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INTRODUCTION

Radiation from intrinsic impurities in a magnetically
confined fusion plasma removes energy from the fusion reac-
tion, is detrimental to the global energy confinement, and
dilutes the reaction fuel [1, 2]. On the other hand, radiation in
the outermost region of the plasma from deliberately intro-
duced impurities is seen as a possible mechanism for control-
ling the heatload deposited onto the plasma facing components
of a fusion reactor [3, 4]. Inert gases (Ne, Ar, and Kr) are seen
as potentially useful in this regard [5, 6]. Thus, the radiative
patterns of impurity elements in a fusion plasma must be
understood across the range of temperatures achieved in
present-day experiments. This paper makes available calcula-
tions of the coronal ionization state distribution and the total
radiative cooling coefficient for argon from 2 eV to 20 keV.
The present work appliesab initio, relativistic calculations of
multistep ionization rates [7] to computing the argon charge
state distribution (CSD). Then, detailed collisional-radiative
(CR) models are used to calculate the radiative cooling coef-
ficient for argon in a low density plasma. The excitation
autoionization (EA) rates of the present work and the total
cooling coefficient are fitted to analytical expressions for ease
of use in plasma modeling codes.

Charge State Distribution

An integral part of the radiative cooling coefficient cal-
culation for argon described below is the (coronal) charge state

distribution. The relative populations of two adjacent ioniza-
tion states of elementZ are given (in the coronal limit) by

nZ
q11

nZ
q 5

Sq~Te!

aq11~Te!
, (1)

whereSq(Te) is the total rate of ionization out of the ground
level of ion q1, anda q11(Te) is the total rate of recom-
bination out of the ground level of ion (q 1 1)1. The total
rate of ionization includes the contribution from direct elec-
tron impact ionization (DI) and collisional excitation fol-
lowed by autoionization. The total rate of recombination
includes contributions from radiative (RR) and dielectronic
recombination (DR). By requiring that

O
q

nz
q 5 1

for each temperature, where the sum is over the population
in the ground level of all ions, the fractional abundance of
each ionization stage is found. The CSD calculated for
argon is shown in Fig. 1. The fractional abundance of each
ion is tabulated in Table I.

Two channels for recombination have been considered
in Eq. (1): direct capture of a free electron followed by the
emission of a photon (RR) and the capture of a free electron
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into a doubly excited autoionizing level followed by radiative
stabilization (DR). The rate coefficients for the RR process
have been found using detailed balance of photoionization
cross sections calculated with the Hartree–Slater code of
Scofield [8]. The rates of DR have been taken from Mazzotta
et al. [9]. The contribution of RR to the total recombination rate
is less than that of DR for nearly every argon ion. Two
channels of ionization have been considered: direct ionization
by electron collision and collisional excitation to an energy
level in the continuum followed by autoionization. Details
about the EA data are given below. The contribution of DI
from both valence and inner-shell orbitals to the total ioniza-
tion rate has been evaluated using the Lotz formula [10, 11]
and a relativistic calculation of subshell binding energies [12].
For the direct processes above, DI and RR, the rate coefficients
used in the present work are within a few percent of those
computed by other methods and available in previous tabula-
tions [13]. The rate coefficients for RR, DI, and DR from the
ground level of each argon ion (including the fully stripped and
neutral charge states) are shown in Graphs 1–3, 4–7, and 8–11,
respectively, after Tables I to IV.

Excitation Autoionization

EA contributes substantially to the total rate of ion-
ization in the ions near the closed-shell Ne-like Ar81, that
is, in Ar51, Ar61, and Ar71. For EA, we have used the data
in Ref. [7] in the calculation of the argon CSD. In order to
have a better resolution of the EA rate coefficients, we have
also computed the EA rate coefficients for Ar151 to Ar21 at
temperatures intermediate to those reported in Ref. [7].
Further, for Ar61 to Ar91 we have extended the calcula-
tions to lower temperatures (Te $ 5 eV). These data have
been fitted to the formula

Sfit
EA~Te! 5 1.0 3 102Y O

i51

3 ci

Te
1/ 2 exp~2di /Te!, (2)

whereTe is in eV, and the EA rate coefficients are in units
of cm3 s21. The resulting fitting coefficients are given in
Table II (for Ar151 to Ar21). The EA fitting formula
reproduces the calculated rates [7] to better than 5% every-
where except at the low end of the temperature range
indicated for each ion, where the formula may underesti-
mate theab initio EA rate coefficients by up to a factor of
'4 in some cases. The larger deviations typically occur for
the more highly ionized stages and generally at tempera-
tures well below the region of maximum abundance for the
ion in question. Where the large deviations occur closer to
maximum abundance (as in Ar141 and Ar151), they are
inconsequential for the CSD since DI is by far the dominant
process in those instances. The ground level EA rate coef-
ficients computed from Eq. (2) for each ion considered are
shown in Graphs 12–14, after Tables I to IV.

Radiative Cooling Coefficient

The method used to calculate the argon radiative
cooling coefficient is described in our previous work [14,
15] for the molybdenum cooling coefficient. Power losses
for argon from CR line emission and line emission from DR
and continuum radiation from RR and bremsstrahlung are
considered. We now briefly remind the reader of some of
the quantities computed.

The power loss coefficient for CR line emission from
an ion (with chargeq1) at a fixed temperature is given by

Lq
CR~Te! 5 O

j f

hc

l j f
3 Jj f ~Te!, (3)

whereJjf (Te) (in units of photons cm3/s) is found from the
collisional-radiative model,l jf is the transition wavelength,
and the sum is taken over all possible radiative transitions
(including “forbidden” decays). Our collisional-radiative
models include all possible promotions of valence and
inner-shell bound electrons to all available vacancies with
principal quantum numbern # 5. Even at high tempera-
tures, where highern levels can be populated, this set of
models accounts for* 97% of the power emitted by each
ion. The amount of power radiated per unit volume by
collisional-radiative line emission from an impurity atom
(with atomic numberZ) is given by

PZ
CR~Te! 5 ne O

q

nqLq
CR~Te!, (4)

wherenq is the number density of an impurity ion of charge
q1, ne is the electron density, and the sum is taken over all
charge states of the atom. The sum in Eq. (4) can be
expressed as

FIG. 1. Coronal charge state distribution for argon in the range fromTe 5
2 eV to 20 keV.
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PZ
CR~Te! 5 nenZ O

q

f q
CE~Te! Lq

CR~Te!, (5)

where nZ is the total number density of atomZ and
f q

CE(Te), the coronal equilibrium fractional abundance of
ion q1, is given in Table I. Thus, the power lost per unit
volume can be written as

PZ
CR~Te! 5 nenZLZ

CR~Te!, (6)

whereLZ
CR(Te) is the radiative cooling coefficientfor line

emission from elementZ. For low-density, collisionally
ionized plasmas (such as those in a tokamak), an ion will
have its maximal abundance (in equilibrium) at a tempera-
ture between 20 and 50% of its ionization energy. Three
temperature grids, each with six points, have been selected
for calculation of the CR models: 5, 10, 15, . . . , 30%, and
10, 20, 30, . . . ,60%, and 20, 40, 60, . . . , 120% of the
ionization potential of each ion. An examination of the
temperatures for which each ionization state has an abun-
dance.1% has determined which grid is appropriate for
computing the power loss coefficient in Eq. (3). The CR line
power loss rate foreachargon ion,neLq

CR(Te) (in erg s21),
is tabulated in Table III for six temperatures and densities.
The power scales linearly with the electron density (for
most ions at most temperatures), indicating that most of the
power is lost only via transitions fed from the ground level
and that our assumption of coronal equilibrium is appro-
priate.

When the temperature considered for computing the
radiative cooling coefficient in Eq. (5) is between the tem-
peratures explicitly computed for the CR models, the emis-
sivity of that ion is found by linear interpolation,

Lq
CR~Te! 5 Lq

CR~Tlower!S1 2
Te 2 Tlower

Tupper2 Tlower
D

1 Lq
CR~Tupper!S Te 2 Tlower

Tupper2 Tlower
D , (7)

whereTlower andTupper are the closest temperatures in the
CR model grid to the temperature under consideration.
When the temperature in Eq. (5) is lower than any of the
calculated temperatures for an ion, the emissivity of that ion
is found by scaling

Lq
CR~Te! 5 Lq

CR~Tlowest!S Te

Tlowest
D , (8)

which ensures thatLq
CR(Te) 3 0 asTe 3 0. When the

temperature under consideration is higher than any of the
temperatures in the Eq. (3) calculation, we find the emis-

sivity of that ion at that temperature by extrapolating up-
ward

Lq
CR~Te! 5 Lq

CR~Thighest21!S1 2
Te 2 Thighest21

Thighest2 Thighest21
D

1 Lq
CR~Thighest!S Te 2 Thighest21

Thighest2 Thighest21
D , (9)

whereThighestandThighest21 are the two highest temperatures
in the CR model grid for an ion. Since our grids are optimized
to cover temperatures where an ion has a.1% fractional
abundance, the extrapolations beyond the grid introduce a
minimal amount of uncertainty in our calculation.

Figure 2 shows thetotal radiative loss coefficient
(solid line) for argon. For temperatures from 2 eV to 20
keV, the CR line emission (dashes) dominates the total
radiative loss coefficient; the only place the CR line emis-
sion coefficient differs appreciably from the total radiative
cooling coefficient is above 10 keV, where the argon ions
are almost fully stripped. The radiative cooling coefficients
for DR and RR emission and bremsstrahlung (all dashes)
are also shown in Fig. 2. The radiative power loss coeffi-
cient from DR line emission is approximated using the
formula in Ref. [16], computed level energies [12], and the
DR rate coefficients in Ref. [9]. The volumetric power loss
from RR continuum emission is also approximated using
the formula in Ref. [16], the average charge on an argon ion
at electron temperatureTe as shown in Fig. 1, and the
radiative recombination rate coefficients described above.
Bremsstrahlung continuum emission power losses have
been computed using the formula of Ref. [17] and the
average charge on an argon ion as shown in Fig. 1. For

FIG. 2. Calculated total radiative loss coefficient (solid line) for argon.
Also shown are the radiative loss coefficients for CR line emission
(dashes, cf. Eq. (3)), DR and RR emission and bremsstrahlung (all
dashes). The total radiative loss coefficient for argon from the original
ADPAK [16] code (dash–dot) and a modified ADPAK [18] (dash–
dot–dot–dot) are also shown.
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comparison, two calculations of the total power loss coef-
ficient by other authors are also shown. The total radiative
loss coefficient for argon (including radiative channels fed
by various recombination processes) from the ADPAK
package [16] is given by the dashes; a recent update of the
ADPAK radiative loss coefficient for argon by Clark et al.
[18], which employs detailed collisional-radiative models
below 2000 eV, is given by the dash–dot–dot–dot trace.
The total radiative cooling coefficient (the sum of all chan-
nels shown in Fig. 2) in erg cm3 s21 has been fitted (in
different temperature ranges) to an expression of the form

LZ
total~Te! 5 O

i50

5

MiTe
i , (10)

whereTe is in keV, and the values ofMi , the coefficients of
the fit, are listed in Table IV.
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EXPLANATION OF TABLES

TABLE I. Argon Charge State Fractional Populations

Te Electron temperature in eV.

Fractional population in each charge state at a given temperature is listed below each ion.

TABLE II. Fitting Coefficients for Argon Excitation Autoionization (EA) Rates

Ion The argon ion under consideration; the temperature range over which the EA coef-
ficients have been fitted is indicated above each ion.

Level The energy level in the ground configuration of the ion under consideration; “gl” is the
true ground level, g2 . . . arenumbered in order of increasing energy.

k The number of electrons in the expression for the EA channel above each block of
coefficients.

Y The exponent required for the fit given by Eq. (2).
ci , di The coefficients of the fit given by Eq. (2).
R The multiple-correlation coefficient for the fit given by Eq. (2).

TABLE III. Radiative Cooling Rate for Argon Ions

Radiative Cooling Rate The collisional radiative cooling rateneL CR(Te) in erg s21 for the ion listed at the
head of the data block; numbers in square brackets represent powers of 10; i.e.,
X[2Y] 5 X 3 102Y.

ne The electron density in cm23 at which the radiative cooling rate is computed.
Te The electron temperature in eV at which the radiative cooling rate coefficient is

computed.

TABLE IV. Fitting Coefficients for Argon Cooling Coefficient

Te The electron temperature range in keV.
M j The coefficients of the fit given by Eq. (10); numbers in square brackets represent

powers of 10; i.e.,X[2Y] 5 X 3 102Y.
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EXPLANATION OF GRAPHS

GRAPHS. Ground Level Rate Coefficients

Ordinate Ground level rate coefficient in cm3 s21.
RR: Radiative recombination, Graphs 1–3.
DI: Direct ionization, Graphs 4–7.
DR: Dielectronic recombination, Graphs 8–11.
EA: Excitation autoionization, Graphs 12–14.

Abscissa Electron temperature in eV.
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TABLE I. Argon Charge State Fractional Populations
See page 236 for Explanation of Tables
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TABLE I. Argon Charge State Fractional Populations
See page 236 for Explanation of Tables
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TABLE I. Argon Charge State Fractional Populations
See page 236 for Explanation of Tables
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TABLE II. Fitting Coefficients for Argon Excitation Autoionization (EA) Rates
See page 236 for Explanation of Tables

K. B. FOURNIER et al. Argon Low-Density Plasma

241 Atomic Data and Nuclear Data Tables, Vol. 70, No. 2, November 1998



TABLE II. Fitting Coefficients for Argon Excitation Autoionization (EA) Rates
See page 236 for Explanation of Tables
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TABLE III. Radiative Cooling Rate for Argon Ions
See page 236 for Explanation of Tables
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TABLE III. Radiative Cooling Rate for Argon Ions
See page 236 for Explanation of Tables
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TABLE III. Radiative Cooling Rate for Argon Ions
See page 236 for Explanation of Tables
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TABLE III. Radiative Cooling Rate for Argon Ions
See page 236 for Explanation of Tables
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TABLE IV. Fitting Coefficients for Argon Cooling Coefficient
See page 236 for Explanation of Tables
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GRAPHS. Ground Level Rate Coefficients
See page 237 for Explanation of Graphs

Radiative Recombination Rate Coefficients

Radiative Recombination Rate Coefficients
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GRAPHS. Ground Level Rate Coefficients
See page 237 for Explanation of Graphs

Radiative Recombination Rate Coefficients

Direct Ionization Rate Coefficients
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GRAPHS. Ground Level Rate Coefficients
See page 237 for Explanation of Graphs

Direct Ionization Rate Coefficients

Direct Ionization Rate Coefficients
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GRAPHS. Ground Level Rate Coefficients
See page 237 for Explanation of Graphs

Direct Ionization Rate Coefficients

Dielectronic Recombination Rate Coefficients
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GRAPHS. Ground Level Rate Coefficients
See page 237 for Explanation of Graphs

Dielectronic Recombination Rate Coefficients

Dielectronic Recombination Rate Coefficients
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GRAPHS. Ground Level Rate Coefficients
See page 237 for Explanation of Graphs

Dielectronic Recombination Rate Coefficients

Excitation Autoionization Rate Coefficients

K. B. FOURNIER et al. Argon Low-Density Plasma

253 Atomic Data and Nuclear Data Tables, Vol. 70, No. 2, November 1998



GRAPHS. Ground Level Rate Coefficients
See page 237 for Explanation of Graphs

Excitation Autoionization Rate Coefficients

Excitation Autoionization Rate Coefficients
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