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ABSTRACT

A recent investigation of an anomaly in the polarimetric measurements at JET is reported. A
calculation, based on the Stokes vector and Mueller matrix method, has been developed to simulate
the effects of the waveguide on the polarization of the propagating beams. These effects consist in
rotations of the polarization and alterations of the ellipticity, and affect both the probing and the
reference beams. The model which is assumed here is made up of a rotated retarder followed by a
rotator, with three free parameters to be optimized.

A very good agreement between the resulting calculated curves and the experimental calibration
diagrams is obtained for the four vertical channels of the JET polarimeter. Variations of both
phase shift and amplitude ratio are fitted by the model. This result supports the hypothesis that the
waveguide system, which transfers the beams from the torus to the detectors, is the main source of

the anomaly.

1. INTRODUCTION

In a previous paper [1], a detailed investigation of an anomaly in JET polarimetric measurements
was carried out. This anomaly makes the interpretation of the detected signals difficult, because the
direct use of the raw measurement data would lead to large errors. Thus, JET polarimetric signals
are processed using a calibration code that estimates the effects of the anomaly from the calibration
procedure and gives reliable measurement results [2, 3]. The presence of the anomaly is made evident
during the calibration in the absence of plasma: as the polarization of the probing beam is rotated
(by an angle ), the phase shift ¢ between the polarimetric signal and the interferometric signal is
not constant, as expected, and exhibits a large variation (more than 150°, for a variation of a of 20°).
The dielectric waveguides used to transfer the recombined beam from the torus hall to the detectors
have been considered as a possible origin of the anomaly, which is expected to be mainly due to
reflections on metal mirrors, with consequent rotations of the polarization of the beams. Simulated
values of the phase shift ¢ as a function of a, produced by a rotation of the polarization along the
waveguide, were estimated, and the calculated curves of @ versus o have been compared with the
experimental calibration curves for the four vertical channels, as reported in Ref. [1].

It is observed, however, that the variations of j in the experimental curves are somewhat larger
than in the curves calculated in such way. The calibration curve of Channel 3, for instance, exhibits
about 170°-variation, and the simulated one about 140°. This suggests the idea that probably the
rotation of the polarization is not the only effect suffered by the beams propagating along the line,
but also other effects should be considered. In particular, alterations of the ellipticity are likely.
Indeed, since metal mirror surfaces behave like half-wave retarders, the change of the orientation
of the polarization ellipse of an incident beam should be accompanied by a reversed ellipticity
[4]. Moreover, Crenn et al. [5] pointed out that a laser beam propagating along a hollow circular
waveguide of the kind used at JET, may suffer some deterioration of the polarization. This may occur

when the beam axis is not perfectly parallel to the guide axis, or in presence of some mechanical



defects of the guide. Components such as bends or couplers, may also produce similar effects. It
should be mentioned also that the focalizing spherical mirrors, with non zero incidence angles, may
produce aberrations [6], associated to changes of the polarization. So, it looks quite likely that JET
waveguides, being complex systems, with many mirrors and bends, may produce both rotations of
the polarization and alterations of the ellipticity of the propagating beams. For this reason, it was
decided to develop a calculation based on the Mueller method, to give a more realistic simulation of
the effects produced by the waveguide on the polarization of the propagating beams. The fit of the
experimental measurements, obtained in JET pulses during the calibration phase before the plasma
shot, has been widely investigated. The paper is organized as follows: In Section 2 a brief description
of the diagnostic and a review of the basic aspects of the JET polarimeter operation are given, for
a better understanding of the results presented in the following. In Section 3, the new simulation
analysis for the calculation of the detector signals is presented. In Section 4, the comparison of the
calculated curves with the experimental calibration curves of the four vertical channels is reported.

Variations of both phase shift and amplitude ratio have been fitted with calculated curves.

2. PRELIMINARY REMARKS

The schematic of a vertical chord in the polarimeter at JET is presented in Figure 1. A reference
frame is assumed with x-axis along the toroidal direction, the y-axis along the radial direction of
the torus and the z-axis in the vertical direction (“Torus Coordinate System”). The probing beam
coming from a DCN (A = 195um) laser passes through a half-wave plate, used for the calibration and
the diagnostic set-up, before entering the vacuum vessel. The polarization is set linear at 45° with
respect to the x-axis. After passing through the plasma, the polarization of the radiation experiences
a rotation (Faraday effect) and acquires ellipticity (Cotton-Mouton effect).

The reference (or modulated) beam is linearly polarized at 45° and is frequency shifted of 100kHz
(0y =21 x 10’ sec™) by a rotating grating wheel, before being recombined with the probing beam
by a quartz plate. The two superposed beams at frequencies w = 2mc/A and w + m,, respectively
(“Recombined beam”), pass through an oversized dielectric waveguide (Pyrex tube of ~80mm
inner diameter) up to a wire grid analyzer, that divides the electric field components in the x and y
directions. Then these latter are focused onto two corresponding detectors (“interferometer detector”
for x-component field and “polarimeter detector” for y-component field) to be acquired.

The signals from the x-component and y-component detector, indicated as i(t) (“interferometer

signal”) and p(t) (“polarimeter signal”) respectively, are beat signals at the frequency w,:
i(t) = Aj cos wgt (2.1)
p(t) = Ap cos(wyt — @) 2.2)

They are processed by a phase sensitive analog electronics module, to produce the



four signals:

RMS ={i(r)- (1)) =1 A’ (2.3)
PSD={ (t)-p(t)) =1 AA, cosg (24)
RMS' ={i"(1)- i/ (t)) = L A (2.5)
PSD’=(i'(t)- p(t)) =L A/A, sing (2.6)

where 1°(t) = A;’sinw,t is generated by 90° phase shifting i(t). Then, the following ratios are calculated:
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from which the next equations are readily obtained:

A
L= R R (2.9)

1

Rl
@ = arctan —) (2.10)
R
In ideal conditions, these two quantities are directly related to the angles which define the polarization

state of the radiation exiting the plasma

A
© = arctan (CX”) (2.11)

i

D= (2.12)

C and ¢, being calibration constants [1]. In particular, using (2.11) and (2.12), the Faraday rotation
angle and the ellipticity due to the Cotton-Mouton effect are readily deduced. As a consequence
of the anomaly, however, this procedure would give wrong results, if the raw measurement data
are used directly. For this reason, at JET, the polarimetric signals are processed using a suitable

calibration code [2,3].

3. ANALYSIS OF THE SIMULATION
As shown in Ref. [1], the probing beam, propagating in the z-direction with amplitude E,, after

passing through the plasma and the recombination plate, can be expressed as



E") =|P e - E,cos® 3.1

EV =|PJe"" - E,sin@e™, (3.2)

with time dependence e_th, o = 27tc/A, and
O=0+0 (3.3)

with ©, = 45°. In the absence of plasma, o is produced by a rotation of the half-wave plate used
for the calibration. It is twice the rotation angle of the plate. In the presence of plasma, a is due to
the Faraday effect, and @ is the phase shift between the x and y electric field components due to
the Cotton-Mouton effect.

Similarly, the reference beam of amplitude E,, after being reflected by the recombination plate,
can be expressed as:

E,

EO=[R[e"  —£ (34)

I~

el

Eﬁ’) — |R//|ei¢// .

ﬁ , 3.5)

7@+ ! The numerical values of the parameters associated to the

with time dependence e
recombination plate, calculated in Ref. [1], are reported in Table 1.

Up to this point, the Jones formalism has been adopted, because it is very well suited for describing
the effects of the quartz recombining plate on the beams. However, it is thought useful to switch
to the Stokes vector and Mueller matrix formalism to describe better the changes of polarization

of the propagating beams in the waveguide. For the probing beam, the following two angles are

evaluated:
) P PPE
©}” =arctan .— tan© , 00, <— (3.6)
P, 2
OV =y —y,+, (—m<dV < 1) (3.7)

The amplitude ratio is given by the following formula:

s = cos20") (3.8)
s =5in20%) - cosd!”) (3.9)
s¢) =5in20% - sind!”), (3.10)

Similar calculations for the reference beam are as follows:



O = arctan M 0<oe) < z
' 2

| R¢| i (3.11)
o =¢, -9, (-r<af) <) (3.12)
s =cos20") (3.13)

s{) =sin20") - cos d!” (3.14)

s =5in20" - sin@". (3.15)

Neglecting the attenuation in the waveguide, the intensities of both the probing and reference beams

are constant during the propagation
1M=E2. ([Pl|zcosz®+|P,,|zsin2®) (3.16)
() _ 2 2 23
19=1E - (R[] +R [, (3.17)

Since the reduced 3-component Stokes vector can be used in place of the full 4-component Stokes
vector, this allows to use (3x3) sub-matrices instead of complete (4x4) Mueller matrices.

If M is the transformation matrix which describes the changes produced by the waveguide in
the beam polarization, then the final Stokes vectors of the two beams can be respectively

obtained by

ssf’r) =M- Sgp’r). (3.18)

In the hypothesis of an ideal grid, the beat signals at the detectors are given by

i(t)=K (EVED e +cc.) (3.19)
pO)=K (EVE e +cc.), (3.20)

where K, and Ky are proportional to the respective responsivities, and hence the knowledge of the
final electric field amplitudes is necessary. This can be bypassed going back to the Jones notations.
To do this, the following parameters are calculated

) 321)
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(3.27)
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Then, by using the Equations (3.19) and (3.20), it is possible to express the detector signals in the

form (2.1) and (2.2), with
A, =2K /11" cos®Y) cos O
A, =2K, 1P sin@&‘.’”sin@&p
=00 -l
Furthermore, from (3.23) and (3.24) the phase shift ¢ and tang may be expressed as
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The amplitude ratio is given by the following formula:

A K. ;
T”z?tan@&‘”)tan@g).

i x

(3.29)
(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

The transformation matrix, which is introduced here to simulate the effects of the waveguide, is

the product of two matrices

M=M,(0)-M.(A,7)
the former is the matrix for a rotation of an angle 0, with unchanged ellipticity

cos26 sin26 O
M,(@)=]|-sin26 cos26 O
0 0 1

(3.35)

(3.36)



the latter is the matrix for a rotated retarder, having a relative retardation D and its principal axis

at an angle y to the x direction

cos’ 2y +cosAsin’ 2y (l—cos A)sin 2ycos2y —sinAsin2y
M.(A,y)= (1—cos A)sin 2ycos2y sin’2y+cosAcos’2y sinAcos2y (3.37)
sin Asin 2y —sin Acos2y cos A

When
A=m+39, (3.38)

d being a small angle, the retarder behaves like a non ideal half-wave plate, whichproduces a rotation
associated with a change of the ellipticity. In the product (3.35) the two matrices are ordered such
that a propagating beam encounters first the retarder and then the rotator. It may be expected that
the retarder gives a good representation of the effect of the metal mirrors. Nevertheless, rotations
with unchanged ellipticity might also be possible. As an example, the orientation of the analyzing
wire grid in front of the detectors defines “The Local Coordinate System of the Grid”, which may
be different from the “Torus reference frame” x, y, z [2]. This could have the effect of rotating the

polarization of the beam.

4. RESULTS OF THE SIMULATIONS

The simulation analysis described in Section III has been used to find the best fit of various plots
of the phase shift ¢ and of the amplitude ratio Ap/A; versus o, obtained in the calibration phase,
before JET pulses. The experimental curves are calculated using the acquired data of R and R’,
using Eqgs. (2.9) and (2.10). The four vertical channels of the Pulse No’s: 74650 (September 11,
2008) and 79692 (October 16, 2009) are considered in this work.

First of all, it should be noted that both the experimental and the theoretical data of are given as
solutions of the arctan function, defined by Egs. (2.10) and (3.33), respectively. As a consequence,
there is an indetermination of +s (or integer multiples of it) on the values of ¢. The use of solutions
limited to the interval —m/2 to +m/2, as they are usually given by computers, gives unrealistic
p-jumps in diagrams. In order to avoid this, whenever it is necessary, the result is corrected by
adding or subtracting m, in order to preserve the continuity of the curve, as it is natural. Moreover,

the variations of ¢ with respect to its initial value ¢, at oo =0

Ap =@ - ¢, “4.1)

are plotted as a function of a both in calculated and experimental diagrams, as it is shown in Figures
2to0 9 (top). In the same figures (bottom), the calculated and experimental diagrams of CAp/A; as
a function of a are also shown. The amplitude ratio is multiplied by the normalizing factor C= 1/
(Ap/Ay)

theoretical curves are calculated with @ = 0, using the angles vy, 6 and 0 as adjustable parameters.

so that their product is equal to 1 when ® = 45°, in accordance with Eq. (2.11). The

a=0°

The compared diagrams for the vertical channels 1, 2, 3 and 4 of the Pulse No: 74650 are shown



in Figs. 2,3,4, and 5, respectively; the diagrams for the same channels of the Pulse No: 79692 are
depicted in Figures 6, 7, 8 and 9, respectively.

As it is clearly shown in the examples reported, the model reproduces very well the experimental
curves of both the phase shift difference and of the normalized amplitude ratio, if the values of the
parameters are carefully chosen. For this preliminary investigation, the search of the optimum values
of the parameters has been done manually, without the need of too many attempts. Very likely, this
optimization should not demand very large computation resources if it would be run automatically,
before each JET pulse.

Usually, whenever a good agreement for the phase shift profile is found, an equally good agreement
is automatically found for the amplitude ratio also. In particular, in the case of channel 3, the fit
achieved in either phase shift and amplitude ratio diagrams has been very satisfactory for the two
shots (see Figs. 4 and 8). Some discrepancies are observed, however, in the amplitude ratio curves
of channel 2 in both shots, despite the good agreement of the phase shift curves (see Figures 3 and
7). The differences observed in the experimental profiles of the two shots (and consequently in the
choice of the three adjustable parameters) have to be ascribed to many changes which have been
performed in the diagnostic configuration in the time elapsed between the two shots. Relatively
small values for d-angle (associated with changes of ellipticity) are found, in comparison with y
and 0 (both associated with rotations). This proves that the rotation of the polarization is the main
effect, but a certain change of the ellipticity, though modest, is essential for a complete agreement.
The differences between the experimental and theoretical initial values ¢, of the phase shift ¢, have
no physical relevance. The experimental value of ¢, in fact depends on the instrumental setup.
Anyway, ¢, is not significant in polarimetric measurements, since the Cotton-Mouton effect is
related to the difference j - ¢, and not to the absolute value of ¢, whereas the Faraday effect to the
amplitude ratio Ap/A;, independent on ¢.

At JET, before each campaign, or when it is necessary, a manual calibration is performed, which
consists of the fine tuning of the wire grid position, located in front of the two detectors. This allows
modifying the repartition of the signal between the interferometric and the polarimetric detectors
and therefore permits to optimise the setup of the diagnostic for the requirements of the physical
programme (depending for example on the relative importance to be accorded to the interferometric
and polarimetric signals). This is the case of the Pulse No: 79692, which belongs to a high plasma
current campaign, where the wire grids have been rotated.

The extension of the simulation analysis to the case of arbitrary transmission and reflection co-
efficients proved to be unnecessary. Let be Tq the (power) transmission coefficient of the grid for
x-directed electric fields, and R, the reflection coefficient for y-directed fields. Best results have
been achieved for Ty and Rgy both equal to 1, and optimizing the parameters vy, d and 0, as it was
done before. This means that a wire grid, even if it is rotated, keep its “ideal” characteristics, and the
effect of its rotation is equivalent to rotate the polarization of the beam impinging on it. This rotation
is included in the 0-angle. This angle, as it is known, takes into account also other possible rotations of

the polarization with unchanged ellipticity, as for instance the rotation of the “local” reference frame



with respect to the “Torus” reference frame. So, the best fit procedure is again performed limiting to

three the number of the parameters to be optimized, without the use of additional variables.

CONCLUSIONS

The curves calculated by the model described in this paper, fit very well and simultaneously the
experimental calibration curves of both the phase shift difference and of the normalized amplitude
ratio, on the four vertical channels of the JET polarimeter. The data of the Pulse No’s: 74650 and
79692 have been considered in this analysis. The search of the optimum values of the three adjustable
parameters has been rather easy to do.

The very good agreement which is found, indicates that the rotation of the polarization is not
the only cause of the anomaly. In fact, for a complete agreement, a change of the ellipticity must
also be considered.

For both shots, the results are consistent with the assumption of “ideal” wire grids. If a grid
has been rotated during manual calibration, as in the case of Pulse No: 79692, the model has the
capability of self-adjusting to this effect, without the need of additional parameters.

These results support the hypothesis that the anomaly is mainly due to the waveguide systems,
which transfer the radiation from the torus to the detectors. They produce changes in the polariza-
tion of the propagating beams (rotations and ellipticity alterations), and affect both the probing and
the reference beams.

Very decisive elements to state if this hypothesis is true or not, could be given by an experimental
measurement of the Mueller matrix of the waveguides. So, it would be very interesting to compare
the experimentally determined matrices to the ones considered in our calculations. Methods for
measuring the Mueller matrices on optical components are described in Ref. [4,7, 8]. An example

of measurement of Mueller matrix in the FIR domain is given in Ref. [9].
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(I)// = 43 41870

Table 1: Moduli and Phases of the transmission and reflection coefficients of the recombination plate.
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Figure 1: Diagnostic layout for one vertical chord of the interferometer/polarimeter at JET.
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Figure 5: Comparison of experimental and theoretical
curves for channel 4 in 74650 JET pulse: Ap versus o
(top), and CAp/A; versus a. (bottom), calculated with y =
75.2°,8 = 14°,08 = 80°.

11



http://figures.jet.efda.org/JG11.33-2c.eps
http://figures.jet.efda.org/JG11.33-3c.eps
http://figures.jet.efda.org/JG11.33-4c.eps
http://figures.jet.efda.org/JG11.33-5c.eps

JET Pulse No: 79692 Channel 1

— Calculated
-~~~ Experimental

1.0

0.8~

~

0.4~

OJG11 .33-6C

o (deg)

50JET Pulse No: 79692 Channel 2
—— Calculated
o+~~~ Experimental
F
S -50r-
S_100-
-150- B
- | | ! ! ! !
20970 -60 -50 -40 -30 -20 -10 0
o (deg)
5
4
S
<D.
(&) 2
o | ! L g
-70 -60 -50 -40 -30 -20 -10 0
o (deg)

Figure 6: Comparison of experimental and theoretical
curves for channel 1 in 79692 JET pulse: Ap versus o
(top), and CAp/A; versus o. (bottom), calculated withy =
64.6° 0 =4.5°,0 = 83.5°.
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