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Measurements of He-like x-ray line spectra for sulfur and chlorine impurity ions in the
Alcator-C tokamak plasma are reported. Results are presented on the relative line ratios of
the resonance (w), intercombination (x and y), and forbidden (z) lines as well as dielectronic
satellite lines for plasma conditions of T,=1.0—1.8 keV and N,=(1.5-7)x10™ cm~>.
The results are compared with atomic calculations employing accurate atomic data which
take into consideration effects on the line ratios due to collisional coupling between the n =2

states involved.

I. INTRODUCTION

Characteristic x-ray emission has attracted atten-
tion as a means to diagnose hot plasmas be it from
far away astronomical objects (supernova remnants,
solar flares, etc.) or laboratory plasmas, i.e., inertial-
ly confined (exploding wires, laser-irradiated pellets,
etc.) or magnetically (for instance, tokamak) con-
fined discharges. Different wavelength regions of
the emission spectra can be chosen to suit different
purposes, and here we shall be concerned with the
He-like spectrum of medium-Z elements (sulfur and
chlorine). Ions in the helium isoelectronic sequence
tend to remain, owing to the high excitation and
ionization energies, in a plasma for comparatively
longer time than ions in other sequences. Further-
more, the energy-level structure of the first few ex-
cited states of He-like ions is such that these states
provide certain lines useful for diagnostics over ex-
tended ranges of electron temperature (7,) and den-
sity (N,). Also, from the point of view of atomic
physics, the necessary atomic data required for such
diagnostics are known to a fair degree of accuracy.

The principal He-like spectrum involving transi-
tions from the n =2 excited states is made up of the
resonance (w), the intercombination (x and y), and
the forbidden (z) transitions from the 1s2p states
(2'P,, 2°P,, and 23P,) and the metastable state 1s2s
(23S ), to the 1s? ground state (1'Sy); transitions are
identified by letters in the conventional' way. In ad-
dition, dielectronic recombination leads to doubly
excited Li-like ion states which give rise to 1s%2p-
15 2p? satellites to the resonance transition; in partic-
ular, we are interested in the k line (*P,,,-°D; /2)-
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Relative intensities of these lines can be interpreted
on the basis of atomic models. The predicted line
ratios depend crucially on the computed population
rates for the excited n =2 states which in turn re-
flect the plasma conditions in terms of T, and N, as
well as the ionization balance of the element under
study. Some of these rates are not known to desired
accuracy, and this makes the plasma diagnostics
correspondingly uncertain.

The present studies were performed at the
Alcator-C tokamak? at the Massachusetts Institute
of Technology (MIT). The plasma of this machine
consisting of hydrogen, deuterium, or helium con-
tains traces of sulfur and chlorine impurities from
the vacuum vessel. The plasma is sustained for a
duration of several hundred milliseconds, and
unique for the Alcator-C tokamak is the high-
density operation. Our measurements were per-
formed in the density range (1.5—7)x 10" cm™?3,
which is a region of particular interest to study the
importance of collisional effects in the population of
the 2°P and 23S states. Effects due to electron col-
lisional mixing of the n =2 metastable states have
been studied in the He-like spectra of low-Z ele-
ments (for instance, oxygen and neon) provided by
solar-flare observations.” Here we present the first
such study of higher-Z elements where the J =1 and
J =2 fine-structure splitting of the 2°P state is
stronger and experimentally separable. Another
unique feature of the present experiment is the high
data-acquisition rate so that an extended x-ray spec-
trum of good statistical accuracy can be recorded
for a single plasma discharge. This allows one, for
instance, to compare spectra of discharges which
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have been characterized to be constant on the basis
of set external parameters and diagnosed main plas-
ma parameters; i.e., we can explore whether this
characterization of the plasma fully specifies the
plasma conditions that determine the x-ray line
emission.

The theory of line intensities from He-like ions
was initially developed for solar diagnostics by Ga-
briel and Jordan."* A number of calculations incor-
porating improved atomic data have since been car-
ried out.*~7 Owing to the collisional depletion of
the 23S state, resulting in enhancement of 2°P popu-
lations, any ratio of two out of the three lines z,
(x +y), and w is expected to be density dependent;
the largest such dependence being in the line-
intensity ratio R =z/(x +y). The electron density
may be obtained from the observed R as follows:

Ry

N.=N, R

-11, (1)

where R, is the low-density limit of R (no collision-
al coupling) and N, is a characteristic density de-
pending on atomic parameters for the given ion.>®
Calculations*~7 in the coronal approximation have
been done including atomic processes such as elec-
tron excitation with autoionizing resonances,”'° cas-
cades from higher levels, radiative and dielectronic
recombinations, etc., and have been tested against
He-like spectra of low-Z elements. Thus the avail-
able observations!"!? for Cv, O vI1, and NeIX, both
from laboratory and astrophysical sources, appear to
be explicable even in the density regimes where col-
lisional coupling amongst excited states considerably
alters the line ratios from their low-density limit.
Initially, the temperature dependence of the lines
from He-like ions was not fully appreciated since
the n =2 states themselves have energy separations
far less than their energy separation relative to the
ground state. Therefore the main temperature
dependence in the line intensities does not arise
through the usual exponential factor exp(—AE/T)
inherent in the excitation rates. However, it has
now been shown (e.g., Ref. 7) that the collision
strengths, averaged over the electron distribution,
for the triplet states behave in a similar manner with
varying temperature, but it is quite different from
that of the singlet states, and hence a line-intensity
ratio such as (x +y +2z)/w =G varies significantly
with temperature and has proved to be useful as
temperature diagnostics. Another line-intensity ra-
tio of interest in this work is (x +y)/w =G /(1+R),
which should be both density and temperature
dependent. The ratio (x +y)/w is expected to in-
crease with increasing density (decreasing R) and
with decreasing temperature (increasing G); G in-

creases rather sharply as T, decreases below T,,,
where T,, is the temperature of maximum abun-
dance of the charge state considered. This is of
relevance for the Alcator plasma where a deliberate
increase in N, results in decreased T, and vice versa.
Calculated values for G(T) and Ry(T) employing
the most up to date atomic data are given elsewhere
(see Sec. IV). In the present work we employ those
values and compute new ones pertaining to the plas-
ma conditions in the Alcator experiments.

The objective of the present paper is twofold.
First, we wished to investigate the plasma diagnos-
tics aspect of x-ray emission studies on the basis of
our new results of measured line ratios compared
with new calculations also presented here. Second,
we hoped that by confronting calculated results with
the measured line ratios obtained under partly
known plasma conditions in a density regime not
hitherto explored, we might shed light on questions
of atomic processes in hot plasmas in general. The
data presented here represent an exFansion of the
measurements published previously,”* and the ac-
companying analysis based on the theory presented
in Refs. 8—10 was adapted to yield results for sulfur
and chlorine.

II. EXPERIMENT

This experiment was carried out at the Alcator-C
tokamak at MIT with a Bragg-crystal spectrometer.
Access to the plasma was provided by a (5 20)-cm?
view port which also accommodates a circular
(16.5-cm-diameter) molybdenum limiter. The lim-
iter defines the plasma spatially, but the radiation
studied here comes from the plasma within a radius
of 5—8 cm. The spectrometer was connected to the
tokamak vacuum vessel through a reentry tube that
placed the entrance slit of the spectrometer 53 cm
from the plasma major radius. This distance was
somewhat decreased compared with the configura-
tion for previously reported measurements.”> A
0.05-mm-thick Be foil at the end of the reentry tube
separated the two vacuums. The general layout of
the experiment can be seen in Fig. 1(a).

The spectrometer is of the van Hamos geometry'*
with a cylindrically bent (of radius 58.5 cm) crystal
to provide focusing, and hence source imaging in
one direction and diffraction in the other (horizon-
tal) direction [see Fig. 1(b)]. The main elements of
the instrument are the entrance slit (0.2-mm wide
and 6-mm high), the pentaerythritol (PET) crystal
(15X 10 cm?), and a position-sensitive detector'® (ac-
tive area 6 100 mm?). The slit-crystal and crystal-
detector distances are 108 cm with the center lines
forming an angle of 6, =113.0% i.e., the Bragg angle
is 33.5° in the center. High-efficiency diffraction
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FIG. 1. Layout of the spectrometer at the Alcator-C
tokamak (a) and the spectrometer geometry (b).

was obtained from the (002) plane of the PET crys-
tal which has a lattice spacing of 2d =8.742 A at a
nominal resolution of AA/A <1/5000. The effective
wavelength band of the spectrometer is A=4.3—5.3
A. Because of a mismatch between spectrometer
and view-port apertures, we could simultaneously
cover a bandwidth of AA=0.7 A. This was suffi-
cient to fully cover the length of the detector. Dif-
ferent parts of the spectral range 4.3—5.3 A were
recorded by appropriately positioning the detector
and by rotating (in the plane of the Bragg angle) the
crystal.

So far we have not employed the imaging capabil-
ity of the spectrometer. This simplified, among oth-
er things, the detector requirements so that we could
use a commercially available single-wire proportion-
al counter for one-dimensional recording of the x-
ray spectra. The spatial resolution it provides, about
<0.4 mm, full width at half maximum (FWHM), at
E,,=2.7 keV, is adequate in comparison to the total

observed line resolution of AA/A=1/2000 for ion
temperatures of T;>700 eV; the Doppler line
broadening is AA/A=~1/3000 at T;=700 eV for ra-
diation of A=4.4 A from Cl ions. This resolution is
retained for count rates up to the level of about
3x10*s™n

This experiment was directed to the study of He-
like line spectra for which calculations have given
quite accurate wavelengths.!® We therefore used the
well identified w and z lines (see below) as reference
to fix wavelength scales in order to identify interja-
cent lines in the spectra of S and Cl. That the detec-
tor response is a linear function of position was veri-
fied in tests with 5.9-keV x rays from a >Fe line
source.

Sulfur and chlorine appear as small amount im-
purities in the Alcator machine. The x-ray line in-
tensities therefore reflect their abundance as well as
the emissivity which both may vary with plasma
conditions. Here we concentrate on relative line in-
tensities, which are not subject to the abundance
variation, for different plasma conditions as deter-
mined by macroscopic and diagnosed parameters. A
typical Alcator plasma discharge in H,, D,, or He is
characterized by a toroidal field of 60—100 kG and
a plasma current of 100—600 kA. The steady
current state lasts for about 200 ms. Information on
the electron temperature T, can be obtained from
continuum (bremsstrahlung) x ray'’ and electron
cyclotron-radiation'®  measurements. Typical
discharges have temperatures in the range
T.,=1-—1.8 keV. The electron density and its time
development are given for each discharge by inter-
ferometer measurements.'® The density is a parame-
ter easily variable through adjustment of the gas in-
jection. Here we studied x-ray spectra for steady-
state central densities in the range
N,=(1.5—7)% 10" cm~3. The spectrometer views a
5-cm vertical portion of the central plasma core, and
an electronics gate is used for time selection inthe
discharge.

III. RESULTS

A typical example of a measured x-ray spectrum
from a single plasma discharge is shown in Fig. 2.
The detector was in this case set to detect the He-
like spectrum of Cl in which the principal lines w, x,
y, and z are readily identified. The predicted rela-
tive positions of these lines agree with our observa-
tions. Moreover, three n =2 satellites to the reso-
nance line (q, r, and k) are also seen (for a discussion
about these lines see Refs. 13 and 20) apart from
some foothills on the long-wavelength side of w in-
dicating higher n >3 satellites. Except for k, the
dielectronic recombination satellities are predict-
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FIG. 2. Example of measured He-like spectrum for
chlorine from a single plasma discharge characterized by
N.~3x10" cm~? and T,~1.3 keV. Indicated line posi-
tions refer to the predictions of Ref. 16 and the curves
shown represent a line fit to the data. Identified lines
have been marked with letters in the conventional (Ref. 1)
way:

w, 1s2'So—1s2p 'Py; x, 1s2'So—1s2p 3P, ;

y, 1s21So—1s2p °Py; z, 1s21Sy—152s 35 ;

q, 1522528, ,,—1s(2s2p 'P)*P;; ;

1, 15225 %S, ,—1s(252p 'P)*P,  ;

k, 1s2p 2P, ,—1s2p*Ds 1 ; j, 1s22p *P3;—152p**Ds; .

ed"1620 {5 have wavelengths closer to the x, y, and z
lines than is experimentally separable. From the
predicted relative line-intensity ratios®® and using k
as a reference, we estimate that the satellite interfer-
ence is insignificant except for the j satellite at 4.497
A; for instance, some 15% of the z line for the con-
ditions in Fig. 2 could actually come from the un-
resolved j satellite. The above discussion applies as
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FIG. 3. Example of measured He-like spectrum for
sulfur from a single plasma discharge characterized by
N.=3x10" cm~> and T.=1.3 keV. Letter symbols and
line positions have the same meaning as in Fig. 2. Curves
shown represent a line fit to the data.

well to the He-like spectrum measured for sulfur, an
example of which is shown in Fig. 3.

The measured line intensities for x, y, and z,
which are always given relative to w unless stated
otherwise, were obtained from line fits to the spectra
with a nearly Gaussian shape of the width best fit-
ting the w line; the uncertainties given are those of
the standard deviations in the count statistics of
each line. We first present typical average values
which can be considered representative for
discharges in the standard regime of the Alcator
plasma parameters mentioned above. The results on
such average relative line intensities of x, y, and z,
and the ratios

G=(x+y+2z)/w,
R=z/(x+y),

and x /y, based on data from some 15 runs each of
20—40 discharges are given in Table I. The data
material has been extended since the previously re-
ported results,'> especially for sulfur where some

TABLE 1. Intensities of the lines x, y, and z relative to the resonance line w, and the line-
intensity ratios G =(x +y +z)/w, R =z /(x +y), and x /y. The experimental values are aver-
ages representing typical Alcator plasma conditions of N,~3%10'* cm~* and T,~1.3 keV.
Theoretical relative intensities for these conditions are also given.

Sulfur Chlorine
Line-intensity ratios Expt. Theory Expt. Theory
x 0.16 0.15 0.17 0.16
y 0.29 0.29 0.25 0.24
z 0.41 0.34 0.39 0.43
G 0.85 0.78 0.81 0.83
R 0.97 0.77 1.04 1.08
x/y 0.55 0.52 0.69 0.65
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FIG. 4. Results for chlorine on the line-intensity ratio
R =z /(x +y) for individual plasma discharges plotted vs
the electron density. Two sets of data are shown (distin-
quished by the symbols of open and filled circles)
representing measurements of different days. Solid line is
the calculated density dependence of R.

line-intensity ratios have changed.

An attempt to measure the correlation between
the line-intensity ratio R =z/(x +y) and the elec-
tron density gave the result shown in Fig. 4. Two
sets of single-discharge data are presented represent-
ing measurements of two different days. The N,
values used here are interferometer measurements
and represent the central peak value. The errors
shown in this figure are statistical ones to which
should be added the uncertainty of the j line admix-
ture in the case of the z intensity given. If we were
to correct for this admixture, as described above, R
would be decreased by (15+5)%. A systematic
trend of decreasing R with increasing N, can be dis-

R= z2/(x+y)
°
T

Ne (10" cm™3)

FIG. 5. Comparison of data on the line-intensity ratios
R =z /(x +y) for chlorine and sulfur. Discharges of simi-
lar densities were added. Solid line is the calculated densi-
ty dependence of R.
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FIG. 6. Scatter plot of measured intensities for z and
(x 4+ y) (relative to that of w) for the same sets of data
shown in Fig. 4. Straight lines indicate the predicted
bounds of variation of (z,(x +y)) for plasma densities in
the range (1—6)x 10'* cm 3 for an assumed product T, of
1.2 keV.

~

cerned in each of the two sets of results. Another
observation to make is the apparent difference of
some 25% between the two days of measurements.
No deliberate changes were made between these
measurements except for routine tuning of the
machine parameters. The data of each day also
show a considerable scatter which is larger than can
reasonably be referred to as statistical fluctuations.
The data therefore seem to suggest that besides the
R (N,) dependence there are variations that do not
correlate with the electron density as measured. A
comparison between R values measured for S and Cl
over a limited N, range can be found in Fig. 5.

A basic question for the interpretation of the N,
dependence of R is whether R (¥,) is due to a redis-
tribution of intensity between the z and the x and y.
Figure 6 shows a plot of value pairs (z,(x +y)) of
the same data sets as discussed before. The data
show no apparent preference for an antilinear varia-
tion between z and (x +y), but the largest variations
tend to occur with the pattern of simultaneous
increases/decreases in both z and (x +y). However,
the Alcator plasma does not allow the electron den-
sity to be varied independently of the electron tem-
perature, the results on z/(x +y) vs N, do not
represent constant T, conditions. We can, however,
attempt to reveal T,-dependent effects in these data
by inspecting for a correlation between
G =(x+y +z)/w and k/w. Both G and k/w are
predicted to be T, dependent so as to decrease with
increasing 7,. Our results on the value pairs
(G,k /w) are shown in Fig. 7. We observe a varia-
tion of about +20% around the average G of about
0.63 for these sets of data. There appears to be a
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FIG. 7. Scatter plot of measured intensites for

G =(x+y+z)/w and k/w for the same sets of data
shown in Fig. 4. Solid line is the predicted locus of
(G,k /w) based on calculations of the dependences of k /w
(from Ref. 20) and G on temperature T, assuming a plas-
ma in coronal equilibrium.

correlation between this variation and the k line in-
tensity suggesting that a temperature dependence is
at play here. The errors in k /w, however, are quite
large for more quantitive conclusions to be drawn,
but again it seems that we are encountering varia-
tions in G that are beyond the T, dependence and
that exceed the statistical standard deviations in the
data points.

The unsystematic variations in G and R are
denoted unsystematic since they can occur between
discharges which would be judged to be similar on
the basis of their parameter characterization. These
variations, however, are not limited to the ratios G
and R of the principal lines w, x, y, and z. In Fig. 8
we show examples of spectra from two discharges
where the relative line intensities of x, y, or z
markedly deviate from the typical averages for the
series of shots considered. These variations are sig-
nificantly larger than could be accounted for as sta-

tistical deviations, and variations of the order +50%
around the averages of x, y, and z relative to w have
been recorded. Of particular interest is the ratio
x /y which is expected not to depend on plasma con-
ditions according to commonly used theories. The
examples in Fig. 8 show x /y ratios which are both
smaller and larger than the typical average; the nu-
merical value for these cases is given in Table II.
These examples were picked from a run consisting
of 20 discharges of which some 20% showed x /y
values that deviated from the mean value. This is a
fairly high fraction since for other runs all x/y
values are consistent with the average. It is also in-
teresting to note that of some 50 runs and 2000
discharges measured, the x /y value for whole runs
of discharges does not show much variation.
Anomalous x /y ratios are observed for chlorine and
sulfur alike. Furthermore, since these variations are
not concurrent with any foreign line structure inten-
sities in adjacent wavelength regions, they cannot be
explained away as interference from other elements.
With regard to the interference from other lines of
the same element we note that dielectronic satellites
have been predicted with wavelengths unseparately
close to those of x and y. These, however, are
predicted to be an order of magnitude weaker than k
and can be estimated to be insignificant contributors
in our spectra. Moreover, these satellites would be
expected to vary along with the k satellite, and no
correlation between the ratio x /y and the k line in-
tensity has been seen. Finally, the observed posi-
tions of the x and y lines are constant. Thus the ob-
served variations must be ascribed to the x and y
line intensities.

IV. THEORETICAL COMPUTATIONS

In this section we theoretically evaluate and brief-
ly describe typical features of the line-
intensity—ratio parameters of interest. For the four
main lines (w, X, y, and z) under consideration, these
are Ry, N,, and G as a function of electron tempera-
ture. Recent calculations for a number of He-like
ions have been carried out, and a study of the sys-
tematic variations correlated with temperature and

TABLE II. Results on the line-intensity ratios x /y, G =(x +y +z)/w, and R =z /(x +y);
two discharges of a day’s run with extreme x /y ratios have been selected and compared with

averages for the run.

Discharge
identification number x/y R G
10 1.24+0.25 0.83+0.12 0.71+£0.07
14 0.48+0.05 0.93+0.06 0.73+0.04
Average 0.68 1.10 0.64
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FIG. 8. Examples of measured He-like spectra for
chlorine which show line-intensity ratios x /y that are (a)
larger and (b) smaller than the typical average value.

nuclear charge has been made.”® The basic theoreti-
cal data for the analysis of present observations are
taken from these studies, and new calculations were
done for line-intensity ratios not included in earlier
work. The forbidden to intercombination line-
intensity ratio R is calculated from Ry(7) and
N,(T) as in previous works.

Since we are dealing with the
intermediate—electron-density range, it is necessary
to consider whether collisional redistribution
amongst the n =2 states (other than the 2°S to 23P,

which is always included) might significantly affect
the line-intensity ratios. An examination of the
magnitude of the relative excitation rates reveals
that the density dependence may also manifest itself
through collisional transfer from the 2!S, to the
213p states. The two-photon radiative-decay rate
1'S,-218, is 2.0 10® s~! for S XV, and the calculat-
ed rate coefficients for electron- and proton-impact
excitation of 2'S;—2'P, are 2.58x10~° and
1.80X 1077, respectively (all rate coefficients in
cm3sec™!), at 0.9 keV and 2.62x10~° and
3.80x 1077 at 1.7 keV. It should be noted that the
proton excitation rate, to be discussed below, is
much more temperature dependent and exceeds the
electron excitation rate at the higher temperature.
Thus contributions from 2'S, to the 2'P, level pop-
ulation are expected to be important at densities
higher than 10'® cm 3, i.e., outside the density range
of the present experiment. The 2S,—2°P; excita-
tion rate is lower; hence the mixing should occur at
even higher densities. The line-intensity ratio G
therefore depends only on temperature and not on
density although the situation may be quite different
in the densities higher than ours where G is both
temperature and density dependent. Calculations of
G (T) were carried out for two cases, namely, a plas-
ma in ionization equilibrium and for a purely ioniz-
ing plasma with no recombinations. The latter G
values are lower than the former because recombina-
tions contribute more to the triplet states than to the
singlets.

Another useful line-intensity ratio for diagnostics
is the intercombination to resonance line-intensity
ratio, (x +y)/w=G/(14+R) described earlier.
Computed values R, for Sxv and CIXVI at
T,, ~1.3 keV are 2.18 and 1.90, respectively. Along
with G(T,,), computed to be about 0.75, we obtain
(x +y)/w=0.24 and 0.26, respectively (within the
coronal approximation), for the two ions. From the
expressions given earlier it is seen that at N, =N,
the forbidden to intercombination line-intensity ra-
tio falls to half its coronal value at the characteristic
density for a He-like ion, i.e,, R =R(/2. This im-
plies that (x +y)/w at N,=N, is 0.36 for SXV and
0.38 for ClxVvI where the densities N, at T, are
computed to be 1.8X 10" cm~® and 3.6x10"
cm ™3, respectively. These line-intensity ratios at the
characteristic densities lie in the middle of the
present range of measurements, i.e., at plasma densi-
ties (2—4) X 10" cm >,

The line-intensity ratio R =z/(x +y) depends on
the density through the relation

R=Ry|—1 1. 7

LN
+ .
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The density dependence

dR __Reo
dN, |v,-n, 4N,

(3)

varies through the isoelectronic sequence because the
ratio Ry/N, decreases systematically with increas-
ing atomic number Z. Subsequently, the density
dependence, which is readily observable in solar data
for oxygen and neon,’ becomes experimentally hard-
er to detect for higher-Z elements.

The present experiment raises the question about
variations in the relative intensities of the fine-
structure lines x and y. The two lines x and y be-
long to the J=2 and J=1 fine-structure com-
ponents of the 23P state, which decay to the s
ground state by magnetic quadrupole (M2) and
spin-forbidden electric dipole (E1) transitions,
respectively, the latter being affected by 2Z-
dependent mixing with the 2'P, state. These transi-
tion rates are known from atomic calculations.
Given the decay rates and assuming statistically
weighted excitation rates (principally through
electron-impact excitation of the ground state), one
arrives at the expression

A(2°P,—11S))
A(2°P,—11S))+4(2°P,—23S,)
1 A(2’P,—>1'Sy)
3 AP, —1'Sy)+A4 (2P, >2°S))

3
9

4)

The coronal and Boltzmann (CB) limits for x /y are
the same, i.e., 0.52 for S XV and 0.65 for Cl XvI, with
no predicted dependence on plasma conditions
within the standard framework of theoretical as-
sumptions. Comparison can be made with a similar
situation for H-like ions where the line-intensity ra-
tio (1sy5-2p1 2)/(181 2-2p3 ) is expected to be 0.5 in
the CB limits. However, Vinogradov et al.?! have
shown that this ratio could increase up to 2 or more,
in between the two limits, mainly owing to the effect
of proton-impact excitation which preferentially
populates the 2p, /, state. It is known!! that provid-
ed the transition energy AE << T,, proton excitation
may well dominate electron excitation in causing
transitions between closely spaced atomic levels;
however, it depends critically on AE. In the H-like
case, for Z=10—20, the ratio of the Lamb shift to
the fine-structure energy splitting is ~1/30, hence
the considerable preference for the 2p,,, over the
2ps3,, in proton excitation from 2s,,,. We apply the
theory of Vinogradov et al.?' to the ratio x/y in
He-like ions and consider preferential excitation
from the 238, state to the 2°P, over the 2°P,. It is

permissible to ignore excitations from the 2'S, state
which, according to our calculations, do not contri-
bute significantly at the densities of interest. Com-
puting proton-impact excitation rates according to
the theory of Vinogradov et al. and using electron-
impact excitation rates by Pradhan et al.,'° we find
for SXV that x /y could decrease to a minimum of
about x/y~0.45 from its limiting value of 0.52.
The relatively smaller proton mixing in the He-like
case is owing to the fact that the transition-energy
ratio is only about % instead of % as in the H-like
case. The transition regions, from the coronal limit
to (x /y)min and back to the Boltzmann limit (where
all population distributions are according to statisti-
cal weights), correspond to densities of 10'3—10'
em™3 and 10"°—10%° cm™3, respectively, for SXv.
There could be a further decrease in x /y, also owing
to proton collisions, from deexcitation of 2°P, to
2P, and from excitation of 2'S, to 2°P,. However,
at the densities under consideration these two com-
ponents would be very small.?> Thus the mentioned
nonstatistical proton mixing effects could account
for a 10—15 % decrease in (x /y)cgp, and the varia-
tion would be density dependent. The effects of
these atomic processes under equilibrium conditions
are far too small to explain the observed magnitude
of variations in x /y, let alone the fact they do not
account for any enhancement.

V. DISCUSSION

The density regime of the present experiment is of
particular interest for the possibility it offers to in-
vestigate collisional coupling of long-lived (meta-
stable) excited states. The comparison between our
data on the line-intensity ratio R =z/(x +y) and
calculations is shown in Fig. 4 and Table I. For
densities in the range (1.5—7)x 10" cm~—3 the ob-
served R values are approximately reproduced by
the calculation. We note that the R value here is re-
duced by a factor of 2—3 as compared with the ratio
R =R, where collisional coupling between the 23S
and 2°P states is negligible. Unfortunately, there are
no other data on S and Cl for the low-density regime
to compare with our results. Other tokamak mea-
surements have been made, however, for higher-Z
elements, viz., measurements on Fe done at Prin-
ceton Large Torus (PLT)® at N, <4x10"” cm~—?3
compared with N,~7x 10! cm™3. The predicted
value for Ry(Fe) by Pradhan and Shull’ undershoots
the PLT data of Bitter et al. by about 25%, but this
is mainly owing to the fact that the calculations did
not include intermediate-coupling effects which be-
gin to manifest themselves significantly at about
Z >20. On the other hand, recent observations of
He-like calcium?* from low-density solar flares yield
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a R, value very close to the predicted value, and
very good agreement with the calculations of
Pradhan et al.'° is found for the other ratios of w, x,
y, and z as well. This, together with the good agree-
ment between theory and observations for low-Z ele-
ments (up to neon), suggests that the calculations
provide fairly accurate predictions for line-intensity
ratios up to about Z=20; the problem encountered
for higher-Z elements is owing to relativistic effects,
for which calculations are now in progress for up to
Z=42. We can thus interpret our results R <R for
Sxv and ClXVI as being a manifestation of the den-
sity effect.

Our data on the line-intensity ratio R =z /(x +y)
span the density range (1.5—-7)X 10" cm™, over
which region R is predicted to vary by a factor of 2.
Although there is a definite trend in data that R de-
creases with increasing N,, there is also a significant
scatter of the data points outside the predicted curve
of R =R (N,). This impedes upon drawing quanti-
tive conclusions from our R =R (N,) measurement.
The same is true if one compares the R values for S
and Cl (Fig. 5). For a density of about 3x 10
cm ™3, the R value for Cl is predicted to be some
30% larger than for S.! The data shown in Fig. 5
show a difference in the same direction, but the sig-
nificance of this result must be weighed against the
scatter in R values. The measured average of R is
about 10% smaller for S than for Cl (Table I).

The above comparison between measured and
predicted R values has revealed quite an encourag-
ing agreement between experiment and theory.
With regard to the origin of the N, dependence,
however, the theoretical interpretation rests on the
assumption of collisional coupling between the 2°S
and 23P2,1 states. This means that while R is
predicted to change +30% over our N, range, the
change is only £15% in z and ¥15% in (x +y).
The final test of the theory would then be the obser-
vation of the correlated change A(z)=—A((x +y)).
This, however, requires first of all data of good
statistics to see the smaller variations. Second, one
has to make sure that the plasma discharges, for
which the z and (x + y) line intensities were mea-
sured, were constant with regard to parameters other
than N,. In our case, for instance, the electron den-
sity is not independently variable from the electron
temperature. Therefore our present data are not
well suited to examine the explicit N,-dependent
correlation between z and (x +y) since these line in-
tensities are expected to vary with T, as well.

In order to display temperature-dependent effects
in line intensities, we turn to the ratios k, =k /w and

G=(x+y+z)/w.

Our data (Fig. 6) do indicate a correlation between

these parameters which at least to its trend resem-
bles that given by the calculated dependencies of
k /w and G on temperature T,. We know from oth-
er diagnostic measurements that the typical tem-
perature range of the Alcator plasma is 1<7T, <2
keV (as indicated by the parameter k /w). Over this
temperature range, G is predicted to vary some 50%
which is the range of variation that we observe ex-
perimentally.

Among the parameters entering into the computa-
tion of G are the ionization-balance fractions that
multiply the radiative and dielectronic recombina-
tion terms which contribute much more to the popu-
lation of the triplet states than the singlet states.
Therefore the observed ratio G also proves to be an
indicator of the departure from ionization equilibri-
um; at least one such case”? is believed to be the as-
trophysical observations of the supernova remnant
Puppis A. Although the tokamak plasmas are ex-
pected to be in a more or less steady-state situation,
it has been experimentally'? shown that there is a ra-
dial inward diffusion of the heavy ions that affects
the ionization balance in the plasma. The effect of
such diffusion in the present calculations would be
to yield values of G (T,) lying somewhat away from
the ionization equilibrium curve towards the G
values obtained under the assumption of pure ioni-
zation (lower dashed curve in Fig. 7). We did not
explicitly include the diffusion effect in our calcula-
tions since the observational scatter in the data
exceeds the variations that might thus be produced.

The line-intensity ratio x /y has not been designat-
ed for any special plasma diagnostic use since this
ratio is not expected to depend on the plasma condi-
tions. Experimentally, we find that most plasma
discharges show x /y ratios that are consistent with
the predicted x /y ratios of 0.52 and 0.65 for S and
Cl. The average values determined over many
discharges are 0.55 and 0.69 for S and Cl which is a
result in close agreement with theory. We also ob-
serve, however, discharges for which the x /y ratio
deviates from the average. These variations should
manifest changes in the population rates of the
23P1'2 states which in turn must reflect changes in
plasma conditions. We have searched for possible
correlations between the x/y ratio and the main
plasma parameters such as N, and T,, but any obvi-
ous systematics of this kind have not been found.
For instance, the example of extreme x/y values
given in Fig. 8 and Table II represents discharges of
similar properties as far as characterized by mea-
surements of N, and T,; parameters such as plasma
current, gas, and toroidal magnetic field were also
the same. Therefore if we assume that the N, and
T, values are representative for the whole plasma
ring, the x/y ratio must depend on other unmea-
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sured features of the plasma.

In analogy with the suggested importance of col-
lisional coupling (preferentially through protons) of
the excited 27S,,, and 2%P,,, 3/, states of H-like
ions, the He-like 23P1,2 states could similarly be cou-
pled to the metastable 23S state. The x/y ratio
would then be sensitive to the proton density. How-
ever, the average ion charge for the Alcator plasma
is generally small, Zy<1.5, so that N,~N,; a
correlation between x /y and N, (=N,) is not sug-
gested by our data.

One parameter which is not well monitored is the
density (Ng) of neutrals (i.e., hydrogen or deuterium
atoms) in the center of the plasma. It is generally
believed that N /N, is of the order 1079, so that the
charge-exchange cross sections (for neutral ions on
H-like ions) must be correspondingly larger than
those of electron-impact excitation of the He-like
ground state to be important. Therefore calculations
are needed to assess if charge exchange could be the
ghost-population mechanism affecting the x /y line-
intensity ratio. In any case it seems to us that the
observed peculiar variations in x /y call for calcula-
tions that include a new population mechanism for
the triplet 2°P state which must then consider J-
dependent effects.

Here we have called particular attention to the
variations in the ratio x /y because they are experi-
mentally quite conspicuous and interpretationally
the most puzzling ones. Other variations occur in
the X, y, and z lines relative to w; there is also a
scatter in the ratios G and R. Although some new
excitation mechanisms might be required to explain
these observations, one could possibly invoke some
simpler explanations such as departure from coronal
equilibrium conditions affecting the relative impor-
tance of excitation and recombination effects. Al-
though the tokamak plasma is fairly well diagnosed,
there remain open questions pertaining to the radial
distribution of different charge states of the impuri-
ty ions. A related question pertains to the transport
of impurities in the plasma, the source of the impur-
ities, and the different local properties of the plas-
ma. Therefore the possibility exists that the param-
eters of the plasma region yielding the x-ray emis-
sion observed is not always represented by the
parameters measured. Such effects could at least
provide a partial explanation of observed variations.
Other possibilities are inhomogeneities in the plasma

because of stationary instability islands around the
limiter.

VI. CONCLUSIONS

We have presented results of measurements of the
He-like spectrum of S and Cl produced in the plas-
ma of the Alcator-C tokamak. Calculations were
performed in order to obtain predicted line intensi-
ties as a function of T, and N, over the ranges
T,=1-1.6 keV and N,=(1.5—7)%x10"* cm~3 of
experimental observations. Our single-discharge
data show a systematic variation in the intensity ra-
tio of the forbidden to intercombination,
R =z /(x +y), which can be ascribed to the calculat-
ed N, dependence. This observation verifies the
predicted collisional (N,-dependent) population
transfer S to *P. For the plasma conditions of a
typically average Alcator discharge (N,~3x 10"
cm~3 and T,~1.2 keV), the R value is predicted to
have decreased by about 50% for S and Cl as com-
pared to R in the low-density limit of no collisional
effects. Our observed average value for R as the
values of intensities of x, y, and z relative to the res-
onance line w are close to the calculated ones. The
agreement found between theory and experiment,
with regard to N, dependence and average line in-
tensities, supports the model and the atomic rates of
the calculations. However, our single-discharge
measurements show line-intensity—ratio variations
which appear uncorrelated to any known changes in
the plasma conditions. In particular, the x /y line-
intensity ratio is observed to vary by up to 50%
from its average value which is the observed value
for most discharges. A varying x /y ratio would re-
quire an atomic process that selectively affects the
population of the 3P2,1 states as compared to the
customary ones which are determined by statistical
weights. The observation of unsystematic intensity
variations of the He-like principal lines also seems
to suggest that the main plasma parameters and
machine parameters do not fully specify the plasma
conditions affecting the x-ray line emission in the
plasma core.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge the cooperation
and support from Dr. R. Parker and the Alcator
group. This work was supported by the U.S.
Department of Energy and by the National Sciences
and Engineering Research Council of Canada.

IA. H. Gabriel, Mon. Not. R. Astron. Soc. 160, 99
(1972).

28. Fairfax et al., in Plasma Physics and Controlled Nu-
clear Fusion Research, Proceedings of the Eighth Inter-

national Conference, Brussels 1980 (IAEA, Vienna,
1981), Vol. I, p. 439.

3G. A. Doschek et al., Astrophys. J. 249, 372 (1981).

4A. H. Gabriel and C. Jordan, Mon. Not. R. Astron. Soc.



1486 E. KALLNE, J. KALLNE, AND A. K. PRADHAN 27

145, 241 (1969).

5G. R. Blumenthal, G. W. F. Drake, and W. H. Tucker,
Astrophys. J. 172, 205 (1972).

6R. Mewe and J. Schrijver, Astron. Astrophys. 65, 99
(1978).

7A. K. Pradhan and J. M. Shull, Astrophys. J. 249, 821
(1981).

8A. K. Pradhan, Astrophys. J. 263, 821 (1982).

9A. K. Pradhan, D. W. Norcross, and D. G. Hummer,
Phys. Rev. A 23, 619 (1981).

10A. K. Pradhan, D. W. Norcross, and D. G. Hummer,
Astrophys. J 246, 1031 (1981).

11D, L. McKenzie and P. B. Landecker, Astrophys. J.
259, 372 (1982).

2TFR Group, J. G. Doyle, and J. L. Schwob, J. Phys. B
15, 813 (1982).

13, Kallne, J. Killne, and J. E. Rice, Phys. Rev. Lett.
49, 330 (1982).

141, van Hamos, Ann. Phys. (Leipzig) 17, 716 (1933); C.
B. van den Berg and H. Brinkman, Physica (Utrecht)
21, 85 (1955); H. W. Schnopper and P. O. Taylor, U.S.
Department of Energy Report No. E4-76-S-02-4021
(unpublished).

15C. J. Borkowski and M. K. Kopp, Rev. Sci. Instrum.

46, 951 (1975).

16y, I. Safronova, Phys. Scr. 23, 241 (1981); L. A.
Vainshtein and U. I. Safronova, At. Data Nucl. Data
Tables 21, 49 (1978).

17, E. Rice, K. Molvig, and H. 1. Helava, Phys. Rev. A
25, 1645 (1982).

18], H. Hutchinson and S. E. Kissel, Phys. Fluids 23, 1698
(1980).

195, M. Wolfe, K. J. Button, J. Waldman, and D. R.
Cohn, Appl. Opt. 15, 2645 (1976).

20C. P. Bhalla, A. H. Gabriel, and L. P. Presnyakov,
Mon. Not. R. Astron. Soc. 172, 359 (1975).

21A, V. Vinogradov, I. Yu Skobelev, and E. A. Yukov,
Fiz. Plazmy 2, No. 3, (1977) [Sov. J. Plasma Phys. 3,
389 (1977)).

22M. J. Seaton, Mon. Not. R. Astron. Soc. 127, 191
(1964).

23M. Bitter et al., Phys. Rev. Lett. 43, 129 (1979).

24C, Jordan and N. J. Veck, Sol. Phys. 78, 125 (1982); G.
Doschek (private communication).

25p. F. Winkler, C. R. Canizares, G. W. Clark, T. M.
Markert, K. Kalata, and H. W. Schnopper, Astrophys.
J. 246,127 (1981).



