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Wavelengths and atomic parameters for the satellite spectrum of the 1s -1s2p parent lines of
Ar' + have been calculated using a multiconfiguration intermediate-coupling scheme with a statisti-
cal Thomas-Fermi potential. These data, together with radial charge-state distributions given by an
impurity transport code, are used to calculate theoretical spectra. The comparison with experimen-
tal x-ray spectra from the TFR tokamak plasma shows good agreement between calculated and ob-

served wavelengths. The fitting of relative line intensities in the synthetic spectra to observed values
improves the understanding of plasma impurity transport.

I. INTRODUCTION

The dielectronic satellite spectra from the heliumlike
charge state of elements with medium atomic number
(Mg to Fe) have important applications in the diagnosis of
laboratory fusion plasmas as well as of solar flares. '

Recently, tokamak plasma discharges have produced
high-resolution spectra from Fe +, Cr +, Ti +, and
Ar' + (Refs. 7 and 8) showing the characteristic emission
lines (ls~-ls2p, ls2-ls2s) of the heliumlike ions, and the
satellite lines corresponding to the inner-shell radiative
transitions ls nl ls21'nl" (n-)2).

The high-quality spectra have stimulated atomic-
physics calculations for several reasons. The steady-state
phase of present-day tokamak plasmas is well character-
ized (typical electron temperatures are in the range from 1

to 3 keV) and tolerates seeding with various impurity ele-

ments, thus allowing the atomic-physics methods to be
checked over a long isoelectronic series. ' Computer
codes used to interpret solar flare spectra' may be
checked on laboratory plasmas. Finally, a deeper under-
standing of the complex production of these spectra (sim-

ply called satellite spectra in the following) may lead to a
better description of phenomena which are not yet well
understood or which will appear in conjunction with new
methods of plasma heating or current generation, such as
fast-relaxation and particle-transport phenomena, or exci- .

tation by electrons with non-Maxwellian velocity distribu-
tion or relativistic energies.

In this paper we present two x-ray spectra of argon ob-

served under different plasma conditions and compare
them with theoretical spectra obtained from extended ab
initio atomic-physics calculations. The high signal-to-
noise ratio of the observed spectra opens interesting in-

sights into both the atomic theory of multiply charged
ions and plasma diagnosis, in particular radial impurity
transport.

In Sec. II we give the experimental conditions. In Sec.
III the TFR code for the impurity transport is summa-
rized briefly and applied to observations in vacuum ultra-
violet (vuv) spectroscopy. X-ray spectra obtained from
crystal spectroscopy are presented in Sec. IV. The dif-
ferent atomic processes responsible for the argon satellite
spectrum and the corresponding atomic parameters are
given in Sec. V. These data together with calculated radi-
al charge-state distributions (Sec. III) are then used to cal-
culate synthetic spectra which are compared to observed
ones (Sec. VI). In Sec. VII we briefly describe the deter-
mination of ion Doppler temperatures from line broaden-
ing.

II. EXPERIMENTAL CONDITIONS

For these argon injection experiments, the discharge
conditions were: plasma current Iz ——110 kA, toroidal
magnetic field BT——. 28 kG, limiter radius a =20 cm,
working gas H2. The plasma current had a particularly
long plateau, lasting from about 50 ms after breakdown to
400 ms (Fig. 1). The radial electron-temperature profile
T, (r), as measured by Thomson scattering, remains con-
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This is clearly demonstrated in Fig. 1, where we show the
temporal behavior of the Ar vugg (700 A), Arxvi (354 A),
and ArxvII (3.9 A) lines. The initial peak on the ArvIII
signal gives evidence of the presence of argon at break-
down. However, the intensities of all spectral lines remain
quite low up to an almost exponential increase which
starts at t -150 ms. More than half of the argon has been
delivered by the valves at this time. This effect of early
retention and progressive release of argon by the wall and
limiter materials has two consequences. The first is that
we cannot estimate the amount of argon in the plasma
from the (measured) injection rate. The second is that
only in the second half of the discharge we can make full
use of our vuv spectroscopic equipment. ' In particular
this means that Abel inversion of the Arxv and ArxvI
signals is possible in the interval from 240 to 340 ms (case
A of x-ray crystal spectroscopy, Sec. IV), but hazardous
between 40 and 140 ms (case 8).

FIG. 1. Temporal behavior of argon line intensities, chord-
integrated electron density and plasma current. The x-ray spec-
tra were integrated over the intervals labeled A and B.
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FIG. 2. Radial profiles of the electron temperature during
the current plateau and of the electron density at t=290 ms.
For T„ the solid line represents the mean of twenty 13-channel
Thomson scattering profiles; the error bars indicate typical one-

shot errors.

stant during the plateau phase with the central value
T, (0)=1.25 keV, Fig. 2. However, the line-averaged elec-
tron density (Fig. 1) increases continuously. The
electron-density profile (measured by HCN laser inter-
ferometry) has central values n, (0) of 2.1 and 5.8~10'3
cm at t=90 and 290 ms, respectively [see Fig. 2 for
n, (r) at t=290 ms].

Argon is injected with the working gas, before break-
down and during the discharge. The recycling behavior of
argon is not well understood. In particular we have ob-
served that most of the argon is retained by the wall
and/or limiters during the early phase of the discharge.

III. IMPURITY TRANSPORT CODE

anz rI z= —D~ ——~~nz
a

(2)

with the adjustable parameters D~ (diffusion coefficient)
and Vz (inward convection velocity). Both parameters
are taken as independent of Z and r (spectroscopic obser-
vations have not yet clearly shown such a dependence).
The dimensionless quantity S=aV&/2D& is called the
convection parameter.

The atomic-physics data (az,Sz) of the code have been
described in Ref. 11. We have now added Auger ioniza-
tion (inner-shell excitation above the ionization limit, fol-
lowed by autoionization) according to Ref. 12. The code
also includes a model for the population of excited levels
and calculates the corresponding line emissivities e(r)
(photons cm s '). In particular, for the strong b,n=0
transitions (the vuv lines already mentioned), it is suffi-
cient to use the coronal hypothesis: excitation is from the
ground state, and deexcitation is only radiative. The exci-
tation rate coefficients are obtained using the well-known

g approximation.
The argon-ion distributions nz(r) are obtained by solv-

Argon transport is studied by solving the impurity
transport system in cylindrical geometry as a function of
time (i.e., with toroidal and poloidal symmetry)

~nz $ () (r I z)+ne(nz ISz I—nzS—z-
Bt r Br

+nz+ Iaz+ I nzaz—)

Z=1, . . . , 18 (1)
where I z is the radial flux density (positive when directed
outwards) of the argon ions of charge Z and nz are the
corresponding ion densities; Sz and az are the rate coeffi-
cients for ionization and recombination, respectively.
Since it is not possible to simulate the experimental data
correctly using theoretical expressions for I z, adjustable
("anomalous" ) terms are added to I z. As these
anomalous terms dominate, we use the simplified expres-
sion' '"
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ing the system (1) using expression (2) for I z with fixed
values for Dz and Vz. Input data are the observed n, (r)
and T'e(r) profiles, and an initial argon-ion distribution
(local ionization equilibrium with gz nz independent of
radius). The code is permitted to evolve to the steady-
state solution, the number of particles being conserved by
the last mesh boundary condition of complete recycling
(i.e., the total outgoing ion flux is compensated by an
equal incoming flux of argon atoms). Since the argon
ions are pushed toward the center by the convection velo-
city Vz, the total argon-ion density gznz(r) will be
peaked at r=O. The value of 5 determines the degree of
peaking, and therefore the ratio of the radiance [line-of-
sight integrated emissivity e(r)] of a highly ionized ion
line (Arxv or Arxvl) to the radiance of a peripheral ion
line (Arvll or Arv111). The input values of D~ and V~
are varied until good agreement between code and experi-
ment is obtained for one of the mentioned radiance ratios
and for the emissivity profile E(r) of a highly ionized ion
line.

As already mentioned, we shall discuss two x-ray spec-
tra of argon taken at high and low electron densities. We
therefore apply the impurity transport code to these cases.
Case 2 corresponds to the time interval from t=240 to
340 ms. As seen in Fig. 1, the electron density, and conse-
quently the argon-line radiances, increases during this in-
terval. However, the smooth behavior of all signals leads
us to the hypothesis that the properties of the plasma at
half-time of this interval, i.e., at t=290 ms, may be taken
as representative for the whole interval. Therefore, we use
for the code the electron-density profile taken at t=290
ms as shown in Fig. 2 (remember that the electron-
temperature profile is quite constant over the duration of

the current plateau).
With Dz ——4000 cm s ' and V~ ——400 cms ', good

agreement between code and experiment is obtained for
the radial location of the emissivities of the two vuv argon
lines, Arxvl (354 A) and Arxv (221 A). In particular,
the code reproduces the shell-like emissivity profiles (Fig.
3), and the experimental and code values for the radii of
maximum emission agree to within + 1 cm (in the case of
hollow emissivity profiles, the Abel inversion indicates the
radial position of the maximum with good accuracy but is
less reliable for the wings).

It is interesting to note here, that the values of Dz and
V~ (4000 cm s ', 400 cms ') are typical TFR values.
In fact, many simulations for other impurities in medium
(5 && 10' cm ) to high (1.5 X 10' cm ) density
discharges' '" have shown that these values represent the
center of gravity of a two-parameter distribution. The
dependence of Dz and Vq on plasma properties (electron
density, mass of working gas) is not yet clearly demon-
strated. In part this is certainly due to the fact that the
code results suffer from relatively large errors for both
Dz and V~ [(25—50)% and (50—100)%%uo, respectively], as
long as only vuv spectroscopy data (no lines from the heli-
umlike ions) are available.

Figure 4 shows the radial abundance profiles for the
H-, He-, Li-, and Be-like argon ions as given by the code.
As already stated, they correspond to t=290 ms, but will
be taken as valid for the whole interval from t=240 to
t= 340 ms.

Another x-ray spectrum to be presented and discussed
in the following sections has been taken very early in the
discharge when the electron density was much lower. In
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FIG. 3. Radial emissivity profiles of vuv lines of argon as ob-
served (solid lines) during the time interval 2 and calculated by
the impurity transport code [n, (0)=5 7X10"cm . ', Dz ——4000
cm s ', Vz ——400 cms 'J.

FIG. 4. Radial charge-state distributions of argon ions (H-
like to Be-like) as calculated by the impurity transport code for
the time interval A [n, (0)=5.7)& 10' cm, D„=4000 cm s
Vz ——400 cm s 'J. The densities are normalized to the total ar-

gon density at r=O. The points on the curves indicate the radial
location of the maximum at ionization equilibrium.
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FIG. 5. Same as Fig. 4, but for case B [n,(0}=2.1)&10'3
cm, Dz =5000 cm s ', V„=500cms '].

FIG. 6. X-ray spectra corresponding to case A. (a) Experi-
mental (integrated from t=240 to t=340 ms). (b) Calculated
with the atomic-physics and impurity transport codes
( D~ ——4000 cm s, Vq ——400 cm s ').

this case, 8, the x-ray spectrum has been integrated from
t=40 to t= 140 ms. The corresponding electron-
temperature profile is identical to that given in Fig. 2
(within the error bars of the Thomson scattering data).
For the code calculations we have taken the electron-
density-profile given by the HCN interferometer for t =90
ms, i.e., again at half-time of the interval. This profile is
very similar to that given in Fig. 2, but has the central
value n, (0)=2.1&&10' cm . As already stated, the vuv
line radiances are very low in this early phase of the
discharge, and it is not possible to use emissivity profiles
for the adjustment of the transport parameters. We have
therefore run the code with various pairs (Dq, Vz). In
anticipation of what will be used in Sec. VI we show in
Fig. 5 the abundance profiles calculated with D~ ——5000
cmzs ' and Vq ——500 cms ', without justifying this par-
ticular choice for the moment.

observed during the high electron-density phase of the
discharge, where we can make full use of our vuv spec-
troscopy equipment (case A). The spectra were integrated
from t=240 to t=340 ms (see also Fig. 1 for the tem-
poral behavior of line intensities). In Fig. 7(a) we show
the spectrum taken during the early low-density phase of
the discharge (case B, t=40 to t=140 ms). Obviously,
the spectra are quite different with respect to relative line
intensities (w, q,j+z). Although this will be our concern
in Sec. VI, we already show here the synthetic spectra
[Figs. 6(b) and 7(b)j for easier comparison.

tl$

o 40-

IV. EXPERIMENTAL X-RAY SPECTRA

The spectra have been taken with a bent-crystal spec-
trometer. ' The diffracting crystal is a (2020) quartz
plate, bent to a radius of 288 cm. The crystal dimensions
are 5 & 3 &0.04 cm . The detector is a proportional
counter with delay-line position encoding, working with
an 80 vol% Xe—20 vol% CO2 mixture at 1 atm. Ex-
tremely thin windows are used for the He-filled spectrom-
eter (7-pm-thick Mylar) and for the tokamak and detector
windows (both 25-pm-thick Be). A particular component
of the data acquisition system is the discrimination
against hard-x-ray, y-ray, and neutron-induced events'
which completely eliminated background from the argon
spectra. The spectral resolution of the instrument is
A, /(dA, )= 15 000.

In Fig. 6(a) we show the experimental x-ray spectrum.
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FIG. 7. X-ray spectra corresponding to case B. (a) Experi-
mental (integrated from t=40 to t=140 ms). (b) Calculated
(D~ ——5000cm s ', V~ ——500 cms ').
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Two final remarks must be made here. The detector
used in these experiments was a single-anode wire model,
which intercepts only a fraction of the photon flux from
each spectral line. In order to get a good signal-to-noise
ratio, the spectra were accumulated over several (typically
15) tokamak discharges (with a new multiple-anode wire
detector excellent spectra will be obtained from single
discharges).

The other remark is related to the value of the Bragg
angle (68') used here. Due to the high dispersion of the
spectrometer, which is necessary for high spectral resolu-
tion, the x-ray spectrum of argon we are interested in (i.e.,
at least the spectral interval from line to to line z) is
spread out over more than the physical length of the
detector. In the case of Figs. 6(a) and 7(a), two subspectra
at different detector settings have been taken. Both sub-
spectra include the x,y lines, allowing for correct evalua-
tion of relative line intensities and wavelength shifts.

V. ATOMIC-PHYSICS CALCULATIONS

r 2 r 3

where Zz and Zz are effective charges taking into ac-
count an electron screening effect.

Our Cf data for argon have been derived from the cal-
cium data of Ref. 15, Tables 7a and 7b, using Eq. (5) with
ZAr = 17.5 and Zca = 19.5. For the rate coefficient by
recombination C,fwe use a similar Z-scaling expression:

2

C,y(A, T, )=Cia 8, T,
ZA B

(5')

The x-ray crystal spectrometer covers the spectral inter-
val from A, =3.94 to A, =4.01 A, containing the charac-
teristic lines of the He-like ions of argon as well as dielect-
ronic satellites from the Li- and Be-like charge states. For
tokamak plasmas, radiative transfer within these lines
may be neglected and the observed intensity is directly re-
lated to the emissivity, ef, defined by

f=ng A» (3)

where 3„ is the probability for the radiative transition be-
tween initial (i) and final (f) states. The density n; of the
initial state is obtained from the density nz of the atom
ionized Z times in the ground state by a collisional-
radiative model.

For the lines w, x, y, and z (ls 'So-ls2p'P&, Pz, P„
ls Zs S&) of the heliumlike ions, we write

etf ( re ) —ne [n $ 6Cjf( T ) +n $7 C f( T ) +n $5 Cjf( re )] (4)

where Cf stands for the effective rate coefficients for col-
lisional excitation from the ground state including cas-
cades. The radiative and dielectric recombination from
the H-like ion is given by Cf. Finally, excitation by
inner-shell ionization (i.e., ls 2s+e~ls2s+2e) corre-
sponds to C,f. For the coefficients Cf ' we make use of
extended calculations for the nearby element calcium. '

In fact, Mewe et al. ' ' have shown that for two ele-
ments, 3 and B, one has

The calcium data are from Ref. 15, Table 7c.
The inner-shell excitation rate coefficients for the q, r,

s, and t satellite lines have also been derived from the cal-
cium data, ' Table 7b using Eq. (5).

For the other satellite lines the main population process
is dielectronic capture on the He- and Li-like ion ground
states:

1s +e~ls2pnl, 1s 2s+e —+1s2s2pnl,

ef (T )=n nz+iFPtf)Fi (t T )

(6)

Fz (if)=

2 3/2

( 7 )
1 277'
2 mkT,

exp (8)

where nz+, is the ground-level density of the recombin-
ing ion (Z+ 1 times ionized) and cos its statistical weight.
co; is the statistical weight of the upper level of the line,
3»' and 3,' are the radiative and autoionization transition
probabilities from levels i to f and i to g, respectively.
The sum over f' extends over all levels of the Z ion lower
than i, the sum over j ' extends over all levels j ' of the
Z + 1 ion which can be populated by autoionization of i.
E;g is the energy of the free electron after the autoioniza-
tion of the level i to g.

The wavelengths A, , the radiative probabilities A„'f, and
the sum of all the probabilities to all lower levels gf, 2f
have been calculated with the program SUPER STRUCTURE
developed by Eissner et al. ' The autoionization proba-
bilities A,'g and g., Ag for all the available continua have
been obtained with the program AUTOLSJ described by
TFR Group et al. 5 These programs are appropriate for
the calculation of large quantities of atomic data as they
use model potentials. These are scaled Thomas-Fermi-
Dirac potentials where the scaling parameters A.„Az, A,d
have been determined by a minimization of the following
configurations: ls 2s, ls 2s 2p, ls 3d, ls 2p 3d (A,,
=2.079, A~ = 1.810, kd = 1.932, Af= 1). The mono-
electronic wave functions (orbitals) derived from these po-
tentials have been used for the He- and Be-like ions.
Table I gives the Ar xvj: n=2 dielectronic satellite atomic
data for the observed lines: (1) Vainshtein and Safrono-
va, ' ' (2) Bhalla and Tunnel, ' (3) present work. In the
Vainshtein and Safronova calculations of energies and
wavelengths the relativistic energy matrix is developed as
.&n expansion in powers of I/Z on a basis of nonrelativis-
tic He-like wave functions including the continuum.
However for radiative and autoionization transition prob-
ability calculations the authors restrict the configuration
basis to the complex corresponding to the configuration of
the level considered. In the calculations of Bhalla and
Tunnell the relativistic Hamiltonian includes the relativis-
tic corrections in the Hartree-Fock-Slater atomic model.
This approximate Hamiltonian is diagonalized on
Hartree-Fock configuration basis inside each complex.
All the atomic parameters have been calculated with the
same wave functions. In our calculations the relativistic
Hamiltonian is separated in one-body and two-body terms
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similar to the development of Vainshtein and Safronova.
Here again, all the atomic data are calculated with the
same wave functions obtained by diagonalization of a
large basis set including all the n=2, 3,4,5 configurations.
It should be noted that the three sets of theoretical values
for A„, A„and F2 (if) are in good agreement (except for
the k line). However for the wavelengths there is a sys-
tematic difference between the first authors and the oth-
ers. This could be explained by the inclusion of the con-
tinuum in the energy expansion. In Table II are given the
atomic data for the n=3 and n=4 satellite lines with
F2 (if) & 5.0X 10' s ' corresponding to Ref. 21 and
present calculations (Ref. 20 does not contain n=4 data).

An extended data set for the n=5 satellite lines (not
shown here) has been used to extrapolate the n ) 6 satel-
lite data. To do this, the n=5 satellite lines have been
separated into four groups: odd or even upper level, con-
vergence on w or y. Each one of these four groups is
spread over a narrow wavelength interval and is therefore
represented by a single, equivalent line defined by

g A,;F2 (if)

F2 (n) = +F2 (if) .

For the extrapolation to higher n we use the relations
Fz(n)n =const, and [A~ —A(n)]n =const. The results
are given in Table III. Finally, the atomic data for the
n=2, 3,4 satellite lines produced by dielectronic recom-
bination from the Li-like charge state [Z+ 1=15 in Eq.
(6)] to the Be-like charge state are given in Table IV.
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VI. COMPARISON OF EXPERIMENTAL
AND SYNTHETIC SPECTRA

The experimental x-ray spectra are line-of-sight in-
tegrated emissivities. Consequently, the synthetic spectra
are obtained by integration of Eqs. (4) and (6), taking the
local values of T, from Thomson scattering, n, from in-
terferometry, and charge-state distributions from the im-
purity transport code (Sec. III). The complete atomic-
physics data package of Sec. V is used. We also introduce
a Doppler temperature common to all species (see below).
Finally, the intensity of the m line is normalized to its ex-
perimental value.

We start with the spectrum of the highest signal-to-
noise ratio, i.e., case 2, taken during the high-electron-
density phase of the discharge. The observed and synthet-
ic spectra are given in Figs. 6(a) and 6(b), respectively.
The overall agreement between the observed and comput-
ed spectra is quite good. In particular this is true for the
n ~2 satellite contributions to the long-wavelength wing
of the w line and for the asymmetry of the y line, mainly
due to the weak satellites s and t.

In Table V are given the wavelength shifts of the most
prominent lines with respect to the resonance line m

(3.9451 A, present work). It should be noted that the ex-
perimental data have been read from a high-resolution
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TABLE II. Ar XVI n=3 and 4 dielectronic satellite data. A„A„,and Fz (if) in units of 10"s

Array

Bhalla and Tunnel
(Ref. 21)

iE (A) A, A„F2 (if) I, (A)
Present work
A~ A„ F, (if)

1s2p3s Pl/2 —1s 3s Sl/2
1s2p3p P3/2 —1s 3s Sl/2
1s2p3s Pl/2 —1s 3s S~/2
1s2p3s P3/2 —1s 3s Sl/2
1s2p3d F7/2 1s 3d D5/2
1s2p3d F5/2 —1s 3d D3/2
1s2p3s Fsn —» 3d Dsn
1s2p3p D5/2 —1s 3p P3/2
1s2p3p D3/2 —1s 3p P~/2
1s2p3p D5/2 —1s 3p P3/2
1s2p3p P3/2 —1s 3p P3/2
1s2p3p S&/2 —1s 3p P3/2
1s2s4p Pl/2 —1s 4s S)/2

1s2p4d D5/2 —1s 4d D3/2
1s2p4d F5/2 —1s 4d D3/2
1s2p4d Fs/2 —1s 4d Ds/2
1s2s4s S~/2 —1s 4p P&/2
1s2s4s S&/2 —1s 4p P3/2
1s2p4p D&/2 —1s 4p P3/p
1s2p4p D3/2 1s 4p P&/2

1s2p4p D5/2 —1s 4p P3/p

3.9633 3.56
3.9596 3.87
3.9514 1.27
3.9520 0.79
3.9491 1.33
3.9478 1.28
3.9481 1.28
3.9640 2.65
3.9515 3.32
3.9523 4.06
3.9513 1.46
3.9447 1.15
3.9649 1.77
3.9479 0.07
3.9473 0.64
3.9474 0.84
3.9745 0.86
3.9750 0.86
3.9714 0.08
3.9496 1.06
3.9499 0.89

1.62
0.62
8.13
8.15
8.56
6.66
1.68
0.63
8.35
8.40
9.08
5.83
0.29
7.02
6.83
3.36
0.15
0.24
0.11

10.16
10.38

2.15
2.08
2.13
2.77
8.63
4.95
1.25
1.73
8.88

15.97
4.50
1.56
0.42
0.29
2.38-
117
0.20
0.32
0.20
3.70
4.80

3.9628 3.70
3.9590 4.07
3.9504 1.12
3.9509 0.64
3.9479 1.37
3.9466 1.31
3.9470 1.31
3.9643 2.67
3.9518 3.45
3.9529 3.67
3.9516 0.95
3.9457 0.97
3.9646 1.57
3.9470 0.07
3.9465 0.64
3.9466 0.64
3.9742 0.83
3.9749 0.83
3.9702 0.10
3.9483 1.16
3.9487 0.99

1.52
0.55
8.42
8.53
8.74
6.66
1.87
0.60
8.58
8.70
9.50
6.19
0.43
3.42
6.87
3.34
0.25
0.44
0.13

10.07
10.31

2.14
1.93
1.93
2.31
9.45
5.33
1.50
1.66
9.51

15.05
3.16
1.38
0.58
0.14
2.43
1.18
0.27
0.47
0.32
4.10
5.26

TABLE III. ArXVI n) 5 dielectronic satellite data. F2 (n)
in units of 10' s '. In the upper-level column, o (e) denotes
odd (even).

Upper
level

Convergence
on w

A,(n) F2 (n)

Convergence
on y

k(n) F2 (n)

10

'0 3.9460
3.9467
3.9456
3.9460
3.9454
3.9457
3.9453
3.9455
3.9453
3.9454
3.9452
3.9453

5.04
5.93
2.92
3.43
1.84
2.16
1.23
1.45
0.86
1.02
0.63
0.74

3.9664
3.9679
3.9662
3.9671
3.9661
3.9666
3.9660
3.9664
3.9660
3.9662
3.9660
3.9662

1.04
1.27
0.60
0.73
0.38
0.46
0.25
0.31
0.18
0.22
0.13
0.16

display of the original spectrum taking all channels,
whereas the display used for Figs. 6(a) and 7(a) shows
only every third channel. For the experimental hA, we es-
timate the error to be approximately 0.1 mA, i.e., &p

of
the Doppler width. However, for the line a [for which
the intensity scale of Fig. 6(a) is not adequate but which is
evident in the original data] we add another 0.1 mA for
reasons of photon statistics. Finally, as the experimental
spectrum is the composite of two subspectra (see Sec. III),
we add an estimated fitting error of 0.1 mA for the lines
concerned. As seen from Table V, the observed line posi-
tions agree quite well with the calculations. However, the

difference between calculated and observed wavelength
shifts (typically + 0.6 mA) is outside the experimental er-
ror.

Turning now to relative line intensities, we first
remember that the (j+z)/w ratio is only weakly depen-
dent on the charge-state distributions, as all three lines
have He-like parents (z has weak contributions from
recombination and inner-shell ionization). The computed
ratio, however, critically depends on the rates for col-
lisional excitation and dielectronic recombination. The
degree of agreement between the observed (0.56) and com-
puted (0.5) values for this line ratio corresponds to the
state of the art in atomic-physics calculations and T,
measurements.

Another interesting line ratio is q/w. In contrast to
(j +z)/w, this ratio depends on T, through the local den-
sities of the Li-like and He-like ions. In view of this
direct dependence 'the agreement between observed
(0.13+0.01) and calculated (0.14) values for the q/w ratio
is surprisingly good.

As already said, the synthetic spectrum is the result of
two codes in cascade: an atomic-physics code and an im-
purity transport code, which in. turn relies on vuv spec-
troscopy observations. Consequently, the good agreement
between observed and computed spectra does not, "per
se," verify both codes independently. However, it is
reasonably fair to conclude that, given the actual state of
plasma spectroscopy (photon statistics, summing over
several shots, etc.), the codes are quite adequate.

We turn now to the spectrum of Fig. 7(a), taken during
the low-density phase of the discharge (case B). As al-
ready said, the electron temperature is constant during
these particular discharges, reaching the value of 1.25 keV
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TABLE IV. Ar XV n=2, 3,4 dielectronic satellite data. A„A„,and Fz (if) in units of 10'3 s

Array

Is2s2p Di —Is 2s2p Po
Is2s2p D~ —Is 2s2p Pz
Is2s2p Dz —Is 2s2p P)
Is2s2p D3—Is 2s2p Pz
1s2s2p 'P& —1s 2s2p'P~
Is2s2p P~ —1s 2s2p PI
Is2s2p Pz —Is 2s2p 'Pz
1s2s2p S&—1s 2s2p P&

1$2$ 2p23sl 1$22$2p 3P2

Is2s2p 'Dz —1s 2s2p 'P&

Is2s2p Pz —Is 2s2p 'Pj
1s2s2p 'So—1s 2s2p 'PI

1s2s2p3d Fz—Is 2s3d Dj
1s2s2p3d F3—1s 2s3d Dz
1s2s2p3d F3—Is 2s3d D3
1$2$ 2p 3d F4—1$ 2$ 3d D3
I s 2s 2p 3d 'F3—1s 2s 3d 'Dz
I s 2s 2p 3p Dz —Is 2s 3p D ~

Is2s2p3p D3—1s 2s3p Pz
Is2p 3s 'P3 —Is 2s3p Pz

I s 2s 2p 3p 'Dz —Is 2s 3p 'P)
1s2s2p3p'D3 —1s 2s3p Pz
Is2s2p4d F3—Is 2s4d Dz
Is2s2p4d F3—Is 2s4d D3
Is2s2p4d F4—1s 2s4d D3
1$2$ 2p 4d 'F3—1$2$4d 'Dz
Is2s2p4p Dz —Is 2s4p Pz
1s2s2p4p 3D3—Isz2s4p 3Pz

Is2$2p4p Pz —1s 2s4p P~
1s2s2p4p 'Dz —Is 2s4p Pz
1s2s2p4p 'Dz —1s 2s4p 'P&

A. (A)

4.0162
4.0215
4.0176
4.0205
4.0156
4.0193
4.0166
3.9997
4.0023
4.0300
4.0262
4.0095

3.9853
3.9841
3.9844
3.9826
3.9841
3.9914
3.9898
3.9892
3.9857
3.8779
3.9819
3.9820
3.9802
3.9795
3.9840
3.9820
3.9812
3.9810
3.9814

10.51
10.51
13.49
15.30
4.86
4.86
1.91
5.55
5.55

11.32
4.33
6.58

0.69
0.71
0.71
1.12
0.62
1.06
1.12
0.37
2.50
1.93
0.42
0.42
0.60
0.73
0.63
0.67
0.59
0.96
0.96

12.53
12.53
15.49
17.47
7.49
7.49

9.50
9.50

26.89
21.66
21.95

3.72
2.77
2.77
2.34
3.90
4.19
2.92
0.80
4.80
1.27
2.05
2.05
1.25
0.89
2.72
1.46
1.36
1.88
1.88

7.52
1.06
6.55
5.17
6.58
4.58

12.90
1.51
3.08
3.88
1.43
5.53

3.48
2.75
3.97
8.10
6.13
4.13
6.97
1.60
8.56
1.33
3.73
4.23
9.50
9.54
4.03
9.5S
5.45
3.18
6.75

F2 {if)

5,62
0.80
9.96

12.23
2.45
1.70
3.29
0.86
1.76
3.S2
0.66
0.66

0.60
0.71
1.00
3.89
1.20
0;88
2.50
0.79
3.54
6.00
0.53
0.60
2.37
2.20
0.56
1.95
0.96
0.63
1.34

TABLE V. Wavelength shifts with respect to the resonance
line w. a denotes 1s2p3s P3&z—Is 3s S~/z and A, =3.9451 A.

AA, „p, (mA') AA, ,h, (mA)Key

a
k
J
Z

13.6+0.2
16.6+0.1

20.2+0.1

32.2+0.1

34.2+0.2
36.4+0.2
40.9+0.2

45.0+0.2

13.9
17.1
20.8
32.6
35.0
37.2
41.5
45.6
45.8

very early in the discharge. Consequently, we expect only
minor changes for those line-intensity ratios which de-
pend on T, mainly through the excitation rates rather
than through the ratio of charge-state abundances.
Indeed, for the (j+z)/w intensity ratio we observe 0.58.
A striking difference, however, exists for the q/w ratio,
which is 0.37, i.e., three times higher than during the
high-density phase of the discharge. Consequently, the
charge-state distribution in the hot plasma core must be
displaced to lower ion charges, i.e., still further away from

ionization equilibrium than in case A. To get a quantita-
tive hold of this observation we make use of synthetic
spectra. However, the impurity transport code cannot be
used here in the same way as for case A, the intensities of
the vuv spectrum lines being far too low to allow the
determination of the transport coefficients D„and V„.
We therefore adopt the following procedure. The impuri-
ty transport code is run with various values for D~ and
Vz, the only experimental input data being the T, and n,
profiles. The calculated charge-state distributions are
then fed into the second code which calculates the corre-
sponding x-ray spectra. The comparison of computed and
observed q/w intensity ratios then permits the determina-
tion of V~ and Dz.

Good agreement is obtained for D~ ——5000 cm s ' and
Vz ——500 cms '. Figure 5 shows the corresponding ion
abundance profiles. The synthetic x-ray spectrum is
shown in Fig. 7(b). The calculated value q/w=0. 35
agrees with the experiment (0.36) given the error from
photon statistics. It is interesting to note that with
D& ——4000 cm s and V~ ——400 cms ', i.e., the values
corresponding to the high-density case A, the calculated
q/w intensity ratio is too low by 20%, which is certainly
outside the experimental error. In other words, again we
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observe a deviation from ionization equilibrium, the devi-
ation being higher at lower electron density. However, the
density effect taken alone does not correctly reproduce the
observed spectrum. The diffusion coefficient Dz must be
increased from 4000 to 5000 cm s ' (changes in Vq hav-
ing a less-pronounced effect, we have kept constant the
convection parameter S).

Small variations of the Dz and V~ values induce
changes in the emissivities of the vuv lines which, in gen-
eral, are inside the experimental uncertainties. With the
extension to x-ray line spectroscopy as proposed here, the
determination of the transport coefficients becomes more
accurate. This is due to the fact that line emission from
the plasma center is introduced into the code. From the
instrumental point of view the advantage of x-ray crystal
spectroscopy is that line radiation from the various ioni-
zation stages is observed within a narrow wavelength
band, thus avoiding the problem of spectral calibration.

QJ

col

Vl

O

0 =, -,~
1170 1270cia nne l number

FIG. 8. Single-Voigt-function fit to the j+z line of Fig. 7(a).
The ion Doppler temperature is T; =458+28 eV. The arrows
indicate the range used for the fit. The channel width is 0.0447
mA.

the range used for the fit. In Fig. 8 we show the result of
a Doppler fit for the j+z line from case A [Fig. 7(a)].

VII. ION- TEMPERATURE MEASUREMENTS

The width of the spectral lines observed with the crystal
spectrometer is dominated by Doppler broadening with
only a small contribution from the natural linewidth and
from instrumental broadening. In general, the best candi-
date for the determination of the ion temperature T; is the
intense line m. However, the close, n & 3 dielectronic sa-
tellites on the long-wavelength wing of this line contribute
to its apparent Doppler width. This difficulty may be
overcome by a multiple-Voigt-function best fit or, less
rigorously, by an adequate choice of the fitting channels
in a single-Voigt-function approach.

In the case of argon we have found it advantageous to
use the j+z feature. From Sec. V we know that these
lines are separated by 0.2 mA. Treating them as a single
line leads to an overestimation of T; which, in the worst
case of equal intensities, amounts to approximately 10%%uo

at T; =0.5 keV. On the other hand there are no close sa-
tellite lines with He-like-ion parents which could contri-
bute to the profile. In practice, this advantage over the
line w is demonstrated by the fact that the value for T;
which we find from a single-line fit does not depend on

VIII. -CONCLUSION

Ab initio calculations for the wavelengths and atomic
parameters have been carried out for the dielectronic and
inner-shell satellite lines of the Ar' + resonance line.
These data, together with spatial ion charge-state distribu-
tions obtained by an impurity transport code were used to
calculate x-ray spectra. These synthetic spectra were
compared to experimental ones, obtained from TFR
tokamak discharges with a high-resolution crystal spec-
trometer. The good agreement between synthetic and ex-
perimental spectra at high-electron density demonstrates
the quality of the impurity transport and atomic-physics
codes. A low-electron-density case has shown that fitting
of calculated-line intensity ratios to observed values may
lead to a better description of anomalous transport
throughout the various phases of the discharge (high-
throughput, high-contrast crystal spectrometers now
available on TFR and other tokamaks allow increased
time resolution and single-discharge exposure). Finally it
should be noted that the analysis of our x-ray spectra of
argon may be applied easily to other tokamak plasma im-
purities, in particular to those also of interest in solar-
flare physics.
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