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Cotton-Mouton Effect Measurement in a Plasma at the W7-AS Stellarator
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A Cotton-Mouton effect polarimeter operating in the submillimeter wave region has been developed
at the W7-AS stellarator. The transmission matrix representative for the change of polarization state of
a probing wave has been calculated and significant elements are determined experimentally. Systematic
magnetic field scans over a wide range of the magnetic field conducted at two different probing
frequencies were carried out for the first time. These scans clearly demonstrate that the Cotton-Mouton
effect is being observed under optimal experimental conditions. The experimental setup measures the
line integrated electron density unambiguously and has proven its robustness under various conditions.
[S0031-9007(98)06945-2]

PACS numbers: 52.70.Gw, 52.55.Hc

Recent interest in the Cotton-Mouton effect in fusionalong the line of sighty direction) is given by
relevant plasmas arises from the quest for a robust mea- o
= . 5(z)
surement of the line integrated electron density for con-
trol purposes in future long pulse machines as proposed . dz
for ITER [1]. The effect was first discovered in liquids The vector()(z) describes the plasma wave interaction.
[2] and is widely used in fundamental research in variousor v? > w2 and w? > w?, wherew, and w, are the
fields [3]. plasma and the electron cyclotron angular frequencies and
A magnetized plasma is linear and circular birefringent.w = 27 f, the approximation
Both properties can be used for diagnostic purposes. e o 5
Under ideal conditions with an electromagnetic wave 0y w{% o (By — BY)

= 0(2) X 3(2). (1)

propagation perpendicular or paral.le'l to the magnetic 2| = 2w3 ;_22 2B.B, 2)
field, the effects can be separated giving rise to a change Q5 2w & BZ'
m

in ellipticity of a wave owing to the Cotton-Mouton effect

or a rotation of its plane of polarization owing to the can be made. The componeifls and (), represent the

Faraday effect, respectively. Cotton-Mouton, while(); describes the Faraday effect.
The Cotton-Mouton effect has been discussed by d& the magnetic field vectoB is parallel to thex or y

Marco and Segre [4] and in numerous papers by Segraxis of the chosen coordinate system tiien= 0. Exact

[5.6], and references therein, from a fundamental poinexpressions for the components@fare given in [5]. An

of view as well as for diagnostic applications. In eal’|iel'examp|e ofn,, E, and the components d® along the

experiments the effect has been measured by ShevchenkRosen line of sight in W7-AS is shown in Fig. 1.

et al. [7] and Grolli and Maddaluno [8]. More detailed  The Stokes vectar is a unit vector which changes only

studies have been conducted at the W7-AS stellaratgfg girection in a birefringent mediun} then defines the

with emphasis both on elucidating the Cotton-Mouton pariotation axis. The birefringent properties of the medium
within Segre’s formalism and demonstrating its diagnostic

capabilities.

The net current free W7-AS stellarator offers optimal 25 T
conditions for this purpose by providing lines of sight 2.0 o B
with |B| = const andB; = 0. The B field is negligibly 15

affected by internal plasma diamagnetism and local pres-

sure driven currents. The basic principles of the measure- 1.0
ments are discussed in terms of the general formalism and 45
results for various conditions particularly for differeBt

2,

By

fields and probing beam frequencies are given. 00| ——— B,
Basics and results_ of the measurementhe .bas_ls 020 015 010 005 0 005 010 0.5
of the measurement is the change of the polarization of z[m]

an eleptromagnetic wave paSSi.”g a magnetized plasmErG 1. The magnetic field (in T), the electron density:
Following the formalism in the literature [5,6], the state ;"% -3y and O,, Q,, and Q5 (in —0.5 rad/m) for a

of polarization can be described by the Stokes Vefl(t_@)’ typical plasma at the W7-AS stellarator along the line of sight
with componentss;(z), s2(z), and sz(z). The evolution chosen for this experiment.
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can therefore be described by a mathk connecting measurement accuracy is demanded in this case. For the
the polarization state®(zy) ands(z;) when entering and line of sight at W7-AS all matrix elements which do not
leaving the plasma, respectively: include the componeni?; are too small to be measured

3(21) = M(z) - §(z0) 3) owing to the experimental uncertainties involved. In or-

' der to keep errors low, the measurements were conducted
For |W;| < 1 with W;(z;) = fzf, dz Q;(z), the matrix ~ at high electron densities, resulting in W; close to 1

M can be approximated analytically [6]. The diagonalfor probing beam frequencies in the range 500—650 GHz.
elements are 1 and all other elements are composed of twno this case the analytic approximation as given in [6] is
parts: a first order componefi¥; as defined before and not valid.
a second order onéVy = [ dz Q;(z) [3, dz’' Qu(2). In a similar approximation as applied in [9] under
Segre proposed different modulation schemes which akonditions where the Faraday effect is dominant, the
low for the determination of the elements of the trans-transmission matrix for Cotton-Mouton effect dominated
mission matrixM [6]. However, extremely high phas? conditions is given by

(0) (0)
1 —P 01
_| po 0 o
M(z,) = | P, cosW; + Q; sinW; cosW, sinW, (4)
Pio) sinW; — Qio) cosW;, sinW; cosW;
with ! s3(z0) = sin(w,,t). Using Eq. (4) the polarization state
2 of the probing wave leaving the plasma can be deter-
Wi(z) = f dz’ Q(7), Wi = Wi(z1) mined. Particularly the Stokes parametefz;) is given
20

by s,(z1) = codw,,t + W;), which shows that¥, can
simply be measured as a phase difference.irbefore
0 a i and after the plasma transmission. The component
P = f dz[Q3(z) cosWi(z) — Qa(z) sinWi(z2)], is measured with a linear analyzer rotated by #6th
- respect to the axis.
) 2 ) To compare theory and experiment and to give an
0, = f dz[Q3(z) sinWi(z) + Qa(z) cosW(z)]. example for the transmission mati, a real plasma dis-
= charge with a central electron densityr, =
0.78 X 10 m™3 is used; density data are taken from
the multichannel interferometer and Thomson scattering
diagnostics. The magnetic field B = 2.5 T, the edge
rotational transform i9.36, and the probing beam fre-
quency is 535 GHz. The transmission matrix calculated
from these data is

and

The quantity W; is in lowest order the phase shift
between thec- and y-polarized components owing to the
Cotton-Mouton effect withB mainly in the y direction.
Full numerical calculations oM for the experimental
conditions at W7-AS show that even for the maximum
tolerance of the line of sight consider¢d;| < 0.2|W,|
and |W,| = 0.1|W;|. Although the condition(); > Q,

is not fulfilled at the edge of the plasma (Fig. 1), all 1.00 004 —0.05

matrix elements as calculated with Eq. (4) show no M(z;) = | 000 081 059 |. (5)
significant difference to full numerical results fay = 0.06 —-0.59 081

20 -3.
1.5 X 107 m™7; the absolute values aW12, M13, M21,  The measured value fow, under these conditions is
and M3 are maximally0.2[W;|. All matrix elements W, = —0.65 and compares well with the calculated value

. . 0 0
are functions ofW; and the quantities” and 0\”.  of —0.63 so that also co®; = 0.79 and sinW;

Again, they can be determined experimentally by applying—0.61 show good agreement with the calculated elements
the various modulation techniques as proposed in [6]a75; and Ma,.
However, under the chosen experimental conditions, the The line integrated densitg, = j; n. dz is derived
elementsM,, M3, M»;, and M3, are again too small to  from W, in the following way. TheB = const condition
be determined; systematic errors would have to be withimllows for a separation g, and theB-dependent part of
19 in phase for such measurements. The elemghts  W,. Taking the exact expression f6k;, as given in [5],
Mp;, M3, and M33 in contrast can easily be determined w, is not exactly proportional tp,. The exact expression
with sufficient accuracy by measuring; . Q. can be written as the product of the high frequency
To achieve this, the phase difference between thepproximation();, and a factork which corrects for
x- and the y-polarized components (with equal am- higher order terms in, andB. Introducing the linearized
plitudes) of the probing wave is modulated with fre- phase shift per unit line density, the following equation
guency w,,. The resulting components of the Stokesis obtained:
vector s(zg) are si(zo) = 0, s2(z9) = cofw,,t), and Wi = Gkp. . (6)
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FIG. 2. Measurements of the phase shift per line density,

for two frequencies and different magnetic fields compared to

k =1+ f 27848 + 120927;) ©)

with f and B in the same units as before amd in
10 m—3. The quantityk is linear in the mean electron
densityn, as easily derived fromp.. In this way, Eq. (6)
containsp, up to the second order which allows for a sim-
ple but almost correct calculation pf. The quantityG =
|W:1/(kp.) is exactly proportional tgf ~3B%;. By verify-

ing the f and B¢ dependencies af, derived from mea-
sured values oW, it can be shown that the Faraday effect
with its different parameter dependené€y; =« Bf 72, is

of negligible concern. Therefore the matrix elemets,
M3, M3, and M3; can be calculated using Eqg. (4) from
the measured phadg;.

Measurements oW, are conducted at magnetic fields

calculated curves fo. The measurements were conducted atin the rangeB.ss = 1.2-2.5 T and at two frequencies, 535

ne =1 X 102 m=3,

The quantityG is calculated using the high frequency ap-

proximation forQ); asG = IfZ‘] dz Q1(z)/n.(z)|. Intro-
ducing the effective magnetic field,

21 21
[ fprof(B,% - B%) dz /f fprof dz, (7)
20 20

wherefr is a trapezoid profile function for the electron
densityn, with n, rising within 20% of the length of the
sightline; G turns out to be

G = (6.62 X 10713 mA)f 3B, (8)

wheref is in GHz andB.; in Tesla. The factok which is
typically <1.1 is the mean value of = Q,_/Q,; . An

app

approximate expression fércan easily be derived:

2 _
Beff -

BWO

and 627 GHz. The scans are conducted at fixed frequency,
scanning the field on a shot-to-shot basis. In order to rely
on absolute values @, the line density as measured with
the interferometer is used for evaluation. The results are
presented in Fig. 2. All measured values agree with those
calculated within error bars. Experimental errors will be
discussed below.

Experimental setup—The total experimental setup is
sketched in Fig. 3. A backwardwave oscillator (BWO) is
used as a tunable radiation source in the frequency range
500—650 GHz. Oversized waveguideg & 24 mm)
are used throughout in the guided wave sections. The
modulation of the wave ellipticity is accomplished in a
way as described in [7]. A polarizing wire grid reflects
the y-polarized component of the wave, whereas the
component is guided to a delay line. After reflection at

FIG. 3. Experimental setup at the W7-AS stellarator. THjeE, diagrams illustrate the state of polarization and refer to the

coordinate system given at the location of the plasma.
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7.0 g Evaluation is done on the basis of Eq. (6) as described
T 6ol Interferometer 71 before. Good agreement is obtained in all measurements.
» | — Cotton-Mouton [ \ The resolutionA p,. of a line density measurement for the
2 50 L \1‘ Cotton-Mouton polarimeter is dependent Bg+, f, and
& 40 // 3 1N the signal-to-noise ratio. The phase resolution i$ €02
: / i T 1 ms of time resolution. For the same signal-to-noise
3.0 / H , ratio, Ap, is worse compared with typical interferometers
20 / ‘ ‘:%\\ because of the lower phase differences involved. How-
: i 3\ ever, the stability and robustness is much higher because
1.0 : EAN no reference beam is needed and phase differences remain
- v i ’,..(“;‘ \ below 360 so that keeping track of fringe jumps is not
0.0 v i necessary. The robustness and absolute measurement

capability was demonstrated by switching the probing
beam on and off during a discharge. The polarimeter was
able to resolve the temporal density increase during pellet
FIG. 4. Line densities measured by the Cotton-Mouton po4njection with a100 us time resolution. It has also been
larimeter atf = 535 GHz and the microwave interferometer at used for density control of the machine.
f = 160 GHz. For this experimeng is 2.5 T. In conclusion, the experimental efforts in the course of
the studies presented show that it is experimentally very
two mirrors which rotate the polarization plane by’@®is  difficult to determine the elements of the transmission ma-
component is added to the reflected one. The phase diftix for an arbitrary sightline under the conditipW;| < 1.
ference of the two components depends on the wave fré=or a sightline chosen where the Faraday effect is negli-
guency and the length of the delay line. A BWO-frequencygible the elements containirig; could be measured with
modulation withA f = 300 MHz then transforms to an el- good accuracy. By measuring the frequency and magnetic
lipticity modulation of the probing wave. Detectory;, field dependencies the assumption that the Faraday effect
and D, with 45° analyzers (A) act as reference and signalis negligible could be verified.
detectors delivering signals proportional #e(zg) and The capability of the Cotton-Mouton effect for a robust
s2(z1), respectively. Their phase difference is the quantitymeasurement of the line integrated density at W7-AS has
of interest which is evaluated digitally. Errors introducedbeen demonstrated. It offers a great advantage for long
by unwanted amplitude modulation of the BWO are elimi-pulse machines like the future W7-X. Both W7-X and
nated by the interpretation code with data from the detectow7-AS offer a favorable magnetic field topology for the
Dnon Which is monitoring the BWO output power. method.

The largest error contribution comes from the proper- The main problems of the W7-AS setup are the trans-
ties of the transmission line. Small changes of the polarmission properties of the oversized waveguides with re-
ization cause errors in th#@; measurement of about 1%. spect to conservation of the polarization state. This could
Considering also misalignments in the probing beam pathpossibly be avoided by using quasioptical transmission if
numerical calculations result in maximum errors betweerspace allows. An absolute phase resolution of tight
—3% and +2% for the lowestB field (1.25 T) where be possible for a setup optimized in this way.
the effect is smallest. Another error results from differ- The authors thank Professor S.E. Segre and Dr. P.
ent phase shifts for the andy components in the trans- Buratti for their proposals and helpful discussions.
mission line in combination with BWO instabilities which
lead to phase errors of about 1%. Other errors include

amplitude modulation caused by the frequency dependenty) p. Buratti, proposed and discussed at meetings with the
vacuum window transmission, plasma diamagnetism, an

0.00 0.10 0.20 0.30 0.40 0.50
time [s]

European Home Team on microwave diagnostics for

uncertainities in the probing beam frequency. Errors ow- ITER, 1995 (unpublished).
ing to refraction effects, which could lead to a path length [2] A. Cotton and H. Mouton, C.R. Acad. Scil41, 317
difference for thex- and they-polarized components of (1905);141, 349 (1905).

the probing beam, are negligible as proven by ray tracing[3] G. Maret, in Physical Phenomena at High Magnetic
calculations. The relative errors sum up to an error range ~ Fields, edited by E. Manousakis (Addison-Wesley, Red-
of —5.5% t0 5.6% for B = 1.25 T and —4.5% to 5.1% wood City, 1992), p. 459.

for B = 2.5 T in maximum, including maximum misalign-  [*! Figgg Marco and S. E. Segre, Plasma Phy4, 2452
ment of the probing beam. ( )

. . 5] S.E. Segre, Plasma Phy&), 295 (1978).
Line density measurementsThe results from the H S.E. Segre Phys. P|a3§52908((199%)_
Cotton-Mouton polarimeter have been compared in many[7] v.F. shevchenko, A.A. Petrov, V.G. Petrov, and Y. A.

discharges with those obtained with the multichannelinter- ~ chaplygin, Plasma Phys. Reg2, 28 (1996).
ferometer installed at W7-AS. One example with a central [8] M. Grolli and G. Maddaluno, Nucl. Fusio?2, 961 (1982).
electron density of up t@ X 10 m~3 is given in Fig. 4.  [9] S.E. Segre, Phys. Plasmas1182 (1996).
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