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Contribution of the Zeeman effect to measured line profiles emitted by Alcator-C plasmas
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The measured line profiles of the Si1v 3s2S-3p 2P° doublet during 10-T operation on the
Alcator-C tokamak show evidence of a contribution due to the Zeeman effect to these profiles.
The assumption that these line profiles are single lines broadened only by instrumental effects and
thermal broadening yields apparent kinetic temperatures for the two lines which differ by approxi-
mately 50%. Neither of the resulting temperatures is reasonable for SiIv under typical Alcator
operating conditions and the difference between the temperatures cannot be explained by Doppler
effects. Modifying the nonlinear least-squares fitting routine to include the (unresolved) com-
ponents predicted by the weak-field limit of the Zeeman effect yields kinetic temperatures for these
lines which are in agreement and are reasonable for the region of the plasma in which SiIv exists.
Finally, a study of the Zeeman effect in O viI shows that contributions from this process are im-
portant in determining ion temperatures from line broadening of the O viI 2s 3§, -2p 3P$ emission
line in the vuv spectrum from Alcator-C plasmas.
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I. INTRODUCTION

Spectroscopic measurements of emission line profiles
continue to be useful as a means of determining the ion
temperature in tokamak plasmas. In order to be useful,
however, interpretation of these measured line profiles
must take into consideration all of the processes which
may contribute to the line profile. In addition to the
thermal broadening present in tokamak plasmas, it has
been demonstrated that the Zeeman effect contributed to
line profiles in visible emission spectra from Joint Euro-
pean Torus (JET) plasmas,' and the translational Stark
effect has been observed in the Balmer lines of hydro-
gen.? In emission lines for which the fine structure is
not resolved, both fine-structure splittings and the details
of the I-shell populations of the levels involved in the
transition may contribute to the measured line profile,
especially for lines in the visible region of the spectrum
resulting from charge exchange into excited states.
This paper discusses the contribution of the Zeeman

effect to the measured vacuum ultraviolet (vuv) line -

profiles emitted from the high field (B ~ 10 T) Alcator-C
(Ref. 4) tokamak plasma.

This paper is organized in the following manner. Sec-
tion IT describes the instrumentation used to make the
measurements. It also presents the measured line
profiles, and the fits to single lines, for the transitions of
the Si1v 3s 2§ -3p ?P° doublet. Section III discusses the
weak-field limit of the Zeeman effect and applies the re-
sults of this discussion to the lines of this SiIv doublet.
Section IV discusses the Zeeman effect for the
1525 3S, - 1s2p 3P,° transition in OVII, a line routinely
used for ion temperature diagnostics in the outer half of
Alcator-C plasmas. Also presented are the results of an
“exact” (i.e., valid for pure LS coupling) calculation of
both the Zeeman splitting and relative line strengths of
the Zeeman components for this transition, which

37

confirm the applicability of the weak-field limit of the
Zeeman effect to describe the contribution of this pro-
cess to this line profile in Alcator-C plasmas.

II. INSTRUMENTATION

The measurements discussed in this paper were made
using a high spectral resolution, photon counting detec-
tor’ mounted at the exit plane of a 1-m Ebert-Fastie
spectrometer. The spectrometer line of sight passes
through Alcator C in a vertical direction, i.e., along a
line of constant toroidal field strength. The spectrome-
ter uses a plane grating with 3600 1/mm and exhibits a
dispersion of ~2.9 A/mm (~0.065 A/plxel) in first or-
der. The detector is an image mtensxﬁer, sensitive in the
region from ~1150 A to ~2000 A, fiber optically cou-
pled to a linear, self-scanning photodiode array. The
geometric stability of this system (i.e., no moving parts),
coupled with the high resolution ( <50 pum) achievable
with the photodiode array, makes this an excellent
detector for line-shape studies.

The image intensifier contains three high strip current
(~300 pA) microchannel plates (MCP’s) in a “Z”
configuration. The quantum efficiency of the detector
has been enhanced by coating the surface of the first
MCP with a film of CsI ~3000 A thick. The output of
the MCP stack is proximity focused onto a P-46 phos-
phor screen, which was deposited on the input face of
the fiber optic bundle that serves as the output for the
intensifier. This bundle is brought out of the vacuum
chamber and a linear, self-scanning photodiode array is
optically coupled to the external face. The modal gain
of the intensifier is ~3X 10’ and the spot size of an
amplified photoevent on the phosphor screen is ~350
pm (FWHM).

The photodiode array is a Reticon RL128SF,® con-
taining 128 photodiodes with a slitlike geometry. Using
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a scanning circuit designed for the authors,’ the max-
imum pixel scanning frequency was determined to be ap-
proximately 4 MHz. Through the use of both pixel
selection, i.e., reading data from less than the entire ar-
ray, and the simultaneous scanning of both video lines of
the photodiode array, frame times for the entire array of
as little as 8 us are possible, allowing frame rates in ex-
cess of 100 kHz. Even at these scanning frequencies, the
pixel-to-pixel analog variability of the photodiode array
in a flat field was less than 2% (i.e., the variability was at
the level of the least significant bit of a seven-bit analog
to digital converter).
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The high spectral resolution exhibited by this detector
is achieved by viewing the amplified output from each
photoevent. The “center of gravity” of this output is
calculated and is assumed to represent the location of
the detected photon. This centroid is stored along with
the frame number (i.e., the time of arrival of the photo-
event) and is used to create a histogram which represents
the spectrum seen by the detector. Examples of these
histograms are shown in Fig. 1.

Figure 1 shows the single Gaussian fits to actual
profiles, measured on the Alcator-C tokamak during 10-
T operation, of the Si1v 3s 25 -3p 2P° doublet. The fits
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FIG. 1. (a) Single Gaussian fit to the Si1v 3s 23S, ,-3p *P}, line at 1393.8 A during 10-T operation on Alcator C. The apparent
kinetic temperature derived from the fit is 7; =155+13 eV. (Each “pixel” is a “picture element” of the photodiode array.) (b) Sin-
gle Gaussian fit to the Si1v 3s 2, ,,-3p P}, line at 1402.8 A during 10-T operation on Alcator C. The apparent kinetic tempera-
ture derived from the fit is T; =220+13 eV. (c) Fits from (a) (solid line) and (b) (dashed line), with their peak intensities normalized
and plotted on same wavelength scale to demonstrate the difference in the widths of the lines.
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to these lines, which are assumed to include only contri-
butions from the instrumental profile and thermal
broadening, yield linewidths which differ by ~13%.
Since the thermal contribution (AA;) to the profile is
determined by

(AL =(AN; )P4+ (AAT)?,

where AA is the full width at half maximum (FWHM) of
the measured profile and AA; is the FWHM of the in-
strumental profile, this difference of 13% in the mea-
sured linewidths results in apparent kinetic temperatures
which differ by ~50% (155 eV, derived from the line at
1393.8 130;, compared to 222 eV, derived from the line at
1402.8 A). This difference in the widths of two lines
emitted by the same ion, in this case Silv, cannot be ex-
plained by Doppler shifts or broadening, since these pro-
cesses would affect both lines in the same manner.
Furthermore, Si1V exists in a narrow shell (~1 cm radi-
al thickness) at the periphery (r/a ~1) of the Alcator-C
plasma, and ion temperatures in the range from 150-230
eV in this region of the plasma are not supported by oth-
er diagnostics® or by computer modeling® of the plasma.
Not included in the fits discussed above are the effects of
Zeeman splitting of the lines, which could affect different
lines from the same ion differently and which (as demon-
strated below) are important in a high field machine
such as Alcator C. In fact, evidence for contributions to
the measured line profile due to the Zeeman effect has
been seen in the visible region of the spectrum emitted
by JET plasmas,! most notably using C11, Cr1, and CluI
lines. [JET is a much lower field machine (By~2-3 T)
than Alcator C (B, ~10T).]

III. FINE STRUCTURE AND THE WEAK-FIELD
LIMIT OF THE ZEEMAN EFFECT

This section discusses the Zeeman effect on the fine
structure of the Si1v 3s 2§-3p 2P° doublet. The use of
the weak-field limit of the Zeeman effect is justified if the
ratio of ugB to the fine-structure splitting of the atom
(ion) being studied is much less than 1. At field
strengths typical of Alcator-C ogeration (B ~10 T), this
ratio is ~0.01 for the SiIv 3p “P° term and the weak-
field limit is a valid description of the interaction of this
Si1v term with the Alcator-C magnetic field.

In the weak-field limit of the Zeeman effect, the shift
of an energy level is calculated using first-order pertur-
bation theory and is given by'%!!

AE =(yLSIM | H e | YLSIM ) , (1

where #,,,, the portion of the Hamiltonian describing
the interaction with the magnetic field, is given by'®!!

Hag=—FB , @

where [i is the total magnetic moment of the electrons.
[ is defined in terms of the orbital and spin magnetic
moments of the electrons as'!

B=— [ upli+ T gmss | - (3)

Substituting Egs. (2) and (3) into Eq. (1) leads, after a
minor amount of manipulation, to the well-known re-
sults for the weak-field limit of the Zeeman effect
(B=B?%) (Refs. 10 and 11):

AE =gJ'U,BBM N (4)
where
_ J(J+1)+L(L+1)—S(S+1)
& 2T +1)

JU+1D)-LL+1)4+S(S+1)
2J(J +1) ’

+8&; (5)

From these calculated energy shifts and a knowledge of
the selection rules for electric dipole transitions,!®!!

AM =0,+1;M =0-M'=0 if AJ=0,

the location of each component which results from the
splitting of the levels due to the interaction with the
magnetic field may be determined. It is then necessary
to know the relative intensities of these components in
order to calculate model spectra.

In the weak-field limit of the Zeeman effect, for obser-
vation perpendicular to the direction of the field, the rel-
ative intensities of the components!! are, for 7 polariza-
tion [AM =0 for electric dipole (E 1) transitions],

S,x |{yI'M|z|yIM)|?, (6)

and for o polarization (AM =*1 for E1 transitions),

Sex i |y I'ME1|ry |vIM) |2, (7)
where
re=FQ2) " xztiy) . (8)

Note that for magnetic dipole (M 1) transitions, 7 polar-
ization corresponds to AM ==+1 and o polarization to
AM =0."°

Using these results, the computer code which fits the
line profiles was modified to perform a three-parameter
fit to the sum of the Zeeman components which combine
to form the measured profile. The three free parameters
in the fitting procedure are the location of the center of
gravity of the Zeeman components, the intensity of the
strongest component, and the width of the individual
components. (All of the components are forced to have
the same width by the fitting routine.) The separation of
the components is given by Egs. (4) and (5) (since the
magnitude of the magnetic field is known) and the rela-
tive intensities are determined by Egs. (6) and (7).

The results of fitting the measured Si1v profiles using
this code are shown in Fig. 2. The crosses represent the
measured profiles, the solid upper line is the sum of the
Zeeman components, and the lower solid lines represent
the individual Zeeman components located at the posi-
tions predicted by the weak-field limit of the Zeeman
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effect. The temperatures derived from the two lines of
the doublet are now in agreement (T;=63%5 eV for the
line at 1393.8 A, T, =691x4 eV for the line at 1402.8 A).
Also, these temperatures are in far better agreement
with those expected for the region of the plasma in
which SiIv exists. Finally, note that the “goodness of
fit” (determined by minimizing X? in the nonlinear fitting
routine) for this multicomponent fitting routine, which
includes the unresolved Zeeman components, is not
significantly better than that of the single-component fit,
which ignores the Zeeman effect. Therefore, criteria
other than just the goodness of fit must be used to deter-
mine if the functional form fit to the data is correct.
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IV. THE ZEEMAN EFFECT
IN O VI (1525 38| -152p *P3)

The evidence for the importance of the Zeeman effect
in the line shapes of SiIv leads to the conclusion that
care must be taken in deducing ion temperatures from
the linewidths of other ultraviolet lines commonly used
for this diagnostic purpose. A line routinely used for ion
temperature measurements in the outer half of Alcator-C
plasmas results from the 1s2s 35, - 1s2p 3P,° transition in
O vl (He-like). In order to illustrate the importance of
Zeeman effect for this line, the prescription described in
Sec. III is followed. The line profile is first fit by a single
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FIG. 2. (a) Measured profile (crosses), and the fit to the profile (upper solid line), for the Si1v line at 1393.8 A using the fitting
routine modified to account for the contribution to the line broadening due to the weak-field limit of the Zeeman effect. The lower
solid lines are the individual Zeeman components located at the positions predicted by the weak-field limit of the Zeeman effect.
The kinetic temperature derived from the fit is 7;=63+5 eV. (b) Measured profile (crosses) and the fit to the profile (upper solid
line) for the Si1v line at 1402.8 A using the fitting routine modified to account for the contribution to the line broadening due to
the weak-field limit of the Zeeman effect. The lower solid lines are the individual Zeeman components located at the positions pre-
dicted by the weak-field limit of the Zeeman effect. The kinetic temperature derived from the fit is 7, =69+t4 eV.



broadened line and an ion temperature deduced. Then
the line is fit by assuming that it results from a sum of
unresolved, individually broadened Zeeman components,
whose splittings and relative intensities are known (since
the field is known). The deduced ion temperatures are
compared and, if different, the temperature based on the
analysis which took into account the Zeeman effect is
taken to be the correct one. (Note that this temperature
will always be lower than the temperature resulting from
the single line fit.) The results of the two analyses are
shown in Fig. 3 for a discharge at 7.6 T, where the single
line fit [Fig. 3(a)] yields a temperature of 321118 eV,
and the multiZeeman component fit [Fig. 3(b), construct-
ed in the same manner as Figs. 2(a) and 2(b)] yields the
correct value of 7;,=274%15 eV. Note that at 15 T,
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which the next generation of high-field tokamaks may
reach, this effect will be larger.

Because of the importance of ion temperature mea-
surements for magnetic confinement experiments, we
have investigated quantitatively the accuracy of using
the weak-field limit in evaluating the splittings and rela-
tive intensities of the Zeeman components of this O VII
line. In particular, if purely LS coupled states are as-
sumed, the magnitudes of both the splitting and the rela-
tive intensities can be calculated exactly for an arbitrary
external magnetic field strength.'> This calculation is
based on the work of MacLean et al.,'* which treats the
same transition in CV (isoelectronic with O viI). The re-
sults are shown in Fig. 4. The shifts of the energy levels
from their B =0 values, AE, scaled by ugB are given in
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FIG. 3. (a) Single Gaussian fit to the O VII 1525 °S;-1s2p P; line at 1623.6 A during 7.6-T operation on Alcator C. The ap-
parent kinetic temperature derived from the fit is 7;=321+18 eV. (b) Measured profile (crosses) and the fit to the profile (upper
solid line) for the O vII line at 1623.6 A using the fitting routine modified to account for the contribution to the line broadening due
to the weak-field limit of the Zeeman effect. The lower solid lines are the individual Zeeman components located at the positions
predicted by the weak-field limit of the Zeeman effect. The kinetic temperature derived from the fit is T, =274+15 eV.
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Fig. 4(a). (A horizontal line indicates AE « B, i.e., the
weak-field limit.) Figure 4(b) shows the relative intensi-
ties of the Zeeman components which split from the
zero-field 1s2s 3§, - 1s2p 3P,° line (normalized so that the

maximum of the 1s2s3S-1s2p P, intensities at zero
field is 1). Again, any deviation from a horizontal line is
indicative of deviation from the weak-field limit. Thus,
in the range of magnetic field strengths over which Alca-
tor C operates (B <12 T), the results obtained using the
weak-field limit are certainly adequate.

On the basis of this comparison and the fact that the
ratio of ugB to the fine-structure splitting is less than
0.02 for all of the ions used for ion temperature measure-
ments in this study, the weak-field limit of the Zeeman
effect was deemed adequate to determine the contribu-
tion of this process to the measured line profiles in the
vacuum ultraviolet region of the Alcator-C emission
spectrum. It should be pointed out, however, that the
“exact” treatment of the Zeeman effect may be necessary
for lines in the visible emitted by low-Z ions (e.g., H, He,
or Li). In any case, the influence of the Zeeman effect
on the measured line profiles in the vuv in future genera-
tions of high-field tokamaks (Alcator C-Mod, CIT, etc.)
cannot be neglected, especially in the outer regions of
the plasma where the kinetic temperatures are low.
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