Plasma Physics and Controlled Fusion

TOPICAL REVIEW Related content
Polarization of incoherent Thomson scattering for g e calbiaton ol porimene Thomson

L Giudicotti and R Pasqualotto

electron temperature measurement

- Polarimetric Thomson scattering for high

T_ fusion plasmas
. . . . X L. Giudicotti
To cite this article: V V Mirnov and D J Den Hartog 2017 Plasma Phys. Control. Fusion 59 063001
- A primer on the theory of Thomson
scattering for high-temperature fusion
plasmas
S L Prunty

View the article online for updates and enhancements.

Recent citations

- The enerqy tree: Non-equilibrium energy
transfer in collision-dominated plasmas
He-Ping Li et al

- Relativistic electron kinetic effects on laser

diagnostics in burning plasmas
V.V. Mirnov and D.J. Den Hartog

- First observation of the depolarization of
Thomson scattering radiation by a fusion

plasma
L. Giudicotti et al

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 128.104.165.51 on 09/11/2018 at 20:20


https://doi.org/10.1088/1361-6587/aa61e2
http://iopscience.iop.org/article/10.1088/0741-3335/57/12/125015
http://iopscience.iop.org/article/10.1088/0741-3335/57/12/125015
http://iopscience.iop.org/article/10.1088/1748-0221/12/11/C11002
http://iopscience.iop.org/article/10.1088/1748-0221/12/11/C11002
http://iopscience.iop.org/article/10.1088/1748-0221/12/11/C11002
http://iopscience.iop.org/article/10.1088/1748-0221/12/11/C11002
http://iopscience.iop.org/article/10.1088/0031-8949/89/12/128001
http://iopscience.iop.org/article/10.1088/0031-8949/89/12/128001
http://iopscience.iop.org/article/10.1088/0031-8949/89/12/128001
http://dx.doi.org/10.1016/j.physrep.2018.08.002
http://dx.doi.org/10.1016/j.physrep.2018.08.002
http://iopscience.iop.org/1748-0221/13/02/C02009
http://iopscience.iop.org/1748-0221/13/02/C02009
http://iopscience.iop.org/0029-5515/58/4/044003
http://iopscience.iop.org/0029-5515/58/4/044003
http://iopscience.iop.org/0029-5515/58/4/044003
https://oasc-eu1.247realmedia.com/5c/iopscience.iop.org/813393111/Middle/IOPP/IOPs-Mid-PPCF-pdf/IOPs-Mid-PPCF-pdf.jpg/1?

10OP Publishing

Plasma Physics and Controlled Fusion

Plasma Phys. Control. Fusion 59 (2017) 063001 (32pp)

Topical Review

https://doi.org/10.1088/1361-6587 /aa61e2

Polarization of incoherent Thomson
scattering for electron temperature

measurement

V V Mirnov and D J Den Hartog

Department of Physics and the Center for Magnetic Self-Organization in Laboratory and Astrophysical
Plasmas, University of Wisconsin—Madison, Madison, WI 53706, United States of America

E-mail: vvmirnov@wisc.edu

Received 30 August 2016, revised 10 February 2017
Accepted for publication 21 February 2017
Published 25 April 2017

Abstract

®

CrossMark

This paper reviews the polarization properties of Thomson scattered (TS) light as applied to
electron temperature measurement. The theoretical background is based on Stokes vector

transformations and Mueller matrices. The review starts from scattering on a single electron and
proceeds to the combined effect of many particles. Then, this general approach is subdivided into
frequency-integrated and frequency-resolved applications. For each of them, the exact relativistic
analytical solutions are presented in the form of Mueller matrix elements averaged over the
relativistic Maxwellian distribution function. The dependencies of the elements on the scattering
angle, electron temperature, and frequency of the scattered radiation (in the frequency-resolved
case) are presented. These solutions form the basis for accurate analysis of the degree of
depolarization of TS radiation. Results obtained for the frequency-integrated regime are reviewed
and new solutions for the frequency-resolved case are reported, making a bridge between the two

limiting cases. Experimental setups for polarization-based TS diagnostics are compared. A
combination of polarization-based and spectral-based techniques are also described.

Supplementary material for this article is available online
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1. Introduction

The incoherent Thomson scattering (TS) of monochromatic laser
light is the basis for a plasma diagnostic widely used to measure
electron temperature. The electron temperature, 7,, is propor-
tional to the square of the frequency width of the scattered
spectrum [1]. The finite spectrum width is produced by the
Doppler shift of the frequency of the incident monochromatic
wave in the reference frame of an electron moving with a
thermal velocity vz,. At small photon energies compared to the
electron rest mass energy the scattering in this reference frame
occurs almost elastically but with a change in the photon

0741-3335/17,/063001+32$33.00

propagation direction. Due to the change of direction, the inverse
transformation to the laboratory reference frame results in a
scattered photon frequency different from the original incident
frequency, and the difference is proportional to the electron
thermal velocity. Thus, the Doppler effect and the corresponding
frequency shift lead to the spectrum broadening observed in the
standard frequency-based TS method of 7, measurement.

An electromagnetic wave is characterized not only by wave
frequency but also by wave polarization. Instead of frequency
spectrum broadening, we analyze in this paper the polarization
properties of TS radiation as a method of electron temperature
measurement. The change in the polarization of the scattered

© 2017 IOP Publishing Ltd  Printed in the UK
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light is significant in high-temperature plasmas, and must be
accounted for when analyzing the scattered radiation for temp-
erature measurement. It has been typically characterized in TS
literature by the relativistic depolarization factor g (see [1-4]).
When the scattered light collection system selects for a specific
orientation of linear polarization, as is often the case, the factor g
quantifies the reduction of the collected spectral intensity due to
changes in the polarization of the incident linearly polarized laser
light. The factor ¢ arises from relativistic terms ocv7, /c? in the
polarization part of the scattering operator. The origin of the
relativistic terms is thoroughly analyzed in [5]. The full set of
equations of special relativity is used to transform the scattered
electromagnetic fields from the reference frame of the electron at
rest to the observer where the electron is assumed to move with
an arbitrary relativistic velocity.

Although ¢ is referred to as a depolarization factor, this
nomenclature differs from the use of depolarization in the
present paper. For example, the previously mentioned reduction
in scattered light intensity occurs even for scattering from a
single moving electron. In such a case, the scattered electro-
magnetic wave is Doppler-shifted in frequency but remains
monochromatic and completely polarized. The transition from
fully-polarized incident light to partially-polarized scattered
light is caused by the superposition effect of a large number of
randomly moving electrons. It results in broadening of the
frequency spectrum and also renders the scattered radiation
partially polarized even though the incident light is fully
polarized. We focus our attention on this mechanism of loss of
polarization in the process of incoherent TS.

It is generally applicable to quantify the loss of polarization
by the degree of polarization 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 as early as 1968 in [6] and more
recently in [7]. 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. First order in
T, /m,c? effects were analyzed theoretically in [6, 8, 9].

The most general and complete description of TS radiation
is based on Mueller matrix formalism. The 4 x4 Mueller
matrix links the Stokes vectors of the incident and scattered
light and gives full information about the power and polariza-
tion of the scattered wave for arbitrary polarization of the
incident wave. The use of this formalism for the TS applications
was first suggested by Segre and Zanza in [9] in 2000.
Although their calculations were limited to first order terms in
T,/m,c* < 1 and performed with an incorrect form of the
scattering operator, the paper was of a fundamental importance
as it illustrated the powerful capabilities of the Mueller matrix
approach. This work motivated further interest and progress in
theoretical studies devoted to polarization effects and their
application to advanced polarization-based TS diagnostics.

Reference [10] was built on this previous work and pre-
sented exact analytical relativistic solutions for the frequency-
integrated Mueller matrix elements. This result was applied to the
LIDAR ITER Thomson scattering system. The analytical solu-
tions enable optimization of a polarization-based TS diagnostic

setup over multidimensional parameter space. These solutions
were used to study the general properties of the degree of
depolarization in a wide range of 7, and scattering angle 6 var-
iations [11, 12]. Possible implementations of a polarization-based
T, diagnostic were discussed in [13].

Earlier publications [10-12] were mostly devoted to para-
metric studies of the degree of polarization. In all these papers,
expressions for the Mueller matrix elements were used without
derivation. A self-consistent theoretical model of TS polarization
and the method of derivation of the exact relativistic expressions
were described recently in [14]. The frequency integrated Mueller
matrix solutions are expressed in a compact form after analytical
integration of the three-dimensional, relativistic scattering
operator over a relativistic Maxwellian distribution function and
universally valid for the full range of electron thermal motion
from non-relativistic to ultra-relativistic.

The topic of the TS polarization is not well known in
plasma community. We present many details in order to make
the article self-contained and readable without the need for
frequent use of references. A description of the general
polarization formalism is given in section 2. In section 3, the
review begins with the key elements of the theoretical
approach presented in [14].

The polarization properties for incoherent Thomson scat-
tering from a single electron provide a convenient starting point,
and are described in section 3.1 by the Lienard—Wiechert
solution for the scattered electric field re-emitted by an electron
moving along an unperturbed trajectory with arbitrary relati-
vistic velocity and oscillating in the field of the incident
monochromatic wave. The important element of the Mueller
matrix formalism developed in [14] is a transformation of the
time averaging in the definition of the Stokes vector components
to integration over the spectrum. The resulting expressions are
linked with the frequency-integrated products of the Fourier
components of the truncated fields. A set of three Mueller
matrices and corresponding Stokes vectors (auxiliary, spectral,
and frequency integrated) are introduced in section 3.2. They
describe the change of polarization in the process of scattering
on an individual electron moving in unbounded space.

The zero-component of the spectral Stokes vector corre-
sponds to the spectral intensity from a single electron. The result
of [14] for this component is consistent with the expression in
the first part of [15] devoted to the infinite scattering volume
(infinite transit time, ITT) case. It yields the spectral intensity on
the detector P®"2®) (W) o §(w — wy)/(1 — B;)° scattered
by a single electron moving with the velocity 3 = v/c in the
infinite scattering volume where [, is the projection of 3 on the
scattered wave direction and wy is the Doppler shifted frequency
of the wave. The key dependencies of PG"2®) () on w and §;
are also identical to equation (7.2.19) in [2] and equation (4.35)
in [16]. According to the terminology of [2] the spectral
intensity P¢ngl) () represents the fime-at-observer power from
a single electron. The complicated polarization factor in the
expression for PGI"g1®) () was additionally verified in [14] by
comparison of the frequency integrated solution with the scat-
tering cross section presented in the classical book by Landau
and Lifshitz [17].
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This special attention paid to verification was caused by
disagreement about proper solution for PGn2l®)() (see, for
example, [1, p 53 and 5, p 488] and the opposite conclusion
made in [14]). The confusion arose because the result of [15]
was declared in [18] to be incorrect due to improper handling
of the square of a §-function in the derivation of the spectral
power equation. The arguments in [18] were reviewed
recently in a detailed tutorial article [16]. In point of fact, the
square of the 6é-function is properly treated in [15]. The
inconsistency between [18] and [15] originates not from a
mathematical mistake in [15] but from the erroneous com-
parison of the time-at-particle power treated in [18] with the
time-at-observer power analyzed in [15]. This issue is
reviewed in section 3.3 with mathematical arguments shown
in appendix A.3.

The single electron Mueller matrices obtained in section 3
are used as an elementary process to account for the combined
effect of many particles as reviewed in section 4. The effect of
many electrons was originally expressed in [15] by two different
weighting factors used for averaging over Maxwellian dis-
tribution function: by the weighting factor Pirp oc (1 — 3,)6
presented in the first ITT part of [15] and another scaling,
Perr o< (1 — 3)7, derived in the second part of [15] devoted
to the finite scattering volume (finite transit time, FTT) regime.
The ITT scaling corresponds to the instantaneous spectral
intensity PG"2®)(w)) multiplied by the number of particles
(assumed stationary) residing in the scattering volume. This
operation is invalid in the case of a finite scattering volume due
to the interruption of radiation caused by the boundaries of the
scattering zone. The FTT scaling has an additional factor
(1 — ;) compared to the ITT expression. This factor takes into
account modification of the mean power on the detector due to
the impulsive character of the scattered radiation. The quanti-
tative justification of this effect is illustrated in section 3.1. The
FTT form of the weighting factor is generally accepted in all
present-day relativistic treatments of TS radiation. This
expression was used in [14] while the incorrect ITT weighting
factor was used for averaging over Maxwellian distribution
function in [9].

The method of exact integration over the relativistic
Maxwellian distribution function is presented in detail in [14]
for the case of the frequency integrated Mueller matrix. It is
discussed briefly in section 5.1. The frequency integrated
quantities and the properties of the corresponding degree of
depolarization are reviewed in section 5.2. The technique of
exact integration can also be formally applied to the ITT
weighting factor used in [9]. This also yields Mueller matrix
elements valid at all temperatures, and are discussed in
section 5.3 and appendix B. Their low temperature limits
verify the first-order expansions in 7, obtained in [9] for the
ITT model, and increases confidence in both the first-order
calculations in [9] and the correctness of the scheme of exact
analytical integration.

The general formalism of the Mueller matrix and Stokes
vectors is subdivided into the frequency-integrated and
frequency-resolved applications. The frequency-integrated
analysis is fully covered in [14]. For completeness new exact
relativistic solutions are obtained and presented in section 6

for the frequency-resolved Mueller matrix. The verification of
these new results is confirmed analytically and numerically by
integrating over the entire frequency interval and comparing
with the frequency-integrated quantities [14]. The correctness
is also confirmed by full consistency of the spectral powers
calculated from the newly derived general equations with the
previous exact relativistic spectral power calculations reported
in [3].

The present overview is focused on theoretical results
obtained during the last two decades and practical realiza-
tions of polarization-based TS diagnostics. There are a
number of publications [13, 19-22] describing the optim-
ization of their potential capabilities. Variations of polar-
ization-based TS diagnostics are compared, searching for the
variant with the smallest experimental error bars. Combi-
nations of polarization-based and spectral-based techniques
are discussed in section 7, including the hybrid method
suggested recently by Giudicotti and co-authors [22] for the
ITER core TS system.

Brief concluding remarks related to the ITER core TS
system are made in the summary. The polarization TS method,
however, is not applicable only to high electron temperature
burning plasmas such as in ITER. In addition to the ITER core
TS application there are a number of other opportunities for
implementing polarization-based Thomson scattering diag-
nostics. Although these methods have not yet been fully
investigated in experiments, an attempt to measure the depo-
larization effect has recently been performed on JET. In addi-
tion to JET, an experiment to measure the depolarization of the
TS radiation has been proposed on the Frascati Tokamak
Upgrade (FTU). This information as well as a possible exper-
imental test of a polarimetric Thomson scattering diagnostic
technique on the W7-X stellarator are briefly discussed in the
summary. Finally, we conclude by identifying the various
problems that still remain open to investigation in this area.

2. General description of polarized light

TS radiation is always contained in a finite frequency
bandwidth Aw. Consider a plane wave propagating along
the z-axis and let w be some average frequency such that the
wave electric field is proportional to E(#)exp(—iwt) where
the complex amplitude E(¢) is some slowly varying function
of time responsible for the frequency broadening Aw. For a
pure monochromatic wave E(¢) is a constant. In this case,
the tip of the electric field vector rotates in the xy-plane
describing an ellipse that is called the polarization ellipse.
Thus, every pure monochromatic wave is, by definition,
completely polarized.

For a non-monochromatic wave, the electric field vector
at a given point z is a superposition of oscillations with dif-
ferent frequencies. Since E(¢) determines the size and the
inclination angle of the polarization ellipse, its shape changes
with time. Such a wave is partially polarized. The resulting tip
of the electric field vector describes, as a function of time, a
trajectory like that shown in figure 1. The polarization prop-
erties of a non-monochromatic plane wave are characterized
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Figure 1. Example of trajectory of the tip of the electric field vector
at given point z, as a function of time, for partially polarized non-
monochromatic wave with Aw/w >~ 0.1 and P =~ 0.85. The electric
field is in arbitrary units.

by a 2 x 2 complex Hermitian coherency matrix J, called
also the polarization tensor. The matrix is constructed from
time averaged quadratic combinations of the field components
(see [23]). It is represented, in general, by four real quantities
which are equivalently expressed by four Stokes parameters
or the 4-component Stokes vector S

j— [<ExEx*> <EXE>’*>] 1 (50 + S

1 Sy + iSs) )
B E) (EE)) T 28-S '

So — Si

The Sy component is a measure of the total intensity / of
the wave and the remaining components describe the polar-
ization properties. For a purely monochromatic, fully polar-
ized incident wave, the amplitudes and the phases of E, and
E, are independent of time so that (E.E}) = |E[?,
(EJE)) = |Ey, (E.E)) = E.E;, (EyE;) = E,E;. In this
case, det |J|=0 is equivalent to the relationship
S§ = S? + S7 + S7. Due to this connection between the
components, the state of polarization of the incident laser light
used in Thomson scattering systems, and the evolution of the
polarization of monochromatic laser light used for interfero-
metric /polarimetric diagnostics, is often described by the
three-component unit Stokes vector S; /Sy (i = 1, 2, 3). This
unit vector is characterized by the azimuth (orientation angle)
of the polarization ellipse 0 < 1 < 7 and the ellipticity angle
x = *arctan(b, /b;) determined by the ratio of the minor and
the major semi-axis (—7/4 < x < 7/4). In this paper, we
use the full four-component Stokes vector S¥ to characterize
monochromatic incident laser light with arbitrary elliptical
polarization described by equation (11). Following the
transformations in appendix A.1 yields S© in the form

SO = EZ(1, cos2tpcos2y, sin2icos2y, sin2y). (2)

reference

irecti larizer
direction retarder polarize
€y ’///7/ N /// N\
[ /2| [Ta) | detector
[ T 4/ P Ve 78
1P T “ ()
g e | | L ~ transmission | \ )
- - /27 ‘ |1 I 1 N y
e (P/ 2 | axis \
A\ A\ /
N N\ |/

Figure 2. Schematic representation of the experimental setup for the
measurement of the Stokes vector polarization components.

Consider now the opposite case of fully unpolarized or
natural light. The complete absence of polarization means that
all directions in the xy-plane are equivalent, (EE;") = (E,E;),
and the E, and E, components are uncorrelated, (E E)) =
(EyE[) = 0. Correspondingly, a fully unpolarized wave is
characterized by zero values of the three Stokes vector compo-
nents S; = S, = S3 = 0. Any partially polarized wave can be
decomposed into completely unpolarized and polarized portions.
As they are statistically independent, the 4-component Stokes
vector of the mixture is a sum of the respective vectors of
the separate waves. Defining the unpolarized and polarized parts

as SUPoD = (Sy — /S + S7 + S, 0, 0, 0) and SP =

(S + 87 + 82, Si, S5, S3) yields the degrees of polariza-
tion and depolarization of the total wave field of intensity
L. = So. The degree of polarization is determined by the rela-
tive intensity I, of the polarized component

o Ipol

\SE 4 87 + S}
Pl NV T2 T p_1_P,

Ilot SO
where D = I, /I is the degree of depolarization defined as the
relative intensity of the unpolarized component [23].

The degree of polarization P varies from the value P = 0
for unpolarized to P = 1 for fully polarized light. The fact
that P < 1 for any arbitrary polarization is equivalent to the
inequality det 1J] > 0. To prove this general property, con-
sider the complex quantity A defined in [24] by

A=E,W0O(EWME; 1) — E«O(E,(OE{ (D). ()
For the average value of its square modulus we obtain
(IAP) = (Ex(E; () (Ex(DE (1)) (Ey(DEy (1))
—(E, (t)Ey* )Y (Ey(DES (1)) = (Ex()E] (1)) det|J]| > 0.

3

&)

It is clear that det |J| = (S¢ — S2— 87 — S32)/4 is non-
negative, i.e., P < 1 in equation (3).

The Stokes vector components and, correspondingly, the
degree of polarization or depolarization can be measured by
several different techniques. The usual measurement method is
illustrated in figure 2 which shows a monochromatic wave (A6)
incident on a polarization element called a retarder. The retarder
has the property that the phase of the E, component is advanced
by ¢/2 and the phase of the E, component is retarded by ¢,/2.
Then, the electric field components E, and E, emerging from
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the retarder are modified as E; = E,exp(i¢/2), Ey' =
E, exp(—i¢/2). The modified electromagnetic wave is incident
on a polarizer which has a transmission axis that forms an angle
o with the x-direction. Only the component of the electric field
E’ aligned with the a-direction is transmitted perfectly while
there is a complete suppression of all other components. Thus,
the total electric field transmitted along the a-direction is the
sum of the two contributions E, = E] cos a + Ey’ sin ov. Tak-
ing the complex conjugate of E, and forming the product
I(a, ¢) = E,E; yields the intensity of the passing light in
terms of the Stokes vector components (1)

(o, ¢) = %(So + S1cos(2a) + S, cos ¢ sin(2a)
— S3sin ¢ sin(2a)). (6)

The first three components can be measured without the
retarder by rotating the transmission axis of the polarizer to the
angles o = 0°, 45° and 90°. The last component is measured
with the use of the quarter-wave retarder with ¢ = 90° and the
polarizer placed at o = 45°. Solving four equations obtained
from (6) by specifying different angles in arguments of I (a, ¢)
yields all Stokes vector components

So=1(0°, 0% + 1(90°, 0°),

S1=1(0°,0° — 1(90°, 0°),

S, =—1(0°,0° — 1(90°, 0% + 21(45°, 0°),
S3=1(0° 0°) + 1(90°, 0°) — 21(45°, 90°). @)

Detailed information about other measurement techniques is
presented in [25, 26].

For any superposition of uncorrelated oscillations the
polarization matrices add up. The inverse expansion into a
sum of uncorrelated oscillations is not unique. As pointed out
in [27] the inverse expansion can be made unique with the
addition of some constraints. An important example of this
type of constraint is the representation of a given vector field
as a sum of two uncorrelated oscillations: completely unpo-
larized and completely polarized, such that

4 a@m) | a@ol) swn) (A O apo) (B D
g, o (3 0) e (B )

®)
where A, B and C are nonnegative and the determinant of the
fully polarized part, j(pOI), is required to be zero,
BC — DD* = 0. This relationship together with four com-
ponents of the matrix equation leads to five equations for five
unknown coefficients in equation (8). Of the two roots of the
quadratic equation for A (both of them are real and non-
negative) there is only one root for which B and C are non-
negative. This yields a unique decomposition of an arbitrary
field as a superposition of the completely unpolarized and
polarized fractions.

The factors B, C and D in the polarized part j(pon are
functions of the elements of the matrix J or, equivalently, of
the Stokes vector components of the total field. They are
given in explicit form by equation (AS). This alternative
derivation confirms the validity of expression (3) for P. The
second product of the derivation is the characteristics of the

polarization ellipse associated with the completely polarized

part j(POI). They are expressed in terms of the Stokes para-
meters of the total radiation field as follows

S5
JSE + 8% + S}

When applied to the fully polarized incident radiation (11),
these solutions are reduced to identities confirming con-
sistency of the approach but they give non-trivial information
for partially polarized TS radiation.

5

sin(2y) = S
1

, tan(2y) = €))

This brief review illustrates the main ideas and computa-
tional steps needed for decomposing arbitrary electromagnetic
radiation to fully unpolarized and completely polarized compo-
nents. In practical terms, it gives expressions for the degree of
polarization and characteristics of the polarization ellipse asso-
ciated with the fully polarized fraction. In the case of Thomson
scattering, the Stokes vector of the scattered radiation depends on
the geometry of the experiment, plasma parameters and polar-
ization of the incident laser light. We consider now how the
Stokes parameters of the scattered field S are connected with
the properties of the incident light. The most general method for
the calculations S is based on the 4 x 4 Mueller matrix that
expresses the Stokes vector of the scattered radiation in terms of
the Stokes vector S of fully polarized incident laser light.
Following [14], we will discuss the key elements of the method
and review the results obtained within the scope of classical
electrodynamics, where the scattering of the waves is treated as a
re-emission of electromagnetic radiation by free electrons oscil-
lating in the electric and magnetic fields of the incident laser light.

3. Thomson scattering from a single electron

3.1. Electric field from a single electron

Using the Lienard—Wiechert potentials, the scattered electric
field in the far-zone E(r, 7) is expressed by a 2 x 2 matrix I1
transforming the incident field components (E;,, E;) to the
scattered field components (E;,, E,;) in the process of inter-
action with a single electron moving with velocity v (see
appendix A.4). The electric fields are projected, respectively,
on the unit vectors (e,, t;) and (e,, t,) which are orthogonal to
the wave propagation directions i = k;/|k;| and s = Kk;/|Kk]|

E;,=E e, + Et;, E,=E e, + Egt,,

icosf — s

t,=ixe =——",
sin 0

i—scosf
tg=s X e, = —+—)
sin 6

(10)
where 6 is the scattering angle in the scattering plane deter-
mined by the vectors i and s while the unit vector
e, = [i x s]/sinf is normal to the scattering plane. The
Stokes vector of the incident wave is calculated in the incident
wave reference frame (e,, t;, i) while the Stokes vector of the
scattered wave is defined by equation (A1) in the scattering
wave reference frame (e, t;, s). A schematic illustration
showing orientation of the vectors s, i, t; and t; in the
scattering plane and vector e, perpendicular to the scattering
plane is presented in figure 3.
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Figure 3. Basic unit vectors used for electric field projection and
Stokes component calculation of the incident (e,, t;, i) and scattered
(e,, t;, S) waves.

The fully polarized incident monochromatic wave is
assumed to have an arbitrary elliptical polarization, with semi-
major axis by and semi-minor axis b,, and complex amplitude E;

gi(l'/, t/) =E; exp(ik,- r = iw,-t/),
E; = Eo(bi€, + ibse) /b2 + b7,

where E; is the magnitude of the incident wave. The two
mutually perpendicular unit vectors €, and e’y are orthogonal to i
and aligned with the semi-axes of the polarization ellipse. Their
position with respect to the scattering plane is characterized by
the azimuth 4 (orientation angle) between e, and
€ (cosy = e, - €,).

(11

The prime symbol for variables ¢’ and r’ indicates the
retarded time and electron position inside the scattering
volume while the variables ¢ and r are related to the time at
the remote detector (observer) localized at the position r. The
radius vector r connects the origin of the coordinate system
chosen somewhere in the center of the scattering volume with
the point of observation. At large r one can approximate the
distance R between an individual electron at the position r'(¢')
and the point of observation as R(t') ~ r — r'() - s. The
fields at the point of observation are determined by the
position of the electron at the earlier time ¢ such that
t =t + R(¢") /c. Differentiating this relation over ¢ and ¢’
yields the relationship for the time interval Ar between arrival
at the observer of signals which were emitted by the electron
over an interval A¢’ in the scattering volume

At = (1 — B)AY, (12)

where 3, = v - s/c. The change of the interval is caused by
both the effect of retardation and electron thermal motion toward
or away from the observer. This leads to different powers emitted
by the electron and received by the observer. If the scattered
power at the observer is PPs™e") then the energy received by
the observer during the time interval At is P©°srve) Ar. Since
the same energy is emitted by the electron during the fime-at-
particle interval At’, the time-at-particle power introduced in [2]

(1—pBcosa)L/p

Figure 4. Snapshot of the area occupied by radiation (red) emitted in
the direction s toward the remote detector (yellow) during one
passage through the scattering volume (blue) of a single electron
moving with velocity 3 = v/c such that cosa = B -s/8 > 0. L is
the length between the entrance and the exit points of the scattering
volume (suggested by Stupakov [28]).

is different from the fime-at-observer power

P(parlicle) — P(observer)(l _ /63) (13)

Consider, for example, a single electron moving from left to
right through the scattering volume. The scattering volume is
defined by the intersection of the region occupied by the laser
beam in the direction perpendicular to the beam and the region of
observation determined by the collection optics. Each electron re-
emits the wave when it enters the section of the length L inside
the scattering volume. The duration of the re-emission equals the
transit time L/v which corresponds to the fime-at-particle inter-
val At’. The mechanism of the pulse length change on the
detector is illustrated graphically in figure 4 for the case 3, > 0,
from which it follows that the duration at the detector,
At = (1 — By)L/v, is shorter than L/v. Indeed, far from the
scattering volume, the leading and the trailing edges are almost
perpendicular to the propagation direction. The rectangular area
occupied by the emitted radiation is shown by red color in
figure 4. Subtracting coordinates of the leading (Lc/v + ct) and
trailing (L cos a + ct) edges yields the length of the rectangular
cL(1 — [3,)/v and the time At = L(1 — (3,) /v during which
the radiation passes through the detector. This time is consistent
with the general relationship (12).

During time interval A¢, the detector receives the
instantaneous power denoted as P©bs™ven) in equation (13).
When the first electron leaves the scattering volume a second
one enters this area and starts emitting radiation shown by the
red triangle in figure 4. The replacement of the electrons
forms a gap of the length L cos « between the propagating
pulses. As a result, the radiation is not continuous on the
detector but has the form of discrete pulses. During the gap,
the detector receives no power so that the mean power
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P ©bserven) for the whole cycle is

P(observer) At
At + Lcosa/c
— P(observer)(l _ ﬂs) _ P(particle)'

[_)(observer) —

(14)

Note that the electrons moving in the opposite direction with
the velocity —3 such that 5, = B -s < 0 result in partial
overlap of the pulses with P (©bserver) , p(observer)

The modification of the mean power on the detector com-
pared to its instantaneous value P©PeveD ig caused by the finite
size of the scattering volume and referred as to the finite transit
time effect (FTT). The FIT effect and a physical explanation
similar to figure 4 were described in [15]. Following [14] we
first discuss the scattering on a single electron moving in
unbounded space filled with an incident homogeneous plane
electromagnetic wave of infinite extent. The correction factor
1 — [, due to the FTT effect is incorporated into the calculations
at the stage of averaging over electron distribution function.

An infinitely long wave packet of incident monochromatic
radiation (11) is characterized by non-zero incident and scattered
electric fields at —oo < t < co. Instead of using the time-
dependent scattered field E,(r, ¢), we operate with the Fourier
transformed truncated electric field E{’(r, w). The Fourier
expansion is formally applicable only for functions decaying
sufficiently fast at infinity (square integrable). In order to apply
the Fourier transform to our case, the method of truncated
functions [23] is used. It is performed by defining a new function
EgT)(t) that is equal to E,(¢) for |f] < T, but zero otherwise

ED () = {Ex([) il < T,

1
0 1>T. (1)

where ¢ is the time at the remote detector (time-at-observer). The
superscript 7 indicates parametric dependence on the width 7 of
the truncation interval. Instead of the superscript, the dependence
on T is sometimes shown in the arguments of the function.

The use of the truncation method is a substantial element
of this approach. The truncated signals are square integrable
with a well defined Fourier transform

1 T
ED(w) = — f E,(1)exp(iwr)dr. (16)
2 e Jor p

Consider, for example, a monochromatic dependence
E(r) = Egexp(—iwyt) with Doppler shifted frequency
wy = wi(1 — B;/(1 — B,)) caused by Thomson scattering.
The Fourier image of the truncated field

2 sin[(w — wy)T]

E(w) = Eo,| =
7 w— wy

(17)

depends on w and the truncation variable 7. This is a smooth
analytical function of w at finite 7" and a singular é-function at
T —

lim E7(w) = Eg(w) = EgV27 8 (w — wy). (18)
T—o0

Thus, the truncation method resolves the é-function singu-
larity in the Fourier transformed electric field of the radiation
scattered by a single electron and characterized by a

monochromatic wave with a Doppler shifted frequency. This
allows for calculating quadratic field combinations without
the uncertainty caused by the treatment of the square of a ¢-
function. We perform intermediate quadratic transforma-
tions at finite 7 with the limiting transition in the final
expressions.

For the general case of arbitrary time dependence, the
truncated field is expressed by the inverse Fourier integral

%foc E (w)exp(—iwt)dw.

i —00

ED () = (19)

The time averaged quadratic combinations (A1) are expressed
by double integrals over the frequencies w; and w,. Consider,
for example, the S§* component

1 T
SO = lim — f En (DEL(t
o= m =], (B (D EG (1)

1
Ey()E;(1))dt = lim —
+ Eq (D EG (1)) Jim o=

+o00o +0o0 T
X f dw, f dws (ED () ED* ()

[o¢]

. sin[(wyr — w|)T
1+ ED () ED* () S0l = w)T]
Wy — Wi

(20)

At sufficiently large T the integral kernel is approximated by
the 6-function

sin[(wy; — w)T]

— 76 (wr — wy). 1)

Wy — Wi T—o00

Performing integration over w; or w,, the time averaged
quadratic combinations take the form of an integral over the
spectrum

, oo S§2(w, T)
S(A):f dwSy(w), So(w) = lim 22~——"~
0 . 0( ) 0( ) T T

S, T) = ELWED* ) + EPWET ).
(22)
These transformations are equivalent to Parseval’s theorem
for spectral intensities.

Specifying the dependence on T in the quadratic com-
binations (22) the expression for S(gs)(w) takes the form
|Eo|* sin*[(w — wa)T]

W= w)

S{N(w) = Tlim —

(23)

This function tends to zero at w = wy; and to infinity at
w = wy, exhibiting properties of a delta-function of w. Exact
integration over w yields

[ o) = Eop 4)

indicating that
55" (w) = [EP§ (w — wa). (25

Thus, the truncation method allows us to perform the limiting
transition 7 — oo without uncertainties caused by the treat-
ment of the square of a é-function (see appendix A.3).
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The above example with a given amplitude E illustrates
derivation of the spectral dependencies. The amplitude of the
scattered signal is determined by the linear relationship
between the Fourier image of the truncated scattered field and
the amplitude E; of the incident field. It is described by the
matrix IT and amplitude factor @ (w, B) derived in detail in
[14] and briefly reviewed in appendix A.4

EN(w) = D (w, BT - E.. (26)

The spectral characteristics w and T and spatial dependence
on r are included in f@ (w, 3) defined by (A18) while the
matrix IT is given in its general vector form by (A17). The
explicit form of IT is obtained by substituting the electric field
projections (10) in (A17)

E§I)(w) _ (1) a b Eix
[Fr) = Oz
_ A . o . (61 + 55)2
c =i+ B+ BiB — cos 71—}—0089,

a=—(-8)1 - B)+ B2 — cosb),

b= 3.+ cosf — 3; — ﬂs)tang. 27
The matrix (27) consists of three elements a, b and ¢ which
are functions of the velocity components G;= 3 -1,
Bs=0B-s, and B, = (3 -e, and the scattering angle 0
where 3 = v/c.

3.2. Mueller matrix formalism

The matrix IT allows us to present quadratic combinations of
the scattered field components included in definition (A1) of
the Stokes vector S in terms of the incident electric fields.
As a first step, the products of the time-dependent scattered
fields are expressed in terms of quadratic combinations of
their Fourier images E(w) and E{"(w). This is illustrated

the frequency-integrated and frequency-resolved cases and
shows the relationship between them.
The spectral density of the Stokes vector S®(w) is
defined by the limiting transition 7 — oo
()
S®(w) = lim M

T—o0

(28)

The full frequency integrated Stokes vector S is obtained by
integrating the spectral density S®(w) over the spectrum of
the scattered radiation

+00
S© — f SO (W) duw. (29)

(o @]
We do not use additional indices to distinguish between fre-
quency-integrated quantities such as S and frequency-
dependent spectral density functions such as S® (w), except
for explicit indication of w as an argument of all functions of
the second type.

Using the matrix I, the auxiliary vector ¢ (w, T) can
be expressed in terms of quadratic combinations of the inci-
dent electric fields. The rhs of the resulting expressions
contains the square of the absolute value of T (w, B3),
quadratic combinations of the factors a, b, and ¢, and dif-
ferent quadratic combinations of the E; components.
Expressing the products of the E; components in terms of the
components of S from (1) allows us to obtain the 4 x 4
auxiliary Mueller matrix M(Single)(w, T) caused by scattering
on a single electron moving with velocity 3. This matrix
connects the auxiliary Stokes vector of the scattered radiation
with the Stokes vector of the incident wave

SO (w, T) = M9, 7). 8O (30)

andA can be conveniently expressed as a product
M (w, T) = CD(w)W(B), where the scalar function
C(w) is proportional to the square of the absolute value of
the function M (w, B) (A18)

by equations (20)—(22) for the particular case of the zero- 2 2\ 2 )
cgm[()lonent Séx() bl)]t (ger)leralizatiorli to all other components is CD(w) = rg (21 — b )Eg [gsm Ch wdz)T]- (31
straightforward. The integration over ¢ associated with the =G0 L (W= wa)
W)
a? + 2b% + ¢ a? — ¢? 2b(a — c) 0
_ a? — c? a?> —2b* + ¢* 2b(a+¢) 0 (32)
2b(c — a) —2b(a +c¢) 2(ac — b?) 0
0 0 0 2(b% + ac)

time averaging is converted to integration over w. The inte-
grand of this expression is defined as a spectral density of the
auxiliary Stokes vector S®)(w, T). The ¢t — w transformation
and transition to the spectral density of the Stokes vector is an
important element of the Thomson scattering polarization
formalism [14]. It forms a unified basis for consideration of

The 4 x 4 matrix W(B) is a function of quadratic combina-
tions of the coefficients a, b and ¢

The amplitude E§ is taken from expression (2) for S® and
included in (31). Correspondingly, the modified Stokes vector
of the incident wave S®¥ is treated as a dimensionless
normalized vector (2) without the EZ factor (§© — SO /ER).
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The renormalized vector S®) describes the dependence on the
polarization characteristics of the incident light such as the
orientation v and ellipticity x angles. The factor 1/2 in (31)
originates from the similar factor in the rhs of (1).
Performing the limiting transition 7 — oo in (30) yields
the spectral density of the Stokes vector S® (w) as a product

of the spectral Mueller matrix M(Single)(w) and S®
SO (w) = M™™9 () . 8O, (33)

The limiting transition modifies the scalar function (31) but does
not affect W so that the spectral Mueller matrix takes a form

M9 () = Cw)W(B),

2 2 2

ry(1 — BYE; _
27— gy T

The form of the é-function in (34) and the negative six power of
the factor 1 — J; are rigorously determined by the limiting
transition 7 — oo without the uncertainty associated with
the phenomenological ‘recipe’ for treatment of the square of a
o-function.

The full frequency integrated Stokes vector (29) is
determined by integrating S® (w) over the entire frequency
spectrum. This yields S® as a product of the frequency

: . ~(singl ;
integrated Mueller matrix M and S®

C(w) = ). (34)

S© = N . g0, (35)

Explicit integration over w in (34) removes the é-function
dependence in C(w) and yields the frequency integrated
Mueller matrix
(1~ BHE;
2r2(1 = By)°
that describes the transformation of the Stokes vector caused
by scattering on a single electron moving with velocity 3. All
three Mueller matrices describe linear connections of the
corresponding Stokes vectors of the scattered radiation with
the incident Stokes vector S©. They are identical in structure
with different amplitude factors C7(w), C (w) or C while the
fundamental matrix W(ﬂ) is the same in all cases.

The velocity 3 as well as the polarization parameters 1/,
X are arbitrary in equations (35) and (36). The single electron
Mueller matrix M is tested in [14] by comparing with
the solution to problem 6 in section 78 in [17]. It represents
the angular distribution of the scattering power for a linearly
polarized incident wave scattered by a charge moving with
velocity 3 in the direction of the incident wave. In this
particular case, the fully relativistic acceleration is perpend-
icular to the velocity yielding an expression for the scattering
cross-section

( e YV (=) - B
do =
mec?) (1 — Bsin® cos P)°
x [(1 = Bsin®cos ®)> — (1 — B%)cos?>O]dS,

MY = cW(B), €= (36)

(37)

where do is the ratio of the power scattered into the solid angle
dQ? to the energy flux density of the incident radiation. The

scattering direction s is characterized in [17] by the polar and
azimuthal angles ©, & relative to a spherical coordinate system
with z-axis along E; and x-axis along 3. Putting y = O for a
linear polarized incident wave allows us to express the vari-
ables 0 and ¢ in terms of ©, ® (see (A2) and (A4))

sin® © sin> ®
1 — sin’> © cos> ®
and to obtain the total scattering power Sés) given by (35) and
(36) in terms of the variables © and ®. Calculating a, b, and ¢
factors in W by putting 8; = 3, ; = Bcosf, [, = 0 yields
8§ and the corresponding cross-section which is identical to
the solution (37) increasing confidence in the correctness of the
Mueller matrix calculations.

All three variants of the Mueller matrix correspond to
scattering on a single electron moving with velocity v. Scat-
tering from a single electron changes the frequency and
polarization but the scattered wave continues to be mono-
chromatic and fully polarized. Indeed, all three Mueller
matrices conserve polarization and transfer fully polarized
incident light to fully polarized scattered radiation for an
arbitrary electron velocity. This property is proved by the
remarkable identity [14]

(38)

cos = sinOcos®, cos’e =

SE% — S0% — 592 — §9% = (2 + ac)2C?

X (S — 507 — s _ 0% — 39

which is a direct consequence of equations (11), (32), (35)
and (36).

3.3. Comments on the ‘square of a 6-function’

The zero-component of the spectral Stokes vector represents
the power spectrum at the remote detector

201 — AYEF2 . )
P(single)(w) — %(W(/@) . S(l))oé(w — Wy).
(40)

The result (40) is consistent with the expression used for
averaging over the electron distribution function in the first
part of [15] dealing with the infinite scattering volume (infi-
nite transit time, ITT) case. The key dependencies on w and
By PO () o §(w — wy) /(1 — B;)° are identical to
equation (7.2.19) in [2] and equation (4.35) in [16].
According to the terminology [2] P®i"#1®)(w) represents the
time-at-observer power PPe™eD given by (13).

The expression P¢ngle)()) used in the ITT part of [15]
was declared in [18] to be in error due to improper handling
of the square of a 6-function in the derivation of the spectral
power. The arguments of [18] have been recently reviewed
in a detailed tutorial article [16]. The argument in [18] has
been repeated in many other TS publications including, at
least, five more papers during the 1984-2011 period, and
appears in section 3.5 in [1, p 53] as a comment about an
error made in the original monograph [29]. In other pub-
lications (see, for example, [2]), the derivation [15] is
accepted and used as a starting point for calculation without
discussion of the issue claimed in [18]. As a result of
these uncertainties, the controversy caused by the square of
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a é-function issue has created long-standing confusion in
the literature.

A resolution of the problem is suggested in [14]. It was
found that the square of a é-function was properly treated in
mathematical transformations in the first ITT part of [15]. The
inconsistency between [18] and [15] originates not from a
mathematical mistake in [15] but from the erroneous com-
parison of the time-at-particle power treated in [18] with the
time-at-observer power analyzed in [2, 14, 15].

Indeed, the mean spectral power P®ngle)(y) is obtained
by taking the total energy collected by the detector during the
time interval of truncation and dividing it by the length of the
interval 7. Here, the interval T represents the time on the
detector associated with the variable 7. Contrary to this time-
at-observer power, the mean power in [18] is defined by
dividing the total emitted energy by the laser pulse length 7.
Thus, the same symbol 7 is used to define physically different
time-on-particle interval associated with the variable ¢'. This
is the time during which the electron is exposed to the inci-
dent laser light and re-emits the radiation in the scattering
volume. As a result, the mean spectral intensity scattered by a
single electron in [18] represents not the time-at-observer but
the time-at-particle power. As expected they differ by the
factor (1 — ;) according to (13). The difference was
explained in [18] as a mathematical mistake made in [15].
The corresponding mathematical transformations are not well
specified in [18]. Following this general line we compare the
results for two cases and suggest a possible resolution of the
issue in appendix A.3. To the best of our knowledge this
mathematical analysis of the ‘square of a §-function’ problem
has never been discussed in the TS literature.

4. Combined effect of many electrons

Equations (34) and (36) describe the elementary process of
scattering on an individual electron moving in unbounded
space filled with an incident homogeneous plane electro-
magnetic wave of infinite extent. They are used now to
account for scattering from many electrons, illustrated by
calculations for the zero-component of the Stokes vector.
Although the cross section for Thomson scattering is
small (proportional to ;) the intensity of the scattered
radiation is measurable due to the large number of electrons
N > 1 participating in scattering. The total electric field of
the scattered radiation is a sum of the electric fields emitted by
the individual electrons. The coherency matrix is constructed
from time-averaged quadratic combinations of their compo-
nents. The products of the field components are subdivided
into two groups. There is a large number N (N — 1) of
cross-terms originating from the electrons characterized by
different positions Rg) and jo) with i = j where the vectors
R{’ (i=1,2,.N) are introduced in (A15) and serve as
labels of the unperturbed electron trajectories. Summing over
many electrons, we assume the condition of incoherent
Thomson scattering Apk;sinf/2 > 1, where the Debye
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length \p = /T, /4me?n, represents the mean spatial electron
correlation length. As an example, the regime of incoherent
scattering is relevant to the ITER plasma with a conventional
TS diagnostic where laser wavelength A = 1.06 um,
6 ~ 130° and typical value of A\p ~ 150 ym. Collective TS
regimes with large wavelengths or small scattering angles are
used for measurements of the bulk and fast ion characteristics
(see, for example, [30] and detailed review [31]). Some
interesting aspects of collective scattering related to momen-
tum conservation are considered in [32]. This work is based
on comparative analysis of wave-particle momentum redis-
tribution in the process of Thomson scattering on electrons
and ions. The role of scattering on ions is emphasized in the
paper as an important mechanism needed for correct
accounting for the momentum balance.

In the incoherent regime, the cross-terms are proportional
to rapidly oscillating factors exp[—iq - (Rg) — jo))] with
q = k; — k; and, therefore, vanish after summation. Then,
the products of the sum of the electric fields are reduced to the
sum of the products characterized by equal indices i = j.
Even in a case where radiation scattered at finite angles
0 ~90° is strongly incoherent (Apk;sinf/2 > 1), the
radiation scattered at forward angles # — 0 will be coherent,
with all the electrons radiating coherently. This leads to the
summation of the electric fields scattered by the individual
electrons so that the resulting scattered field amplitude is
proportional to n,e2Eq/m, where n, is the electron density
and E| is the primary wave amplitude. Rigorous summation
of the fields is performed in [33]. It takes into account dif-
ferent phases of the radiation coming from individual elec-
trons. The sum of the scattered and primary electric field
obtained from this microscopic approach is shown to be
identical to the primary wave modified according to macro-
scopic theory based on the concepts of dielectric tensor and
refractive index. Thus, the coherent solution localized at small
0 represents an incident wave passing through a plasma.
Within the scope of the microscopic model the effect of
the plasma dispersion is self-consistently explained by the
superposition of the far zone electric fields emitted by
the individual electrons. The small deviation of the incident
wave phase velocity from the speed of light can be ignored at
high frequency of the incident radiation.

For scattering at larger angles 6, coherent solution drops
quickly to zero when the scattering angles lie outside the
narrow cone 6 < A/L where L is a linear dimension of the
scattering volume. The rate of the coherent solution decay
with € is evaluated, for example, in exercise 4.9.7 in [34].
Outside the cone, the contribution from the coherent solution
vanishes. In this zone, the incoherent solution for the scattered
wave is dominant in the regime that is used for Thomson
scattering diagnostic purposes.

In the incoherent solution, the Stokes vector of the
scattered radiation is the sum of the Stokes vectors of the
radiation scattered by the individual electrons. The summa-
tion of these (B-dependent quantities is equivalent to inte-
gration over dr’ and d3 in coordinate and velocity space. The
equilibrium electron distribution function is defined as the
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number of electrons dN = n,f,, (3) d3 dr with velocities in
the interval 3, B + d3 contained in a volume element dr,
where f;,(B) is the relativistic Maxwellian distribution
function normalized to unity

pexp(—pu/\1 — 67)

4Ky ()(1 — B23/2 7

and K; (1) is the modified Bessel function of the second kind
[35]. We first select a group of electrons having equal velo-
cities 3 in the velocity element d3 but different initial posi-
tions Ry in coordinate space. The spectral powers (40)
registered by the detector from each of these electrons are the
same (do not depend on Ry). The intuitive way of accounting
for the effect of many electrons is to multiply the power from
a single electron PGi"g®) () by the total number of electrons
n,Vfy,dB in the scattering volume V. The resulting total
spectral power

fu(B) = w=m.ct/T, (41)

rgn. V(1 — BHEf,,dB
2r2(1 — B,)°
x (W(B) - 8D)46 (w — wy)

Prrr(w) =

(42)

is equivalent to equation (10) derived in section II.C of [15]
devoted to the infinite scattering volume or ITT case.

This intuitive approach can fail to accurately characterize
the scattered power. As was pointed out by Stupakov [28], a
more consistent approach is not a summation of the instan-
taneous powers but a summation of energies emitted by the
electrons and accumulated by the detector during time inter-
val long compared to the particle transit time through the
scattering volume. The problem was formally treated in
section II.D of [15] devoted to the finite scattering volume or,
equivalently, to the FIT case, by applying the Fourier
transform in coordinate space leading to the result

rgn V(1 — BHESf,,dB
2r2(1 — f3,)3
x (W(B) - 898 (w — wy).

Prrr(w) =

(43)

The only difference between the ITT power spectrum
(42) and the FTT case (43) is an additional factor (1 — §) in
the numerator of the FTT intensity spectrum. The FTT
weighting factor is generally accepted in all present-day
relativistic treatments of TS radiation. A qualitative physical
explanation of the FTT effect similar to the picture shown in
figure 4 is suggested in section III of [15] based on a single-
bounded particle model. The distortion of the signal caused
by the finite size of the scattering volume has a twofold effect.
First, since an electron spends a finite time L /vy, within the
scattering volume it broadens the spectrum (40) to the finite
width éw/w =~ 27vr, /(wL). The transit time broadening is
much less than the Doppler thermal broadening
Aw/w ~ vy, /c at A < L and, therefore, can be ignored in
the case of practical interest with A < L [1, 15, 16]. The
second effect is less obvious and impacts the amplitude of the
spectrum rather than its shape such that there appears an
additional factor (1 — () in the numerator of the FTT
intensity spectrum (43) compared to the ITT power spectrum
(42). This result is consistent with equation (14).
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An alternative geometrical interpretation of the FTT
effect was suggested in [14]. The area of dr’-integration
corresponds to the summation over those electrons whose
pulses of scattered radiation pass through the detector at a
given time ¢ (the time-averaging variable in (Al)) on the
detector. Consider the electrons passing through the narrow
stream tube of length L and cross-section dS shown in
figure 4. Visualization of the positions and distances between
the successive electromagnetic pulses emitted by the indivi-
dual electrons and counting the number of pulses passing
through the remote detector at a given moment of time ¢ on
the detector shows that it corresponds not to the number of
electrons n,LdS inside the stream tube, but to the modified
number (1 — G,)n.LdS. This justifies the use of the fifth
power weighting factor for averaging of the Stokes vector
components.

To sum up, if the radiating particles are in a bounded
volume the radiation intensity at the remote detector is deter-
mined not by the single particle time-at-observer power
pobserven — pGingle) byt by the time-at-particle power
plparticle) — (1 _ 3ypGingl) myltiplied by the number of
emitters inside the scattering volume. For synchrotron radia-
tion, this conclusion was, for the first time, obtained and
extended from the intensity to all the components of the Stokes
vector in [36]. A similar, but more succinct analysis of syn-
chrotron radiation was presented, approximately at the same
time, in [37]. The analogy with synchrotron radiation was used
in [2] to explain the need for the additional factor (1 — ;) to
account for the combined effect of many electrons.

5. Frequency-integrated Mueller matrix

The procedure of integration over the spectrum corresponds
to a transition from spectrum-based characterization of
Thomson scattering to polarization analysis based on the total
frequency-integrated Stokes vector spectral intensities. Inte-
grating over all frequencies results in an increased number of
detected photons with better statistics and accuracy of mea-
surement. This is a key element of the polarization-based TS
diagnostic compared to the traditional spectrum-based TS
method. Since the purpose of these studies is to investigate
the optimal capabilities of depolarization diagnostics, we will,
first, focus on the characteristics of the frequency-integrated
radiation and then consider the frequency-resolved case.

5.1. Averaging over 3 with the FTT weighting factor

Averaging over velocity space is equivalent to integration of
the Mueller matrix (36) over the relativistic Maxwellian dis-
tribution function (41). The combined effect of many elec-
trons and finite size of the scattering volume are taken into
account by adding the total number of electrons in the scat-
tering volume N = n,V and the factor (1 — () to the scat-
tering operator. Both these factors are missing in [9]. The final
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Figure 5. Degree of depolarization versus orientation and ellipticity
angles ¢ and x at # = 90°, T, = 10 keV. There is a local maximum
of D at ¢ ~ 82° and y = 0 (linear polarization), but the absolute
maximum is reached at ¢ = 90° and x =~ 9° (elliptical polarization)
(D is an even function of cos ). Reproduced from [12], with the
permission of AIP Publishing.

expression has the form
1§ NE§
2r?

(1 — B (B)dB
(1 -5y

For compact notation, we present the results of integration for
the normalized dimensionless matrix m(u, 0)

1, 0) = M(u, 0) /Co,

where the dimensionless factor Cy = 1§ E{N /2r2.

The integration (44) is performed in spherical coordinates
with the v, and v, axes directed along s and e,, respectively,
such that 3 = (G sina cos ¢, (sinasing, [ cosa), where
« is the polar angle and ¢ is the azimuthal angle measured
from e, in the orthogonal plane. The factors a, b and ¢ in
W(,B) depend on three components of the electron velocity:
G;i=p8-i, B=03-s and B, =3 -e, where B8=v/c.
They are expressed as functions of the polar angle « and
azimuthal angle ¢. Averaging over the relativistic Maxwellian
distribution function (44) consists of three successive inte-
grations

A

W(B).

M, 0) = (44)

(45)

i, 0) = f‘ Bexp(—u/y1 — 82)dB
T K Gy o (1= 37
m sin ada 27 A
X fo (1 — Beosa)’ Jo dPW (G, a. 9).

(46)

Four elements of the matrix W are proportional to b o (.
Indeed, from (27) it follows that factor ¢ does not depend on
0, while factor a is even and factor b is odd in (3,. Since the
Maxwellian distribution function as well as all other
weighting factors are even functions of [,, these four ele-
ments average to zero after integration over the velocity
space. The remaining five elements are integrated in analy-
tical form according to (46) yielding functions of the scat-
tering angle, u = cosf, and electron temperature via the
factor p?> and function G (u) = K; (i) /(K> (1)), where K|
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and K, are modified Bessel functions of the second kind (see

(35D

moo =1+ u? — 2G () (u? + 4u — 3) + 16/ (1 — u)?,

_ _ 2
mor=myg =1 — u”,

my=1+u>+2G ()@ — 4u + 1) + 12/ (A — u)?,
my =2u — 4G (W)W —u+ 1) — 12/ (A — u)?,
myz=2u — 4G (uQu — 1) — 8/pH (1 — u)*.

“47)

The details of this calculation are described in [14].

The matrix elements (47) present an exact analytical
solution for the state of polarization of incoherent Thomson
scattering radiation. In contrast to [9] where only the lowest
order linear in 7, analytical results were obtained, expressions
(47) are valid for the full range of scattering angles and
electron thermal motion from non-relativistic to ultra-relati-
vistic. The first terms in (47) describe the change of polar-
ization in cold plasma (u — o0), the second terms yield first
order corrections in the weakly relativistic limit at o > 1, and
the third terms dominate at ultra-relativistic tempera-
tures p < 1.

The Mueller matrix m(u, ) does not conserve polar-
ization and transfers fully polarized incident light to partially
polarized scattered radiation. This property is intrinsically
connected with the broadening of the scattered spectrum,
which by definition is no longer fully polarized. The degree of
depolarization D is defined by equation (3) as a ratio of power
flux in the unpolarized component to the total power flux.
Since D is a ratio of two fluxes, the normalization factor C,
cancels in the final expression for D. Thus, the degree of
polarization /depolarization is completely determined by the
elements of the matrix m(u, ) and the components
S®(ap, ). Detailed information about the properties of this
function of four variables is presented in [12] and reviewed in
section 5.2.

5.2. Degree of depolarization for frequency integrated Mueller
matrix

The degree of depolarization (3) depends on T,, scattering
angle 6, and polarization characteristics of the incident light
and . In spite of the large number of variables and com-
plexity of the dependencies, the exact analytical results allow
us to describe in a compact form the general properties of the
degree of polarization [12]. One particular example illustrat-
ing a maxima of D as a function of ¢ and x is shown in
figure 5 for T, = 10 keV and § = 90°. There is a peak of D at
1 ~ 82° for linear incident polarization but the absolute
maximum is reached at ip = 90° for elliptically polarized
light. This extreme regime with the absolute maximum of D
close to unity corresponds to small scattered power Sy and
results in large error bars for polarization-based T, measure-
ments. The smallness of Sy is caused by the incident wave
electric field vector being almost parallel to the scattering
plane at ¢) = 90°. This electric field direction is in turn almost
parallel to the propagation direction § = 90° of the scattered
wave. Since the scattered wave must be transverse, the
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Figure 6. Contour lines of the maximum value of the degree of
depolarization Dy, (T,, #) (maximized with respect to all possible
polarization states of the incident light). The red curve is a boundary
in (T, 6) space that determines which of the two maxima shown in
figure 5 provides the absolute maximum. Reproduced from [12],
with the permission of AIP Publishing.
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Figure 7. Contour lines of the minimum value of the degree of
depolarization D, (T, #) (minimized with respect to all possible
polarization states of the incident laser light). Reproduced from [12],
with the permission of AIP Publishing.

efficiency of the scattering and intensity of the re-emitted
radiation are small. Correspondingly, the weakness of the
signals in this regime leads to their poor measurability.

At T, — 0, the peak of D(v), x) profile is strongly
localized in the vicinity of ¢» = 90° and y = 0. The absolute
maximum of D (¢, x) tends to unity forming almost singular
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Figure 8. Degree of depolarization versus 7, for three scattering
angles: 60° (green), 90° (red) and 120° (blue) (solid lines: circular
polarization at y = 45°; dashed lines: linear polarization at

1) = x = 0). Reproduced from [12], with the permission of AIP
Publishing.

profile quickly decaying outward. Away from this irregularity
the degree of depolarization is of order T, /m,c?, which is
consistent with the similar result (C17) for the frequency-
resolved degree of depolarization. In some cases, a combi-
nation of the numerical factors amplifies the degree of
depolarization up to 25%-30%.

At any given 6 and T,, extrema of D as a function of 1
and x are reached at the boundaries of the rectangular area
0< v <n/2,0< x < 7/4. This allows us to finding the
absolute maximum Dy, (T;, #), and minimum D, (T, ),
with respect to all possible polarization states of the incident
radiation, and to set upper and lower limits on D at given 6
and T,. Quantitative picture of the dependencies of these two
functions on 7, and 6 is shown in figures 6 and 7, respec-
tively. The red curve in figure 6 illustrates a boundary in
(T, 0) space that determines which of the two maxima shown
in figure 5 provides the absolute maximum. The area above
the curve corresponds to the absolute maximum realized at
elliptic incident polarization with 1 = 90°. The absolute
maximum of D for forward scattering (f < 90°) takes place at
linear incident polarization with 0 < ¢ < 90°. A good test of
correctness of the matrix elements m is that for all values of
the variables 0 < D < 1.

The ITER LIDAR TS system was planned to detect
backscattered radiation at § ~ 180° [38, 39]. For such back-
scattered light, the degree of depolarization is quadratic in
T,/m,c? < 1 and, therefore, small (~3%-5%) at the tem-
peratures expected in ITER. The effect is about five times
smaller than for perpendicular scattering and is, therefore,
difficult to exploit for 7, determination in LIDAR. Under
LIDAR conditions the degree of depolarization is almost
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insensitive to the orientation angle v and reaches its max-
imum for a circularly polarized incident laser beam.

For a conventional TS system with § =~ 90°, the situation
is much more favorable with average D ~ 20%-25%. The
cases of practical interest of circular and linear incident
polarizations are illustrated in figure 8 at three scattering
angles. Although circular incident polarization yields stronger
depolarization of scattered radiation, rigorous minimization of
the error bars shows that linear incident polarization is pre-
ferential for polarization-based diagnostics [12].

5.3. Mueller matrix averaged over B with the ITT weighting
factor

The technique of analytical integration over 3 can also be
applied to the ITT weighting factor oc (1 — %) /(1 — 3,)°
that was used in [9]. This also yields Mueller matrix elements
valid at all temperatures. Although the sixth power scaling is
irrelevant for TS applications, it is useful for the purpose of
comparison to illustrate the importance of the specific form of
the weighting factor. The corresponding Mueller matrices H
and h are introduced as

H(u, 0) = Coh(u, 0), (48)

where H is defined by the integral (44) with the factor
(1 — f3,)® in the denominator. The result of exact calculation
of the matrix h is presented by equation (B1) in appendix B.
Comparison of the two Mueller matrices i and h shows that
they differ in essentials. For example, the off-diagonal ele-
ments mg; = myy do not depend on electron temperature
while the same elements of the matrix h are substantial
functions of T,. The temperature independence of the off-
diagonal elements mqy; = my( is a unique consequence of the
fifth power weighting factor. The same integration performed
for any other weighting factor would result in temperature-
dependent off-diagonal elements.

A good test of the exact analytical calculations is compar-
ison with the first-order expansions in 7, presented by equation
(44) in [9]. Ignoring small terms proportional to g ~2 and g —*
and taking into account that G (u) — 1/u = T,/m,c? yields
the first order correction in 7, to the cold plasma Mueller matrix.
Comparing this correction with expressions (44) in [9] at
Ez = 3T,/m,c?* shows that they are identical. This verifies the
first-order expansions in 7, obtained in [9] for the ITT model,
and increases confidence in the correctness of the exact analy-
tical calculations.

6. Frequency-resolved Mueller matrix

Realistic experimental constraints require detecting scattered
photons within a limited wavelength range. This necessitates
understanding the frequency-resolved degree of polarization
first discussed in [9]. From the theory side, significant dif-
ferences arise because the time averaging included in the
definition of the polarization matrix and the Stokes vectors
assumes existence of a broad frequency spectrum. From the
experimental side, the finite wavelength response band of
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optical instrumentation reduces the accuracy of polarization-
based measurements if the TS spectrum is wide. Rigorous
analysis of polarization characteristics in a finite spectral band
does not seem to be present in polarization literature (see, for
example, [40—42]). As suggested in [14], some quantitative
steps in this direction can be made on the basis of
equation (29).

Consider a partial contribution AS® to the spectrum
integrated Stokes vector (29) from a narrow frequency
interval Aw, such that AS® = S® (w)Aw. Formal substitu-
tion of AS® to the equation for the degree of polarization (3)
yields P(w) which is determined by the spectral density
S®)(w) and does not depended on Aw

oy FOTFO TS

49
SO (49)

The Stokes vector components S® (w) are determined by the
single electron spectral Mueller matrix (34) averaged over the
relativistic Maxwellian distribution function with the
weighting factor (44) and é-function spectral dependence

rgn. VE] f (1 — BV, (B)dB
2r? (1 -8
X W(ﬂ)é(w — wy).

M(w, p, 0) =

(50

To evaluate the feasibility of frequency-resolved TS
polarimetry, an expression similar to (50) but with incorrect
sixth power weighting factor was suggested in [9]. Two
angular variables cos 6 and cos §; and § = |3| were used for
integration where 6; and 6; are the angles between 3 and the
propagation directions s and i . The result in its final form is
presented by the integral over two variables. This allows the
authors to obtain the lowest order linear in 7, analytical
expressions at w = wj;. Using numerical methods yields more
information about dependencies of the resolved degree of
polarization P (w) on w at some specific values of T, and v
shown in [9].

The original idea [9] and the method of integration
suggested in this paper were further developed computa-
tionally with the use of the correct fifth power weighting
factor. Numerical codes for the frequency-resolved polariza-
tion and analysis of the experimental technique were recently
developed by Giudicotti et al [21]. They benchmarked their
numerical results by computing the frequency-resolved
Mueller matrix elements, integrating them over the spectrum
and comparing with the frequency integrated analytical results
(47). Thus, the exact relativistic expressions (47) were used
for benchmarking and verification of numerical codes for
frequency-resolved TS polarization. The results of this code
verification show good agreement with the analytical
expressions.

The spectral Stokes vector components, S®(w) =
M(w, g, ) -SD (1, x), are functions of five variables. In
view of the difficulties caused by the multidimensional
parameter space of the problem it is highly desirable to have
analytical expressions for M (w, i, 0). We show in this
section that the frequency-resolved Muller matrix elements
can be calculated analytically and expressed as a combination
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of four simple 1D integrals which are the only functions that
require numerical integration at the final stage of calculation.
To the best of our knowledge the exact analytical solution for
the frequency-resolved Mueller matrix has not been obtained
yet. We describe the main steps of the derivation and the final
results while the technical details are given in appendix C and
supplementary material.

6.1. Exact relativistic expressions for m(w)

Contrary to the previous section devoted to the frequency-
integrated Mueller matrix, the integration over 3 is performed
in (50) in a different coordinate system (e,, ey, €.) with the
z-axis directed along k; — k; such that e, = (k; — k;)/
|k, — k| = s(X+ 1) —i)/k, e, = e, x e, where e, =
[i x s]/sin@ is the unit vector normal to the scattering plane.
The dimensionless wave vector k and frequency shift X
relative to the incident wave frequency are defined as

dks — Kl _ X ox s nd—w, x=Y 1.

Wi

k =

Wi

(1)

In this coordinate system, the argument of the d-function
in (50) takes a form which allows for immediate integ-
ration over G:8(w — wi(l — B)/ (1 = B)) =1 — 56
[w— w — /8 - (ks — kjc] =1 - ﬂs)(s(ﬂw - ﬂz)/(wik),
where (5, = X/k. Performing (,-integration yields a double
integral of a function of two variables 3, and 3, over a circular
area (32 + ﬁf, < 1 — 32 while the 3. component is fixed in

the integrand, 3, = (3. Four elements of the matrix W are
proportional to b < (3,. They average to zero after integration
over (B, using the same arguments as in section 5.1. The
remaining five elements are integrated in the polar coordinate
system (3., ¢) such that 3, = 3 cos¢ and (3, = [, sin¢
where 0 < 37 < 1 — 32 and 0 < ¢ < 27. We briefly com-
ment here on the integration over ¢ and 3, for the dimen-
sionless matrix m(w, i, ) which is the same as the original
matrix (50) after integration over 3, and normalization similar
to (45) but with the different normalization constant Cy/w;.
The details of the derivation are given in appendix C.

The result of integration over ¢ is defined by the matrix
rh(()) (OJ, ﬁl)

7 WA, ¢)do
(= A

Explicit dependencies on ¢ are presented in (52) by four
different combinations which are integrated exactly in ana-
Iytical form. Indeed, the ¢-dependencies enter Mueller matrix
W (3., ¢) through the factors 3;, 3, and 3, in a, b and ¢
functions given by (27). Expressing 3; and 32 in terms of the
whole combination (1 — ;) and substituting in VAV(ﬁl, )
gives fourth order polynomial functions of (1 — ;). Dividing
by the factor (1 — 3,)* in the denominator of (52) leads to
fourth order polynomials of the inverse ratio 1 /(1 — ;) with
the coefficients depending on X, u and (3,. Thus, all depen-
dencies on ¢ in (52) are reduced to four certain combinations
of the form o<(1 — (,) " where n = 1, ...4. In the coordinate

mO(w, B,) = fo (52)
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system (e,, ey, €,), the expression for (1 — ;) takes the form,
1 — By = Bisy(H — sin¢), where H = (1 — B,s)/0Lsy
while s;,=(s-e)=X+1—-u)/k and s,=(s-e) =
V1 — u? /k. Integrating the fourth order polynomial function
of 1/(1 — [3) over ¢ leads to the integrals of the form

f271' d(b anl n
0 [H-—singl® (H?— 1)@-b/2’
where G, are n — 1 order polynomials of H.

The next step of calculation is the integration over the
‘radial’ variable 3, according to
. 1 llfﬁi
. g0 = [T 8480 - 51— 5

X fi (BOM D (w, B)).

It is useful to introduce a new variable of integration ¢ such
that 82 = (1 — B2)(1 — 1/r%) where 1 <1< oco. This
variable represents the relativistic factor v = (1 — B2)~1/2
normalized to 1 / J1 — B%. After corresponding transforma-
tions the argument of the fractional exponents in
equation (53) takes a form (H? — 1)-D/2
2 + tH)@=D/2 where r2=2(X + (1 + u)/k? Then,
the final result of integration over ¢ yields five non-zero ele-
ments of the frequency-resolved Mueller matrix. They are
presented in a compact form of a superposition of four well
converged integrals with 25 coefficients, 13 of which are

=1,...4, (53)

(54)

different rational functions of X and u given by
equation (C12) in appendix C
n=4
(X, g, u) = Y GV (X, wWE™(p, r). (55)
n=0

The coefficients Qy('") were calculated in analytic form both
manually following the steps described in appendix C (see
also the supplementary material) and with the use of analytic
capabilities of Mathematica software [43]. Atn = 1, ...4, the
integrals E®(p, r) are defined as follows

oo
EOp. 0= [
1
X2

P “\/2(x+ DO —w
2 2X + DA + w)
k2
while at n = 0 the corresponding function E@(p, r) is a
function of only the first argument p, EQ(p) = exp(—p). For
backscattered radiation with u = —1 the argument r = 0.
In this particular case, the integrals E®™(p, r) coincide
at n=1,...4 with the exponential integral functions
E™(p, 0) = E»,.(p) described in the literature (see [35]).
At low temperatures, the factor pu = m,c?/T, and the
corresponding value of the variable p are large. In this case,
the main contribution to E®™(p, r) comes from the narrow
interval £ — 1 < 1/p in the vicinity of the low limit of inte-
gration. This provides smallness (x1/p) of the integral terms
with n =1, ...4 compared to the first non-integral terms
mf) = C{VEO (p) related to n = 0. The dominant at 1 > 1

dr exp(—pt)
(r2 + t2)(2n+1)/2 >

)

(56)
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Figure 9. Frequency resolved Mueller matrix element m, given by
(55) versus frequency X = w/w; — 1 at T, = 10 keV (narrow black
curve) and T, = 40 keV (broad black curve) while § = 150°. The

thin blue lines illustrate the contribution to mg from the first n = 0
term még) dominant at low temperature. The approximation rflﬁjl)(X )

given by (59) with the T, /m,c? linear correction is shown by a thin
red line.

first part ﬁll(»;)) is proportional to the ratio E®(p) /K> (11). The
limiting value of this p-dependent ratio tends at y1 — oo to
the d-function of X

2
i SRR =50) 220 —wbX).  (57)
=00 K> (1)
Taking into account the d-function properties by putting
X =0 in C{” and ignoring small (proportional to 7, /m,c?)
integral terms with n = 1,...4 yields the asymptotic expres-
sion for the frequency-resolved Mueller matrix in cold plasma

1+u>1—-—u?> 0 0
lim rig (X, u) = [~ % T+u 00 f5x)  (s8)
e O O 2M
0 0 0 2u

Integrating (58) over the spectrum removes the é-function.
The resulting expression is identical to the cold plasma limit
of the frequency integrated Mueller matrix (47). This is a
good test of consistency of the analytical expression (55) for
the frequency-resolved Mueller matrix. More systematic
verification of (55) is performed numerically by integrating
Iﬁ,»j(X , i, u) over the entire frequency interval —1 < X < oo.
The differences between the numerical values and corresp-
onding exact results (47) do not exceed (1072-10"3)% in a
broad range of 7, and u variations.

At finite temperatures, the spectral profiles (58) are broa-
dened and shifted to blue part of the spectrum. As an example,
the profile of the mg, (X) element is illustrated by black lines in
figure 9 at T, = 10 keV and T, = 40 keV while § = 150° in
both cases. Blue lines describe contribution ﬁﬁ;))(X ) from the
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first n =0 term while red lines illustrate more accurate
approximation (59) with the next order correction in
T,/m.c* < 1. The spectral profiles of all other elements of
h;(X) are similar to 19y (X) but have different amplitudes and
signs. Their frequency integrated values are in a good agreement
with the elements of the cold plasma matrix (58). For example,
at T, = 40 keV and u = cos 150° = —0.87 the elements m1,,
and mjy; are negative with peak values ~—1.2 while myg; is
positive with a peak value ~0.12. A more accurate approx-
imation Ifll(jl) is obtained by integrating by parts in (56) with the
use of the identity drexp(—pt) = —d(exp(—pt))/p and
ignoring the integral terms left after this operation

N2(X 4+ DA —w)

I

(X, p, u) = (Ci}o) +

n=4 C'(_n)an

Y  |EO®

X n:l(X + 2)2n+1]E (p)- (59
Performing integration by parts in (56) many times leads to the
analytical presentation for m;(X, 4, u) in the form of the series
expansion in powers of T, /m,c?. Another method of expansion
is described in appendix C.

6.2. Spectral power and depolarization factor

The fully relativistic frequency-resolved Mueller matrix (55)
gives a general description of the polarization and spectral
properties of the scattered radiation at arbitrary polarization of
the incident light. To illustrate the connection of this form-
alism with previously developed approaches we will consider
the power spectrum of the scattered TS radiation. Power
spectrum characteristics are the key element of the standard
spectral TS method of electron temperature measurement.
There are a large number of publications devoted to different
approximate treatments of the relativistic effects in the scat-
tering operator [3, 4, 44-50]. An exact analytic formula for
fully relativistic Thomson scattering spectrum was first
derived in [3] including a term called the depolarization term
(which differs from the degree of depolarization). As in most
previous publications, it was assumed that the incident
polarization is linear and perpendicular to the scattering plane,
and only this component of the scattered wave electric field is
measured. In this particular case, the scattered power is
described by the well-known expression (see equation (5) in
[44])

2
dP, /dw o = f dBf, (B)(1 — 2

Wi
x(l—

where Aw = w — w; (note a misprint in (4.1.5) and (4.1.6) of
[1] for this expression). If the detector measures all the
components of the scattered electric field, then expression
(60) is modified according to equation (4) of [44] with

Br(l — u)

2
—) 6(Aw — k - v),
I =g =By

(60)
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Figure 10. Depolarization factors g1(X) (red) and ¢,(X) (black)
versus frequency X = w/w; — 1 at T, = 40 keV and two values
6 = 150° (solid lines) and # = 180° (dashed lines).
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This situation is realized, for example, in Thomson scattering
diagnostic system used for Madison symmetric torus reversed
field pinch experiments. The spectral density dRy /dw
includes all polarizations and is, therefore, larger than dP, /dw
related to one selected direction. The difference between them
is proportional to the factor b” in equation (27) integrated over
the velocity space. This makes the difference of the powers
relatively small (<7, /m,c?).

The common feature of both expressions (60) and (61) is
that the terms in the large brackets reduce the scattered power
due to relativistic factors oc32. Evaluation of their integral
effect on the spectral powers requires full integration over 3
and is characterized in the literature by the depolarization
factor g (w, u, u) < 1. Using this notation, the final result of
exact calculations performed in [3] is presented in the form
dP./dX o< Sz (X, u, n)g, (X, u, u). The spectral power den-
sity Sz (X, u, p) refers to the function derived previously in
[45] and related to EQ(p) as S; = (X + 1)2E© kK> (11).

In [45], the factor g, was assumed constant, i.e., unity. A
variety of other approximations for g, have been suggested.
For example, the relativistic corrections to first order in
0 < 1 were calculated in explicit form in [46]. The effect of
the relativistic factors on blue line shift error analysis was
performed in [47]. The relativistic corrections were extended
to second order in [48]. The values of g, were found with
better precision in [49] for several electron temperatures and
u = 0. The exact result for g, (X, u, 1) is presented in [3] as a

_BA - pAHU - w?

U= =gy Ak

(61)
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superposition of the two integrals similar to EV(p, r) and
E®(p, r). These calculations were reproduced and the cor-
rectness of the results [3] was confirmed in [4] devoted to the
special case § = 180° for LIDAR scattering system. This
work has been recently extended in [50] to a fully relativistic
calculations valid for all scattering angles and both coherent
and non-coherent regimes. The results are derived in a general
form so further transformations are needed to present them in
the explicit form relevant to the incoherent regime for com-
parison with already known cases. We will show now how
both aforementioned spectral densities can be obtained from a
general approach based on the frequency-resolved Mueller
matrix (55).

Within the scope of the Mueller matrix formalism, the
spectral density dP, /dX measured by the detector in the x-
direction is determined by a sum of the Stokes vector com-
ponents (Sés) + Sl(s)) / 2 (see equation (1)). Assuming that the
incident wave is linearly polarized in the same direction,
S® = (1, 1, 0, 0), gives the spectral power in terms of the
Mueller matrix elements dP, /dX o (mq; + (mgg + mi1) /2).
Substituting (55) in this combination shows that the integrals
E® and E® cancel out in the final expression for
dP,/dX o< S,q,. The depolarization factor g, is presented in a
compact form by E(V and E® integrals only

2exp(p)2 + X)
k

32 + X)?
S

g, =1+ (E(“(p, r)

E®(p, r)). (62)

The spectral power density dRy /dX o< S, ¢, is determined
by a different combination dRy /dX o (mgo + mg). In this
case, the matrix elements (55) lead to the expression con-
taining three integrals

Grora =1 + 4exp(p3<(2 = (E(l)([)a r)

2(X + 2)? 1 X + 1
_ 22X+ +?;€(2 WX EDpoy, ,
51+ w2+ X1 + X)
+ r

)

E®(p, r)). (63)

Comparing (62) with equation (5) in [3] shows that after
matching the variable of integration in EV(p, ) and E?(p, 1)
with the one used in [3] the results are identical. Together with
the numerical verification, this gives an additional argument for
the correctness of the exact relativistic solution (55).

The dependencies of the depolarization factors g, < 1
and g, < 1 on X are shown in figure 10 at 7, = 40 keV and
two values 6 = 150° and 6 = 180° confirming, as expected,
that ¢,,,,; > ¢,. Both g-factors reduce with 6 and are smallest
for the backscattered radiation with 6 = 180°, indicating that
suppression of the spectral powers caused by the relativistic
terms is the largest in this direction. This is a straightforward
consequence of the (I — u) dependencies in (60) and (61).

At a given T, and 6 the minima of both factors as
functions of X is reached in the vicinity of X = 0. This is
different from the spectral powers dP,/dX and dR.y /dX
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shown in figure 11 at T, = 40 keV and 6 = 150° where both
extrema are blue shifted to X ~ 0.5. In figure 11, the blue line
illustrates the contributions from the dominant part
ﬁlf}’)(X, 1, u) of the Mueller matrix. They are the same for
both spectral densities and coincide with the function S,(X).
At T, = 40 keV and 6 = 150° the depolarization factors g
and g, result in (18-20) % reduction of the peak values of the
spectral power.

To illustrate the effectiveness of the Mueller matrix we
consider now the more general problem of optimization
(maximization) of the spectral power densities dP,/dX and
dRo /dX with respect to all possible polarizations of the
incident light and directions of measurement of the scattered
light. The universal character of the Mueller matrix method
allows us to avoid kinetic calculations similar to (60) for each
specific case of the incident or measured polarizations. After
being calculated once, the five Mueller matrix elements (55)
contain full information about the kinetic part of the problem.
Then, the properties of the scattered radiation are fully
described by simple algebraic products of five functions of X,
1 and u already known, and trigonometric combinations of
the polarization angles 1 and . This separation of variables
is a key element of the method allowing performance of
different optimizations in a general form without kinetic
calculations.

The optimization (maximization) of the spectral densities
can be done at some specific frequency, or for the entire
frequency-integrated power, or for the spectral density inte-
grated over a finite frequency band. To illustrate the approach,
we show the results of optimization of the total frequency-
integrated powers P, and Py, described by (47). The same
procedure, but based on consideration of the peak values,
gives similar results. Analyzing the power P,, we abandon the
assumption that it is measured with a polarizer that selects the
scattered wave electric field component in only one x-direc-
tion perpendicular to the scattering plane. Instead, the more
general case is considered of an arbitrary orientation of
the polarizer that selects the scattered wave electric field in
the e,-direction perpendicular to s but having some angle
0 < a < 7 between e, and e,. In the new reference frame,
the power P, is proportional to the product of the components
(ELEY) = (Sé’)/ + Sl(s)/) / 2 (see equation (1)). The total
power consists of this term and similar products of the
components orthogonal to e, Py o S(gs)/. The prime symbol

for the scattered Stokes vector S©’ indicates that it is calcu-
lated in the reference frame obtained by a rotation of the axes
through the angle o over the scattered direction s (different
from the reference frame (11) with the unit vectors orthogonal
to the incident direction i and characterized by the azi-
muth ).

The rules of transformation of the Stokes vector com-
ponents for a rotation of the axes through the angle « are
given by the formulas

-/ . / . . /
S(gé) = Séb), Sl(s) = Slmcos 200 — S2(S)s1n 20, SZ(S)

= SWsin2a + $Pcos2a, S¢ = . (64)
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Figure 11. Normalized to Cy spectral densities dRy /dX (red) and
dP, /dX (black) versus frequency X = w/w; — 1 at T, = 40 keV and
# = 150°. Blue line is the contributions from the dominant part
ﬁlﬁ;”(x , 1, u) (coincides with the function S,(X)). Black and red

horizontal lines illustrate that the depolarization factors shown in
figure 10 are almost constant on this scale.

By making use of (64), the function P, is expressed in terms
of the original Stokes vector S®. It is linked, in turn, with the
Stokes vector of the incident radiation (2) by equation
S@oc 1t - SO such that S oc mgg + mo; cos 29 cos 2y, S
o mg; + my; cos 2y cos 2y, SZ(A’) X My, sin21p cos 2. This
yields the power P, as a function of 1, x and o measured in
the component of the scattered wave electric field along the
arbitrary e,-direction

P, o< mgy + mojcos 21 cos2x + (mo
+ mycos 21 cos 2x) cos 2a
~+ my, sin 2 cos 2 sin 2a,

Pt o< mog + mo; cos 29 cos 2x. (65)

In equation (65), the reference direction for « is opposite to
equation (64) (@ — —a).

At given T,, u and « the maxima of P, and Py, as
functions of v and x are reached at the boundaries of the
polarization region 0 < ¢ < 7/2,0 < x < 7/4. They can be
analyzed by plotting P, and P, along four boundaries of the
polarization region. The results are shown in figure 12 as
functions of a parameter 0 < £ < 4. The variable £ is intro-
duced to express the changes of the polarization characteristics
cos 29 and cos2y along the four boundaries as some linear
functions of £. The functions are scaled in such a way that each
of four boundaries corresponds to equal interval of £ variation
A& = 1 (see appendix A.1). The upper curve consists of four
straight lines of different colors. Each of them illustrates var-
iation of Py, along the corresponding boundary of the
polarization angles. The variations of Py, are relatively weak
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Figure 12. Plots of normalized to C, frequency-integrated powers Py,
(upper curve (a)) and P, (three lower curves (b), (c), (d)) along the
boundaries of the polarization angles ¢ and y at 7, = 40 keV and

6 = 150°. The solid black line shows variation of Py, while three
other black lines show variation of F, as a function of ¢ along the first
boundary (0 < ¢ < /2, x = 0) at « = 0 (dotted—dashed line (c)),
o = —35° (dotted line (d)) and av = 40° (dashed line (b)). The red,
green and blue curves describe power variations along three other
boundaries: (p = 7/2, 0 < x < 7/4), /2> >0, x =7/2)
and (p = 0, w/4 > x > 0), respectively.

and its absolute maximum is reached at ¢ = 0 (linear incident
polarization perpendicular to the scattering plane).

Three lower curves describe the dependence of F, on the
incident polarization state. They are plotted for three different
angles o = —35°, 0° and 40°. When the power B, is mea-
sured at o = 40°, there appears a local maximum of P, as a
function of 4 that corresponds to linear incident polarization
with the orientation angle ¢ ~ «. The value of P, at this local
maximum is smaller than the absolute maximum of P,
reached at o = 0° and linear incident polarization perpend-
icular to the scattering plane. Thus, the optimization of the
spectral power with respect to all possible incident polariza-
tions and directions of the scattered wave electric field shows
that the combination ¢ = xY = a = 0 provides an absolute
maximum of the scattered signal.

6.3. Frequency-resolved degree of depolarization

The frequency-resolved degree of depolarization is defined as
D(w) =1 — P(w) where P (w) is given by (49). The spectral
Stokes vector of the scattered radiation, S®(w) =
M(w, i, 0) - SO(1, x), is determined by the frequency-
resolved Mueller matrix (50) and the Stokes vector of the inci-
dent wave. Since P (w) is a ratio of the two S-dependent terms,
the normalization factor C, cancels out in the final expression.
Thus, the degree of polarization/depolarization is completely
determined by the elements of the matrix m; (X, p, u) (55) and
the Stokes vector of the incident wave (2). It depends on the
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angles of the incident polarization ) and , electron temperature,
the scattering angle and the frequency of the scattered radia-
tion X.

If the frequency-resolved Mueller matrix is approxi-
mated by the first dominant term ;© (X, p, u) with n = 0,
then the corresponding degree of depolarization in identi-
cally equal to zero. In spite of the complicated dependencies
of C{” on X and u, the degree of depolarization is zero for all
incident polarizations, electron temperatures, scattering
angles and the frequency of the scattered radiation. This
indicates that finite values of the degree of depolarization are
caused by the integral terms in equation (55) (see also
equation (C17)).

At given X, the properties of D(X) dependencies on T,
and 6 are similar to those presented in figures 6 and 7 for the
frequency-integrated Mueller matrix. The spectral depend-
ence of D(X) characterizes the sensitivity of the degree of
depolarization to the frequency of the scattered radiation. In
figure 13, typical examples of the spectral profiles D(X) are
shown at 7, =40keV and three scattering angles
6 = 130°, 150° and 180°. At all scattering angles, the
functions D(X) have maxima at the frequency approximately
equal to the frequency of the incident wave (X ~ 0). The
peak values are about 15% higher than the degrees of depo-
larization shown by dashed lines and calculated at the same 7,
and 0 with the use of the frequency-integrated Mueller matrix.
The right panel illustrates the dependence of the peak values
D(0) on incident polarization by plotting them along four
boundaries of the polarization angles at 6 = 130° (solid
lines). The values of D determined from the frequency-inte-
grated Mueller matrix are shown by dashed lines. Both solid
and dashed curves demonstrate similar behavior but with
different amplitudes.

Comparing profiles D(X) at different scattering angles in
figure 13 shows that the degree of depolarization is strongest
near perpendicular scattering and drops off rapidly far away
from this direction. As pointed out seemingly by Sheffield
[51], this behavior of the rigorously-defined degree of depo-
larization D(X) contradicts behavior of the depolarization if
we measure it in terms of deviation from unity of the depo-
larization factors g discussed in section 6.2. Considering the
quantity 1 — ¢ as an intuitive measure of depolarization
shows that this characteristic increases with 6 and reaches its
maximum for backscattered radiation at 6 = 180° (see
figure 10). This tendency is the opposite of D(X) behavior and
reflects deep physical difference between D and gq.

Indeed, as seen from (60) and (61), the reduction of the
intensity caused by the relativistic terms in the g-factors takes
place even for scattering on a single moving electron
(1 — g > 0). In the same case of a single moving electron, the
scattered radiation remains monochromatic and, therefore,
completely polarized with D = 0 (see equation (39)). Par-
tially polarized TS radiation with D > 0 is caused by the
superposition effect of randomly moving electrons.

Consider, for example, a linearly polarized incident wave
with the Stokes vector (1, 1, 0, 0). After scattering on a single
moving electron the matrix W yields the scattered radiation
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Figure 13. Left panel: spectral dependence of the degree of depolarization D(X) for linear incident polarization with ¢y = 0 at

6 = 130°, 150° and 180° (solid lines); the degree of depolarization at the same angles from the frequency-integrated Mueller matrix
(dashed lines). The right panel: dependence of the peak values D(0) on incident polarization along four boundaries of the polarization
angles at # = 130° (solid lines). The values of D for the frequency-integrated Mueller matrix are shown by dashed lines (all curves

correspond to 7T, = 40 keV).

with Sés) x 2(612 =+ b2)’ Sl(s) x 2((12 _ bZ), S2(s) = —4ab,

S© =0 that provides D = 1 — /S©* 4 8¢ /50% = 0.
Averaging over randomly moving electrons modifies the
Mueller matrix in such a way that S{ = —dab = 0.
This results in non-zero degree of depolarization
D = 2b%/(a* + b?).

The simplest example of linear incident polarization
perpendicular to the scattering plane allows us to express the
degree of depolarization in terms of the depolarization factors
g, and g and analyze the relationship between them

D= (8§ — 8§/8§” = 2(Pows — P)/Powi
= 2(qtolal - qx)/qtola.l = 2(qtolal - qx)

Thus, the degree of depolarization is linked not to the depo-
larization factors g Or g, but to the difference between
them. Using the expressions in large brackets in (60) and (61)
yields an estimate for this difference to a leading order
approximation in 52 < 1

Gow — 4 = 200 —u) — (1 — w2132

(66)

(1 — ).
(67)

These arguments explain why large depolarization of the
backscattered radiation (@ = 180°, u = —1) measured in
terms of 1 —¢q oc2(1 —u) and 1 — g o (1 — u)? is
accompanied by small depolarization measured in terms of
the degree of depolarization D o (1 — u?)3>.

More general analysis of the D(X) dependence is per-
formed in appendix C for the case of arbitrary incident
polarization. The strongly peaked at small T, Gaussian part of
the spectral profile E©(p)/K, (i) cancel out in the expres-
sion (C17) for D(X). Residual terms are proportional to ém.
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They determine the spectral degree of depolarization D(X)
which varies with X on temperature-independent scale of
order unity with the amplitude proportional to T, /m,c?.

6.4. Polarization over a finite frequency band

The aforementioned theoretical analysis is performed for two
limiting cases of the frequency-resolved and frequency-inte-
grated degree of depolarization. Realistic experimental con-
straints require accepting only scattered photons within a
limited wavelength range. To evaluate the feasibility of a
polarimeter under these conditions, we will use the spectral
results (55) to calculate the quantitative effect of the finite
frequency response band of optical instrumentation on the
accuracy of polarization-based measurements.

Consider a partial contribution AS® to the spectrum
integrated Stokes vector from a finite frequency interval Aw.
It was evaluated previously in this section at small Aw as
AS® = §®(w)Aw and used as a basis for the frequency-
resolved polarization formalism. We treat now the partial
contribution in its precise form

w+Aw/2
AS®) — f SO (W) dw.
w—Aw/2

(68)

In the limit Aw — oo, the integral (68) reproduces the value
of D shown by the dashed lines while in the opposite limit,
Aw — 0, it corresponds to the profile D(X) shown by the
solid lines in figure 13. Integrating Mueller matrix (55) over
the finite frequency interval according to (68) and comparing
the degree of depolarization D (w) resulting from this
operation with the two limiting cases yields important infor-
mation about characteristic values of Aw at which the
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Figure 14. Degree of depolarization caused by the partial contribution AS® from finite frequency interval AX versus position of the center
of the interval X (AX/2 — 1 <X < 4): AX = 0 (red), 1 (blue), 2 (green), 4 (black), 5 (brown), 6(pink), 7 (gray), degree of
depolarization for frequency-integrated Mueller matrix (dashed line). Plasma scattering and incident polarization parameters are

T, = 40keV, 0 = 130°, y» = x = 0 (linear polarization perpendicular to the scattering plane,left panel); = 95°, y = m/4 (circular

polarization, right panel).

transition between frequency-integrated and frequency-
resolved limiting case takes place. Averaging of the Mueller
matrix elements (55) needed for this analysis is performed
numerically by integrating over the interval X — AX/2,
X + AX/2. This yields the partial contributions to the
Stokes vector (68) and corresponding degree of depolariza-
tion as a function of the central frequency X and the interval
of integration AX.

The results are presented in figure 14 as functions of X at
T, =40 keV and 0 = 130° for a few values of AX. At
AX = 0, the spectral profiles correspond to the frequency-
resolved curves illustrated in figure 13. When the X-integration
is performed over a finite interval AX, possible coordinates X
of the center of this window of integration are limited from the
left by the inequality X > AX/2 — 1. For this reason, the left
boundaries of the curves shown in figure 14 for increasing
values of AX are monotonically shifted to the right. At
0 = 130°, the integration over the relatively large interval
AX =1 (Aw = wj, blue curve) does not lead to significant
deviation of D(X) from its frequency-resolved profile (red
curve). Only if the frequency band of the optical detectors is
wide (>(3 — 4)w;) then the measured degree of depolarization
approaches its asymptotic value predicted by the frequency-
integrated Mueller matrix theory. Otherwise, a difference of
order of 15% is expected to be observed in the vicinity of the
incident frequency w;.

This conclusion is made for § = 130° and valid for the
broad range of incident polarizations. The results are sensitive
to the scattering angles. Another example with § = 95° and
circular incident polarization shown in the right panel of
figure 14 illustrates an opposite situation. In this case, the
peak value of the frequency-resolved degree of depolarization
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is very close to its frequency-integrated analog. Averaging
over different intervals AX gives slightly irregular curves but
all values of D (X) turn out to be in the vicinity (<0.1%) of
the degree of depolarization calculated from the frequency-
integrated model.

7. Experimental implementation of a polarization
diagnostic for T,

The suggestion that 7, might be measured by observing the
depolarization of TS light appears at least as early as 1968
[6]. The first assessment of the practical possibility of this
technique was made by Orsitto and Tartoni in 1999 [7].
They performed a numerical calculation using the scattering
cross section derived in [52], for the case in which the
incident and scattered wave vectors are at 90°. The incident
light was linearly polarized, with a polarization plane at 45°
to the plane defined by the incident and scattered wave
vectors. The depolarization of the scattered light was found
to be almost independent of wavelength, and increased
nearly linearly with 7, up to a temperature of 20 keV. The
conclusion about independence from the wavelength was
made on the basis of quantum electrodynamics cross section
analysis in [52]. This is consistent with the results obtained
from the classical field theory in section 6 that predict
relatively flat frequency profile of the degree of depolar-
ization for scattering at § = 95° of the incident circularly
polarized light (figure 14 (right panel)).

To exploit these polarization characteristics for 7, mea-
surement, the simple apparatus illustrated in figure 15 was
proposed. This device measures the number of photons
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Figure 15. Schematic of a simple polarimeter proposed for
measurement of Thomson scattered signal at angles of +45°, —45°,
and 90° from the scattering plane. Reproduced from [7], with the
permission of AIP Publishing.

through polarizers at angles of +45°, —45°, and 90° with
respect to the plane defined by the incident and scattered
wave vectors. Using incident laser light at 1064 nm and col-
lecting scattered light in the range 660—1050 nm, and with the
assumptions of Poisson statistics for uncertainties, brems-
strahlung for background light from the plasma, and no losses
in the detection apparatus, the uncertainty for a measured 7,
of 20keV was estimated to be competitive with the usual
spectral method of Thomson scattering measurement. This
calculation demonstrated that a Thomson scattering diag-
nostic based on polarization measurement is a realistic pos-
sibility for high-temperature plasmas.

A more complete optimization of this type of diagnostic
scheme was done using an analytic description of the Thomson
scattering process valid for all incident polarization states, scat-
tering angles, and electron temperatures [13]. Expressed in
Stokes vector form, the scattered field, S®, and the incident
field, S®, have four components S = (Sy, Si, S», S3). For fully
polarized incident light, scattered light from a single electron
remains completely polarized, but due to the nature of the
electron distribution function, light scattered from many elec-
trons will include photons of many different polarization states.
This is described by the degree of polarization, P, which can
range from O to 1, and the degree of depolarization,
D =1 — P, given by equation (3).

Figure 16 shows the degree of depolarization across the
full range of scattering angles and fusion-relevant tempera-
tures for linearly polarized light with the orientation angle, v
, between the major axis of the polarization ellipse and the
normal vector to the scattering plane equal to zero (light
polarized perpendicular to the scattering plane). Depolar-
ization is strongest near perpendicular scattering, although
not exactly at a scattering angle § = w/2, a result that is
consistent with earlier calculations [8, 9]. For both forward
(0 near zero) and backward (# near 7 ) scattering, the degree
of depolarization is only a few percent at expected fusion
reactor temperatures. This means that backward scattering
LIDAR systems of the type initially proposed for the ITER
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Figure 16. The degree of depolarization for linearly polarized
incident light with ¢ = 0, across the full range of scattering angles
and fusion-relevant temperatures. Reproduced from [13]. © IOP
Publishing Ltd. All rights reserved.

120 140 160 180

experiment [38, 39] would be unsuitable for polarization-
based measurement of T,.

Diagnostic simulations using this analytic description for
2-, 3-, and 4-component polarization selection apparatus indi-
cated good performance for all schemes above about 10 keV.
The laser source was at 1064 nm and scattered radiation inte-
grated over the range 200-2000 nm. For optimization, the
diagnostic error bars are calculated and minimized with respect
to polarization characteristics of the incident light ¢ and x and
scattering angle 6. 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
measurable intensities [23], four independent intensities I,
given by (7) were selected in [12, 13] to determine S©. 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°, 45° and 90° with respect to the
perpendicular to the scattering plane. The fourth channel con-
tains a quarter-wave plate to create /2 retardation of the in-
plane component before the light is transmitted by the 45°
polarizer. The degree of depolarization measurement error, op,
is related to the error on each of the statistically independent
intensity measurements o,

()

op=>.
where the intensity measurement errors are determined by
Poisson statistics such that a%_ o I,.

The relative error in the electron temperature measure-
ment, o7, /T, = op(T,0D/OT,)"' = W/(\/QT,0D/0T,), is
presented by a product of two universal functions
W@, x, 0, T,) and (OD/OT,)"' (¢, x, 0, T,) 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

2
_— Jlﬂ N
oI,
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Figure 17. Comparison of predicted uncertainty in temperature
measurement using a 2-component polarimeter, integrating over
several different wavelength ranges. Reproduced from [13]. © IOP
Publishing Ltd. All rights reserved.

minimization of oy, analytically for the full range of incident
polarizations, scattering angles, and electron temperatures.
Although figure 8 shows that at # = 90° and 6§ = 120° the
derivative 0D /0T, is the largest for circular polarization, fast
growth of W in this parameter range determines the overall
minimum of the error bars at linear incident polarization with
x = ¢ = 0. This proves that the regime of linear polarization
with ¢ = 0 is optimal not only because of the convenience of
two-channel measurements but due to intrinsic polarization
properties of TS radiation.

A more detailed description of the optimization scheme is
presented in [13]. In particular, the simple 2-component
polarimeter (selecting angles of 0° and 90° relative to the
electric field with 1) = 0) performed best across the full range
of temperatures up to 50 keV. Further simulations using the
2-component polarimeter and restricting the range over which
the scattered radiation was integrated are illustrated in
figure 17. Predicted uncertainty in measured 7, is relatively
small even for an integration window of only 800—1100 nm.
Such a window rejects a significant number of scattered
photons, but it rejects an even greater fraction of the brems-
strahlung background, thus preserving measurement cap-
ability. This capability to make a measurement with a limited
wavelength window may be of substantial advantage in a
reactor environment where radiation darkening of optical
fibers may limit scattered light collection to wavelengths
above 500 nm [53].

A conceptual design for a polarimetric Thomson scat-
tering diagnostic for ITER has recently been proposed
by Giudicotti et al [21]. The ITER core Thomson scatte-
ring system has a backward scattering geometry with
the scattering angle covering the approximate range
130° < 0 < 160°, with the largest angles for the central
measurement locations in the highest temperature region of
the plasma [54]. Layout of the laser beam inside the plasma
and the collection optics of the core TS system of ITER are
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illustrated in figure 18. All seven rays of the scattered
radiation lie in one vertical poloidal plane. Position (1)
corresponds to a scattering angle 6 = 160° and radial
location r = R — Ry = —0.1a. Edge plasma position (7)
has 6 = 130° and r = 0.84a. The plasma center (r/a = 0)
is between positions (1) and (2). Position (4) (f = 145°) is
a representative of a typical measurement. It corresponds
to the center of the measurement chord that has a radial
location r = 0.5a. This area is in the middle bet-
ween the plasma center and the outer wall and, therefore,
the temperature will likely be less than 40keV at that
location.

With these large scattering angles, the TS spectrum
spreads over a wavelength region spanning 200-1500 nm,
with a peak intensity around 550 nm at 40 keV due to the
relativistic blue shift of the scattered light (see figure 19 and
equivalent spectral density profile as a function of frequency
in figure 11). This presents a difficult challenge for spectral
measurement of 7,, as optical fiber darkening sets a lower
wavelength limit of about 500 nm, and the responsivity of Si
avalanche photodetectors sets an upper limit around 1100 nm.
This limited detection range causes the uncertainty in 7, to
rise dramatically above 20keV for a spectral measurement
system. This limitation of the spectral measurement approach
is illustrated in figure 20 at the representative scattering angle
6 = 145°. The rise in relative uncertainty in 7, and electron
density n, is plotted for three different choices of short
wavelength cutoff by the scattered light collection system. By
way of contrast, polarimetric measurement of 7, improves for
increasing temperature and is almost independent of wave-
length cutoff. Simulation of polarimetric measurement was
performed using an input laser beam with circular polariza-
tion, as this maximizes the depolarization of scattered radia-
tion in a backward-scattering geometry. The detection system
was assumed a simple two-channel polarimeter measuring the
left- and right-circularly polarized light. Since these corre-
spond to two orthogonal polarization states, all scattered light
is detected in one channel or the other.

Perhaps the best choice for core Thomson scattering
measurement in ITER is a combination of spectral and
polarimetric methods [22]. As proposed, the polychromator
has a standard set of six spectral channels with a short
wavelength cutoff of 600 nm. The scattered light collection
system is arranged to split the light into two mutually
orthogonal polarization states, with the light reflecting the
polarization state of the input laser beam transported to the
polychromator, and the depolarized light sent to a single
polarimetric channel. While this hybrid scheme works well
for linear horizontal (toroidal) input laser beam polarization,
the lowest T, uncertainty is predicted for a circularly polarized
input beam (figure 21). Application of this scheme to the
ITER core Thomson scattering diagnostic would require the
installation of a second set of optical fibers, as the polarization
splitting of the scattered light must be done before the light
enters fibers for transport to the detection systems. Calibration
of a polarimetric Thomson scattering measurement system
would also be required, but this may be possible using the
polarization properties of rotational Raman scattering of laser
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Figure 19. Predicted Thomson scattered photon spectra for
temperatures and scattering angle § = 145° relevant to ITER, using
incident laser light at 1064 nm. Reproduced from [21]. © IOP
Publishing Ltd. All rights reserved.

light from diatomic gases [19, 20]. Note that even a spectral
measurement Thomson scattering system may require
polarimetric calibration, as a severe plasma environment
(such as in ITER) will change the polarization characteristics
of the plasma-exposed first mirror.

In sum, for measurement of 7, in fusion-relevant
plasma conditions, polarimetric techniques are competitive
with the standard spectral measurement technique. The
main advantages of polarimetry in this situation spring
from two factors: (1) scattered light collected in a limited
spectral region can be effectively analyzed because of the
depolarization effect is largely wavelength independent
(versus the need to cover a large wavelength range for
effective spectral measurement), and (2) a basic imple-
mentation requires only a simple two-channel polarimeter
(versus a multi-channel polychromator). As of this writing,
no experimental tests of a polarimetric Thomson scattering
diagnostic technique have been performed, although the
JET tokamak has been suggested as a possible testbed [21],
and temperatures in the W7-X stellarator are also likely to
reach relevant levels.

8. Summary

When a Mueller matrix representation of Thomson scattering
is averaged over electron thermal motion, it does not conserve
polarization and transforms fully polarized incident light to
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partially polarized scattered radiation. This property is
intrinsically connected with the broadening of the scattered
spectrum, which, by definition, is no longer fully polarized. If
the dependence of the degree of polarization on electron
temperature is accurately known from theory, the accuracy of
such a diagnostic could potentially exceed that of the con-
ventional spectrum-based TS diagnostic method. Indeed,
when the scattered spectra are broad, as in fusion-grade
plasmas, and the optical instrumentation for scattered light
analysis accepts a broad range of wavelengths, then the
degree of depolarization is determined by the frequency-
integrated components of the Stokes vector 8. These are
linked to the polarization of the incident wave via the fre-
quency-integrated Mueller matrix M derived in section 5. The
capability of a polarization-based TS diagnostic to integrate
over a broad range of the scattered spectrum results in an
increased number of detected photons and improved mea-
surement accuracy. This is a key potential advantage of a
polarization-based TS diagnostic compared to the traditional
spectrum-based TS method.

An additional advantage of a diagnostic method based
on the degree of depolarization arises from the fact that
this quantity is defined as a ratio of the intensity in the
unpolarized component to the total intensity of the scattered
radiation. Both of them are proportional to plasma density
and, therefore, the degree of depolarization is not sen-
sitive to electron density, enabling direct measurement
of electron temperature in a broad range of plasma
conditions.

If the wavelength range of the instrumentation used to
detect polarization is narrow, calculation of the spectrum-
resolved degree of depolarization is relevant to the analysis.
This is calculated from the frequency-resolved components
of the Stokes vector S®(w) which are linked to the
incident wave through the frequency-resolved Mueller
matrix M(w). An exact relativistic solution for the fre-
quency-resolved M(w) and the spectral degree of depolar-
ization is obtained and analyzed in section 6. In the
parameter range relevant to the conventional TS system of
ITER, the peak of the spectral degree of depolarization is
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Figure 20. Comparison of the predicted relative error on T, and n, measured by polarimetric and spectral Thomson scattering as functions of
T, and for three different choices of the short wavelength detection cut-off. Reproduced from [21]. © IOP Publishing Ltd. All rights reserved.
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Figure 21. Predicted relative uncertainty of 7, and n, with spectral
Thomson scattering only (SP), and with an additional polarimetric
channel (SP+POL) for incident laser beam with circular polariza-
tion. Reproduced with permission from [22].

achieved at a wavelength close to the wavelength of the
incident laser light. The peak value is about 15% larger than
the equivalent constant value of the degree of depolarization
obtained from the frequency-integrated model. Both models
are consistent with each other and both are useful for the
approximate calculations usually required in diagnostic
design scoping exercises. For more precise analysis, the
intermediate case must be considered and serves as a bridge
between these two limiting regimes. The intermediate case
corresponds to a situation in which polarization measure-
ments are made with optical instrumentation having a finite
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wavelength acceptance band. Example calculations for one
particular case of 7, = 40 keV and two scattering angles
0 = 130°, 95° are examined in section 6.4 and illustrate
the transition between the two limiting results as the
wavelength bandwidth of the detection apparatus increases.
This general analytical approach that explicitly includes
the finite wavelength bandwidth of optical instrumentation,
and treats it as an input parameter, is highly desirable for
precise optimization of polarization-based TS diagnostic
systems.

Global analysis of the degree of depolarization in terms
of its dependence on T, and 6 shows that at high 7, forward
scattering at 6 < 90° is more favorable for polarization-based
TS diagnosis than backscattering at the supplementary angle
180° — 6. In this sense, the planned ITER core TS system
with predominantly backward scattered collection optics is
not optimal for implementation of polarization-based diag-
nosis. This geometrical constraint in ITER reduces the
advantages of a TS diagnostic based solely on polarization
analysis, but opens the attractive possibility of using a hybrid
scheme based on the combination of spectral and polarimetric
methods for Thomson scattering measurement. The hybrid
scheme is most effective for the ITER core TS system, where
the combination of a wide spectrum (due to high 7, and a
backward scattering geometry) and spectral cut-off at
A 2~ 550-600 nm (due to poor trasmission of refractive ele-
ments and neutron irradiated fiber optics) is expected to limit
the performance at 7, > 25 keV. Under these conditions,
polarimetric TS may effectively improve the performance of
the ITER core TS system.

In addition to the ITER core TS application there are a
number of other opportunities for implementing polarization-
based Thomson scattering diagnostics. As of this writing, an
attempt to measure the depolarization effect on TS radiation
has recently been performed on JET which was used as an
experimental testbed of a polarimetric Thomson scattering
diagnostic technique. During a recent campaign, one of the
filter polychromators of the JET HRTS system was modified
in order to detect the TS signal polarized perpendicularly to
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the direction of the incident laser beam. Data has been col-
lected in plasmas with 7, >~ 8 keV, the analysis of the data is
currently under way [55].

Experimental test of a polarimetric Thomson scattering
diagnostic technique could be realized in high 7T, regimes
on the W7-X stellarator. According to [56], electron tem-
peratures up to 10keV have already been measured at
relatively low density in the core region during initial
plasma operation phase OP1.1 with the ECR heating system
consisting of six gyrotrons and operating with about
43MW of injected power. These results are consistent
with transport simulations [57] predicting stationary values
of T, ~ 9keV at 5SMW of ECRH power. At present, the
W7-X machine is under preparation for the next stage of
operation OP1.2 with the test divertor unit. The ECRH
system will be complemented by another 4 gyrotrons,
increasing the heating power from 5 to 9 MW. In this later
operation phase, one can expect a further increase of elec-
tron temperature up to 12-15keV for low-density
(10" m~ range) discharges [58]. These high 7, regimes
could be effectively used for verification of the TS polar-
ization concept on W7-X.

In addition to JET, an experiment to measure the depo-
larization of the TS radiation on the FTU has been proposed
[59]. This project is presently in the design phase. In the FTU
machine, plasma with 7, as high as 11 keV was obtained by
central electron cyclotron heating [60]. Important features of
the proposed experiments include a scattering angle 6 >~ 90°
and F/2.7 collection optics [61]. The intensity of the unpo-
larized radiation is intended to be optimized by selecting a
suitable polarization of the input laser beam.
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Appendix A. Scattering by single electron

A.1. Stokes vector components

The Stokes parameters of the incident and scattered
radiation are defined by time-averaged electric field
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components (1)

So = lim L
T—oo 2T

S = lim —— f T EEN) — E0EN))dr
e T—oo 2T J-T * * ' ! ’

[ ®wE® + EOE W),
T

T

Si= lim — [ (E.OE ) + E(E0)dr,
2T J -1

T—o0

[" w0 - EwEo..
-T

Sy = lim —

Al

They are determined by the projections of E(7) onto the
(e,, t;) and (e,, t;) axes for incident and scattered waves,
respectively. Consider, for example, the Stokes vector S® of
the incident monochromatic wave (11)

E; = Eye, + E;t; = Eg(e}.cos y + ie}siny), (A2)
where the ellipticity angle x = farctan(b,/b;). Projecting
(A2) onto the e, and t; axes gives the E;, and E;, components

E;, = cos xy costp — isinx sin,
E;; = cos x sin + isin y cos . (A3)
Substituting (A3) in (A1) yields the Stokes vector of the fully
polarized incident wave (2).

The dependencies of all quantities on the polarization
state of the incident light are analyzed by plotting them along
four boundaries of the polarization region 0 < ¢ < 7/2,
0 < x < /4. The scattered field characteristics are expres-
sed as functions of a parameter 0 < £ < 4. It describes the
changes of the polarization angles cos 2t and cos 2y as some
linear functions of & cos2y = af + (B, cos2x = ¢ + 0.
The coefficients are selected in such a way that each of four
boundaries corresponds to equal interval of £ variation
Af=1 0<{<T— O<yv<a/2, x=0;1<¢
S2—-@W=m/2, 0<x<7/4); 2< (<3 > (@/22
$>0, x=7/4); 3<ES 4@ =0, /4> x>0

The particular case of a linearly polarized incident wave
with xy = 0 is considered in solution (37). The corresponding
electric field amplitude E; ||€,.. The scattered wave propagation
direction s is characterized by the polar and azimuth angles ©
and ® which are defined with respect to the spherical system
of coordinates determined by the unit vectors
X=1i, y= e; X1, Z = e;. The relationships between the
variables 6 and 1) and the angles © and ® are as follows

cosf=s-i=s-X=5sinOcosP,
costp=¢€,-e, =2-[i xs]/sinf

=(s-¥)/sinf = sin®sin®/sinb. (A4)

A.2. Unpolarized and polarized parts of the coherency matrix

The principle of decomposition is specified by equation (8).
Expressing four unknown coefficients B, C, D, D* in terms
of A and four elements of the matrix J and substituting in
equation BC — DD* = 0 yields quadratic equation for A. It
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has a unique solution for nonnegative A, B and C

1

A==t dy = VW + 1% — ddet])

1
= (80— JSE+ 87+ 89,

1
B=—(u
2(

— Sy + Ui — Jy)? + 4y Jyx)
1

=3 (S1+ S+ S7 + S57),

1
C=— Uy = St U = Iy + 4Jydyx)

1
% SE+ S5+ 85 — S,

D=1Jy,=(S,+18)/2, D*=J, = (S, —1iS3)/2. (AS)
The intensities of the unpolarized (2A) and polarized (B + C)
components are consistent with the degree of polarization/
depolarization defined by equation (3).

Consider the state of polarization described by the fully
polarized part J ®D The corresponding electric field can be
treated as monochromatic with constant real amplitudes and
phases

E, = Re{Ep, exp(—iwt — ip,) },

Ey = Re{Eqyexp(—iwt — i) }. (A6)

The size (semi-axes ratio b,/b; = tany) and the angle of
inclination v of the polarization ellipse are expressed in terms
of the parameters of equation (A6)

2EO)cEOy Sin(¢x - (by)

sin(2y) = )
X EZ + EL
2Ey.Eo, cos(p, — @)
tan 2yf) = 0P €O 0, (A7)
Ey, — Eoy

Taking electric field components (A6) in a complex form and
substituting into the polarization matrix (1) yields

(A8)

EOxEOtc
EoyEgeexp(ig, — io,)

EOXE(;yexp (1¢x - 1¢v)

3 (pol)
J =
EoyEO*y

Comparing (A8) and (A7) shows that characteristics of the
polarization ellipse associated with the fully polarized part are

. a(pol
expressed in terms of the elements of J ®D a5 follows

J)EPOD _ J()r;ol)
sin(2y) = — i—— |
Jg()ol) +Jy(50])
(pol) 4 y(pol)
_ pd
xx »

Rewriting these elements in terms of A, B, C and D results
in equation (9).
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A.3. Treatment of the square of a é-function

If the limiting transition T — oo was performed for linear
quantities such as the electric field vector (18), then the singular
d-function would lead to a problematic square of a §-function
for quadratic combinations which must be correctly resolved.
The problem has been treated by applying a phenomenological
‘recipe’ (see, for example, equation (10) in [15]) where one
o-function in the product is left as is while the second one is
presented in the integral form

S(w—wy) T .
T]:T dt exp[l(w — (Ud)t]

— [EoPé (w — wy).

So(w) = [Eol* lim
T—o0

(A10)

Due to the first §-function one should put w = wj in the int-
egral kernel. This yields the desired limiting transition after
integration over f.

In spite of its seeming effectiveness, formal use of this
recipe does not provide a unique answer. The uncertainty
originates from freedom in choosing the limits of integration
in the integral presentation for the second ¢-function. The
integral presentation for any é-function is still valid if, instead
of £T, the limits of integration are chosen as £ AT where A is
some constant. This invariance does not hold for the quadratic
combination. Indeed, putting w = wjy in the integral kernel
yields, after integration over ¢, the result \Eo[*6 (w — wy)
which depends on ) and, therefore, is not a unique function of
w. It becomes a well-defined quantity when the limits of
integration are not arbitrary but determined by the specific
problem under consideration. Consider, for illustration, two
different forms of the problem analyzed in [15, 18].

The original equation (4) in [18] for the Fourier component
Eglgl(w) scales with the factors of (1 — () and w as follows

g o [ A explis( = B~ = )
* ~Miger /2 (1 — B,)?
Olw(l — By) — wi(1 — 3)]
T—o0 (1 — By)? '

(Al1)

The variable T is renamed 7T, to emphasize that the laser pulse
length is used as the interval of integration over ¢'. The same
time interval T = T, is used in the denominator of equation
(7) in [18] to determine the mean power which, by definition, is
the spectral time-at-particle power. According to the ‘recipe’
(A10), the product of the function 6 [w(1 — G;) — w;i(1 — B)]
and its integral form (A11) yields the spectral intensity which
represents the spectral time-at-particle power (consistent with
equation (14) in [18])

Slw(d — By) —wi(l — 5] _ O(w — ‘Ud).
a1 — gy (1 — By’
(A12)

(single)
Plis)
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In [15], the time interval T is the time at the detector. The
original integral form with the 7-dependent limits of integration
is not shown explicitly in [15]. Instead, its limiting é-function
form is presented by equation (7) which is identical to the
limiting expression in the rhs of (All). The original integral
form is also the same as (A11) but with the limits of integration
expressed in terms of T from the substitution
Tiaser = T/ (1 — () given by the retardation equation (12)

wits dt’ expliw(1 — Bt — wi(1 — B)t']
EEIS] o(fﬂ[fj) (a— ,33)2

|, blwd = B) —wil — )1
(1 - ﬁs)z

T—o00

(A13)

This substitution is crucial for the mean spectral power calcul-
ation because the time interval at the detector 7, rather than 7\,.,,
is in the corresponding denominator in [15].

The limits of integration in (A13) are rescaled compared
to (All). This situation is equivalent to the illustrative
example (A10) with A\ = 1/(1 — f;). Using the phenomen-
ological recipe for treatment of the square of a é-function
yields the scaling of the spectral time-at-observer power on
the detector

Slw(d = B) —wi(l = B _ 8w~ wg)
(a1 -8)> a—-p)"

This result for P[(f;?gle) is different from P[(lsé?gle). The difference
was mistakenly interpreted in [18] as a result of the mathe-
matical error in transforming the square of a d-function in
[15]. In point of fact, both expressions (A12) and (A14) are
correct representations of the two different time-at-particle
and time-at-observer powers which are in agreement with the
general relationship (13). This justifies the set of transfor-
mations (7)-(10) in [15] performed by the extraction of a
factor (1 — ;) from within the é-function.

(single)
P[ 15 X

(Al4)

A.4. Amplitude of the TS field

The starting point is the Lienard—Wiechert expression for the
scattered electric field E, emitted by an electron moving along
the unperturbed trajectory

R() = Ry + vt/ (A15)

and oscillating in the field (11) of the incident monochromatic
wave &', 1)

ro N1 — B / 14!

Es(r, t):Tomfdr fdt&[t —t

+(r—s-r)/cl6@ — REHII - &', 1).
(A16)

We consider here an elementary process of scattering within
the scope of the infinite scattering volume model treated in
section II (A, B, C) of [15]. The tensor IT describes the
transformation of polarization in the process of scattering on a
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single electron

I &=~ (1 - B)(1 — B)E + [Be(cosd — By)
+ (1 —B)(s - E)s+ [Be(1 — cosh)
— (1 = B)(s - ENB — Be(1 — B,

where G = 3 - ;.

The electric field E(r, t) represents the scattered field at
the remote position r on the detector at time ¢. We truncate the
field E;(r, r) within a time interval |¢f| < T according to (15).
The Fourier image of the truncated signal is obtained by
integrating over ¢t from —7 to T. Performing integration over
¢ as shown in [14] yields the final result in the form (26),
where the scalar function @ (w, B) is

(A17)

' . ro 1 — B
f D (w, B) = expliwgr/c — ik — k) - RO)%m
y \/Zsin(QT)’ Q=w—w,.
T Q
(A18)

Appendix B. Mueller matrix for averaging with the
ITT weighting factor

To illustrate the importance of the specific form of the
weighting factor the technique of exact analytical integration
is applied to the case of the weighting factor
x (1 — B2 /(1 — B,)° that was used in [9] for calculations to
the lowest linear order in 7, /m,c? < 1. The analytical results
for the sixth power weighting factor are represented by the
Mueller matrix h defined by equation (48)

_ )2
hoo =1 +u2+2G(u)(5 — 6u + u2 + M)
I
417 — 9u)(1 — 672(1 — u)?
# I
2 16
hor=hio= (1 — u?) 1+4G(ﬂ)+? ’
2 24 5
hi=14u"+6 1+_2 (1 — u?G (u)
I
L 48U — w5761 — w?
1 @
o2 == 2u = 6(1 + 2—3)@ — %G (n)
I
_576(u — 1> 48(u — 1)
pt Z
_ 2
%
L A0 1500 —w  480(1 — w?

2

1L 4

a (B1)
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Comparing the two Mueller matrices m and h shows that they
are sensitive to the specific form of the weighting factor. For
example, the off-diagonal elements mg = mjg = sin>@ are
the same as in cold plasma while the equivalent elements of
the matrix h are substantial functions of T..

Appendix C. Frequency-resolved Mueller matrix

The integration over 3 is performed in (50) in a coordi-
nate system (e,, e,, ;) with the z-axis directed along k, — k;
such that e, = (k; — k)/ |k, —kj|=6X+1) —1i)/
k, e, = e, x e, where e, = [i x s]/sinf is the unit vector
normal to the scattering plane while the dimensionless
wave vector k and the frequency shift X are, respectively,
k=X>+2(X + )1 —u), X = w/w; — 1. In this refer-
ence frame, the argument of the d-function in (50) takes a
form which allows for direct integration over [3,: 6 (w — wj
(I =8)/0=p5)) =0 = B)olw — wi — B+ (k; — kyc]
= — By6(B, — B,/ (wik), where G, = X/k. This leads
to a double integral of a function of two variables 3, and g,
over a circular area 3% + ﬁ% < 1 — 2 while the 3. comp-
onent is fixed in the integrand, 8, = 3,,.. Four elements of the
matrix W are proportional to b « (3,. They average to zero
after integration over [, using the same arguments as in
section 5.1. The remaining five elements are integrated in the
polar coordinate system (3, ¢) such that 3, = 3, cos ¢ and
By = By sin ¢ where 0 < B2 <1 — 32 and0 < ¢ < 27
Consider, first, integration over the polar angle ¢ in the
dimensionless matrix m(w, u, #) obtained after integration
over (3, in the integral (50) and normalized similar to (45) but
with the different normalization constant Cy /w;. The result of
integration over ¢ is defined as the matrix m®(w, 3,)

21 W
O, o) = [ SO

The five non-zero elements of the matrix m‘® (w, 3,) are
determined by the corresponding elements of the matrix
VAV(@, ¢). The ¢-dependencies enter these elements through
the factors (3;, G, and ﬂf in a, b and c functions given by
(27). Instead of expressing 3;, O, and [, in terms of ¢ we
express 3; and 32 in terms of the whole combination (1 — (3;)
by making use of the two additional relationships. First, due
to the é-function in (50), the combination (1 — 3;) /(1 — ()
is equal to the ¢-independent quantity w/w; = X + 1 so that
the factor (3; can be expressed in terms of 1 — [

1 — 5 %(1 —B) o Bi=1— X+ 11— B). (C2)

(ChH

Secondly, the vector (3 can be decomposed as
B = B.e, + By, Where 3. is the projection of 3 on the
scattering plane. This component is presented as a
superposition of its non-orthogonal projections on i and s
such that B, = r;s + ri. The non-orthogonal components
are expressed in terms of the orthogonal components
/Bs = (Bsc . S) and /Bi (/Bsc . i) Ts (ﬂs - ﬂ,u)/(l - uZ)’
r = (6 — Bu)/(1 — u?). Then, equation 57 = 6% — (5,
52—

r2 — 1 — 2urr, yields an expression for 32 in terms of
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Bi» Bs and (3,
BE=0% 4 85— (B + 32— 28:Bu) /(1 — u?),

where (32 is written as 3> = 3% + (2 in the coordinate sys-
tem (ey, e,, e,) while the 6-function is taken into account by
putting 5, = [,

The factors a and ¢ are quadratic, and b? is fourth order
polynomial functions of the variables ; and ;. Because of
these interrelations, expressing J3; and ,6% in terms of (1 — ;)
and substituting in WL, ¢) gives fourth order polynomial
functions of (1 — (). Dividing by the factor (I — (3;)* in the
denominator of (Cl) and performing straightforward alge-
braic transformations gives fourth order polynomials of the
inverse ratio 1/(1 — f3,) with the coefficients B\ depending

(€3)

on X, u and ﬂi. Thus, all dependencies on ¢ in (52) are
reduced to the form Y7=¢ B / (1 — B)" with four ¢-
dependent terms at n = 1, ...4 and one ¢-independent term
related to n = 0. For illustration, typical values of the Bi}")

coefficients related to the particular case of th; element are
as follows

BY =201 + X7, BY = B =0,
B{ =—2(1 + X)(1 — w)(1 — 2,
B =1 — w1 — B2 (C4)
In all other non-zero elements of the matrix VAV(ﬁL, ¢), the
coefficients B{” do not depend on (2= 37 + 37 at
n = 0, 1, are linear functions of 3% atn = 2, 3 and quadratic
functions of 32 at n = 4 (see supplementary material). These
general properties of the Bij-”) coefficients are important for
further integration over 3, .

In the coordinate system (ey, e,, €,), the expression for
1 — 3, takes the form, 1— G=1— Fys, — G5, =
Bisy(H — sing), where H = (1 — f,s,)/B.s, while s, =
(s-e)=X+1—-u/k and s, =(s-e) =~'1 — u?/k.
Integrating the fourth order polynomial function of
1/(1 — §,) over ¢ leads to the integrals of the form

(n)
f271’ Bl] d¢
0

2w
Ty h o

o (ﬁisy)nilanlBl;-n)
T = Bus ) — B0

B{"d¢
)"(H — sin¢)"

n=1, ...4,

(C5)

where G,,_| are n — 1 order polynomials of H. Explicit form
of the polynomials and the structure of the rhs of (CS5) are
determined by the exact analytic integrals

f% dp 2T
0o H-—sing (H?>— D2’
j‘” do _ 27H
0o (H—sing)? (H*— 1)3?
f% do _TQH?+ 1)
0o (H—sing)® (H*— 1)%%
do wH (2H? + 3)

f27r
0

(H — sing)*  (H>—1)/? (6)



Plasma Phys. Control. Fusion 59 (2017) 063001

Topical Review

from which follows that the products (@sy)”*lG,,,l do not
depend on 3, at n = 1, 2 and are linear function of ﬁi at
n =3, 4. Combining these dependencies with the
(37 -dependent coefficients B,-;") shows that the resulting
coefficients of the fractional exponents in equation (53),
A" = (B.5,)""'G,_1BY”, do not depend on 37 atn = 1, are
linear functions of 37 at n = 2, quadratic functions of 33 at
n =3 and cubic functions at n = 4. Using example (C4)
shows how these general properties are realized in the part-

icular case of the M element

ARy =4m(1+ X2, Al = AR = 0, AR

—dr(1 - Bus)( + X — w1 — 5% — 2,
(1 — w?(l — Bus)[2(1 — Bus,)?

+36757100 - B2 - 1),

@ _
AOO -

(o0))

where the factor Aég) is added to describe the contribution
from the ¢-independent term at n = 0.

The next step is the integration over the ‘radial’ variable
0. according to

}Cfo BLdBL(L — B2 — )

m(w, u, u) = —
X for (BOM (w, B1).

Instead of the integration over [, it is useful to introduce a new
variable of integration ¢ such that ﬁi =1 - ﬁf,)(l — 1/t
where 1 < r < oo. This variable represents the relativistic factor

v = (1 — 3%71/2 normalized to 1/\/1 — (32. With the new
variable of integration the argument of the fractional exponents
in (53) is transformed to a compact form (2 + ¢2)

AP (B
[(1 — Bus)* — B7s)]@n D72
(ko> 'A]" (1)
a— M)Zn—l(rZ + [2)(2;1—1)/2 ’

(C8)

4

n=1, ... (C9)

where r2 = 2(X + 1)(1 + u)/k%. In the numerator of the
rhs of (C9), the transformation to the variable ¢ leads to a

0 0
C(go) = Cl(l) =

combination Q" = >"~!'A{" (1). Due to the properties of the
Aig-") (1) dependencies this combination can be expressed in
the general case as a product of the linear function ¢ and
n — 1 (or less) order polynomial function of 7. As an
example, the values of Q) are shown below atn = 1, ... 4
for the particular case of ) element considered in
equation (C7).

M —
00 —

0§ =0, 0f) = —4mt (1 + X)
x (1 = w)(1 = Bus)(1 — 32),
0 =mt(1 — w1 — Bus)(1 — BL)
x [2(1 = Bus)M? + 3(1 — B2)s, (12 — D].
(C10)

Expressing ¢* in the polynomial functions as a combi-
nation 2 — (2 + r2) — r? allows us to eliminate the r*-
dependencies in the numerators by combining them with
the fractional exponents (r2 + t2)~1/2 in the denomi-
nators. This determines the structure of the resulting integral
over t

m(X, p, u) =

[T arexpop /1= 8)

Ky (1n)k
4

X [\?V(O)(X, w +1ry,

n=1

w (X, u)

24 42 (2n1)/2]’
(r*+ 1) €11

where W(X, u) are t-independent 4 x 4 matrices. The
first term is integrated exactly while the second propor-
tional to ¢ term is integrated by parts with the use of the substi-

tution pdr exp(—,ut/ﬂll — 3)=—J1 — (% d[exp(—put/

1 — 3%)]. The factors proportional to 7 that appear after
integration by parts are elimiated by combining them with the

fractional exponents in the corresponding denominators. This
yields five non-zero elements of the frequency-resolved
Mueller matrix in a compact form (55) of a superposition of
well converged integrals E™ (p, r) with 25 coefficients, 13 of
which are different rational functions of X and u

X+ DX+ 2)* — 4k*(u + DX + 1))

4X + 1)’(X +2)

1 1
C(go) = C3(3) =

kK> (1) (X + 2)*

s

k2K, (11)
C(%) _ 4X + DX +2)9u+ DX+ 1) +2(X + 2)2],
k4K (1)
CO(S) _ 20+ DX+ D3X + 2B+ DX+ 1) + 4X + 2)%] ,
kK, (11)

4 4 4
C(go) = C(gl) = Cl(l) =

140 + D*(X + DX +2)°

30

s

k8K ()
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0 _

4k + DX + 1)3

01 —

C(l) C(l) C(l)

K ()X + 2)*
=
24(u + DX + 13X +2)

CG) C(4) =0,

C(2) —

KK (1)

60(u + DX+ DX +2)[w+ DX+ 1) + (X + 2)%]

@ _
Coi R ’
cCO— _co_ _ 4X + 12X +2)Bu+ DX+ 1) + X + 2)2]
11 22 -
kKo ()
co = 200+ DE+ DPX + DB+ DA+ 1 +2(X + 27
11 — < ’
k°Ks (1)
Y- co - X+ D2[4u(X + 1) — X2
N kK> (1) (X + 2)?
c®— _ 40+ DX + D3X 4+ 2)°
22 k6K2(u)
3
c® = R+ DX+ DX +2) o

k*K> (1)

Consider an alternative derivation of the approximate
solution (59) by using a different method of expansion of (55) in
powers of T, /m,c?. Equation (55) can be rewritten as follows

(X, p, u)
n=4

= (C,»,@ + X WE® (p, ryexp(p)

n=1

)E(O)(p)-
(C13)

Introducing the new variable of integration z = p(t — 1), the
combination 1™ (p, r) = exp(p)E"™(p, r) takes the form

o0
1,1 = [

1
1 foo
pJo
Due to the exponential function, the main contribu-
tion to the integral comes from z < 1. Then, the factor
(r? + (z/p + 12" @+D/2 can be expanded in the Taylor
power series of z/p at large p o< 1 > 1. The zero order term

1
1)(2n+1)/2

drexp[—p( — D]

(1’2 + tZ)(2n+1)/2
dzexp(—z)

(r2 + (Z/P + 1)2)(2n+1)/2'

(C14)

" (p,r) = (C15)

( 2
corresponds to the linear in 7, /m,c? term in large brackets in
(C13) that reproduces the approximate solution (59). This

solution is presented as a sum of the two terms,
mO (X, p, u) = (@' + dm)Ey(p), where
(X, g, u) = C, oxiy(X, g, u)
1t G w
= S e (10

31

The degree of depolarization caused by small m term is also
small, D (X) < 1. Then, function D(X) can be approximated as
follows

D(X) =S¢ — SW* — 897 — 507 /(257

~ (&1 - 8O)o — (610 - SV); — (émia - SO,

— (émh - SO)3) / (i’ - SO,
Equation (C17) is a consequence of the identity (' - S©)3 —
i’ - $D)Y? — @ - $D)? — (i’ - S); = 0. The Gaussian
part of the spectral profile E®(p) cancels out in expression for

D(X). The characteristic values of D(X) scale with the temper-
ature as T, /m,c? and vary with X on a scale of order unity.

(C17)
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