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Wavelengths and atomic parameters for the satellite spectrum of the 1s2-1s2p parent lines of heli-
umlike ions from Ar'S* to Mn?** have been calculated using a multiconfiguration intermediate-
coupling scheme with a statistical Thomas-Fermi potential. The results are compared to high-
resolution x-ray spectra of Ar'6*, Sc!°+, V2!+ Cr?2+, and Mn®* obtained from plasmas generated

at the Tokamak de Fontenay-aux-Roses.

I. INTRODUCTION

The electron temperatures and particle confinement
times in tokamak plasmas permit the ionization of heavy
impurity elements up to the heliumlike (eventually hydro-
genlike) charge state. High-resolution x-ray spectroscopy
of the line emission of these ions has become a powerful
technique for determining the electron and ion tempera-
tures T, and T}, the macroscopic plasma movement, and
the dynamics of plasma impurity transport.”’?> Besides be-
ing important for these diagnostic applications to labora-
tory plasmas and for the corresponding extension to solar
flares,>> the x-ray spectra of heliumlike ions (from S+
to Ni%6*) are of greatest interest for the theory of the
high-charge, few-electron quantum system.

By means of Bragg crystal spectrometers, high-quality
spectra for diagnostic-relevant impurities have been ob-
tained from several large tokamaks: Ti*°+ and Fe***
from the Princeton Large Torus, Princeton University,*>
Cr?** from the Tokamak de Fontenay-aux-Roses (TFR),%
Ar'%* from TFR,” and the Alcator-C, Massachusetts In-
stitute of Technology.® At TFR the particular layout of
the crystal spectrometer [spectral range from about 1.5 to
5 A (Ref. 9)] together with the technique of doping by
laser evaporation'® make the spectrometer a powerful de-
vice for fundamental spectroscopy.

We have now also observed the dielectronic satellite
spectra of heliumlike scandium, vanadium, and man-
ganese. Our observations for five elements from Ar'¢t to
Mn?*+ represent the largest sequence of high-resolution
spectra obtained on the same device under nearly identical
plasma and instrumental conditions. In this paper we
present a coherent set of atomic data (wavelengths and in-
tensity factors) for the dielectronic satellite lines of heli-
umlike ions of interest in plasma physics. The results are
compared to the TFR spectra of Ar, Sc, V, Cr, and Mn.

II. ATOMIC PHYSICS CALCULATIONS

The spectral lines we are concerned with in this
paper are the characteristic lines w,x,y,z (1s2'S,
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—1s2p 'P,,’P,,3P;, 15253S)) of the heliumlike ion and
the associated satellite lines of the type 1s%2/-152/2p pro-
duced by dielectronic recombination to, or inner-shell ex-
citation of, the lithiumlike ion. For the calculation of the
wavelengths and intensity-related atomic data we use a
multiconfiguration intermediate-coupling scheme with a
statistical Thomas-Fermi potential. Details of these cal-
culations and the various excitation processes under real
plasma conditions (including radiative cascades and
inner-shell ionization) may be found elsewhere.!""!?> Here
it is sufficient to specify that the results presented in this
paper have been obtained in the same way for all ele-
ments. For each one the scaling parameters A;,A,,Aq
were adjusted through a minimization of the energy sum
of all the terms belonging to the following configurations:
15225, 1523d, 152s2p, and 1s2p3d (Af was set equal to
Ag). The values of the scaling parameters are given in
Table I. They have been used to calculate the atomic data
(wavelengths, transition probabilities) in a more extended
configuration basis which contains all the configurations
1s2nl, 1s20'nl with n=2,3,4,5, 1=0,1,2,3, and /'=0,1.
The wavelengths of the most prominent heliumlike and
satellite lines are given in Table II. Wavelength shifts
normalized with respect to the resonance line w [i.e.,
(A—A,)/ (A, —A,)] are shown in Fig. 1. This plot makes
quite apparent the charge-dependent line shifts, in partic-
ular the increasing separation between lines x and y with
increasing Z. In the energy scale [i.e., (A, —A,)A,, 2] this
separation increases by a factor of 4.2 between Ar and
Mn, mainly due to the Z* dependence of the spin-orbit in-
teraction energy (the Coulomb interaction energy and,

TABLE I. Thomas-Fermi scaling parameters used for the
calculations.

Ar Sc A\ Cr Mn
Ay 2.7328 2.7338 2.7350 2.7356 2.7360
A, 2.1744 2.1747 2.1750 2.1750 2.1750
Ay 1.9404 1.9404 1.9404 1.9404 1.9404
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TABLE II. Calculated wavelengths and satellite intensity factors. A in A, F¥ in 103 s—1.
Ar Sc \% Cr Mn
‘Array A F¥ A F¥ A F3 A F¥ A FX

w 1s2p 1P —15%18, 3.9457 2.8697 2.3787 2.1789 2.0030

x 1s2p 3p,—1s%18, 3.9632 2.8803 2.3866 2.1857 2.0090

s 15252p *P3,,— 15225 %S\, 3.9648 1.79 2.8814 2.46 2.3876 2.56 2.1866 2.47 2.0098 2.27
t 15252p 2Py, —15%25 2S5 3.9660 3.34 2.8825 6.77 2.3885 8.96 2.1875 9.81 2.0107 10.45
m 152p?2S,,,—15s%2p P; ), 3.9629 2.58 2.8810 3.55 2.3876 4.15 2.1868 4.58 2.0102 4.72
y 1s2p 3P, —15%18, 3.9671 2.8843 2.3907 2.1899 2.0132

g 1s252p2P,,—1s2p?S,,, 39784 097 28899 046 23939  0.19 21923 013 20148 001
k 152p2%D;3,—15R2p Py 5 3.9875 16.61 2.8950 25.88 2.3975 30.80 2.1953 33.15 2.0173 34.23
r 152s2p 2Py, —15%25 %S, 3.9808 2.70 2.8925 3.92 2.3968 4.87 2.1952 5.53 2.0179 5.86
a 152p2%P;,—15%2p 2P; 3.9831 343 2.8928 6.47 2.3961 8.75 2.1941 10.10 2.0164 11.02
J 152p2%Ds/,—152p 2P 5 3.9917 22.88 2.8988 35.50 2.4010 43.27 2.1986 47.11 2.0205 49.46
z 152538, —15%18, 3.9916 2.9000 2.4028 2.2006 2.0227

consequently, the value of A, ' scale with Z?). The spin-
orbit interaction is also responsible for the increasing
r —q and j — k distances (in this context, the more spec-
tacular separation of j from z is not of interest because the
lines belong to different ions).

With respect to the intensities of the spectral lines, we
first notice that the line g is mainly due to collisional exci-
tation of the lithiumlike ion. Neglecting recombination
and cascade effect for w, the ratio of the local emissivities
of these lines is €, /€, ~ 2n1i/nye, where ny; and ny, are
the densities of the Li- and He-like ions, respectively
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FIG. 1. Normalized wavelength shifts as function of nuclear

charge.

(from optically thin plasmas the ratio of the line-of-sight
integrated emissivities is observed). For a satellite (s) line
which is excited mainly by dielectronic recombination
from the He-like to the Li-like ion, we have 3

_ Fy(s,T,)F5 (s)
€  Cu(T.)

Fy(s,T,)=(1.65% 10~ )T, 3 %exp(—E, /T,) ,

€s

b

where E; and T, are in eV. F5(s) is a line-specific inten-
sity factor %iven in Table II. C,(T,) is the rate coeffi-
cient (in cm®s~?) for collisional excitation of line w. E; is
the difference in energy of the satellite state in the recom-
bined ion and the ground state in the recombining ion.>*

The €/€, ratio may be used as a diagnostic for the
electron temperature (provided the electron velocity distri-
bution is Maxwellian). The €,/€, ratio increases very
rapidly with increasing nuclear charge Z, due mainly to
the Z* dependence of the radiative transition probabili-
ties, 4,, in the expression for F3(s). In this context it is
instructive to make use of a Z-scaling law for the C,(T,)
of two elements A and B:'>!*

CAT,)=v’C(y*T.) ,

where y =Z3—0.5)/(Z 4—0.5).

Taking for C2 the calcium data of Ref. 11, a numerical
evaluation for the most prominent satellite line j shows
that €;/€,~Z", where n=7.1 at T,=1550 eV (n is very
weakly T, dependent between 1000 and 2000 eV).

III. EXPERIMENTS

The x-ray spectra have been observed by means of a
Johann-type crystal spectrometer.” The diffracting crys-
tals are interchangeable quartz plates (50 30 0.4 mm?)
in a vacuum mount (radius of curvature 288 cm). With
the exception of the argon spectrum, all observations have
been done with a new large-area, multianode-wire
position-sensitive detector (window height 40 mm, win-
dow length 100 mm, i.e., exceeding the physical length of
the spectra shown here). The experimental conditions
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TABLE III. Instrumental and plasma-related data.

Ar Sc \4 Cr Mn
Origin of the impurity Valve Laser Laser Natural Laser
injection evaporation evaporation ’ evaporation

Crystal cut 2020 2131 1014 3140 . 3142
Crystal spacing 2d (A) 4.256 3.082 2.576 2.3604 2.1632
Bragg angle at A, '67.964 68.548 67.389 67.347 67.783

(in deg)
Detector conversion 12.30 8.433 8.429 8.433 8.414

factor (channels/mm)
T. (plasma center) (eV) 1250 1600 1550 1500 1550

(plasma, crystal, and detector data) are given in Table III.
In particular, we note that the observations were done at
almost identical Bragg angles, i.e., the instrumental reso-
lution is the same in all cases (A/dA~15000). Another
important number is the conversion factor of the
position-encoding x-ray detector (channels/mm). This
factor has been measured after each experiment with a
highly collimated x-ray source mounted on a precision
translation stage. As seen from Table III, there is very lit-
tle drift of the conversion factor (besides a deliberate
change for the argon experiment), i.e., the dispersion of
the crystal spectrometer is accurately known (to better
than 0.2%). Finally, we notice that four elements (Sc to
Mn) have been observed under almost identical plasma
conditions (electron temperature 7,=1550+50 ¢V,
Thomson scattering).

Figure 2 shows the observed spectra of Ar, Sc, V, Cr,
and Mn. Each of the five subfigures has two abscissas.
One abscissa is the original data-acquisition-system scale
(50 channels/division), the other is the true (slightly non-
linear) wavelength scale, calculated from the Bragg condi-
tion, taking for A,, the value given in Table II. We have
also indicated the calculated position of the other lines
(from Table II). The line labeled 1 in the manganese spec-
trum is the 152252'S,—1525%2p 'P; dielectronic satellite
line from the Be-like ion (this line does not appear in the
other spectra due to-a vignetting effect of the tokamak
viewing port).

IV. COMPARISON OF THEORY AND EXPERIMENT

The charge-dependent line shifts mentioned above are
very clearly illustrated in Fig. 2, in particular the increas-
ing separation of lines x and y and the progressive separa-
tion of the diagnostically important line j from line z.
Another striking feature is the position of the n =3 satel-
lite group. Well separated from the resonance line w and
from higher-order satellites in the case of argon, the group
gradually shifts towards the line and is partially integrat-
ed into its long-wavelength wing. This effect is also
predicted by theory (analytically this is seen in the Z-
expansion method).

The comparison of observed and calculated wavelengths
is restricted here to the comparison of shifts from the res-
onance line w (we have not observed standard lines in our
spectra which would permit absolute wavelength calibra-

tion, but the dispersion of the instrument is always well
known). The observed values of A—A,, are listed in Table
1V for all five elements. For well-isolated lines, the values
are quite accurate (uncertainty of 10—209% of the
Doppler width); in case of blending the center of gravity is
given. The comparison with theoretical spectra has been
done by calculating for each line the “double difference”
dA:

d}\'::()"_'}"w )theory—(}"—)\'w )expt .

We have done this for two sets of theoretical data, (1) the
present work, Table II, and (2) Vainshtein and Safrono-
va.’> The mean values (dA), and (dA), are given in the
last two rows of Table IV. We notice that the two
methods for calculating theoretical wavelengths, i.e., the
statistical Thomas-Fermi approach and the 1/2Z-
expansion method, are both quite adequate for Sc, V, Cr,
and Mn. For argon, however, the value of (dA);=0.9 is
obviously beyond the experimental uncertainties, in con-
trast to (dA),. In fact, this was expected, since Vain-
shtein and Safronova have included all bound states and
continua in their perturbation treatment. Their wave-
length values are therefore, in principle, more accurate
than ours, especially at lower values of the nuclear charge.
(Finally, we mention the multiline synthetic-spectrum
technique'? as an alternative approach for a quantitative

TABLE IV. Observed wavelength shifts A—A, in mA for
lines from x to z. Averaged deviation from theoretical values
(last two rows; see text for explanation).

Ar Sc A\ Cr Mn
x 16.6 10.3 7.8 6.7 5.6
t 9.7 8.3 7.4
y 20.2 14.0 11.8 10.6 9.9
q 322 20.2 15.4 13.4 12.0
a 36.4 ]
22.7
r 34.2 } 18.5’ 16.2 ] 14.5
k 40.9 25.1
j 223 19.6 17.6
z } 45.0 } 29.2 24.0 215 19.6
(dA), 0.9 0.3 —0.1 0.1 0.1
(dL), 0.2 —0.1 —0.3 —0.1 —0.1




32 CHARGE-DEPENDENT WAVELENGTH SHIFTS AND LINE . .. 3003

750 w

500

Counts/channel
~N
3

/\
o bl

Counts/channel
~
8

399 A(A)

Scandium

286 287 288

Counts/channel
g

Vanadium

Counts/channel
3
o

2.40. 241 ALA)

Chromium

800

[

Counts/channel
&~
S

221 A(A)

xsmt y q akr )z 1

I

Manganese

T

—r—T -

2.00 201
FIG. 2. Experimental x-ray spectra from TFR.

comparison of theory and experiment. However, this
would be beyond the scope of the present work.)

With respect to the line intensities (relative to w) we
concentrate on the four elements from Sc to Mn observed
under nearly identical plasma conditions (T,, Table III).
The increase of the dielectronic satellite lines (j, #) with in-
creasing charge Z is quite obvious. As mentioned before,
an increase by a factor of (Zy,/Zs. )" ! =3.45 is expected
for the j-w line-intensity ratio at 7, =1550 eV. The ob-
servations are compatible with this factor. In fact, from a
rough inspection of the Sc and Mn spectra we calculate a

202 203 A(A)

factor of 3.5+0.8 (a more quantitative evaluation may be
obtained by means of the multiline fitting program using
synthetic spectra!?). There is also an important increase
of the g-w line-intensity ratio with increasing Z. This is
due to the fact that, under identical plasma conditions,
elements with higher values of Z are less ionized. It is
also evident from the observed spectra that the z-(x +y)
intensity ratio increases between Sc and Mn, i.e., there is
an apparent increase with nuclear charge Z at constant
electron temperature. Collisional excitation from the heli-
umlike ground state would lead to a decrease of this inten-
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sity ratio with Z (7T,=const). The surplus intensity of
the z line is due to excitation of the 1s2s3S; level by
inner-shell ionization of the lithiumlike ground state. The
relative contribution from this process to the total line in-
tensity increases with increasing ny;/ny., i.e., increasing
Z at T,=const.

V. CONCLUSION

We have reported on the dielectronic satellite spectra of
the heliumlike ions Ar!®t, Sc®+, v2'+ Cr?2+) and
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Mn®* in the x-ray domain (A=2—4 A). Calculated
atomic data (wavelengths, intensity factors) and spectra
observed from TFR tokamak plasmas have been present-
ed. Calculated and observed line positions agree to better
than 0.001 A. In particular, the effect of the nuclear-
charge-dependent: spin-orbit interaction is confirmed by
the experiment. We have also observed the sharp increase
of the intensity of dielectronic-recombination lines (rela-
tive to the resonance line) with increasing nuclear charge.
Finally, anomalous intensities of the heliumlike forbidden
line z are assigned to inner-shell ionization of the lithium-
like ground state.
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