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Temperature-controlled, 0.15 nm interference filters were installed on an edge-viewing system of the 

motional Stark effect polarimeter on the DIII-D tokamak. The upgraded system provides linear control of the 

filter wavelength, which is important for operation in discharges where the populations of the excited states 

are not expected to be in statistical equilibrium. In this case, the inferred polarization angle displays a 

dependence on the mix of detected polarization states. Recent measurements from the calibrated edge-

viewing system show increased agreement with other MSE arrays.  

 

I. INTRODUCTION 

In the DIII-D tokamak, accurate reconstructions of the 

internal magnetic field rely on measurements from a motional 

Stark effect (MSE) polarimeter.
1–4

 The system views the Balmer 

 emission from a deuterium neutral beam injected at 81 kV into 

the midplane region of a magnetized plasma of strength 2 tesla. 

The beam consists of mono-, di-, and tri-molecular deuterium 

atoms so that three different energy components contribute to the 

active beam emission. Due to the motional Stark effect, the 

Balmer  line ( n = 3  to 2 transition for principle quantum 

number n ) for each energy component is split into six  

components polarized along the electric field direction, and three 

 components polarized perpendicular to the electric field. Six 

other transitions are possible, but due to their weaker intensities 

are not usually observed. In DIII-D, the internal magnetic field is 

inferred from measurements of the polarization angle of the full-

energy  components. The measured profile extends from the 

high field side of the magnetic axis out toward the plasma edge 

on the low field side. There is a high level of confidence in core 

MSE measurements owing to previous validations of the 

measurements.
5,6

 Compared to the core, MSE measurements in 

the pedestal must be considerably more precise and accurate due 

to the subtle variation in the edge magnetic field, the presence of 

a strong edge electric field in discharges where pedestal 

measurements are relevant, and to the complex Stark-split 

deuterium alpha spectrum there. The initial edge MSE system 

design was guided by these considerations.
4
 However, due to 

unexplained inconsistencies between edge MSE data and other 

measurements, edge MSE data have not been used routinely in 

plasma equilibrium reconstructions where the edge plasma 

current is of prime importance. 

Recent hardware modifications to the edge MSE system 

have been made to address various issues including the 

dependence of the inferred MSE pitch angle on the mix of 

detected Stark states under conditions where the populations of 

the excited states are not expected to be in statistical equilibrium.  

(Lack of statistical equilibrium means the sublevels within the 

manifold of a principle quantum number are not equally 

populated.) This was done in two ways: by increasing both the 

precision of the wavelength calibration and the polarization 

fraction of the detected emission using temperature-controlled, 

narrow (~0.15 nm) bandpass filters. This initial scoping study 

was done on only nine edge MSE channels. Analysis of recent 

data shows a reduction in the dependence of the inferred 

polarization angle on the mix of detected Stark states, and 

increased agreement in the measured vertical field between the 

edge system and other MSE arrays. 

II. WAVELENGTH CALIBRATION  

The measurement of the Balmer  spectrum is spatially 

localized to the intersection of the sightline and the neutral beam. 

The observation geometry, beam voltage, and magnetic field 

strength determine the central wavelength of the Doppler-shifted 

Stark-split emission. In the original polarimeter design for the 

edge array (Fig. 5 in Ref. 4), the interference filter was tuned to 

the desired  wavelength by varying the angle of incidence of the 

light passing through the filter. This method exploits the 

nonlinear dependence of the filter bandpass on the angle of 

incidence where a non-zero angle results only in a blue shift. By 

tilting the filter, the filter bandpass is scanned across the  and 

 components resulting in a polarization spectrum.
7
 The optimal 

alignment occurs when the bandpass is aligned with the 

 component and the signal intensity is maximized. 

Under conditions where the upper state populations achieve 

statistical equilibrium, the  components are polarized 

perpendicular to the  components.
7
 In this case, the total 

polarization angle measured by the MSE system is not sensitive 

to the polarization fraction, or mix of detected  and  

components so that detection of some  light would reduce the 

signal-to-noise ratio but not change the polarization angle. This is 

ideal for MSE diagnostics since detection of some  light is 

unavoidable due to the level of Stark splitting under typical 

plasma conditions. 

Previous analysis of polarization spectra from DIII-D has 

shown that the upper state populations are likely not in statistical 

equilibrium for densities below 5 1019  m 3
.
7
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by recent measurements showing that the MSE polarization angle 

is sensitive to the filter wavelength calibration in this density 
range. Figure 1 shows the inferred pitch angle ( ) as a function 

of the filter tilt angle ( ). The data was taken from similar 

plasmas where the magnetic field pitch angle was constant and 

the filter angle was varied in between discharges. The measured 

( )  has a dependence on  similar to the filter bandpass, plotted 

as a solid line. The horizontal dotted line marks the calculated 

Doppler shifted wavelength of the Balmer  line based on an in-

vessel spatial calibration. The vertical dashed line shows the 

calibrated filter tilt angle. The alignment of the two shows 

consistency between the spatial and wavelength calibrations. The 

density dependence of this effect has not yet been measured. 

 

 
FIG. 1. Dependence of the MSE polarization angle (circles, left 

ordinate), and the central wavelength of the filter bandpass (line, 

right ordinate) on the tilt angle of a 0.3 nm bandpass interference 
filter. Horizontal line marks the predicted wavelength of the 0 

component. Vertical dotted line marks the calibrated tilt angle. 

II. SPECTRAL BROADENING 

Like the core MSE system, the first generation edge MSE 

system used interference filters with a 0.3 nm bandwidth, which 

was chosen to maximize the signal-to-noise ratio (SNR) in 

discharges with a 2 tesla toroidal field. (The SNR was defined as 

the difference in the intensities of the  and  manifolds.
4
) This 

bandwidth maximizes the SNR at the cost of the polarization 

fraction, which is decreased to 87% due to the proximity of the  

and  lines, and broadening effects from the MSE optics. This is 

illustrated in Fig. 2, which shows the predicted Stark spectrum as 

viewed by an edge MSE chord along with the transmission curve 

of the 0.3 nm filter. The spectrum was calculated for a 2 tesla 

discharge using measured kinetic profiles, reconstructed poloidal 

magnetic flux, the neutral beam geometry, MSE optic 

specifications, and analytic approximations of the charge-

exchange cross-section effects,
8
 and Stark line shapes.

9 
The 

spectrum from a system with finite optics is broadened compared 

to the ideal case of a single pencil beam view because the 

sightlines intersect the neutral beam over a range of angles 

resulting in a range of observed  Doppler shifts. 

A low polarization fraction can explain the dependence of 

the polarization on the wavelength calibration as discussed in 

Sec. I. Installing a tall but narrow aperture in the optical train 

could limit the field of view in the radial direction and minimize 

the broadening effect. However, the existing aperture could not 

be easily modified. Instead, it was decided to install interference 

filters with a reduced bandwidth of 0.15 nm. Calculations 

predicted an increase in the degree of polarization to 95% at the 

cost of reducing the photon flux by 50%. Calculations also 

showed that a filter with a sharper cutoff/on would help to 

discriminate the manifolds, but the resulting filter cost was 

prohibitive. The final design was based on a single-cavity filter in 

order to retain a high transmission of 60%–70%. 

 
FIG. 2. Calculated Stark spectrum for a chord viewing the plasma 

edge (black, solid), transmission curve for a 0.3 nm bandpass 

filter (red, dashed) and 0.15 nm bandpass filter (blue dotted). 

III. HARDWARE SPECIFICATIONS AND 
CALIBRATION 

When calibrating the wavelength of these narrowband 

filters, it is impractical to use a non-normal angle of incidence 

since this can increase the bandwidth and reduce the 

transmission. Fortunately, the filter bandpass can be tuned by 

controlling the filter temperature using filter ovens from Andover 

Corporation. In 2011, the scanning interference filter 

configuration was replaced by filter ovens for nine chords 

viewing the plasma edge. The ovens control the temperature to 

within 1°C from 5° above ambient (~25°C) up to 60°C. The filter 

temperature coefficient for wavelengths near 656 nm is 

~0.02 nm/°C, which allows the bandpass to be varied by ±0.3 nm 

around the design temperature. The system was calibrated to the 
wavelength of interest by measuring the deuterium alpha (D ) 

intensity as a function of the filter wavelength, Fig. 3, in 

controlled discharges where quantities that affect the signal 

intensity such as plasma position and density were held fixed. 

Although the procedure requires a dozen discharges to complete, 

 
FIG. 3. Dependence of the measured D  intensity on the central 

filter wavelength of a temperature-controlled filter with a 

0.15 nm bandpass for a chord viewing the plasma edge. Dashed 

vertical line marks the central wavelength of a 0.3 nm filter used 
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in the scanning filter configuration. The horizontal line marks the 

wavelength range covered by tilting the filter ±5°. 

 
FIG. 4. Dependence of the MSE pitch angle on the central 

wavelength of a temperature controlled 0.15 nm filter. 

 
all the channels can be calibrated simultaneously. The resulting 

calibration wavelengths are in good agreement with previous 

calibration results using the scanning interference filters. 

The new system shows a reduced variation in the pitch angle 

with the filter bandpass, Fig. 4. The measurements were averaged 

over 90 ms in low-density ( ~ 1.0 1919  m 3
) neutral beam 

heated discharges. The linear trend in the pitch angle is consistent 

with the linear dependence of the wavelength on the filter 

temperature. The density dependence of the observed trend is the 

subject of onging investigation. 

IV. INITIAL MAGNETIC FIELD MEASUREMENTS  

The upgraded edge system was commissioned and 

calibrated during 2011. Initial magnetic field measurements from 

the edge system show good agreement with the tangential MSE 

system, which has a single view of the plasma pedestal region. 

Data from the two systems are compared in Fig. 5(a), which 

shows the time evolution of the effective vertical magnetic field 
( BZ0 ), which is the vertical field measured by the MSE system 

including the contribution from the plasma generated radial 
electric field ( Er ).

10 
The two edge views are localized in the 

plasma at major radii 2.250 m and 2.254 m, and the tangential 

chord view is at 2.252 m as measured during an in-vessel 

calibration. These locations mark the centers in major radius of 

the sampling volumes, which are 10 cm wide for the tangential 

viewing system, and 3.5 mm wide for the edge-viewing system. 

During the low confinement mode (L-mode) phase of the 

discharge when the plasma generated radial electric field is small, 

the two systems are in good agreement. However, following the 

transition to the high confinement mode (H-mode), the 
contribution of Er  increases with the plasma rotation leading to a 

significant difference in BZ0  as measured by the two arrays. The 

difference is a result of the viewing geometry alone, and allows 
the system to simultaneously measure the BZ  and Er . Results 

from equilibrium reconstructions using the upgraded system will 

be reported in a future publication. 

 
FIG. 5. Time evolution of (a) BZ0  as measured by the upgraded 

edge system (triangles), and the main tangential MSE array 
(circles), and (b) the D  emission in the lower divertor as 

measured by a filterscope system. 
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