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An existing microwave interferometer system is modified to add the capability of polarimetry in the 
CDX-U tokamak. Though this interferometer system can scan vertically and radially, only the 
vertical view channel is modified to accomodate Faraday rotation measurements, with its radial 
scanning capability preserved. For our relatively long microwave wavelength, the signal amplitude 
variation due to refraction is more important than effects due to vibration. An amplitude independent 
design of Faraday rotation diagnostics has been developed. By using a linearly polarized beam as 
input and putting a rotating polarizer in the beam after the plasma, birefringency effects are 
minimized. A digital phase detection technique has been developed for better resolution of the 
Faraday rotation angle. Q 1995 American Institute of Physics. 

I. INTRODUCTION 

The Current Drive Experiment-Upgrade (CDX-U) de- 
vice is a low-aspect-ratio tokamak facility to investigate tok- 
amak improvement concepts such as novel noninductive cur- 
rent drive techniques and confinement improvements.‘p2 
Measurement of the plasma current profiles is very important 
for the study of these physics issues. Taking advantage of 
low-temperature plasmas, internal magnetic probes as well as 
external magnetic pickup coils were used to obtain plasma 
current-density profJes.3 Recently, the CDX-U tokamak has 
been upgraded with a new ohmic heating (OH) system. With 
the new OH system, plasmas with higher densities and cur- 
rents in a low-aspect geometry are achievable. This new op- 
erating regime opens up the possibility of microwave polari- 
metric measurement of current-density profiles by modifying 
the existing microwave interferometer system.4 

Since the Faraday rotation method was proposed as a 
tool for measurement of tokamak plasma current distribution 
by Marco and Segre,’ several variations of the technique 
have been developed. Starting with the experimental demon- 
stration on TFR,6 Faraday rotation measurements were 
adopted as a current profile diagnostic in several devices.7b 
Conventional amplitude dependent designs have progressed 
toward a phase-sensitive detection technique to remove pos- 
sible errors such as refraction and ellipticity effects. 

Present-day tokamaks use wavelengths in the far- 
infrared range both for interferometry and for polarimetry. 
On CDX-U, the relatively low plasma density allows the use 
of a 2 mm wave for interferometry and polarimetry. A longer 
wavelength is favorable for the Faraday rotation signal, 
which is proportional to the square of wavelength. However, 
refraction and hirefringency effects, proportional to the 
square and the cube of wavelength, respectively, also become 
large with wavelength. In view of this, phase-sensitive detec- 
tion is more advantageous for the 2 mm polarimeter system 
than an amplitude sensitive method. 

In Sec. II, polarization changes are calculated for differ- 
ent probing beam polarizations. Looking at linear birefrin- 
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gency effects and Faraday rotation separately, qualitative and 
quantitative changes of the probing beam polarization are 
estimated for the polarimetry system design. Also, expected 
signal levels from Faraday rotation in CDX-U plasmas are 
presented. Section III describes the present microwave inter- 
ferometer system and the proposed polarimetry modification. 
With radial scanning capability preserved, the present inter- 
ferometer system can operate as a polarimeter system by 
adding a rotating linear polarizer and an additional 
amplitude-modulation detection circuit. 

II. POLAFWIETRY THEORY 

To calculate the polarization rotation (A+) and ellipticity 
change (Ax) experienced by the probing beam as it propa- 
gates through the plasma, we have followed the formalism 
given by Marco and Segre.’ When the initial polarization is 
linear, A+ is equivalent to the pure Faraday rotation, given in 
SI units as 

ZO 
A*,,=2.6Xlo-r3h2 

I 
n(z)B,Wdz, (11 

-20 

where B, is the component of the magnetic field along the 
beam. In the more general case of elliptical polarization, the 
rotation of the polarization angle will also be a function of 
the optical activity, or linear birefringence, of the plasma. 
The total rotation can now be written as 

A@=A@,-tan 2x0 cos ~I+!J~Ax~ 0) 
for small values of A@ and 8% The quantity Axb is given by 

I 

20 
Ax~=~.~xIO-‘~X~ n(z)B2,(z)dz (3) -20 

which also defines the change (caused by the plasma) in the 
ellipticity of the beam. Here, B, is the component of the 
magnetic field perpendicular to the beam. Since the toroidal 
field B, is by far the largest component of B,, the birefrin- 
gency depends in practice on the toroidal field. 

We see that the Faraday rotation increases with X3, and 
therefore a longer wavelength will be favorable below the 
density cutoff value. On the other hand, birefringency in- 
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FIG. 1. The effects from elliptical polarization on A# and AX as a function 

of initial polarization angle (co for various probing beam ellipticities. The 
solid lines refer to the case of linear polarization. 

creases as h3. It is therefore important to investigate this 
effect more closely in the case of longer wavelengths like 
that in the present experiment. 

In Fig. 1 an example is shown of how the birefringence 
effect in the case of an elliptically polarized wave affects A+ 
and Ax as a function of the incident polarization angle $a 
and for different values of x0. In the case of linear polariza- 
tion, the polarization change is due only to Faraday rotation, 
as discussed above. For elliptically polarized waves, the bi- 
refringency effects induce a periodical variation in the differ- 
ence between the pure Faraday rotation and AI& as shown in 
Eq. (2). The deviation from pure Faraday rotation at x0=20” 
is up to 215%. From the above description we see that the 
birefringence effects in a phase-sensitive experiment (rotat- 
ing initial polarization) may be avoided by either transrnit- 
ting a linearly polarized beam through the plasma or by tak- 
ing out the birefringence effects from the signal of a rotating 
elliptically polarized beam with a bandpass filter centered at 
the rotating frequency of the beam. For small to moderate 
angles of x0, we see from Fig. 1 that the change in ellipticity 
is less than ?0.06” and hence of little importance for experi- 
mental considerations. 

Theoretical calculations for the parameters of the 
CDX-U tokamak were carried out in order to assess the ex- 
pected values of AI) and Ax, giving a basis for the experi- 
mental method to be chosen. Simple parabolic models of the 
electron density n, and toroidal current density j were used, 
withne=Ro [l-(r/a)‘] and j,==ja [l-(r/a)?, Q, and j0 
being, respectively, the electron density and current density 
at the center and a the radius of the plasma cross section. The 
toroidal magnetic field is given as BT=BTOI( 1 + d/R,), 
where d is the distance from the plasma center to the beam 
chord, R, the major radius of the plasma center, and BTO the 
central toroidal field. The results from these calculations, 
with a total current of 50 kA and line integrated density of 
lXIO1* m-a, indicate that we may expect the maximum Far- 
aday rotation to be approximately 1.5”. This value is very 
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FIG. 2. A schematic of the CDX-U polarimkry system. 

small, and therefore a phase resolution better than 0.1” is 
needed to resolve the current profile. 

Ill. INTERFEROMETER/POLARlMETER SYSTEM 

A. Microwave interferometer system 

A 140 GHIz microwave interferometer system4 was built 
to measure electron-density profiles in CDX-U. Using top 
and bottom rectangular ports, a vertical view from R = 26  to 
58 cm is provided. Also, the horizontal view has a scanning 
capability from Z= -22 to 22 cm through the rectangular 
side port by reflecting off the mirror at the centerpost. One 
cm thick, fused-quartz windows are used to transmit micro- 
waves through the vacuum ports. The whole table containing 
optical elements and electronics moves radially, and horizon- 
tal view optics mounted on this table move vertically. For 
complete two-dimensional density data, scanning is per- 
formed by taking one position measurement per shot. 

To measure the phase shift, a  heterodyne detection tech- 
nique is used. limo Gunn diode oscillators with a small fre- 
quency difference are used as transmitter and local oscillator 
(LO) to do the heterodyne detection. The drifting frequency 
difference between the transmitter and the LO is removed by 
a forward-tracking circuit.’ The mixed signal is down-shifted 
to an intermediate frequency of 30 MHZ for phase detection. 
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B. Polarimeter system design 

The existing microwave interferometer system can be 
modified to have the capability of polarimetry. The conven- 
tional way is to put a polarizer in front of the detector and 
measure the amplitudes of two orthogonal polarizations. 
However, these amplitude measurements can be complicated 
by the effects of refraction and beam ellipticity. Refraction 
effects in a region with a strong density gradient can reduce 
amplitudes significantly by beam deflection. Several differ- 
ent methods are introduced to remove these complexities, 
mainly via phase-sensitive techniques. Among them, the ro- 
tating polarization ellipse techniques has been most popular 
due to its simplicity and amplitude independency. 

lf we assume that the plasma properties are reproduced 
from shot to shot, simultaneous polarimetric and interfero- 
metric measurements are no longer required. Therefore linear 
instead of elliptical polarization can be used in the probing 
beam, and an additional narrow-bandpass filtering to get rid 
of birefringence effects can be avoided. Any induced ellip- 
ticity of a linearly polarized probing beam along its transmis- 
sion path can be maintained infinitessimally small by fixing 
input polarizations either parallel or perpendicular to the to- 
roidal magnetic field. In this arrangement, the amplitude 
modulation can be done by putting a rotating linear polarizer 
and a receiving antenna behind the plasma. 

The modulated signal can be downconverted to 30 MHz 
with the same circuits used in the interferometer, and the 
modulated envelope wave form can be detected by a rf am- 
plitude detector, Reference pulses can be generated by the 
rotator itself instead of another reference beam pass. The 
resolution of Faraday rotation angle can be improved signifi- 
cantly by using a digital phase detection technique as shown 
in Fig. 2. The inverse of the reference signal from the rotat- 
ing polarizer is combined with the detected signal via an 
AND logic gate. The short pulse due to phase difference can 
be measured by passing through another -AND gate with 
high-frequency local oscillator signals, and integrating these 
very short pulses. In this scheme, a rotation angle of 0.012” 
can be measured with a 30 MHz oscillator and a 1 kHz 
rotating polarizer. 

Time resolution depends on the modulation frequency, 
i.e., rotation speed of the polarizer. By putting a slow rotator 
(rotating speed of only up to 100 Hz), the amplitude modu- 

lation and detection has been tested. At this slow speed, time 
resolution is not small enough for ohmic discharges in the 
CDX-LJ tokamak. However, the present technology of me- 
chanical rotators allow them to reach around 1 kHz with an 
air bearing spindle, allowing a time resolution of 1 ms. 

IV. SUMMARY AND FUTURE PLANS 

The microwave interferometer system on CDX-U is 
modified to add the capability of polarimetry. Accounting for 
relatively large birefringency effects on longer wavelengths, 
probing beam polarizations are constrained to be linear and 
either parallel or perpendicular to the toroidal magnetic field. 
Also, using polarization modulation after passing through the 
plasma and detecting phase change, amplitude variations due 
to refraction are eliminated. A slowly rotating polarizer and a 
receiving antenna have been installed to test a newly de- 
signed microwave polarimeter system. Since the time reso- 
lution of this slow modulation system is not fast enough for 
the CDX-U ohmic discharges, a high-speed rotator is under 
construction for better time resolution. For accurate measure- 
ments of rotation angles, a digital phase detection technique 
has been developed. These Faraday rotation measurements 
will be combined with data from CDX-U magnetic diagnos- 
tics and interferometry in order to reconstruct current-density 
profiles. 
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