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ELECTRON-IMPACT IONIZATION DATA FOR THE Fe ISONUCLEAR SEQUENCE

M. S. Pindzola,* D. C. Griffin,! C. Bottcher,
S. M. Younger,§ and H. T. Hunter

ABSTRACT

Collision processes involving highly ilonized iron impurities play an
important role in magnetically confined fusion plasmas. Available
experimental and theoretical cross—section data for electron-impact ioni-
zation of ilons in the Fe isonuclear sequence in charge states ranging
from 1 to 26 are reviewed, and recommended data for each charge state are
presented graphically, Contributions to the 1ionization cross sections
due to inner—shell excitation—autoionization have been considered in
detail for each ionization stage and make substantial contributions for
the intermediate charge states. The role of metastable levels in ioniza-
tion is also addressed. Maxwellian collisional rate coefficients are
calculated from these recommended cross-section data and presented in
tabular, graphical, and parametrized form. Comments are made on current
research activities leading to future data for Fe ions.

I. INTRODUCTION

The experimental and theoretical study of electron—impact ionization
processes 1in atomic systems has important upplications in controlled
thermonuclear fusion research.ls>? Following the discovery that highly
charged impurity ions of Mo and W used in tokamak walls and limiters were
responsible for rapid line radiation cooling of the plasma, research
interest has shifted to lower Z structural materials which generally con-
tain Fe, Ni, and Cr.3 Accurate electron-ionization atomic data for the
atomic ions of the Fe isonuclear sequence has led and will lead to a
better understanding of high temperature plasma cooling, transport, and
confinement in not only tokamaks but other experimental fusion devices.

In the last decade experiment and theory have shown" that indirect
resonance processes may make substantial contributions to the electron-
impact ionization of transition metal ions especially in low stages of
ionization. Contributions to the electron—impact single ionization cross
section can be made by the following processes,

e” + A9t 5 A(QH)+ 4 o= 4 o= (1)

e~ + ATt 5 [ATH]* 4 o~

T A(q+l)+ +e” |, (2)



and

e~ + A1t » [A(q-1)+)*
— [Aq+]* + e”

where A represents an arbitrary ion with charge q. The first process is
called direct ionization, the sec»nd excitation-autoionization and the
third resonant-recombination double autoionization. Although a complete
quantum mechanical description of electron ionization would include the
wave—particle interference between these processes, for the purpose of
obtaining a total cross section or rate they can generally be assumed to
be independent of one another. Contributions to the electron-impact
double ionization cross section can be made by the following processes,

e~ + A9t » A(QFD)+t L e~ 4 e~ +em (4)

and

e + A9t » [A(QHL)H}* 4 = + e~

L AlQ+2)+ 4 o~ (5)

The first process 1is called direct double ionization and the second
ionization-autoionization. The further processes of excitation-double
autoionization and resonant-recombination triple autoionization can also
in principle contribute to the double ionization cross section.

The sequential ionization processes summarized in Eqs. (2), (3),
and (5) depend critically on the branching ratio found at each step.
For example, the doubly excited ion [Aq"']* found in Eq. (2) may radia-
tively decay to a true bound state of A9t and thus not contribute to
single i1onization. For low stages of ionization one may generally
assume that radiative branching is negligible. For high stages of ioni-
zation radiative branching may effectively eliminate many sequential
ionization processes. For the double autoionization processes of
Eq. (3) one must consider the branching ratio between autoionizing tran-
sitions found at the first step. For example, the doubly excited ion
[a(@=-)+1* foynd in Eq. (3) may decay by autoionizing to a true bound
state of A9t and thus not contribute to single 1ionization. In some
cases this 18 precisely what happens, thus eliminating the resonant-
recombination process as an ionization mechanism.



The sequential ionization processes also depend critically on the
interaction time, For example the direct process of Eq. (1) occurs on a
time scale of 10”17 sec, which 1s approximately the electron-ion collision
transit time. The sequential ionization processes all depend on the life-
times of resonant autoionizing states. Generally these lifetimes range
from 10710 gec to 1071% gec. However, sometimes metastable autoionizing
states are formed with lifetimes of 1076 gec or longer. Crossed~beams
experiments may have scattering chamber to detector ion beam transit
times which are faster than 1076 sec, thus eliminating a certain
metastable sequential ionization proce-s as an ionization mechanism.

Recently experimental crossed-beams measurements have been made of
electron—impact ionization cross sections of ions in the Fe 1isonuclear
sequence.°™8 Due to the formation characteristics of the ion sources,
ion beam currents generally become smaller for the higher ionization
stages of a given element, More specifically the ORNL ECR ion source
and crosgsed-beams apparatus has been used to make measurements up to
Feldt, Thus comparison between experiment and theory 1s currently
taking place in the low to intermediate ionization gtages of Fe.

II. AVERAGE-CONFIGURATION STATISTICAL MODEL

The direct ionization and excitation—autoionization processes of
Eqs. (1) and (2) may be calculated using the average-configuration
distorted-wave method. The most general direct ionization transition
between configurations is of the form

(nxil)q1+1 kidy + (n321) kelg kel (6)

where n 1is the principal number, £ 1is the angular-momentum quantum
number, q 1is the occupation number, and k is the linear momentum wave-
number. The average-confifuration direct ionization cross section (in
atomic units) is given by®»10

Oion = JrE/Z §Z§iLtLl >, (224+1) (28o+1)(28¢+1)M(ef;11) d(ke2/2) ,

where E = (kg + k%)/Z. The factor M in Eq. (7) 1is given by
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where RA(ef;li) is the usual Slater radial integral and angular coeffi-
cients are summarized in terms of standard 3-j and 6~3j symbols. Although
there 18 no rigorous justification for the choice of phase between the
direct and exchange scattering amplitudes, the maximum interference
approximationl! 1is used.

The most general excitation transition between configurations is of
the form

(np21)3H (nzxz)qz-l kity » (121)% (n222)92 kety (9)

The average-configuration excitation cross section is given by

Gexc = —oi— (A1+1) (42243-q2) 1 (204+1)(2Ag+D)M(2£514) « (10)
kikf xialf

The factor M in Eq. (10) is given by
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The continuum normalization in both Eqs. (7) and (10) is chosen as one
times a sine function. The bound state orbitals needed to evaluate the
Slater radial integrals can bz generated using a Hartree-Fock wavefunc-
tion code such as the one developed by Cowan.l!? The continuum state
orbitals are obtained by solving the radial Schrodinger equation in the
distorted-wave approximation. For rapid evaluation of many continuum
orbitals a local distorting potential constructed in a semiclassical
exchange approximation13 has proved useful.

The average—configuration distorted wave method can be extended
with little more effort to take into account the energy level spread
within each configuration. A simple procedure called the average-
configuration statistical model (ACSM) 1is adopted. The average-
configuration collision cross section for either the direct ionization
or excitation—autoionization process 1s statistically partitioned over
all levels of the final ionized or excited configuration. The total
cross section 1is then summed taking explicit account of the energy posi-
tion of each level calculated using an atomic-structure program rrovided
by Cowan.l2 If the atomic structure calculations show that certain
excited levels are bound, their contribution to the ionization cross sec-—
tion 1s of course ignored. Branching ratios for autoionization versus
radiation are also calculated for each excited level and then multiplied
by the statistically partitioned excitation cross sections. A statisti-
cally weighted Boltzmann distribution over the levels of the initial
configuration, based on an average ion temperature, may also be included
in the average-configuration statistical model.

Average-configuration direct ionization cross sections have been
calculated for the outer subshells of many of the ground and excited
configurations in the Fe isonuclear sequence. For ease in accessing the
results of the numerical calculations, the direct cross section for each
subshell may be written in the following parametrized forml"

o =gt [s (1-F)+ (-

+ C fn (%) + 2% an (%)] , (12)

where E 1is the incident electron energy in eV, I is the subshell ioni-
zation potential in eV, and the cross section is in cm2, A, B, C, D
parameters for the ground configuration of all Fe ions are collected
together!*~16 and presented in Table I. A, B, C, D parameters for
various excited configurations are given in Table II. For those inner
subshells not found in Tables I and II, the semiempirical formula due to
Lotzl7 can be used to estimate the cross section.



Average-configuration excitation cross sections have been calculated
for transitions to many of the autoionizing configurations in the Fe
isonuclear sequence. The strongest excitation cross sections for transi-
tions from the ground configuration are presented in Table III, while
similar cross sections from the excited configurations are given in
Table 1V. Additional atomic structure information 1s presented 1in
Tables III and IV, from which calculations for the total ionization cross
section in the average-configuration statistical model can be made.

ITI. CROSS SECTIONS FOR Fe ATOMIC IONS

In Fig. 1 the crossed-beams measurements of Montague et al.® for Fet
are compared with an ACSM calculation for the 3pé3d®4s ground configura-
tion, which includes the 3p+3d excitation and direct ionization of the 4s
and 3d subshells. Near threshold the direct cross sections alone are
higher than experiment. Further theoretical investigation into the
effects of configuration—interaction and direct-indirect interference are
clearly needed.

In Fig. 2 the crossed-beams measurements of Mueller et al.® for Fe2t
are compared with an ACSM calculationl!® for the 3p®3d6 ground configura~
tion, which includes the 3p+3d excitation and direct ionization of the 3d
subshell. The total and direct cross sgections bracket the experiment
over a wide energy range. Very near threshold the experimental measure-
ments clearly indicate the contribution of metastable states within the
ground configuration. The 3p+4p excitation (not included) would further
increase the calculated indirect contribution to the total ionization
cross section by 20%. Atomic structure calculations indicate that most
of the levels, 173 out of 180, of the 3p33d6 configuration formed by
direct ionization of the 3p shell are autoionizing. Thus most of the 3p
direct ionization contributes to the double ionization of FeZ¥,

In Fig. 3 an ACSM calculationl!® for the 3p63d> ground configuration
of Fe3*, including the 3p»3d excitation-autoionization contribution and
direct ionization of the 3d and 3p subshells, 1s presented. Atomic
structure calculations indicate that only a few of the levels, 31 out of
214, of the 3p>53dS configuration formed by direct ionization of the 3p
shell are autoionizing. Thus most of the 3p direct ionization contrib-
utes to the single ionization of Fe3™,

In Fig., 4 an ACSM calculation for the 3p%3d" ground configuration
of Fe“+, including 9 different excitations and direct ionization of the
3d, 3p, and 3s subshells, 1is presented. The 3p+3d excitation creates
the same final configuration as discussed in the previous paragraph for
3p 1onization of Fe3™, Since only 31 out of the 214 levels are auto-
ionizing, the 3p+3d contributions become relatively small. The 3p-+4p
excitation 1s comparable in magnitude to the 3p+3d excitation since all
1038 levels of the 3p33d“4p configuration are autoionizing. The 3s+3d
and 3p+4d excitations are also quite important.



In Fig. 5 the crossed-beams measurements of Gregory et al.’ for FeSt
are compared with an ACSM calculation!® for the 3p63d3 ground configura-
tion which includes 10 different excitations and direct ionization of the
3d, 3p, and 3s subshells. The 3p+4p excitation is the strongest, but
important contributions are made by the 3s8+3d and 3p+4d excitationms.
Beyond the 10 specific excitations included, an n3 rule extrapolation
was used to approximate the remaining non-negligible 3p+nl excitation-—
autoionization contributions. The agreement between theory and experi-
ment 1s reasonably good. The smooth appearance of the theoretical curve
results from the statistical partition of the total excitation collision
cross section over more than 5000 levels. An ACSM calculationl!? for
FeSt was repeated for electron ionization of the 3p53d24s excited con-
figuration, including 10 different excitations and direct ionization of
the 4s, 3d, and 3p subshells. In Fig. 6 the theoretical curve for the
excited configuration is larger than that for the ground configuration
because of the additional presence of the strong 3p+3d excitation. From
the poor agreement found between experiment and theory in Fig. 6, one
concludes that mest of the metastable states in the excited configura-
tion have decayed during the ion beam time of flight from source to
scattering chamber,

In Fig. 7 the crossed-beams measurements of Gregory et al.’ for Febt
are compared with an ACSM calculation!® for the 3p63d? ground configura-
tion, which includes 9 different excitations and direct ionization of the
3d, 3p, and 3s subshells. The 3p»4p excitation 18 reduced in strength,
due to the fact that only 24 of the 256 levels of the 3p°3d24p configura-
tion are autoionizing. The 3p+4f excitation is the strongest, but impor=-
tant contributions are made by the 3s+4s and 3p+5% excitations. Higher
3p»nf excitations are estimated using the n3 rule. An ACSM calculation!?
for Fe®' was repeated for electron ionization of the 3p®3d4s excited con-
figuration including 9 different excitations and direct ionization of the
48, 3d, 3p, and 3s subshells. In Fig. B the agreement between theory and
experiment 18 poor, again indicating that a substantial number of
metasicable states in the excited configuration have decayed before the
measurements are made.

In Fig. 9 an ACSM calculation for the 3p63d ground configuration of
Fe7+, including 10 different excitations and direct ionization of the 3d,
3p, and 3s subshells, is presented. The "3p+5% and 3s+41 excitations are
the most important and higher nf excitations are estimated using the n3
rule.

In Fig. 10 an ACSM calculation for the 3823p6 ground configuration
of Fe®*, including the 2p+3d excitation and direct ionization of the 3p
and 3s subshells, is presented. An ACSM calculation for the 3s823p53d
excited configuration, including 10 different excitations and direct
ionization of the 3d, 3p, and 3s subshells, is shown in Fig. ll. The
2p+3d excitation 1is the strongest, but important contributions are made
by 3s+4% excitations.



In Fig. 12 the crossed-beams measurements of Gregory et al.’ for
Fe®t are compared with an ACSM calculationl? for the 3s23p5 ground con-~
figuration, which includes the 2p+»3d excitation and direct ionization of
the 3p and 38 subshells. The theory falls below experiment aud does not
predict the proper threshold energy. An ACSM calculationl?d for Fe9t was
repeated for electron ionization of the 3s823p'3d excited configurationm,
including 5 different excitations and direct ionization of the 34, 3p,
and 3s subshells. The 2p+3d excitation is the strongest, but important
contributions are made by 3s8+4% excitations. In Fig., 13 the agreement
between theory and experiment has improved. It seems that the experi-
ment on Fe®t 1is predominately measuring electron ionization from the
metastable states of the excited configuration.

In Fig. 14 an ACSM calculation for the 3s2?3p* ground configuration
of Fel0t including 5 different excitations and direct ionization of the
3p and 3s subshells, is presented. The 2p+3d excitation is the strong—
est, but important contributions are made by the 2p+3p and 2s+3d excita—
tions. An ACSM calculation for the 3323p33d excited configuration,
including 10 different excitations and direct ionization of the 3d, 3p,
and 3s subshells, is shown in Fig. 15. The 2p+3d excitation 1is the
strongest, but contributions are made by 3s+5% excitations.

In Fig. 16 the crossed-beams measurements of Gregory et al.® for
Fellt are compared with an ACSM calculationl® for the 3s23p3 ground con-
figuration, which includes 5 different excitations and direct ionization
of the 3p and 3s subshells. The theory falls below experiment and does
not predict the proper threshold energy. An ACSM calculation for Fell*
was repeated for electron ionization of the 3823p23d excited configura-—
tion, including 10 different excitations and direct ionization of the
3d, 3p, and 3s subshells. The 2p+3d excitation 18 the strongest, but
contributions are made by 3s+52 and 2p+3p excitations. 1In Fig. 17 the
agreement between theory and experiment has markedly improved, but the
contributions from the lower energy 3s+5% excitations seems to be
theoretically overestimated. It 1is surprising that the experiment
apparently shows a large fraction of initial ions in the 3853p23d con-
figuration when only a small fraction of the states of this configura-
tion should be metastable.

In Fig. 18 an ACSM calculation for the 3s23p2 ground configuration
of Fel?%, including 5 different excitations and direct ionization of the
3p and 3s subshells, is presented. The 2p+3d excitation is the strong-
est, but important contributions are made by 2p+3p and 2s8+3d excitations.

In Fig. 19 the crossed-beams measurements of Gregory et al.® for
Fel3* are compared with an ACSM calculationl? for the 3s23p ground con-
figuration, which includes 5 different excitations and direct ionization
of the 3p and 3s subshells, With the scatter of experimental points it
is difficult to make a definitive Jjudgment of the theory.



In Fig. 20 an ACSM calculation for the 2p®3s2 ground configuration
of Feltt  including B8 different excitations and direct ilonization of the
3s subshell, is presented. The 2p+3d excitation is the strongest, but
important contributions are made by the 2p+3p and 2s5+3d excitations. An
ACSM calculation for the 2p53s3p excited configuration, including 9 dif-
ferent excitations and direct ionization of the 3p, 38, and 2p subshells,
is shown in Fig. 21. The 2p+3p and 2p+3d are the strongest excitations.
Radiative branching has a significant effect on the 2p+3d excitation in
both cases. Therefore, there is more uncertainty in the theoretical
calculations for this 1on due to errors inherent in averaging over
branching ratios with the ACSM.

In Fig. 22 the crossed-beams measurements of GCregory et al.® for
Fel5t are compared with an average—configuration distorted-wave calcula-
tion20 for the 2p®3s ground configuration. Although the 2p+3d excitation
cross section is the largest, the branching ratio for autoionization 1is
only 1/3. Both the 2p+3p and 2s+3d excitations, with branching ratios
for autoionization close to unity, are also sizable. Contributions from
resonant-recombination double autoionization, see Eq. (3), which are pre-
dicted to increase the ionization rate at certain temperatures by as much
as 20%, appear to be missing in the experimental data.

For Fels*'through Fe23% the contributions of excitation-autoionization
to the total ionization cross section should be fairly small. For electron
ionization from the ground configuration, the direct cross section results
of Table I should give a reasonable estimate of the total cross section.
Theoretical calculations have been made which investigate excitation-—
autoionization contributions to the single ionization of the Fe23t atomic
ion.2l Although the ls+2s and 1ls+2p excitation cross sections are about
20% of the direct cross section, the branching ratio for autoionization
is quite small. The overall enhancement of the total ionization cross
section due to excitation—autoionization is estimated to be only about
3%. We note that the role of metastable states in excited configurations
is not yet fully understood for electron ionization of highly ionized
iron.

IV. RATE COEFFICIENTS FOR Fe ATOMIC IONS

Rate coefficients for Fet through Fe25* were calculated using the
theoretical and experimental cross section data discussed in the previous
section. The theoretical results are presented in Tables V-X and
Figs, 23-28, while the experimental results are presented in Table XI
and Fig. 29. In addition to the tabulated values, a set of fitting
parameters are included which allows the user to calculate the rate
coefficient at any value of kT from Ejy, to E . = 20 keV (where E ;i is
listed in the tables) for any of the ions included here. The coeffi-~
cients Ag through Ag in Tables V-XI were fitted following the method
reported by Cox and Hayes?2 and may be utilized in a direct expansion
through Chebychev polynomials of the first kind [Tn(x)]23 to obtain rate
coefficients through the formula
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a(kT) = Ag/2 + | A, To(x) , (13)

n=1

where the reduced energy x is given by

(22n(kT) - n(Epg,) = 2n(Egy,)]
- , kT and in (eV) ; 14
* 20 Epag) ~ 20(Egin) and Eatn in (e¥) e

Epax = 20,000 eV .

Our recommendation for Fe 1sonuclear rate coefficients 1s to use
the experimental results for Fet, Fe?*t, Fe5t, Febt, Fe9t, Fellt, Feld+,
and Fe 5+; the theoretical results for Fe3+, Fe“+, Fe7+, Fe8+*, Fe1°+*,
Fel2*, and Fel“*; and the direct ionization results from Table I for
Fel6+ through Fe25+, These recommended rates are incorporated 1in a
subroutine called FERATE (Q, TEMP), which will return the rate coeffi-
cient 1in cm3/sec for any ionic charge Q and temperature, TEMP, in
electron volts, It will be available as a library function at the
National Magnetic Fusion Energy Computer Center in Livermore,
California. A 1listing of a program, written in Basic, that produces
rates using the given Chebyshev coefficients 1s found in Table XII.

V. CONCLUSIONS

In summary we have learned a great deal by examining electron-
impact 1ionization along the Fe 1sonuclear sequence. Although directly
applicable to numerical studies of transport phenomena in plasmas, an
isonuclear series presents additional theoretical complications due to
the changing atomic structure. Cross sections and branching ratios are
not amenable to scaling along an isonuclear sequence. Sequential ioniza-
tion processes, such as excitation—-autoionization, can be relatively
large for several ionization stages, become almost negligible and then
reappear at higher stages of ionization. Multiple ionization may also be
important, especially when the ionization-autoionization process involves
an almost filled subshell. Current comparisons of experimental crossed-
beams measurements and theory are complicated by the piesence of a
substantial, but unknown, fraction of metastable states in the ion beam.
The future study of the eiectron-impact fonization of metastable states
of excited configurations promises to provide further insight into our
understanding of the ionization processes found in the high temperature
plasmas of controlled fusion devices.
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Direct ionization cross section parameters for

ground configurations in units of 10-1 (eVecm)?
Configu-
Ion ration Subshell 1I(eV) A B c D
Fe™t 3p63dS4s 48 14 .82 6.58 1.29 0.160 -3.21
3d 24.83  66.2 =54.6 18.6 -71.1
3p 83.37 115.0 -72.4 9.57 -107.0
Fe?* 3s23p613d6 3d 34.75 97.5 -67.6 21.0 -103.0
38 131.9 25.9 ~11.7 2.32 ~23.9
Fe3*t 3823p63d3 3d 53.74 77.4  -43.,9 19.6 -81.9
3p 111.9 79.1 ~30.C 8.38  -74.6
Fett 3823p63d* 3d 75.15 48,1 -20.4 16.2 -48.4
3s 172.4 13.4  -0.410 2,33 -10.9
Fedt 3s23p6343 3a 98.69 36.9 -11.8 10.3 -31.5
3p 155.5 67.0 ~-18.6 9,43  -56.5
3s 195.8 12.7  -0.0863 2.42 -8.97
Feb+t 3823p63d2 3d 124.2 14.6  -4.36 5.98  -10.5
3p 180.0 67.9 =20.6 9.82  -53.7
3s 220.9 15.6  -2.29 2.30 -10.6
Fe/* 3823p63d 3d 151.7 14,3  —~4.44 2.45 -9.53
3P 206.1 7003 _23.4 9.89 _5305
3s 247 .7 18.0  —4.29 2.27 -12.0
Fe8*(Ar) 3s23p6 3p 233.6 71.0 =23.9 9.47 -51.9
3s 275.9 19.1  =5,55 2.32 -12.7
Fedt(cl) 3s23p5 3p 262.1 57.0 -18.6 7.64 -39.7
FelO+(s)  3523ph 3p 290.3 44,7  =14.4 5.88 -30.1
3s 325.2 22.3  -8.65 2,22 -15,2
Fell¥(p) 3523p3 3p 330.8 32.7 -9.73 4,40 -20.9
3s 368.4 24.7 ~10.2 2,27 -17.0
Fel2¥(s1) 3s23p? 3p 361.0 20.5 -5.65 2.82  -12.3
38 403.0 26.2 -11-3 2.25 -1802
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Table I (Continued)

Configu-
Ion ration Subshell I(eV) A B C D
Fel3*(al) 3s823p 3p 392.2 9.77 -2.58 1.35 -5.57
3s 426.0 27.5 -12.0 1.91 -19.3
Felt(Mg) 382 3s 457.0 38.8 -16.7 1.87 ~-28.8
Fel5+(Na) 2822p63s 3s 488.9 8.95 -2.62 0.963 ~5.34
2p 1219.0 78.9 =27.2 10.5 ~53.0
2s 1351.0 22,5 -7.80 2.96 ~16.5
Fel6t(Ne) 2u22p6 2p 1266.0 50.4 -16.1 4.03 -30.5
2s 1394.0 11.8  -3.27 1.64 -7.58
Fel7H(F)  2s22p3 2p 1366.0 42.0 -13.4 3.36 -25.4
2s 1482.0 11.8  -3.27 1.64 -7.58
Fel8%(0) 2s22p" 2p 1463.0 33.6 -10.7 2.69 -20.3
Fel9t(N)  2822p3 2p 1583.0 25.2  ~8.04 2,02 -15.2
28 1679.0 11.8  -3.27 1.64 -7.58
Fe20+(c)  2522p2 2p 1678.0 16.8  =5.3" 1.36  -10.2
2s 1755.0 11.8  =-3.27 1.64 -7.58
Fe2l*(B) 2822 2p 1789.0 8440 -2.68 0.672 -5.08
2s 1852.0 11.8  -3.27 1.64 -7.58
Fe22%(Be) 2s2 28 1950.0 11.8  -3.27 1.64 -7.58
Fe23%(L1) 1s22s 2s 2046.0 5.90 -1.64 0.820 -3.79
1s 8694.0 15.0  -5.21 2.39 -12.3
Fe24t(He) 152 ls 8829.0 15.0  =5.21 2.39 -12.3
Fe25*(H) 1s 1s 9277.0 7.50 =2.61 1.20 ~6.15
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Table II. Direct ionization cross section Earameters for
excited configurations in units of 10™1% (eVecm)?

Configu~-
Ion ration Subshell I(eV) A B C D
FeS+ 3823p63d24s  4s 66.20  9.35 -3.34 0.432  -5.61
3d 107.65 18.70 -6.22 8.55 -16.09
Febt 3823p83dds 4s 81.78 7.40 =2,04 0.496 -3,82
Fe8t (Ar) 3s23p°3d 3d 178.79 12.11 -3,58 2.55 ~7.19
3p 234.49 53.73 ~17.18 9.21 -39.11
3s 276.07 17.81 =4.79 2.50 -12.00
Fedt (c1) 3s23p“3d 3d 207.86 12.70 =3.74 2,10 -7.09
3p 263.66  44.05 ~14,58 7.19 -31.17
3s 303.11 18.06 =5.,26 2.44 -11.85
FelO+ (5) 3s23p33d 3d 238.07 13.08 -3,.83 1.74 -7.00
3p 293,79  32.80 ~10.77 5.21 -22.41
3s 330.98 16.76 -4.70 2.38 -10.31
Fell+ (p) 3s23p23d 3d 269.40 13.25 -=3,84 1.45 -6.84
3p 324,87 21.10 -6.65 3.34 -13.75
3s 359.66 14.98 -3.81 2.31 -8.35
Fel*t (Mg) 2p®3s3p 3p 421.63  8.70 -2.15 1.43 -4.51
2, 457,88  8.77 -=2.95 1.10 -5.20




Table III. Strongest excitation cross section for ground configurations in units of 10718 cp2
Initial Number Energy Final Numbert Number of Energy Average Threshold Twice Threshold

Transf~ Configu- of Bound Spread Configu- of Bound Autoionizing Spread Excitarion Cross Section Cross Section
lon tion ration Levels (eV) ration Levels Levels (eV) Energy (eV) (10718 cn?) (10718 cm2)
Fet Ip» 3d 3p® 3d84s 63 15.10  3p°3d74s 0 213 29.14 57.84 35.:° 18.04
Fe2t Ip>3d 3pb 346 34 14.89  3p5347 0 110 29.02 57.28 28. 80 19.96
Fed* 3p+3d 3p® 39" 37 15.98  3p53d® 7 173 34,50 57.52 32.22 27.64
Fe*t Ip»3d 3pb 34 34 17.76  3p33dS 183 31 43.78 57.53 44,65 35.76
FeSt Iprbp 3pb3d3 19 10.648  3p53dd4p 194 418 37.31 98.52 4.85 2.79
Feb™t Ipr4f 3p®3d2 9 9.72  3p33d2f 0 472 31.66 136.56 1.104 0.647
re’+ Ip+Sp Ipd3d 2 0.22  3p53dSp 1 64 26.58 156.88 0.828 0.427
FeB+t 2p+3d 3s23p® 1 0.00 2p>3s23pS34 0 12 19.92 739.01 0.180 0.113
Fed+ 2p»3d 3s23p? 2 1.89  2p93s23p>3d 0 ] 44.28 746.89 0.187 0.119
Fel0+ 2p+3d 352 3ph 5 11.48  2p53s23p“3d 0 158 51.13 755.16 0.194 0.124
Fellt 2p+3d 3s23p3 5 11.32 2p%3s23p33d 0 203 54.12 763.80 0.201 0.130
rel2+ 2p»3d 3s23p2 5 12.80  2p33s23p23d 0 158 49.61 772.81 0.207 0.135
Fel3* 2p»3d 3s23p 2 2.28  2p53s23p3d 0 65 41.46 782.20 0.213 0.140
Fel“* 2pr3d 2p®3s? 1 0.00 2p33s23d 0 12 24,29 791.95 0.218 0.144

Table IV. Strongest excitation cross section for excited configurations in units of 10718 cp2

Initial Number Energy Final Number Number of Energy Average Threshold Twice Threshold
Transi~ Configu- of Bound Spread  Configu- of Bound Autoionizing Spread Excitation Cross Section Cross Section
Ion tion ration Levels (eV) ration Levels Levels (ev) Energy (eV) (10718 cn?) (10718 ¢q2)
Fe*t Ip»3d Ipb3d24s 16 9.91 3p33d3ss 161 52 36.64 57.48 73.75 49.51
Fedt 3p»4p 3p63d4s 4 0.80 3p53dfoslog 0 130 33.81 114.86 4.40 2.39
Fe8* 2p+3d 3s23p33d 12 26.12  2p°3s23p3d? 0 256 53.72 760.17 0.161 0.100
Fe®t 2p+Ud Is23ph3d 28 28,46  2p°3s23p"3d? 0 604 72.88 747.94 0.167 0.106
Fel0*  2p23d 3s23p33d 38 33.08  2p33s23pIi3d? 0 808 17.03 756.09 0.173 0.111
Fellt  2ps3d 3s23p23d 28 26,80  2p°3s23p23d? 0 604 68.73 764.63 0.179 0.115
Fel**  2p+3d 2p83s3p 4 17.51  2p°3s3pid Q 130 53.75 791.02 0.218 G.144

91
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Theoretical Electron—-Impact Ionization Rate Coefficients for
e~ + Fed* » Fe(q+l)+ & 2¢-

Table V.
e” Temp.

(ev) Pet
1.0B400  3.66E-17
2.0B+00  7.95E-13
4.0B+00  1,69E-10
7.0B400  2.02E-09
1.0B+01  5.79E-09
2.02401 2.20E-08
4.0E+0L  4.63E-08
7.0B401  6,51E-08
1.0B402  7.44E-08
2.0B402  8.452-08
4.0E402  8.51E-08
7.0402  8.07E-08
1.0E403  7.64E-08
2.0E403  6.56E-08
4.0E+03 5.35E-08
7.0E403 4.31E-08
1.0B404  3.57E-08
2.0E+04  2.10E-08

Cheby:
Enin Epax
(eV) (eV) AD
Pe* 2,0 2.0E+04 7.27BE-08
Pe2* 4,0 2.0B+04 4.7728-08
re3* 7.0 2.0B+04 3.775E-08
red* 7.0 2.0B404 1.917E-08
Pe5* 10, 2.0E+04 1.1G64E-08
Pe3*™ 7.0 2.0E+04 1.434E-08

Maxwellian Rate Coefficients (cm3/as)

pe2+

7.64E-25
7.74B-17
1.13e-12
8.76e-11
5.53e-10
5.44E-09
1.88E-08
3.31e-08
4.18E-08
5.428-08
5.87g-08
5.65e-08
5.32E-08
4.47E-08
3.57e-08
2,84E-08
2.34E-08
1.38e-08

chev Pitting

Al
2,083E-08
1.338e-08
1.010g-08
5.805E-09
3.150E-09

3.619E-09

pe3t

7.04E-33
1.10E-20
1.69e-14
8.52E-12
1.07E~10
2.16E-09
1.03e~08
2.07E-C8
2.76E-08
3.02e-08
§.30E-08
4.:i2E-08
3.99p-08
3.38E-08
2.70E-08
2.20E-08
1.90E-08
1.31e-08

pedt

0.00E+00
1.31E-25
4.57E-17
2.24E-13
6.99e~-12
4.15E-10
3.39E-09
8.55£-09
1.25E-08
1,94E-08
2.31g-08
2.30e-08
2.182-08
1.83e-08
1.45e-08
1.182-08
1.02E-08
6.99E-09

pe5+

0.00E+00
2.55E-30
1.69B-19
7.93E~-15
6.08E-13
1,03e-10
1.40E~09
4.35g-09
6.88B-09
1.15£-08
1.36E-08
1,35g-08
1,20E~08
1,08E-08
8.62E~09
6.97E-09
5.91E-09
3.74E-09

Parameters for Rate Coefficients

A2

-3.336E-08

-2.234E-08

-1.657E-08

-8.352E-09

-5.229E-09

-6.726E-09

A3

-1.068E-08

-7.1878-09

~3.030E-09

-2.613e-09

-1.118E-09

-1,135£-09

A4

1,149e-08

7.477E-09

6.101E~-09

3.118E-09

2,071E-09

2.696E-09

peSt*

5.828-38
3.07E-23
7.45E-16
1.10E~12
2.04E-11
6.37E-10
3.728-09
8.04E-09
1.092-08
1.55E-08
1.75e-08
1.69E-08
1,562-08
1.26e-08
9.792-09
7.842-09
6.73E-09
4..0E-09

AS
3.042E-10
7.001E-10

-5.628E~10
3.128g-10
-1.741E-10

-1.961e-10

A6

-4.061E-09

~2.110E-09

-1.889E-09

-8.449E-10

-8.048E-10

-8.510E~10



18

Table VI. Theoretical Electron—-Impact Ionization Rate Coefficients for
e~ + Feldt » Fe(atl)+ 4 2e-

Maxwellian Rate Coefficients (cm3/sg)

e~ Temp.

(ev) reb* reb+* relt reb* peBt* redt redt*
1.0E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2.0B400 3.40E-37 2,49E-28 0.00E+00 0.,00E+00 0.00E+00 0.00E+00 0.00E+00
4.0E+00 5.41B-23 8.26E-19 8.49E-26 4.31E-36 2.79E-29 1,73E-39 2.97e-32
7.0B+00 7.12B-17 1.39E~14 1.84E-1B 1.11E-24 7.13E~21 1.13E-26 1.00E-22
1.0B401 2,05B-14 7.71E-13 1,55B~15 4.13E-20 1,79E~17 1,53E-21 7.15~-19
2.0E+401 1.52E~11 9.33e-11 3.80E-12 9.61E-15 1.94E-13 1,59e-15 2.68E-14
4.0B+01 4,12B-10 1,09E-09 1.81B-10 5.22B-12 2.43E-1) 1.81E-12 6.67E-12
7.0B+01 1,71E-09 3.14E-09 9.43E-10 8.39E-11 2.15E~-10 3.99e~11 8.43E-11
1.0E402 3.03B-09 4.81E-09 1.83B-09 2.63E-10 5.38E-10 1.42p-10 2.4782-10
2.0B+02 5.77E~09 7.69E~09 3.97E-09 1.04E-09 1.64E-09 6.55E-10 9.31E-10
4.0B402 7.32E-09 8.97E-09 5.54E~09 2.05E-09 2.86E-09 1.42E-09 1.84E-09
7.0E402 7.43E-09 8.79E-09 5.948-09 2.59E-09 3.432-09 1.89E-09 2,36E-09
1.0E+03 7.11E-09 8.31E-09 S.82E-09 2.71E-09 3.53e~09 2,03E-09 2,50E-09
2.0E+403 6.07E-09 6.99E-09 5.12E-09 2.58E-09 3.30E-09 2.00E-09 2.42g-09
4.0E+03 4.89E-09 5.59E-09 4.18E~09 2,19E-09 2.77B-09 1.72E-09 2.07E-09
7.0E+03 3.96E-09 4.52E-09 3.41E-09 1.82E-09 2.31E~09 1.44E-09 1.74E-09
1.0E+04 3.36E-09 3.83E-09 2.90E-09 1.55E-09 2.02e-09 1.23e~-09 1.53e-09
2.0E404 2.13E-09 2.42E-09 1.84E-09 9.92B-10 1,52e-09 7.89E-10 1.15e-09

Chebychev Pitting Parameters for Rate Coefficients
Epin  Emax
(ev) {ev) A0 Al A2 A3 Al A5 A6

rpeS* 10, 2,0E404 6.231E-09 1.889E-09 <~2.698E-09 -8.721E-10 1,100E-09 4.342E~11 -~4.575E-10
peS** 7.0 2.0B+04 7.194E-09 2.194E~09 -3.221E-09 -1.139E-09 1,155~09 1,651E-10 -3.116E-10
relt 10. 2.0E404  4.BBEE-09 1.684E-09 -1.980E-09 -9.566E-10 7.099E-10 1.967E~10 -2.480E-10
reB* 20, 2.0E+04 2.335E-09 8.727E-10~ -B.580E-10 -4.906E-10 2.725E-10 1.161E~10 -8.374E-11
reB+® 20, 2.0B+04 3.198E-09 1.149E-09 -1.127E-09 -4.709E-10 4.324E-10 8.121E-11 -1.453E-10
red* 20, 2.0E+04 1.745E-09 6.993E-10 ~6.119e-10 -4.326E-10 1.631E-10 1.317g-10 -2.514E-11

red** 20, 2.0E+04 2,237E-09 8,855E-10 ~7.341E~10 -4.306E-10 2,561E-10 1,225E-10 =-6.323E-11
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Table VII. Theoretical Electron~Impact Ionization Rate Coefficients for
e~ + Fedt » Fel(a+1)+ 4 26~

Maxwellian Rate Coefficients (cm3/s)

e~ Temp.

{eV) r.].o# Pelo*' rell‘f ?.110' ?0120 '.134
1,0E+00 0.00B+00 0.00E+00 0.00E400 0.00E+00 0.00E+00 0.00E+00
2.0E+00 0.00B+00 0.00E+00 0.00E+00 0.00E+00 0.00E400 0,00E+00
4,0B+00 0.00E+00 1.61E-36 0.00E+00 1.56e-39 0.00E+00 0.00E+00
7.0B400 9.298-29 4,46E-25 4.i4E-31 9$.10B-27 1.74E-33 3,20E-35
1.0BE+401 4.80E-23 1,81E-20 9.02B-25 1.,18e-21 1.80E-26 p.38E-28
2.0E+01 2.41B-16 4.68E-15 2,51E-17 1.09e-15 3.02e-18 4,60E-19
4.0E+01 6.08E-13 2,68e-12 1.56E-13 1.10E-12 4.53e-14 1.35e-14
7.0B+01 1.89E~11 4.55e-11 7.20B-12 2.35e-11 3.07E-12 1,26e-12
1.0B+402 7.71E-11 1.48E~-10 3.55e-11 8.43E-11 1.76E-11 8.49E-12
2,0E+02 4.30E-10 6.37E~10 2.50E-10 4.13B-10 1.568-10 9,55B-11
4.,0E+02 1.06E-09 1.38E~-09 6.94E-10 9.73E-10 5.00E~10 3.42B-10
7.0B+402 1.50E-~09 1.86E-09 1.02E-09 1.36E-09 7.91E-10 5.58E-10
1,0E403 1.67E-09 2.02e-09 1.142~09 1.51E~09 9.12E~10 6.48E-10
2,0E+403 1.70E~09 2,02E-09 1.17g-09 1.53£-09 9.71E-10 6.51E-10
4,0E403 1.50E-09 1.76E-09 1.03e-09 1.34E-09 8.71E-10 6.192-10
7.0E403 1.27E~09 1.49E-09 8.68E~10 1.14E-09 7.44E-10 5.25E-10
1.0B+04 1.12e-~09 1.31g-09 7.46E-10 1.01E-09 6.59E~10 4.52E-10
2.0E+04 8.49£-10 9.91E-10 4.79E-10 7.60E-10 5.00E~10 2.91E-10

Chebychev Pitting Parameters for Rate Coefficients
Enin Emax
(eV) (eV) AO Al A2 A3 Ad A5 A6

rel0+ 20, 2,0E404 1.485E-09 6.625B-10 -4.442B-10 -3.924E-10 1.1208-10 1.630E-10  2.290B-11
pelO** 20, 2.0B404 1.818E-09 7.68B4E-10 =~5.6058-10 -4.070E~10 1,701E-10 1.395B-10 -1,753E-11
rell* 40, 2.0E+04 1.084E-~09 3.960E-10 -3.852E-10 -1.865E-10 1.177B-10 3.063E-11 -3.411p-11
pell** 20, 2,0E+04 1.348E-09 5.919E-10 =-4.041E-10 -3.356E-10 1.082B-10 1.301E-10  B.421E-12
rel2* 40, 2.0E404 9.013E-10 3.689E-10 -2.757E-10 ~1.670E-10  9.0298-11 4.974E-11 <-1.353p-11

rel3* 40, 2.0B404 6.116E-10 2.444E-10 -2.089E-10 ~1,382E~10 5.599B-11 4.054E-11 -6.163E-12



20

Table VIIL., Theoretical Electron—Impact Ionization Rate Coefficients for
e~ + Fedt » Fe(qtl)+ 4 20—

Maxwellian Rate Coefficients (cm3/s)

e~ Temp.

(V) relét peld+? relS+ rel5+ (rROA)
1.0E+00 0.00E400 0.00E+00 0.00E+00 0.00E+00
2.0E+00 0.00E400 0.00E+00 0.00E+00 0.00E+00
4.0E+00 0.00E+00 0.00E+4+00 0.002+00 0,00E+00
7.0E+00 7.25E-33 2,76E-37 0.00E+00 0,00E+00
1.0B+01 2,48E-30 3.08E-29 8.,73E-33 2.80E-32
2,0E+01 2.37B-20 8,10P-20 9.92E-22 1,61E-21
4,0E+01 2.56B-15 4.63BE-15 3.49E-16 4.34E-16
7.0E401 4.27e-13 5,70E-13 1,07E-13 1,37E-13
1.0B+02 3.83B-12 4.41E-12 1.32E-12 1,73g-12
2.0B+02 6.36E-11 6.25E-11 3.04E~11 3,75e-11
4.0B+402 2.79e-10 2,67e~10 1.51B-10 1,70B-10
7.0B+02 5,00B-10 4.88E-10 2.87E-10 3,062-10
1.0B+03 6.05E-10 5.98E-10 3.58E-10 3,77E-10
2.0E+03 6.81E-10 6.89E-10 4.21E-10 4.33e-10
4.0B+03 6.28E-10 6.43E-10 3.97E-10 4.05E-10
7.0B+03 5.42E-10 5.59E~-10 3.47E-10 3.52E-10
1,0BE+04 4.82E-10 4.98E-10 3.10E-10 3.14E-10
2,0E+04 3.68E~10 3.81E-10 2.37E~10 2.40E-10

Chebychev Pitting Parameters for Rate Coefficients
Emin  Emax
(eV) (eV) A0 Al A2 A3 Ad AS A6

Peldt 70, 2.0B+04 6.763E-10 2.605E-10 -2.034E-10 -B.340E-11 7.304E-11 6.434E-12 -2.382p-11
Peld** 70, 2,0E404 6.844E-10 2.694E-10 -1.996E-10 -8.971B-11 6.880E-11 1.050E-11 -2.062E-11
pelS+ 70, 2,0B404 4.155E-10 1.695g~10 -1.180E-10 -5.964E-11 4.104E-11 8.717E-12 -1.214E-11

pelst 70, 2,0B404 4.311E-10 1.706E-10 -1,256E-10 -5.630E-11 4.405E-11 5.736K-12 -~1.375g-11
(RRDA)



Table IX.

pelb+
rel?+
FelB+
peld+

pel0+

e” Temp.
(ev)
7.0E+01
1.0E+02
2,.0E+02
4.0E+02
7.0E+02
1.0E+03
2.0E+03
3.0E+03
4,0E+03
5.0E+03
6.0E+03
7.0E+03
8.0E+03
9.0E+03
1.0E+04
1.2E+04
1.5g+04
2.0E+04

Enin Enax
(eV) (eV)

200. 2.E+04.
200. 2.E+04.
200. 2.E+04.
200. 2.E+04.

200, 2.E+04.

Felbt

4.70E-19
1.78E~16
1.88E-13
6.38E-12
2.95e-11
5.45E-11
1.10E-10
1,36E-10
1.48E-10
1.55E-10
1.58E-10
1.59E-10
1.59E-10
1.58E-10
1,57E-10
1.54E-10
1.49€-10
1.40E-10

Maxwellian Rete Coefticients (cm3/s)

pFell+

8.67E-20
5.00E-17
B8.65E-14
3,78E-12
1.96e-11
3.79€e-11
8.08E-11
1.02E-10
1.13E-10
1.19E~10
1.22g-10
1.23E-10
1.23E~10
1.23E-~10
1.23E-10
1.20E-10
1.17E~10
1.10eE-10

FelBe

1.57E-20
1.39E~17
3.96E-14
2,22E-12
1.29e-11
2.61E-11
§.88E-11
7.57E-11
8.4BE-11
9.00E-11
9.28E-11
9.40E-11
9.47E~-11
9.47€E-11
9.44E-11
9.30E-11
9,04E-11
8.56E~11

peldt

2.34E~21
3.22E~18B
V.58E-14
1.18€-12
7.77€-12
1.66E~11
4,02E-11
5.30E-11
6.03E-11
6.46£-11
6.70E-11
6,82g-11
6.90E-11
6.91E-11
6.91E~11
6.81E-11
6.64E-11
6.35e-11

Chebychev Fitting Parameters for Rete Coefficients

AD

Al A2

1.71279e-10 B.82601E-11 -1.81630E-11

1.30837E-10 6.95299£-11 ~1.16036E~11

9.8893BE-11 5,39741E-11 -7.14323E~12

7.08654E-11 3,.98340E-11 -3.73340E-12

5.02092E-11 2.88631E-11 -1.84257E-12

Al

-2.16876E-11

~-1.73318E-11

-1,35460E-11

~9.98940E-12

-7.18%31¥¢-12

A4

4.10843E~12

2.41865E-12

1.28830E-12

4.32819E-13

1.99540E-14

Theoretical Electron—Impact Ionization Rate Coefficlents for
e” + Fedt 4 pelatl)+ 4 5.~

Fe20t

3.76E-22

8.12E~19

6.67E~15

6.47E-13

4.76E-12

1.07g~11
2,.73E-11
3.68E-11
4,23e-11

4.58E~11
4.78E-11
4,87E-11
4.94E-11
4.96E-11

4.97E-11

4.91E-11

4.80E-11

4.62E~11

AS

3.13239g-12

2.79580E-12

2,37495E-12

1.90022g~12

1,.43894E-12

A6

-1.69224E-12

=-1,35335E~12

~7.49385E-13

=3.71562E-13

-1.586807E~11



Table X.

Fe2l+
Pe22+
Fe23+
pe2d+

Fe25+

e~ Temp.
(eV)

7.DE+D)
1.0E+02
2.0E+02
4.0E+02
7.0E+02
1,0E+03
2.0E+03
3.0E+03
4.DE+03
5.0E+03
6.0E+03
7.0E+03
8.0E+03
9.0E+03
1,0E+04
1.2E+04
1.5E+04
2,0E+04

Emin Emax

ev) (ev)

AD

22

e~ + Fedt » Felatl)+ 4 2=

Maxwellian Rate Coefficients (cm3/s)

Fell+

5.27E-23
1.76E-19
1. 45€-15
3.13E-13
2,61E-12
6.18E-12
1.69E-11
1.33E-11
2,71E-11
2.97E-11
3.12e-11
3.19g-11
3.25g-11
3.27g-11
3.29g-11
3.25€e-11
3.188-11
3,10E-11

Fe22+

2.68BE-24
1.93E-20
6.29E~16
1.20E-13
1.18E-12
2.98E-12
8.82E-12
1.25E-11
1.49E-11
1.65E-1]1
1.74E-11
1.79e-11
1.84E-11
1.85e-11
1.87e-11
1.85E~11
1.82E-11
1.80E-11

Fe23+

2.84E-25
3.20e-21
1.75E-16
4.29E-14
4.71g-13
1.25E-12
3.93E-12
5.79E~12
7.06E-12
7.99E-12
8.62E-12
9.01E-12
9.38E-12
9.60E-12
9.80E-12
9.93E-12
1,00E-11
1,02e-11

Fe24t

0.00E+00
0.00E+00
9.08E-32
3.39e-22
4.73E-18
2.26E-16
2.23e-14
1,04E-13
2.42E-13
3.96E-13
5.51E-13
6.97E~-13
8.33E-13
9.58E-13
1,07e-12
1.27E-12
1.49e-12
1.72e-12

Chebychey Fitting Parameters for Rate Coefficients

Al

200, 2.E+04 3.26206E-11 1.92107E-11

200, 2.E+04 1.82182E-11 1,10297E-11

200, 2.E+04 9.39620E-12 5.98496E-12

1000 2.E+04 1.26599E-12 8.98312E-13

1000 2.E+04 5.64060E-13 4.04743E-13

A2

~-5,96B05E-13

7.41865E-14

5,65971E-13

2,73254E-13

1.29701e-13

Al

~4,70444E-12

-2.62089E-12

-1.12187E-12

-4.12907E-14

-1.50931E-14

A4

~2,02019E-13

-2,53155E-13

-2.08927E-13

-4.57171e-14

-2,12768E-14

Theoretical Electron-Impact Ionization Rate Coefficients for

Fe25+

0.00E+00
0.00E+00
4.58E~33
5.23E~2)3
1.17E-18
6.70E-17
8.24E-1S
4.12E-14
9.97E~14
1.67E~13
2.36E-13
3.02E~13
3.64E-13
4.21E-13
4.74E-13
5.64E-13
6.70E-13
7.81E-13

AS A6
9.84203E-13 -1.85937E-14
5.72536E-13 5.18376E-14
2.25523E-13 3.36430E-~14
3.28509E-15 0.00000E+00

7.36451E-16 0.00000E+00
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Table XI., Experimental Electron-Impact Ionization Rate Coefficlents for
e~ + Fedt » Felat)t 4 2o~

Maxwellian Rate Coefficients (cm3/s)

e~ Temp.
(eV) ret Fel+ paS+ Febt red+ Fellt Peld+ pelS+

1.0E400 2.64E-15 3,71E-20 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0,00E+00
2.0E4+00 7.77E-12 1.63B-14 4.99E-30 2,76E-36 0,00E400 0,00B+00 0,.00E400 0,00E+00
4.0B400 5.292~10 1.27E-11 2.10E-19 1.37E-22 3.71E-33 0.00E+00 0.00E+00 0,00E+00
7.0E400 3.53E~09 2.70E~10 8.12B~15 1,10E~16 4.49E-23 1.362-30 9.27E-36 0.00E+00
1.0E+01 7.83E~09 1.022-09 5.76E~13  2,63E-14 4.78E-19 2.62E~24 6.02E-28  4,11E-36
2.0E+01 2,.14E-0B 5.84E-09 8.94E-1] 1,64E-11 2,51B-14 5.52g-17 7.91E-19 3,03B-23
4.0B401 3.83E-00 1.66E-08 1.21E-09 4,33E-10 6.95E-12 2,63B-13 2,.57B-14 8,.58E-17
7.0E401 5.14E-08 2.86B-08 3.88E-09 1,84E-09 9.02B-11 1,07g-11 2.09E-12 6.87E-14
1.0B4+02 5.85E-08 3.68BE-0B 6.33E~09 3,34E-09 2.66E-10 4.93B-11 1.28e-11 1.14E-12
2.0E+02 6.81E-08 5.13E-08 1.15E-08 6.91E-09 1.02E-09 3.26E-10 1.31E~-10 3.21E-11
4.0E402 7.002-08 6.14E-08 1.558~08 1,00E-08 2.05E-09 8.78B-10 4,642-10 1,63E-10
7.0B402 6.60BE-08 6.48E-08 1.69E-08 1,13E-08 2.66BE-09 1.30E-09 7.95E-10 3,.22E-10
1,0E403 6.16E-08 €.42E-06 1.68E-08 1,15E-08 2.84E-09 1.472-09 9.72E-10  4.25B-10
2.0E4+03 5.12E-08 5.81E-08 1.53E-08 1.06E-08 2.78E-09 1.60E-09 1.17e-09 5.90E-10
4.0E+03  4.08E-08 4,858-08 1.28E~08 B8,.91E~09 2.40E-09 1.52e-09 1.17E~09 6,78E~10
7.0E+03 3.32E-08 4.02E-08 1.06E-08 7.41E~09 2.01E-09 1,37E-09 1,07E-09 6.84E-10
1.0E404 2.89B-08 3.52E~08 9.29E-09 6.50E-09 1.77B-09 1.25e-09 9.78E-10 6.60E-10
2,0E404 2,16E-08 2.64E-08 6.95E-09 4.88e-09 1.32B-09 9.94E-10 7.79E-10 5,73E-10

Chebychev Fitting Parameters for Rate Coefficients

Bpin  Emax

(eV)  (eV) A0 Al A2 A3 A4 AS A6

pet 2.0 2.0B+04 6.007E-08 1.673E-08 -2,637E-08 -6.450E-Q9  9.454E-09  4.599E-10 =-2.370E-09
Fe2* 4.0 2.0E+04 5.775E~08  2.105E-Q8 -2.058E-08 -1.0l4E~08 5.751E~09 2.379E-09 -7.403E-10
peSt  10.  2,0B+04 1.525B-08 5,373E-09 <~5,550E-09 -2.259E-09  2.009E-09 3.587E-10 -6.116E-10
reS* 20, 2.0B+04 1.099E-08  3.395E-09 -4.039E-09 -9.455E~10 1.321E-09 -2.043E-11 =-3,310E-10
re9*  40. 2.0E+04 2.820E-09 9.0B6E-10 -9,802E-10 -2.458E-10 3,275g-10 -5.870E-12 =-9.335E-11
Pellt 40. 2.0E404 1.631E-09 6.962E-10 -4,154E-10 -2.401E-10 1.353E-10 4.167B-11 -3.710B-11
Pel3* 40. 2.0E4+04 1.152E-09 5.537E-10 =~2,479E-10 -2.367E-10 5.888E-11 7.606E-11 5.931E~12

rels+ 70, 2.0E+04 7.206E-~10 3.761E-10 -8.551E~11 -1.033E-10 1.846E-11 1.340E-11 =~6.911E~]12
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Table XI1. Sample BASIC Program to Calculate Rate Coefficients
from Chebyshev Fitting Parameters.

REM PROGRAM CHEBFE
REM CHBFIT PROGRAM IS A BASIC PROGRAM DERIVED FROM A PROGRAM IN
REM “ELEMENTARY NUMERICAL ANALYSIS: AN ALGORITHMIC APPROACH",S.D. CONTE
REM ANO C. DE BOOR, MCGRAW-HILL, INC., P 263, 1972,
DIM D(7)
NTERAMGS="7
INPUT"ENTER Emin (ev) ",EMIN:INPUT"ENTER Emax (eV) " ,EMAX
EMINL=LOG(EMIN)
EMAXL=LOG( EMAX)
PRINT USING "ENIER # COEFFICIENTS AD THRU AG6":NTERAMS
FOR J=1 TO NTERMS
INPUT O(J):NEXT U
PRINT USING "INPUT ENERGY (eV) BETWEEN MH#.# ANO H.#- """ FOR THE RATE CO
CALCULATION" ;EMIN; EMAX
REM GET ENERGY FOR CALCULATION AND USBE THREE TERM RECURRENCE RELATION
INPUT X
K=NTERMS
CHEB=D( K)
IF X<0 THEN END
X=L0G( X)
K=K-1
IF K=0 THEN END
XNORM=( X-EMINL-( EMAXL-X)} /( EMAXL-EMINL)
TWOX=2#XNORM
PREV2=0
PREV=CHEB
IF K=1 GOTO 310
CHEB=D( K} +TWOX®*PREV-PREV2
PREV2=PREV
K=K-1
GOTO 250
CHEB=.5#D( 1) +XNORM#PREV-PREV?2
PRINT USING “"##.#H#- """ = RATE COEFFICIENT (CM3/S)";CHEB
GOTO 130
END
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Fig. 1. Electron—impact ionization of Fet. Solid curve: total
cross section from the 3p 3d%4s ground configuration in the average sta-
tistical model; dashed curve: direct cross section only; solid circles:
experimental measurements (ref. 5).
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Fig. 2. Electron-impact ionization of Fe2t. Solid curve: total
cross section from the 3p®3d® ground configuration in the average statis-
tical model (ref. 18); dashed curve: direct cross section only; solid
circles: experimental measurements (ref. 6).
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Fig. 3. Electron-impact lonization of Fe3t. Solid curve: total
cross section from the 3p®3d° ground configuration in the average statis-
tical model (ref. 18); dashed curve: direct cross section only.
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Fig. 4. Electron-impact ionization of Fe*t. Solid curve: total
cross section from the 3p®3d“ ground configuration in the average statis-

tical model; dashed curve: direct cross section only.
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Fig. 5. Electron-impact ionization of Fe5*., 8o0lid curve: total
cross section from the 3p®3d3 ground configuration in the average statis~
tical model (ref. 19); dashed curve: direct cross section only; solid
circles: experimental measurements (ref. 7).
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cross section from the 3p®3d24s excited configuration in the average
statistical model (ref. 19); dashed curve: direct cross section only;
solid circles: experimental measurements (ref. 7).
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Fig. 7. Electron—impact ionization of Fe6t. Solid curve: total
cross section from the 3p®3d2 ground configuration in the average statis-
tical model (ref. 19); dashed curve: direct cross section only; solid
circles: experimental measurements (ref. 7).
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Fig. 9. Electron-impact ionization of Fe’*. Solid curve: total
cross section from the 3p®3d ground configuration in the average statis—
tical model; dashed curve: direct cross section only.
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Fig. 10, Electron—-impact ilonization of Fe8t. Solid curve: total
cross section from the 3s823pé ground configuration in the average statis-
tical model; dashed curve: direct cross section only.
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Fig. 11, Electron-impact ionization of Fe®t, Solid curve: total
cross section from the 3823p53d excited configuration in the average
statistical model; dashed curve: direct cross section only.
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Fig. 12. Electron—-impact ionization of Fe9t. Solid curve: total
cross section from the 3s23p® ground configuration in the average statis-
tical model (ref. 19); dashed curve: direct cross section only; solid
circles: experimental measurements (ref. 7).
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Fig. 13. Electron-impact ionization of Fe%t. Solid curve: total
cross section from the 3s23p"*3d excited configuration in the average sta-
tistical model (ref. 19); dashed curve: direct cross section only; solid
circles: experimental measurements (ref. 7).
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Fig. 15. Electron-impact ionization of Fell*, Solid curve: total
cross section from the 3s23p33d excited configuration in the average sta-
tistical model; dashed curve: direct cross section only.
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Fig. 16. Electron-impact ionization of Fellt. Solid curve: total
cross section from the 3823p3 ground configuration in the average statis-—
tical model (ref. 19); dashed curve: direct cross section only; solid
circles: experimental measurements (ref. 8).
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Fig. 17, Electron-impact lonization of Fell*, Solid curve: total
cross section from the 3323p23d excited configuration in the average sta-
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Fig. 18. Electron-impact ionization of Fel2*, Solid curve: total
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Fig. 19. Electron-impact ionization of Fel3*., Solid curve: total
cross section from the 3s?3p ground configuration in the average statisti-
cal model (ref. 19); dashed curve: direct cross section only; solid
circles: experimental measurements (ref. 8).
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