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Recent calculations of electron impact excitation rates in heliumlike Si X111 are used to derive the
electron-density-sensitive  emission-line ratio R (=/f/i) and temperature-sensitive ratio
G [=(f +i)/r], where f, i, and r are the forbidden 1s?'S—1s2s S, intercombination 1s?'S-1s2p
P, , and resonance 1s?'S—1s2p 'P transitions, respectively. A comparison of these with R and G
ratios measured from x-ray spectra of the divertor injected tokamak experiment, for which the elec-
tron density and temperature have been well determined, reveals good agreement between theory
and observation, with discrepancies of typically 8% in R and 5% in G. This provides experimental
support for the accuracy of the atomic data adopted in the line ratio calculations. The theoretical
results may be applied to the analysis of remote sources for which no independent electron density
and temperature estimates exist (such as solar flares), in order to derive values of N, and T, which,
on the basis of the above comparison between theory and observation, should be accurate to +0.3
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and $0.1 in the log, respectively.

I. INTRODUCTION

Emission lines arising from transitions between the
1s2 'S ground state and the 152/ levels in heliumlike ions
are frequently observed in the x-ray spectra of high-
temperature laboratory plasmas,'? as well as the solar
corona.’”® They may be used to infer the electron densi-
ty and temperature of the emitting region through the
well-known line ratios R (=f /i) and G [ =(f +i)/r] re-
spectively, where f is the forbidden 1s%'S—1s2s >S tran-
sition, i the intercombination 1s2'S—1s2p 3P1,2 lines and
r the resonance 1s2'S— Is2p P transition.”® However,
to determine reliable theoretical ratios, accurate atomic
physics data must be employed, especially for electron ex-
citation rates and f values.’

Over the past few years several authors have calculated
electron-impact excitation rates for He-like ions. Prob-
ably the most accurate currently available are those for
Cv, OvIl, and MgXI derived with the R-matrix code!®
by Tayal and Kingston,!' ™! and the results for Ca XI1x
and Fe XXV estimated by Pradhan'® in the distorted-wave
approximation.‘g’20 Keenan, Doyle, and co-workers?! 73
have shown that the theoretical R and G ratios deter-
mined using either the above atomic data or excitation
rates for other He-sequence members interpolated from
these®! are in much better agreement with solar active re-
gion and flare observations than are previous calcula-
tions. 3273

For He-like ions with atomic numbers Z > 12, the R
ratio is in its low-density limit for values of N, ( <10
cm3) typically found under solar conditions.* Howev-
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er, this is not the case with tokamak laboratory plasmas,
where the densities may be several orders of magnitude
larger,*® and hence R in high-Z species should be useful
as an electron-density diagnostic. In this paper we use
the Keenan et al.’! excitation-rate calculations for Si XIII
to derive R and G ratios for this ion, and compare these
with observational data from the divertor injected
tokamak experiment (DITE). Hence we investigate if the
current discrepancies between theory and observation for
heliumlike ions in tokamak spectra may be resolved.*®

II. ATOMIC DATA

The model ion for Si XIII was similar to those adopted
for other He-like ions by Keenan and his co-
workers.?2~%° Briefly, the 23 1snl states with n <6 and
I <3 were included in the calculations, making a total of
37 levels when the fine-structure splitting in the *P and
3D terms was included. Energies of these levels were tak-
en from Martin and Zalubas.?’

Electron-impact excitation rates from the 1s2!S
ground state to the n =2 and 3 levels were obtained from
Keenan er al.,*' while for those among n =2 the results
of Pradhan et al.®® and Zhang and Sampson® were
adopted. Rates to or between higher lsn/ states were ei-
ther estimated from the above using the n ~* scaling law*°
or taken from Sampson et al.*!

Einstein A coefficients for transitions from the n =2
levels were obtained from Lin et al.,** the results of Lin
et al.** and Cohen and McEachran® being used for
n >2. As noted by, for example, Blumenthal et al.” and
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Pradhan,®? inner-shell ionization of the Li-like ion and
dielectronic and radiative recombination of the H-like ion
are important mechanisms in determining the level popu-
lations of the relevant He-like ion. We have included
these processes in the present analysis by employing the
rate coefficients of Mewe and Schrijver*’ in conjunction
with the Si XII-Si X111-Si XIV ionization balance calcula-
tions of Arnaud and Rothenflug.*¢

As has been discussed by, for example, Seaton,*’ pro-
ton excitation may be important for transitions with
small excitation energies, i.e., fine-structure transitions
such as that in the 2s?2p> 2P term in Fe xviiL*® Howev-
er, test calculations with SiXIII setting the proton rates
for 1s2p 3P,—1s2p P, transitions equal to the corre-
sponding electron excitation rates or ten times these
values had a negligible effect on the level populations,
and hence this atomic process was not included in the
present analysis.

III. EXPERIMENTAL DATA

The experimental results were obtained from the DITE
and tokamak at the United Kingdom Atomic Energy Au-
thority, Culham Laboratory.** This tokamak has major
and minor radii of 1.2 and 0.24 m, respectively, a max-
imum toroidal field of 2.7 T, and maximum toroidal
current of 300 kA. The central electron density can be
varied between about N, ~ 5% 10'> and <10 cm 3, and
the central electron temperature between about 500 and
1000 eV. The highest densities in this range can only be
achieved in helium plasmas. Small concentrations (typi-
cally 0.01% of N,) of Si ions were added to the plasma by
sputtering from samples placed in the scrape-off layer by
an adjustable probe. The central-chord integrated elec-
tron density was measured with a microwave interferome-
ter,* while radial profiles of electron density and temper-
ature were determined by Thomson scattering of a 2-J
ruby laser.*

Most of the spectra were obtained with a Bragg rotor
spectrorneter,51 which had absolute calibration for flux
and wavelength, and used a slotted (Soller) collimator to
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FIG. 1. Radial profiles of the electron temperature (T, ), the
electron density (n, ), and the Si XIII emission profile ( Eg; xyyy)-
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achieve a resolving power (A/8A) of between 200 and
2000. A hexagonal rotor supported six interchangeable
crystals and could be locked in a monochromator mode,
or rotated at up to 10 Hz for spectral surveys. The detec-
tor was a multiwire gas proportional counter which could
operate at count rates up to 10 MHz. All spectrometer
functions and data acquisition were computer controlled,
and radial profiles could be obtained by tilting the spec-
trometer vacuum system on a shot-to-shot basis. The
resolving power depended on the combination of collima-
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FIG. 2. Radial dependence of He-like silicon. At the outer

radii the relative intensity of the 1s2'S—1s2p 'P line decreases,
and at the most extreme radii only the forbidden line remains.
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FIG. 3. (a) and (b) High-resolution spectra of the He-like silicon 1s?'S—1s2p *P, , intercombination (X, Y) and the 1s2'S—15s2s 'S
forbidden (Z) lines, respectively. A least-squares fit (solid lines) to the experimental points (solid points), using a Voigt profile routine
which includes the crystal diffraction width, (Ref. 54), gives good agreement if the unresolved dielectronic satellite lines (Ref. 55) are
included. Individual contributions to the line intensity are indicated (dashed lines). For these plasma conditions of n,=9X 10"
em ¥ and T, =700 eV, the observed forbidden line intensity is enhanced by 13% due to the satellite lines j and k [labeled according
to Gabriel (Ref. 60)]. The satellite lines s and ¢ under the intercombination lines are less significant. An ion temperature 7, =700 eV
is calculated from the Doppler width of the forbidden and intercombination lines.

tor, crystal and Bragg angle, and for the Si XIII observa-
tions was about 600.

Further Si X111 spectra, resolved to about 1 part in 2400
(limited by thermal Doppler broadening), were recorded
on Kodak DEF film with a curved crystal Johann spec-
trometer.”> These better-resolved spectra allowed an esti-
mate of the contribution of satellite lines to the Si XIII
spectrum, and were used to correct the R and G ratio
measurements.

The tokamak has an approximately parabolic
electron-density radial profile (Fig. 1), and in principle
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FIG. 4. The theoretical emission line ratio R (line intensities
in photons) plotted as a function of electron density at electron
temperature of (from bottom to top), log, T, =6.4, 6.6, 6.8, 7.0,
and 7.2 (7, in units of degrees Kelvin), with dielectronic and ra-
diative recombination and inner-shell ionization included in the
calculations.

use could be made of the density gradient to study the R
ratio as a function of N,, by making a radial scan of the
spectrum. This technique is complicated by the steep T,
profile (Fig. 1), which means that the density scan would
not be at constant T,. A more serious drawback is
caused by transport of fully stripped and H-like ions from
the plasma core to the cooler outer regions beyond a
~12-cm minor radius. This transport takes place on a
time scale similar to the recombination time, and results
in a nonthermal ionization balance, and a spectrum in the
outer region of the plasma which is dominated by recom-

0.0

log1g Ne

FIG. 5. The theoretical emission line ratio R (line intensities
in photons) plotted as a function of electron density at the tem-
perature of maximum Si XIII emissivity, log,7,, =7.0 (Ref. 58),
with dielectronic and radiative recombination and inner-shell
ionization either included in (solid line) or excluded from
(dashed line) the calculations. Typical errors in the experimen-
tal data (solid points) are £9% in R, and £0.02 in log N, .
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bination rather than electron impact excitation. This
effect has been observed for ArXVvIl in the Alcator
tokamak,? and for lighter ions such as SiXxiil in DITE.
At the outer radii the relative intensity of the
15218 -1s2p 'P line decreases (Fig. 2), and at the most
extreme radii only the forbidden line remains.

The present results were recorded over almost the full
density range of DITE so that at each density the ions
could be observed in the center of plasma, where there is
approximate coronal equilibrium. (Radial profiles of the
Si XIv-to-Si XIII emission ratio gave good agreement
with coronal equilibrium for radii less than about 10 cm).
Examination of the spatial Si XIII emission profile (Fig. 1)
shows that almost all of the emission is from the central
region of the plasma, where N, is almost constant and T,
does not vary significantly. The range of N, and T, from
which the central-chord signal is emitted is similar to the
error in the measurement of the central values, i.e., about
10% for T, and 5% for N,. This localization of the emis-
sion allows the R and G ratios to be measured from the
central-chord integrated signal alone, without the need
for radial profiles at every plasma density.

In deriving the R and G ratios, account was taken of
the charge in spectrometer sensitivity through the spec-
trum. An increase in sensitivity of about 7% is calculat-
ed between the resonance and forbidden lines, mainly due
to the change in the Bragg reflection integral of the Pen-
taerythritol(002) crystal.>*

The contribution of unresolved satellites was estimated
from the high resolution spectrum [Figs. 3(a) and 3(b)],
which shows that there are significant satellites blended
in the less-well-resolved spectra from which the R and G
ratios were measured (Fig. 2). The strongest dielectronic
satellites at 6.74 A are effectively unresolvable from the
forbidden line, and their contribution has been calculated
to be 13% of the observed forbidden line.> The satellite
contribution to the intercombination lines is only a few
percent and is less significant.

IV. RESULTS AND DISCUSSION

Using the statistical equilibrium code of Dufton®® with
‘the atomic data discussed in Sec. II, relative level popula-
tions and hence emission line strengths for Si XIII were es-
timated, where the following assumptions were made: (i)
that photoexcitation and deexcitation rates are negligible
in comparison with the corresponding collisional rates,
and (ii) that all transitions are optically thin. Further de-
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tails of the procedures involved may be found in Dufton>®
and Dufton et al.”’

In Fig. 4 the theoretical R ratio is shown for values of
electron density (N,~10'2-10" cm™?% typical of
tokamak plasmas, at several temperatures between
log,oT,=6.4 and 7.2 (T, in units of degrees Kelvin),
where Si XIII has a significant abundance in ionization
equilibrium.*® The potential usefulness of the ratio as a
density diagnostic is clear from the figure, as it varies by
approximately a factor of 16 between log,,N, =12.0 and
15.0. Furthermore, it is relatively insensitive to electron
temperature with, for example, a factor of 4 change in T,
resulting in a 30% or less variation in R.

The sensitivity of R to recombination processes is illus-
trated in Fig. 5, where the ratio is plotted as a function of
N, at the temperature of maximum SiXIII emissivity,
log;oT,, =7.0.%® It can be seen that the effect of recom-
bination on R is quite small, increasing its value by only
about 10% in the low-density limit.

The theoretical G ratio is plotted in Fig. 6 as a function
of electron temperature at a density N, =10'* cm 3. We
note that although G becomes density sensitive at high
values of N,, decreasing due to quenching of the two pho-
ton 1s2'8—1s2s 'S transition by collisional excitation of
1525 'S to the 1s2p 'P state,’ this is not the case for the
densities considered in the present analysis. For example,
at log,y7,=7.0 the values of G are 0.72 and 0.71 for
log,oN,=12.0 and 15.0, respectively. An inspection of
Fig. 6 shows that the effects of recombination on G are
much larger than on R, increasing the former by approxi-
mately 25% at log,(T, =6.8 and 60% at log,,T, =7.2.

In Table I we compare the theoretical and observed
values of R and G, and the comparison is also shown
graphically in Figs. 5 and 6. [We note that the observed
electron temperatures all lie within 0.1 dex of
log,,T,=7.0, and as R is not strongly dependent on T,
(see above), it is hence justifiable to plot the experimental
R ratios on one R versus log,,N, curve]. The high-
resolution data, obtained over limited N, conditions but
constant T,, were used to correct the low-resolution ob-
servations for the presence of satellites over the larger
range of N, conditions. In Table I the uncorrected and
corrected R ratios are labeled R, and R [, respectively,
and the latter have been used in Fig. 5. However, we
note that applying the same technique to the G ratio left
it effectively unchanged, as the n =3 satellites close to
and under the resonance line contribute proportionally
the same as the satellites under the forbidden and inter-

TABLE 1. Comparison of observed and theoretical Si X111 R and G ratios. R, and R, are the ob-
served values of R uncorrected and corrected for the presence of satellite lines, respectively.

Ne TE

(10" cm™3) (eV) Number of spectra R s R R theory G s G theory
3.0 750 2 1.59 1.42 1.63 0.71 0.74
1.2 800 3 2.13 1.94 2.03 0.73 0.73
9.0 700 3 1.28 1.13 1.01 0.92 0.76
1.5 750 4 1.86 1.68 1.92 0.74 0.74
1.2 1000 2 2.23 2.03 2.12 0.72 0.71
6.0 650 2 1.43 1.27 1.26 0.84 0.77
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FIG. 6. The theoretical emission line ratio G (line intensities
in photons) plotted as a function of electron temperature T, (in
units of degrees Kelvin) at an electron density of log,,N, =13.0,
with dielectronic and radiative recombination and inner-shell
ionization either included in (solid line) or excluded from
(dashed line) in the calculations. Typical errors in the experi-
mental data (solid points) are +6% in G, and +0.04 in
logT..

combination lines at these electron temperatures. Hence
only the uncorrected G ratios G, are listed in Table I.
An inspection of Table I and Figs. 5 and 6 reveals that
the agreement between the experimental and theoretical
results is good, with discrepancies of typically 8% and
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5% in R and G, respectively, which provides support for
the accuracy of the atomic data adopted in the line ratio
calculations. These differences correspond to changes of
approximately 0.3 dex in the electron density and 0.1 dex
in the temperature. Hence, using the theoretical results
in Figs. 4 and 6, plasma parameters to these levels of ac-
curacy may in principle be derived for remote sources for
which no independent estimates of N, and T, exist, such
as the solar flare x-ray spectra obtained with the P78-1
(Ref. 26) and Solar Maximum Mission®’ satellites.

Finally, we note that the experimental R ratios in
Si XIIT only vary by about a factor of 2 over the investi-
gated density range from 1.2X10-9.0Xx10" cm™3
(Fig. 5). However, for heliumlike Mg XI the predicted
variations in R over a similar density interval are much
larger [approximately a factor of 5 (Ref. 22)]. It would
therefore be of great interest to study the spectra of
Mg x1 in DITE plasmas, in order to demonstrate that the
forbidden line for this ion is indeed suppressed at high
density as predicted by theory.
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