This article was downloaded by:[Bochkarev, N.]

On: 13 December 2007

Access Details: [subscription number 746126554]

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

,-'1:5'1'.’\’[:.]_, OMICALand Astronomical & AstrOphysicaI
ASTROPHYSICAL

T RANSACTIONS

Transactions
The Journal of the Eurasian Astronomical
Society

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453505

Catalogue of atomic data for low-density astrophysical

plasma
V. V. Golovatyj & A. Sapar °; T. Feklistova ®; A. F. Kholtygin ©
& Lvov University Astronomical Observatory, Lvov, Ukraine
Tartu Astrophysical Observatory, Toravere, Estonia
¢ Astronomical Institute, St. Petersburg University, St. Petersburg, Petrodvoretz,
Russia

Online Publication Date: 01 January 1997

To cite this Article: Golovatyj, V. V., Sapar, A., Feklistova, T. and Kholtygin, A. F. (1997) 'Catalogue of atomic data for
low-density astrophysical plasma’, Astronomical & Astrophysical Transactions, 12:2, 85 - 241

To link to this article: DOI: 10.1080/10556799708232079

URL: http://dx.doi.org/10.1080/10556799708232079

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article maybe used for research, teaching and private study purposes. Any substantial or systematic reproduction,
re-distribution, re-selling, loan or sub-licensing, systematic supply or distribution in any form to anyone is expressly
forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents will be
complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses should be
independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand or costs or damages whatsoever or howsoever caused arising directly or indirectly in connection with or
arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713453505
http://dx.doi.org/10.1080/10556799708232079
http://www.informaworld.com/terms-and-conditions-of-access.pdf

Astronomical and Astrophysical Transactions, 1997, ©1997 OPA (Overseas Publishers Association)

Vol. 12, pp. 85-241 Amsterdam B.V. Published in The Netherlands
Reprints available directly from the publisher under license by Gordon and Breach Science
Photocopying permitted by license only Publishers

Printed in Malaysia

CATALOGUE OF ATOMIC DATA FOR
LOW-DENSITY ASTROPHYSICAL PLASMA

V. V. GOLOVATYJ!, A. SAPAR?, T. FEKLISTOVAZ, and A. F. KHOLTYGIN?

1 Lyvov University Astronomical Observatory, Kirilla i Mefodia 8,
Lvov 290005, Ukraine
2 Tartu Astrophysical Observatory, Toravere, EE2444, Estonia,
3 Astronomical Institute, St. Petersburg University, 198904, St.Petersburg,
Petrodvoretz, Russia

(Received March 27, 1996)

1 INTRODUCTION

This catalogue contains mainly the atomic data needed in astrophysical investiga-
tions of low-density plasma. It is a revised and extended version of the Catalogue
of Atomic Data for the Rarefied Astrophysical Plasma (Golovatyj et al., 1991).

1.1 Low-Density Plasma

Different forms of the low-density astrophysical plasma include the intergalactic
and interstellar media, the matter of gaseous nebulae (planetary and diffuse), re-
gions in the vicinity of active galaxies and quasars, the solar and stellar coronae
and several other astronomical subjects. The ion concentration in the plasma varies
within broad limits from about 10~7 cm~3 to 10° cm~3 and kinetic temperature
from 5 x 10% K to 107 K. In these plasma objects generation of emission spectral
lines occurs. The low-density astrophysical plasma is practically transparent in all
spectral lines excluding the series of resonance lines which arise due to electron
transitions to the ground state of most abundant ions of abundant elements. The
bound state populations and corresponding line intensities of such targets are pre-
dominantly determined by the cascade processes which populate the states. The
preceding absorption processes in the radiative transfer are photoionization and ex-
citation in optically thick resonance spectral lines. In the low-density astrophysical
plasma the majority of atoms and ions are placed in the ground state. In cal-
culations of spectra generated by such plasma structures besides probabilities of
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spontaneous transitions only the induced transition rates to the low excited states
and to continua are needed. This circumstance reduces essentially the atomic data
set indispensable in computations of the spectra of the low-density plasma targets
compared with the set needed in calculations of spectra of essentially denser stellar
atmospheres.

We shall use the following notations: A* and B are the i-fold ions of elements
A and B, the notations n(A*) we use for number density of corresponding atoms
or 1ons and the symbols n; denote the number densities of an ion in the atomic
state k& (the occupation number). The excited states we denote by adding a prime
to the ion symbol, say A", but the autoionization states are doubly primed (A™").
As usual we shall use a standard notation XI for a neutral atom, XII for its singly
ionized ion etc. This means, for example, that symbols N3t and N IV for triple
ionized nitrogen are identical.

1.2 The Cross-Sections and Rates of Physical Processes tn a Low-Density Astro-
physical Plasma

The full list of physical processes, proceeding in a rarefied astrophysical plasma
includes the impact, fusion and decay processes which are accompanied by electron
transitions from one state to another. In the present paper we confine our analysis
with the following most important processes:

(1) the radiation transitions between discrete bound levels (A" + v « A"),
(2) the photoionization and the photorecombination (A 4 v « A't! 4 ¢),

(3) the excitation and deactivation (de-excitation) by electron impacts (A* +e «
Ai/ 4 e)7

(4) the dielectronic recombination and autoionization (A « A +e),
(5) the charge transfer (A'*! + B/ «— A 4 BIi+!),
(6) the electron impact ionization (A% + e — A**! 4+ 2¢).

The reversed process of the last process in the list — the triple impact recombi-
nation is negligible in conditions of a rarefied astrophysical plasma. More detailed
description of physical processes studied by us is given in the corresponding sections
of the explanatory text to the atomic data tables. Here we only mention that for
reactions of the type A + B — A’ + B’ the transition rate per unit time and unit
volume is given by the expression (cv)n(A)n(B). The averaged reaction rate in this
expression 1s defined by

1= (o) = [oor()do,

where f(v) is the velocity distribution of colliding particles taken to be the Maxwel-
lian one, characterized by temperature 7. If one of the colliding particles is a
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photon we have to integrate over the photon frequency distribution of the external
radiation field. The external radiation field distribution in most cases we shall
assume to be the diluted Planckian one, specified by the effective stellar tempera-
ture 7T..

1.3 Units of Measurement

For convenience we shall give here the units of measure for quantities, describing
the cross-sections and rates of elementary processes.

(1) The energy units. In the atomic spectroscopy the energy of particles and pho-
tons usually is expressed in electron-volts (eV), erg, wave numbers (cm™1),
Kelvin degrees (K) and Rydberg units (Ry). The transformation coefficients
between the quantities are illustrated by the following table:

unit of measurement eV erg em ™! K Ry
1eV 1 1.602-12° 8065.48 11604.5 7.350-2
1 erg 6.2424+11 1 5.034+15 7.243+15 4.587+10
1cm™! 1.2404 1.986-16 1 1.439 9.113-6
1K 8.617-5 1.381-16 6.950-1 1 6.334-6
1 Ry 13.606 2.180-11  1.09745 1.579+5 1

(2) The cross-section units. The cross-sections in atomic physics are usually mea-
sured in cm?, megabarns (Mb = 107!% cm?), or the hydrogen ground-state
Bohr orbit areas (ra? = 8.797 x 10717 cm?).

(3) The process rates. In two-particle collisions the rate is measured in cm?® s™!
units. The higher-order impacts for conditions of rarefied astrophysical plasma
media can be ignored.

In the present manual only the data concerning elementary processes, which
proceed in rarefied astrophysical plasma media are given. Both the numerical values
and the approximate half-empirical formulae for cross-sections and process rates,
compiled from different published papers, are presented.

The formulae for computation of intensities of spectral lines and continua of
rarefied plasma have been given. The computation results are given for different
mechanisms of line formation. In the present study we represent only the atomic
data for computation of spectra of low-density astrophysical plasma (most known
kinds of it are gaseous nebulae), their thermal and ionization structure.

2 MAIN KNOWLEDGE ABOUT ATOMIC SPECTROSCOPY

2.1 Classification of Levels

The standard classification scheme of atomic state levels is the single configuration
approximation (SCA) and the LS-coupling of the angular momenta.
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In the single configuration approximation one assumes that every electron is
moving in the effective central-symmetric field generated by the nucleus and by all
other electrons. To all electrons one can ascribe definite quantum numbers, start-
ing with the principle quantum number (n = 1,2,3,...) and the orbital quantum
number (! = 0,1,...,n — 1). The orbital angular momentum of an electron nl
equals to I, where i = h/2x and h is the Planck constant. The electrons with the
same n and [ values differ by the values of projections of orbital angular momentum
m; and of the electron spin momentum m,. The feasible values for m; and m; are
my ==l —l+1,...,1-1,1,and m; = —1/2,+1/2. Electrons which have the orbital
quantum number values [ = 0,1,2,3... are denoted in the atomic spectroscopy, re-
spectively, by minuscules s, p, d, f and further in the alphabetic order. The atomic
electrons with equal values of n and [ are named to be equivalent ones. A set g of
equivalent electrons builds up an electron shell (n!)? in which the maximal number
of electrons is 2(2{ + 1). If ¢ = 2(2] + 1) then such a shell is said to be filled.

The distribution of electrons in electron shells is termed the electron configu-
ration. The energetically lowest state in which all electrons of the atom or of the
ion have minimal possible values of n and ! is called the ground configuration, all
other configurations are termed excited. The population of electron shells follows
definite rules. First, the electron shell n = 1 will be populated, thereafter electron
shells with n = 2, etc. At a given value of n the shells with [ = 0 will be filled first
(s-shell), thereafter { = 1 (p-shell), | = 2 (d-shell) etc. The order of population of
electron shells with n < 3 is the following: 1522522p%3523p%3d'°.. .. For instance,
the ground configuration of a carbon atom is 1522s22p?. Here 152 and 252 are the
filled shells, but the shell 2p? is unfilled. The regularity in shell filling order is vio-
lated for d-shells and f-shells. So, for K and Ca atoms the 4s-shell will be filled first
and thereafter the 3d-shell. The electron configurations of atomic and ion ground
states are given, for example, in monographs by Moore (1949), Sobelman (1977),
Allen (1973) and in a manual by Radtsig and Smirnov (1986).

For classification of atomic states of the same configuration several approximate
methods, so-called coupling schemes of momenta, have been used, among which the
most widely use is LS-coupling. According to this scheme the atomic states have
different values of L (the total atomic orbital momentum) and S (the total atomic
spin). The rule of momentum addition we shall illustrate using the example of two
-electrons. The values of total momentum L cover a range from | [} — {3 {to | [ +2 |.
A similar rule holds for total spin : if sy = s3 = 1/2 then the total value of spin
can be 0 or 1. The sum J = L + S (called the total atomic momentum) according
to general rules of addition of momenta can take values [L - S| < J < L+ S5. A
definite value of J belongs to a definite energy level LSJ. The statistical weight
corresponding to J is given by g(J) = 2J 4+ 1 and it is the number of atomic states
with the same energy, but different values of projection M. In the case of three or
more electrons the addition of momenta must be carried out step by step - first for
two electrons, thereafter the third electron will be added, etc.

The set of levels belonging to one configuration with given values of L and S
forms a spectral term (notation 25+1 L, where 25+1 specifies the term multiplicity,
J describes its fine structure and LSJ the energy level. If S < L then the number of
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term energy levels equals its multiplicity, but if S > L then the term has 2041 levels.
Each level consists of 2J +1 states. The values of L are specified by latin majuscules:
L = 0 (S-term), 1 (P-term), 2 (D-term), 3 (F-term), etc. The terms which have
25+1=1,2,3,4,5... are named, respectively, singlets, doublets, triplets, quartets,
quintets, etc.

In addition to values of LS the terms differ by configuration parity = = (—I)Z L
where ¥ I; is the algebraic sum of all electron orbital momenta,ie. Y ;i =L +Il2+
w.+Iy. I 7m = -1 (odd terms) then superscript o is added to the term notation
on its right-hand side. For three and more electrons with different values of nl in
order to give an unambiguous description of energy levels the additional quantum
numbers are needed. Usually the genealogy of the term, i.e. the intermediary values
of L and S, are given. For instance, the excited configuration 1s22s2pnl of C II can
have two groups of terms: 2s2p('P%)nlLS and 2s2p(®P°)nlLS. The last group of
terms has energy values about 6 eV lower than the first group.

A special case are shells with equivalent electrons (n!)?. The number of terms
of the (nl)? shell is limited by the Pauli principle. Thus, for configuration 2p? the
three possible terms are 3P°, 1S and D, while ignoring the Pauli principle for this
configuration also terms 'P?, 35 and 3D were also possible. The terms of shells (nl)?
are given, for example, in a monograph by Sobelman (1977). In the case of shells
d? and f? there are various terms with equal L and S values. To discriminate them
from each other the seniority quantum number v = 1,2,3 ... (left subscript to the
term notation) is added. The real atomic states 7LSJ due to the approximate
nature of the single configuration and LS-coupling concepts are in fact mixtures of
the pure states with equal 7 and J values, which belong to different configurations
and terms. In many cases instead of LS-coupling other types of coupling, namely,
7j» LSo and LK (see monographs by Nikitin and Rudzikas, 1983; Rudzikas et al.,
1990) are used.

2.2 Radiative Transitions: Line Strengths and Oscillator Strengths: Transition
Probabilities

The most important characteristic of radiative transition in atoms is its probability
Aj; defined in such a manner, that n; A;; is the number of transitions in spectral
line [ — 1 per unit volume and per unit time. The value of Aj; is strongly dependent
on the transition type. If in transition ! — i a photon is emitted having momentum
k (in K units) relative to the atom, where k = 1,2,..., and with parity = = (=1,
then we term it the electric (E) radiative transition of multipolity k ( Ek-radiation),
but in the case of parity 7 = (—1)**! we term the transition as the magnetic (M)
radiative transition of multipolity & (M k-radiation). The probabilities of Mk and
Ek + 1 transitions are about 10~4-10~¢ times less than these of corresponding
Ek transitions. Thus, the largest transition probabilities have electric dipole (£1)
transitions for which Aj; ~ 102 s~! which are followed by electric quadruple (£2)
transitions and magnetic dipole transitions for both of which A; ~ 102-10% s71.
Transitions of .higher multipolity in the spectra of astrophysical objects have not



90 V. V. GOLOVATY et al.

been observed. The transition probabilities can be expressed by the use of line
strengths S, namely (see Levinson and Nikitin, 1962; Sobelman, 1977)

g A M = 2,67 x 10°A® S, g1 AP = 1.78 x 10° A S, ¢

where the ratio Ae = Ey; /Ry is the transition energy expressed in Rydbergs (Ry =
13.606 eV). The line strengths are connected with dimensionless quantities — the
oscillator strengths f;; by

1
gi fELME = 3 8eSi, i B2 - 9291077 Ae® Sy, (2)
Thus, the transition probabilities can be expressed by oscillator strengths in the
form

g APPMY =801 x 10° Ae?gi fu, 91 AE? =8.02x 10° Ae? g; fu, (3)

Taking into account the conservation laws of momentum, angular momentum and
parity, it follows that each process of type E1, E2 and M1 can take place only
if there are definite selection rules specifying the possible differences of quantum
numbers in the initial and final states of the transition. Let us consider now the se-
lection rules for £k and M1 transitions in the LS-coupling and single configuration
approximation. For Fk-transition gnlLSJ — B'n'l'I’S’J’ the selection rules are

AJ=0,41,... %k, J+J' >k; AL=0,%1,...,4k L+L >k AS=0, (4)

where only the quantum numbers of one definite electron undergo changes, # and
@' are the additional quantum numbers needed to describe the levels J and J' for
which the selection rule @ = B’ holds. Further, for El-transitions Al = +1 holds
and for E2-transitions Al = 0, 4+2. For M l-transitions LSJ — L’'S’J’ the selection
rules are

AJ=0,£1; AL =0,A5=0, Al=0. (5)

It has been taken into account that the magnetic dipole transitions can take place
only between the levels of the same term (Al = 0). Owing to the approximate
nature of LS-coupling and single configuration assumptions the selection rules given
above are not the exact ones, i.e. these selection rules can be violated in transitions
which have essentially smaller probabilities. In atomic spectroscopy the transitions
in which the selection rules hold, are termed the allowed transitions, but in the
opposite case they are termed the forbidden transitions.

In the table below we give the classification of radiative transitions used in as-
trophysics in the case of selection rule violation. The classification differs somewhat
from that used in atomic spectroscopy. For instance, all £2 transitions in astro-
physics are treated as forbidden, independent of whether the selection rules hold
or not. The typical values of the transition probabilities for the transitions under
consideration are given in column 3 of the table. In the first column the transition
type notations are also given (p, permitted; f, forbidden; i, intercombination; 2e,



ATOMIC DATA FOR LOW-DENSITY ASTROPHYSICAL PLASMA 91

dielectronic). The typical values of A;; given correspond to transitions in the visible
and near-infrared regions of spectra of light elements and low-charge ions.

Classification of the transition types

Transition type Selection rule violation A (571
El,p No 107-10°
E1,i AS#£0 102-10%
E1, 2e Quantum number change 108-108

of two(three) electrons
E2, f No 1-10?
E2, f AS#0 1041
M1, f No 1-10
M1, f Transition between 1041

levels of different terms

To illustrate several types of electron transitions we give the scheme of lower
levels of O III. In Figure 1 the wavelengths of most important observed spectral
lines together with the transition type are given. The simbol ~ denotes that the
transition is intercombinational. For atoms with Z > 50 and for multiple ions the
selection rules do not hold exactly due to relativistic effects. For such atoms and
ions the difference between the allowed and forbidden transitions weakens and can
even be vanishing.

202p® ®s,
28?20 s
m&le:aﬁ &
23313 |B2 16614
. o
232t
26%2¢” ',
B B B
o o °
5OO7A 43314 1667 A
2 8,
L]
49594
3
P, T
Stam (NI+E2)
28720 3P, ‘
Wi |88 um B2 32.6pm
3 1

Figure 1l The typesand the wavelengths of most important observed spectral lines O III. Symbol

~ denotes that the transition is an intercombination one.
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Table 1. Transition probabilities for H I

k=i A (A) Ak (s7Y) k=i Ak (A Ak (s77)
1- 2 121567 4.699+8 2- 8  3889.05 2.21545
1- 3  1025.72 5.575+7 2- 9  3835.38 1.216+5
1- 4 972537  1.278+7 2-10  3797.90 7.12244
1-5 949.743  4.125+6 2-11  3770.63 4.397+4
1- 6  937.803  1.644+6 2-12  3750.15 2.83444
1- 7  930.748  7.568+5 2-13 373437 1.893+4
1- 8 926226  3.869+5 2-14  3721.94 1.303+4
1-9 923150  2.143+5 2-15  3711.97 9.210+3
1-10 920963  1.263+5 2-16  3703.85 6.658+43
1-11 919351  7.834+4 2-17  3697.15 4.91043
1-12 918129  5.068+4 2-18  3691.55 3.685+3
1-13 917181  3.393+4 2-19  3686.83 2.809+3
1-14 916429  2.341+4 2-20  3682.81 2.17243
1-15 915824  1.657+4 3- 4 187510 8.966+6
1-16 915329  1.200+4 3- 5 128181 2.201+6
1-17 914919  8.858+3 3- 6 10938.1 7.783+5
1-18 914.576 6.654+3 3-7 10049.4 3.358+45
1-19 914286  5.077+3 3-8 954597 1.651+5
1-20 914039  3.928+3 3- 9  9229.02 8.905+4
2- 3  6562.80  4.41047 3-10 901491 5.156+4
2- 4  4861.32 8.419+6 3-11  8862.79 3.156+4
2- 5  4340.46 2.530+6 3-12  8750.48 2.021+4
2- 6  4101.73 9.732+5 3-13  8665.02 1.343+44
2- 7  3970.07 4.389+5 3-14 859840 9.21143

3-15  8545.39 6.490+3

3 RADIATIVE TRANSITIONS AND PHOTOPROCESSES

3.1 Transition Probabilities, Oscillator Strengths and Mean Lifetimes

The relations between the transition probabilities and oscillator strengths are deter-
mined by equations (1)-(4). When only one of the values (transition probability)
or (oscillator strength) are given in the table under consideration the remainder
can be calculated using equations (2) and (3) as soon as the type of the transition
is known. Using the experimental energy differences Ae from the last mentioned
relations is preferable (see discussion in Rudzikas et al., 1990).

Neglecting the induced transitions the spontaneous transition probabilities Ay;
are connected to the mean lifetimes of level k via the relation:

T = ZAki

i<k

-1

The probability that an atom in the state k emits a line k¥ — 7 is called the
branching ratio and it can be expressed by

By = 1 Agi.
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Table 2. Transition probabilities for He 1

Transition ki (4) A (s71) Transition ki () Agi (s71)
151§ — 2p'P 584.33 1.8000+9 3plP — 64D 11048.01 1.846646
1515 — 3plP 537.03 5.6539+48 4p'P - 5dD 41227.23 1.5250+6
1515 — 4p'P 522.21 2.4300+8 4p'P — 6d'D 26538.84 8.6835+5
151§ — 5p'P 515.62 1.2541+48 5plP — 6dD 75855.03 4.6592+45
1s1S — 6plP 512.10 7.2939+7 3dD - 3plP 957880.50 1.5399+2
2515 — 2p'P 20586.90 1.9688+6 3dD — 4p'P 18560.66 2.9581+5
251§ — 3plP 5017.08 1.315347 3d1D - s5p'P 12759.17 1.273145
2518 — 4p'P 3965.85 6.8331+46 3dD - 6plP 10905.16 6.6464+44
25'S — 5p'P 3614.67 3.7368+4-6 4d'D - 4p'P  2162022.00 5.7302+1
2sS — 6p'P 3448.57 2.229546 4d'D — 4p'P 40063.93 1.631645
3515 - 3p'P 74375.16 2.5146+5 4d'D ~ 6p'P 26120.02 8.1814+44
3518 — 4plP 15087.78 1.39954+6 5d1D — 5p!P  4136180.00 2.241241
351§ — 5p'P 11016.08 9.2043+5 5d1D — 6plP 73711.16 8.3902+4
3515 — 6p'P 9606.05 5.7975+5 6d'D - 6p'P  7059355.00 9.9013+0
4s1S — 4p!P  181001.70 5.8240+4-4
4s1S — 5p'P 33308.48 2.9262+45 2535 — 2p°P 10833.15 1.0183+7
4s'S - 6p'P 23069.61 2.1991+45 - 2538 — 3p%P 3889.75 9.1179+6
5515 — 5p'P  358496.30 1.8738+-4 2535 — 4p°P 3188.67 5.4238+46
5518 — 6p'P 62057.34 8.8001+44 2535 — 5p°P 2945.96 3.0791+6
6s1S — 6plP° . 624843.80 8.8001+4 2535 — 6p3P 2829.91 1.8639+46
2plP — 35S 7283.36 1.8084+7 3535 — 3p°P 42958.96 1.0703+6
2p'P — 4s!S 5049.15 6.6665+6 3535 — 4p°P 12530.94 7.0306+5
2p'P — 5slS 4438.80 3.211846 35%S — 5p°P 9466.18 5.6331+5
2p'P — 6515 4170.14 1.7956+46 3535 — 6p°P 8363.99 3.7725+5
3plP — 4518 21137.79 4.5819+6 4535 — 4p°P 108823.00 2.2783+45
3plP — 5518 13415.33 2.0509+-6 4538 — 5p3P 28550.27 1.2031+45
3plP — 6slS 11228.98 1.1127+6 45%S — 6p°P 20430.30 1.1475+45
4p'P — 5518 46065.65 1.494646 5535 — 5p°P 220402.40 6.9994+4
4p'P — 65'S 27607.62 7.53484-5 5535 — 6p3P 54176.60 3.1375+4
5plP — 6515 85292.94 5.9282+45 6s°S — 6p°P 389579.90 2.6970+4
2p!P — 3d'D 6679.99 6.3712+7 2p°P —~ 3535 7067.20 2.737547
2p'P — 4d'D 4923.30 1.993247 2p°P — 4535 4714.49 9.3052+6
2p'P — 54D 4389.16 9.0365+46 2p°P — 5538 4122.00 4.3396+6
2p'P — 6dD 4144.93 4.912646 2p°P — 6535 3868.59 2.380546
3plP — 4d'D 19094.57 7.1137+46 3p°P — 4538 21125.93 6.4846+6
3plP — 54D 12971.98 3.36204+6 3p3P — 5538 12849.51 2.717346
3p°P — 65°S 10670.62 1.438446 4p3P — 4d°D 439661.50 4160743
4p°P — 55%S 46949.36 2.0189+6 4p3P — 5d°D 37035.60 1.27764+6
4p3P — 65%5 26888.35 9.571145 4p3P — 6d%D 24733.94 8.1001+45
5p°P — 65%S 88073.67 7.7595+5 5p°P — 5d°D 858850.60 1.519943
2p°P — 34°D 5877.29 7.048347 5p3P — 6d°D 68523.34 3.657245
2p°P — 4d®D 4472.76 2.45714+7 6p°P — 643D  1486839.00 6.4106+42
2p%P — 5d°D 4027.35 1.1612+47 3d®D — 4p°P 19548.49 6.4390+ 5
2p°P — 64°D 3820.71 6.4472+46 3d°D - 5p°P 12988.44 2.72164+5
3p°P - 3d°D  186233.70 1.2923+44 343D — 6p°P 10999.58 1.4200+5
3p°P — 4d°D 17007.12 6.59504+-6 44D —~ 5p°P 42440.82 3.2689+5
3p°P — 5d°D 11972.39 3.472246 4d®D - 6p°P 26678.60 1.5958+4-5
3p°P — 64°D 10314.09 1.991746 5d3D — 6p°P 78390.48 1.59464-5

Owing to the limited volume of our catalogue we must exclude a great deal of
transition probability and oscillator strength data. Such data are given only for H I
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(Table 1) and He I (Table 2). The much more complete data for H I can be found
in the review paper by Omidvar (1983) and for He in the paper by Theodosiou
{1987). References on the numerous transition probability and oscillator strength
compilations and tables can be found in Appendix A and also may be taken from
the atomic data catalogue and banks described in Appendix B.

The largest database for spectral lines of atoms and two-atomic molecules has
been calculated and composed by Kurucz. His current list includes data for more
than 58 million spectral lines, more than 42 million of them belonging to atoms and
their ions (Kurucz, 1992, 1995). A somewhat smaller former set of data by Kurucz
is available on CD-ROM.

A large international project named the Opacity Project has been undertaken
under the leadership of Seaton. The results have been compiled as the TOPBASE
atomic database. The exact data for spectral lines and photoionization rates, includ-
ing the autoionizational resonances have been compiled for all 1ons of 14 elements,
namely, for H, He, C, N, O, Ne, Na, Mg, Al, Si, S, Ar, Ca and Fe. Some of the
results have been published in a special issue of Revista Mexicana de Astronomia
y Astrofisika Vol. 23, 1992, devoted to calculation of astrophysical opacities (see
Seaton et al., 1992; Cunto and Mendoza, 1992, and other papers in the issue). A
large number of data concerning absorption lines with A > 912A compiled by Mor-
ton (1991). Even more vast is the list of lines including those in the region A > 2284
presented by Verner et al. {1994).

To obtain the values Ai; and f;; for hydrogenic ions with Z > 1 we can use the
following scaling relations (see e.g. Rudzikas et al., 1990):

zZ 4 4HI
A =27 Ay

and
=il

The latter relation means that the oscillator strengths are the same for all hydrogenic
1ons. These relations are exact only within the framework of the non-relativistic
approximation. For ions with Z > 1 the relativistic corrections should be taken
into account. A recent study of the problem (see Rudzikas et al., 1990, for details)
showed that the relativistic corrections are significant only for higly stripped H-like
tons (Z > 50) and for all astrophysically important hydrogenic ions one can use the
non-relativistic scaling relations.

3.2 Photoionization

Photoionization is the main mechanism of ionization of atoms in low-density plasma.
The ions of type X* absorb photons having energies hv > nyp(X*), i.e. energies
which exceed the threshold value of releasing the electrons which usually belong to

the external shell . ‘
X (anlLS)+hv — X*THa L'S') +e,

where n is the main quantum number, { is the azimuthal quantum number of pho-
toelectrons, I and S are, respectively, the total orbital and spin moment of ion X*
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and « is an unspecified set of all other quantum numbers which fix the state of the
atomic residue. The number of photoionizations in unit volume per unit time is

. ; o : dv

N =n(X*) / Onc(v, X*)4nJ, —, (6)
vo(X1) hv

where J, is the mean intensity of the ionizing radiation (both the stellar and the

diffuse one) at the given point of the ionized medium and o, is the effective cross-

section of photoionization of ion X* from level n.

In the conditions of astrophysical low-density plasma (gaseous nebulae) due to
large radiation dilution and low gas densities the electrons of atoms are mainly in the
ground state. Consequently, for computations primarily the photoionization cross-
sections from the ground state are needed. Formation of free electrons due to the
photoionization processes takes place from the outermost atomic layer. However,
there are special cases, say, in modelling of radiative transfer in the vicinity of
quasars and active galactic nuclei which are the intensive X-ray sources, where the
photoionization from inner electron shells is important. This holds, for instance,
for N1, O III and S II. Determination of the cross-sections of photoionization oy,
for all atoms, the lines of which are observed in nebular spectra, has been the topic
of numerous experimental and theoretical investigations. A detailed list of such
studies has been given in papers by Davidson and Netzer (1979), Mendoza (1983),
Stasinska (1984) and Verner et al. (1993).

At the present time the values of o1, are known for most of atoms and ions, the
lines of which are observed in the spectra of nebulae. The values can usually be given
to within an accuracy about 10% (excluding the contribution of the resonances) by
the following formula which is convenient for the photoionization and recombination
rate computations:

alc(Xi) = oy [ax_s +bz 7 4 c:c"‘z] cm?, (M

where a + b+ ¢ = 1. Here s is the approximation parameter in the law, describing
the dependence of o1, on frequency v or on the energy near the ionization threshold
which is denoted by subscript 0 and =z = v/u(X!) = E/Eo(X*?). The data on
cross-sections -of photoionization from the ground and excited states, which have
been compiled by us from different published papers, for atoms and ions of elements
from H to Si, for S and Ar are given in Table 3, where only the most reliable data
were used. The most complete lists of photoionization cross-sections for atoms
and ions having the nuclear charge number Z < 30 are given in the papers by
Reilman and Manson (1979) and Verner et al. (1993), where the values of oy,
found in the Hartree—Slater approximation for energies 6 eV < E < 5 keV are
given. Unhappily in the first paper the dependence o(v) has been given in the form
of a table. Nevertheless, Table 3 gives the values of approximation parameters,
found based on the results of Reilman and Manson (1979) in the case where in the
other papers the corresponding data were lacking. Though the lines of Li, Be and
B in nebular spectra have not been detected yet, their inclusion in Table 3 may
be useful. References to the calculations of the photoionization cross-sections for
individual atoms and ions can be found in Appendix A.
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Table 3. Parameters of photoionization cross-sections from the ground and excited
states (equation (7))
ITon Transition oo a b c s Ref
HO HO(35) - H* (15) 6.3 1.34 -0.34 0 2.99 074
He® He®(1S) - Het (25) 7.83 1.66 -0.66 0 2.05 074
Het . He*(25) - He?+(15) 1.58 1.34 -0.34 0 2.99 074
Li® Li®(3S) - Lit (1s) 1.3 3.5 -2.5 0 1.4 F67
Be Be®(1S) - Bet (%5) 1.93 0.027 -0.373 1.345 2.25 RM79
Bet Bet(2S) - Be*t (15) 1.4 2.2 -1.2 0 2.0 F67
BO B°(?P) - B*(1S) 8.94 -0.020 0.075 0.945 1.0 RM79
Bt Bt (1s) - B2+ (35) 3.0 2.6 -1.6 0 3.0 F67
B2+ B2+ (25) - B3t (1s) 0.98 1.0 0 0 1.8 Fe67
ce CO(3P) - Ct(?P) 12.2 3.317 -2.317 0 2.0 H70
1p-~?p 10.3 2.789 -1.789 0 1.5 H7o
ig_2p 9.59 3.501 ~-2.501 0 1.5 H70
ct C*(3P) - C2*(185) 4.60 1.95 -0.95 0 3.0 H70
c2t C2+(15) - C3+ (25) 1.84 3.0 -2.0 0 2.6 SB71
2s2p 3P0 - 25 2.15 1.0 0 0 2.45 SW78
2p? 3P -28 4.22 1.0 0 0 2.27 SW78
2535 35 - 25 0.95 1.0 0 0 1.19 SW78
2s3p 3P0 - 28 3.09 1.0 0 o 2.10 SW78
2s3d 3D - 28 2.90 1.0 0 0 322 SWwW78
2p3s 3P - 28 1.21 1.0 0 0 1.57 SW78
2s4s 35 - 28 1.22 1.0 0 0 1.37 SW78
2s4p 3P0 - 28 4.13 1.0 0 0 2.03 SW78
2s4d 3D - 28 3.42 1.0 0 0 2.60 SW78
2s4f 3F° - 25 2.66 1.0 0 0 361 SW78
2p3p 35 - 25 2.47 1.0 0 0 2.33 SWT78
2p3p °P - 28 3.40 1.0 0 0 2.12 SW78
2p3d 3F° - 25 2.05 1.0 0 0 3.08 SW78
2p3d 3D° - 28 2.34 1.0 0 0 3.36 SW78
2p3d 3P° - 25 2.06 1.0 0 0 3.29 SW78
2p59 3G - 28 1.96 1.0 0 o} 4.41 SW78
c3+ C3+(35) - cH+ (1) 0.71 2.7 -1.7 0 2.2 SB71
2p ?P° - 15 0.93 1.5 -0.5 0 3.5 L72
N© NO(%3) - Nt (3P) 11.42 4.287 ~3.287 0 2.0 H70
’p -3p 4.41 3.847 -2.847 0 1.5 H70
2D-D 5.02 4.826 -3.826 0 2.0 H70
2p-3p 4.20 4.337 -3.337 0 1.5 H70
2P -1p 2.87 5.112 -4.112 0 2.0 H70
2p-1ig 2.03 4.727 -3.727 0 2.0 H70
Nt Nt(3P) - N2+ (2p) 6.65 2.860 -1.860 0 3.0 H70
ip-2p 6.65 2.789 -1.789 0 2.5 H70
1s-2p 6.75 3.101 -2.101 0 2.5 H70
N2+ NZ+(2p) - N3t (15) 2.0 0.9 0.1 0 2.0 858
N3+ N3+ (15) - N*+(25) 1.08 -0.108 1.63 -0.522 0.93 RM79
Ntt N#t(25) - N5+ (15) 0.91 -0.081 1.70 -0.62 1.21  RM79
o° 0°(3P) - O+t (13) 2.94 2.661 ~1.661 0 1.0 H70
3P -2p 3.85 4.378 -3.378 0 1.5 H70
p-?p 2.26 4.311 -3.311 0 1.5 H70
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Table 3. Continued

ITon Transition oo a b c s Ref

ip-2p 4.64 6.829  —5.829 [V} 1.5 H70

ip-2p 1.95 4.800 —-3.800 [V} 1.5 H70

1s-2p 7.65 5.124 -4.124 0 1.5 H70

ot ot (45)-02+(3P) 7.32 3.837  -2.837 0 2.5 H70

2p-3p 3.53 3.808 -2.808 i} 2.5 H70

2p- 1p 3.97 3.033  -2.033 0 2.5 HT70

P- 3P 3.43 4174  -3.174 0 2.5 H70

2p- 1p 2.32 3.110 ~2.110 0 2.5 H70

2p- 15 1.68 3.751 -2.751 0 2.5 H70

o2+ 0%t (3P) - 03+ (%P) 3.65 2.014 -1.014 0 3.0 H70

ip- ?p 3.79 2.777 -1.777 0 3.0 H70

s 2?p 3.97 2.780 ~1.780 0 3.0 H70

03+ 0%+ (2P) - 0%+ (15), 1.20 1.82 -0.82 0 3.0 S58
o4t 0t (1S) - 0%+ (%5) 0.77  -0.104 1.647 -0.543 1.02 RM79

Fo F°(?P)-F*(°P) 3.7 4.1 -3.1 0 1.0 S58

F+ Ft(3P) - F2+(15) 2.84 31 -2.1 0 2.0 S58

F2+ F?+(8) - F3+ (°P) 4.5 1.7 -0.7 ] 2.0 S58

F3+ F3* (3P)-Fit(?P) 2.06 1.0 0 0 2.0 S58

F4+ F*+(2P) - F5+ (15) 0.8 1.0 0 0 2.3 S58

F5+ F5+(18) - F8+(25) 0.58 2.6 -1.6 ] 3.0 Fe7

Ne? Ne®(15) - Net (?P) 5.35 3.769  -2.769 0 1.0 H70

Net Ne*t (°P) - Ne2+ (°P) 4.16 2.717  -1.717 0 1.5 H70

2p_ 1p 2.71 2.148  -1.148 0 1.5 H70

2p- 15 0.52 2.126  -1.126 0 1.5 H70

Ne?*  Ne?t(°P) - Ne3t(15) 1.80 2.277  -1.277 0 2.0 H70

3p- 2?p 2.50 2,346  —1.346 0 2.5 H70

sp- ?p 1.48 2.225 -1.225 0 2.5 H70

Ip- 2?p 417 2.074 -1.074 0 2.0 H70

ip- ?p 1.39 2.792 -1.792 0 2.5 H70

1s- ?p 5.49 3.000 —2.000 0 2.5 H70

Ne3t Nedt (48) - Nett (°P) 3.11 1.963  —0.963 0 3.0 H70

2p- 3p 1.69 1.841 —-0.841 0 2.5 H70

2p- 1p 1.65 2.277  -1.277 0 3.0 H70

2p. 3p 1.69 1.937 ~0.937 0 2.5 H70

2p_ 1p 0.93 2.455  —1.455 0 3.0 H70

p_ 15 0.73 1.486  -0.486 0 2.5 H70

Nett Nett (3P) - Ne>t (°P) 1.40 1471 -0.471 ] 3.0 H70

Ip- ?p 1.53 2.021 -1.021 0 3.0 H70

is- ?p 1.54 2.104  -1.104 0 3.0 H70

Net Ne®t (2P) - Ne®+ (15) 0.49 1.145  -0.145 0 3.0 H70
Na° Na?(2S) - Nat (1S) 1.560  1.000  -2.55 1.62 1.35  Kh9s

Nat Nat (15) - Na?* (?P) 8.0 4.2 -3.2 0 2.0 S58

Na2t Na?+ (2P) - Na3t (°P) 3.2 2.4 -1.4 0 2.0 Ss58

Na3+ Na?t (°P) - Natt (15) 1.2 1.0 0 0 2.0 S58

Natt Nat*(%S) - Na%+ (3P) 2.0 1.0 0 0 2.3 S58
Mg? Mg?(1S) - Mgt (25) 1.2 3.0 -2.0 ] 14 DMs3
Mgt Mg? (35) - Mg2t (1S5) 0.24 3.71 —2.71 0 0.91 DMs3

Mg?t  Mg?t(1S) - Mg®* (°P) 5.2 2.65 -1.65 ] 2.0 Ss58
Mg3t Mgt (PP)-Mgit(°P) 374 1.225 3.39 -3.62 2.25  RM79
Mgtt Mgt (3P) - Mg®+ (15) 2.84 0.726 2.42 -2.14 2.22 RM79
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Table 3. Continued

ITon Transition oo a b c s Ref
Al° Al1°(?P) - A1t (1S) 28.2 0.049  -0.529 1.48 1.0 CH72
Al* AT (15) - A2+ (25) 4.65 2.6 -1.6 0 2.7 SB71
AP+ APt (25) - AB*(15) 1.36 2.4 -1.4 0 2.1 SB71
At AP+ (18) - AI*Y (?P) 3.8 1.0 0 0 2.0 S58
Altt A1t (2P) - A5t (3P) 1.8 1.0 0 0 2.3 Ss58
Si0 Si®(®P) - Sit (?P) 39.2 4.42 0.094 -3.51 50  CH72

Ip- ?p 34.5 6.46 -7.78 2.32 3.0 CH72
s ?p 33.6 10.01 -14.53 5.52 3.0 CH72
Sit Sit (?P) - Si** (1) 1.41 2.31 -6.72 5.41 1.5 CH72
Si2t Si2t (1S) - Si%+ (25) 0.62 0.064  -0.549 1.485 170 RM79
Sid+ Sid+(25) - sitt (15) 0.32 0.083  -0.611 1.528 1.34 RM79
Sitt Sitt(18) - Sivt (2P) 3.81 0.928 1.89 -1.82 2.30 RM79
st SO(3P) - S*(4s) 12.6 21.6 -40.1 19.5 3.0 CHT71
3Sp- 2D 19.1 0.135 5.365 -4.5 2.5 CHT71
sp- ?p 12.7 1.16 2.425 -2.585 3.0 CHT71
ip- 21.0 0.66 4.875 -4.535 1.5 CHT71
ip- % 7.87 0.543 6.347 -5.89 2.0 CH71
s 2p 22.6 -1.148 9.27 -7122 1.0 CHT71
st St (45) - S2+(°P) 0.93  -0.21 1.86 -0.65 1.05 RMT79
’p- 3% 16.1 0.562 —-2.574 3.012 1.0 CH71
2p- 1p 7.25 1.064 -3.936 3.872 1.5 CH71
p_ 3p 16.0 0.530 ~2.492 2962 1.0 CHT71
p_- 1p 3.81 0.868 -3.421 3.553 1.0 CHT71
2p.. 15 2.53 1.286 -3.917 3.631 1.0 CH71
s2+ S2+(3p) - 83+ (?P) 0.38  18.43  -36.26 18.83 2.0 CH71
Ip- ?p 0.98 10.06 ~-23.39 14.33 2.0 CH71
s 2p 0.75 14.65 -33.40 19.75 2.0 CHT1
g3+ 83t (2P) - stt(1s) 0.76 2.8 -1.8 0 2.4 SBT1

St+ St+(15) - 85+ (25) 5.18  -0.073 1.539 -0.466  0.59 RM79
Ar® Ar®(15) - Art (3P) 32.7 4.2 -3.2 0 1.6 SB71
Art Art(?P) - Ar*Y(°P) 288 0.082  -0.83 1.75 0.5 CH72

2p. 1p 15.3 0.623 -2.77 3.15 1.0 CH72
2p- 185 3.07 0.570 -2.59 3.02 1.0 CHT72
Ar?t AT (3PY - ARP4+(%S) 2.23 5.93 -16.09 11.16 2.5 CH72
3p- 2D 0.86 9.375  -22.95 14.58 2.0 CH72
sp- ?p 0.92 7.825 -19.74 12.92 2.5 CH72
ip- 2p 5.43 5.403 —14.84 10.44 2.5 CH72
ip- ?p 2.01 4.823 —13.44 9.62 2.5 CH72
s 2p 8.75 4.861 -13.68 9.82 2.5 CH72
Artt AP (AS)- AT (?P) 059 1080 -15.91 6.11 20 CH72
2p- 3% 0.23 32.56 -63.76 32.20 2.5 CH72
D~ D 0.28 23.10 -42.98 20.88 2.5 CH72
p. 3p 0.25 34.23 -68.38 35.15 2.5 CH72
- 1p 0.11 20.70 ~33.46 13.76 2.0 CH72
2p- 13 0.11 25.39 -47.60 23.21 2.5 CHT72
Artt AT (P)- AP (2P) 063 7.45 -10.67 4.22 2.5 CH72
Ip- ?p 0.56 10.11 -15.35 6.24 2.5 CH72
is- z2p 0.55 11.84 ~18.55 7.71 2.5 CH72
Ar’t  APH(PP) - ALt (1S) 034 2.438  -1.639 0.201 2.0 CHT72
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Table 3. Continued

Ion Transition oo a b c s Ref
Ca® Ca?(1S) - Cat (25) 14.4 1.000 0.000 0.000 4.0 Kh9s
Cat Cat(2S) - Ca2+(19) 0.1 6.680 -3.240 -1.350 1.5 Kh9s

Note. References: DM53, Ditchburn and Marr (1953); CH71, CH72, Chapman and Henry (1971,
1972); F67, Flower (1967); H70, Henry (1970); Kh95, Kholtygin et al. (1995); L72, Leibowitz
(1972); 074, Osterbrock (1974); RM79, Reilman and Manson (1979); SW78, Sakhibullin and
Willis (1978); S58, Seaton (1958); SB71, Silk and Brown (1971)."

3.2.1 Photoionization from K and L shells

The common formulae have been derived for an idealized model picture for the
photoionization cross-sections from K and L shells. These cross sections can be
simply expressed using the functions

2oy (I, 4
fn(U)— ol 72 ('E;)

_ exp[—47*"" ctn"'(n/n)]
®n(v) = . 1 — exp(—2m7)

and

)

where o is the Thompson scattering cross section, n? = I,, /(hv — I,) and I, is the
lonization energy from the shell with principal quantum number n. For the K-shell
electrons we can write (Lang, 1974; Akhiezer and Berestetsky, 1969)

o1s = f1(v) @1(v),

2s = 2( ) 2( )
oo, =81+ 3h fa(v) ®o(v s

and in the 2p state by

I I
Oap = 16% <3+8ﬁ) fa(v) ®2(v).

Daltabuit and Cox (1972) have represented the effective cross-sections of photoion-
ization from the K-shell of H, He, C, N, O and Ne as a special case of equation (7)
in the form

dlc(X‘) =0y [am‘_s +(1- a):l:"’"l] cm?. (8)

This approximation is applicable in the region of ionization threshold and at mod-
erate energies. The values of approximation parameters for these atoms and some
of their ions (in units of 107!2 ¢m?) are given in Table 4.
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Table 4. Parameters of photoionization cross-sections from the K — shell (equation (8))
Ton Eg (eV) oo (10718 cm?) o s
CI 280 1.06 1 2.47
CII 296 0.997 1 2.48
C III 317 0.930 1 2.49
Clv 347 0.850 1 2.51
cV 392 0.526 1.325 2.76
C Vi1 490 0.194 1.287 2.95
NI 395 0.747 1 2.53
N II 412 0.717 1 2.54
N III 432 0.683 1 2.54
NIV 459 0.643 1 2.55
NV 496 0.595 1 2.57
N VI 552 0.371 1.314 2.79
N VII 666 0.142 1.287 2.95
O1 533 0.554 1 2.58
OII 550 0.537 1 2.59
O II1 570 0.518 1 2.59
o1V 595 0.496 1 2.60
oV 627 0.470 1 2.61
O VI 672 0.439 1 2.62
O VIl 739 0.275 1.308 2.81
O VIII 870 0.109 1.287 2.95
Ne I 878 0.336 1 2.67
Ne II 896 0.329 1 2.68
Ne IIT 916 0.322 1 2.68
Ne IV 940 0.314 1 2.69
Ne V 968 0.305 1 2.69
Ne VI 1000 0.295 1 2.70
Ne VII 1050 0.282 1 2.7
Ne VIII 1100 0.267 1 2.72
Ne IX 1195 0.180 1.28 2.95
Ne X 1360 0.075 1.25 2.90

The photoionization cross-section for the atoms of H and for the hydrogenic ions
from the states with the principal quantum number n can be written in the form

212 I2

= 3\f3mch2 I gn(v). (9)

Uﬂ
Here g.(v) is the Gaunt correction factor to the Kramers approximation and I, is
the ionization energy of ion with charge number Z from its ground state.

A simple approximation formula to the complicated exact formulae found by
Karzas and Latter (1961) and Goldwire (1968) for the Gaunt factor of H and
hydrogenic ions has been found by Sapar and Kuusik (1974). It has high preci-
sion (more than 1%) for a wide energy range for all states with n > 2 and only
for n = 1 does it reach 3% in a narrow energy interval. The formula has the
form:
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. § 5/6

where gl is the Gaunt factor in the well-known first approximation found by Menzel
and Pekeris (1935)

2
I_ 1/3
gl =1-0.17282" (% —1) )
In these formulae ¢ = hv/I, and

y = 0.43+ 0.6 log (z + 10).

At large energies o, is proportional to ¥ =35,

In the determination of photoionization cross-sections for different atoms it is
necessary to take into account not only the direct photoionization, but also ion-
ization from intermediary autoionization states. The autoionization states are di-
electronic excited states with excitation energy exceeding the ionization energy of
the outermost single electron from the ground state of the atomic particle. How-
ever, the energy of each excited electron is less than the ionization energy. From
the autoionization state an electron can transit to lower bound states with photon
emission (this process is called radiative stabilization) or autoionizational stabi-
lization can occur, where one electron is liberated from the atom but the other
goes to some bound state. Owing to the presence of autoionization states au-
toionizational resonances of photoionization cross-sections appear. This circum-
stance must be taken into account in the modelling of ionization states and the
structure of gaseous nebulae and other low-density astrophysical objects. If we ig-
nore the autoionization phenomena then we can obtain the results but with only
20-30% precision. The autoionizational resonances have been studied in detail

within the framework of the above-mentioned Opacity Project (see Seaton et al.,
1992).

3.8 Photorecombination

Free electrons can recombine on a level of ion X'+! forming the ion X*. The
process of recombination can be radiative, dielectronic or triple. The latter pro-
cess is usually negligible in conditions of low-density astrophysical plasma. The
photorecombination rate can be easily obtained using the condition of its detailed
equilibrium (see, for example, Sobolev, 1985) with the photoionization rates in
the case of complete thermodynamical equilibrium. The processes of radiative
and dielectronic recombination and their inverse processes can be described by
the following schemes (see, for example, Nikitin et al., 1988) for photorecombi-
nation

X+ (nolp) + e—— X' (nolonl) + hv (11)
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and for dielectronic recombination

L . ) 1y !
X‘+1 (Tlolo) + e —— Xl(nlllnll/) ey {X (nolon’ l ) + hV

Xi(nllln”l") + hv? (12)

where the quantum numbers of type nl specify the ion states. Electron capture by
neutral atoms leads to the formation of negative ions. Such processes, however, are
negligible for nebulae.

In photorecombination processes the electrons are captured on the discrete levels
nl with emission of photons having energies hv;c = E + I; where E is the energy
- of the recombining electron and I; is the ionization potential of the level i = nly,
where v denotes the set complementary to nl quantum numbers of the state 7. The
radiative cascade transitions between the discrete levels following recombination
generate the recombinational spectral lines.

The most important quantity determining the ionization degree of the atom is
the sum of the recombination rates to all atomic states (total recombination rate):

o0
o = = E an(Te)
n=1
and the same value excluding the recombinations onto the ground state:
o
of = Z on(Te) = o™ — a1 (Te).
n=2

Here a,(Te) is the recombination rate to level n.

For hydrogen and hydrogenic ions about one half of all recombination acts pro-
ceed straight into the ground state of ion X?*!, and the rest of them recombine to
the excited states.

The total number of recombinations in a unit volume per unit time is

Ny = (X" n, o™ (X H) em®s™1. (13)
The total recombination rate is often approximated by the expression
o XY = Araq [Te/10* KJXrd. (14)

The numerical values of recombination rates a™ for a large number of ions have
been found by Aldrovandi and Pequignot (1973, 1976), Woods et al. (1981), and
Shull and Van Steenberg (1982). The values of parameters Araq and xraa for all
ions of elements from C to Ni taken from the last mentioned paper are given in
Table 5. The numerical values of these parameters for ions of Ar, Ca and Ni
not included in the last-mentioned paper have been found by interpolation of the
values in the corresponding isoelectronic sequences using the scaling relations as
given in Section 2.5. To study an ionization balance in cold low-density plasma
(T <« 10* K (for example H I regions of the interstellar medium) the values of
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Table 5. Parameters of approximation for the collisional ionization, radiative and dielect-
ronic recombination rates (equations (14), (36) and (56})

Ton Acol Tcol Argd Xrad Agi Bdi To Tl

C 1.44-10 1.3145 4.70-13  0.624 2.54-3  4.42-2 1.5745 3.74+5
ct 4.20-11  2.834+5 2.30-12 0.645 6.15-3 5.88-2 1.41+45 1.4145
c2+ 1.92-11  5.56+5 3.20-12 0.770 1.62-3 3.43-1  8.19+4 1.5945
cst 5.32-12  7.4845 7.50-12 0.817 4.78-2 3.62-1 3.44+6 5.87+5
Cct+ 2.87-13  4.5546 1.70-11 0.721 3.22-2 3.15-1 4.06+6 8.31+5
cs+ 9.16-14 5.6846 1.47-11  0.726 0 0 0 0

N 7.08-11  1.68+5 4.10-13 0.608 2.98-3 0 2.2045 0

N+ 4.55-11 3.43+5 2.20-12 0.639 7.41-4 7.64-2 2.0145 7.37+4
N2+ 1.83-11 5.504+5 5.00-12 0.676 1.13-2 1.64-1 1.72+5 2.2545
N3+ 7.16-12 8.99+45 6.50-12 0.743  2.62-3 2.43-1 1.02+45 1.25+45
Nt 2.30-12 1.1446 1.50-11 0.850 7.50-2 3.50-1  4.7546 8.35+5
N5+ 1.44-13 6.4146 2.90-11 0.750 4.61-2 3.09-1 5.44+6 1.14+6
N6+ 4.93-14 7.7446  2.00-11  0.726 0 0 0 0

(0] 1.09-10  1.5845 3.10-13 0.678 1.11-3  9.25-2  1.7545 1.4545
ot 3.96-11 4.074+5 2.00-12 0.646 5.07-3 1.81-1 1.98+45 3.35+5
02+ 1.67-11 6.374+5 5.10-12 0.660 1.48-2 3.05-1 2.41+5 2.83+45
o3t 7.60-12 8.9845 9.60-12 0.670 1.84-2 1.00-1  2.1245 2.83+5
ot 3.33-12  1.3246 1.20-11 0.779 4.13-3 1.62-1  1.25+5 2.27+5
o5+ 1.15-12 1.60+6  2.30-11 0.802 1.06-1 3.40-1 6.25+6 1.124+6
0%+ 7.90-14 8.574+6 4.10-11 0.742 6.23-2  3.04-1 7.01+6 1.474+6
o7t 2.80-14  1.0147 2.62-11  0.726 0 i} 0 o

Ne 3.03-11  2.50+5 2.20-13  0.759 9.77-4  7.30-2  3.1145 2.0645
Net 1.79-11  4.76+5 1.50-12 0.693 2.65-3  2.42-1  2.84+5 3.0745
Ne2+ 1.61-11  7.37+5 4.40-12 0675 3.69-3 1.01 2.2445 2.9445
Nedt 9.76-12 1.13+6  9.10-12 0.668 1.18-2 3.91-1 2.7045 5.5045
Nett 4.48-12 1.474+6  1.50-11 0.684 2.44-2  2.52 3.09+5 9.9145

Neb+ 2.03-12 1.83+6 2.30-11 0.704 3.02-2 4.45-1 2.83+45 1.734+6
Neft 1.02-12  2.40+46 2.80-11 0.771 6.10-3 2.54-1 1.68+5 6.13+5
Ne™t 3.84-12 2.7746  5.00-11 0.832 2.52-1 3.04-1  1.40+47 1.80+6
Neb+ 3.05-14 1.3947 8.60-11 0.769 1.44-1 2.96-1  1.50+47 2.24+46
Ne?+ 1.17-14  1.5847  4.09-11  0.726 1] 0 0 0

Mg 8.90-11  8.87+4 1.40-13  0.855 4.49-4 2.10-2  5.0144 2.814+4
Mg+ 5.90-11 1.74+5 8.80-13 0.838 1.95-3 7.40-2 6.06+5 1.4446
Mg2t 1.10-11  9.3045 3.50-12  0.734  5.12-3  3.23-1  4.69+5 7.55+5
Mg3t 9.14-12  1.2646 7.70-12 0.718 7.74-3 6.36-1 3.7445 7.88+45
Mgt+ 5.02-12 1.6446 1.40-11 0716 1.17-2 8.07-1  3.28+5 1.02+6
Mg3+ 2.73-12  2.174+6  2.30-11 0.695 3.69-2  3.51-1  4.8045 9.73+45
Mgt+ 1.47-12  2.61+6 3.20-11 0.691 3.63-2 5.48-1  3.88+5 7.3845
Mg't 7.35-13  3.09+6 4.60-11 0.711 4.15-2  2.33-1 3.3945 3.8245
Mgd+ 4.11-13 3.81+6 5.80-11 0804 8.86-3 3.18-1 2.1145 1.5446
Mg+ 1.64-13  4.2546  9.10-11  0.830 2.52-1  3.15-1  1.4047 2.6446
Mgl®+  1.42-14 2.0747 1.50-10 0.779  1.44-1 2.91-1  1.50+47 3.09+6

Mg!lt  5.74-15  2.2747 5.89-11 0.726 0 0 0 0
Si 3.92-10 9.46+4 5.90-13 0.601 1.10-3 0 7.70+4 0
Sit 4.87-11  1.90+5 1.00-12 0.786 5.87-3  7.53-1  9.63+4 6.46+4
si2t 2.32-11  3.8845 3.70-12 0.693 5.03-1 1.88-1 8.75+4 4.714+4
Si3+ 6.20-12  5.24+5 5.50-12 0.821 5.43-3 4.50-1 1.05+6 7.9845
Sitt 4.86-12 1.9346 1.20-11 0.735 8.86-3 0 1.1446 0

Sist 2.60-12 2.3846 2.11-11 0.716 1.68-2 1.80 4.85+5 1.03+6
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Table 5. Continued

Ton Acot Teor Arad Xrad Ag; Bg; To T

Sis+ 1.65-12 2.86+6 3.00-11 0.702 2.49-2 1.88 41545 1.9146
Si’+ 1.03-12 3.5246 4.30-11 0.688 3.13-2 2.0l 3.6645 2.1146
Sié+ 6.02-13 4.07+6  5.80-11 0.703  4.25-1 1.22 3.63+5  2.1446
S+ 3.23-13 4.664+6 7.70-11 0.714 6.18-2 3.03-1 3.8845 1.1246
Sit%t  1.95-13 5.5246  1.20-11 0.855 1.38-2  1.42 2.5145  3.93+6

sillt  8.08-14 6.07+6 1.50-10 0.831 3.27-1 3.06-1 1.88+7 3.60+6
Sil2+ 7.44-15  2.8347 2.10-10 0.765 1.89-1 2.86-1 1.9947  4.1446

Sjld+ 3.09-15  3.1047 8.02-11 0.726 0 0 0 0

S 1.45-10  1.2045  4.10-13 0.630 1.62-3 0 1.2545 0

s+ 7.11-11  2.714+5 1.80-12 0.686 1.09-2 1.20-2 1.9245 1.80+4
§2+ 2.12-11  4.0645 2.70-12 0.745 3.35-2 6.59-2 1.89+5  1.59+5
S3+ 6.39-12 54945 5.70-12 0.755 3.14-2 6.89-2 1.68+5  8.04+44
st 6.43-12  8.4745  1.20-11  0.701 1.27-2  1.87-1 1.3845 1.7145
§5+ 1.85-12 1.0246 1.70-11 0.849 1.47-2 1.29-1 1.80+6 1.75+6
sé+ 1.71-12  3.26+6  2.70-11 0.733 1.34-2  1.04 6.90+5  2.1546
S+ 1.01-12 3.8146 4.00-11 0696 2.38-2  1.12 5.8445  2.59+6
S8+t 6.97-13  4.4046  5.50-11 0.711  3.19-2 1.40 5.174+5 2.9146
s+ 4.75-13  5.19+46  7.40-11 0.716 7.13-2 1.00 6.66+5  2.32+46
§i0+ 2.90-13 5.8646  9.20-11 0.714 8.00-2  5.55-1 6.00+5 2.414+6
siit 1.63-13  6.5546  1.40-10 0.755 7.96-2 1.63 5.0945 6.3746

si2+ 1.04-13  7.5646  1.70-10 0.832 1.34-2  3.04-1 2.914+5 1.0446
S13+ 4.42-14  8.0246  2.50-10 0.852 4.02-1 2.98-1 2.4147 4.67+6
g4+ 4.25-15  3.74+7 3.30-10 0.783 2.41-1 2.81-1 2.54+7  5.3046

sis+ 1.81-15  4.0547 1.05-10 0.726 0 0 0 0
Ar 2.20-10 1.8345 3.77-13 0.651 1.00-3 5.00-3 3.20+5  3.10+5
Art 1.20-10 3.214+45 1.95-12 0.752 1.10-2  4.50-2 2.90+5 5.50+5

Ar?t 3.50-11 4.7545 3.23-12 0.869 3.40-2 5.70-2 2.3945  6.00+5
Ardt 3.80-11 6.94+5 6.03-12 0.812 6.85-2 8.70-2 2.56+5  3.81+5
Artt 6.47-12  8.704+5  9.12-12 0.811 9.00-2  7.69-2  2.504+5  3.30+5
Ardt 1.72-12  1.06+46  1.58-11 0.793 6.35-2  1.40-1  2.10+5 2.1545
ArSt 2.20-12  1.4446  2.69-11 0.744  2.60-2 1.20-1 1.80+5 2.1545
Ar’t 6.95-13  1.66+6 3.55-11 0.910 1.70-2 1.00-1 2.70+6  3.30+6

Ar®t 7.57-13  4.90+46  4.90-11 ©0.801 2.10-2  1.92 8.304+5  3.5046
Ar?t 4.75-13 5.56+6 6.92-11 0.811 3.50-2 1.66 6.954+5  3.60+6
Arl®+  345-13 6.25+6 9.55-11 0.793 4.30-2  1.67 6.05+5  3.80+6
Arllt 24813 7.17+46 1.23-10 0.702  7.13-2 1.40 6.68+5 2.90+6
Ar'?t  1.57-13 7.96+6 1.58-10 0.790 9.60-2  1.31 6.50+5  3.60+6
Art®t  9.10-14 8.774+6  2.14-10 0.774  8.50-2 1.02 5.30+5 2.80+46

Arltt  6.05-14 9.9246 2.63-10 0.907 1.70-2 2.45-1 3.55+5 1.10+6
Ar'®t  262-14 1.074+7 3.72-10 0.899 4.76-1 2.94-1 3.014+7 6.05+6
Arl®t  260-15 4.78+7 4.95-10 0.816 2.97-1 2.77-1 3.1347  6.54+6
Arl™t  1.13-15  5.1447 1.35-10 0.726 0 0 0 0

Ca 2.09-10 7.094+44 1.12-13 0.900 3.28-4 9.07-2 3.46+4  1.64+4
Cat 9.00-11  1.3845 6.78-13 0.800 5.84-2 1.10-1 3.8545  2.4545
Ca?t 5.35-11  5.94+5  3.96-12 0.700 1.12-1 1.74-2  4.0845  4.2745
Cadt 2.58-11 7.814+5 7.08-12 0.780  1.32-1 1.32-1  3.8245  6.92+5
Catt 1.31-11  9.7945 1.07-11 0.840  1.33-1 1.14-1  3.534+5  8.78+45
Ca’t 5.91-12  1.274+6  1.80-11 0.820 1.26-1 1.62-1 3.1945 7.4345
Cal+ 2.86-12 1.4946  2.40-11 0.820 1.39-1 8.78-2  3.2245 6.994-5
Ca’t 6.96-13 1.66+6 3.76-11 0.810 9.55-2 2.63-1 2.474+5  4.43+5
Calt 9.56-13  2.1846  5.04-11 0.780 4.02-1 6.27-2  2.2945 2.81+5
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Table 5. Continued
Ion Acol Teot Arad Xrad Agi Bg; To Ty
Ca®t 3.20-13  2.4546 6.46-11 0.900 4.19-2 6.16-2 3.73+6  5.8446
Cal®t 386-13 6.87+6 8.51-13 0.820 2.57-2  2.77 9.26+5  4.89+6
Call*t 254-13 7.614+6 1.18-10 0.810 4.45-2 2.23 7.96+5  4.62+6
Cal?t 190-13 8.434+6 1.58-10 0.800 5.48-2  2.00 6.904+5  4.5246
Cal3t  1.42-13 9.48+6 2.04-10 0.730 7.13-2  1.82 6.70+5  3.32+6
Caltt 9.25-14 1.04+47 2.60-10 0.800 9.03-2 4.24-1 4.7245 1.3746
Cal®t 5.48-14 1.1347 3.24-10 0.780 1.10-1 2.43-1 5.67+5 4.4146
Cal®t 3.74-14 1.26+7 3.81-10 0.850 2.05-2 1.85-1 4.2145 2.27486
Cal™  1.65-14 1.3447 5.13-10 0.850 5.49-1 2.92-1 3.65+7 7.25+6
Cal®t+ 168-15 5.95+7 6.46-10 0.830 3.55-1 2.75-1 3.7847 7.6846
Cal®t 7.39-16 6.3547 1.64-10 0.726 0 0 0 0
Fe 1.26-10 9.13+4 1.42-13 0.891 1.58-3 4.56-1 6.00+4 8.974+4
Fet 4.97-11 1.88+5- 1.02-12 0.843 8.38-3 3.23-1 1.9445 1.7145
Fe2t 1.49-10 3.56+5 3.32-12 0.746 1.54-2 3.10-1 3.3145  2.7345
Fe3+ 3.90-11 6.36+5 7.80-12 0.682 3.75-2 4.11-1 43245  3.4945
Fett 1.66-11 8.70+5 1.51-11 0.699 1.17-1 3.59-1  6.2845  5.2945
FeSt 7.16-12 11546 2.62-11 0.728 2.54-1 9.75-2  7.5045  4.69+5
Febt 3.00-12 1.4546 4.12-11 0.759 2.91-1 2.29-1 7.73+5 6.54+45
Fe™+ 1.02-12 17546 6.05-11 0.790 1.50-1  4.20 2.62+5 1.3246
Fe8+ 2.54-12 2.73+6 8.13-11 0.810 1.40-1 3.30 2.504+5 1.3346
Fe?t 1.70-12  3.04+46 1.09-10 0.829 1.00-1 5.30 2.5745 1.4146
Fel®t 111-12 3.3746 1.33-10 0.828 2.00-1 1.50 2.8445 1.5246
Fellt  6.42-13 3.8446 1.64-10 0.834 2.40-1 7.00-1 8.69+5 1.5146
Fel2t  3.59-13 4.1946 2.00-10 0.836 2.60-1 6.00-1 4.214+5 1.8246
Fel3t 930-14 4.55+6 2.41-10 0.840 1.90-1 5.00-1 4.57+5 1.8446
Fel*t  1.62-14 5.3046 2.89-10 0.846 1.20-1 1.00 2.85+5 2.3146
Fel®* 597-14 568+6 3.42-10 0.850 3.50-1 0 8.1845 0
Fel®+  8.44-14 1.4747 387-10 0.836 6.60-2 7.80 1.5146  9.9846
Fel™  592-14 1.5847 4.52-10 0.824 1.00-1 6.30 1.30+6  9.9846
Fel®+  4.72-14 1.69+7 5.25-10 0.816 1.30-1  5.50 1.1946  1.004+7
Fel®+t  379-14 1.8447 6.07-10 0.811 2.30-1 3.60 1.0946  1.1047
Fe20+  2.60-14 1.964+7 6.98-10 0.808 1.40-1 4.90 9.624+5 8.34+6
Fe?l+  1.61-14 2.09+7 7.72-10 0.800 1.10-1 1.60 7.23+5  1.01+7
Fe22+  1.16-14 2.26+7 7.86-10 0.718 4.10-2  4.20 4.2345  1.07+47
Fe23t  539-15 2.3547 8.57-10 0.677 7.47-1 2.84-1 5.87+7 1.1746
Fe?4t+  567-16 1.02+8 9.46-10 0.732 5.19-1 2.79-1 6.0147 9.974+6
Fe?*+  257-16 1.084+8 2.76-10 0.726 0 0 0 0
Ni 1.34-10 8.864+44 3.60-13 0.700 1.41-3 4.69-1 9.824+4 1.01+5
Ni+ 6.38-10  2.1145 1.00-12 0.700 5.20-3 3.57-1 2.01+5 1.91+5
Ni2+ 1.51-10  4.0845 1.40-12 0700 1.38-2 2.81-1 3.05+5  2.3245
Nid+ 5.43-11 6.3745 1.60-12 0.700 2.30-2 1.28-1  4.204+5 3.18+5
Nitt 2.46-11 8.764+5 3.85-12 0.746 4.19-2 4.17-2 5.56+5 4.554+5
Nis+ 1.00-11 1.2546 9.05-12 0.682 6.83-2 5.58-2 6.724+5 5.51+5
Nis+ 5.29-11 1.5446 1.75-11 0.699 1.22-1 3.46-2 7.93+5 5.2845
Ni’+ 2.67-12 1.8846  3.04-11 0.728  3.00-1 0 9.00+5 0
Ni#+ 1.26-12  2.24+6 891-11 0.759  1.50-1 1.90 1.00+6  5.5045
Ni%+ 4.66-13 2.6046 1.19-10 0.790 6.97-1 2.77-1 7.8145 8.87+5
Nil®t  1.36-12 3.73+6 1.50-10 0810 7.09-1 1.35-1 7.64+5 1.80+6
Nil'*  9.44-13 4.09+46 191-10 0829 6.44-1 1.34-1 7.44+5 1.2546
Nil2t  6.35-13 4.46+6 2.290-10 0.828 5.25-1 1.92-1 6.65+5 1.89+6
Nil3t-  3.80-13 4.9946 2.63-10 0.834 446-1 3.22-1 59745 8.8445
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Table 5. Continued

Ion Acol Tcnl Arad Xrad Adi Bdi TO Tl
Nil4+  2.17-13 5.3946 3.16-10 0.836 3.63-1 3.37-1  5.2445 1.2946
Ni5t+ 5.74-13 5.7946 3.63-10 0.840 3.02-1 1.21-1 4.964+5  6.244+5
Nilé+  1.04-13 6.63+6 4.03-10 0.846 1.02-1  5.14-2  4.46+5 1.59+6
Nil7+ 3.88-14 7.04+6 4.73-10 0.850 2.70-1 1.83-1 8.49+5 8.01+6
Nil8+ 565-14 1.80+7 5.25-10 0.836 4.67-2 7.56 1.3646  9.3246
Nil®+  4.02-14 19147 5.75-10 0.824 8.35-2  4.55 1.2346  9.454+6
Ni20+  3.25-14 2.04+7 6.38-10 0.816 9.96-2  4.87 1.064+6  9.45+6
Ni2l+  2.65-14 2.2047 7.08-10 0.811 1.99-1 2.19 1.2546  8.01+6
Ni2?t  1.83-14 2.3347 7.94-10 0.808 2.40-1 1.15 1.234+6  7.57+6
Ni23+  1.15-14  2.4747 8.71-10 0.800 1.15-1 1.23 3.3245  2.64+6
Ni24t  8.39-15 2.66+7 8.91-10 0.718 3.16-2 1.32-1 6.45+5 1.9346
Ni25+  3.84-15 2.7847 9.14-10 0.677 8.03-1 2.89-1  6.65+7  1.1947
Nj26+  4.21-16 1.1948 1.06-09 0.732 5.75-1 2.86-1 6.8147  9.0846
Ni2’™+  1.91-16 1.2548 3.21-10 0.726 0 0 o 0

radiative recombination rates for such temperatures are needed. In this temperature

range the equation

the following table.

a3 (XY = Ajgo [Te/100 K]Xra

which is slightly different to equation (14) can be used. Fitted parameters Ao and
Xrad for radiative recombinations rates of some singly ionized atoms with ionization
potentials (< 13.6 eV) taken from Péquignot and Aldrovandi {(1986) are given in

(14a)

Fit parameters for radiative recombinations rates of singly ionized atoms with
low ionization potentials in the interval 10-1000 K

Atom Aioo Xrad Atom Aioo Xrad
Cx 8.29-12 0.621 Clx 8.10-12 0.607
Lix 9.60-12 0.606 K 5.54-12 0.683
Na 5.82-12 0.682 Ca 5.58-12 0.683
Mg 5.87-12 0.681 Ca+ 2.79-11 0.647
Alx 1.54-11 0.567 Ti 5.50-12 0.684
Six 8.42-12 0.617 Mn 5.45-12 0.686
P 6.98-12 0.645 Fe 5.45-12 0.686
Sx 1.05-11 0.593 Ni 5.56-12 0.681

Note.  All fits are better than 3% at 20-500 K and than 6% in 10-1000 K.

Fits better than 2.5% at 10-1000 K are marked by an asterisk.

The recombination rates o™ for the hydrogenic ions have been approximated

by Seaton (1959) in the form

o™ (Te) = 5.197 x 10714 2Zp1/2 54,

where Z is the nuclear charge, 8 = I/kT, = 157890Z2/T,, where I is the atomic
ionization potential and S4 = 0.4288 + 0.5In 3 + 0.4698~'/3. The error of the

(15)
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Table 6. Radiative recombination rates on the Hel ion levels
Levels 5000 K 10000 K 15000 K 20000 K
118 2.23-13 1.62-13 1.14-13 1.15-13
215 7.64-15 5.43-15 4.06-15 3.99-15
2lp 2.11-14 1.32-14 8.16-15 7.95-15
3ls 2.23-15 1.63-15 1.19-15 1.16-15
3ip 8.92-15 5.65-15 3.34-15 3.16-15
3D 9.23-15 5.28-15 2.70-15 2.29-15
B (nll) 9.96-14 6.27-14 3.46-14

238 1.98-14 1.46-15 1.13-14 1.11-14
2°p 8.78-14 5.77-14 3.59-14 3.59-14
338 4.88-15 3.73-15 2.97-15 3.00-15
33p 3.20-14 1.95-14 1.30-14 1.25-14
33D 2.84-14 1.30-14 8.46-15 6.92-15
aB(n) 3.26-13 2.10-13 1.29-13

aPB (Het) 4.26-13 2.73-13 1.55-13

Note. Data for T = 5000-15000 K are taken from a paper by Osterbrock
(1974), for T. = 20000 K and 10000 K (1S, 2!§, 21P, 2%, 2°P) from a pa-
per by Ilmas and Nugis (1982).

approximation equation (15) does not exceed about 3% if T, < 10822 and do not
exceed about 30% if T, < 5 x 10822,

The approximate formulae for ™ and a®, for non-hydrogenic ions have been
derived by Tarter (1971). They have the same form as in equation (15), but

5S4 =0.431+0.5011n 8 + 0.4605 /3, (16)
and for the recombination rate o® the expression S4 must be replaced by
SB = —0.493 4 0.5041n 8 + 0.8573~ /3. (17)

The error of the fit formula, equation (15), for non-hydrogenic ions is estimated
to be about 3% at characteristic temperatures of gaseous nebulae. Similar calcu-
lations of photorecombination rates for Fe ions have been carried out by Woods et
al. (1981). The error of the numerical values obtained by them has been estimated
to be about 10%.

An extensive compilation of recombination rates on the levels of hydrogenic,
He-like and Li-like ions has been given in a paper by Arnaud and Rothenflug (1985)
where the values of a9 for some ions of these sequences have been improved and
presented in the form equation (14).

Of considerable significance for calculating the line emission intensities in the
spectra of gaseous nebulae are the recombination rates to the different levels of the
most abundant species Ht, He® and He™. In Table 6 the values of the recombination
rates for lower states of He' are given.
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3.4 Photoheating and Recombination Cooling

This section is based on the paper by Oskinova and Kholtygin (1996). The data for
hydrogenic ions (H I and He II) which provide the main energy gains and losses for
the astrophysical plasma are tabulated only here.

3.4.1 Photoheating rates

The mean energy gained by electrons per 1 cm® and per second due to photoion-
ization of an atom (ion) species from level i is specified by the mean intensity of
ionizing radiation J, at photon frequency v and by photoionization cross section
for this level oP™ (v):

niTie = ny /0 PP () %}ET") (hv — hvd)dv. (18)

Here T';, is the heating rate, index ¢ holds for designation of the continuum state,
n; is the level i occupation number, and v is the treshold value of the frequency
for ionization from level :.

Intensity of the ionizing radiation at a given point i1s determined both by the
frequency distribution of the source of radiation and by the optical distances 7,
of the screening medium. As a model we consider a point source of the lonizing
radiation in the spherically-symmetric gaseous envelope. This model is good both
for the gaseous nebulae and for stellar envelopes. The Planck function is usually a
good approximation for radiation of the astrophysical sources. Taking into account
the dilution and extinction of radiation in the medium we have

Jy =L (T.) =W B,(T.)e ™, (19)

where W is the dilution coefficient and 7, the optical distance at frequency v to the
ionizing source. The dilution coefficient is

w=g|1- (1—(};’{*)2 . (20)

Here R is the distance to the ionizing source and R. is the radius of the ionizing

source. The optical distance 7, is connnected with the value P of this quantity at

the threshold frequency v = »? via relation

phi
= W o0 p), (21)

o;

i
where 0? = o' (1) and

1

R
= / o2 n;(R) dR. (22)
R.
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Figure 2 The dependence of He I heating rates on the level number n for values of Planck
temperatures of an extrnal undiluted radiation field: I, T« = 20000 K; 2, T. = 30000 K;
3, T. = 50000 K; 4, T. = 100000 K; 5, T, = 200000 K.

The energy of photoelectron E can be expressed in dimensionless threshold units

u = (hv — I,)/I; = E/I;, where hv is the photon energy, £ = mv?/2 is the photo-

electron energy and I; is the ionization potential from level ¢. The frequency v of

an ionizing photon can be written in threshold units as v = v?(1+ u). Substituting
expression {19) into equation (18) and using the threshold units, one obtains

3

I‘,'CIWGiC—_—-Wl cx [L’

872 a3 |Ry

3
] I T, 70). ' (23)
Here g7 = I;/kT., and

o0 2 ,Phi (1) =0 i(u)
e oy [P u(l WP ) e
76 = [ e du. (24)
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Table 7. Photoheating rates Gnc(erg/s) for H I and He II levels ionized by the Planckian
radiation field (I, = B,(T)) at optical depth 7 = 0 and W = 1, T. is expressed in 10*K

HI He IT

0.1 0.004+00 0.00400 5.36~15 4.52-12 0.00+00 0.00+00 0.004+00 0.00+400
0.5 2.57-18 5.94-09 1.27-07 2.12-07 0.004+00 1.40-18 1.75-11 3.14-09
1.0 7.09-11 1.08-06 2.43-06 1.85-06 0.004+00 3.83-11 7.05-08 5.65-07
2.0 7.09-07 2.63-05 1.89-05 9.54-06 1.64-16 3.80-07 8.10-06 1.36-05
3.0 2.08-05 1.02-04 4.97-05 2.15-05 1.35-11 1.11-05 5.28-05  5.24-05
4.0 1.31-04 2.33-04 9.18-05 3.66-05 4.53-09 6.91-05 1.55-04 1.18-04
5.0 430-04 4.13-04 1.43-04 5.41-05 1.63-07 2.26-04 3.23-04 2.10-04
6.0 1.01-03 6.40-04 2.02-04 7.36-05 1.90-06 5.27-04 5.57-04 3.23-04
7.0 1.93-03 9.07-04 2.68-04 9.49-05 1.14-05 1.01-03 8.54-04 4.58-04
8.0 3.24-03 1.21-03 3.40-04 1.18-04 4.53-05 1.68-03 1.21-03 6.10-04
9.0 4.97-03 1.55-03 4.17-04 1.42-04 1.36-04 2.57-03 1.63-03 7.80-04
10.0 7.12-03 1.92-03 4.98-04 1.67-04 3.33-04 3.68-03 2.09-03 9.65-04
12.0 1.27-02 2.75-03 6.74-04 2.20-04 1.33-03 6.55-03 3.18-03 1.38-03
15.0 2.44-02 4.17-03 9.65-04 3.07-04 5.73-03 1.25-02 5.14-03 2.08-03
20.0 5.21-02 6.95-03 1.51-03 4.65-04 2.75-02 2.64-02 9.16-03 3.46-03
30.0 1.34-01 1.37-02 2.75-03 8.19-04 1.62-01 6.75-02 1.94-02 6.79-03
50.0 3.81-01 3.03-02 5.66-03 1.63-03 9.23-01 1.90-01 4.61-02 1.50-02
100.0 1.314+00 8.27-02 1.44-02 4.00-03 5.69400 6.49-01 1.35-01 4.07-02

Here a = 1/137.036 is the fine structure constant, ag = 5.2918 x 1079 is the Bohr
radius and ¢ is the velocity of light.

In the case of photoheating and recombination cooling processes the level split-
ting of hydrogenic ions on to nl sublevels is not essential, so one can use the cross-
sections averaged over values [:

oo (v) = % Z( 20 4+ D oni(v).

1
Confining our expressions with the second-order Gaunt correction terms, the aver-
aged photoionization cross-sections from level n can be written in the form

2 B’(cn)

o 1
"(1+u)3,§(1+u)k'

(25)

o.(V)=o0

Here ¢ = n G, 7.930 x 107!8/Z%cm? is the threshold value of the cross-section
from level n, where Z is the ion charge; B,(cn) = gfc")/g,, where the quantities ggcn)
are the coefficients of expansion of the Gaunt factor g,(v) for level n to the powers
of 1/(1+u), given by Johnson (1972). The sum G, = g(()") +g§")+gg"). Substituting

the expansion (25) into equation {24) we find

2
TBm) =00y BX [@L(Br, ) - oL (82 D),

k=0
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Table 8. Dependence of heating rate parameter k1(7) in Gy of equation (26) on 72
and (7.) in Planckian radiation
log(1 + 7)\T. (K) 5000 10000 15000 20000 30 000 50000

HI
0.0 0.8576 0.7531 0.6724 0.6080 0.5112 0.3902
0.2 0.8554 0.7476 0.6644 0.5981 0.4992 0.3774
0.4 0.8517 0.7386 0.6513 0.5823 0.4807 0.3582
0.6 0.8454 0.7236 0.6300 0.5572 0.4527 0.3311
0.8 0.8344 0.6980 0.5957 0.5189 0.4129 0.2955
1.0 0.8143 0.6552 .0.5437 0.4648 0.3619 0.2540
1.2 0.7760 0.5893 0.4745 0.3988 0.3050 0.2109
1.4 0.7076 0.5051 0.3969 0.3295 0.2489 0.1705
1.6 0.6108 0.4157 0.3213 0.2645 0.1981 0.1349
1.8 0.5042 0.3328 0.2538 0.2076 0.1547 0.1049
2.0 0.4032 0.2596 0.1968 0.1604 0.1190 0.0805
2.2 0.3150 0.1996 0.1504 0.1222 0.0904 0.0611
2.4 0.2420 0.1514 0.1136 0.0921 0.0680 0.0459
2.6 0.1834 0.1137 0.0850 0.0688 0.0508 0.0343
2.8 0.1375 0.0846 0.0631 0.0510 0.0376 0.0254
3.0 0.1022 0.0626 0.0465 0.0376 0.0277 0.0187
3.2 0.0755 0.0460 0.0342 0.0276 0.0203 0.0137
3.4 0.0554 0.0336 0.0249 0.0201 0.0148 0.0100
3.6 0.0405 0.0245 0.0181 0.0146 0.0108 0.0073
3.8 0.0294 0.0178 0.0132 0.0106 0.0078 0.0053
4.0 0.0213 0.0128 0.0095 0.0077 0.0056 0.0038
log(L+7)\Ts (K) 25000 35000 50000 75000 160 000 150 000
He I1
0.0 0.8287 0.7766 0.7104 0.6229 0.5552 0.4574
0.2 0.8256 0.7719 0.7035 0.6134 0.5441 0.4448
0.4 0.8205 0.7642 0.6923 0.5982 0.5266 0.4256
0.6 0.8119 0.7511 0.6738 0.5739 0.4995 0.3974
08 0.7969 0.7287 0.6431 0.5362 0.4597 0.3588
1.0 0.7697 0.6901 0.5944 0.4823 0.4066 0.3114
1.2 0.7208 0.6278 0.5254 0.4153 0.3452 0.2606
1.4 0.6426 0.5434 0.4439 0.3439 0.2831 0.2116
1.6 0.5445 0.4504 0.3617 0.2765 0.2261 0.1679
1.8 0.4438 0.3616 0.2870 0.2174 - 0.1769 0.1309
2.0 0.3518 0.2836 0.2233 0.1680 0.1363 0.1005
2.2 0.2731 0.2186 0.1710 0.1281 0.1037 0.0763
2.4 0.2088 0.1661 0.1294 0.0966 0.0780 0.0574
2.6 0.1576 0.1249 0.0970 0.0722 0.0583 0.0428
2.8 0.1178 0.0931 0.0721 0.0535 0.0432 0.0317
3.0 0.0874 0.0689 0.0532 0.0395 0.0318 0.0234
3.2 0.0644 0.0506 0.0391 0.0289 0.0233 0.0171
3.4 0.0472 0.0370 0.0285 0.0211 0.0170 0.0125
3.6 0.0345 0.0270 0.0208 0.0154 0.0124 0.0091
3.8 0.0250 0.0196 0.0151 0.0111 0.0090 0.0066
4.0 0.0181 0.0142 0.0109 0.0080 0.0065 0.0048
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where
e—Tf(@)

f(a* — «
(8 ,7‘)—/1 E:T(eﬁ‘x——l)dx’

where z = 1 + u and function f(z) describes the frecuency dependence of the
photoionization cross-section, given by equation (21).

Figure 2 illustrates the dependence of He I heating rates on the level number n.
Similar dependence holds for H I and the other H-like ions. The calculated heating
rates for the n = 1-4 levels of H I and He II at 7 = 0 are presented in Table 7.

For the case if 7 # 0 we should take into account the dependence of the values
Gpnc on 7. This dependence can be presented in the form

Gre(7) = €752 T2 Gp(0), (26)

where G,.(0) is the heating rate at 70 = 0, and k, is a slowly varying function of
T.

Values of parameter ki(7) for the ground (n = 1) levels of H I and He II are
compiled in Table 8. Calculations by Kholtygin (1988) have demonstrated that
the occupation numbers for n > 2 levels of H 1 and He Il are very small even
for dense outflowing envelopes of WR stars. As a result, the corresponding total
optical depths of the envelopes are also small (72 < 0.01 for n > 2). These optical
depth values are even smaller for envelopes (atmospheres) of other kinds of stars
and gaseous nebulae. This means that one can use the heating rates presented in
Table 7 for all n > 2 levels of H I and He II.

3.4.2 Recombination cooling rates

Cooling by spontaneous recombinations. Mean energy lost by electrons per 1 cm3

and per second due to spontaneous electron recombinations with an ion X+ to the
level ¢ of atom {or ion) X is determined by photorecombination cross-section to
level afhr(u):

[ 0] : vz
neli(Te) = ne/O' trf-)}"(v)vf(v)m2 dv. (27)

Here L;(T.) is the partial cooling rate for recombination on to level i. Adopting for
the electron velocity distribution the Maxwell function and using threshold units,
we can write:

L; (Te) =

ca® g [I,-

3/2
3/2_ )
ooz Ry] B 1L (B, (28)

where

L(3) = /000 w(1 + w)e~PuoPP (u)du.

Analytical presentation of the cross-sections (25) gives

L(B) = o0e™? Y Br[Ex(B) — Exs1(B)] -
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Table 9. Total cooling rates for spontaneous and stimulated
recombination of H I and He IT in units 10~25 erg s—!

Stimulated, T, (10* K)

T. (K) Spontaneus

1.00 2.00 5.00 10.00
HI
5000 3.78 1.48 2.03 2.81 3.48
10000 4.49 1.40 2.07 3.10 4.02
15000 4.90 1.30 2.03 3.20 4.30
20000 5.18 1.22 1.96 3.23 4.47
25000 5.39 1.14 1.89 3.23 4.57
30000 5.55 1.08 1.82 3.21 4.64
He II
5000 20.26 6.03 8.30 11.56 13.98
10000 24.95 5.67 8.43 12.75 16.06
15000 27.96 5.26 8.25 13.15 17.08
20000 30.33 4.93 7.97 13.27 17.68
25000 31.98 4.63 7.67 13.25 18.03
30000 33.48 4.38 7.45 13.16 18.24

Here E,4(B) is the integral exponent (for details see Abramowitz and Stegun, 1964).
The total recombinational cooling rate L(7.) is the sum of the partial rates (28).
The calculated rates are given in Table 9.

Cooling by stimulated recombinations. For original Planck radiation, which is
diluted and weakened by extinction (see equation {14), the cooling rate due to the
stimulated recombination to level i is

3 . . 13/2
Rt=wirt=w S 9 | L7 g2y 5 N By H(B:, B, 70) (29)
ct 3 2ﬁ g+ Ry 1 - 1M1y Y )

where )
u(u+ l)za?h’(u)e(‘p"”+7-°f"(“))
ePilu+1) _q

oQ
7{(,3,', ;—“, T,-O) = / u.
0
Using the analytical expression of the photoionization cross-sections (25) we
have

2
H(B,B*,70) = a2 > B (Sk(B, 8", 70) — Sk41(B8, 6*,70))
k=0
where
s NI b e—(ﬁr+ff(r))d
(B, 55, T)=¢ /1 z—k(m z.

The total stimulated photorecombination cooling rate R**(T,,T.) or L**(T,,T.)
is the sum of all partial rates RSt or LS, respectively. Calculations (Oskinova and
Kholtygin, 1996) show that the total stimulated photorecombination cooling rates
depend very weakly on the optical depth of the ionized plasma.
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The total recombination cooling rate. Total cooling rates is the sum of the
spontaneous recombination and stimulated recombination cooling rates given above,
1.e.

LYYT.) = L(T.) + W LT, To).

Table 9 incorporates the total cooling rates for both spontaneous and stimulated
photorecombinations. From the table one sees the evident circumstance that the
contribution of stimulated recombination to the total cooling rates is important
only for regions close to the ionizing source (W > 0.1).

3.5 Scaling Relations for Pholotonization and Photorecombination rates

Some important scaling properties for recombination and ionization rates as well as
for cooling and heating rates can be easily obtained for hydrogenic ions using the
dependence of their photoionization cross-sections and level energies on the nuclear
charge Z (see, Oskinova and Kholtygin, 1996). Then we have for photoionization
rates

Bic = Bi(Z2,Te,70) = Z* B;(1,T./ 2%, 7)), (30)
and for photoheating rates
Gic = Gic(2,T., 70) = 2° Gio(1,T./ 2%, 70). (31)
Similar equalities hold also for photorecombination (spontaneous) rates
oi(Te) = ai(Z,T.) = Z (1, T/ 2?), (32)
and for spontaneuos recombination cooling rates
Li(T.) = L(Z,T.) = 2% Li(1,T./ 2*), (33)
for stimulated photorecombination
o (Te, L) = §"(2,Te) = Z o' (1, T2/ 2%, 1./ 2°), (34)
and for stimulated photorecombination cooling rates
LT, T.) = L}(2,T., T.) = 2° L?*(1,T. /2%, 1./ Z?), (35)

and taking into account equations (32)-(35) similar equations hold for the total
recombination and cooling rates.

4 COLLISION PROCESSES

4.1 Electron Impact Ionization

Collisions of atoms and ions with electrons, protons and other particles can also
have an effect upon the gas ionization degree in nebulae. The collisional 1onization
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rate increases rapidly at higher values of gas temperature. In planetary nebulae the
most effective are the electron impacts in which an essential fraction of the kinetic
energy will be wasted for the atom ionization:

Xi(anl)+e— Xt (a)+ e +¢",

where e and ¢’ are the electron states before and after the ionizing collision with
ions X*. Here e” is the removal electron, « is the quantum number set of the
atomic remnant and nl is the same for the removal electron. For nebulae the rate
of collisional ionization in atom impacts with heavy particles is relatively small and
can be neglected.

The number of collisional ionization events resulting from the ion X' impacts
with electrons per unit volume and unit time is given by

N = n(X*)n.q1o(T2),

where ¢1.= (voi.) is the collisional ionization rate. The ionization cross-section o,
and, consequently, the ionization rate for different atoms have been determined by
numerous authors. Most often are used the approximation expressions for ¢;. found
by Lotz (1967a, b, 1968) for atoms from H to Ca. Shull and Van Steenberg (1982)
using the experimental and theoretical cross-sections of collisional ionization have
found simple approximation formula for collisional ionization of all ionization stages
of C, N, O, Ne, Mg, Si, Ar, Ca, Fe and Ni in the form

q1e(Te) = ACOH/TeerxP(_ﬂ) cm?s~!

where as in the previous section 8 = I/kT, = Teo1/Te; I = kT is the ionization
energy from the ground state. For most cases a = 0.1. The last value holds always
if kT, > 1 eV. The values of A, and T, are given in Table 5. The formula for
the collisional ionization rates for atoms and ions of isoelectronic series from H to
Ni have been generalized in the paper by Arnaud and Rothenflug (1985) and they
give the form

) (36)

6.69 x 10~7 —P;
q1c(Te) = (k;:w Z F(ﬂj)——exp(ﬂj fi) em® s~ 1, (37)
: i

where 8; = I; /kT. and I; is the ionization energy from level j and

F(B;) = Aj{1-6; L(B)}+ Bi{l+ B — Bi(2+ B5) f1(B;)}
+ Cj 11(B;) + Dj B; f2(B;),
ooe_zp
£®) = SEE). £O)=¢ [ T (38)

The numerical values of I;, A;, B;j, C; and D; are given in Table 10. Integral expo-
nential function E;(f) can be calculated by the usual manner (see, e.g. Abramowitz
and Stegun, 1964). The function f2(3) can be expressed with an error of about 1%
in the following form (Hummer, 1983):

£2(B) = P(B)/(Q(B)A?), (39)
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Table 10. Parameters for electron collision ionization (equation (38))

Sequence Ton Shell I, (eV) A, B, C; D,
H HO 1s 13.6 22.8 -12.0 1.9 -22.6
Helt 1s 54.4 14.4 -5.6 1.9 -13.3

cs+ 1s 490.0 12.2 -3.9 1.9 -10.3

NE+ 1s 667.0 12.3 -4.0 1.9 -10.3

o7+ 1s 871.0 12.3 -4.0 1.9 -10.3

Net is 1362.0 12.5 -4.1 1.9 -10.4

Nalo+ 1s 1649.0 12.5 -4.1 1.9 -10.4

Mg!lt 1s 1963.0 12.6 -4.2 1.9 -10.4

A%+ 1s 2304.0 12.6 -4.2 1.9 -10.4

Sil3+ 1s 2673.0 12.7 -4.3 1.9 -10.4

Q15+ 1s 3493.0 12.8 -4.3 1.9 ~10.4

Arl7+ 1s 4426.0 12.8 -4.4 1.9 -10.5

Caldt 1s 5470.0 12.9 -4.4 1.9 -10.5

Fe25+ 1s 9278.0 13.0 -4.5 1.9 -10.6

Nj27+ 1s 10790.0 13.0 -4.5 1.9 -10.6

He He® 152 24.6 17.8 -11.0 7.0 -23.2
cit 152 392.0 20.4 -6.1 4.5 -18.0

N5+ 152 552.0 20.8 -6.3 4.4 -18.2

of+ 152 739.0 21.2 -6.5 4.3 -18.4

Ne8+ 152 1196.0 21.9 -6.8 4.2 -18.7

Na®t 152 1465.0 22.2 -7.0 4.2 -18.8

Mg!o+ 152 1762.0 22.4 -7.1 4.1 -18.9

AL+ 152 2086.0 22.7 ~7.2 4.1 -19.0

Sil2+ 1s2 2438.0 22.9 -7.3 4.0 -19.1

gle+ 152 3224.0 23.3 ~7.6 4.0 -19.3

Aris+ 152 4121.0 23.7 -7.8 3.9 -19.5

Cals+ 152 5129.0 24.0 -7.9 3.9 -19.6

Fe24+ 152 8828.0 24.8 -8.4 3.8 ~20.0

Nj26+ 152 10280.0 25.0 -8.5 3.7 -20.1

Li cit 2s 64.5 8.2 —2.7 1.4 -6.6
152 343.0 20.0 -5.6 4.1 -18.0

N4+ 2s 97.9 10.5 -3.3 1.4 -7.7

152 493.0 20.5 -5.8 4.1 ~18.0

ot 2s 138.0 10.4 -3.3 1.4 -7.4

1s? 670.0 20.8 -6.0 4.1 -18.0

Ne’+ 2s 239.0 10.1 -3.1 1.4 -7

1s2 1107.0 21.5 -6.4 4.1 -18.0

Nad+ 2s 300.0 10.0 -3.0 1.4 -6.9

152 1366.0 21.7 -6.5 4.1 -18.0

Mgd+ 2s 367.0 10.0 -3.0 1.4 -6.8

1s? 1653.0 22.0 -6.7 4.1 ~-18.0

A0+ 2s 442.0 9.9 -3.0 1.4 -6.7

152 1967.0 22.2 -6.8 4.1 -18.0

Li Gill+ 2s 523.0 9.8 -2.9 1.4 -6.6
152 2309.0 22.4 6.9 4.1 -18.0

s13+ 2s 707.0 9.7 -2.8 1.4 -6.4

1s2 3075.0 22.8 -7.1 4.1 -18.0

Artst 2s 918.0 9.6 -2.8 1.4 6.2

152 3951.0 23.1 -7.3 4.1 -18.0

Cal™t 2s 1157.0 9.5 -2.7 1.4 -6.1

152 4939.0 23.4 -7.4 4.1 ~18.0
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Table 10. Continued
Sequence Ion Shell I; (eV) A, B; C; D,

Fe23+ 2s 2045.0 9.3 26 1.4 -5.8
152 8580.0 24.1 -7.9 4.1 -18.0

Nj25+ 2s 2399.0 9.2 26 1.4 -5.7
1s2 10020.0 24.3 -8.0 4.1 -18.0

Be c2t 252 47.9 23.2 -74 2.5 -19.4
1s2 325.0 20.0 -5.6 4.1 -18.0

N3+ 252 77.5 17.6 -38 2.8 -13.6
152 471.0 20.5 -5.8 4.1 -18.0

ot 2s2 114.0 16.4 -3.0 29 -12.0
152 644.0 20.8 -6.0 4.1 -18.0

Ne8+ 252 207.0 16.5 3.1 2.8 -11.4
1s2 1073.0 21.5 -6.4 4.1 -18.0

Na’+ 2s? 264.0 16.8 -3.4 28 -11.4
152 1328.0 21.7 -6.5 4.1 -18.0

Mgé+ 252 328.0 17.1 -3.6 2.7 -11.5
152 1611.0 22.0 -6.7 4.1 -18.0

APt 252 399.0 17.4 -3.8 2.7 -11.6
152 1921.0 22.2 -6.8 4.1 -18.0

Silo+ 2s? 476.0 17.7 -4.0 2.7 -11.7
152 2259.0 22.4 -6.9 4.1 -18.0

si2+ 252 652.0 18.1 -4.4 2.7 -11.8
152 3017.0 22.8 -7.1 4.1 -18.0

Arltt 252 855.0 18.4 -46 2.7 -12.0
1s2 3885.0 23.1 -7.3 4.1 -18.0

Calt+ 252 1087.0 18.6 -46 2.7 ~12.1
152 4865.0 23.4 -7.4 4.1 -18.0

Fe22+ 252 1950.0 19.2 -53 2.7 -12.3
152 8482.0 24.1 -7.9 4.1 -18.0

Nj2¢+ 252 2295.0 19.3 -5.4 2.7 -12.3
152 9914.0 24.3 -8.0 4.1 -18.0

B cit 2p 24.4 16.0 -9.0 2.5 -10.5
252 30.9 23.7 76 2.5 -21.7

N2+ 2p 47.4 16.0 -7.5 23 -10.0
252 55.8 18.1 -4.0 2.8 -15.8

o3+ 2p 77.4 15.0 -5.0 2.2 -10.5
252 87.6 16.8 -33 2.8 -14.1

Ne3+ 2p 158.0 14.5 -4.6 1.9 -8.5
252 172.0 16.9 ~34 2.8 -13.2

Nab+ 2p 208.0 14.5 -46 1.8 -8.5
252 224.0 17.2 -3.7 2.8 -13.1

Mgt 2p 266.0 14.5 -46 1.8 -8.5
252 283.0 17.5 -4.0 2.8 -13.0

ARt 2p 330.0 14.0 -46 1.7 -8.5
252 350.0 17.9 -4.1 2.8 -13.0

Si%+ 2p 401.0 14.0 -46 1.6 -8.5
252 423.0 180 -43 2.8 -12.9

sii+ 2p 564.0 14.0 -46 1.5 -8.5
252 589.0 18.3 -4.7 2.8 -12.8

Arl3+ 2p 755.0 14.0 -46 14 -8.5
252 784.0 18.5 -5.0 2.8 -12.6
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Table 10. Continued
Sequence Ton Shell I, (eV) A, B, c, D,

Calst 2p 974.0 14.0 -4.6 1.3 -85
252 1006.0 18.7 -5.3 2.8 -12.4

Fe21+ 2p 1799.0 13.7 -4.4 1.0 -8.3
252 1842.0 19.2 ~5.5 2.8 -12.3

N;23+ 2p 2131.0 13.7 -4.4 1.0 -8.3
252 2178.0 19.4 -5.7 2.8 -12.3

C (oxd 2p? 11.3 6.0 -16.0 12.0 -15.1
252 16.6 24.3 -7.8 2.5 -24.0

N1+ 2p? 29.6 21.0 -9.0 5.3 -22.5
252 36.7 18.5 -4.3 2.8 -18.0

o2t 2p? 54.9 25.0 -7.0 5.0 -18.0
252 63.8 17.3 -3.5 2.9 -16.1

Nett 2p? 126.0 25.5 -8.5 4.5 -16.8
252 139.0 17.4 -3.8 2.8 -14.9

NaSt 2p? 172.0 25.5 -8.5 4.2 -16.8
252 186.0 17.6 -4.0 2.8 -14.7

Mg5t 2p2 225.0 25.5 -8.5 4.1 -16.8
252 241.0 18.0 -4.3 2.8 -14.5

A7t 2p? 285.0 27.0 -8.5 3.9 -16.8
2s? 302.0 18.2 -4.5 2.8 -14.3

Sis+ 2p? 351.0 27.0 -8.5 38 -16.8
252 371.0 18.3 -4.7 2.8 -14.1

sto+ 2p? 505.0  27.0 -8.5 3.3 -16.8
252 528.0 18.6 -5.1 2.8 -13.7

A2+ 2p? 686.0 27.0 -8.5 3.0 -16.8
252 713.0 18.7 -5.4 2.8 -13.3

Caltt 2p? 894.0 27.0 -8.5 2.7 -16.8
252 925.0 18.9 -5.8 2.8 -12.8

Fe20+ 2p? 1689.0 27.4 -8.8 2.0 -16.6
252 1731.0 19.2 -5.5 2.8 -12.3

Ni22+ 2p? 2011.0 27.4 -8.8 2.0 -16.6
252 2056.0 19.4 -5.7 2.8 -12.3

N N° 2p° 14.5 19.5 -30.5 15.0 -29.0
2s2 20.3 19.0 -4.5 2.8 -20.2

ot 2p° 35.1 25.0 -8.0 8.4 -29.5
252 42.6 17.8 -3.8 2.9 -18.1

Ne3+ 2p° 97.1 34.0 -10.0 7.5 -25.0
252 108.0 17.8 -4.0 2.8 -16.7

Natt 2p® 138.0 35.1 ~12.4 7.2 -25.1
252 151.0 18.0 -4.3 2.8 -16.3

Mg5t 2p® 187.0  35.1 -12.4 6.9 -25.1
252 201.0 18.2 -4.6 2.8 -16.0

A5t 2p° 241.0 38.3 -12.4 6.7 -25.1
252 258.0 18.4 -4.8 2.8 -15.7

Si’+ 2p° 303.0 383 124 6.4 -25.1
252 321.0 18.6 -5.1 2.8 -15.4

s9+ 2p° 447.0 38.3 -12.4 5.5 -25.1
252 469.0 18.8 -5.5 2.8 -14.7

Arltt 2p3 618.0 383  -124 4.8 -25.1
252 644.0 18.9 -5.9 2.8 -14.0
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Table 10. Continued
Sequence Ion Shell I (eV) Aj B, C; D,
Cald+'  2p8 8180 383 -12.4 43 -25.1
252 847.0 19.0 -6.3 2.8 -13.2
Fel?+ 29 1582.0  41.1 -13.2 3.1 -24.9
2s2 1622.0 19.2 -5.5 2.8 -12.3
Nj21+ 2p® 1894.0 41.1 -13.2 2.9 -24.9
252 1938.0 19.4 -5.7 2.8 -12.3
0 o° 2pt 13.6 9.5 -17.5 125 -19.5
252 28.5 18.2 -4.0 2.8 -20.2
Ne2+ 2pt 63.5 33.0 -17.5 11.2 -33.0
252 86.2 18.2 -4.4 2.8 -18.4
Nad+ 2pt 99.0 43.3 -16.3 10.7 -33.4
2s2 126.0 18.4 -4.7 2.8 -18.0
Mgtt 2pt 1410 433 -163 103 -33.4
252 172.0 18.6 -4.9 2.8 -17.5
APt 2pt 190.0 49.5 -16.3 9.9 -33.4
252 225.0 18.9 -5.2 2.8 -17.1
Sis+ 2pt 246.0 49.5 -16.3 9.6 -33.4
2s? 285.0 19.0 -5.4 2.8 -16.6
S8+ 2pt 379.0 49.5 -16.3 8.0 -33.4
252 426.0 19.1 -5.9 2.8 -15.6
Artot 2pt 539.0 49.5 -16.3 6.9 -33.4
252 594.0 19.2 -6.4 2.8 -14.6
Cal?+ 2pt 7270 495 -16.3 6.1 -33.4
252 790.0 19.2 -6.8 2.8 -13.7
Fel8+ 2pt 1456.0 54.8 -17.6 4.1 -33.2
252 1548.0 19.2 -5.5 2.8 -12.3
0 N;j20+ 2pt 1756.0 54.8 -17.6 3.9 -33.2
252 1858.0 19.4 -5.7 2.8 -12.3
F Nelt 2p° 41.1 37.0 -33.0 15.5 -46.0
2s? 66.4 18.6 -4.6 2.8 -20.2
NaZt 2p° 71.7 50.1 -20.2 148 -41.7
252 102.0 18.8 -5.0 2.8 -19.6
Mg2t 2p° 109.0 50.1 -20.2 14.2 -41.7
' 252 144.0 19.0 -5.3 2.8 -19.0
Altt 2p® 1540 608  -20.2 13.7 -41.7
252 194.0 19.1 -5.5 2.8 -18.4
S5+ 2p® 205.0 60.8 -20.2 13.2 -41.7
252 250.0 19.3 -5.8 2.8 -17.8
s7+ 2p° 328.0 60.8 -20.2 109 —-41.7
252 384.0 19.3 -6.3 2.8 -16.6
Ar?t 2p° 479.0 60.8 -20.2 9.3 -41.7
252 545.0 19.4 -6.8 2.8 -15.3
Callt 2p° 657.0 60.8 -20.2 8.1 -41.7
252 734.0 19.4 -7.3 2.8 -14.1
Fel?t 2p° 1358.0 68.5 -22.0 5.1 -41.5
252 1471.0 19.2 -5.5 2.8 -12.3
Nijl9+ 2p° 1648.0 68.5 -22.0 4.9 -41.5
252 1775.0 19.4 -5.7 2.8 -12.3
Ne Ne? 2p5 21.6 40.0 -42.0 18.0 -56.0
252 48.5 19.0 -49 2.8 -22.0
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Table 10. Continued

Sequence Ton Shell  I; (eV) A; B; c, D;

Nalt 2p® 47.3 40.0 -280 19.4 -60.0
2s2 80.1 19.2 -5.3 2.8 -21.2

Mg?t 2p8 80.1 55.5 -24.1 18.7 -65.0
252 119.0 19.3 -5.6 2.8 -20.5

A3+ 2p8 1200 72.0 -241 180 -50.0
252 164.0 19.5 -5.9 2.8 -19.8

Sit+ 2p® 167.0 72.0 -24.1 174 -50.0
2s° 217.0 19.6 -6.2 2.8 -19.0

s6+ 2p°8 281.0 72.0 -241 142 ~50.0
252 343.0 19.6 -6.8 2.8 -17.5

Arft 2p8 423.0 72.0 -24.1 11.9 ~50.0
2s? 498.0 19.6 -7.3 2.8 -16.0

Calo+ 2p® 592.0 72.0 -24.1 10.3 -50.0
252 680.0 19.5 -7.8 2.8 -14.5

Fel6+ 2p° 1265.0  82.2 -26.4 6.1 -49.8
252 1397.0 19.2 -5.5 2.8 -12.3

Njl8+ 2p8 1546.0  82.2 —26.4 5.9 ~49.8
252 1694.0 19.4 -5.7 2.8 -12.3

Na Na® 3s 5.1 16.0 -1.0 0.2 -13.5
2p° 34.0 63.9 -27.0 33.0 -80.0

Mglt 3s 15.0 9.0 -3.6 0.3 -5.4
2p8 65.0 37.7 -30.0 24.8 -62.0

252 104.5 17.6 -5.2 3.3 -19.0

APt 3s 28.4 6.3 2.4 0.5 -4.1
2p8 103.0  31.3 -22.7 21.0 -44.1

252 145.6 12.1 -3.5 3.3 -13.1

Si3+ 3s 45.1 9.0 -3.0 0.6 -5.8
2p° 148.0 66.7 -24.8 18.7 ~65.0

252 193.5 22.0 -7.2 3.3 -20.9

S5+ 3s 88.1 9.0 -2.8 0.7 -5.4
2p° 257.0 73.2 -27.0 15.8 ~-61.1

252 309.7 23.1 -8.0 3.3 -19.5

Ar’t 3s 143.0 9.0 -2.7 0.8 -5.4
2p8 394.0 74.8 -27.0 14.1 -58.6

252 453.1 23.4 -8.3 3.3 -18.5

CaSt 3s 211.0 9.0 -2.6 0.9 ~5.4
2p° 559.0  76.1 -27.0 12.8 ~56.6

252 623.7 23.5 -8.4 3.3 -17.8

Fel3+ 3s 490.0 9.0 -2.6 1.0 -5.4
2p8 1223.0 78.9 -27.0 106 -52.8

252 1298.6 23.5 -7.8 3.3 -16.5

Njt?7+ 3s 608.0 9.0 2.6 1.0 -5.4
2p® 1500.0 796  -27.0 10.1 -51.9

252 1578.0 23.5 -7.8 3.3 -16.2

Mg Mg? 352 7.6 18.0 -1.0 0.6 -4.0
2p% 54.0  37.7 -30.0 24.8 -62.0

252 92.2 17.6 -5.2 3.3 ~19.0

AP+ 352 18.8 17.0 -6.0 1.0 -8.0
2p8 90.0 31.3 -22.7 21.0 -44.1

252 131.0 12.1 -3.5 3.3 -13.1
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Table 10. Continued
Sequence Ton Skell  I; (eV) Ay B, c, D;
Si2+ 3s? 33.5 19.8 -5.7 1.3 -11.9
2p® 1330 66.7 -248 187 -650
: 252 176.6 22.0 -7.2 3.3 -20.9
s4t 352 72.7 19.8 -5.7 1.6 -11.9
2p° 239.0 73.2 -270 158 -61.1
252 288.2 23.1 -8.0 3.3 -19.5
Arst 352 125.0 19.8 -5.7 1.9 -11.9
2p° 373.0 748 270 141 -58.6
252 427.0 23.4 -8.3 3.3 -18.5
Calt 352 189.0 19.8 -5.7 1.8 -11.9
2p° 534.0 76.1 -270 12.8 -56.6
252 593.1 23.5 -8.4 3.3 -17.8
Mg Feltt | 352 457.0 19.8 -5.7 2.1 -11.9
2p° 1185.0 78.9 -270 106 -52.8
252 1254.3 23.5 -7.8 3.3 -16.5
Nilé+ 3s2 571.0 19.8 -5.7 2.2 -11.9
2p8 1458.0 79.6 -270 10.1 -51.9
252 1529.0 23.5, -7.8 3.3 -16.2
Al Al° 3p 60 470 -26.0 06 -390
3s2 10.6 55.1 -37.2 1.4 -41.0
Sitt 3p 16.3 50.4 -33.4 0.6 -36.9
352 22.9 55.1 -37.2 1.4 -41.0
s3+ 3p 47.3 50.4 -33.4 06  -36.9
352 57.6 55.1 -37.2 1.4 -41.0
ArSt 3p 91.2 50.4 -334 0.6 -36.9
3s2 105.0 55.1 -37.2 1.4 -41.0
Ca™t 3p 148.0 11.1 -3.4 1.3 -7.3
3s? 165.0 22.7 -8.6 1.9 -15.5
Feldt 3p 392.0 9.1 -2.6 1.4 -5.6
352 421.0 28.2 -12.5 2.3 -19.4
Nil®+ 3p 499.0 9.1 -2.6 1.4 ~5.6
3s? 531.0 28.2 -12.5 2.3 -19.4
Si Si 3p? 8.1 74.5 -49.4 1.3 -54.6
352 13.5 53.8 -35.8 1.4 -40.7
S+ 3p? 35.0  74.5 -49.4 1.3  -54.6
352 43.8 53.8 -35.8 1.4 —-40.7
Artt 3p? 75.2 74.5 -49.4 1.3 -54.6
352 87.6 53.8 -35.8 1.4 -40.7
Cab+t 3p? 128.0 22.9 -7.4 2.8 -15.9
352 144.0 21.9 -7.7 1.9 -14.9
Fel2+ 3p? 361.0 21.3 -5.9 3.0 -12.6
352 388.0 26.4 ~-11.2 2.3 -18.1
Nilt+ 3p2 464.0 21.3 -5.9 3.0 -12.6
352 494.0 26.4 -11.2 2.3 -18.1
P St+ 3p3 23.4 98.7 -65.4 1.9 ~72.3
35?2 30.7 52.5 -34.5 1.4 -40.5
Ar3t 3p° 59.7  98.7 -65.4 1.9 -72.3
352 70.4 52.5 -34.5 1.4 -40.5
Ca%t 3p° 109.0 40.9 -13.6 3.4 -30.1
352 123.0 20.4 -6.3 2.1 -13.8
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Table 10. Continued
Sequence Ion Shell I (eV) A, B, C, Dy

Fellt 3p3 331.0 33.4 -9.7 4.6 -20.8

3s2 356.0 24.6 -9.8 2.3 -16.8

Nj13+ 3p3 430.0 33.4 -9.7 4.6 -20.8

352 458.0 24.6 -9.8 2.3 -16.8

S S0 3pt 10.4 6.0 —22.0 200 -20.0
3s2 20.2 51.3 -33.2 1.4 —-40.2

Ar?t 3pt 40.9 122.8 ~-81.4 2.6 -90.0

3s2 55.5 51.3  —33.2 1.4 -40.2

Catt 3pt 84.5 47.1 -14.5 4.8 -35.5

352 104.0 18.9 -5.1 1.6 -13.2

F,Elo+ 3p* 290.0 45.6 -13.9 6.2 -30.0

3s2 324.0 22.8 -8.4 2.3 -15.4

Njl2+ 3pt 384.0 45.6  -13.9 6.2 -30.0

352 423.0 22.8 -8.4 2.3 -15.4

Cl Artt 3p° 27.6 147.0  -97.4 3.2 -107.7
352 41.7 50.0 -31.8 1.4 -40.0

Cadt 3p° 67.3 55.8 -15.8 6.4 -44.5

3s2 86.4 16.2 -3.2 1.8 -11.6

Fe?t 3p® 262.0 57.7 -18.6 7.8 -40.3

352 297.0 21.0 -7.1 2.3 -14.1

Ni11+ 3p° 352.0 57.7 -18.6 7.8 -40.3

352 393.0 21.0 -7.1 2.3 -14.1

Ar Ar® 3p® 15.8 171.1 -78.0 3.8 -169.0
352 29.2 48.7 -30.5 1.4 -39.7

Ca?# 3p¢ 51.2 74.3 —24.2 7.0 -63.0

352 70.1 17.6 -3.8 1.9 -13.8

Fe8t 3p® 235.0 69.9 -23.7 9.5 -51.7

352 271.0 19.2 -5.7 2.3 -12.7

Nil0+ 3p® 321.0 69.9 -23.7 9.5 -51.7

352 363.0 19.2 -5.7 2.3 -12.7

K Calt 4s 11.9 7.9 ~2.0 0.2 -6.0
3p® 37.0 74.3 ~24.2 7.0 ~63.0

352 45.2 17.6 -3.8 1.9 -13.8

FeTt 3d 151.0 11.6 -3.7 0.4 -5.6

3p® 213.0 69.9 -23.7 9.5 -51.7

352 249.0 19.2 ~5.7 2.3 -12.7

Ni°+ 3d 225.0 12.5 -4.0 0.4 -6.0

3p® 296.0 69.9  -23.7 9.5 -51.7

352 338.0 19.2 -5.7 2.3 -12.7

Ca Ca® 452 6.1 2.5 -2.5 8.0 -5.5
3p8 28.0 74.3 -24.2 7.0 ~63.0

352 40.3 17.6 -3.8 1.9 -13.8

FeSt 3d? 125.0 22.1 -7.0 0.7 -10.7

3p® 190.0 69.9 —23.7 9.5 -51.7

352 227.0 19.2 -5.7 2.3 -12.7

Nié+ 342 193.0 24.1 -7.7 0.7 -11.7

3pb 271.0 69.9 -23.7 9.5 -51.7

352 313.0 19.2 -5.7 2.3 -12.7
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Table 10. Continued
Sequence  Ion Skell  I; (eV) A B; c, D;
Sc Fe3t 3d3 99.0 306 -9.7 1.0 -14.8
3p8 169.0 69.9 237 9.5 -51.7
332 205.0 19.2 -5.7 2.3 -12.7
Ni’+ 343 162.0 34.5 -109 1.1 -16.7
3p8 246.0 69.9 -23.7 9.5 -51.7
3s2 288.0 19.2 -5.7 2.3  -12.7
Ti Fett 3dt 75.0  36.5 -11.6 1.1 -17.6
3p° 1470 699 =237 95 -51.7
3s2 184.0 19.2 -5.7 2.3 ~12.7
Nis+ 3d4 133.0 43.2 -13.7 1.3 -20.9
3p8° 2210 69.9 -23.7 95 -51.7
3s2 264.0 19.2 -5.7 2.3 -12.7
\% Fe3t 3d® 54.8 39.9 -12.7 1.2 -19.3
3p® 1250  69.9 -23.7 9.5 -51.7
352 162.0 19.2 -5.7 2.3 -12.7
Nis+ 3d° 108.0 50.8 -16.1 1.6 -24.6
3p8 196.0 69.9 -23.7 9.5 ~-51.7
332 239.0 19.2 -5.7 2.3 -12.7
Cr Fe?t 345 30.7 32.7 -104 1.0 -15.8
3pS 1030 699 -23.7 9.5 -51.7
352 141.0 19.2 -5.7 2.3  -12.7
Nit+ 3d8 75.5 49.9 -159 1.6 -24.1
3p 171.0 69.9 -23.7 9.5 -51.7
352 215.0 19.2 -5.7 2.3 -12.7
Mn Felt 4s 16.2 90.0 -60.0 0.2 -86.0
3d° 17.5 18.6 -5.9 0.6 -0.9
3p® 81.0 69.9 -23.7 9.5 -51.7
Nid+ 3d” 54.9 50.3 -160 1.6 -24.3
3pS 1460 699 -23.7 95 -51.7
352 190.0 19.2 -5.7 23 -12.7
Fe Fe® 45% 7.9 3.9 -1.3 0.4 -1.9
345 9.0 9.6 -30 03 -4.6
3pt 59.0 69.9 -23.7 9.5 -51.7
Ni2+ 3d8 35.2 44.4 -14.1 1.4 -21.5
3p 122.0 69.9 -23.7 9.5 ~51.7
352 166.0 19.2 -5.7 2.3 -12.7
Co Nilt 34°? 18.2 32.0 -10.0 1.0 -15.4
3pS 97.0 69.9 -23.7 9.5 -51.7
3s? 142.0 19.2 -5.7 2.3 -12.7
Ni Ni® 452 8.7 2.5 -0.8 0.2 -1.2
3d8 10.0 12.6 -40 0.4 -6.1
3pS 73.0 69.9 -237 95 -51.7
where 13

P(B) =

j=

14
Bpi, QB =)_B7g;
o] =0
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The values of parameters p; and g; are in series expansion of f3(3) given in the

above-cited paper.
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Table 11. Parameters A and x in equation (40) for the different shells
Type of Shell Shell A X
Outer shell 159 5.08 0.477
2s9 5.23 0.594
2p9 6.23 0.697
3s? 4.85 0.640
3p? 5.33 0.738
459 4.15 0.720
Inner shell 1s2 4.81 0.393
252 5.13 0.562
2p8 6.33 0.666
3s? 4.98 0.652
3p® 5.33 0.734

Shevelko et al. (1983) using the cross-sections of collisional ionization calculated
in the Coulomb-Born approximation found a more simple analytical expression for
the collisional ionization rate ¢,.(7.) for the outermost shell (n/)?, namely,

10~3¢ [In /I}*/% exp (=) V/BA

qlc(Te) = ,B-f‘X

(40)

where as before, 8 = I/kT, and [ is the ionization energy (from the ground level)
and the quantities A and x are the parameters, the values of which for some atomic
shells are presented in Table 11. The error estimation of this approximation for
collision ionization rate is about 6% for 0.1 < § < 10. Equation (40) is applicable
for all elements, but at small values of Z the error increases.

The rate of collisional ionization (in units of cm3 s™1) for complex ions can also
be calculated using the formula of Burgess and Chidichimo (1983)

01e(Te) = 217 x 1073C' > q;(In/1;)*? B} E1(Bj) w,
J

w = [In(I/1; + g5 1))/ (UHRTITS) (41)
7= (1/4) {[(100Z + 91)/(4Z + 3)]*/% — 5}. (42)

In equation (41) ¢; is the number of electrons in shell j and I; is the correspond-
ing ionization energy. Summation over all shells of the atomic configuration takes
into account also the electron excitation from internal shells and the processes of
autoionization. The values of parameters C,I; and g; are given in Table 12. If
the autoionization contribution is negligible then the letter a has been added to
the ion symbol and if it is essential then the letter . Symbol (i) added to g¢;
values denotes the presence of strong resonances in ionization cross-sections for cor-
responding shells, but symbol (i) denotes the presence of a large number of weak
resonances. For light icns with 2 < Z < 5 we can take C' = 2.30 (£19%). This value
is well consistent with the value of 2.2 found by Seaton (1964). If we incorporate
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Table 12. Parameters g5, I; and C in equation (41) for determination of the collisional
ionization rates

Ion Shell q; I (eV) c
Bt+3(a) 1s? 2 259.4 2.34+19%
Ctt(a) 1s° 2 392.1 2.28+32%
N+5(a) 152 2 552.1 3.28+11%
C+3(b) 1s22s 2(i).1 300, 64.5 1.8247%
N+ (b) 15%2s 2(i),1 420, 97.9 2.384:5%
O+5(b) 15225 2(i),1 530, 138.1 2.61+10%
ct2(b) 252 2 47.9 2.56+10%
N+3(b) 252 2 77.5 2.44+12%
O+4(b) 152252 2(4),2 550, 113.9 2.87+3%
N+2(b) 2522p 2(11)+1 474 2.1843%
o*3(b) 2522p 2(#1)+1 77.4 2.25%5%
012(b) 2522p? 2(31)+2 549 . 2.3615%
Mgt?(b) 2522p® 2(7),6 105.1, 80.1 1.714+22%
Alt2(b) 2p%3s 6(1).1 80.0, 28.4 1.234+8%
Sit3(b) 2p%3s 6(1),1 112.0, 45.1 1.92+16%
Art(b) 3s23p° 2(1),5 30.6, 27.6 1.86+11%
Art2(b) 3s23p* 2(1),4 44.5, 40.7 2.404-20%
Art3(b) 3s523p® 2(11)+3 250.0, 59.8 2.11+12%
Artt(b) 3523p? 2(i1)+2 250.0, 75.0 2.40+15%
Art3(b) 3s523p 2(1)+1 250.0, 91.0 2.72+14%

Note. The letter a has been added to the ion symbol if the contribution of autoionization is
negligible and if it is essential then the letter b follows, symbol (i) added to ¢; values denotes
the presence of strong resonances in ionization cross sections for corresponding shells, but
symbol (ii) denotes the presence of a large number of weak resonances.

approximately the contributions of autoionization then C=2.70, which is close to
the value of 2.77 found by Lotz (1968). Comparison of the collision ionization rates
given by Arnaud and Rothenflug (1985) with corresponding data by other authors
showed that the discrepancy with the data by Summers (1974) and by Burgess and
Chidichimo can reach from 1.2 to 2 times, but the consistency with reformulated
results by Lotz (1967a, b; 1968) is good.

References to the many modern collision ionization data for astrophysically im-
portant ions are given by Butler (1992) (see also Appendix A).

4.2 The Electron Impact Ezcitation

Excitation of atoms by electron impacts is the main mechanism of formation of
the spectral lines between low excited levels in the spectra of gaseous nebulae.
The electron impact excitation rates usually are expressed via the effective collision
strengths v;;:
8.6287 x 107°
Gij = ———35—Yij exp(—Fi;)- (43)

Gile
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Coefficients of polynomial fit to the effective collision strengths for H I and
He II (equation (47)). Low-temperature (500 K < T. < 72000 K) coefficients for H I are
listed in the first line, and the high-temperature one (55000 K < T. < 500000 K) below

Transition a b c d
Coefficients of polynomial fit for H I

1s — 2s 2.297-01 5.318-06 -1.180-10 8.636-16
2.694-01 7.883-07 -1.394-12 1.451-18

1s — 2p 3.435-01 1.297-05 2.178-12 7.928-17
3.162-01 1.472-05 -8.275-12 -8.794-19

1s — 3s 6.250-02 -1.299-06 2.666-11 -1.596-16
3.337-02 2.223-07 -2.794-13 1.516-19

1s — 3p 9.941-02 -3.714-07 6.134-11 -3.973-16
6.985-02 2.538-06 -8.729-13 -1.291-18

1s — 3d 5.030-02 7.514-07 -2.826~-13 -1.098-17
5.051-02 7.876-07 -2.072-12 1.902-18

1s — 4s 1.909-04 1.983-07 -8.325-13 1.128-18
2.867-03 1.222-07 -2.323-13 1.865-19

1s — 4p 1.527-03 1.001-06 -2.192-12 9.348-18
1.958-03 9.525-07 -9.668-13 4.807-19

1s —4d 1.339-03 6.470-07 -4.397-12 1.736-17
1.007-02 3.508-07 -8.024-13 6.764-19

1s—4f 3.266-03 3.908-07 -8.778-12 6.171-17
9.103-03 -6.105-09 —6.191-15 1.268-20

1s -5 2.035-02 6.076-07 -2.175-13 -2.459-18
2.002-02 6.325-07 -7.070-13 4.096-19

i1s—6 1.136-02 3.428-07 -1.467-13 -1.300-18
1.123-02 3.549-07 -3.998-13 2.331-19

1s -7 6.999-03 2.126-07 -9.963-14 ~7.672-19
6.940-03 2.194-07 —2.483-13 1.453-19

1s -8 4.624-03 1.410-07 -6.969-14 -4.927-19
4.593-03 1.453-07 ~1.648-13 9.667-20

1s—9 3.217-03 9.836-08 -5.031-14 -3.361-19
3.199-03 1.012-07 -1.150-13 6.758-20

1s — 10 2.329-03 7.135-08 -3.737-14 -2.400-19
2.318-03 7.334-08 -8.349-14 4.910-20

Is—-11 1.741-03 5.342-08 -2.845-14 -1.775-19
1.727-03 5.493-08 -6.270-14 3.695-20

1s — 12 1.336-03 4.103-08 -2.213-14 -1.351-19
1.326-03 4.213-08 ~-4.821-14 2.844-20

1s - 13 1.048-03 3.220-08 -1.754-14 -1.053-19
1.040-03 3.310-08 -3.786-14 2.236-20

1s — 14 8.369-04 2.574-08 -1.413-14 -8.368-20
8.305-04 2.645-08 -3.028-14 1.790-20

1s—-15 6.791-04 2.090-08 -1.154-14 -6.763-20
6.740-04 2.147-08 -2.460-14 1.455-20

25— 3s 1.3264-00 -1.727-05 8.914-10 -6.101-15
6.311-01 2.881-05 -5.372-11 4.095-17

25— 3p 2.0404-00 -1.580-05 1.908--09 -1.027-14
~1.3344-00 1.229-04 -9.676-11 2.842-17

2s — 3d 6.342-01 3.090-04 -2.205-09 8.592-15
5.567+00 1.494-04 -3.692-10 3.280-16
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Table 13. Continued
Transition a b c d

2s — 4s 1.762-02 8.683-06 —4.800-11 1.810-16

1.210-01 5.439-06 -1.103-11 9.116-18

2s — 4p 6.398-02 2.578-05 -8.551-11 6.504-16

-2.905-02 2.640-05 -3.072-11 1.769-17

2s — 4d 1.125-01 4.732-05 -4.285-10 1.971-15

9.485-01 1.785-05 —-4.590-11 4.181-17

25— 4f 1.140-01 5.154-05 -4.757-10 1.989-15

1.191400 1.544-05 —4.739-11 4.605-17

25 -5 3.647-01 7.145-05 -5.516-10 2.257-15

1.483+00 3.251-05 —-7.279-11 6.337-17

25 -6 1.793-01 3.599-05 -2.848-10 1.189-15

7.466-01 1.605-05 -3.611-11 3.149-17

2s -7 1.027-01 2.090-05 -1.675-10 7.056-16

4.333-01 9.222-06 -2.081-11 1.817-17

2s—8 6.476-02 1.330-05 -1.073-10 4.546-16

2.755-01 5.832-06 -1.318-11 1.151-17

25 -9 4.366-02 9.020-06 -7.313-11 3.108-16

1.868-01 3.940-06 —-8.916-12 7.790-18

2s — 10 3.092-02 6.415-06 -5.217-11 2.223-16

1.328-01 2.795-06 -6.329-12 5.531-18

2s - 11 4.162-02 8.661-06 -7.060-11 3.013-16

1.793-01 3.766-06 -8.534-12 7.458-18

2s—12 3.155-02 6.580-06 -5.373-11 2.295-16

1.362-01 2.857-06 -6.477-12 5.661-18

2s—13 2.450-02 5.121-06 -4.186-11 1.790-16

1.059-01 2.221-06 -5.036-12 4.402-18

2s— 14 1.943-02 4,066 -06 -3.327-11 1.424-16

8.411-02 1.762-06 -3.996-12 3.493-18

2s — 15 1.567-02 3.283-06 ~-2.689-11 1.151-16

6.791-02 1.422-06 -3.225-12 2.820-18

2p — 3s 1.690400 4.563-05 —6.605-10 4.445-15

2.325-00 1.361-05 -2.702-11 2.397-17

2p—3p 4.9234-00 1.525-04 4.370-11 -3.914-15

6.984+400 1.260-04 -3.014-10 2.655-16

2p— 3d 4.5404-00 7.943-04 5.831-09 -5.106-14

2.922400 1.089-03 -1.705-09 1.237-15

2p — 4s 5.237-02 2.123-05 -2.176-10 1.027-15

4.788-01 5.979-06 ~-1.667-11 1.605-17

2p — 4p 1.798-01 8.300-05 -6.927-10 2.843-15

1.7384-00 3.133-05 -8.425-11 7.825-17

2p — 4d 1.591-02 1.673-04 9.135-10 —-1.037-14
1.0044-00 1.889-04 -3.433-10 2.692-16

2p—4f 2.254-01 1.365-04 ~7.926-10 1.760-15

2.7854-00 6.406-05 -1.773-10 1.638-16

2p—5 1.094+00 2.143-04 -1.655-09 6.771-15

4.449+400 9.754-05 -2.184-10 1.901-16

2p—6 5.379-01 1.080-04 —-8.544-10 3.566-15

2.240400 4.814-05 -1.083-10 9.448-17

2p -7 3.080-01 6.270~-05 -5.024-10 2.117-15

1.3004+00 2.767-05 -6.243-11 5.450-17
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Table 13. Continued
Transition a b c d

2p—8 1.943-01 3.989-05 -3.220-10 1.364-15
8.266-01 1.750-05 -3.955-11 3.454-17

2p -9 1.310-01 2.706-05 -2.194-10 9.325-16
5.604-01 1.182-05 —-2.675-11 2.337-17

2p — 10 9.276-02 1.925-05 -1.565-10 6.668-16
3.984-01 8.384-06 -1.899-11 1.659-17

2p — 11 4.935-02 1.027-05 -8.372-11 3.572-16
2.126-01 4.466-06 -1.012-11 8.844-18

2p—12 3.741-02 7.803-06 -6.371-11 2.722-186
1.615-01 3.388-06 ~7.680-12 6.713-18

2p —~ 13 2.906-02 6.072-06 -4.964-11 2.123-16
1.256-01 2.634-06 -5.972-12 5.220-18

2p—14 2.304-02 4.821-06 -3.945-11 1.688-16
9.973-02 2.089-06 ~-4.738-12 4.142-18

2p — 15 1.858-02 3.893-06 -3.188-11 1.365-16
8.053--02 1.686-06 -3.825-12 3.344-18

3s — 4s -3.207-01 9.244-05 2.640-09 -2.373-14
5.697-01 1.740-04 -3.941-10 3.383-16

3s —4p -3.391-01 1.439-04 6.033-09 -3.777-14
-9.335+00 5.521-04 -5.967-10 3.066-16

3s — 4d -7.739-01 3.623-04 5.026-09 -5.334-14
5.6414-00 4.317-04 -1.094~09 9.844-16

3s — Af 5.916-01 8.966-04 -1.047-08 5.520-14
1.721401 2.360-04 -6.574-10 6.176-16

35—5 2.9284-01 6.550-04 -8.590-09 4.996-14
3.970401 1.720-04 -3.724-10 3.239-16

3s—6 5.342-01 3.320-04 -3.031-09 1.350-14
6.269+00 1.223-04 -2.925-10 2.617--16

3s -7 2.760-01 1.686—04 -1.584-09 7.202-15
3.2034-00 6.023-05 -1.451-10 1.301-16

3s— 8 1.633-01 9.909-05 -9.445-10 4.340-15
1.888400 3.482-05 -8.421-11 7.561-17

3s—9 1.055-01 6.385-05 —-6.139-10 2.838-15
1.2194-00 2.221-05 -5.384-11 4.839-17

3s — 10 7.256-02 4.383-05 -4.239-10 1.967-15
8.377-01 1.515-05 -3.678-11 3.307-17

35— 11 5.223-02 3.153-05 -3.061-10 1.425-15
6.030-01 1.085-05 -2.636-11 2.371-17

3s — 12 3.895-02 2.351-05 —-2.289-10 1.067-15
4.497-01 8.059-06 -1.960-11 1.764-17

3s — 13 2.988-02 1.803-05 -1.759-10 8.214-16
3.451-01 6.166—06 -1.501-11 1.350-17

3s— 14 2.346-02 1.415-05 -1.383-10 6.466-16
2.709-01 4.831-06 -1.176-11 1.059-17

3s—-15 1.877-02 1.133-05 ~1.108-10 5.185-16
2.169-01 3.860-06 —9.403-12 8.463-18

3p — 4s -6.866—-04 2.012-04 —-7.084-10 1.046-15
2.2904-00 1.391-04 -2.365-10 1.857-16
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Table 13. Continued
Transition a b c d

3p—4p -8.174-01 7.898-04 3.420-09 -5.299-14
1.220401 6.924-04 . -1.698-09 1.512-15

3p - 4d -2.328+00 1.173-03 2.980-08 -2.176-13
—2.813401 2.839-03 —4.071-09 2.739-15

3p—4f 2.395-01 3.736~-03 -2.458-08 6.950-14
7.244401 1.596-03 —4.378-09 4.085-15

3p—-5 9.3754-01 2.382-03 -3.124-08 1.817-13
1.316+02 6.255-04 -1.354-09 1.178-15

3p—6 1.7294-00 1.075-03 -9.810-09 4.370-14
2.029401 3.957-04 ~-9.468-10 8.471-16

3p-~7 8.934-01 5.457-04 -5.125-09 2.331-14
1.037401 1.950-04 —-4.696-10 4.212-16

3p-—8 5.286-01 3.207-04 -3.057-09 1.405-14
6.1124-00 1.127-04 ~2.725-10 2.447-16

3p—-9 3.416-01 2.066-04 ~1.987-09 9.187-15
3.9454-00 7.189-05 -1.734-10 1.566-16

3p—10 2.348-01 1.419-04 -1.372-09 6.368-15
2.7114-00 4.903-05 -1.190-10 1.070-16

3p—11 1.690-01 1.020-04 ~-9.908-10 4.611-15
1.952400 3.511-05 -8.5633-11 7.675-17

3p—-12 1.261-01 7.608-05 -7.407-10 3.454-15
1.456400 2.608-05 -6.345-11 5.708-17

3p—-13 9.671-02 5.835-05 -5.694-10 2.659-15
1.117+00 1.996-05 —4.857-11 4.371-17

3p—14 7.593-02 4.580-05 —4.477-10 2.093-15
8.769-01 1.563-~05 -3.807~11 3.426-17

3p—15 6.076-02 3.665-05 -3.587~-10 1.678-15
7.019-01 1.249-05 -3.043-11 2.739-17

3d — 4s 4.602-01 3.451-04 —6.086--09 3.823-14
6.804+4-00 1.948-05 -7.904-11 8.451-17

3d — 4p 1.4564+00 1.303-03 —2.048-08 1.240-13
2.532+401 1.621-04 ~4.722-10 4.641-16

3d — 4d 1.424-01 2.943-03 -1.984-08 5.541-14
5.947401 1.183-03 -3.338-09 3.153-15

3d—4f -1.121+401 8.600-03 8.986-08 ~8.662-13
2.948+4-01 1.147-02 -2.131-08 1.690-14

3d-5 2.332402 4.300-03 -5.639-08 3.279-13
© 3.0164-02 1.129-03 ~2.445-09 2.126-15

3d-6 3.481+00 2.163-03 -1.975-08 8.799-14
4.085401 7.967-04 -1.906-09 1.705-15

3d -7 1.799400 1.099-03 -1.032-08 4.693-14
2.0874-01 3.925-04 -9.455-10 8.479-16

3d~-8 1.0644-00 6.457-04 -6.155-09 2.828-14
1.231401 2.269-04 -5.487-10 4.927-16

3d-9 6.877-01 4.160-04 -4.000-09 1.850-14
7.9424-00 1.447-04 -3.508-10 3.153-16

3d ~ 10 4.728-01 2.856-04 -2.762-09 1.282-14
5.4584-00 9.872-05 —2.397-10 2.155-16
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Table 13. Continued
Transition a b c d
3d - 11 3.403-01 2.055-04 -1.995-09 9.283-15
3.929400 7.068-05 -1.718-10 1.545-16
3d - 12 2.538-01 1.532-04 ~1.491-09 6.954-15
2.931+00 5.252-05 -1.277-10 1.149-16
3d - 13 1.947-01 1.175-04 -1.146-09 5.353-15
2.249+4+00 4.018-05 -9.779-11 8.800-17
3d — 14 1.5629-01 9.222-05 -9.013-10 4.213-15
1.7664-00 3.148-05 -7.665-11 6.899-17
3d — 15 1.223-01 7.380-05 -7.222-10 3.379-15
1.4134-00 2.515-05 -6.127-11 5.515-17
45 -5 2.555402 1.523-02 —2.326-07 1.438-12
3.560+02 5.331-03 -1.698-08 1.837-14
45— 6 7.8804-01 2.140-03 -3.123-08 1.896-13
1.131402 4.513-04 -1.007-09 8.872-16
45— 7 7.059-01 9.385-04 -9.491-09 4.473-14
1.757401 2.978-04 ~7.355—-10 6.671-16
4s — 8 4.012-01 4.747-04 —-4.937-09 2.371-14
8.960+4-00 1.452-04 -3.616-10 3.289-16
45— 9 2.497-01 2.796-04 -2.952-09 1.432-14
5.3014-00 8.379-05 -2.096-10 1.909-16
4s — 10 1.667-01 1.810-04 -1.928-09 9.410-15
3.4404-00 5.355-05 -1.343-10 1.225-16
4s — 11 1.174-01 1.249-04 -1.340-09 6.562-15
2.379400 3.665-05 29.214-11 8.407-17
45 — 12 8.609-02 9.041-05 -9.735-10 4.781-15
1.7244-00 2.636-05 -6.637-11 6.058-~17
4s — 13 6.518-02 6.781-05 —-7.324-10 3.604-15
1.294+400 1.968-05 —-4.961-11 4.530-17
4s — 14 5.063-02 5.231-05 -5.664—-10 2.791-15
9.990--01 1.513-05 -3.817-11 3.487-17
4s — 15 4.018-02 4.130-05 ~4.479-10 2.210-15
7.890-01 1.191-05 -3.007-11 2.747-17
4p—~5 9.3934-02 5.559-02 —-8.491-07 5.251-12
1.3064-03 1.946-02 -6.199-08 6.707-14
4p — 6 2.4454-02 7.474-03 -1.091-07 6.621-13
3.645+402 1.576-03 -3.518-09 3.099-15
p -7 2.3634+00 3.142-03 -3.177-08 1.498-13
5.881401 9.968-04 -2.462-09 2.233-15
4p - 8 1.3434-00 1.589-03 -1.653-08 7.939-14
3.000+-01 4.862-04 -1.211-09 1.101-15
4p -9 8.359-01 9.359-04 -9.882-09 4.794-14
1.775401 2.805-04 -7.017-10 6.392-16
4p — 10 5.582-01 6.058-04 —-6.456~-09 3.150-14
1.152401 1.793-04 -4.497-10 4.101-16
4p — 11 3.931-01 4.183-04 —4.484-09 2.197-14
7.9664-00 1.227-04 -3.085-10 2.815-16
4p — 12 2.882-01 3.027-04 —-3.259-09 1.601-14
5.7714-00 8.825-05 -2.222-10 2.028-16
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Table 13. Continued
Transition a b c d
4p - 13 2.182-01 2.270-04 -2.452-09 1.207-14
4.332+400 6.589-05 -1.661-10 1.517-16
4p - 14 1.695-01 1.751-04 -1.896-09 9.345-15
3.3444-00 5.066-05 -1.278-10 1.167-16
4p — 15 1.345-01 1.383-04 -1.499-09 7.399-15
2.641400 3.988-05 -1.007-10 9.197-17
4d— 5 1.469+03 1.284-01 -1.962-06 1.213-11
2.317403 4.497-02 ~1.432-07 1.550-13
4d -6 4.677402 1.487-02 -2.170-07 1.317-12
7.0644-02 3.136-03 -7.000-09 6.166-15
4d — 7 4.5274-00 6.019-03 -6.087-08 2.869-13
1.127+402 1.910-03 -4.716-09 4.278-15
4d - 8 2.573400 3.044-03 -3.166-08 1.521-13
5.7464+01 9.314-04 -2.319-09 2.109-15
4d -9 1.601400 1.793-03 ~1.893-08 9.183-14
3.399401 5.374-04 -1.344-09 1.224-15
4d - 10 1.069+4-00 1.160-03 -1.237-08 6.034-14
2.206+401 3.434-04 -8.615-10 7.856-16
4d ~ 11 7.529-01 8.012-04 -8.590-09 4.208-14
1.526401 2.351-04 -5.909-10 5.392-16
4d — 12 5.521-01 5.798-04 —6.243-09 3.066-14
1.106+01 1.691-04 —4.256-10 3.885-16
4d — 13 4.180-01 4.349-04 —4.697-09 2.311-14
8.2994-00 1.262-04 -3.181-10 2.905-16
4d — 14 3.247-01 3.355-04 -3.632-09 1.790-14
6.4064-00 9.705-05 ~2.448-10 2.236-16
4d — 15 2.577-01 2.648-04 -2.872-09 1.417-14
5.0604-00 7.640-05 -1.928-10 1.762-16
4f -5 1.475403 2.653-01 —-4.053-06 2.506-11
3.2254-03 9.290-02 -2.959-07 3.201-13
4f —6 1.003+03 1.995-02 -2.911-07 1.767-12
1.323+03 4.207-03 —9.389-09 8.270-15
41 -7 7.7654+00 1.032-02 -1.044-07 4.920-13
1.9324-02 3.275-03 —-8.090-09 7.338-15
4f -8 4.4134-00 5.222-03 —-5.431-08 2.609-13
9.856401 1.598-03 -3.977-09 3.618-15
4f -9 2.7474+00 3.075-03 -3.247-08 1.575-13
5.831+01 9.217-04 —2.306-09 2.100-15
4f - 10 1.834400 1.991-03 -2.121-08 1.035-13
3.784+401 5.890-04 -1.478-09 1.347-15
4f - 11 1.2914-00 1.374-03 -1.473-08 7.218-14
2.617401 4.032-04 -1.014-09 9.248-16
4f - 12 9.470-01 9.945-04 -1.071-08 5.260-14
1.896+401 2.900-04 —-7.300-10 6.664-16
4f — 13 7.169-01 7.459-04 —8.056-09 3.965-14
1.423+4+01 2.165-04 -5.457-10 4.983-16
4f — 14 5.570-01 5.755-04 -6.230-09 3.071-14
1.099+4-01 1.665-04 -4.199-10 3.835-16
4f — 15 4.420-01 4.543-04 —4.927-09 2.431-14
8.678+4-00 1.310-04 -3.308—-10 3.022-16
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Table 13. Continued
Transition a b c d
5-6 -9.1224-02 1.260+4-00 -1.070-05 4.290-11
2.1664+04 4.690-01 -1.122-06 1.008-12
5—-7 3.959401 2.108-01 —-2.162-06 1.020-11
3.8744-03 6.443-02 ~1.596-07 1.452-13
5-—-8 3.691401 7.806-02 —8.485-07 4.166—-12
1.465403 2.207-02 -5.556-08 5.082-14
5-9 2.352401 3.911-02 —4.365-07 2.179-12
7.410402 1.062-02 -2.698-08 2.476-14
5—10 1.5424-01 2.296~02 -2.601-07 1.310-12
4.3744-02 6.096-03 -1.556-08 1.430-14
5—11 1.062+01 1.487-02 -1.699-07 8.608-13
2.841402 3.889-03 -9.962-09 9.167-15
512 7.642400 1.029-02 -1.183-07 6.014-13
1.969+4-02 2.663-03 -6.838-09 6.297-15
5-13 5.695400 7.464-03 -8.621-08 4.394-13
1.431+402 1.918-03 —4.935-09 4.547-15
5—-14 4.368+4-00 5.617-03 -6.508-08 3.323-13
1.078402 1.436-03 -3.698-09 3.409-15
5—15 3.4304-00 4.348-03 ~5.051-08 2.583-13
8.353401 1.107-03 -2.854-09 2.632-15
6 -7 -3.431403 4.116400 -3.853-05 1.679-10
7.146+04 1.3794-00 -3.346-06 3.023-12
6—-8 4.397401 6.434-01 -7.008-06 3.431-11
1.1874+04 1.794-01 -4.501-07 4.118-13
6—9 8.927+401 2.325-01 -2.667-06 1.350-11
4.380+03 5.990-02 -1.527-07 1.405-13
6 —10 6.1534-01 1.152-01 -1.354-06 6.957-12
2.1924-03 2.846-02 -7.324-08 6.759-14
6—11 4.165+4-01 6.729-02 -8.024-07 4.156-12
1.2884+03 1.621-02 -4.197-08 3.881-14
6—12 2.923401 4.349-02 -5.232-07 2.724-12
8.3514-02 1.031-02 -2.678-08 2.480-14
6 —13 2.130+01 3.008-02 -3.641-07 1.902-12
5.790+02 7.050-03 -1.837-08 1.702-14
6 — 14 1.603+01 2.185-02 —2.856—-07 1.391-12
4.2134-02 5.079-03 -1.326-08 1.229-14
6 — 15 1.2394-01 1.647-02 —2.008-07 1.054-12
3.179402 3.804-03 -9.944-09 9.226-15
7-8 -9.280+03 1.116+401 -1.122-04 5.167-10
1.9544-05 3.4264-00 —-8.397-06 7.624-12
7—9 6.6584-01 1.6514-00 -1.884-05 9.487-11
3.057404 4.266-01 -1.080-06 9.917-13
7-10 2.1724-02 5.833-01 -6.977-06 3.615-11
1.1034+04 1.392-01 -3.582-07 3.309-13
7-11 1.535+02 2.858-01 -3.499-06 1.838—-11
5.4584+03 6.530-02 -1.696-07 1.5672-13
7—-12 1.0494-02 1.660-01 -2.060-06 1.090-11
3.189+4-03 3.693-02 -9.653-08 8.966—14
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Table 13. Continued
Transition a b c d
7-13 7.412401 1.070-01 -1.339-06 7.118-12
2.0624-03 2.338-02 -6.136-08 5.707-14
7-14 5.428401 7.389-02 -9.304-07 4.963-12
1.429+03 1.595-02 —4.200-08 3.910-14
7-15 4.103401 5.366-02 —6.786-07 3.629-12
1.0394-03 1.148-02 -3.029-08 2.282-14
8-—-9 -2.069404 2.637401 -2.802-04 1.342-09
4.651405 7.527400 -1.859-05 1.694-11
8 —10 2.055402 3.731400 ~4.420-05 2.276-10
6.930404 9.038-01 —2.302-06 2.121-12
8-11 5.123+402 1.292400 -1.599-05 8.442-11
2.450404 2.891-01 -7.487-07 6.939-13
8—-12 3.578+4-02 6.265-01 -7.922-06 4.235-11
1.200+04 1.340-01 -3.505-07 3.260-13
8-13 2.438+4-02 3.616-01 -4.633-06 2.494-11
6.970+4+03 7.523--02 -1.981-07 1.846-13
814 1.721+402 2.322-01 -3.000-06 1.622-11
4.4934-03 4.741-02 -1.254-07 1.170-13
8 - 15 1.260+02 1.601-01 -2.081-06 1.129-11
3.1064-03 3.226-02 -8.559-08 7.997-14
9-10 —-4.0324-04 5.6144-01 —-6.231~-04 3.073-09
9.956+4-05 1.506+401 -3.741-05 3.418-11
9-11 6.989+-02 7.655400 -9.352-05 4.903-10
1.4254-05 1.7544-00 -4.489-06 4.146-12
9-12 1.141403 2.605400 -3.313-05 1.777-10
4.949+4-04 5.510-01 —-1.435-06 1.333-12
9-13 7.7554-02 1.2504-00 -1.624-05 8.808-11
2.401+04 2.526-01 —6.645-07 6.196-13
9-14 5.234+4-02 7.175-01 -9.437-06 5.153—-11
1.3864-04 1.408-01 -3.729-07 3.485-13
9-15 3.677+4+02 4.590-01 -6.087-06 3.338-11
8.904+403 8.835-02 —-2.305-07 2.200-13
10-11 -7.0974+04 1.101402 -1.266-03 6.390-09
1.961+4-06 2.798+4-01 —6.982-05 6.394-11
10-12 2.018403 1.4554-01 -1.824-04 9.708-10
2.7154-05 3.175+400 -8.158-06 7.551-12
10-13 2.3834+03 4.8754-00 —-5.348-05 3.449-10
9.279+404 9.821-01 —2.567-06 2.390-12
10— 14 1.5694-03 2.3194-00 -3.081-05 1.691-10
4.460404 4.458-01 -1.178-06 1.100-12
10-15 1.046403 1.3234-00 -1.779-05 9.830-11
2.561+04 2.468-01 -6.566-07 6.150-13
11 -12 -1.150+4-05 2.0204-02 -2.392-03 1.231-08
3.6134-06 4.8984-01 -1.227-04 1.125-10
11 —-13 4.988403 2.6014-01 -3.334-04 1.797-09
4.861405 5.434400 -1.401-05 1.299--11
11 - 14 4.675403 8.5954-00 -1.142-04 6.273-10
1.638+05 1.658+00 —4.348 -06 4.054—-12
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Table 13. Continued

Transition a b c d
11 - 15 2.986+4-03 4.054+00 -5.491-05 3.046-10
7.810404 7.456-01 —_l .976-06 1.850-12
12 -13 -1.7374+05 3.5114-02 —4.263-03 2.227-08
6.3004-06 8.163+4+01 -2.051-04 1.884-10
12 -14 1.0944+04 4.4194-01 -5.774-04 3.146-09
8.271405 8.881+400 —2.296-05 2.131-11
12 —- 15 8.6734-03 1.442401 ~1.950-04 1.082-09
2.753405 2.676+400 -7.037-06 6.571-12
13- 14 —2.4594-05 5.829+02 -7.233-03 3.830-08
1.0494-07 1.3054-02 -3.288-04 3.025-10
13 -15 2.191404 7.194+401 ~9.561-04 5.259-09
1.3484-06 1.396+4-01 -3.617-05 3.361-11
14 - 15 -3.273405 9.312+402 -1.178-02 6.306-08
1.680+407 2.016+4-02 -5.089-04 4.687-10

Coefficients of polynomial fit to the effective collision strenghts for He II

1s— 25 1.435-01 -1.156-03 7.442-05 -6.725-06
1s — 2p 2.908-01 2.657-02 -1.736-03 7.498-05
1s — 3s 5.042~-02 6.663-03 -1.037-03 4.835-05
1s - 3p 8.002-02 1.669-02 ~1.448-03 5.509--05
1s — 3d 6.212-02 -1.441-03 -4.799-05 5.412-06
2s — 3s 4.700-01 1.759-01 -1.228-02 4.193-04
2s — 3p 2.156 1.521-01 ~7.095-03 3.125-04
2s — 3d 1.998 3.513~01 -2.075-02 6.523-04
2p — 3s 2.388 -1.361-01 7.334-03 -1.569-04
2p —3p 5.906 2.648-01 -2.352-02 9.556—-04
2p — 3d 11.35 2.584 -1.873-01 7.257-03

Here g; is the statistical weight of the lower state i. The coefficient of collisional
deactivation can be written in the form

8.6287 x 106
Gji = i, (44)
J giTel/Z J
and it is interrelated to the coefficient of collisional excitation by the relation
g;
gij = ;]feXP(“ﬁij); (45)

The quantity -y;; is determined by integrating the collision strength €2;; over the
Maxwell electron velocity distribution :

7 = / Q5 exp(~ By u)d(fij ). (46)

In equations (42)—(45) Bi; = Eij/kT. and u = E/E;; — 1 is the energy E of the
removed electron in ionization threshold units.
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Table 14. Electron impact excitation rates for atomic hydrogen (equation (43))

Te (K) q(1-2) a(1-3) q(1-4) q(1-5) q(1-6) q(1-7) q(1-8)

6000 1.03-16 8.20-19 2.09-20 1.45-20 5.86-21 2.98-21 1.74-21

8000 1.29-14 2.46-16 1.04-17 7.25-18 3.19-18 1.70-18 1.02-18
10000 2.33-13 7.37-15 4.40-16 3.00-16 1.38-16 7.60—-17 4.66-17
12000 1.59-12 7.03-14 5.40-15 3.58-15 1.70-15 9.55-16 5.93-16
14000 6.29-12 3.49-13 3.26-14 2.10-14 1.02-14 5.81-15 3.64-15
16000 1.76-11 1.16-12 1.26-13 7.91-14 3.92-14 2.25-14 1.42-14
18000 3.90-11 2.93-12 3.63-13 2.22-13 1.12-13 6.46-14 4.10-14
20000 7.39~11 6.16-12 8.47-13 5.07-13 2.58-13 1.50-13 9.57-14
25000 2.33-10 2.35-11 3.93-12 2.25-12 1.17-12 6.89-13 4.42-13
30000 5.03-10 5.76-11 1.10-11 6.12-12 3.22-12 1.81-12 1.23-12
35000 8.72-10 1.10-10 2.31-11 1.25-11 6.66-12 3.98-12 2.58-12
40000 1.32-09 1.81-10 4.04-11 2.16-11 1.15-11 6.92~12 4.49-12
45000 1.83-09 2.67-10 6.25-11 3.30-11 1.77-11 1.07-11 6.95-12
50000 2.38-09 3.67-10 8.90-11 4.65-11 2.51-11 1.51-11 9.87-12

T. (K) q(1-9) q(1-10) q(1-11) q(1-12) q(1-13) g(1-14) q(1-15)

6000 1.11-21 7.55-22 5.39-22 4.00-22 3.05-22 2.39-22 1.90-22

8000 6.67-19 4.61-19 3.33-19 2.49-19 1.92-19 1.51-19 1.21-19
10000 3.08-17 2.15-17 1.56-17 1.18-17 9.08-18 7.16-18 5.75—-18
12000 3.95-16 2.78-16 2.03-16 1.53-16 1.18-16 9.36~-17 7.53-17
14000 2.44-15 1.72-15 1.26-15 9.56--16 7.41-16 5.87-16 4.73-16
16000 9.58-15 6.78-15 4.99-15 3.78-15 2.93-15 2.32-15 1.87-15
18000 2.77-14 1.97-14 1.45-14 1.10-14 8.55—-15 6.78-15 5.47-15
20000 6.50-14 4.62-14 3.41-14 2.59-14 2.02-14 1.60-14 1.29-14
25000 3.02-13 2.15-13 1.59-13 1.21-13 9.45-14 7.51-14 6.07-14
30000 8.44-13 6.04-13 4.48-13 3.41-~13 2.66-13 2.12-13 1.71-13
35000 1.77-12 1.27-12 9.41-13 7.18-13 5.60-13 4.46-13 3.61-13
40000 3.09-12 2.22-12 1.65-12 1.26-12 9.83-13 7.83-13 6.34—-13
45000 4.78-12 3.44-12 2.56-12 1.95-12 1.563-12 1.22-12 9.85-13
50000 6.81-12 4.90-12 3.64-12 2.78-12 2.18-12 1.74-12 1.41-12

T (K) q(2-9) a(24) q(2-5) q(2-6) 7(2-7) 9(2-8) g(2-9)

6000 1.65-08 8.17-10 3.44-10 1.24-10 5.89-11 3.29-11 2.04-11

8000 3.96-08 3.03-09 1.38-09 5.41-10 2.70-10 1.56-10 9.87-11
10000 6.74-08 6.79-09 3.22-09 1.32-09 6.80-10 4.00-10 2.57-10
12000 9.69-08 1.18-08 5.70-09 2.42-09 1.27-09 7.57-10 4.91-10
14000 1.26-07 1.76-08 8.63-09 3.75-09 2.00-09 1.20-09 7.83-10
16000 1.55-07 2.39-08 1.18-08 5.23-09 2.81-09 1.70--09 1.12-09
18000 1.83-07 3.05-08 1.51-08 6.80-09 3.68-09 2.24-09 1.47-09
20000 2.10-07 3.72-08 1.85-08 8.39-09 4.58-09 2.80-09 1.84-09
25000 2.72-07 5.38-08 2.67-08 1.23-08 6.81-09 4.19-09 2.78-09
30000  3.28-07 6.93-08 3.42-08 1.60-08 8.90-09 5.51-09 3.66-09
35000 3.79-07 8.35-08 4.09-08 1.93-08 1.08-08 6.70~09 4.47-09
40000 4.26-07 9.64-08 4.68-08 2.22-08 1.25-08 7.77-09 5.19-09
45000 4.69-07 1.08-07 5.20-08 2.48-08 1.40-08 8.71-09 5.83-09
50000 5.08-07 1.18-067 5.65-08 2.71-08 1.53-08 9.54-09 6.39-09
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Table 14.  Continued

Te (K) q(2-10)  q(2-11) q(2-12) q(2-13) q(2-14)  q(2-15)

6000 1.36-11 1.22-11 8.98--12 6.79-12 5.28-12 4.18-12

8000 6.69-11 6.08-11 4.50-11 3.43-11 2.68-11 2.13-11
10000 1.76-10 1.61-10 1.20-10 9.16-11 7.18-11 5.73-11
12000 3.38-10 3.11-10 2.32-10 1.78-10 1.40-10 1.12-10
14000 5.41-10 4.99~-10 3.74-10 2.87-10 2.26-10 1.81~-10
16000 7.74-10 7.16-10 5.37-10 4.13-10 3.25-10 2.61-10
18000 1.03-09 9.50-10 7.13-10 5.50-10 4.33-10 3.48-10
20000 1.29-09 1.19-09 8.97-10 6.92-10 = 5.46-10 4.38-10
25000 1.94-09 1.81-09 1.36-09 1.05-09 8.31-10 6.68-10
30000 2.57-09 2.40-09 1.81-09 1.40-09 1.10-09 8.89-10
35000 3.14-09 2.93-09 2.21-09 1.71-09 1.36-09 1.09-09
40000 3.65-09 3.41-09 2.58-09 2.00-09 1.58-09 1.27-09
45000 4.11-09 3.84-09 2.90-09 2.25-09 1.78-09 1.43-09
50000 4.51-09 4.21-09 3.19-09 2.47-09 1.96-09 1.57-09

Te (K)  9(3-4) q(3~5) 7(3-6) 9(3-7) 9(3-8) 9(3-9)

6000 5.18-07 1.03-06 5.09-08 2.14-08 1.11-08 6.55-09

8000 8.50-07 1.47-06 9.46-08 4.16-08 2.23-08 1.34-08
10000 1.17-06 1.79-06 1.40-07 6.31-08 3.44-08 2.10-08
12000 1.48-06 2.02-06 1.83-07 8.42-08 4.64-08 2.86-08
14000 1.77-06 2.19-06 2.23-07 1.04-07 5.79-08 3.59~08
16000 2.04-06 2.32-06 2.60-07 1.22-07 6.86-08 4.27-08
18000 2.30-06 2.41-06 2.94-07 1.39-07 7.84-08 4.90-08
20000 2.54-06 2.48-06 3.24-07 1.55-07 8.75-08 5.49-08
25000 3.09-06 2.59-06 3.90-07 1.88-07 1.07-07 6.74-08
30000 3.58-06 2.64-06 4.42-07 2.15-07 1.22-07 7.74-08
35000 4.01-06 2.65-06 4.83-07 2.36-07 1.35-07 8.54-08
40000 4.40-06 2.65-06 5.16-07 2.52-07 1.45-07 9.18-08
45000 4.75-06 2.63-06 5.43-07 2.66-07 1.53-07 9.70-08
50000 5.06-06 2.60-06 5.64-07 2.77-07 1.59-07 1.01-07

T. (K) q(3-10) q(3-11) q(3-12) q(3-13) q(3-14)  q(3-195)

6000 4.23-09 2.90-09 2.09-09 1.56-09 1.20-09 9.43-10

8000 8.81-09 6.12-09 4.45-09 3.34-09 2.58~-09 2.04-09
10000 1.39-08 9.74-09 7.11-09 5.36-09 4.16-09 3.29-09
12000 1.91-08 1.34-08 9.81-09 7.42-09 5.76—-09 4.57-09
14000 2.40-08 1.69-08 ~ 1.24-08 9.42-09 7.32-09 5.82-09
16000 2.86-08 2.02-08 1.49-08 1.13-08 8.80-09 7.00-09
18000 3.30-08 2.33-08 1.72-08 1.31-08 1.02-08 8.10-09
20000 3.69-08 2.62-08 1.93-08 1.47-08 1.15-08 9.12-09
25000 4.55-08 3.24-08 2.39-08 1.82-08 1.42-08 1.13-08
30000 5.24-08 3.73-08 2.76-08 2.11-08 1.64-08 1.31-08
35000 5.79-08 4.13-08 3.06-08 2.33-08 1.82-08 1.45-08
40000 6.23-08 4.45-08 3.30-08 2.52-08 1.97-08 1.57-08
45000 6.59-08 4.70-08 3.49--08 2.66-08 2.08-08 1.66-08
50000 6.88-08 4.91-08 3.64-08 2.78-08 2.18-08 1.74~08
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Table 14. Continued

Te (K) 3°.q(1-5) -, a(25) 32, a(3-))

6000 1.03-16 1.79-08 1.65-06

8000 1.32-14 4.53-08 2.52-06
10000 2.41-13 8.07-08 3.26-06
12000 1.68-12 1.21-07 3.90-06
14000 6.72-12 1.62-07 4.46-06
16000 1.90-11 2.05-07 4.94-06
18000 4.25-11 2.47-07 5.37-06
20000 8.21-11 2.88-07 5.76-06
25000 2.66-10 3.86-07 6.58-06
30000 5.87-10 4.76-07 7.24-06
35000 1.04-09 5.57-07 7.79-06
40000 1.60-09 6.31-07 8.25-06
45000 2.24-09 6.98-07 8.65-06
50000 2.96~-09 7.59-07 8.99-06

Using the experimental and theoretical excitation cross-sections for transitions
between hydrogen states Giovanardi et al. (1987) determined the effective collision
strengths 7;;(T.) for 15 lower states. For the four lowest levels the transitions
between sublevels with different orbital quantum numbers were considered. The
effective collision strengths were approximated by the expression

vij = a+bT, + T2 +dT2, (47)

The values of polynomial fit parameters a, b, ¢ and d are given in Table 13. The
effective collision strengths for He II have been found by Hummer and Storey (1987).
These can be well presented by the same polynomial fit for temperatures up to 10° K.
The values of corresponding coefficients are also given in Table 13.

The values of ¢;; computed for H I by using equations (43) and (45) (3.8) and
(3.10) and data of Table 13 at different values of T, are given in Table 14, which
also gives the total coefficients of electron impact excitation summed over all levels
Jj < 15. This quantity is useful for calculating the ionization state of H I atoms in
the nebulae.

The coefficients of collisional excitation of complex ions have been given by Clark
et al. (1982). The collisional strengths for different atoms and ions of isoelectronic
sequences of H, He, Li, Be, B, Na, Mg have been presented by expression

NZ,X) = (Z+bi+d1/Z) *(cot+ /X + c2/X?)
+ (Z+by+da/Z) 2(c3 In(X) + ca), (48)
where X = E/E;; = u+ 1, Z is the nuclear charge number and the values of
parameters by, ba, co, c1, c2, ¢3, dy and dy are given in Table 15. Integrating over

the Maxwellian velocity distribution of electrons the corresponding coefficient of
collisional excitation can be written in the form

g:j(Te) = Fi(Z2)Ce [@—g’q;(—_ﬂ) + 1 E1(B) + CzEz(ﬂ)] +
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Table 15. Approximation parameters for the electron impact excitation rates for some
ions (equations (48)—(50))
Atom Transition by dy b2 dy
H 1s - 2s 3.0255-2 2.872140 1.5828-2 —-6.8354-3
1s-2p -7.2121-1 7.9039-1 -2.8375-1 3.7837-1
He 1s2 - 152518 -3.9862-1 1.93054-0 -5.3181-1 1.052040
152 —1s2p1P -8.7050-1 1.342740 ~7.7148-1 1.35534-0
Li 25~ 2p —1.8357+40 6.7641+40 -1.43034-0 -1.0308+0
25— 3s 7.6061-1 —2.9960-1 -1.4644+0 3.7946 -1
2s-3p -2.312340 1.2005+1 -1.6955+0 1.1404+1
2s - 3d -1.733640 2.6599+0 -1.5825+40 3.093440
Be 252 —2s2p'P -5.47014-0 4.13544-0 ~-1.927340 -3.7323-2
25% - 253518 -1.508940 4.117040 -1.694740 -1.0008-1
252 —2s3p1P -6.1290+40 2.8693+1 -5.9038+-0 3.0727+1
252 —2s3d1D -2.461440 7.274540 —2.02304-0 8.473140
B 2p—2p22D -2.5357+40 1.6273+1 2.2823-1 -1.2860+1
2p - 2p%2%S 1.23894-0 ~-1.6709+4-0 2.245440 ~2.5053+1
2p-2p2 2P -5.529440 3.8336+1 -2.1885+0 -2.232140
2p-3s528 -5.285240 6.215740 -7.1461+0 1.752441
2p-3d?D -2.661340 6.10304-0 ~2.604740 6.11244+0
Na 3s—3p ~6.2955+4-0 1.1678+1 —-4.39934+0 —-4.096441
Mg 352 —3s3plP -1.0469+1 7.5316+41 —7.367140 -1.1696+1
Atom Transttion co c1 c2 c3 cq
H 1s - 2s 0 -2.8348-1 1.4644-1 0 8.8632-1
1s-2p -3.116940 1.45954+0 1.12214+0  4.3571+40 3.40154+0
He 1s? - 152518 0 —4.6688—1 7.9729-2 0 8.7561-1
152 -1s2p'P  -1.2663+1 1.362740 1.1779-1  4.129240 1.2640+1
Li 2s-2p 1.2644+2 2.267842  -7.7611+1  9.1550+4+1  -1.2483+1
25— 3s 0 ~2.616940 4.7124-1 0 1.0335+1
2s-3p -3.539141 2.6411+1 -5.9858+0  2.0986+1 2.2133+1
2s-3d 0 -3.1967+1 1.7385+1 0 3.1034+1
Be 252 - 2s2plP 4.8738+1 1.13744+2  -2.9936+1  6.4360+1 2.3304+1
252 — 253518 0 —2.248840 -2.8697-1 0 1.0413+1
252 ~2s3p1P  -1.7122+1 1.1138+41  -2.2600+0  1.0231+1 1.0797+1
252 - 2s3d1D 0 -3.1033+1 1.249641 0 2.9371+1
B 2p-2p2°2D 2.305142 3.0526+2  -1.142342  1.420042 -7.9871+1
2p-2p2 28 1.15484-2 1.729442  -7.4270+1 6.90074+1 -3.7716+1
2p—2p2 2P 2.4309+4-2 3.504442 -1.0487+4+2 1.9704+2 -5.3362+1
2p—3s28 -1.591140 5.157740 -8.1767-1  2.939140  -1.1354+40
2p-3d2D -1.908143 1.2813+2  -1.4259+41  1.2072+2 1.8988+-3
Na 3s—3p 1.032043 1.130143  -3.28974+2  5.012542 -3.810542
Mg 352 -3s3plP 6.4280+2 6.5293+4+2 —1.0841+2  3.5073+2 —2.2096+2
Atom Transition ag ay as a3 ag
H 1s-2s -2.4146-2 1.6733-2  1.0200+1 1.2581-4  1.1876-4
1s-2p 2.2668-2  -2.3461-2  1.0210+1 -9.7361-4  1.8101-4
He 152 - 152518 4.1136-1  -1.03704+1  1.0155+1 2.3318-3  6.8920-5
1s2 - 1s2p'P ~1.64654+0  —8.94374+0  1.0053+41 7.3500-3  2.5688—5
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Table 15. Continued

Atom Transition ag a az a3 a4
Li 2s-2p —4.6636+0 2.283340  -3.9025-2 1.7520-3 0
2s—3s 2.882540  -5.472540 1.8648+40 1.6849-3  1.8420-6
2s-3p 2.3189+0  -5.2566+0 1.925540  -2.5229-3  9.5942-5
2s-3d 1.64004+0  -5.0109+0 1.91484+0 -1.5113-3  7.5428-5
Be 252 - 252ptP -1.0050+1 4.106140  -6.7408-2 2.4015-3 0
252 - 253518 4.675340  ~6.999240 1.8838+0 5.8812-4  9.7093-6
252 —2s3p1P 3.415140  -6.55344-0 1.88614-0 3.8007-4  2.5128-5
252 - 2s3d'D 4.5549-1  -5.7056+0 1.8864+40 5.9589-4  2.1710-5
B 2p-2p%22D -1.1341+1 3.700740  -5.6339-2 2.0624-3 0
2p-2p22S -1.3042+1 4.2204+0 -9.7416-3 3.4929-4 0
2p-2p%2P ~1.4969+1 5.27294+40  -1.0270-1 3.4006-3 0
2p-3s28 1.78304+1  -1.224341 1956340  -1.7541-3  1.8977-5
2p-3d2D 7.1403+0  -9.5604+0 1.899140 -6.6362-4  3.0004-5
Na 3s-3p -2.6149+1 3.007240  -5.0588-2 1.0321-3 0
Mg  3s2-3s3plP -3.5986+1 4.0890+0 -7.5769-2 1.3900-3 0
+ Fy(2)Ck [“3Eﬁ‘(ﬁ ) 4 o ex‘;( h) ] em®s~?, (49)

where 8 = E,/kT., Cg = 8.010 x 10736/[(2L + 1)(25 + 1)T."%), Fi(2) = [Z + b, +
d1/Z)72%, Fo(Z) = [Z + bz + d2/Z])~? and E,(B) is the integro-exponential function

of nth order: )
oo e—ﬂt
En(8) = / dt.
1 t°

For different atoms and ions of the above-mentioned sequences the energy E;;
has been expressed in the form

Eij;=av+a1Z +a32% +a32% + as 2*, (50)

Values of the parameters ag, a1, az, as and a4 are also given in Table 15.

The values of the transition probabilities and 7;; for the large number of for-
bidden and intercombination lines which are observed in the spectra of planetary
nebula are given in Table 16. An explication of used designations for the levels
and their energies is given in Table 17. Owing to limited space in the catalogue
we present data only for ions of Be, B, O and Mg sequence which are taken from
Mendoza (1983). The modern data can be found in the original papers cited in
Appendix A. The updated collision strengths are also available by anonymons ftp
via ftp-server urania.aispbu.spb.su in the directory /usr/afk/CatAda under the
name cs.new.

4.8 [Ezcitation by Collision with Heavy Particles

The process of atom and ion excitation by heavy particle collisions differs essentially
from that by electron impacts. Large mass particles move much more slowly than
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Table 16. Transition probabilities and effective collision strengths ~v;; of selected
atoms and ions for transitions between low excited lines

T. (K)
Ton Transition Ak (571
5000 10000 15000 20000
Be sequence
C III -2 4] 1.12 1.01 0.990 0.996
1-3 95.9 1.12 1.01 0.990 0.996
1-4 5.19-3 1.12 1.01 0.990 0.996
1-5 1.7949 3.85 4.34 4.56 4.69
2-3 2.39-7 0.848 0.911 0.975 1.03
2-4 0 0.579 0.677 0.776 0.867
3-4 2.41-6 2.36 2.66 2.97 3.23
NIV - 1-2 0 0.904 0.852 0.817 0.798
1-3 5.77+2 0.904 0.852 0.817 0.798
1-4 1.15-2 0.904 0.852 0.817 0.798
1-5 2.3849 3.20 3.46 3.58 3.65
2-3 4.53-6
3-4 4.03-5
oV 1-2 0 0.733 0.721 0.674 0.639
1-3 2.25+43 0.733 0.721 0.674 0.639
1-4 2.16-2 0.733 0.721 0.674 0.639
1-5 2.9249 2.66 2.76 2.82 2.85
2-3 4.54-5
3-4 3.89-4
Ne VII 1-2 0 0.129 0.172 0.205 0.228
1-3 1.984-4 0.129 0.172 0.205 0.228
1-4 5.78-2 0.129 0.172 0.205 0.228
1-5 4.084-9 1.39 1.56 1.63 1.66
2-3 1.69-3
3-4 1.32-2
B sequence
CII 2-1 2.29-6 1.25
3-1 5.53+1 3.25 3.17 3.09 2.97
3-2 6.55+1 3.25 3.17 3.09 2.97
4-1 1.71 3.25 3.17 3.09 2.97
4-2 5.24
4-3 2.39-7
52 4.3241
5-3 3.49-~-14
5-4 3.67-7
T. (K)
Ton  Transition Ag; (s7%)
500 1000 5000 10000 15000 20000
QO sequence
01 3-1 7.32-2 0.00065 0.00184 0.0153 0.0324 0.0607
3-2 1.74-5 0.0008 0.0018 0.0112 0.0265 0.0693
4-1 2.88-4 0.00065 0.00184 0.0153 0.0324 0.0607
4-2 0.0006 0.0022 0.0148 0.0292 0.0536
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Table 16. Continued

Te (K)
Ton Transition Ay; (s71)
500 1000 5000 10000 15000 20000
4-3 8.92-5 0.0027 0.0076 0.0474 0.0987 0.207
5-1 1.22 0.0221 0.0310 0.0732 0.105 0.148
5-2 7.23-7 0.0058 0.0151 0.124 0.266 0.501
5-3 2.11-3 0.0058 0.0151 0.124 0.266 0.501
5-4 6.34-3 0.0058 0.0151 0.124 0.266 0.501
Ne IIT 3-1 2.00 0.152 0.151 0.152 0.157
3-2 1.15-3 0.185 i
4-1 3.94-3 0.152 0.151 0.152: 0.157
4-2 2.18-8 0.131
4-3 5.97-3 0.527
5-1 2.71 0.220 0.236 0.262 0.284
5-2 8.51-6 1.35 - 1.34 1.33 1.32
5-3 5.42-2 - 1.35 1.34 1.33 1.32
5-4 1.71-1 1.35 1.34 1.33 1.32
Te (K)
Ton Transition Ag; (s71)
5000 10000 15000 20000
Mg I 1-3 1.80+2
1-4 4.13-4
1-5 4.934-8
2-3 1.45-7
2-4 4.08-12
3-4 9.10-7
Si I1I 1-2 0 6.90 5.43 4.80 4.41
1-3 1.26-+4 6.90 5.43 4.80 4.41
1-4 1.20-2 6.90 5.43 4.80 4.41
1-5 2.60+9 5.48 5.82 6.21 6.54
2-3 3.82-5
2—-4 3.20-9
3-4 2.42-4 .
Y 1-2 0 0.911 0.910 0.914 0.905
1-3 1.2645 0.911 0.910 0.914 0.905
1-4 6.59-2 0.911 0.910 0.914 0.905
1-5 5.1349 7.30 7.30 7.29 7.27
2-3 9.07-4 0.272
2-4 1.63-7 0.400
3-4 5.96-3 1.24

electrons and pass nearby the excited atom during a long time interval. If the energy
of the transition AFE in the target atom or ion is comparable with the kinetical
energy E of the colliding particle then the excitation cross-sections are very small
due to the fast oscillation of the target wavefunction with the phase AEt/h. On the
contrary, in the case if AE « FE this phase is small and the total excitation cross-
section by a heavy particle is not small and can exceed the appropriate cross-section
for excitation by electron impacts. This means that the heavy particle collisions are
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Table 17. Energies and designations for the ground and metastable levels of the
selected atoms and ions (cm™?)

No. Conf. Term J cii NIV oV Ne VI

Be sequence

1 252 15 0 0.0 0.0 0.0 0.0
2 2s2p 3po 0 52367.1 67209.2 81942.5 111264.9
3 1 52390.8 67272.3 82078.6 111717
4 2 52447.1 67416.3 82385.3 1127115
5 1po 1 102352.0 130693.9 158797.7 214951.6
No. Conf. Term J cn N I olIv Ne V
B sequence
1 252 2p 2po 1/2 0.0 0.0 0.0 0.0
2 252 2p < 3/2 63.42 174.4 386.3 1306.6
3 2s2p? p 1/2 43003.3 57187.1 71440.0
4 25 2p? 3/2 42025.3 57246.8 71571.4
5 2s 2p2 5/2 43053.6 57327.9 71755.9
No. Conf. Term J cI N IT o I Ne IV
C sequence
1 2p? 3p 0 0.0 0.0 0.0 0.0
2 2p? 1 16.4 48.7 113.2 412.4
3 2p? 2 43.4 130.8 306.2 1110.1
4 2p? ip 2 10192.6 15316.2 -20273.3 30291.5
5 2p? g 0 21648.0 32688.8 43185.7 63913.6
6 2p° 550 2 33735.2 46784.6 60325.0 88363.1
No. Conf. Term J NI oI Ne IV Ne V
N sequence
1 2p3 150 3/2 0.0 0.0 0.0 0.0
2 2p° 2po 5/2 19224.5 26810.7 41234.6 48313.5
3 2p° 3/2 19233.2 26830.2 41279.5 48359.3
4 2p° 2pe 1/2 28838.9 40468.6(5) 62434.6 73201.9
5 2p® 2po 3/2 28839.3 40467.5(4) 62441.3 73236.4

the effective ones for excitation of the fine structure transitions or for orbital mo-
ment redistribution due to transitions between the high-excited Rydberg states.

Proton collisions are most effective for generating transitions if AE « FE.
For such transitions the excitation rates of neutral targets by proton impacts are
(Mp/m,,)ll2 times larger than those by electron impacts (Seaton, 1955; see, also,
Dalgarno, 1984). The proton collisions are effective for excitation of the fine struc-
ture levels and for excitation of the transitions between sublevels nl:

p+ H(nl) & p+ H(nl).
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Figure 3 Collison excitation rates of C I ground state fine structure levels (J = 0,1,2) with
phtotons (Rouef and Le Bourlot, 1990, white markers) and electrons (analytical fit of Johnson et
al. (1987) filled markers).

Cross-sections for this process have been calculated by Pengelly and Seaton (1964)
with in the framework of the semiclassical pertubation theory. At large values of n
the proton collisions lead to the statistical equilibrium distribution of atoms on nl
sublevels.

For large values of n and n’ the proton impact excitations

p+ H(n) o p+ H(n').

are also effective (Burgess and Summer (1976)).

For excitation of the positive ions by proton impacts the Coulomb interaction
must be taken into account. This interaction diminishes the proton-impact exci-
tation rates and in turn increases the excitation rates by electron impacts. The
role of this effect is negligible if n >» 1 as is typical in astrophysical object of
T, =~ 10* K. ,

Proton collisions are very effective for excitation of the fine structure levels of
CI,0 1, OII and of many other ions. Numerous references in the field are presented
in Appendix A. At low temperatures (I" < 103 K) excitation by proton collisions
can by more than 10 times exceed the excitation by electron impacts (Roueff and
Le Bourlot, 1990, see Table 18 and also Figure 3).

Ezcitation by collision with H I is effective for the fine structure levels. Colli-
sions with more heavier particles are less effective than neutral hydrogen excitation
due to their lower abundances. The references in the field can be found in Ap-
pendix A.
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Table 18. Collision excitation rates (cm® s~1) of the C I fine structure
levels due to proton impact (Roueff and Le Bourlot, 1990)

T (K) ko—1 ko2 ky_o
100 1.8-9 8.1-10 2.6-9
200 2.7-9 2.0-9 5.4-9
300 3.3-9 3.5-9 8.0-9
500 4.1-9 6.4-9 1.2-8
700 4.6-9 9.1-9 1.5-8

1000 5.2-9 1.2-8 1.7-8
2000 6.1-9 1.9-8 2.1-8
3000 6.6-9 2.3-8 2.3-8
5000 7.2-9 2.6-8 2.4-8
7000 7.6-9 2.7-8 2.5-8
10000 7.9-9 2.8-8 2.5-8
20000 8.5-9 3.0-8 2.6-8

4.4 Autoionization

The autoionization process comprises of collisional excitation of an atom or ion to
autoionization states followed by autoionization decay. Similarly to the photoion-
1zation processes, autoionization by electron impacts generates the resonances in
the cross-sections. Autoionization is usually essential at T, > 10% K for atoms and
ions having more than two electrons. The number of autoionization events per unit
volume and unit time is

Na = "(Xi)”e 9a(Te), (51)

where ¢, (7T¢) is the autoionization rate.

The most complete compilation of analytical expressions and corresponding data
for determination of ¢, is given in the paper by Arnaud and Rothenflug (1985) the
results of which we reproduce here.

(1) The formula for lithium isoelectronic series is

bexp(—B)G
qa(T:) = 1.92 x 10-7% cm® s~ (52)
where 3 = I, /kT,,
G(B) = 2.22f1(B) + 0.67[1 — Bf1(B)] + 0.4981,(B) + 1.28[1 — Bf ()],
b=[1+2x 1074231, Zg = (Z - 0.43),
Io = 13.6{(Z — 0.835)% — 0.25(Z — 1.62)} eV, and function f;(8) is given by
equation (38).

Equation (52) corresponds to the 1s — 2p transition corrected for the contri-
bution of other transitions by multiplying with coefficient 1.2. Comparison
of the ¢, values, given by equation (52) with existing measurements showed
that the results can differ from them by not more than about twice.
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{(2) For ions of sodium isoelectronic series

ga(T.) = 6.69 x 10-7(—1%% exp (=8) {1 + ®(B)} cm®>s™t.  (53)

If 12 < Z < 16 then ®(B8) = —Bf1(B), Io = 26(Z — 10) eV and o = 2.28 x
1071%(Z —11)7%7 em?.
If 18 < Z < 28 then

®(8) = —0.5(8 — B + B° f(B)], (54)
and I, = 11(Z — 10)*/2 eV, a = 1.3 x 10~4(Z — 10)~373 cm?.

(3) For the ions of isoelectronic series set from the magnesium series to the sulphur
series (Z < 16) the expression for ®(f) is given by equation (54) where
a=4.0x10"13Z-2 ¢cm? and

=10.3(Z — 10)~1%2 eV for the Mg isoelectronic sequence,

=18.0(Z — 11)"133 eV for the Al isoelectronic sequence,

=18.4(Z — 12)713% eV for the Si isoelectronic sequence,

=23.7(Z - 13)"12 eV  for the P isoelectronic sequence,

Io =40.1(Z — 14)"11% eV for the S isoelectronic sequence.

R e R

For ions of other series the contribution of autoionization to the total collision
excitation rate can be ignored.

4.5 Dielectronic Recombination

The process of dielectronic recombination, described by equation (12), proceeds in
two stages. During the first stage the electron is captured in an autoionization state
v belonging to ion X**!. At the second stage radiative decay of the state ¥ occurs
with generation of a bound state of ion X*.

At high temperatures T, > 10°-10% K the main contribution to the dielectronic
recombination rate is by the recombination processes to the autoionization states
with large principal quantum numbers n. These states decay easily in electron col-
lisions and due to the external radiation field. Thus, the dielectronic recombination
rate depends heavily on the physical conditions in the plasma. At high electron
densities n, > 10'3-10'® ¢m® both the collisional ionization from autoionization
states and collisional population of them are essential.

The photons irradiated in the processes of dielectronic recombination due to
transitions between autoionization states are termed the dielectronic satellites.

The number of dielectronic recombination events for ion X**+! per unit volume
and unit time is

NY = n( X+ Yn ot (X ) cm® 571, (55)
where o%(T}) is the dielectronic recombination rate.

The semiempirical formulae for dielectronic recombination rates have been given
by Burgess (1965), Landini and Monsignori (1971), and Jain and Narain (1976).
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The revised expression for a%(T.) with the modified values of excitation cross-
sections of ions X**! due to electron collisions have been given by Alam and Ansari
(1985). The differences between a%i(T,) values found by various authors for many
ion species reach 1 dec. This is caused by the difficulties in computing reliable values
of excitation cross-sections, the main factor among these being the necessity to take
into account transitions from all autoionization states and cascade transitions from
these states.

Generally, the dielectronic recombination rate is computed in the Burgess (1965)
approximation. This approximation holds for most ions at high electron temper-
atures T, > 10° K. A simple approximation formula for o%(T.) has been given
in papers by Aldrovandi and Pequignot (1973, 1976) who modified the Burgess
approximation to the form

= AgT; 3% exp (=To/T.)[1 + Bai exp (—T1/T%)]. (56)

Here the index H marks the Burgess (High temperature) approximation. The same
expression has been proposed also by Shull and Van Steenberg (1982), who also used
the semiempirical formula by Burgess (1965) and improved the numerical values of
approximation parameters Aq;, Bai, To and T} for all ions of chemical elements from
C to Ni which are given in Table 5. The same expression holds also for Het.
Arnaud and Rothenflug (1985) started from the expression of a$i given in the
paper by Aldrovandi and Pequignot (1973) and corrected by a factor proposed
by Burgess and Tworkowski (1976). For Li-like ions they obtained the following

formula:
aH =76 x IO_HA( Yexp [— D(Z)ﬂ]ﬁa/z em®s71, (57)

where
B=1I/kT,, z=2 -2,
A(z) = (z + 1)3/22(22 + 13.49)2[1 4+ 0.16(z + 1) + 0.017(z + 1)?],

(z+1)

D(z) = 3.0 /[1+0.0152%/(z + 1)2).

In these formulae Iy 1s the 1on1zat10n potential for the ion studied and Z 1s its
nuclear charge. The values of coefficients «®(T,) computed using equation (57) are
smaller than the corresponding values found by Shull and Van Steenberg (1982),
being multiplied by coefficients 0.19, 0.44, 0.36 and 0.41 for ions of O, Mg, Ca and
Fe, respectively. For high-charge ions we can use the o%(T.) values from paper by
Shull and Van Steenberg (1982), multiplying the values by 0.30 for ions of Ne and
by 0.40 for ions of Si, S and Ar. The values of %(T.) also based on the Burgess
approximation for all ions of C-Ni and for some other isoelectronic sequences have
been given in papers by Jacobs et al. {1977a, b, 1980), where the autoionization
processes have also been incorporated. The results of the latter papers have been
improved by Woods et al. (1981), Shull and Van Steenberg (1982).

A simple approximation formula for the total dielectronic recombination rate
has been given by Romanik (1988) for ions of He, Li, Be and Ne sequences:

% =T,%% ajexp(-T:/T.) em®s™1. (58)

i
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Table 19. Parameters o; and T; for total rates of dielectronic recombination
(equation (58))

Sequence Ton t T:/Ry (K) o
He cvV 1 20.9 2.98-10
N VI 1 29.8 6.78-10
O VII 1 39.2 1.05-9
Ne IX 1 51.8 3.11-10
2 63.9 1.56-9
Mg XI 1 74.4 6.30-10
2 92.9 2.42-9
Si XIII 1 101.0 1.04-9
2 127.0 3.13-9
S XV 1 132.0 1.56-9
2 167.0 4.07-9
Ar XVII 1 167.0 2.04-9
2 212.0 4.58-9
Ca XIX 1 206.0 2.50-9
2 263.0 5.07-9
Fe XXV 1 339.0 4.17-9
2 441.0 7.21-9
Ni XXVII 1 404.0 4.44-9
2 522.0 7.54-9
Li CcCIv 1 0.0262 5.21-13
2 0.231 3.16-13
3 0.371 5.44-13
4 0.579 5.47-11
NV 1 0.0957 1.09-12
2 0.295 6.90-13
-3 0.449 1.18-12
4 0.720 7.74-11
O VI 1 0.187 1.83-12
2 0.368 1.22-12
3 0.534 2.03-12
4 0.860 1.00-10
5 5.07 5.00-11
Ne VIII 1 0.179 4.76-12
2 0.412 3.14-12
3 0.623 4.70-12
4 0.859 8.44-12
5 1.15 1.47-10
6 7.13 2.73-11
7 9.09 1.74-10
Mg X 1 0.217 9.40-12
2 0.480 6.36—-12
3 0.738 9.22-12
4 0.999 1.16-11
5 1.43 2.11-10
6 5.81 3.65-11
7 10.5 6.72-11
8 13.8 5.07-10
Si XII 1 0.306 1.58-11
2 0.597 1.10-11
3 0.871 1.60-11
4 1.17 1.86-11
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Table 19. Continued
Sequence Ion t Ti/Ry (K) o5
Si XII 5 1.73 2.82-10
6 7.70 7.53-11
7 14.5 1.38-10
8 19.4 1.07-9
S XIv 1 0.0255 3.02-11
2 0.432 2.06-11
3 0.813 2.90-11
4 1.23 3.23-11
5 2.01 4.33-10
6 9.80 1.37-10
7 19.1 2.52-10
8 25.9 1.72-9
Ar XVI 1 0.204 4.06-11
2 0.584 2.81-11
3 0.997 3.93-11
4 1.41 3.38-11
5 2.33 3.70-10
6 11.8 2.32-10
7 24.2 4.16-10
8 33.3 2.74-9
Ca XVIII 1 0.429 5.34-11
2 0.801 3.81-11
3 1.22 5.47-11
4 1.75 4.59-11
5 2.67 4.45-10
6 15.1 3.68-10
7 34.1 1.51-9
8 43.6 3.01-9
Fe XXIV 1 0.675 1.36-10
2 1.20 9.80-11
3 1.80 1.40-10
4 2.68 1.24-10
5 4.07 6.47-10
6 25.0 1.15-9
7 52.6 1.65-9
8 72.8 5.58-9
Ni XXVI 1 0.768 1.87-10
2 1.39 1.35-10
3 2.10 1.92-10
4 2.94 1.29-10
5 3.66 1.59-10
6 4.83 7.93-9
7 28.7 1.47-9
8 61.3 2.00-9
9 84.9 6.08-9
Be C III 1 0.0326 3.70-13
2 0.227 1.25-13
3 0.334 9.12-14
4 0.478 4.08-13
5 0.738 1.41-12
6 0.925 1.09-10
NIV 1 0.0505 8.46-13
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Table 19. Continued
Sequence Ton t T:/Ry (K) o;

NIV 2 0.218 1.40-12
3 0.440 6.39-13
4 0.745 2.07-12
5 1.17 1.56-10
6 3.39 1.83-11
oV 1 0.111 1.41-12
2 0.307 7.90-13
3 0.479 3.85-12
4 0.916 4.22-12
5 1.42 2.83-10
6 4.79 5.97-11
Ne VII 1 0.207 2.67-12
2 0.532 1.27-11
3 1.10 9.88-12
4 1.90 4.76-10
5 8.22 2.24-10
Mg IX 1 0.292 5.59-12
2 0.502 3.89-12
3 0.742 2.38-11
4 1.31 2.08-11
5 2.38 6.96-10
6 10.3 1.19-10
7 13.0 5.98-10
Si XI 1 0.228 2.96-11
2 0.330 9.13-12
3 0.560 6.60-12
4 0.857 3.60--11
5 1.61 3.23-11
6 2.16 4.89-11
7 2.91 8.45-10
8 14.3 2.59-10

9 18.4 1.14-9
S XIII 1 0.0642 1.80-11
2 0.402 1.30-11
3 0.629 5.42-11
4 0.907 1.33-11
5 1.28 4.00-11
6 1.93 5.09-11
7 2.55 7.11-11

8 3.44 1.04-9
9 19.0 4.65-10

10 24.8 2.25-9
Ar XV 1 0.130 9.84-11
2 0.496 1.55-11
3 1.02 8.71-11
4 1.89 7.73-11
5 2.75 1.01-10

6 3.93 1.32-9
7 13.4 1.33-10
8 24.2 7.49-10

9 32.0 3.40~-9
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Table 19. Continued

Sequence Ion t T:/Ry (K) o
Be Ca XVII 1 0.271 2.28-11
2 0.708 1.18-10
3 0.965 2.46-11
4 1.53 8.09-11
5 2.37 1.10-10
6 3.19 1.33-10
7 4.49 1.54-9
8 16.3 1.97-10
9 30.1 1.15-9
10 40.4 5.47-9
Fe XXIII 1 0.101 3.21-11
2 0.598 2.51-11
3 0.978 2.89-10
4 2.12 1.78-10
5 3.20 2.50-10
6 4.40 2.58-10
7 6.50 2.11-9
8 26.2 7.29-10
9 51.8 2.96-9
10 70.8 1.17-8
Ni XXV 1 0.434 2.83-11
2 0.615 3.49-10
3 1.07 4.08-11
4 2.00 2.43-10
5 3.30 3.52-10
6 4.71 3.31-10
7 7.19 2.39-9
8 30.0 9.90-10
9 60.1 3.67-9
10 B82.6 1.34-8
Ne Mg 111 1 2.79 5.02-13
2 3.88 4.17-11
Siv 1 6.00 2.40-11
2 7.53 8.68-11
3 9.04 1.39-10
S VII 1 8.80 6.59-11
2 12.0 3.82-10
3 14.5 1.03-9
Ar IX 1 11.7 1.19-10
2 14.5 1.78-10
3 19.8 2.55-9
Ca X1 1 16.7 6.37-10
2 23.0 1.21-9
3 27.7 3.92-9
Fe XVII 1 29.0 2.83-9
2 43.4 5.05-9
3 54.8 1.67-8
Ni XIX 1 33.7 3.79-9
2 51.8 6.67-9
3 62.8 1.14-8
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In this expression all important radiative and autoionization processes have been
taken into account. The numerical values of parameters T; and a; are given in
Table 19. :

At large electron temperature the high excited levels are populated predom-
inantly by the dielectronic recombination. For most elements at 105-10° K the
dielectronic recombination dominates over the radiative recombination. At temper-
atures T, =~ 10* K the efficiency of captures into high excited states is low. For ions
of C, N, O, Ne, Al and Si the dielectronic recombination can proceed via captures
into lower autoionization states. Owing to the presence of such states the process of
dielectronic recombination is essential also at low temperatures T, = 5000-20000 K
which are dominant in nebulae. The capture processes to lower autoionization states
determine the rate of low-temperature dielectronic recombination. Some of the ions
of the above-mentioned elements have low metastable states. The number of au-
toionization captures and thus the dielectronic recombination rate in these cases
depend on the population of corresponding metastable states and, consequently, on
the electron concentration and temperature of the nebula. The dielectronic recom-
bination at low temperatures acts on the intensities of some emission lines observed
in the spectra of nebulae.

The dielectronic recombination rate at low temperatures {(applied to the condi-
tions of gaseous nebulae) has been calculated by Storey (1981), Nussbaumer and
Storey (1983, 1984, 1986, 1987). The corresponding coefficient a$!(T.) has been
expressed by the following approximation

BT = (& + b+t dNHexp (g1 et (69)

This expression describes the dielectronic recombination to the ground or the metas-
table states.

Table 20 gives the values of parameters a,b,c,d and f and values ¢; and Y for
ions of C, N, O, Ne, Mg, Al and Si taken from the papers by Nussbaumer and
Storey (1984, 1986, 1987). In the table the quantity FEy is the calculated excitation
energy of the term, the value of ¢; has been chosen such that the maximum errors
in the fitted formula equation (59) were less than 20%. The value Y is the rate o
at T. = 10* K in units of 107!? (cm3®s~!). For ions of Mg, Al, Si and Ne also the
values of total dielectronic recombination rates ad(total) = 3~ adi(LS) are given
in Table 20. In this formula the summation is carried out over both ground and
metastable states.

More exact calculations of the dielectronic recombination rates for ions C II,
N III and O IV have been carried out in the paper by Badnell (1988). These
quantities do not differ from the results of Nussbaumer and Storey (1984, 1986,
1987) by more than 10-20%. That it is necessary to take into account the forbidden
autoionization transitions in the calculation of dielectronic recombination rate has
been demonstrated by Beigman and Chichkov (1980).

The total recombination rate can be written in the form

o = a™(T,) + ofH(T) + o$(T2). (60)
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and Storey (1984, 1986, 1987) (equation (59))

Approximation parameters for dielectronic recombination rates (Nussbaumer

Term Ey a b c d f t Y
CclI

1g 21618 0.0000 0.0000 0.0000 0.0000 0.0000  0.10 0.000

D 10163  -0.0202 0.3799 0.0890  -0.0057 0.9237  0.10 0.176

3p 0 0.0238 -0.0222 0.1722  -0.0154 2.7590 0.10 0.010
CII

2po 0 1.9661 3.8179 5.0243 0.1934 0.6013 0.10 6.030
C 1

3po0 52419 1.8790 5.0085 4.5530 -0.1453 0.4090 0.10 7.504

15 0 0.8361 5.2192 2.7046  -0.0856 0.4436  0.10 5.566
N1

2po0 28839 0.0000 0.1264 0.0273  -0.0031 0.4570  0.10 0.095

2po 19228 0.0017 0.5661 0.1008  -0.0121 0.4443 0.10 0.421

450 0 0.0102 -0.0032 0.0754  -0.0068 3.1555  0.15 0.008
N II

15 32600 0.0090 -0.0111 0.0232  -0.0009 3.3623 0.15 0.001

1D 15227 0.1851 0.3804 0.6203  -0.0321 3.2769  0.10 0.044

p 0 0.0324 ~0.6695 4.0805 -0.0509 0.5569  0.10 1.944
N I

2p0 0 3.6446 16.6017  30.2077  -1.2409 0.8275 0.10  21.513
NIV

3po 67345 0.3327 -2.1374  16.0006  -1.3683 0.2665  0.10 9.827

15 0 0.1065 -1.9371  10.4904 -0.9499 0.3468  0.10 5.450
o1

550 73690 0.9887 —-2.1047 3.6416  —-0.2442  12.4049  0.40 0.000

3p 0 0.0051 0.0012 0.1377  -0.0135 0.6061  0.10 0.071
oI1I

2po 40467 0.0000 0.2105 0.2768  -0.0238 0.3353  0.10 0.331

2po 26817  —0.0002 1.0132 0.3488  -0.0199 0.3186  0.10 0.976

450 0 0.0629 -0.1823 0.3497 0.0085 1.8398  0.10 0.038
O III

15 42975  -0.0002 0.3726 0.3460  -0.0219 2.1618 0.15 0.080

D 20063  -0.0049 1.6231 2.6810 -0.1466 1.5497  0.10 0.882

3p 0 0.2789 -4.8663  23.1182 -1.9408 0.5530  0.10 9.543
o B\%

2p0 0 5.9556 —10.8824  60.9389  —1.8906 0.2173 0.10  43.551
oV

3po 82234 0.3075 —4.6445  30.2563  —3.0843 1.8174  0.10 3.709

15 0 0.2155 -3.0795 19.7360 —1.9183 2.0666  0.10 1.893
Mg I

3po 21885 0.5116 -2.8906 7.4450  -0.7234 2.4137 0.10 0.389

15 0 0.1028 -0.3270 1.3742  -0.0742 1.2735  0.10 0.301

Total 0 1.2044 -4.6836 7.6620  —0.5930 1.6260  0.15 0.706
All

ip 29022 0.1290 0.1380 1.3088  -0.1254 2.0075  0.10 0.195

2po 0 -0.0001 1.0652 1.5718  -0.1149 0.6513  0.10 1.315

Total 0 0.0219 -0.4528 2.5427  -0.1678 0.2276  0.10 1.548
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Table 20. Continued

Term Ey a b c d I t Y
Al II :
3po 37517 1.7223 —4.5922 7.2682 0.1478 1.1321  0.10 1.465
15 0 0.3813 ~1.4668 3.8543 -0.1085 0.3581 0.10 1.860
Total 0 0.7086 -3.1083 7.0422 0.5998 0.4194 0.10 3.447
Sil
p 0 -0.0219 0.4364 0.0684 -0.0032 0.1342 0.10 0.419
Total 0 -0.0219 0.4364 0.0684 -0.0032 0.1342 0.10 0.419
Si II
o 114224 0.2692 -0.7274 0.8477 0.0543 0.4070 0.15 0.223
p 42811 0.2899 ~0.8854 1.7321  -0.1101 0.3248 0.10 0.742
2po 0 3.0004 —11.8047 15.8005 -0.7492 0.7858  0.20 2.847
Total 0 3.2163  -12.0571 16.2118  -0.5886 0.5613  0.15 3.869
Ne II
tp 219181 0.3073 -0.5251 1.7020 -0.0739 13.3271 0.45 0.000
2po 0 0.0146 -0.1906 0.9996  -0.0970 0.4741 0.10 0.452
Total 0 0.0129 -0.1779 0.9353  —0.0682 0.4516  0.10 0.447
Ne III
550 313828 0.0004 2.9380 1.5448  ~0.0820 3.0010 0.10 0.219
iy 55427 0.5209 2.0127 1.0069 -0.0243 0.2447 0.10 2.753
ip 25521 1.2277 5.5667 7.0485  -0.4427 0.2799 0.10 10.129
3p 0 1.8736 7.6536 7.9371  -0.0495 0.2062 0.10 14.170
Total 0 3.6781 14.1481 17.1175  -0.5017 0.2313 0.10 27.330
Ne IV
2po 62499 0.0374 -0.1777 2.9749  —0.2530 0.1819 0.10 2.152
2po 41313 0.0523 -1.1191 7.9365 -0.7140 -0.0331 0.10 6.363
450 0 1.0446 4.6520 7.0880 0.1502 0.2842 0.10 9.735
Total 0 -0.0254 5.5365 17.0727  -0.7225 0.1702  0.10 18.440
Ne V
550 97713 0.7469 -3.2024 12.1163  -1.0379 1.8482 0.10 1.358
15 63900 0.0000 1.2354 0.3603 0.0245 0.7655  0.15 0.754
ip 30294  -0.0283 21.5485 7.0314 -0.2801 0.4342 0.10 18.314
3p 0 0.0435 25.1260 24.6502  -0.4953 0.1664 0.10  41.763
Total 0 -0.0141 33.8479 43.1608 -1.6072 0.1942 0.10  62.081
Ne VI
p 105390  23.8234  135.1852 85.8070  -1.2212 0.1231  0.10 215.380
2po 0 1.1880  121.9472 56.3464  12.1953 0.2288 0.10 152.477
Total 0 19.9280 235.0536 152.5096 9.1413 0.1282 0.10 366.502
Ne VII
3po 112196 4.2564  145.0547 59.8074 -5.1910 2.5046  0.20 16.663
lg i} 0.0610 39.1376 37.6243  -3.7043 2.4254 0.15 6.467
Total 0 5.4751  203.9751 86.9016  -7.4568 2.5145  0.20 23.373

If T. < 10% K then this rate is dominantly the radiative recombination a*2d(T,)
and at T. > 10° K dominates the dielectronic recombination via the captures to
high excited autoionization states a$i(7.) (see equation (55)). For intermediate
temperatures T,=103-10* K for many ion species the dominating process is the
dielectronic recombination via low excited autoionization states (a$!(T.)). The
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contribution of individual recombination transitions to the total recombination rate
is visualized in Figure 10 of the monograph by Nikitin et al. (1988).

4.6 Charge Transfer Reactions

In charge transfer reactions an electron (usually the outermost one) is transported
from atom or ion X to ion X¥:

Xt+Y o X+YY+AE. (61)

The electron transition is realized via quasimolecular state XtY or XY*. The en-
ergy defect AE equals to the difference between binding energies of atomic systems
XtY and XYT.

In the case of direct reaction an electron of atom Y is transferred to ion X+.
Such a charge transfer is ionization of Y and recombination to X+. The opposite
charge transfer is called the inverse charge transfer. The rates of direct and inverse
reactions are not equal and the ratio depends on the gas temperature.

For energies of colliding particles AE < 100 eV the most important process is
the electron capture by the outermost shell. At large energies of colliding particles
the processes of electron capture by internal shells are more effective. For atoms of
alkali metals the electron capture by internal shells is essential already at £ > 20eV.

The reactions of type

Xt4+ X% xX04 x* (62)
are termed the reactions of resonance charge transfer, the role of such processes is
minor for gaseous nebulae.

Dominating in the conditions of gaseous nebulae are the reactions of charge
transfer in collision with neutral hydrogen and helium:

Xt H o X'+ HY (63)
and _ _
Xt 4 He” o X' + He'. (64)

However, in some cases also other reactions of type (61) for elements other
than H and He can be important. The number of direct (or recombination) charge
transfer events (equation (63) and equation (64)) in the unit volume per unit time
is

New = n(XH)n(YO) F (XF,YO) (65)

and the same number for inverse {or ionization) charge transfer (see also e.qua,—
tions (63) and (64)) is

Nen = n(X)n(YH)E (X', YH), (66)

—
where Y corresponds to H® or He® and Y* to H* or Het. The quantites k and

T ; 3 o1
k are the corresponding charge transfer rates (cm?® s™1).
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Table 21a. Charge transfer rates (in cm3s™!) for collisions with H (7. in 10% (K) X*+14
+H° = X'+ HY + AE

X+l F (X1 HO)  T.  Meth. Ref 'k (X',H%) T. Meth. Ref. AE (eV)

Ht 5.0-10 0.1 w78 0
Het 8.0-16 0.1 w78 +11.0
1.9-15 JD71
He?t 1.6-13 0.25-64 AH57 +40.8
1.0-13 AD65
Li2+ 3.0-9 10 w78 +62.0
ct 1.4-17 10 DW BS8o 2.8-16 10 Bso -2.33
1.4-11 10 S75
c2 1.0-14 MV76 +10.8
1.3-11 S75b
1.0-12 10 QM BDso
1.0-12 5 QM BHS80
1.0-12 10 QM BHSso
1.35-12 20 QM BHs0
3.53-12 30 QM BHs0
1.49-11 50 = QM BHS0
c3+ 2.0-9 **  PAT78 +34.3
1.0-9 B76
3.6-9 10 QM BDs0
2.9-9 10 LZ BDS8o
3.09-9 5 QM BHso
3.58-9 10 QM BHS80
4.22-9 20 QM BHS80
4.78-9 30 QM BHS80
5.46-9 50 QM BHs0
ctt 2.8-11 1.0 LZ BDS80 +50.9
1.2-10 3.16 LZ BDS8o
7.6-10 10 LZ BDs8o0
389 31.6 LZ BDs8o
N+t 5.0-10 10 SW71 4.0-10 10 SW71  40.95
1.0-12 10 M73 5.3-10 10 FS71
1.0-12 10 DW BD79
3.7-10 10 FS71
N2+ 3.96-9 S75a +16.0
2.0-9 **  PAT8
8.6-10 10 QM BDso +16.0
5.2-10 10 LZ BDS8o
7.8-10 5 QM BHS80
8.6-10 10 QM BHs0
9.7-10 20 QM BHS80
1.05-9 30 QM BHso
1.11-9 50 QM BHso
N3+ 1.11-9 3 MV79 +33.9
3.56-9 10 MV79
7.90-9 30 MV79
3.0-9 **  PATS8
2.9-9 10 QM BD8o
2.7-9 10 LZ BDS8o
4.4-10 2.0 CW77

9.7-10 3.5 CwW77
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Table 21a. Continued
X1 F (X1 HO)  T. Meth. Ref 'k (X',HY) T. Meth. Ref. AE (V)
N3+ 1.5-9 5.0 CW77
2.3-9 7.5 CWr7
3.1-9 10.0 CW77
3.8-9 12.5 CW77
4.4-9 15.0 CwW77
5.6-9 20.0 CwW77
1.54-9 5 QM BH80
2.93-9 10 QM BH80
5.14-9 20 QM BH80
7.10-9 30 QM BHS80
9.47-9 50 QM BHS80
N¢+ 6.4-11 1.0 LZ BDS80 +63.9
2.7-11 3.16 LZ BDS80
1.6-10 100 LZ BDS8o
8.7-10 31.6 LZ BDS8o
ot 1.04-9 10 FST71 9.1-10 10 FS71  +40.02
6.8-10 0.3 FF72 3.8-10 0.3 FF72
8.0-10 1.2 R63
3.8-10 1.2 HP63
02+ 3.96-9 10 S75 +21.5
1.6-9 **  PAT7S8
5.9-10 LZ BB79
7.7-10 10 QM BG77
7.7-10 10 LZ BD80
02+ 6.0-10 5 QM BHS80 +21.5
7.7-10 10 QM BH80
1.03-9 20 QM BHS80
1.26-9 30 QM BHs0
1.62-9 50 QM BHS80
o3+ 8.6-9 10 QM BDs8o +41.3
2.1-9 10 LZ BDS80
6.34-9 5 QM BHS0
8.63-9 10 QM BHS0
1.18-8 20 QM BHS80
1.45-8 30 QM BHS80
1.76-8 50 QM BHso
ot 1.4-10 1.0 LZ BD8o +63.8
1.9-10 3.16 LZ BD8&0
2.6-10 100 LZ BDS80
5.2-10 316 LZ BDS80
Ne2+ 2.0-9 10 S75a +27.4
3.0-10 **  PAT78
3.0-11 LZ BB79
1.0-20 BG77
9.0-21 5 QM BHS80
1.0-20 10-50 QM BHS80
Ne3+ 5.7-9 10 QM BDS8o +49.9
3.8-9 10 LZ BD80
4.0-9 5 QM BHS80
5.68-9 10 QM BHS80
8.28-9 20 QM BHS80
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Table 21a. Continued

X1 F (X4, H®) T. Meth. Ref 'k (X',HY) T. Meth. Ref. AE (eV)

Ne3t 1.05-8 30 QM BHS80
1.30-8 50 QM BHS80
Nett 5.9-9 1.0 LZ BDS8o +83.5
5.9-9 316 LZ BDS80
6.9-9 10 LZ BDS80
1.2-8 31.6 LZ BDS80
Mg?+ 1.0-14 W78 7.4-14 10 LZ BDS0 +1.44
8.7-14 1.0 LZ BDS8o 7.6-14  31.6-316 LZ BDS80
8.6-14 316 LZ BDS80
8.6-14 10 LZ BDso
8.6-14 31.6 LZ BD8s0
Mg+ 7.0-21 BMs54 +66.5
4.4-9 1.0 LZ BD80
4.4-9 316 LZ BDso
6.5-9 10 LZ BDS80
1.2-8 31.6 LZ BDSo :
Mgtt 5.9-9 1.0 LZ BDS8o +95.7
5.9-9 316 LZ BDS80
6.5-9 10 LZ BDso
1.2-8 316 LZ BDS80
Siz+ 5.0-9 10 MV78 +2.74
5.0-9 10 W78
1.98-9 001 QM GMSs2
1.80-9 002 QM GMs2
1.75-9 0.05 QM GMs82
1.72-9 01 QM GMSs2
1.74-9 02 QM GMs2
2.01-9 0.5 QM GMs2
2.50-9 1 QM GMs82
3.20-9 2 QM GMs2
4.34-9 5 QM GMs82  3.0-12 5 QM GMS82
5.28-9 10 QM GM82  7.3-11 10 QM GMS82
6.26-9 20 QM GMS82  4.26-10 20 QM GMS82
6.87-9 30 QM GMS82  4.94-10 30 QM GMs2
7.70-9 50 QM GM82 1.36-9 50 QM GMSs2
9.10-9 100 QM GMs2  2.21-9 100 QM GMs82
1.12-8 2000 QM GMS82  3.18-9 200 QM GMS82
1.60-8 500 QM GM82  4.99-9 500 QM GM82
2.18-8 1000 QM GMS82  7.03-9 1000 QM GMs2
sid+ 4.0-10 1.0 LZ BDs8o +19.9
3.9-10 316 LZ BDS80
4.1-10 10 LZ BDS8o
4.3-10 31.6 LZ BDso
Sitt 2.4-9 1.0 LZ BDS8o +31.5
2.2-9 316 LZ BDS80
2.3-9 10 LZ BDS8o
2.7-9 316 LZ BDS80
st(*s) 3.0-15 10 DW Bso -3.24
St(2P) 1.0-9 10 DB78  +0.20
§2+ 0 PAT78 +9.74

1.0-14* 1-31.6 LZ BDS8o
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Table 21a. Continued

X1 F (X1, H®)  T. Meth. Ref % (X',H¥) T. Meth. Ref. AE (eV)

s3+ 1.5-9 **  PAT8 +21.2
3.9-9 1.0 LZ BDS80
2.7-9 3.16 LZ BD80
2.3-9 10 LZ BDs80
2.4-9 31.6 LZ BDS80
st 1.2-8 1.0 LZ BD80 +33.7
8.0-9 3.16 LZ BDso
6.5-9 10 LZ BDS80
7.5-9 31.6 LZ BDS80
Ar?t 1.0-14* 1-31.6 LZ BDS80 +14.0
Ardt 2.1-9 1.0 LZ BDso +27.3
3.0-9 3.16 LZ BD8o
4.4-9 10 LZ BDSs0
6.2-9 31.6 LZ BDS8o
Artt 5.8-9 1.0 LZ BDSs0 +46.2
5.8-9 3.16 LZ BDS8o
6.5-9 10 LZ BDso
1.7-9 31.6 LZ BDso
Fet 7.0-9 0.3 w78 -5.7

The values & and % for different ions, the lines of which are observed in the
nebulae, are summarized by Table 21. Before the charge transfer reaction the ion
X?**1 is predominantly in the ground state, but as a result of the charge transfer
reaction the excited states of ion X* can be populated.

The quantities & and T are interrelated by the following formula of statistical
thermodynamics:

F =% exp(—~AE/kT,). (67)

The main direct and inverse charge transfer reactions of types equation (63) and
equation (64) are essential in the low-density astrophysical plasma conditions con-
sidered by Arnaud and Rothenflug (1985). They found the following approximation
formula for computation of the charge transfer rates:

T =4 (T./10%2 {1+ Cexp [D(Te/10%)]} cm®s~1. (68)

In this expression the dependence of corresponding coefficients on 7T, has been de-
scribed analytically. The values of parameters A, B, C and D are given in Table 22,
where in column 2 the range of T, values has been given for which approximation
equation (68) holds.

Some valuable data on charge transfer reactions are given by Suchkov and
Shchekinov (1983). For reactions with H® and He® they used the approximation
C=0, i.e. in their formulation "

T = koT™.



ATOMIC DATA FOR LOW-DENSITY ASTROPHYSICAL PLASMA 159

Table 21b.  Charge transfer rates (in cm®s~!) for collisions with He (Te in 10° K) X '+14
+He® « X' + Het + AE

X+ T (X He®) T. Meth. Ref 'k (XP,Het) T. Meth. Ref. AE (eV)

Lit+ 3.0-9 10 D54 +51.1
2.0-17 10 D54
Lidt 5.0-10 10 W78 +97.9
Bedt 1.0-9 10 w78 +129.3
c?t 8.13-15 0.2 B72 3.1-15 10 QM BD80 -0.21
4.26-13 0.3 B72 1.0-15 10 LZ BDS8o
1.02-11 0.5 B72
3.31-11 0.7 B72
1.12-10 1.0 B72
3.63-10 2.0 B72
5.62-10 3.0 B72
7.41-10 5.0 B72
1.00-9 10.0 B72
C*(3P% 1412 5 QM BH80 5.0-16 5 BH80 +6.29
6.1-12 10 QM BHS0 3.1-15 10 BHS80
2.2-11 20 QM BH80 4.2-13 20 BHS80
4.8-11 30 QM BHS80 3.2-12 30 BHS80
1.1-10 50 QM BHS80 1.8-11 50 BHS80
c3t 4.7-13 1.0 LZ BDS80 +23.3
4.6-12 3.16 LZ BD80
5.1-11 10.0 LZ BD80
3.5-10 31.6 LZ BDS80
Cctt 1.0-14* 1.0-31.6 LZ BDS80 +39.9
N2+ 3.0-10 1.0 LZ BDS8O 4.1-12 10 LZ BD80 +5.03
3.1-10 3.16 LZ BD80 4.7-11 316 LZ BD80
3.3-10 10.0 LZ BD8o 2.5-10 100 LZ BDs0
4.6-10 31.6 LZ BDS8o 8.5-10 316 LZ BDS80
N3+ 1.8-10 1.0 LZ BD80 +22.9
1.9-10 3.16 LZ BDso
1.1-10 10.0 LZ BDso
1.9-10 31.6 LZ BDs80
4.4-10 2.0 CW77
9.7-10 3.5 CW77
1.5-9 5.0 CW77
2.3-9 7.5 CW77
N3+ 3.1-9 10.0 CW77
3.8-9 12.5 CW77
4.4-9 15.0 CW77
5.6-9 20.0 CW77
N#+ 4.6-9 1.0 LZ BD8o +52.9
2.8-9 3.16 LZ BDS80
2.0-9 10.0 LZ BDso
1.7-9 31.6 LZ BDS8o
02+ 2.0-10 BG77 +10.5
2.0-10 10 QM BDS8o
3.2-10 10 LZ BDS8o
1.0-10 5 QM BHS80
2.0-10 10 QM BHS80
3.9-10 20 QM BH80
5.9-10 30 QM BHS80

8.9-10 50 QM BHS0
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Table 21b. Continued
X1 ?(x"+1,He°) T. Meth. Ref 'k (X',Het) T. Meth. Ref. AE (eV)
o3t 1.7-9 1.0 LZ BDS80 +30.3
1.2-9 3.16 LZ BDs80
1.0-9 10.0 LZ BDS8o
1.0-9 31.6 LZ BDs8so
ottt 1.4-9 1.0 LZ BDS80 +52.8
8.7-10 3.16 LZ BD8o
6.5-10 10.0 LZ BDso
6.4-10 31.6 LZ BDS80
Ne?+ 1.0-14 D80 +16.4
5.0-15 0.3 exp JB78
1.0-14* 1.0-31.6 LZ BDSo
Nedt 1.0-14* 1.0-31.6 LZ BDS8o +38.9
Nett 1.7-9 1.0 LZ BDs80 +72.5
1.7-9 3.16 LZ BDS8o
1.7-9 10.0 LZ BDS80
3.1-9 31.6 LZ BDS8o
Mg+ 7.0-21 10.0 w78 +55.6
1.2-9 1.0 LZ BDS8o
8.6-10 3.16 LZ BDS80
7.4-10 10.0 LZ BDS80
7.7-10 31.6 LZ BD80
Mgit 1.8-9 1.0 LZ BDs0 +84.7
1.89 3.16 LZ BD8o
Mgtt 2.2-9 10.0 LZ BDS8o
3.2-9 31.6 LZ BDS8O
ARt 6.0-15 W78 +3.86
Si2+ 1.5-10 100 LZ BD80 -8.24
2.0-10 31.6 LZ BDS80
2.7-10 100 LZ BDS8o0
3.4-10 316 LZ BD80
Si3+ 1.7-10 1.0 LZ BDS80 3.0-10 B80 +8.88
3.9-10 3.16 LZ BDS80 9.9-10 10 LZ BD80
9.6-10 10.0 LZ BDS8o 2.0-9 31.6 LZ BDS8o
2.0-10 31.6 LZ BD80 3.4-9 100 LZ BD8o
. 4.9-9 316 LZ BDS80
Sitt 1.4-9 0.001 OM85 5.0-15 50 OMS85 +20.6
*s)
7.0-10 0.01 OMS85  6.0-13 100 OM85 +11.7
(?P)
4.0-10 0.1 OM85  2.5-10 500 OMS85
5.0-10 1.0 OMS85 1.0-9 1000 OMS85
9.0-10 3.2 OoMss
1.6-9 10.0 OMS85
2.7-9 31.6 OMS85
4.0-9 100 OMS85
§2+ 2.5-11 10.0 LZ BD80 -1.25
9.8-11 31.6 LZ BDSso
2.7-10 100 LZ BDS80
5.5-10 316 LZ BD80
s3+ 3.3-10 1.0 LZ BDS80 1.3-11 10.0 LZ BD80 +10.4
5.2-10 3.16 LZ BD80 8.4-11 31.6 LZ BDS80
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Table 21b. Continued
X1 K (X4 He®) T. Meth. Ref k (X',Het) T. Meth. Ref. AE (eV)
s3+ 1.1-9 100 LZ BD80 3.3-10 100 LZ BDSso
.2.3-9 316 LZ BD80 8.8-10 316 LZ BDS8so
st+ 1.1-12 1.0 LZ BD8o +22.7
8.7-13 316 LZ BD80
7.6-13 100 LZ BDS8o
1.1-12 31.6 LZ BDS80
Ar?t 7.0-11 0.3 exp JB78  1.1-10* 10-316 LZ BD80 +3.04
1.3-10* 1-31.6 LZ BDS0
Ardt 1.0-14* 1-31.6 LZ BD80 +16.3
Artt 2.2-9 1.0 LZ BDS8o +35.2
1.4-9 316 LZ BDS8o
9.8-10 100 LZ BDso
8.3-10 316 LZ BDS80
Note. * There is a dependence on T.; **, empirical values obtained from the best fit of the ob-

served NGC 7027 spectra; DW, distorted wave approximation; LZ, Landau-Zener approximation;
QM, ab initio quantum mechanical calculation; exp, experimental data.

References: AH57, Arthurs and Hyslop (1957); AD65, Allison and Dalgarno (1965); B72,
Brown (1972); B76, Blint et al. (1976); B80, Butler and Dalgarno (1980); BB79, Butler et ol
(1979); BD79, Butler and Dalgarno (1979); BD80, Butler and Dalgarno (1980a); BG77, Butler et
al. (1977); BH80, Butler et ol. (1980); BM54, Bates and Moiseiwisch (1954); CW77, Christensen
et al. (1977); D54, Dalgarno (1954); D80, Dalgarno et al. (1980); DB78, Dalgarno and Butler
(1978); FF72, Fehsenfeld and Ferguson (1972); FS71, Field and Steigman (1971); GM82, Gargaud
et al. (1982); HP63, Hanson et al. (1963); JB78, Johnson and Biondi (1978); JD71, Jura and
Dalgarno (1971); M73, Melius (1973); MV76, McCarrol and Valiron (1976); MV79, McCarrol and
Valiron (1979); OMS85, Opradolse et al. (1985); PA78, Pequignot et al. (1978); R63, Rapp (1963);
S75, Steigman (1975); S75a, Steigman (1975a); SW71, Steigman et al. (1971); W78, Watson
(1978).

The values of coefficients kg and « are compiled in Table 23. The data for charge
transfer rates in impacts between atoms and ions of heavy elements are given by

Pequignot and Aldrovandi (1986). The values of & for each pair of ions (upper
value) and the values of AE (lower value) are given in Table 24. The charge transfer
reaction between the heavy elements can be essential in the interstellar medium, in
H I regions of nebulae and in the atmospheres of cool stars.

In the conditions of a low-density astrophysical plasma, especially in gaseous
nebulae, the charge transfer reactions (e.g. O*+H® — O°+H") often determine
the atom ionization states of the atoms. This fact was first demonstrated by Cham-
berlain (1956), who found that O*/ O° ~ H*/ H? in most gaseous nebulae. This
relation holds due to high rates of the corresponding charge transfer reaction. The
rates of this reaction have been computed by Field and Steigman (1971). Steig-
man et al. (1971) have given the rates of reaction N*+H® — N°+H*. More exact
values of charge transfer rates have been found by Fehsenfeld and Ferguson (1972)
for reaction Ot +H® « O°4+H*40.22 eV, and by Butler and Dalgarno (1979) for
reaction Nt 4+H? — NO4+H*+ 0.95 eV (see Table 21).
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Table 22. Parameters for recombination and ionization charge transfer with H
and He (Arnaud and Rothenflug, 1985)

Ton Interval of T. (10* K) A (107° ecm® s~!') B c D

Recombination with H®

Helt ~1 1.9-06 0.0 0.0 0.0
He2+ ~1 1.6-04 0.0 0.0 0.0
ci+ 1 1.4-08 0.0 0.0 0.0
c2t 0.5-5 1.6-04 2.8 350.0 -4.2
c3+ 0.5-5 3.65 0.25 0.0 0.0
ctt 0.1-1 0.76 1.4 0.0 0.0
N1+ 0.01-10 1.0-03 -0.27 -0.9 -8.8
N2+ 0.5-5 0.86 0.15 0.0 0.0
N3+ 0.5-5 2.93 0.85 0.0 0.0
N4+ 0.1-3 0.15 1.5 440.0 -35.6
ot 0.01-3 1.0 0.0 -0.66 -9.3
02+ 0.5-5 0.8 0.43 0.0 0.0
o3+ 0.5-5 0.85 0.44 0.0 0.0
04t 0.1-3 0.31 0.44 0.0 0.0
Ne2t 1 < 1.0-05 0.0 0.0 0.0
Ned+ 0.5-5 5.7 0.51 0.0 0.0
Nett 0.1-3 6.6 0.52 3.3 -5.3
Mg?t 0.1-3 9.0-05 0.0 0.0 0.0
Mg3+ 0.1-3 6.6 0.52 2.7 -8.0
Mg+t 0.1-3 6.6 0.52 3.3 -5.3
Si2+ 0.03-10 5.0 0.28 0.0 0.0
Si3+ 0.1-3 0.41 0.0 0.0 0.0
Sitt 0.1-3 2.4 0.0 0.0 0.0
si+ 1 < 3.0-06 0.0 0.0 0.0
52+ 0.1-3 1.0-05 0.0 0.0 0.0
g3+ 0.1-3 2.3 0.0 1.25 -5.8
Sttt 0.1-3 7.0 0.0 1.25 -5.8
Ar?t 0.1-3 1.0-05 0.0 0.0 0.0
Ardt 0.1-3 4.4 0.3 0.0 0.0
Artt 0.1-3 6.5 0.83 9.4 0.0

Recombination with He®

c2t 1 <01 0.0 0.0 0.0
Cc3+ 0.1-3 4.6-02 2.0 0.0 0.0
ctt 0.1-3 1.0-05 0.0 0.0 0.0
N2t 0.1-3 0.33 0.29 1.3 -4.5
N3+ 0.1-3 0.15 0.0 0.0 0.0
N4+ 0.1-3 1.7 0.0 2.5 -3.7
0%t 0.5-5 0.2 0.95 0.0 0.0
o3t 0.1-3 1.0 0.0 1.25 -5.8
Ot 0.1-3 0.64 0.0 2.0 -5.5
Ne2+ 0.1-3 1.0-05 0.0 0.0 0.0
Ne3+ 0.1-3 1.0-05 0.51 0.0 0.0

Nett 0.1-3 1.7 0.52 3.3 -5.3
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Table 22, Continued

Ion Interval of Te (10* K) A (107° cm® s~!) B C D

Mgii 0.1-3 0.75 0.0 1.25 -5.8
Mg 0.1-3 2.2 0.33 0.88 -1.85
s§3+ 0.1-3 0.95 0.75 0.0 0.0
Sitt 0.1-3 1.2 0.0 0.0 0.0
s3+ 0.1-3 1.1 0.56 0.0 0.0
St+ 0.1-3 7.6-04 0.32 3.4 -5.25
Ar?t 0.1-3 0.13 0.0 0.0 0.0
A3t 0.1-3 1.0-05 0.0 0.0 0.0
Artt 0.1-3 1.0 -0.3 0.0 0.0
Ton Interval of Te (10* K) A (10~%° em® s~') B c AE

Ionization with Ht

o° 0.01-10 0.91 0.0 10 0.0196
Mgt 1-30 7.6-05 0.0 0.0 1.44
Si® 1 1.0-02 0.0 0.0 0.03
sitt 0.50-10 1.7 0.32 0.0 2.74
g0 1 1.0 0.0 0.0 0.0
Ionization with Het

ci+ 0.50- 5 5.0-03 2.0 0.07 6.29
N+ 1-30 3.7-03 2.1 0.063 1.44
silt 1-30 0.15 0.24 0.0 6.91
si?t 1-30 0.15 0.44 0.0 8.88
St 1-30 2.8-02 1.2 0.036 9.2
S2+ 1-30 1.4-02 1.6 0.046 10.5
Artt 1-30 0.11 0.0 0.0 3.04

Table 23. Parameters for charge transfer with H® and Het (Suchkov and Shchekinov,
1983)*

ITon
FElement
X+ X2+ X3+ X4t
ko o ko o ko o ko o
(a) X+ + HO— X' 4+ HY

C 3.87-19 1.64 1.90-19 1.68 3.20-10 0.26 1.93-15 1.4
N 1.00-12 1.4 2.10-10 0.153 3.56-12 0.73 2.08-16 1.73
(¢} 6.80-10 0 1.09-11 0.46 1.47-10 0.44 1.07-12 0.6
Ne 0 0 0 0 4.90-11 0.52 5.51-11 0.52
Mg 0 0 4.80-11 0.53 4.80-11 0.53 6.60-09 0
Si 0 0 5.00-09 0 2.80-10 0.041 6.40-10 0.14
S 0 0 1.00-14 0 1.64-09 0.037 2.07-09 0.124
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Table 23. Continued

Ion
Element
x+ X2+ X3+ X4+
ko [o 4 ko o ko o ko (a4
(b) X+l 4 He® X' + Het

C 0 4] 4] 0 1.03-17 1.67 1.00-14 0
N 0 0.9 2.30-11 0.29 1.39-12 0.48 7.35-09 -0.14
(@] ] 0 4] 0 1.00-09 0 7.40-10 -0.013
Ne 0 0 1.00-14 0 1.00-14 0 1.39-11 0
Mg 0 ] 4] 8] 5.40-10 0.035 1.10-10 0.33
Si 0 1] 0 4] 2.70-12 0.64 6.30-10 0.07
S 0 ] 0 0 3.00-12 0.64 3.94-14 0.32

kl [24 AE (EV)

(c) X' 4+ Het =X +1 4 He®

N II 3.00 1.79 5.03
Mg IT** 6.65~-14 0.02 1.44
Si Il 1.43-11 0.26 6.91
Si III 7.10-17 1.54 6.88
S1II 1.80-15 1.03 9.17
S III 3.13-17 1.40 10.47

Note. *, k(T) = koT* for the reactions with H® and He® and k(T) = k1 T® exp(-AE/kT)
for the reaction with Het. **, Mgt +H+ — Mg2t +H.

Table 24. Recombination charge transfer rates (in units of 1072 ¢cm? s71)
between atoms and ions of heavy elements (Pequignot and Aldrovandi, 1986)

Ion Li Na Mg Al Si P s
ct 0.0 0.0 0.0 0.3 1.0 0.1 0.0
0.93 0.63 0.43 0.77 0.90
Lit 3.0
0.25
Nat
Mgt 0.0 0.0 0.0
Alt 0.3 0.0
0.59 0.85
Sit 0.0 0.0 1.0 3.0
0.85 1.1 0.48 0.25
Pt 0.0 0.0 0.3 0.0 1.0 3.0
0.52 -0.14 0.01 0.13
st 0.0 0.0 0.0 0.0 0.0
-0.04 1.06
crt 0.0 0.0 0.1 0.0 0.0 0.0 0.1

0.78 0.65
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Table 24. Continued

Ion Li Ne My Al Si P S
Cat 0.1 0.0 3.0
0.72 0.97 0.13
Tit 3.0 3.0 1.0
0.02,0.78
Mn*t 0.0 3.0 0.0
-0.06 0.19
Fet 3.0 3.0 3.0 1.0
0.36
Nit 3.0 3.0 0.0
-0.03
Catt 1.0 1.0 1.0 1.0 1.0 0.0 0.0
Ht 0.0 0.0 0.0 3.0 0.0 1.0 3.0
Ion cl K Ca T Mn Fe Ni
C++ 0.0 0.0 3.0 3.0 3.0 3.0
Li 0.0
Nat 0.1
0.80
Mgt 0.3 0.0 1.0 3.0 1.0
. 0.59 -0.15 078,002 0.21 0.01
Al 0.0
sit 0.0 3.0 3.0 0.1 3.0 3.0
0.13 -0.06,0.7 0.33
p+ 0.0 1.0 3.0 1.0 3.0 3.0
0.36 0.47
st 0.0 0.0 3.0 3.0 3.0 3.0
-0.04,1.1 0.18
ct 0.0 3.0 3.0 3.0 3.0 3.0
0.28
Cat 0.0
Tit 3.0 0.1
0.66
Mnt 3.0 0.0 1.0
‘ 0.01,0.47
Fet " 30 3.0 3.0 3.0 3.0
0.32
Nit 3.0 0.0 1.0 3.0
1.1 0.01,0.4 0.20
Catt 1.0 1.0 1.0 1.0 1.0 1.0
Ht 1.0 0.0 0.0 3.0 3.0 3.0 3.0
0.47 -0.02,1.0

Note. For each ion the value of charge transfer rate is presented in the upper line and
the value of AE (in eV), in the lower line. No AF is given when several energetically
favorable chanels exists.

Tarter et al. (1979) studied the effect of double charge transfer on the ionization

state of gas medium: ) )
X+2 4 He® — X' + He't,

finding this to be negligible.
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Unfortunately, the accuracy of numerical values of charge transfer rates k for
many reactions is low and the results of different authors can differ to dex due
to low-quality methods of computation of charge transfer rates. Unknown are the
reaction rate dependence on 7T, for many reactions and the values of k for maultiply
ionized atoms. Probably the low precision of charge transfer rates is one of the
factors involved in inexact results for calculated ionization degrees of elements in
gaseous nebulae.

5 SPECTRA OF GASEOUS NEBULAE AND THEIR INTERPRETATION

The spectrum of a gaseous nebula consists of a weak continuous emission spectrum
superposed by numerous emission lines. Several thousand spectral lines have been
recognized but only about 200 of them can be measured with sufficient accuracy
and used for analysis of physical conditions in nebulae. The spectral lines of atoms
and ions of almost all chemical elements from H to Ni and heavier elements (see
Pequignot and Balateau, 1994; Balateau et al, 1995) have been detected. The
intensity of the continuous spectrum has been measured for a comparatively small
number of nebulae.

The emission lines observed in nebulae depending on the mechanism of their
formation can be divided in two main types: (1) the recombinational and (2) the
collisional lines. A list of the main spectral lines specified in the ultraviolet, visible
and infrared spectral regions, is given in Table 25 (see, Appendix C). The values of
wavelengths and transition probabilities for these lines are also presented in Table 25
(see, Appendix C).

5.1 Recombination Line Intensities

In the spectra of nebulae the spectral lines of allowed transitions between excited
states of H, He, C, N and O are observed. Some lines of such types are detected for
ions having lower abundances (see Table 25, Appendix C), say for Ne, Si and Mg.
The main mechanism of formation of these lines is recombination: photorecombi-
nation or (and) dielectronic recombination (for He, C, N, O) of the excited states
of ion X**+! followed by the cascade transitions to the ground state of ion X*. A
definite contribution to the formation of some recombination lines is made also by
collisional excitation processes.

Currently only the recombination spectra of H and He have been investigated
in detail. The most complete data concerning the theoretical recombination line
intensities of H, He I and He II are given in the papers by Brocklehurst (1971,
1972), Hummer and Storey (1987), Martin (1988), and Hlmas and Nugis (1982). The
recombinational spectra of C, N and O have been less well studied. The difficulties
of these calculations are caused by the complexity of the structure of their atomic
energy levels and by inaccuracy of the values of transition probabilities, which
determine the state populations. References on the recombination spectra of C,
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N and O ions have been compiled by Nikitin et al. (1988), Hummer and Storey
(1987) and Escalante and Victor (1990, 1992).

In most cases gaseous nebulae are transparent for the emission in the recombi-
nation lines. Thus, the energy irradiated by a nebula in a recombination line with
wavelength Aji is

E(\) = 4mj(v) = / n;n(X*)AjrhvjrdV = / nen(X* e (MhyjrdV,  (69)

where n; is the population of the level j of ion X  the quantity Ajk 1s the corre-
sponding spontaneous transition probability, further, hv;; is the photon energy of
the transition, n. is the electron number density, n(X'*!) is the number density of
the recombining ion and o°% is the effective coefficient of recombination, which has
been defined as the total recombination coeflicient due to all recombination events
plus the contribution from the cascade processes. The integration covers the entire
volume of a nebula.

The populations of levels n; can be found from the equation of statistical equi-
librium

m—1 kmax
nm Y Amk = nea(Xam(T) + Y nedem (m=2,3,4..) (70)
k=1 k=m+41

for the Menzel A case if the optical depth in the resonance line series (11, < 1).
Here kmax is the index of the highest state considered. For Menzel B case (11, > 1)
we have '

m—1 kmax
N Y Amk = nen(X am(T) + Y midrm (m=3,4,5..).  (71)
k=2 k=m+1

In these equations a,, (T.) is the total electron recombination rate to level n of
ion Xi+!,

It must be mentioned that models A and B simplify essentially the problem of
radiative transfer in recombination spectral lines. For the intermediate case if at
different values of n the optical depth 7, is in the range between the Menzel A and
B cases, we have to use some approximations to solve the transfer problem for the
first series lines. In gaseous nebulae the optical depth in resonance line series of most
abundant elements (H, He, C, N, O) is 10-10%. Calculation of recombination spectra
for H 1 in the case of finite optical depth in L, for the stationary nebulae presented
by the plane-parallel layers has been carried out by Grinin (1969). In the most cases
one can use the standard Sobolev (1960) approximation. This approximation has
been used by several authors (see, e.g. Rublev, 1969; Ilmas, 1986; Ilmas and Nugis,
1982). '

The level populations of atoms and ions practically in all nebulae can be treated
as the time independent quantities. Only in the case where a rapid change of
ionizing radiation occurs is it inevitable to use the equations describing the time
dependency of level populations.
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Table 26a. Relative intensities of the Balmer lines I{n — 2)/I(4 — 2) on the scale
I(Hp) = 100

Te (K)
5000 10000 20000
n\ne (em™3) 102 10t 108 102 10t 108 10? 10t 10°
3 303 300 291 286 285 281 274 273 272
4 100 100 100 100 100 100 100 100 100
5 458 461 465 468 470 471 476 476 476
6 252 252 258 259 260 262 264 264 266
7 154 155 158 159 159 163 163 163 164
8 102 102 109 10.5 105 11.0 107 107 110
9 710 714 794 731 734 7.83 7.46 746 7.76
10 516 520 6.1 530 533 5.88 5.40 540 5.74
11 3.87 392 490 398 4.00 4.57 4.04 4.05 437

Table 26b. Relative intensities of the Pashen lines I(n — 3)/I{n — 2)

T. (K)
5000 10000 20000
n\ne (em™3) 102 10% 108 102 10t 108 102 10* 108

5 0.401 0.395 0.376 0.348 0.346 0.336 0.305 0.304 0.300
10 0.379 0.376 0.345 0.347 0.346 0.326 0.318 0.317 0.304
15 0.374 0.365 0.316 0.346 0.340 0.313 0.320 0.315 0.307
20 0.372 0.346 0.308 0.346 0.328 0.308 0.320 0.310 0.307
25 0.368 0.327 0.307 0.344 0.320 0.307 0.319 0.309 0.307
30 0.362 0.315 0.307 0.333 0.313 0.307 0.315 0.309 0.307
35 0.354 0.310 0.307 0.333 0.310 0.307 0.311 0.308 0.307
40 0.343 0.308 0.307 0.327 0.308 0.307 0.309 0.307 0.307

The level population of atoms and ions having low excitation potentials can
also be influenced by collisions with electrons or other particles. In this case to the
right-hand part of equation (70) and equation (71) must be added the term n;n.q:,
which takes into account the excitation processes from the ground state.

From equation (70) or equation (71) we can find the quantities ny /[n;(X*+*)n,]
and thereafter calculate the recombination line intensities

ij 0.6 nkAkthjk.

Owing to large numbers of quantum states and of corresponding equations for
nebulae the system of equations turns out to be a very bulky one (about 10000
states for planetary nebulae). The values of Ax; and a, needed are often not well
known. Therefore it is reasonable to simplify the problem considering a moderate
number of states (about 100) and to take the contribution of higher states into
account by means of correction coefficients (e.g. Nikitin et al,, 1986). Using the
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Table 27. Relative intensities of the He I lines (Te in K and n. in cm™3)
Te (K)
5000 >10 000 20000
A\ ne 102 10* 10? 10t 108 10° 10*

Triplet line intensities I(1)/I(4471) in the scale J(14471) = 100 (CaseA)

5876

302

301 276 276 273 258 258
4026 45.8 45.9 47.4 47.4 47.6 48.7 48.7
3820 25.1 25.1 26.4 26.4 26.5 27.4 27.4
4026 24.4 24.3 33.0 32.8 32.5 47.8 47.7
10830 398 396 442 442 441 502 501
3889 189 190 226 226 227 279 279
3187 74.8 74.7 91.6 91.7 92.0 116 116

Singlet line intensities 1())/I(4471) in the scale I(A4471) = 100 (Case B)

6678 86.7 86.7 79.1 79.1 78.0 73.1 73.1
4922 27.6 27.6 27.4 27.4 27.4 271 27.1
5016 51.2 51.2 58.8 58.8 59.0 68.9 68.9
6965 19.9 19.9 23.4 23.4 23.5 27.9 279

Menzel parameters b,, the level populations n,, can be expressed in the form
gnh3n n(X*1)
gt2(27mkT,)3/2
169nnen(X 1)
g+ (T.)3/2

b (Te)e!m/*Te

Nim

= 2.071x 10~ b (Te )l m ¥ T2 (72)

where g, is the statistical weight for the level m, g% is the statistical weight for the
ground state of ion X**!. The coefficients b,,, express the deviations of the level
population n,, of ion X* from its value at the local thermodynamical equilibrium,
and the quantity I, is the lonization potential for level m.

The system of statistical equilibrium equations for atoms and ions of H, He,
C, N and O has been solved by numerous authors, who have taken into account
the transition probabilities due to different processes populating and depopulating
the levels. Here we shall refer to the results of most complete computations. For
hydrogen levels the values of parameters B, = b,e°~ = b, exp(I,/kT.), which are
indispensable for calculation of E(Hp) and the intensity ratios of H I, He I and He II
recombination lines have been computed by Brocklehurst (1971, 1972) for different
values of n, and T, taking into account most important processes for population
and depopulation of the level. The results we reproduce in Tables 26-28. The
theoretical values of the recombination line intensities of He I and He II for the
Menzel B model may be taken from the paper by Hummer and Storey (1987).
These line intensities have been computed taking into account the collisions with
electrons for a wide range of values for n., T, and for the principal quantum number
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Table 28. Relative intensities of the He II lines I(n — n')/I(3 — 4) for
n=2,3,4and 5 on the scale I(14686) = 100 (T in K and ne in cm™3)

Te (K)
5000 10000 20000
A\ e 0 0 10% 108 0 10*
n=2
1640 560 625 660 681 714 745
1215 154 189 201 213 234 246
1085 66 84.1 904 98.1 106 113
1025 35.6 45.6 49.1 51.9 58.3 61.8
992 21.8 27.8 30.0 319 35.8 37.9
n=3
3204 35.5 39.8 40.3 42.5 43.8 45.2
2734 17.3 20.1 20.5 21.1 23.2 23.9
2512 10.0 12.0 12.2 12.7 14.0 14.4
2386 6.48 7.77 8.0 8.3 9.18 9.5
2307 4.46 5.38 5.6 5.8 6.39 6.6
n=4
10124 29.5 27.4 26.5 27.1 25.6 24.9
6560 13.1 13.4 13.7 13.6 13.5 13.7
5412 6.78 7.34 8.0 7.8 7.79 8.2
4859 4.52 4.69 5.1 4.9 5.08 5.3
4542 2.80 3.15 3.5 3.3 3.45 3.6
n=2_5
18500 10.8 9.55 9.43 8.9 8.56 8.4
11626 5.47 5.39 5.4 5.1 5.13 5.0
9345 3.20 3.31 3.4 3.2 3.27 3.2

n. The logarithms of total line intensities have been stored on microfiches in the
same journal as the main paper, where the effective collision strengths y(He II) for
quantum levels n = 1, 2, 3 have been tabulated also. Martin (1988) calculated the
H I recombination spectra in the case of extremely low temperature T, < 500 K.
Special interest in the theory of the recombination spectra presents the transitions
between hihgly excited states of atoms (Rydberg states) forming the radiolines.
A short review of the problem and numerous references have been presented by
Gulyaev (1990).

Ferland (1980) has approximated the radiation coefficient of the Hg line (in
erg cm® s71) with an error of less than 10% by the expression

2.53 x 10722770833 for T, < 2600 K,

Amj(Hp) = { 1.12 x 10~ 227120 for T, > 2600 K. (73)

Table 29 gives the relative intensities of recombination lines of some C, N and
O ions, computed by Nikitin and Kholtygin (1986), Bogdanovich et al. (1985b)
and Nikitin et al’ (1994) for Menzel A and B cases at T, = 10000 K and T, =
20000 K.
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Table 29. Relative intensities of the C, N, O ion recombination lines
Te (K)
10000 20 000
ITon A (A) A B A B
- CII 1760 4.1 4.2 4.4 4.4
2748 04 1.7 0.4 1.8
2838 2.5 2.5 2.7 2.7
3921* 0.2 0.9 0.2 1.0
4267* 1.0 1.0 1.0 1.0
5891 0.1 0.4 0.1 0.4
7236 0.2 1.2 0.2 1.3
C I 1256 2.11 1.12 2.02 1.13
1532 0.29 0.07 0.24 0.06
1620 1.23 1.54 1.04 1.44
1923 4.00 0.93 3.20 0.80
2010 1.73 0.81 1.64 0.86
2163 0.62 0.14 0.50 0.12
3609 0.09 0.12 0.08 0.11
3884 0.26 0.06 0.22 0.05
4056 0.11 0.02 0.09 0.02
4070* 0.85 0.19
4122 0.03 0.006 0.02 0.006
4156* 0.17 0.04 0.15 0.04
4187* 0.33 0.07 0.25 0.06
4516 0.12 0.04 0.12 0.06
4650* 1.00 1.00 1.00 1.00
5696 0.007 0.002 0.006 0.001
8196 0.19 0.04 0.14 0.04
8664 0.12 0.03 0.09 0.02
9713 0.002 0.47 0.002 0.45
11988 0.03 0.02 0.03 0.02
N III 3306 0.03 0.00 0.03 0.00
4003 7.3 0.05 7.1 0.05
4097* 17.2 0.40 20.0 0.44
4379* 9.1 0.05 10.0 0.06
4544 1.4 0.01 1.6 0.01
4616 0.3 0.002 0.2 0.001
4640* 1.0 1.0 1.0 1.0
. 4903 0.7 0.02 1.5 0.04
9412 1.0 0.03 2.0 0.05
NIV 1036* 3.7 1.16 3.2 1.04
2318* 0.41 0.12 0.34 0.10
2647* 0.72 0.22 0.60 0.17
3078* 0.20 0.06 0.16 0.05
3478* 1.0 1.0 1.0 1.0
4057 0.003 0.001 0.003 0.001
7115 0.001 0.42 0.001 0.36
oV 2787* 1.0 1.0 1.0 1.0
3114 0.002 0.000 . 0.002 0.000
5113 0.000 0.05 0.000 0.04
5343 0.000 0.38 0.000 0.33
7432 0.004 0.002 0.004 0.002

Note. *, This line is definitely present in the spectra of nebula; A, B, Menzel cases A and B.
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Table 31. The values of total and partial effective recombination coefficients

R _ eff diy : : ~14 3 —1
(o = ag;” + af}) in units of 10 cm?® s

T. = 10K T.=2x 10*K
ITon X (4) Case
aill off of ol afi of
cII 3921 B 21.2 21.2 13.1 13.1
4267 A,B 23.6 0.02 23.6 14.3 1.51 15.8
7231 B 28.3 28.3 18.7 18.7
C III 4070 AB 20.8 6.1 26.9 10.8 18.2 29.0
4156 AB 4.4 1.6 6.0 2.4 1.5 3.9
4187 AB 8.2 2.2 10.4 4.2 6.6 10.8
4650 AB 28,0 63.3 913 18.5 36.0 54.5
CcCiv 4658 AB 85.0 85.0 43.7 43.7
7726 AB 98.9 98.9 43.6 43.6
N II 4624 B 8.4 8.4 5.0 5.0
4795 B 4.8 4.8 2.6 2.6
5005 A.B 23.7 0.1 23.8 13.6 0.8 14.4
5679 AB 171 0.2 17.3 11.2 1.0 12.2
N III 4003 AB 2.3 1.3 3.6 1.5 0.7 2.2
4097 AB 42.7 2.0 447 30.6 1.7 32.3
4379 A,B 5.4 5.4 3.1 3.1
4640 B 107.0 100.2 207.2 70.0 109.3 179.3
NIV 3078 A 12.5 3.6 16.1 6.5 3.8 10.3
3478 A 70.8 47.1 1179 46.5 33.7 80.2
4606 A 101.5 3.3 104.8 44.6 13.4 58.0
7703 A 66.8 0.7 8675 27.8 5.7 33.5
O 11 4075 A 189 0.01 18.9 94 0.3 9.7
4089 A 8.4 8.4 3.8 3.8
4119 A 9.4 9.4 4.7 4.7
4349 AB 20.0 0.1 20.1 10.6 0.6 11.2
4649 AB 36.3 0.2 36.5 19.1 1.4 20.5
O II1 3133 B 13.9 13.9 7.4 7.4
3266 AB 63.4 356 99.0 33.9 30.1 64.0
3340 B 4.4 1.9 6.3 2.5 1.4 3.9
3430 B 8.7 8.7 4.6 4.6
3715 B 25.5 25.5 13.7 13.7
3760 AB 43.2 21.6 64.8 24.1 23.0 47.1
o1V 3412 B 21.3 65.1 86.4 11.6 49.4 61.0
4632 A,B 101.5 101.5 44.6 44.6
oV 4930 A,B 142.2 1.2 1434 61.5 8.4 69.9
5113 B 39.3 39.3 26.4 26.4

For many recombination lines the contribution of dielectronic recombination to
the total line intensity is important. Its contribution (Nussbaumer and Storey, 1984,
1986, 1987) at low electron temperatures has been represented by

ad(T,) = (% +b+ct+dt?) 3 exp (—f/t)10712 cm3 5L (74)

The numerical values of parameters a, b, ¢, d and f are given in Table 30 (see,
Appendix C). The value of total recombination coeficient includes the contribution
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of both the photorecombination and the dielectronic recombination:
oft = off +oik.

In Table 31 we have compiled the values of a¢ff,adl and of for main spectral
lines of ions of C, N and O, which have been taken from the paper by Nikitin et
al. (1994). Many values of offf for recombination lines of C, N and O ions were
calculated with a hydrogen-like approximation by Pequignot et al. (1991). Most of
the values given in this paper are close to those presented in Table 31.

The observed intensities of spectral lines in nebulae are usually expressed in duly
calibrated units of Balmer lines as shown above — usunally of Hg, but sometimes also
of Hy, H, or Hs.

The effect of electron collision processes on intensities of recombination lines of
H and He has been discussed by Ferland (1986a, b), Hummer and Storey (1987),
Peimbert and Torres-Peimbert (1987a,b), Clegg (1987), Giovanardi et al. (1987),
Storey and Hummer (1988). The effect of electron collisions on the recombination
lines is low.

5.2 Collision-Ezcited Lines

In the spectra of gaseous nebulae a large number of forbidden lines of atoms and ions
of C, N, O, F, Ne, Na, Mg, Al, Si, P, S, Ar, Ca, K and of some other elements have
been observed. These lines are generated due to transitions from the metastable
states of the corresponding ions X!. The lines of highest intensity belong to the
visible spectral region. During the last decade many forbidden spectral lines in the
ultraviolet and infrared spectral regions have been detected.

The term structure and the types of forbidden transitions for configurations
with the external shell p, p?, p3, p* and p® are shown in Figure 4. The values of
wavelengths are given for ions O I-O III. The ground term of configurations p!, p?,
p* and p® is split, the transitions between its levels give spectral lines observed in the
infrared spectral region. The transitions between two higher terms of configurations
p?, p® and p* are termed auroral (A), the transitions between the middle and the
lowest terms give nebular (N) lines and the transitions between the highest and
the lowest terms give the transauroral (TA) spectral lines. Thus, the transitions
D-P in configurations p? and p* give the nebular lines, but to transitions S-D and
S-P correspond the auroral and the transauroral spectral lines, respectively. In
configuration p3 the nebular lines correspond to transitions D-S, the auroral lines
to P-D transitions and the transauroral ones to P—S transitions.

The intercombination lines (I) form in dipole transitions between the levels of
different multiplicity (As # 0). They are observed mainly in the ultraviolet spectral
region. The list of the spectral lines, including the intercombinational ones observed
in the ultraviolet, visible and infrared spectral regions is given in Table 25. The
main mechanism of formation of the forbidden and intercombinational lines is col-
lision with protons and electrons. Collisions with the neutral atoms (atoms H and
others) are less effective. In most cases the contribution of recombination processes
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Figure 4 The term structure and the types of forbidden transitions for configurations with p,
p2, p°, p* and p° external shells.

to the intensities of forbidden and intercombinational spectral lines of nebulae is
negligible.

The energy, emitted in a forbidden or intercombinational line in nebulae is ex-
pressed by equation (69). In order to determine the level populations n; we must
solve the equations of statistical equilibrium

Zn,-neqj,- +Z71jAji = Znine‘h‘j +Z"iAijv (75)

J#i > J# i>j

where the quantities ¢;; are the coefficients of collisional excitation if ¢ < j and of
collisional deactivation if i > j. The quantities ¢;; can be expressed via the effective
collision strengths (see equation (43)).

To find the level populations of atoms and ions we need a large number of tran-
sition probabilities A;; and effective collision strengths ;;(7%). These values, which
are taken basically from a compilation (Mendoza, 1983), are given in Tables 16, 17
and 25.
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5.8 Selective Mechanisms of the Line Ezcitation

Recombination and collisional excitation are the main mechanisms preceding line
formation in the spectra of low-density plasma targets such as the gaseous nebulae
and stellar coronae. Besides that there are the selective line excitation mechanisms
which are responsible for enhancement of the intensity of the selective lines in the
spectra.

The most important selective mechanisms are:

(1) photoionization;

(2) excitation as a result of Auger ionization;

(3) photoexcitation by the continuous spectrum;

(4) excitation by the light emitted in the selective lines (Bowen fluorescence);
(5) excitation in charge transfer reactions.

These excitation mechanisms have been treated in detail by Rudzikas et al. (1990).

The first mentioned mechanism leads mainly to the enhancement of the reso-
nance or forbidden and intercombination line intensities in the spectra of gaseous
nebulae relative to the intensities determined by electron impacts {see, for exam-
ple, Ferland, 1986a, b). The photoionization mechanism appears to be effective for
relatively low electron temperatures (7, < 8 x 10 K).

The Auger ionization is accompanied by the formation of the autoionization
states. The radiative stabilization of such states results in generation of the excited
states of the high-stripped ions and of numerous lines due to the cascade transitions
from these states. :

Photoexcitation by continuous radiation (non-resonant fluorescence) has been
discussed by Nikitin et al. (1990). This kind of excitation can increase the intensity
of the weak recombination lines of C, N and O ions (see, e.g. Grandi, 1976). The
increase is commonly not high. On the contrary, the Bowen (resonance) fluorescence
(often treated as the laser action) enhances significantly the intensity of the selective
lines. The most famous example of Bowen fluorescence is the pumping of the
2p3d3P; , of O III by the He II L, photons (Aller, 1984; Harrington et al., 1982;
O’Dell and Miller, 1992; Liu and Danziger, 1994). Florescent excitation of the O I
and Ne II lines has been considered by Sarazin (1986).

The charge transfer process also leads to the additional population of the excited
levels. An example of such a process is the charge transfer

O1V + H—OIII (2p3d) + Ht.

The excited states D, 3P and D of ions O III are formed as a result of this
process (see, for example, Dalgarno and Sternberg, 1982).
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5.4 Plasma Diagnostics for n. and T,

In the first approximation the emission power of the plasma depends on the mean
values of electron temperature T, and on the mean electron number density 7i.. The
intensities of the emission lines excited by electron collisions are strongly sensitive
to the values of T and 7i.. The ratio of the intensities of such lines depends on T} -

and n,:
I(Agi)
I(Amn)

If the upper levels of transitions k — ¢ and m — n in equation (75) have a great
energy difference then the ratio R(7.,#.) depends mainly on T. (see, for example,
Figure 4). So, if 7, is approximately known, the mean electron temperature T, can
be found by using the function R(T%,7.) and the observed line intensity ratio.

In contrast, for lines with small energy difference for the upper levels (mostly
for lines of the same multiplet) the ratio of their intensities predominantly depends
on the value of i, (see Figure 4). Lines of such a type are often used for the mean
electron number density determinations.

Numerous references on the recent calculations of the collision line intensities
can be found in a book by Rudzikas et al. (1990) and in a review by Kholtygin
(1990).

In the general case the line ratios depend on both 7. and T.. For determination
of both the values, not less than two observed line ratios must be known. The
method of line pairs (see, for detail, Aller, 1984; Pottasch, 1984) can be used.

Different pairs of lines in the spectra of a nebula give slightly different values of
both 7, and T,. This difference gives evidence about the temperature and density
fluctuations (or clumps) in the nebulae. A method of diagnostics of the temper-
ature fluctuations following Peimbert (1967) has been proposed by Kholtygin and
Feklistova (1992a, b). A combined study of both the temperature and the electron
number density fluctuations has been carried out by Kholtygin (1996).

The recombination line intensities do not show significant dependence neither
on fi. on T, and thus they cannot be used for n, and T, diagnostics. Paschen lines
may be an exception to this rule. The intensities of these lines depend significantly
on the mean electron number density (see Table 26).

In the presence of a strong external X-ray radiation field the intensity of the
collisionally excited lines can be strongly distorted by the post-Auger ionization
and excitation (Aldrovandi and Gruenwald, 1985) and thus they cannot be used for
n. and T, diagnostics.

Rki;mn = = R(Teu ﬁ'e)- (76)

5.5 Chemical Abundance Determination

The total flux emitted by a nebula in a spectral line can be found if we know the
distance to the nebulae. The relative ion abundancies can be found from observed
recombination line intensities by

n(X%) _ MX) 0*(Hp) T0) _
n(B¥) ~ MHp) a*F(\) I(Hs)

Xy (77)
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n
Table 32. Fit parameter values to the function X (Te) = xo (Te / 10*)

Photorecom. Ph. and Di.-recom.
Ion 2 (4) Case
Xo n X0 n
CcII 3921 B 0.116 -0.23 0.116 -0.23
4267 AB 0.113 -0.19 0.113 -0.34
7231 B 0.160 -0.32 0.160 -0.32
C II1 4070 AB 0.122 0.03 0.095 -1.03
4156 AB 0.591 -0.04 - 0.433 -0.29
4187 AB 0.319 0.05 0.252 -0.97
4650 AB 0.104 -0.32 0.032 -0.17
c1Iv 4658 AB 0.034 0.04 0.034 0.04
7726 AB 0.049 0.26 0.049 0.26
N II 4624 B 0.344 -0.17 0.344 -0.17
4795 B 0.624 -0.03 0.624 -0.03
5005 AB 0.132 -0.12 0.132 -0.19
5679 AB 0.208 -0.31 0.205 -0.41
N III 4003 A 1.090 -0.30 0.695 —-0.21
4097 A 0.060 -0.44 0.057 —0.45
4379 A 0.507 -0.12 0.507 -0.12
4640 B 0.027 -0.30 0.014 -0.71
NIV 3078 A 0.154 0.03 0.120 -0.27
3478 A 0.031 -0.31 0.018 —0.36
4606 A 0.028 0.27 0.028 -0.06
7703 A 0.072 0.35 0.071 0.09
Ol 4075 A 0.135 0.09 0.135 0.05
4089 A 0.304 0.23 0.304 0.29
4119 A 0.274 0.08 0.274 0.08
4349 AB 0.136 0.00 0.135 -0.07
4649 AB 0.080 0.01 0.080 —-0.08
O II1 3133 B 0.141 -0.01 0.141 -0.01
3265 A,B 0.032 -0.01 0.021 —0.29
3340 B 0.475 -0.10 0.332 -0.23
3430 B 0.247 0.00 0.247 0.00
3715 B 0.091 -0.02 0.091 -0.02
3760 AB 0.054 -0.08 0.036 —0.46
(oA 3412 B 0.100 -0.04 0.025 ~0.41
4632 AB 0.028 0.27 0.029 0.27
oV 4930 AB 0.022 0.29 0.022 0.12
5113 B 0.081 -0.34 0.081 -0.34

This formula follows from equation (69) if we make use of averaged effective recom-
bination coefficients.

Using the effective recombination coefficients found by Brocklehurst (1971, 1972)
for He I and He II lines we can write the following formula for finding the relative
lon number densities

n(He II)

I(AHel)
n(H 1) -

= (a,- + bt + Citz)
I(Hp)
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Table 33. Parameters x, Ay and d connecting the ultraviolet line intensities
with the relative abundance of the ions
Ion A (4) Transition x{(J,J) T.K A d
c 11 2329 2522p°P — 252p2%4P 5.33 10000  2.57-7 2.69
C 111} 1906 25215 — 252p3P° 6.50 10000  1.112-7  3.276
1909
cIv 1548 25251 73 — 2p°P1 /2,32 8.00 13000 2.04-8 4.032
1550
N II1] 1747 25%2p2P — 252p2%'P 7.08 10000  2.99-7 3.568
1754
N 1V) 1487 25215, — 252p%P0 8.34 15000 1.064-7  4.203
NV 1239 2525 — 2p2P° 10.0 15000  2.17-8 5.04
1243
oy 1661 2522p23P — 252p355, 7.45 10000  7.29-7 3.75
1666
O 1V] 1403 2s22p2P° - 252p2P 8.82 15000  3.88-7 4.45
1409
oV] 1218 25218 — 252p3P0 10.18 15000 1.056-7 5.13
oVl 1032 2528 — 2p2pP° 11.97 15000 2.41-8 6.03
1038
Mg Il 2800 3525 — 3p?P° 4.43 10000  1.98-8 2.22
Si IT1 1892 3518 — 353p°P° 6.55 10000  2.04-8 3.301
Si VI 1391 355 - 3p?P° 8.86 15000 9.62-9 4.465
( (3.98 + 0.33¢ — 0.01¢?)I(A4026He I)/1(Hp),
(98.3 — 58.0t — 14.0t%)I(A4120He I)/I(Hp),
(276 +2.13t - 0.068t2)I(/\4123He I)/1(Hp),
(14.8 4 1.8t — 0.16¢%)I(\4388He I)/I(Hg),
(274 — 153t — 36.7t2)1(A4437He 1) /1(Hp),
= (1.73 + 0.37t — 0.06¢2)I(A4471He I)/1(Hp),
(6.36 — 1.54t — 0.23t2)I(A4921He I)/I(Hg),
(0.493 + 0.305¢ — 0.059t%)I(A\5876He I}/1(Hp),
(5.64 + 2.13t — 0.35¢2)I(A6678He I)/1(Hp),
(31.3 — 18.0t + 4.38t2)I(A7065He I)/1(Hp),
(148 — 93.4t + 23.4¢2)I(A\7281He 1) /1(Hp),
and (He 1I1)
n [+]

where ¢ = T, /10* K (Osmer, 1976).

The coefficient X (T,) in equation (77) for many ion species can be expressed by

The numerical values of the fitting parameters x¢ and 7 for the C, N and O 1on
spectral lines are given in Table 32. They were derived based on the effective

X(Te) = xo(t)"-

recombination coefficients, given in Table 31.
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The relative ion abundances derived from observed intensities of the collision
excited lines strongly depend on an accepted value of electron temperature of a
nebulae, especially for UV lines.

In a monograph by Aller (1984) the expressions connecting the relative abun-
dances of ions with corresponding ratios of ultraviolet line intensities are given:

N(XP)

e IV
A0 1/2,—dft
NI = AxniEy ot /%™ —tn (79)

I(Hg)’

where the coefficient Eg’z for ine Hy has for the Menzel B case the following form
E ;= o(Hp)10%° = 1.387t7 %92 x 10700924/t erg e ™1, (80)

The required values of A,; and d are given in Table 33.

5.6 Continuous Spectra of Nebulae

Gaseous nebulae emit a weak continuous spectrum, which is observed in the ultravi-
olet, visible, infrared and radio wave regions. The continuous spectrum of a nebula
has been caused by the free-free, free-bound and two-quantum transitions 2s — 1s
of H, He atoms and of the ion He't.

Computations of the two-quantum transitions were first carried out by Kipper
(1950, 1952) and by Spitzer and Greenstein (1951). In the far-infrared spectral
region the main contribution to the total continuum emission is provided by the
emission of dust and by the H I free—free transitions.

The energy emitted by gas in the unit volume is

E,dv = N(X'**')n,vydy, (81)
where the emission coefficient
N(He II) N(He III)
=+v(H]1 2q,H1 He ) ———= He II) ———~
v=7(HI)+7(2q, HI) + y(He )N(HH) + y(He )N(HH) , (82)

In this expression 7, (X*) is the emission coefficient due to free—free and free-bound
electron transitions in H I, He I or He II, the quantity y(2¢,H I) is the two-photon
emission coeflicient of H atoms. The values of these coefficients are given in Table 34.

The values of y(2¢,He I) can be found in the monograph by Pottasch (1984).
Two-photon transitions from singlet and triplet metastable states of He-like ions
have been studied in the paper by Drake et al. (1969), where the corresponding

values of 7(2¢, X*) are given. Owing to relatively low helium abundance in nebulae
the processes, however, can be neglected.

6 DELIVERY OF THE CATALOGUE AND ADDITIONAL INFORMATION

The electronic copy of the catalogue will be available by anonymous ftp via ftp-
server urania.aispbu.spb.su in the directory /fusr/afk/CatAda. The data included
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Table 34. Coeflicients of emission in continuum (in units of
107%0 erg cm® s~1 Hz ™) (equation (82))

Te = 5000 K
A(d) wxi107M VH Y24 VHeI YH II
1000.0 29,9790 0.000 0.000 0.000
1200.0 24.9830 0.000 0.000 0.017
1300.0 23.0610 0.000 9.122 0.106
1400.0 21.4140 0.000 13.391 0.509
1500.0 19.9860 0.001 14.974 1.988
1600.0 18.7370 0.003 15.411 0.228 6.539
1800.0 16.6550 0.023 14.951 0.925 47.489
2051.0 14.6170 0.159 13.711 3.510 329.556
2053.0 14.6030 0.161 13.700 3.549 0.340
2200.0 13.6270 0.408 12.921 6.283 0.863
2400.1 12.4910 1.199 11.892 12.104 2.548
2599.4 11.5330 2.970 10.970 19.442 6.343
2600.8 11.5270 2.987 10.964 5.048 6.379
2725.4 11.0000 4.917 10.442 12.553 10.531
2855.2 10.5000 7.884 9.912 19.675 16.937
29979 10.0000 12.633 9.382 26.796 27.229
31214 9.6044 18.334 - 8.956 32.430 39.633
3122.0 9.6026 18.365 8.954 27.667 39.700
3331.0 9.0000 32.354 8.301 53.754 70.282
3421.4 8.7623 40.435 8.044 64.044 88.022
3422.0 8.7607 40.496 8.042 7.223 88.155
3527.0 8.5000 51.698 7.757 9.832 112.818
3642.0 8.2315 66.459 7.460 12.519 145.422
3648.0 8.2180 0.327 7.445 12.654 5.320
3679.2 8.1483 0.349 7.368 13.352 5.685
3679.9 8.1467 0.350 7.367 0.406 5.694
4000.0 7.4948 0.649 6.646 0.759 10.576
4282.8 7.0000 1.038 6.091 1.363 16.912
4499.9 6.6622 1.429 5.710 1.775 23.292
4996.5 6.0000 2.670 4.967 4.278 43.577
5096.0 5.8829 2.982 4.838 4.721 48.673
5450.8 5.5000 4.277 4.415 6.169 69.850
5695.8 5.2634 5.342 4.153 7.063 87.285
5700.0 5.2595 5.361 4.149 7.096 14.175
5995.9 5.0000 6.839 3.862 9.411 18.124
6633.8 4.5192 10.723 3.356 13.699 28.556
6635.8 4.5178 10.736 3.355 12.413 28.594
6999.9 4.2828 13.366 3.110 15.378 35.693
7438.7 4.0302 16.901 2.846 18.565 45.284
7441.1 4.0289 16.921 2.845 18.036 45.339
7848.0 3.8200 20.532 2.627 20.926 55.182
7850.4 3.8188 20.555 2.626 14.142 55.244
8193.3 3.6590 23.821 2.463 16.043 64.187
8196.2 3.6577 23.850 2.462 8.038 64.266
8196.7 3.6575 23.854 2.462 8.040 64.278
8198.5 3.6567 23.872 2.461 5.516 64.326
8207.0 3.6529 23.956 2.457 5.534 64.556
8209.0 3.6520 3.418 2.456 5.538 21.786

8265.4 3.6271 3.499 2.433 5.655 22.305
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Table 34. Continued
Te = 5000 K
X (4) vx 10714 Yo Y2q YHeI YH IT
8268.1 3.6259 3.503 2.432 3.400 22.330
8499.9 3.5270 3.845 2.338 3.846 24.517
9000.1 3.3310 4.624 2.152 4.729 29.498
9500.0 3.1557 5.450 1.986 5.519 34.796
10000.1 2.9979 6.319 1.836 6.230 40.364
T.= 10000 K
A (4) vx 1071 YH Y2q VYHe I VH IT
1000.0 29.9790 0.001 0.000 0.046 0.082
1200.0 24.9830 0.009 0.000 0.079 0.880
1300.0 23.0610 0.023 5.611 0.126 2.196
1400.0 21.4140 0.051 8.236 0.210 4.800
1500.0 19.9860 0.100 9.210 0.400 9.448
1600.0 18.7370 0.181 9.478 0.869 17.069
1800.0 16.6550 0.486 9.196 1.650 45.649
2051.0 14.6170 1.272 8.433 3.895 119.142
2053.0 14.6030 1.280 8.426 3.926 2.996
2200.0 13.6270 2.026 7.947 6.087 4.760
2400.1 12.4910 3.453 7.314 9.014 8.150
2599.4 11.5330 5.404 6.747 11.861 12.817
2600.8 11.5270 5.419 6.743 7.156 12.853
2725.4 11.0000 6.928 6.423 9.976 16.480
2855.2 10.5000 8.740 6.096 12.651 20.857
2997.9 10.0000 11.020 5.770 15.326 26.387
31214 9.6044 13.231 5.508 17.443 31.775
3122.0 9.6026 13.242 5.507 15.873 31.802
3331.0 9.0000 17.477 5.106 20.976 42.181
34214 8.7623 19.490 4.947 22.989 47.142
3422.0 8.7607 19.505 4.946 4.321 47.177
3527.0 8.5000 21.976 - 4.771 4.902 53.289
3642.0 8.2315 24.841 4.588 5.501 60.400
3648.0 8.2180 1.387 4.579 5.532 10.742
3679.2 8.1483 1.434 4.532 5.687 11.102
3679.9 8.1467 1.435 4.531 1.450 11.110
4000.0 7.4948 1.950 4.088 2.070 15.107
4282.8 7.0000 2.461 3.746 2.807 19.067
4499.9 6.6622 2.883 3.512 3.310 22.344
4996.5 6.0000 3.929 3.055 4.943 30.465
5096.0 5.8829 4.150 2.975 5.231 32.177
5450.8 5.5000 4,959 2.715 6.176 38.463
5695.8 5.2634 5.534 2.554 6.795 42.934
5700.0 5.2595 5.544 2.552 6.771 17.101
5995.9 5.0000 6.252 2.375 7.583 19.321
6633.8 4.5192 7.801 2.064 9.086 24.210
6635.8 4.5178 7.806 2.063 8.661 24.226
6999.9 4.2828 8.693 1.913 9.391 27.042
7438.7 4.0302 9.754 1.751 10.176 30.426
7441.1 4.0289 9.760 1.750 10.000 30.445
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Table 34. Continued
Te= 15000 K
A (4) v x 10714 YH Y2q YHe I YH II
7848.0 3.8200 10.729 1.616 10.607 33.555
7850.4 3.8188 10.735 1.615 8.081 33.574
8193.3 3.6590 11.537 1.515 8.497 36.161
8196.2 3.6577 11.544 1.514 5.880 36.183
8196.7 3.6575 11.545 1.514 5.880 36.186
8198.5 3.6567 11.549 1.514 5.041 36.200
8207.0 3.6529 11.569 1.511 5.048 36.263
8209.0 3.6520 4.317 1.511 5.050 21.162
8265.4 3.6271 4.368 1.496 5.098 21.411
8268.1 3.6259 4.371 1.496 4.360 21.423
8499.9 3.5270 4.578 1.438 4.596 22.443
9000.1 3.3310 5.020 1.324 5.065 24.609
9500.0 3.1557 5.449 1.221 5.483 26.718
10000.1 2.9979 5.867 1.129 5.860 28.766
Te = 15000 K
2 (4) v x 1071 TH Y2q¢  YHel  YHII
1000.0 29.9790 0.016 0.000 0.212 0.546
1200.0 24.9830 0.080 0.000 0.366 2.655
1300.0 23.0610 0.147 4.212 0.488 4.869
1400.0 21.4140 0.248 6.182 0.690 8.181
1500.0 19.9860 0.389 6.913 0.990 12.817
1600.0 18.7370 0.576 7.115 1.509 18.966
1800.0 16.6550 1.107 6.903 2.375 36.369
2051.0 14.6170 2.093 6.330 4.281 68.548
2053.0 14.6030 2.102 6.325 4.304 5.382
2200.0 13.6270 2.848 5.965 5.891 7.317
2400.1 12.4910 4.049 5.490 7.702 10.454
2599.4 11.5330 5.441 5.065 9.195 14.112
2600.8 11.5270 5.451 5.062 6.608 14.139
27254 11.0000 6.408 4.821 8.038 16.670
2855.2 10.5000 7.467 4.576 9.395 19.484
2997.9 10.0000 8.695 4.331 10.753 22.766
31214 9.6044 9.804 4,135 11.826 25.743
3122.0 9.6026 9.809 4.134 10.961 25.757
3331.0 9.0000 11.766 3.833 13.048 31.045
3421.4 8.7623 12.636 3.714 13.870 33.411
3422.0 8.7607 12.642 3.713 3.645 33.428
3527.0 8.5000 13.667 3.581 3.957 36.227
3642.0 .8.2315 14.805 3.444 4.279 39.350
3648.0 8.2180 2.028 3.437 4.295 12.304
3679.2 8.1483 2.073 3.402 4.376 12.575
3679.9 8.1467 2.074 3.401 2.052 12.582
4000.0 7.4948 2.544 3.068 2.620 15.430
4282.8 7.0000 2.969 2.812 3.217 18.007
4499.9 6.6622 3.298 2.636 3.625 20.005
4996.5 6.0000 4.052 2.293 4.706 24.571
5096.0 5.8829 4.202 2.233 4.898 25.478
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Table 34. Continued
T.=15000K
A (4) v x 1071 vH Yoq YHelI  YHII
5450.8 5.5000 4.730 2.038 5.523 28.676
5695.8 5.2634 5.088 1.917 5.909 30.842
5700.0 5.2595 5.094 1.915 5.916 16.784
5995.9 5.0000 5.517 1.783 6.355 18.206
6633.8 4.5192 6.390 1.550 7.168 21.159
6635.8 4.5178 6.393 1.549 6.935 21.169
6999.9 4.2828 6.867 1.436 7.291 22.778
7438.7 4.0302 7.412 1.314 7.673 24.641
7441.1 4.0289 7.415 1.313 7.575 24.651
7848.0 3.8200 7.896 1.213 7.854 26.302
7850.4 3.8188 7.899 1.212 6.435 26.312
8193.3 3.6590 8.285 1.137 6.644 27.648
8196.2 3.6577 8.289 1.137 5.205 27.659
8196.7 3.6575 8.289 1.137 5.205 27.660
8198.5 3.6567 8.291 1.136 4.740 27.667
8207.0 3.6529 8.301 1.134 4.746 27.700
8209.0 3.6520 4.355 1.134 4.747 19.483
8265.4 3.6271 4.389 1.123 4.783 19.637
B8268.1 3.6259 4.391 1.123 4.380 19.644
8499.9 3.5270 4.531 1.079 4.534 20.267
9000.1 3.3310 4.821 0.994 4.838 21.560
9500.0 3.1557 5.097 0.917 5.110 22.784
10000.1 2.9979 5.358 0.848 5.355 23.945
T. = 20000 K

A (4) v x 10714 YH Y2q  YHel  YHII
1000.0 29.9790 0.067 0.000 0.378 - 1.299
1200.0 24.9830 0.218 0.000 0.653 4.236
1300.0 23.0610 0.344 3.383 0.860 6.664
1400.0 21.4140 0.507 4.966 1.170 9.817
1500.0 19.9860 0.710 5.552 1.580 13.724
1600.0 18.7370 0.952 5.714 2.150 18.382
1800.0 16.6550 1.551 5.544 3.100 29.860
2051.0 14.6170 2.494 5.084 4.667 47.852
2053.0 14.6030 2.502 5.080 4.682 6.845
2200.0 13.6270 3.137 4.791 5.695 8.612
2400.1 12.4910 4.077 4.410 6.769 11.243
2599.4 11.5330 5.078 4.068 7.577 14.068
2600.8 11.5270 5.085 4.066 5.915 14.087
2725.4 11.0000 5.734 3.872 6.760 15.931
2855.2 10.5000 6.424 3.675 7.562 17.898
2997.9 10.0000 7.192 3.479 8.363 20.102
3121.4 9.6044 7.861 3.321 8.998 22.032
3122.0 9.6026 7.864 3.320 8.441 22.041
3331.0 9.0000 8.997 3.078 9.529 25.334
3421.4 8.7623 9.484 2.983 9.958 26.760
3422.0 8.7607 9.487 2.982 3.370 26.769
3527.0 8.5000 10.050 2.876 3.583 28.423

183



184 V. V. GOLOVATY] et al.

Table 34. Continued

Te = 20000 K
A (4) v x 10714 YH V2q  VHel YH II
3642.0 8.2315 10.661 2.766 3.801 30.229
3648.0 8.2180 2.359 2.761 3.812 12.658
3679.2 8.1483 2.398 2.732 3.869 12.867
3679.9 8.1467 2.399 2.732 2.370 12.871
4000.0 7.4948 2.797 2.464 2.350 14.998
4282.8 7.0000 3.141 2.258 3.331 16.838
4499.9 6.6622 3.400 2.117 3.660 18.219
4996.5 6.0000 3.969 1.842 4.436 21.253
5096.0 5.8829 4.079 1.794 4.573 21.838
5450.8 5.5000 4.459 1.637 5.022 23.861
5695.8 5.2634 4.711 1.540 5.300 25.200
5700.0 5.2595 4.715 1.538 5.304 16.070
5995.9 5.0000 5.007 1.432 5.586 17.086
6633.8 4.5192 5.594 1.245 6.109 19.137
6635.8 4.5178 5.596 1.244 5.960 19.144
6999.9 4.2828 5.906 1.153 6.176 20.233
7438.7 4.0302 6.257 1.055 6.409 21.471
7441.1 4.0289 6.258 1.055 6.350 21.477
7848.0 3.8200 6.563 0.974 6.519 22.557
7850.4 3.8188 6.565 0.974 5.590 22.563
8193.3 3.6590 6.807 0.913 5.729 23.425
8196.2 3.6577 6.809 0.913 4.810 23.432
8196.7 3.6575 6.809 0.913 4.810 23.433
8198.5 3.6567 6.810 0.913 4.500 23.437
8207.0 3.6529 6.816 0.911 4.505 23.458
8209.0 3.6520 4.254 0.911 4.506 18.123
8265.4 3.6271 4.280 0.902 4.539 18.231
8268.1 3.6259 4.281 0.902 4.270 18.237
8499.9 3.5270 4.385 0.867 4.382 18.675
9000.1 3.3310 4.599 0.798 4.604 19.576
9500.0 3.1557 4.800 0.736 4.802 20.418
10000.1 2.9979 4.988 0.681 4.980 21.209

in the Catalogue will be updated and completed at least twice a year. Any user is
invited to contact A. F. Kholtygin to get additional information or with any other
problems via e-mail afk@aispbu.spb.su. We greatly appreciate any comments
and information about recent review papers, catalogues or atomic data bases not
referred to in the catalogue.
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Appendiz A ATOMIC DATA REFERENCES

This appendix contains the bibliographic reference list arranged for atomic processes
and the elements. It is a greatly extended and updated version of the bibliographic
list presented by K. Butler (1993). We have paid special attention to review papers
and recent catalogues. References to papers issued since 1991 are presented in more
detail. The limited space in the catalogue does not allow for the presentation of
data for all elements of the periodic system and their ions, so we have restricted our
consideration mostly to the elements found in gaseous nebulae plasma conditions;
these are the elements up to Fe and their ions up to the Xth ionization stage. We
also exclude from consideration the processes with keV and MeV energies. Even
this extreme limitation of the atoms and ions considered did not allow us to review
all atomic data papers in the field. The authors beg the reader’s pardon for omitting
some important references which may have been excluded arbitrary.

In future we plan to place this list (extended and updated) on our Home Pages
to be accessible via the WWW.

A.1 FEnergy Levels and Wavelengths

Review Wiese, W. L. (1991) J. de Phys. 1 (Coll. 1 Suppl. JP II, 3), 287.

Review Martin, W. C. (1992) In Lecture Notes in Physics, Zeippen C. J. and Le Dourneuf M.
(eds.).

Forb. lines, ns?np® Be—Mo ions Kaufman, V. and Sugar, J., (1986) J. Phys. Chem. Ref.
Date 15, 321.

Li seq (8 <Z< 92) Zhang, H. L., Sampson, D. H., and Fontes, C. J. (1990) At. Dat. Nucl. Date
Tables 44, 31.

C I-IV Jannitti, E., Nikolosi, P., and Tondello, G. (1990) Phys. Scr. 41, 458.

C I Yamamoto, S. and Saito, S. (1991, Astrophys. J. 370, L103.

N I-IV Rieger, G., Bukow, H. H., and Vilkas, M. (1994) J. Phys. B. 27, 2123.

N IV Laughlin, C. (1990) Phys. Scr. 42, 551.

N V Laughlin, C. (1990) Z. Phys. D 186, 9.

O II Pettersson, S. G. and Wenaker, I. (1990) Phys. Scr. 42, 187.

O II Wenaker, I. (1990) Phys. Scr. 42, 667.

O II Martin, W. C., Kaufman, V., and Musgrove, A. (1993) J. Phys. Chem. Ref. Data 22, 1179.

Na ions Martin, W. C. and Zalubas, R. (1981) J. Phys. Chem. Ref. Data 10, 153.

Na seq (Z= 22,92) Sampson, D. H., Zhang, H. L., and Fontes, C. J. (1990) At. Dat. Nucl. Data
Tables 44, 209.

Na seq (C] VII, Ar VIII) Kuplyauskene, A. V. and Zhukauskas, G., (1991) Opt. i Spectr. 67,
15.

Mg ions Martin, W. C. and Zalubas, R. (1980) J. Phys. Chem. Ref. Date 9, 1

Ng seq Levashov, V. E. (1991) Opt. i Specir. T1, 732.

Mg ions Kaufman, V. and Martin, W. C. (1991) J. Phys. Chem. Ref. Data 20, 83.

Mg I Clark, R. E. H., Czanak, G., and Abdallah, Jr., J. (1991) Phys. Rev. A 44, 2874.

Al ions Martin, W. C. and Zalubas, R. (1979) J. Phys. Chem. Ref. Data 8, 817.

Al ions Chang, E.S. (1990) J. Phys. Chem. Ref. Data 19, 118.

Al I Buurman, E. P, Koning, O. J., and Donszelmann, A. (1990) J. Phys. B. 23, 2673.

Al seq (Z= 14,19) Hjorth-Jensen, M. and Aashamar, K. (1990) Phys. Scr. 42, 309.

Al ions Kaufman, V. and Martin, W. C. (1991) J. Phys. Chem. Ref. Data 20, 775.

Si ions Martin, W. C. and Zalubas, R. (1983) J. Phys. Chem. Ref. Data 12, 323.

Si I Dembczynski, J. and Stachowska, E. (1991) Phys. Scr. 43, 248 .

P ions Martin, W. C., Zalubas, R., and Musgrove, A. (1985) J. Phys. Chem. Ref. Data 14, 751.
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S ions Martin, W. C., Zalubas, R., and Musgrove, A. (1990) J. Phys. Chem. Ref. Data 19, 821.

S ions Martin, W. C., Zalubas, R., and Musgrove, A. (1991) J. Phys. Chem. Ref. Data 20, 205.

S I-S XVI Kaufman, V. and Martin, W. C. (1993) J. Phys. Chem. Ref. Data 22, 279.

Cl III-VI Raaseen, A. J. J., Snoek, L. C., Volten, H., Uylings, P. H. M., Meijjer, F. G., and
Joshi, Y. N. (1992) Astron. Astrophys. Suppl. Ser. 95, 223.

Ar III-V Raaseen, A. J. J., Snoek, L. C., Volten, H., Uylings, P. H. M., Meijer, F. G., and
Joshi, Y. N. (1992) Astron. Astrophys. Suppl. Ser. 95, 223.

K~-Ni Sugar, J. and Corliss, C. (1985) J. Phys. Chem. Ref. Data 14 (Suppl. 2).

V VI-V XXIII Shirai, T., Nakagaki, T., Sugar, J., and Wiese, W. L. (1992) J. Phys. Chem.
Ref. Data 21, 273.

Cr V—Cr XXIV Shirai, T., Nakai, Y., Nakagaki, T., Sugar, J., and Wiese, W. L. (1993) J. Phys.
Chem. Ref. Data 22, 1279.

Fe I-Fe XXVI Corliss, C. and Sugar, J. (1982) J. Phys. Chem. Ref. Date 11, 135.

Fe I-Fe VI Huang, K. N. (1990) Rep. Inst. At. Mol. Sci., Acad. Sinice, Dept. of Phys., Taiwan.

Fe I O'Brian, T. R., Wickliffe, M. E., Lawler, J. E., Whaling, W., and Brault, J. W. (1991) J.
Opt. Soc. Am. B 8, 2028.

Fe VII-Fe XXVI Shitai, T., Funatake, Y., Mori, K., Sugar, J., and Wiese, W.L. (1990) J. Phys.
Chem. Ref. Data 19, 127.

Co VIII-Co XXVII Shirai, T., Mengoni, A., Nakai, Y., Sugar, J., Wiese, W.L., Mori, K., and
Sakai, H. (1992) J. Phys. Chem. Ref. Data 21, 23.

Cu I-Cu XXIX Sugar, J. and Musgrove, A. (1990) J. Phys. Chem. Ref. Data 19, 527.

Cu X-Cu XXIX Shirai, T., Nakagaki, T., Nakai, Y., Sugar, J., Ishii, K., and Mori, K. (1991)
J. Phys. Chem. Ref. Data 20, 1.

Ge I-Ge XXXII Sugar, J. and Musgrove, A. (1993) J. Phys. Chem. Ref. Data 22, 1213.

Kr I-Kr XXXVI Sugar, J. and Musgrove, A. (1991) J. Phys. Chem. Ref. Data 20, 859.

Mo I-Mo XLII Sugar, J. and Musgrove, A. (1988) J. Phys. Chem. Ref. Data 17, 135.

Mo VI-Mo XLII Shirai, T., Nakai, Y., Ozano, K., Ishii, K., Sugar, J., and Mori, K. (1987) J.
Phys. Chem. Ref. Data 16, 327.

A< 2000A, H-Kr Kelly, R. L. (1987) J. Phys. Chem. Ref. Data 16 (Suppl 1).

2> 912A, All Elements Morton, D. C. (1991) Astrophys. J. Suppl. Ser. 77, 119.

A> 2284, All Elements Verner, D. A., Barthel, P. D., Tytler, D. (1994) Astrophys. J. Suppl.
Ser. 108, 287.

A.2 Transition Probabilities

Bibliography Biémont, E. and Zeippen, C. L. (1991) In J. de Phys. Zeippen, C. J. and Le
Dourneuf, M.(eds.) 1 (Coll. 1 Suppl. JP II, 3}, 209.

Review Wiese, W. L. (1991) In J. de Phys. Zeippen, C. J. and Le Dourneuf, M.(eds.) 1 (Coll.
1 Suppl. JP II, 3), 287.

Review Wiese, W. L. (1991, In Reports on Astron. Tras. TAU, McNally, D. (ed.), Holland,
Dordrecht, Kluwer Rep. 21A, 111.

Review Martin, W. C. (1992) In Lecture Notes in Physics.

M1-Tables Kaufman, V. and Sugar, J. (1986) J. Phys. Chem. Ref. Data 20, 321.

Critical evaluation Mendoza, C. (1983) In JAU Symp. No. 103, Flower, D. R. (ed.}), p. 143 .

Critical evaluation Martin, W. C., Fuhr, J. R., and Wiese, W. L. (1988) J. Phys. Chem. Ref.
Data 16 (Suppl. 3).

Critical evaluation Fuhr, J. R., Martin, W. C., and Wiese, W. L. (1988) J. Phys. Chem. Ref.
Data 17 (Suppl. 4). )

Critical evaluation Fuhr, J. R. and Wiese, W. L. (1990) In CRC Handbook of Chemistry and
Physics, 71st edn, Lide D. R. (ed.).

Critical evaluation Morton, D. C. (1991) Astrophys. J. Suppl. Ser. 77, 119.

Compilation: H-Bi Verner, D. A., Barthel, P. D., and Tytler, D. (1994) Astron. Astrophys.
Suppl. Ser. 108, 287 .

Forbidden lines Biémont, E., Hansen, J. E., Quinet, P., and Zeippen, C. J. (1995) Astron.
Astrophys. Suppl. Ser. 111, 333.



ATOMIC DATA FOR LOW-DENSITY ASTROPHYSICAL PLASMA 191

H ions Storey, P. J. and Hummer, D. G. (1991) Comput. Phys. Commun. 66, 129.

H Omidvar, K. and Guimaraes, T. P. (1990) Astrophys. J. Suppl. Ser. 73, 555.

H Malik, G. P., Malik, U., and Varma, V. S. (1991) Astrophys. J. 371, 418.

He I Kono A. and Hottori S.) Phys. Rev. A 29, 2981.

He I Theodosiou C. E. (1987) At. Dat. Nucl. Data Tables 36, 97.

Li seq (< 8Z< 92) Zhang, H. L., Sampson, D. H., and Fontes, C. J. (1990) At. Dat. Nucl. Data
Tables 44, 31.

Be seq Trabert, E. (1990) Phys. Scr. 41, 675.

Be seq Tully, J. A., Seaton, M. J., and Berrington, K. A. (1990) J. Phys. B. 23, 3811.

Be seq Eissner, W. B. and Tully, J. (1992) Astron. Astrophys. 253, 625.

Be seq (Z= 4,16) Chou, H.-S., Chi, H.-C., and Huang, K.-N. (1994) Chin. J. Phys. 32, 261.

Be seq (Z= 11, 14) Granzow, J., Heckmann, P. H., and Traebert, E. (1994) Phys. Scr. 49, 148.
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Appendiz B ATOMIC CATALOGUE AND DATA BASES

Many of the atomic data required can be extracted from data bases and catalogues
of atomic data. The best known of these are reviewed in this appendix. Special
attention is drawn to the AMDIS atomic data base and VALD atomic data base.
Moreover, there are many collections of atomic data, not included in the regu-
lar journals. These include laboratory and agency reports, workshop proceedings,
newsletters, etc. which can be referred to as miscellaneous atomic data sources.
They are also refered to by Smith (1992) as a grey literature. Such sources are also
shortly reviewed.

B.1 Catalogues of Atomic Date and Bibliographical Sources

For half a century, the main source for atomic data was the USA National Insti-
tute of Standards and Technology (NIST) formerly named the National Bureau of
Standards (NBS). The best known editions of NIST (NBS) are the Charlotte Moore
level and multiplet tables cited by Johansson and Cowley (1988), Martin (1992) and
Wiese (1992a, b).

Current NIST atomic data are collected at two data centers. The first is the
Atomic Energy Levels Center directed by W. C. Martin. They prepare atomic data
bibliographical files including critically evaluated and compiled data on atomic en-
ergy levels and wavelengths, ionization potentials and related values. The NIST data
centers on Atomic Transition Probabilities and Line Shapes headed by W. L. Wiese
compile and critically evaluate data on transition probabilities and radiative life-
times and the shape parameters of their lines. Access to the NIST atomic data base
where these files can be found is described in the next section.

Some recent contributions from the NIST data centers are published in J. Phys.
Chem. Ref Data reviewed by Martin(1992) and Wiese (1992a, b).

Commission 14 (Atomic and Molecular Data) of the International Astronomical
Union (IAU) compile the triénnial reports including references to spectroscopic data
in the following fields: Atomic Spectra and Wavelength Standard, Transition Proba-
bilities, Collision Processes, Line Broadening, Molecular structure and Spectra (see,
e.g. Sahal-Brechot, 1991).

May of calculations of atomic data have been performed in Vilnius, most of which
are cited in Rudzikas et al. (1990) (see, also, review by Rudzikas and Bogdanovich,
1994).

B.2 Atomic Data Bases

Until recently, and even now, most of the atomic data used by astronomers, physi-
cists and astrophysicists have been taken from printed sources. Now, some of the
atomic data used by astronomers and physicists have become available electroni-
cally. There are a large number of atomic data bases which can be extracted using
FTP (file transfer protocol) or which can be reached with URL (uniform resource
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Table B1. Atomic data bases
Name Location Country Type of Data
ADA.: Atomic Data for University USA MSCD
Astrophysics of Kentucky
ADRAL: Atomic Data for Reso- Herzberg Institute Canada WL, TP, OS,
nance Absorption lines of Astrophysics damping cons-
tants
ATOM PHTI: Atomic Photoio- St.Petersburg Phys. Russia PHI
nization Data base Tech. Institute
ATOM VNIFTRI: Atomic Data  Inst. Phys. Tech. Radio Russia MSCD
Data base Measurements, Mendele-
evo
BIBL: Spectral Bibliography Institute of Russia  Bibl: MSCD
Data base Spectroscopy, Troitsk
CCP7: CCP7 Data Library University UK EL, WL
of St.Andrews
CDS Centre de Données Astro- France MSCD
nomiques de Strasbourg
CfAD: Harvard-Smithsonian Cen- Harvard USA EL, OS, TP, WL
ter for Astrophysics Data bases
DASGAL: Bibliography Data base Observatory France Bibl: LS, SH
on Atomic Line Shapes and Shifts of Paris—Meudon
GAPHYOR: GAPHYOR Data Centre de Données, France Bibl: MSCD
Centre Orsay
JAEA AMDIS: IAEA Atomic and Int. Atomic Austria ElEx, Ellon, CT,
Molecular Data Information System Energy Agency, Vienna HP, Bibl
LLNL EPAS: Elastic-Photon- Lawrence Livermore USA SF
ATOM Scattering Data base National Laboratory
NIFS: Data base National Institute for Japan  ElEx, Ellon, CT,
Fusion Science HP
NIST ASD: Atomic NASA Astrophys. USA EL, OS, TP, WL
Spectroscopy Data base Data System
NIST ATPBD: Atomic Transition NASA Astrophys. USA Bibl: OS, TP
Probability Bibliographic Data base Data System
TOPbase: Opacity Centre de Données Astro- France EL, OS, TP,
Project Data base nomiques de Strasbourg PHI, WL
CFADC: ORNL Controlled Fusion Oak Ridge National USA Bibl: MSCD
Atomic Data Center Data bases Laboratory
SAM: Systematic, Accurate, Multi- NASA USA EL,O08,TP,HfS
conf. Calculations Project Data
UUD: Uppsala University Uppsala Sweden OS, SF, WL
Data bases University
VALD: Vienna Atomic Institute fiir Austria EL, OS, TP

Line Data base

Astronomie, Vienna

Note.

Bibl: AAA, bibliography for data marked 44 A; CT, Charge transfer; EL, energy levels;

ElEx, electron impact excitation; Ellon, electron impact ionization; HP, heavy particles interaction;
Hfs , hyperfine structure parameters; LSSH, line shapes and line shifts; MSCD, miscellaneous
spectroscopic and collision data; OS, Oscillator strengths; PHI, photoionization cross sections; SF,
scattering factors; TP, transition probabilities; WL, wavelengths.

locator). Others, for example, TOPBASE, the atomic data base of the Opacity
project, require registration and/or use of a specialized data base management

system.
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Table B2. Access to atomic data bases
Name Contact Access
ADA D. Verner wwWw:  hitp://www.pa.uky.edu/Gerner/atom.himl
ADRAL D. C. Morton www: hitp://www.dao.nrc.ca/dcm/atomic.data.
html
ATOM VNIFTRI A. Faenov e-mail: faenov@glas.apc.org
BIBL A. N. Ryabtsev www: hitp://plasma-gate.weizmann.ac.il/bibl.html
CCP7 C. S. Jeffery ftp: ftp://ccp?.st-and.ac.uk/cep?/
CDS - www: hitp://cdsweb.u-strasbg.fr/cats/VI.html
www: http://cdsweb.u-strasbg.fr/cats/J. himl
DASGAL A. Lesage www: htip://www.obspm.fr/department/dasgal/
lesage/
CfAD P. L. Smith www: http://cfa-www.harvard.edu/amp/data/

amdata.himl
e-mail: plsmith@cfa.harvard.edu
GAPHYOR J. L. Delcroix  www: htip://gaphyor.lpgp.u-psud.fr/
e-mail: gaphyor@lpgp.u-psud.fr
TAEA AMDIS R. K. Janev telnet: aladdin@.ripcrs0l.iaca.or.at
e-mail: psm@.ripcrsOl.iaea.or.at

LLNL EPAS L. Kyssel www: htip://www-phys.llnl.gov/V_Div/scattering/
elastic.himl
NIFS H. Tawara telnet: msp.nifs.ac.jp*
e-mail: tawara@dptawara.nifs.ac.jp
NIST ASD D. Kelleher www: http://aeldata.phy.nist.gov/
nist_atomic_spectra.html
A. Musgrove e-mail: ael@enh.nist.gov
NIST ATPBD P.J. Mohr www: http://physics.nist.gov/PhysRefData/fvalbib/
reffrm0.ktmli
J. Fuhr e-mail: fuhr@tiber.nist.gov
TOPbase: C. Mendoza www: hitp://cdsarc.u-strasbg. fr/OP.html
telnet: cdsarc.u-strasb.fr
(userid: topbase, password Seaton+ )
CFADC D. R. Schultz  www: hitp://www-cfadc.phy.ornl.gov/
SAM T. Brage www: hitp://aniara.gsfc.nesa.gov/sam/sam.html
UUD - www: http://zray.vu.se/
ftp: grace.lbl.gov/pub/sf/
zrayl.physics.sunysb.edu/pub/henke/
VALD F. Kupka e-mail: vald@galileo.ast.univie.ac.ut
Note. *, There is no anonymous access to the NIFS data base so to have an userid with a

password one should send a request to the Research Information Center, NIFS, Nagoya 464-01,
Japan.

To aid readers, most of the existing data bases are listed in Table B1. This table
is compiled mainly from papers by Ralchenko (1996), Smith et. al. (1996) and
a compilation by Nave (1994). A permanently updated hypertext list of atomic
data and data bases on the Internet can be found at the URL hitp://plasma-
gate.weizmann.ac.i/DBfAPP.html. Table B2 describes how the above-mention data
bases can be accessed. Below we also present detail descriptions of some of the
atomic data bases mentioned.
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B.2.1 VALD: The Vienna atomic line data base

The Vienna Atomic Line Data Base (VALD) consists of a set of critically evaluated
lists of astrophysically important atomic transition parameters and supporting ex-
traction software. Lines of neutral atoms and selected first ions of elements from
H to U are included in the data base. VALD contains about 600 000 entries and is
one of the largest collections of accurate and homogeneous data. It also includes
specific tools for extracting data for spectrum synthesis and model atmosphere cal-
culations. The data base is presently restricted to spectral lines which are relevant
for stars for which the LTE approximation is sufficient and molecular lines do not
have to be taken into account. The structure of VALD, the available data sets and
specific retrieval tools are described in a paper by Piskunov et al. (1995). The
e-mail interface (VALD-EMS) allows remote access to VALD by external users.

The first step is to register on the list of VALD clients, which contains inter-
net e-mail addresses from where VALD-EMS requests will be accepted. To do
so, send an e-mail message to the VALD manager at the following address: VAL-
DADM@GALILEO.AST.UNIVE.AC.AT with your full name and your e-mail ad-
dress. The detail descriptions of the typical VALD-EMS requests can also be found
in a paper Piskunov et al. (1995)

B.2.2 Atomic and molecular data information system

AMDIS, the Atomic and Molecular Data Information System, which currently con-
tains atomic and molecular collision and particle-surface interaction data is located
at the International Atomic Energy Agency (JAEA), Vienna, Austria. The AMDIS
consists of the following data bases:

ALADDIN (format and interface program) — recommended and evaluated data;

AMBDS - Atomic and Molecular Bibliographical Data Retrieval System con-
taining over 35 000 references on atomic, molecular and plasma-material interaction
data of interest to fusion;

AMBB - Electronic Bulletin Board with Atomic and Molecular related news.

ALADDIN, A Labelled Atomic Data Interface, 1s the system adopted by the
IAEA for exchange of data since 1988 (Hulse, 1990). The system is available on-
line on the INTERNET. The IP address is: ripcrsOl.iaea.or.at (161.5.74.1). To
access it, telnet to this address and login using: user id: eladdin , password: al-
addin. Non-registered users may work with userid guest but may not save the
search results into a file. In order to become a registered user one can send an
e-mail to psm@ripcrs0!.iaea.or.at. ALLADIN is also available as a set of FOR-
TRANT7 codes and data files which can be downloaded from anonymous FTP-site
at fip://ripcrs01.iaea.or.al. Any comments and/or suggestions are very welcome.

B.8 Miscellaneous Atomic Data Sources

This part of the work is based mainly on the review of Smith (1992). Much useful
information can also be extracted from the review by Mendoza (1986).
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B.3.1 Laboratory, agency and sociely reports

The international Atomic Energy Agency (IAEA) in Vienna publish the Interne-
tional Bulletin on Atomic and Molecular Data for Fusion. The bulletin presents a
comprehensive compilation of references to papers on atomic {and molecular) struc-
ture, spectra and collisions (many of these references are included in Appendix A).
There were quarterly issues of the Bulletin until 1988, semi-annual ones until No. 41
in 1990, and a hiatus ended with the publication of Nos. 42-45. The most recent
issue that the authors have seen is No. 49 (June 1995). The editor of the Bulletin
is J. Botero, who can be reached by e-mail RNDS@IAEA1.BITNET.

Japan institute for Plasma Physics (it is now the National Institute for Fusion
Science) produced more then a hundred compilations of atomic data for fusion
research in the IPPJ-AM series (1977-1988) and the issue has been continued with
the NIFS-DATA series. The current editor of these series is Hiro Tawara, who can be
contacted via e-mail TAWARA@NIFS.AC.JP. Some of the IPPJ and NIFS reports
have also been published in J. Phys. Chem. Ref. Data. Atomic data compilations
produced by the Japan Atomic Energy Institute (JAERI) mostly are published in
J. Phys. Chem. Ref Data too. The current editor is T. Shiral contactable via
e-mail J8328@JPNJAERI.

The GAYPHOR, (Gas-PHYsics-ORsay) data base at the Centre de Données,
Orsay, France maintains bibliographical data which include references to properties
of neutral and ionized atoms (and molecules) and to parameters for electron and
proton collision processes. The quests for experts reports can also be sent by e-mail
to gaphyor@lpgp.u-psud.fr but this service is not free of charge.

B.3.2 Neuwsletters and proceedings from symposia and workshops

Collaborative Computational Project No. 7 (CCPT) supported by the Science and
Engineering Research Council (SERC) of the UK produces the Newsletter on Analy-
sis of Astronomical Spectra, which includes data or other information useful in mod-
elling stellar spectra. Issue No. 17 contains a review of plasma diagnostic methods
using line intensity ratios, a useful summary of thé most reliable atomic data, a bibli-
ography of the Opacity Project and a review of Stark broadening data. The current
editor is C. S. Jeffery, who can be contacted by e-mail CJS@ST-AND.AC.UK.

Collaborative Computational Project No. 2 (CCP2) on the Continuum States of
Atoms and Molecules and on Applications to Solar Physics and Astrophysics pub-
lishes the Information Quarterly for Atomic Processses and Applications. Current
editors are W. Eissner from Queen’s University in Belfast (e-mail AMG0400@VAX1.
APP-MATHS.QUEENS-BELFAST.AC.UK (capital letters are mandatory) and
C. J. Noble from Daresbury Laboratory , e-mail CJN@CXA.DL.AC. UK.

CCP2 and other agencies have sponsored international workshops on atomic
data for fusion and astrophysics. They are partly described in a report on recom-
mended data {Aggarwal et al., 1985) and have been stored in the Queen’s Univer-
sity/Daresbury Laboratory Atomic Data Bank directed by K. A. Berrington (e-mail
AMGO016@VAX1.APP-MATHS.QUEENS-BELFAST.AC.UK
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A lot of useful information can be extracted from the proceedings of meetings on
Atomic Spectra and Oscillator Strengths for Astrophysical and Laboratory plasmas;
the last and fifth in a series was held in Meudon, France, August 28-31, 1995
(Tchang-Brillet et al., 1996).
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Appendiz C
Table 25. The list of lines observed in the spectra of gaseous nebulae
A (/i) Ion Transition A (s™h) Ez. M. Ref
919.78 Ar Il 3p°2Py;, #3p%28;y,  1.39848 C Mo1
932.05 ArlIl 3p° 2Py —3p®281y,  6.71947 C Mo1
933.38 S VI 3528,/ -3p 2Py, 1.690+49 C M9l
972.11 Hell 2-8 3.55046 R R8O
972.54 HI-L. 15 25,72 ~4p 2Py 6.818+4-7 R Mo1
977.03 CII 25215, -2p 1P 1.77549 C,Au M9l
989.79 N III 2p 2Pyyp -2p%2Dyy,  3.63048 C M9o1
991.51 N III 2p 2Py —2p22D5yy 433248 C M91
992.36 Hell 2-7 7.0304-6 R R80
998.43  Ar VI 3p 2Py ~3p2 Py C
1000.16  Ar VI 3p 2P, - 3p2 4Py C
1012.67 Ar VI 3p 2Py —3p% 4Py C
1020 Ne VI 2p 2P3yp - 2074 Py C
1022.6 Ar VI 3p 2Py ~3p2 4Py, C
1025.27 HeII — 1.560+7 R R8O
1025.72 HI-Lg 15281, -3p 2Py 1.67248 R M91
1031.91 O VI 25281/ -2p 2P3py 4.163+8 C,Au M1
1037.02 CII 2p 2Pyyy - 20228, o 1.52649 C Mo1
103761 O VI 25251, -2p 2Py 4.095+8 C,Au M91
1072.99 S IV 3p 2Py, —-3p2%Dsy,  1.37748 C Mo1
1084.58 NI 2p23P, —2p%3D, 2.62948 C Mol
1084.94 HeII 2-5 4.050+7 R R80
1085.70 NI 2p2 3P, - 2p33D; 3.494+8 C M91
1175.71 CIII 2037 -2p2%P, C,D
1176.37 CIII 2p 3P, —2p2% P, C,D,Au
1194.50 Sill 3p 2Py, —3p2 2Py,  2.91449 C Mo1
1198.6 SV 35215, -3p %Py 1.64045 C Mo1
1201.97 SIII 3p23P, —3p33D; 6.098+7 C M91
1206.51  Si III 35215, -3p 1 2.5504-9 C M9l
121509 HelI 2-4 1.350+8 R R80
1215.17 He II 2-4 1.3504-8 R R80
1215.67 HI-L, 15281, —2p 2Py 6.265+8 R Mo1
1218.3¢ 0O V] 25218, -2p 3P, 2.2104-3 C,Au M9l
123882 NV 25281/, —2p 2Py, 3.41148 C,Au M9o1
1242.80 NV 2528/, -2p 2Py 3.378+48 C,Au Ma1
1247.38 CIII 2p 1P - 29215, 1.860+4-9 c,D R8O
1256.52 CIII 3538, —4p 3P, 1.04048 C,D NS84
1259.52 S 1I 3p* %53, - 3p* * Py, 4.55347 C M91
1264.74  Sill 3p 2Py, ~3d 2Dj )y 2.51249 C Mo1
1302.17 OI 2pt3P, -35 38, 3.204+8 C M91
1304.37  Sill 3p 2Py —3p%2%51), 5.776+8 C M91
1304.86 OI 2pt3P -353%%,; 1.91148 C Mo1
1306.03 OI 2pt 3Py, -35 35, 6.352+7 C Mo1
1309.28  Sill 3p 2Psy2 - 3p2 28y, 1.14249 C M91
1335.71 CII 2p 2Py -2p%°2Dg,  2.864+48 C,D M91
1343.51 OIV 2p%2Pyyp - 2p° 2 Dgyy  2.64048 C RS0
1371.29 OV 2p 1P, —2p% 1Dy 3.480+8 C.D Kh81
1393.78  SilV 352815, -3p 2Py 8.82548 C M91
1397.20 OlV] 2p 2Py jp - 2p* 4Py 5.81541 C Mo1
1399.77  OlV] 2p 2Pyjp -2p%*Pyyy 2.07543 C Mo1
1401.16  OIV] 2p 2Py —2p2 Py 1.46643 C M1
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Table 25. Continued

X (4) Ion Transition A (™Y Ez. M. Ref
1402.77 SilV 35281/, -3p %Py 8.656+8 C Mol
1404.81 O 1V] 2p 2Py —2p% %P3y, 441442 C Msi
1407.39 O 1V] 2p %P3y - 2% *Pyyp 212043 C M9l
1483.3 N 1V] 25215y ~2p %P, 1.150-2 C Ms3
1486.50 N IV] 25215, -2p 3P, 5.773+2 (o] Mo1
1503.7 [Na IV) 204 3P, - 2p% 15, 1.050-2 C M83
1529.1 [Na IV] 2pt 3P - 2pt 1S, 0.71041 C M83
1548.20 C1IV 25281/, —2p 2Py 2.654+8 C Mol
1550.77 C1V 25 28179 - 2p 2Py g 2.64148 C Mo1
1574.9 [Ne V] 2p23P -2p2 15, 0.421+1 C Ms3
1592.7 [Ne V] 2p23P, - 292 1S, 6.690-3 C Ms83
1608.8 [Ne IV} 2p*%S3.2 - 20° %P3y 012741 C Ms3
1609.0 [Ne 1V] 2p° 48370 —2p% 2Py s 5.210-1 C M83
1620.05 C III 3p 3P, —4d 3D, 8.520+8 R.D NS84
1640.33 He II 2-3 7.0604-8 R R80
1640.47 Hell 2-3 7.060+8 R R80
1640.49 HelI 2-3 7.060+8 R R80
1641.3 o1 2p*1Dy —3535; C
1661.17 O III} 2p23P; —2p% 58S, 2.369+42 C,Au M1
1666.52 O III) 2p23P;, -2p%58, 5.84542 C,Au Mo1
1711.30  Sill 3p22Dg 3 -5f 2Fypp R
171855 N1V 2p 1P, -2p% 1D, 2.5404-8 C,D Kh81
1746.82 N III] 2p 2Py o -2p%%Pyy; 895040 C Mol
1748.61 N III] 2p 2Py —2p° %Py, 339042 C Mo1
1749.67 N III] 2p 2Py, —2p°* Py 2.51042 C Mo91
1751.22 N IIJ} 2p P33 ~2p* %P3y 5.900+41 C Mo1
1753.99 N IIJ) 2p 2Py -2 4Py, 3.64042 C Mo1
1760.40 CII 2p*2Dyyy -3p 2Py 3.50047 R B85
1793.8 [Ne 11T} 23R, —2p% 15, 3.940-3 C Ms83
1808.01  Sill 3p 2Py, —3p*2Dyy; 563946 C Mo1
1814.7 [Ne I11] 20t 3P - 2p% 1S, 2.00040 C Ms3
1816.93 Sill 3p 2Py —3p22Dgy,  6.668+6 C Mo1
1817.45 Sill 3p 2Py, ~3p% 2Dy 111046 (o] Mo1
1854.72 Al III 35 28,72 -3p 2Py 5.43248 C Mo1
1862.79 Al III 352812 -3p 2Py o 5.36148 C Mo1
1867.4 [F1V] 207 3Py -2p% 15, C
1875.5 [F 1V) 2p23P —2p215, 1.10040 C Ge68
1883 Si 111} 35218, -3p 3P, 1.200-2 C Ms3
1889.3 [F 1V] 2p2 3P, -2p% 15, 2.300-3 C G68
1892.03  Si II1] 35215, -3p 3P 1.670+4 C Mol
1906.68 C III] 25218, - 2p 3P, 5.190-3 C,Au,Ph  MS83
1908.73 C IIIj 25218, -2p 3P, 7.520+1 C,Au,Ph M9l
192293 CIII 3p3D3 -4f 3F, 7.7204-8 R,D NS84
1939.6 [F 1L 2p% 48y, - 2% *Pyy 0.2604-0 C G68
1939.6 [F 11 2p® 4S5y, -2p% 4Py, 0.100+0 C G68
2009.57 CIII 3p3P, -4s35; 6.860+4-8 R NS84
2010.09 C1II 3p3P -453%85, 6.860+-8 R NS84
2112.0 [Ca VII] 3p23Pp, -3p2 15, 3.40041 C G68
2139.01 NI 2p23 P —2p%58, 5.700+41 C Mot
222561 [F 1] 2pt3p, —2pt 1S, 1.600-3 C Gé8
2226.0 [Ca VIT} 3p2 3P, —3p? 15, 0.2504-0 C G68
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Table 25. Continued

2 (4) Ion Transition A(s7Yy EzM Ref
224261 [F II] 2pt 3P ~2p4 15, 0.490+0 C G68
2252.69  He II-P, 3-10 8.250+5 R R80
2280.0 [Ca V] 3pt 3P, —3ptls, 0.145+0 C Ms3
2296.87 CIII 2p 1P, -2p2 1D, 1.490+48 C.D Kh81
2306.19  Hell-P. 3-9 1.43046 R R80
2321.08 [O II]] 2p23P, ~2p2%15, 0.2234-0 C Ms83
2325.40 CII} 2p %Py - 2% 4Pgy,  4.320+1 C Mol
2328.12 CII] 2p 2Py y ~2p° 4Py 6.550+1 C Mo1
2331.55 {O III) 2p23P, -2p215, 7.850—-4 C M83
2334.40 SiII] 3p 2P, -3p* 4Py 4.55043 C Mol
2334.61  Sill] 3p 2P3y —3p* * P52 2.400+4-3 C M9l
2350.17  SilJ 3p 2Py, -3p% Py,  3.000+3 C Mo1
2366.8 [K VI 3p23P; - 3p21S, 1.600+1 C G68
2385.40 He II-P; - 3-8 2.640+6 R R80
2399.2 Fe 11 458Dy - 2% Fy )y 1.366+8 C M91
2412.4 [Ca V] 3pt 3P -3ptls, 2.310+1 C Ms83
2416.5 [Mg V] 2pt 1D, —2pt 15, 4.23040 C M83
2421.8 [Ne IV} 2p® 483, -2p32D5y,  5.540-3  C,Au M83
2436.2 Fe 11 a*Gyy 2 - v Hiypo C
2438.6 [Ne 1V} 2483/, - 2p°2Dsyy  4.840-4 o] M83
2441.6 Mg VII] 2p2 1D, - 2p2 3P, 1.600-4 C KL80
2444.5 Fe II b Py sy —v* Dy C
2458.8 Fe 11 at*Goyz —v*Hypn c
2465.2 Fe II b4 P —v*Dypn o]
2470.32 [0 1) 2p3 4S5, -20° %Py 0.232-1 C M83
247041 [0 1) 20% %8342 - 20° 2Py 0.564—1 C MS83
2471.7 [K VI 3p23P, -3p2 18, 0.1404-0 C G68
2479.2 Fe II ¢?Dg g ~w? D3y C
2481.0 Fe II b2Hyyyz —v*Hirpo C
2482.3 Fe 11 D33 ~w? D3y C
2484.2 Fe 11 b2Hyyyp —y* Hyzpz C
2492.3 Fe II b*Hg s ~y* Hyyyo C
2494.5 K V] 3p3 %S5, -3p® 2Py, 5.1904-0 o] M83
2506.4 Fe II A Fyp - 24 Gyyy o
2506.8 Fe II AFr -y Fypy o]
2508.3 Fe II APy —~wtGey C
2511.20 He II-P,, 3-7 5.3704+6 R R80
2512.0 Mg VII] 2p%3P —2p%21D, 1.0504-0 C KL80
2514.5 [K V] 3p% %53, -3p* 2Py, 2.14040 C Ms3
2519.4 Fe 11 b2Pyyy -zt Py C
2548.2 Fe II b Fs 0 — y® Py C
2562.5 Fe II a*Dyjy—z* Py pp C
2582.6 Fe 11 a*Dyyp -z Pyyy o]
2585.9 Fe IT a®Dyyp - 28Dy 8.04647 C Mo91
2591.5 Fe 1I a* Dy, -zt Py o C
2593.5 [K 1V] 3pt3P, - 3pt 1S, 0.817-1 C Mm83
2593.60  Ne III 3558, -3p %P, R
2595.68  Ne 111 35°85,-3p %P R
2598.4 Fe II a8Dz sy - 2°Dspy 1.307+8 C M91
2599.4 Fe 11 a6D9/2 —ab Dyya C
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Table 25. Continued

X (4) Ton Transition A (7YY  EzM Ref
2604.0 Fe II 02F7/2 - U2G7/2 C
2605.0 Fe II A Fyn —v2Gypo C
2606.5 Fe II ¥*Ds s — 2Dy y C
2607.1 Fe II a8Dg 5 - 25Dy, 1.658+8 C M91
2611.9 Fe II a8D7yp —25Dq)p 1.089+8 C M91
2613.8 Fe II a®Dypp - 25Dy p2 1.988+4-8 C Mo91
2617.6 Fe II a8Dy 5 — 28 D5 o 4.3644-7 C Mo1
2620.4 Fe 11 a®Dyjp - 22 D3y 3.590+6 C Mol
2625.6 Fe 11 a8D7)3 — 25Dy 3.3534-7 C Mo1
2628.3 Fe II a8Dyyp ~ 25 D3 )p 8.560+7 C Magi
2631.0 Fe II a®Djyy - 25Dgy 7.682+47 C Msoi
2631.3 Fe II a®Dsgjy — 25 Dqyp 6.0324-7 C M91
2663.27 Hel 2538, -11p3Fy_;  3.19045 R T87
2669.16 Al Il 35215, -3p 3P, 3.330+3 C M91
2690.82  [Ar V] 3p23P; -3p215, 6.550+0 o] KL80
2696.12 Hel 2535, -9p3Py_z 5.790+5 R T87
2709.4 Fe I1 atDyyy -2 Fypn C
2711.2 K 1V} W 3pt3P -3ptlS, 1.00041 C Ms3
2711.8 Fe II a*Griy2 - 22 Iy C
2712.4 Fe II G4G9/2 —22I11/2 C
2714.4 Fe II a4D7/2 -zt Ds o C
2716.7 Fe II d4D7/2 —'24F7/2 C
2723.19 Hel 2538 ~8p3Py_» 8.170+5 R T87
2724.9 Fe II a*Dgyp ~ 24 Fypa C
2727.5 Fe 1I a*Dyyy ~ 28 Dy yp C
2730.7 Fe II a4D3/2 - 24F3/2 C
2732.4 Fe II atFyy —2°Dyyy o]
2733.30 He II-Pg 3-6 1.2504-7 R R80
2739.5 Fe IT a*Dyyy -2 Deyy C
2741.7 Fe II 22 Fyy ~ €2 Fy o C
2743.2 Fe 11 atDyyy - 2*F3yp C
2746.5 Fe II a*Dyyy - 2*Fyypp C
2747.0 Fe II a*Dgjp - 2* D5y C
2749.2 Fe 11 a*Dyyy — 24Dy C
27493 FB II d4D5/2 —Z4F7/2 C
2749.5 Fe II a*Dyjy ~2*Dyyg C
2754.9 Fe II 28 Frpa~ 56D5/2 C
2755.1 Fe II 25Fpp ~e®Dy g C
2755.7 Fe II atDyyy - 22 Fyy,y C
2763.80 Hel 2535, - 7p3Pa_s 1.2004-6 R T87
2767.5 Fe II b2 Hyyyp — 2% hapy C
2767.5 Fe 1I 25Fy75 ~e5Dq )0 C
2768.9 Fe 11 atDyyy - 24 Dy C
2771.2 Fe 11 ¥2Goy2 —v* Hyay2 C
2776.9 Fe 11 28 Fy 3 —e5Dq )y C
2783.2 [Mg V] 2p* 3P - 2p 1Dy 1.8504-0 C Ms3
2785.2 Fe 11 25Fy1732 - €%Dy g C
2785.76  [Ar V] 3p23P, —3p215, 0.569~1 C KL80
2790.6 Fe 11 b2Gyyp ~ v Hg o C
2790.78 Mg II 3p 2Py -3d 2Dy, C,R
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Table 25. Continued

X (4) Ton Transition A (s7Y) Ez.M.  Ref
2795.53 Mg II 352514, -3p 2Py 2.61248 C Mo1
279799 MglII 3p 2Py ~3d2Ds C,R
2802.70 MgllI 3525,/0 -3p Py 2.5924-8 C M91
2803.3 [Na IV] 241D, —2p% 18, 3.460+40 C Ms3
2818.68 O III 3p3D;~-3d%P; 6.980+5 B,R Es84
2829.08 Hel 2538 -6p 3Py 1.8604+6 R T87
2836.3¢ O Il 3p3D3-3d 3P, 8.71046 B,R E84
2839.5 Fe II z4 F9/2 - C4D7/2 C
2845.5 Fe I1 24Dy —e* D3y C
2848.1 Fe II 24 D5p —€* Dy ;o C
2848.3 Fe 11 A Fyp—e*Dypa o]
2851.7 Fe 11 24F3/2 —e*Dl/z C
285368 [ArIV]  3p3%S;;, -3p° 2Py, 2.1104-0 C M83
2856.4 Fe 11 2 Ps sy —€Dyyp C
2856.9 Fe II 22 D7y —€*Dyjp o]
2865.5 Fe II Z4 F3/2 -64D3/2 C
2868.18  [ArIV]  3p%S;,, -3p®2Py;,  0.862+0 C Ms3
2886.2 Fe II b2 Hy1 2 — 22 Goya C
2888.1 Fe II b2Pypy -y Psyy C
2916.2 Fe II a*Dyyy - 28 Fppp C
2922.0 Fe II b4D7/2 - I4G9/2 C
2926.6 Fe II a4D7/2 - ZGF9/2 C
2928.7 [Mg V] 23 P, —2pt1D, 0.54140 C Ms83
2930.0 [F 111} 2p® %S5y, ~2p°% D3y 1.300-3 o] Ge8
2933.1 [F 117] 2p%%83)0 - 2p°2 D5y, 1.300-4 C G68
2944.1 Fe II a*Pyy— 24Py C
2945.11 Hel 2538, -5p3Py_2 3.080+6 R T87
2945.3 Fe 11 a*Dsyp - 28Fypp C
2953.8 Fe II a*Dyyp - 2°Fypn C
2958.36 [0 ]} 2pt3P, - 2pt 15, 2.880~4 C M83
2964.6 Fe 11 a*Pij - 24Py C
2965.0 Fe I1 alPyy - 24Py C
2970.5 Fe 11 a*Ds;y -2 Fyp C
297229 [0 1] 203 P -2pt 15, 0.732-1 o] M83
2972.56 N III 3p' 2Py —3d' 2Py 6.310+7 R,D NS84
2973.4 [Ne V] 2p2 1D,y - 2p% 15, 2.8504+0 C M83
2978.83 N III 3p'2Pyyp —3d' 2Py, 3.600+7 R,D NS84
2979.1 Fe I1 b2 Fy 3 — 22 Hgp C
2979.3 Fe II a'Dyy, - 2F3 0 C
2984.8 Fe I1 a*Pgyp - 2* Psyy C
3002.7 Fe IT et Pyyp —2* Py yn C
3005.22  [Ar I} 3pt3P - 3pt1S, 0.417-1 C Ms3
302345 O III 3s3P, —3p 3P, 5.10047 B,R E84
3024.57 O 111 353P;-3p 3P, 6.560+7  B,R E84
304713 O II 3s3P, -3p 3P, 1.61048 B.R E84
3059.30 O III 3s3P,-3p 3P 9.650+7 B,R E84
3062.83 [N II] 2p23 P - 2p%18S, 0.338-1 o] Ms83
3070.55 [N II] 2p23P, —2p215, 1.510-4 C Ms83
3109.16  [Ar III} 3pt3P -3ptlSy 3.91040 C M83
311861 [Cl11V] 3p?3 P - 3p215, 2.47040 C KL80
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Table 25. Continued

X (4) Ion Transition A (s71) Ez.M. Ref
312171  OIIl 3p 35, -3d3%p 1.2404-8 B,R E84
3132.86 O III 3p 385, -3d 3P, 1.360+8 B,R E84
3183.1 Fe II a*Pyyp - 2* Py yp C
3187.74 Hel 2538, -4p 3Py,  5.420+6 R T87
3196.1 Fe II atPyy — 24 Fyyy C
3203.10 Hell-P, 3-5 3.5204+7 R R80
3203.60 [Cl1IV] 3p?3P, -3p215, 0.262-1 C KL80
3241.67 [NalV] 204 3P —2p 1Dy 0.61040 C Ms83
3260.98 O III 3p3D, —3d3F3 2.04048 R,D E84
3265.43 O III 3p3D3-3d 3F, 2.240+8 R,D E84
329936 O III 35 3P, -3p 35, 2.090+7 B,R E84
3300.0 [Ne V] 2p2 %Py ~2p% 1D, 2.370-5 C Ms3
3306.63 N III 4p2 P53y, ~5d %Dy y 7.980+7 R NS84
3312.30 Ol 3s%P -3p35; 5.780+7 B,R,D,Ch Es84
3319.00 [Fe III] a®Dy-a3D; C
3334.84 [Fe III] asD; ~a 3D, C
3334.84 Nell 3s*Ps;, -3p*Dyyy R
3340.74 O III 3s%P, -3p35; 7.97047 B,R,D,Ch E84
3340.81 [Fe III) a®D;-a3D; C
3342.55  [Ne IIJ] 2p* 1D, - 2p* 1S, 2.71040 C Ma83
3342.85 [CLII] 3p%%83/2 -3p° 2Py, 0.75440 C Ms3
3345.86 [Ne V) 2p23P, —2p% 1D, 0.13140 C Ms83
3349.12 O 1V 352Pyy; —3p2 D5y 1.33048 R NS84
3350.68 O III 3s'5P, -3p' %P R,D
335099 O III 35'°P; -3p' 5Py R,D
335321 [ClII]) 3p® %83, -3p°2Py;,  0.305+0 C M83
3355.05 Nell 3s*Py;, —3p*Ds ),y 1.300+8 R R80
3355.05  [Fe III) asDy -a3D; C
3362.20 [NalV] 2pt 3P, - 2p* 1Dy 0.186+0 C Ms3
3381.24 O1IV 35 Py - 3p* Py R
3382.69 O III 3p' 3P, -3d'5Dj3 R,D
3385.50 O 1IV 3s*P;p -3ptDyyy R
3396.67 O1IV 354 Py, —3p* Dy, R
340354 O1V 3p2P ;- 3d%Dy s 8.060+7 R NS84
3404.82 Nell 3p2Ds/, ~3d2Ds )y 1.900+8 R R80
3405.74 O III 3p3P, -3d 3P, 2.0704+7 B,R E84
340738 Ol 3p%Ds s —45%Dgyy 4.080+7 R NS84
340738 O1II 3p2 D5y ~ 452Dy 4.08047 R NS84
3407.96 O III 3p3P -3d 3P, 8.2004+7 R E84
340960 O1IV 35%P; 5 - 3p* Dy o R
341169 OI1IV 3p2Py, -3d%Dg 1.030+-8 R NS84
3415.18 O Il 3p3P -3d°%P 2.5604-7 B,R E84
3416.2 [Na IV} 2p* 3Py ~2pt 1Dy 2.240-5 C M&83
342597 [Ne V] 2p23P, - 2p% 1Dy 0.365+4-0 C Ms83
342867 O 1III 3p3P, -3d 3P, 9.84046 B,R E84
3430.60 O II1 3p3P, -3d3P; 3.12047 B,R E84
3433.9 0O VI 6f9FG - 7ghGH 5.910+8 R Kh93
344410 O III 3p3P, -3d 3P, 5.8204+7 B.R E84
3447.59 Hel 2515, -6pl Py 2.230+6 R T87
3450.40 O III 3p' 3D, -3d'°Fy R,D
345520 O III 3p' 3Dy -3d' % F, R,D
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Table 25. Continued

2 (4) Ton Transition A (s7Yy  Ez.M.  Ref
3466.50 [N 2p® 483, -2p° %P3y,  6.580-3 C Mas3
3466.54 [N 1} 2p% 48372 ~20°* Py 2.710-3 C Ms83
3471.81 Hel 2p3P -16d3D 3.14045 R T87
347871 NIV 3535, -3p %P, 1.1004-8 R,D R80
3478.96 Hel 2p3P -15d%D 3.820+5 R T87
3485.5 [Mg V1] 2p°2 D52 - 203 %P3y, 2.40040 C Ges
348772 Hel 2p3P -14d3D 4.71045 R T87
3488.1 [Mg VI} 2p®2 D33 -2p°%Pyy,  3.800+0 C G68
3498.64 Hel 2p3P -13d%D 5.900+5 R T87
3500.4 Mg VI] 2p*?Dyyy -2p°2Pyy;  0.15040 C G68
3503.0 Mg VI] 2p°2D3, -2p° 2Py, 2.50040 C G68
3512.51 Hel 2p3P -12d3D 7.52045 R T87
3530.49 Hel 2p3P -11d3D 9.810+45 R T87
3532.2 [F 1V} 2p2 1Dy —2p°% 15, 2.1004+0 C G68
3554.34 Nell 3p2Ds/p —3d* Dy R
3554.41 Hel 2p3P -10d%D 1.310+6 R T87
3568.53 Ne II 352Dy sy —3p2Fy 1.400+-8 R R80
3583.0 [C11]) 3p3P, - 3pt 1S, 0.197-1 C Ms83
3586.0 [Fe VI 3d2(a3F3 - alGy) C
3587.27 Hel 2p3P-9d3D 1.810+6 R T87
3609.62 CIII 4p 3P, - 5d 3D; 9.090+7 R NS84
3613.64 Hel 2515, -5p 1Py 3.74046 R T87
3634.23 Hel 2p3P1 2 —-8d43D;_3  2.32046 R T87
3634.37 Hel 2p3P, -8d3D, 1.450+48 R T87
3657.68  Hjs 2-35 1.32042 R Kh93
3658.56  Haq 2-34 1.520+2 R Kh93
3659.46 Haj 2-33 1.77042 R Kh93
3660.34 Hj; 2-32 2.060+2 R Kho3
3661.28  Hj; 2-31 2.42042 R Kho3
3662.25 Hap 2-30 2.8504-2 R Kh93
3662.50 [Fe V] 3d*(aFr 2 —a?Dyys) C
3663.35 Hao 2-29 3.380+2 R Kh93
3664.67 Has 2-28 4.020+2 R Kh93
3666.15 Hyy 2-27 4.83042 R Kh93
3667.66  Hae 2-26 5.83042 R Kh93
3669.46 Has 2-25 7.100+2 R Kh93
3671.48  Hay 2-24 8.71042 R Kho3'
3673.76  Haa 2-23 1.0804-3 R Kh93
3675.0 [C 111] 3pt3P - 3pt 1S, 1.310+40 C M83
3676.36  Ha» 2-22 1.350+3 R Kh93
3679.35 Hy 2-21 1.700+4-3 R Kho3
3682.81 Hag 2-20 2.170+3 R Kh93
3686.83 Hjg 2-19 2.81043 R Kh93
3688.0 [Ca VI 3p2 1D, - 3p2 15, 4.3004-0 C G68
3690.07 Hell 4-36 9.660+2 R Khg3
3691.55 Hjs 2-18 3.690+3 R Kh93
3694.21 Nell 3s 4Py ;0 —3p P50 1.000+8 R R80
3697.15 Hjy 2-17 4.910+3 R Kh93
3698.07 Nell 3d *Pyyp —5p *Diyn R
3698.72 He Il 4-33 1.500+3 R Kh93-
3701.77 Ne Il 3p 2P3 —3d Py 2.700+7 R R80
3703.85 Hye 2-16 6.660+3 R Kh93
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Table 25. Continued

A (4) ITon Transition A (s71) Ex. M. Ref
3705.00 Hel 2p3P 2 -7d3Dy_3  3.520+6 R T87
3705.15 Hel 2p3 P, - 7d3 Dy 2.200+6 R T87
3707.24 OIII 3p3P, -3d3D, 7.740+7 R E84
3709.52 O III 35'°P, -3p' 5Dy R,D
3709.52 Ne II 354P;y, - 3p* Py 1.100+8 R R80
3711.97 Hyp 2-15 9.21043 R Kho3
3715.08 O III 3p3P, -3d3D; 9.81047 B,R E84
3715.15 Hell 4-29 2.870+43 R R80
3715.46 Nell 4p 2Dy — 75 2Py y R
3720.72 Nell 3d 2Fyyy - 5p 2 D52 R
3721.88 [SIII} 3p23P -3p%18, 0.796+0 C KL8o
3721.94 Hj, 2-14 1.3004-4 R Gr90
3726.19 {0 1) 2p° %S5, - 2p%% Dy 1.650-4 C,Ph Ms83
3729.11 [0 1] 2p* 4835 —2p°2Dgy,  3.820-5 C,Ph M83
3731.60 O III 3p3P, -3d3®D, 2.150+6 B,R E84
3732.34 Nell 3p 2Pyyp - 3d 4Fy R
3732.82 Hell 4-26 4.9804-3 R R80
3732.86 Hel 2p 3P 2 -7535, 1.290+6 R T87
3733.01 Hel 2p3 Py —753%5; 1.610+5 R T87
3734.37 Hj; - 2p 2P -13d 2D 1.880+4 R Gr90
3736.85 O1IV 3p'4Dqyp -3d' 4 Fy )y R,D
3740.22 Hell 4-25 6.0604-3 R R80
3740.30  [Fe VI] 3d*Fyy; -3d2Hgys c
3745.91 NIII 3s'*Piyy —3p 4S5, R,D
3747.86 Nell 3d 2P /5 -5p 2512 R
3748.60 He II 4-24 7.450+3 R R80
3750.15 Hj, 2p 2P -12d %D 2.82044 R Gr90
375467 OIII 3s3P, -3p 3D, 8.270+7 B,R,Ch E84
3757.21 O III 353P -3p 3D, 6.120+7 B,R,Ch E84
3758.14 HeII 4-23 9.240+43 R R80
3759.0 [Fe VII]  3d?(a®Fy —alGy) C
3759.87 O 1III 3s3P, -3p 3D, 1.080+8 B,R,Ch Es84
3768.07 Hell 4-22 . 1.16044 R R8O
3768.78 Hel 2p 1P -13d 1D, 4.32045 R T87
3770.63  Hy; 2p 2P -11d 2D 4.370+4 R Gr90
3773.98 [Fe VI] 3d*F3/, - 3d2 Py o]
3774.00 O III 3s3P, ~3p 3D, 4.290+7 B,R,Ch Es84
3777.07 [Fe V] 3d°Do - 3d3 P, C
3777.07 Nell 3s4Py s, ~3piPyy, R
3781.62 F1II 3s'3D, -3p'1F; R,D
3781.68 He Il 4-21 1.4604+4 R R80
3783.47 [Fe V] 3d5D; -3d3F3 C
3784.86 Hel 2d1P; -12d1D, 5.550+5 R T87
3791.26 O III 353P, —3p3D, 2.490+7 B,R,Ch Es4
3795.23  [Fe V] 3d%D, ~3d3F, C
3796.3 Si ITI 4p 3P -4d 3D, R
3796.33 Hell 4-20 1.880+4 R R80
3796.7 [s 117) 3p23P, -3p21S, 0.105-1 C KL8o
3797.90 Hjo 2p 2P -10d 2D 7.0804-4 R Gr90
3805.74 Hel 2p'P) - 114D, 7.240+5 R T87
3810.80 O III 3s3P, -3p3D, B,R,Ch
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Table 25. Continued

A (4) Ion Transition A(Gs™Y) Ez. M. Ref
3813.49 Hell 4-19 2.4404+4 R R8O
3814.56 FII 3p'3P -3d'35, R,D
3819.61 Hel 2p 3P 3 ~6d3D1_3  5.720+6 R T87
3819.76 Hel 2p3 P, -6d3D, 3.580+6 R T87
3829.75 NeII 3p 2P3y, ~3d 2Dy 8.400+7 R R80
382979 NII 3p3P -4s 3P, 1.50047 R R80
3833.55 Hel 2p 1Py —10d 1D, 9.72045 R T87
3833.78 He II 2-10 2.85045 R Kho3
3833.80 He II 4-18 3.210+4 R R8O
3835.38 Hp 2p 2P -9d 2D 1.210+5 R Gr90
3839.27 [Fe V] 3d*(a®D3 - a3 F3) C
3842.82 OII 3p *Dyyp ~3d 4Dy 1.460+7 R NS84
3851.20 [Fe V] 3d%D; -3d°F, C
3853.66  SilII 3p%2Dy5 —4p 2Py, R
3856.02 Sill 3p*2D5pp —4p 2Py 2 R
3857.81 Ne I 3p'2Pyjp ~4d 2Dy R,D
3858.07 Hell 4-17 4.3004+4 R R80
3862.59 Sill 3p*2 D32 —4p 2Pipp R
3867.48 Hel 2p 3P, ~6538; 2.120+6 R T87
3867.63 Hel 2p3 Py -6s35; 2.6404-5 R T87
3868.76  [Ne IIi} 293P, ~2p* 1Dy 0.1714-0 C Ms3
3871.79 Hel 2p1P, —9d 1D, 1.35046 R T87
3875.50 O 1I]] 3ptDy;, —3d2Fyy, R
3883.82 CIII 4d 3Dy -5f 3 F, 9.030+7 R,D NS84
3885.94 C III 4d3Dy -5f3%F; 9.56047 R NS84
3887.44 He Il 4-16 5.860+4 R R80
3887.57 NI 35 2Py —5p 2Dy 6.41046 R NS84
3888.65 Hel 25835, —-3p 3Py _, 9.120+46 R T87
3889.05 Hjs 2-8 2.21045 R S77
3891.28  [Fe V] 5Dy -3Fy o]
3895.22 [Fe V) 5D3 =3P, C
391898 CII 3p2Pjy ~452 Sy 1.810+8 R,NF B85
392069 CII 3p2Pyyp —4525 ), 1.810+8 R,NF BS85
3923.48 Hell 4-15 8.160+4 R R80
3924.47 SilIII 4f1F3 -59 1G4 R
3926.53 Hel 2p 1P, -8d 1D, 1.950+-6 R T87
3954.37 O1II 35 2Pys3 —3p 2Py 4.320+47 R NS84
3956.74 O 1V 35" Pyyp —3d' Py yy R,D
3960.7 [F 1V} 2p%3F ~2p2 1D, 6.400-6 C G68
3961.59 O III 3p1D, -3d 1Fy 1.5004-8 R E84
3964.73 Hel 25 1Sy —4p 1P, 6.8304+6 R T87
3967.47  [Ne IIj 2p% 3P —2p* 1D, 0.542—-1 C Ms83
3968.43 He II 4-14 1.160+45 R R8O
3970.07 Hy 2p 2P ~74 %D 4.390+45 R S77
3996.3 [Ca V] 3pt1D, -3ptls, 3.7304-0 C M83
3997.4 [F V] 2p23P, -2p%21D, 0.340-1 C G68
4003.58 N III 4d 2Dgp - 5f 2Fypp 1.820+8 R,D NS84
4007.91  [Fe I1]) a®Dy —a® Gy C
4009.27 Hel 2pYP, -7d 1D, 2.9804-6 R T87
4011.60 [Na V] 2p® 2Dg 5 - 2p° %P3y o]
4012.7 [Ne III} 2p* 3P, -2p* 1Dy 8.510-6 C Ms3
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Table 25. Continued

A (4) Ton Transition A (s7Y)  Ez.M. Ref
402560 He Il 4-13 1.71045 R R80
4026.13 Hel 2p 3Py 2 -5d3D;_3  1.0304-7 R T87
4026.36 Hel 2p3P, —5d3D, 6.4404-6 R T87
403318 O 1I 3d 4Ry 0 —4f 4Py 2.3004-7 R NS84
403509 OT1I Bd4Fy s —4f 2Fyp, R
4046.5 [Fe III]  3d%(a®Dj; - a%G3) C
404780 O 11 3d*F; 0 -4f *Frpp 2.20047 R NS84
4056.06 C III 4d 1D, ~-5f1F; 2.52048 R,D Kh81
4057.76 NIV 3plP, -3d D, 7.080+47 R Kh81
4060.2 [F 1V} 2p23P) - 202 1Dy 0.098+0 C Geés
4068.7 [s 1) 3p3 4S5/, ~3p° 2Py 0.225+0 C Ms3
406891 CIII 4f 3F3-5¢9 3G, 3.0704-8 R,D NS84
4069.64 OII 3p% D,y - 3d4Fypy 1.4204-8 R NS84
406990 OII 3p* D3y —3d*Fyyy 1.520+4-8 R NS84
4070.26 CIII 4f3F, -593%Gs 3.270+8 R NS84
4071.3 [Fe V} 5D, -3p C
407216 O 1II 3p *Dg/p —3d *Fy )y 1.74048 R NS84
407390 O III 3s'3P, - 3p' 3D, 3.11047 R,D NS84
4076.20 [S 11} 3p® %532 30 2Py 0.906-1 C Ms3
407778 C1I 3d'*Dqyp - 4f' 2y, R
407886 O 11 3p* D3y, - 3d* Fy 5.68047 R NS84
4081.10 O III 35'3P, -3p'3D; 4.14047 R NS84
408512 OII 3p*Dsjp -3d*Fypy 4.95047 R NS84
408716 O1II 3d *F3 - 4f *Gypn 2.240+4-8 R R8O
4089.29 O1II 3d*Fy)y —4f *Gyiy2  2.62048 R R8o
409280 O1I 3p *D7y -3d *Fyypy 2.900+47 R NS84
4097.0 [K v} 3p21D, - 3p? 1S, 4.100+4-0 o] Ge8
4097.33 NIII 35282 -3p 2Py, 1.1904-8 R B85
410004 Hell 4-12 2.5904-5 R R8O
4101.74 H; 2p2P-6d 2D 9.73045 R S77
410294 Si 3p%18, -4s 3P o]
410343 NIII 35281/, -3p %Py 1.190+8 R B85
410707 O1II 3d4Fyyp ~4f *Dypp 3.7904-3 R NS84
411583 Silv - 45281, - 4p?Py R
4119.22 O1II 3p *Psp —3d D7y 1.48048 R R80
412082 Hel 2p3P1 5 - 55385, 3.860+6 R T87
412055 O1II 3p *Py; -3d *Dyyy 7.600+-6 R NS84
412099 Hel 23P_o-553%5 4.820+5 R T87
412184 CIII 4p 1P -5d 1D, 1.0904-8 R NS84
412246 [K V] 3p®%S3)0 -3p° 2Dy, 4.590--3 o] Ms3
4128.75 [FeIll] 3d%(a®D; - 43Gj) C
4143.76 Hel 2p 1P -6d 1D, 4.91046 R T87
414606 O II 3p 8Py —3d 8Dy R
4152.51  CIII 3p' 3D, -5f3F, 1.090+8 R,D Kh81
415645 O11I 3p*P; s —3d4 Py 4.35047 R NS84
415649 CIII 3p'3D, -5f3F3 1.150+8 R,D Kh81
4157.5 [F I1) 2pt 1Dy — 2p% 15, 2.1004-0 C G68
4162.86 C III 3p'3D3 -5f3F, 1.30048 R,D Kh81
4163.05 [K V] 3p® %8342 -3p° 2 Dypa C
416330 [K V] 3p3 %83/, ~3p° %Dy, 0.884-1 C Mas3
4168.97 Hel 2p 1P -651S, 1.100+6 R T87
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A (4) Ton Transition A (s™')  Ex.M.  Ref
4180.59  [Fe V] 5Dy -3p, ¢
418546 OII 3p' 2Fyyp —3d 2Gypy R
4186.90 CIII 4f 'F3 -59 G, 4.310+8 R,D Kh81
4189.79 O 1II 3p'2Fy 3 - 3d' %Gy a 1.98048 R,D NS84
4195.76 N III 3s'2P 5 - 3p'2Dypp R,D
4199.83 He Il 4-11 4.09045 R R80
422719  [Fe V} a®Dy —a®H, C
4229.27  [Fe V] a’D; -a®P, C
4244.0 [Fe IT] a*Fya - a*Guipy C
424731 CII 3p'1p -5p 1P 1.06047 R NS84
425374 Ol 3d' %Gy —4f 2Hg 112 R,D
425398 OII 3d' 3Gy - 4f *Hgpa R,D
426700 CII 3d2D3pp -4f*Fy 2 2.220+8 R B85
4267.26  C I 3d2Dspp —4f 2 Fypp 2.380+8 R B85
427552 O1II 3d*Dqyp - 4f*Fyy R
427671 O1II 3d*Pyp —4f*Dipy R
427671 O 11 3d*Dssp -4 Fypy 1.820+4-8 R R80
427671 O 1I) 3d*Dsyp —4f2F5p R
4287.0 [Fe 11] a®Dgyp —ab8sy C
429524 OII 3d*Pyyp - 4f*Dgyy R
430383 OII 3d*Psjy —4f*Dqpn R
4325.56 CIII 3s'1P, —3p'iD, 8.070+7 R,D NS84
433867 He II 4-10 6.760+5 R R8O
434047  Hy 2p 2P -5d 2D 2.53046 R S77
434943 O1II 35 %P5y —3p *Ps o 7.40047 R R8O
43590  [FelI] a8Dzy2 ~a®Ss 3 C
4363.21 [0 I 2p2 1D, - 29218, 1.78040 C Ms83
4366.84 Ol 35*Pyy, -3p* Py R
4368.25 O1 3538 —-4p 3P R
4379.11 N III 4f2F -59 %G 3.560+8 R NS84
438793 Hel 2p ‘P -5d 1D, 9.100+6 R T87
441491 O1II 3s 2Py, —3p 2Dg)p 1.150+8 R R80
441698 OT1I 35 2Py ~3p 2Dy 9.500+7 R R80
443755 Hel 2p 1P, 5515, 3.21046 R T87
444799 O1II 3p2Fyyp —3d2Fy )y R
445273 O 352Pyy5 - 3p% Dy R
447148 Hel 2p 3P -4d 3Dy 2.1904+7 R T87
447168 Hel 2p3P, —4d3 D, 1.370+47 R T87
4481.13 Mgl 3d 2Dy —4f *Frpy R
4491.25 O1I 3d %P3y —4f 2Dgy 1.100+48 R NS84
4506.9 [s1 3pt3P, -3ptlS, 8.230-3 C M83
451094 [K 1V] 3pt 1D, - 3ptls, 3.180+40 C Ms3
4514.86 N III 3s'*Pyyy ~3p'*Dyypy R,D
4516.77 CIII 4p 2P, - 5535, 1.660+8 R NS84
4518.15 N III 3s'*Pyyy —3p Dy R,D
4523.58 N III 3s'*Pyyp —3p' *Dyyy R,D
4534.58 N III 35'%Ps )y - 3p' * Dy R,D
454159 He II 4-9 1.21046 R R8O
4544.85 N III 4p 2Pyjy - 5528 8.290+7 R NS84
455200 SiIII 4538, —4p3P, R
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Table 25. Continued

A (4) Ton Transition A (s7Y)  ExM. Ref
4562.60 Mgl] 35218, -3p 3P, 4.130-4 C Ms83
4568.50 O IV 5f2F -6d?D R
4571.10 Mgl 35218, -3p 3P 1.8004-2 C Ms3
4571.0 [Ca VIT) 3p23P; -3p% 1D, 2.100-4 C G68
4589.0 [T 3pi3P -3ptls, 0.350+0 C Ms83
4590.97 O1II 3s'2Dgyp - 3p' 2 Fypy 8.51047 R NS84
4596.17 OII 3s'2D35 - 3p' 2 Fy o 7.94047 R NS84
4603.73 NV 3528142 -3p 2Py, 4.1204-7 R R80
4606.6 [Fe III] a®Dy ~a3F3 C
4618.40 C I 3d'2Fy; ~4f 2Gyy;  2.550+8 R NS84
461998 NV 3s 2512 /2—3p 22P1 /2 4.080+4-7 R RS0
4620.10 C1II 3d' ?F -4f' %G R
4621.39 NI1I 3s3P, -3p %P, 9.00047 R R80
4621.57 [C 1] 2p2 %P, —2p215, 2.710-3 C M83
4624.93 [Ar V) 3p21D, -3p215, 3.2904-0 C KL80
4627.35 [C T} 2% 3P, - 2p% 15, 2.000-5 o] M83
4631.89 O1V 59 °G-6h2H R
4634.14 N III 3p 2Py, -3d 2Dy 5.660+7 R,D B85
4640.64 N III 3p 2Py, -3d%Dgy, 679047 RD B85
4641.85 N III 3p 2Py ~3d 2Dy 1.13047 R,D B85
4647.42 CIII 3535, -3p 3P, 7.180+7 R,D NS84
4649.14 Ol 35 %P5y —3p *Dypy 8.57047 R NS84
4650.25 CIII 3535, -3p 3P 7.18047 R,D NS84
4651.47 CIII 3s 3531 - 3;3; 3p, 718047 R,D NS84
4658.0 [Fe IIT] a’D—-a’F C
4658.30 C1IV 59 °G-~6h 2H R
466163 OII 3s4 /}:3 J2 - 3;:143D3 /2 5.2004+7 R R8O
4663.64 C I 35'3P; -3p' 3P, R,D
4665.61 C IV 5f%F-6d2D R
4665.86 CIII 3s'3P, -3p'3P, R,D
4669.20 [P II] 3p23P; -3p218, (o]
4673.75 OII 354Pyyy -3p* Dy R
4676.23 O1II 3s*Pg/p -3p* Dy R
4678.14 N1II 3d1P 41D, R
4685.71 He Il 3-4 1.43048 R R80
4701.3 [Fe 11IT] a%D; ~a®F3 C
4711.15  [Ar IV] 3p°*53/2-3p° 2Dy, 1.770-3 C Ms3
4713.14 Hel 2p3P 5 ~4538; 8.270+46 R T87
4713.38 Hel 2p 3Py — 4535, 1.030+6 R T87
4714.3 [Ne 1V} 2p° 2Dy ~2p° 2Py 0.400+0 C,Au M83
4715.7 [Ne 1V) 2p° D5y -2p°%Pyy; 011540  C,Au MS83
4724.3 [Ne IV] 2p°2D3 ~2p°?P3y; 043740  C,Au MS83
4725.7 {Ne IV]] 2p° 2123 /2 - 253 Pyj; 039340 C,Au  Ms3
4733.0 Fe III a%Dy — a3 F; C
4736.6 P11 3p%3P -3p215, o]
4740.18 EAr Iv]] 3pdt ‘2'3 J2 - ;3;;3 2Dy, 0.223-1 C M83
4754.90  [Fe III D, -3Fy C
4789.45 [F II] 2p 3P ~2pt 1D, 0.038+0 C G68
4859.32 He 1I 4-8 2.280+6 R R80
4861.29 Hg 2p2P-4d 2D 8.420+6 R S77
4868.99 [F II) 2pt 3P - 2p* 1Dy 0.01240 C Ge8
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A (4) Ton Transition A (s7Y)  EzM.  Ref
4893.42  [Fe VII] 3F-3p C
4904.80 N III 4d ?Dy;p -5p 2Payp R
4904.56 [F 1] 2p43 P - 2pt 1D, 4.100-6 C Ges
4906.60 OII 3p*Syyp —3d4Py R
4921.93 Hel 2p 1P -4d 1Dy 1.99047 R T87
4930.27 OV 6h 31H - 7i 3] R
4931.78 [0 III] 2923 Py - 2p% 1D, 2.740-6 C Ms3
4938.6 [Ca VII] 3p? 3P —-3p? 1D, 1.20040 C Ges8
4944.6 [Fe VII] 3F3-3P, C
4959.52 [0 II]] 2p% 3P, -2p2 1D, 6.740-3 C,Au  M83
4972.47  [Fe V) Fyp2 -2Gq)2 o]
4988.8 [Fe VII] adFp-a®P C
5007.57 [0 II] 2p23P, -2p2 1D, 0.196-1 C,Au  MSs3
5015.67 Hel 2515, -3p 1P 1.3104-7 R T87
5032.07 Cl 2p3 2Py 9 -3p'2Dsyy R,D
5041.0 [Fe IV] 3d34G -3d°4F C
5041.03 Sill 4p 2Py - 4d 2Dy 9.800+47 R R80
5047.74 Hel 2p 1Py —4s 15, 6.670+6 R T87
5055.98 Sill 4p 2Py y —4d 2 Dg s 1.200+-8 R R80
511407 OV 3515y -3p 1Py 1.700+7 R R80
5145.75  [Fe V]] 4Fpp2 —2Gqpa o]
5151.0 [Fe 117] a®Dy - a®P C
5158.9 [Fe VI 3F3-3p C
5176.04  [Fe VI] 4Fyp - 2G9{2 C
5191.8 [Ar IIT] 3pt 1D, -3ptlS, 2.590+-0 C Ms83
5197.90 [N 1]] 2p* %S5, - 2p* 2Dy 2.020-5 C Ms3
5200.26 [N 1] 2p3483/2 -2p° 2D yp  7.270-6 C Ms3
5269.2 K V] 3p?3P, —-3p? 1D, 1.100-4 C G6s8
5270.3 [Fe 111 aSD; ~a®P, C
5277.8 [Fe VII} 3Fy-3%P, C
5309.2 [Ca V] 3p* 3D, - 3p* 1Dy 1.900+0 C M83
5323.3 [C 1V] 3p21D, -3p218, 2.8004-0 C KL80
5335.18  [Fe VI] tFyy2 —*Pyys C
5411.52 HeII 4-7 4.860+6 R R80
5424.22  [Fe V]| ‘R0 %Py C
5426.64  [Fe VI] 2Fy 0~ 1Py C
5484.84  [Fe V]| F52-*Piy2 C
5517.72  [C111]] 3p°483/0 -3p°2Dsyy  7.040-4 C Ms3
5537.89  [ClIII) 3p°%S3y2 -3p% 2Dy,  4.830-3 C Ms3
557734 [0 1] 2pt D2 —2p* 185, 1.22040 C Ms3
5592.37 O III 3s1P -3p 1P, 4.12047 C,Ch E84
5603.2 [K V1] 3p23P -3p% 1D, 0.530+0 C Gé8
5614.7 [Ca VII) 3p23P, ~3p% 1Dy 2.5004-0 C Gés
5631.07,  [Fe VI] SFra—*Psys C
5666.63 N II 353P, -3p 3D, 4.23047 R R80
5676.95  [Fe VI] Ry~ P52 C
5679.56 N II 35 3P, -3p D 5.600+7 R R8O
5695.92  C III 3piP -3d 1D, 4.980+7 R Kh81
5696.4 [Fe ] 45°°Dy —45 5P C
5721.1 [Fe VII] 3F-1D, C
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Table 25. Continued

A (A) Ion Transition A (s71) Exz. M. Ref
5721.2 [F 11T} 2p3%Dg), - 2p°2Pyy;  0.08840 C Gés
5733.0 [F 1I) 2p°2D;,0 - 2p% 2Py, 0.160+0 C Gés
5733.0 [F 11} 2p% 2Dy - 2p° 2Py, 011440 C Ges
5754.59 [N 1] 2p2213D2 - 2;:72 ;So 1.120+0 C M83
5776.4 [Mn V] 3d23F; -3423P, : c
5784.94 Hell 5-40 4.630+2 R R80
5789.72 Hell 5-39 5.260+2 R R8O
5794.88 He Il 5-38 6.000+2 R R8O
5800.48 Hell 5-37 6.860+-2 R R80
5801.33 C1V 352812 ~3p2 Py 3.190+47 NF,R,Ch RS0
5806.56  He II 5-36 7.870+42 R R80
5811.98 C IV 3528170 -3p%Pypy 3.16047 NF,R,Ch RS80
5813.19 Hell 5-35 9.080+2 R R80
5820.43 He Il 5-34 1.050+3 R R80
5828.36  He II 5-33 1.22043 R R80
5837.06 He Il 5-32 1.43043 R R80
5846.65 He 1I 5-31 1.670+43 R R80
5857.26  He Il 5-30 1.98043 R R80
5863.0 [Mn V} 3d3 4 Fypp - 342Gy py * C
5867.82 Sill 4s*Pyn —4p* Py, R
5869.02 He II 5-29 2.350+3 R R80
5875.62 Hel 2p3P 3 ~3d3D1_3  6.280+7 R T87
5875.97 Hel 2p3Py ~3d3D, 3.93047 R T87
5882.12 Hell , 5-28 , 2.800+3 R R80
5889.77 CII 3d 2Dgyy —4p 2P, R
5891.0 [Mn V] 34 ‘FZ;; - 353 2552 C
5894.0 [Mn VI 3d?3F -3d2%P C
5896.78 He II 5-27 3.37043 R R80
5913.24 He II 5-26 4.08043 R R80
5931.83 Hell 5-25 4.980+3 R R8O
5952.93 He II T 524 6.1304-3 R R8O
5977.02 He Il 5-23 7.610+3 R R80
6004.72 He Il 5-22 9.5504-3 R R80
6036.78 He II 5-21 1.210+4 R R8O
6074.19 He II 5-20 1.550+4 R R80
6086.9 [Ca V] 3p*3P -3ptiD, 0.4264-0 C Ms3
6086.9 [Fe VII} 3Fy~1D, C
6101.8 K 1V] 3pt3P, ~3p* 1D, 0.81440 C Ma83
6118.26  He II 5-19 2.0204+4 R Rs80
6133.42 [Ar V] 3p23P, —3p21D, 3.500-5 C KL80
6152.9 [C 11]] 3pt1D, ~3pt i S, 2.060+0 C Ms3
2133'29 B/[ nIIV : 3 4F7/25_13; TP 2.870 g R

. e — K +4 80

6218.6 [Mn V] 3d*4Fyy ~3d3 4Py c
6221.0 [Mn V] 3d34Fy 343 4Py C
6223.0 K V] 3p® 2Dy, - 3p° 2 Pyyy 1.860+0 C Ms83
6228.4 K v] 3p? 3P, ~3p% 1D, 1.1004-0 C Ges8
6233.82 Hell 5-17 3.590+4-4 R R80
6300.30 [0 ] 20t 3P, - 2p* 1Dy 6.340-3 C Ms3
6310.85 He Il 5-16 4.920+4 R R8O
6312.1 (S 1y 3p? 1D, - 3p2 1S, 2.220+-0 c,C KL80
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Table 25. Continued
A Ton Transition A (s7l)y  EzM.  Ref

6317.0 [K V] 3p2D5, -3p° %P3y, 1.210+40 C Ms3
6347.10 Si lI 45 2815 ~4p *P3y 7.00047 R,D R8O
6349.0 [K V] 3p® 2Dy, - 3p* 2Py py 1.25040 C Ms3
6363.77 [0 1] 2p43P, ~2p* 1D, 2.110-3 C Ms83
6371.36  Si Il 45 2S5 ~4p 2Py py 6.90047 R,D R80
6391.74 [0O]) 204 3Py - 2p* 1D, 7.230-7 C Ms83
el AR ROR

. e 5-1 6.880+4 80
6428.2 [Ca V] 3p43P - 3p* 1D, 8.420-5 C M83
6434.72 [Ar V] 3p23P, -3p21D, 0.20440 C KL80
6447.0 EK V] . 3p° 21253 J2 - 31); :Pl /2 0.14140 C Ms3
6518.3 Mn V 3d23F -3d21D C
6527.10 He II 5-14 9.880+4 R R80
6527.23 [N 1] 2p2 3Py - 2p2 1D, 5.350~7 C Ms83
6548.05 [N 1) 2p23P; - 2p22 D, 1.010-3 C Ms83
6560.10 He IT 4-6 1.23047 R R80
6562.85 H, 2p2P-3d 2D 4.410+47 R S77
6583.45 [N II} 2p%3P, - 2p?1D, 2.990~3 C Ms83
6598.76  [Fe VII) 3d?(3F; -1Dy) C
6678.15 Hel 2p 1P -3d 1D, 6.37047 R T87
6683.90 He II 5-13 1.460+5 R R80
6716.4 [S 11} 3p% %53y, -3p*2Dsy,  2.600-4 C M83
6730.8 {S 17] 3p° %Sy3/2 -3p® 2Dy,  8.820-4 C M83
6795.8 K 1V} 3pt3P -3ptiD; 0.198+40 C Ms3
6890.90 He II 5-12 2.240+5 R R80
7005.58 [Ar V] 3p23P, —-3p2 1D, 0.47640 C KL80
7065.19 Hel 2p3P 2 - 3535, 2.4304+7 R T87
7065.71 Hel 2p 3Py -3538; 3.03046 R T87
7110.4 K 1V} 3p*3P, -3p* Dy 4.540-5 C Ms3
7136.15  [Ar III] 3pt3P, - 3pt 1D, 0.31440 C Ms3
7170.70  [Ar IV} 3p°2D;), -3p° 2Py, 0.78940 C Ms3
7177.52 He Il 5-11 3.590+5 R R80
723132 C1II 3p 2Py ~3d 2Dy )y 3.600+7 R R8O
7236.42- CII 3p 2Pyyy —3d 2Dg 4.400+7 R R80
7238.14 [Ar IV] 3p° 2D, —3p° 2Pyy;  0.59840 C M83
7261.43 [Cl IV] 3p23P, -3p? 1D, 1.560-5 C KL80
7262.96  [Ar IV] 3p 2Dy, -3p**Pyy,  0.60340 C M83
728135 Hel 2p 1P -3518, 1.81047 R T87
7318.63 [0 1]] 2p*2D5py -2p3 2Py, 0.615-1 C Ma3
7319.43 [0 I1) 2p®2Ds sy - 2p° 2Py, 0.1174+0 C Ms83
7329.90 O 1I} 2p3 2Dy, - 2p° 2Py )0 0.10240 C Ms83
7330.70 [0 I7) 2p° 2Dy, —2p° 2 Pays 0.614-1 C M83
7332.15  [Ar IV] 3p°2D5 5 ~3p3 2Py 0.11940 C Ma83
7530.83  [Cl IV} 3p23P, -3p2 1D, 0.723-1 C KL80
7592.75 He Il 5-10 6.080+5 R R80
7724.7 sn 3ptiD, -3ptls, 1.5304-0 C Ma3
7751.43 %lérl%]n] sp; 13P1 - 3;); iD; 0.823-1 C Ms83
7876.00 3p D2 - 3p So C
8036.76  [Ar III] 3pt 3Py ~3pt 1D, 2.210-5 C Ms83
8046.27 [Cl 1V] 3p2 3P, ~3p2 1D, 0.179+0 C KL80
8196.48 C III 59 183G -6h 13 H 1.380+8 R Kh81
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Table 25. Continued
X (4) Ion Transition A (s~') EzM. Ref
8236.78 He Il 5-9 1.100+6 R R80
8347.6 [Fe T} 4525Dy - 4s3F, C
8433.94 [Cl II]) 3p32D;5 -3p° 2Py, 0.323+40 C M83
8481.16 [C] I1]) 3p%2Dg )y -3p°2P;); 031640 C M83
8500.20  [C] III] 3p%2D;y, -3p% 2Py, 0.30340 C Ms3
8502.48 H I(P1s) 3d?D-16f 2F 4.650+3 R Gr90
8545.38 H I(P22) 3d?D-15f%F 6.450+3 R Gr90
8548.17  [Cl 1] 3p®2Dgp - 3p° 2Py 0.100+0 C Mas3
8579.5 [C 111} 3pt3P, -3pt1D; 0.104+0 C M83
8598.39 H I(P14) 3d32D - 14f32F 9.160+4-3 R Gr90
8663.65 C III 5f3F; 693G, R
8665.02 H I(P13) 3d2D-13f%F 1.340+4 R Gr90
872713 [C ] 2p2 1D, —2p21S, 0.528+40 C Ms83
8750.47 H I(Pi2) 3d2D-12f%F 2.010+4 R Gr9o
8831.5 (S 111} 3p2 3P, -3p2 1D, 5.820-6 C Ms83
8862.78 H I(P11) 3d2D-11f*F 3.140+4 R Gr90
9014.91 H I(Pjo) 3d2D-10f%F 5.13044 R Gr90
9069.4 [S 111} 3p?3P -3p21D, 0.221-1 C,Ch  KL80
9125.8 {C111) 3pt3pP -3p* Dy 0.292-1 C Ms83
9229.02 H I(Py) 3d2D-9f*F 8.850+4 R Gr90
9344.94 He Il 5-8 2.210+4-6 R RS0
9381.8 [C i) 3p24 3P - 3p421 D, 9.820-6 C Ms3
9412.0 N III 4528545 —4p 2Py, R
9532.1 [s 111) 3p? 31/’2 - 3p? lDlz 0.576-1 C KL80
9545.97 H I(Ps) 3d?D-8f2F 1.640+5 R Gr90
9715.11 CIII 3p3P-3d3D R
9808.32 [C1) 2p23 Py -2p%1 Dy 7.770-8 C M83
9824.13 [C 1) 2p23P, —2p21D, 8.210-5 o] Ms3
9850.26 [C]] 2p23P, -2p2 1D, 2.440-4 C Ms83
10049.37 HI-Ps 3d2D-7f%F 3.360+5 R S77
10123.61 He Il 4-5 4.3204+7 R R80
10287.1 [S 1) 3p°2D32 -3p° % Pyy;  0.13340 C Ms83
10320.6 s 11 3p®2D5, —3p° 2Py, 0.17940 C Ms83
10338.8 [s 1) 3p3 21)33 J2 - 317:; 2P 016340 C Ms3
10371.27  Sil 4s3P; —4p35, R
10372.6 [S11) 3p°2Dg3 -3p% %Py 0.779-1 C Ms83
10397.74 [N 1) 20°2D5 5 —2p° 2Py 0.614-1 C Ms3
10398.16 [N I} 2p*2D5p - 2p°2Pyy;  0.345-1 C Ms3
1040717 [N 1] 2p32D;;, -2p%2Py), 0.276-1 C Ms3
10407.59 [N ] 2p° 21)33/2 - 2193321?1,2 0.529-1 o} M83
10603.43 Sil 453P; - 4p3 P, R
10627.65 Sil 4piP, —4d%3P, R
10689.72 Sil 4p3D; - 4d3F, R
10691.25 C1I 3s3P, -3p3D;3 R
10819.8 [S 1} 3pt3P, —3p*lD, 0.278-1 C M83
10829.09 Hel 2538, -2p% Py 1.0204-7 R T87
10830.25 Hel 2535, -2pP, 1.020+-7 R T87
10830.34 Hel 2538, —2p% P, 1.0204-7 R T87
10938.10 HI-P, 3d2D-6f2%F 7.780+5 R S77
10994.0 [sil) 3p2 1D,y -3p21 5, 1.140+40 C Ms83
11305.8 ST 3pt3P -3p* 1D, 8.160-3 C Ms83
11540.1 [s1 3pt3P; -3pt1D, 3.840-6 C Ms83
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Table 25. Continued

X (4) Ion Transition A (™Y Ez M. Ref
11626.42 He II 5-7 5.180+6 R R8O
12818.08 HI-Pg 3d2D-5f2F 2.200+6 R S77
18636.78 He II 5-6 1.63047 R R8O
18751.02 HI-P, 3d2D-4f%F 8.990+6 R s77
20581.30 Hel 25189 -2p1Py 1.970+6 R T87

4.49um [Mg IV] 2p° 2Py s —2P° 2Py 2 0.199+40 C Ms3

5.34 [Fe 11} 8Dgy2 -*Fyp2 4.170-5 C NS88
5.61 Mg V] 2p* 3P, ~2pt 3Py 0.12740 o] Ms83

6.62 [Ni II] ZPy1ja—2P3) C

6.98 [Ar IT) 3p° 2Py —3p° 2 Pyyy 5.270-2 C Ms3

7.90 [Ar V] 3p23P, ~3p23 P 0.272-1 C KL80o

8.99 [Ar 11T} 3pt3P -3ptdp, 0.308-1 C M83

10.52 [S1V] 3p 2Py, -3p 2Py 7.730-3 C M83

11.76 [C11V] 3p23P, -3p23P; 8.250-3 C KL80

12.8 [Ne I 2p° 2P,y ~2p° 2Py 8.550-3 (o] Ma3

13.10 [Ar V) 3p23p, -3p23P, 7.990-3 c KL80

13.5 [Mg V] 28R —2p3P, 0.217-1 C Ms83

14.3 [Ne V] 2p23P, - 2p% 3P, 4.590-3 C M83

15.6 [Ne 111} 20t 3P - 2p 3P, 5.970-3 C Ms3

18.7 [S 111 3p23P, -3p2 3P, 2.070-3 C KL80

20.30 [C11V] 3p23P, -3p? %Py 2.160-3 C KL80

21.83 [Ar 1IT) 3pt3P, ~3pt 3P, 5.170-3 C Ms83

22.9 [Fe 1IT) 5D3-3%D, C

24.3 [Ne V} 2p23P; —2p2 3P, 1.280-3 C Ms83

25.91 [0 1V] 2p% Py - 202 Py 5.200-4 C Ms3

25.98 [Fe 11} 45(6 D72 —® Dy 7) 2.130-3 C NS88

32.59 [0 117) 20%3Py - 2p2° Py 3.020-11 C M83

33.0 [Fe I17] a%Dj3 —a®D, C

33.5 [S I 3p23P, —3p23p, 4.720-4 C KL80o

32.51 E? IIII]] 3d643;€62£1/2 - 2%2&),2 2.170-4 g Ms3

. € s 5/2~ Lt/2

36.1 [Ne IIT) 2p* 3Py — 2p* !Pl 1.150-3 C M83

36.33 [Fe V] a®Dy —a5D, C

51.69 [O 117] 2p23P; - 2p% 3P, 9.760-5 C Ms83

57.3 [N 111) 2p3 Py - 20% Py 4.770-5 C M83

63.17 o1 2p3P - 2p 3P, 8.920-5 C Ms3

70.35 [Fe V] a®Dg —a5D; C

88.16 [O 1I1] 2p23P; -2p? 3P, 2.620-5 C Ms83
121.8 [N 1] 2p%3P) - 2p? 3P, 7.460-6 C Ma83
145.48 01 2p* 3P, - 2pt 3PP 1.740-5 C Ms83
157.6 [Cc 1] 2p2P3y —2p%Pyyy 2.290-6 C M83
205.3 [N IO 2023P;, —2p23%P, 2.080-6 C Ms83
370.3 [CcT) 2p23P, —2p% 3P, 2.650-7 C Ms83
609.6 (O] 2p23P, - 2p2 3P, 7.930-8 C Ms83

Note. We used the following abbreviations for the line generation mechanisms: R, radiative

recombination; D, dielectronic recombination; B, bowen mechanism; C, collision excitation; Ch,
charge transfer excitation; Au, auger excitation; NF, nonresonance fluorescence; Ph, photoion-
ization mechanism. References: B85, Bogdanovich et al. (1985) G68, Garstang (1968) KL80,
Kafatos and Lynch (1980); Kh81, Kh93, Kholtygin (1981, 1993); M83, Mendoza (1983) NS84,
NS88, Nussbaumer and Storey (1984, 1988); R80, Reader et ol (1980) T87, Theodosiou (1987);
E84, Egikyan (1984); Gr90, Gruzdev (1990); M91, Morton (1991); S77, Sobelman (1977).
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Table 30. Parameters of the analytical approximation equation (74) of the effective
dielectronic recombination coefficients for lines of the ions of C, N, O, Ne, Mg, Al and Si

MA) L-L A a b c d f 17 Y
ClI
* 11401 D-D * 0.0000 0.4616 0.0000 0.0000 1.0136 0.10 0.168
CII
87973 D-F * 0.0000 0.0859 0.0000 0.0000 0.4749 0.10 0.053
65793 S-P 0.0619 -0.1724 0.1524 -0.0055 1.6026 0.30 0.007
51134 P-D 0.0000 0.3787 0.0000 0.0000 3.6080 0.15 0.010
49611 P-P 0.0000 0.0273 0.0000 0.0000 0.7948 0.10 0.012
4619.1 F-G * -0.0004 0.9778 0.0002 0.0000 3.5887 0.15 0.027
4267.2 D-F 0.8583 -1.9394 1.1805 -0.0323 5.6506 0.60 0.000
* 41424 D-P * 0.0000 0.1297 0.0000 0.0000 2.3123 0.10 0.013
3165.7 F-G * 0.0001 0.3373 0.0000 0.0000 5.0189 0.20 0.002
13353 P-D 1.5568 3.9044 2.6807 -0.0123 0.5834 0.10 4.536
11675 S-P * 0.0000 0.2038 0.0000 0.0000 0.7948 0.10 0.092
10925 P-P * 0.0000 0.7724 0.0001 0.0000 0.7948 0.10 0.349
1036.8 P-S 0.4879 0.1712 1.3281 -0.0308 0.9202 0.10 0.780
* 9711 D-F * -0.0003 6.4693 0.0006 -0.0001 7.4627 0.25 0.004
* 9525 P-D * -0.0003 3.3894 0.0003 0.0000 5.7634 0.20 0.011
9461 S-P * 0.0001 1.4276 0.0001 0.0000 0.7949 0.10 0.645
7998 D-F * -0.0001 6.8606 0.0002 0.0000 0.4749 0.10 4.267
C III
* 143825 H-1I 0.0291 -0.1855 0.3267 -0.0338 4.6059 0.20 0.001
13986.1 F-G 0.0263 -0.0947 0.1296 -0.0109 3.7460 0.30 0.001
= 137174 H-1 0.0859 -0.5480 0.9649 -0.0997 4.6058 0.20 0.004
* 135796 G-H 0.1094 -0.2675 0.1883 -0.0090 2.0379 0.40 0.003
97004 D-F 0.0002 0.0060 0.0004 0.0000 0.3000 0.10 0.005
86646 F-G 0.0886 -0.2722 0.2362 -0.0138 2.0358 0.35 0.005
83408 D-F 0.0116 0.1716 0.0132 -0.0005 0.3184 0.10 0.001
* 83151 F-G 0.0000 0.3579 0.0001 0.0000 5.3545 0.20 0.002
* 82262 G-H 0.0001 0.3041 0.0000 0.0000 5.3518 0.20 0.001
81965 G-H 0.3807 -1.1942 1.0595 -0.0718 2.3905 0.40 0.016
81965 G-H 0.1278° -0.4040 0.3619 -0.0250 2.4353 0.40 0.005
* 81891 H-I * 0.0005 0.5632 0.0001 0.0000 5.3503 0.20 0.003
75978 F-G 0.0287 -0.1106 0.1235 -0.0069 1.7323 0.30 0.006
6740.3 P-D 0.0207 -0.0509 0.0782 -0.0023 0.5355 0.10 0.027
5826.2 D-F 0.0018 0.0078 0.0026 0.0000 0.4390 0.10 0.008
5305.3 F-G 0.0298 -0.1075 0.1472 -0.0124 3.7460 0.30 0.001
5263.1 P-S 0.0008 0.0046 0.0017 -0.0001 0.4000 0.10 0.005
* 51334 G-H 0.1048 -0.2563 0.1805 -0.0086 2.0382 0.40 0.003
* 47179 D-F * 0.0000 0.2144 0.0000 0.0000 3.6259 0.15 0.006
46624 P-P 0.0019 0.0063 0.0042 -0.0002 0.4188 0.10 0.008
46488 S-P 0.1151 -0.1057 0.3451 -0.0113 0.4817 0.10 0.212
* 45932 D-F * 0.0005 0.6813 0.0001 0.0000 3.6254 0.15 0.018
* 45427 F-G * 0.0000 0.0064 0.0000 0.0000 0.2711 0.10 0.005
* 44292 G-H * 0.0000 0.4335 0.0001 0.0000 3.5947 0.15 0.012
43953 D-F *  0.0000 0.0074 0.0000 0.0000 0.3643 0.10 0.005
* 437111 F-G * 0.0000 0.3019 0.0000 0.0000 3.6551 0.15 0.008
* 43300 G-H * 0.0005 1.3291 0.0000 0.0000 3.5934 0.15 0.037
43255 P-D 0.0013 0.0060 0.0021 -0.0001 0.4500 0.10 0.006
* 43008 P-D * 0.0000 0.2610 0.0000 0.0000 3.6685 0.15 0.007
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M4 L-L 4 a b ¢ d f 4 Y
4187.0 F-G 0.1051 -0.4050 0.4552 -0.0261 1.7717 0.30 0.022
4158.7 D-F 0.0116 -0.0223 0.0367 -0.0009 0.4847 0.10 0.015
40694 F-G 0.2862 -1.1021 1.2297 -0.0691 1.7324 0.30 0.061
* 39274 F-G * 0.0003 0.5449 0.0000 0.0000 3.6034 0.15 0.015
3887.1 D-F 0.0177 -0.0341 0.0559 —-0.0013 0.4847 0.10 0.024
= 36026 D-F * 0.0000 0.2012 0.0000 0.0000 3.3809 0.15 0.007
*x 34149 F-G * 0.0000 0.0060 0.0000 0.0000 0.2711 0.10 0.005
« 33852 F-G * 0.0000 0.0554 0.0000 0.0000 0.3472 0.10 0.039
« 25122 F-G * 0.0000 0.5505 0.0000 0.0000 0.3472 0.10 0.389
= 24400 F-G * 0.0000 0.1694 0.0000 0.0000 0.2711 0.10 0.129
2296.9 P-D 0.8743 3.8841 1.4779 —-0.0483 0.4521 0.10 3.937
* 22961 P-D * 0.0000 0.4000 0.0000 0.0000 0.5770 0.10 0.225
= 22004 P-D * 0.0000 0.5229 0.0000 0.0000 0.4931 0.10 0.319
21629 D-F 0.0396 -0.0138 0.1125 0.0029 0.5586 0.10 0.081
* 21143 F-G * 0.0000 0.3575 0.0000 0.0000 0.3472 0.10 0.253
* 20174 P-D * 0.0000 0.8108 0.0000 0.0000 0.4931 0.10 0.495
« 19233 D-D * 0.0000 0.3165 0.0000 0.0000 0.4931 0.10 0.193
1923.1 D-F 0.2666 -0.3774 0.7627 0.0310 0.6278 0.10 0.365
* 1828.0 F-G *  -0.0001 3.8078 -0.0002 0.0000 0.2711 0.10 2.903
1796.8 D-F * 0.0000 0.2882 0.0000 0.0000 0.3643 0.10 0.200
« 17779 F-D * 0.0000 0.1239 0.0000 0.0000 0.4931 0.10 0.076
= 17016 P-P * 0.0000 0.1853 0.0000 0.0000 0.3240 0.10 0.134
* 16336 S-P * 0.0000 0.2130 0.0000 0.0000 0.3240 0.10 0.154
1620.3 P-D 0.0243 0.0381 0.0513 -0.0017 0.4200 0.10 0.074
15771 D-F 0.2336 3.4440 0.2656 -0.0109 0.3185 0.10 2.860
15489 D-F * 0.0000 0.2776 0.0000 0.0000 0.3643 0.10 0.193
« 15163 F-G * 0.0000 0.1069 0.0000 0.0000 0.3472 0.10 0.076
* 1491.2 D-P * 0.0000 0.3415 0.0000 0.0000 0.3240 0.10 0.247
* 14804 F-D * 0.0000 0.1479 0.0000 0.0000 0.5770 0.10 0.083
* 1478.1 F-D * 0.0000 0.4007 0.0000 0.0000 0.4931 0.10 0.245
1381.7 D-~F 0.0128 0.0598 0.0227 -0.0012 0.4327 0.10 0.061
1296.3 D-F 0.1194 -0.2296 0.3770 -0.0090 0.4847 0.10 0.159
12474 P-S —0.0001 0.8535 0.5001 -0.0341 0.6671 0.10 0.677
1175.7 P-P 0.3864 3.1446 1.1348 —-0.0611 0.4130 0.10 3.047
977.0 S-P 0.8323 5.1970 2.5875 -0.0812 0.4437 0.10 5.477
574.3 P-D 0.0980 0.1127 0.2229 0.0007 0.4990 0.10 0.264
538.2 P-5S 0.1342 -0.1435 0.4201 -0.0134 0.4903 0.10 0.243
511.5 D-F 0.0589 0.2539 0.0849 -0.0015 0.4390 0.10 0.255
493.5 P-P 0.1009 0.5483 0.2102 -0.0138 0.5706 0.10 0.478
4926 D-F 0.0728 0.3386 0.1285 -0.0069 0.4327 0.10 0.346
483.7 P-P 0.0718 0.3649 0.1455 ~0.0090 0.5733 0.10 0.323
* 476.0 S-P * 0.0000 1.1418 0.0000 0.0000 0.9157 0.10 0.457
4596 P-D 0.9723 2.2972 1.8844 -0.0286 0.3893 0.10 3.473
450.7 P-D 0.0000 0.2904 0.0481 -0.0036 0.3764 0.10 0.230
433.3 P-D 0.0453 0.1992 0.0720 -0.0020 0.4534 0.10 0.200
411.7 D-F * 0.0001 4.3059 0.0000 0.0000 0.3643 0.10 2.991
* 3984 P-P * 0.0001 2.6254 0.0002 0.0000 0.3240 0.10 1.899
371.7 P-D 0.1225 0.1922 0.2586 ~0.0088 0.4200 0.10 0.371
NI

105948 F-G * 0.0000 0.0135 0.0000 0.0000 0.4078 0.10 0.009
9048.1 D-F 0.0000 0.0190 0.0024 -0.0003 0.3710 0.10 0.015
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Table 30. Continued

A4 L-L A a b c d f 1 Y
81804 D-D 0.0000 0.0064 0.0003 0.0000 0.3500 0.10 0.005
1000.2 D-D * 0.0000 0.0395 0.0000 0.0000 0.2727 0.10 0.030

* 9942 D-F * 0.0000 0.0721 0.0000 0.0000 0.3594 0.10 0.050
* 9807 D-D * 0.0000 0.4728 0.0000 0.0000 0.5591 0.10 0.270
N II

5679.6 P-D 0.0234 -0.0852 0.0927 -0.0056 2.3686 0.30 0.002

« 54951 D-F * 0.0000 0.0781 0.0000 0.0000 1.1623 0.10 0.024
50044 D-F 0.0704 -0.1990 0.1603 -0.0099 3.3831 0.40 0.001

* 4724.1 S-p * 0.0000 0.0186 0.0000 0.0000 0.7718 0.10 0.009
1085.1 P-D 0.0005 0.8561 23770 -0.1017 0.8595 0.10 1.326
916.3 P-P 0.0143 -0.2447 1.1821 0.0132 0.8461 0.10 0.414

* 646.4 D-F * 0.0009 2.2631 0.0000 0.0000 1.1627 0.10 0.708

N III

6938.2 D-F * 0.0000 0.2206 0.0000 0.0000 0.7295 0.10 0.106
5334.7 S-P * 0.0000 0.1260 0.0000 0.0000 0.9211 0.10 0.050

= 45075 D-F * 0.0005 0.8446 0.0000 0.0000 4.0119 0.15 0.015
* 44778 G-H * 0.0004 1.0155 0.0001 0.0000 4.0085 0.15 0.018
437386 F-G * 0.0000 0.9660 0.0001 0.0000 4.0183 0.15 0.017
41996 P-D 0.0149 0.0226 0.0304 -0.0002 0.8516 0.10 0.029
40994 S-P 0.0000 0.0194 0.0280 -0.0010 0.8274 0.10 0.020
4001.8 D-F 0.0023 0.0256 0.0027 0.0000 0.8500 0.10 0.013

* 34290 D-P * 0.0000 0.1420 0.0000 0.0000 2.8512 0.10 0.008
21978 F-G * 0.0000 0.2454 0.0001 0.0000 0.7958 0.10 0.111
2188.1 P-D * -0.0001 1.7355 -0.0001 0.0000 0.8199 0.10 0.764
20643 F-G * 0.0001 4.2360 0.0014 -0.0001 0.7958 0.10 1.912
1885.1 D-F 0.4468 -0.8007 0.3715 0.0369 3.0634 0.45 0.003
1857.2 D-D * 0.0000 0.3940 0.0000 0.0000 0.8200 0.10 0.174
14983 D-F * 0.0000 0.9684 0.0000 0.0000 0.7295 0.10 0.467
991.0 P-D 2.8315 12,9695 16.8995 -0.5167 0.8162 0.10 14.229
9799 D-D 0.1764 -0.4582 0.6309 0.0215 1.0251 0.10 0.133
7829 D-F * 0.0014 6.8449 0.0000 0.0000 1.7651 0.10 1.172
7640 P-S 1.1769 3.6750 3.8084 -0.1470 0.9780 0.10 3.202
685.7 P-P 0.5940 -0.4426 4.3937 -0.3217 0.9795 0.10 1.586
4723 S-P ~0.0545 1.1395 0.1343 -0.0013 0.7456 0.10 0.578
4188 D-F 0.4465 3.5875 0.5445 -0.0132 0.8626 0.10 1.927
411.3 P-P * 0.0000 1.3202 -0.0001 0.0000 0.9211 0.10 0.526
391.3 P-P 0.0022 9.8112 0.0001 0.0000 2.7078 0.10 0.654
3874 S-P * -0.0002 5.2820 -0.0002 0.0000 0.9211 0.10 2.103
3744 P-D 0.0961 -1.1219 4.6102 -0.4746 0.8564 0.10 1.321
348.7 D-F -0.0004 15.4012 -0.0006 0.0001 0.7295 0.10 7.425
340.2 D-F * 0.0045 18.4734 -0.0004 0.0001 1.7651 0.10 3.163
3233 D-F * 0.0341 32.2696 -0.0123 0.0018 3.9830 0.15 0.602
3116 P-D 0.2238 0.3397 0.4567 -0.0033 0.8515 0.10 0.434

NIV
9203.0 - 0.0111 -0.1354 0.4831 -0.0482 0.5315 0.10 0.183

D-F
7850.8 F-G 0.0097 0.0216 0.0354 0.0009 1.5444 0.10 0.014
77600 G-H * 0.0000 0.5947 -0.0001 0.0000 6.4512 0.25 0.001
77420 H-1 —-0.0001 0.5524 0.0000 0.0000 6.4494 0.25 0.001
7740.8 I-J * -0.0002 0.8844 -0.0004 0.0000 6.4485 0.25 0.001
7703.2 H-1 0.0783 -0.2678 0.2577 -0.0180 3.3144 0.35 0.002

* O * *
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Table 30. Continued

MA) L-L A a b c d f 1 Y
7703.2 H-1 0.2348 -0.8031 0.7726 -0.0569 3.3133 0.35 0.005
7582.3 G-H 0.1075 -0.3417 0.3133 -0.0219 3.0892 0.35 0.003
7581.7 G-H 0.0404 -0.1053 0.0858 -0.0048 2.5490 0.30 0.001
5209.1 P-D 0.0000  0.0043 0.0195 -0.0018 0.4783 0.20 0.014
48036 F-G 0.0202 --0.0542 0.0678 -0.0040 1.8505 0.15 0.005

« 47572 G-H * 0.0000  0.3191 0.0000 0.0000 4.5945 0.15 0.003
* 47452 D-F * 0.0003 0.5548 0.0000 0.0000 4.6121 0.15 0.006
= 47081 F-G * 0.0000 0.3688 0.0000 0.0000 4.5974 0.15 0.004
47074 F-G 0.0814 -0.2208 0.2735 -0.0166 1.8703 0.15 0.018
* 47057 F-G * 0.0025 1.1065 0.0002 0.0000 4.5996 0.15 0.011
= 46801 H-1 * 0.0000 0.5669 -—0.0001 0.0000 4.5904 0.15 0.006
* 46762 H-1 * -0.0001 1.7011 0.0004 -0.0001 4.5902 0.15 0.017
= 46401 G-H * 0.0010 0.9578 -0.0001 0.0000 4.5926 0.15 0.010
46064 G-H 0.2266 -1.0525 1.4037 -0.1084 2.6627 0.25 0.033
4606.2 G-H 0.0951 -0.3764 0.4486 —0.0331 2.4572 0.25 0.011
45128 P-S 0.0002 0.0054 0.0129 -0.0011 0.5497 0.20 0.010
42899 D-F 0.0154 -0.0448 0.0594 -0.0032 1.685% 0.20 0.005
41244 F-G * 0.0000 0.3355 0.0000 0.0000 4.6276 0.15 0.003
40735 F-G * 0.0004 0.5100 -0.0001 0.0000 4.5780 0.15 0.005
34809 S-P 0.0045 -0.0291 0.6366 -—0.0515 0.1742 0.10 0.471
3459.1 P-P -0.0001 0.0048 0.0060 -0.0004 0.2000 0.10 0.008

32009 S-P * 0.0000 0.0110 0.0000 0.0000 0.2391 0.10 0.009
30783 F-G 0.0405 0.0627 0.0874 -0.0040 1.6451 0.10 0.036
30041 P-S ~0.0005 0.0186 0.0007 0.0000 0.2062 0.10 0.015
26644 P-P * 0.0000 0.1852 0.0000 0.0000 0.2391 0.10 0.146
26464 F-G 0.3066 0.6885 0.7846 -0.0310 1.6158 0.10 0.348

* 26302 D-F * 0.0001 0.6841 0.0000 0.0000 1.5424 0.10 0.146
« 26026 G-H * 0.0002 1.1617 -0.0001 0.0000 1.5171 0.10 0.255
* 25746 D-F * 0.0001 2.1507 0.0003 0.0000 1.5406 0.10 0.461
= 25506 G-H * -0.0001 3.5429 0.0002 0.0000 1.5142 0.10 0.779
24571 D-P * 0.0000 0.1785 0.0000 0.0000 0.2391 0.10 0.141
24308 P-S -0.0019 0.0709 0.0026 -0.0001 0.2062 0.10 0.058
« 24188 P-D * 0.0002 0.8460 0.0001 0.0000 1.5806 0.10 0.174
23181 D-F 0.0054 -0.0820 0.3300 -0.0360 0.6469 0.10 0.114
* 22347 F-G * 0.0001 1.1331 0.0000 0.0000 1.5707 0.10 0.236
= 21902 F-G * 0.0002 1.8069 -0.0001 0.0000 1.4918 0.10 0.407
* 21595 D-F * 0.0000 0.5740 0.0000 0.0000 1.0459 0.10 0.202
2080.3 F-G 0.1309 0.2038 0.2829 -0.0129 1.6449 0.10 0.117
17186 P-D 0.0751 ~1.3414 6.4456 -0.6185 0.3433 0.10 3.236
16998 F-G 0.1002 0.2187 0.2544 -0.0103 1.6169 0.10 0.112
13253 D-F 0.0667 -0.8159 2.9104 -0.2907 0.5315 0.10 1.099
* 12797 D-F 0.0025 -0.0455 0.2315 -0.0235 0.5303 0.10 0.097
12716 P-D 0.0036 -0.0444 0.2866 -0.0275 0.1932 0.10 0.180
« 12603 D-F * 0.0000 0.8144 0.0000 0.0000 1.0459 0.10 0.286
« 12558 F-G -0.0014 1.1562 0.3338 -0.0313 1.4122 0.10 0.355
* 12398 F-G * 0.0002 1.2463 0.0000 0.0000 1.4918 0.10 0.280
= 12338 G-H * 0.0000 1.0352 0.0001 0.0000 1.5142 0.10 0.228
* 12310 G-F * 0.0001 0.8813 0.0001 0.0000 1.5406 0.10 0.189
* 12304 F-D * 0.0002 0.6921 0.0000 0.0000 1.5806 0.10 0.143
« 12284 P-D * 0.0000 0.6558 0.0001 0.0000 0.7942 0.10 0.296
1225.5 P-S 0.0016 -0.0276 0.1766 -0.0156 0.1317 0.10 0.118
12238 S-P

* 0.0000 0.3810 0.0000 0.0000 0.2391 0.10 0.300
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A4 L-L 4 a b c d f t Y
1222.3 S-P * 0.0000 0.1345 0.0000 0.0000 0.5296 0.10 0.079
* 1221.3 D-P * 0.0000 0.4580 0.0000 0.0000 1.4106 0.10 0.112
* 11736 P-D -0.0128 0.9919 0.1844 -0.0155 1.4480 0.20 0.270
« 11024 F-G ~0.0032 0.4261 0.0453 -0.0024 1.1909 0.10 0.105
1036.2 D-F 0.0466 -0.6226 2.3090 -0.1996 0.6230 0.10 0.822
* 993.2 F-G -0.0013 1.3770 0.3981 -0.0374 1.4124 0.10 0.423
955.3 P-S 0.0349 -0.2307 1.5474 -0.1407 0.5544 0.10 0.696
* 9529 D-F 0.0081 -0.1496 0.7610 -0.0Y74 0.5303 0.10 0.319
9232 P-P 0.1057 -0.3719 4.7527 -0.4378 0.2552 0.10 3.137
765.1 S~-P 0.1051 -1.9051 10.2062 -0.9291 0.3490 0.10 5.274
7566 P-P * 0.0000 0.2633 0.0000 0.0000 0.2391 0.10 0.207
* 715.7 F-G * 0.0009 3.2627 -0.0002 0.0000 1.4919 0.10 0.734
7048 D-P * 0.0000 0.2364 0.0000 0.0000 0.2391 0.10 0.186
* 6780 D-F * 0.0001 1.9513 0.0001 0.0000 1.0459 0.10 0.686
3226 P-S 0.0063 -0.1200 0.9206 -0.0779 0.0798 0.10 0.673
297.7 P-P 0.0427 -0.4023 1.3341 -0.1392 0.4279 0.10 0.545
2835 P-D 0.1599 -1.8302 6.3083 -0.5637 0.5187 0.10 2.425
2396 P-D 0.0238 -0.2925 1.8886 -0.1810 0.1931 0.10 1.186
2342 P-P -0.0031 0.1646 0.2047 -0.0151 0.1978 0.10 0.288
* 2253 D-F ~0.0001 7.3142 -0.0009 0.0001 1.1402 0.10 2.338
221.8 P-P * 0.0000 0.7356 0.0000 0.0000 0.2391 0.10 0.579
* 2179 P-P * 0.0004 3.5092 -0.0003 0.0001 1.4107 0.10 0.856
2094 P-S —0.0049 0.1832 0.0068 -0.0002 0.2062 0.10 0.150
1776 P-D * 0.0000 1.5341 0.0001 0.0000 0.7942 0.10 0.693

01
27639.7 S-P 0.1953 -0.7805 0.8492 -0.0759 13.2470 0.50 0.000
180228 D-~F 0.0971 -0.8743 1.6447 -0.1593 14.3535 0.50 0.000
112989 P-S 0.2147 -0.9024 1.0281 -0.0820 12.9529 0.56 0.000
9263.6 P-D 1.3752 -0.0677 3.8878 -—-0.4719 15.3842 0.50 0.000
79495 D-F * 0.0000 0.0400 0.0000 0.0000 0.5587 0.10 0.023
7773.3 S-P 1.0991 -1.9677 5.9828 -0.6378 14.1284 0.45 0.000
* 63186 D-pP * 0.0000 0.0280 0.0000 0.0000 1.0257 0.10 0.010
o1l

=« 253931 F-G * 0.0000 0.0040 0.0000 0.0000 0.2971 0.10 0.003
* 119456 F-G ~0.0001 0.0072 0.0015 -0.0002 0.3500 0.10 0.006
= 93774 P-D * 0.0000 0.0063 0.0000 0.0000 0.3616 0.10 0.004
« 88833 D-F 0.0000 0.0056 0.0000 0.0000 0.3475 0.10 0.004
* 87718 F-G * 0.0000 0.0161 0.0000 0.0000 0.3456 0.10 0.011
46514 P-D 0.1037 -0.2657 0.2045 -0.0029 3.0303 0.35 0.002
4593.2 D-F 0.0000 0.0080 0.0059 -~0.0006 0.3499 0.10 0.009
4349.8 D-D 0.0000 0.0048 0.0075 -0.0005 0.3000 0.10 0.009
4341.1 P-P 0.0376 -0.0999 0.0783 -0.0003 2.8346 0.30 0.001
41880 F-G ~0.0001 0.0154 0.0079 -0.0008 0.3498 0.10 0.016
4074.8 D~ F 0.0923 -0.1817 0.1002 -0.0007 4.2197 0.50 0.000
= 38002 D-F * 0.0000 0.1009 0.0000 0.0000 2.2340 0.10 0.011
x« 3078 P-D * 0.0000 0.0099 0.0000 0.0000 0.3616 0.10 0.007
* 30179 D-F * 0.0000 0.0082 0.0000 0.0000 0.3475 0.10 0.006
*« 30090 D-D * 0.0000 0.0076 0.0000 0.0000 0.3616 0.10 0.005
* 3863 D-F * 0.0000 0.4461 0.0000 0.0000 0.2804 0.10 0.337
* 3857 D-D * 0.0000 0.3115 0.0000 0.0000 0.3318 0.10 0.224
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AX(4) L-L A a b c d / t Y
o Il
* 45871 F-G * 0.0000 0.2800 0.0000 0.0000 4.6381 0.15 0.003
= 38816 D-F * 0.0000 0.1304 0.0000 0.0000 0.9941 0.10 0.048
« 37631 P-D * 0.0000 00746 0.0000 0.0000 1.6189 0.10 0.015
37623 P-D 0.0053 -0.0983 0.4693 0.0054 0.5684 0.10 0.216
33266 P-S 0.0090 0.0107 0.0226 -0.0004 0.7877 0.10 0.019
32659 D-F 0.0001 0.9493 0.1777 0.0623 1.2049 0.10 0.356
x 31919 F-G 0.0000 0.0723 0.0000 0.0000 1.8883 0.10 0.011
x 31761 F-G * 0.0000 0.2069 0.0000 0.0000 1.3144 0.10 0.056
30416 P-P 0.0139 -0.0463 0.0950 -0.0013 1.1799 0.10 0.019
« 20920 D-F * 00001 0.7959 0.0000 0.0000 1.5025 0.10 0.177
« 19472 F-G * 0.0000 1.1393 0.0002 0.0000 1.3915 0.10 0.283
« 19242 P-D * 0.0000 0.5098 0.0001 0.0000 1.3217 0.10 0.136
8345 P-D -0.0092 16.2803 6.0953 -0.3399 1.2980 0.15 6.015
7034 P-P 0.0646 -1.0379 5.4702 -0.3506 0.6221 0.10 2.226
5996 D-D 0.0002 1.4709 1.2954 -0.0807 1.5493 0.10 0.570
* 5416 P-P * 0.0002 2.4329 0.0001 0.0000 1.2893 0.10 0.670
3741 P-P -0.0005 1.8930 1.0691 -0.0524 1.1337 0.15 0.936
3207 P-D * -0.0001 3.8598 0.0000 0.0000 1.5798 0.10 0.795
3005 D-F 0.0003 13.1930 0.0015 -0.0002 1.3900 0.10 3.286
2093 D-D * -0.0001 6.0914 0.0000 0.0000 1.5798 0.10 1.255
01V

92251 P-D 0.0001 0.0009 0.0005 0.0000 0.1500 0.10 0.001
« 87236 P-D * 0.0000 0.0335 0.0000 0.0000 0.9214 0.10 0.013
« 60996 D-F * 00000 0.0283 00000 00000 10719 ©6.10 0.010
* 45413 F-G * 0.0011 0.6456 0.0000 0.0000 4.8635 0.20 0.005
* 44915 D-F * 0.0003 0.6584 0.0000 0.0000 4.8271 0.15 0.005
40340 D-F * 00000 0.0702 0.0000 0.0000 0.0719 0.10 0.065
+ 37993 P-P * 0.0000 0018 0.0000 0.0000 0.3721 0.10 0.013
x 37940 D-F * 00000 0.1226 0.0000 0.0000 2.5050 0.10 0.010
% 37208 D-P * 00000 0.1250 0.0000 0.0000 0.3721 0.10 0.086
« 35538 G-F * 00000 0.0045 0.0000 0.0000 0.0719 0.10 0.004
3549.1 D-F * 0.0000 0.0012 0.0000 0.0000 0.0719 0.10 0.001
34909 P-D 0.0033 0.0082 0.0069 0.0003 0.1785 0.10 0.016
3409.1 P-D 0.0004 0.0001 0.0016 0.0002 0.2052 0.10 0.002
3350.7 P-~-D 0.0012 -0.0001 0.0091 -0.0002 0.1795 0.10 0.008
3066.1 S-P 0.0230 0.0016 0.0859 0.0015 0.2149 0.10 0.090
* 30379 G-F * 0.0000 1.5217 0.0000 0.0000 0.7085 0.10 0.749
30279 P-D * 0.0000 0.0918 0.0000 0.0000 0.9214 0.10 0.037
30243 P-D 0.0002 0.0005 0.0005 0.0000 0.2000 0.15 0.001
*« 30030 F-G * 0.0007 0.5561 0.0000 0.0000 4.8630 0.10 0.004
29071 F-D * 0.0000 0.2918 0.0000 0.0000 0.9214 0.10 0.116
27725 D-F * 0.0000 0.6734 -0.0001 0.0000 16944 0.10 0.124
« 26377 P-D * 0.0000 1.1338 -0.0002 0.0000 1.6242 0.10 0.223
= 26200 D-F * 00000 10784 0.0000 0.0000 1.0719 0.10 0.369
« 2511.2 D-F * 0.0002 2.8067 -0.0001 0.0000 1.7471 0.10 0.489
24863 D-F * 0.0000 0.3204 0.0000 0.0000 0.0719 0.10 0.298
« 23636 D-P * 0.0000 0.2168 0.0000 0.0000 0.3721 0.10 0.149
* 19361 P-P * 0.0000 0.1495 0.0000 0.0000 0.3721 0.10 0.103
« 17859 D-F * 0.0000 0.5212 0.0000 0.0000 1.0719 0.10 0.178
15155 P-D 0.0008 0.0086 0.0048 0.0000 0.1501 0.10 0.012
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Table 30. Continued

A(A) L-L A a b ¢ d f 4 Y
1355.1 F-D 0.0016 0.0209 0.0111 0.0001 0.1392 0.10 0.029
13418 P-D 0.0734 -0.7096 2.5557 -0.1364 0.3106 0.10 1.307

* 12964 P-P 0.0000 0.2047 0.0000 0.0000 0.3721 0.10 0.141
12894 D-F 0.0000 1.1066 0.0001 0.0000 0.0719 0.10 1.030
12129 P-D 0.0309 -0.3064 0.8385 -0.0813 0.5422 0.10 0.280

= 11020 P-D * 0.0018 5.6429 8.0008 -0.0001 6.9210 0.25 0.006
10799 P-D 0.0027 -0.0002 0.0195 -0.0005 0.1795 0.10 0.018
10678 D-F 0.0935 -0.1253 0.2148 0.0392 0.8956 0.15 0.091
1060.0 P-D 0.0103 0.0256 0.0214 0.0011 0.1784 0.10 0.049
10460 P-S 0.0404 -0.2108 0.3873 -0.0250 0.6667 0.10 0.099

* 10087 F-G * 0.0161 12.4488 0.0002 0.0000 7.5667 0.25 0.006

9227 P-P 0.7799 -3.0453 4.4113 -0.2320. 1.0333 0.20 0.681
* 8444 F-G * -0.0001 3.3684 0.0001 0.0000 0.7085 0.10 1.659
7894 P-D 4.7096 -7.7314 39.5926 -1.4842 0.2109 0.10 28.415
7799 D-D 0.4003 -3.8675 13.9290 -0.7433 0.3108 0.10 7.124
* 7458 S-P * 0.0000 0.5476 0.0000 0.0000 0.3721 0.10 0.377
* 713.0 D-F * 0.0041 6.5679 -0.0013 0.0002 2.5057 0.10 0.536
7039 D-F * 0.0000 0.5760 0.0000 0.0000 0.0719 0.10 0.536
636.5 P-D 0.1084 0.2681 0.2245 0.0112 0.1785 0.10 0.512
617.0 D-P 1.7032 -6.6508 9.6338 -0.5066 1.0333 0.20 1.487
6094 P-S 0.4193 -1.9258 5.0398 -0.0611 0.4046 0.10 2.317
5544 P-P 0.9392 -0.7450 8.8543 -0.2444 0.4542 0.10 5.590
4870 D-F * 0.0000 0.3641 0.0000 0.0000 0.0719 0.10 0.339
442.8 S-P 0.0228 0.0016 0.0852 0.0015 0.2149 0.10 0.090
3798 D-P 0.1502 0.0108 0.5603 0.0096 0.2149 0.10 0.590
3423 D-D 0.0096 0.0238 0.0199 0.0010 0.1785 0.10 0.045
3067 D-P 0.0046 —0.0187 0.3118 -0.0071 0.0888 0.10 0.266
303.5 D-D 0.0043 0.0573 0.0305 0.0003 0.1392 0.10 0.080
2809 D-D 0.0113 0.0019 0.2579 -0.0234 0.1676 0.10 0.209
* 2885 P-D * 0.0000 3.7916 -0.0007 0.0001 1.6242 0.10 0.747
2858 S-P 0.0521 -0.4336 1.0532 0.0448 0.5153 0.10 0.428
2798 P-5S 0.0999 -0.2634 0.4500 0.0242 0.3298 0.10 0.223
* 2761 P-D 0.0124 18.7191 0.0017 -0.0002 3.8567 0.15 0.396
273.5 P-D * -0.0018 25.0077 0.0020 -0.0002 4.3545 0.15 0.321
267.0 D-D 0.1622 -1.1147 2.2783 -0.1975 0.7623 0.15 0.526
* 265.5 D-F * -0.0001 16.4077 0.0006 -0.0001 1.0719 0.10 5.617
260.5 D-F 0.0005 2.2010 2.6463 -0.1639 0.6095 0.15 2.546

* 2586 D-F * 0.0060 6.1638 -0.0005 0.0001 2.5060 0.10 0.503

* 2525 D-D * 0.0128 20.5521 0.0011 -0.0001 3.8567 0.15 0.435

* 2503 D-D * -0.0023 31.5306 0.0025 -0.0003 4.3545 0.15 0.405

2385 P-D 0.2115 0.0327 0.5626 0.0832 0.2035 0.10 0.653
* 224.1 P-P * 0.0000 3.2339 0.0001 0.0000 0.3721 0.10 2.222
* 216.2 S-P * 0.0000 0.5602 0.0000 0.0000 0.3721 0.10 0.386
213.0 D-F —0.0657 1.4583 0.2876 0.0223 0.6524 0.10 0.887
* 211.3 S-P * 0.0022 5.2042 0.0232 -0.0015 1.9159 0.10 0.770
2072 P-D 0.1477 -0.0102 1.0783 -0.0272 0.1795 0.10 0.993
2030 P-5S 0.0846 0.2543 0.3268 -0.0198 0.4614 0.10 0.407
2008 D-F * 0.0001 10.4614 0.0006 -0.0001 0.0719 0.10 0.736
1964 D-F * 0.0031 19.1580 -0.0023 0.0004 1.6946 0.10 3.519
* 188.2 D-F * -0.0032 32.3813 -0.0036 0.0005 4.8979 0.15 0.242
1842 D-F * -0.0017 29.1270 0.0040 -0.0006 6.5238 0.20 0.043
182.8 P-D 0.1135 0.2808 0.2350 0.0117 0.1785 0.10 0.536
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Table 30. Continued

M(4) L-L A a b c d f t Y
1711 P-D 0.0174 0.2317 0.1234 0.0014 0.1392 0.10 0.325
1586 P-D * 0.0012 7.8984 0.0004 0.0000 0.9216 0.10 3.143

ov
64875 D-F -0.0765 4.1680 1.2966 -0.1261 2.8234 0.15 0.313
5875.5 G-H 0.0274 -0.0918 0.1266 -0.0106 3.3189 0.15 0.002
= 50232 G-H * -0.0001 0.5197  0.0000 0.0000 5.8621 0.20 0.001
x= 50069 D-F * 0.0000 0.4687 0.0000 0.0000 5.8758 0.20 0.001
* 49824 F-G * 0.0008 0.8823 0.0001 0.0000 5.8662 0.20 0.003
49814 F-G 0.0221 -0.0957 0.1292 -0.0117 3.5562 0.20 0.001
* 49614 G-H * 0.0012 1.4623 0.0001 0.0000 5.8616 0.20 0.004
*= 49614 G-H * 0.0009 0.5036 -0.0002 0.0000 5.8627 0.20 0.001
= 49587 H-1 * 0.0000 0.4494 0.0000 0.0000 5.8588 0.20 0.001
= 49533 H-1 * 0.0011 1.3491 -0.0006 0.0001 5.8599 0.20 0.004
*  4952.5 I-J = 0.0000 2.1583 -0.0001 0.0000 5.8576 0.20 0.006
*  4952.5 I-J * 0.0004 0.7195 0.0001 0.0000 5.8581 0.20 0.002
*  4944.7 I-H * 0.0000 0.3643 0.0000 0.0000 5.8621 0.20 0.001
4930.3 H-1I 0.0407 -0.2476 0.4153 -0.0419 3.9910 0.20 0.003
49303 H-1 0.1223 -0.7431 1.2467 -0.1257 3.9913 0.20 0.009
« 49242 G-H * 0.0007 0.7699 0.0001 0.0000 5.8606 0.20 0.002
4498.2 G-H 0.0226 -0.0754 0.1040 -0.0087 3.3188 0.15 0.002
x 44939 F-G * 0.0005 0.4192 -0.0001 0.0000 5.8498 0.20 0.001
44626 G-H 0.0457 -0.1671 0.2516 -0.0184 3.2313 0.10 0.004
* 32366 P-P * 0.0000 0.1399 0.0000 0.0000 1.9093 0.10 0.021
31643 F-G 0.0160 0.1955 0.0529 -0.0039 2.9938 0.10 0.013
= 31296 P-D * 0.0000 0.1965 0.0000 0.0000 3.0685 0.10 0.009
* 30838 D-F * 0.0001 0.4411 0.0000 0.0000 2.9807 0.10 0.022
* 30779 D-P * 0.0000 0.1517 0.0000 0.0000 1.9094 0.10 0.022
* 3031.3 G-H * 0.0002 0.7817 0.0000 0.0000 2.9583 0.10 0.041
= 30236 D-F * 0.0009 1.3603 0.0001 0.0000 2.9790 0.10 0.069
* 30166 F-G * 0.0000 0.5112 0.0000 0.0000 2.9986 0.10 0.025
= 30052 F-G * 0.0002 0.9032 0.0002 0.0000 2.9618 0.10 0.047
= 30038 F-G * 0.0009 2.7109 0.0000 0.0001 2.9619 0.10 0.140
* 29933 H-1 * 0.0007 1.3851 -0.0001 0.0000 2.9537 0.10 0.072
* 29913 H-1 * 0.0035 4.1590 0.0002 -0.0001 2.9540 0.10 0.217
* 29746 G-H * 0.0000 2.3453 -0.0001 0.0000 2.9549 0.10 0.122
29414 G-H 0.3768 2.0972 0.8634 -0.0657 3.0325 0.10 0.158
2941.4 G-H 0.1258 0.6993 0.2887 -0.0220 3.0326 0.10 0.053
27840 S-P 0.0075 -0.1040 0.5878 -0.0604 1.8618 0.10 0.067
* 26963 F-G * 0.0009 1.2340 -0.0001 0.0000 2.9394 0.10 0.065
= 1660.8 G-H 0.1433 2.3447 0.1964 -0.0148 2.9947 0.10 0.134
1643.7 F-G 0.4277 2.2318 1.0820 -0.0818 3.0315 0.10 0.177
* 1629.2 D-F 0.1100 1.9840 0.1615 -0.0121 2.9944 0.10 0.112
* 15244 G-H 0.0751 1.2396 0.1036 -0.0078 2.9944 0.10 0.071
1371.3 P-D 0.1526 —2.1819 12.1631 -1.1983 2.0811 0.10 1.115
10858 D-F -0.0859 5.0151 1.5551 -0.1513 2.8250 0.15 0.376
* 10716 G-H * 0.0003 1.3349 0.0000 0.0000 2.9583 0.10 0.069
10679 G-H * 0.0000 4.0933 -0.0001 0.0000 2.9549 0.10 0.213
10551 D-F * 0.0012 1.7375 0.0001 0.0000 2.9791 0.10 0.088
10406 F-G 0.1517 0.8702 0.3453 -0.0262 3.0318 0.10 0.065
* 10374 F-G * 0.0004 2.3306 -0.0002 0.0000 2.9389 0.10 0.123
* 10325 H-1 * 0.0011 1.5181 -0.0002 0.0000 2.9540 0.10 0.079
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Table 30. Continued

A(A) L-L A a b c d f t Y

= 10319 H-G * 0.0012 1.3021 -0.0001 0.0000 2.9625 0.10 0.067
10200 F-G 0.0011 1.9488 0.1513 -0.0122 2.9376 0.10 0.111

* 9437 D-F * 0.0001 1.1447 0.0000 0.0000 2.6478 0.10 0.081
7745 P-S 0.0308 -0.3144 2.7102 -0.2657 2.0844 0.10 0.269
7604 P-P 0.0565 -1.0006 9.1628 —0.9287 1.7646 0.10 1.248
681.3 D-F 0.5482 4.2072 1.6253 -0.1233 3.0007 0.15 0.311
629.7 S-P 0.2120 -3.1260 19.1353 -1.8583 2.0594 0.10 1.832
2023 P-P 0.0577 -0.7299 3.0596 -0.3423 1.9926 0.10 0.279
1929 P-D 0.1384 -2.1966 9.3514 -1.0249 2.1022 0.10 0.766
1680 P-D 0.0839 -1.2048 5.8036 -0.6387 1.8941 0.10 0.608

* 1413 D-F * -0.0005 11.8982 -0.0002 0.0000 3.0188 0.10 0.581

Ne III

* 136258 F-G * 0.0000 0.0145 0.0000 0.0000 0.0711 0.10 0.014
* 135777 F-~-F * 0.0000 0.0112 0.0000 0.0000 0.0424 0.10 0.011
* 134300 F-G * 0.0001 0.0215 0.0033 -0.0003 0.0541 0.10 0.023
= 130837 D-F * 0.0000 0.0250 0.0000 0.0000 0.0424 0.10 0.024
* 125468 D-D * 0.0000 0.0172 0.0000 0.0000 0.0895 0.10 0.016
* 122111 P-D * 0.0000 0.0085 0.0000 0.0000 0.0895 0.10 0.008
* 64544 F-F 0.0000 0.0477 0.0169 -0.0015 0.2234 0.10 0.050
* 6441.1 F-G 0.0000 0.0753 0.0253 -0.0023 0.2323 0.10 0.078
* 63290 F-G 0.0000 0.0728 0.0325 -0.0032 0.2049 0.10 0.083
* 62534 G-F —0.0001 0.0086 0.0052 -0.0006 0.0499 0.10 0.012
* 61918 D-F 0.0000 0.1072 0.0380 -0.0034 0.2233 0.10 0.113
* 47974 I-Gg * 0.0000 0.0054 0.0008 -0.0001 0.0541 0.10 0.006
* 47974 G-F * 0.0000 0.0078 0.0000 0.0000 0.0424 0.10 0.007
* 46876 D-F * 0.0000 0.0440 0.0000 0.0000 0.2475 0.10 0.034
* 45351 F-G * 0.0000 0.0820 0.0000 0.0000 0.2565 0.10 0.063
* 44169 D-F * 0.0000 0.0523 0.0000 0.0000 0.2532 0.10 0.041
* 43496 P-P * 0.0000 0.0419 0.0000 0.0000 0.2502 0.10 0.033
* 43489 P-D * 0.0000 0.0899 0.0000 0.0000 0.2508 0.10 0.070
* 4332.9 S-P * 0.0000 0.0396 0.0000 0.0000 0.2502 0.10 0.031
*« 40639 G-1 * 0.0000 0.1139 0.0000 0.0000 0.2551 0.10 0.088
* 40321 G-G * 0.0000 0.0462 0.0000 0.0000 0.2502 0.10 0.036
* 40271 G-1 * 0.0000 0.0776 0.0007 -0.0001 0.2547 0.10 0.061
=« 40136 D-F * 0.0000 0.0548 0.0000 0.0000 0.2475 0.10 0.043
* 39858 F-F * 0.0000 0.0489 0.0000 0.0000 0.2475 0.10 0.038
* 39828 F-G * 0.0000 0.2303 0.0000 0.0000 0.2502 0.10 0.179
28239 P-D 0.0726 0.6307 0.1468 -0.0036 0.1612 0.10 0.720
27822 D-D 0.0000 0.5976 0.1945 0.0033 0.1727 0.10 0.669
26124 D-F 0.0000 0.7904 0.2577 0.0154 0.1695 0.10 0.898

* 25389 D-F 0.0000 0.3747 0.1072 0.0013 0.2012 0.10 0.395
* 22707 F-G 0.0000 0.3024 0.0715 -0.0024 0.2377 0.10 0.293
A 2264.5 F-F 0.0000 0.2206 0.0685 -0.0024 0.2020 0.10 0.234
22142 F-G 0.0000 0.3833 0.0970 0.0039 0.2225 0.10 0.388
21507 D-F 0.0000 0.5284 0.1641 -0.0058 0.2019 0.10 0.561

* 21277 P-D * 0.0000 0.2288 0.0000 0.0000  0.0960 0.10 0.208
* 19943 F-G * 0.0000 0.5395 0.0001 0.0000 0.1046 0.10 0.486
* 19379 D-D * 0.0000 0.1217 0.0000 0.0000 0.0895 0.10 0.111
* 19206 D-F * 0.0000 0.3395 0.0000 0.0000 0.1027 0.10 0.3086
« 19168 D-F 0.1519 1.4169 0.2218 -0.0067 0.1600 0.10 1.520
* 19012 P-D * 0.0000 0.7709 -0.0001 0.0000 0.0895 0.10 0.705
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Table 30. Continued

X(A) L-L A a b ¢ d f t Y
= 18819 F-G * 0.0000 1.6523 0.0000 0.0000 0.0992 0.10 1.498
12403 F-G * 0.0000 0.6013 0.0000 0.0000 0.2501 0.10 0.468
4896 P-P 0.0001  1.1526 -0.0645 0.3080 0.1153 0.10 1.244
4872 P-D 0.0795 0.6903 0.1608 -0.0040 0.1612 0.10 0.789
2834 P-D 0.0001 1.5517 0.6174 0.0542 0.1567 0.10 1.901
2673 P-P -0.0342 0.6163 0.2502 0.0007 0.0017 0.10 0.832
* 2277 D-F 0.0528 0.4933 0.0716 -0.0017 0.1652 0.10 0.522
« 2175 S—-P * 0.0002 2.6149 0.0004 -0.0001 0.1590 0.1 2.231
= 2164 P-P 0.0632 0.5891 0.0828 -0.0028 0.1510 0.10 0.630
*« 2042 D-P * 0.0000 1.0020 -0.0001 0.0000 0.1675 0.10 0.847
* 2039 D-D * -0.0001 2.6427 0.0000 0.0000 0.2568 0.10 2.044
* 2038 D-F * _0.0003 4.1059 -0.0002 0.0000 0.2828 0.10 3.094
* 1943 P-D * -0.0001 2.9725 -0.0002 0.0000 0.0895 0.10 2.718
« 1941 P-P * -0.0006 3.7682 -0.0004 0.0001 0.1620 0.10 3.204
Ne IV
* 147409 G-F * 0.0000 0.0059 0.0000 0.0000 0.0377 0.10 0.006
« 49279 G-F * 0.0000 0.0057 0.0000 0.0000 0.0377 0.10 0.005
%« 23415 P-D 0.0504 2.1346 0.1934 0.0854 0.1963 0.10 2.025
21973 P-P 0.0168 0.4174 0.0209 0.0084 0.2123 0.10 0.375
* 19557 D-F * 0.0000 0.1915 0.0000 0.0000 0.1632 0.10 0.163
* 19245 D-F 0.0001 1.6034 0.1353 0.0327 0.1776 0.10 1.483
« 18848 P-D 0.0004 1.4190 0.0310 0.0142 0.1805 0.10 1.223
x 17902 D-D -0.0001 0.5402 0.0118 0.0054 0.1801 0.10 0.465
5428 S-P 1.0096 1.7831 5.9186 0.0374 0.3308 0.10 6.285
= 4827 D-F * 0.0000 1.3626 0.0000 0.0000 0.1632 0.10 1.157
* 4738 F-F * 0.0000 1.4170 0.0000 0.0000 0.1632 0.10 1.204
2936 P-P 0.0442 1.0990 0.0551 0.0222 0.2123 0.10 0.987
2086 S-P 0.0653 2.5781 0.2454 0.1076 0.1984 0.10 2.457
* 1663 P-P * -0.0003 2.2490 -0.0001  0.0000 0.2306 0.10 1.786
Ne V
* 21418 P-D 0.0185 -0.3307 1.6479 -0.1446 -0.0837 0.10 1.295
* 19709 D-F 0.0009 7.1793 2.0464 -0.1008 0.7266 0.15 4.413
* 6660 F-G * -00025 69245 0.0009 -0.0001 0.5398 0.10 4.035
571.0 P-D 0.0684 15.0815 11.7144 -0.3123 0.1580 0.10 22.671
4822 P-P -0.0089 9.1893 8.2286 -0.2473 0.1961 0.10 14.106
* 4162 D-D —-0.0887 15.6785 3.1163 -0.0989 0.4225 0.10 12.195
*= 1432 D-F 0.0709 8.0229 0.0576 0.0235 0.5439 0.10 4.745
*+ 1330 D-F * -0.0012 8.4732 -0.0006 0.0001 0.3684 0.10 5.861
*+ 1229 P-D * 0.0000 50572 -0.0006 0.0001 0.1384 0.10 4.403
* 1226 P-S * 00001 4.5451 -0.0004 ©0.0001 0.4137 0.10 3.005
*» 1183 D-F * 0.0001 1.9793 0.0000 0.0000 0.0758 0.10 1.835
* 1182 D-D * 0.0002 10.0646 -0.0005 0.0001 0.1384 0.10 8.764
Ne VI
* 268455 P-D * 0.0000 0.008 0.0000 0.0000 0.0291 0.10 0.009
* 228300 S-P * 0.0000 0.007t 0.0000 0.0000 0.0765 0.10 0.007
* 208320 D-D * 0.0000 0.0062 0.0000 0.0000 0.0291 0.10 0.006
« 15502.0 P-D * 0.0000 0.0212 0.0000 0.0000 0.1137 0.10 0.019
x 92610 P-P 0.0020 0.0141 0.0024 0.0001 0.1093 0.10 0.017
% 54168 P-D 0.0087 -0.0132 0.0343 -0.0021 0.2037 0.10 0.023
x 52479 P-§ 0.0034 0.0073 0.0088 -0.0005 0.1856 0.10 0.016
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A(d) L-L A a b c d f t Y

* 31111 D-F 0.0102 -0.0274 0.0446 -0.0013 0.2547 0.10 0.020
* 25563 D-F 0.7076 -1.9884 3.0536 -0.0101 0.2791 0.10 1.333
= 22734 P-D 1.1576 1.2542 5.2039 -0.0659 0.1593 0.10 6.438
* 21956 D-D * 0.0000 0.0447 0.0000 0.0000 0.0291 0.10 0.043
* 21798 D-P * 0.0000 0.2197 0.0000 0.0000 0.0765 0.10 0.204
* 21365 F-D * 0.0000 0.2989 0.0000 0.0000 0.0291 0.10 0.290
= 21353 D-F * 0.0004 3.0805 0.0035 0.0001 0.3453 0.10 2.184
« 21332 F-D * 0.0000 0.1390 0.0000 0.0000 0.1137 0.10 0.124
* 21044 P-D * 0.0000 1.5887 0.0001 0.0000 0.4227 0.10 1.041
* 20817 G-1 * 0.0439 1.2607 0.0233 -0.0008 0.3949 0.10 0.894
* 20738 I-7J * 0.0001 1.2209 0.0004 0.0000 0.3609 0.10 0.851
* 20721 F-G * 0.1830 1.2443 0.2218 -0.0068 0.4368 0.10 1.061
* 2071.5 F-G * -0.0003 3.0796 0.0012 0.0000 0.3839 0.10 2.098
« 19496 D-F * 0.0000 2.2160 0.0001 0.0000 0.2711 0.10 1.690
« 19336 P-D * -0.0001 2.9390 -0.0002 0.0000 0.3693 0.10 2.031
= 1911.8 D-D * 0.0000 0.5504 0.0000 0.0000 0.3693 0.10 0.380
* 1909.2 P-S 0.0636 4.1603 0.7689 -0.0185 0.0993 0.10 4.504
« 18158 D-D * 0.0000 0.2206 0.0000 0.0000 0.1137 0.10 0.197
« 17776 P-D * -0.0002 1.3931 0.0000 0.0000 0.0289 0.10 1.353
* 17672 P-P * 0.0000 0.4055 0.0000 0.0000 0.0765 0.10 0.376
* 17513 D-F * 0.0000 0.9615 -0.0001 0.0000 0.4055 0.10 0.641
*« 17395 S-P * 0.0000 0.5624 0.0000 0.0000 0.0765 0.10 0.521
= 17121 D-D * 0.0000 0.3994 0.0000 0.0000 0.0290 0.10 0.388
* 16866 P-D * 0.0000 0.5327 -0.0001 0.0000 0.1137 0.10 0.475
* 1623.7 P-P -0.3295 10.5177 2.1247 -0.0311 0.0006 0.10 12.274
* 11880 P-S —0.0049 0.1045 0.0095 0.0017 0.0044 0.10 0.110
* 11573 D-P 0.0294 0.2077 0.0357 0.0016 0.1093 0.10 0.246
* 11498 G-1 0.0425 0.6826 0.0338 -0.0011 0.4050 0.10 0.505
= 11412 F-D 0.0045 0.0520 0.0028 0.0052 0.0849 0.10 0.059
= 11411 P-D -0.0205 0.5738 0.0466 0.0000 0.2866 0.10 0.450
* 10438 P-D -0.0026 0.0549 0.0062 0.0000 -0.0070 0.10 0.059
* 1043.1 D-F -0.0031 0.0700 0.0068 —0.0002 -0.0380 0.10 0.076
* 10228 G-1 0.0321 0.5155 0.0255 -0.0008 0.4050 0.10 0.382
* 831.0 P-P 0.0359 0.2534 0.0436 0.0020 0.1093 0.10 0.300
* 7454 F-D * 0.0000 0.2572 0.0000 0.0000 0.0291 0.10 0.250
* 7348 F-G *  -0.0008 5.5159 0.0021 0.0000 0.3839 0.10 3.758
* 7021 D-F * 0.0000 3.7977 0.0001 0.0000 0.2711 0.10 2.896
* 6959 P-D * -0.0002 5.6743 —0.0003 0.0001 0.3693 0.10 3.922
* 654.5 P-D * -0.0002 2.5295 0.0000 0.0000 0.0290 0.10 2.457
* 6531 P-P * 0.0000 0.7390 0.0000 0.0000 0.0765 0.10 0.685
* 6398 P-D * -0.0001 1.4214 -0.0002 0.0000 0.1137 0.10 1.268
* 6334 S-P * 0.0000 1.4323 0.0000 0.0000 0.0765 0.10 1.327
* 6324 D-D * -0.0002 1.0291 0.0000 0.0000 0.0289 0.10 1.000
* 6220 P-D * -0.0002 1.0101 0.0000 0.0000 0.0289 0.10 0.981
* 580.0 D-D * 0.0000 0.2658 0.0000 0.0000 0.0291 0.10 0.258

561.4 P-D -0.2533 97.6182 29.2031 7.5539 0.2735 0.10 102.028
* 5544 P-P * 0.0000 5.4871 -0.0003 0.0000 0.5727 0.10 3.095

553.8 D-D 0.9183 1.0476 2.6567 3.9920 0.3542 0.10 6.045
* 5444 F-D 0.7035 -2.1526 2.6324 -0.0832 0.4318 0.15 0.714
* 543.0 P-S 0.1356 0.2891 0.3468 -—0.0209 0.1856 0.10 0.623
* 4744 P-P 0.0000 6.6601 —-0.0003 0.0001 0.5727 0.10 3.756
* 464.5 D-P *  -0.0024 8.1686 -—0.0004 0.0001 0.5724 0.10 4.607
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Table 30. Continued
X (4) L-L A a b c d f 7] Y
* 4451 P-S 2.2651 0.4577 17.0656 2.0497 0.1979 0.10 17.917
440.5 D-P 0.6570 —-0.1444 3.5553 0.9494 0.3583 0.10 3.506
434.8 P-S 1.0266 6.6458 2.6769 0.4527 0.4353 0.10 6.990
401.7 P-P 6.5154 4.6515 19.1526 2.2099 0.2697 0.10 24.840
* 355.8 P-D 0.5696 —0.8623 2.2383 -0.1390 0.2037 0.10 1.474
* 355.1 P-S 0.1960 0.4182 0.5015 -0.0302 0.1856 0.10 0.902
* 3128 P-D * -0.0002 4.1359 0.0003 0.0000 0.4227 0.10 2.710
* 3066 F-G * 0.0001 9.1484 0.0035 0.0000 0.3840 0.10 6.234
* 2006 P-D * -0.0004 13.3780 -0.0007 0.0001 0.3693 0.10 9.246
* 2896 D-F * 0.0001 9.0101 0.0003 -0.0001 0.2711 0.10 6.871
* 2864 D-D * -0.0001 2.7522 -0.0001 0.0000 0.3693 0.10 1.902
* 269.7 D-D * -0.0001 1.7400 -0.0002 0.0000 0.1136 0.10 1.553
* 2683 D-F * -0.0001 8.2744 -0.0007 0.0001 0.4055 0.10 5.518
* 2648 P-D * -0.0027 8.7713 -0.0001 0.0000 0.0288 0.10 8.520
* 2646 P-P * 0.0001 2.8478 -0.0001 0.0000 0.0766 0.10 2.638
* 2626 P-D 0.0181 0.2081 0.0113 0.0209 0.0849 0.10 0.237
* 2612 P-P 0.1090 0.7695 0.1325 0.0060 0.1093 0.10 0.912
* 258.3 S-P *  -0.0011 3.7846 -0.0001 0.0000 0.0763 0.10 3.505
* 253.0 D-D * -0.0004 3.0182 0.0000 0.0000 0.0289 0.10 2.932
* 252.0 P-D * -0.0009 4.1133 -0.0005 0.0001 0.1135 0.10 3.671
* 176.5 S-P -0.0246 0.8196 0.1640 -0.0022 0.0027 0.10 0.954
* 146.7 P-D 0.2299 2.2531 0.2757 0.0274 0.3368 0.10 1.989
* 1375 S-P 0.3079 4.1347 0.5582 0.0796 0.4264 0.10 3.317
* 1371 P-P 4.0592 14.6438 13.5656 -0.4131 0.1407 0.10 27.674
* 1329 D-D 0.7423 7.2838 0.8907 0.0885 0.3368 0.10 6.430
* 129.5 D-F 1.6659 11.9733 1.8272 0.2808 0.4282 0.10 10.262
* 1277 S-P 1.1055 -1.8401 2.6588 0.3543 0.2564 0.10 1.763
* 1264 S-P 1.0652 0.8708 1.9413 0.0579 0.1750 0.10 3.303
* 121.7 P-D -0.0085 1.8480 1.3390 0.0020 0.1185 0.10 2.825
* 1209 P-P -0.0024 10.8948 2.7003 -0.1399 0.2625 0.10 10.347
1139 P-P 0.4141 4.2564 0.7776 0.0431 0.1863 0.10 4.558
* 1131 P-D 0.3108 1.2993 0.4324 0.0146 0.3681 0.10 1.424
* 1106 P-D 0.0162 7.7973 2.3068 0.0739 0.2497 0.10 7.942
* - 105.5 S-P * 0.0034 15.7035 -0.0008 0.0001 0.5729 0.10 8.857
* 104.5 P-D -0.0226 5.2957 1.1728 0.0450 0.5063 0.10 3.858
* 1040 P-P 0.0028 3.3531 2.3489 0.0931 0.4597 0.10 3.661
* 1039 D-F 0.8717 4.3566 1.1836 0.0133 0.4552 0.10 4.076
* 101.7 S-P * -0.0268 211.7048 -0.0066 0.0009 5.6164 0.15 0.770
* 1008 P-P -0.0002 1.7886 0.7584 -0.0617 0.3235 0.15 1.798
* 975 P-D * -0.0022 14.1459 -0.0017 0.0003 0.1135 0.10 12.625
* 975 P-D 0.0048 0.6658 0.6030 0.0471 0.1175 0.10 1.174
* 973 P-P 0.0127 3.7185 1.0611 0.0292 0.2921 0.10 3.600
* 95.2 D-F -0.1107 2.4409 0.3237 -0.0004 0.2955 0.10 1.975
* 912 D-D * -0.0012 10.0202 -0.0012 0.0002 0.1136 0.10 8.942
* 91.0 D-F * -0.0032 83.0573 -0.0046 0.0010 0.4054 0.10 55.371
* 894 P-P 0.2071 0.4369 0.5181 -0.0163 0.2262 0.10 0.914
* 8.6 P-D * -0.0035 103.8713 -0.0364 0.0054 0.0291 0.10 100.859
* 8.5 P-P * 0.0028 33.9198 -0.0009 0.0001 0.0766 0.10 31.420
Ne VII
* 43757 D-F -0.0985 6.6857 1.0389 -0.0598 2.7506 0.15 0.483
* 38906 K-L *  -0.0012 4.7193 -0.0010 0.0001 6.5103 0.20 0.007
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Table 30. Continued
MA) L-L 4 a b c d f t Y
= 38836 J-K 0.3340 -1.8561  2.8070 -0.2700 4.4467 0.25 0.012
« 38804 J-K * 00009 40951 0.0001 0.0000 6.5035 0.20 0.006
9733 P-D 0.3882 -6.9111 33.3715 -3.6104 1.9030 0.10 3.465
561.6 P-P 0.6753 -11.9880 58.6325 -6.4317 1.7846 0.10 6.864
4652 S-P -0.1572  38.0673 36.5808 -3.5998 2.4232 0.15 6.284
x 1061 P-D 0.3255 50.4158 9.5826 -0.6318 2.7553 0.15 3.796
Mgl
* 73880.7 G-H -0.0039 2.8850 0.0007 0.0000 4.7002 0.15 0.026
* 385846 F-G 0.0449  -0.3457  0.7112 -0.0722 3.0453 0.20 0.016
* 385846 F-G 0.0027  4.3474 04176 -0.0506 4.5253 0.20 0.051
33191.5 D-F 0.0003 1.0490 0.0813 -0.0095 4.4843 0.25 0.013
* 25380.2 F-G 0.0235 -0.2232  0.5930 -0.0692 3.4488 0.15 0.010
15026.7 S-P 0.0001 0.6847  0.1866 -0.0210 3.0106 0.10 0.042
14879.1 D-F 0.0258 5.7319  1.0514 -0.1184 4.2611 0.25 0.094
120842 D-F 0.0692 -0.5212  1.0643 -0.1129 2.8427 0.20 0.029
10811.4 D-F 0.0004 1.3958  0.1078 -0.0126 4.4844 0.25 0.017
8806.6 P-D 0.1259 -0.6903 1.1785 -0.0960 2.0651 0.15 0.066
5176.7 P-S 0.0000  0.1658 0.5114 -0.0569 2.1817 0.10 0.070
38344 P-D 0.1283  -1.2733  4.6334 -0.4728 2.7691 ©0.10 0.189
30944 P-D 0.0367 -0.3357 1.2721 -0.1456 3.0682 0.10 0.038
All
3089.1 P-D 0.0744 -0.2889  0.3467 -0.0191 2.1198 0.25 0.014
30581 P-P * 0.0000 0.7295 -0.0001 0.0000 1.9328 0.10 0.106
* 18769 P-D *  0.0003 1.1728 -0.0001  0.0000 0.7304 0.10 0.565
1766.1 P-P * -0.0061 1.9676  0.0003 0.0000 1.2079 0.10 0.586
Al TI
* 307703 H-1 0.0025 2.3374  0.0250 -0.0030 6.4483 0.20 0.004
* 307703 H-1 0.0249 7.0436  0.0538 -0.0061 6.4518 0.20 0.611
* 302306 G-H 0.1207 -0.6941  1.1275 -0.1127 4.5391 0.20 0.005
23623.0 D-P 0.0703  -0.2925 0.3573 -0.0257 1.9300 0.25 0.016
* 182699 G-H 0.3516  -2.5821  5.1388 -0.5435 4.5701 0.25 0.024
* 18269.9 G-H 0.1943  -1.0111 1.4329 -0.1330 4.0130 0.30 0.009
17779.2 S-P 0.1187 -0.4938 0.6031 -0.0434 1.9300 0.25 0.027
16263.7 F-G 0.1901 -0.8555 1.0693 -0.0940 3.6770 0.35 0.008
* 114713 G-H 0.1152 -0.6626 1.0764 -0.1076 4.5391 0.20 0.005
100931 D-P 0.0679  0.1508 0.3309 -0.0113 0.9868 0.10 0.201
93319 F-G 0.4271  -1.6475 1.8194 -0.1412 3.0970 0.30 0.021
9289.4 F-G 0.9003 -4.3736  5.8042 -0.4776 3.4290 0.30 0.060
83582 D-F 0.4042  -1.3235 1.2535 -0.0742 2.2203 0.30 0.028
x 72713 D-P * 0.0000 0.0177 0.0000 0.0000 0.1692 0.10 0.015
7049.2 S-P 0.1750  0.3882  0.8526 -0.0291 0.9868 0.10 0.517
62374 P-D 0.1329  -0.5974  0.7937 -0.0400 1.7245 0.20 0.052
61826 F-G 0.2468 -1.1106 1.3881 -0.1220 3.6770 0.35 0.010
5859.7 D-F 0.1889  -0.6182  0.5981 -0.0324 2.2041 0.30 0.015
= 52281 D-P * 00000 0.0143 0.0000 0.0000 0.1692 0.10 0.012
5145.2 F-G 0.0998 -0.4961  0.6743 -0.0603 4.1118 0.30 0.004
4663.1 D-P 0.0025 -0.0476  0.2648 -0.0201 0.0861 0.10 0.183
39007 P-D 0.1931 -1.1764  3.1451 -0.1611 0.4004 0.10 1.341
3586.9 D-F 1.5156  -5.4947  6.0201 -0.3498 2.2296 0.30 0.182
*» 35396 D-P * 00000 0.0157 0.0000 0.0000 0.1692 0.10 0.013
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Table 30. Continued

X (4) L-L A a b c d f t Y

= 3221.7 D-F * 0.0018 1.0715 0.0001 0.0000 3.5009 0.15 0.032
2816.2 P-S 0.0277 0.1892 0.0500 -0.0007 0.2429 0.10 0.209
1860.3 P-S 0.2511 0.2248 1.0554 -0.0188 1.0095 0.10 0.551
* 17335 S-P * 0.0000 0.2278 0.0000 0.0000 0.1692 0.10 0.192
1723.2 P-D 2.3605 -6.2188 6.3081 -0.2098 1.4623 0.20 0.519
1670.8 S-P 0.3800 -1.4654 3.8451 -0.1094 0.3581 0.10 1.853
* 1480.2 D-P 0.0000 0.1003 0.0000 0.0000 0.1692 0.10 0.085
« 12816 D-F * 0.0011 4.5198 -0.0001 0.0000 1.6757 0.10 0.846

Sil
*= 1486.2 P-P * 0.0000 0.5032 0.0000 0.0000 0.2150 0.10 0.406

Si 11
13087.1 D-D * 0.0000 0.0028 0.0000 0.0000 0.0250 0.10 0.003
102399 D-P * 0.0000 0.0333 0.0000 0.0000 0.3306 0.10 0.024
90009 P-P * 0.0000 0.0268 0.0000 0.0000 0.0897 0.10 0.025
66853 P-D * 0.0000 0.1129 0.0000 0.0000 0.0250 0.10 0.110
6355.1 S-P 0.3053 -0.9342 0.9443 -0.0540 0.7417 0.20 0.125
58539 P-P *  0.0000 0.2133 0.0000 0.0000 0.3306 0.10 0.153
5681.2 F-D * 0.0000 0.1094 0.0000 0.0000 0.0250 0.10 0.107
5601.6 P-S * 0.0000 0.0679 0.0000 0.0000 0.4413 0.10 0.044
52194 P-D * 0.0019 0.2475 0.0001 0.0000 1.2544 0.10 0.071
51979 D-F * 0.0004 0.9363 0.0001 0.0000 2.7927 0.10 0.057
4192.7 D-P * 0.0000 0.0814 0.0000 0.0000 0.0894 0.10 0.074
4075.7 D-P 0.0007 0.0018 0.0039 -0.0003 0.1784 0.10 0.005
39952 F-G * 0.0420 1.4203 0.0033 -0.0004 3.5961 0.15 0.040
3858.1 D-P 0.2886 -0.8830 0.8925 -0.0510 0.7417 0.20 0.118
3474.7 P-P *  0.0000 0.0115 0.0000 0.0000 0.0891 0.10 0.011
= 31651 D-F * 0.0018 2.0587 0.0000 0.0000 3.4712 0.15 0.064
= 30255 P-D * 0.0002 1.2798 0.0000 0.0000 3.7123 0.15 0.031
19449 P-P * 0.0000 0.0705 0.0000 0.0000 0.0895 0.10 0.064
1869.7 D-D 0.0724 -0.1614 0.2842 -0.0043 0.3030 0.10 0.141
18140 P-D 0.7512 -2.9732 4.1373 -0.2040 0.5606 0.15 0.977
1531.2 P-S 0.2128 -1.0704 1.8562 -0.1382 0.5235 0.15 0.510
1350.3 P-P 0.0012 0.2908 0.0509 -0.0063 0.1302 0.10 0.296
1263.3 P-D 1.2378 -5.0297 5.9419 -0.4477 1.4003 0.25 0.420
1194.1 P-P 0.5954 -2.3035 3.5048 -0.1816 1.3998 0.25 0.398

Si 111
136444 H-1 0.1265 -0.8241 1.4772 -0.1537 5.6521 0.20 0.002
136426 H-1 0.3800 -2.4732 4.4279 -0.4606 5.6500 0.20 0.007
13395.8 G-H 0.4768 -1.1841 0.8376 -0.0386 3.0607 0.40 0.004
11339.9 S-P 0.0450 -0.2170 0.3664 —0.0272 0.8267 0.15 0.073
8266.3 P-D 0.2716 -0.8315 0.8409 -0.0463 1.0614 0.20 0.081
8191.1 F-G 0.4698 -1.4238 1.2271 -0.0805 3.1211 0.40 0.008
8103.5 G-H 1.6682 -5.3113 4.7586 -—-0.3220 3.4159 0.40 0.026
81028 G-H 0.5480 -1.7034 1.4744 -0.0921 3.2546 0.40 0.009
74645 D-P 0.1144 -0.5518 0.9317 -0.0691 0.8267 0.15 0.186
57075 F-D 0.0900 -0.2757 0.2788 -0.0153 1.0613 0.20 0.027
54728 P-D 0.0002 0.0327 0.0061 -0.0001 0.4000 0.10 0.026
51139 F-G 0.2220 -0.5918 0.4389 -0.0206 3.0733 0.45 0.002
5091.5 G-H 0.4564 -1.1333 0.8016 -0.0369 3.0606 0.40 0.004
48221 F-G 0.8599 -2.9089 2.8067 -0.1346 2.3510 0.35 0.059
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Table 30. Continued

A (A) L-L A a b c d f t Y
4560.1 S-P -0.0025 1.2046 0.6437 -0.0162 0.4221 0.10 1.200
4338.5 S-P —0.0008 0.0054 0.0829 -0.0050 0.0298 0.10 0.080

= 42298 G-H * -0.0001 1.2661 -0.0003 0.0000 4.6099 0.15 0.013
= 42125 D-F * 0.0000 0.0383 0.0000 0.0000 0.3889 0.10 0.026
=« 41792 D-D * 0.0000 0.0225 0.0000 0.0000 0.2470 0.10 0.018
39245 F-G 0.4774 -1.7240 1.7647 -0.0783 2.4288 0.30 0.039

= 38833 P-D * 0.0000  0.3459 0.0000 0.0000 0.5279 0.10 0.204
3801.3 P-D 0.0627 2.5957 1.1673 -0.0418 0.4485 0.10 2.416

« 36441 S-P * 0.0000 0.1912 0.0000 0.0000 0.8731 0.10 0.080
35904 P-D 0.0000 0.0898 0.1304 -0.0103 0.2192 0.10 0.169

« 35833 D-F * 0.0000 0.7158 0.0000 0.0000 0.3889 0.10 0.485
« 35523 P-P * 0.0000 0.1779 0.0000 0.0000 0.8731 0.10 0.074
34870 D-F 0.1264 —0.3660 0.3507 -0.0128 1.5101 0.25 0.022

* 34634 D-D 0.0000 0.1175 0.0000 0.0000 0.5279 0.10 0.069
* 34507 P-D 0.0000 0.1640 0.0000 0.0000 0.2470 0.10 0.128
3253.8 F-D 0.0193 -0.0148 0.0352 0.0065 0.5862 0.10 0.026
32378 P-S 0.0037 -0.0583 0.2653 -0.0269 0.4523 0.10 0.117
32000 F-G 0.8311 -2.8114 2.7127 -0.1300 2.3510 0.35 0.057
3089.8 D-P -0.0008 2.1244 1.1338 -0.0286 0.4239 0.10 2.113

= 30715 D-F * 0.0000  0.1558 0.0000 0.0000 0.3889 0.10 0.106
« 30561 D-F * 0.0000 0.2353 0.0000 0.0000 1.5119 0.10 0.052
2541.8 P-D 0.0292 -0.4171 2.6108 -0.0531 0.2087 0.10 1.761
18426 D-P -0.0022 0.0159 0.2447 -0.0149 0.0298 0.10 0.236
17820 D-F —-0.0001 1.5277 2.3834 0.0558 0.6350 0.10 2.102

« 17132 P-F * -0.0002 1.7253 ~-0.0002 0.0000 0.8174 0.10 0.762
15009 D-F 0.0701 -1.1675 5.4084 -0.4030 0.3860 0.10 2.657

= 14809 D-D * 0.0000 0.5570 0.0001 0.0000 0.2470 0.10 0.435
= 14498 F-G * -0.0001 7.4809 0.0000 0.0000 1.2092 0.10 2.233
14359 P-~D 0.0012 0.5137 0.0959 -0.0008 0.3974 0.10 0.410

« 14036 D-~F * 0.0000 1.7133 -0.0001 0.0000 0.3889 0.10 1.161
*« 13986 D-F * 0.0001 1.3631 0.0002 0.0000 0.9197 0.10 0.544
* 13849 D-D * 0.0001 1.8000 0.0000 0.0000 0.5279 0.10 1.062
« 13028 F-F * 0.0004 3.4080 --0.0004 0.0001 0.8174 0.10 1.505
12989 P-P -0.0003 0.1836 2.6554 -0.0518 0.5271 0.10 1.645
12105 D-F 0.2954 0.5299 0.8371 0.0426 1.0134 0.10 0.619
12075 D-D 0.0129 -0.2262 1.0662 -0.0959 0.1456 0.10 0.654
1206.5 P-D 0.0154 -0.0858 0.6481 0.1265 0.3126 0.10 0.515
1206.5 S-P 0.1152 -0.3082 4.4734 0.0207 0.2981 0.10 3.192
1143.1 P-P 0.3069 0.2054 1.5713 -0.0313 0.8580 0.10 0.870
11116 P-D 0.0842 -1.7568 10.2865 -0.1147 0.1059 0.10 7.645
8996.1 P-S 0.1799 0.9786 1.0052 -0.0099 0.5044 0.10 1.301

Note. An asterisk in column 1 indicates that X is uncertain. It means that it is derived

entirely from calculated term energies or that the experimental data were incomplete or
very uncertain for one of the two terms. An asterisk in column 4 indicates that the upper
state is an autoionizing state. The value ¢; in column 10 is chosen such that the maximum
error in the fit is less than 10%. Y in the last column is the value acg(A) at Te = 10* K in

units of 10~%2 cm® s—1.



