

Next the integration in Equation (3.32) will be divided into n/2 pairs of intervals.
It will begin with the intervals xy < @ < x5 and z3 < x < 24 and continue until

Tp—o < x < x,, where n must be an even number:
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For all intervals we use Simpson’s rule as in Equation (3.38). Thus we obtain an

integration method for our numerical calculation:

o= M) + 45+ F@)] + 5 1) + 47 ) + ()

TR 4 2 [Fna) i flan ) + ()]

w|

i odd J even

- The error of Simpson’s rule can be calculated by using a poly-
nomial expansion for f(z), f(z;), f(xi11), and f(z;49). For n/2 pairs of intervals,

the error for Simpson’s rule is

(b—a)’~m
Ea — —Wf R (343)
—(4) .
Here f is defined as
—@) 2 (@)
= - f (77z) . (3-44)
=0

The fourth-order derivative f® (m;) is approximated at a position 7; be-
tween @; and x;15.- However, the value of each ; is not known, so we can only

find a limit on the error |e:

(b—a)

<)
. 4
T (3.45)

lef <



34

According to the above equation, in any case we cannot calculate the exact value

of 7(4). We define that

Y = max{f@(z) : z € [a, 1]} (3.46)

3.4.2 Bisection Method

This method is used to solve an equation in the form f(z) = 0. For
example, in Figure 3.4, f(r) is positive where z is greater than a solution, Z, but
f(z) is negative if x is less than . It is also possible for other functions f(z) to
have different curves, but they are no more difficult to solve than this example,

if our goal is to find at least one root.

e

Figure 3.4: Example of a function f(x), where T is-a root, i.e., a solution of f(z)
= 0. The goal is to better constrain the location of a root between x; and x,.
The existence of a root is guaranteed if f(x) is continuous and f(z;)f(z,) < 0.

From Figure 3.4, a solution = can be estimated by decreasing the width of
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the interval between z; and x,, while maintaining f(x;) and f(z,) with opposite
signs. It is necessary to ensure that f(z) is continuous for = between z; and z,.
We have to check that f(x;)f(z,) < 0 first, because it lets us know that there is
at least one solution in the selected interval. Furthermore, there could be many
roots in one interval.

Next, here is the procedure of calculation:

Step 1 Find the average value z,, between z; and x,:
N ;x (3.47)

Thus the interval between x; and z, is divided into two intervals, where f(z,,)
could be positive or negative. In Figure 3.5, we see two possible cases.
Step 2 Since a solution & could be in one of two divided intervals,

we can choose the right one that contains a solution by multiplying f(z,,) with

far).

Case A: if f(2,,) - f(x,) >0, then x; < T < xyp,.

Case B if (@) - f(a,) <0, then @, < T < p.
Step 3 We adjust x; or x, for a narrower interval.

Case A: We use x,; as the new x,.

Case B: We use z,, as the new z;.

Step 4 Repeating steps 1, 2, and 3, we find that the difference
between z, and x; decreases continually. To be ensured that a solution ¥ is very
close to x,,, we check by the condition that the difference between x, and z;

should be less than an acceptable error, &;:
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Figure 3.5: Two simple cases with A) T € (2, @y,) and B) T € (z,,, x,). Checking
whether f(z,,)f(x,) is positive or negative lets us choose the right interval in
which there is a solution 7.

Tr — I

x100% < e, (3.48)

In this thesis, the program will stop when &, is less than 107°%.

This method is easy to program. After checking that f(z;)f(z,) <0, we
can be ensured that we will obtain at least one root easily. However, the bisection
method is a slowly converging method, though for the speed of the computer and

nature of the problem at hand, this is not a concern.

3.4.3 Robust Integration Program

In this thesis, we encounter integrations of the form:
= / F(u)du, (3.49)
1

where f(u) has a maximum value and monotonically declines thereafter. From a
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previous section, we see that we need to find

/Oo _In(/u_,, (3.50)

That integrand is plotted in Figure 3.6 for a sample case (k = 1000). Using
Simpson’s Method to integrate the above integrand, we must have a finite
upper limit. For the curve plotted in Figure 3.6, it is possible for us to choose a

suitable upper limit.
f(u)

0.04

0.03

0.02

0.01

Figure 3.6: The function f(u) = In(u)/[u(1 + yu)*'], plotted as a function of u
in the case that x = 1000.

The calculation procedure of our newly developed robust integration method is

as follows:

- Step 1 The Bisection Method is used to find ug such that f(ug)

is a maximum point, f,,q., as shown in Figure 3.7.

- Step 2 Calculate u; such that
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f(UO) fma (351)

U; =

2 2t
-Step 3 With N=2, the two-interval Simpson’s Method (n = 2)

is used to integrate

uo N-1 Ui41
Ly = /1 f(u)du+2/ f(u)du
i=0 Y %i

UN+1
Inyio= / fu)du (3.52)
F(u)
Uo u; Uz [V ES u

Figure 3.7: The bisection method is used in the integration of function f(u) to
find the suitable upper limit uy. The value of each u; is calculated from f(ug) =

fmaw and f(uz) = f(uz,l)/Q

Next, we repeat Step 3 for increasing N and stop when the last integrand, Iy,

is very small compared with the whole integral, I;,:
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1
AR 1077, (3.53)
ﬁm
- Step 4 Now that we have found the suitable upper limit uy, we

directly solve
uN
o / Flu)du (3.54)
1

by Simpson’s method for n intervals, starting with m = 2. Then we increase n by

steps of 2 until the tolerance (&) is less than 1074, where

(3.55)

- Step 5 Finally we have both a suitable upper limit, uy, and a
suitable number of intervals, n. We approximate the integration in Equation

(3.49) by

r= [ e [T

n—1 n—=2

h
x5 HO* ) +4 3 f) 42130 )], (356)
where h = uN_l.

n



Chapter 4

Results and Discusssion

In this thesis, we obtain the ionization fractions and mean charges for
ions of various elements, presented as a function of temperature and the s value,
including the limiting case of a Maxwellian distribution. The charge fraction is

defined by

charge fraction of charge state ¢ = an , (4.1)
ng

i

where 7, is the density of the charge state ¢ and the sum of charge state densities
of a given element is ) n,. The ionization fractions for N, O, Ne, Mg, Si, S,
Ar, Ca, Fe, and Ni arg presented in Tables Al.1 - A10.4 for x values of 3, 5,
and 10 and a Maxwellian distribution. Such ionization fractions have never been
presented before.

For each element and each temperature, we check our calculation for a
kappa distribution by proving that, at the limit of large x, our results for x =
1000 are similar to the case of a Maxwellian. As another check of our calculations,
we compare our results for the case of a Maxwellian distribution with those of
previous work (Mazzotta et-al., 1998). In fact, we mostly used the same formulas
of the cross sections as Mazzotta et al. (1998). The only differences (except for
Fe, which we will discuss shortly) are for radiative recombination to H, He, Li,
and Na sequences, where we use different formulas. ‘We use the older formulas
of Shull and Van Steenberg (1982), while Mazzotta et al. (1998) use more recent
fits by Verner and Ferland (1996). The reason is because the latter fitted rate
coefficients are in a complicated form that is not obviously related to an analytic
cross section formula, which we need for calculation in the case of kappa distri-

butions. Checking quantitatively, we have downloaded the calculation program
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of Verner (1997; http://www.pa.uky.edu/~verner/fortran.html), which was cited
by Mazzotta et al. (1998). Then we compiled Verner’s FORTRAN program to
obtain their rate coefficients for ionization and radiative recombination at a cho-
sen temperature. We can also compare our ratios a,/S;+1 to those of Mazzotta et
al. (1998) by using their published ionization fractions and the formula o,/S; 41
= ng4+1/ne (Equation 3.2).

For almost all elements, our results for a Maxwellian electron velocity
distribution are consistent with those of Mazzotta et al. (1998), differing in
—log(ny/ >_n;) by at most 2.0 for the most abundant ion, over the entire tem-
perature raznge of T = 10* to 10° or 10° K. The only substantial differences are
for Fe, where Mazzotta et al. (1998) have used the updated but less physical rate
formulas of Arnaud and Raymond (1992). As in the cases mentioned above, the
latter authors have chosen an empirical form for the rate coefficients that is not
related to any cross section formula. We find that our calculated ionization rate
coefficients for Fe are higher at very low charge states but radiative recombination
rate coefficients are slightly lower at very high charge states. Anyway, in the range
of coronal temperatures (~ 10° K), our ionization fractions are very consistent
with those of Mazzotta et al. (1998). Therefore, in the range of T ~ 10° — 107
K, our results for Fe are acceptable.

We have also obtained the equilibrium mean charges for different electron
velocity distributions, parameterized by x = 3, 5, and 10 and a Maxwellian. In
Figures 4.1 - 4.10, we compare results for different x values, showing the influence
of the K parameter on the mean equilibrium charges, (@), as a function of plasma
temperature, T'. Results are presented for N, O, Ne, Mg, Si, S, Ar, Ca, Fe, and
Ni. It is clear that at a given temperature, the mean equilibrium charges are
constant or increasing for lower x. This is because the ionization processes take

place more frequently due to the enhanced numbers of high energy electrons.
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Figure 4.1: Mean equilibrium charge as a function of electron temperature for N.
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Figure 4.2: Mean equilibrium charge as a function of electron temperature for O.
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Figure 4.3: Mean equilibrium charge as a function of electron temperature for

Ne.
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Figure 4.4: Mean equilibrium charge as a function of electron temperature for
Mg.
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Figure 4.5: Mean equilibrium charge as a function of electron temperature for Si.
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Figure 4.6: Mean equilibrium charge as a function of electron temperature for S.
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Figure 4.8: Mean equilibrium charge as a function of electron temperature for
Ca.
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Figure 4.11 shows the relation between mean equilibrium charges and the
plasma temperature for all considered elements in the case where x = 5. In a
conference paper by Luhn and Hovestadt (1985), for C, N, O, Ne, Mg, Si, and S,
kappa distributions were also used to calculate mean equilibrium charges, but with
different (older) formulas for the cross sections. Note that they did not present
ionization fractions, thus limiting the applicability of their work. Comparing their
results with ours for the equilibrium mean charges, the results are similar at x =
5 for S, Si, Mg, Ne, O, and N, as shown in Figures 4.12 and 4.13. The results are
qualitatively similar, and we ascribe the quantitative differences to the different
assumed cross sections. Nevertheless for the elements with high atomic masses
(e.g., Ne), the results are more different than those for the lower atomic masses

(e.g., N and O).

30

O 1 1 IIIIIII 1 IIIIIIII 1 1 11 1 111

1.E+05 1.E+06 1.E+07 1.E+08
T(K)

Figure 4.11: Mean equilibrium charge as a function of electron temperature for
a kappa distribution with kK = 5.

Note that the equilibrium mean charges change rapidly when the thermal

energy is close to the threshold ionization energy of an atomic shell. For example,
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the ionization energy for the direct ionization process from N (1s? 2s!) to N5
(1s?) is 97.9 eV, corresponding to a temperature of 1.136x10° K, as shown in Fig
4.1. Thus, the effect of an enhanced tail is particularly important at temperatures
where the ion can lose electrons easily, i.e., not at a closed shell. In addition, the
effect of the kappa distributions is obvious for the lighter elements, N, O, and
Ne at the temperatures for which atoms are losing the last two electrons, in the
K-shell.

At the range of coronal temperatures (~ 10° K), the effect of different
k values on the mean equilibrium charges of ions is significant for N, O, Ne, Ar
and Ca. However, at temperatures less than the order of 10 K, the influence of
non-thermal electrons is more significant. According to our results in Figs 4.1 -
4.10, we find that the x parameter affects the mean ionic charges, which are often
used as diagnostics of the plasma temperature.

What our work does for the first time is to show the relation between
the mean equilibrium charges (and ionization fractions) and plasma temperature
for different electron velocity distributions described by the parameter k. This is
important for applications, since the electron velocity distributions observed in
space plasmas are better defined by kappa distributions, i.e., such distributions
can characterize the observed high-energy tails. The temperature inferred for a
Maxwellian distribution (as typically used) could be much higher than the actual

temperature of a plasma with a kappa distribution of electrons.
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Figure 4.12: Mean equilibrium charges as a function of electron temperature for a
kappa distribution with K = 5 for several elements. This figure is used to compare
the results from Luhn and Hovestadt (1985).
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Figure 4.13: Mean equilibrium charge as a function of electron temperature for
k distribution with £ = 5 (Luhn and Hovestadt, 1985).



Chapter 5

Conclusions

Our work presents the first results for both the mean equilibrium charges
and the ionization fractions as a function of plasma temperature for N, O, Ne, Mg,
Si, S, Ar, Ca, Fe, and Ni for kappa distributions of electron velocity at various k
values (3, 5, and 10) and a Maxwellian distribution over a temperature range of
10* to 10® or 10° K (conditions under which astrophysical plasmas can be found).
In performing our caleulations, we tried to use the most updated cross section
and rate coefficient formulas from several papers in the literature. If only rate
coefficients (for a Maxwellian electron velocity distribution) were available, we
first converted those into cross sections. Then we analytically derived ionization
and recombination rate coefficients for a kappa distribution, except for one term
which we integrated numerically. All analytic formulas were verified by numerical
integration and in some cases with the Mathematica program. Anyway, we still
faced some obstacles because of the complicated rate formulas for radiative re-
combination to H, He, Li, and Ne sequences and some sequences for Fe; therefore,
we have been unable to use the latest formulas in the literature for such rates.

Quantitatively, we have checked our results in the limit of large kappa
(at k = 1000) against results calculated separately for a Maxwellian distribution.
The latter results are also checked against-previous work (Mazzotta et al., 1998).
We find- that substantial differences occur for Fe at. very low temperature (~ 10*
K) or very high temperature (~ 10® K), while there are more consistent results at
intermediate temperatures (~ 10°—107 K). Note that the discrepancy between our
Maxwellian results and those of Mazzotta et al. (1998) at extreme temperatures

merely reflects the use of different formulas in the calculation. We interpret the
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comparison as an indicator of the level of systematic error expected from such
calculations.

In comparing results for kappa distributions and a Maxwellian distribu-
tion, we find that the enhanced tails can cause greater mean equilibrium charges.
The lower the k value, the stronger the influence, because of more frequent ion-
ization caused by the greater number of high energy electrons. From the concept
of the shell model, the effect of a kappa distribution is more distinctive at a tem-
perature approximately corresponding to an ionization threshold energy. From
the above conclusion and according to Figures 4.1 - 4.10, we see that the effects
of the kappa distribution are always strong at low temperatures, where the effects
of high energy tails are more pronounced. In addition, at the range of T ~ 10°
to 107 K, there are obvious effects for N, O, Ne, Ar, and Ca. We expect that
unlike the absolute mean charge, the incremental effect of a kappa distribution
should be only weakly affected by any errors in the cross section and rate formulas
obtained from the literature.

In conclusion, we offer new results showing the mean equilibrium charge
and ionization fractions of astrophysically abundant elements as a function of
plasma temperature for different electron velocity distributions. In particular, we
consider both a Maxwellian (thermal) distribution and kappa distributions with
enhanced high-energy tails. This is practical information for the interpretation
of observed ionic charge state data from the solar wind, solar energetic particles,
or spectroscopic observations of the cosmos. Our results are necessary for such
interpretation of data because-an enhanced number, of high energy electrons is
apparently present in all low-density space plasmas.. Furthermore, we can state
that if the kappa distributions are more suitable for the electron velocity distri-
butions in space plasmas, the temperatures inferred for a Maxwellian distribution

should overestimate the actual plasma temperatures. For various applications,
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our results will enable other space physicists to evaluate whether enhanced high
energy tails need to be considered when they interpret observed ionic charge

states.
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Appendix A
Charge Fraction Tables

We show tables of charge fractions for kappa distributions with x = 3, 5,
10, and a Maxwellian distribution for N, O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni. The
first column gives log,,(7/K), the last column gives the mean ionic charge, (@),
and intermediate columns give — log,,(1m,) where m, is the fractional abundance

of charge state g. The symbol *** is used when m, < 10,



Table Al1.1: The charge abundance for N with Maxwellian distribution.

logT Nt0 N+1  Nt2 N3 NH4 NFS O NH6 NHT (Q)
4.3 1.122  0.034 4.229 Hoxx HoHk HoHk Hoxx Hoxx 0.925
4.4 1.799 0.008 2.698 rorox HoHx HoHx rorox rorox 0.986
4.5 2.118 0.015 1.590 rorox HoHx HoHx rorox rorox 1.018
4.6 2.318 0.070 0.844 4.295 HoHk HoHk Hoxx Hoxx 1.139
4.7 2.593 0.249 0.364 2.754 HoHx HoHx rorox rorox 1.433
4.8 3.020 0.555 0.155 1.676 g+ * HoHk Hoxx Hoxx 1.741
4.9 3.595 0.982 0.112 0.911 4.047 HoHx rorox rorox 2.018
5.0 4.266 1.502 0.235 0.417  2.499 4.868 hkk hkk 2.358
5.1 HoHx 2.156  0.527 0.185 1.390+ 2.619 Horox Horox 2.734
5.2 HoHk 2.978 1.027 0.227 0.682. 0.984 ok ok 3.320
5.3 HoHk 4.274  2.027 0.822 0.667 0.204 Hoxx Hoxx 4.455
5.4 HoHx a— 3.364 1.815 1.131 0.041 rorox rorox 4.894
5.5 HoHk ek 4.622  2.759 1.626 0.011 roxx Hoxx 4.973
5.6 HoHx g P 3.597  2.0561 0.004 Horox rorox 4.991
5.7 HoHk - @ 4.284  2.407 0.002 3.710 ok 4.996
5.8 *xH it 5 4.862 2.681 0.002 2.443 rorox 5.001
5.9 HoHk i * i - 2.842 0.016 1.452 4.331 5.034
6.0 *xy o £ 3 e 2.930 0.089 0.743 2.632 5.184
6.1 o o * e 3.086 0.280 0.358 1.446 5.510
6.2 HoHk P+ ol = 3.382  0.611  0.259 0.690 5.958
6.3 *xy *x i o yp 3.832 1.076 0.403 0.284 6.436
6.4 e e i | Ll 4.408 1.640 0.693 0.111 6.751
6.5 HoHx ¥ i F* S 4.997 2.188 1.003 0.049 6.888
6.6 ok * 5 i+ kb R ** 2.707 1.299 0.023 6.946
6.7 HoHx i kg & % 3.181 1.561 0.012 6.971
6.8 ok B ok T i 3.502 1.798 0.007 6.983
6.9 ok ey *okok i f 3.889  2.000 0.004 6.990
7.0 HoHx ok oo Hkk ek 4.243 2.181 0.003 6.993
7.1 HoHk **8 s ko F 4.562  2.332  0.002 6.995
7.2 HoHx Horox - s — 4.864 2.471 0.001 6.997
7.5 KRR RER Rk ek Rk xRk 9700 0,001 6.998
7.6 RRRL SRR Rk ek Rk kkR 98030 0.001  6.999
7.7 kN oK okl s+ et R 2.983 0.000 6.999
7.8 RRKL R Rk ek Rk RRE 3052 0.000  6.999
7.9 HoHx rorx o K ot i 3.124 0.000 6.999
8.0 WKL RER R R ke ek 3991 0,000 6.999

57



Table A1.2: The charge abundance for N with k=10.

logT Nt0 N+1  Nt2 N3 NH4 NFS O NH6 NHT (Q)
4.0 0.353 0.255 3.503 rorox o o rorox rorox 0.557
4.1 0.816 0.074  2.526 Hoxx HoHk HoHk rkk rkk 0.850
4.2 1.378 0.027  1.747 Horox HoHx HoHx Horox Horox 0.976
4.3 1.844 0.042 1.113 3.946 HoHk HoHk Hoxx Hoxx 1.063
4.4 2.228 0.115 0.648 2.857 HoHx HoHx rorox rorox 1.222
4.5 2.552  0.262 0.356  2.053 HoHx HoHx rorox rorox 1.456
4.6 2.877 0.475 0.201 1.460 4.666 ok ok ok 1.697
4.7 3.234  0.742 0.144 0.995 3.631 HoHx rorox rorox 1.919
4.8 3.673 1.076 0.169 0.628 2.707 4.941 ok ok 2.155
4.9 4.188 1.477 0.282 0.365 1.899 3.412 rorox rorox 2.425
5.0 4.821 1982 0499 0.218 1.229 2.075 Hoxx Hoxx 2.738
5.1 HoHx 2.619 0.866  0.237  +0.751¢ 0.979 Horox Horox 3.247
5.2 ok 3.567 1.560 0.600 0.643  0.307 ok ok 4.186
5.3 ok 4.844  2.588 1.318 0.926 0.080 4.952 ok 4.778
5.4 HoHx a— 3.691 2.128 1.329 0.024  4.075 rorox 4.938
5.5 ok sk 4.729  2.891 1.720 0.009 3.288 ok 4.979
5.6 HoHx g P 3.588 2.076 0.005 2.549 rorox 4.994
5.7 ok g @ 4.202 2379 0.008 1.868 4.881  5.009
5.8 *xH it 5 4.732 2.624 0.026 1.260 3.588 5.053
5.9 ok g y o 2.816 0.084 0.766 2.471  5.177
6.0 *xy o £ 3 e 3.010 0.221 0.431 1.563 5.424
6.1 o o * e 3.246  0.453 0.282 0.903 5.772
6.2 ok P "y = 3.569  0.786  0.311  0.459 6.183
6.3 *xy *x i o yp 3.987 1.208 0.483 0.215 6.547
6.4 e e by | L) 4.469 1.680 0.738 0.099 6.775
6.5 HoHx ¥ i F* S 4.974 2.154 1.015 0.047 6.889
6.6 ok * 5 i+ kb R ** 2.605 1.283 0.024 6.943
6.7 HoHx i kg & % 3.031 1.527 0.014 6.968
6.8 ok B ok T i 3.425 1.748 0.008 6.981
6.9 ok ey *okok i f 3.788  1.943 0.005 6.988
7.0 HoHx ok oo Hkk ek 4.126  2.118 0.003 6.992
7.1 HoHk **8 s ko B 4.443  2.275 0.002 6.995
7.2 HoHx Horox - s — 4.735 2.413 0.002 6.996
75 KRR RER Rk ek Rk RRE 9756 0,001 6.998
7.6 RRRL RRR Rk ek Rk kkR 98500 0.001  6.999
7.7 kN oK okl s+ et R 2.935 0.001 6.999
7.8 RRK R Rk ek Rk RRE 3013 0.000  6.999
7.9 HoHx rorx o K ot i 3.086 0.000 6.999
8.0 WKL oRER R R e ek 354 0,000 6.999
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Teble A1.3: The charge abundance for N with xk=5.

logT Nt0 N+1  Nt2 N3 NH4 NFS O NH6 NHT (Q)
4.0 1.292 0.060 1.112  3.496 HAK HAK HoHk HoHk 1.027
4.1 1.732 0.103 0.721  2.640 HoAk HoAk Hokk Hokk 1.176
4.2 2.172  0.214 0432 1916 4.875 HAk HoHk HoHk 1.387
4.3 2.595 0.391 0.261 1.364 3.939 HoHk Hoxx Hoxx 1.632
4.4 2.985 0.609 0.190 0.974 3.208 HAk HoHk HoHk 1.859
4.5 3.336  0.850 0.182 0.703 2.634 HAk HoHk HoHk 2.061
4.6 3.672 1.098 0.220 0.509 2.151 4.158 HoHk HoHk 2.244
4.7 4.017 1.363 0.296 0.366 1.711 3.235 HoHk HoHk 2.428
4.8 4.421 1.692 0.416 0.265 1.313 2.367 Hoxx Hoxx 2.633
4.9 4.884 2.066 0598 0.221 0.960 1.551 HoHk HoHk 2.897
5.0 HoHk 2.558 0.891 0.280 0.695 0.846 Hoxx Hoxx 3.353
5.1 HAk 3.254 1.388 0.540 0.631 0.361 4.214 HoHk 4.064
5.2 HoAk 4.213  2.139 1.047 0.812  0.126  3.486 HoHk 4.645
5.3 HoAk ki 3.011 1.677 1.117 0.046 2.917 HoHk 4.880
5.4 HAk o 3.897 2.326 1.450 0.020 2.410 HoHk 4.959
5.5 HoHk ek 4.765 2958 1.776 0.013 1.935 4.828 4.993
5.6 HAk gt P 3.557 2.081 0.018 1.486 3.919 5.024
5.7 HoAk i @ 4.112 2360 0.041 1.074 3.050 5.082
5.8 *EH ot i 4.637 2620 0.096 0.719 2.258 5.200
5.9 HoHk i * i - 2.874 0.210 0.450 1.567  5.408
6.0 ke A w R 3.141 0.396 0.300 1.015 5.694
6.1 HAE L * i pict % 3.441 0.660 0.273 0.606 6.028
6.2 HoAk P+ ol = 3.778  0.985 0.361 0.337  6.357
6.3 *EA *x g Y 4.170 1.371 0.538 0.176  6.625
6.4 Hokk S Xk | Ll 4.583 1.777 0.763 0.091 6.794
6.5 HAk - * F* S HAk 2.189 1.008 0.048 6.889
6.6 HoAk b e+ x M g +* 2.584 1.247 0.027 6.938
6.7 HAk e Pl $§F %% 2.967 1474 0.015 6.964
6.8 HoHk &+ o g il 3.330 1.683 0.009 6.978
6.9 HoHk a Hoxx F i fx 3.671  1.873 0.006 6.986
7.0 HAk *xg ot etk kol 3.995 2.047 0.004 6.991
7.1 HoAk *% 8 ek i F 4.300 2.203 0.003 6.994
7.2 HAk HoHk - v 2 4.590 2.346 0.002 6.995
7.3 HoHk Hoxx o R g 4.860 2.475 0.001  6.997
7.5 ol A e bt g oL 2.698 0.001  6.998
7.6 XEX e e L B o 2.795 0.001  6.998
7.7 T it gt = utots ot 2.883 0.001 6.999
7.8 e L L L ot oot 2.965 0.000 6.999
7.9 HAk HoHE o ot ulor L 3.040 0.000 6.999
8.0 HoHk roxx roxx o o HoHk 3.111  0.000 6.999
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Table Al.4: The charge abundance for N with x = 3.

logT Nt0 N+1  Nt2 N3 NH4 NFS O NH6 NHT (Q)
4.0 2.471  0.483 0.239 1.047 2.964 o rorox rorox 1.756
4.1 2.926 0.712 0.209 0.740 2.370 4.966 Hoxx Hoxx 1.994
4.2 3.375  0.977 0.240 0.515 1.882 4.150 Horox Horox 2.225
4.3 3.799 1.259 0.315 0.368 1.505 3.441 ok Hoxx 2.437
4.4 4.168 1.528 0.417 0.281 1.211 2.818 rorox rorox 2.622
4.5 4.516 1.796 0.529 0.236 0.989  2.269 rorox rorox 2.786
4.6 4.830 2.044 0.650 0.224 0.814 1.769 Hoxx Hoxx 2.946
4.7 HoHx 2.302  0.792 0.242 0.673 1.310 4.927 rorox 3.139
4.8 ok 2.604 0975 0.304 0.575 0.889 4.186 ok 3.414
4.9 HoHx 2.980 1.233 0.436 0.543 0.542 3.516 rorox 3.802
5.0 ok 3.479 1.608 0.678 0.597 0.291  2.947 Hoxx 4.254
5.1 HoHx 4.112 2.108 1.033 0.759  0.141 2.476 Horox 4.620
5.2 HoHk 4.841  2.697 1.467 0.984 0.070 2.087 4.948 4.830
5.3 HoHk o 3.339 1942 1.244 0.039 1.744 4.293 4.937
5.4 HoHx a— 4.010 2.439 1.515 0.033 1.421 3.654 5.000
5.5 HoHk ek 4.699 2948 1.791 0.043 1.122 3.044 5.059
5.6 HoHx g P 3.455 2.066 0.072 0.851 2.463 5.139
5.7 HoHk - @ 3.971 2348 0.132 0.611 1.924 5.264
5.8 *xH it 5 4.494 2638 0.232 0426 1.436 5.446
5.9 ok g y o 2.943 0.384 0.309 1.023 5.680
6.0 *xy o £ 3 e 3.257  0.588 0.269 0.692 5.944
6.1 o o * e 3.595 0.855 0.302 0.443 6.220
6.2 HoHk P+ ol = 3.938 1.154 0.404 0.271 6.465
6.3 *xy *x i o yp 4.287 1.478 0.558 0.161 6.657
6.4 e e i | Ll 4.646  1.817 0.744 0.095 6.789
6.5 HoHx ¥ i F* S oK 2.1566  0.946 0.056 6.873
6.6 ok * 5 i+ kb R ** 2.496 1.156 0.033 6.924
6.7 HoHx i kg & % 2.827 1.360 0.020 6.953
6.8 ok B ok T i 3.142  1.550 0.013 6.970
6.9 ok ey *okok i f 3.459  1.738 0.008 6.981
7.0 HoHx ok oo Hkk ek 3.769  1.909 0.005 6.987
7.1 HoHk **8 s ko B 4.046  2.066 0.004 6.991
7.2 HoHx Horox - s — 4.327 2.213 0.003 6.994
7.3 Hokk rkk PR R S 4.593 2.345 0.002 6.995
7.4 HoHx job s Xk e 4.851 2.470 0.001 6.997
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Table A2.1: The charge abundance for O with Maxwellian distribution.

logT Of0 ottt o+2 o0of3 ottt ot> ot 0of7 Oots (Q)
4.4 1.735 0.008 3.577 rorox HoHx HoHx HoHx rorox rorox 0.982
4.5 2.010 0.007 2.259 rorox HoHx HoHx HoHx rorox rorox 0.996
4.6 2.210 0.023 1.333 Hoxx HoHk HoHk HoHk Hoxx Hoxx 1.040
4.7 2.474 0.105 0.676  3.627 HoHx HoHx HoHx rorox rorox 1.208
4.8 2.845 0.304 0.304 2.213 e HoHk HoHk Hoxx Hoxx 1.507
4.9 3.390 0.660 0.142 1.221 4.276 Ex HoHx Horox Horox 1.841
5.0 4.077 1.153 0.179  0.577  2.660 P ok hkk hkk 2.199
5.1 4.900 1.781 0.415 0.245 1.523  4.596 HoHx Horox Horox 2.612
5.2 HoHk 2.544 0.821 0.172 0.767  2.795 4.877 ok ok 3.017
5.3 HoHk 3.442 1.392  0.328 0.341 1.509  2.560 ok ok 3.485
5.4 o 4.539  2.185 0.765 0.278 0.734  0.959 rorox rorox 4.219
5.5 HoHk job"- 3.457 1.719 0.816 0.670  0.212 Hoxx Hoxx 5.422
5.6 HoHx ok e 3.009 1.718 1.072 0.048 rorox rorox 5.874
5.7 HoHk ol ** 4.207 2.582 1.506 0.015 ok ok 5.963
5.8 HoHx — iy i 3.348 1.896 0.006  4.353 Horox 5.986
5.9 Hokk o b ¥ i 3.978 2.199 0.003 3.020 rkk 5.994
6.0 HoHx B ;. e 4.480 2.412 0.006 1.964 Horox 6.007
6.1 HoHx oxx ' e 4.868 2.545 0.033 1.155 3.430 6.068
6.2 HoHk *x g #F* Fr o 2.649  0.127 0.615 2.055 6.258
6.3 oK - g i+ & 2.856 0.341 0.336 1.094 6.621
6.4 HoHk s * L * R 3.227 0.713 0.312 0.498 7.123
6.5 oK 3 > *x A 3.762  1.216 0.484 0.214 7.549
6.6 Hokk bV 4 B - - o 4.350 1.773 0.753 0.093  7.790
6.7 HoHx oxox g L HEk 4.961 2.325 1.042 0.044 7.900
6.8 Hokk ok * i S AR 8 2.822 1.303 0.023 7.947
6.9 Hokk *y B 5 PR kK 3.154 1.535 0.013 7.969
7.0 HoHx Horox g+ 2k o~ o 3.563 1.739 0.008 7.981
7.1 HoHk Hoxx oxx ke i g 3.930 1.919 0.005 7.988
7.2 oK rorox Horox e S -l 4.258 2.074 0.004 7.991
7.3 ok rkk - £55 pEE Fity 4.560 2.213 0.003 7.994
7.4 HoHx rorox ot st *FH o 4.842 2.339 0.002 7.995
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Table A2.2: The charge abundance for O with x = 10.

logT Of0 ottt o+2 o0of3 ottt ot> ot 0of7 Oots (Q)
4.0 0.414 0.212  3.967 rorox o o o rorox rorox 0.614
4.1 0.922 0.056 2.966 Hoxx HoHk HoHk HoHk Hoxx Hoxx 0.881
4.2 1.445 0.019 2.132 Horox HoHx HoHx HoHx Horox Horox 0.971
4.3 1.859 0.023 1.416  4.948 HoHk HoHk HoHk Hoxx Hoxx 1.025
4.4 2.165 0.068 0.860 3.642 HoHx HoHx HoHx rorox rorox 1.132
4.5 2.441  0.169 0.499 2.607 HoHx HoHx HoHx rorox rorox 1.318
4.6 2.746 0.335 0.284 1.813 4.670 HoHk HoHk Hoxx Hoxx 1.549
4.7 3.104 0.560 0.180 1.204 3.527 HoHx HoHx rorox rorox 1.786
4.8 3.522  0.858 0.167 0.750 2.592 ok HoHk Hoxx Hoxx 2.044
4.9 4.061 1.241 0.2563 0.433 1.817 4.831 HoHx Horox Horox 2.342
5.0 4.717  1.734 0451 0.249 1.190 3.534 HoHk Hoxx Hoxx 2.675
5.1 HoHx 2.324 0.758 0.203 0.722 2443 = 3.927 Horox Horox 3.013
5.2 HoHk 3.024 1.183 0.296 0.404 1.543 2.389 ok ok 3.397
5.3 ok 3.863 1.759 0.566 0.288  0.897  1.160 ok ok 3.958
5.4 o koK 2.653 1.172 0.529 0.653 0.385 rorox rorox 4.975
5.5 ok ok~ 3.900 2.152 1.172 0.852 0.105 4.631 ok 5.703
5.6 HoHx ok e 3.225 1.927 1.208 0.034 3.765 rorox 5.913
5.7 HoHk ol o 4.246 2.652 1.566 0.013 3.002 ok 5.969
5.8 HoHx — iy i 3.302 1.885 0.008  2.302 Horox 5.991
5.9 Hokk o b ¥ i 3.873 2.157 0.013 1.669 4.336 6.014
6.0 HoHx B ;. e 4.360 2.370 0.036 1.123 3.159 6.072
6.1 HoHx oxx ' e 4.789 2.551 0.103 0.697 2.156 6.212
6.2 HoHk *x g #F* Fr o 2.740  0.242 0419 1.354 6.468
6.3 oK - g i+ & 2.998 0.478 0.307 0.761 6.839
6.4 Hokk bk’ b L1 R 3.357 0.825 0.357 0.386  7.260
6.5 oK 3 > *x A 3.815 1.263 0.534 0.185 7.598
6.6 ok bV 4 B - - oo 4.319 1.732 0.769 0.091 7.793
6.7 HoHx oxx g b HEE 4.848 2.211 1.025 0.046 7.893
6.8 Hokk ok * i S AR 8 2.657 1.265 0.025 7.941
6.9 Hokk *y B 5 PR kK 3.073 1.485 0.015 7.966
7.0 HoHx Horox g+ 2k o~ o 3.453 1.682 0.009 7.978
7.1 HoHk rkk e ke i g 3.809 1.859 0.006 7.986
7.2 oK rorox Horox e S -l 4.135 2.017 0.004 7.990
7.3 ok rkk - £55 pEE Fity 4.437  2.159 0.003 7.993
7.4 HoHx rorox ot st *FH o 4.716  2.286  0.002 7.995
7.5 ok o oot ot fotob o’ 4.975 = 2.400 0.002 7.996
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Table A2.3: The charge abundance for O with k = 5.

logT Of0 ottt o+2 o0of3 ottt ot> ot 0of7 Oots (Q)
4.0 1.336  0.043 1.318 4.103 o o o rorox rorox 1.002
4.1 1.742 0.070 0.882  3.235 HoHk HoHk HoHk Hoxx Hoxx 1.114
4.2 2.154 0.156  0.535  2.464 HoHx HoHx HoHx Horox Horox 1.292
4.3 2.536  0.309 0.309 1.821 4.270 ok ok hkk Hoxx 1.519
4.4 2.897 0.508 0.195 1.310 3.335 HoHx HoHx Horox Horox 1.737
4.5 3.244 0.730 0.162 0.914 2.566 HoHx oK Horox Horox 1.940
4.6 3.585 0.971 0.192 0.621 1.955 HoHk HoHk Hoxx Hoxx 2.154
4.7 3.953 1.243 0.277 0.420 1.476 4.148 HoHx rorox rorox 2.390
4.8 4.382 1.565 0.414 0.295 1.097 3.370 HoHk Hoxx Hoxx 2.641
4.9 4.875 1.937 0.604 0.240 0.789  2.657 4.244 Horox Horox 2.895
5.0 ok 2.384 0.852 0.251  0.547 2.010 3.137 hkk hkk 3.156
5.1 HoHx 2911 1.174 0.335 0.372. 1.427  2.107 Horox Horox 3.454
5.2 ok 3.542 1.598 0.526 0.297  0.959 1.207 ok ok 3.885
5.3 ok 4.376  2.224  0.920 0.419 0.698 0.535 4.278 ok 4.652
5.4 o koK 3.126  1.595 0.825 0.740 0.192  3.447 rorox 5.440
5.5 HoHk job"- 4.214 2460 1.422 0.990 0.068 2.843 Hoxx 5.813
5.6 HoHx ok e 3.350 2.0563 1.292 0.029 2.336 rorox 5.934
5.7 ok o o 4.217 2.664 1.593 0.018 1.863 4.601 5.984
5.8 HoHx — iy i 3.235 1.872 0.023 1.426 3.709 6.023
5.9 Hokk o b ¥ i 3.770 2.132 0.046 1.035 2.877 6.087
6.0 HoHx B ;. e 4.268 2.372 0.103 0.699 2.115 6.211
6.1 HoHx oxx ' e 4.743 2.608 0.212 0455 1471 6.416
6.2 HoHk ok F* F > 2.869  0.387 0.322 0.948 6.700
6.3 oK - g i+ & 3.161 0.644 0.301 0.564 7.045
6.4 HoHk s * L1 R 3.514 0.972 0.390 0.314 7.378
6.5 HoHx e > *x A F 3.923 1.357 0.557 0.168 7.635
6.6 ok bV 4 B - - oo 4.364 1.767 0.768 0.090 7.795
6.7 HoHx oxx g b HEE 4.819 2.182 0.994 0.050 7.885
6.8 Hokk ok * i S AR 8 2.585 1.216 0.028 7.934
6.9 HoHk ** 4 F i PR HoHk 2.964 1421 0.017 7.960
7.0 HoHx Horox g+ 2k o~ o 3.329 1.614 0.011 7.975
7.1 HoHk rkk e ke i g 3.669 1.789  0.007 7.983
7.2 oK rorox Horox e S -l 3.987 1.946 0.005 7.988
7.3 ok rkk - £55 pEE Fity 4.285 2.091 0.004 7.992
7.4 HoHx rorox ot st *FH o 4.566  2.221 0.003 7.994
7.5 ok o oot ot fotob o’ 4.825 ~ 2.337 0.002 7.995
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Table A2.4: The charge abundance for O with k = 3.

logT Of0 ottt o+2 o0of3 ottt ot> ot 0of7 Oots (Q)
4.0 2.435 0.405 0.260 1.282 3.174 o o rorox rorox 1.653
4.1 2.868 0.612 0.192 0.962 2.551 HoHk HoHk Hoxx Hoxx 1.868
4.2 3.309 0.861 0.183 0.709 2.006 4.502 HoHx Horox Horox 2.077
4.3 3.717 1127 0.227  0.518  1.540 3.842 HoHk Hoxx Hoxx 2.287
4.4 4.103 1.403 0.320 0.387 1.154 3.270 HoHx Horox Horox 2.513
4.5 4.479 1.691 0.455 0.312 0.855 2.784 4.835 Horox Horox 2.751
4.6 4.838 1.980 0.622 0.287 0.638 2.372  4.100 ok ok 2.979
4.7 HoHx 2.284 0.810 0.300 0.484 2.012 3.421 rorox rorox 3.183
4.8 ok 2.588 1.010 0.340 0.377 1.684 2.775 ok ok 3.364
4.9 HoHx 2.912 1.227 0.407 0.302 1.380 2.152 Horox Horox 3.542
5.0 ok 3.274  1.473 0.509 0.263 1.090 1.551  4.860 hkk 3.759
5.1 HoHx 3.708 1.782 0.671 0.278  0.848 1.000 3.990 Horox 4.095
5.2 ok 4.268 2.208 0.946 0.396  0.704 0.553 3.224 ok 4.634
5.3 ok ok 2.798 1.384 0.669 0.711 0.263 2.617 ok 5.249
5.4 o koK 3.555  1.976 1.080 0.857 0.119 2.158 4.990 5.669
5.5 ok ok~ 4.394 2.647 1.563 1.077 0.060 1.786 4.304 5.871
5.6 HoHx ok e 3.351 2.074 1.327 0.041 1.461 3.669 5.970
5.7 ok o o 4.063 2.585 1.583 0.045 1.156 3.057 6.040
5.8 HoHx — iy 4.771 3.090 1.843 0.070 0.884 2477 6.121
5.9 HoHk o7 b ¥ i 3.591 2,102 0.122 0.646 1.940 6.241
6.0 HoHx B ;. e 4.093 2.372 0.211 0461 1457 6.411
6.1 HoHx oxx ' e 4.596 2.652 0.350 0.337 1.041 6.640
6.2 HoHk *x g #F* F > 2.953 0.542 0.288 0.708 6.906
6.3 oK - g i+ & 3.266 0.781 0.313 0.459 7.181
6.4 ok ik’ b L1 R 3.608 1.073 0.405 0.283 7.436
6.5 HoHx e > *x A F 3.960 1.389 0.544 0.172 7.632
6.6 ok bV 4 B - - oo 4.337 1.735 0.723 0.101 7.774
6.7 HoHx oxx g b HEE 4.717 2.083 0.914 0.061 7.861
6.8 HoHk **Y * i 5 142 * 8 2.424 1.106 0.037 7.914
6.9 Hokk *y B 5 PR kK 2.766  1.298 0.023 7.946
7.0 HoHx Horox g+ 2k o~ o 3.095 1.481 0.015 7.965
7.1 HoHk Hoxx oxx o i HEx 3.414 1.651 0.010 7.977
7.2 oK rorox Horox e S -l 3.719 1.811 0.007 7.984
7.3 ok rkk - £55 pEE Fity 4.010 1.957 0.005 7.989
7.4 HoHx rorox ot st *FH o 4.287  2.093 0.004 7.992
7.5 ok o oot ot fotob o’ 4.550 ~ 2.217 0.003 7.994
7.6 ok s s s R o 4.803 -~ 2.332 0.002 7.995
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Table A3.1: The charge abundance for Ne with Maxwellian distribution.
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log T Net? Net! Net? Net? Net? Net? Net6 Net” Net® Net® Netl0l (Q)
4.7 2.260 0.118 0.633 4.171 *EE o+ o rorox o Horox Horox 1.228
4.8 2.750 0.358 0.254  2.627 L% f Hokk hkk ok hkk hkk 1.560
4.9 3.271  0.721  0.108  1.535 e ¥ 4 Lk Hoxx HoHk Hoxx Hoxx 1.838
5.0 3.851 1.136  0.121  0.771  3.735 ¥ i s Horox HoHx Horox Horox 2.096
5.1 4.602 1.691 0.313 0.312  2.320 e ok Hoxx HoHk Hoxx Hoxx 2.477
5.2 o 2.410 0.670 0.132 1.345 3.719 xRk rorox o rorox rorox 2.824
5.3 HoHk 3.156  1.143  0.143 0.693  2.221  4.955 e + HoHk Hoxx Hoxx 3.141
5.4 o 4.041 1.745 0.351 0.332 1.155  2.983 Kk o rorox rorox 3.590
5.5 ok ok 2.549  0.801 0.295 0.515 1.593  3.589 HoHk Hoxx Hoxx 4.194
5.6 HoHx Horox 3.566. 1.506 0.580 0.292 0.740 1.931 2.912 Horox Horox 4.883
5.7 HoHx Horox 4.845 2502  1.206 0.476 0.389 0.912 1.155 Horox Horox 5.794
5.8 Hokk rkk * e 3.975 2346 1.229 0.687 0.661 0.290 rkk rkk 7.175
5.9 oK rorox S > 3.836 2.378 1.439 0.949 0.072 rorox rorox 7.802
6.0 HoHk Hoxx sl ** i it 3.488  2.207 1.318 0.024 4.924 Hoxx 7.939
6.1 oK rorox * b b o 4.476  2.886 1.652 0.011 3.534 rorox 7.975
6.2 HoHk Hoxx - y/i Hoxk g+ 3.425 1.899 0.007  2.429 rkk 7.990
6.3 oK rorox il - g Y 3.844  2.056 0.016 1.555 4.154 8.019
6.4 HoHk Hoxx y*/ = e . il 4.185 2.163 0.063 0.898 2.677 8.124
6.5 HoHk Hoxx * 48 g+ * g *ix 4.547  2.321 0.192  0.486 1.590 8.373
6.6 HoHx Horox gl i’ by 55 4.994 2.585 0.436 0.309 0.855 8.768
6.7 Hokk rkk ok i Rk s . 2.997 0.808 0.339 0.415 9.227
6.8 oK rorox *rA - %, i ** Y 3.504 1.265 0.505 0.199 9.577
6.9 HoHk Hoxx HoHk g+ Kok A otk 4.051 1.741  0.730 0.099 9.777
7.0 oK rorox oK ey ks 5% i 4.592 2.198  0.964 0.053 9.879




Table A3.2: The charge abundance for Ne with £ = 10.

66

logT Net0® Net! Net?2 Net® Net?t Net® Net6 Net?” Net® Net? Netl!0 (Q)
44 1408 0.053 1117 4.040  RRE e R e ek e k1,037
4.5 1.951 0.141 0.578  2.805 o rorox o rorox o rorox rorox 1.256
4.6 2566 0373 0.251  1.886  RRE  RRE R bRk bRk ek ek ] 5gY
4.7 3.088 0.662 0.138 1.272  4.178 o+ o rorox o Horox Horox 1.834
48 3569 0977  0.131  0.814 3143 R Rk kR bR ke ek 9049
4.9 4.051  1.336  0.212  0.474 2.208  REK ek e ek e R 2,909
5.0 4.648 1.766 0.392 0.258 1.611 3.795 s Horox HoHx Horox Horox 2.585
51 X 2206 0.670 0.059 1069 2.764 KRk Rkk Rk Rk kkk 9865
5.2 o 2.901 1.035 0.172 0.658 1.875  4.003 rorox o rorox rorox 3.152
53 F% 3617 1506 0309 0391 1156 2747 KRR kRE ke sk 3590
5.4 o 4.451 2.106  0.603 0.305 0.642 1.729  3.566 o rorox rorox 4.001
5.5 Rx ek 98730 1082 0429 0364 0.978  2.246 3.190  FRx w4577
5.6 HoHx Horox 3.839  1.780 0.791 0.348 0.526 1.275 1.662 Horox Horox 5.274
5.7 HoHx Horox Hulfe 2.781 1.482 0.690 0.467 0.740 0.624 Horox Horox 6.382
5.8 R ek Rk 4904 20610 1491 0.901  0.747  0.180  4.403  *FF 7.462
5.9 oK rorox S > 3.904 2.487 1.559 1.023 0.059 3.528 rorox 7.840
6.0 PR R Rk el kRE 3453 2217 1338 0.024 2796 FRF 7.942
6.1 oK rorox * b b o 4.326 2.804 1.619 0.015 2.129 rorox 7.980
6.2 PR R R e ke 3319 1850 0.019 1539 3.921  8.014
6.3 oK rorox il - g Y 3.743  2.030 0.047 1.036 2.841 8.085
6.4 PR R Rk ek ek R 4999 2190 0119 0.654 1933 8.239
6.5 RRX ek ek ek ek R 4599 2385 0.264  0.408  1.220  8.507
6.6 HoHx Horox gl i’ by 55 4.991 2.659 0.499 0.316 0.703 8.877
6.7 RRE ek ek ek ek ek ek 3024 0.826 0 0.365  0.378  9.268
6.8 oK rorox *rA - %, i ** Y 3.464 1.218 0.517 0.197 9.574
6.9 REE ek ek Rk R s Rk 30940 1.636 0.717  0.105  9.762
7.0 oK rorox oK ey ks 5% i 4.429  2.052 0.931 0.059 9.865
T R ek ek ek ek kR R 4903 2443 1135 0.035  9.919




Table A3.3: The charge abundance for Ne with k = 5.
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log T Net? Net! Net? Net? Net? Net? Net6 Net” Net® Net® Netl0l (Q)
4.0 0.516 0.168 1.799  4.722 HoHx Horox HoHx Horox HoHx Horox Horox 0.711
4.1 0.903 0.088 1.231 3.662 HoHx Horox HoHx Horox HoHx Horox Horox 0.934
4.2 1.372 0.104 0.774 2.727 HoHk Hoxx HoHk Hoxx HoHk Hoxx Hoxx 1.130
4.3 1.910 0.215 0.436 1.931 4.992 Horox HoHx Horox HoHx Horox Horox 1.378
4.4 2.496  0.435 0.237 1.308 3.925 Hoxx HoHk Hoxx HoHk Hoxx Hoxx 1.675
4.5 3.100 0.746 0.166 0.863  3.047 rorox o rorox o rorox rorox 1.958
4.6 3.628 1.071  0.193 0.570 2.353 4.972 HoHk Hoxx HoHk Hoxx Hoxx 2.192
4.7 4.103 1.400 0.277 0.382 1.800 3.968 o rorox o Horox Horox 2.407
4.8 4.555 1.727 0409 0.262 1.362  3.140 HoHk Hoxx HoHk Hoxx Hoxx 2.617
4.9 ok 2.095 0.591 0.197 1.013 2.456  4.730 Hoxx HoHk Hoxx Hoxx 2.832
5.0 HoHx 2.497 0.819 0.188 0.738 1.879  3.835 Horox HoHx Horox Horox 3.052
5.1 HoHk 2.957 1.108 0.236 0.526 1.384  3.017 hkk ok ok ok 3.303
5.2 o 3.501 1.476 0.359 0.383 0.960 2.264 4.305 o rorox rorox 3.615
5.3 ok 4.148 1.935 0.576 0.335 0.629 1.603 3.249  4.568 ok ok 3.997
5.4 o 4.907 2.508 0.911 0.402 0.414 1.069 2.309 3.186 rorox rorox 4.448
5.5 ok ok 3.219 1.390 0.617 0.341 0.657 1.522  1.977 rkk rkk 4.987
5.6 HoHx Horox 4.128  2.069 1.027 0.468 0.463 0.946 1.000 4.730 Horox 5.759
5.7 HoHx Horox Hulfe 3.039  1.740 0.902 0.595 0.715 0.389 3.630 Horox 6.846
5.8 HoHk Hoxx *Ey 4.301  2.749 1.644 1.026 0.801 0.141  2.909 Hoxx 7.579
5.9 oK rorox S > 3.882 2.,513 1.607 1.062 0.055 2.358 rorox 7.858
6.0 Hokk rkk e o 4.980 3.359 2181  1.333  0.030 1.885 4.521 7.952
6.1 oK rorox * b b o 4.149  2.711 1.585 0.028 1.455 3.653 8.005
6.2 HoHk Hoxx - y/i Hoxk 4.886 3.202 1.818 0.047 1.066 2.845 8.072
6.3 oK rorox il - g Y 3.648  2.026 0.098 0.736 2.105 8.189
6.4 HoHk Hoxx y*/ = e . il 4.079 2.237  0.196  0.490 1.480 8.384
6.5 HoHk Hoxx * 48 g+ *org X 4.517  2.471  0.359 0.346 0.969 8.663
6.6 HoHx Horox gl i’ by 55 4.989 2.756 0.593  0.310 0.596 8.995
6.7 Hokk rkk ok i Rk s . 3.098 0.894 0.375 0.347 9.320
6.8 oK rorox *rA - %, i ** Y 3.490 1.240 0.511 0.198 9.576
6.9 HoHk Hoxx HoHk g+ Bk fk HoHk 3.912 1.612 0.691 0.113 9.747
7.0 oK rorox oK ey ks 5% i 4.346  1.984 0.884 0.066 9.849
7.1 HoHk Hoxx HoHk Hoxx — N Pk 4.775  2.343  1.073 0.040 9.906




Table A3.4: The charge abundance for Ne with k = 3.
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log T Net? Net! Net? Net? Net? Net? Net6 Net” Net® Net® Netl0l (Q)
4.0 1.789 0.278 0.375 1.456  3.607 Horox HoHx Horox HoHx Horox Horox 1.476
4.1 2274 0464 0.254 1.033 2.931 Horox HoHx Horox HoHx Horox Horox 1.741
4.2 2.822 0.722 0.218 0.702  2.349 Hoxx HoHk Hoxx HoHk Hoxx Hoxx 2.015
4.3 3.379 1.046 0.259 0.463 1.861 4.248 HoHx Horox HoHx Horox Horox 2.281
4.4 3.984 1.397 0355 0.315 1.468  3.517 ok ok ok ok Hoxx 2.513
4.5 4.552 1.784 0.506 0.224 1.133 2.848 4.845 rorox o rorox rorox 2.732
4.6 HoHk 2.138 0.672 0.194 0.871 2.266 4.033 Hoxx HoHk Hoxx Hoxx 2.918
4.7 o 2.485 0.855 0.205 0.665 1.762  3.324 rorox o Horox Horox 3.106
4.8 HoHk 2.818 1.054 0.253 0.516  1.347 2.724  4.843 HoHk Hoxx Hoxx 3.309
4.9 HoHk 3.153 1.277  0.333 0.420 1.022  2.225  4.148 HoHk Hoxx Hoxx 3.535
5.0 HoHx 3.516  1.528 0.445 0.370 0.772  1.802  3.528 HoHx Horox Horox 3.782
5.1 HoHk 3.914 1.816 0.592 0.364 0.587  1.441 2.956  4.328 Hoxx Hoxx 4.048
5.2 o 4.373 2.159 0.785 0.400 0.454  1.124  2.418 3.472 rorox rorox 4.337
5.3 ok 4.896  2.563  1.032 0.487 0.373 0.852 1.913 2.655 ok Hoxx 4.652
5.4 o rorox 3.051 1.358 0.644 0.354 0.628  1.441 1.875 rorox rorox 5.030
5.5 ok ok 3.664  1.793 0.898 0.426 0.487 1.044 1.181 4.003 Hoxx 5.545
5.6 HoHx Horox 4.435 2397 1.315 0.651 0.494 0.786 0.622 3.124 Horox 6.311
5.7 HoHx Horox Hulfe 3.222  1.947 1.083 0.706  0.734 0.283 2.471 Horox 7.129
5.8 HoHk Hoxx *Ey 4.244 2771 1.700 1.093 0.854 0.126  2.001 4.571 7.642
5.9 oK rorox S > 3.674 2.395 1.559 1.068 0.067 1.630 3.898 7.868
6.0 HoHk Hoxx sl ** i 4.596  3.106 2.042  1.289  0.051 1.309 3.265 7.978
6.1 oK rorox * b b o 3.810 2,521 1.5624 0.061 1.021 2.677 8.063
6.2 HoHk Hoxx - y/i Hoxk 4.495 2.987 1.758 0.096 0.765 2.127 8.167
6.3 oK rorox il - g Y 3.446  1.993  0.162 0.556 1.625 8.314
6.4 HoHk Hoxx y*/ = e . il 3.900 2.236 0.272  0.404 1.189 8.518
6.5 Hokk rkk * A8 i *org X 4.360  2.497 0.433 0.318 0.832 8.772
6.6 HoHx Horox gl i’ by 55 4.835 2.784 0.646 0.308 0.553 9.050
6.7 Hokk rkk ok i Rk s . 3.097 0.902 0.364 0.355 9.315
6.8 oK rorox *rA - %, i ** Y 3.441 1.200 0.475 0.221 9.538
6.9 Hokk rkk Hokk o Kok A otk 3.799  1.513  0.621 0.137 9.699
7.0 oK rorox oK ey ks 5% i 4.171 1.835 0.786 0.085 9.807
7.1 HoHk Hoxx HoHk Hoxx — N Pk 4.548  2.156  0.958 0.054 9.876
7.2 HoHk Hoxx HoHk *rE T P ol 4.925 2470 1.127 0.035 9.919




Table A4.1: The charge abundance for Mg with Maxwellian distribution.

log T Mg+0 Mg+1 Mg+2 Mg+3 Mg+4 Mg+5 Mg+6 <Q>

4.0 0.868 0.063 3.589 ok ok ok ok 0.865
4.1 1.357  0.026 1.873 HoHx HoHx ook ook 0.969
4.2 1.915 0.128 0.615 HoHx HoHx ook ook 1.230
4.3 2.881 0.702 0.097 ok ok ok ok 1.799
4.4 4.038 1.514 0.014 HoHx HoHx ook ook 1.969
4.5 ok 2.234 0.003 ok ok ok ok 1.994
4.6 ok 2.833 0.001 Hokk ok ok ok 1.999
4.7 HoHx 3.327 0.000 4.759 HoHx ook ook 2.000
4.8 ok 3.720 0.000 3.019 ok ok ok 2.001
4.9 ok 3.957 0.008 1.737 Hokk ok ok 2.018
5.0 HoHx 4.057 0.062 0.875 3.691 ook ook 2.134
5.1 ok 4.145 0.241 0.378 2.169 Hkk ok 2.432
5.2 HoHx 4.411 0.601 0.172 1.121 3.643 ook 2.825
5.3 HoHx 4.871 1.129 0.235 0.474 2.064 Horox 3.279
5.4 ok ok 1.869 0.553 0.214 1.018 3.455 3.790
5.5 HoHx ol 2.788 T T15M 0.273 0.422 2.056 4.316
5.6 ok L 3.881 1.870 0.590 0.183 1.154 4.791
5.7 ok = o 2.723 1.085 0.202 0.606 5.244
5.8 HoHx e e 3.725 1.764 0.475 0.408 5.920
5.9 ok ok > -t 4.987 2.735 1.095 0.611 6.915
6.0 HoHx - o, T 4.108 2.166 1.327 8.377
6.1 HoHx " g b & R 3.732 2.577 9.531
6.2 Hokok okok Kook Hokok Hokok sokok 3.910 9.857

log T Mg*™® Mgt = Mgt Mgt MgHl® Mgt Mgt2  (Q)

5.5 2.056 4.330 i A %W Y ook 4.316
5.6 1.154 2.614 4.954 X 8 % 5 ok 4.791
5.7 0.606 1.403 2.929 R Y S roxx 5.244
5.8 0.408 0.651 1.497 2.932 4.174 S ook 5.920
5.9 0.611 0.389 0.667 1.421 1.941 g+ ok 6.915
6.0 1.327 0.713 0.511 0.694 0.616 & - ook 8.377
6.1 2.577 1.616 0.999 0.734 0.162 o ook 9.531
6.2 3.910 2.649 1.671 1.029 0.054 4.823 ok 9.857
6.3 HoHx 3.571 2.284 1.327 0.024 3.505 ook 9.942
6.4 HoHx 4.350 2.787 1.560 0.014 2.463 Horox 9.972
6.5 ok 4.980 3.167 1.706 0.019 1.642 4.197 10.002
6.6 HoHx ook 3.499 1.827 0.052 1.014 2.806 10.084
6.7 ok b 3.832 1.967 0.149 0.581 1.751 10.287
6.8 i~ ot 4.247 2.200 0.341 0.356 1.010 10.629
6.9 \Io ook 4.791 2.573 0.657 0.315 0.534 11.067
7.0 TS it — 3.046 1.057 0.413 0.279 11.436
7.1 4 ook e 3.564 1.501 0.589 0.148 11.678
7.2 e Lxx b 4.097 1.938 0.788 0.083 11.814
7.3 ok ok st 4.487 2.229 0.979 0.051 11.883
7.4 *xH ook R 4.959 2.596 1.152 0.033 11.924
7.5 ok ok ok ok 2.967 1.345 0.021 11.953
7.6 ok ok ok ok 3.237 1.456 0.016 11.964
7.7 HoHx b *EE HoHx 3.527 1.584 0.012 11.973
7.8 Hokk ok Hak ok 3.778 1.701 0.009 11.980
7.9 e 3 Ex & i Vil | 4.017 1.808 0.007 11.984
8.0 kN oy - | 4.233 1.903 0.005 11.987




Table A4.2: The charge abundance for Mg with x = 10.

log T Mg+0 Mg+1 Mg+2 Mg+3 Mg+4 Mg+5 Mg+6 <Q>

4.0 1.866 0.139 0.583 ok ok ok ok 1.247
4.1 2.429 0.454 0.191 HoHx HoHx ook ook 1.641
4.2 3.190 0.970 0.050 o HoHx ook ook 1.892
4.3 3.998 1.538 0.013 4.517 ok ok ok 1.971
4.4 4.773 2.077 0.004 3.636 HoHx ook ook 1.992
4.5 ok 2.572 0.002 2.795 ok ok ok 1.999
4.6 ok 3.014 0.005 2.005 ok ok ok 2.009
4.7 HoHx 3.405 0.023 1.298 3.868 ook ook 2.050
4.8 ok 3.761 0.094 0.717 2.651 ok ok 2.196
4.9 ok 4.091 0.260 0.364 1.763 4.458 ok 2.467
5.0 HoHx 4.388 0.514 0.209 1.125 3.277 ook 2.770
5.1 ok 4.700 0.852 0.193 0.670 2.307 ok 3.083
5.2 HoHx ook 1.281 0.309 0.371 1.513 3.850 3.436
5.3 HoHx ook 1.838 0.566 0.232 0.898 2.759 3.829
5.4 ok ok 2.519 0.968 0.265 0.477 1.882 4.246
5.5 HoHx ol 3.336 1.518 0.464 0.250 1.219 4.660
5.6 ok L 4.275 2.189 0.808 0.196 0.752 5.057
5.7 ok = o 2.977 1.295 0.314 0.481 5.555
5.8 HoHx e e 3.931 1.970 0.652 0.458 6.284
5.9 ok ok > -t A 2.908 1.285 0.761 7.315
6.0 HoHx - o, T 4.246 2.344 1.513 8.732
6.1 HoHx " g b & R 3.756 2.641 9.597
6.2 Hokok okok Kook Hokok Hokok sokok 3.825 9.859

log T Mg*™® Mgt = Mgt Mgt MgHl® Mgt Mgt2  (Q)

1.219 2.575 4.660 A %W Y ook 4.660
0.752 1.629 3.163 X 8 R 5 ok 5.057
0.481 0.917 1.945 3.483 4.717 oy ok 5.555
0.458 0.496 1.054 2.058 2.744 S ook 6.284
0.761 0.436 0.566 1.084 1.275 g+ ok 7.315
1.513 0.860 0.601 0.683 0.433 4.752 ook 8.732
2.641 1.691 1.081 0.779 0.138 3.722 ook 9.597
3.825 2.604 1.674 1.036 0.054 2.943 ok 9.859
4.912 3.442 2.222 1.295 0.028 2.282 rorox 9.941

HoHx 4.176 2.693 1512 0.024 1.700 4.145 9.985
HoHk 4.811 3.088 1.684 0.039 1.202 3.096 10.042

PANNANANNNNATNANRRRAIRRRR R DR OTOTITTT N
cCorNOUMAhWROLONOILIEWID—DWLLND O

HoHx ook 3.438 1.827 0.087 0.799 2.193 10.156
ok b 3.800 2.000 0.188 0.514 1.454 10.366
i~ ot 4.208 2.233 0.368 0.358 0.897 10.687
\Io ook 4.698 2.555 0.635 0.336 0.517 11.067
TS it — 2.956 0.981 0.421 0.288 11.409
4 ook e 3.416 1.363 0.572 0.162 11.644
e Lxx b 3.887 1.752 0.750 0.095 11.786
ok ok st 4.356 2.131 0.930 0.058 11.868
*xH ook R 4.808 2.486 1.100 0.037 11.914
ok ok ok ok 2.817 1.260 0.025 11.942
ok ok ok ok 3.118 1.401 0.018 11.959
HoHx b *EE HoHx 3.402 1.533 0.013 11.970
Hokk ok Hak ok 3.662 1.651 0.010 11.977
e 3 Ex & i Vil | 3.901 1.759 0.008 11.982
kN oy - | 4.124 1.857 0.006 11.986




Table A4.3: The charge abundance for Mg with xk = 5.

log T Mg+0 Mg'H Mg+2 Mg+3 Mg+4 Mg+5 Mg+6 (Q)

2.994 0.758 0.084 3.432 HoHx ook ook 1.824
3.536 1.161 0.032 2.873 ok ok ok 1.932
4.103 1.581 0.014 2.352 oK ook ook 1.978
4.670 1.993 0.011 1.855 4.614 ok ok 2.004
ok 2.406 0.020 1.378 3.647 ok ok 2.038
HoHx 2.809 0.056 0.931 2.729 rorox ook 2.119
ok 3.235 0.146 0.563 1.916 4.230 hkk 2.297
HoHx 3.706 0.328 0.322 1.275 3.196 rorox 2.584

HoHx 4.201 0.599 0.225 0.828 2.404 4.882 2.904
HoHk 4.662 0.922 0.240 0.539 1.810 3.969 3.200

A A R N N T
OO R WNFOOOIDUTER WN O

o w5 1967 0332  0.363  1.343  3.219  3.472
Fkok *kok 1.645 0.487 0.267 0.964 2.574 3.743
Fdok *kok 2.077 0.718 0.245 0.656 2.006 4.033
;R sk 9586 1025 0.303 0428 1.513  4.338
#k wek 37987 1490 © 0454 0280  1.097  4.663
ok ek 3876 1.922 0 0697 0228 0770 4.997
o w% 4680 2519  1.045 0280  0.543  5.390
Ak wkk k3933 1516 0.464 0450  5.915
Kook skox Kok 4.120 2.165 0.834 0.543 6.644
Kok ok Kook Kotk 3.053 1.457 0.900 7.688
Kk ®okox Hokok Kook 4.293 2.445 1.627 8.936
Kook koK o ook *ok 3.686 2.618 9.616
sk Kok Fkok sk Fkk 4.970 3.668 9.856

log T Mg*™® Mgt’ & Mgt®: Mgt? MgHl® Mg+l Mgt!?  (Q)

0.770 1.606 3.060 s x* gh+* ok 4.997
0.543 1.054 2.187 3.683 4.875 R ook 5.390
0.450 0.648 1.371 2.515 3.288 % ok 5.915
0.543 0.437 0.809 1.564 1.937 S ook 6.644
0.900 0.506 0.544 0.921 0.920 4.351 ook 7.688
1.627 0.959 0.675 0.699 0.346 3.304 ok 8.936
2.618 1.692 1.106 0.801 0.132 2.630 Horox 9.616

3.668 2.498 1.628 1.026 0.060 2.116 4.881 9.856
4.672 3.272 2.134 1.260 0.038 1.668 4.001 9.950
ok 3.976 2.590 1.473 0.041 1.268 3.184 10.016
HoHx 4.615 2.998 1.664 0.068 0.923 2.442 10.103

PANNANNNANNANRRRRANRRRRD P OO OT ot
SN WROLNYT A W~ O LN L

HoHx ook 3.378 1.843 0.131 0.639 1.788 10.247
ok ook 3.763 2.044 0.245 0.440 1.233 10.471
il ok 4.174 2.283 0.419 0.338 0.811 10.763
\Fas XS 4.642 2.587 0.667 0.334 0.497 11.098
g Ak, Ak 2.948 0.971 0.411 0.298 11.395
-y ook g 3.351 1.312 0.545 0.177 11.616
e oty k! 3.778 1.667 0.704 0.108 11.759
HoHx i ok 4.205 2.019 0.872 0.067 11.846
*xH ook o 4.634 2.357 1.037 0.044 11.899
ok ok ok ok 2.677 1.192 0.030 11.932
HoHx ook HoHx HoHx 2.976 1.335 0.021 11.952
HoHx *4 HoHx HoHx 3.257 1.468 0.015 11.965
ok ok kK ok 3.520 1.590 0.011 11.974
b 3 & & il Vil 3.764 1.700 0.009 11.980
e ** b i 3.990 1.800 0.007 11.984




Table A4.4:The charge abundance for Mg with x = 3.

log T Mgt® Mgtt Mgt? Mgt® Mgt?  Mgts  Mgte (Q)

4.0 4.073 1.411 0.040 1.321 3.333 ok ok 2.010
4.1 4.474 1.738 0.054 1.015 2.711 Horox ook 2.082
4.2 4.901 2.086 0.096 0.738 2.119 4.254 ok 2.190
4.3 HoHx 2.471 0.180 0.510 1.579 3.401 rorox 2.359
4.4 HoHx 2.909 0.328 0.347 1.113 2.631 4.886 2.609
4.5 ok 3.411 0.555 0.274 0.748 1.978 3.944 2.921
4.6 HoHx 3.972 0.863 0.296 0.494 1.455 3.152 3.256
4.7 HoHx 4.562 1.229 0.397 0.346 1.065 2.519 3.573
4.8 HoHk ok 1.624 0.553 0.281 0.786 2.028 3.855
4.9 HoHx ook 2.001 0.742 0.276 0.591 1.647 4.102
5.0 ok ok 2.395 0.946 0.312 0.457 1.353 4.321
5.1 ok ok 2.764 1.169 0.382 0.363 1.116 4.530
5.2 HoHx ook 3.136 1.415 0.483 0.303 0.912 4.739
5.3 ok ok 3.560 1.706 0.621 0.275 0.743 4.960
5.4 HoHx ook 4.024 2.046 0.808 0.285 0.601 5.211
5.5 HoHx N 4.562 2.452 1.052 0.341 0.501 5.507
5.6 ok okl RN 2.937 1.367 0.466 0.456 5.880
5.7 HoHx ki s— 3.537 =792 0.682 0.492 6.363
5.8 ok o it 4.270 2.345 1.028 0.651 7.013
5.9 ok or.s " 3 3.104 1.574 1.000 7.944
6.0 HoHx e 4 ol 4.116 2.376 1.601 8.951
6.1 HoHk e 9y i ‘& e 3.384 2.407 9.569
6.2 *rp P i3 H* R 4.469 3.291 9.835

log T Mgt Mg*7 & Mgf®: Mgt Mgf® Mgt'' Mgt? (Q)

0.501 0.908 1.901 3.289 4.366 g+ ook 5.507
0.456 0.656 1.399 2.527 3.292 R ok 5.880
0.492 0.484 0.975 1.834 2.299 ek ook 6.363
0.651 0.430 0.671 1.254 1.426 4.172 ook 7.013
1.000 0.563 0.553 0.859 0.744 3.175 ok 7.944
1.601 0.951 0.693 0.723 0.334 2.451 rorox 8.951

2.407 1.546 1.041 0.802 0.150 1.958 4.405 9.569
3.291 2.223 1.478 0.979 0.081 1.585 3.729 9.835
4.179 2.912 1.930 1.185 0.062 1.269 3.119 9.963
HoHx 3.578 2.371 1.395 0.071 0.985 2.534 10.060
HoHk 4.214 2,787 1.599 0.106 0.743 2.009 10.172
HoHx 4.829 3.194 1.809 0.174 0.546 1.530 10.326

PANNANNNNATNARIRRIRARRRRR T OOt
CoxNOUREWN~OLNIRWRD LN O

HoHx bk 3.593 2.028 0.284 0.405 1.116 10.5637
e L 4.008 2.271 0.441 0.330 0.781 10.793
FEA ook 4.442 2.544 0.647 0.324 0.526 11.066
fy LXK 4.909 2.856 0.902 0.379 0.341 11.328
T oot oo™’ 3.200 1.187 0.482 0.219 11.538
- Gk g 3.562 1.492 0.612 0.141 11.691
ok . ko'’ 3.942 1.806 0.762 0.091 11.795
*EH roxx o 4.326 2.118 0.915 0.060 11.863
HoHx ook HoHx 4.705 2.419 1.064 0.041 11.906
ok ok ok ok 2.710 1.206 0.029 11.934
HoHx 4 HoHE HoHx 2.989 1.342 0.021 11.952
HoHx Horox R HoHx 3.254 1.468 0.015 11.965
ex ot K Vil 3.503 1.584 0.012 11.973
§ *qx o | 3.739 1.692 0.009 11.979




Table A5.1: The charge abundance for Si with Maxwellian distribution.

logT sit0 sit!  sit2  sit3 sitd sits git6 g7 (Q)

4.0  1.053  0.040 4.149  kEx ok ok ok ok 0.912
4.1  1.853 0.007 2518  kkx ok ok ok ok 0.989
4.2 2479  0.020 1.371  kkx otk ok ok ok 1.039
4.3 2973 0.105 0.670  *** ok ok ok ok 1.213
4.4 3.444 0315 0.288 4.693  kkx ok ok ok 1.515
4.5  3.909 0598 0.127 3.285  kkx ok ok ok 1.748
4.6 4.360 0.926 0.058 2.189  4.825  tkx ok ok 1.888
4.7  4.835 1.263 0.047 1.333 2.683  *** ok ok 1.996
4.8 REE 1678 0.155  0.735  1.023  R¥x ok ok 2.353
4.9 Rk 9580  0.769  0.751  0.187  wkx ok ok 3.474
5.0 Rk 3866 1.817  1.289  0.030  R¥* ok ok 3.918
5.1 otk Rk 2796 1.831  0.007  3.511 Rk ok 3.982
5.2 ok Rk 3508 2.245 0.007 2.043  *k* ok 4.003
5.3 otk Rak 4939 2,532 0.053 0.948  4.125  kek 4.110
5.4 ok Rk 4865 2.853  0.283  0.324 2451  *k* 4.480
5.5 otk ek ek 3317 0.714  0.116  1.385  3.786  4.847
5.6 otk e ek 3866  1.227  0.134  0.699 2216  5.152
5.7 ok e Rk 4545 1.851  0.349  0.335  1.127  5.600
5.8 otk s * RER 2659  0.807  0.304  0.489  6.205
5.9 ok i oy ke 3643 1487  0.571  0.256  6.821
6.0 otk o i Rk 4791 2,362 1.091  0.344  7.497
6.1 ok =+ B AT kR 3424 1.847  0.751  8.434
6.2 ok wak F ks REE 4859 3.008 1.604  9.965
6.3 otk i ol sk e k4662 2991 11.345
6.4 kkok kkok kKoK 3k 3k >k kkok kKK Kk ok 4.483 11.784
log T Sit?T ~Sit8  §it? sitlo - gitil o gtz g3 gitid (Q)

5.5 3.786 kskok kskok koksk kokk skokk kskok kskok 4.847
5.7  1.127 3.068  k* e s ok ok ok 5.600
58  0.489 1.704  3.472 ek iy ok ok ok 6.205
59  0.256 0.875 1.973  3.559  kx* it ok ok 6.821
6.0  0.344 0.456 1.000 1.934 3.251  4.461  *** ok 7.497
6.1  0.751 0.446 0.528 0.911 1.622 2.168  *** ok 8.434
6.2  1.604 0.939 0.625 0.552 0.766  0.771  *Ex ok 9.965
6.3 2991 2.006 1.346 0.883 0.672 0.222  *** Rk 11,345
6.4  4.483 3.219 2.254 1.453 0.900 0.080 4:329  F*E 11784
6.5 RER 4339 3,102 2.002  1.149  0.037  3.154  *** 11.907
6.6 ok Rk 3811 2452 1.340  0.025  2.229  *F 11,953
6.7 ok Rek 4420 2.823  1.477  0.030  1.507  3.799  11.995
6.8 ok Rk 4,964 3.149  1.597  0.066 0.952  2.579  12.090
6.9 gk 2% Rk 3497 - 1751 0.158 -0.576. -1.656  12.291
7.0 4 *EF ek 3921 0 1.995 0.338 © 0.367  0.995  12.622
7.1 R o K 4442 | 2346 .0.613 | 0.317 0.569  13.016
7.2 ok ok ok kEE 2789 0.973  0.393  0.312 -13.378
7.3 ok ok ok k3267 1.358° 0.533  0.179  13.617
7.4 e 17 B iy RER 306400 < 1,630 10.697 © 0.110  13.752
7.5 s N g | ek 41100 1.993 0.862 0.069 . 13.842
7.6 ok ok ok RERTT 45660 2.337 1.019  0.046  13.895
7.7 ok ok ok REE 4978 2,639 1.160  0.032  13.926
7.8 otk ok ok otk RER 2917 1.289  0.023  13.946
7.9 ok ok ok ok Rk 3178 1405  0.018  13.959
8.0 otk ok ok otk Rk 3423 1.516  0.014  13.969
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Table A5.2: The charge abundance for Si with k = 10.

logT sit0 sit!  sit2  sit3  sitd sits git6 g7 (Q)

4.0 2144 0.084 0.771 4.639  *** ok ok ok 1.162
4.1 2689 0204 0.429 3.669  k*x ok ok ok 1.371
4.2 3201 0385 0232 2945  kkx ok ok ok 1.588
43  3.634 0.580 0.135 2.374  kkx ok ok ok 1.741
4.4  4.038 0797 0.083 1.867  4.001  *** ok ok 1.854
4.5 4400 1.023 0.064 1.399 2.788  Hx* ok ok 1.948
4.6 4767 1.281 0.085 0.980 1.676  *** ok ok 2.095
4.7 kR 1.650  0.227  0.693  0.739  4.817  *k* ok 2.545
4.8 kR 9341 0.696  0.754  0.209  3.446  *kx ok 3.408
4.9 Rk 3329 1.471  1.135  0.051  2.480 @ *** ok 3.861
5.0 RRk 4358 2289  1.585  0.023  1.691  4.756  Fx* 3.984
5.1 ok ek 3063 2.012  0.050  1.012  3.493  *k* 4.086
5.2 ok Rk 3817 2444 0475 0.489 2,429  wkx 4.328
5.3 ok Rk 4592 2913 0451 0.206 1.639  4.040  4.667
5.4 ok ok kkk 3396 0.827 0 0.117  1.068  2.919  4.938
5.5 ok *xE Rk 3876 1.247  0.151  0.647  1.971  5.190
5.6 ok . k4407 1725 0.302 0.378  1.207  5.527
5.7 ok 23 e kEk 9314 0.605 0.289  0.654  5.987
5.8 ok - P k3049 1.076  0.406  0.346  6.513
5.9 ok L iy Rk 3932 1.714  0.718  0.273  7.068
6.0 ok 5 o kRE 4957 2511 1.220 0431 7.740
6.1 ok o & . Rk 3595 1.963  0.866  8.734
6.2 ok e o xS Rk 4804 3.084 1.712  10.263
6.3 ok g a g~ i R 4589 2.965  11.390
6.4 oKk Hskosk skokk koksk oKk kokok skok 4.305 11.774
logT sit?” sit®  sit?  gitl0 g+l - gi+l2 g+l gjt+l4 (Q)

5.3 4.040 kkok kokok kK kK kokok kokok kokok 4.667
5.4 2.919 kokok skokok oKk oKk kskok kokok kokok 4.938
5.5 1.971 4.348 ke skoksk koksk kskok kskok kskok 5.190
5.7 0.654 1.952 3.679 ~ ctxx uy 82 gt ok ok 5.987
58  0.346  1.169 2.392 4.050  Fx* g Ak ok 6.513
5.9 0273 0.665 1.433 2.582 4.038  *** P o ok 7.068
6.0 0431 0.434 0.794  1.478  2.434  3.204 . *x* ok 7.740
6.1  0.866  0.520 0.511 0.774 1.303 1.605  *** ok 8.734
6.2  1.712 1.052 0.711 0.598 0.716 0.598  4.747  ***  10.263
6.3 2965 2.021 1.379 0.925 0.692 0.204 3.652  ***  11.390
6.4 4305 3.105 2.188 1.430 0.887 0.084 2.863  ***  11.774
6.5 K 4130 2.960  1.926  1.110  0.044  2.222 ¥ 11901
6.6 ok Rk 3648 2364 1.302  0.034  1.669  4.007  11.962
6.7 ok Rk 4953 02740 1.458  0.046  1.199  3.017  12.027
6.8 g kK 4,810 © 3.086  1.601  0.088 < 0.820 2.170  12.138
6.9 e g Rk 3439 0 1.766 0.176  0.548 1479  12.332
7.0 ok ok kT 3837 0 1.987  0.329  0.389  0.948  12.623
7.1 ok ok Rk 4304 2.285  0.558.  0.343  0.578 . 12.977
7.2 ok gox Rk 4847 2.664. -0.862. -0.397- 0.338 13.317
7.3 A ¥ Ea | kEk 3085  1.199  0.513 - 0.201 1 13.564
7.4 0 i i kER8.529 1,551 0.662 .0.123 . 13.725
7.5 ok ok ok ek 3966  1.893  0.816  0.079  13.821
7.6 ok ok ok kR 4392 2213 0.964  0.053  13.879
7.7 ok ok ok kR 4807  2.521  1.107  0.037  13.916
7.8 ok ok ok ok Rk 9802 1.236  0.027  13.939
7.9 ok ok ok ok Rk 3060  1.353  0.020  13.954
8.0 ok ok ok ok *Ek 3303 1.464  0.015  13.965
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Table A5.3: The charge abundance for Si with k = 5.

logT sit0 sit!  sit2  sit3  sitd sits git6 g7 (Q)
4.0  3.166 0.587 0.140 1.822  4.552  H** ok ok 1.755
4.1 3.599  0.767 0.099  1.487  3.714 ek ok ok 1.862
4.2 3971 0922 0.08 1.235 2967  *** ok ok 1.940
4.3 4304 1.086 0.089 1.007 2.252  Hx* ok ok 2.028
4.4 4611 1.260 0.117 0.810 1.576  4.875  *** ok 2.153
4.5 4944 1.486 0.197 0.656  0.956  3.749  H*x* ok 2.410
4.6 Rk 1,835 0.402 0.616  0.463  2.762  *** ok 2.922
4.7 kEE 2405  0.809  0.769  0.180  1.986  4.674  HFx* 3.518
4.8 kR 3128 1.383  1.078  0.079  1.400 3.646  Fx* 3.872
4.9 Rk 3968  2.048 1471 0.077  0.925 2776  Fx* 4.070
5.0 REk 4848 2,758 1.907  0.159  0.549  2.041  4.343  4.285
5.1 ok Rk 3524 2400 0.343  0.295  1.469  3.459  4.572
5.2 ok Rk 4320 2.928  0.627  0.173  1.052 2.732  4.854
5.3 ok ok Rk 3442 0.967  0.149  0.758 2129  5.081
5.4 ok ok fkk 3933 1.348  0.206 0.515  1.569  5.315
5.5 ok *xE Rk 4415 1750  0.334  0.361  1.093  5.585
5.6 ok . k4918 2,209 0.551  0.297  0.706  5.926
5.7 ok 23 e kEk 9750  0.877  0.347  0.434  6.330
5.8 ok - P k3400 1.324  0.527  0.299  6.778
5.9 ok L iy R 4074 1.902  0.845  0.317  7.292
6.0 ok 5 o e kR 2631 1.326  0.512  7.968
6.1 ok o & . Rk 3574 2.034  0.950  9.000
6.2 ok e o xS Rk 4838 3.076  1.744  10.422
6.3 ok g a g~ i R 4407 2.844  11.378
6.4 oKk Hskosk skokk koksk oKk kokok skok 4.061 11.758

logT sit?” sit®  sit?  gitl0 g+l - gi+l2 g+l gjt+l4 (Q)
5.2 2.732 kkok kokok kK kK kokok kokok kokok 4.854
5.4 1.569 3.534 ke skoksk koksk kskok kskok kskok 5.315
5,5  1.093  2.707  4.740  FEE ko ok ok ok 5.585
5.6 ~ 0.706 1.969 3.607 = F¥* uy 82 ok ok ok 5.926
5.7 0.434 1.347 2.607 4.235 = kx* g Ak ok 6.330
5.8  0.299  0.871 1.770 3.020 4.550  *k* > ok 6.778
59 0317 0.5601.120.2.0023.127 . 4.031  *** ok 7.292
6.0  0.512  0.445 0.683 1.211 1.956 2.471  *** ok 7.968
6.1 0950 0.590 0.526 0.719 1.110 1.262 4.681  *** 9.000
6.2  1.744 1.109 0.764 0.640 0.705 0.516  3.477  FFk 10.422
6.3  2.844  1.953 1.345 0.924 0.703 0.206 2.714  ***  11.378
6.4  4.061 2930 2.075 1.380 0.869 0.093 2.166  4.905 11.758
6.5 kkk 3878~ 2.788 1.834 1.071  0.056 1.720  4.038  11.900
6.6 REE 4759 3.449 ©2.258  1.264  0.050 1.326  3.240  11.982
6.7 g KL 4,053 0 2641 1.435  0.069 < 0.979 2.512  12.069
6.8 e kERL 4625 3.007 @ 1.604 0.119 ~ 0.700  1.872  12.200
6.9 ok ok k3373 1786 0.211 0493 1.333  12.397
7.0 ok ok Rak 3767  2.006  0.358. 0.372  0.899 | 12.667
7.1 ok gox Rk 4211 2.284. -0.566. -0.338- 0.578 - 12.982
7.2 A i k4704 2.617  0.829 0.382 . 0.362 13.282
7.3 0 i i RER2.9900  1.128 0.482 . 0.226  13.518
7.4 ok ok ok kkk 3393 1.449  0.614  0.142  13.684
7.5 ok ok ok Rk 3805 1.774  0.759  0.092  13.792
7.6 ok ok ok kR 4213 2.086  0.904 0.062  13.859
7.7 ok ok ok Rk 4608 2.382  1.043  0.043  13.901
7.8 ok ok ok kEE 4991 2,661 1.173  0.031  13.928
7.9 ok ok ok ok Rk 92915 1.285  0.024  13.946
8.0 ok ok ok ok Rk 3167 1.405  0.018  13.959
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Table A5.4: The charge abundance for Si with k = 3.

logT sit0 sit!  sit2  sit3  sitd sits git6 g7 (Q)

4.0 4292 1.340 0.173  0.577  1.749  4.494  kx* ok 2.255
4.1 4629 1.512 0233 0.474 1.321  3.744  kx* ok 2.401
4.2 4930 1.680 0.315 0.421 0.942 3.043  *** ok 2.590
4.3 kR 1.885  0.435  0.423  0.623  2.404  4.873  kx 2.853
4.4 R 2143 0.622  0.496  0.376  1.840  3.985 3.197
4.5 Rk 2506 0.898  0.654  0.219  1.363  3.198  REx 3.560
4.6 kR 2959 1.267  0.894  0.150 0.976  2.509 4.612  3.873
4.7 Rk 3505 1.720  1.210  0.159  0.671  1.912  3.739  4.137
4.8 Rk 4132 2.253  1.590  0.244  0.445 1.412  2.986  4.403
4.9 kR 4861 2.866  2.037  0.409 0.301 1.021 2.365  4.691
5.0 okok Rk 3549 2,542 0.648  0.241  0.735 1.875  4.980
5.1 ok Rk 4975 3.078  0.946  0.246  0.543  1.498  5.237
5.2 ook okk k3607  1.273  0.300 0.418  1.208  5.457
5.3 ok ok R 4119 1.625 0.392  0.343  0.951  5.667
5.4 ok ok kR 4603 1.988  0.522  0.306 0.736  5.885
5.5 ook i Py *kk 92367 0.694 0311 0.556  6.121
5.6 ok . i REE 2775 0.921  0.366  0.414  6.391
5.7 ook ot e kR 3236 1.215  0.482  0.324  6.698
5.8 ok - P k3765 1.590  0.672  0.303  7.058
5.9 ook S "y k4,388 2.066  0.961 0.372  7.513
6.0 ok 5 o e kR 2670  1.378  0.569  8.143
6.1 ok o i e k3457 1.975  0.950  9.087
6.2 ok e o xS Rk 4501 2.831  1.595  10.319
6.3 ok g a g~ i R 3946 2.503  11.256
6.4 oKk Hskosk skokk koksk oKk kokok skok 3.532 11.689
logT sit?” sit®  sit?  gitl0 g+l - gi+l2 g+l gjt+l4 (Q)

4.8 2.986 kkok kokok kK kK kokok kokok kokok 4.403
5.0 1.875 3.795 ke skoksk koksk kskok kskok kskok 4.980
5.2 1.208 2.794 sk ok oKk oKk kskok kskok kskok 5.457
5.3  0.951 2.363 4.345 oL g Ak ok 5.667
5.4  0.736  1.964 3.672  k¥x L EE g otk 5.885
55  0.556 - 1.590.3.029 . 4.727 . F** o R ok 6.121
56  0.414  1.233 2410 3.861  Fx* R §d otk 6.391
5.7 0.324 0.923 1.838 3.038 4.509  ‘tk* _— otk 6.698
5.8  0.303 0.673 1.334 2.279 3.469 4.414  Fx* ok 7.058
5.9  0.372 0.510 0.920 1.607 2.510 3.173  k* okk 7.513
6.0 0.569 0.470 0.635 1.064 1.685 2.044  4.872  *** 8.143
6.1  0.950 0.619~ 0.546 0.718 1.061 1.137  3.652  *¥* 9.087
6.2  1.595 1.038 0.735 0.655 0.732 0.539 2.742 ¥k 10.319
6.3 2503 1.724 1.200 © 0.872 = 0.696 0.243 < 2.139 4.648 11.256
6.4 - 3.532 2.540 1.802. 1.234 0.816 0.125 = 1.723  3.930 11.689
6.5  4.580 3.381 2434 1.635 0.990 0.081 1.387  3.299  11.881
6.6 Rk 4203 3.056  2.038  1.179  0.075. 1.094  2.717 . 11.997
6.7 R 4,997 3.654 2425 1.366. -0.096. -0.842- 2.185 12.106
6.8 i Rk 4928 0 2.800  1.552  0.144  0.632 . 1.698 < 12.242
6.9 0 K 14793 0 3174 1747 0.228 0 0.472 . 1.274 . 12.424
7.0 okok okk kR 3559 1.962  0.353  0.371  0.920  12.654
7.1 ok ok Rk 30968 2.208  0.524  0.333  0.639  12.918
7.2 ok ok kR 4407 2492 0.740  0.354  0.430  13.183
7.3 okok okk Rk 4880 2.811  0.992  0.424  0.284 13.414
7.4 ok ok ok Rk 3153 1.267  0.527  0.188  13.593
7.5 ook okk okk Rk 3519 1.555  0.654  0.125  13.722
7.6 ok ok ok Rk 3887  1.843  0.787  0.085  13.808
7.7 ok okk okk Rk 4257 2128 0.921  0.059  13.865
7.8 ok ok ok REE 4622 2401 1.051  0.042  13.903
7.9 okok okk okk Rk 4981 2.663  1.174  0.031  13.929
8.0 okok okk okk okok Rk 92911 1.288  0.024  13.946
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Table A6.1: The charge abundance for S with Maxwellian distribution.

logT St s+t St2 s+3 St Sha S+6 Shad Sha (Q)
4.2 1.749  0.008 3.167 HoHk ok ok hkk hkk hkk 0.983
4.3 2.419 0.011 1.678 o HoHx o rorox rorox rorox 1.017
4.4 2.832 0.098 0.698 4.584 HoHk HoHk Hoxx Hoxx Hoxx 1.199
4.5 3.248 0.382 0.234 2.830 HoHx HoHx rorox rorox rorox 1.585
4.6 3.720 0.755 0.094 1.746 HoHk HoHk Hoxx Hoxx Hoxx 1.842
4.7 4.190 1.140 0.079 1.030 3.942 HoHx rorox rorox rorox 2.021
4.8 4.706 1.541 0.169 0.536  2.547 HoHx rorox rorox rorox 2.268
4.9 Hoxx 2.036 0.385 0.261 1.521  4.852 Hoxx Hoxx Hoxx 2.600
5.0 Horox 2.637 0.735 0.186 0.793 3.148 4.996 Horox Horox 2.974
5.1 Hoxx 3.354  1.219 0302 0.371 1.912 2.725 Hoxx Hoxx 3.395
5.2 Horox 4.199 1.856 0.626 0.236 1.092 1.058 rorox rorox 3.991
5.3 Hoxx Hoxx 2973 1.443 0.646 0.927 0.209 Hoxx Hoxx 5.317
5.4 rorox rorox 4.421 2.625 1.484 1.260  0.041 3.537 rorox 5.872
5.5 Hoxx Hoxx ek 3.692 2.220 1.5561 0.017 2.362 Hoxx 5.964
5.6 Hoxx Hoxx LA 4.496 2.759 1.702 0.026 1.438 3.993 6.013
5.7 rorox *kig s -l 3.2656 1.8564 0.100 0.730 2.365 6.180
5.8 Hoxx kb i )/ 3.904 2.164 0.338 0.328 1.202 6.593
5.9 rorox *E KA ¥ 4.793 2.758 0.837 0.287 0.525 7.226
6.0 Hoxx R P vV § g 3.648 1.631 0.625 0.319 7.988
6.1 rorox b’ L ¥ i - S 4.776  2.640 1.255 0.510 8.686
6.2 roxx e L b o i+ & g 3.814  2.088 0.962 9.347

10g T S+8 S+9 S+10 S+11 S+12 S+13 S+14 S+15 S+16 <Q>
5.6 3.993 skokk okok ek *kkok 3 kok dokk skokk skokk 6.013
5.9 0.525  1.425  3.419 of AL kR Horx rorox rorox 7.226
6.0 0319 0.607 1.925 3.520  RRX  wkk kk  omkk wkk 7088
6.1 0.510 - 0.276  1.026  2.046  3.452 it e 7 rorox 8.686
6.2 0962 0287 0.562 1101 1919 3.024 4.019 %k R 9347
6.3 1.660 0.606 0.472 0.620 0.953 1.522 1.940 i x rorox 10.304
6.4 2744 1369 0.883 0.688 0.617 0.756 0.694  *k*  kEx 11977
6.5  4.262 2601 1.805 1.322 0.896 0.682 0.222 4975 *** 13.320
6.6 Horox 3.946 2.878 2.118 1.385 0.874 0.088  3.660 Horox 13.756
6.7  RRX kek 3843 2841  1.836  1.069 0.048 2.661  ***  13.883
6.8 Horox Horox 4.692 3470 2.224 1.228 - 0.036 1.874 4.514 13.941
6.9 MRE _RREREE 4016 o 2551 - 1349 -0.047. 1264 3.226 14.005
7.0 A o 4.541 2.874 1.479 0.094 0.811 2.205 14.131
7. ERE Rk D Dl Lt 13930 0 1663 (02040 05010 1.429  14.367
7.2 rorox rorox rorox HoHx 3.684 1.937 0.392 0.347 0.879 . 14.703
7.3 rorx rorox rorox HoHx 4.205 2.296 ©0.666 0.323 0.518 15.077
TA) LRER e ek e L 479000 21719) ©01992 100388 < 0.313) (15381
7.5 *rH Y *g* 1 & 3.068  1.230 0.515 0.197 15.574
TR R e ek e D 35190 1574 0655 0.124 15.724
7.7 Horox Horox Horox o HoHx 3.945 1.896 0.791 0.083 15.813
7.8 R RER R e R 4366 2203 0.930  0.057  15.870
7.9 rorox rorox rorox HoHx HoHx 4.758 2.483 1.055 0.042 15.905
8.0 R R R bR sk e 9743 1170 0031 15.929
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Table A6.2: The charge abundance for S with x = 10.

logT  St0 s+t St2 §+3 St S+5 S+6 S+7 SR (Q)
4.0 1.363 0.030 1.619 HoHx HoHx HoHx Horox Horox Horox 0.981
4.1 1.974 0.060 0.925 4.019 HoHk HoHk Hoxx Hoxx Hoxx 1.108
4.2 2.589 0.204 0.430 2.846 HoHx HoHx Horox Horox Horox 1.371
4.3 3.159 0.466 0.190 1.959 Hokk Hokk ok ok ok 1.668
4.4 3.643 0.769 0.106 1.338 3.968 HoHx rorox rorox rorox 1.876
4.5 4.040 1.057 0.105 0.900 3.103 HoHk Hoxx Hoxx Hoxx 2.040
4.6 4.408 1.357 0.159 0.588  2.369 HoHx rorox rorox rorox 2.223
4.7 4.834 1.680 0.271 0.371 1.735 4.680 rorox rorox rorox 2.441
4.8 Hoxx 2.063 0.444 0.245 1.202 3.620 Hoxx Hoxx Hoxx 2.686
4.9 rorox 2.500 0.699 0.205 0.766 2.673 3.895 Horox Horox 2.970
5.0 Hoxx 3.031 1.044 0.272 0.449 1.856 2.429 Hoxx Hoxx 3.303
5.1 Horox 3.690 1.513 0477 0.290 1.225 1.203 4.523 Horox 3.789
5.2 Hoxx 4.622 2268 0976 0.453  0.935 0.377  3.028 ok 4.841
5.3 rorox rorox 3.415 1.890 1.047  1.106  0.091  2.140 rorox 5.709
5.4 Hoxx Hoxx 4.630 2.883 1.740 1.404 0.040 1.538 3.993 5.949
5.5 Hoxx Hoxx i 3.769  2.352 1.647 0.055 1.042 2.941 6.061
5.6 rorox rorox i 4.581 2904 1.856 0.129 0.635 2.000 6.236
5.7 Hoxx * e e ) 3.492  2.120 0.306 0.361  1.223 6.553
5.8 rorox roxx o 7’/ 4.202 2.528 0.639 0.276  0.666 7.024
5.9 Hoxx - s JF R 3.141 1.172 0.422 0.377 7.623
6.0 rorox o = F ¥ ke 3.971  1.914 0.812 0.368 8.270
6.1 Hoxx A i i &+ 4.989 2.831 1.408 0.601 8.872
6.2 roxx X ™ § K iy R4 3.887  2.173  1.040 9.530

log T S+8 S+9 S+10 S+11 s+12 S+13 S+14 S+15 S+16 <Q>
5.8 0.666  1.663  3.577 e AL s ol ok x rorox 7.024
59 0377 0.892 2.320 3.932  RRX  wkk Rk ekl akk 7693
6.0 0.368  0.439  1.418  2.570  4.132 LxE il e rorx 8.270
6.1  0.601 _0.272 0.837 1.582 2.663 4.015 ®kk ek wxx g g7y
6.2  1.040 0.341 0.531 0919 1.566 2.439 3.137  *** &k 9530
6.3 1.705 0.676 0.526  0.596 0.851 1.304 1.565 Horox Horox 10.541
6.4 2736 1410 0.950 0.733 0.642 0.732 0.605  4.435  *** 12148
6.5 4.126  2.531 1.788 1.308 0.906 0.684 0.222 3.373 Horox 13.318
6.6 ¥ 3737 2738 2018 1.336 0.846 0.098 2.632  *** 13731
6.7 roxx 4.880 3.642 2699 1.762 1.032° 0.056 2.031 4.688 13.875
6.8  FEE e L4466 3313 2143 1195 -0.047 1520 3.649 13.951
6.9 oy i 3.867 2.484 < 1.337 0.061 1.097- 2.751 14.031
7.0 oK ook ok 4.392 2811 1.480 0.107 0.762 1.992 14.157
T RRE R R 409493159 1.653 0.198 0522 1370 14.363
7.2 R Hoxx R+ -k 3.557 - 1.886. 0.352 - 0.382 -0.896. 14.656
T.3 0 RS RRE kT ek 4018 02,187 0573/ 0344 0564 14.992
7.4 o g+ F *gx o 4.539 = 2.554° 0.851 1 0.390 0.347 15.303
TS5 PR RER R ek R 9955 1158 0.489 0218 15.533
7.6 rorox rorox rorox HoHx HoHx 3.379  1.482 0.615 0.140 15.690
T R RRR Rk K 3705 1794 0.749  0.094 15789
7.8 R RER R ek R 4105 2,089 0.880  0.066  15.852
7.9 rorox rorox rorox HoHx HoHx 4.586 2.370 1.005 0.047 15.893
8.0 MR RRE R ek e 4051 2625 1118 0.036  15.919
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Table A6.3: The charge abundance for S with k = 5.

logT  St0 s+t St2 §+3 St S+5 S+6 S+7 SR (Q)
4.0 2.454 0.347 0.277 1.745 4.158 HoHx Horox Horox Horox 1.561
4.1 3.073 0.621 0.152 1.262 3.271 HoHk Hoxx Hoxx Hoxx 1.815
4.2 3.629 0.913 0.124 0.907 2.589 HoHx Horox Horox Horox 2.006
4.3 4.103 1.206 0.155 0.638 2.068 4.833 ok ok ok 2.185
4.4 4.500 1.473 0.229 0.451 1.663 4.155 rorox rorox rorox 2.364
4.5 4.852 1.740 0.334 0.326 1.337 3.573 ok ok ok 2.547
4.6 rorox 2.002 0.460 0.254 1.069 3.050 4.806 rorox rorox 2.720
4.7 rorox 2.296 0.616 0.224 0.814 2.534 3.806 rorox rorox 2.908
4.8 Hoxx 2.620 0.813 0.236 0.598 2.033 2.832 Hoxx Hoxx 3.117
4.9 rorox 3.003 1.061 0.299 0.431 1.575 1.917 4.436 Horox 3.372
5.0 Hoxx 3.479 1.412 0460 0.335 1.171 1.075  3.141 Hoxx 3.813
5.1 Horox 4.187 1964 0.816 0.440 0.960 0.449 2.096 4.487 4.670
5.2 Hoxx Hoxx 2.821 1.477 0.845 1.048 0.158 1.424  3.458 5.557
5.3 rorox rorox 3.851 2.311 1.425  1.312 0.092 1.008 2.708 5.963
5.4 Hoxx Hoxx 4.881 3.159 2.025 1.597 0.117 0.715 2.089 6.163
5.5 ok ok . 3.973 2.601 1.866 0.202 0.486 1.538 6.367
5.6 rorox rorox i 4.770 3.178 2.146 0.355 0.337 1.064 6.637
5.7 ok i e g 3.798  2.480 0.602 0.285 0.688 6.994
5.8 rorox roxx o 7’/ 4.511 2.920 0.969 0.360 0.441 7.441
5.9 rkk e SF ’7 A 3.508 1.487 0.589 0.350 7.963
6.0 rorox o = F ¥ ke 4.252  2.155 0.980 0.433 8.499
6.1 Hoxx A i i &+ "l 2.962 1.524 0.682 9.041
6.2 roxx X ™ § K iy R4 3.901 2210 1.091 9.692

log T S+8 S+9 S+10 S+11 s+12 S+13 S+14 S+15 S+16 <Q>
5.6 1.064 2374 4434 ReE e R ek ek Rkl 6637
5.7 0.688 1.649  3.381 e AL s ol ok x rorox 6.994
58 0441 1,054 2456 4.003  RRX ek ek ek ek 744
5.9 0.350  0.617  1.691  2.890  4.511 LxE il e rorx 7.963
6.0 0433 0365 1.116 1.987 3.229 4.744 Rk& ek sk g 499
6.1  0.682 0.289 0.726 1291 2170 3.285 4.180 vk k9041
6.2 1.091 0.392 0.528 0.810 1.348 2.091 2.612 Horox Horox 9.692
6.3 L1711 0721 0571 0.589 0.804 1.196 1.366  4.666  ***  10.704
6.4 2.647 1.388 0.966 0.739 0.657 0.735 0.583  3.422 Horox 12.178
6.5  3.885 2375 1699 1.243 0.885 0.681 0.239 2.640  ***  13.260
6.6 roxx 3.473 2,557 1.886 1.269 0.815 0.114 2.097 4.716 13.695
6.7  *% 4544 (3403 2525 1.671  0.990 -0.070 1.657 3.868 13.867
6.8 oy 4.196 3.123 2.045 1.159 0.062 1.277- 3.103 13.965
6.9 oK ook 4.935 3.676 2392 1.318 0.080 0.950 2.445 14.062
7O RRE R R 491092731 1477 0128 0.687  1.811. 14.199
7.1 R Hoxx R+ 4.740 - 3.078- 1.655. 0.218 - 0.493 -1.302. 14.397
T2 0| RRR R kR ek | 3460 1,875 0356/ 0378 0.895  14.659
7.3 o g+ F *gx o 3.888 = 2.146. 0.551 1 0.340 0.595 14.958
T4 RRE O eRR ek sk 4364 2471 0797 0.373  0.384  15.246
7.5 rorox rorox rorox HoHx 4.875 2.837 1.077 0.456  0.248 15.478
7.6 R RER R e R 3919 1369 0.567  0.164 15642
T R RRR R ek R 3614 1666 0.692 0111 15.753
7.8 rorox rorox rorox HoHx HoHx 4.004 1.956 0.821 0.077 15.826
7.9 RRR RER R ek R 4370 2998 0.940  0.056  15.873
8.0 rorox rorox rorox HoHx HoHx 4.748 2.491 1.060 0.041 15.906
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Table A6.4: The charge abundance for S with k = 3.

logT st0 g+t gtz g3 gHt g5 g6 g7 gt (Q)
4.0 3.939 1.305 0.282 0.418 1.337 3.306 Horox Horox Horox 2.425
41 4459  1.617  0.381 0.332 1.033 2755  BRX e sk 9639
4.2 4.932 1.930 0.501 0.288 0.815 2.324 4.302 Horox Horox 2.824
43 % 2998 0.624 0277 0.664 1.995 3.643 Rk kkx 90g7
4.4 rorox 2.449 0.765 0.279 0.555 1.736  3.057 rorox rorox 3.139
45 % 2673 0.899 0.299 0474 1521 2513 4.935  *F 3275
4.6 rorox 2.903 1.044 0.334 0411 1.330 1.998 4.101 rorox 3.419
4.7 rorox 3.144 1.211 0.397 0.363 1.150 1.495 3.285 rorox 3.610
48 %3440 1426 0502 0.350 0.993 1.020 2503 4.527  3.911
4.9 rorox 3.816 1.721 0.689 0.410 0.897 0.613 1.795 3.535 4.420
50 M 4351 2165  1.020 0.601 0919 0332 1226 2699 5.128
5.1 Horox Horox 2.805 1.530 0.956 1.086 0.208 0.831 2.057 5.768
5.2  RRX kex 3575 2067 1425 1355 0.207 0.579 1.581  6.178
5.3 rorox rorox 4.395 2.848 1.934  1.665 0.279 0425 1.221 6.455
5.4 RRR ek sk 3600 2496 1.989  0.400 0.335 0.934  6.705
5.5 RRE eer R 4340 3045 2308 0.562  0.301 0.709  6.957
5.6 rorox rorox i =t 3.606 2.634 0.770 0.320 0.535 7.234
B RRE . RRE R 4901 2992 1038 0.400 0.416  7.549
5.8 rorox roxx o 7’/ 4.853 3.409 1.385 0.553 0.363 7.908
5.9 RRE ek ek ek Rk 3006 1.822 0.792  0.389  8.299
6.0 rorox o = F ¥ ke 4.505 2.359 1.131 0.510 8.720
6.1 RRE ek ek ek wRk RRE 3009 1578 0.735  9.191
6.2 RRX R sk ek kek wkk 3770 2146 1.080  9.784
6.3 rorox roxx i o by e SR 4.704 2.872 1.587 10.655

log T S+8 S+9 S+10 S+11 S+12 S+13 S+14 S+15 S+16 <Q>
5.3 1.221  2.538  4.452 e AL s ol ok x rorox 6.455
5.4 0.934 2.055 3.785 kel jototo’ o’ ot VY ok 6.705
5.5 0.709  1.635  3.186 - 4.955 LxX LxE il e rorx 6.957
5.6 0.535  1.260 2.628 4.177 o™’ oot ot 3+ ok 7.234
5.7 0.416 0.930 2.110 3.436 oot 't e ok ok 7.549
5.8 0.363 0.657 1.638 2.741 4.272 gEEF Horox Horox Horox 7.908
5.9 0.389 0.458 1.233 2.108 3.380  4.940 ok hkk hkk 8.299
6.0 0.510 0.341 0.902 1.551 2.559 3.827 4.832 Horox Horox 8.720
6.1 0.735 0.324 0.664 1.090 1.836 2.810 _ 3.519 ok ok 9.191
6.2 1.080 0.428 0.544 0.753 1.239 1.925  2.347 rorx rorox 9.784
6.3 1.587 ~ 0.695 0.588 0.588 - 0.820 = 1.223 "~ 1.368  3.886 ok 10.655
6.4 2.334 1.207 0.876 - 0.676 0.660 0.796 0.678 2.881 rorox 11.901
6.5 3.345 1.993 1.442 1.050 0.794 0.678 0.312 2213 4.702 13.009
6.6 4.502 2.932 2.167 1.588-1.104 0.755 ~0.158 1.762 3.956. 13.574
6.7 R 3.899 2.929..2.170 1.468- 0.905 0.100 - 1.414 3.317 13.821
6.8 *xH 4.846 < 3.675 2.741 1.833 1.074 0.085 1.122 2.740 13.959
6.9 o g+ F 4.398° 3.291  2.184 = 1.243 0.100 0.871 2.216 14.075
7.0 ok ok ok 3.825 2.530 1.417 0.142 0.658 1.734 14.212
7.1 rorox rorox rorox 4.346  2.874 1.598 0.217 0.497 1.317 14.387
7.2 ok ok ok 4.877 3.230 1.799 0.328 0.391 0.969  14.604
7.3 ok ok ok ok 3.618 2.035 0.485 0.340 0.686  14.859
7.4 rorox rorox rorox HoHx 4.038 2.308 0.682 0.346 0.474 15.118
7.5 ok ok ok ok 4.490 2.615 0.914 0.399 0.322 15.350
7.6 rorox rorox rorox HoHx 4.964 2.949 1.169 0.484 0.219 15.533
7.7 hkk hkk hkk ok ok 3.300 1.438 0.594 0.150 15.671
7.8 Horox Horox Horox HoHx HoHx 3.660 1.709 0.710 0.105 15.765
7.9 hkk hkk hkk ok ok 4.016 1.972 0.830 0.075 15.830
8.0 ok ok ok ok ok 4.373 2.234 0946 0.055 15.875
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Table A7.1: The charge abundance for Ar with Maxwellian distribution.
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log T Art0  Art? Art? Arts Art4 Artd Art6 Art7? Arts Art9 (Q)
4.2 0.221 0.399 4.746 o rorox rorox o o o rorox 0.399
4.3 1.009 0.046 2.488 HoHk Hoxx Hoxx ok ok ok ok 0.905
4.4 2.047 0.055 0.959 o rorox rorox o o o rorox 1.101
4.5 3.181 0.468 0.183 2.584 Hoxx Hoxx HoHk HoHk HoHk Hoxx 1.661
4.6 4.477 1.136 0.056 1.321 rorox rorox o o o rorox 1.975
4.7 HoHk 1.640 0.117 0.671 4.384 Hoxx HoHk HoHk HoHk Hoxx 2.190
4.8 HoHx 2.113 0.279 0.333 3.031 rorox HoHx HoHx HoHx Horox 2.459
4.9 HoHx 2.573 0.529 0.160 2.026 g+ * HoHx HoHx HoHx Horox 2.708
5.0 HoHk 3.063 0.819 0.100 1.281 3.672 HoHk HoHk HoHk Hoxx 2.899
5.1 HoHx 3.599 1.162 0.132 0.724 2.377 4.959 HoHx HoHx Horox 3.128
5.2 HoHk 4.197 1.586 0.273 0.395 1.423 3.212 HoHk HoHk Hoxx 3.454
5.3 Hox 4.908 2.128 0.554 0.273 0.775 1.904 4.164 HoHx rorox 3.899
5.4 HoHk HoHk 2.847 1.024 0.377 0.421 0.997 2.503 2.889 Hoxx 4.498
5.5 HoHx HoHx 3.742 1.718 0.754 0.428 0.519 1.393 1.053 rorox 5.434
5.6 HoHk HoHk ok 3.000 1.751 1.072 0.746 1.092 0.197 3.513 7.230
5.7 HoHk HoHk HoHE 4.609 3.108 2. 1IN, 1.432 1.279 0.047 2.318 7.852
5.8 HoHx HoHx + =~ 4.304 3.042 2.034 1.451 0.034 1.538 7.973
5.9 HoHk HoHk g * o x 3.874 2.574 1.614 0.063 0.985 8.082
6.0 oK oK * i R 4.701 3.134 1.836 0.154 0.613 8.308
6.1 HoHk HoHk -k * i X E T 3.781 2.178 0.364 0.430 8.760
6.2 HoHx HoHx *EH il g % 4.580 2.703 0.753 0.485 9.445
6.3 HoHk HoHk *E s **Y ot 3.450 1.361 0.796 10.248
6.4 HoHx HoHx e e o *rE & 4.409 2.181 1.348 11.164

log T Art?  Arti0 Aptil ApH12 0 Aphl3 - Aptld AL ApFI6 AP+ Apt+IS (Q)
59 0985 2368  4.738  ** P ek ok ok ok BEE 8082
6.0 0613 1415 . 3.020  *** i i i A ok BE 8308
6.1 0.430 0.766 1.770 3.445 e - b= ol HoHx Horox 8.760
6.2 0485 0430  0.949  2.044  3.394 . FFE foxx i ok BE 9,445
6.3 0.796 0.399 0.509 1.123 1.968 3.094 4.489 & L5 oK Horox 10.248
64  1.348  0.659 0417  0.636  1.051  1.650 2510 3.121  *** BE 11,164
6.5 2.200 1.243 0.699 0.585 0.638 0.829 1.257 1.376 HoHx Horox 12.526
6.6 3560 2358 1543 1131  0.875  0.702  0.725 0429  *** BE 14,547
6.7 HoHx 3.794 2.728 2.058 1.531 1.040 0.779 0.154 3.956 Horox 15.518
6.8 HoHx HoHx 3.939 3.029 2.255 1.486 0.948 0.072 2.901 rorox 15.802
6.9 R e #3808 2899  1.881  1.099  0.047  2.083  4.952  15.898
7.0 HoHx = 1 ks 4.668 3.469 2.226 1.217 0.047 1.444 3.631 15.963
(AT Hxy #4003 2.557  1.341 0.076 - 0.961 2576  16.063
7.2 HoHx o HoHH HoHx 4.538 2.901 1.491 0.152 0.613 1.760 16.244
[ T ok ok B 3315 1722 0293 0.398 0 1147  16.522
7.4 &* A HEX *EE o *Ex 3.790 2.023 0.509 0.309 0.723 16.860
7.5 T | 1 **9 R * 4.326 2.397 0.785 0.320 0.452 17.181
76  W¥ X R e FEE04911 2,822 0 11050 0392 0.288  17.433
7.7 o il HoHx HoHx HoHx rorox rorox 3.125 1.299 0.511 0.194 17.589
7.8 RRE ek ok ok ok #k 3544 1.608  0.630  0.131  17.715
7.9 HoHx HoHx HoHx HoHx rorox rorox 3.962 1.908 0.757 0.090 17.800
GO ok ok ok #4350 2179 0.869  0.066  17.851




Table A7.2: The charge abundance for Ar with x = 10.
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log T Art0  Art? Art? Arts Art4 Artd Art6 Art7? Arts Art9 (Q)
4.0 0.391 0.230 2.316 HoHx Horox Horox HoHx HoHx HoHx Horox 0.599
4.1 0.947 0.075 1.343 4.436 Hoxx Hoxx HoHk HoHk HoHk Hoxx 0.932
4.2 1.654 0.130 0.630 2.878 rorox rorox oK oK oK rorox 1.215
4.3 2.573 0.429 0.219 1.690 Hoxx Hoxx HoHk HoHk HoHk Hoxx 1.643
4.4 3.649 0.962 0.118 0.891 3.713 rorox oK oK oK rorox 2.019
4.5 4.739 1.552 0.210 0.451 2.827 rorox oK oK oK rorox 2.329
4.6 Hokk 2.056 0.370 0.253 2.229 rkk Hokk Hokk Hokk rkk 2.561
4.7 oK 2.447 0.537 0.162 1.772 4.340 oK oK oK rorox 2.719
4.8 Hokk 2.788 0.717 0.118 1.351 3.520 Hokk Hokk Hokk rkk 2.850
4.9 HoHx 3.148 0.923 0.111 0.984 2.749 HoHx HoHx HoHx Horox 2.987
5.0 ok 3.540 1.169 0.147 0.678 2.048 4.130 ok ok ok 3.159
5.1 HoHx 3.986 1.476 0.248 0.441 1.426 3.049 HoHx HoHx rorox 3.407
5.2 HoHx 4.521 1.862 0.433 0.308 0.931 2.109 4.167 HoHx rorox 3.736
5.3 ok ok 2.362 0.734 0.308 0.569 1.328 2.871 3.175 ok 4.177
5.4 HoHx HoHx 2.998 1.180 0.473 0.410 0.780 1.834 1.569 4.279 4.805
5.5 ok ok 3.968 1.965 0.999 0.615 0.620 1.216 0.465 2.552 6.278
5.6 HoHx HoHx o 3.293 2.080 1.404 1.063 1.231 0.105 1.662 7.636
5.7 ok ok e 4.720 3.267 2.318 1.663 1.434 0.063 1.162 7.975
5.8 HoHx HoHx * P 4.368 3.170 2222 1.626 0.094 0.815 8.137
5.9 ok ok oy e, F* 3.988 2.764 1.829 0.177 0.573 8.351
6.0 ok ok Y V4 N 4.823 3.341 2.093 0.333 0.442 8.696
6.1 HoHx HoHx LA o P %5 3.998 2.466 0.598 0.443 9.196
6.2 HoHk HoHk pex a4 ! W 4.778 2.982 1.002 0.601 9.808
6.3 HoHx HoHx *5A 4 A i ke 3.662 1.566 0.931 10.502
6.4 HoHk HoHk b b LI R Y 4.526 2.309 1.453 11.362

log T Art® Art10  Aptll  Ap+1200 Ap+13 Ap#ld  Aptls Ap+16 Ap+IT  ApHIS (Q)
5.8 0.815 1.967 4.074 ol bt kot hulotyd o Hokk ok 8.137
5.9 0.573 1.306 2.877 — — — — %t Hokk ok 8.351
6.0 0.442 0.815 1.916 3.665 b *ak e ko o Horox 8.696
6.1 0.443 0.502 1.189 2.464 3.945 bt iR g+ * HoHk Hoxx 9.196
6.2 0.601 0.377 0.703 1.557 2.604 3.969 o pr** HoHx rorox 9.808
6.3 0.931 0.446 0.452 0.937 1.593 2.511 3.632 4.526 ok hkk 10.502
6.4 1.453 0.726 0.445 0.605 0.924 1.443 2.152 2.599 HoHx Horox 11.362
6.5 2.242 1.289 0.746 0.618 0.639 0.800 1.151 1.201 HoHk Hoxx 12.709
6.6 3.452 2.283 1.497 1.108 0.858 0.700 0.736 0.441 3.798 rorox 14.496
6.7 4.960 3.586 2.573 1.945 1.450 1.004 0.761 0.170 2.903 rorox 15.463
6.8 HoHk 4.909 3.684 2.836 2.114 1.410 0.913 0.084 2.250 roxx 15.775
6.9 HoHx HoHx 4.723 3.670 2.736 1.794 1.067 0.057 1.721 4.073 15.895
7.0 HoHk HoHk HoHk 4.433 3.302 2.142 1.201 0.058 1.271 3.144 15.976
7.1 R+ g *G f 3.835 2.475 1.332 0.085 0.907 2.353 16.079
7.2 Y | X1 *¥4 4.358 2.811 1.480 0.148 0.631 1.701 16.237
7.3 oK o HoHH *xl 4.905 3.184 1.674 0.260 0.443 1.173 16.473
7.4 - il HoHx HoHx HoHx Horox 3.606 1.925 0.427 0.348 0.782 16.767
7.5 ok ok ok ok ok 4.086 2.242 0.655 0.335 0.508 17.077
7.6 HoHx HoHx HoHx HoHx rorox 4.605 2.606 0.923 0.386 0.331 17.342
7.7 HoHk HoHk HoHk HoHk Hoxx Hoxx 2.999 1.214 0.479 0.218 17.543
7.8 HoHx HoHx HoHx HoHx rorox rorox 3.399 1.508 0.590 0.148 17.679
7.9 ok ok ok ok ok ok 3.790 1.790 0.706 0.104 17.770
8.0 HoHx HoHx HoHx HoHx Horox Horox 4.171 2.060 0.819 0.076 17.831




Table A7.3: The charge abundance for Ar with x = 5.
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log T Art0  Art? Art? Arts Art4 Artd Art6 Art7? Arts Art9 (Q)
4.0 1.729 0.242 0.404 1.838 4.541 HoHk HAk HAk HAk HoHk 1.404
41 2460 0515 0.209 1141  3.376 e ok ok ok BE 1760
4.2 3.320 0.946 0.183 0.645 2.467 HoHk HAk HAk HAk HoHk 2.119
43 4238 1462 0301  0.346  1.844 4111 R ok ok wE 2,445
4.4 HAk 2.031 0.495 0.198 1.439 3.434 HAk HAk HAk HoHk 2.698
4.5 HAk 2.507 0.687 0.139 1.192 2.970 HAk HAk HAk HoHk 2.855
46 *FF 2869  0.850  0.123  0.991 2581  4.872  *** ok ®eE 2064
4.7 HAk 3.152 0.993 0.131 0.820 2.233 4.306 HAk HAk HoHk 3.060
48 * 3429 1151 0.156  0.663  1.880  3.724  F** ok wE 3173
4.9 HAk 3.711 1.328 0.207 0.521 1.534 3.131 HAk HAk HoHk 3.315
50 4024 1542 0292 0404 1195 2534 4.599 e BE 3,502
5.1 HAk 4411 1.815 0.429 0.326 0.889 1.959 3.703 4.299 HoHk 3.749
5.2 HAk 4.862 2.164 0.631 0.312 0.636 1.421 2.833 2.975 HoHk 4.068
53 RRk eex 9614 0930 0.390 0470 0971 2039 1749  3.577  4.530
5.4 HAk HAk 3.260 1.422 0.664 0.490 0.704 1.429 0.746 2.168 5.544
5.5 kW ek 4339 2339 1.363 0.939  0.870  1.253  0.226  1.293  7.186
5.6 HAk HAk HAk 3.579 2.390 1.726 LS 1.419 0.121 0.876 7.950
SR fEE 4841 3447 2547 1.924 1644 0151 0.639  8.227
5.8 HAk HAk *ER = 4.485 3.349 2.460 1.866 0.236 0.493 8.462
5.9 RRE - = #4147 3.004 2111 0.373 0421 8.759
6.0 R e e o #k 4058 3581 2405 0.576 0429  9.139
6.1 HAk HAk * 3 - € % 4.220 2.776 0.860 0.526 9.587
6.2 REE e o g BEE 4946 3.253 1246 0.731  10.104
6.3 HAk HAk *54 4 ok e k 3.853 1.749 1.052 10.708
6.4 REE - 4 o 23 o 4620 2414 1536 11513

log T Art9 Art10 AptIl AptI200 Ap+I3 Apkld ApH15 ApH16 ApHIT A8 (Q)
56  0.876 2151 4377  *** = o i b ok BE 7,950
57 0.639  1.574 3424 ek e — e - ok weE 8997
5.8 0.493 1.109 2.589 4.681 Lk gt ot ko HAk HoHk 8.462
59 0421  0.758  1.884  3.609 5 o ok ok #E 8759
6.0 0.429 0.514 1.301 2.665 4.197 HEHEP HAk ek HAk HoHk 9.139
6.1 0526 0.385 0.863  1.885  3.061  4.579 R ok ok BRE 9 587
6.2 0.731 0.373 0.567 1.266 2.111 3.255 4.577 HAk HAk HoHk 10.104
6.3  1.052 0.495 0427 0827 1.367 2160  3.117  3.825  *** BE 10,708
6.4 1.536 0.777 0.468 0.594 0.855 1.318 1.940 2.290 HAk HoHk 11.513
6.5 2.248 1.296 0.760 0.636 0.640 0.798 1.114 1.135 4.176 HoHk 12.778
6.6  3.309 2170 o 1.420  1.062 = 0.829 = 0.706 _ 0.745 0.466  3.063  ***  14.401
6.7 4.641 3.320 2.366 1.791 1.338 0.953 0.740 0.197 2.369 HoHk 15.372
6.8  **% 4539 3388 2609 1.947  1.319  0.873  0.102  1.875  4.303 15.738
6.9 % P 4.373 3.400 2.541 1.689 1.028 0.072 1.466 3.509 15.890
7.0 OdF-¥\l * fef 04152 | 3.105 2042 1178 0073 1117 2.796  15.992
7.1 HAE HAE HAE 4.863 3.637 2.377 1.321 0.101 0.830 2.168 16.105
7.2 Ek HAk HAk HAk 4.157 2.714 1.475 0.162 0.599 1.623 16.262
£ T ok FEE 4691 3.073  1.659  0.262 0439 1175 16.474
7.4 HAk HAk HAk HAk HoHk 3.471 1.889 0.412 0.350 0.817 16.738
TH o RRE ek ok ok #3013 2169 0.609  0.329  0.555  17.019
7.6 HAk HAk HAk HAk HoHk 4.392 2.493 0.846 0.366 0.373 17.274
7T R e ok ok FEE 4901 2,852 1112 0.443 0251  17.481
7.8 HAk HAk HAk HAk HoHk HoHk 3.223 1.386 0.542 0.173 17.629
7.9 RRE ek ok ok ok #3601 1.662  0.653  0.122  17.733
8.0 R ek Hokk Hokk ok #3071 1.929  0.764  0.088  17.804




Table A7.4: The charge abundance for Ar with x = 3.
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log T Art0  Art? Art? Arts Art4 Artd Art6 Art7? Arts Art9 (Q)
4.0 3.619 1.242 0.314 0.377 1.432 3.125 HAk HAk HAk HoHk 2.438
41 4389 1716 0489  0.249  1.051 2476  4.534  FR* ok BE 2732
4.2 HAk 2.228 0.721 0.202 0.782 1.975 3.791 HAk HAk HoHk 2.985
43 M 2719 0.955 0204 0.621  1.637  3.241  R* ok wE 3172
4.4 HAk 3.158 1.177 0.232 0.517 1.388 2.825 4.937 HAk HoHk 3.323
4.5 HAk 3.509 1.356 0.269 0.452 1.216 2.520 4.458 HAk HoHk 3.440
4.6 *%% 3797 1502 0310  0.407  1.085 2278  4.065  *** #E 3540
4.7 HAk 4.026 1.633 0.361 0.374 0.960 2.044 3.689 4.902 HoHk 3.646
48 *PF 4233 1758 0425  0.349  0.845  1.820  3.326  4.207  ***  3.764
4.9 HAk 4.466 1.917 0.506 0.335 0.730 1.587 2.949 3.501 HoHk 3.906
50  *%% 4713 2097  0.612  0.337  0.622  1.354 2558  2.783  4.552  4.082
5.1 HAk HAk 2.328 0.759 0.364 0.531 1.111 2.140 2.047 3.504 4.325
5.2 HAk HAk 2.621 0.966 0.447 0.473 0.896 1.737 1.330 2.490 4.737
53 k®k ek 3076 1319 0.654  0.529 0.771 1408  0.704  1.580  5.631
5.4 HAk HAk 3.805 1.941 1.126 0.837 0.892 1.311 0.330 0.945 7.032
5.5 RRE e 4819 2840  1.875 1417 1272 1462 0233 0.619  7.993
5.6 HAk HAk HAk 3.895 2.758 2.114 1.763 1.716 0.279 0.464 8.431
BT R e #k 4075 3.669  2.840 2277 1982  0.382  0.398  8.718
5.8 HAk HAk *ER = 4.585 3.565 2.789 2.246 0.522 0.389 8.992
5.9 R e o i~ #k 4308 3.313 2520 0.699 0432 9.286
6.0 R e e o ¥ #3850 2.815  0.917  0.523  9.603
6.1 HAk HAk * 3 - € % 4.426 3.153 1.184 0.667 9.951
6.2 RRE ek e V i " \ o #3551 1513 0.873  10.351
6.3 HAk HAk *54 4 ok e k 4.037 1.927 1.160 10.846
6.4 REE - 4 o 23 o 4642 2454 1556 11.520

log T Art9 Art10 AptIl AptI200 Ap+I3 Apkld ApH15 ApH16 ApHIT A8 (Q)
54 0945 2044 - 3.918 e kK it ok o ok B 7,032
55  0.619 1474 3140 e it St e o ok BE 7,993
5.6 0.464 1.089 2.542 4.488 Lk gt ot ko HAk HoHk 8.431
57 0398 0.801 2035  3.777 5 o ok ok BE L 8T18
5.8 0.389 0.589 1.596 3.119 4.778 HEHEP HAk ek HAk HoHk 8.992
59 0432 0441 1214 2512 3.937 e ok P ok BE 9,286
6.0 0.523 0.357 0.899 1.962 3.148 4.701 HAk HAk HAk HoHk 9.603
6.1  0.667 0.337  0.654 1482 2428  3.704 Rk ok ok #E 9051
6.2 0.873 0.388 0.489 1.079 1.785 2.787 3.948 4.848 HAk HoHk 10.351
6.3 1.160 0.524 0.416 0.776 1.246 1.980 2.856 3.467 HAk HoHk 10.846
64  1.556 0772 © 0.466  0.602 0 0.847 = (1318 1.920  2.245 | 4.958  *F* 11520
6.5 2.116 1.183 0.689 0.615 0.647 0.864 1.208 1.263 3.666 HoHk 12.543
6.6 2938 1.854 1178  0.900  0.728  0.702  0.804  0.605 2707~ ***  13.959
6.7 4.016 2.781 1.928 1.459 1.095 0.838 0.717 0.279 2.073 4.483 15.076
6.8 Y 3.839 2.814 2.160 1.610 1.134 0.799 0.148 1.647 3.768 15.607
6.9 HAE 4.913 3.718 2.887 2.162 1.475 0.942 0.100 1.319 3.155 15.841
7.0 Ek HAk 4.609 3.606 2.707 1.819 1.098 0.092 1.037 2.595 15.980
7.1 HoHk HoHk HoHk 4.301 3.234 2.156 1.255 0.113 0.801 2.092 16.103
7.2 HAk HAk HAk 4.979 3.749 2.490 1.414 0.162 0.608 1.644 16.247
7.3 HoHk HoHk HoHk HoHk 4.264 2.832 1.588 0.242 0.462 1.256 16.427
7.4 HAk HAk HAk HAk 4.791 3.194 1.788 0.359 0.368 0.931 16.645
7.5 HoHk HoHk HoHk HoHk Hoxx 3.588 2.023 0.515 0.328 0.669 16.889
7.6 HAk HAk HAk HAk HoHk 4.012 2.292 0.708 0.336 0.472 17.131
7.7 HoHk HoHk HoHk HoHk Hoxx 4.462 2.593 0.928 0.384 0.331 17.344
7.8 HoHk HoHk HoHk HoHk Hoxx 4.939 2.923 1.174 0.462 0.232 17.517
7.9 HAk HAk HAk HAk HoHk HoHk 3.267 1.426 0.557 0.164 17.646
8.0 HoHk HoHk HoHk HoHk Hoxx Hoxx 3.616 1.681 0.661 0.119 17.739




Table A8.1: The charge abundance for Ca with Maxwellian distribution.

log T cat® cat! cat? catd® cat?* cat® cat® cat? cat® cat? catl®t  (Q)

4.0 1.120 0.040 1.934 o+ ok ok ok ok ok o+ ok o+ ok ok ok ok ok o+ ok 0.936
4.1 1.719 0.121 0.651 *ok ok ok ok ok ok *ok ok *ok ok ok ok ok ok *ok ok 1.204
4.2 2.709 0.675 0.104 *ok ok ok ok ok ok *ok ok *ok ok ok ok ok ok *ok ok 1.785
43 3.902 1478 0.015 % KK xR xR % KK % KK xR xR % KK 1.966
4.4 4983 2.211 0.003 % KK xR xR % KK % KK xR xR % KK 1994
45 xR 2.822 0.001 4541 xR xR % KK % KK xR xR % KK 1.999
46 xR 3187 0.001 2841 xR xR % KK % KK xR xR % KK 2.001
4.7 ok ok 3.204 0.008 1.730 ok K Xk K *ok ok *ok ok ok ok ok ok o+ ok 2.018
4.8 *¥% 3074  0.037 1.090  3.833  **x Horx Horx Hoxx Hoxx ¥ 2081
4.9 ¥¥% 3002 0.107 0.668  2.630  *x* L Horx Hoxx Hoxx k2218
5.0 ¥k%3.074  0.242  0.391  1.707  3.923  *** ok xoxx xoxx *RE 2445
5.1 R 3.298 0.469 0.252 1.017 2.512 - HAx R R HAx 2.762
5.2 **%  3.668  0.815  0.271  0.562  1.445 = 3.831  *** xoxx xoxx **% 3193
5.3 *%%  4.248  1.330  0.488  0.364 0.719  2.371  4.840  *** xoxx xRk 3781
5.4 Hoxx *$% 2043 0.924  0.433. 0.337  1.380  3.133  *** Hoxx 4,408
5.5 Hoxx **x 2916 1544  0.722  0.231  0.747 1.883  3.607  *** **% 4,956
5.6 Hoxx **x 3,923 2316 1.201  0.351 0.415 1.027 2.130 3.719  4.135  5.523
5.7 Hoxx Hoxx *** 3276 1.883 0.716 0.390 0.545 1.115 2.070  1.783  6.310
5.8 xoxx xoxx #%% 4694 3.052  1.601  0.926 0.678  0.782 1.190  0.381  8.371
5.9 xoxx xoxx ey **% 4867  3.157 2167 1.564 1.256 1.174  0.077  9.714
6.0 xoxx xoxx g > *%% 4677 3.394 2467 1786  1.280  0.045  9.928
6.1 xoxx xxx - *f - *¥% 4510  3.288  2.272  1.396  0.061 10.036
6.2 Hoxx ey o " A 5 **% 4088 2.765 1.555 0.126 10.219
6.3 Hoxx Hoxx o & i ¥ *4% 4918  3.321 1.816  0.285 10.630
6.4 ok ok ok ok 4k % * ok Xk ok Xk K kK ok *ok ok 4.065 2.295 0.652 11.532
6.5 ok ok ok ok o+ ok ok 0k % Rk Xk K * ok ok % %k % ok ok 3.160 1.398 12.805
6.6 xR xR K o KK % kK * kK kK % kK % Kk xR K 4311 2425 13964
67 xR xR Kk o kK * kK Ll o %K K K K xR xR 3789 15458
log T Cat10 catll cat!? Cat!® @afl? cat'® catl® cafl? cat'® catl® cat?® (Q)

57 1783 xR % K K K K KK * K % %k % K K xR xR % KK 6.310
5.8 0.381 3479 % KK K K % * K K KK % KK xR xR % KK 8371
5.9 0077 2294 % KK * KK Lt kK % Kk % KK xR xR % KK 9714
6.0 0.045 1.601 3.677 Hokk HOK ¥ kK 40k K * %k %k ok ok ok ok o+ ok 9.928
6.1 0.061  1.087 2494 4378  *** oo S Canl Py Hoxx **%10.036
6.2 0.126  0.713  1.589  2.751  4.715  *** — — > ] Hoxx **% 10219
6.3 0.285  0.498 0.938 1515  2.830  4.393  *** _— *p Hoxx **%10.630
6.4 0.652 0.542 0.611 0.694 1.469 2.501 3.840 futot - R HAx 11.532
6.5 1.398  0.988 . 0.722  0.386  0.708  1.293  2.127  3.158 . 4.101  *** *%% 12,805
6.6 2.425 1.755 1.224 0.542 0.479 0.709 1.114 1.698 2.142 R HAx 13.964
6.7 3.789  2.879  2.086 1.101  0.706  0.614  0.661  0.879 ~ 0.919  *** *5%15.458
6.8 ¥ 4345 3.321 2065 1.376 1.012 0.744 0.648  0.350 4.234  ***  16.908
6.9 Hoxx *¥X 4604 3199  2.253  1.634 1.090 0.719  0.157  3.084  ***  17.552
7.0 Hoxx Hoxx w0k 4260 3091 2.251  1.459° .0.852  0.090  2.230  ***  17.776
7.1 xxx *xp &% *%% . 3.885 2.838 1.820 ~0.982. 0.070-. 1.567  3.878 17.888
7.2 xoxx . o 2+ *%% 4617 | 3.373 2156 1.114  0.081 = 1.077  2.825 17.995
7.3 xoxx oo T o - #%%  3.906  2.502 [ 1.269  0.135  0.700  1.984 18.160
7.4 R o HAx HAx a 4.467 2.891 1.480 0.244 0.456 1.343 18.405
7.5 Hoxx Hoxx Horx Horx g *¥x 3333 ~1.755 0.419  0.324. 0.898 18.709
7.6 w Hoxx o Hohx - *¥* 3833 2097 _0.657, _0.292. 0.583 19.024
7.7 kT " i oy i1 ¥ 4270 2382 0.831 0.348.  0.398 19.244
7.8 L} L o} 3 o A ¥$x 4801 2772 1113 0421, 0266 19.461
7.9 xxx xxx ok ok ok *xx *%% 3175  1.403  0.519  0.182 19.616
8.0 xoxx xoxx ok ok xoxx xoxx *%% 3567  1.683  0.628  0.120  19.722
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Table A8.2: The charge abundance for Ca with x = 10.

log T Cat? cCatl cat? cat® cCat® Cat cat® cat? ca™® cat? catl® (Q)
40 2245 0451 0.193 * Kk * kK * kK * Kk * Kk * kK * kK * Kk 1.635
41 3.050 0974  0.049  4.310  *** ok xoxx xoxx ok ok *R% - 1.892
4.2 3.896 1.544 0.013 3.412 HAx HAx R R HAx HAx R 1.972
4.3 4709  2.087  0.005 2570  *** Horx Hoxx Hoxx Horx Horx ¥ 1.994
4.4 %% 2558 0.008 1.802  4.878  **x Hoxx Hoxx Horx Horx ¥ 2013
4.5 *%% 2900 0.031 1.166  3.522  *** Hoxx Hoxx Horx Horx ¥x 2,068
4.6 *** 3076  0.089 0.741 2,531  **x Hoxx Hoxx Horx Horx xR 2187
47 % 31146  0.172  0.503  1.896  3.997  *** woxx ok ok **x 2339
4.8 HAx 3.202 0.279 0.362 1.419 3.096 R R HAx HAx R 2.512
4.9 HAx 3.292 0.417 0.282 1.046 2.355 ' R HAx HAx R 2.715
5.0 *** 3470  0.608 0.261  0.733  1.700  4.060  *** ok ok **x 2978
5.1 *$* 3745 0.880 0.316  0.507  1.137 3.053  *** Horx Horx **x 3327
5.2 *%* 4155  1.258  0.482  0.392  0.692 2178  4.207  *** Horx ¥ 3776
5.3 *%* 4724 1.776  0.785  0.416  0.397  1.470  3.139  *** Horx ¥ 4273
5.4 e ¥ 2423  1.222 0584 0.257 0.937 2170  3.937  *** ¥ 4738
5.5 e *** 3185  1.777 0.884 0.264  0.576 1.398 2.692 4.361 4.738  5.186
5.6 e *** 4077 2.470 1.332 0.428  0.393  0.829 1.679  2.844  2.668  5.726
5.7 xe ok *xx ' 3383 2.008 0.836 0.471  0.543 0980 1.670  1.032  6.768
5.8 wxx ok **xx 4846 3.248 1.825 1.158 0.893 0.946  1.200 0.223  8.983
5.9 e Horx g ¥ 4915 3.252 2302 1721 1412 1.265 0.078  9.835
6.0 xxx Horx ThY *ry **% 4635 3422 2,545 1.904 1.392  0.078 10.037
6.1 Horx Horx o - ¥ i ¥*x 4480 3.320 2379  1.530 0.124 10.201
6.2 HAx HAx i g e gy & 4.104 2.870 1.714 0.225 10.467
6.3 xxx ok * 2k Y A o ¥xx 4937  3.438  2.003  0.427 10.978
6.4 HAx HAx o P o A+ ‘. T 4.179 2.492 0.823 11.866
6.5 %k kK %k kK Kk * Xk ok % X ok kK * Kk * Kk 2k % k. 3.261 1489 12.938
6.6 o+ ok o+ ok ok ok * ek %%k ok * %k % Xk oKk ¥k ok 4.305 2.427 14.039
6.7 o+ ok o+ ok ok K ok K 4ok ok kK % ok K Rk o+ ok o+ ok 3.650 15.443

log T Catl0 cat!l catl? cat!® cat!® cat!® cat'® catl? cat!® cat!® cat?0 (Q)
5.6 2.668 o+ ok ok ok ok K Hok k. ok %k % ok K ok K o+ ok o+ ok ok ok 5.726
5.7 1.032 3.191 ok ok ok K e e ok * Ok ok ok ok ok ok o+ ok o+ ok ok ok 6.768
5.8 0.223 1.897 4.213 ok K kK %k * Kk kK ok ok o+ ok o+ ok ok ok 8.983
5.9 0078 1345 3124 * Kk % % k. * kK kK * Kk %k kK %k kK * Kk 9.835
6.0  0.078 0.990. 2.303 4.145  **x C0 oo B A ok **x10.037
6.1 0.124 0.721 1.631 2.944 4.972 ke e ol kg HAx R 10.201
6.2 0225 0537 © 1.093  1.917  3.438 _ *** s s o ok x*x10.467
6.3 0427 0472 0.716 1.102 2163 3.395 4.954  *** ey Horx ¥ 10.978
6.4 0823 0616 0.576 0.571 1.218 2.056 3.170  4.458  *** Horx ¥ 11.866
6.5 1489 1.048 0.746 0.395 0.673 1167 1.884 2.760  3.527  *** **x 12,038
6.6 2427 1.760  1.219  0.559  0.503  0.692 1.059  1.574  1.947  *** **% 14,039
6.7  3.650 2.772  2.004 1.064 0.708 0.623 0.676  0.877  0.906  4.369  ***  15.443
6.8  *** 4092  3.114  1.921  1.295 0.960 0.730  0.650  0.381  3.220  ***  16.808
6.9  xxx **¥* 4370 12,947 2,080  1.515  1.028 _0.697  0.179  2.457  ***  17.484
7.0 xe ol **x 3980  2.883 2.105 1.385 = 0.824  0.104 1.876  4.364 17.752
7.1 Horx i+ o *¥% [ 4951 | 3.647 2669  1.733 ©.0.959  0.081°.1.408 3.420 17.886
7.2 e i 3 ¥xx | 4367 3.202°  2.067 1.096 0.089 1.028 2.618 17.999
7.3 e i o S *#% 13723 2404 1.247 0.131 0.726 1.938 18.146
7.4 e Horx Hoxx Hoxx ¥ 4255  2.763  1.430 0.215  0.508 - 1.389 18.351
7.5 R ok xoxx xoxx **x*x 4812 3159 1.661  0.349  0.375 0.965 18.615
75y Qi k7 G ¥ - - 1 **% (1 3.606  1.950 0.538 | 0.322° 0.652 | 18.910
Gl Bk o N foxx o **% 14090  2.284 | 0.772  0.337  0.437  19.186
7.8 Rk i | poxx . ¥k 14597 | 2.647 | 1.031. 0.397 . 0.298. 19.406
7.9 e Horx Hoxx Hoxx Horx Horx ¥$x 3025  1.302 0.484  0.207 19.569
8.0« wxx Horx Hoxx Hoxx Horx Horx ¥$x 3400 1.570  0.582  0.148 19.683
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Table A8.3: The charge abundance for Ca with x = 5.

log T Cat? cat! cat? cat?® cat* cat5 ©at® cat? cat® cat® cat'® (Q)
4.0 3508  1.255  0.028 2147  **x Horx Hoxx Hoxx Horx Horx *x 1,951
41 4107 1.682 0.019  1.651  4.233  **x Hoxx Hoxx Horx Horx ¥ 2,001
4.2 4700 2094 0.033 1.193  3.282  *** Hoxx Hoxx Horx Horx ¥*x 2,057
4.3 *%% 2404 0.079  0.799 2425 4794  *xx Hoxx Horx Horx ¥x 2163
4.4 HAx 2.854 0.173 0.512 1.722 3.620 R R HAx HAx R 2.345
4.5 HAx 3.143 0.310 0.349 1.223 2.703 R R HAx HAx R 2.572
4.6 *** 3357  0.456  0.286 0.908  2.046  4.341  *** ok ok xxx 2791
4.7 *** 3516 0.601  0.278 0.709  1.580  3.660  *** ok ok *x% 2,997
4.8  *** 3664 0.754  0.303 0.574 1.233  3.102  *** Horx Horx ¥ 3210
4.9 *** 3834  0.933 0.360 0478 0951  2.607  4.783  *** Horx xR 3447
5.0 *** 4058 1.154  0.458  0.420 0.711  2.142  4.084  *** Horx e 3721
5.1 *%% 4362  1.444  0.614  0.408  0.509 1701  3.395  *** ok *%% 4,036
5.2 *%% 4758  1.814 0.840  0.454  0.360  1.301  2.733  4.696  *** xRE 4,367
5.3 HAx HAx 2.267 1.145 0.574 0.271 0.949 2.108 3.752 HAx R 4.702
5.4 HAx HAx 2.817 1.535 0.772 0.256 0.668 1.542 2.860 4.442 4.709 5.045
5.5 Horx ¥ 3467 2023  1.064 0.328  0.473  1.058 2045 3.264 3.112 5438
5.6 e ¥ 4255 2.643  1.484 0.529 0.402  0.697  1.355 2.208 1.672  6.027
5.7 e Horx ¥#% 3538 2184 1.008 0.616 0.623 0957 1.452 0.594  7.541
5.8 e Horx *¥* 4085 3431 2,038 1.389 1115 1131 1.278 0.172  9.433
5.9 wxx ok -’ *#% 4913 3.308 2.412  1.867 1.577 1.391  0.117 10.008
6.0 HAx HAx - P ¥ ¥ 4.577 3.439 2.629 2.044 1.540 0.150 10.229
6.1 HAx HAx o V4 ¥ i g = 4.428 3.365 2.501 1.699 0.227 10.451
6.2 ok ok > e * - *%% 4118 2987  1.906  0.360 10.783
6.3 xxx Horx . b £'s L *¥% 4933 35551  2.207  0.580 11.322
6.4 e Horx ey F Al ki + e ¥¥X 4254 2,668 0.974 12.107
6.5 o+ ok o+ ok *ok ok ok K * ok ok o+ ok Xk K X ok K * ok ok 3.346 1.568 13.027
6.6 o+ ok o+ ok ok K *OoR K ok kK * Kk ok K Xk ok 3%k ok 4.256 2.387 14.043
67 % KK % KK * kK kK % Xk Xk % Kk KK xR KK % KK 3459 15.338

log T Cat!0 Cat!l catl?2 cat!® catl® Catl® catl® catl? cat!® catl® cat20 (Q)
5.5 3.112 % KK xR 0k K % KK KK Kk Lt % KK % KK xR 5438
5.6 1672 3.268 xR * kK K K % K KK xRk % KK % KK xR 6027
57 0594 1.859 3763 xR % K K % X K ok xR % KK % KK xR 7541
5.8 0.172 1.148 2.674 4.781 gy e s R HAx HAx R 9.433
5.9  0.117 0.851  2.035  3.765  *** R . fox + Hohx Horx **%10.008
6.0  0.150 0.656  1.526 2.873  4.864  *** S0 00 £ Horx **%10.229
6.1 0227 0526 1111  2.084  3.701  *** — — o Horx **% o 10.451
6.2 0.360 0.460 ~ 0.701  1.405  2.658  4.023  *** — ) Horx **% 10783
6.3  0.589  0.494 ~ 0.587  0.861  1.763  2.789  4.117  *** ket ok xRk 11,322
6.4 0974 0.687 0.560 0.509 1.080 1.792  2.771  3.901 . 4.921  *** *x% 12,107
6.5  1.568  1.092  0.753  0.403  0.663 1.091  1.745 2.533 = 3.199  *** *5% 13,027
6.6 2387 1.724 .~ 1.180  0.557  0.526  0.694  1.047  1.526  1.865  *** *5% 14,043
6.7 3459 2612 1.873 0.994 0.693 0.621  0.699  0.899  0.943  3.665  ***  15.338
6.8  4.806 3.778 2.849 _1.734 1.183 0.888 0.710 0.659  0.433 2721  ***  16.640
6.9  xxx ¥ 3995 20660 1.876 1.371  0.956 . 0.675 0.213  2.098  4.671 17.383
7.0 HAx g b=y 3.626 2.626 1:921 1.285 0.788 0.126 1.636 3.824 17.710
7.1 ok 4 **% 4,559  3.356  2.462  1.620 0.925  0.098 1.261  3.086 17.877
7.2 ok 1 g ¥A% 0 4.067 2994 1.957  1.071  0.104 0.949  2.438 18.009
7.3 HAx HAx ol Rl 4.758 3.512 2.293 1.225 0.142 0.697 1.873 18.157
7.4 e Horx Hoxx Hoxx ¥ 04033 2.641 1:402  0.217  0.508 | 1.397 18.346
7.5 i ok *x - ¥*¥* 4567 . 3.014 1.613. 0.333 _ 0.386 _ 1.008 _18.581
8 1 T\ % - | o & | ¥k 3430  1.870° 10.495  0.327 - 0.710 = 18.847
o' [l A o L | e % ¥4k 3879 2,168  0.699  0.326 - 0.493  19.108
7.8 R ok xxx xoxx ok *%% 4357 2,502 0.936 0.371  0.342 19.333
7.9 HAx HAx R R HAx HAx 4.849 2.856 1.189 0.446 0.240 19.508
8.0 wxx ok xoxx xoxx ok ok *%%  3.213  1.445 0.538  0.171 19.637
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Table A8.4: The charge abundance for Ca with x = 3.

log T Cat? cCatl cat? cat® cCat® Cat cat® cat? ca™® cat? catl® (Q)
4.0 4726 2.043 0.134 0.615 1.849 3.700  *** Hoxx Horx Horx ¥ 2262
4.1 HAx 2.421 0.236 0.431 1.361 2.890 R R HAx HAx X 2.458
4.2 **x 280 0.395 0.319 0.963 2176  4.098  *** ok ok e 2717
4.3 HAx 3.222 0.601 0.292 0.674 1.587 3.250 R HAx HAx R 3.014
4.4 **x 3600 0.838 0.336 0.498  1.137  2.580  4.483  *** ok **x 3.3%6
45  *%% 3925  1.072  0.432 0.416 0815  2.082  3.790  *** Horx ¥ 3,630
4.6 *** 4204 1.209  0.548  0.399  0.604  1.733  3.287  *** Horx ¥ 3.903
4.7 *F% 4432 1500 0.670  0.419  0.469  1.486 2,914  4.887  *** *Rx 4131
4.8  *FX 4640  1.693  0.790  0.454  0.383  1.300  2.619  4.466  *** ¥ 4319
4.9 **x 43839  1.882 0.913 0.501  0.327 1.138  2.350  4.073  *** *RE L 4.482
5.0 e *** 2084 1.052 0.558  0.288  0.991  2.090  3.677  *** **x 4,640
5.1 HAx HAx 2.323 1.215 0.633 0.265 0.847 1.825 3.267 4.912 R 4.804
5.2 HAx HAx 2.598 1.412 0.732 0.260 0.711 1.554 2.834 4.297 4.696 4.985
5.3 e *¥* 20938 1.660 0.873 0.279 0.585 1.277 2380 3.646 3.728  5.199
5.4 e ¥ 3346  1.968 1.062 0.337 0482 1009 1919 2973  2.747  5.465
5.5 e *¥% 3840  2.348  1.316 0.457  0.427 0.775 1479  2.304 1.788  5.861
5.6 e *$% 4502  2.891 1.714 0.700 0.488 0.645 1128 1.716 0.931  6.745
5.7 e ok *¥x 3752 2433 1.259 0.854 0.807 1.060  1.397  0.380  8.567
5.8 e ok x *%% 3532 2190  1.587  1.330  1.346  1.428 0.219  9.854
5.9 wxx ok - *xx 4772 3.257 2.454  1.983  1.760 1.585  0.231 10.307
6.0 xxx ok -3 ¥ **x 4355  3.349  2.659  2.192  1.760  0.299 10.562
6.1 Horx Horx g i £ *¥% 4245  3.338  2.630 1.945  0.404 10.827
6.2 xxx Horx ThY *ry Vi - ¥¥x 4036 3.093 2162  0.556 11.169
6.3 xxx Horx o - ¥ i g+ ¥kx 4787  3.613 2444 0778 11.626
6.4 HAx HAx i g e gy & o 4.227 2.830 1.107 12.239
6.5  xxx ok * 2k Y A o R ¥¥x 4967  3.355  1.570 12.959
6.6 %k kK %k kK * KA Kk % %k 4k Xk * kK * kK %k kK 4053 2.199 13.811
67 %k kK %k kK Kk * Xk ok % X ok kK * Kk * Kk 2k % k. 4967 3.038 14902
6.8 o+ ok o+ ok ok ok * ek %%k ok * %k % Xk oKk ¥k ok o+ ok 4.110 16.151

log T Catl0 cat!l cat!? cat?® cat!® catl® cat'® catl? cat!® cat!® cat?0 (Q)
5.3 3728 %k kK * Kk % Kk ohe-ohe o 4 ok ok % Xk ok Kk %k kK %k kK * Kk 5.199
5.4 2.747 4.104 ok ok ok K Hok k. ok %k % ok K ok K o+ ok o+ ok ok ok 5.465
5.5 1.788 2.879 4.596 ok K e e ok * Ok ok ok ok ok ok o+ ok o+ ok ok ok 5.861
5.6 0.931 1.782 3.239 ok K kK %k * Kk kK ok ok o+ ok o+ ok ok ok 6.745
57 0380  1.021  2.227  3.893 . *xx ) i xoxx ok ok x*x 8567
58 0219  0.676.  1.643  3.082  **x C0 oo B A ok **xx 9.854
5.9 0.231 0.528 1.264 2.470 4.251 ke e ol kg HAx X 10.307
6.0 0.299 0.452 © 0.975. 1.942  3.486 . *** s s i ok xx5 10,562
6.1 0404 0.425 0.747 1.464 2767 4.150  *** o0 ey Horx ¥ 10.827
6.2  0.556  0.447  0.586 1.050 2.101  3.234  4.687  *** e Horx ¥ 11.169
6.3 0778 0.538 0.499  0.725 1.524 2407 3.587  4.924  *** Horx ¥ 11.626
6.4 1107 0.735 0.530 0.488 1.035 1676 2.586 3.633  4.543  **x **% 12239
6.5 1.570 1.063 0.696  0.408  0.706  1.116  1.767  2.539  3.172  *** *%% 12,959
6.6 2199 1.551  1.027  0.503 0.558 0.750  1.150  1.657  2.023  4.551  ***  13.811
6.7 3.038 2245 1.559 (10.806 0.626 0.612 0777 _1.041  1.154  3.373  ***  14.902
6.8  4.110 3.168 2.325  1.357 0.951 0.743 0.681 = 0.718  0.594 2.513  ***  16.151
6.9  *** O 40278 3278 2104  1.493 1100 0.824 ©0.649  0.306 .1.930 4.201 17.078
7.0 e ¥¥% 4340 2,970  2.145 1.572 1.090 0.720 0.179 _1.518 3.510 17.563
7.1 Horx i *xx 3845 2.826 = 2,079 1.403 0.845 0.120 1.198 2,911 17.812
7.2 e Horx ¥¥x 4710  3.504 2.588  1.726  0.989  0.122  0.932 - 2.379 17.976
7.3 HAx HAx R R 4.172 3.092 2.053 1.144 0.146 0.718 1.909 18.124
7.4 ¥\ W 4 Cr W 4.835 3.596 2.386 1.312 0.202 0.543 1.493 18.293
7.5 % il XY . i | 4.110 2.737 1.502 0.291 0.418 1.136 18.492
7.6 Rxk i | poxx *%%014.636 | 3.108 | 1.719 | 0.415. 0.344 . 0.844 18.718
T e Horx Hoxx Hoxx Horx ¥ 3508 1.970 0.576  0.318 0.615 18.955
7.8 e Horx Hoxx Hoxx Horx ¥ 30937  2.253 0.770  0.334  0.442 19.180
7.9 e Horx Hoxx Hoxx Horx ¥ 4386 2.561 0.988  0.384  0.317 19.373
8.0 HAE HAE X X HAE HAE 4.850 2.889 1.223 0.457 0.229 19.527
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Table A9.1: The charge abundance for Fe with Maxwellian distribution.

89

log T Fet? Fet! TFet? Fetd3 Fet? Fet® Fet6 Fet? Fet® Fet? Fet'0 petl! pet!? petl!d (Q)
40 0916 0056 4000 % K K % K K % K K % K K % K K % K K kK kK kK kK kK 0879
4.1 1.454 0.019 2.166 koK koK koK koK koK koK koK koK koK koK koK 0.972
4.2 1.978 0.085 0.778 koK koK koK koK koK koK koK koK koK koK koK 1.156
4.3 2.883 0.588 0.131 koK koK koK koK koK koK koK koK koK koK koK 1.739
4.4 3.921 1.292 0.023 3.058 koK koK koK koK koK koK koK koK koK koK 1.950
45 4718 1750 0022 1506 % KK % KK % KK % KK % KK xR xR xR xR xR 2013
46 % KK 2149 0157 0528 3813 % KK % KK % KK % KK xR xR xR xR xR 2289
47 % KK 2691 0507 0170 1968 % KK % KK % KK % KK xR xR xR xR xR 2696
4.8 HAx 3.250 0.901 0.126 0.901 3.638 HAx HAx HAx R R R R R 2.999
4.9 Hokk 3.876 1.370 0.281 0.378 1.839 Hokk Hokk Hokk R R R R R 3.405
5.0 Hokk 4.633 1.981 0.613 0.224 0.832 3.043 Hokk Hokk R R R R R 3.884
5.1 Hokk Hokk 2.709 1.099 0.322 0.370 1.807 4.077 Hokk R R R R R 4.374
5.2 Hokk Hokk 3.539 1.699 0.583 0.208 1.021 2.487 4.930 R R R R R 4.800
5.3 Hoxok Hoxok 4.438 2.384 0.972 0.251 0.541 1.401 = 3.052 Hokx Hokx Hokx Hokx Hokx 5.255
5.4 HAx HAx HAx 3.194 1.524 0.505 0.350 0.718 1.740 R R R R R 5.853
5.5 HAx HAx HAx 4.178 2.273 0.986 0.442 0.394 0.899 3.999 R R R R 6.542
5.6 HAx HAx HAx HAx 3.186 1.659 0.768 0.361 0.433 2.657 R R R R 7.156
5.7 Hokk Hokk Hokk Y 4.179  2.433 1.233 0.511 0.215 1.712 3.472 R R R 7.583
5.8 Hokk Hokk Hokk Hokk o 3.253 1.769 0.762 0.147 1.047 2.162 3.579 R R 7.896
5.9 Hokk Hokk Hokk f g 4.123 2.382 1.117 0.219 0.615 1.202 2.051 3.212 R 8.313
6.0 Hokk Hokk Hokk HoAx g P 3.167 1.663 0.512 0.494 0.640 1.010 1.671 2.956 9.140
6.1 HAx HAx HAx e e 3 4.286 2.562 1.179 0.803 0.567 0.528 0.760 1.536 10.446
6.2 HAx HAx HAx — - y J b 3.803 2.209 1.516 0.963 0.572 0.437 0.781 11.683
6.3 HAx HAx HAx i) o oy ok & 3.515 2.546 1.705 1.015 0.559 0.534 12.898
6.4 Hokk Hokk Hokk b e i 3 ol ok -4 e 3.849 2.747 1.793 1.053 0.701 14.084
6.5 koK koK koK koK *okok ok K * koK koK koK koK 3.949 2.760 1.761 1.125 14.881
6.6 koK koK koK koK koK koK *okoK koK koK ook koK 3.785 2.555 1.654 15.391
6.7 koK koK koK koK Hokok Kk Hokok Hokk koK koK Hokok 4.842 3.398 2.270 15.862
68 % KK % KK % KK % %k K % kK % K LR T % K K % Kk X KK xR xR 4330 2987 16574
69 % KK % KK % KK % Kk % kK % kK % Kk K KK % KK * kK xR xR xR 3943 17863

log T Fet13 wetld petld petl6 petlT petl8 pet+29 pet20 pet2l pet22 pet23 pet24 pet25 pet26 (Q)
60 2956 4506 % KK % KK % %k % Kk KK kK ok Kk xR xR xR xR xR 9140
61 1536 2538 3884 4862 KK Lt * %k % KK % Kk xR xR xR xR xR 10446
62 0781 1325 2180 2845 % KK % K K KK % K K % KK xR xR xR xR xR 11683
6.3 0.534 0.674 1.136 1.570 4.006 *2% i/ i’ g gk * R R R R xRk 12,898
6.4 0.701 0.496 0.626 0.864 2.676  4.914 LY b s g i R R K 14,084
6.5 1.125 0.613 0.464 0.518 1.826 3.444 s 5 - Jen - R R *EE 14,881
6.6 1.654 0.874 0.480 0.349 1.237 2.348 3.465 — — — -3 R R xRk 15,391
6.7 2.270 1.240 0.617 0.296  0.821 1.507 2.144 3.256 4.556 L s 1 Hokx Hokx Hokx 15.862
6.8 2.987 1.738 0.902 0.390 0.602 0.918 1.201 1.909 2.780 3.849 x R R kX 16.574
6.9 3.943 2.488 1.451 0.748 0.679 0.683 0.641 1.005 1.512 2.178  3.101 4.200 R kX 17.863
7.0 HAx 3.620 2.387 1.494 1.168 0.888 0.560 0.619 0.810 1.137 1.710 2.450 R *¥*X 0 19.485
7.1 Hokk Hokk 3.658 2.584 2.027 1.496 0.915 0.703 0.617 0.642 0.913 1.355 R xRk 21,016
7.2 Hokk Hokk Hokk 3.933 3.162 2.398 1.585 1.130 0.793 0.554 0.557 0.751 3.828 Rk 22,225
7.3 Hokk Hokk Hokk Hokk 4.399 3.421 2.396 1.722 1.162 0.688 0.460 0.450 2.840 K 22,940
7.4 Hokk Hokk Hokk Hokk BN 4.477 . 3.253 2.374 1.608 0.916 0.477 0.294 2.136 4.489 23.337
7.5 Hoxok Hoxok L+ * i ' % 4.083  3.014 - 2.0561.171  0.551 -0.211 1.593 3.462 23.579
7.6 HAx HAx B HAx il T 4.884 3.636 2.508 1.444 0.649 0.176 1.170 2.628 23.766
7.7 Hoxok Hoxok Ul Hoxok ol (o o 4.251  2.953  1.720 0.775 0.181 0.848 1.962 23.954
7.8 HAx HAx HAx HAx KX HAx Hoxok 4.856 3.402 2.019 0.934 0.224 0.618 1.442 24.177
7.9 Hokk Hokk Hokk Hokk Hokk Hokk  mll Hokk 3.868 2.342 1.126 0.310 0.469 1.040 24.438
8.0 L1y O HoK - - o L -y 4.354 .2.696 1.366 = 0.442 0.386. 0.740 24.728
8.1 M e L ™ *q b 4 ke e} 4.840 3.056 1.618 0.603 0.364 0.533 24.993
8.2 Y | ol bl *q* o ol e ey ki 3.455 1.898 0.793 0.383 0.385 25.224
8.3 KX HAX HAx HAX HAx HAx HHx HAx HAx 3.799 2.170 0.980 0.430 0.286 25.398
8.4 Hoxk Hoxok Hoxok Hoxok Hoxok Hoxok Hoxok Hoxok Hoxok 4.157 2.442 1.172 0.487 0.219 25.529
8.5 HAx HAx HAx Hoxok Hoxok Hoxok Hoxok Hoxok Hoxok 4.491 2,700 1.358 0.554 0.171 25.627
8.6 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.809 2.945 1.535 0.625 0.135 25.701
8.7 koK koK koK koK koK koK koK koK koK koK 3.177 1.703 0.694 0.109 25.756
8.8 koK koK koK koK koK koK koK koK koK koK 3.304 1.856 0.759 0.091 25.797
8.9 koK koK koK koK koK koK koK koK koK koK 3.590 1.999 0.822 0.076 25.829
90 % KK % KK % KK % KK % KK % KK % KK % KK % KK xR 3780 2137 0883 0065 25854




Table A9.2: The charge abundance for Fe with k = 10.

90

log T Fet? Fet! TFet? Fetd3 Fet? Fet® Fet6 Fet? Fet® Fet? Fet'0 petl! pet!? petl!d (Q)
40 2.031 0134 0.590 4071 % K K % K K % K K % K K % K K kK kK kK kK kK 1248
4.1 2.611 0.453 0.191 2.828 koK koK koK koK koK koK koK koK koK koK 1.644
4.2 3.362 0.962 0.057 1.883 koK koK koK koK koK koK koK koK koK koK 1.903
4.3 4.126 1.490 0.051 1.102 3.879 Hokk Hokk Hokk Hokk R R R R R 2.047
4.4 4.840 1.980 0.165 0.519 2.490 Hokk Hokk Hokk Hokk R R R R R 2.299
4.5 HAx 2.511 0.460 0.212 1.430 4.127 HAx HAx HAx R R R R R 2.685
4.6 HAE 3.078 0.865 0.173 0.725 2.637 HAE HAE HAE X X X X X 3.055
4.7 HAE 3.675 1.330 0.330 0.341 1.529 3.843 HAE HAE X X X X X 3.468
4.8 HAx 4.310 1.847 0.616 0.236 0.797 2.478 HAE HAE X X X X X 3.896
4.9 Hokk Hokk 2.419 1.006 0.329 0.396 1.579 3.428 Hokk R R R R R 4.350
5.0 Hokk Hokk 3.044 1.453 0.531 0.243 1.032 2.308 4.265 R R R R R 4.735
5.1 Hokk Hokk 3.693 1.937 0.793 0.231 0.681 1.517 2.976 R R R R R 5.088
5.2 Hokk Hokk 4.423 2.481 1.125 0.333 0.472 0.959 2.020 R R R R R 5.504
5.3 HAx HAx HAx 3.120 1.562 0.562 0.404 0.594 1.312 4.610 R R R R 6.021
5.4 HAE HAE HAE 3.890 2.133 0.932 0.487 0.405 0.808 3.507 X X X X 6.574
5.5 HAx HAx HAx 4.772  2.823 1.427 0.708 0.368 0.476 2.610 4.940 X X X 7.064
5.6 HAE HAE HAE HAE 3.603 2.019 1.036 0.448 0.277 1.887 3.671 X R R 7.443
5.7 Hokk Hokk Hokk Y 4.442 2.675 1.438 0.611 0.177 1.307 2.593 4.046 R R 7.730
5.8 Hokk Hokk Hokk Hokk o 3.381 1.902 0.847 0.166 0.856 1.692 2.716 3.945 R 8.018
5.9 Hokk Hokk Hokk f g 4.166 2.460 1.187 0.271 0.570 1.002 1.628 2.463 3.972 8.481
6.0 Hokk Hokk Hokk HoAx g P 3.209 1.726 0.589 0.536 0.610 0.866 1.333 2.391 9.378
6.1 HAx HAx HAx e e 3 4.270 2.585 1.240 0.871 0.622 0.538 0.664 1.308 10.657
6.2 HAx HAx HAx — - y J b 3.789 2.246 1.591 1.050 0.657 0.468 0.736 12.022
6.3 HAE HAE HAE -0 g o kel &l 3.669 2.754 1.950 1.275 0.795 0.718 13.849
6.4 Hokk Hokk Hokk b e i 3 ol ok -4 e 4.319 3.270 2.341 1.592 1.201 15.147
6.5 koK koK koK koK *okok ok K * koK koK koK koK 4.686 3.527 2.531 1.852 15.653
6.6 koK koK koK koK koK koK *okoK koK koK ook koK 4.691 3.463 2.522 15.940
6.7 koK koK koK koK Hokok koK Hokok koK koK koK Hokok Hokok 4.381 3.199 16.263
6.8 % KK % KK % KK % %k K % kK % K LR T % K K % Kk X KK xR xR xR 3937 16846
6.9 % KK % KK % KK % Kk % kK % kK % Kk K KK % KK * kK xR xR xR 4832 17921

log T Fet!3 Fetl? Fetld Fetl6 Fetl? metl8 pet29 pet20 pet2l pet?2 pet23 pet2? pet2® Ret26  (Q)
5.9 3972 % KK % KK % KK % %k % Kk KK kK ok Kk xR xR xR xR xR 8481
6.0 2.391 3570 % KK % KK KK Lt * %k % KK % Kk xR xR xR xR xR 9378
6.1 1.308 2044 2.992 3.388 % KK % K K KK % K K % KK xR xR xR xR xR 10657
6.2 0.736 1.056 1.575 1.692 3.833 *2% i/ i’ g gk * R R R R K 12,022
6.3 0.718 0.663 0.800 0.694 2.408  4.626 LY b s g i R R xRk 13,849
6.4 1.201 0.804 0.611 0.317 1.657 3.391 s 5 - Jen - R R EE 15,147
6.5 1.852 1.145 0.666 0.201 1.210 2.519 3.832 — — — -3 R R ¥k 15.653
6.6 2.522 1.532 0.803 ~0.179 0.885 1.819 2.731 4.065 Xk Hak P X X *EE S 15.940
6.7 3.199 1.953 1.004 0.226 0.655 1.251 1.813 2.784 3.924 loty x R R R 16.263
6.8 3.937 2.458 1.306 0.378 0.550 0.844 1.088 1.738 2.533 3.516  4.731 X X *EE S 16.846
6.9 4.832 3.140 1.803 0.728 0.663 0.681 0.642 0.995 1.484 2.133 3.009 4.061 R ¥EX O 17.921
7.0 Hokk 4.109 2.599 1.378 1.087 0.849 0.555 0.641 0.849 1.197 1.773 2.513 R xRk 19,344
7.1 Hokk Hokk 3.698 2.335 1.830 1.357 0.828 0.667 0.623 0.697 1.001 1.471 4.547 K 20,774
7.2 Hokk Hokk Hokk 3.535 2.830 2.140 1.393 1.005 0.729 0.555 0.612 0.848 3.401 xRk 21,985
7.3 Hokk Hokk Hokk 4.866 3.972 3.078  2.131 1.531 1.043 ~0.642 0.478 0.511 2.593 k22,781
7.4 HAx HAx L et *HgE 4.073+ 2.935  2.137 - 1.448 - 0.838 0.473 - 0.334 1.999 4.166 23.241
7.5 HAE HAE [ HAE g i 3.744 2.760 1.885 1.082 0.531 0.238 1.537 3.312 23.523
7.6 HAx HAx 3 HAx folv O 4.528 3.373 2.325 1.344 0.624  0.193 1.165 2.594 23.729
7.7 HAE HAE HAX HAE HAX HAX HAX 3.979 2.765 1.617 0.742 0.188 0.873 1.997 23.919
7.8 Hokk Hokk Hokk Hokk Hokk Hokk  mll 4.575 3.2071.904 0.886 0.220 0.651 1.509 24.128
7.9 L1y O HoK - - o L -y 3.664 .2.217 _1.067 = 0.292 0.494 1.115 24.375
8.0 M e L ™ *q b 4 ke e} 4.131 2.549  1.278 0.401 0.403 0.817 24.641
8.1 Y | ol bl *q* o ol e ey 4.610 2.902 1.520 0.548 0.366 0.595 24.907
8.2 KX HAX HAx HAX HAx HAx HHx HAx HAx 3.266 1.781 0.718 0.372 0.435 25.141
8.3 *EY HAE HAE HAE HAE HAE HAE HAE HAE 3.627 2.048 0.899 0.407 0.325 25.328
8.4 HAx HAx HAx HAx HAx HAx HAx HAx HAx 3.984 2.317 1.088 0.461 0.246 25.475
8.5 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.323 2,576 1.272 0.523 0.191 25.585
8.6 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.646 2.824 1.449 0.590 0.151 25.667
8.7 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.946 3.055 1.614 0.658 0.122 25.729
8.8 koK koK koK koK koK koK koK koK koK koK 3.278 1.776 0.724 0.100 25.776
8.9 % KK % KK % KK % KK % KK % KK % KK % KK % KK xR 3485 1.925 0789 0.083 25.813
9.0 % KK % Kk % KK % KK % KK % KK % KK % K K % KK xR 3679 2064 0.851 0071 25841
9.1 % KK % KK % KK % KK % KK % KK % KK % KK % KK xR 3.860 2.195 0.909 0.060 25864
9.2 % KK % KK % KK % KK % KK % KK % KK % KK % KK xR 4032 2.319 0.966 0.052 25.882
9.3 koK koK koK koK koK koK koK koK koK koK 4.194 2.435 1.019 0.046 25.897
9.4 koK koK koK koK koK koK koK koK koK koK 4.346 2.545 1.070 0.040 25.909
9.5 koK koK koK koK koK koK koK koK koK koK 4.491 2.649 1.119 0.035 25.919




Table A9.3: The charge abundance for Fe with k = 5.
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log T Fet? Fet! TFet? Fetd3 Fet? Fet® Fet6 Fet? Fet® Fet? Fet'0 petl! pet!? petl!d (Q)
4.0 3.305 0.862 0.095 1.241 3.484 HAx HAx HAx HAx R R R R R 1.920
4.1 3.910 1.312 0.108 0.772 2.522 Hokk Hokk Hokk Hokk R R R R R 2.126
4.2 4.564 1.818 0.230 0.426 1.690 4.051 Hokk Hokk Hokk R R R R R 2.401
4.3 Hokk 2.378 0.485 0.241 1.032 2.902 Hokk Hokk Hokk R R R R R 2.760
4.4 Hokk 2.998 0.882 0.232 0.569 1.957 4.206 Hokk Hokk R R R R R 3.159
4.5 HAx 3.644 1.367 0.390 0.310 1.228 3.003 HAE HAE X X X X X 3.568
4.6 HAx 4.299 1.906 0.682 0.239 0.713 2.039 4.063 HAE X X X X X 3.980
4.7 HAE 4.957 2.473 1.060 0.335 0.399 1.323 2.880 4.996 R R R R R 4.404
4.8 HAE HAE 3.016 1.503 0.554 0.270 0.854 1.974 3.639 X X X X X 4.817
4.9 Hokk Hokk 3.628 1.950 0.831 0.275 0.586 1.320 2.578 R R R R R 5.192
5.0 Hokk Hokk 4.194 2.408 1.139 0.371 0.459 0.873 1.786 R R R R R 5.584
5.1 Hokk Hokk 4.811 2.886 1.477 0.543 0.435 0.597 1.232 4.252 R R R R 6.014
5.2 Hokk Hokk Hokk 3.413 1.863 0.786 0.491 0.446 0.853 3.528 R R R R 6.448
5.3 HAx HAx HAx 4.005 2.311 1.094 0.611 0.385 0.591 2.916 X X X X 6.838
5.4 HAE HAE HAE 4.660 2.818 1.463 0.789 0.391 0.408 2.379 4.461 R R R 7.164
5.5 HAE HAE HAE HAE 3.387 1.891 1.022 0.451 0.280 1.889 3.602 R R R 7.429
5.6 HAx HAx HAx HAx 4.016 2.375 1.304 0.559 0.199 1.441 2.791 4.121 R R 7.651
5.7 Hokk Hokk Hokk Y 4.698 2.908 1.637 0.715 0.164 1.056 2.049 3.089 4.236 R 7.866
5.8 Hokk Hokk Hokk Hokk o 3.506 2.032 0.932 0.190 0.745 1.400 2.150 3.022 4.639 8.148
5.9 Hokk Hokk Hokk f g 4.207 2.534 1.253 0.321 0.557 0.888 1.347 1.945 3.206 8.658
6.0 Hokk Hokk Hokk HoAx g P 3.227 1.765 0.646 0.583 0.616 0.785 1.108 2.024 9.586
6.1 HAx HAx HAx e e 3 4.196 2.556 1.252 0.910 0.666 0.559 0.613 1.200 10.794
6.2 HAx HAx HAx — g g 4 xS 3.652 2.168 1.567 1.063 0.690 0.485 0.747 12.146
6.3 HAE HAE HAE -0 g o kel &l 3.470 2.628 1.881 1.256 0.801 0.762 13.959
6.4 Hokk Hokk Hokk b e i 3 ol ok -4 e 4.050 3.076 2.215 1.522 1.200 15.218
6.5 koK koK koK koK *okok ok K * koK koK koK koK 4.383 3.304 2.382 1.795 15.727
6.6 koK koK koK koK koK koK *okoK koK koK ook koK 4.393 3.255 2.420 16.024
6.7 koK koK koK koK Hokok koK Hokok koK koK koK Hokok Hokok 4.129 3.061 16.353
6.9 % KK % KK % KK % %k K % kK % K LR T % K K % Kk X KK xR xR xR 4579 17855

log T FetT!3 Fetl? petld Fetl6 RetlT Fet!8 Fet?? Ret20 Fet2l Ret22 pet23 Fet2? pet2® Ret26  (Q)
5.8 4.639 koK koK koK Kok koK koK koK koK koK koK koK koK koK 8.148
5.9 3.206 4530 % KK % KK % %k % Kk KK kK ok Kk xR xR xR xR xR 8.658
6.0 2024 2987 4154 4593 KK Lt * %k % KK % Kk xR xR xR xR xR 9.586
6.1 1.200 1.814 2.603 2.772 4.652 i HEX HAH KX R R R R R 10.794
6.2 0.747 1.025 1.461 1.412 2.981 *2% i/ i’ g gk * R R R R K 12,146
6.3 0.762 0.721 0.833 0.606 1.893  3.685 LY b s g i R R xRk 13,959
6.4 1.200 0.859 0.678 0.299 1.329 2.763 4.202 5 - Jen - R R xRk 15,218
6.5 1.795 1.172 0.728 0.209 1.004 2.114 3.210 4.695 — — -3 R R ERE15.727
6.6 2.420 1.534 0.855 0.203 0.770 1.584  2.368 3.535 4.882 Hak P R R kX 16.024
6.7 3.061 1.930 1.040  0.257 0.610 1.148 1.639 2.517 3.554 4.800 < X X *EE S 16.353
6.8 3.754 2.396 1.313 0.400 0.546 0.827 1.051 1.658 2.408 3.343  4.489 R R kX 16.902
6.9 4.579 3.010 1.748 0.704 0.645 0.686 0.665 1.020 1.506 2.153 3.009 4.038 X *EE S 17.855
7.0 Hokk 3.843 2.414 1.239 0.985 0.799 0.555 0.676 0.918 1.299 1.891 2.647 R ¥Rk 19,111
7.1 Hokk 4.943 3.355 2.049 1.603 1.202 0.736 0.634 0.646 0.784 1.131 1.642 4.271 EE S 20.446
7.2 Hokk Hokk 4.533 3.095 2.463 1.858 1.188 0.875 0.672 0.574 0.698 0.986 3.230 xRk 21.657
7.3 Hokk Hokk Hokk 4.302 3.494 2.694 1.831 1.318 0.912 0.600 0.511 0.603 2.490 4.876 22.544
7.4 HAx HAx L et 4.600 3.616 2572 1.869 - 1.271--.0.757 0.473 -0.390 1.944 3.984 23.095
7.5 HAE HAE [ HAE g 4.560 3.343 2.459 1.681 0.977 0.511 0.275 1.526 3.246 23.433
7.6 HAx HAx 3 HAx folv O 4.111  3.056 2.106 = 1.226 0.592 = 0.216 1.186 2.609 23.668
7.7 HAE HAE HAX HAE HAX HAX 4.869 3.650 2.537 1.489 0.700 0.199 0.910 2.065 23.866
7.8 Hokk Hokk Hokk Hokk Hokk Hokk  mll 4.241 2.973 1.769 0.833 0.217 0.693 1.599 24.069
7.9 L1y O HoK - - o L 4.834 . 3.417 2.065 0.994 0.270 0.534 1.219 24.293
8.0 M e L ™ *q b 4 ke e} 3.871 2.381  1.185 0.360 0.430 0.912 24.542
8.1 Y | ol bl *q* o ol e ey 4.339 2.718 1.407 0.486 0.376 0.676 24.799
8.2 KX HAX HAx HAX HAx HAx HHx HAx 4.812  3.069 1.651 0.638 0.365 0.501 25.038
8.3 *EY HAE HAE HAE HAE HAE HAE HAE HAE 3.426 1.908 0.810 0.388 0.374 25.242
8.4 HAx HAx HAx HAx HAx HAx HAE HAE HAE 3.778 2.169 0.989 0.431 0.284 25.403
8.5 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.118 2.425 1.169 0.488 0.219 25.528
8.6 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.449 2.677 1.347 0.552 0.172 25.623
8.7 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.761 2.917 1.518 0.618 0.138 25.695
8.8 koK koK koK koK koK koK koK koK koK koK 3.142 1.679 0.684 0.113 25.749
8.9 % KK % Kk % KK % KK % KK % KK % KK % K K % KK xR 3.355 1.833 0749 0.093 25791
9.0 % KK % KK % KK % KK % KK % KK % KK % KK % KK xR 3.555 1977 0.812 0078 25824




Table A9.4: The charge abundance for Fe with k = 3.
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log T Fet? Fet! TFet? Fetd3 Fet? Fet® Fet6 Fet? Fet® Fet? Fet'0 petl! pet!? petl!d (Q)
4.0 4.898 2.003 0.484 0.290 0.844 2.259 4.375 HAX HAX X X X X X 2.806
4.1 Hokk 2.581 0.787 0.286 0.533 1.636 3.433 Hokk Hokk R R R R R 3.172
4.2 Hokk 3.218 1.182 0.395 0.343 1.132 2.615 4.687 Hokk R R R R R 3.542
4.3 Hokk 3.905 1.675 0.611 0.266 0.747 1.918 3.669 Hokk R R R R R 3.916
4.4 Hokk 4.607 2.221 0.921 0.302 0.483 1.351 2.786 4.701 R R R R R 4.291
4.5 HAx HAx 2.805 1.314 0.447 0.337 0.913 2.035 3.632 X X X X X 4.682
4.6 HAx HAx 3.423 1.769 0.690 0.306 0.610 1.429 2.715 X X X X X 5.086
4.7 HAx HAx 4.031 2.262 1.011 0.381 0.441 0.969 1.956 4.508 R R R R 5.502
4.8 HAx HAx 4.636 2.769 1.382 0.542 0.394 0.652 1.359 3.765 X X X X 5.936
4.9 Hokk Hokk Hokk 3.278 1.783 0.769 0.451 0.470 0.925 3.189 R R R R 6.374
5.0 Hokk Hokk Hokk 3.773 2.185 1.037 0.578 0.395 0.633 2.751 4.942 R R R 6.768
5.1 Hokk Hokk Hokk 4.248 2.575 1.317 0.738 0.391 0.449 2.409 4.432 R R R 7.076
5.2 Hokk Hokk Hokk 4.698 2.945 1.594 0.905 0.423 0.334 2.120 3.967 R R R 7.300
5.3 HAE HAE HAE HAE 3.309 1.871 1.070 0.474 0.259 1.856 3.511 4.810 R R 7.466
5.4 HAx HAx HAx HAx 3.681 2.156 1.240 0.538 0.208 1.601 3.050 4.199 X X 7.600
5.5 HAx HAx HAx HAx 4.081 2.465 1.425 0.617 0.174 1.347 2.582 3.579 4.596 R 7.724
5.6 HAx HAx HAx HAx 4.519 2.805 1.634 0.717 0.158 1.101 2.099 2.936 3.802 X 7.856
5.7 Hokk Hokk Hokk Y p—— 3.192 1.881 0.848 0.167 0.873 1.633 2.301 3.006 4.539 8.029
5.8 Hokk Hokk Hokk Hokk o 3.647 2.187 1.030 0.220 0.682 1.200 1.690 2.229 3.530 8.314
5.9 Hokk Hokk Hokk f g 4.208 2.593 1.305 0.359 0.576 0.853 1.149 1.516 2.577 8.841
6.0 Hokk Hokk Hokk HoAx g 4.938 3.164 1.738 0.650 0.626 0.667 0.764 0.949 1.762 9.721
6.1 HAE HAE HAE *E S 5 3.959 2.390 1.155 0.897 0.704 0.595 0.600 1.163 10.804
6.2 HAx HAx HAx — - y J b 3.286 1.901 1.417 1.002 0.686 0.489 0.800 12.039
6.3 HAx HAx HAx i) o oy ok 4.496 2.958 2.256 1.627 1.102 0.708 0.770 13.730
6.4 Hokk Hokk Hokk b e i 3 ol ok -4 4.347  3.435 2.601 1.871 1.279 1.098 15.131
6.5 Hokk Hokk Hokk s il £ 3 ¥EE % R 4.771 3.741 2.810 2.024 1.606 15.763
6.6 koK koK koK koK koK koK *okoK koK koK ook 4.918 3.796 2.815 2.169 16.097
6.7 koK koK koK koK Hokok koK Hokok Hokk koK Hkk Hokok 4787 3.618 2.753 16.410
6.8 % KK % KK % KK % %k K % kK % K LR T % K K % Kk X KK xR xR 4451 3376 16.866
6.9 % KK % KK % KK % Kk % kK % kK % Kk K KK % KK * kK xR xR xR 4084 17598

log T Fet!3 Fetl? Fetld Fetl6 Fetl? metl8 pet29 pet20 pet2l pet?2 pet23 pet2? pet2® Ret26  (Q)
57 4539 % KK % KK % KK % %k % Kk KK kK ok Kk xR xR xR xR xR 8.029
5.8 3.530 4827 % KK % KK KK Lt * %k % KK % Kk xR xR xR xR xR 8314
5.9 2577 3.631 4903 % KK % KK % K K KK % K K % KK xR xR xR xR xR 8841
6.0 1.762 2.566 3.554 3.759 koK koK koK koK koK koK koK koK koK koK 9.721
6.1 1.163 1.712 2.417 2.410 3.749 A LY b s g i R R ¥k 10.804
6.2 0.800 1.093 1.520 1.336 2.469 4.217 s 5 - Jen - R R xRk 12,039
6.3 0.770 0.807 0.965 0.632 1.574 3.056 4.529 — — — -3 R R xRk 13,730
6.4 1.098 0.883 0.787 0.327 1.092 2.315 3.522 ek ek ok ok a1 R R *¥*kx o 15.131
6.5 1.606 1.147 0.811  0.240 0.838 1.813 2.764 4.076 ol L < X X *EE O 15.763
6.6 2.169 1.471 0.915 0.238 0.675 1.416 2.120 3.183 4.411 _al R R R R 16.097
6.7 2.753 1.826 1.067 0.288 0.570 1.091 1.561 2.391 3.377 4.579 R R R kX 16.410
6.8 3.376 2.233 1.287 0.402 0.529 0.839 1.088 1.699 2.452 3.399  4.531 R R K 16.866
6.9 4.084 2.734 1.615 0.623 0.592 0.700 0.740 1.140 1.672 2.376 3.266 4.321 R *EE S 17.598
7.0 4.934 3.388 2.106 1.005 0.816 0.730 0.569 0.771 1.092 1.566 2.228 3.052 R xRk 18.619
7.1 Hokk 4.239 2.802 1.588 1.241 0.965  0.615 0.622 0.744 0.999 1.445 2.048 4.365 xRk 19,781
7.2 HAE HAE 3.713-+.2.383 ~1.875+ 1.415- 0.881l. 0.702 - 0.630--.0.677.  0.920 -1.319 3.361 ERE20.944
7.3 HAE HAE 4.811 3.363 2.696 2.058 1.347 0.986 0.727 0.575 0.624 0.834 2.597 4.847 21.962
7.4 HAx HAx 3 4.475 3.648 2.835 1.954 1.416 0.979 @ 0.637 0.502  0.539 2.041 4.021 22.699
7.5 HAE HAE HAX HAE 4.671 3.692 2.643 1.933 1.323 0.797 0.488 0.368 1.621 3.342 23.178
7.6 Hokk Hokk Hokk Hokk Hokk 4.576 3.365 2.489 1.713 1.012 0.535 0.272 1.288 2.765 23.495
7.7 L1y O HoK - - o 4.095 3.057 . 2.120 1.252 _0.619 = 0.227 1.017 2.256 23.728
7.8 M e L ™ *q b 4 4.825 3.631 2.539 1.513 0.731 0.218 0.798 1.816 23.933
7.9 Y | ol bl *q* o ol e 4.206 2.965 1.787 0.866 0.242 0.625 1.435 24.138
8.0 HAE HAE HAE HAE HAX HAE HAX 4.785 3.400 2.079 1.026 0.298 0.498 1.118 24.358
8.1 *EN HAx HAx HAx HAx HAx HAx HAx 3.847 2.389 1.212 0.388 0.415 0.853 24.595
8.2 HAx HAx HAx HAx HAx HAx HAx HAx 4.303 2.716 1.425 0.508 0.373 0.646 24.834
8.3 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.761 3.052 1.655 0.650 0.366 0.491 25.052
8.4 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 3.398 1.902 0.813 0.389 0.371 25.245
8.5 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 3.742 2.154 0.984 0.430 0.286 25.399
8.6 Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk Hokk 4.077 2.403 1.157 0.485 0.223 25.521
8.7 HAx HAx HAx HAx HAx HAx HAx HAx HAx 4.400 2.646 1.329 0.546 0.176 25.615
8.8 HAE HAE HAE HAE HAE HAE HAE HAE HAE 4.710 2.883 1.497 0.610 0.142 25.687
8.9 % KK % KK % KK % KK % KK % KK % KK % KK % KK xR 3107 1657 0676 0.116 25743
9.0 % KK % KK % KK % KK % KK % KK % KK % KK % KK xR 3.318 1.808 0739 0.096 25785




Table A10.1: The charge abundance for Ni with Maxwellian distribution.
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log T Nit? wNit! Nit2 Nit3 Nit? Nt NP6 Nit7T o NitE o Nit? Nit10 Nt N2 Nt Nttt (Q)
4.0 0.494 0.168 4.861 kK Kk Kk kK Kk Kk kK Kk kK kK Kk kK 0.680
41 1409 0018 2714 *’ KK K K K K *’ KK K K K K *’ KK K K *’ KK *’ KK K K *’ KK 0963
42 2260 0036 1126 *’ KK K K K K *’ KK K K K K *’ KK K K *’ KK *’ KK K K *’ KK 1069
43 3153 0421 0208 4833 K K K K *’ KK K K K K *’ KK K K *’ KK *’ KK K K *’ KK 1619
44 4154 1227 0027 2720 K K K K *’ KK K K K K *’ KK K K *’ KK *’ KK K K *’ KK 1943
4.5 4.854 1.854 0.036 1.177 Kk Kk * kK Kk Kk * kK Kk * kK * kK Kk * kK 2.053
4.6 * kK 2.404 0.331 0.277 3.016 Kk * kK Kk Kk * kK Kk * kK * kK Kk * kK 2.526
4.7 * kK 3.074 0.865 0.087 1.355 Kk * kK Kk Kk * kK Kk * kK * kK Kk * kK 2.906
4.8 *¥% 3,643 1.342 0.206 0.481 2.783  K¥k  RRk kR kkk okk KRE kR KRk kEk 3908
4.9 F¥% 4260 1.862 0.505 0.195 1.447  F¥R  RRE Rk wkk Rk KkK kKK %Rk kkk 3606
5.0  *** 4953 2.431 0.875 0.162 0.760 3.593  FE¥  RRk wkx ok Rk ek Rk KRk 4,033
5.1 F®% xkx 3028 1.310 0.270 0.389 2.301  KXX Rk wkx Kk kK ek Kk KKK 4366
5.2 F%k sk 3600 1.802 0.476 0.207 1.541 B.821  FRE  skx ek Rk Rk kkk KR 4 663
5.3 F%E sk 4411 2357 0.769 0.153 0.925 2.408  F¥X . wkx kkk Rk Rk kkk KR 4046
5.4 Fwk wkx k90963 1,139 0.225 0.524 1.510 3.813  Rkx  kkk Rk kek kkk KRk 5 0gg
5.5 %k wkx kxk 3689 1,641 0.451 0.336 0.819 2.021 3.569  F¥¥  kRk kkk kkk kR 577
5.6  F*k  xkx xk 4557 2307 0.868 0.389 0.433 1.126 2.148 4.267  *¥*  kxx  xkx  xkx g 395
5.7 RRR wkx kkk xkx 30077 1,498 0.695 0.356 0.596 1.163 2.654  F¥*  kxx ek wkx 73]
5.8 FRE Rk kkx xk% 4959 2361 1.261 0.573 0.417 0.584 1.526 3.521  F¥*  xkx  xkx 7937
5.9 FRE wkx ok xkx sk 3423 2,051 1.052 0.538 0.348 0.805 2.188 3.966 ***  *** 8§75
6.0 ¥R kR ke kkk kEK 4651 3.025 1.741 0.899 0.381 0.417 1.283 2.486 3.493 *¥*  0.333
6.1 KR kR kkk ERK L kkk o kR% 4133 2588 1.457 0.645 0.303 0.720 1.453 1.943 3.177 9.993
6.2 KR RRE kk kkk kK Rk k%% 3654 2255 1.167 0.492 0.526 0.839 0.876 1.605 11.024
6.3 KR kR kR kRE Rk kRK L kkk sk 3478 2145 1,171 0.860 0.807 0.453 0.738 12.745
6.4 FER RRE Rk RRE Rk KRk skk o xk k% 3741 2497 1.882 1.500 0.795 0.690 14.988
6.5 RER RRE Rk Rk sk Rk RER EkR L RkR sk 4470 3,581 2.916 1.898 1.445 16.852
66 *’ KK *’ KK K K *’ kK K K K kK K *’ kK * kK X K K kK 3k K *’ KK 4511 3212 2451 17471
67 *’ KK *’ KK K K KK KK % kK X Kk K K o K K kK K K *’ KK *’ KK 4458 3419 17759
6.8 kK kK Kk * koK Kk % kK * kR o Kk % kK kKK K K kK kK Kk 4.346 18.044
log T Nit'% Nit!s nit16 Nit!7 nitl® Nt NifF20 Nit2l Ni+22 Nit28 Nit24 Nit25 NitF26 Nit27 N2 (Q)
6.1 3.177 4.628 Kk * kK % kK % Kk kK kK Kk * kK Kk * kK * kK Kk * kK 9.993
6.2 1.605 2.507 3.580 4.734 Kk kK K ok K Kk kK kK Kk * kK * kK Kk * kK 11.024
6.3  0.738 1.162 1.698 2.287 2,788  FRE kkk ki R kkk Rk RRE RER RkE RER D745
6.4 0.690 0.692 0.762 0.887 1.000 3.619  F¥% sk REE  skk ekl kRE RER skk REE 14088
6.5 1.445 1.078 0.743 0.489 0.447 < 2.373  4.447  ¥¥k  RRX L mkx kK kEk kkk xRk X%k 16,859
6.6 2.451 1.754 1.068 0.508 0.251 1.677 3.206 4.884  *¥X  ®ExX  xk o kkk kkx xRk X%k 17471
6.7 3.419 2.433 1.440 ~0.633 0.183 1.186 2.257 3.386 4.895  X*X  kEk . xkx  kkk skx kxk (7759
6.8 4.346 3.100 1.835 0.817 ~0:188 0:835 1.518 ~2.198 3:240 4484~ XX kxk xRk xkk X%k 18,044
6.9  *** 3.808 2.304 1.098 0.300 0.623 0.967 1.270 1.921 2.757 3.806 _ **% k%%  skk  kkk 858D
7.0 ¥** 4689 2.970 1.596 0.633 0.672 0.723 0.697 1.009 1.498 2.148 3.051 4.120 ***  *%¥  19.766
7.0 F®k ®k%x 3904 2462 1.341 1.128 0.909 0.599 0.618 0.797 1.118 1.684 2.415  *¥*  ¥¥¥  2]467
7.2 k®E wkx xk 3603 2418 1.968 1.505 0.941 0.699 0.609 0.641 0.915 1.367 *¥*  ¥%¥ 23014
7.3 R®R . wkx sk xkx 3715 3051 2.371 1.578 1.101 0.771 0.547 0.566 0.785 3.637  ***  24.171
T.4 0 FRE O RER ek xR Xx% 4945 3368 2.365 1.674 1.122 0.667 0.456 0.480 2.693 ***  24.886
7.5 KRR mRx ok xRk KKK kk% 4,379 3,185 2.298 1.544 0.880 0.464 0.318 1.999 4.312 25.294
7.6 RRE . ERR kR Rk Rk bk k%% 3978 2009 1,967 1.114 0.523  0.238 1.482 3.331 25.542
7.7 RRE L mks sk sk Rk kxR 4775 3,534 2,417 1.388 0.6200 0.202 1.076 2.537 25.755
7.8 KRR mRE KR sk KK Rk kR KK 4118 2,842  1.652 0.745 0.211 0.771 1.915 25.965
7.9 RRE L mRR R ekk KKK Rk kR Rk 4712 3287 1.949 0.908 0.263 0.552 1.415 26.210
8.0 REE L RRE Rk wRk Rk Rk kkk L skk kkk 3690 2.216 1.051 0.302 0.483 1.109 26.382
8.1 RER L RREL R xR kkk kkk wRK ek kkx 4742 2,536 1.260 0.412  0.394  0.821 26.645
8.2 RER L LEmx kel ek L Rk Dok 0 Rss | skx L k<0 4605 2.880 1.500 0.559 0.356 0.601 26.907
8.3 KWK R kR | Tk L Rk | Rk kR kx| Ckkk o wkx | 30920 (1,746 0.719 | 0.362 0.448 27.128
8.4 R MR ok MRk Rk L K RRR kk L okk ke 30563 2,002  0.893 0.392 0.341 27.308
8.5 KRR R kR kK Rk Rk kR sk Rk k% 3809 2252 1.066 0.439 0.264 27.447
8.6 REE L RRE Rk kK ekl Rk RER sk Rk k% 4908 2493 1.237  0.499 0.207 27.557
8.7 REE L RRE Rk kK Rk Rk kR sk Rk Kk 4508 2,721 1.399 0.556 0.167 27.636
8.8 REE R R wRK Rk Rk RkR ks Rk sk 4784 2937 1.555 0.619 0.137 27.700
89 *’ KK *’ KK K K *’ KK K K K K *’ KK K K K K *’ KK K K 3140 1699 0676 0114 27747
90 *’ KK *’ KK K K *’ KK K K K K *’ KK K K K K *’ KK K K 3330 1836 0734 0097 27785




Table A10.2: The charge abundance for Ni with x = 10.
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log T Nit0 Nitl Nit2 Nit3 NiFE o NiTS O NiFE NGFT O NiTS S Ni? NGO NiTIDONGERZ NGRS Nt ()
40 1834 0.121 0640 3718 * kK * kK * Kk * kK * kK * Kk * kK * Kk * Kk * kK * Kk 1.215
4.1 2676 0422 0.211 2443 %k kK %k kK * Kk %k kK %k kK * Kk %k kK * Kk * Kk %k kK * Kk 1.621
4.2 3.600 0.948 0.068 1.492 4.667  KF* KR xkk kkk ek ok Rk ke kkk kkx ] 019
4.3 4.433  1.550 0.099 0.757 3.089 KRR KK kKK ik kR KKk Rkk Rk Kk kkk 949
4.4 %% 2199 0.334 0.288 1.817 4.949 KK KKK kk kR KKk Rkk Rk Kk kkk 9539
4.5 X% 2,898 0.787 0.145 0.925 3.237 KKK KKK kK kR KKk kkk Rk Kk kkk 9954
4.6 X% 3578 1.337 0.269 0.393 1.941 KRR KKK Rk ek ek kkk Rkk ok KKk 3.38)
4.7 %% 4238 1.907 0.583 0.193 1.074 3.628 WX RRx Rk ek ekl sk ek 3708
4.8 R 4842 2431 0.947 0.209 0.582 2,527 KX RRx ek ek Rk ek ok ke 4947
4.9 FRx sx% 2013 1,300 0.319 0.343 1.828 4.136  F*x kxR ek sk kk o kek 4439
5.0 RRx RRk 3385 1.652 0.469 0.227 1.354 B.186 AR KRR kkk Rkk kR KKk kKK 4660
5.1 Rk kRk 3871 2,017 0.648 0.181 0.990 2.431 4.546 KXk Rkk Rk kR KKk kkk 4865
5.2 kX kRR 4398 2,421 0.869 0.191 0.699 1.791 3.508 K% kkk  Rkk o kk kkk kkk 5000
5.3 k% kRk 4993 2,883 1.153 0.267 0.484 1.243 2,595 4.200 X% Rkk kR sk xkk 5377
5.4 RRR . RRR sk 34340 1524 0.435  0.367 0.807 1.810 2,984  RRX RRR Rk sk e 576
5.5 RRR RRR sk 4107 2,020 0.725  0.383 0.508 172 1.994 3.759  FRx RRR L skk ek 66g
5.6 FRx RRR skk 4999 2,667 1.174 0.564 0.388 0.726 1.233 2.599 4.999  F*E  skk ek 6899
5.7 RRR eRR sk ek 3500 1.812 0.941  0.474  0.496 0.711 1.695 3.636  *F% ks 7623
5.8 RRK Rk ek kkk 4507 2628 1.510 0.768 0.487 0.424 1.041 2.548 4.410 ¥ *xx g 397
5.9 RRK Rk kK kkk Rk 3601 2.247 1.240 0.671 0.340 0.610 1.706 3.135 4.304 ***  8.94]
6.0 KXk Rkk  ekk kkk RRK 4608 3118 1.860 1.018 0.431 0.370 1.082 2.106 2.847 4.328 9.496
6.1 KK Rkk ok KR Rk AR 4008 2,622 1.521 0.688 0.318 0.676 1.324 1.669 2.710 10.106
6.2 RRX ek ekl ks sk ke sxx 3580 2236 1.167 0.512  0.543 0.848 0.827 1.466 11.108
6.3 RR RRx Rk ks e R Sk 4920 3.345  2.052  1.127 0.855 0.836 0.477 0.742 12.785
6.4 RRx ek ekl RRK ok ks kkk sk kX 3503 2324 1776 1.462  0.791 0.718 15.065
6.5 URR R Rk ks R R sk R ek RS 4139 3.331 2747 1790 1.398 16.902
6.6 ok ok ok ok o+ ok Xk K 4k ok A+ ok ok K 4k % * ok ok ok ok *ok ok ok ok 4.217 2.996 2.317 17.523
6.7 ok ok ok ok o+ ok * ok Hork 4k ok * Rk * ok ok * Ok ok ok K o+ ok ok ok ok ok 4.180 3.236 17.819
6.8 ok ok ok ok o+ ok ok K 0k ok * ok K Xk K ok %k ok * ok ok Xk K Hok K ok ok ok ok o+ ok 4.128 18.120
log T Nit14 Nit15 Nit16 Ni+17 NjHl8 NG B9 NiH20 NF2LoNi+22 N 23 N +24 Ni+25 NGP26 NG P27 N2 (Q)
6.0 4.328 ok ok o+ ok ok ok *ok K * Ok k. Hok K * ok ok kK ok ok K o+ ok ok ok ok ok o+ ok ok ok 9.496
6.1 2.710 3.915 o+ ok ok ok *ok ok 3% o ke ook ke Hkok 4k ok kK o+ ok ok ok ok ok o+ ok ok ok 10.106
6.2 1.466 2.241 3.132 4.017 4578  FRRmsk sk K ek ok Rk ke ik kkx 7108
6.3 0.742 1.120 1.583 2.033 2.316 4.559  FFF  REK K ke oo Rk ek xkk 12,785
6.4 0.718 0.735 0.808 0.876 0.935 < 2.772 4.748 %K RRK kR ek oo Rk sk xRk 15,065
6.5 1.398 1.083 0.798 0.537 0.402 1.877 3.453  HFX  RRK L RR L ek oo ke ek xkk 16,902
6.6 2.317 1.702 1.096 0.555 0.243 1.385 2.599 B3.970 R** KRR KKk Rkx Rk ook kkk 17533
6.7 3.236 2.343 1.446 0.670 0:194 1.035 1,910 2879 4,175~ AEE AAK kkk Rk ok kKK 17819
6.8 4.128 2.982 1.824 0.843 0.212 0.769 1.355 1.955 2.884 3.990 ***  kxkx  ekk ek xkk 15190
6.9  *** 3,663 2.266 1.104 0.322 0.618 0.929 1.208 1.813 2.588 3.560 4.772 k% ek Xk 153648
7.0 *** 4483 2.868 1.545 0.615 0.669 0.725 0.716 1.030 1.506 2.150 3.032 4.073 ***  ***  19.715
7.1 k%% exx 3769 203 1.215 1.041 0.861 0.592 0.645 0.852 1.202 1.784 2,528 ***  **% 3] 353
7.2 RRX RR% 4983 3.363 2142 1.750 1.350 0.845 0.657 0.618 0.702 1.018 1.501 4.495 ***  22.736
7.3 RRR RRR sk 4673 3.309 2.717 2.108 1.386 0.976 0.708 0.551 0.626 0.890 3.381  ***  23.922
7.4 RRR RRR L kkk o kkx 4605 0 3.823 3.019 2.094 1.480 1.001 0.622 0.478 0.547 2.583  ***  24.713
7.5 RRR Rk kkk kkk kR 4962 3,974 2.861 2.054 1.380 0.802  0.460  0.363 2.000 4.160 25.180
7.6 RRR R Dk ek Rk A 4933 3,643 2.656  1.799 1.028 0.505. 0.263 1.547 3.335 25.471
TUT o RRR ek ek ke | sk kRx 4405 3.249  2.218  1.273  0.586 0.213 1.183 2.641 25.683
7.8 RRRRRR L oo DR ek ks L kR 3.8300 2,638 1.531  0.694  0.201 0.894 2.058 25.876
7.9 RRRRRR L Rk e Rk ek ek RRR 4407 3.063  1.805 0.828 0.224 0.674 1.578 26.082
8.0 RRE Rk R ks ek Rk Rk ek 4982 3404 2.095 0.992  0.284  0.514  1.192 26.316
8.1 MRk LRk Dok [ ke LRk Gk ek ek 0 kxxD 39340 2404 (1.185 0.379 0.414 0.895 26.566
8.2 REE L RRK L ekk | Ak DRk kR RKK kek Rk 43840 2,730 1.405  0.506  0.365 0.667 26.819
8.3 KK ek ok Kk ek L ok R eek Rk 48300 3066 1.642  0.655 0.357 0.501 27.046
8.4 WKL RRK ok KKK iRk ok KRk Rk ek kkk 3399 1.885  0.816 0.376 0.384 27.233
8.5 R RRR R KRk ek sRR ek ek RRR 3730 2,133 0.986  0.418  0.295 27.389
8.6 R R R Kk ook e Rk e ook Rk 4,047 2,373 1.154 0.469  0.232  27.507
8.7 R RRR R KRR ek ek Rk ek e RRR 4351 2,605 1.318  0.525 0.186 27.598
8.8 ERE L RRR R KRR ek Rk ek e kR 4636 2.825  1.475  0.585  0.152 27.669
8.9 KK RRK ek KKK Rk ok KRk Rk ks kRk 4907 3.034 1.624  0.645 0.125 27.723
9.0 ok ok ok ok o+ ok ok ok o+ ok o+ ok ok ok o+ ok o+ ok ok ok o+ ok 3.230 1.765 0.704 0.105 27.766




Table A10.3: The charge abundance for Ni with x = 5.
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log T Nit? wNit! Nit?2 Nit3 Nit? Nt NP6 Nit7T o NitE o Nit? Nit10 NI N2 Nt Nttt (Q)
4.0 3.279 0.959 0.124 0.869 2.719  *FRX kxR sk xRk KRk kK kKK xR Kk kxk 9 (98
4.1 4.102 1.470 0.209 0.477 1.833 4.369  *¥*¥  REk xRk kkk ok kKK xRX k%X Xk 9399
4.2 4.944 2.089 0.446 0.253 1.124 3161  *¥¥F  REk xRk kkk ok kKR xRk Kk kxk 9.703
4.3 *¥% 2787 0.842 0.218 0.616 2.159 4.955  FRE  kkk Rk ekk kRE kR KRk kEk 3109
4.4 *¥% 3525 1.366 0.366 0.315 1.379 3.602 k¥ Rk sk ekk kRE kkk dkk kKR 3 EDR
4.5  *¥% 4255 1.960 0.666 0.208 0.820 2.666  FF¥ Rk sk ekk KRk kR KRk kkk 3918
4.6 *¥* 4035 2.552 1.056 0.259 0.462 1.879 4.085  *¥¥ Rk kekk KRk kR KRk kEk 4978
4.7 F¥x xkx 3001 1.462 0.410 0.278 1.327 3.104  *¥¥  FRX xk kEk xRk kkk KXk 4588
4.8 F¥x xkx 3554 1.828 0.591 0.211 0.965 2.361 4.421  FRX kxR Rk xRk kxk kxk 483
4.9 %% %% 3955 2,146 0.770 0.205 0.734 1.822 3.503  ¥¥¥  REk skx kkk skk kkk 53]
5.0 k%K k% 4329 2,440 0.944 0.236 0.581 1.425 2.796 4.786  F¥*¥ KRk bRk kkk %k 5099
5.1 F%k sk 4724 2750 1.136 0.297 0.473 1.108 2.226 3.786  ¥¥*  kkk  kkk bk Kk 5434
5.2 k%k wkx kxk 3009 1.366 0.397 0.405 0.846 1.744 2.922 4.823  K¥k  kxk kkk %k 5603
5.3 F%E wkx kxk 3516 1.655 0.552 0.385 0.636 1.329 2.181 3.797  K¥k  kxk kkk %k 6020
5.4 F®R wkx xk 4021 2,029 0.784 0.436 0.483 0.978 1.558 2.919  F¥*  kxx  kkx skx 6440
5.5 ¥Rk Rk xkx 4644 2,514 1.121  0.584 0.431 0.709 1.060 2.176 4.200 *¥*  xkx  %xx g 968
5.6  F®X  wkx kk xkx 3136 1,588  0.855 0.491 0.552 0.694 1.565 3.316  ***  *xx  xxx 7575
5.7 R®R wkx kk xkx 3899 2,194 1.260 0.682 0.520 0.464 1.088 2.555 4.342  *¥*  xxx g7g
5.8 FRE mkx kkk skx 4798 2929 1.796 1.000 0.611 0.359 0.728 1.906 3.394 4.580 *** 8715
5.9 RRE skE ek skx Kk 3774 2442 1.433 0.817 0.364 0.483 1.371 2.556 3.421 ***  0.186
6.0 R¥E kR ks kR kK 4737 3206 1.976 1.133 0.482 0.344 0.943 1.830 2.378 3.619 9.646
6.1 R kR kR ERK Rk %Rk 4083 2.641 1.574 0.723 0.334 0.650 1.240 1.480 2.389 10.207
6.2 FER wRE Rk kxR kEK xRk k% 3488 2,204 1.153 0.518 0.561 0.865 0.804 1.385 11.152
6.3 FER RRE sk xR kkx L xk% %%k 4656 3.161 1.914 1.043 0.822 0.848 0.501 0.772 12.715
6.4 FER wRE wkk RRE Rk KRk skk %%k 4621 3183 2.082 1.608 1.370 0.750 0.721 14.971
6.5 RER RRE Rk wkk Rk Rk RER RRE L kXk sk 3600 2,977 2.488 1.607 1.295 16.871
6.6 kK kK Kk * ok K Lk Kk * kK % Kk Kk * kK Kk 4.555 3.830 2.705 2.126 17.558
6.7 kK kK Kk kR Rt % k% * kK Kk % Kk ok K kK kK kK 3.818 2.980 17.879
6.8 kK kK Kk xR Kk % kK ok koK o kK kK * kK K K kK kK 4.908 3.843 18.187
6.9 kK kK Kk * kK % Kk Rk kK Kk Kk kK % Kk kK kK Kk 4.713 18.686
log T Nitl? Nit15 Nitl6 Nitl7T Nit18 N+l Nit20 Nit2l Ni+22 Nit23 Nit24 Nit28 Ni+26 Nit27 Nit28 Q)
6.0 3.619 kK Kk kK o Kk L H K Kk % kK * kK Kk kK kK Kk kK 9.646
61 2389 3427 4577 *’ KK K K KKK L KK Ll L] *’ KK K K *’ KK *’ KK K K *’ KK 10207
62 1385 2080 2866 3595 3931 KK LE 2 K K * K K *’ KK K K *’ KK *’ KK K K *’ KK 11152
6.3 0.772 1.138 1.574 1.949 2.075 <3756 *** KXk ko xkk kK kkk kkk xRk X%k 12715
6.4 0.721 0.774 0.880 0.931 0.874 2.290 3.819 ¥k  REX xR kk kxR kkk xRk X%k 14,971
6.5 1.205 1.051 0.842 0.602 0.389 1.560 2.810 4.351  *¥k %k sk mkk kkk skk kEk 6871
6.6 2.126 1.606 1.102 0.604 ~0.248 1.183 2,174 3.360  4.857 ~ FE . kEE skk kkk skk kEE 7558
6.7 2.989 2.209 1.431 0.707 0.212 0.920 1.666 2.522 3.687  *¥%  kkk wkk kkk skk kEk {7879
6.8 3.843 2.821 1.789 0.866 0.235 0.727 1.238 1.793 2.659 3.671 4.919 *%% k%% k& kkk 18187
6.9 4.713 3.465 2.200 1.100 0.338 0.615 0.901 1.179 1.764 2.501 3.442 4.602 ***  *%*  *x% 18686
7.0 *** 4,222 2.741 1.481 0.586 0.655 0.726 0.748 1.079 1.561 2.217 3.094 4.127 **¥*  *%% 19610
7.1 **%  skx 3512 2104 1.076 0.945 0.807 0.593 0.689 0.931 1.324 1.938 2.706 ***  ***  20.069
7.2 F®% xkx 4556 3.006 1.845 1.520 1.183 0.750 0.626 0.645 0.796 1.167 1.699 4.295 ***  22.369
7.3 RRE . wkx kk 4153 2.858 2.347 1.816 1.177 0.844 0.653 0.577 0.722 1.040 3.265 ***¥ 23.573
7.4 RRE wkx ok skx 4033 3338 2,623 1.790 1.262 0.870 0.582 0.520 0.649 2.521 4.919 24.454
7.5 RRE L wks ek skk kR 4411 3,517 2,502 1.788 1.206 0.721 0.464 0.427 1.978 4.038 25.018
7.6 RRE . wRx kR sk kEk kX 4436 3.245 2.357 1.596 0.924 0.488 0.303 1.555 3.308 25.369
7T RRE L mRx kR ks wkk L kkk k%x 3,991 2,935 2.003 1.158 0.556 0.237 1.217 2.680 25.613
7.8 RRE L RER L Rkx wRE kK kkx %k% 4722 3,507 2.414  1.407 0.653 0.213 0.941 2.143 25.815
7.9 KRR mREL R xRk Rk kkk sk k4077 2,831 1.669 0.774 0.222  0.723  1.706 26.013
8.0 RER L LEeE L Caokk Rk L Rk Rk Rss | kx| 4643 3252 1.946 0.921 0.265 0.559 1.303 26.231
8.1 KRR R L kR | RKL Rk kK kkR skk kkk 3683 2242 1.096 0.341  0.447 0.996 26.467
8.2 REE L R kR MRk Rk L Rk RRRL LRk L okkk 41220 20554 1,296 0.448 0.382 0.756 26.709
8.3 R kR kR kK Rk KRk kkR skk Rk 4564 2,877 1.516 0.581 0.358 0.573 26.940
8.4 REE R kR wRK Rk Rk kkR ks Rk %k 3908 1,754 0.733 0.365 0.437 27.144
8.5 RER R kR wkk Rk KRk kKR ks Rk %k 3537 1,995 0.896 0.395 0.337 27.312
8.6 FEE RRE R wkK Rk Rk kKR ks Rk %Rk 3856 2,233 1.059 0.440 0.265 27.444
8.7 RER L RRE R xR Rk Rk KRk ek kkx xR 4164 2,466 1.223  0.492  0.212 27.547
8.8 REE kR kR kK Rk Rk RER Rk Rk k% 4457 2691 1.381 0.550 0.171 27.629
8.9 REE kR kR kRE Rk Rk RER sk Rk KR 4736 2904 1.533 0.609 0.141 27.691
9.0 R kR kR kRE Rk Rk RER skk Rk k% 4908 3106 1.677 0.668 0.117 27.741
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Table A10.4: The charge abundance for Ni with x = 3.

log T Nit0 Nitl Nit2 Nit3 NiFE o NiTS O NiFE NGFT O NiTS S Ni? NGO NiTIDONGERZ NGRS Nt ()
4.0 FFX 2463 0.841 0.296 0.493 1.618 3.678 R RRx Rk ek ekl sk ek 3919
4.1 e% 3128 1257 0.422 0.311 1120 2.868 X RRK Rk ek e Rk sk ek 357
4.2 %% 3.848 1.759 0.653 0.243 0.740 2.179 4.296  FR*  RRR ek e ok sk ek 3938
4.3 % 4580 2.322 0.974 0.278 0.472 1.610 3.415  R*X Rk ek kKK kkk kR Kk 497
4.4 xRk 20913 1362 0.404 0.310 1159 2.659 4.759 KRR KKk kkk o okk sk kkk 459
4.5 kXK Rk 34093 1,788 0.600 0.243 0.822 2.026 3.817  FRE KAk kKK kkk o kk o kkk 4885
4.6 Xk Rkx 4032 2215 0.838 0.252 0.590 1.516 3.009 KRR KKk kkk o ekk sk kkk 5164
4.7 eex RR< 4505 2,608 1.086 0.316 0.452 1.126  2.337 4.287  FRX RRx Rk sk ek 5430
4.8 eex RRx 4018 2,960 1.328 0.414 0.390 0.845 1.798 3.436 X Rex Rk sk ek 5603
4.9 eex R HRk 3974 1.556 0.535  0.381 0.656 1.384 2.715 4.506  FR*X RRR . skk ek 5960
5.0 RRx kRR sk 3567 1776 0.668 0.411 0.539 1.080 2.118 3.635 kX kRk kkk xxk o §930
5.1 RRx kkk sk 3,863 2,002 0.819 0.468 0.474 0.864 1.625 2.898 4.809 Rk KAk xxkk G514
5.2 RRK RRR sk 4185 2,254 0.996 0.555 0.450 0.711 1.222 2.283 4.042 %% kkk xxx gg33
5.3 Rk Rk ke 4557 2552 1.216 0.681 0.470 0.609 0.900 1.778 3.401 K% kkk kkx o 79q)
5.4 RRR . RRR sk ek 2914 1494 0.857 0.535 0.559 0.664 1.386 2.876 4.653  *** << 7,632
5.5 RRR RRR sk eex 3355 1.842 0 1.091 0.651 0.556  0.502 1.074 2.427 4.065 *** X 8065
5.6 FRx Rk sk eex 3877 2261 1.388 0.820 0.597 0.405 0.834 2.040 3.528 4.715  ***  8.465
5.7 RRR RRR sk ek 4486 2758 1.751  1.046  0.685 0.361 0.643 1.691 3.017 4.014 ***  8.825
5.8 RRK Rk Kk kkk AR 3333 2184 1.327 0.820 0.369 0.494 1.369 2.521 3.324 4.810 9.150
5.9 RRK Rk sk kkk kR 3090 2,691 1.676 1.011 0.427 0.387 1.080 2.042 2.636 3.906 9.467
6.0 XK Rkk ekk KKk RRK 4736 3278 2.098 1.266 0.544 0.332 0.828 1.591 1.973 3.018 9.816
.1 KKK Rkk ok KR kkk kK 3964 2614 1.609 0.744 0.349 0.641 1.194 1.355 2.162 10.284
6.2 R ek Rk ks mRK RS 4794 30270 2.087 1.070 0.488 0.574 0.910 0.847 1.414 11.045
6.3 RR R Rk ks e AR ek 4054 2,790 1.617 0.848 0.724  0.840 0.551 0.875 12.305
6.4 RRR Rk sRK sk Ak sk ek 3876 2,543 1575 1.238  1.134  0.619 0.699 14.263
6.5 RR R Rk ks Rk R sER R ARk 3069 2,808 2.257  1.935 1.197 1.036 16.460
.6 RRK L RRk okk Kk ek R ek Rkk Rk RRk 4369 3,611 3.072 2.117 1.718 17.500
6.7 ok ok ok ok o+ ok * ok Hork 4k ok * Rk * ok ok * Ok ok ok K o+ ok ok ok 4.285 3.118 2.490 17.916
6.8 ok ok ok ok o+ ok ok K 0k ok * ok K Xk K ok %k ok * ok ok Xk K Hok K ok ok ok ok 4.139 3.290 18.233
6.9 ok ok ok ok o+ ok ok ok 4k % ok ok ok K 4ok ok Ok ok ok K % %k %k ok ok ok ok o+ ok 4.097 18.646
70 * Kk * Kk %k kK kKK % % K xRk x * Kk %k k. * ok k. * Kk ok % Xk * Kk * Kk %k kK 4965 19.328
log T Nit14 Nit15 Nit6 NiFL7 N HIE NG F19 NiH20 NP2l N +22 NiF23 NGT24 NiT25 NGE26 NG TRTONGT28 S (Q)
5.9 3.906 * Kk %k kK * Kk %k kK * kK KKK * kK %k %k * Kk %k kK * Kk * Kk %k kK * Kk 9467
6.0 3.018 4189 %k kK * Kk %k kK KKK Kk % % ¥ * kK * Kk %k kK * Kk * Kk %k kK * Kk 9.816
6.1 2.162 3.085 4097 * Kk % % k. % % b % KK % % k. ok Xk Xk Xk %k kK * Kk * Kk %k kK * Kk 10284
6.2  1.414 2.080 2.826 B.473 3.642  KRX Rk ek Rk Kk ok Rk ke ekl kkx ] ,045
6.3 0.875 1.286 1.763 ~2.136 2.129 3.375 4.766 XXX KKK kR Kk Rkx Rk ok xkk 12305
6.4 0.699 0.855 1.064 L1171 1.015 2.082 3,260 4.873 ARk kR AR Rkk Rk ok kKK 14963
6.5 1.036 0.942 0.885 0.739 0.456 1.356 2.340 B3.680 *** KRR KAk kkk Rk ok XKk 16460
6.6 1.718 1.378 1.063 0.681 0.281 1.023 1.821 2.895 4.251 %% ek kkk kk ek xkk 17,500
6.7 2490 1.914 1.349 0.750 0.243 0.829 1.450 2.265 B3.365 4.586 %% wex  RRx sk xkx 17,916
6.8 3.290 2.477 1.676 0.880 0.264 0.692 1.140 1.708 2.559 3.536 4.762 **x <Rk sk xkx 1933
6.9 4.097 3.073 2.043 1.069 0.342 0.613 0.892 1.224 1.842 2.589 3.560 4.725 *** Ak xxx 15646
7.0 4.965 3.733 2486 1.351 0.515 0.623 0.731 0.840 1.240 1.771 2.499 3.424 4.499 ***  **x 19328
7.1 *%% 4520 3.070 1.789 0.840  0.786 -0.727 0.626 0.819 1.146 1.646 2.343 3.190 ***  **% 20366
7.2 RR%x KRRk 3863 2445 1.380 1.165 0.934 0.634 0.629 0.759 1.040 1.522  2.155 4.477 ***  21.619
7.3 k% kRk (4875 3.395 2,143 1.761 1.362 0.872 0.680 0.621 0.694 0.972 1.405 3.455 *** 22.819
7.4 RRR eRRsHE 4393 3.090  2.545. 1.978 1.308 0.934 0.694 0.570 0.654 0.904 2.680 4.966 23.833
7.5 RRR eRR e 4072 3466 2.736 1.888  1.340 0.921 0.608 0.509 0.593 2.110 4.132 24.584
7.6 RRR RRR ek oex R 4455 35640 2.549  1.832 1.244  0.751 0.476 0.407 1.677 3.444 25.087
TUT O RRR O RRL KRR e Rk sk 4498 3.250  2.369  1.615 0.949 0.508 0.300 1.339  2.865 25.420
7.8 RRR L LRRR D ks kR kO kkk (39560 2.919  2.005 1.175 0.578 0.246 1.064 2.361 25.662
7.9 KRR RRR L kK Rk bRk Rk XKk 4660 3.470 2.407  1.421 0.677 0.228 0.842 1.921 25.869
8.0 RRK L ek ok Kk ek L ok kR exk 14,030 2,814 1.680 0.799 0.243 0.662 1.538 26.070
8.1 RRKLL RRK ek KKk Rk ok KRk Rk 4585 3.228 1953 0.944 0.287 0.527 1.214 26.282
8.2 R RRR R KRk ek Ak skk ek kex 3645 2237 1.110 0.360 0.435  0.950 26.502
8.3 R RRR R KRk ook Rk ek Rex 4079 2,544 1.307  0.465  0.378  0.731 26.735
8.4 R R R KRR ekl sRk ek ke 40511 2,857 1.517  0.589  0.359  0.564 26.950
8.5 R RRR R KRk ek sRk ek kex 4045 30178 1.743  0.733  0.366 0.436 27.143
8.6 KR RRK L okk KKK kK ok KRk Rk ek kRk 3500 1.977  0.889  0.394 0.340 27.306
8.7 R RRK ok KKK kK ok KRk Rk ks kkk 3813 2,209 1.047 0.437 0.269 27.436
8.8 RRK L RRK ok KKK Rk ok Rk Rk ok KRRk 4118 2438 1.206  0.488  0.216 27.539
8.9 R RRK ek KKK Rk ok KRk Rk ke kRR 4409 2,658 1.361 0.543 0.175 27.620
9.0 R KRR KRR ek Rk ek e RRR 4686 2.869  1.511 0.601 0.144 27.684
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Appendix B

Calculation Program

nclude<stdio.h>
nclude<math.h>

nclude<conio.h>
nclude<string.h>
id main()

double Di(),Au(),Ra(),Die();

double direc[30],aut[30],radi[30],diel[30],rate_i[30],rate_r[30];
double T,kT,n[30],N,frac[30];

double test,y,start,error,(,liml,lim2;

int Z,i,k,d,num(),type;

char element = ’F’; //type the name of element

FILE *RATE,*ino,*table, *check, *chkl, *chk2,*r_com,*tablel,*table2;

sokkkokk input skkskkkskok

d=1; // Maxwellian
d=2; // kappa
Z=num() ;

k=3;

type=2; //choose 1 for 1 table

//choose 2 for 2 tables

//choose for divided temperature of two table
liml=pow(10.,9.60);

1lim2=pow(10.,4.00);

*kkkk end input kkkx

clrscr();

RATE=fopen("new_rate.dat';"w'");
ino=fopen("rate.dat","w");
table=fopen("table.dat","w");
tablel=fopen("tablel.dat","w");
table2=fopen("table2.dat","w");
check=fopen("error.dat","w");
chkl=fopen('"checkl.dat","w");
chk2=fopen('"check2.dat","w");
r_com=fopen("rate_com.dat","w");

if (d==1){
/* for the case of small Zx/
if (type==1)fprintf (table,"For Maxwellian for Z=}d\n",Z);
/* for the case of large Zx/
else{fprintf(tablel,"For Maxwellian for Z=%d\n",Z);
fprintf(table2,"For Maxwellian for Z=Y%d\n",Z);

/* checking rate fraction */
fprintf (r_com,"For Maxwellian for Z=Yd\n",Z);
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else{
/* for the case of small Zx/
if (type==1)fprintf (table,"For Kappa = %d for Z=d\n",k,Z);

/* for the case of large Zx/
else{fprintf(tablel,"For Kappa = %d for Z=Yd\n",k,Z);

fprintf(table2,"For Kappa = %d for Z=%d\n",k,Z);

}
/* checking rate fraction */
fprintf (r_com,"For Kappa = %d for Z=Yd\n",k,Z);

/* for the case of small Zx/

if (type==1){
fprintf (table,"log T&");
for(i=0;i<=Z;i++)fprintf (table, "%c$ " {+/d}$&" ,element,i);
fprintf (table,"<Q>\\\\ \n");

/* for the case of large Zx/

elseq
fprintf(tablel,"log T&");
for(i=0;i<=Z/2;i++)fprintf (tablel,"%c$ " {+/d}$&" ,element,i);
fprintf (tablel, "<Q>\\\\ \n");

fprintf(table2,"log T&");
for(i=Z/2;i<=Z;i++)fprintf (table2,"%c$ {+/%d}$&" ,element,i);
fprintf (table?2, "<Q>\\\\ \n");

}

/* checking rate fraction */

fprintf(r_com,"log T&") ;

for(i=0;i<=Z-1;i++)fprintf (r_com,"%c$"{+/d}$&" ,element,i);
fprintf (r_com,"%c+%d\\\\ \n",element,Z);

for(T=1e4;T<pow(10.,9.6) ;Tx=pow(10.,0.1)){

if (type==1)fprintf (table,"%.11f&",10gl0(T)) ;
elseq
if (T<liml)fprintf(tablel,"%.11f&",1ogl0(T)) ;
if(T>1im2) fprintf(table2,"’,.11£&",10g10(T));
}

fprintf(r_com,"%.11f&" ,10g10(T)) ;

printf ("this is temperature = %.1le kelvin\n",T);
kT=T*8.6171e-5;

for(i=0;i<k=Z;i++){
direc[i]=aut[i]=radil[i]=diel[1]=0.0;
if (i<Z){

direc[i]=Di(d,k,Z,1i,kT);

if(direc[1]1<0.0){

fprintf (check," at Z=)d state %d direct is %.4le\n",Z,
i,direc[i]);

direc[i]=0.0;

}
aut [i1=Au(d,k,Z,i,kT);
if (aut[1]<0.0){
fprintf (check," at Z=d state %d aut is %.4le\n",Z,i,
aut [1]);
aut[1]=0.0;
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}
if (i>0){
radi[i]=Ra(d,k,Z,1i,kT);
if (i<Z)diel[i]=Die(d,k,Z,i,kT);
}

rate_i[i]l=direc[i]+aut[i];
rate_r[il=radi[i]l+diel[i];

fprintf(ino," +)d direct is %.4le auto is %.4le ionize
rate is %.4le\n ",i,direc[i],aut[i],rate_i[i]);

fprintf (RATE," +Jd radiate is %.4le dielec is %.4le recom
rate is %.4le\n ",i,radi[i],diel[i],rate_r[il]);

fprintf(r_com,"%.3le ¥%.31le&",rate_r[i],rate_i[i]);
}

//x*kxkxkxkxkkkkkkx calculate ionization Balance s kkkkkkkkskkkkk
/[ Fx*xkxkkxkkxkxx*%  and calculate mean charge ok okok ok ok ok s ok ok sk ok ok sk ok

n[0]=N=1.0;

Q=0.0;

for(i=1;i<=Z;i++){
n[il=n[i-1]*(rate_il[i-1]/rate_r[i]);
Q+=i*n[i];

fprintf (ino,"tatal Q is %.3le\n ",Q);
N+=n[i];

}
Q=Q/N;

fprintf (ino,"mean Q is %.31le\n ",Q);

if(d==1)fprintf (ino,"for maxwell\n");
else fprintf (ino,"for kappa = %d\n",k);

for(i=0;i<=Z;i++){
n[il=-log10(n[i]l/N);
}

for(i=0;i<Z;i++){

frac[il=pow(10.0,-(n[il-n[i+1]) );

fprintf (ino,"\nSi[+%2d] %7.31f where n[’%2d]1/n[%2d] is
} %.31f",i,n[il,i,i+1,fracl[il]);
fprintf (ino, "\nSi [+%2d] %7.31f\n ",i,n[i]);

if (type==1){
for(i=0;i<=Z;i++){
if(n[i]<5.) fprintf(table;"%.31£&" ,n[il);
else fprintf (table,"**x*x&");
}
fprintf (table," %.31f\\\\ \n",Q);

elseq
1f (T<1limi1){
for(i=0;i<=Z/2;i++){
if (n[i]<5.) fprintf (tablel,"%.31£&",n[il);
else fprintf(tablel,"*x*x&");
}
fprintf (tablel,"%.31£\\\\ \n",Q);

by
if(T>1im2){



for(i=z/2;i<=Z;i++){
if(n[i]<5.)fprintf (table2,"’,.31f&" ,n[i]);
else fprintf(table2,"***&");
}
fprintf (table2,"%.31£\\\\ \n",Q);
}
}

fprintf (r_com,"\\\\ %.31f\n",Q);

fclose(RATE);
fclose(ino);
fclose(table);
fclose(check);
fclose(chkl);
fclose(chk?2);
fclose(r_com);

}

//kxxkxxkkkxkxk Decleration of Z number s skskkskskskkkkkkxk
int num()

return 26;

}

//*x** Calculation of direct ionization rate coefficient **x*
double Di(int d,int k,int Z,int i,double kT)

double I_energy[30]([5],A[30][5][6],rate,IEA,y,sum,F1,F2,F3,
K,suml,sum?2;

double Robust(),Acons();

double F4,F5,F6,F7,test,sum3;

int s,j,n,m,stage[30];

FILE *cons;

K=1.xk;

//*xxx*x Input constant skkkkkkskskskkskk*x

cons=fopen("C60_I_26.DAT","r");
for(n=0;n<=Z-1;n++){
fscanf (cons,"%d '",&stage[n]);
for(j=1;j<=stage[n];j++){
fscanf (cons,"%1f",&I_energy[n][jl1);
for(m=1;m<=4;m++)fscanf(cons,"}1f" ,&A[n][j] [ml);
}

fclose(cons) ;
rate=0.0;
for(s=1;s<=stagel[i];s++){ //*x for state s *x*

IEA=I_energy[il [s];
y=IEA/KT;

100



if (d==1){

F4=A[i] [s][1]*Robust(4,d,y,K);
printf ("f4 = %.4le\n",F4);

F5=A[i] [s] [2] #*Robust(5,d,y,K);
printf ("f5 = J.4le\n",F5);

F6=A[i] [s] [3]*#Robust(6,d,y,K);
printf ("f6 = %.4le\n",F6);

F7=A[i] [s] [4]*Robust(7,d,y,K);
printf ("f7 = 7 .4le\n",F7);

rate+=F4+F5+F6+F7;

}
else{
y/=(K-1.5);

F3=Robust (3,d,y,K);

suml=sum2=sum3=0.0;

for (m=2;m<=k+1;m++) {
suml+=1./(m-1.)/pow(l.+y,m-1.);
sum2+=(K*xy-m*y+2.%y+2.)/(m-1.) /pow(1.+y,m-1.);
if (m<k+1)sum3+=1./(m-1)/pow(l.+y,m-1.);

}
rate+=A[i] [s] [11*( pow(1l.+y,-K)/K/y + log(y/(1.+y)) +suml );
rate+=A[i] [s][2]1*( pow(1l.+y,-K)/K/y + (2.+Kxy+y)*log(y/(1.+y))

+sum2+1.) ;
rate+=A[i] [s] [38]1/K/y*( log(1l./y+1.) - sum3 );
rate+= A[i] [s] [4]*F3;

}

printf (" there are direc ionization state +d \n",i);
return rate*6.69e-7/kT/sqrt(kT)*Acons(K,d);

}

//**xxxxxx*x end Direct ionization ***x*

//***xxxxxx Calculation of auto ionization rate coefficience ***
double Au(int d,int k,int Z,int i,double kT)

double Acons() ,Robust(),Au_cons();

double K,y,rate,suml,sum2,sum3,sum4,F1,state;

double A[6],Zeff,a,al,b,I2s,IEA,alfa,Xai,cons,z,I_eal30],
coeff [30] [7];

int n,m;

FILE *Fe;

K=1.x%k;

if (Z==26){
printf (" there are auto ionization for Fe state +)d\n",i);
Fe=fopen("AUT_I_FE.DAT","r");
for(n=0;n<=Z-1;n++){
fscanf (Fe,"%1f",&I_eal[n]);
for (m=1;m<=5;m++) fscanf (Fe,"}1f" ,&coeff [n] [m]);
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}
fclose(Fe);

if(d==1){
cons=6.69/1e9/sqrt (kT) /kT*I_eali];
y=I_eal[i]/kT;
state=ix*1.;
return Robust(16,d,y,state)*cons;

}

else {
cons=6.69/1e9/sqrt (kT) /kT*Acons (K,d)*I_eali];
y=I_eal[i]/kT/(K-1.5);

suml=sum2=sum3=sum4=0.0;
for(n=2;n<=k+1;n++){
if (n<k+1){
suml+=pow(1l.+y,-n+1.)/(n-1.);

sum2+=pow(l.+y,-n+1.)/(n-1.);

sum3+=(K-n+2.)*y/(n-1.) /pow(1l.+y,n-1.);

sumd+=(K-n+2.) *(K-n+3.)*0.5%y*y/(n-1.) /pow(l.+y,n-1.);
}

rate=coeff[i] [1]*pow(1l.+y,-K)/y/K;
rate+=coeff [i] [2]* (pow(l.+y,-K)/y/K - log(l.+1./y) + sum2);
rate+=coeff [1] [3]*(pow(1.+y,-K)/y/K -sum3 +
(K+1.)*yxlog(l.+1./y)-1.);
rate+=coeff [i] [4]*(pow(1.+y,-K)/y/K +(K+1.)*y-0.5-0.5%(K+1.)
*(K+2. ) *y*xy*xlog(l.+1./y) + sum4);
rate+=coeff [i] [6]1/K/y*( log(l.+1./y) - suml);

return rate*cons;
}
}

//**xx*x especially for Ca0 and C+1
else if (Z==20&&i<2){

if (i==0){
a=6.0*pow(10.,-17.);
b=1.12;
IEA=25. ;

}

else{
a=9.8*pow(10.,-17.);
b=1.12;
IEA=29.;

}

cons=6.69e7/kT/sqrt (kT)*a*xIEA*xIEA*Acons (K,d) ;
y=IEA/KT;
if(d==1){// for maxwell

Fi=Robust (17,d,y,b);

return Fl*cons;

}
else{ // for kappa
y/=(K-1.5);

sum1=0.0;
for (n=2;n<=k;n++) suml+=pow(1l.+y,-n+1.)/(n-1.);
rate=pow(1l.+y,-K)/K/y + b/K/y*( log((1.+y)/y) - suml );



103

return ratexcons;

}//*xx end especially for Ca0 and C+1
else{ // this routine for other elements and other state of ca

printf (" there are auto ionization state +}d\n",i);
[/xxxxkkxxx Lithium sequent *kkk*xx
if (i==(Z-3)){

I2s=13.6%0.25%(Z-1.679)*(Z-1.679) ;

TEA=13.6%( (Z-0.835)*(Z-0.835) - 0.25%(Z-1.620)*(Z-1.620) );
alfa=1.0/( 1.0 + 2.0*pow(10,-4)*Z*Z*Z );

Zeff=7-0.43;

a0=5.292%*1e-9;

A[1]1=2.220;

A[2]=0.669;

A[3]=0.488;

A[4]=1.201;

Xai=IEA/I2s;

rate=0.0;
if(d==1){ //** Maxwell

cons=6.69e7/sqrt (kT)*M_PI*2.0*a0*a0*alfa/Zeff/Zeff;
y=IEA/kT;

Fi=exp(y)*Robust(1,d,y,K);

rate+=A[1]*(log(IEA/I2s)+F1) + A[2]*(1.-I2s/kT*F1);
rate+=12s/kT*A[3]*F1 + I2s*I2s/kT/kT*A[4]*(kT/IEA-F1);
return ratexexp(-y)*cons;

}
else { //*x kappa
cons=6.69e7/kT/sqrt (kT) *M_PI*2.0*a0*a0xalfa/Zeff/Zeffx*
Acons(K,d)*I2s;
y=I2s/(X-1.5) /kT;
suml=sum2=sum3=0.0;
for(n=2;n<=k+1;n++){
if (n<k+1) suml+=pow(l.+y*Xai,-n+1.)/(n-1.);
sum2+=pow (1.+y*Xai,-n+1.)/(n-1.);
sum3+=(K-n+2.)*y/(n-1.) /pow(1.+y*Xai,n-1.);

}

rate+=A[1]1/K/y*( log(Xai)/pow(1l.+y*Xai,K) + log((1l.+y*Xai)
/y/Xai)-suml );

rate+=A[2]*( log(y*Xai/(1l.+y*Xai))+pow(l.+y*Xai,-K)/K/y+sum2);

rate+=A[3]*( log((1.+y*Xai)/y/Xai)-sum2 );

rate+=A[4]*( 1./Xai - (K+1.)*y*xlog((1.+y*Xai)/y/Xai) + sum3 );

return ratexcons;

}
} //*%end lithium sequence**

//**xx Na sequence x***xx*
else if (i==(Z-11)){
[/ *¥xxxxxxx for Z<=16 skkkkkk*
if (Z<=16){
z=1.%7Z;
IEA=26.0%(z-10.0);
a=2.8*1le-17*pow(z-11.,-0.7);
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y=IEA/KT;
rate=0.0;

if (d==1){

Fi1=Robust (4,d,y,K);

return 6.69e7/kT/sqrt (kT) *a*IEA*IEA*F1;
}
else{

y/=(K-1.5);

cons= 6.69e7/kT/sqrt (kT)*Acons (K,d)*IEA*xIEA*a;
F1=Robust (8,d,y,K) ;

return cons*F1;

[/*xxxxx for Z > 16 ****x

elseq
z=1.%7Z;
IEA=11.0*pow(z-10.0,1.5);
a=1.3*le-14*pow(z-10.,-3.73);
y=IEA/kT;

rate=0.0;

if(d==1){
Fi=Robust (14,d,y,K) ;
return 6.69e7/kT/sqrt (kT) *a*xIEA*IEA*F1;
}
else {
y/=(K-1.5);
cons = 6.69e7/kT/sqrt (kT)*a*xIEA*xIEA*Acons(K,d) ;
rate=Robust (15,d,y,K);
return ratexcons;

}

} //** end Na sequence **

//**xx Mg to S sequence *¥x*x

else if (i<=(Z-12)&&i>=(Z-16))1

if(i==(Z-12)) IEA=10.3*pow(Z-10.,1.52); // Mg sequence

else if(i==(Z-13)) IEA=18.0*pow(Z-11.,1.33); // Al sequence
else if (i==(Z-14)) IEA=18.4xpow(Z-12.,1.36); // Si sequence
else if (i==(Z-15)) IEA=23.T7xpow(Z-13.,1.29); // P sequence
else IEA=40.1*pow(Z-14.,1.10); // S sequence

y=IEA/KT;
z=1.%7Z;
a=4.0e-13/z/z/IEA;

rate=0.0;

if (d==1){
Fi1=Robust(14,d,y,K);
return 6.69e7/kT/sqrt (kT) *a*IEA*IEA*F1;

}

else {
y/=(K-1.5);
cons = 6.69e7/kT/sqrt (kT)*a*IEA*IEA*Acons(K,d);
rate=Robust (15,d,y,K);



return ratexcons;

}//** end Mg to S sequenec **x

else return 0.0;

} // end other elements

}//**end auto ionization *¥kkkx

//** Radiative recombination rate coefficient k%

double Ra(int d,int K,int Z,int i,double kT)

double LnGamma() ,Acons();

double Arad[30],Xrad[30],k,rate,t;

int j;

FILE *comns;

k=K#*1.;

t=kT/8.6171e-5;

printf (" there are radiative recombinative state +%d\n",i);

cons=fopen("C60_RE26 .DAT","r");
for(j=1;j<=Z;j++)fscanf(cons,"}1f %1f ",&Arad[jl,&Xrad[jl);
fclose(cons);

if (d==1)rate=Arad[i]*pow(t/(1led) ,-Xrad[il) ;

else rate=Acons(k,d)*Arad[i]*pow((t/1le4d) ,-Xrad[i])*pow(k-1.5,
-Xrad[i]+1.5) *exp (LnGamma (k+Xrad[i]-0.5) -LnGamma (k+1.0)) ;

return rate ;

}//** end radiave recombination

{

//**xx*x*x dielectronic recombination rate coefficient **x*x

double Die(int d,int K,int Z,int i,double kT)

double rate,c[30][4],E[30][4],k,L.nGamma(),Acons(),sum;

int n,j;

FILE *comns;

k=K=*1.;

printf (" there are dielectronic recombination state +%d\n",i);

cons=fopen("C60_DI26.DAT","r");

for(n=1;n<=Z-1;n++){
for(j=1;j<=4;j++)fscanf (cons,")le ",&c[nl[j]);
for(j=1;j<=4;j++)fscanf(cons,"}1f " ,&E[n][j]1);

fclose(cons);

if(d==1){
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sum=0.0;
for(j=1;j<=4;j++)sum+=c[i] [j]*exp (-E[i] [j1/kT);
rate=pow(kT,-1.5) *sum;

}

elseq{
sum=0.0;
for(j=1;j<=4;j++)sum+=c[i] [j]/pow(1.0+E[i] [j1/(k-1.5)

/kT,k+1.0);

rate=Acons (k,d) *pow (kT,-1.5) *sum;

}

return rate;
}//** end dielectronic recombination

double Robust(int i,int d,double y,double K)
{
double a,b,T_IEA,u0,error,U[30],total_int,integrall[30],
total_old,INTEGRAL;
double IEA,Z,I2s;
double bisec_f0() ,In(),bisec_FiQ);
int N,j,n,m,best_n,num();
FILE *chk;

chk=fopen("error.dat","a");

Z=1.*num() ;
I2s=13.6%0.25%(Z-1.679)*(Z-1.679) ;
IEA=13.6%( (Z-0.835)%(Z-0.835) - 0.25%(Z-1.620)*(Z-1.620) );

if (i==13){
if(d==2) T_IEA=1./y/(K-1.5)*IEA/I2s;
else T_IEA=1./y;

}
else{

if (d==1)T_IEA=1./y;

else T_IEA=1./y/(X-1.5);
}

//**¥xx*x find u0 that F(u0) 1is peak *kk*xik*x
printf ("robust %d state 1\n",i);

if(i==1]||i==12]| |i==13)ul0=1.;
else{
if(i==16)a=1.4+T_IEA*1e-50;
else a=1.+T_IEAxle-6;
if (d==2) b=1.+T_IEA*1e5/K;
else b=1.+T_IEA*100. ;
u0=bisec_f0(i,K,y,a,b);

}//x*xxx*% end finding ul kkxkkxk*
//*xxx%x find best N skkskkskskskkskkskkkk

error=1.0;
for(N=2;error>=le-4;N++){

//**xx finding the satisfy U1,U2,...Uj,...,UN *x
for(j=1;j<=N;j++){
if (d==1){
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a=uO0+T_IEA*1le-16;
if(i==16) b=u0+1000.*T_IEA*log(pow(2.,j)*500.);
else b=u0+100.*T_IEA*log(pow(2.,3j)*500.);

else {
a=ul+1le-21;
b=u0+5e6/ (K*¥K) *T_IEA*log(pow(2.,3j)*500.);

X
U[jl=bisec_Fi(i,j,K,y,a,b,ul);
X
ulol=1.;
//**x check error by integral [N-1]/intrgral[N] > 107-4 **x

total_int=0.0;
for(m=1;m<=N-1;m++){
n=2;
integral [m]=In(i,n,K,y,U[m],U[m-1]);
total_int+=integral [m];

//*x*%x checking for very low integral x*x
if (total_int<1le-50){
fprintf(chk," O check! for robust state %d the
int is %.4le\n",i,total_int);
fclose(chk);
return 0.0;

}

integral [N]=In(i,n,K,y,U[N],U[N-11);
total_int+=integral [N];
error=integral [N]/total_int;

}

//**x real N is added by 1 from the last loop ***
N-=1;

//**x the real integrate is begin to fine the best du (choose by n)

total_old=error=10.;
for(n=2;error>le-4;n+=10){
INTEGRAL=0. ;
for (m=1;m<=N;m++) INTEGRAL+=In(i,n,K,y,U[m] ,U[m-1]);

error=fabs (INTEGRAL/total_old-1.);
total_old=INTEGRAL;
} //**x end choosing n **x

fclose(chk);
return INTEGRAL;

}

//**x% sunroutine for bisection method k**k*xx*

double bisec_f0(int i,double K,double y,double a,double b)
{

double check,u_old,u,mid,f0();

FILE *chk;

u=b;
check=10.;
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chk=fopen("checkl.dat","a");
for(;check>le-11;){
mid=(a+b)/2.;
u_old=a;
if (£0(i,K,y,a)*£0(i,K,y,b)>0.){
printf("\n BAD a and b where a= Jle b = Jle \n",a,b);
fprintf (chk,"BAD a and b where a=%le f(a)=),.3le b= %le
f(b)=%.31le \n",a,f0(i,K,y,a),b,f0(i,K,y,b));
// getch();
break;

if (£f0(i,K,y,a)*f0(i,K,y,mid)<0.)b=u=mid;
else a=mid;
check=fabs((u-1.)/(u_old-1.)-1.);

}
fclose(chk);

return u;

}
//**x*x*k*kxxx Function to calculate uQ **¥xkxkskkkxk

double fO(int i,double K,double y,double u)

{
double k,I_eal[30],coeff[30] [6],check,F;
int n,m,j,num(),Z;

FILE *Fe;

k=K=*1.;
Z=num() ;

if (i==2)return 1.-log(u)-y*u*xlog(u) ;
else if(i==3) return 1.+y*u-log(u)*(1.+y*u) -(K+1.)
*xy*u*xlog(u);

else if (i==4)return 1.-y*u*u+y*u;
else if (i==5)return 2.-y*u*u+y*u;
else if (i==6)return 1./u-y*log(u);
else if(i==7)return 1.-log(u)-y*uxlog(u);

else if(i==8)return 1.+(k+2.)*y*u-(k+1.)*y*u*u;

else if(i==9)return 2.* (ut+y*u*u-1.-y*u)-(k+1.)*y*(u*
u*xu-2.*uxutu) ;

else if (i==10)return 1.+y*u-(k+1.)*y*uxlog(u);

else if(i==11)return 1.+y*u-(1.+y*u)*log(u)-(k+1l.)*yx*
uxlog(u);

else if(i==14)return 3.+y*u-y*uxuru*u;
else if(i==15)return 3.*(1.+y*u)-=(k+1.)* (ukururu—u)*y;

else if(i==16){
Fe=fopen(”AUT_I_FE.DAT","r");
for(n=0;n<=Z-1;n++){
fscanf (Fe,"%1f",&I_ecal[n]);
for (m=1;m<=5;m++)fscanf (Fe,"}1f" ,&coeff[n] [m]);

fclose(Fe);



check=0.5;
for(j=0;j<=Z-1;j++){
if (k<check){
n=j;
break;

}
check+=1.0;
}

F= -y*coeff [n] [1]1+coeff[n] [2]*(1./u/u-y+y/u)+coeff [n] [3]
*(2./u/u/u-y+y/u/u) ;

return F+coeff[n] [4]1*(3./u/u/u/u-y+y/u/u/u)+coeff [n] [5]*

. (1./u-y*log(u));

else return k/u-(1.+kxlog(u));
}

//**x*x*x bisection method to find ui *kk*kkkx

double bisec_Fi(int i,int j,double K,double y,double a,double
. b,double u0)

double check,u_old,u,mid,F(),up,low,between;
FILE *error;

error=fopen('"check2.dat","a");
u=b;
check=1.0;
for(;check>le-11;){
mid=(a+b)/2.;
u_old=a;

up=F (i,K,y,a)-F(i,K,y,u0)/pow(2.,]);
low=F(i,K,y,b)-F(i,K,y,u0)/pow(2.,j);
between=F(i,K,y,mid)-F(i,K,y,u0)/pow(2.,3);
if ( up*low >0.){

f(b) = %.41e \n",a,b,up,low);

fprintf (error,"!! worse a=%.3le and b=%.3le where f(a) = %.4le
f(b) = %.41le \n",a,b,up,low);

// getch();

break;

if ( up*between<0.)b=u=mid;

else a=mid;

check=fabs ((u-1.)/(u_old-1.)-1.);
fclose(error);
return u;

}

//**¥¥xxx*x function for calculate ui **x**x
double F(int i,double k,double y,double u)

double A[6],I2s,IEA,Xi,Z,I_eal[30],coeff[30][6],check,F;
int num() ,n,m,j,ze;

FILE *Fe;
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ze=num() ;

Z=1.*num() ;

A[1]1=2.220;

A[2]=0.669;

A[3]=0.488;

A[4]=1.201;

I2s=13.6%0.25%(Z-1.679)*(Z-1.679);

TEA=13.6%( (Z-0.835)*(Z-0.835) - 0.25%(Z-1.620)*(Z-1.620) );
Xi=IEA/I2s;

if (i==1)return exp(-uxy)/u;
else if (i==2)return log(u)/u*exp(-ux*y);
else if (i==3)return log(u)/u/pow(l.+y*u,k+1.);

else if(i==4)return (1.-1./u)*exp(-uxy);

else if(i==5)return (1.-1./u)*(1.-1./u)*exp(-u*y);
else if (i==6)return log(u)*exp (-u*y);

else if (i==7)return log(u)/u*exp(-u*y);

else if(i==8)return (1.-1./u)/pow((1l.+y*u),(k+1.));

else if(i==9)return (1.-1./w)*(1.-1./u)/pow((1.+y*u),(k+1.));
else if(i==10)return log(u)/pow((1.+y*u), (k+1.));

else if (i==11) return log(u)/u/pow((1.+y*u),(k+1.));

else if(i==12)return ( A[1]*log(u*Xi)+A[2]*(1.-1./u/Xi)+A[3]
/u/Xi+A[4]/ (Xi*Xixu*u) )*exp(-y*u);

else if (i==13)return ( A[1]*log(u*Xi)+A[2]*(1.-1./u/Xi)+A[3]
/u/Xi+A[4]/ (Xi*Xixu*u) )/pow(l.+y*Xi*u,k+1);

else if(i==14)return (1.-1./u/u/u)*exp(-y*u);

else if(i==15)return (1.-1./u/u/u)/pow((1.+y*u), (k+1.));

else if(i==16){

Fe=fopen("AUT_I_FE.DAT","r");
for(n=0;n<=ze-1;n++){
fscanf (Fe,"}%1f",&I_eal[nl);
for (m=1;m<=5;m++) fscanf (Fe,"/1f" ,&coeff [n] [m]) ;

fclose(Fe);

check=0.5;
for(j=0;j<=ze-1;j++){
if (k<check){
n=j;
break;

}
check+=1.0;
}
F= (coeff[n][1] + coeff[n][2]*(1.-1./u) + coeff[n][3]*
(1.-1./u/u)) xexp(-u*y) ;
return F+(coeff [n][4]*(1.-1./u/u/u)+coeff[n][5]*log(u))
*exp (—u*y) ;
}
else return (1.+k*xlog(u))*exp(-uxy);

}

//**xx Subroutime for integration k¥



double In(int i,int n,double k,double y,double upper,double low)

{
double u,F(),sum,du;
int p;

u=low;
du=(upper-u) /n;

sum=(1.0/3.0)*F (i,k,y,u);
for (p=1;u<upper;p++){

u+=du;

if (p%2) sum+=(4.0/3.0)*F(i,k,y,u);

if (1 (p%h2) ) sum+=(2.0/3.0) *F(i,k,y,u);
}

u=upper;
sum+=(1.0/3.0)*F(i,k,y,u);
sum*=du;
return sum;
}
%ouble Acons(double k,int d)

double LnGammal() ;

if (d==2)return( exp(LnGamma(k+1.0)-LnGamma (k-0.5))
/pow((k-1.5),1.5) );

else return(1.0);

}

[ ®xkkkkkkkkkkkkkkkk file for gamma function 3k ok sk 3k ok ok ok ok sk k ok /
double LnGamma(double xx)

double x,y,tmp,ser;
static double cof[6]={76.18009172947146,
-86.50532032941677,24.01409824083091,-1.231739572450155,

0.1208650973866179e-2,-0.5395239384953e-5};
int j;

y=X=XX;

tmp=x+5.5;

tmp-=(x+0.5) *1log (tmp) ;
ser=1.000000000190015;

for(j=0; j<=5;j++) ser+=cof [j1/++y;

return -tmp+log(2.5066282746310005*ser/x) ;
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Appendix C
Verner’s FORTRAN Program

This does not represent work of this thesis, but rather isa FORTRAN program
used to check our results. This program was obtained from the website of Dima

Verner (http://www.pa.uky.edu/~verner/fortran.html), as cited by Mazzotta et
al. (1998).

subroutine colfit(iz,in,is,t,c)
Version 4.
January 8, 1997. Minor modification (exp are calculated with
double precision) which improves accuracy of very low rates
(less than 10**(-20)) to avoid negative Na+ rates at logT < 4.2

* X ¥ *

*

November 12, 1996. Improved presentation for the first exponential integral

3k 3k 3k 3k >k 3k >k 3k >k 3k >k 3k 3k 3k 3k 3k 3k 3k 3k 3k 5k >k 3k %k 3k Xk 3k 3k >k 3k >k %k >k 5k 5k >k 3k %k 3k 5k 3k 5k >k 3k %k 5k 5k 3k 3k >k 5k 5k 3k 5k >k 5k >k 5k 5%k 3k 5%k >k 5k >k %k 5%k >k 5%k %k 3%k %k % 5% %k 5%k %k % *k

*%* This subroutine calculates partial or total rates of direct collisional
*** jonization, including excitation-autoionization contribution, for all
*x* ionization stages of all elements from H to Zn (Z=30)

**x%x in the range 1074 - 1079 K by use of the fits from

**x*x M. Arnaud and J. Raymond, 1992, ApJ 398, 394 for Fe, from

**x*x M. Arnaud and R. Rothenflug, 1985, A&AS 60, 425 for H, He, C, N, 0, Ne,
xx* Na, Mg, Al, Si, S, Ar, Ca, Ni (with some corrections described in

*xx Verner & Yakovlev, 1990, ApSS, 165, 27), and from

*** interpolation/extrapolation for other elements.

**x*x Input parameters: 1z - atomic number

* %k in - number of electrons from 1 to iz
ok ok is - shell number

*ok ok t - temperature, K

*xx Qutput parameter: c¢ - rate coefficient, cm”3 s~ (-1)

**x*x If the input parameter is=0, the subroutine calculates total rate,
**x*x otherwise the subroutine calculates partial rate for the corresponding
*%* shell: 1 - 1s, 2 - 2s, 3 - 2p, 4 - 3s, 5 - 3p, 6 - 3d, 7 - 4s.

*** Autoionization contribution is added to the rate for the outermost shell.

*xx Fits are available for 3 (or less) outer shells. In other cases,
**x*x the subroutine returns c¢=0.

3k 5k 3k 3k >k 3k >k 3k >k 3k >k 3k 3k 3k 3k 3k 3k 3k 5k >k 5k >k 3k %k 3k >k 3k >k %k 3k %k 3k >k %k 5k %k 5k >k 3k 5k 3k 5k 3Kk 3k 5k 5k >k 5k >k 5k 3k 3k 5k >k 5k >k 5k 5%k 3k 5%k >k 5k >k %k 5%k >k 5%k >k 3k %k % 5% %k 5% %k % *k

common/clion/clion(5,30,30,7)

common/eafe/eafe(6,26)

real*8 x,y,fcll,fcl2

c=0.0

if(iz.1t.l.or.iz.gt.30)return
if(in.1t.1l.or.in.gt.iz)return

if(in.1t.5)ismin=1

if(in.gt.4.and.in.1t.13)ismin=2
if(in.gt.12.and.in.1t.29)ismin=4
if(in.gt.28.0or.(iz.eq.in.and.iz.gt.20) .or.((iz-in) .eq.1.and.
&(iz.eq.22.0r.iz.eq.25.0r.iz.eq.26)))ismin=5
ismax=ismin+2

if(in.1t.3)ismax=1

if((in.gt.2.and.in.1t.11) .or.(in.gt.12.and.in.1t.19))
&ismax=ismin+1
if((in.eq.19.and.iz.gt.18.and.iz.1t.21).0or.(in.eq.20.
&and.iz.eq.20))ismax=ismin+3

imin=ismin
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imax=ismax
if(is.ne.0) then
if(is.1lt.imin.or.is.gt.imax) then
return
else
imin=is
imax=is
endif
endif
tk=8.6171e-05%t
do i=imin,imax
x=clion(1,iz,in,i)/tk
if(x.1le.30.0)c=c+((dexp(-x)/x)*((((clion(2,iz,in,i)*
&(1.0-(x*fcl1(x))))+(clion(3,iz,in,i)*((1.0+x)-((x*(x+2.0))
&*xfcli(x)))))+(clion(4,iz,in,i)*fcli(x)))+((clion(5,iz,in,i)
&xx)*£c12(x))))
enddo
c=6.69e-07*c/tk/sqrt (tk)
if(is.ne.0.and.is.lt.ismax)return
*** autoionization rates
ct=6.69e+07/sqrt (tk)
if(iz.eq.26)then
if((in.gt.10.and.in.1t.25).0or.in.eq.3)then
y=eafe(1,in)/tk
if(y.1t.50.0)c=c+ct*dexp(-y)*(eafe(2,in)+eafe(3,in)*
&(1.0-y*fcll(y))+eafe(4,in)*(1.0-y*(1.0-y*fcll(y)))+eafe(5,in)*
&(1.0-0.5%(y-y*y+y**3xfcll(y)))+eafe(6,in)*fclli(y))*1.0e-16
endif
else
if(in.eq.3)then
ea=13.6%((1z-0.835) **2-0.26%* (iz-1.62) **2)
y=ea/tk
if(y.1t.50.0)then
b=1.0/(1.0+2.0e-04*iz**3)
g=2.22xfcl1i(y)+0.67*(1.0-y*£cl1(y))+0.49xy*fcll(y)+
&1.2xy*(1.0-y*fcll(y))
ca=1.92e-07*b/(iz-0.43)**2/sqrt (tk) *dexp (-y) *g
if(iz.eq.6)ca=cax*0.6
if(iz.eq.7)ca=cax0.8
if(iz.eq.8)ca=cax1.25
c=c+ca
endif
endif
if(in.eq.11)then
if(iz.1t.17) then
ea=26.0*(iz-10)
y=ea/tk
dz=(iz-11)**0.7
if(iz.eq.11)dz=1.0
if(y.1t.50.0)c=c+2.8e-17/dz*ct*ea*dexp (-y) *(1.0-y*fcl1l(y))
else
ea=11%(iz-10)*sqrt(iz-10.0)
y=ea/tk
if(y.1t.50.0)c=c+1.3e-14/(iz-10) **3.73*ct*ea*dexp(-y)
&*(1.0-0.5%(y-y*y+y**3*xfclli(y)))
endif
endif
if(in.gt.11.and.in.1t.17) then
if(in.eq.12)ea=10.3*(iz-10)**1.52
if(in.eq.13)ea=18.0*(iz-11)**1.33
if(in.eq.14)ea=18.4*(iz-12)**1.36
if(in.eq.15)ea=23.7*(iz-13)*x1.29
if(in.eq.16)ea=40.1%(iz-14)**1.10
y=ea/tk
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if(y.1t.50.0)c=c+4.0e-13/(iz*iz) *ct*dexp(-y)*(1.0-0.5%
& (y-y*y+y**3*x£fcli(y)))
endif
if(iz.eq.20.and.in.eq.20)then
ea=25.0
ab=6.0e-17
ba=1.12
y=ea/tk
if(y.1t.50.0) c=c+ct*ab*ea*dexp(-y)*(1.0+baxfcll(y))
endif
if(iz.eq.20.and.in.eq.19)then
ea=29.0
ab=9.8e-17
ba=1.12
y=ea/tk
if(y.1t.50.0)c=c+ct*ab*ea*dexp(-y)*(1.0+baxfcll(y))
endif
endif
return
end
double precision function fcll(x)
real*8 x
dimension a(6),b(8)
data a/-0.57721566,0.99999193,-0.24991055,
&0.05519968,-0.00976004,0.00107857/
data b/8.5733287401,18.0590169730,8.6347608925,0.2677737343,
&9.5733223454,25.6329561486,21.0996530827,3.9584969228/
if(x.1t.1.0)then
aa=(a(1)+a(2)*x+a(3)*x*x+a(4)*x*x*3+a (5)*x*k*4+a (6) *x**5-
&dlog(x))*dexp(x)
else
if(x.1t.1.0e9)then
aa=(x**4+b (1) *x**3+b (2) *x**2+b (3) *x+b (4) ) / (x**4+b (5) kx**x3+
&b (6) *x**2+b (7) *x+b(8)) /x
else
aa=1.0/x
endif
endif
fclli=aa
return
end
double precision function fcl2(x)
real*8 x
dimension pa(15),qa(15)
data pa/1.0000e+00,2.1658e+02,2.0336e+04,1.0911e+06,3.7114e+07,
&8.3963e+08,1.2889¢+10,1.3449e+11,9.4002e+11,4.2571e+12,1.1743e+13,
&1.7549e+13,1.0806e+13,4.9776e+11,0.0000e+00 /
data qa/1.0000e+00,2.1958e+02,2.0984e+04,1.1517e+06,4.0349e+07,
%9.4900e+08,1.5345e+10,1.7182e+11,1.3249e+12,6.9071e+12,2.3531e+13,
&4.9432e+13,5.7760e+13,3.0225e+13,3.3641e+12 /
if(x.gt.0.27)then
p=0.0
g=0.0
do i=1,15
p=p+(pa(i)/(x**(i-1)))
g=g+(qa(i)/(x**(i-1)))
fcl2=((p/q)/x)/x
enddo
else
fcl2=(((dlog(x)**2)/2.0)+(0.57722*dlog(x)))+1.0
endif
return
end
stk sk ok sk sk st ok o s o ok sk sk st ok ok s o ok sk sk st ok ok s s s ok ok ok sk sk sk ok ok sk o ok ok ok ok
block data exaife
common/eafe/eafe(6,26)



data(eafe(i, 3),
data(eafe(i,11),
data(eafe(i,12),
data(eafe(i,13),
data(eafe(i,14),
data(eafe(i,15),
data(eafe(i,16),
data(eafe(i,17),
data(eafe(i,18),
data(eafe(i,19),
data(eafe(i,20),
data(eafe(i,21),
data(eafe(i,22),
data(eafe(i,23),
data(eafe(i,24),
end
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i=1,6)/6592.0,0.0164,0.00176,-0.0117,0
i=1,6)/ 704.0,0.0000,0.00000, 0.0000,2.
i=1,6)/ 700.0,0.0000,0.00000, 0.0000,4.
i=1,6)/ 671.0,0.0000,0.00000, 0.0000,5.
i=1,6)/ 670.0,0.0000,0.00000, 0.0000,4.
i=1,6)/ 650.0,0.0000,0.00000, 0.0000,3.
i=1,6)/ 650.0,0.0000,0.00000, 0.0000,3.
i=1,6)/ 650.0,0.0000,0.00000, 0.0000,1.
i=1,6)/ 650.0,0.0000,0.00000, 0.0000,1.
i=1,6)/ 160.0,5.0000,43.0000,-72.600,42.
i=1,6)/ 125.0,0.0000,0.00000,-48.100,42.
i=1,6)/ 95.0,0.0000,0.00000,-5.8300,12.
i=1,6)/ 81.0,0.0000,0.28000,-16.200,35.
i=1,6)/ 60.0,3.0200,67.5000,-59.800,46.
i=1,6)/ 57.3,0.8780,0.00000,-115.00,71.

block data collis
common/clion/clion(5,30,30,7)

data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i, 10
data(clion(i, 11,
data(clion(i,12
data(clion(i,13,
data(clion(i,14,
data(clion(i, 15,
data(clion(i, 16,
data(clion(i,17,
data(clion(i, 18,
data(clion(i, 19,
data(clion(i,20,
data(clion(i,21,
data(clion(i,22,
data(clion(i,23,
data(clion(i,24,
data(clion(i,25,
data(clion(i,?26,
data(clion(i,27,
data(clion(i,?28,
data(clion(i,?29,
data(clion(i,30,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i, 10
data(clion(i,11,
data(clion(i,12
data(clion(i, 13,
data(clion(i,14,
data(clion(i,15,
data(clion(i, 16,
data(clion(i, 17,
data(clion(i,18,
data(clion(i, 19,
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00,
00,
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00,
00,
00,
00,
00,
00,
00,
00,
00,
00,
59,
64,
90,
40,
10,
10,
30,
90,
00,
00,
00,
00,
00,
00,
00,
00,
00,
00,

22.8,-12
14.4, -5
13.8, -5
13.3, -4
12.8, -4
12.2, -3
12.3, -4
12.3, -4
12.4, -4
12.5, -4
12.5, -4
12.6, -4
12.6, -4
12.7, -4
12.8, -4
12.8, -4
12.8, -4
12.8, -4
12.9, -4
12.9, -4
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12.9, -4
12.9, -4
13.0, -4
13.0, -4
13.0, -4
13.0, -4
13.0, -4
13.0, -4
13.0, -4
17.8,-11
18.4, -9
19.1, -8
19.8, -7
20.4, -6
20.8, -6
21.2, -6
21.5, -6
21.9, -6
22.2, -7
22.4, -7
22.7, -7
22.9, -7
23.1, -7
23.3, -7
23.5, -7
23.7, -7
23.9, -7

.000,
.600,
.175,
.750,
.325,
.900,
.000,
.000,
.050,
.100,
.100,
.200,
.200,
.300,
.300,
.300,
.350,
.400,
.400,
.400,
.417,
.433,
.450,
.467,
.483,
.500,
.500,
.500,
.500,
.500,
.000,
775,
.550,
.325,
.100,
.300,
.500,
.650,
.800,
.000,
.100,
.200,
.300,
.450,
.600,
.700,
.800,
.850,
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.00,0.0216/
95,0.0000/
81,0.0000/
92,0.0000/
10,0.0000/
89,0.0000/
21,0.0000/
96,0.0000/
87,0.0000/

9,0.0000/

5,16.300/

3,8.8500/

5,0.0000/

0,0.0000/

2,47.900/
90, -22.60/
90, -13.30/
90, -12.55/
90, -11.80/
90, -11.05/
90, -10.30/
90, -10.30/
90, -10.30/
90, -10.35/
90, -10.40/
90, -10.40/
90, -10.40/
90, -10.40/
90, -10.40/
90, -10.45/
90, -10.50/
90, -10.50/
90, -10.50/
90, -10.50/
90, -10.50/
90, -10.52/
90, -10.53/
90, -10.55/
90, -10.57/
90, -10.58/
90, -10.60/
90, -10.60/
90, -10.60/
90, -10.60/
90, -10.60/
00, -23.20/
38, -21.90/
75, -20.60/
12, -19.30/
50, -18.00/
40, -18.20/
30, -18.40/
25, -18.55/

.20, -18.70/
20, -18.80/
10, -18.90/
10, -19.00/
00, -19.10/
00, -19.20/
00, -19.30/
95, -19.40/
90, -19.50/
90, -19.55/
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data(clion(i,20, 5129.00, 24. -7.900, 3.90, -19.60/
data(clion(i,21, 5675.00, 24. -7.983, 3.88, -19.67/
data(clion(i,22, 6249.00, 24. -8.067, 3.87, -19.73/
data(clion(i,23, 6852.00, 24. -8.150, 3.85, -19.80/
data(clion(i,24, 7482.00, 24. -8.233, 3.83, -19.87/
data(clion(i,25, 8141.00, 24. -8.317, 3.82, -19.93/
data(clion(i,26, 8829.00, 24. -8.400, 3.80, -20.00/
data(clion(i,27, 9545.00, 24. -8.450, 3.75, -20.05/
data(clion(i,28, 10290.00, 25. -8.500, 3.70, -20.10/
data(clion(i,29, 11060.00, 25. -8.500, 3.70, -20.10/
data(clion(i, 30, 11870.00, 25. -8.500, 3.70, -20.10/
data(clion(i, 3, 5.39, 8. -2.700, 1.40, -6.60/
data(clion(i, 3, 64.39, 20. -5.600, 4.10, -18.00/

.40, -6.60/
.10, -18.00/
.40, -6.60/
.10, -18.00/

data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,

18.21, 8.
129.90, 20.
37.93, 8.
227.40, 20.

-2.700,
-5.600,
-2.700,
-5.600,

data(clion(i, 64.49, 8. -2.700, 1.40, -6.60/
data(clion(i, 352.20, 20. -5.600, 4.10, -18.00/
data(clion(i, aileteati). . -3.300, 1.40, -7.70/

.10, -18.00/
.40, -7.40/
.10, -18.00/
.40, -7.25/
.10, -18.00/
.40, -7.10/

data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i, 9,
data(clion(i,10,

504.30, 20.
138.10, 10.
683.70, 20.
185.20, 10.

-5.800,
-3.300,
-6.000,
-3.200,
-6.200,
-3.100,

Lo " )

OCOXRXNNOOOGTTRPRWW

239.10, 10.

data(clion(i,10, 1125.00, 21. -6.400, 4.10, -18.00/
data(clion(i, 11, 2998008, U0k -3.000, 1.40, -6.90/
data(clion(i,11, 1386.00, 21. -6.500, 4.10, -18.00/

data(clion(i,12,
data(clion(i, 12,

367.50, 10.
1675.00, 22.

-3.000,
-6.700,

.40, -6.80/
.10, -18.00/
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data(clion(i,13, 442 .10, 9. -3.000, 1.40, -6.70/
data(clion(i, 13, 1992.00, 22. -6.800, -18.00/
data(clion(i, 14, .50, 9. .900, 1.40, -6.60/
data(clion(i, 14, 2336.00, 22. -6.900, 4.10, -18.00/
data(clion(i, 15, 611.90, 9. -2.850, 1.40, -6.50/
data(clion(i, 15, 2707.00, 22. -7.000, 4.10, -18.00/
data(clion(i, 16, 707.20, 9. -2.800, 1.40, -6.40/
data(clion(i, 16, 3107.00, 22. -7.100, 4.10, -18.00/
data(clion(i, 17, 809.40, 9. -2.800, 1.40, -6.30/
data(clion(i, 17, 3534.00, 23. -7.200, 4.10, -18.00/
data(clion(i, 18, 918.00, 9. -2.800, 1.40, -6.20/
data(clion(i,18, 3988.00, 23. -7.300, 4.10, -18.00/
data(clion(i, 19, 1035.00, 9. -2.750, 1.40, -6.15/
data(clion(i, 19, 4471.00, 23. -7.350, 4.10, -18.00/
data(clion(i, 20, 1157.00, 9. -2.700, 1.40, -6.10/
data(clion(i,?20, 4982.00, 23. -7.400, 4.10, -18.00/
data(clion(i,21, 1288.00; 9. -2.683, 1.40, -6.05/
data(clion(i,21, 5520.00, 23. -7.483, 4.10, -18.00/
data(clion(i,22, 1425.00, 9. -2.667, 1.40, -6.00/
data(clion(i,22, 6087.00, 23. -7.567, 4.10, -18.00/
data(clion(i, 23, 1570.00, 9. -2.650, 1.40, -5.95/
data(clion(i,23, 6682.00, 23. -7.650, 4.10, -18.00/
data(clion(i,24, 1721.00, 9. -2.633, 1.40, -5.90/
data(clion(i,24, 7306.00, 23. -7.733, 4.10, -18.00/
data(clion(i,25, 1880.00, 9. -2.617, 1.40, -5.85/
data(clion(i,?25, 7957.00, 24. -7.817, 4.10, -18.00/
data(clion(i,?26, 2046.00, 9. -2.600, 40, -5.80/
data(clion(i,?26, 8638.00, 24. -7.900, 4.10, -18.00/
data(clion(i, 27, 2219.00, 9. -2.600, 1.40, -5.75/
data(clion(i,?27, 9347.00, 24. -7.950, 4.10, -18.00/
data(clion(i, 28, 2399.00, 9. -2.600, 1.40, -5.70/
data(clion(i,?28, 10080.00, 24. -8.000, 4.10, -18.00/
data(clion(i,?29, 2585.00, 9. -2.600, 1.40, -5.70/
data(clion(i,?29, 10850.00, 24. -8.000, 4.10, -18.00/
data(clion(i, 30, 2780.00, 9. -2.600, 1.40, -5.70/
data(clion(i, 30, 11650.00, 24. -8.000, 4.10, -18.00/



data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,

data(clion(i,10
data(clion(i, 10,
data(clion(i, 11,
data(clion(i,11,
data(clion(i, 12,
data(clion(i, 12,
data(clion(i,13,
data(clion(i,13,
data(clion(i, 14,
data(clion(i,14,
data(clion(i,15,
data(clion(i, 15,
data(clion(i, 16,
data(clion(i,16,
data(clion(i, 17,
data(clion(i, 17,
data(clion(i,18,
data(clion(i,18,
data(clion(i, 19,
data(clion(i,19,
data(clion(i,20,
data(clion(i,?20,
data(clion(i,21,
data(clion(i,21,
data(clion(i,22,
data(clion(i,22,
data(clion(i,23,
data(clion(i,23,
data(clion(i,24,
data(clion(i,24,
data(clion(i,25,
data(clion(i,25,
data(clion(i,?26,
data(clion(i,26,
data(clion(i,?27,
data(clion(i,?27,
data(clion(i,28,
data(clion(i,28,
data(clion(i,?29,
data(clion(i,29,
data(clion(i,30,
data(clion(i,30,

data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,

data(clion(i, 10
data(clion(i, 10,
data(clion(i, 11,
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850.
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4880.
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.400,
.600,
.400,
.600,
.400,
.600,
.800,
.800,
.000,
.000,
.050,
.200,
.100,
.400,
.400,
.500,
.600,
.700,
.800,
.800,
.000,
.900,
.200,
.000,
.400,
.100,
.500,
.200,
.600,
.300,
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.350,
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.400,
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-18.
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-13.
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-12.
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-11.
-18.
-11.
-18.
-11.
-18.
-11.
-18.
-11.
-18.
-11.
-18.
-11.
-18.
-11.
-18.
.90/
-18.
-12.
-18.
-12.
-18.
-12.
-18.
-12.
-18.
-12.
-18.
.20/
-18.
-12.
-18.
-12.
.00/
-12.
-18.
-12.
-18.
-12.
-18.
-12.
-18.
.30/
-18.
-10.
.70/
-10.
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-10.
-15.
-10.
-14.
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-13.
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00/
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data(clion(i, 11,
data(clion(i,12,
data(clion(i,12,
data(clion(i, 13,
data(clion(i, 13,
data(clion(i,14,
data(clion(i, 14,
data(clion(i, 15,
data(clion(i,15,
data(clion(i,16,
data(clion(i, 16,
data(clion(i,17,
data(clion(i,17,
data(clion(i, 18,
data(clion(i, 18,
data(clion(i,19,
data(clion(i, 19,
data(clion(i,?20,
data(clion(i,20,
data(clion(i,21,
data(clion(i,21,
data(clion(i,22,
data(clion(i,22,
data(clion(i,23,
data(clion(i,23,
data(clion(i,24,
data(clion(i,24,
data(clion(i,?25,
data(clion(i,25,
data(clion(i,26,
data(clion(i,?26,
data(clion(i,27,
data(clion(i,27,
data(clion(i,?28,
data(clion(i,?28,
data(clion(i,29,
data(clion(i,?29,
data(clion(i, 30,
data(clion(i,30,

data(clion(i,
data(clion(d,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(di,
data(clion(i,

data(clion(i, 10
data(clion(i,10,
data(clion(i,11,
data(clion(i, 11,
data(clion(i,12,
data(clion(i,12,
data(clion(i,;13,
data(clion(i, 13,
data(clion(i,14,
data(clion(i, 14,
data(clion(i, 15,
data(clion(i,15,
data(clion(i,16,
data(clion(i, 16,
data(clion(i,17,
data(clion(i,17,
data(clion(i, 18,
data(clion(i, 18,
data(clion(i,19,
data(clion(i, 19,
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224.
266.
283.
330.
350.
401.
423.
479.
503.
564.
590.
656.
684.
755.
785.
861.
898.
974.
1008.
1094.
1130.
1221.
1260.
1355.
1396.
1497 .
1539.
1644 .
1689.
1799.
1847 .
1961.
2012.
2131.
2184.
2298.
2363.
2479.
2550.
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19.

2

37.

54.

65.

87.

99.
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721.
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.100,
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.500,
.600,
.700,
.600,
.850,
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.150,
.600,
.300,
.567,
.333,
.533,
.367,
.500,
.400,
.467,
.433,
.433,
.467,
.400,
.500,
.400,
.600,
.400,
.700,
.400,
.700,
.400,
.700,
.000,1
.800,
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.300,
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.500,
.750,
.650,
.500,
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.500,
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.500,
.300,
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.500,
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.700,
.500,
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.250,
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.80, -13.
.80, -8.
.80, -13.
.70, -8.
.80, -13.
.60, -8.
.80, -12.
.55, -8.
.80, -12.
.50, -8
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.45, -8.
.80, -12.
.40, -8.
.80, -12.
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.05, -8.
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.00, -8.
.80, -12.
.00, -8.
.80, -12.
.00, -8.
.80, -12.
.00, -8.
.80, -12.
.00, -8.
.80, -12.
.00, -15.
.50, -24.
.30, -22.
.80, -18.
.00, -18
.90, -16.
.75, -17.
.85, -15.
.50, -16.
.80, -14.
.20, -16.
80, -14
.10, -16.
.80, -14
.90, -16.
.80, -14.
.80, -16.
80, -14
.55, -16.
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.30, -16.
.80, -13.
.15, -16.
.80, -13.
.00, -16.
.80, -13.
.85, -16.
.80, -13.
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10/
50/
00/
50/
00/
50/
920/
50/
85/

.50/

80/
50/
70/
50/
60/
50/
50/
50/
40/
47/

.38/

43/
37/
40/
35/
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.33/

33/
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30/
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30/
30/
30/
30/
30/
30/
30/
30/
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00/
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00/
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40/
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80/
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30/
80/
05/



data(clion(i,?20,
data(clion(i,20,
data(clion(i,21,
data(clion(i,21,
data(clion(i,22,
data(clion(i,22,
data(clion(i,23,
data(clion(i,23,
data(clion(i,24,
data(clion(i,24,
data(clion(i,?25,
data(clion(i,25,
data(clion(i,26,
data(clion(i,?26,
data(clion(i,?27,
data(clion(i,27,
data(clion(i,28,
data(clion(i,?28,
data(clion(i,29,
data(clion(i,29,
data(clion(i, 30,
data(clion(i,30,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i,
data(clion(i, 9,
data(clion(i,10,
data(clion(i,10,
data(clion(i, 11,
data(clion(i,11,
data(clion(i,12,
data(clion(i, 12,
data(clion(i, 13,
data(clion(i,13,
data(clion(i, 14,
data(clion(i, 14,
data(clion(i,15,
data(clion(i,15,
data(clion(i, 16,
data(clion(i, 16,
data(clion(i,17,
data(clion(i, 17,
data(clion(i, 18,
data(clion(i,18,
data(clion(i, 19,
data(clion(i, 19,
data(clion(i,20,
data(clion(i,20,
data(clion(i,21,
data(clion(i,21,
data(clion(i,22,
data(clion(i,22,
data(clion(i,23,
data(clion(i,23,
data(clion(i,24,
data(clion(i,24,
data(clion(i,25,
data(clion(i,25,
data(clion(i,?26,
data(clion(i,26,
data(clion(i,27,
data(clion(i,27,
data(clion(i,?28,
data(clion(i,28,
data(clion(i,?29,
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.700,
.650,
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.700,
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.750,
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.800,
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.700,
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.400,
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.400,
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.400,
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.300,
.400,
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.900,
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.100,
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.300,
.533,
.167,
.667,
.033,
.800,
.900,
.933,
.767,
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.633,
.200,
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.200,
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.700,
.200,
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.70, -16
.80, -12.
.58, -16.
.80, -12.
.47, -16.
.80, -12.
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38/
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30/
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30/
60/
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30/
10/
00/
10/
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data(clion(i,?29,
data(clion(i,30,
data(clion(i,30,
data(clion(i, 8,
data(clion(i, 8,
data(clion(i, 9,
data(clion(i, 9,
data(clion(i, 10,
data(clion(i,10,
data(clion(i,11,
data(clion(i, 11,
data(clion(i,12,
data(clion(i,12,
data(clion(i, 13,
data(clion(i, 13,
data(clion(i,14,
data(clion(i, 14,
data(clion(i, 15,
data(clion(i,15,
data(clion(i,16,
data(clion(i, 16,
data(clion(i,17,
data(clion(i,17,
data(clion(i,18,
data(clion(i, 18,
data(clion(i,19,
data(clion(i, 19,
data(clion(i,?20,
data(clion(i,20,
data(clion(i,21,
data(clion(i,21,
data(clion(i,22,
data(clion(i,22,
data(clion(i,23,
data(clion(i,?23,
data(clion(i,24,
data(clion(i,24,
data(clion(i,25,
data(clion(i,25,
data(clion(i,26,
data(clion(i,26,
data(clion(i,27,
data(clion(i,27,
data(clion(i,28,
data(clion(i,28,
data(clion(i,29,
data(clion(i,?29,
data(clion(i, 30,
data(clion(i,30,
data(clion(i, 9,
data(clion(i, 9,
data(clion(i,10,
data(clion(i,10,
data(clion(i, 11,
data(clion(i, 11,
data(clion(i,12,
data(clion(i, 12,
data(clion(i, 13,
data(clion(i,13,
data(clion(i,14,
data(clion(i, 14,
data(clion(i,15,
data(clion(i,15,
data(clion(i, 16,
data(clion(i, 16,
data(clion(i,17,
data(clion(i, 17,

7,2),i=1,5)/ 2133.
7,3),i=1,5)/ 2216.
7,2),i=1,5)/ 2309.
8,3),i=1,5)/ 13.
8,2),i=1,5)/ 28.
8,3),i=1,5)/ 34.
8,2),i=1,5)/ b54.
8,3),i=1,5)/ 63.
8,2),i=1,5)/ 87.
8,3),i=1,5)/ 98.
8,2),i=1,5)/ 126.
8,3),i=1,5)/ 141.
8,2),i=1,5)/ 173.
8,3),i=1,5)/ 190.
8,2),i=1,56)/ 226.
8,3),i=1,5)/ 246.
8,2),i=1,5)/ 287.
8,3),i=1,5)/ 309.
8,2),i=1,5)/ 355.
8,3),i=1,5)/ 379.
8,2),i=1,5)/ 429.
8,3),i=1,5)/ 455.
8,2),i=1,5)/ 510.
8,3),i=1,5)/ 539.
8,2),i=1,5)/ 599.
8,3),i=1,5)/ 629.
8,2),i=1,5)/ 694.
8,3),i=1,5)/ 726.
8,2),i=1,5)/ 796.
8,3),i=1,5)/ 830.
8,2),i=1,5)/ 906.
8,3),i=1,5)/ 941.
8,2),i=1,5)/ 1022.
8,3),i=1,5)/ 1060.
8,2),i=1,5)/ 1146.
8,3),i=1,5)/ 1185.
8,2),i=1,5)/ 1276.
8,3),i=1,5)/ 1317.
8,2),i=1,5)/ 1414.
8,3),i=1,5)/ 1456.
8,2),i=1,5)/ 1559.
8,3),i=1,5)/ 1603.
8,2),i=1,5)/ 1711.
8,3),i=1,5)/ 1756.
8,2),i=1,5)/ 1870.
8,3),i=1,5)/ 1905.
8,2),i=1,5)/ 2037.
8,3),i=1,5)/ 2070.
8,2) ,i=1,5)/ 2210.
9,3),i=1,5)/  17.
9,2),i=1,5)/ - 37.
9,3),i=1,5)/ 40.
9,2),i=1,5)/ _863.
9,3),i=1,5)/ " T71.
9,2),i=1,5)/. 99.
9,3),i=1,5)/ 109.
9,2),i=1,5)/ 141.
9,3),i=1,5)/ 153.
9,2),i=1,5)/ 190.
9,3),i=1,5)/ 205.
9,2),i=1,5)/ 246.
9,3),i=1,5)/ 263.
9,2),i=1,5)/ 309.
9,3),i=1,5)/ 328.
9,2),i=1,5)/ 379.
9,3),i=1,5)/ 400.
9,2),i=1,5)/ 456.

.700, 2.
.200, 2.
.700, 2.
.500,12.
.000, 2.
.500,11.
.200, 2.
.500,11.
.400, 2.
.300,10.
.700, 2.
.300,10.
.900,
.300,
.200,
.300,
.400,
.300,
.650,
.300,
.900,
.300,
.150,
.300,
.400,
.300,
.600,
.300,
.800,
.517,
.583,
.733,
.367,
.950,
.150,
.167,
.933,
.383,
717,
.600,
.500,
.8,-17.
.600,
.600,
! .700,
.8,-17.
.700,
.600,
~700,
.000,15.
.600, 2.
.000,15.
.600, 2.
.200,14.
.000, 2.
.200,14.
.300, 2.
.200,13.
.500, 2.
.200,13.
.800, 2.
.200,12.
.050, 2.
.200,10.
.300, 2.
.200,10.
.5560, 2.

600,

600,

NWONWNWNEARNEAENEAENPAENOONOONIINOINOINOINNNONOONONON

80,
90,
80,
50,
80,
85,
80,
20,
80,
70,
80,
30,

.80,
.90,
.80,
.60,
.80,
.80,
.80,
.00,
.80,
.45,
.80,
.90,
.80,
.50,
.80,
.10,
.80,
7,
.80,
.43,
.80,
.10,
.80,
7,
.80,
.43,
.80,
.10,
.80,
.00,
.80,
.90,
.80,
.90,
.80,
.90,
.80,

50,
80,
50,
80,
80,
80,
20,
80,
70,
80,
20,
80,
05,
80,
90,
80,
10,
80,

-12

-33

-33

-20
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.30/
-24.
-12.
-19.
-20.
-26.
-19.
-33.
-18.
.40/
-18.
-33.
-17.
-33.
-17.
-33.
-16.
-33.
-16.
-33.
-15.
-33.
-15.
-33.
-14.
-33.
-14.
-33.
-13.
-33.
-13.
-33.
-13.
-33.
-13.
-33.
-12.
-33.
-12.
-33.
-12.
-33.
-12.
.20/
-12.
-33.
-12.
-33.
-12.
-46.
-20.
-46.
.20/
-41.
-19.
-41.
-19.
-41.
-18.
-41.
-17.
-41.
-17.
-41.
-16.
-41.
-15.

90/
30/
50/
20/
25/
30/
00/
40/

00/
40/
50/
40/
10/
40/
60/
40/
10/
40/
60/
40/
10/
40/
60/
40/
15/
40/
70/
37/
47/
33/
23/
30/
00/
27/
77/
23/
53/
20/
30/
20/
30/

30/
20/
30/
20/
30/
00/
20/
00/

70/
60/
70/
00/
70/
40/
70/
80/
70/
20/
70/
60/
70/
95/



data(clion(i, 18, 9,3),1
data(clion(i,18, 9,2),1
data(clion(i,19, 9,3),1
data(clion(i, 19, 9,2),1
data(clion(i,20, 9,3),1
data(clion(i,20, 9,2),1
data(clion(i,21, 9,3),1
data(clion(i,21, 9,2),1
data(clion(i,22, 9,3),1
data(clion(i,22, 9,2),1
data(clion(i,23, 9,3),1
data(clion(i,23, 9,2),1
data(clion(i,24, 9,3),1
data(clion(i,24, 9,2),1
data(clion(i,25, 9,3),1
data(clion(i,25, 9,2),1i
data(clion(i,26, 9,3),1
data(clion(i,26, 9,2),1
data(clion(i,27, 9,3),1
data(clion(i,27, 9,2),1i
data(clion(i,28, 9,3),1
data(clion(i,28, 9,2),1i
data(clion(i,29, 9,3),1
data(clion(i,29, 9,2),1
data(clion(i,30, 9,3),1
data(clion(i,30, 9,2),1
data(clion(i,10,10,3),1
data(clion(i,10,10,2),1
data(clion(i,11,10,3),1
data(clion(i,11,10,2),1
data(clion(i,12,10,3),1
data(clion(i,12,10,2),1
data(clion(i,13,10,3),i
data(clion(i,13,10,2),1
,3),1
) ),1
,3),1
,2) 51
> )’1
b ),l
,3),1
i ),l
b ),l
,2),1
s O
b ),l
,3),1
,2),1
b ),l
b ),l
,3),i
b ),l
I’ ),l
,2),1
,3),1
b ),l
,3),1
,2),1
b ),l
b ),l
,3),1
b ),l
b ),l
,2),1
,3),1
Iy ),l
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data(clion(i, 14,10
data(clion(i, 14,10
data(clion(i, 15,10
data(clion(i, 15,10
data(clion(i, 16,10
data(clion(i, 16,10
data(clion(i,17,10
data(clion(i, 17,10
data(clion(i,18,10
data(clion(i,18,10
data(clion(i,19,10
data(clion(i, 19,10
data(clion(i,20,10
data(clion(i,20,10
data(clion(i,21,10
data(clion(i,21,10
data(clion(i,22,10
data(clion(i,22,10
data(clion(i,23,10
data(clion(i,23,10
data(clion(i,24,10
data(clion(i,24,10
data(clion(i,25,10
data(clion(i,25,10
data(clion(i,26,10
data(clion(i,26,10
data(clion(i,27,10
data(clion(i,27,10
data(clion(i,28,10
data(clion(i,28,10
data(clion(i,29,10
data(clion(i,29,10
data(clion(i,30,10
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478.
540.
564.
631.
657.
728.
756.
833.
863.
944.
975.
1063.
1097.
1189.
1224.
#3211 .
1358.
1460.
1505.
1606.
1648.
1760.
1793.
1920.
1963.
2087 .

2

48.

47.

73.

80.
111.
120.
155.
166.
207.
220.
266.
280.
332.
348.
404.
422,
484.
503.
571.
591.
664 .
687 .
765.
787.
873.
896.
988.
1011.
1110.
1133.
1239.
1262.
1375.
1397.
1519.
1541.
1669.
1690.
1827.
1846.

.200,
.800,
.200,
.050,
.200,
.300,
.500,
.000,
.800,
.700,
.100,
.400,
.400,
.100,
.700,
.800,
.000,
.500,
.000,
.600,
.000,
.700,
.000,
.700,
.000,
.700,
.000,18.
.900, 2.
.000,19.
.300, 2.
.100,18.
.600, 2.
.100,18.
.900, 2.
.100,17.
.200, 2.
.100,15.
.500, 2.
.100,14.
.800, 2.
.100,13.
.050, 2.
.100,11.
.300, 2.
.100,11.
.550, 2.
.100,10.
.800,
483,
.417,
.867,
.033,
.250,
.650,
.633,
.267,
.017,
.883,
.400,
.500,
.400,
.600,
.400,
.700,
.400,
.700,
.400,
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.30,
.80,
.70,
.80,
.10,
.80,
.60,
.80,
.10,
.80,
.60,
.80,
.10,
.80,
.60,
.80,
.10,
.80,
.00,
.80,
.90,
.80,
.90,
.80,
.90,
.80,

00,
80,
40,
80,
70,
80,
00,
80,
40,
80,
80,
80,
20,
80,
05,
80,
90,
80,
10,
80,
30,

.80,
.60,
.80,
.90,
.80,
.20,
.80,
.50,
.80,
.80,
.80,
.10,
.80,
.00,
.80,
.90,
.80,
.90,
.80,
.90,

-41

-13

-56

-65

-16

-49
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.70/
-15.
-41.
-14.
-41.
-14.
-41.
-13.
-41.
.50/
-41.
-13.
-41.
-12.
-41.
-12.
-41.
-12.
-41.
-12.
-41.
-12.
-41.
-12.
-41.
-12.
.00/
-22.
-60.
-21.
.00/
-20.
-50.
-19.
-50.
-19.
-50.
-18.
-50.
-17.
-50.
-16.
-50.
.00/
-50.
-15.
-50.
-14.
-49.
-14.
-49.
-13.
.90/
-13.
-49.
-13.
-49.
-12.
-49.
-12.
-49.
-12.
-49.
-12.
-49.
-12.
-49.

30/
70/
70/
70/
10/
67/
80/
63/

60/
20/
57/
20/
53/
60/
50/
30/
50/
30/
50/
30/
50/
30/
50/
30/

00/
00/
20/

50/
00/
80/
00/
00/
00/
25/
00/
50/
00/
75/
00/

00/
25/
00/
50/
97/
13/
93/
77/

40/
87/
03/
83/
67/
80/
30/
80/
30/
80/
30/
80/
30/
80/



data(clion(i,30,10,2),1
data(clion(i,11,11,4),
data(clion(i,11,11,3),i
data(clion(i,11,11,2),
data(clion(i,12,11,4),
data(clion(i,12,11,3),
data(clion(i,12,11,2),
data(clion(i,13,11,4),
data(clion(i,13,11,3),
data(clion(i,13,11,2),
data(clion(i,14,11,4),1i
data(clion(i,14,11,3),
data(clion(i,14,11,2),
data(clion(i,15,11,4),
data(clion(i,15,11,3),
data(clion(i,15,11,2),
data(clion(i,16,11,4),
data(clion(i,16,11,3),
data(clion(i,16,11,2),i
data(clion(i,17,11,4),
data(clion(i,17,11,3),
data(clion(i,17,11,2),
data(clion(i,18,11,4),
data(clion(i,18,11,3),
data(clion(i,18,11,2),
data(clion(i,19,11,4),
data(clion(i,19,11,3),
data(clion(i,19,11,2),
data(clion(i,20,11,4),
data(clion(i,20,11,3),
data(clion(i,20,11,2),
data(clion(i,21,11,4),
data(clion(i,21,11,3),
data(clion(i,21,11,2),
data(clion(i,22,11,4),
data(clion(i,22,11,3),
data(clion(i,22,11,2),1
data(clion(i,23,11,4),
data(clion(i,23,11,3),
data(clion(i,23,11,2),
data(clion(i,24,11,4),
data(clion(i,24,11,3),
data(clion(i,24,11,2),
data(clion(i,25,11,4),
data(clion(i,25,11,3),1
data(clion(i,25,11,2),
data(clion(i,26,11,4),
data(clion(i,26,11,3),
data(clion(i,26,11,2),
data(clion(i,27,11,4),
data(clion(i,27,11,3),
data(clion(i,27,11,2),
data(clion(i,28,11,4),i
data(clion(i,28,11,3),
data(clion(i,28,11,2),
data(clion(i,29,11,4),
data(clion(i,29,11,3),
data(clion(i,29,11,2),
data(clion(i,30,11,4),
data(clion(i,30,11,3),
data(clion(i,30,11,2),
data(clion(i,12,12,4),
data(clion(i,12,12,3),i
data(clion(i,12,12,2),
data(clion(i,13,12,4),
data(clion(i,13,12,3),
data(clion(i,13,12,2),
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1992

38.
70.
15.
65.
98.
28.
102.
140.
.14,
146.
189.
65.
197.
246.
.05,
255.
309.
114.
320
37‘Or.
143.
392.
457 .
175.
471.
541.
211.
556.
632.
249.
650.
730.
201.
751.
836.
336.
858.
948.
384.
973~
1068.
435.
1096.
1195.
489.
1216.
1329.
546.
1362.
1470.
607 .
1506.
1618.
670.
1657.
1773.
737 .
1815.
1936.
.65,
54.
94.
18.
89.
128.

.00,

14,
84,
04,
69,
81,
45,
60,
70,

60,
90,
03,
70,
10,

70,
40,

LO%
40
50,
50,
00,
80,
30,
30y
30,
90,
60,
80,
50,
90,

10,
30,
30,
90,
80,
20,
80,
00,
20,
00,
00,
30,
00,
00,
60,
00,
00,
10,
00,
00,
60,
00,
00,
40,
00,
00,

90,
00,
83,
97,
10,

19.
16.
63.

37.
17.

31.
12.

66.
22.

69.
22.

73.
23.

4.
28n

4.
23.

75.
23.

76.
23.

76.
23.

TT.
23.

77 .
23.

78.
23.

78.
23.

78.
23.

79.
23.

79.
23.

79.
23.

79.
23.
18.
37.
17.
17.
31.
12.
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.700, 2.
.000, 0.
.000,33.
.000, 0.
.600, 0.
.000,24.
.200, 3.
.400, 0.
.700,21.
.500, 3.
.000, 0.
.800,18.
.200, 3.
.900, 0.
.900,17.
.600, 3.
.800, 0.
.000,15.
.000, 3.
.750, 0.
.000,14.
.150, 3.
.700, 0.
.000,14.
.300, 3.
.650, 0.
.000,13.
.350, 3.
.600, 0.
.000,12.
.400, 3.
.600, 0.
.000,12.
.300, 3.
.600, 0.
.000,12.
.200, 3.
.600, 0.
.000,11.
.100, 3.
.600, 0.
.000,11.
.000, 3.
.600, 0.
.000,10.
.900, 3.
.600, 1.
.000,10.
.800, 3.
1600, 1.
.000,10.
.800, 3.
.600, 1.
.000,10.
.800, 3.
.600, 1.
.000,10.
.800, 3.
.600, 1.
.000,10.
.800, 3.
.000, 0.
.000,24.
.200, 3.
.000, 1.
.700,21.
.500, 3.

80,
20,
00,
00,
30,
80,
30,
50,
00,
30,
60,
70,
30,

25,
30,
70,
80,
30,
75,
95,
30,
80,
10,
30,
85,
45,
30,
90,
80,
30,
92,
43,
30,
93,
07,
30,
95,
70,
30,
97,
33,
30,
98,
97,
30,
00,
60,
30,
00,
35,
30,
00,
10,
30,
00,
10,
30,
00,
10,
30,
60,
80,
30,
00,
00,
30,

-12

-44

-57

-5

-5
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.30/
-13.
-80.
.00/
.40/
-62.
-19.

-4.
.10/
-13.
.80/
-65.
-20.

-5.
-63.
-20.

-5.
-61.
-19.

-5.
-59.
-19.

-5.
-58.
-18.

-5.
.60/
-18.

-5.
-56.
-17.

-5.
-55.
-17.
.40/
-55.
-17.
.40/
-54.
-17.
.40/
-54.
-16.
.40/
-53.
-16.

-5.
-52.
-16.

-5.
-52.
-16.
.40/
-51.
-16.

-5.
-51.
-16.

-5.
-51.
-16.
.00/
-62.
-19.

-8.
-44.
-13.

50/
00/

00/
00/
10/

10/

00/
90/
60/
05/
20/
40/
10/
50/
40/
85/
00/
40/
60/
50/
40/

15/
40/
60/
80/
40/
97/
58/

33/
37/

70/
15/

07/
93/

43/
72/
40/
80/
50/
40/
35/
35/

90/
20/
40/
90/
20/
40/
90/
20/

00/
00/
00/
10/
10/



data(clion(i,14,12,4
data(clion(i,14,12,3
data(clion(i,14,12,2
data(clion(i,15,12,4
data(clion(i,15,12,3
data(clion(i,15,12,2
data(clion(i,16,12,4
data(clion(i,16,12,3
data(clion(i,16,12,2
data(clion(i,17,12,4
data(clion(i,17,12,3
data(clion(i,17,12,2
data(clion(i,18,12,4
data(clion(i,18,12,3
data(clion(i,18,12,2
data(clion(i,19,12,4
data(clion(i,19,12,3
data(clion(i,19,12,2
data(clion(i,20,12,4
data(clion(i,20,12,3
data(clion(i,20,12,2
data(clion(i,21,12,4
data(clion(i,21,12,3
data(clion(i,21,12,2
data(clion(i,22,12,4
data(clion(i,22,12,3
data(clion(i,22,12,2
data(clion(i,23,12,4
data(clion(i,23,12,3
data(clion(i,23,12,2
data(clion(i,24,12,4
data(clion(i,24,12,3
data(clion(i,24,12,2
data(clion(i,25,12,4
data(clion(i,25,12,3
data(clion(i,25,12,2
data(clion(i,26,12,4
data(clion(i,26,12,3
data(clion(i,26,12,2
data(clion(i,27,12,4
data(clion(i,27,12,3
data(clion(i,27,12,2
data(clion(i,28,12,4
data(clion(i,28,12,3
data(clion(i,28,12,2
data(clion(i,29,12,4
data(clion(i,29,12,3
data(clion(i,29,12,2
data(clion(i,30,12,4
data(clion(i,30,12,3
data(clion(i,30,12,2
data(clion(i,13,13,5
data(clion(i,13,13,4
data(clion(i,14,13,5
data(clion(i,14,13,4
data(clion(i,15,13,5
data(clion(i,15,13,4
data(clion(i,16,13,5
data(clion(i,16,13,4
data(clion(i,17,13,5
data(clion(i,17,13,4
data(clion(i,18,13,5
data(clion(i,18,13,4
data(clion(i,19,13,5
data(clion(i,19,13,4
data(clion(i,20,13,5
data(clion(i,20,13,4
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data(clion(i,21,13,5),i=1,5)/ 180.00, 10.8, -3.267, 1.32, =-7.02/
data(clion(i,21,13,4),i=1,5)/ 201.50, 23.6, -9.250, 1.97, -16.15/
data(clion(i,22,13,5),i=1,5)/ 215.90, 10.4, -3.133, 1.33, -6.73/
data(clion(i,22,13,4),i=1,5)/ 239.70, 24.5, -9.900, 2.03, -16.80/
data(clion(i,23,13,5),i=1,5)/ 255.70, 10.1, -3.000, 1.35, =-6.45/
data(clion(i,23,13,4),i=1,5)/ 281.00, 25.5,-10.550, 2.10, -17.45/
data(clion(i,24,13,5),i=1,5)/ 298.10, 9.8, -2.867, 1.37, =-6.17/
data(clion(i,24,13,4),i=1,5)/ 325.50, 26.4,-11.200, 2.17, -18.10/
data(clion(i,25,13,5),i=1,5)/ 343.60, 9.4, -2.733, 1.38, -5.88/
data(clion(i,25,13,4),i=1,5)/ 373.10, 27.3,-11.850, 2.23, -18.75/
data(clion(i,26,13,5),i=1,5)/ 392.20, 9.1, -2.600, 1.40, -5.60/
data(clion(i,26,13,4),i=1,5)/ 423.80, 28.2,-12.500, 2.30, -19.40/
data(clion(i,27,13,5),i=1,5)/ 444.00, 9.1, -2.600, 1.40, -5.60/
data(clion(i,27,13,4),i=1,5)/ 477.70, 28.2,-12.500, 2.30, -19.40/
data(clion(i,28,13,5),i=1,6)/ 498.40, 9.1, -2.600, 1.40, -5.60/
data(clion(i,28,13,4),i=1,56)/ 534.70, 28.2,-12.500, 2.30, -19.40/
data(clion(i,29,13,5),i=1,5)/ 557.00, 9.1, -2.600, 1.40, -5.60/
data(clion(i,29,13,4),i=1,5)/ 594.90, 28.2,-12.500, 2.30, -19.40/
data(clion(i,30,13,5),i=1,5)/ 619.00, 9.1, -2.600, 1.40, -5.60/
data(clion(i,30,13,4),i=1,5)/ 658.30, 28.2,-12.500, 2.30, -19.40/
data(clion(i,14,14,5),i=1,5)/ 8.15, 74.5,-49.400, 1.30, -54.60/
data(clion(i,14,14,4),i=1,5)/ 16.17, 53.8,-35.800, 1.40, -40.70/
data(clion(i,15,14,5),i=1,56)/ 19.73, 74.5,-49.400, 1.30, -54.60/
data(clion(i,15,14,4),i=1,5)/ 27.09, 53.8,-35.800, 1.40, -40.70/
data(clion(i,16,14,5),i=1,5)/ 34.83, 74.5,-49.400, 1.30, -54.60/
data(clion(i,16,14,4),i=1,5)/ 44.15, 53.8,-35.800, 1.40, -40.70/
data(clion(i,17,14,5),i=1,5)/ 53.47, 74.5,-49.400, 1.30, -54.60/
data(clion(i,17,14,4),i=1,5)/ 64.70, 53.8,-35.800, 1.40, -40.70/
data(clion(i,18,14,5),i=1,6)/ 75.02, 74.5,-49.400, 1.30, -54.60/
data(clion(i,18,14,4),i=1,56)/ 88.28, 53.8,-35.800, 1.40, -40.70/
data(clion(i,19,14,5),i=1,5)/ 99.44, 48.7,-28.400, 2.05, -35.25/
data(clion(i,19,14,4),i=1,5)/ 115.20, 37.8,-21.750, 1.65, -27.80/
data(clion(i,20,14,5),i=1,6)/ 127.20, 22.9, -7.400, 2.80, -15.90/
data(clion(i,20,14,4),i=1,5)/ 145.20, 21.9, -7.700, 1.90, -14.90/
data(clion(i,21,14,5),i=1,5)/ 158.10, 22.6, -7.150, 2.83, -15.35/
data(clion(i,21,14,4),i=1,6)/ 178.40, 22.6, -8.283, 1.97, -15.43/
data(clion(i,22,14,5),i=1,5)/ 192.10, 22.4, -6.900, 2.87, -14.80/
data(clion(i,22,14,4),i=1,5)/ 214.80, 23.4, -8.867, 2.03, -15.97/
data(clion(i,23,14,5),i=1,6)/ 230.50, 22.1, -6.650, 2.90, -14.25/
data(clion(i,23,14,4),i=1,5)/ 254.30, 24.1, -9.450, 2.10, -16.50/
data(clion(i,24,14,5),i=1,5)/ 270.80, 21.8, -6.400, 2.93, -13.70/
data(clion(i,24,14,4),i=1,6)/ 296.90, 24.9,-10.033, 2.17, -17.03/
data(clion(i,25,14,5),i=1,56)/ 314.40, 21.6, -6.150, 2.97, -13.15/
data(clion(i,25,14,4),i=1,5)/ 342.70, 25.6,-10.617, 2.23, -17.57/
data(clion(i,26,14,5),i=1,5)/ 361.00, 21.3, -5.900, 3.00, -12.60/
data(clion(i,26,14,4),i=1,5)/ 391.60, 26.4,-11.200, 2.30, -18.10/
data(clion(i,27,14,5),i=1,5)/ 411.00, 21.3, -5.900, 3.00, -12.60/
data(clion(i,27,14,4),i=1,5)/ 443.60, 26.4,-11.200, 2.30, -18.10/
data(clion(i,28,14,5) ,i=1,6)/ ~463.70,-21.3,--5.900, 3.00, -12.60/
data(clion(i,28,14,4),i=1,5)/ 498.80, 26.4,-11.200, 2.30, -18.10/
data(clion(i,29,14,5),i=1,5)/ 520.00, 21.3, -5.900, 3.00, -12.60/
data(clion(i,29,14,4),i=1,6)/ 557.20, 26.4,-11.200, 2.30, -18.10/
data(clion(i,30,14,5),i=1,56)/ 579.00, 21.3, -5.900, 3.00, -12.60/
data(clion(i,;30,14,4),i=1,5)/ 618.70, 26.4,-11.200, 2.30, -18.10/
data(clion(i,15,15,5),i=1,5)/ 10.49, 98.7,-65.400, 1.90, -72.30/
data(clion(i,15,15,4),i=1,5)/ 20.17, 52.5,-34.500, 1.40, -40.50/
data(clion(i,16,15,5),i=1,5)/ 23.33, 98.7,-65.400, 1.90, -72.30/
data(clion(i,16,15,4),i=1,5)/ 31.90, 52.5,-34.500, 1.40, -40.50/
data(clion(i,17,15,5),i=1,56)/ 39.61, 98.7,-65.400, 1.90, -72.30/
data(clion(i,17,15,4),i=1,56)/ 50.19, 52.5,-34.500, 1.40, -40.50/
data(clion(i,18,15,5),i=1,5)/ 59.81, 98.7,-65.400, 1.90, -72.30/
data(clion(i,18,15,4),i=1,56)/ 71.74, 52.5,-34.500, 1.40, -40.50/
data(clion(i,19,15,5),i=1,56)/ 82.66, 69.8,-39.500, 2.65, -51.20/
data(clion(i,19,15,4),i=1,5)/ 96.57, 36.5,-20.400, 1.75, -27.15/
data(clion(i,20,15,5),i=1,5)/ 108.80, 40.9,-13.600, 3.40, -30.10/
data(clion(i,20,15,4),i=1,5)/ 124.90, 20.4, -6.300, 2.10, -13.80/
data(clion(i,21,15,5),i=1,5)/ 138.00, 40.6,-12.950, 3.57, -28.55/



data(clion(i,21,15,4)
data(clion(i,22,15,5)
data(clion(i,22,15,4)
data(clion(i,23,15,5)
data(clion(i,23,15 4)
data(clion(i,24,15,5)
data(clion(i,24,15,4)
data(clion(i,25,15,5)
data(clion(i,25,15,4)
data(clion(i,26,15,5)
data(clion(i,26,15,4)
data(clion(i,27,15,5)
data(clion(i,27,15,4)
data(clion(i,28,15,5)
data(clion(i,28,15,4)
data(clion(i,29,15,5)
data(clion(i,29,15,4)
data(clion(i,30,15,5)
data(clion(i,30,15,4)
data(clion(i,16,16,5)
data(clion(i,16,16,4)
data(clion(i,17,16,5)
data(clion(i,17,16,4)
data(clion(i,18,16,5)
data(clion(i,18,16,4)
data(clion(i,19,16,5)
data(clion(i,19,16,4)
data(clion(i,20,16,5)
data(clion(i,20,16,4)
data(clion(i,21,16,5)
data(clion(i,21,16,4)
data(clion(i,22,16,5)
data(clion(i,22,16,4)
data(clion(i,23,16,5)
data(clion(i,23,16,4)
data(clion(i,24,16,5)
data(clion(i,24,16,4)
data(clion(i,25,16,5)
data(clion(i,25,16,4)
data(clion(i,26,16,5)
data(clion(i,26,16,4)
data(clion(i,27,16,5)
data(clion(i,27,16,4)
data(clion(i,28,16,5)
data(clion(i,28,16,4)
data(clion(i,29,16,5)
data(clion(i,29,16,4)
data(clion(i,30,16,5)
data(clion(i,30,16,4)
data(clion(i,17,17,5)
data(clion(i,17,17,4)
data(clion(i,18,17,5)
data(clion(i,18,17,4)
data(clion(i,;19,17,5)
data(clion(i,19,17,4)
data(clion(i,20,17,5)
data(clion(i,20,17,4)
data(clion(i,21,17,5)
data(clion(i,21,17,4)
data(clion(i,22,17,5)
data(clion(i,22,17,4)
data(clion(i,23,17,5)
data(clion(i,23,17,4)
data(clion(i,24,17,5)
data(clion(i,24,17,4)
data(clion(i,25,17,5)
data(clion(i,25,17,4)
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data(clion(i,26,17,5
data(clion(i,26,17,4
data(clion(i,27,17,5
data(clion(i,27,17,4
data(clion(i,28,17,5
data(clion(i,28,17,4
data(clion(i,29,17,5
data(clion(i,29,17,4
data(clion(i,30,17,5
data(clion(i,30,17,4
data(clion(i,18,18,5
data(clion(i,18,18,4
data(clion(i,19,18,5
data(clion(i,19,18,4
data(clion(i,20,18,5
data(clion(i,20,18,4
data(clion(i,21,18,5
data(clion(i,21,18,4
data(clion(i,22,18,5
data(clion(i,22,18,4
data(clion(i,23,18,5
data(clion(i,23,18,4
data(clion(i,24,18,5
data(clion(i,24,18,4
data(clion(i,25,18,5
data(clion(i,25,18,4
data(clion(i,26,18,5
data(clion(i,26,18,4
data(clion(i,27,18,5
data(clion(i,27,18,4
data(clion(i,28,18,5
data(clion(i,28,18,4
data(clion(i,29,18,5
data(clion(i,29,18,4
data(clion(i,30,18,5
data(clion(i,30,18,4
data(clion(i,19,19,7
data(clion(i,19,19,6
data(clion(i,19,19,5
data(clion(i,19,19,4
data(clion(i,20,19,7
data(clion(i,20,19,6
data(clion(i,20,19,5
data(clion(i,20,19,4
data(clion(i,21,19,6
data(clion(i,21,19,5
data(clion(i,21,19,4
data(clion(i,22,19,6
data(clion(i,22,19,5
data(clion(i,22,19,4
data(clion(i,23,19,6
data(clion(i,23,19,5
data(clion(i,23,19,4
data(clion(i,24,19,6
data(clion(i,24,19,5
data(clion(i,24,19,4
data(clion(i,25,19,6
data(clion(i,25,19,5
data(clion(i,25,19,4
data(clion(i,26,19,6
data(clion(i,26,19,5
data(clion(i,26,19,4
data(clion(i,27,19,6
data(clion(i,27,19,5
data(clion(i,27,19,4
data(clion(i,28,19,6
data(clion(i,28,19,5
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.100,
.600,
.100,
.600,
.100,
.000,
.500,
.100,
.150,
.200,
.800,
117,
117,
.033,
.433,
.950,
.750,
.867,
.067,
.783,
.383,
.700,
.700,
.700,
.700,
.700,
.700,
.700,
.700,
.700,
.700,
.000,
.000,
.200,
.800,
.000,
.000,
.200,
.800,
.407,
117,
117,
.813,
.033,
.433,
.220,
.950,
.750,
.627,
.867,
.067,
.033,
.783,
.383,
.440,
.700,
.700,
.220,
.700,
.700,
.000,
.700,

600,
600,
600,
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-40

-51

-13

-13
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.30/
-14.
-40.
-14.
-40.
-14.
-40.
-14.
-40.
-14.

-169.
-39.

-116.
-26.
-63.
-13.
-61.
-13.
-59.
-13.
-57.
-13.
-55.
-13.
-53.
-12.

.70/

-12.

-51.

-12.

-51.

-12.

-51.

-12.

-51.

-12.
-6.

.00/

-68.

-13.
-6.

.00/

-68.

.80/
-6.

-65.

-13.
-7.

-62.

-13.
-7.

-59.

.25/
-8.

-57.

-13.
-8.

-54.

-12.
-9.

-51.

-12.
-7.

-51.

-12.
-6.

-51.

10/
30/
10/
30/
10/
30/
10/
30/
10/
00/
70/
00/
75/
00/
80/
12/
62/
23/
43/
35/
25/
47/
07/
58/
88/

70/
70/
70/
70/
70/
70/
70/
70/
70/
00/

00/
80/
00/

00/

59/
28/
62/
18/
57/
43/
76/
85/

35/
13/
07/
94/
42/
88/
53/
70/
70/
76/
70/
70/
00/
70/
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data(clion(i,28,19,4),i=1,5)/ 329.00, 19.2, -5.700, 2.30, -12.70/
data(clion(i,29,19,6),i=1,5)/ 266.10, 12.5, -4.000, 0.40, -6.00/
data(clion(i,29,19,5),i=1,5)/ 333.50, 69.9,-23.700, 9.50, -51.70/
data(clion(i,29,19,4),i=1,5)/ 377.80, 19.2, -5.700, 2.30, -12.70/
data(clion(i,30,19,6),i=1,5)/ 310.80, 12.5, -4.000, 0.40, -6.00/
data(clion(i,30,19,5),i=1,5)/ 382.80, 69.9,-23.700, 9.50, -51.70/
data(clion(i,30,19,4),i=1,5)/ 429.90, 19.2, -5.700, 2.30, -12.70/
data(clion(i,20,20,7),i=1,5)/ 6.11, 2.5, -2.500, 8.00, -5.50/
data(clion(i,20,20,6),i=1,5)/ 1.00, 0.0, 0.000, 0.00, 0.00/
data(clion(i,20,20,5),i=1,5)/ 34.43, 74.3,-24.200, 7.00, -63.00/
data(clion(i,20,20,4),i=1,5)/ 48.30, 17.6, -3.800, 1.90, -13.80/
data(clion(i,21,20,6),i=1,5)/ 14.44, 4.5, -2.810, 7.66, -6.33/
data(clion(i,21,20,5),i=1,5)/ 46.78, 73.2,-23.600, 7.47, -61.45/
data(clion(i,21,20,4),i=1,5)/ 68.48, 17.3, -3.548, 1.97, -13.27/
data(clion(i,22,20,6),i=1,6)/ 27.49, 6.5, -3.120, 7.33, -7.17/
data(clion(i,22,20,5),i=1,6)/ 62.01, 72.2,-23.000, 7.94, -59.90/
data(clion(i,22,20,4),i=1,5)/ 86.03, 16.9, -3.297, 2.03, -12.73/
data(clion(i,23,20,6),i=1,5)/ 46.71, 8.6, -3.430, 6.99, -8.00/
data(clion(i,23,20,5),i=1,56)/ 85.55, 71.1,-22.400, 8.41, -58.35/
data(clion(i,23,20,4),i=1,5)/ 111.80, 16.6, -3.045, 2.10, -12.20/
data(clion(i,24,20,6),i=1,5)/ 69.46, 10.6, -3.740, 6.65, -8.83/
data(clion(i,24,20,5),i=1,5)/ 113.40, 70.0,-21.800, 8.88, -56.80/
data(clion(i,24,20,4),i=1,5)/ 142.70, 16.3, -2.793, 2.17, -11.67/
data(clion(i,25,20,6),i=1,5)/ 95.75, 12.6, -4.050, 6.32, =-9.67/
data(clion(i,25,20,5),i=1,5)/ 144.40, 69.0,-21.200, 9.35, -55.25/
data(clion(i,25,20,4),i=1,56)/ 176.80, 156.9, -2.542, 2.23, -11.13/
data(clion(i,26,20,6),i=1,5)/ 125.00, 14.6, -4.360, 5.98, -10.50/
data(clion(i,26,20,5),i=1,5)/ 178.30, 67.9,-20.600, 9.82, -53.70/
data(clion(i,26,20,4),i=1,56)/ 213.50, 15.6, -2.290, 2.30, -10.60/
data(clion(i,27,20,6),i=1,5)/ 157.80, 19.4, -6.030, 3.34, -11.10/
data(clion(i,27,20,5),i=1,5)/ 215.80, 68.9,-22.150, 9.66, -52.70/
data(clion(i,27,20,4),i=1,5)/ 254.40, 17.4, -3.995, 2.30, -11.65/
data(clion(i,28,20,6),i=1,5)/ 193.00, 24.1, -7.700, 0.70, -11.70/
data(clion(i,28,20,5),i=1,5)/ 256.10, 69.9,-23.700, 9.50, -51.70/
data(clion(i,28,20,4),i=1,5)/ 297.20, 19.2, -5.700, 2.30, -12.70/
data(clion(i,29,20,6),i=1,56)/ 232.00, 24.1, -7.700, 0.70, -11.70/
data(clion(i,29,20,5),i=1,5)/ 299.90, 69.9,-23.700, 9.50, -51.70/
data(clion(i,29,20,4),i=1,5)/ 344.70, 19.2, -5.700, 2.30, -12.70/
data(clion(i,30,20,6),i=1,56)/ 274.00, 24.1, -7.700, 0.70, -11.70/
data(clion(i,30,20,5),i=1,5)/ 346.70, 69.9,-23.700, 9.50, -51.70/
data(clion(i,30,20,4),i=1,5)/ 393.90, 19.2, -5.700, 2.30, -12.70/
data(clion(i,21,21,7),i=1,5)/ 6.56, 2.5, -2.500, 8.00, -5.50/
data(clion(i,21,21,6),i=1,5)/ 8.01, 36.9,-11.800,10.30, -31.50/
data(clion(i,21,21,5),i=1,5)/ 33.60, 67.0,-18.600, 9.43, -56.50/
data(clion(i,22,21,7),i=1,56)/ 13.58, 2.5, -2.500, 8.00, -5.50/
data(clion(i,22,21,6),i=1,5)/ 16.13, 36.9,-11.800,10.30, -31.50/
data(clion(i,22,21,5),i=1,5)/ 52.53, 67.0,-18.600, 9.43, -56.50/
data(clion(i,23,21,6),i=1,5)/ 23.91, 36.9,-11.800,10.30, -31.50/
data(clion(i,23,21,5),i=1,6)/ - 68.13, 67.0,-18.600, 9.43, -56.50/
data(clion(i,23,21,4),i=1,5)/ - 94.52, 12.7, -0.086, 2.42, -8.97/
data(clion(i,24,21,6),i=1,5)/ - 49.16, 36.9,-11.800,10.30, -31.50/
data(clion(i,24,21,5),i=1,6)/ 92.75, 67.0,-18.600, 9.43, -56.50/
data(clion(i,24,21,4),i=1,5)/ 121.90, 12.7, -0.086, 2.42, -8.97/
data(clion(i,25,21,6),i=1,5)/ ~ 72.40, 36.9,-11.800,10.30, -31.50/
data(clion(i,25,21,5),i=1,5)/ 121.00, 67.0,-18.600, 9.43, -56.50/
data(clion(i,25,21,4),i=1,5)/ 153.00, 12.7, -0.086, 2.42, -8.97/
data(clion(i,26,21,6),i=1,5)/ 99.06, 36.9,-11.800,10.30, -31.50/
data(clion(i,26,21,5),i=1,5)/ 152.70, 67.0,-18.600, 9.43, -56.50/
data(clion(i,26,21,4),i=1,56)/ 187.60, 12.7, -0.086, 2.42, -8.97/
data(clion(i,27,21,6),i=1,5)/ 129.00, 35.7,-11.350, 5.70, -24.10/
data(clion(i,27,21,5),i=1,5)/ 187.60, 68.4,-21.150, 9.47, -54.10/
data(clion(i,27,21,4),i=1,56)/ 225.50, 16.0, -2.893, 2.36, -10.84/
data(clion(i,28,21,6),i=1,5)/ 162.00, 34.5,-10.900, 1.10, -16.70/
data(clion(i,28,21,5),i=1,5)/ 226.60, 69.9,-23.700, 9.50, -51.70/
data(clion(i,28,21,4),i=1,5)/ 268.20, 19.2, -5.700, 2.30, -12.70/
data(clion(i,29,21,6),i=1,5)/ 199.00, 34.5,-10.900, 1.10, -16.70/
data(clion(i,29,21,5),i=1,5)/ 267.20, 69.9,-23.700, 9.50, -51.70/
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data(clion(i,29,21,4), 311.30, 19.2, -5.700, 2.30, -12.70/
data(clion(i,30,21,6), 238.00, 34.5,-10.900, 1.10, -16.70/
data(clion(i,30,21,5), 312.80, 69.9,-23.700, 9.50, -51.70/
data(clion(i,30,21,4), 360.90, 19.2, -5.700, 2.30, -12.70/
data(clion(i,22,22,7), 6.82, 2.5, -2.500, 8.00, -5.50/

9.94, 48.1,-20.400,16.20, -48.40/
40.00, 66.8,-18.900, 9.29, -60.50/
14.66, 48.1,-20.400,16.20, -48.40/
53.23, 66.8,-18.900, 9.29, -60.50/
79.42, 13.4, -0.410, 2.33, -10.90/
30.96, 48.1,-20.400,16.20, -48.40/
74.36, 66.8,-18.900, 9.29, -60.50/

103.20, 13.4, -0.410, 2.33, -10.90/
51.20, 48.1,-20.400,16.20, -48.40/
98.79, 66.8,-18.900, 9.29, -60.50/

130.00, 13.4, -0.410, 2.33, -10.90/
75.01, 48.1,-20.400,16.20, -48.40/

data(clion(i,22,22,6),
data(clion(i,22,22,5),
data(clion(i,23,22,6),
data(clion(i,23,22,5),
data(clion(i,23,22,4),
data(clion(i,24,22,6),
data(clion(i,24,22,5),
data(clion(i,24,22,4),
data(clion(i,25,22,6),
data(clion(i,25,22,5),
data(clion(i,25,22,4),
data(clion(i,26,22,6),

data(clion(i,26,22,5), 128.80, 66.8,-18.900, 9.29, -60.50/
data(clion(i,26,22,4), 163.30, 13.4, -0.410, 2.33, -10.90/
data(clion(i,27,22,6), 102.00, 45.7,-17.050, 8.75, -34.65/
data(clion(i,27,22,5), 161.90, 68.4,-21.300, 9.40, -56.10/
data(clion(i,27,22,4 1598907 16.3, -3.055, 2.32, -11.80/
data(clion(i,28,22 6 133.00, 43.2,-13.700, 1.30, -20.90/
data(clion(i,28,22,5 197.10, 69.9,-23.700, 9.50, -51.70/
data(clion(i,28,22,4 237.80, 19.2, -5.700, 2.30, -12.70/
data(clion(i,29,22,6 167.00, 43.2,-13.700, 1.30, -20.90/
data(clion(i,29,22,5 237.50, 69.9,-23.700, 9.50, -51.70/
data(clion(i,29,22,4 282.40, 19.2, -5.700, 2.30, -12.70/
data(clion(i,30,22,6 203.00, 43.2,-13.700, 1.30, -20.90/
data(clion(i,30,22,5 278.50, 69.9,-23.700, 9.50, -51.70/
data(clion(i,30,22,4 325.70, 19.2, -5.700, 2.30, -12.70/
data(clion(i,23,23,7 6.74, 2.5, -2.500, 8.00, -5.50/

data(clion(i,27,24,
data(clion(i,27,24,

112.80, 78.8,-36.650,12.95, -68.25/
149.50, 22.5, -8.700, 2.31, -18.30/
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data(clion(i,23,23,6),i 12.00, 77.4,-43.900,19.60, -81.90/
data(clion(i,23,23,5),1 47.00, 79.1,-30.000, 8.38, -74.60/
data(clion(i,24,23,6),i 16.50, 77.4,-43.900,19.60, -81.90/
data(clion(i,24,23,5),i 68.79, 79.1,-30.000, 8.38, -74.60/
data(clion(i,24,23,4),i 87.45, 16.7, -3.440, 2.32, -15.10/
data(clion(i,25,23,6),i 33.67, 77.4,-43.900,19.60, -81.90/
data(clion(i,25,23,5),1i 80.62, 79.1,-30.000, 8.38, -74.60/
data(clion(i,25,23,4),i 112.00, 16.7, -3.440, 2.32, -15.10/
data(clion(i,26,23,6),1i 54.80, 77.4,-43.900,19.60, -81.90/
data(clion(i,;26,23,5),1i 106.70, 79.1,-30.000, 8.38, -74.60/
data(clion(i,26,23,4),i 141.10, 16.7, -3.440, 2.32, -15.10/
data(clion(i,27,23,6),1i 79.50, 64.1,-30.000,10.60, -53.25/
data(clion(i,27,23,5),1 136.60, 74.5,-26.850, 8.94, -63.15/
data(clion(i,27,23,4),i 174.00, 18.0, -4.570, 2.31, -13.90/
data(clion(i,28,23,6),i 108.00, 50.8,-16.100, 1.60, -24.60/
data(clion(i,28,23,5),1 170.90,.69.9,-23.700, 9.50, -51.70/
data(clion(i,28,23,4) ,i 211.90,-19.2,--56.700, 2.30, -12.70/
data(clion(i,29,23,6),i 139.00, 50.8,-16.100, 1.60, -24.60/
data(clion(i,29,23,5),i 206.70, 69.9,-23.700, 9.50, -51.70/
data(clion(i,29,23,4),i 250.40, 19.2, -5.700, 2.30, -12.70/
data(clion(i,30,23,6),i 175.00, 50.8,-16.100, 1.60, -24.60/
data(clion(i,;30,23,5),1i 248.70, 69.9,-23.700, 9.50, -51.70/
data(clion(i,30,23,4),1 296.90, 19.2, -5.700, 2.30, -12.70/
data(clion(i,24,24,7),i 6.77, 2.5, -2.500, 8.00, -5.50/
data(clion(i,24,24,6),i 8.66, 84.8,-67.600,21.00, -84.10/
data(clion(i,24,24,5),i 49.00, 87.7,-49.600,16.40, -84.80/
data(clion(i,25,24,7),i 15.64, 2.5, -2.500, 8.00, -5.50/
data(clion(i,25,24,6),i 20.58, 84.8,-67.600,21.00, -84.10/
data(clion(i,25,24,5),1 70.09, 87.7,-49.600,16.40, -84.80/
data(clion(i,26,24,6),i 30.65, 84.8,—67.600,21.00, -84.10/
data(clion(i,26,24,5),i 87.05, 87.7,-49.600,16.40, -84.80/
data(clion(i,26,24,4),i 121.10, 25.9,-11.700, 2.32, -23.90/
data(clion(i,27,24, 6;, 51.27, 67.4,-41.750,11.30, -54.10/
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data(clion(i,28,24,6
data(clion(i,28,24,5
data(clion(i,28,24,4
data(clion(i,29,24,6
data(clion(i,29,24,5
data(clion(i,29,24,4
data(clion(i,30,24,6
data(clion(i,30,24,5
data(clion(i,30,24,4
data(clion(i,25,25,7
data(clion(i,25,25,6
data(clion(i,25,25,5
data(clion(i,26,25,7
data(clion(i,26,25,6
data(clion(i,26,25,5
data(clion(i,27,25,6
data(clion(i,27,25,5
data(clion(i,27,25,4
data(clion(i,28,25,6
data(clion(i,28,25,5
data(clion(i,28,25,4
data(clion(i,29,25,6
data(clion(i,29,25,5
data(clion(i,29,25,4
data(clion(i,30,25,6
data(clion(i,30,25,5
data(clion(i,30,25,4
data(clion(i,26,26,7
data(clion(i,26,26,
data(clion(i,26,26,
data(clion(i,27,26,
data(clion(i,27,26,
data(clion(i,27,26,
data(clion(i,28,26,
data(clion(i,28,26,
data(clion(i, 28,26,
data(clion(i,29,26,
data(clion(i,29,26,
data(clion(i,29,26,
data(clion(i, 30,26,
data(clion(i,30,26,
data(clion(i, 30,26,
data(clion(i,27,27,
data(clion(i,27,27,
data(clion(i,27,27,
data(clion(i, 28,27,
data(clion(i,28,27,
data(clion(i,28,27,
data(clion(i,29,27,
data(clion(i,29,27,
data(clion(i,29,27,
data(clion(i, 30,27,
data(clion(i, 30,27,
data(clion(i,30,27,
data(clion(i, 28,28,
data(clion(i,28,28,
data(clion(i,28,28,
data(clion(i,29,28,
data(clion(i,29,28,
data(clion(i,29,28,
data(clion(i, 30,28,
data(clion(i, 30,28,
data(clion(i, 30,28,
data(clion(i,29,29,
data(clion(i,29,29,
data(clion(i,29,29,
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data(clion(i,30,29,7),1
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59.
136.
182.
.64,
17.
82.
20.
88.
131.
72,
114.
160.
.73,
10.
83.
17.

70,
90,
00,
10,
30,
00,
50,
30,

30,

19,
93,
17,
50,
62,
50,
90,
10,
a3
90,
80,
00,
00,
60,
90,

KO%
00,

21,
90,
32,
30,
10,
38,
70,
30,
60,
20,
50,

80,
00,
17,
32,
90,
84,
20,

40,
50,
60,

00,
00,
29,
61,
20,

30,
10,

64,
00,
96,

49

32.
69.
32.
69.
19.
32.
69.
19.
32.
69.
19.

12.
69.
12.
69.
19.
12.
69.
19.

12.
69.

.9,-15.900,
69.
19.
49.
69.
19.
49.
69.
19.
17.
30.

115.
17.
30.

115.
40.
92.
19.
50.
69.
19.
50.
69.
19.
50.
69.
19.
3l
15.

115.

.7,-15.400,

92.

19.

44 .

69.

19.

44 .

69.

19.

44 .

69.

19.

OO TINOIAINOINONTINOONOONOOOOIONN O

L R TV V)

9,-23.700,
2, -5.700,
9,-15.900,
9,-23.700,
2, -5.700,
9,-15.900,
9,-23.700,
2, -5.700,
4, -3.270,

ONOFRLNOFRLNOR

4,-48.050,
2, -5.700,
3,-16.000,
9,-23.700,
2, -5.700,
3,-16.000,
9,-23.700,
2, -5.700,
3,-16.000,
9,-23.700,
2, -5.700,
9, -15.00,
0,-16.700,
0,-72.400,

4,-48.050,
2, -5.700,
4,-14.100,
9,-23.700,
2, -5.700,
4,-14.100,
9,-23.700,
2, -5.700,
4,-14.100,
,—23.700,
.700,
-1.05,
-10.00,
-23.70,
-10.00,
-23.70,
-5.70,
-10.00,
-23.70,
-5.70,
-10.00,
-23.70,
-5.70,
.80,
-4.00,
-23.70,
-4.00,
-23.70,
-5.70,
-4.00,
-23.70,
-5.70,
-0.80,
-4.00,
-23.70,
-0.80,

|
(¢}
QUOWOONOVWONOWOOWOONORLNOFRNOFROFRONORNOFRNOFRNOPONONORFRNOFRLNORLNO

.60,
.50,
.30,
.60,
.50,
.30,
.60,
.50,
.30,
.16,
1,-38.800,18.
0,-72.400, 9.
4, -3.270, O.
1,-38.800,18.
0,-72.400, 9.
2,-27.400,10.
.53,
.30,
.60,
.50,
.30,
.60,
.50,
.30,
.60,
.50,
.30,
.32,
.00,
.57,
.20,
.53,
.30,
.40,
.50,
.30,
.40,
.50,
.30,
.40,
.50,
.30,
.30,
.00,
.50,
.00,
.50,
.30,
.00,
.50,
.30,
.00,
.50,
.30,
.20,
.40,
.50,
.40,
.50,
.30,
.40,
.50,
.30,
.20,
.40,
.50,
.20,

60,
57,
16,

57,
10,

-24

-10

-12

-15

-51
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.10/
-51.
-12.
-24.
-51.
-12.
-24.
-51.
-12.
.20/
-45.
-107.
-10.
-45.
-107.
-35.
-79.
-12.
-24.
-51.
-12.
-24.
-51.
-12.
-24.
-51.
.70/
-28.
-12.
-107.
-17.
-79.
-12.
-21.
-51.
-12.
-21.
-51.
-12.
-21.
-51.
-12.
.55/
.40/
-51.
-15.
-51.
-12.
-15.
-51.
-12.
-15.
.70/
-12.
-1.
-6.
-51.
-6.
-51.
-12.
.10/
-51.
-12.
-1.
-6.
-51.
.20/

70/
70/
10/
70/
70/
10/
70/
70/

70/
00/
20/
70/
00/
00/
35/
70/
30/
70/
70/
30/
70/
70/
30/
70/

10/
70/
00/
10/
35/
70/
50/
70/
70/
50/
70/
70/
50/
70/
70/

70/
40/
70/
70/
40/
70/
70/
40/

70/
20/
10/
70/
10/
70/
70/

70/
70/
20/
10/
70/



data(clion(i,30,29,6),i=1,5)/
data(clion(i,30,29,5),i=1,5)/
data(clion(i,30,30,7),i=1,5)/
data(clion(i,30,30,6),i=1,5)/
data(clion(i,30,30,5),i=1,5)/

end
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-6.10/
-51.70/
-1.20/
-6.10/
-51.70/



Appendix D

Sample Mathematica Calculation

For this integration

24(3/2) 4+104-8 uxo (u)
Cc (T) = * * (IEA*2) *A* T du
A *
T*(3/2) +/rx9.1%104-31 N (1+m)"(k+1)
that is
6.69*%A7 u*xo (u)
C(T) = ——;— * (IEA*2) xAx — du
T & Wi W
1 (1+ T# (k-1.5) )A(k*'l)

We check the integration for direct ionizationwhich

1 1 g 1n (u)
opr (u) =Z 1.z {Aj (1—:]+Bj (1—:) +C; 1n (u)+D5T} and

J

j
for the case that x = 10
k=10
10

Gamma [k + 1]
Gamma[k-1/2] *(k-1.5)41.5

A =

1.2275

in the case of Si + 0 (from Arnaud and Rothenflug, 1987, we find that j = 2)

Then, we input the ionization thresholdenergy, Ij.

i1 =8.1
8.1
i2 =13.5
13.5

where aunit of Tis eV (for temperature of 104 6 K)

T=T=1046*8.6171%10*-5

86.171

rate' s constant for the caseof Si +0
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al =74.5
74.5

a2 =53.8
53.8

bl = -49.4
-49.4

b2 = -35.8
-35.8
cl=1.3
1.3
c2=1.4
1.4

dl =-54.6
-54.6

d2 = -40.7
-40.7

Input variables x,
the fractions between ionization threshold energy and termal energy.

In the case of kappa distributionsa is xdevidedbyk-3/2.

x1l=4i1/T

0.0939991

x1

al=z ———
(k-1.5)

0.0110587

xX2=1i2/T

0.156665



x2
a2z ——
(k-1.5)
0.0184312

In the case of analytical calculation.

First termof integration

6.69%10* (-7) 10000. 1
Wl = *A*J (al*(l——)/(1+
T+ (1.5) 1 u

4.90066x1077

2 nd term of integration

xXl*xu

— |+ x+1)|a
(k—1.5)) (e )) e

X2 *Uu

6.69%104 (-7) 2890 . 1
W2 = *A*f (a2*(1——)/(1+—)"(k+1))dlu
TA (1.5) 1 u (k-1.5)

1.80224x1077

3 rd termof integration

6.69%104 (-7) 10000.
Fl = *A*J-
1

TA (1.5)

-2.74068%x107’

6.69%104 (-7) 20000K
F2 = *A*J
1

TA (1.5)

~9.49863x107°®

6.69%104* (-7) 1000Q.
Gl = *A*J
1

TA (1.5)

2.15163x10°8

6.69%104 (-7) 18000 -
2 = *A*J
1

T4 (1.5)

1.04504 %1078

4 th termof integration

(bl*((1—%]"2)/(1+%)"(k+1))dlu
(b2*((1—%)"2]/(1+(kx_2—:j15))"(k+1)]d]u

xl*u

(cl*Log[u]/(1+ m) A(k+1)) du

X2 *u

(c2*Log[u]/(1+ m) A(k+1)) du

10000.
Hl:J (w/(l+(al*u))"(k+l))dlu
1 u

1.99159
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10000.
H2=J- (w/(1+(a2*u))"(k+l))dlu
1 u

1.23956

6.69%104 (-7)

Q1 = *AxdlxHl

TA (1.5)

-1.11634x107’

6.69%104 (-7)

2 = * A *xd2 x H2

T4 (1.5)

-5.17925% 1078

direct ionizationrate coefficient for Si + 0at 1046 K

J=W1+F1l+Gl+Ql+W2+F2+G2+Q2

1.69776x1077

In the case of numerical culculation.

first termof integration

6.69%10* (-7)

T4 (1.5)

Wl = *A*al*[

4.90066x 1077

6.69%10+ (-7)

W2 = *A*aZ*[

T4 (1.5)

1.80224 %1077

2 nd termof integration

6.69%104 (-7)

Fl = *AxDbl* |1+

TA (1.5)

(2+ (kxal) +al) »Log|

-2.74068x107’

(1 +al) 4 (-k)

al+xk

(1+a2) 4 (-k)

a2 *xk

alxk

]+Z n-1

Kl (1+al) 2 (-n+ 1) ]
n=2

(1 +al)*(-k)
—_—

Bl (1+a2) 4 (-n+1) ]

]+Z n-1

+al

n=2

al k1l 2+alx (k-n+2)) % (L+al) A (-n+1)
IEDY

n-1
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6.69%104* (-7)
F2 = *A*xDb2%x |1+
T+ (1.5)

a2xk

k+1

(1 +a2) 4 (-k)
—_—

(2 + (k*a2) +a2) »Log| I 2]
+a

n=2

~-9.49863%x1078

3 rd termof integration

6.69%104 (-7) cl al
1= * A * * —Log[
T+ (1.5) k*al 1+al
2.15163x 1078
6.69%104 (-7) c2 a2
2 = *A* * —Log[
T+ (1.5) k % a2 1+a2

1.04504 %1078

4 th termof integration

)

n=2

—

m=2

1000. Log[u]
Hl:J' (—/(1+(a1*u))"(k+1))d]u
1 u

1.99159

10000. Log[u]
H2=J (—/(1+(a2*u))A(k+1))d1
1 u

1.23956

6.69%104 (-7)

*A+dlxH1
T4 (1.5)
-1.11634x107’
6.69 %104 (-7)
Q2 = * A *xd2 x H2

TA (1.5)

-5.17925% 1078

u

n-1

(L+oal) A (-n+1)

n-1

(1+0a2) A (-n+1)

n-1

direct ionizationrate coefficient for Si + 0at 1046 K

J=W1+Fl+Gl+Ql+W2+F2+G2+Q2

1.69776x1077

a2 (2+a2% (k-n+2)) % (L+a2) » (-n+1)
D,

|
|
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