KERNFORSCHUNGSANLAGE JULICH GmbH

Institut fir Plasmaphysik
Association EURATOM - KFA

Combined Interferometric

and Polarimetric Diagnostics
for TEXTOR

by

H. Soltwisch

il - 1638
Januar 1980
IB5N (346-0885




KREFELD\'{
i

DORTMUND

NIEDER-
LANDE

ROERMOKD

2 HEINSBERG

Wi
-
-
-~ 3
r
-
-
», ..
-5 GEILEN- B, LINNICH /]

T RimcHEn £ 7 HERGISCH
4 2 GLADBAGH

NEL

OLPE

F aul-mersth £

L Jul-Kosiar f7f
N A
) &/

AT

\\ aupteingang

N

e R -
TR Y Jilich ¢
R W DUren .-
——— ¥ ]
a ; /-' ’ [Ny | MY

T ESCHWEILER ™ "y A sinen | 3%
&2 STOLBERG & /

A

T Autobahn Motorway

LUTTION 2 T Autobahn im Bay Motorway n Cansirection
,/ Buncesstralle Main Road
P e e Schnellzugstrecka Main Railway Line
o BRUSSEL woee = Mg bensirecke Branch-Line
/"BELGEEN @ Flughaten Aiport
ar Kernfarschungsaniage Juelich Nuclear Resesrch
Jiztich Centra

Als Manuskript gedruckt

Berichte der Kernforschungsanlage Jilich - Nr. 1638
Institut fOr Plosmaphysik JOI - 1638

Zu beziehen durch: ZENTRALBIBLIOTHEK der Kernforschungsanlage Jilich GmbH,
Jolich, Bundesrepublik Deutschland




Combined Interferometric
and Polarimetric Diagnostics
for TEXTOR

by

H. Soltwisch







Abstract

A& method for combining Faraday rotation measurements with a phase modulated
HCN interferometer is described, which enables the simultaneous determination
of the line integrals _fkeds and ,fNesBu*ds. Extended to a multichannel system
this technique should allow to investigate the distributions of electron density
and poloidal magnetic field in a Tokamak plasma. We discuss the principle of ope-
ration and appropriate evaluation of measured data with regard to TEXTOR para-
meters and give an estimate for the expected experimental accuracy.

I. Introduction

The behaviocur of a Tokamak plasma is for a great part determined by its electron
density distribution and its current density profile, and a detailed knowliedge of
these parameters is essential for understanding fundamental problems as e.g. trans-
port phenomena and plasma stability. Consequently, strong efforts have been made
to develop techniques of measurement which aliow for high accuracy and good tem-
poral resolution. Concerning the determination of electron density, interferometry
using microwave or far infrared radiation has become a routine method for all pre-
sent~day and near-future Tokamaks, and a lot of publications deals with this
technigque and its sophisticated variations (an extensive survey on submillimeter
interferometry has recently been given by Véron /1/}. On the contrary, nc measu-
ring technique for current density profiles is well established up to now. A pos~
sible approach to this problem makes use of the close relation between current
density distribution and resulting poloidal magnetic field inside the plasma. It
is well known, that the plane of polarization of an electromagnetic wave, as it
passes along the field 1ines in a magnetized plasma, is rotated due to the Faraday
effect. The amount of rotation can be measured by means of polarimetric techniques,
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providing informations on the internal field and hence on the current density
profile. In principle, such a polarimetric device is operated with a Tinearly
polarized beam of light traversing a poloidal plasma cross section perpendicular
to the plasma current. Since the poloidal magnetic field §% has a vector component
B . parallel to the beam path, the plane of polarization rotates by the angle

B
(De Marco, Segre /2/):

£

L]
e [degl = 150-10 » /N, B, 95 (1)
A ¢ probing wavelength in um

N_: electron density in em™3

B. : magnetic field component in kG

pH
L: probing chord length in cm

Strictly speaking, equ. (1) is only valid for a fully jonized collisionless plasma.
Furthermore, linear birefringence {Cotton-Mouton effect) mainly arising from the
toroidal magnetic field §} normal to the beam is completely neglected. According
to De Marco and Segre /2/ the latter is only permitted if the following condition
is satisfied (see also Véron /1/):

2 e 28 -3 -1
BpNg < 4110 AL (2)
BT : taroi?a? magnetic field in k&
ﬁ; = %~ jm§eds: mean density along the probing chord
]
Putting numbers corresponding to TEXTOR parameters (ﬁ; = 3 1013 C%E,

BT = 20 kG, L = 100 cm}, equ. (2) yields an upper wavelength Timit of 325 um.
This value is fairly close to 337 um for which powerful and reliable HCN laser
sources exist (Belland et al. /3/}. Nevertheless, employing the HCN laser requires
a slight correction of equ. (1} which will be discussed later on. But the ex-
pected Faraday rotation angles are rather small. To make an estimate, both the
eiectron density distribution &e(r) and the current density profile j (r) are
supposed to be parabolic with a peak density of Neo =510 3 cm"3 and a

total current of 300 kA. It then follows from equ. (1) that the maximum angle

of rotation is only 3,57 deg. Consequently, accurate measurements of Faraday
rotation require somewhat elaborate techniques to yield high enough precision,
and this may be one of the reasons why this method is not yet routinely applied.
Moreover, the Faraday rotation angle is an integral quantity, and in order

to derive the radial distribution j(r) it is necessary to probe the plasma




-3 -

along different chords in a multichannel device. But since electron and current
density profiles are not always symmetric, the transformation of a measured
rotation angle distribution to the distribution of current density may turn out
to be difficult. In spite of these disadvantages Faraday rotation diagnostics is
a promising approach to local magnetic field measurement, especially because none
of the other methods {recently reviewed by Peacock /4/) has finally demonstrated
its routine applicability.

The present report deals only with one of the above mentioned difficulties,
namely the accurate determination of small rotation angles. The concept described
here is a combination of a HCN laser interferometer first developed by Véron ef al.
/5/ for the TFR Tokamak and a sensitive heterodyne polarimeter proposed by
Andrade /6/, which minimizes the instrumental equipment by using the same probing
beams for both interferometric and polarimetric purposes. The following chapter
deals with the principle of operation, then the interpretation of detector signals
is discussed, and finally we analyze the error introduced to the rotation measure-
ments by the Cotton-Mouton effect.

II. Principle of operation

The technical feasibility of Faraday rotation measurements under Tokamak condi-
tions using 337 um radiation has been demonstrated on TFR by Kunz et al. /7/. The
authors employed a ferrite modulation method (Pieroni /8/, Dodel and Kunz /9/),
which produced a probing beam with oscillating plane of polarization and permitted
the use of phase sensitive detection locked onto the modulation frequency. However,
this technique suffers from the low transmission of the ferrite modulator, which
is a serious drawback especially in a multichannel device. Another method suggested
by Dodel and Kunz /10/, but not yet tested under Tokamak conditions, operates
with a continuously rotating plane of polarization in the probing beam and enables
simultaneous measuraments of Faraday rotation and electron line density. Its main
drawback is the necessity for sensitive Tow-noise detectors {for example Tiquid
helium cooled InSb) and for beam splitters insensitive to polarization.

The arrangement to be described here was first proposed by Véron and Crenn /1/,
and its feasibility has been proved in a preparatory experiment. The principle of
operation is explained by refering to fig. 1. A linearly polarized monochromatic
input beam passes through a beam splitter and is divided into two plane waves of
equal intensities. The reflected part (reference beam) is then focussed on a ro-
tating cylindrical grating (Véron /11/) and experiences a Doppler shift Aw,




-4 -

which depends on the rotating speed of the grating. Due to reflections at metallic
surfaces the initial linear polarization becomes somewhat elliptic, and the major
axis of the vibrational ellipse may be tilted by an angle y, relative to the prin-
ciple plane of fig. 1. Then the electric field of the reference wave is given by
the real part of the complex vector

E, cosy,  sin 1
%; = [ P} = a,cexpljflurAolt] [ ¥ ¥ ‘ ]
1= | -Sift Y, COS Ye| [ ]"Er]

(3)

wherein the eliipticity & = + br/ar is defined as the ratio of minor to major
axis of the vibrational ellipse (the major axis a, depends on the beam intensity Ir
according to arﬂfyirfil + &% ); for the definition of p- and s-axes see fig. 1).

The probing beam traverses a poloidal plasma cross section and experiences a
phase shift (e.g. Alpher and White /12/)

~¥ .
Ao lrad] = -2,82:10 * [Neds (4)
&

and, of course, a Faraday rotation « according to equ. (1), As a matter of fact,
the phase shift given by equ. (4) is valid only for ordinary mode propagation
{i.e. electric field vector parallel to magnetic field lines inside the plasma).
But for typical TEXTOR plasma parameters and a probing wavelength of 337 um the
refractivities of the ordinary and extraordinary modes {e.g. Heald and Wharton /13/})
differ by less than 0,5 %, Teading to a correspondingly small difference in phase
shifts, which does not seriously affect the electron line density measurements.

On the other hand, deviations from ordinary mode propagation introduce some ellip-
ticity to the probing beam polarization, whereby the vibrational ellipse is ro-
tated due to the Faraday effect {2 more detailed analysis will be given in
chapter IV). After having traversed the plasma cross section the probing beam
passes through a halfwave plate, by which the p- and s-components of the electric
field are interchanged. Then the complex field vector of the probing wave can be

expressed as
'"j'gﬁ
e (5

Next, probing and reference waves are recombined at a wire grid beam splitter
{i.e. an array of free-standing parallel metal wires). Before we can write down
the resulting electric fields we must briefly discuss the transmission and re-
flection properties of such a wire grid. A theoretical treatment on the basis of
transmission line theory has been given by several authors [e.g. Marcuvitz /14/).

COSy, siny,

ot ~SiN Yp COS Yy

gp:; [E”} = gp-explitwt - Agll
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According to this concept the wire grid can be substituted by an equivalent
electrical circuit, which is formed by a transmission line of impedance ZO
representing free space, shunted by ah impedance 5x0 representing the grid.
The shunt is either a capacitance or an inductance depending on the polari-
zation of the incident wave (see fig. 2). From transmission line theory the
nower reflectance is found to be (Mocller and Rothschild /15/):

Rz g 6

Z;@»&X; : (6)

Since the equivalent circuit represents a Tossless grid (because of the purely
imaginary shunt impedance) the power transmittance results in

WX2
& 2
ZO & &XO .

Tat1-R = (7}

The phase shifts of the reflected and transmitted waves relative to the inci-
dent wave are given by

2
T - aretan ﬁ: ir - agrctan JT/R

b, = 7,
ZO

$, = arc 'tcmzx = arc tan bﬁfT (8)
8]

[, - &l = /2

The grid to be used in the arrangement of fig. 1 has its wires parallel to the
principle plane. The wire spacing is such that the p-component of an incident wave
is divided into two p-waves of almost equal amplitude, which are phase shifted

by s, = 3r/4 and & = w/4, resp. (see fig. 2b; grids with these properties are
manufactured by SPECAC Analytical Accessories /16/ using tungsten wires of 10 .um
diameter and 152 um spacing for a wavelength of 337 um}. For an s-wave with its
electric field normal to the wires the grid is almost completely transparent

(TS = 1, RS = 0; see fig. 2¢). The reason is that the field cannot excite currents
in the grid, if the diameter of the wires is small compared with the wavelength.

Returning to fig. 1 we will now calculate the electric field vectors after beam
recombination using the grid characteristics given in fig. 2. We will first exa-
mine the interferometer beam. In plane I of fig. 1 the electric field is found to be




2 explj3md] O
0 0

Y2 -expljw/al O

0 1

- E
gls

EIp and EIS’ which contain the main components Erp and Eps of the reference and
probing beam, are orthogonal and hence do not interfere, unless they are super-
imposed in a diagonal direction., Therefore they have fo pass through an analyzer
set at 45° relative to the p- and s-axes. The analyzer is also a wire grid but
with small wire spacing in order to achieve high polarizing efficiency (SPECAC
Analytical Accessories /16/ recommends a spacing of 25 um for 337 um wavelength,
which reduces the transmission for "wrong® polarized radiation to less than 2 %).
If we denote the analyzer transmission coefficients for "right" and "wrong"
polarized waves by TC and Tw resp. the electric field behind the analyzer

{plane II in fig. 1) can be written as

= (Bnc| |12 eeliel 72 expljt,] 3
. Enw (TW/2 ooli4,] 11,72 explj®,] (10}

{(Note, that the c-w-coordinate system is rotated by 45° with respect to the pre-
vious p-s-system; . and $w account for the phase shifts of the transmitted waves).

The wave defined by equ. (10) finally arrives at the interferometer detector
whose output signal S, s proportional to the beam intensity (for the sake of
simplicity the constant of proportionality is henceforth omitted):

Sy = Bk (11}

Using equations (9) and (10} the output signal results in
5, ={‘.’Q.§mssp-$:*gp, £ +EEL] - 21w Re {m;}ﬁwﬁg‘,}} ...

2 (12)
T. «T. ® T =T, . L
e g, e - o Ret1-jE,, £ }

The first curved brackets represent a constant background intensity dependent
on the amplitude components of the probing and reference waves. The second brackets
form the interference term which describes the interaction of the probing and re-
ference waves as a function of their phase difference. Inserting the field compo-
nents defined in esquations (3) and (5) the interferometer signal can be expressed

as




S{ = U] + V;’COS {Awt + Atﬁ * q}]} (13)

The quantities Uy and V; and the phase angle ¢ depend on the polarization para-
meters (£, v )s (€., y,) and on the intensities I, I, of the probing and re-
ference beams. If the polarization parameters are small compared to unity (as will
be the case under usual operational conditions), then Uy, Vi, and ¢, are well

approximated by

UTe-Ty ) = (K- yp -£plIp/2 « KIpfh = KI(Ip/2 + Ik
YT Tl = Yi1-Klep vyl IpT02 = JIpler2
tan & = -{1-Kyy)/ {1-Kep) (14)

wherein K = (TC+TW)/(TCwTw) accounts for non-perfect analyzer characteristics.

It is important te note that the total phase shift observed in the interferometer
signal consists of the sum of plasma phase shift Ay and phase angle ¢, . However,
variations of ¢ due to linear plasma birefringence and Faraday effect are negli-
gibly small compared with the corresponding values of Ag . As can be estimated
from equ. (14), five degrees of Faraday rotation {Ay, = 0,087) cause a variation
Ady <w/50. On the other hand, five degrees of Faraday rotation cbserved with
337 um radiation under TEXTOR conditions {I = 300 kA) require an electron line
density of more than 3 - 1815 cﬁz, and the resulting plasma phase shift amounts
Ay = 9w . A similar estimate holds for variations of the ellipticity Ep*

Let us now examine the polarimeter beam of fig. 1. Its electric field in plane III
is given by

E Y2 explj3nit] 0 . UVZ explim/t] O .
11Ip
By = = E, » E,

;=S 0 0 0 1
Ifls (15)

Consequently, the output signal Sp of the polarimeter detector results in
Sp= ErEy = B B+ B Erp s EpEpli2 + ImlEpp Ep (16)

which can be written in the form

sz Up " Vp sin{Awt « Ay v'ﬁ’p} {17}
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Again, the gquantities Gp* Y_, and ¢p depend on the intensities and polari-
zation parameters of the probing and reference waves, and for smail polarization
parameters we obtain approximately

Use (1+2y) + 2620 0,02 « [yl sglb 1502 = 142

P

i8
Vo & JL 1 [yl «g2) 1)
p pir LYy TEp

L [
L i

¥e

iy’ $pfs‘ €p

So, the polarimeter detector yields a sinusoidal output signal whose amplitude 1is
proportional to g@}ff;f“ . and if we could employ a linearly polarized probing
beam (é‘p = 0}, then the amplitude Vp were a direct measure of the rotation angle.
Unfortunately, some ellipticity due to plasma birefringence will be inevitable,

but its influence is considerably reduced by using synchronous detection techniques
as described in the following chapter.

I11I. Evaluation of detector signals

e - ;S Wl G, Ut AR R G m A G S sace ey e W o T v s gt

As already mentioned the arrangement described here is based on the interfero-
meter developed by Véron /5/ for the TFR Tokamak. Consequently, the technique of
phase shift measurement also follows the method given in ref. /5/. We briefly sum-
marize it by refering to fig. 3. The heavy lines indicate a set up corresponding
to fig. I, in which the output signal of the detector D, is given by equ. (13):

The fine lines represent a second interferometer system without any plasma in its
probing arm but using the same rotating grating for frequency shift. Its detec-

tor D, provides a reference signal of the form

R

By comparing the oscillating components of S, and SR and measuring the time in-
terval At between corresponding zero crossings the relative phase shift (Ag+ 4 )
is found with high accuracy. Moreover, this technique yields the sign of phase
shift variations and is independent from random amplitude fluctuations which may
arise from refractive effects inside the plasma. On the other hand, the time reso-
Tution is correlated with the period of oscillation T = 2rt /Aw , which has to




R
be chosen smaller than the time scale variation of phase shift.

Since we are only interested in changes of phase shift relative to the situ-
ation before plasma ignition, we need not care about the constant phase angle
¢, (cf. the note in connection with equ. (14)). Using equ. (4} the electron
1ine density along the probing beam path as a function of the measured time
lag AL results in:

- §7 At
afNe~ds = - 223410 8- vc (20)

wherein the additive constant C takes into account the plasma-independent phase
shift due to ¢ . In practice, C is chosen in such a way that it compensates the
first term of equ. (20) when there is no plasma in the probing arm.

According to equ. (18) the amplitude Vp of the polarimeter signal is proportional
to $%3+sj » and hence a graph of vp versus eyp results in hyperbolas as shown
in fig. 4 for different values of «_. Since the slope dvp/dqb approaches zero
at ¥p = 0, exact measurements of small angles ¥, are impossible. However, this
difficuity may be overcome by introducing a constant bias angle Wpo and thus
shifting the range of measurement towards the quasi-linear parts of the hyperbolas
(shaded section of fig. 4). In the arrangement of fig. 1 such a shift is readily
done by slightly rotating the half-wave plate away from its 45° position. Never-
theless, one should keep in mind that the relation prwﬁ?:gzr is only valid for
small polarization parameters | y s £ ), and shifting the range of measurement
consequently impairs the approximations. To give an example, the amplitude Vp
calculated from equ. (18) differs by ca. 4 % from the exact value, if the polari-
zation parameters are supposed to be (Yps €5 ) = (ZUO; 0,1} and (y, ;1 ¢, ) = (50; G.,1}.
But this is not a real disadvantage since it can be eliminated by a suitable
method of calibration (for example, by rotating the half-wave ptate in well-de-
fined steps and detecting the amplitude V_ as a function of the rotation angle}.
On the contrary, changes of ellipticity a&ep due to variable linear birefringence
may constitute a serious problem, if Ag_ is of the same order of magnitude as
the variation Ay_ of the rotation angle. In that case the calibration curve
Vp = f (zyp) is no Tonger a hyperbola as shown in fig. 4 but has to take into
account the complicated relation between ellipticity and rotation angle. Fortunately,
for typical TEXTOR parameters (N__ = 5-10%3 ¢i%; I = 300 kA; Br=27T) and a
probing wavelength of 337 um the variation of ellipticity caused by linear bire-
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fringence amounts to less than 4 '10‘39 which is small compared to the corres-
ponding rotation angles (see chapter IV).

To measure the amplitude Vp with high accuracy, careful noise filtering of
the polarimeter signal is absolutely necessary, esp. if room-temperature pyro-
electric detectors are employed. To illustrate this reguirement, we assume the
power of the probing and reference beams to be I = Io= 5 m (which is a rea-
Tistic value for a multichannel device), and we gsk for a precision of
Ay, =1 0.1 deg. Then we must be able to rescolve power variations in the order
of a few uW. On the other hand, the noise equivalent power (NEP} of pyroelectric
detectors {e.g. Mullard /17/, type 802 CPY) at a frequency of 10 kHz is about
1078 W/THz. So, if we want a signal-to-noise ratio of 5, the detection bandwidth
has to be restricted to a few kHz either by a suitable band-pass filter or - more
effectively - by lock-in techniques. A lock~in amplifier gives an ocutput voltage
V . which is proportional to the amplitude VT of the periodic test signal, when

0
its reference input is fed with a signal of the same frequency:

Vo = Vyrcos o4 (21)

where Srp is the phase shift between the test and the reference signal. Noise sig-
nals adjacent to the reference produce a difference freguency output, which is
attenuated according to the characteristics of the low-pass filter at the ocutput

of the Tock-in amplifier. This results in an equivalent band-pass filter with a
bandwidth equal to twice the low-pass cuteff frequency. Since in our case both the
polarimeter signal (equ. (17)) and the interferometer signal (equ. (13)) have the
same frequency and alsc experience the same phase shift Ag caused by plasma refrac-
tivity, we can use the latter as a reference. The output voltage is then given by

Vo= V. -ccosinf2 -{¢

5 5 p—wln = vosmf@p-@;i (22}

4

Inserting the expressions for Vp’ @p, and 9@ defined in equations (14) and {18)

we arrive at

2
Yo + € ~Klyp +g5) 1/ 1p I
V. = }& I, = (W +&51 |
< P VQ - 2Ky +e, ) + Kz{xg; +ng 2 verE (23)

It is interesting to note that VO approximates to a Tinear function of p, rather
than a hyperbolic relation as was found for the amplitude Vp (cf. equ. (18}). So, the
Tock-in amplifier not only acts as a band-pass filter but also "linearizes" the de~
pendence on the rotation angle and thus offers the additional chance to determine
the sign of Vp'
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Under real conditions, however, VO is not well suited for direct measurements
of the rotation angle, because it depends on the intensities Ip and Ir of the
probing and reference beam, which may fluctuate due to variations of the laser
power and beam deviations caused by plasma refraction. For that reason it is
necessary to eliminate the dependence on the intensities. This can be done by
dividing the amplifier output VO by the amplitude Vi of the interferometer signal,
since Y, is also proportional to Vﬂ:ﬁ? {cf. equ. {14)). Fig. 5 summarizes
the whole polarimeter data process{ng én the form of a block diagram {the high-
pass filters are included in order to separate the dc parts from the detector
signals; in case of pyroelectric detectors, which do not respond to constant
intensities, the filters may be omitted}. The output signal of the circuit results
in

Vout = (V!V} sinloy -0 ). (24)
Substituting the corresponding expressions and neglecting quadratic terms of

&p and @p’ we obtain

' Yo + Ep

A =
out Te - Tw T~ Ky, +€,)

(25)

where ?Cy ng and K = (TC + Tw)[(TC -~ Tw) account for the transmission properties

of the analyzer located in front of the interferometer detector. If K{'¥p + eg) is

sufficiently small, we can further reduce equ. {25) to the simple linear relation

Vout = — U1+ 2Keply, + 6, 1, {26}
4 W

In order to estimate the error introduced by applying equ. (26) we compare it
with the exact formula
2 {1-e)singcos Y + &, - K{sinzagp+é,fcoszwp}
Yout = : (27)

Te ~Tw Klisin‘?%anefcos’“%} - 2K[{1-gplsinyycos y, +£,] « 2{cos’y, +E§sém2%)

Fig. 6 shows some curves of V out YETSUS ¥ calculated from both equations (26)
and (2?) The parameter K is supposed to be 1,05 corresponding to T = 80 % and
Tw 2 %. Within the range (- 15° <y <+ 15° } oand {~ 0,06 <« £p, <t G 06) the
angies y derived from the approximate curves differ by less than 8 % from

the exact va?ues When the measuring range is restricted to (- 10° < V < + 10° Vs
the deviations become less than 5 %. Nevertheless, for high precision meagur@w
ments one should take into account the non-ltinear relation between ¥y and

Vout by using the appropriate solid line of fig. 6 for calibration purposes.
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In practice, this calibration curve is found by rotating the half-wave plate
in front of the beam combiner {fig. 1} and detecting Vout as a function of
the rotation angle.

Finally, we want to emphasize that the polarimetric technique described so
far yields relevant results only if the ellipticity gp of the probing wave is
a constant quantity, that is to say, variations of ¢ _ due to plasma birefringence
must be negligible compared to changes of the ratatio; angle. This requirement is
met by the TEXTOR plasma as will be shown in the following chapter.

IV. Calculation of polarization changes with regard to expected TEXTOR parameters

In order to evaluate the polarization changes of the probing beam we follow a
work of Segre /18/, who derived a numerical method for calculating the cutput po-
Tarization as a function of plasma parameters. Segre’s treatment is based on
Appleton Hartree's formula for the refractive index u of a magnetized plasma
{e.g. Heald and Wharton /13/), and he uses the Stokes parameters for describing
the state of polarization of an electromagnetic wave {e.g. Born and Wolf /19/).
These parameters are defined by

Sq = C0S 2y~ cos 2y
S5, = COS 2y - sin 2y (28}
sy = sin 2%

where y 1is the angle between the major axis of the vibrational ellipse and a
fixed coordinate axis (the p-axis of fig. 1}. x 1is related to the ellipticity ¢

by

tany = £ , (29)

The Stokes parameters determine the polarization vector § = (515 Sos 53), which
will change from point to point for a plane wave fraversing a poloidal plasma
cross section. If the scale length of gradients in the plasme is small compared
to the radiation wavelength A and if absorption and refractive beam deviations
are negligible, the evolution of § can be represented hy

95 - Tzl Szl (30)
dz




- 13 -

where z denotes the direction of propogation of the probing wave. The vector
© (z) contains the wave frequency w= 2wc/h and the plasma parameters and
is given by

Tzl = Lo p,l2) -»;Jz{zn«"%;z{z;. (31)

M, and M, are the refractive indices and s and §:9 are the polarization vectors

o; the 530w and fast characteristic wavesgv;esp. (Egaracteristic waves do not

change their state of polarization; for a magnetized plasma it can be shown that for
each direction of propagation there exist two elliptically polarized characteristic

waves which are related by Yo = 9y ¥ /2 and €y = = £ ).

To solve equ. (30} Segre introduces the dimensioniess variables X = x/r and
z/r (see fig. 7). Furthermore, he supposes that the electron density Ne and
the current density j only depend on the dimensionless radius R = f;?:g?

(this assumption considerably simplifies the calculations though it may not quite
conform to the actual situation in a Tokamak plasma; nevertheless, the results
indicate at least the order of magnitude of ellipticity caused by the plasma).
The radial distributions of electron density and poloidal magnetic field are
expressed by the functions f(R) and b(R}:

H

No(R) = NygfIR]

R)«wfiﬁ R dR’ BI-b{RI (32}
where Neo is the central density; BI is the poloidal field at the plasma edge
which is a function of the plasma current I:

21

BI = B_{R=1} = 'r—?:-“ . (33)

p

The toroidal magnetic field BT normal to the probing beam path depends on the
distance from the torus axis. If BTo is the central value at X = 0 and o denotes
the ratio of minor to major radius of the torus, then

8. = —To (34)

Introducing the vector Tarf and substituting the refractive indices and the
polarization vector §;2 in egu. (30) Segre finally arrives at the following system
of three eguations:




w 1A -

dg

2 sz - T

77 = BlEsid - TZ)s,(2) (35)
de

?ﬁi = T(Zhs (z) - T,z s, {2)

where the vector components are given by

POU gIxte 27 - [z-6z)’
T, = LOIX ez - TZ2ba] g
Dluge nsy]  GIXTe Z71[1- Ny HZH
L 2P0 2+§(Z)(2) 26
2 Dl Wz 11wyt (36)

2P XHZibiZ)

T, =
3 Df};,i+3;2§ Tt 7t
with
2 2.2 2 2
D=1- — Li — | xenizn? QX271 + [Z-BlZ)]
X2 1= NyF(Z) (37}

The quantities No’ P, U, and § represent physical parameters whose values are cal-
culated from the following expressions:
- 0,889-10 N Ngg
= 2
1036410 X Ngg !
0,934 A By (38)

#

NO
P
U
a

#

50r8.11

{» and r in cm, N__ in em™3

o > I in kA, B in Tesle).

The system of equations (35) can be integrated numerically by dividing the pro-
bing beam path into a series of uniform sections {Z; Z + AZ). The integration

2 i3 3 @ @ ® o
starts at £ = - ZO = - ?1 - X with an initial polarization vector

i

Sg = {310, Sog SEG) and ends at Z = + Zo' The resulting output value of S gives
the orientation ¢ of the vibrational ellipse and its ellipticity £:

i3

4

i
5 arc tan E52!51)

£ . —o3
1. 1~s§
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We will now apply this method to a probing beam of 337 um wavelength traversing
a poloidal cross section of the TEXTOR plasma at different positions X. Our nume-
rical calculations include the dependence of By on X according to equ. (34}, but
we neglect NO and put the sum of refractive indices My tay = const = 2 in equ. (36)
{the former is permitted because Ny < 1072 <z:1 for central densities up to
1614 cm"3, and the latter is tolerable since My + Ho varies by less than 1 %
within the range of interest). For both the electron and current densities we assume
parabolic distributions
oyt (1 - Ri}
(1 - R%) (40)

H

Ne(R)
i(R)

[

which corresponds to

(1 -R%) = (1-%2-179

£(R)
b(R) = 2R - R® = W% + 7% (2 - X* - 7 (41)

it

We yse the following set of parameters appropiate to the TEXTOR Tokamak:

central density Neg = 5 1083 o3
plasma current I = 300 KA
toroidal field BT =2 T

minor radius « = 0,286

major racius

Based on these data the numerical integration of equ. (35) is carried out with

a stepwidth of AZ = 0,02. Fig. 8 shows the results for different initial polari-
zation vectors 5;‘ The curves marked by I result from Tinear input polarization
paraliel to BT’ and the curves labelled II correspond to elliptical input pola-
rization (&, = 0,05} orientated at 59 with respect to B? {note, that this choice
is inadeqguate to the schematic lay-out shown in fig. 1, but it conforms to the
actual arrangement planned for TEXTOR}. In fig. 8a the rotation angles are plotied
versus the probing beam distance X from the plasma center. The dashed iine attached
to curve Il represents the situation that linear birefringence caused by both the
torcidal field BT and the poloidal component B normal to the probing beam is
completely neglected. A corresponding formula is derived from equ. (1) by substi-

tuting 8, = (X/R}- Bp(R) and Ne(R} according to our assumptions {32} and (41):

~4 2 & i
g(X1= 798410 N N T XJ1-x 1" - 13" 4 g (42)
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(y in deg, » inemy N in em™3, 1 in KA).

eo
The difference between both graphs {II) demonstrates & marked influence of trans-
verse magnetic fields on the rotation angle. On the other hand, for linearly po-
Tarized input waves (I} the approximation (42) coincides with the numerically cal-
culated values within the accuracy of drawing in fig. 8a (the difference is less
than 0,03 deg). So, the analytic expression {1}, which considerabiy simplifies
the evaluation of measured rotation angles, should be used only for linear input
polarization paraliel to BT‘ In that case, however, it yields rather accurate
results also for non-parabolic distributions &E(R) and j(R), as was proved in a
series of comparative calculations.

Fig. 8b shows the changes of ellipticity &A& experienced by the probing waves.
The asymmetry of the curves depends on the signs of BT and I and is due to the
fact that the angle between the plane of polarization and the total transverse
field is either increased or decreased by Faraday rotation in the inner and outer
half of the plasma cross section. Again, linear input polarization paraliel to
BT {curve 1} is favourable, since it reduces Ae to less than 4 -10"3. In terms
of the polarimeter signal {equ. (26}) this value corresponds to an output error
of 0,22 deg or 6,5 % at the probing beam position X = -0,4, and this percentage

error is not exceeded at any other position.

V. Conclusion

A method for combined measurements of the line integrals ‘jﬁeds and \f&e-8ﬂ°ds
appropiate to the TEXTOR Tokamak has been described. Concerning the Tine density
JfNeds an experimental accuracy of about 1077

s fuds < 1013 o2

interferometric fringas or

m “ can be achieved with a carefully designed set up (Véron
et.al. /5/). For a typical beat frequency of Aw = 10 kHz the time resolution

is 100 us. The sensitivity of Faraday rotation measurements yielding JfNe-B”°ds
is mainly restricted by the influence of linear plasma birefringence and by detec-
tor noise. Using lock-in techniques an accuracy of 10 - 15 % should be possible
with a time resolution of several milliseconds.

Extended to a multichannel arrangement the method offers a chance to deter-
mine the electron density distribution and the current density profile for the
complete duration of the Tokamak discharge. However, the problems connected with
the inversion of measured data to wanted profiles are difficult even for high
experimental accuracy {e.g. Kunz /20/}. Therefore, a final valuation of the
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method requires detailed tests under real Tokamak conditions.
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Figure captions

Fig. 1: Schematic layout of the combined interferometric and
polarimetric diagnostics

Fig. 2: Characteristics of the wire grid beam combiner
Fig. 3: Principle of phase shift measuyrement

Fig. 4: Pelarimeter detector amplitude versus rotation angie
for different probing wave ellipticities

Fig. 5: Block diagram for the polarimeter data processing
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Fig. 6: Polarimeter output signal versus rotation angle for
different probing wave ellipticities

Fig. 7: Definition of coordinates for the numerical
calculation of polarization changes

Fig. 8: rotation angle and change of ellipticity
versus probing beam position







& interferometer

polarimeter
detector

e K‘\j
N %7 / com b 5 ner

Tola)

¢ /beam
v/ splitter




z b4
pub asm aajioodod

EX

0
| <0z
l
gm—-::::
2]

(¥ p+1M)S09. 53.5u)

{dam}m)sm,da.w

piab aum BAINPUI




rotating
grating

*S{
E I interferometer
detector D,

analyzer es= _
wire grid combiner

Sr

reference
detector Dg

7

== halfwave plate

loser beam y

/ beam splitter

Sk

4

& mirror

S

AN




002
000




Polarimeter S?( t)
Detector
interferometer SE‘ t)
Detector

VP' sinf{fiwet +Ap +¢P)

high - pass
filter

V) cost Awts Ap +@y)

high - pass
filter

VP'SEH (Q}P “q)l )

—H

signal
in fock - in
ampl, ouf
ref,
in
peak vollage
meter

g

g

to interferometric

data acquisition

igse

analog
divider

““"‘f\;’ Vout
. P -
= Vl sin (@P ¢g }

Fig.5



+ 006 +0.03

015

/f/ e -003

// //’ “006

010

005

-0.05

- 010

- 015

- 020 /

-025 o

- 10 -5 0 +5 +10 inng

Fig.6




L D14

woaqg buigoud

SIXD SNJO|




+5
Y
Qmi'\
deg P N
} r \_\
0 \: ¢ ¢ § #/‘; 4 :\
N 7 —
N L/ 27N
\‘\,,,__,.f‘ 1 e/ \a
i/ N
. &g j
\\ I 7/ ]
"\m .‘:/} //
-10
-1 -05 O +05 +1
— X
15-10%
lAg] N
110% ; ‘\\
/ \H
0510 , N
/ . \,\
// \\ I ] ™\
/° /n . v \@\ \@\
g e : L :\/ H s\"‘?*s.:ff‘;_
- { -05 O +05 +3
— X










	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30
	page 31
	page 32
	page 33
	page 34

