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might be imperfect. The wavefront should be overlapped

completely. The walk-off in the nonlinear crystal and win-

dow material causes the beam displacement of around 0.1

mm. A wedge plate which can change the direction of the

beam axis may reduce the baseline variations. Similar to

that, the distortion of the wavefronts, which is due to multi-

reflection in the window material or the PEM, also causes

the imperfections of vibration cancellation. One of the so-

lutions is an adaptive optics, which consists of a wavefront

sensor and a deformable mirror. As for long time measure-

ment, observed slow variations are speculated to be related

to changes in the room temperature. The temperature vari-

ations might change the optical constant of some optical

components.

The electron density of an atmospheric-pressure plasma,

whose density response is almost the same (within several μs)

as that of the discharge current was conducted, in order to

evaluate the actual temporal response of the DI. The plasma

source was placed just in front of the PEM and the laser beam

is focused on the micro plasma16 by adding lenses. From the

measurements, it is found that there is a delay time of about

80 μs in the evaluated density compared with the actual den-

sity rise. The time constant of the evaluated density is about

100 μs in the case of a time constant of the lock-in amplifier

of 30 μs. These characteristics of the responses are expected

to come from the lock-in amplifiers. The digital lock-in tech-

nique, which has been adopted in the MSE,17 would improve

the time response of the DI.

Measurement results of LHD plasma with the DI and the

existing far infrared laser interferometer are shown in Figs.

6(a) and 6(b). Although the lines of sight are different from

each other (FIR: vertical line of sight, DI: horizontal line of

sight), they show good agreement. One of the possible rea-

sons for the about 5% averaged difference between the DI

and the far infrared laser interferometer, shown in Fig. 6(c),

is an error of the optical path length in a plasma. The optical

path lengths are defined as the distance inside the last closed

magnetic surface (LCFS) which is determined by equilibrium

calculations. However, the density of the LHD plasma actu-

ally expands to the stochastic layer outside the LCFS and the

expansion is different at each cross section. The modulation of

the evaluated density with the DI �ne = ne
Dis – 0.96 × ne

FIR

of an amplitude of ±2 × 1018 m−3, is seen as shown in

Fig. 6(c). This modulation is caused by offsets included

in the amplitudes of the modulation Iω
m
, I2ω

m
for the density

evaluation. Supposing that the offsets C and D are added to

the amplitude signals,

I2ω
m

= 2BJ2

(

2ρ0

)

cos (ψ) + C,

Iω
m

= −2BJ1

(

2ρ0

)

sin (ψ) + D.

Then the additional modulation term appears in the evaluated

phase shift ψ ′:

ψ ′ = tan−1(Iω
m
/ I2ω

m
) = −ψ + E sin(cψ + α). (6)

The offset, which was about 10% of the modulation ampli-

tudes, was found in the amplitude signals. Supposing that

C/2BJ2

(

2ρ0

)

= D/2BJ1

(

2ρ0

)

= 0.1, (7)

FIG. 6. (a) and (b) Measurement results of low and high density plasmas

with the dispersion interferometer ne
Dis and with the far infrared laser inte-

ferometer ne
FIR. (c) Comparison between ne

Dis and ne
FIR. An oscillation of

the electron density �ne = ne
Dis – 0.96 × ne

FIR is found.

the expected density modulation calculated with Eq. (6) is ±1

× 1018 m−3, which is close to the measurement results. One

of the possible reasons of the offset in the modulation am-

plitudes is the multi-reflection inside the optical element in

the PEM. The multi-reflected lights interfere with each other

and the amplitudes of the interference signal will be modu-

lated with the harmonics of the drive frequencies due to slight

changes in the thickness of the optical element or change in

the refractivity. In order to reduce the offsets, optimization

of the incident angle of the laser beam to the PEM to mini-

mize the multi-reflections may be effective.

The fringe jump errors occur easily in the high density

range because of fast density change or beam refraction in

a plasma. Since there is no density limit such as the Green-

wald density in tokamaks, the high density larger than 1

× 1020 m−3, which is comparable to that in ITER stan-

dard operation, can be available on LHD. Hence, LHD is

a good test platform for robust density measurements. Fig-

ure 7 shows measurement results of the high density dis-

charge up to 1.5 × 1020 m−3 sustained by repetitive pel-

lets injection. While a fringe jump error occurred in the
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FIG. 7. The temporal evolutions of the line averaged electron density mea-

sured with the dispersion interferometer and the far infrared laser interferom-

eter. The fringe jump error occurs at t = 3.92 s, as shown by an arrow.

far infrared laser interferometer due to decrease in the de-

tected intensity by beam refraction, the DI can continue

measurement. The decrease in the detected intensity was

not significant due to shorter wavelength and the DI could

track a fast density change of 7.8 × 1020 m−3, which cor-

responds to 1.8 fringe, during 1 ms by a sampling rate

of 100 kHz and with a time constant of lock-in amplifier

of 30 μs.

V. DISCUSSION

To be free from fringe jump errors, the expected phase

shift should be smaller than 2π . Although there were no

fringe jump errors in the pellet injected discharge by the suf-

ficient sampling frequency and the time constant, there still

remains the risk of fringe jump errors for the CO2 laser DI

principally because the phase shift is larger than one fringe. A

Nd:YAG laser, whose wavelength is 1.064 μm can reduce the

phase shift down to 1/10 compared with that of the CO2 laser.

The line density which corresponds to 2π is 1.4 × 1021 m−2

for Nd:YAG laser. In case of LHD (optical path length is 3.28

m in double path), even 3 × 1020 m−3 which is the maximum

line averaged electron density so far, the phase shift is 0.58

fringe and the density can be determined without ambiguity

of 2π .

The Nd:YAG laser DI can be composed of commercial

optical components. There is a continuous wave Nd:YAG

laser with a power of more than 1 W. There are varieties of

nonlinear crystals and PPMgSLT has a high conversion effi-

ciency. Combined with the above laser whose output power

is 8 W, the second harmonic beam with a power of 2 W will

be obtained with PPMgSLT. A high sensitivity detector for

the second harmonics is available and about 1 mW is enough

for detection. However, 1 μm laser beam is easily attenuated

by the surface roughness of the in-vessel mirrors, which is

caused by sputtering and depositions of impurities. The reflec-

tivity at the visible light decreased down to less than 10%18

on LHD, two-three orders higher power is preferable. As for

the phase modulator, not only the PEM but also an electro-

optic modulator (EOM) is available in this wavelength range,

whose drive frequency is higher (e.g., 1 MHz) than that for the

PEM. Hence, a faster time response can be expected. One of

the concerns is the smaller signal to noise ratio (SNR). This

is because the phase shift due to a plasma becomes one or-

der smaller and that due to the vibrations becomes one order

larger. In addition to that, the wavefront distortion would be

more serious than that for the CO2 laser. The bench-testing

for the examination of SNR of the Nd:YAG laser DI is pro-

ceeding in NIFS at present.

VI. SUMMARY

A CO2 laser (10.6 μm) DI which uses a ratio of modu-

lation amplitudes for phase extraction has been developed on

LHD. The DI can improve a limitation of an interferometer:

measurement errors due to mechanical vibrations. The origi-

nal DI suffers from the variations of the detected intensities.

The proposed phase extraction method which uses the ratio

of modulation amplitudes makes the DI free from the varia-

tions of the detected intensities. Hence, the developing DI on

LHD is robust against both the mechanical vibrations and the

intensity variations.

The phase variations of the DI on LHD are within ±2

× 1017 m−3 for 3 s without a vibration isolation system on the

optical bench. The drift of the baseline is about 5 × 1017 m−3

for 30 min. The measurement results of the DI show good

agreement with the existing far infrared laser interferome-

ter. The average difference between them of about 5% might

come from the evaluation error of the optical path length. The

fake density modulation with an amplitude of ±2 × 1018 m−3

was found during the density ramp-up. The density modu-

lation seems to be attributed to offsets in the amplitudes of

modulation components, which are used for the phase eval-

uations. Since the multi-reflections inside the phase modu-

lator are one of the candidates for what causes the offset,

fine adjustment of the incident angle of the probe beam to

the modulator would improve the density modulation. In the

case of the sufficient sampling rate and time constant of the

lock-in amplifiers for amplitude detection of the modulation

signal, there is no fringe jump error even in the high density

plasma around 1.5 × 1020 m−3 sustained by repetitive pellet

injections.

For future robust density measurement, a shorter wave-

length DI, which adopts a Nd:YAG laser (1.064 μm), can be

free from the fringe jump error. The system will be composed

by commercial components. The bench-testing for evalua-

tions of signal to noise ratio of the Nd:YAG laser DI which

uses the above phase extraction method is in operation.
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At anticipated high electron temperatures in ITER, the effects of electron thermal motion on Thomson

scattering (TS), toroidal interferometer/polarimeter (TIP), and poloidal polarimeter (PoPola) diag-

nostics will be significant and must be accurately treated. The precision of the previous lowest order

linear in τ = Te/mec2 model may be insufficient; we present a more precise model with τ 2-order

corrections to satisfy the high accuracy required for ITER TIP and PoPola diagnostics. The linear

model is extended from Maxwellian to a more general class of anisotropic electron distributions that

allows us to take into account distortions caused by equilibrium current, ECRH, and RF current drive

effects. The classical problem of the degree of polarization of incoherent Thomson scattered radiation

is solved analytically exactly without any approximations for the full range of incident polarizations,

scattering angles, and electron thermal motion from non-relativistic to ultra-relativistic. The results

are discussed in the context of the possible use of the polarization properties of Thomson scattered

light as a method of Te measurement relevant to ITER operational scenarios. © 2014 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4891176]

I. INTRODUCTION

Toroidal interferometry/polarimetry (TIP), poloidal po-

larimetry (PoPola), and Thomson scattering (TS) are major

optical diagnostics being designed and developed for ITER.

Since they are needed for basic machine operation as well

as physics studies, accurate measurements are required to

meet ITER operational goals. Fundamentally, each of these

diagnostics relies upon a sophisticated quantitative under-

standing of the electron response to laser light propagating

through a burning plasma. Improvements in this understand-

ing are being used to guide and constrain the design of these

diagnostics, and, once they are operational, will be used to

improve measurement accuracy. These improvements will en-

able proper application of diagnostic measurements to direct

real-time feedback control of ITER device operation. The pri-

mary focus of our work is to examine the effects of elec-

tron thermal motion on the refractive indices and polarization

of high-frequency electromagnetic waves (specifically laser

light, both directed and scattered).

The magnetized plasma exhibits birefringence, and two

orthogonal states of wave polarization with different refrac-

tive indices are present. Important consequences of plasma

birefringence are the Faraday (FR) effect of rotation of the po-

larization plane and the Cotton-Mouton effect (CM) leading

to both rotation and deformation of the polarization ellipse.1

For the waves propagating in the direction of the incident laser

beam and used for the purposes of interferometry and po-

a)Invited paper, published as part of the Proceedings of the 20th Topical
Conference on High-Temperature Plasma Diagnostics, Atlanta, Georgia,
USA, June 2014.

larimetry (I/P), we calculate electron thermal corrections to

the interferometric phase and polarization state of the light

(FR and CM polarimetry). Our initial results2 were obtained

from a linear in τ = Te/mec2 ≪ 1 isotropic electron temper-

ature model. They have already been included in the error

analysis and design projections of the ITER TIP and PoPola

systems.3, 4 The new findings are: (1) the precision of the low-

est order linear in τ model may be insufficient; we present a

more precise model with τ 2-order corrections to satisfy the

high accuracy required for ITER TIP and PoPola diagnostics

and (2) the linear model is extended from Maxwellian to a

more general class of anisotropic electron distributions. This

allows us to take into account a shift of distribution due to

mean parallel electron drift velocity (current) and effects of

temperature anisotropy caused by ECRH or RF current drive

systems. The shift mechanism is discussed in relation to the

possibility of Fizeau interferometry/polarimetry to measure

the equilibrium plasma current density.

Interaction of the laser beam with plasma causes light

to scatter away from the direction of the incident light. This

low intensity Thomson scattered light is used for electron

temperature and density measurements. In application to this

diagnostic, we calculate the degree of polarization of incoher-

ent Thomson scattered laser light analytically exactly with-

out any approximations for the full range of incident polar-

izations, scattering angles, and electron thermal motion from

non-relativistic to ultra-relativistic. The results are discussed

in the context of the proposal5 to use the polarization prop-

erties of Thomson scattered light as a method of Te measure-

ment relevant to ITER operational scenarios. The purpose of

this paper is to review recent theoretical results in support of

optical diagnostics in burning plasmas. The progress achieved

0034-6748/2014/85(11)/11D302/6/$30.00 © 2014 AIP Publishing LLC85, 11D302-1
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in Thomson scattering analysis will be described first below,

followed by interferometry and polarimetry.

II. THOMSON SCATTERING

Incoherent Thomson scattering is routinely used for elec-

tron temperature measurement, with Te proportional to the

width of the scattered spectrum.6 The scattering process

changes the polarization of the light, an effect that becomes

large in high-temperature burning plasmas and is typically de-

scribed by the relativistic depolarization factor q (see Ref. 6).

This factor quantifies the reduction of scattered spectral in-

tensity caused by relativistic terms ∝ v2
e/c

2 in the polariza-

tion part of the scattering operator. Although the reduction is

referred to as depolarization, it is different from the common

understanding of depolarization considered in our paper. In-

deed, the aforementioned reduction of intensity takes place

even for scattering on a single moving electron. In this case,

the scattered electromagnetic wave has a Doppler-shifted fre-

quency but still remains monochromatic and completely po-

larized. We analyze the superposition effect caused by a large

number of randomly moving electrons. It results in broaden-

ing of the frequency spectrum and renders the scattered radia-

tion partially polarized even though the incident light is fully

polarized.

The loss of polarization is quantified by the degree of po-

larization P, or equivalently by the degree of depolarization D

= 1 − P. The possibility of determining the plasma electron

temperature by measuring the degree of depolarization was

suggested in Ref. 5. If the degree of polarization dependence

on electron temperature is accurately known from theory, the

accuracy of such a diagnostic could potentially exceed that of

the conventional spectrum-based TS method. Thus motivated,

we revisited this topic to analyze whether polarization effects

may be suitable for application to advanced TS diagnostics on

ITER. In our analysis, we follow Ref. 7, with some important

corrections and improvements. In particular, the finite transit

time effect8 is properly incorporated into the scattering oper-

ator. Another important improvement is optimal choice of the

reference frame for averaging over velocity space. This allows

derivation of an exact relativistic analytical expression for the

degree of depolarization.9

Polarization properties of a non-monochromatic plane

wave are characterized by the complex coherency matrix J.

The matrix is constructed from time averaged quadratic com-

binations of the field components and represented, in general,

by four real quantities which can be equivalently expressed

by four Stokes parameters or 4-component Stokes vector S

J =

(

ExE
⋆
x ExE

⋆
y

EyE
⋆
x EyE

⋆
y

)

=
1

2

(

S0 + S1 S2 + iS3

S2 − iS3 S0 − S1

)

.

The S0 component corresponds to the total intensity of the

wave and the remaining components describe the polarization

properties. For a purely monochromatic, fully polarized inci-

dent wave, the amplitudes and the phases of Ex and Ey are

independent of time. In this case det|J| = 0, leading to the re-

lationship S2
0 = S2

1 + S2
2 + S2

3 . Correspondingly, the state of

polarization of the incident laser light in TS experiments and

the waves used for I/P measurements are described by the re-

duced three-component unit Stokes vector si = Si/S0(i = 1,

2, 3). The vector s is characterized by the azimuth (orienta-

tion angle) of the polarization ellipse 0 ≤ ψ < π (measured

from the perpendicular to the scattering plane) and the ellip-

ticity angle χ = ± arctan(b2/b1) determined by the ratio of

the minor and the major axis (−π /4 < χ ≤ π /4). Then, the

four-component Stokes vector of fully polarized incident laser

light is expressed as S(i) = S0(1, cos 2ψcos 2χ , sin 2ψcos 2χ ,

sin 2χ ).

A fully unpolarized wave (natural light) is characterized

by S1 = S2 = S3 = 0. Any partially polarized wave can be de-

composed into completely unpolarized and polarized portions

yielding the degrees of polarization/depolarization of the scat-

tered radiation10

P =
Ipol

Itot

=

√

S
(s)
1

2
+ S

(s)
2

2
+ S

(s)
3

2

S
(s)
0

,D = 1 − P.

Making use of the definition of the Stokes vector allows us

to obtain the 4 × 4 Mueller matrix that describes the trans-

formation of the Stokes vectors in the process of scatter-

ing on a single electron moving with an arbitrary velocity

v, S(s) = M(single)(v) · S(i). Time averaging is performed by

integrating over the whole frequency range that removes a

delta-function dependence on frequency in M(single). This cor-

responds to the transition from the spectrum-based charac-

teristics to the polarization analysis based on the total fre-

quency integrated intensities. As the scattering is incoherent,

the Stokes vector of the total scattered radiation is the sum of

the Stokes vectors of radiation scattered by the separate elec-

trons. The resulting effect is described by the Mueller matrix

M(μ, θ ) = Cm(μ, θ ) averaged over a relativistic Maxwellian

distribution

m00 = 1 + u2 − 2G(μ)(u2 + 4u − 3) + (16/μ2)(1 − u)2,

m01 = m10 = 1 − u2,

m11 = 1 + u2 + 2G(μ)(u2 − 4u + 1) + (12/μ2)(1 − u)2,

m22 = 2u − 4G(μ)(u2 − u + 1) − (12/μ2)(1 − u)2,

m33 = 2u − 4G(μ)u(2u − 1) − (8/μ2)(1 − u)2,

while the constant factor C = r2
0 N/2r2, where r0, r and N

are the classical electron radius, the distance from the scat-

tering volume to the point of observation (detector) and the

total number of electrons inside the scattering volume, respec-

tively (see definition of the dimensionless factor N in Sec. II D

of Ref. 8). This large factor is important for the intensity

of Thomson scattered radiation, but not included in Ref. 7.

All integrations in m are performed in analytical form yield-

ing functions of the scattering angle, u = cos θ , and electron

temperature via the factor μ = mec2/Te and function G(μ)

= K1(μ)/(μK2(μ)), where K1 and K2 are modified Bessel

functions of the second kind. These matrix elements present

an exact analytical solution for the state of polarization of

incoherent Thomson scattering radiation. They are different

from Ref. 7 where only the lowest order in τ analytical re-

sults were obtained without the finite residence time effect

taken into account (the incorrect weighting factor (1 − βs)
−6

instead of (1 − βs)
−5).
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FIG. 1. Depolarization degree vs orientation and ellipticity angles ψ and χ

at θ = 90◦ , T
e
= 10 keV. There is a local maximum of D at ψ ≃ 82◦ and χ

= 0 (linear polarization), but the absolute maximum is reached at ψ = 90◦

and χ ≃ 9◦ (elliptical polarization). D is an even function of cos ψ illustrated

in this figure by plotting ψ > 90◦.

The degree of depolarization depends on Te, scattering

angle θ , and polarization characteristics of the incident light

ψ and χ . One particular example illustrating a maxima of D

as a function of ψ and χ is shown in Fig. 1 for Te = 10 keV

and θ = 90◦. At any given θ and Te, extrema of D as a function

of ψ and χ are reached at the boundaries of the region 0 ≤ ψ

≤ π /2, 0 ≤ χ ≤ π /4. This allows us to find the absolute max-

imum Dmax(Te, θ ), and minimum Dmin(Te, θ ), with respect to

all possible polarization states of the incident radiation, and to

set upper and lower limits on D at given θ and Te. Quantita-

tive pictures of the dependences of these two functions on Te

and θ are shown in Figs. 2 and 3. A good test of correctness
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FIG. 2. Contour lines of the maximum value of the degree of depolarization
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, θ ) (maximized with respect to all possible polarization states of the

incident light). The red curve is a boundary in (T
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, θ ) space that determines

which of the two maxima shown in Fig. 1 provides the absolute maximum.
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FIG. 3. Contour lines of the minimum value of the degree of depolarization
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, θ ) (minimized with respect to all possible polarization states of the

incident laser light).

of the matrix elements m is that for all values of the variables

0 ≤ D < 1.

The planned ITER LIDAR TS system detects backscat-

tered radiation at θ ∼ 180◦. For such backscattered light, the

degree of depolarization is quadratic in τ ≪ 1 and, therefore,

small (∼3% − 5%) at the temperatures expected in ITER.

It is insensitive to ψ and reaches its maximum for circularly

polarized incident light.9 For a conventional Thomson scat-

tering geometry with scattering angle θ ≃ 90◦ , the degree of

depolarization of circular polarized incident light is about five

times larger (∼20% − 25%). The absolute maximum Dmax

∼ 95% is reached at ψ = 90◦ for elliptically polarized in-

cident light (see Fig. 1). This extreme regime corresponds

to very small scattered power and results in large error bars

for polarization-based Te measurements. More practical cases

of circular and linear incident polarizations are illustrated in

Fig. 4 for conventional TS diagnostics at three scattering an-

gles. Although circular incident polarization yields stronger

depolarization of scattered radiation, rigorous minimization

of the error bars shows that linear incident polarization is pref-

erential for polarization-based diagnostics.

III. INTERFEROMETRY AND POLARIMETRY

The ITER TIP system is designed for line-integrated tan-

gential plasma density measurement from both traditional in-

terferometry and Faraday-effect polarimetry.3 Faraday-effect

polarimetry can be used to independently measure the plasma

density, since the toroidal magnetic field is known, or to cor-

rect the interferometer for fringe jumps. In a cold plasma, the

interferometric phase 	 and the Faraday rotation angle of

polarization ψF are proportional to the line integral of the

electron density and the line integral of the electron den-

sity multiplied by the parallel component of the magnetic
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for three scattering angles: 60◦ (green),

90◦ (red), and 120◦ (blue) (solid lines: circular polarization at χ = 45◦;

dashed lines: linear polarization at ψ = χ = 0).

field, respectively. For the ITER TIP system parameters, n

≃ 1020m−3, B‖ ≃ 5.3T, L ≃ 21m, λ = 10.6μm, 	(cold) ≃ 63

rad, and ψF ≃ 19◦. The ITER PoPola diagnostic is based on

Faraday and Cotton-Mouton effects for laser beams launched

in the poloidal plane. It will provide a unique method of

internal magnetic field and current profile measurement, in

addition to electron density.4 With propagation largely per-

pendicular to the magnetic field, the Cotton-Mouton effect be-

comes significant and leads to a change in the ellipticity an-

gle χ . For the PoPola system parameters, n ≃ 1020m−3, B⊥

≃ 5.3T ,L ≃ 8m, and λ = 118μm, the induced ellipticity of

radiation initially linearly polarized at 450 to B⊥ is given by

χ (cold) ≃ 52◦.

These results for the I/P characteristics are derived from

a cold plasma model. One source of error is finite elec-

tron temperature effects neglected in the cold plasma dis-

persion relation. Thermal corrections are proportional to

τ = Te/mec2 and are small at Te ∼ 1 keV, but become

sizable at Te ≥ 10 keV. There are two physically differ-

ent sources of thermal corrections that are comparable in

magnitude but contribute with opposite sign: non-relativistic

Doppler-like effects, and the relativistic electron mass de-

pendence on velocity. The effects of finite electron tem-

perature were addressed in the non-relativistic limit in Ref.

11. Our reevaluation of this problem demonstrated that

weakly relativistic effects are equally important and cannot

be ignored.2 The relativistic effects turn out to be stronger

than the non-relativistic contributions for interferometry and

Faraday-effect polarimetry. They change the sign of the non-

relativistic corrections for the interferometric phase and Fara-

day rotation angle, and reduce the magnitude of the non-

relativistic thermal correction for the Cotton-Mouton effect.

At Te = 25 keV, the resulting values of the interferome-

try, FR, CM effects relative to their values in cold plasma

are, respectively, −7.5%, −10%, and +22.5%, while the

non-relativistic model yields overestimated values, +5%,

+15%, and +60%, correspondingly.

For formal analysis of the problem, we developed an it-

erative technique for solving the relativistic Vlasov kinetic

equation. The key element of the method is expansion in pow-

ers of Y = ωce/ω ≪ 1 instead of integration over azimuthal an-

gle in the velocity space. This avoids the use of a complicated

Bessel function series representation. Instead, expansion is

performed by successive differentiations of simple standard

trigonometric functions. The final result is in the analytic form

of a double power series expansion of the dielectric tensor in

Y ≪ 1 and τ ≪ 1 to any desirable order. The validity of the

method has been proven computationally by comparison with

the ray-tracing numerical code GENRAY of Ref. 12. The the-

oretical predictions have also been confirmed by direct mea-

surements on the JET tokamak.13 Data collected from high-Te

JET discharges demonstrated good agreement with the rel-

ativistic theory and disagreement with the cold plasma and

non-relativistic models. These were the first experimental ob-

servations of relativistic effects in plasma polarimetry.

The model which adequately describes evolution of po-

larization of the EM wave in a nonuniform plasma and mag-

netic field is based on the Stokes vector equation14

ds

dz
= � × s,

where the three-component unit Stokes vector s is defined in

Sec. II, z is a coordinate along the propagation direction and

the spatially varying angular velocity vector �(z) depends on

plasma and magnetic field parameters. The �1 and �2 compo-

nents are responsible for the CM effect and �3 describes the

Faraday rotation. This equation takes into account coupling

between FR and CM effects due to the quasi-perpendicular

directions of the optical paths in ITER PoPola system. The

Stokes vector equation allows us to address the issue of the

coupling while properly accounting for the thermal effects.

Linear in τ temperature corrections were incorporated in this

model in Ref. 2. The precision of this lowest-order linear in

τ model may be insufficient; using the same iterative tech-

nique we recently constructed a more sophisticated model15

with τ 2-order corrections to satisfy the accuracy requirements

for the ITER TIP and PoPola systems. The corresponding ex-

pression for � is presented in Ref. 15. We illustrate here the

structure of linear and τ 2 corrections by using the interfero-

metric phase 	 as an example. Relative deviation of 	 from

its cold plasma value 	(cold) is caused by the thermal effects

and reads

	(T )

	(cold)
=

(

−
3

2

∫

neTe

mec
2
dz +

15

8

∫

neT
2
e

m2
ec4

dz

)

/

∫

nedz.

For the ITER TIP system with a CO2 laser at λ = 10.6μm, a

central viewing channel optical path length of 21 m, a plasma

density of 1020m−3, and Te = 25 keV, the linear thermal cor-

rection to the interferometric phase is large (∼270◦ ), and

the quadratic correction is also significant (∼17◦). With the

τ 2-model and Te known from Thomson scattering, finite Te
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effects can be rapidly and accurately calculated. This capabil-

ity is particularly important for fast real-time feedback cor-

rections in ITER.

New effects come into play when the electron distribu-

tion function develops an anisotropy. This could be caused by

a large mean electron drift velocity U‖e (parallel equilibrium

current), an enhanced effective perpendicular temperature T⊥

in ECRH heated plasmas, or a large effective parallel temper-

ature T‖ due to LH current drive. The corresponding vector

� in the Stokes equation can be presented as a sum of three

contributions � = �
(0) + �

(B) + �
(U). The first term does

not depend on the magnetic field and describes the effect of

birefringence caused by the temperature anisotropy

�(0) = (1 − N2)
ωX

2c

(T‖ − T⊥)

mec
2

⎛

⎝

1

1

0

⎞

⎠ ∝
ωX2

2c

(T‖ − T⊥)

mec
2

where X = ω2
pe/ω

2. It results in evolution of the polariza-

tion ellipse similar to the usual “magnetic” Cotton-Mouton

effect. The magnitude of the effect is strongly reduced by al-

most exact cancellation of the relativistic and non-relativistic

Doppler-like contributions expressed, correspondingly, by the

unity and N2 term in the factor (1 − N )2 ∝ X. The residual

small effect (∝X2) exceeds “magnetic” Cotton-Mouton effect

in high-β plasmas. In the low-β case, it can be a potential

source of 1% − 3% errors for the ITER PoPola diagnostic

system.

The second term, �
(B), describes the generalization of

linear in τ isotropic results to the case of non-Maxwellian

anisotropic distributions. These results can be used for correc-

tion of the interpretation errors in fusion plasmas with non-

Maxwellian distributions generated by ECRH and other RF

sources such as EC and LH current drive

�(B) =�(c) + cos 2α
(T‖ − T⊥)

2mec
2

⎛

⎜

⎝

10�
(c)
1

10�
(c)
2

3�
(c)
3

⎞

⎟

⎠
+

1

2mec
2

×

⎛

⎜

⎝

(5T‖+4T⊥)�
(c)
1

(5T‖+4T⊥)�
(c)
2

−(3T‖+T⊥)�
(c)
3

⎞

⎟

⎠
,�(c) =

ω

2c

⎛

⎜

⎝

XY 2 sin2 α cos 2β

XY 2 sin2 α sin 2β

2XY cos α

⎞

⎟

⎠
,

where α and β are spatially varying angles of the magnetic

field B in a spherical reference frame with z‖k (α is the angle

between k and B and β is the azimuth angle in the x, y plane

between x and B⊥).

Motion of the electron component as a whole (equi-

librium current) can be treated in terms of the Fizeau

effect, that is, the phase velocity of electromagnetic waves

depends on whether they propagate in a moving or station-

ary medium. This suggests a new interferometric scheme for

measuring the equilibrium current density by comparing the

phases of two counter-propagating laser beams. This method

was proposed to measure the line integrated poloidal elec-

tron current.16 Lorentz-transformation based calculations for

a plasma slab moving with velocity Ue orthogonal to the slab

boundary predicted a measurable interferometric phase shift

φ ≃ (ω/c)(Ue/c)XL ≃ 2◦ with a FIR laser at λ = 432μm, a

central viewing optical path length of 1 m, a plasma density

of 1.5 × 1019m−3, and current density ∼1.5 MA/m2. A more

sophisticated slab model with the velocity vector oriented

arbitrarily with respect to the slab surface showed that in

a cold non-magnetized plasma, only the velocity compo-

nent perpendicular to the plasma density isosurface can be

measured.17 For the parallel component, which is of the main

interest for current density diagnostics, the Fizeau effect can-

cels out due to specific scaling of plasma refractive index on

frequency.18 This can also be seen from the structure of the

isotropic electron dielectric tensor which is insensitive to the

Doppler shift of the frequency k · U caused by the mean elec-

tron velocity.

In the presence of a magnetic field, the non-magnetized

electron dispersion relation is modified. Calculating the elec-

tron dielectric tensor, we found new physical properties of

the Fizeau effect. They appear in the form of birefringence

of electromagnetic waves due to the combined action of the

magnetic field and electron drift velocity. The Fizeau effect is

recovered in a magnetized plasma because the Dopper shifted

frequencies do not cancel in magnetic field dependent el-

ements of the dielectric tensor. Evolution of the wave po-

larization caused by parallel electron equilibrium current is

described by the Stokes vector equation with the vector �
(U)

�(U ) =
ωU‖e

c2

⎛

⎜

⎝

XY 2 cos α sin2 α cos 2β

XY 2 cos α sin2 α sin 2β

XY cos 2α

⎞

⎟

⎠
.

This may open new possibilities for diagnosis or mea-

surements of the parallel equilibrium current (Fizeau

polarimetry).19

IV. SUMMARY

Using the theoretical model for TS polarization allows us

to optimize the experimental setup for polarization-based Te

measurements. For optimization, the diagnostic error bars are

calculated and minimized with respect to polarization char-

acteristics of the incident light ψ and χ and scattering angle

θ . In the general case of elliptically polarized incident light,

four Stokes vector components of the scattered light should

be measured. Modifying the standard scheme of six measur-

able intensities,10 we select four independent intensities Iα to

determine S(s)

S
(s)
0 = I0◦ + I90◦ , S

(s)
1 = I0◦ − I90◦ ,

S
(s)
2 = I0◦ + I90◦ − 2I135◦ , S

(s)
3 = I0◦ + I90◦ − 2I

π/2

135◦ .

Three of them are measured after the light is separated by

beamsplitters and transmitted by three polarizers that select

linear polarization at the azimuth angles 0◦, 90◦, and 135◦

with respect to the perpendicular to the scattering plane. The

fourth channel contains a quater-wave plate to create π /2 re-

tardation of the in-plane component before the light is trans-

mitted by the 135◦ polarizer. The degree of depolarization

measurement error, σ D, is related to the error on each of the
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statistically independent intensity measurements σI
α

σ 2
D =

∑

α

(

∂D

∂Iα

)2

σ 2
I
α
,

where the intensity measurement errors are determined

by Poisson statistics such that σ 2
I
α

∝ Iα . The relative

error in the electron temperature measurement, σT
e
/Te

= σD(Te∂D/∂Te)−1 = W/(
√

QTe∂D/∂Te), is presented by

a product of two universal functions W (ψ, χ, θ, Te) and

(∂D/∂Te)−1(ψ , χ , θ , Te) with a scaling factor 1/
√

Q which

does not depend on the polarization variables (Q is effectively

proportional to the total number of scattered photons). The

factorization allows us to perform minimization of σT
e

ana-

lytically for the full range of incident polarizations, scattering

angles, and electron temperatures. Although Fig. 4 shows that

at θ = 90◦ and θ = 120◦, the derivative ∂D/∂Te is the largest

for circular polarization, fast growth of W in this parame-

ter range determines the overall minimum of the error bars

at linear incident polarization with χ = ψ = 0. This proves

that the regime of linear polarization with ψ = 0 is optimal

not only because of the convenience of two-channel measure-

ments but due to intrinsic polarization properties of Thom-

son scattered radiation. More detailed analysis is presented in

Ref. 20. At θ ∼ 90◦ and Te > 9 keV, the error bars are less

than 5%, and less than 2% above 23 keV making polarization-

based diagnostics competitive with standard spectrum-based

measurements.

For ITER polarimetry (FR and CM) and interferome-

try measurements, it is proposed to use retroreflection of the

I/P probing laser beams so that the beam enters and exits

through the same port. With retroreflection, the FR and CM

effects on the input and return paths are additive if the retrore-

flection is performed through an odd number of reflections

and subtractive if the number of reflections is even.21 Evo-

lution of polarization resulting from the mean electron ve-

locity and described by �
(U) exhibits an opposite response

and is additive in the case of an even number of reflections.

If polarization effects are small enough, using the roof-top

reflector (RTR) allows us to eliminate contributions from

magnetic FR and CM effects described by the �
(B) vector

and detect the signal determined by the pure �
(U) effect. Us-

ing FIR laser wavelength λ = 432μm with parallel propa-

gation (α = 0) along the central viewing cord of ITER TIP

system and double-passed retro-reflection from RTR, yields

the angle of rotation of polarization ψU ∼ 15◦ at U‖e/c

∼5 × 10−4. Another effect is predicted in the case of quasi-

perpendicular propagation α = 90◦. Then, the magnetic Fara-

day effect cancels out while rotation of the polarization plane

still takes place due to birefringence described by �
(U )
3 term

with cos 2α = −1.
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