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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 jrNeds and j%B H -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 TUTOR para-
meters and give an estimate for the expected experimental accuracy.

1 . Introduction

The behaviour of a Tokamak plasma is for a great part determined by its electron
density distribution and its current density profile, and a detailed knowledge of
these parameters is essential for understanding fundamental problems as e .g . trans
Port phenomena and plasma stability . Consequently, strong efforts haue been male
to develop techniques of measurement which allow 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
technique and its sophisticated variations (an extensive survey an submillimeter
interferometry has recently been given by V gron /In . On the contrary, no 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 . 1
is well known, that the plane of polarization of an electromagnetic wave, as it
passes along the field lines 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 an the internal field and hence ort the current density

profile . In principle, such a polarimetric device is operated with a linearly

polarized bearn of light traversing a poloidal plasma cross section perpendicular
_a.

to the plasma current . Since the poloidal magnetic field B p has a vector component
B

	

parallel to the bearn path, the plane of polarization rotates by the angle
(De Marco, Segre /2/) :

-20 2

ae. [degl

	

t50 .10

	

eje
N E3 PO ds	( 1 )

X : probing wavelength in »m

Ne : electron density in cm

B pu : magnetic field component in kG

L : probing Cord length in cm

Strictly speaking, equ . (1) is only valid for a fully ionized collisionless plasma.

Furthermore, linear birefringence (Cotton-Mouton effect) mainly arising from the
toroidal magnetic field D l- 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 V4ron

2s- -3 -1

BTNe < 41 . 10 X L

	

(2)

: toroidal magnetic field in kG

e

	

/Neds : mean density along the probing Cord

-Putting numbers corresponding to TUTOR parameters ( -N-e = 3 . 10 13 cm 3 ,
BT = 20 kG, L = 100 cm), equ . (2) yields an upper wavelength Uralt of 325 .um.
This value is fairly dose to 337 am for which powerful and reliable HON 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
electron density distribution Ne (r) and the current density profile j (r) are

supposed to be parabolic with a peak density of N e() = 5 . 1013 cm-3 and a
total current of 300 kA . lt then foilows 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 orte 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
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along different chords in a multichannel device . But since electron and current

density profifies 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 measurament, especially because hone

of the other methods (recentiy reviewed by Peacock /4/) has finally demonstrated

its routine applicability.

The present report deals only with one of the above rnentioned difficulties,

namely the accurate determination of small rotation angles . The concept described

here is a combination of a HCN laser interferorneter first developed by V gron et al.

/5/ for the TFR Tokamak and a sensitive heterodyne polarimeter proposed by

Andrade /6/, which minimizes the instrumental equipment by using the saure probing

beams for both interferometric and polarinietric 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.

11 . Principle of operation

The technical feasibility of Faraday rotation measurements under Tokamak condi-

tions using 337 Am radiation has been demonstrated on TFR by Kunz et a1 ./7/ . The

authors employed a ferrite modulation method (Pieroni /8/, Dodel and Kunz /9/),

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 fror the Iow 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 measurements of Faraday rotation and electron live density . Its mein

drawback is the necessity for sensitive low-noise detectors (for example liquid

helium cooled InSb) and for beam splitters irrsensitive to polarization.

The arrangement to be described here was first proposed by VCron 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 passec 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 (Vdron /11/) and experiences a Doppler shift Au,
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which depends on the rotating speed of the grating . Oue 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

dr exp(j(w+AL40
L j ' Er

cos yr siny,

cos

	

1
(3)

Erp
Er

. L

ruherein the ellipticity Er

	

br/ar is defined as the ratio of minor to major

axis of the vibrational ellipse (the major axis a r depends on the beam intensity I r
according to a r Y l r/(1

	

) ; 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/)

"(radl

	

- 2,8210

	

e . ds
0

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 TUTOR plasma parameters and a probing wavelength of 337 Am the

refractivities of the ordinary and extraordinary modes (e .g . Heald and Wharton /IU)

differ by less than 0,5 %, leading to a correspondingiy 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 effeet (a more detailed analysis will be given in

chapter IV) . After having traversed the plasma ersoss section the probing beam

Passes through a halfwave plate, by which the pe and secomponents of the electric

field are interchanged . Then the complex field vector of the probing wave can be

expressed as

(4 )

= typ expti

	

t Acp)l
cos 4 sin

-sinp cos yp
-j'Ep1

1 (5)

Hext, 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 raust 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/) .
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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

representing free spare, shunted by ah impedance jX0 representing the grid.

The shunt is either a capacitance or an inductance depending an the polari-

zation of the incident wave (see hg . 2) . From transmission line theory the

power reflectance is found to be (Möller and Rothschild /15/) :

	

,

Z -

	

o	
R

	

z

	

z
Zo+4X0

Since the equivalent circuit represents a iossless grid (because of the purely

imaginary shunt impedance) the power transrnittance results in

4X0

	

I-R a

	

2

	

2
Z .4X •0

	

0

The phase shifts of the reflected and transmitted waves relative to the inci-

dent wave are given by

2)(0
irr

	

crcton

	

7T- arctan TtR
Z0

Z
ore tarn' arc ton YRIT

2 X 0

[

	

rri2

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 tep = 37/4 and

	

Tp = rr/4, resp . (see fig . 2b ; grids with these properties are

manufactured by SPECAC Artalytical Accessories /16/ using tungsten wires of 10 .um

diameter and 152 um spacing for a wavelength of 337Am) . For an s-wave with its

electric field normal to the wires the grid is almost completely transparent

(Ts z 1, Rs

	

0 ; see fig . 2c) . 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 caIculate the electric field vectors after beam

recombination using the grid characteristics given in fig . 2 . We will First exa-

mine the interferorneter beam . In plane 1 of fig . 1 the electric field is found to be

( 6 )

( 7 )

( 8 )
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lt VZ- exp[ j ir/41

	

0

0

	

1
E p +

1fj-2-' -exp[j . 3-rr141

	

0

0 (9)

E ip and *E is , which contain the main components Erp and Eps of the reference and
probing beam, are orthogonal and hence da not interfere, unless they are super-
imposed in a diagonal direction . Therefore they haue to pass through an analyzer
set at 450 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 »m wavelength,
which reduces the transmission for "wrang" polarized radiation to less than 2 %).
If we denote the analyzer transmission coefficients for "right" and "wrang"

polarized waves by Tc and Tw resp . the electric field behind the analyzer

(plane 11 in fig . 1) can be written as

T/2 expLiec l

	

lTc 12 expfjec ]

Tw12 expEj . eI

	

t /2 ex [j (10)

(Note, that the c-w-coordinate system is rotated by 45 0 with respect to the pre-
vious p-s-system ; 0c and O 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 is proportional to the beam intensity (for the sake of

simplicity the constant of proportionality is henceforth omitted):

(11)

hing equations (9) and (10) the output signal results in
T +T

	

-x

	

x

	

x

	

T -T

	

x

(12)
S j

	

w

	

EE

	

+E r> , Eps + E rpE rp l

	

w Re [(I+j)

	

+2

m( 1,prp l

	

Tc ;Tw Re[(1-j)

The first curved brackets represent a constant background intensity dependent

an 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 leid compo-

nents defined in equations (3) and (5) the interferometer signal can be expressed

as
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+ Mcos (Atut + Ilcje + e 1 }

	

(13)

The quantities 0 1 and

	

and the phase angle ei depend an the polarization para-

meters ( p ,y p ), (E r , y r ) and an the intensities l p , 1 r 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 U

	

V,

	

, and 0 i are well

approximated by

U 1 /(Tc -T)

	

(K - yp -ap)-1p /2

	

z.	Kilp/2 + -4.74)

MI(Tc -Tw )

	

[1-K (a p +yp )I°Ipl j./2

	

IpI r/2

ton (P .e -(1 -K p}/ (1- Kep )

	

(14)

wherein K = (Tp +Tw )/(TpeTw ) accounts for non-perfect analyzer characteristios.

lt is important to nute that the total phase shift observed in the interferometer

signal consists of the sum of plasma phase shift ZI.97 and phase angle 1 . However,

variations of 01 due to linear plasma birefringence and Faraday effect are negli-

gibly small compared with the corresponding values of At). . As can be estimated

from equ . (14), five degrees of Faraday rotation (tapp = 0,087) cause a variation

4<:r150 . On the other hand, five degrees of Faraday rotation observed with

337 ,um radiation under TEXTOR conditions (1 = 300 kA) require an electron line

density of more than 3- 10 15 and the resulting plasma phase shift amounts

Atj> = 9r . A similar estimate holds for variations of the ellipticity e

Let us now examine the polarimeter beam of fig . 1 . Its electric field in plane 111

is given by

Z exp[j .3Tr14)
E p

1/17 expf tTr/41

	

0

00

	

0

(15)

Consequently, the output signal S p of the polarimeter detector results in

x
11Sp

	

111 1E

	

[ r r
xE E +E

rs s +

	

E x 1/2

	

Irrt [ xPe PpJ

which can be written in the form

Sp Up + Vp sin(Awt +

	

,: ep)

(16)
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Again, the quantities Up , Vp , and ep depend an the intensities and polari-

zation parameters of the probing and reference waves, and for srnall polarization

parameters we obtain approximately

Up z (1 + 2 ,2 + 2 4) 1 r t2

	

+ iypz + Ep2 l t,/ 2

	

(18)

Vp m 1/1p (ypz +4!)

ton

So,the polarimeter detector yields a sinusoidal output signal whose amplitude is

proportional to

	

+ E	, and if we could employ a linearly poiarized probing

beam (E ID = 0), then the amplitude V p were a direct measure of the rotation angle.

Unfortunately, sonne 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.

11. Evaluation of detector signals

1 . Interferometer signal

As already mentioned the arrangement described here is based

	

the interfero-

meter developed by V gron /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 . 1, in which the output signal of the detector 0 1 is given by equ . (13):

=

	

Vi cos(b.we

	

e t )

The fine lines represent a second interferometer system without any plasma in its

probing arm but using the saure rotating grating for frequency shift . Its detec-

tor DR provides a reference signal of the form

SR '- UR

	

(19)

By comparing the oscillating components of St and SR and measuring the time in-

terval

	

t between corresponding zero crossings the relative phase shift

	

ei )

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-

lution is correlated with the period of oscillation t = 2rr /Au) , which has to
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be chosen smaller than the time scale variation of phase shift.

Bitlee we are only interested in changes of phase shift relative to the situ-

atioh before plasma ignition, we need not care about the constant phase angle

e t (cf . the note in connection with equ . (14)) . Using equ . (4) the electron

live density along the probing beam path as a fuhetioh of the measured time

lag it results in :

e7fNe. ds

	

a 2,23-10
N . t

wherein the additive constant C takes into account the plasma-independent phase

shift due to e t . In practice, C is chosen in such a way that it compensates the

First term of equ . (20) when there is

	

plasma in the probing arm.

Polahimeter sighal

According to equ . (18) the amplitude V p of the polarimeter signal is proportional

to yp2 ,ef , and hertee a graph of V p versus y p results in hyperbolas as shown

in fig . 4 for different values of E p . Since the siope dVp/d

	

approaches zero
at y p = 0, exact measurements of small angles y p are impossible . However, this

difficulty rnay be overcome by introducing a constant bias angle y pp and thus

shifting the range of measuremeht towards the quasi-linear parts of the hyperbolas

(shaded section of fig . 4) . In the arrangement of fig . 1 such a shift is readily

dorre by slightly hotatirtg the half-wave plate away from its 45 0 position . Never-

theless, one should keep in mied that the relation V pe)lyr

	

is only valid for

small polarization parameters (

	

;

	

), and shifting the range of rneasurenient

consequently impairs the approximations . To give an example, the amplitude V p

calculated from equ . (18) differs by ca . 4 % from the exact value, if the polari-

zatioh parameters are supposed to be

	

ap ) = (200 ; 0,1) and

	

Er ) = (50 ; 0,1).

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 plate in well-de-

Eiried steps and detecting the amplitude Vp as a function of the rotation angle).

the contrary, changes of ellipticity ä e p due to variable linear bi hefhihgehce

may constitute a serious problem, if

	

e p is of the saure order of maghitude as
the variation Ay p of the rotation angle . In that rase the calibration curve
Vp = f (y p ) is

	

longer a hyperbola as shown in fig . 4 but has to take into
account the cornplicated relation between ellipticity and rotation angle . Fortunately,
for typical TUTOR parameters (N e° = 5 . 10 1 ' di' ; 1 = 300 kA ; BT = 2 T) and a

probing wavelerigth of 337 ,,um the vahiatioh of ellipticity caused by linear bire-

(20)
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fringence amounts to less than 4- 10-', which is small compared to the corres-

ponding rotation angles (see chapter IV).

To measure the amplitude Vp with high accuracy, careful eise filtering of

the polarimeter signal is absolutely necessary, esp . if room-temperature pyro-

electric detectors are employed . To illustrate this requirement, we assume the

power of the probing and reference bearns to be 1, = 1 , = 5 mW (which is a rea-

listic value for a multichannel device), and we ask for a precision of

+ 0,1 deg . Then we must be able to resolve power variations in the order

of a few duW . On the other hand, the noise equivalent power (NU) of pyroelectric

detectors (e .g . Mullard /17/, type 802 OPY) at a frequency of 10 kHz is about

10-8 W/f"i . So, if we warnt 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 lockein techniques . A lock-in amplifier gives an output voltage

Vp , which is proportional to the amplitude VT of the periodic test signal, when

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

Vo

	

VT e0s0 TR

	

(21)

where oTR is the phase shift between the test and the reference signal . hloise sig-
nals adjacent to the reference produce a differente frequency output, which is

attenuated according to the characteristics of the low-pass filter at the output

of the bock-in amplifier . This results in an equivalent band-pass filter with a

bandwidth equal to twice the low-pass cutoff frequency . Sirrte in our rase both the
polarimeter signal (equ, ( 17 )) and the interferometer signal (equ . (13)) haue the
same frequency and also experience the same phase shift Lcp caused by plasma refrac-

tivity, we can use the latter as a reference . The output voltage is then given by

Vo = Vp-oosErr/2 -( p - ei )1

	

V
P
-sin(e

P -4)

	

(22)

Inserting the expressions for V p ,

	

p , and eidefined in equations (14) and (18)
we arrive at

Vo
p +

	

-K(yp2

,

	

2
2 - 2K(4 p	+ K

2
tp +ip

	 t

2 (23)

lt is interesting to note that

	

approximates to a linear function of yp rather
than a hyperbolic relation as was found for the amplitude V p (cf . equ . (18)) . So, the
lock-in amplifier not only acts as a band-pass filter bot also 'linearizes'the de-

pendence an the rotation angle and thus offers the additional chance to determine
the sign of y p .
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Under real conditions, however,

	

is not well suited for direct measurements

of the rotation angle, because it depends on the intensities l p and l r of the

probing and reference beam, which may fluctuate due to variations of the laser

power and bearn 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

	

by the amplitude V 1 of the interferometer signal,

is also proportional to

	

1,1,	(cf. equ . (14)) . Fig . 5 sumniarizes

in

Vout

	

(Vp /VI	sin

	

-

	

.

	

(24)

Substituting the corresponding expressions and neglecting quadratic terms of

E p and

	

p , we obtain

the whole polarimeter data processing in the form of a block diagram (the high-

pass filters are included in order to separate the dc parts from the detector

Signals ; irt rase of pyroelectric detectors, which do not respond to constant

intensities, the filters may be omitted) . The output signal of the circuit results

vout

	

Tc _T
+

1 - Kiy p
(25)

where Tc , Tw , and K

	

(T
e	Tw

	

e

	

T
w
) account for the transmission properties

of the analyzer located in front of the interferometer detector . If K( y p	e p) is

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

Vogt

	

UI+ 2KElyp + Ep
T -Tw

1
(26)

In order to estimate the error introduced by applying equ . (26) we compare it

with the exact formula

.z

	

22

	

(1-apsin wcosyp, + gp

	

K(stn yp + g pdos
2
yp)

vout

	

(27)
Tc -TwK

z
(s

,
tnp+E:COSz p)-2Kf(l-ep2)sinyp-dosyp + Ep +2(dos2 yp + Ep2sin2 yp) °

Fig . 6 shows some curves of \l aut versus y p calculated friert both equations (26)

and (27) . The parameter K is supposed to be 1,05 corresponding to T c = 90 % and

Tw = 2 % . Within the range (- 150 < yp

	

150 ) and (- 0,06< Ep <-1- 0,06) the

angles y p derived from the approximate curves differ by less than 8 % from

the exact values . When the measuring range is restricted to (- 10 0 < yp <

	

Ich,
the deviations become less than 5 % . Nevertheless, for high precision measure-

ments orte should take into account the nonelinear relation between y p and

by using the appropriate solid litte of fig . 6 for calibration purposes.Vout
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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 %Lit 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 t p of the probing wave is

a constant quantity, that is to say, variations of e r, due to plasma birefringence

reust be negligible compared to eilanges of the rotation angle . This requirement is

met by the TEXTOR plasma as will be shown in the following etlager.

IV . Calcula ion of polarization changes w

	

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 output po-

larization as a function of plasma parameters . Segre's treatment is based an

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

s 1	cos

	

cos 2y

s2	cos 2x . sin 2y

	

(28)

s 3 . sin 2x

where y is the angle between the major axis of the vibrational ellipse and a

fixed coordinate axis (the p-axis of fig . 1) . x is related to the ellipticity

by

ton x

	

e .

	

(29)

The Stokes parameters determine the polarization vector s

	

(s i , S29 S3), which

will change fron point to point for a plane wave traversing a poloidal plasma

cross section . If the scale length of gradients in the plasma is small compared

to the radiation wavelength h and if absorption and refractive beam deviations

are negligible, the evolution of -gr can be represented by

..a.,..:
d

	

(z)

	

s(z)
z

(30)
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where z denotes the direction of propogation of the probing wave . The vector
Si. (z) contains the wave frequency

	

2-rrc/X

	

and the plasma parameters and
is given by

eGiu l ( z) p2(z

	

z),

	

(31)

and m 2 are the refractive indices and s ci and S c 2 are the polarization vectors
of the slow and fast characteristic waves, resp . (characteristic 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 y 2 = y l	tr/2 and £2 =

	

£ 1 ).

To solve equ . (30) Segre introduces the dimensionless variables X = x/r and

Z = z/r (see fig . 7) . Furthermore, he supposes that the electron densit39i e and
the current density j only depend an the dimensionless radius R =XI+Zz
(this assumption considerably simplifies the caIculations 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):

Ne(R)

	

Ne6f(R)

R
4TTBP() Re JR} R'dR° -WR)

	

(32)

where N eo is the central density ; B I is the poloidal field at the plasma edge
which is a function of the plasma current 1:

B 2 B (RA =p

	

rc

The toroidal magnetic field B T normal to the probing beam path depends an the
distance from the torus axis . lf BT0 is the central value at X = 0 and

	

denotes
the ratio of minor to major radius of the torus, then

21
(33)

BT( x ' (34)

Introducing the vector Tarn and substituting the refractive indices and the
polarization vector -s-"o2 in equ . (30) Segre finally arrives at the following system

of three equations :



;-4

.dst
dZ

T2 Z) . s3(Z) T3 (Z)

	

s2(Z)

ds2
T3 (Z)

	

s

(Z) . s 2 (Z)

- T 1	Z)

	

s 3 (2)

s 1 1Z)

(35)dZ

ds
-

	

3	=
d Z

wfiere the vector components are given by

PQU

	

02 [X 2 + Z
2
1 - [Z-b(Z)1

T 1 =

	

HZ)
D(sul +,u 2 )

	

O
2
fX

2
+ Z

2
J-[1- No. f(Z)]

	 2PU	 Z .f(Z)°b(Z)	
2

	

1'2

	

D(pl +,u 2 )

	

x +Z El - No. f(Z)l

	2P	 , X . f(Z) .b(Z1

IM+ ZI'

with

(36)

	U2	D = 1-
0 [X

2
+Z

ä
2

[X
2
+Z

z
2 +	 +[Z . b(Z)] i-t X -b(Z)i

1 - No°fIZI (37)

The quantities Na , P, U, and Q represent physical parameters whose values are cal-

culated from the following expressions:

-13 2
N0 0,88910 Neo

-14 x
P = 1,035 . 10 X Neo 1

U

	

0,934 XBT	(38)

Q = 50 r Ball

(X and r in cm, N ee in cm-3 , 1 in kA, BT in Tesla).

The system of equations (35) can be integrated numerically by dividing the pro-

bing beam path into a series of uniform sections (Z ; 2 + AZ) . The integration
-f

	

'
starts at

	

-

	

= -

	

- X2 with an initial polarization vector

so = (S10e SO, S30) and ends at

	

.

	

Z0 . The resulting output value of s gives

the orientation

	

of the vibrational ellipse and its ellipticity E

2 ardtan(s2/si )

	

139)

E

	

s 3

1



We will now apply this method to a probing beam of 337 um wavelength traversing

a poloidal ersoss section of the TEXTOR plasma at different positions X . Our nume-

rical calculations include the dependence of BT an X according to equ . (34), but

we neglect No and put the surr of refractive indices

	

+x12

	

tonst = 2 in equ . (36)

(the former is permitted because N o < 10-2 .c<l for central densities up to

10
14

cm
-3 , and the latter is tolerable since )u1

	

2 varies by less than 1 %

within the range of interest) . For both the electron and current densities we assume

parabolic distributions

b(R) = 2R

	

R3 W X
2

	

Z2 (2 - X2

15

Ne (R) -- N eo . (1 - R2 )

(R)

	

R2 )j

which corresponds to

	

f(R) = (1 - R2 ) = (1

	

X 2 - z2 )

We use the following set of parameters appropiate to the TEXTOR Tokarnak :

(40)

z2 ) (41)

central density

plasma current

toroidal Field

minor radius
imajor raius'

Neo = 5 . 10
13

cm 3

1

	

= 300 kA

BT - 2 T

ce = 0,286

Based an these data the nurnerical Integration of equ . (35) is carried out with

a stepwidth of AZ = 0,02 . Fig . 8 shows the resuits for different initial polarie

zation vectors so . The curves marked by 1 result from linear input polarization

parallel to BT, and the curves labelled 11 correspond to elliptical input pola-

rization (ao = 0,05) orientated at 5 0 with respect to BT (nute, that this choice

is inadequate to the schematic lay-out shown in hg . 1, but it conforms to the

actual arrangement planned for TUTOR) . In fig . 8a the rotation angles are plotted

versus the probing beam distance X from the plasma center . The dashed line attached

to curve 11 represents the situation that linear birefringence caused by both the

toroidal fieid BT and the poloidal cornponent BI normal to the probing beam is

completely neglected . A corresponding formula is derived from equ . (1) by substi-

tuting B H = (VR) . B o (R) and Ne (R) according to our assumptions (32) and (41):

-14 2

y (X) = 7, 99 .10 -7% . Neo-1 X -1 4( 2 (4X 4 13X z + (42)
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(

	

in deg, X in cm, Neo in cm-3 , 1 in kA).

The difference between both graphs (11) demonstrates a marked influence of trans-

verse magnetic fields on the rotation angle . On the other hand, for linearly po-

larized input waves (1) 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 considerably simplifies

the evaluation of measured rotation angles, should be used only for linear input

polarization parallel to BT . In that case, however, it yields rather accurate

results also for non-parabolic distributions N e (R) and ER), as was proved in a

series of comparative calculations.

Fig . 8b shows the changes of ellipticity Le experienced by the probing waves.

The asymmetry of the curves depends on the signs of BT and 1 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 parallel to

B
T

(curve 1) is favourable, since it reduces Ae to less than 4 . 10 . In terms

of the polarimeter signai (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 fNeds and jrNe- BH °ds

appropiate to the TUTOR Tokamak gras been described . Concerning the line density

Bads an experimental accuracy of abtaut 10
-2

interferometric fringes or

A , N eds < 10
13

cm
-2 can be achieved with a carefully designed set up (V gron

et .al . /5/) . For a typical beat frequency of AtJ = 10 kHz the time resolution

is 100ms . The sensitivity of Faraday rotation measurements yielding j(Ne - B H . 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 cornbined interferometric and

polarimetric diagnostics

Fig . 2 : Characteristics of the wire grill beam combiner

Fig . 3 : Principle of phase shift rneasurement

Fig . 4 : Polarimeter detector amplitude versus rotation angle

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

caIculation of polarization changes

Fig

	

rotation angle and change of ellipticity

versus probing beam position
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