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Abstract

The FIR (Far-Infrared) polarimeter at JET is affected by an anomaly which

makes difficult the interpretation of both Faraday and Cotton-Mouton ef-

fect measurements. The anomaly is clearly displayed during the calibration

operations in absence of plasma: as the polarization of the probing beam

is rotated, the phase shift of the polarimetric signal with respect to the in-

terferometric signal is not constant, as expected, but changes significantly.

It affects all the polarimetric measurement channels and has been so far re-

moved by an empirical preprocessing of the raw data. It can be ascribed

to a non ideal behaviour of some optical components. Looking for a possi-

ble explanation of the anomaly, in this paper we analyze the optical set-up

of the JET interferometer-polarimeter according to the laws of the classical

polarization optics. At first, the optical characteristics of the recombina-

tion plates are analyzed in detail. Although they produce ellipticity in the

transmitted and reflected beams, the results show that the recombination

plates should not be responsible of the anomaly of the polarimeter. Then,

the dielectric waveguides used to transfer the recombined beams from the

Torus Hall to the detectors are, for the first time, considered as a possible

origin of the anomaly. The anomalous behaviour is expected to be mainly

originated by reflections on metal mirrors which may produce rotations of

the polarization of the beams. A calculation has been performed in order to

analyze the effects of a rotation of the polarization of the recombined beam

on the detector signals. As a result, a rotation of the polarization along the

line could explain the anomaly. We also suggest some simple and feasible
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tests, useful to give an experimental support to this conclusion, and discuss

possible modifications of the optical set-up to remove or greatly reduce the

anomaly in future measurements.

1 Introduction

As it is known, at the JET polari-interferometer [1], in the present ver-

sion which allows simultaneous measurements of both Faraday rotation angle

and Cotton-Mouton phase shift [2], the measurements of the plasma electron

density can be performed not only with the conventional interferometry tech-

niques, but also by polarimetry, i.e. measuring the ellipticity experienced by

the probing radiation. In a tokamak plasma, where the toroidal magnetic

field is strong, the Cotton-Mouton effect provides an alternative method for

measuring the electron density. This may be specially important in large

fusion experiments, where the conventional interferometric measurement is

often affected by problems of fringe jumps [3]. The polarimetric measure-

ment of electron density, first proposed by Segre [4], has been experimentally

demonstrated at the W7-AS Stellarator [5] and it is being taken in consider-

ation for ITER.

At present, the JET polari-interferometer is the only diagnostic system in

which the polarimetric measurement of electron density can be routinely

compared with the interferometric method, providing a test bed of the tech-

nique of great importance for future experiments. However the JET polari-

interferometer in the present set-up suffers from an anomaly in polarimetric

measurements which makes difficult the interpretation of the detected sig-
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nals, because the direct use of the raw measurement data would lead to large

errors. This holds for both Faraday and Cotton-Mouton effects.

The cause of the anomaly in JET polarimetric measurements is still unknown.

Since long time, the anomaly has been ascribed to a non standard behaviour

of some non identified optical element of the polarimeter, which generates

an ellipticity (”spurious ellipticity”) in addition to the one produced by the

plasma. For this reason, JET polarimetric signals are preprocessed using

a code which estimates the spurious ellipticity from the calibration proce-

dure and cancels its effects in the raw measurement data [6]. In doing this,

the spurious ellipticity is assumed unchanged with and without plasma. Al-

though this approach results in a good agreement between the electron den-

sity coming from the Cotton-Mouton effect and the one measured by the

interferometer [7]÷[10], this correction procedure is criticizable for several

reasons: it is empirical, the physical mechanism generating the anomaly is

ignored and the final measurement errors are not well specified.

In next measurement campaigns, it will be possible to decide either to go on

tolerating this anomaly or to consider the possibility of removing it, so mak-

ing data processing much more easy and direct, with no necessity of artful

and complicated correction procedures. In the latter case, the knowledge of

the true origin of the anomaly is essential in order to evaluate the feasibility

of the necessary changes in the polarimeter. In any case, it is believed that

this kind of information could be useful to avoid this type of anomaly in

other plasma machines in the future.

The purpose of this work is to investigate the possible cause of this anomaly

and suggest modifications of the optical set-up to remove it. In Section 2
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we review the principles of the polarimetric measurement in JET and the

main aspects of the calibration and signal processing. This is thought useful

for a better understanding of the material presented below. In Section 3 we

present and discuss experimental calibration data of the four vertical chan-

nels which clearly show the presence of the anomaly. In Section 4 we present

a detailed analysis according to the basic laws of optics, of the recombination

plate which is one of the optical components which could introduce elliptic-

ity in the output beams. Then, in Section 5 the beam transfer line from

the Torus Hall to the detectors, including the dielectric waveguide, mirrors,

optical elbows, wire grid, is analyzed for the first time as a possible source of

anomalies. Finally, in Section 6 the effects of a rotation of the polarization of

the recombinated beam on the detector signals are simulated and the com-

parison with the experimental data of the calibration is reported. We show

that a simple rotation of the polarization is sufficient to explain the anomaly

and suggest some experimental tests, which can be done at JET to confirm

this result.

2 Polarimetry: operation principle

A simplified scheme of the general optical set-up for one vertical chord of

JET polari-interferometer is shown in Fig. 1. A reference frame is assumed

with x-axis along the toroidal direction, the y-axis along the radial direction

and the z-axis along the vertical axis of the torus. The DCN (λ = 195µm)

laser beam is split into a probing beam and a reference beam (also known as

”modulated beam”). Before entering the vacuum vessel, each probing beam
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passes through a wire grid linear polarizer used as optical filter and then

through an half wave plate, used for calibration and diagnostic set-up. On

the vertical channels, the polarization is linear at 45◦ with respect to the

toroidal direction (x- axis) to maximise the Cotton Mouton effect. After

passing through the plasma, the polarization of the radiation experiences

a rotation because of the Faraday effect and acquires ellipticity due to the

Cotton Mouton effect. The input and exit windows to the vacuum chamber

are made of z-cut crystal quartz.

The reference beam is modulated (frequency shifted) by a rotating grating

wheel at 100kHz (ω0 = 2π × 105s−1) and its polarisation is rotated of 45◦

by a half wave plate; then it passes through a wire grid used as an optical

filter before being recombined with the probing beam by a recombination

quartz plate. The recombined beam passes through an oversized dielectric

waveguide (Pyrex tubes of ∼ 80mm inner diameter) and then it reaches a

wire grid which acts as an analyser, dividing the electric field components

into two direction x and y, that are focused onto two corresponding detectors.

Assuming all the optical components behave ideally, the probing beam, after

passing through the plasma, can be expressed in the following complex form:

E(p)
x = E0 cos Θ (2.1)

E(p)
y = E0 sin Θe−iΦ (2.2)

with time dependence e−iωt, ω = 2πc/λ and
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Θ = Θ0 + α (2.3)

with Θ0 = 45◦.

In presence of plasma, α is due to the Faraday effect and Φ is the phase shift

between the electric field components Ex and Ey due to the Cotton Mouton

effect. In absence of plasma, α is produced by a rotation of the half wave

plate used for the calibration. The reference beam can be expressed as:

E(r)
x = E0g cos Θg (2.4)

E(r)
y = E0g sin Θg (2.5)

with time dependence e−i(ω+ω0)t and Θg = 45◦.

The calculation of the average power of the radiation incident on the detec-

tors, evaluated over times much longer than ω−1 but shorter than ω−1
0 , leads

to the following expressions for the detector beat signals:

i(t) = Kx(E
(p)
x E(r)∗

x eiω0t + c.c.) (2.6)

p(t) = Ky(E
(p)
y E(r)∗

y eiω0t + c.c.), (2.7)

where the signals from the x-component and the y-component detector are

indicated as i(t) (”interferometric signal”) and p(t) (”polarimetric signal”)

respectively, Kx and Ky are proportional to the respective detector respon-

sivities. Inserting relations (2.1) and (2.4) into (2.6) it possible to obtain:
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i(t) = Kx(E0E
∗
0ge

iω0t + E∗
0E0ge

−iω0t) cos Θ cos Θg. (2.8)

Writing

E0 = |E0|e−iφp , E0g = |E0g|e−iφg , ∆φ = φp − φg (2.9)

the previous relation can be expressed as

i(t) = Kx

√
2|Eo||E0g| cos Θ cos(ω0t−∆φ). (2.10)

The phase shift ∆φ accounts for the different optical path between prob-

ing and reference beam and for the electron density effect on the probing

signal phase. It can be omitted by the suitable choice of the time-line origin.

A similar expression for p(t) is obtained, inserting the relations (2.2) and

(2.5) into (2.7). Finally the detector signals can be written in the form:

i(t) = Ai cosω0t (2.11)

p(t) = Ap cos(ω0t− ϕ) (2.12)

where
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Ai = A cos Θ (2.13)

Ap = B sin Θ (2.14)

A = Kx

√
2|E0||E0g| (2.15)

B = Ky

√
2|E0||E0g| (2.16)

ϕ = φ0 + Φ, (2.17)

where φ0 is the phase shift between the two signals without plasma. It is

zero just in the assumption of ideal behaviour of the optics, but generally

it is not zero, as it will be shown later. The detector outputs are digitized

with a time resolution between 1ms and 14 ms depending on the acquisition

set-up and they are processed by analog phase sensitive electronic cards to

obtain the following four signals:

RMS = 〈i(t) · i(t)〉 =
1

2
A2
i (2.18)

PSD = 〈i(t) · p(t)〉 =
1

2
AiAp cosϕ (2.19)

RMS ′ = 〈i′(t) · i′(t)〉 =
1

2
A
′2
i (2.20)

PSD′ = 〈i′(t) · p(t)〉 =
1

2
A′iAp sinϕ (2.21)

where i′(t) ∼ sinω0t is generated by 90◦ phase shifting i(t) and its amplitude

A′i is assumed different from Ai. From these four relations the following ratios

can be calculated:
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R =
PSD

RMS
=
Ap
Ai

cosϕ (2.22)

R′ =
PSD′

√
RMS ·RMS ′

=
Ap
Ai

sinϕ. (2.23)

If relations (2.13) and (2.14) are satisfied, the previous ratios can be rewritten

as:

R = C−1 tan Θ cosϕ (2.24)

R′ = C−1 tan Θ sinϕ (2.25)

defining

C =
A

B
. (2.26)

Given the two ratios R and R′, the angles Θ and Φ can be easily obtained.

In fact, their ratio gives:

ϕ = arctan

(
R′

R

)
, (2.27)

independent from Θ, and then the Cotton Mouton phase difference

Φ = ϕ− φ0. (2.28)

The sum of their squares leads to:
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Θ = arctan(C
√
R2 +R′2) (2.29)

without any dependence on ϕ. The two calibration constants φ0 and C are

determined in absence of plasma, when Φ = 0 and Θ = 45◦. Obviously, the

phase shift without plasma ϕ = φ0 have to be constant during the scan of α

performed to calibrate the diagnostic.

The angles Θ and Φ define the polarization state of the radiation exiting the

plasma. It is possible for instance to evaluate the Stokes vector components

as s1 = cos 2Θ, s2 = sin 2Θ cos Φ, s3 = sin 2Θ sin Φ, with 0 ≤ Θ ≤ 90◦ and

−180◦ ≤ Φ ≤ 180◦, and then to calculate the ellipticity and the tilt angle of

the polarization ellipse with respect to the x-axis

ε =
|s3|

1 +
√

1− s2
3

, (2.30)

ψ =
1

2
arctan

(
s2

s1

)
(0 ≤ ψ ≤ 180◦). (2.31)

The Faraday rotation angle is given by:

Ψ = ψ −Θ0, (2.32)

it is equal to α = Θ−Θ0 only in absence of ellipticity (Φ = 0).

3 Calibration and data processing

At JET an on-line calibration is routinely performed before each JET pulse,

rotating the polarization direction of the probing beam by a known angle α
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using the half wave plate. Calibration examples are reported in figures 2÷5

for the vertical channels 1÷4 respectively. The R and R’ curves, coming from

experimental data through (2.22) and (2.23), are plotted as functions of the

angle α and the phase shift ϕ, calculated by (2.27), is also shown. It is clear

that the angle ϕ (in this case expected to be equal to φ0) is not constant for

a variation of the angle α (and so of Θ). This behaviour completely contra-

venes the assumptions of the theoretical treatment previously described and

it is a clear symptom of anomaly.

Because of this anomalous behaviour, at JET the polarimetric signals are

processed using a model which assumes that an unspecified optical element

generates an additional ellipticity (”spurious ellipticity”) characterized by a

constant phase shift φ̃ referred to a rotated co-ordinate system of unknown

orientation Ξ [6]. Optimizing four parameters by the least square method,

the R and R’ values, evaluated with this model in absence of plasma, fit very

well the experimental calibration curves, obtained varying α. In presence

of plasma, using the parameters optimized during the calibration, the pro-

cessing system evaluates on line the Θ and Φ angles and other polarization

parameters. In particular the Φ angle allows the calculation of the line in-

tegrated plasma electron density which usually agrees with the one provided

by interferometry.

Fig. 6 shows the evolution during one shot of angles Φ and Ψ evaluated by

this algorithm for channel 3, and these two parameters are compared with

the experimental phase shift ϕ of the two detector signals in a case where the

Faraday rotation angle is small (∼ 1◦). Nevertheless, the difference between

the Cotton Mouton angle Φ obtained from the algorithm and the phase shift

12



ϕ, given directly by the raw data, is large (a factor of five). This confirms

that a numerical postprocessing of the data is needed to take into account

the anomaly. Any attempt to evaluate Φ directly from ϕ, given by the raw

data, would cause significant errors. The difference between Φ and ϕ is in-

deed large even for small Faraday angles.

The use of this postprocessing algorithm at JET is justified however only

by a qualitative agreement between the measurements of the line integrated

plasma electron density by polarimetry and interferometry, but its reliability

hasn’t been quantified. Indications about the reliability of the measurement

of the line integrated plasma electron density by polarimetry using the Cot-

ton Mouton effect, have been obtained by statistical analysis [7]-[10]. In

particular in [10] it has been shown that the agreement between the interfer-

ometric and polarimetric measurement of the electron line density is within

∼ 1.1 ×19 m−2, for the entire range of densities, in more than 90% of cases

considered in that work. The shots belong to various campaigns in the years

2006 and 2007, and they were selected to produce statistics without any par-

ticular bias linked to particular experiments. This agreement is very good

(99%) for densities higher than 20×19 m−2.

4 The effect of the recombination plate

The recombination plate is a z-cut natural crystal quartz plate with thick-

ness h = 1.894mm± 1µm. The incidence angle of both the probing and the

reference beams is θ0 = 45◦. The x and y directions are perpendicular and

parallel with respect to the incidence plane. The electric field components
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corresponding to the probing and the reference beams, are partially trans-

mitted and partially reflected by the plate, and they experience the following

changes:

E
′(p)
x = P⊥E(p)

x (4.1)

E
′(p)
y = P‖E

(p)
y (4.2)

E
′(r)
x = R⊥E(r)

x (4.3)

E
′(r)
y = R‖E

(r)
y (4.4)

where the complex coefficients P⊥, P‖, R⊥, R‖, independent from Θ and Φ,

are evaluated considering multiple reflections on the surfaces of the plate [11].

The birefringence of the medium is characterised by two refraction index val-

ues: ordinary and extraordinary. The former for the electric field component

Ex perpendicular to the incidence plane and the latter for the electric field

component Ey parallel to the incidence plane. For λ = 195µm, the crystal

quartz has an ordinary refraction index n0 = 2.112 and an extraordinary re-

fraction index ns = 2.156, for a propagation perpendicular to the optical axis

[12]. Then, assuming that Ex is associated to the ordinary refraction index

n⊥ = n0 and Ey is associated to the extraordinary one, evaluated taking into

account of the angle between the refracted beam and the optical axis

n‖ =

√
n2

0 +

(
1− n2

0

n2
s

)
sin2 θ0. (4.5)

Neglecting dielectric losses, the complex coefficients in (4.1) ÷ (4.4) can be
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expressed as:

P⊥ =
1−<⊥

1−<⊥eiδ⊥ P‖ =
1−<‖

1−<‖eiδ‖
(4.6)

R⊥ =

(
1− eiδ⊥

)√<⊥
1−<⊥eiδ⊥ R‖ =

(
1− eiδ‖

) √<‖
1−<‖eiδ‖

(4.7)

where

<⊥ =
sin2 (θ0 − θ⊥)

sin2 (θ0 + θ⊥)
<‖ =

tan2 (θ0 − θ⊥)

tan2 (θ0 + θ⊥)
(4.8)

δ⊥ =
4π

λ
n⊥h cos θ⊥ δ‖ =

4π

λ
n‖h cos θ‖ (4.9)

θ⊥ = arcsin

(
sin θ0

n⊥

)
θ‖ = arcsin

(
sin θ0

n‖

)
. (4.10)

It is assumed that the probing beam transmitted through the plate is still

described by (2.1) and (2.2), while the reference beam is represented by

E(r)
x = E0g cos Θg (4.11)

E(r)
y = E0g sin Θge

−iφr (4.12)

where ϕr accounts for a possible non perfect filtering of the wire grid. So,

using the notations

P⊥,‖ =
∣∣P⊥,‖

∣∣ eiψ⊥,‖ R⊥,‖ =
∣∣R⊥,‖

∣∣ eiφ⊥,‖ (4.13)

and inserting equations (2.1), (2.2), (4.11) and (4.12) into (4.1) ÷ (4.4),

neglecting the prime sign, it is possible to write the equations for the beams
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after the recombination plate as follows:

E(p)
x = |P⊥| eiψ⊥ · E0 cos Θ (4.14)

E(p)
y =

∣∣P‖
∣∣ eiψ‖ · E0 sin Θe−iΦ (4.15)

E(r)
x = |R⊥| eiφ⊥ · E0g cos Θg (4.16)

E(r)
y =

∣∣R‖
∣∣ eiφ‖ · E0g sin Θge

−iφr . (4.17)

Explicit expressions for the moduli and the phases of P⊥,‖ and R⊥,‖ are

reported in the Appendix A. Using these mathematical relations it is easy to

calculate the ellipticity introduced on the two beams (probing and reference)

by the recombination plate, supposing they are initially linearly polarized at

45◦ (Θ = 45◦, Φ = 0, φr = 0). So the polarization ellipse of the reference

beam has ellipticity εr = 0.214 and tilt angle ψr = 20.41◦ with respect to

the x-direction. On the other hand the polarization ellipse of the probing

beam has ellipticity εp = 0.056 and tilt angle ψp = 144.46◦. The effect

of the recombination plate on the polarization of the beams is not only a

modification of the ellipticity but also a rotation of the polarization ellipse

such that the final angle is very far from the initial 45◦.

If the recombined beam is transferred unchanged to the detection system and

the x and y electric field components reach the respective detectors without

any interference between them, the signals at the detectors can be evaluated

as previously seen in Section 2, putting the relations (4.14) ÷ (4.17) into

(2.6) and (2.7). The expressions (2.11) and (2.12) are again satisfied; the
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amplitudes Ai and Ap can be written in the form (2.13) and (2.14) with

A = Kx

√
2 |P⊥| |R⊥| |E0| |E0g| (4.18)

B = Ky

√
2
∣∣P‖

∣∣ ∣∣R‖
∣∣ |E0| |E0g| (4.19)

and the relation (2.17) for ϕ is still true with

φ0 = ψ⊥ − ψ‖ − φ⊥ + φ‖ − φr. (4.20)

The two angles Θ and Φ can be evaluated using the signal processing method

described in Section 2. With respect to the ideal case, only the two calibra-

tion constants C and φ0 are different, and the rest doesn’t vary. Therefore,

the recombination plate cannot be the optical component introducing the

spurious ellipticty.

5 The dielectric waveguide

The dielectric waveguide system used to transfer the recombined beam com-

ing out from the recombination plate near the Torus up to the separating

wire grid in the Diagnostic Hall, is not a simple straight Pyrex tube, but

a rather complex optical system, including several metal mirrors, such as

elbows, focalizing and steering mirrors.

The beams from recombination plates suffer some reflections inside the C-

Frame before being downwards directed along the Tower. Under the floor

they are horizontally deviated by 90◦ elbows and travel long distances. At
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last, through 90◦ reflections, they come out into the Diagnostic Hall, where

every beam is focalized by a concave mirror, and directed in the vertical di-

rection towards the corresponding interferometer detector. Before reaching

the interferometer detector, on the way it encounters the 45◦ analyzing wire

grid, from which the reflected beam is sent to the polarimeter detector. The

wires of the grid are oriented in such a way to transmit and reflect electric

fields parallel to x and y respectively.

A possible origin of the anomaly could reside in a faulty separation of the

electric field at the exit of the recombination plate into two components: the

x-component, to be sent to the interferometer detector, and the y-component,

to the polarimeter detector. A very challenging question is: will the x (or y)

electric field component really arrive at the interferometer (or polarimetric)

detector only, with no influence on the other detector?

Actually, if a ”mixing” of x and y electric field components would happen

during their travel to the detectors, in the sense that each detector signal is

produced not by one electric field component alone, but by a combination

of both components, great alterations of the detector signals might result.

Also, variations of the phase shift ϕ as α changes should be quite expectable,

as it will be shown later.

It is well known that a beam reflected on a metal surface could experience a

modification of its polarization. In fact the electric field components E⊥ and

E||, perpendicular and parallel to the plane of incidence respectively, behaves
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differently, according to the laws of optics of metals [11]:

E
(r)
⊥ = ρ⊥E

(i)
⊥ (5.1)

E
(r)
‖ = ρ‖E

(i)
‖ , (5.2)

For high conductivity metals as aluminium, copper or silver and for FIR

wavelengths, it can be assumed with a good approximation:

ρ⊥ ≈ −1 ρ‖ ≈ 1. (5.3)

As a consequence, a linearly polarized radiation incident with electric field

tilted by an angle θ with respect to the plane of incidence, will come out

tilted at −θ, so it will suffer a rotation of an angle 2θ by the effect of the

reflection. In a sense, the metal surface behaves like an half wave plate with

optical axis parallel to the plane of incidence. Then, let’s simulate the effect

of the optical waveguide on the transmitted beam with a transformation of

the type: 


E ′
x

E ′
y


 =




cos γ sin γ

− sin γ cos γ


 ·




Ex

Ey


 . (5.4)

where γ is the overall rotational angle of the polarization of the beam due to

all the reflections suffered along the path from the recombining plate up to

the separating wire grid. The electric field components Ex and Ey coming

out from the recombination plate (4.14) ÷ (4.17) are inserted into (5.4); the

E ′
x and E ′

y components so evaluated are put into (2.6) and (2.7) to calculate

the two beat detector signals, which appear in the form of a sum of four
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sinusoidal terms at frequency ω0:

i(t) = Kx

√
2 |E0| |E0g|

4∑

k=1

ak cos(ω0t− αk) (5.5)

p(t) = Ky

√
2 |E0| |E0g|

4∑

k=1

bk cos(ω0t− βk) (5.6)

where

a1 = cos2 γ |P⊥| |R⊥| cos Θ (5.7)

a2 = cos γ sin γ |P⊥|
∣∣R‖

∣∣ cos Θ (5.8)

a3 = cos γ sin γ
∣∣P‖

∣∣ |R⊥| sin Θ (5.9)

a4 = sin2 γ
∣∣P‖

∣∣ ∣∣R‖
∣∣ sin Θ (5.10)

b1 = sin2 γ |P⊥| |R⊥| cos Θ (5.11)

b2 = − cos γ sin γ |P⊥|
∣∣R‖

∣∣ cos Θ (5.12)

b3 = − cos γ sin γ
∣∣P‖

∣∣ |R⊥| sin Θ (5.13)

b4 = cos2 γ
∣∣P‖

∣∣ ∣∣R‖
∣∣ sin Θ (5.14)

α1 = β1 = −ψ⊥ + φ⊥ (5.15)

α2 = β2 = −ψ⊥ + φ‖ − φr (5.16)

α3 = β3 = −ψ‖ + φ⊥ + Φ (5.17)

α4 = β4 = −ψ‖ + φ‖ − φr + Φ. (5.18)

Then, Eqs. (5.5) and (5.6) can be expressed as a single sinusoidal form:
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i(t) = Ai cos(ω0t− ψi) (5.19)

p(t) = Ap cos(ω0t− ψp) (5.20)

with

Ai = A

√√√√
(

4∑

k=1

ak cosαk

)2

+

(
4∑

k=1

ak sinαk

)2

(5.21)

Ap = B

√√√√
(

4∑

k=1

bk cos βk

)2

+

(
4∑

k=1

bk sin βk

)2

(5.22)

ψi = arctan

4∑

k=1

ak sinαk

4∑

k=1

ak cosαk

(5.23)

ψp = arctan

4∑

k=1

bk sin βk

4∑

k=1

bk cos βk

. (5.24)

where A and B are given by (2.15) and (2.16) respectively. Finally, Eqs.

(5.19) and (5.20) can be put in the form (2.11) and (2.12) with

ϕ = ψp − ψi. (5.25)

Eqs. (5.23), (5.24) and (5.25) lead to
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ϕ = arctan

4∑

k=1

bk sin βk

4∑

k=1

bk cos βk

− arctan

4∑

k=1

ak sinαk

4∑

k=1

ak cosαk

(5.26)

If the averaged out values (2.18) ÷ (2.21) and the ratios R and R’ defined

by (2.22) and (2.23) are now evaluated using Eqs. (5.21), (5.22) and (5.26) for

Ai, Ap and ϕ, it is evident that their dependence on Θ and ϕ is very different

from the one of Eqs. (2.24) and (2.25). As a consequence, the angles Θ and

Φ cannot be obtained from the R and R’ measured values in a simple way, as

it is shown in Section 2, where Eqs. (2.28) and (2.29) are found. Moreover,

there is no direct relation between ϕ and Φ; now ϕ depends in a complex

way on both Θ and Φ, as it is shown in (5.26) taking into account (5.7) ÷
(5.18). In particular, during the calibration with Φ = 0, the angle ϕ has

to be expected not to be constant as Θ (or α) varies, but to change with a

complex law. This aspect has been matter of accurate evaluations, as it is

illustrated in next Section.

6 Results of the simulation

The phase shift angle ϕ calculated by Eq. (5.26), with the aid of Eqs. (5.7)

÷ (5.18), has been plotted as function of α = Θ− Θ0, with Φ = 0, in order

to verify the capability of reproducing the experimental calibration curves

shown in Figs. 2 ÷ 5, with suitable choices of γ and φr.

The best agreement between the calculated curves and the experimental

curves is found when γ assumes the values 40◦, - 59◦, - 29◦ and - 25◦ for
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the vertical channels 1, 2, 3, 4 respectively, as it is shown in Figs. 7 ÷ 10,

where tanϕ has been displayed in place of ϕ to avoid the discontinuities of the

arctan function. These agreements have been reached optimizing the values

of γ and φr. The fact that four different γ-values are found is not surprising,

since the path geometry is different in each channel. Small nonzero φr angles

(of the order of few deg.) have been found, they could be ascribed perhaps

to some ellipticity of the polarization of the reference beams, associated to a

good but non perfect filtering of the wire grids.

As it is seen in the reported diagrams, the curves calculated by the simula-

tion are very similar to the experimental ones, and probably the agreement

could be quantitatively much improved, if other parameters were considered

and optimized, as finite transmission and reflection coefficients of the grids.

This latter aspect however is beyond the purposes of this work.

The results obtained here demonstrate that rotations of the polarization of

the radiation propagating along the path from the Torus up to the detectors

could justify the anomaly affecting the polarimetric measurements at JET,

and the calculated rotations could be likely produced by reflections on metal

mirrors.

To go on with our investigation, what we need is an experimental verification

to determinate whether rotations of the polarization of the expected amount

really happen or not in the exiting beams. A proposed test is as follows: cre-

ate conditions such that the beams exiting from recombination plates have

linear polarization either in the x or in the y direction. This could be realized

in a simple way by proper rotations of the half wave plates in the polarimeter.

Then, determine the directions of the polarization of the beams at the entry

23



of the separating wire grids in the two cases using a polarizer, let’s indicate

with x’ and y’ the new directions respectively. Note if the final directions of

polarization x’ and y’ appear rotated with respect to the initial directions x

and y by angles which may be somehow related to γ-values found before.

As a second step, we propose also to place one half wave plate in front of

each analyzing wire grid. Each half wave plate should be rotated in such a

way to compensate the rotation of the polarization produced along the line.

Afterwards, the behaviour of the new calibration curves of ϕ vs. α should be

observed: if as a result they appear drastically flattened with respect to the

ones depicted in Figs. 2 ÷ 5, this will come up to our expectations. Also a

rather simple way to eliminate or reduce the anomaly could be found.

Note that this experimental activity should be in principle rather easy to

do, since it would deal with optical components accessible for testing such as

wire grids and detectors, which are located in the Diagnostic Hall.

If it is true that the anomaly originates from the waveguide collecting the

recombined beam up to the detectors, it should be preferable to locate the

wire grid as close as possible to the exit port of the Torus, in accordance

with the classical rules for a correct operation of this kind of instruments

[13]. Then, two separate waveguide systems should be used to pickup the

two x and y-component radiations from the grid and collect them to the re-

spective detectors. Unfortunately, this solution could not be practicable for

JET, but it should be taken in serious consideration in new projects for next

generation plasma machines.

24



7 Conclusions

The recombination plates don’t look to be the source of the anomaly noticed

in the polarimetric data at JET. Although they considerably modify the po-

larization state of both the probing and the reference beams, the results of

the polarimetric measurements of Θ and Φ should not be affected by it. As

a result, only the two calibration constants C and φ0 are modified. In par-

ticular, the phase shift ϕ should remain constant as α is varied in absence of

plasma and this is very different from what really happens.

The hypothesis that the anomaly could arise from the waveguide system col-

lecting the recombined beam away to the detectors looks very promising.

Effects comparable to the ones produced by the anomaly are found by simu-

lating a rotation of the polarization of the propagating beam, as it is shown

by diagrams of the calculated ϕ vs. α compared with the measured ones.

In order to complete this investigation, some simple experimental tests are

proposed, to be done at JET in the Diagnostic Hall on optical components

which are accessible for tests. It is not excluded that a remedy to the anomaly

effects could be found during this activity.

In new projects, the use of a single long line to reach an analyzing wire

grid located far from the torus and the other optical component should be

avoided. As a general rule, the use of two independent waveguide systems

collecting to the detectors the output beams of a separating grid placed near

the torus should be preferred.
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A Transmission and reflection coefficients of

the recombination plate expressed in polar

form

The following relations have to be known to be able to express the coefficients

given by (4.6) and (4.7) in the form (4.13):

|P⊥| = |1−<⊥|√
1 + <2

⊥ − 2<⊥ cos δ⊥
(A.1)

|P‖| =
|1−<‖|√

1 + <2
‖ − 2<‖ cos δ‖

(A.2)

|R⊥| =
2
√<⊥

∣∣∣∣sin
δ⊥
2

∣∣∣∣
√

1 + <2
⊥ − 2<⊥ cos δ⊥

(A.3)

|R‖| =
2
√<‖

∣∣∣∣sin
δ‖
2

∣∣∣∣
√

1 + <2
‖ − 2<‖ cos δ‖

(A.4)

ψ⊥ = arctan

( <⊥ sin δ⊥
1−<⊥ cos δ⊥

)
(A.5)

ψ‖ = arctan

( <‖ sin δ‖
1−<‖ cos δ‖

)
(A.6)

φ⊥ = arctan

(
−1−<⊥

1 + <⊥
sin δ⊥

1− cos δ⊥

)
(A.7)

φ‖ = arctan

(
−1−<‖

1 + <‖
sin δ‖

1− cos δ‖

)
(A.8)
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Figure 1: Diagnostic layout for one vertical chord of the polari-interferometer at JET.

Figure 2: Evolution of ϕ, R and R’ with respect to the
angle α for channel 1.

Figure 3: Evolution of ϕ, R and R’ with respect to the
angle α for channel 2.

 

Laser system

Beam
splitter

Probing
beam

Recombination
plate

x

y

z
p(t)

i(t)

Polarimeter
detector

(y-component)

Interferometer
detector

(x-component)

Dielectric
waveguide

Mirror

Wire grid

Wire grid

Plasma

Reference beam
(also known as

modulated beam)

Wire grid

Mirror

Halfwave
plate

Halfwave
plate

Grating
wheel

λ = 195µm

JG
09

.3
45

-1
c

-0.2

0

0.2

-0.6

-0.4

-100

-150

-50

0

50JET Pulse No: 74650  Channel 1

-4-8-12-16 0

-4-8-12-16 0

R

α (deg)

JG
09

.3
45

-2
c

R′

ϕ 
(d

eg
) 100

50

0.6

-0.2

-0.50

0

0

0.2

0.4

150

-0.4

JET Pulse No: 74650  Channel 2

-30 -20 -10 0

R

α (deg)

JG
09

.3
45

-3
c

-30 -20 -10 0

R′

ϕ 
(d

eg
)

http://figures.jet.efda.org/JG09.345-1c.eps
http://figures.jet.efda.org/JG09.345-2c.eps
http://figures.jet.efda.org/JG09.345-3c.eps


30

Figure 4: Evolution of ϕ, R and R’ with respect to the
angle α for channel 3.

Figure 5: Evolution of ϕ, R and R’ with respect to the
angle α for channel 4.

Figure 6: Evolution of Ψ, of the Faraday rotation angle
Ψ and of the phase shift ϕ during one shot for channel 3.
The signals Ψ and Ψ are processed by the software; ϕ
comes directly from the raw data.

Figure 7: Experimental tan ϕ curve for channel 1 is
compared with theoretical tan ϕ, calculated with γ = 40±
and φ r = 3o.
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Figure 8: Experimental tan ϕ curve for channel 2 is
compared with theoretical tan ϕ, calculateda with γ = -
59± and φ r = “3o.

Figure 10: Experimental tan ϕ curve for channel 4 is
compared with theoretical tan ‘, calculated with γ = “25±
and φ r = 3o.

Figure 9: Experimental tan ϕ curve for channel 3 is
compared with theoretical tan ϕ, calculated with γ = -
29± and φ r = 3o.
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