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ABSTRACT: The traditional Thomson scattering diagnostic is based onmeasurement of the wave-
length spectrum of scattered light, where electron temperature measurements are inferred from
thermal broadening of the spectrum. At sufficiently high temperatures, especially those predicted
for ITER and other burning plasmas, relativistic effects cause a change in the degree of polariza-
tion (P) of the scattered light; for fully polarized incident laser light, the scattered light becomes
partially polarized. The resulting reduction of polarization is temperature dependent and has been
proposed by other authors as a potential alternative to the traditional spectral decomposition tech-
nique. Following the previously developed Stokes vector approach, we analytically calculate the
degree of polarization for incoherent Thomson scattering.For the first time, we obtain exact re-
sults valid for the full range of incident laser polarization states, scattering angles, and electron
temperatures. While previous work focused only on linear polarization, we show that circularly
polarized incident light optimizes the degree of depolarization for a wide range of temperatures
relevant to burning plasmas. We discuss the feasibility of apolarization based Thomson scattering
diagnostic for ITER-like plasmas with both linearly and circularly polarized light and compare to
the traditional technique.
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1 Introduction and background

Standard Thomson scattering diagnostics are based on wavelength spectrum measurements of scat-
tered light from plasmas. Thermal broadening of the laser light is used to infer electron temperature
for a wide range of operating conditions from a few eV to greater than 10 keV [1, 2]. Polychromator
systems with avalanche photodiodes (APDs) have become common tools for spectrally binning the
scattered light and achieving high sensitivity [3, 4]. Polychromator spectral sensitivity is crucial to
determining the optimal range for temperature measurements, with core and edge Thomson diag-
nostics relying on significantly different filter sets. For core Thomson scattering systems observing
high temperature plasmas, increased thermal broadening ofthe scattered light as well as variable
plasma conditions can necessitate the use of a large number of spectral bins or channels.

Thomson scattering diagnostics typically utilize fully polarized lasers; in addition to thermal
broadening of the spectrum, the scattering process produces partially polarized scattered light. The
degree of depolarization depends on the electron temperature, leading other authors to propose
Thomson polarization techniques as an alternative temperature measurement diagnostic [5, 6]. The
technique proposed in ref. [5] involves up to four measurements of the polarization properties
of the scattered light — the Stokes vector components — and has the potential to be simpler to
implement. Furthermore, if the dependence of the degree of depolarization on electron temperature
is precisely known from theory, such a diagnostic could offer higher accuracy. Expected diagnostic
error bars calculated in ref. [5] compared well with spectrally resolved Thomson predictions for
fusion-grade temperatures.

A number of assumptions and constraints limit the results inref. [6]. They are not universally
valid for the whole range of experimental parameters such aselectron temperature, scattering angle,
and incident laser polarization state. These restrictionsprevent a full optimization of the diagnostic
scheme. Furthermore, the work in ref. [6] contains an error in the weighting factor for averaging
over the electron distribution function. The results and analysis in this paper are based on an
exact description of the degree of polarization presented at the IAEA Fusion Energy Conference in
2012 [7, 8]. These results are the first analytic description valid forall incident polarization states,
scattering angles, and electron temperatures. The full derivation will be published elsewhere; here
we present a brief outline of the approach and key theoretical results. We then apply these results
to the diagnostic proposed in ref. [5].
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2 Theoretical results

For the typical, wavelength resolved Thomson scattering diagnostic, the wave scattered by a single
electron is calculated in the far-field zone, Fourier transformed, converted to a power spectrum, and
then integrated over the electron distribution function [1, 2]. The resulting analytical power spec-
trum includes both thermal broadening effects, blue-shiftdue to relativistic electron-headlighting,
and a term commonly referred to as a “depolarization factor”which includes both relativistic head-
lighting effects and a reduction of scattered spectral intensity due to polarization effects. In this
paper we develop a more general approach which allows us to describe the conversion of fully
polarized incident light to partially polarized scatteredradiation. For this purpose, we follow the
Stokes vector and Mueller matrix formalism of ref. [6].

We express both the scattered field,S(s), and the incident field,S(i), in Stokes vector form,
S = (S0, S1, S2, S3). Here, theS0 component corresponds to the total intensity of the wave andthe
remaining components describe the polarization properties. The polarization is characterized by
two parameters: the ellipticity,χ , whereχ = 0 for linear light andχ = π/4 for circular light, and
the orientation angle,ψ , between the major axis of the polarization ellipse and the normal vector
to the scattering plane (ψ = 0 for light aligned perpendicular to the scattering plane and ψ = π/2
for light parallel to the scattering plane). Writing the Stokes vector in terms ofχ andψ yieldsS =

(S0, S0 cos2χ cos2ψ , S0 cos2χ sin2ψ , S0 sin2χ) for completely polarized light. From the incident
and scattered electric fields, we construct a 4×4 Mueller matrix describing the scattering process:
S(s) = M ·S(i). We then integrate this matrix over the electron distribution function (assumed here
to be an isotropic, relativistic Maxwellian). Most of the matrix elements are zero or integrate to
zero. The relevant terms of the Mueller matrix are:

M00 = 1+ u2−2G(µ)
(

u2 +4u−3
)

+
(

16/µ2)(1−u)2

M01 = M10 = 1−u2

M11 = 1+ u2 +2G(µ)
(

u2−4u+1
)

+
(

12/µ2)(1−u)2

M22 = 2u−4G(µ)
(

u2−u+1
)

−
(

12/µ2)(1−u)2

M33 = 2u−4G(µ)u(2u−1)−
(

8/µ2)(1−u)2 . (2.1)

Whereu = cos(θ) represents the scattering angle dependence andG(µ) = K1(µ)/(µK2(µ)) rep-
resents the temperature dependence, withµ = mec2/Te. K1 andK2 are modified Bessel functions
of the second kind.

The work in ref. [6] contains an error in the power of the termκ = (1−βs) originating in the
Liénard-Wiechert expression for the scattered field. While there is contention in the literature over
the power of this term for an infinite scattering volume, for afinite volume the appropriate term
is unambiguous. At fusion-grade temperatures this can introduce non-negligible error. The results
above were calculated with the correct power.

For incident light of arbitrary intensity and polarization, the scattered light can be expressed
in terms of the Mueller matrix elements: for example,S(s)

0 = M00 ·S(i)
0 + M01 ·S(i)

1 . For fully polar-
ized incident light, withS2

0 = S2
1+S2

2+S2
3, 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

– 2 –
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Figure 1. Degree of depolarization for linearly polarized incidentlight with ψ = 0.

polarization,P =
√

S2
1 + S2

2 + S2
3/S0, which can range from 0 to 1, and the degree of depolarization,

D = 1−P. The degree of depolarization should not be confused with the “depolarization factor”
from the spectral decomposition approach mentioned above (commonly denoted byq), which de-
notes a reduction in scattered intensity.

2.1 Diagnostic implications

From the theoretical results above, a few constraints on diagnostic design can be determined. Both
scattering angle and incident laser polarization are important parameters for Thomson scattering di-
agnostics. Most diagnostics operate with scattering angles nearθ = π/2 but covering a wide range,
while the LIDAR Thomson system proposed for ITER would operate nearθ = π [9]. Universal
(to our knowledge) use of linearly polarized incident lightwith the electric field aligned perpendic-
ular to the scattering plane originates in the simplicity offered to scattering spectrum calculation as
well as optimization of scattered intensity for cold electrons.

Figure1 shows the degree of depolarization across the full range of scattering angles and fu-
sion relevant temperatures for linearly polarized light with ψ = 0. Depolarization is strongest near
perpendicular scattering, although not exactly atθ = π/2. The exact angle of maximum depolariza-
tion is temperature dependent, and these results are consistent with the findings of ref. [6] showing
maximum depolarization deviating slightly fromπ/2. However, this is only a local maximum due
to the choice of linearly polarized light — the true maximum occurs for elliptically polarized light,
see figure2(a).

Far away fromπ/2 scattering, the depolarization drops off rapidly. For both forward and
backward scattering, the degree of depolarization is no more than a few percent for expected reac-
tor temperatures. A polarization-based Thomson scattering technique would be highly unsuitable
for diagnostics like the proposed ITER LIDAR system, while traditional Thomson scattering diag-
nostics nearθ = π/2 would offer greater depolarization with stronger temperature dependence.

Evaluating the effectiveness of different laser polarization parameters is slightly more compli-
cated. Some configurations offer strong degrees of depolarization, but weak scattered intensity. In
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Figure 2. (a) Depolarization and (b) predicted relative error in temperature measurement for 20 keV plasmas
at π/2 scattering angle with varying incident laser polarization (ellipticity χ and orientation angleψ).

figure2(b), the predicted relative error in the temperature measurement is plotted against both the
orientation angle and the ellipticity. This includes only Poisson statistics for the scattered photons
and neglects background light; background signal is accounted for in the diagnostic simulations of
section3. The region nearψ = π/2 exemplifies the high depolarization, low scattered intensity
trade off: large measurement errors limit diagnostic viability and the features are highly sensitive
to electron temperature, making this section of parameter space one to be avoided.

The minimum error corresponds to circular polarization. Thomson scattering literature fo-
cuses almost exlusively on linear polarization, and even ref. [6] is restricted in analysis to linearly
polarized light. These results highlight the versatility of this approach and the need to consider all
incident polarizations. However, it should be noted that, for the purposes of a Thomson polarization
diagnostic, linearly polarized light withψ = 0 can achieve error bars competetive with circularly
polarized light.

3 Diagnostic design and simulation

Using the insight developed above, we further explore the viability of a polarization-based Thom-
son scattering diagnostic by applying our theoretical results to the proposed design in ref. [5]. The
original design was intended for linearly polarized incident light with ψ = π/4, so the diagram
in figure 3 has been modified slightly to enable measurements with elliptically polarized light.
The four Stokes components are related to six measureable intensities, although only four of the
measureable quantities are independent. For the modified diagnostic proposal, we choose three
of the intensity measurements from the original design: without phase retardation, the intensity
is measured after polarization selection at angles of 0◦, 90◦, and 135◦ relative to an electric field
with ψ = 0. The fourth independent intensity measurement is obtained following phase retardation
of π/2 and polarization selection at 135◦ (corresponding to right-hand circularly polarized light).
The only modification to the original design requires removing the half-wave plate and second
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Figure 3. Polarization measurement design adapted from ref. [5], with modifications for elliptically polar-
ized incident light.

Glan-Thompson prism, replacing them with the beamsplitter, quarter-wave plate, and appropriate
polarizers in the lower right of the diagram. This would leadto a slightly more complicated mount-
ing arangement, but allows measurements with ellipticallypolarized incident light. The Stokes
vectors are calculated from the measured intensities usingthe following relations:

S0 = I0◦ + I90◦

S1 = I0◦ − I90◦

S2 = I0◦ + I90◦ −2I135◦

S3 = I0◦ + I90◦ −2Iπ/2
135◦ . (3.1)

Note thatIStokes= |E|2 is proportional to the usual intensity definitionIPoynting= 1
2ε0c|E|2.

The simulated diagnostic utilizes a laser capable of producing 5 J pulses at 1064 nm wave-
length with an integration time of 10 ns. The beam waist is 20 mm and the scattering volume has
length 55 mm, while the collection optics subtend a solid angle of 1.19 msr. The scattering angle
is θ = π/2 from a core location with variable electron temperatureTe(0). We treat the background
light as entirely bremsstrahlung, ignoring line radiation. To model the bremsstrahlung, we fol-
low the nonrelativistic approach in ref. [1]. Relativistic effects on the bremsstrahlung spectrum
are ignored as they account for less than a 10% effect at the temperatures and wavelengths used
here [10]. The Gaunt factor, however, is approximated as 7. The electron temperature and den-
sity profiles are assumed to be parabolic,Te(r) = Te(0) ·

(

1− r2
)

, with core electron density of
1·1020 m−3. The background light is integrated along a 4 m line of sight and over wavelengths in
the range 200–2000 nm to accomodate the full width of the scattered spectrum. These parameters
are chosen for similarity with ITER.

The simulated diagnostic error bars are calculated for coretemperatures ranging from 1 keV
to 50 keV. Three cases are compared:χ = π/4, (ψ ,χ) = (0,0), and (ψ ,χ) = (π/6,0). The circu-
larly polarized light utilizes the full, 4-component polarimeter shown, while the linear cases utilize
reduced forms: measurement of onlyI0◦ , I90◦ , andI135◦ for the (ψ ,χ) = (π/6,0) case and further
reduction to onlyI0◦ and I90◦ for the (ψ ,χ) = (0,0) case. The reduced forms of the polarimeter
benefit from improved scattered signal amplitude on the measured channels.

– 5 –
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The polarization measurement error,σP, is related to the error on each of the statistically
independent intensity measurements,σI j , in the standard manner:

σ2
P = ∑

j

(

∂P
∂ I j

)2

σ2
I j

(3.2)

and the intensity measurement errors are determined by Poisson statistics on both the scattered
laser signal and background bremsstrahlung. The∂P/∂ I j terms evaluate to

∂P
∂ I0◦

=
1
S0

(

−P+
S1 + S2+ S3

PS0

)

∂P
∂ I90◦

=
1
S0

(

−P+
−S1 + S2 + S3

PS0

)

∂P
∂ I135◦

= − 2S2

PS2
0

∂P

∂ Iπ/2
135◦

= − 2S3

PS2
0

. (3.3)

From the error in the polarization measurement, the relative error in the temperature measurement is

σTe

Te
=

σP

µ ∂P
∂ µ

. (3.4)

The term∂P/∂ µ is calculated numerically, as the analytical form is excessively complicated for
arbitrary incident laser polarization.

The results are shown in figure4. Above 9 keV, all cases achieve error bars of less than
5%, and less than 2% above 23 keV, making them competitive with standard Thomson scattering
diagnostics. The circular polarization case offers the best performance for the full, 4-component
polarimeter, and even outperforms the reduced 3-componentvariation. However, the 2-component
polarimeter achieves the best results across the full rangeof temperatures, with error bars below
1% at 50 keV. The flatness of the curves above 20 keV indicates that these diagnostics would be
robust over a wide range of fusion-relevant temperatures.

3.1 Polarization over a narrow wavelength range

While the scattered spectra are very broad for fusion-gradeplasmas, the results in section2 require
integration over all wavelengths. As indicated by the integration of background bremsstrahlung
from 200 to 2000 nm in the estimate above, the need to measure the total scattered power leads to
several technical challenges. A significant fraction of thebremsstrahlung background is radiated
at shorter wavelengths, and such a wide window will also include substantial contributions from
line radiation (especially Hα ). For silicon APDs commonly used in TS polychromator systems,
the response is typically low below 400 nm and above 1100 nm, cutting off the red-shifted portion
of the spectrum. Additionally, most optical components do not have uniform response over such
a wide range. Frequency-doubled Nd:YAG lasers at 532 nm would produce narrower scattered
spectra, but extending deeper into the UV where bremsstrahlung contributions are larger and APD
responsivity is low. Choosing a laser with longer wavelength would broaden the spectrum further.

– 6 –
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Figure 4. Predicted error in temperature measurement for three implementations of the polarization diag-
nostic: circular, linear withψ = π/6, and linear withψ = 0.

Realistic experimental constraints require accepting only scattered photons within a limited
wavelength range. To evaluate the feasibility of a polarimeter under these conditions, we return to
spectral analysis. We restrict the analysis to the case of linear incident laser light withψ = 0, where
only the signalsI0◦ andI90◦ need to be evaluated. Following the approach in ref. [5], we integrate
the scattered spectrum for two cases. From ref. [1], the scattered power is given by

dP
dωs

= ner2
e〈Si〉V dΩ

∫

|Π · ê|2 f (β )δ
[

c(ks −ki) ·β − (ωs −ωi)
]

d3β (3.5)

whereΠ · ê is a polarization tensor on the incident field,〈Si〉 is the incident power (Poynting), and
f (β ) is the electron distribution function. The incident and scattered waves are characterized by
wavenumberski andks and angular frequenciesωi andωs. For clarity, we reserveP for degree
of polarization whiledP/dωs or dP/dλs denote the power spectrum. For linearly polarized laser
light (with ψ = 0) and scattered light selected with polarization parallelto the incident light, this
spectrum has been well studied in the literature. We use the (1,1) approximation published by
Naito, et al. [11]:

(

dP
dλs

)

‖
= Sω ·q‖

Sω =
ner2

e〈Si〉V dΩx4

2λiK2(µ)
√

1+ x2−2xcosθ
exp

(

−µ

√

1+ x2−2xcosθ
2x(1−cosθ)

)

q‖ = 1−4ηζ
2ζ −η

(

2−3ζ 2
)

2ζ −η
(

2−15ζ 2
) (3.6)

wherex = ωs/ωi andη andζ are defined in ref. [11]. For scattered light with all polarization states
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present, the form of the polarization tensor is [12]:

|Π · ê|2 =
(

1−β 2) ω2
s

ω2
i

[

1−
(

1−β 2)
{

βe(1−cosθ)

(1−βs)(1−βi)

}2
]

. (3.7)

This case is not well studied, so we also calculated the scattering spectrum in the form

(

dP
dλs

)

tot
= Sω ·qtot (3.8)

whereqtot is obtained by numerically integrating eq. (3.5) using the form of the polarization tensor
given in eq. (3.7). From this, the measured signals areI0◦ =

(

dP
dλs

)

‖
andI90◦ =

(

dP
dλs

)

tot
−
(

dP
dλs

)

‖
,

and the polarization P can be evaluated by integration of thespectra over arbitrary wavelength
ranges. For sufficiently wide wavelength windows, predictions with this approach agree with the
Stokes vector approach. Figure5 shows the comparison of several different windows. Reducing
the range of integration to match APD sensitivity, and further reducing the range to cut down on
bremsstrahlung are beneficial for diagnostic error bars. Although the windows reject significant
numbers of scattered photons, they reject a greater fraction of the background. Windows of 100 nm
or less lead to higher error at highTe, but are still below 3%. Appropriate choice of window also
reduces the minimumTe at which such a diagnostic could operate.
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4 Advantages and implementation challenges

A polarization-based diagnostic offers several advantages over the polychromator design common
now. With a maximum of 4 channels per radial position, the polarization diagnostic could trans-
late into cost savings in detector hardware and digitizer channels. The need for fewer measure-
ment channels would be less operationally demanding, whilefewer optics make for a simpler,
more robust diagnostic. The 2-component form of the polarimeter maximizes these advantages.
The primary challenge to implementing a TS polarimeter is preserving the polarization state of
the scattered light, which can be altered by both the plasma,through Faraday rotation, and the
collection optics.

The estimated Faraday rotation is negligible. Overestimating the contribution with a 5 T mag-
netic field and a 4 m scattering path length parallel to the magnetic field, the Faraday effect rotates
scattered light at 1064 nm by 5.96·10−4 radians. Blue-shifted light will rotate less, and the actual
path for both incident and scattered light will mostly be perpendicular to the magnetic field. Even
at a few keV, the perpendicular polarized Thomson scatteredphotons will dominate the Faraday
rotation contribution. Cotton-Mouton effects on scattered ellipticity are estimated to be several
orders of magnitude smaller.

The collection optics pose a greater challenge. While the mirror system proposed for ITER
(or the lens systems on current devices) should not significantly alter polarization, the same is not
true of the fibers used to transport the collected light to detectors. Most fibers do not preserve polar-
ization; fibers capable of preserving polarzation in the wavelength range of interest are available,
but expensive. Additionally, while the original design in ref. [5] makes optional use of a half-
wave plate to simplify the arrangement of detectors for theI−45◦ and I+45◦ components, the full,
4-component polarization meter suggested here requires the use of a quarter-wave plate to measure
the Iπ/2

135◦ component of the scattered light. Currently available waveplates do not have a uniform
response over the wide ranges of wavelengths needed, makingthe polarization meter unfeasible for
circularly polarized light. While the 3- and 2-component polarimeters for linear incident light do
not suffer from the non-uniform responses of the wave plates, even the available Glan-Thompson
prisms for near-IR wavelengths do not have uniform responseover thousands of nanometers.

We suggest two possible implemenations of a 2-component Thomson polarimeter. With
polarization-preserving fibers, existing polychromatorscould be modified with an additional chan-
nel to measure perpendicularly polarized light. At lowTe, the diagnostic would function as a
polychromator, and at highTe it could function as a polarimeter by summing the spectral bins for
measurement of parallel polarized photons. Alternatively, the Glan-Thompson prisms could be
mounted directly in the cassette to split the scattered light into parallel/perpendicular components
before the fibers. This would double the number of fibers necessary, but eliminate the need for
specialized polarization preserving fibers.

It is fortuitous that the 2-component polarimeter is both the most feasible option in light of
the technical challenges and the best performing. Given thesub-percent error bars it is predicted to
be capable of, even line radiation and APD response (quantumefficiency and additional noise en-
hancement factor) contributions to the errors should be well within the 10% specifications required
for ITER. Since existing devices are capable of achieving sufficiently high electron temperature,
experimental feasibility studies could happen in the near future.
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