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Abstract 

Motional Stark effect produces large net linear polarization of hydrogenic beam 

emissions. Measurement of tbe polarization direction permits to determine tbe lo

cal magnetic field pitch angle. Design of a single point, spatially scannable, high-

sensitivity polarimeter installed on Dili—D is described. Excellent signal—to-ooise 

ratio with good temporal and spatial resolution was obtained in preliminary mea

surements of magnetic field pitch angle. 
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1. Introduction 

Spectroscopic diagnostics of the poloidal magnetic field in a tokamak are based 

on the polarimetry of spectral lines. When the polarization of a line is due to the 

Zeeman effect, a fundamental difficulty is associated with the fact that the Zeem&n ef

fect splitting is usually smaller (as for the neutral beam emissions1 , 3) or much smaller 

(for emissions of thennalized impurities5,4) than the line width. This results in al

most prohibitively small polarization effects which need to be measured to provide a 

reasonable accuracy of the poloidal field determination. Recent PBX-M results indi

cate that this problem may be avoided by the use of H„ line emitted from a neutral 

beam.5 Hydrogen exhibits a linear and thus unusually strong Stark effect (splitting 

and shift of atomic energy levels in an external electric field). In the case of high 

energy hydrogi-n or deuterium beam in a tokamak, the line structure is dominated by 

the motional Suxk effect due to the Lorentz electric field E - v x B , where v is the 

beam velocity, and B is the total magnetic field. 

Stark effect produces splitting of the Balmer-a line ( H Q / D a , Ao=6562 A, tran

sition n = 3 —• 2) into 15 components, only 9 of which have appreciable intensity.' 

These components are divided into two polarization groups. The n lines (transitions 

for which Am=0) are linearly polarized parallel to E (having no intensity when ob

served along E), and the a lines (Am = ±1) axe polarized perpendicular to E when 

viewed perpendicular to E and are unpolarized when viewed along E. Here, m is the 

projection of the total orbit- momentum en the electric field direction. In DIII-

D, Doppler shifted beam emissions are observed at full, 1/2, and 1/3 beam energy, 

corresponding to the beam molecular composition.7 For each beam energy compo

nent, three components of H„ line may be resolved. The central peak is a blend 

of three Stark (^-components and each of the Bide peaks is a blend of three Stark 

w-components. Typical wavelength separation of a and T manifolds is 5 A. 

2 



The magnetic field pitch angle measurement utilizes the fact that the ^-components 

are polarized in the direction perpendicular to the local electric field ani' the mea

surement of polarization direction allows to determine the local magnetic field pitch 

angle. Large wavelength separation between a and jr features results in an excellent 

signal-to-noise ratio. 

The Balmer-/? (H^) line (Ao = 4861.3A, transition n = 4 -• 2) has two <r and 

two 7r manifolds. Their wavelength separation is not as pronounced as for H a and 

the fractional linear polarization in the center of the o component is slightly smaller 

for Hp than for H a . As the detection efficiency is expected to be somewhat better at 

the Hp wavelength, this line may provide a measurement of comparable quality. 

2. Geometry of the measurement 

DIII-D tokamak is equipped with eight high power neutral beams injected al

most tangentially on the machine midplane from four toroidal locations — Figure 1. 

Thus, in the absence of plasma current, the motional electric field is vertical. Devi

ation from the verticil direction is produced by the electric field component due to 

poloidal (vertical) magnetic field and either radial component of the beam velocity 

(for observation in the radial direction), or toroidal component of the beam velocity 

(for observation tangential to the toroidal direction). The diagnostic described here 

employes an almost tangential view close to the machine midplane, analogous to the 

one used by the tangential CER system 7. This geometry has several advantages: 

(1). The viewing line, at the region of intersection with the beam, is nearly 

tangential to the flux surfaces, therefore providing a reasonable localization of the 

measurement in the major radial direction. The beam cross-section is approximately 

50 cm high and 10 cm wide. 

(2). The available observation ports have sufficient apenure for a multi-sightline 

system covering R=150 cm—230 cm (tokamak major radius is 164 cm, the plasma 

outer edge is typically at about 230 cm). 
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(3). The angle between the sightlines and the neutral beam yields a sufficiently 

large Doppler shift to resolve the beam emissions from the thermal (plasma edge) 

emission, and to resolve beam energy components. 

The relation between measured polarization direction and actual magnetic field 

pitch angle depends on the observation direction with respect to the beam velocity 

and the magnetic field. In general, a projection of the pitch angle on the plane 

perpendicular to the direction of observation is measured. With the beam velocity on 

the midplane, at angle a to By, and the observation direction at angle CI to Bj- and 

at angle 9 to the vertical direction, the measured tilt angle of the polarization vector, 

7 m , is given by: 

t = Bvcosja + 0) 
fflm Svcos9sin(a + n)-ain9(BRco3a-BTainay l ' 

where Bv, BR, and BT are the vertical, radial, and toroidal components of the mag

netic field. In the present set-up, 8 ~93 deg and 

__ Bveoa(a f fl) ___ Bycosja + f>) 
ff7m = BReosa - BTsina ~ " BT>ina l ' 

Thus, the tangential observation results in a reduction of the measured tilt angle 

with respect to the actual magnetic field pitch angle. In the present geometry, the 

reduction factor is about 0.9 for the riefl" (more tangential) neutral beam and 0.6-0.8 

for the "right" beam, depending on the spatial position. 

3. Polarimeter 

The instrument consists of polarizer head (rjounted on the machine port), fiber 

optic link, wavelength filter, photomultiplier detector, and lock-in amplifiers (all 

placed outside the machine enclosure). 

3.1. Polarizer 
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The polarization measurement is based on a high frequency polarization mod

ulation of the beam emission and lock-in detection of the signal.5'*'8 A photoelastic 

modulator (PEM) is the main component of the polarizer. This device serves as an 

oscillating wave-plate with the retardation varying from -A/2 to +A/2, and pro

duces fast rotation of the direction of linear polarization of transmitted light. PEM •' 

followed by a stationary linear polarizer which transforms the polarization direction 

modulation into intensity modulation. 

For the linear polarization direction measurement, the optimum system consists 

of two PEM's working at slightly different frequencies. The first modulator optica] 

axis is placed along the tokamak vertical axis (z-axis), the second modulator axis is 

at 45 deg to the z-axis. The modulator frequencies are 42 kHz and 47 kHz. The 

modulators are followed by a stationary linear polarizer oriented at 22.5 deg to the 

z-axis. The light intersity behind the polarizer is given by: 

25 = (/„ + /*) + ' r

 w'[-coa&1ain2'i + a>363a>32-y - tin£x3inS3»in2y], (3) 

where /»(A) and /.(A) are wavelength dependent intensities of <r and ir manifolds, 

Si and $± -'.T; the time dependent retardations produced by the first and the second 

PEM at frequencies U\ and wj, respectively. 

1 here is no coupling between the modulations of the transmitted signal at fre

quencies 2u! and 2u>j. (There is a coupling, resulting from the last term of Eq. 3, 

between the modulations at the fundamental frequencies). With the same retardation 

amplitude, fo, for both modulators, the modulation amplitudes at 2o>i and 2a-j are 

given, respectively, by: 

5.ci = ' p: ' Ja(&))"'"27, (4) 

and 

5« j = —° j - " J2{(j>a)cxia2-f. (5) 
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Ratio of the modulation amplitudes gives: 

Thus, in this arrangement, the result of polarization direction measurement does 

not depend on the wavelength and details of the line profile shape. The signal-to-

noise ratio depends on the wavelength separation of a and n- components and is the 

largest at the wavelength at which 1, — /» has maximum, i.e. at the center of a 

manifold. 

Figure 2 shows the polarizer head. The light is collected by about 6 cm diameter 

lens, then collimated and transmitted through the two PEMs and a polarizing cube. 

The third lens focuses the radiation on a 1 mm diameter optical fiber which carries 

the light outside the machine enclosure. Note that the use of only one fiber results in 

the loss of half of the radiation. Another focusing lens and a second fiber is placed 

perpendicular to the optical axis of the set-up to retrieve this radiation. The signals 

carried by both fibers are identical except for 180 degree shift in the phase of high-

frequency intensity modulation. 

The demagnification of this optical system is about 20 which gives the spatial 

resolution in the plasma of about 2 cm. Some additional degradation of spatial 

resolution is due to line-of-sight integration over the beam width. 

The polarizer head views the plasma through a glass window on a tangential 

port located about 13 cm below the machine midplane. It is mounted at a small 

angle to the horizontal plane in such a way that the sight line crosses the 30 Left 

neutral beam in the vicinity of the machine midplane. The optics is placed in a 

precision tilt mechanism that allows for an accurate and reproducible positioning of 

the sightline-beaai intersection point at 17 different major radii. 

3 .2 . Wave length filter 
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The intensity modulated radiation is transmitted to the interference filter spec

trometer. This set-up houses the collimating optics, narrow bandpass (3 A) interfer

ence filter and photomultiplier detectors. 

The peak transmission wavelength of the filter may be decreased by tilting the 

filter. To facilitate a fast wavelength scan the filter is mounted on motor driven 

tilt stage with a position monitor. The position of maximum polarization signal, 

corresponding to tbe center of cr-manifold, depends on the Doppler shift (and thus, 

beam energy and sight line) and may be empirically determined during ooe beam and 

plasma pulse. 

The light emerging from two optica] fibers remains geometrically separated in 

tbe spectrometer but the wavelength response is the same for both channels. In the 

last stage cf the set-up, the light if focused on two photomultiplier tubes. 

3 .3 . S ignal analys is 

The photomultiplier signals are filtered and amplified by two lock-in amplifiers 

referenced to the PEMs phase and frequency. Differential input option of the lock-in 

amplifiers allows to add the signals from two photomultipliers and to use only one 

amplifier for a given modulation frequency. The lock-in amplifiers output signals 

proportional to the magnitude of the modulation at a given frequency. These signals 

are digitized and stored in the DIU-D data base. As shown above, the ratio of these 

signals is a function of the pitch angle, j m . 

3.4 . Cal ibrat ions 

All the linear polarization analyzers share a rather serious drawback that the 

polariring optics must be very accurately aligned with respect to the reference di

rection of polarization tilt measurement (in this case, the tokamak midplane). The 

accuracy of this alignment must be better than the required accuracy of the pitch 

angle measurement ( < 0.5 deg). 
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Two stage angle calibration is performed. In the gain calibration, a laboratory 

light source is used, a linear polarization filter is placed in front of the polarizer bead 

and polarimeter signals are measured as a function of the polarizer angular position. 

The offset angle (angle measured for zero tokamak magnetic field pitch angle) is 

determined in litu by measuring the polarization tilt angle in the absence of plasma 

current. This kind of data is obtained by firing the neutral beam into machine with 

only the toroidal field coils activated. Another calibration involves measurement of 

the tilt angle at the plasma edge. The offset is obtained by comparing the measured 

value with the result of magnetic prob? measurements and equilibrium calculations. A 

rather large value of offset angle, about 5 degrees, is obtained in these measurements. 

Mechanical misalignment of the polarizer may be one source of the offset. There is 

also a possibility of appreciable Faraday rotation effect in the polarizer head optics. 

It is estimated that the toroidal field component along the polarizer optical axis may 

produce rotation of the linear polarization direction of 2-3 degrees. 

An accurate determination of the measurement geometry, i.e. angles a, 0 , and 

8 in Eq 1, and of the rad-al position of the measurement volume (intersection of the 

instrument sightline with the neutral beam) is also of crucial importance in the inter

pretation of e x p e r i m e n t data. This information is obtained by in vessel calibration 

in which the instrument is backlighted and positions of all sight lines are measured 

with respect to the machine fiducial points. 

4. Preliminary results 

The motional Stark effect polarimettr has been successfully operated in DIH-D. 

Strong polarization signals are routinely obtained at densities of up to 1 0 1 4 c m " ' , and 

at up to 40 cm from the plasma edge. With the time resolution (amplifiers response 

time) of 10 ms, the noise level of the tilt angle measurement is at the level of 0.1-0.2 

degree, i.e. less then 3 % of the measured angle. 
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Figure 3 shows an example of polarimeter data obtained for a douole null diver-

tor discharge with total current 1 MA and toroidal field 1.2 Tesla. The polarization 

measurement is obtained at major radius R=192 cm, the plasma edge is at R=225 

cm (oa the midplane), and the plasma magnetic axis is at R^166 cm. The data 

were taken during the plasma current ramp-up which is re8ected by increase of the 

measured pitch angle. The figure also shows the soft x-ray diagnostic data from one 

central and one edge sightline, which demonstrate sawtooth activity in the plasma 

i.*nter. Sawtooth inversion radius deduced from soft x-ray signals is at about R=181 

cm. The magnetic field pitch angle signal seems to be correlated with the sawtooth 

period and indicates flattening of the current profile (decrease of tbe pitch angle) after 

the sawtooth crash, and peaking of the current profile before the crash. This is in 

qualitative agreement with reconnection model of sawtooth. Tbe response time of the 

polarimeter (integration time of lock—in amplifiers) is in this case about 10 mi , much 

slower than the crash time observed by the soft x-ray diagnostic. 

The result of motional Stark effect polarization measurement will be incorpo

rated into the magnetic equilibrium code to provide a constraint on the calculated 

current density profile (or the safety factor on axis, q(0)). Tbe code employs data from 

a number of magnetic field probes placed on the plasma periphery. Initial attempt to 

determine q(0) from the data presented in Figure 3 resulted in q(0)~1.05 after the 

sawtooth crash, and q(0)^0.95 before the crash. The accuracy of thi* result is about 

0.2, with the main error source being tbe uncertainty of offset angle measurement. 
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Figure Captions 

Figure 1. Top view of DII I -D showing the neutral beam geometry and spatial 

coverage of the polarimeter (shaded area) . Either of the beams from 30 deg. beamline 

may be employed in the measurement. 

Figure 2. Polarizer head design. 

Figure 3. Example of a plasma shot with the polarimeter data and dedui^d 

magnetic field tilt angle. 
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