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ABSTRACT. This article describes a novel millimetre-wave polarienéhterferometer for measur-
ing the Faraday rotation of the plane of polarization of ebprg coherent electro-magnetic beam
that traverses a magnetized plasma. Independent freqoéisey heterodyne carriers for the inter-
ferometric and polarimetric angles are generated usingrpezhmicrowave source. The system
has the advantage of requiring just a single frequency-tatahle source and a single detector
for each spatial probing beam. The paper describes thensygperating principles and reports
measurements using a benchtop system that demonstrate#seimment principles and expected
performance. A system based on this principle is now beimgtcocted for measurements on the
HIT-SI tokamak.
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1 Introduction

The rotation of the polarization of a linearly-polarizeabping laser beam traversing a magnetized
plasma is a useful electron density or internal magnetid figlgnostic 1, 2]. The Faraday rotation
angle of the electric vector is given b§]{

L
Pr26x1013)2 / neBydl. (1.1)
0

where A is the laser vacuum wavelength aBg = B.I, whereB is the magnetic field] is the
unit vector in the laser propagation directiang,is the electron density,l ds a line element and Sl
units are used. For toroidal magnetic confinement systdras;hoice of probe wavelength ranges
from the infrared for large high-power devices (e.g. ITERWd to millimeter-wave systems for
smaller devices as determined by the ratio of the probingutacy to the plasma and electron
cyclotron frequencies. Usuallge is determined simultaneously by measuring interferoroatyi
the accompanying refractive phase stiit [

¢ =relo /0 ) ned| (1.2)

wherere = €2/ (41egmec?) = 2.82 x 10~ 15m is the classical electron radius.

The Cotton-Mouton effect, which is sensitive to the magnégld components perpendic-
ular to the viewing line, also causes elliptization of thelpng beam. For propagation across
inhomogeneous plasmas, the Faraday and Cotton-Moutocteffeuple the polarization ellipse
parameters so that equatiah i) is an approximation whose validity depends on the probeg g
ometry and the initial polarization orientatiof]] While the instrument described here can be
generalised so as to measure all components of the Stok&s,viec our purposes we make the
usual assumption that the coupling from the Cotton-Moufieceis small and the approximation
given by equationX.1) is valid. Under these conditions, and subject also to gpjate symmetry
assumptions (e.g. toroidal or flux-surface symmetry), tralel magnetic field can be inferred
from simultaneous measurementgjond¢ at a sufficient number of positions across the plasma.



The simplest scheme to estimate the polarization ori@mat to measure the intensity of
the rotated electric field component through an analyzented to reject the original probe beam
polarization #]. In this case, the transmitted component is usually mixét an independent,
frequency offset local oscillator and the amplitude of theulting beat signal is approximately
proportional toy. Various phase-encoded heterodyne systems have also éesombd 58]

Most heterodyne schemes require either multiple indepdrfdeinfrared laser sources or me-
chanical modulators such as rotating gratings or waveplatgenerate the frequency offset local
oscillator. In the former case, the probing sources mustbefally co-aligned to remove differ-
ential refraction effects. Homodyne schemes (no frequelffsgt required) require two detectors
per spatial channel in order to extract the interferometrid polarimetric phase anglésand .
These systems are also difficult to balance in order that ie&action effects are negligible.

Our approach measures both interferometric and polarigriaformation using a chirped mi-
crowave source and a single detector per probe beam. Betaisystem uses only a single
radiation source and a single detector per spatial chaitisbiould be robust against errors caused
by refraction within the plasmar]. The usefulness of the technique relies on the ability & fr
guency modulate the radiation source, and so is partigweell-suited to lower-density devices
where voltage-tunable microwave sources are applicaldeeadily available.

This paper is organized as follows. The operating prinogflthe polarimeter-interferometer
and a prototype benchtop system are described in seztidth a Jones matrix analysis of the sys-
tem given in the appendix. Results using the prototype syste presented in secti@ The sys-
tem performs as expected with little crosstalk betweenritexferometric and polarimetric signals.
A multi-channel interferometer/polarimeter based on thiegiples of the prototype system is now
being constructed for Faraday rotation measurements dmefiegty injected tokamak HIT-SI]].

2 Operating principle and experimental layout

The layout of the polarimeter-interferometer is shown inffegl. In this scheme, the interferometer
is configured as a single-pass system. By replacing two dhtegferometer mirrors by reflecting
waveplates of adjustable path delay (components PR1 anjj &fRRusing a final polarizer to mix
the various wave components, the signal at the detectonsitse to both the interferometric phase
shift and the polarization state of the probing radiatioresgimg from the plasma. The combination
of two waveplates of adjustable delay and/or orientatighafinal analyzer is a standard approach
to recover the Stokes vector describing the state of pat@wiz of light (see for examplel)]).

When the source frequendycan be swept linearly (or “chirped”), the time delay=L/c
between probe and local oscillator beams gives rise to aiémery difference between the mixed
waves at the detector given loy = 2m(d f /dt)1 (see figurel). In practice, a continuous linear
chirp is not possible and the frequency must be modulated sgwdooth wave. By applying
a sawtooth control voltage (frequen€y/2m =1kHz), it is possible to adjust the amplitude of
the voltage sweep and the path differehceo that, over one sawtooth periodr/X2, the phase
difference at the detector is an integer number of waves(2rt /Q)d f /dt. Ignoring the sawtooth
reset discontinuity, this results in an effective hetermgarrier frequencyw = NQ.

The birefringent polarizing reflecting elements can be taoted from parallel orthogonal
polarizers (or polarizer and backing mirror) whose sejiamat also adjustable. By introducing
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Figurel. Schematic layout for the heterodyne polarimeter-interfester. If each of the polarizing reflectors
PR1 and PR2 is replaced by simple mirrors, the system retleeatstandard chirped-source interferometer.

a large path difference, the second waveplate PR2 in fifjulsecomes effectively a temporally
modulated waveplate of delay,t = MQt whereM is an integer. The combination of independent
frequency-offset carriere) and w, at harmonics of the sawtooth modulation frequeficgllows
separation of the interferometric and polarimetric phamgges. Using a Jones matrix analysis, it is
shown in the appendix, that the signal at the detector ougmiven by:

| = (ILo+10/2) + lo/2cog wpt + 2¢)
+VlolLocoswt+¢ — )
+VlolLocos(m + wp)t + ¢ + Y] (2.1)

wherelg is the probe beam intensity amg is the local oscillator intensity. The result indicates
that the detector will see carrier signals at three distfrefjuenciesw, = MQ, w = NQ and

w + wp = (N+ M)Q with independent phase modulationg,2p — ¢ and ¢ + ¢ respectively. It

is straightforward to demodulate the carrier signals t@vec the Faraday anglg and the inter-
ferometer phase shifh. The scheme proposed here is reminiscent of, but much sirtiyaa the
multiple laser-beam scheme proposed elsewl@re |

3 Results

The radiation source is a 140 GHz, 25 mW voltage tunable IMP4ibde source (ELVA-1 VCO
140/1) [L1]. The quasi-optical interferometer is constructed usiolygthylene lenses to control



the beam diameter, aluminium mirrors and various freeeitanwire grids to manipulate the po-
larization state. The detector is a horn-coupled ELVA-1 Z8[xero biased detector), with an
in-line optical isolator to suppress back reflections.

Both the source power and source frequency vary only apmeely-linearly with the applied
control voltage. This non-linear frequency dependence@fburce parametersy(20% variation
over the control voltage sweep range of 6-8 V) generates ¢tr@imsidebands that couple the vari-
ous interferometric and polarimetric carriers. The crag&stiue to the source non-linearity can be
largely reduced by separating the carriers by more than amadnic of the sawtooth modulation
frequency. In our case, the path lengths and drive voltage a@justed to givél = 4 andM = 2
so that the carrier frequencies correspond to fe#" and 6" harmonics of the fundamental saw-
tooth frequency. In practice, this was achieved using arfietometer arm path length difference
of 6 m (to generatey) and a delay-plate path length difference of 3ap) Figure2 shows the
multiple-harmonic detector waveform (solid) and the sathacontrol voltage for two periods of
the sawtooth wave. The associated frequency spectrum shewsimary carrier waves at 2, 4
and 6 kHz, and the nonlinearly generated contaminatingpaiulds at a level 15-20 dB lower. To
further suppress these sidebands, a non-linear sweegedataild, in principle, be applied in or-
der to deliver a linear frequency sweep. Alternatively, devband voltage-tunable backward wave
oscillator might deliver more ideal performance.

In order to test the polarimeter performance, a rotatabte giid polarizer was interposed
in the nominal plasma arm to set the polarization angjle Because of its large aperture (100
mm) the polarizer was rotated by mounting it in a circulagrihat could be driven by a rigid bar
connected to a translation stage, such that 1mm of tramslatirresponded approximatelyll of
polarizer rotation. Figur8 (top) shows that the measured polarisation angle obtaipedrbping
up and down the polarizer angle in steps df atross an angle range of°10The test angle is
accurately recovered by the system using the 4kHz and 6kHiei and the rms angle noise for
a 10ms integration period is.ID. There is some evidence of mechanical backlash in the oatati
mechanism when the direction of rotation is reversed. Aa sedéigure3 (bottom), the coupling
between the polarimetric and interferometric angles islisma

4 Conclusion

We have demonstrated a new type of millimeter-wave interfeter/polarimeter that requires a
single source and a single detector for each spatial prdixéagn. A modulated waveplate pro-
duced using a chirped microwave source, is used to discateibetween the interferometric and
polarimetric angles. A system based on this principle is bewng constructed for measurements
on the HIT-SI tokamak.

A Jonesmatrix analysis

The modified polarization state of a linearly polarized jpngbbeam can be represented by the

complex vector
E:( _cosn ) (A1)
sinn expje
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Figure 2. Top: the sawtooth control signal applied to the frequenagp source (dashed) and the resulting
polar-interferometric carrier signal. Bottom: the corgalicarrier signal power spectrum. The primary
polarimetric and interferometric carriers are indicatgdtlioe bold traces. Note that the sideband power
decreases rapidly away from the principal carriers - sembaics 7, 8 and 9.
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Figure 3. Top: The observed change in polarization angle as the tdastiper is rotated in approximately 1
degree steps and Bottom: the associated interferometgie énith an arbitrary DC offset). The traces were
smoothed using a boxcar filter of width 10 ms. It can be seetthieainterferometric signal is only weakly
influenced by the imposed step-variation in the polarizetiogle.



where tam =|Ey| / |Ex| and ¢ is the phase angle between thandy components of the wave
and the time dependence is ignored. The paramgtersd ¢ are related to the Faraday rotatign
of the vibrational ellipse and the ellipticity by

tan2) = tan2j cosp

sin2x = sin2nsing.
The plasma birefringence (Cotton-Mouton effect) is ofteqgligible. It is thus later convenient to
ignore this effect, allowing us to sgt= 0 and identifyn = (.

The first element of the polarimeter is a retarding optic éafhg or transmitting) aligned so
that the initial electric vector is parallel to one of the Eweristic axes. We write its Jones matrix as

1 0
Ro(d1) = (0 exmzjél> : (A.2)

with &; = 11/4 in the case of a quarter wave delay. This is followed by arsgclay component
oriented at 45to the first and having Jones matrix

(A.3)

Ras(3)) = ( cosd, jsin52> .

jsind, cosd,
The final component is an ideal analyzer (in our case, a ta®gg wire grid polarizer) whose
matrix in transmission is
sifa —sinacosa
S (A4)
—sinacosa  cosa

and in reflectiorP} = —ngn/z wherea is the polarizer wire orientation. For this polarimeteg th
analyzer is oriented at = 90°.

For an initial quarter wave delay followed by a general delaghe electric field of the wave
transmitted by the final analyzer is given by

Er = PgoRas(8)Ro(1m/4)E (A-5)
This can be easily evaluated, leading to complex scalatrldield

N

ur = == [(1+exp2jd)cosn
—j(1—exp2jd)sinnexpjo) (A.6)

wherelg is the probe beam intensity.
In order to encode the polarimetric information it is coreen to inject a frequency shifted
local oscillator beam which we write as

uo = Vioexp[—j(wt+¢)] (A7)

where is the interferometric carrier frequency difference betwéhe LO beam and the probe,
¢ is the plasma produced interferometric phase shiftlagds the local oscillator intensity. The



combined intensity on a square law detector is given By ur +u.o |2 In the interests of sim-
plicity we assume the plasma linear birefringence is ndgégand takep = 0 andy = n. The
intensity at the detector can then be written

| = lo+lo/2[1+ cos2y +20)]
+VlolLocogwt + ¢ — )
+VlolLocogwt + ¢ + Y+ 29) (A.8)

For a frequency swept source, it is possible to construcfittad waveplate delay such that
20 = wpt where wypt is the polarimetric carrier frequency. In practice, theicgltpath lengths
giving rise to bothw andwy are chosen such that the carrier frequencies are integeiptasiof
the frequency /2 of the control sawtooth wave applied to the microwave saurce
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