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High-resolution spectra of Fez~ have been observed from Princeton Large Torus toka-
mak discharges and are used for a detailed comparison with theoretical predictions of
Bely-oubau, Gabriel, and Volonte for the (1s nl-1s2pn/, n ~ 3) dielectronic satellites at01.85 A. The theory predicts a significant apparent broadening of the resonance lines of
high-2 heliumlike ions in high-temperature plasmas due to the dielectronic capture of
electrons into outer atomic shells. The experimental results and theoretical predictions
are in good general agreement.

PACS numbers: 52.70.-m, 32.30.Rj, 52.55.Gb

The resonance lines of heliumlike iron (Fe XXV)
and titanium (Ti XXI), and their associated sat-
ellites which are due to transitions of the type
1s'nl-Is2pnf with n ~ 2, have been observed in hot
plasmas and have been used to diagnose solar
flares' ' and tokamak discharges. " The diag-
nostic applications include measurements of the
satellite-to-resonance line ratios for determina-
tion of the electron temperature (T, ) and the ion-
ization equilibrium as well as Doppler-broaden-
ing measurements for determination of the ion
temperature (T,. ).

Recently, Bely-Dubau, Gabriel, and Volonte'
showed that the contribution of satellites produced
by dielectronic capture of an electron into an
atomic level with main quantum number n = 3-11
can be effectively considered as a line-broaden-
ing mechanism for the resonance line. In es-
sence, the 1s-2ptransition is only slightly changed
by the presence of an electron in the outer shells
so that the satellite lines and the resonance line
form an unresolvable blend. The calculations of
Bely-Dubau, Gabriel, and Volonte' predict a sig-
nificant increase of both the apparent width and
intensity of the resonance line which must be
taken into account for Doppler-broadening meas-
urements and the evaluation of satellite-to-reso-
nance line ratios. This new line-broadening
mechanism occurs only in high-temperature plas-
mas where dielectronic recombination of high-Z
ions gives a significant contribution to the line
radiation. It is the aim of this paper to give a de-
tailed comparison between experiment and the
theory of Bely-Dubau, Gabriel, and Volonte' in
order to establish a solid base for diagnostic ap-
plications, especially for the Doppler-broadening
measurements which are of vital importance for
tokamaks.

Figures 1(a), l(b), and 1(c) show satellite spec-

tra of FeXXV which have been recorded with a
curved crystal spectrometer"' on the PLT
(Princeton Large Torus) tokamak from discharg-
es with central electron temperatures of 0.9, 1.2,
and 1.5 keV, respectively. The data were ac-
cumulated from several, typically twenty, dis-
charges with identical parameters to reduce the
statistical error. In this range of electron tem-
peratures, the dielectronic satellites are very
prominent spectral features. The spectra show
the resonance line at 1.85 A and a kind of pedes-
tal (features A, B,d13) on its long-wavelength
side which is due to the presence of n ~3 dielee-
tronic satellites.

The spectral lines in the wavelength range from
1.8540 to 1.8730 A have been fitted by Voigt func-
tions. ' The structure in the wavelength range
from 1.8480 to 1.8540 A, which includes the un-
resolved satellites, has been fitted by the theo-
retical predictions of Bely-Dubau, Gabriel, and
Volonte. ' The theoretical predictions for the line
spectrum are calculated by a computer code from
the transition arrays given by Bely-Dubau, Qa-
briel, and Volonte. The electron temperature
needed to calculate the excitation rates is taken
from the laser scattering data. The ion tempera-
ture which determines the Doppler width is varied
in the computer program until the variance be-
tween experimental data and theoretical predic-
tions is minimized. A more detailed and expand-
ed graph of this fit for the spectrum shown in Fig.
1(b) is presented in Fig. 1(d). The theoretical
predictions of Bely-Dubau, Gabriel, and Volonte
(curve I) are decomposed into the contributions
from the resonance line (w) and dielectronic sat-
ellites with n= 3-11 (curve II). The features A,
B, and d13 are essentially due to.n =3 satellites,
whereas the remaining part of curve II under-
neath the resonance line is predominantly due to
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TABLE I. Experimental and theoretical (Ref. 7) wave-
lengths for the observed spectral features A, B, and
dl3. Listed are the most intense transitions with rela-
tive intensities I~/I~- tx 10 at 20&& 10 K lHef. 7).
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n =4-11 satellites. It is the part which causes
the apparent line broadening and intensity in-
crease of the resonance line.

The satellites which, according to the theory, '
mainly contribute to the spectral features on the
long-wavelength side of the resonance line are
given in Table I. These are the transitions for
which the predicted relative intensities (1,/I„) at
20 && 10' K (=1.7 keV) are larger than 1 x 10 '.
Table I shows that the experimental wavelengths
for the n = 3 satellites are larger than the theoret-

922

FIG. 1. Dielectronic satellite spectrum of Fe xxv.
(a)-(c) Spectra obtained for central electron tempera-
tures of 0.9, 1.2, and 1.5 keV and central electron den. —

sities of (9, 3, and 3) x10'» cm, respectively. (d) Ex-
G

perimental data of spectrum (b) near 1.8500 A and pre-
dicted (Ref. 7) line structure (curve I) decomposed into
resonance line (m) and contributions from satellites
with n =3-11 (curve II).

Experimental value.
Theoretical prediction (Ref 7)

ical wavelengths by 0.0003 A. This is within the
reported error of 0.0005 A of the theoretical pre-
dictions. ' In the fit shown in Fig. 1(d) the Bely-
Dubau wavelengths of the n = 3 satellites have
been increased by 0.0003 A. d13 is a well iso-
lated n= 3 satellite, whereas A and B are com-
posed of several lines. The features A., B, and
d13 are well above the statistical error of 5 lo for
a data point in the considered wavelength range.
However, they are comparable in magnitude with
small periodic variations of the detector efficien-
cy which result from the finite spacing (1 mm) of
the cathode wires in the multiwire proportional
counter of the crystal spectrometer. The fea-
tures are, therefore, partially masked by the
detector efficiency oscillations if not properly
corrected for. The accuracy in determining the
shape of features A and B is thus limited. On the
other hand, the long-wavelength wing of d13 is
deter mined quite accurately.

Theoretical predictions for the relative inten-
sities of the satellites and the resonance line can-
not be directly compared with the measured in-
tensities because of the blend of the resonance
line with n ~ 4 satellites. However, the ratio of
the intensity of features A and B and dl3 relative
to the intensity (I *) of the apparent resonance
line, which is defined as the line structure in the
wavelength range from 1.8480 to 1.8510 A, ' can be
accurately determined. These intensity ratios
are listed in Table II. Figure 2(a) shows the ratio
I~»/I * versus electron temperature, as well as
the theoretical predictions. ' The agreement be-
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tween experiment and theory is within the error
bar.

Of special interest is the intensity ratio of the
satellites j and d13.' These satellites are both
excited by dielectronic capture of electrons with
kinetic energies of 4.694 and 5.815 keV, respec-
tively. Therefore, the measurement of their rel-
ative intensity is not extremely sensitive to small
errors in the determination of the electron tem-
perature. Figure 2(b) shows the experimental re-
sults and the theoretical predictions for I&/I ~».
The experimental values deviate slightly from
the theoretical expectations. We do point out that
the electron velocity distribution was very close
to a Maxwellian for the investigated PLT dis-
charges. The results are, therefore, not affected
by runaway electrons. ' Disc repancies between
experiment and theory" are also observed for the
intensity of the spectral lines x, y, and z. The
intensity ratios in Table II should be useful for
current theoretical work on the excitation rates
for these forbidden lines. "

The line profile [as demonstrated in Fig. 1(d)]
is in good agreement with the theory of Bely-
Dubau, Gabriel, and Volonte. ' The n= 3 satellites
which constitute the features A, B, and d13 are
clearly resolved. The features due to the satel-
lites with n ~4, which blend with the resonance
line, should be detectable, in principle, as a de-
viation of the profile shape of the apparent reso-
nance line from a Voigt function. However, in
practice, the statistical error of the experimental
data does not allow us to determine the contribu-

tion from n «4 satellites with certainty. In other
words, the data in the wavelength range from
1.8480 to 1.8510 A can be fitted by the theoretical
predictions of Bely-Dubau, Gabriel, and Volonte, '
as we1.1 as by a Voigt function fit with a slightly
higher ion temperature (T, ). For low electron
temperatures, this T,. value depends on the wave-
length range which is used for the Voigt function
fit, but its deviation from the Bely-Dubau result
vanishes with increasing electron temperature.
In fact, a Voigt function fit to only the data on the
short-wavelength side of the resonance line gave
practically the same ion temperatures as a Bely-
Dubau fit. If, on the other hand, the Voigt func-
tion fit was extended to the half maximum on the
long-wavelength side of the apparent resonance
line, the deviation of the 7, value from the Bely-
Dubau result was 28/o for the T, =0.9 keV case
but less than 15/o for electron temperatures in
excess of 1.2 keV. This result is of practical in-
terest because a fit with the theoretical predic-
tions of Bely-Dubau, Gabriel, and Volonte, ' which
requires a special computer program, is not ab-
solutely necessary for ion-temperature measure-
ments. Since the features A, B, and d13 are well
described by the theory, ' it is very likely that the
predictions for the n =4-11 satellites are also

TABLE II. Line intensities relative to the intensity
(I~*) of the apparent resonance line (structure in the
wavelength range from 1.8480 to 1.8510 A). The values
in. columns (a), (b), and (c) were obtained from the
spectra in Figs. 1(a), 1(b), and 1(c), respectively. Al.—

so listed are the ratios for the true and apparent reso-
nance line (I~/1~*) which have been deduced from the
fit of the theoretical predictions of Bely-Dubau, Ga-
briel, and Volonte (Ref. 7) to the experimental data
[ Fig. 1(d) ] .
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FIG. 2. (a) Intensity ratio of the satellite d13 and the
apparent resonance line (structure in the wavelength

0
r~&ge from 1.8480 End 1.8510 A) vs electron tempera-
ture. (b) Intensity ratio of the dielectronic satellites
j and d13 vs &'~. The solid lines represent the theoret-
ical predictions of Bely-Dubau, Gabriel, and Volonte
(Ref. 7).
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2 32
1.22
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1.61
0.532

0.42
0.13
0.52
0.65
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1.37
1.71
0.74
0.84
1.60
0.652

0.30
0.10
0.38
0.39
0.44
0.82
0.10
0.55
0.60
0.82
0.727

'Relative intensity of the line structure in the wave-
length range from 1.8510 to 1.8540 A (features A, J3,
113) and the apparent resonance line.
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quite reliable although we were not able to con-
firm this. The Doppler ion temperatures are
in reasonable agreement with the results from
charge-exchange measurements.

In conclusion, the experimental results can be
considered as a verification of the theory of Bely-
Dubau, Gabriel, and Volonte' for the dielectronic
satellites with n «3 of the resonance line of heli-
umlike iron (FexXV). The theory predicts s, sig-
nificant broadening for the resonance lines of
high-Z heliumlike ions in high-temperature plas-
mas on the basis of the fact that the n «3 satel-
lites are partially blended with the resonance
line. Corrections for the additional broadening
of the FeXXV resonance line can be made quite
accurately so that this line can be used for ion-
temperature diagnostics even at low electron tem-
peratures. Small deviations from the theoretical
predictions" are observed for the intensity ratio
of the dielectronic satellites j and d13. The re-
sults should be of interest for the interpretation
of recently observed dielectronic satellite spectra
of FeXXV from solar flares. ' '
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