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ABSTRACT.

Recently calculated electron impact excitation rates for transitions in helium-like CI XVI are
used to derive the electron temperature sensitive emission lineratio G = ((x + y + z)/w) and the
electron density sensitiveratio R = (z/(x +y)) wherew, X, y and z are the resonancels, 180 -1s2p
'p,, intercombination s 1S,-1s2p 3P2,l and forbidden Is° 1S, - 1s2s 381 transitions, respectively.
These calculations, which differ from those of previous authors, are compared with experimental
R and G ratios obtained from X-ray spectra from the JET (Joint European Torus) plasma, for
which the el ectron temperature and density have been measured by independent methods. The R
ratio is approximately in its low density limit (R,) for this device and is therefore not electron
density sensitive. However it does function as an electron temperature diagnostic as does the G
ratio. A comparison isalso made with the previously reported results from theAlcator-C tokamak,
where the experimental resultsliein the electron density sensitive region. The results show good
agreement between theory and observation, with discrepancies of typically 7% in R and 10% in
G for JET, implying that the theoretical results may be applied to the analysis of remote plasma
sourcesin order to derivevaluesfor T,and N, where no independent estimatesfor these parameters
exist. A departure from coronal equilibrium due to diffusion effects is taken into account for the
JET plasma conditions, and the resulting non-coronal ionisation balance is found to produce
changes to the theoretical ratios in regions removed from the centre of the JET plasma.



1. Introduction

Emission lines due to transitions in He-like ions in the soft X-ray spectrum are readily observed in
high temperature laboratory plasmas [1,2] as well as the solar corona [3-5] . The principal lines
resulting from transitions between the 1s2!S; ground state and 152/ levels (see fig.1) are the
resonance line w, 15? 1Sy - 152p 'P), x and y the intercombination lines 152 1S, - 152p 3P;,, and z the
forbidden transition 1s21!S, - 1525 3S,. From these the electron density and temperature of the
emitting region may be obtained from the line ratios R =(z/(x+y)) and G=((x+y+z)/w) [6-7].
Of the remaining two states, the only radiative decay of the 1s2s 'S, state is through a two photon
emission, whereas the 1s2p 3Py decays radiatively into the 1s2s 3§, state with the emission of a low
energy photon or to the ground state if the nuclear spin 1 # 0[8].

In determining theoretical ratios accurate atomic physics data must be employed, especially
for electron impact excitation rates from the ground state to the 152/ levels. These calculations have
been carried out by several authors {9] including those of Pradhan [10] for Ca XIX and FeXXV
using the distorted wave approximation [11] , and those derived using the R-matrix code [12] by
Tayal and Kingston [13-15], Kingston and Tayal [16,17] and Tayal [18,19] for C V, O VII and
Mg XI.

Keenan et al [20] have used the results of the above authors to interpolate electron excitation
rates for transitions between the ground state and 2= 2 and 3 levels for He-like ions between F VII
and Mn XXIV. In this paper the R and G emission line ratios for Cl XVI are derived using these
data for a plasma in coronal equilibrium. A comparison is made with observed ratios from the JET
tokamak for which the R ratio is in its low density limit (R,) [21,22], and is not electron density
sensitive, but does show a degree of electron temperature dependence. The results are also
compared with the theoretical and experimental results of Killne et al [23] for which the
experimental data lies above the low density limit. A departure from coronal equilibrium is taken
into account for the JET plasma conditions, and the resulting non-coronal ionisation balance is
found to produce changes to the theoretical ratios in regions removed from the centre of the JET

plasma.

2. Atomic data

The model ion for Cl XVI consisted of the 23 lowest Isn/ states with n<6 and /<3, making a total
of 37 levels when fine structure splitting in the triplet terms was taken into account. Energies of
all these levels were taken from Kelly [24] .

Electron impact excitation rates from the 1s2 'S, ground state to the n=2 and 3 levels were
obtained from Keenan et al [20] , while for those among the n= 2 levels the rates were interpolated
from Zhang and Sampson [25] data. Rates for transitions to or between higher lsn/ states were
obtained using the n~3 scaling law of Gabriel and Heddle [26] , in conjunction with the above.

Einstein A-coefficients were obtained from Lin [27] for transitions from the n=2 levels,
except for 152 'S, - 152p 3Py which is taken from Mohr [8] . Radiative rates from higher states were
taken from Laughlin [28] and Kahn and Khandelwal [29] , or extrapolated from the calculations
of Cohen and McEachran [30] , Jacobs[31] and Lin et al [32] .



The effects of dielectronic and radiative recombination (Blumenthal et al [7]) of H-like Cl
on the Cl XVI level populations are important considerations. These processes are included in the
present calculations by employing the rate coefficients of Mewe and Schriver [33] and the coronal
ionisation balance ratios of Summers et al [34]. Innershell ionisation of Li-like Cl was found to
have minimal effect on the calculated ratios for the density and temperature regions considered in
this paper, and has therefore been excluded from the calculations [35]

Proton tmpact excitation [36] rates have not been included in the model. These can be
important for transitions with small excitation energies and have been shown to have significant
effects on line ratio calculations carried out for F-like ions using the calculations of Keenan and
Reid [37,38] , but test calculations for other He-like ions [39] have shown negligible effects on the

level populations in the density regime of the current experiment.

3. Experimental Data

The experimental results were obtained from the JET [40] tokamak, where chlorine appears as an
intrinsic impurity in the deuterium plasma. The JET device has major and minor radu of 2.96m
and 1.25m respectively, a maximum toroidal field of 3.45T and maximum toroidal current of 7MA.
Typical central electron densities and temperatures for the discharges considered are
N.22.5x 10¥* em~3 and T,~3 x 107K respectively.

The spectra were obtained with a double crystal x-ray monochromator [41], which was
situated outside the biological shield of the torus hall for maximum shielding from neutrons and
hard x-rays. It was used in repetitive scan mode, covering the wavelength region from
4.4A to 4.5A, and was calibrated for absolute wavelength and intensity measurements with a
resolving power (1/84) of ~4500. The detector was a multiwire proportional counter which could
operate at I0MHz.

This instrument provided central chord integrated signals. To determine the radial position
of maximum emissivity for Cl XVI a transport code [42] was utilised, which calculated radial
profiles of intensity, density and radiated power for all the ionisation stages of a particular impurity
element at a given time during a discharge. Electron temperature and density measurements at the
radial positions thus determined were found from radial profiles measured by analysis of Electron
Cyclotron Emission [43] and far infrared interferometry [44] respectively, or by Thomson
scattering of a ruby laser [45] for both quantities. Differences were found between the radial
profiles measured by the above methods (typically 15% T.(r) and 25% in N,(r) for a given radius)
with consequent varations in the calculated position of the Cl XVI emission shell. However the
values of T, and N, at this calculated radial position were typically within 10% provided that the
same measurements of T, and N, which were input to the transport code were used in the matching
of the calculated emisston shell position with the T, and N, profiles.

Fig.2 shows an example of the He-like spectra obtained. In addition to the four principal
lines, three n=2 satellites to the resonance line, q: 15225 2§,; - 15(252p 'P) 2Py, 11 15225 7§, -
15(2s2p 'P) 2Py, and k: 15%2p 2Py, - 152p? 2Dj5,, (labelled according to Gabriel [46] ), are seen as
well as some features on the long wavelength side of the resonance line indicating higher n( > 3)
satellites such as the d;; line [46].



The measurements were taken during the ohmic heating phase of the JET pulse. The
experimental results were reproducible from pulse to pulse and for illustrative purposes in this paper
data are cited from five separate pulses. The spatial Cl XVI emission profiles provided by the
transport code showed that the emission occurred from a localised shell approximately 45-55cm
from the centre of the plasma, in which N, and T, did not vary by more than 25%, log T, being
within 35% of the temperature of maximum emissivity of the resonance line in coronal equilibrium.
This was calculated to be log T,= 7.2, where T, is measured in K, and s in agreement with the
result of Gabriel [46].

The contribution of unresolved satellites was estimated using the data of Vainshtein and
Safronova [47] and Bhalla et al [48] . The forbidden line at 4.4970A could not be resolved from
the satellite line j; 1522p *P;;; - 152p? 2Dy, and its enhancement of the forbidden line intensity was
estimated to be ~11%. There was no significant change in the sensitivity of the spectrometer over
the wavelength range under investigation and hence no corrections were made for this in the

calculations.

4. Results and Discussion

Using the statistical balance population code of Summers et al [34] in conjunction with the atomic
data discussed in section 2, coronal Cl XVI excited state populations were calculated for a range
of electron temperatures and densities. Photoexcitation and de-excitation processes are negligible
in comparison with the corresponding collisional processes and all transitions were considered
optically thin. Hence theoretical R and G ratios were derived.

The temperature sensitive G ratio is plotted in fig.3 both with and without recombination
included. In the density range log N,=12.0 to log N,=14.0, for which theoretical ratios were
calculated, G showed no sensitivity to density. At higher densities G will become density sensitive
due to increased population of the 152p 'P state by collisional excitation of the 1525 'S level [49] .
Fig.3 also shows the comparison between theoretical and observed values of G. The measured
values of T, at the position of the Cl XVI shell ranged in JET from approximately log
T.=7.29to log T.=7.44, with a density range of log N.,=13.3 to log N,=13.5. In this
temperature range the theoretical curve is approaching a minimum before increasing again, due to
increased recombinations into the triplet states as the temperature increases [35]. The average
difference between the experimental and theoretical results in this region is typically 10% which is
within experimental uncertainties.

The model calculations assume coronal equilibrium which is valid in the centre of tokamak
plasmas [39] [50], whereas the Cl XVI emission shell in JET is typically located some distance
from the minor axis. In fig.3 the effect of substituting for the coronal balance a diffusive ionisation
model calculated from the transport code [42] is also shown. This model is dependent on the input
radial profiles of electron temﬁcrature and density, and takes account of radial impurity transport
using the radial profiles for the diffusion coefficient and inward convective velocity derived by Pasini
et al [51]. At temperatures between log T, = 7.2 and T, = 7.4 the re-evaluated G ratio is much the
same as the original calculation, however below this temperature range the new value of the ratio

rises above the coronal case. This calculation could only be made for temperatures up to log



T, = 7.4 as this was the maximum temperature attained during the ohmic phase of the discharges
studied. Fig.4 plots ionisation fractions for Li, He and H like chlorine as a function of major radius
for both the coronal case and that calculated for JET, where the temperatures log
T, = 7.4and T, = 7.2 correspond to a radii of about 3.5 and 3.78m respectively. Between these radii
the coronal and JET ionisation balances are similar and hence so are the calculated ratios (see fig.3).
At greater radii there is a departure from the coronal case with an increased H-like to He-like ratio.
For example at log T, = 7.15 (R = 3.83m) this ratio is 43% larger for JET than for the coronal case.
This results in increased recombinations into the triplet states and the corresponding fise in the G
ratio as shown. In general the effect of diffusion on the equilibrium condition is to push the peaks
of the emisson shells towards smaller radii than is the case for with a coronal balance.

In fig.5 the theoretical R ratio is plotted as a function of electron density for electron
temperatures ranging from log T,=64tolog T,=7.6. It exhibits no significant density
dependence below log N,=13.5 being in its low density limit, R,, where there is no collisional
coupling between the metastable 1525 3S state and the 152p *P states [35] . Hence over the range
of the JET experimental results the ratio R is unusable as a density diagnostic but can function as
a measure of electron temperature to a limited extent, varying by a factor of approximately 1.5 over
the temperature range shown. Exclusion of radiative and dielectronic recombination of H-like Cl
causes the value of R, to decrease, an effect which is enhanced with increasing temperature. This
results in a decrease in temperature sensitivity for densities below R,. For example at log N,=13
R changes by a factor of about 1.5 over the temperature range log T,=6.4 to log T,=7.6 if
recombination effects are included compared to a varation of 1.1 if they are excluded from the
calculations.

Fig.5 also shows the observed values of R from JET, which agree to within 7% of the theory,
and a theoretical point resulting from substitution of an ionisation balance calculated for JET
conditions at an electron temperature of log T, = 7.41 and an electron density of log N, = 13.4, as
for the G ratio. Again this point is similar to the coronal calculation for the same density and
temperature. Calculations for lower temperatures show only a small departure from the coronal
case, as recombination occurs into both upper and lower levels of the ratio and hence has little
effect.

Similar work for Cl XVI has been carried out by Killne et al [23] on the Alcator-C tokamak
where measurements have been made at higher densities with the R ratio no longer in its low
density Limit, and also over a greater temperature range than the results measured here (the JET
measurements are viable as a means of verifying R, and the value of G over a limited temperature
range, but do not occur in regions which are particularly sensitive with respect to electron density
and temperature diagnostics). In addition coronal equilibnium calculations have been undertaken
by Killne for both ratios with ionization and recombination effects included. Inward diffusive
effects were not included in these calculations. The Killne experimental ratios are taken from a
single discharge in this paper (see figs.6 and 7), but two discharges were discussed by Killne. The
ratios from these two discharges were non-reproducible. The results for the discharge shown in this
paper are preferred as they are in better agreement with the Kallne theory for the G ratio (both sets



of Killne experimental R ratios agreed equally with their theoretical R ratio) and are consistent
with values from the JET pulses shown, as well as with the present theoretical calculations.

Fig.6 shows the difference between the Kallne and current calculations for the variation of the
R ratio with electron density at T=T, for a coronal ionisation balance. There is a significant
difference for the value of R, at T=T,, the present result being approximately 23% smaller than
that of Killne et al. This decrease is consistent with results obtained for Al XII, Si XIII and S XV
using the same method of calculation [52]. The JET experimental results for R,, which lie above
T, are included as they are still below the Killne value for R,. The discrepancy between the two
theoretical curves decreases with density above R, to an intersection at log N,~14.3, after which it
increases. For example the value of R for this paper is almost a factor of three greater than the
Killne value at log N,=155. The Killne experimental points lie in the region log
N, = 14 to log N, = 15 which is above the low density limit where the JET measurements occur,
and the present theory typically agrees to within 20% of the Killne experimental data at these
higher densities. Contributions from dielectronic satellites to the experimental data are considered
by Killne as for the the JET results, with a reduction the intensity of the forbidden line of
approximately 15%.

The comparison between the Killne results and those of this paper for the G ratio is given
in fig.7. The Kaéline calculations cover a smaller temperature range but the slope should decrease
at higher temperatures (T > T,) as for the current results. The average difference between the two
sets of calculations for the temperature range shown is approximately 20%. Experimental points
from the Killne paper measured over a wider range in temperatures than the JET results are also
included . These do not consider satellite contributions to the forbidden line, a factor which would

tend to reduce the experimental values improving agreement with theory from this paper.

5.Conclusion

Improved electron impact excitation rates have been used to derive R and G ratios for He-like
Cl which show significant differences from those of previous authors. R, and G vary by factors of
approximately 1.5 and 1.9 respectively over the temperature range log T,= 6.4 to log T,= 7.6, which
1s comparable with similar calculations for other helium-like ions [39,52] . The theoretical R ratio
shows strong density dependence above its low density limit, varying by about a factor of about
10 over the density range log N, = 13.5to log N, = 16 at log T,=7.6.

Comparison of the theoretical calculations with the JET experimental results (figs. 3 to 7)
reveals typical discrepancies in R and G of 7% and 10% respectively. However JET data covers a
narrow temperature range and is in the low density limit. The experimental results of Killne et al
which have a wider temperature range and are in the density sensitive region, are also in agreement
with the current theory, giving a good indication of the accuracy of the atomic data used in the line
ratio calculations. Re-evaluation of the theoretical ratios using an ionisation balance calculated for
conditions in JET, produced a departure from the coronal based calculations for the G ratio. This
does not produce significant differences at the radial position of the Cl X VI emission shell, but will

affect measurements taken at greater radii where the temperature is lower.



Although such ratios are not routinely used as electron temperature and density diagnostics
on devices such as JET, non-spectroscopic techniques being preferred [42-44], they may be applied
to the analysis of such sources for which no independent estimates of these parameters exist (such

as the solar corona).
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Fig.2 Measured spectrum from JET for He-like chlorine. As well as the resonance line w, the
intercombination lines x and y and the forbidden line z, four dielectronic satellite lines, d;3, q, r and
k are shown. Also labelled is the j line which is not resolved from the forbidden line in this study.
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Killne et al {22] (dashed line) both plotted for log T,=7.2. The experimental data from JET (solid
points, at temperatures ranging from log T, = 7.29 to log T, = 7.44) and Killne et al (crosses, at a

temperature of log T, = 7.2) are also shown.
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