IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

A polarization-based Thomson scattering technique for burning plasmas

This content has been downloaded from IOPscience. Please scroll down to see the full text.

2014 JINST 9 C02030
(http://iopscience.iop.org/1748-0221/9/02/C02030)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 128.104.165.51
This content was downloaded on 29/07/2015 at 18:57

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/1748-0221/9/02
http://iopscience.iop.org/1748-0221
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

’ inst PuUBLISHED BY |OP PUBLISHING FOR SISSA MEDIALAB

RECEIVED: September 15, 2013
REVISED: December 20, 2013
ACCEPTED January 8, 2014
PUBLISHED: February 25, 2014

16™ INTERNATIONAL SYMPOSIUM ON LASER-AIDED PLASMA DIAGNOSTICS,
22-26 SEPTEMBER 2013,
MADISON, WISCONSIN, U.S.A.

A polarization-based Thomson scattering technique
for burning plasmas

E. Parke,! V.V. Mirnov and D.J. Den Hartog

Department of Physics, University of Wisconsin-Madison,
1150 University Avenue, Madison, U.SA.

E-mail: eparke@wisc.edu

ABSTRACT. The traditional Thomson scattering diagnostic is basetheasurement of the wave-
length spectrum of scattered light, where electron tentperameasurements are inferred from
thermal broadening of the spectrum. At sufficiently high pematures, especially those predicted
for ITER and other burning plasmas, relativistic effectassaa change in the degree of polariza-
tion (P) of the scattered light; for fully polarized inciddaser light, the scattered light becomes
partially polarized. The resulting reduction of polarieatis temperature dependent and has been
proposed by other authors as a potential alternative tadaétibnal spectral decomposition tech-
nique. Following the previously developed Stokes vect@rag@ch, we analytically calculate the
degree of polarization for incoherent Thomson scatterirgr. the first time, we obtain exact re-
sults valid for the full range of incident laser polarizatistates, scattering angles, and electron
temperatures. While previous work focused only on linedanzation, we show that circularly
polarized incident light optimizes the degree of depokdion for a wide range of temperatures
relevant to burning plasmas. We discuss the feasibility pdlarization based Thomson scattering
diagnostic for ITER-like plasmas with both linearly andccitarly polarized light and compare to
the traditional technique.

KEYWORDS. Plasma diagnostics - interferometry, spectroscopy amdjing; Analysis and statis-
tical methods
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1 Introduction and background

Standard Thomson scattering diagnostics are based onemgtielspectrum measurements of scat-
tered light from plasmas. Thermal broadening of the lagét is used to infer electron temperature
for a wide range of operating conditions from a few eV to gee#itan 10 keV 1, 2]. Polychromator
systems with avalanche photodiodes (APDs) have become oartouls for spectrally binning the
scattered light and achieving high sensitivi8y 4]. Polychromator spectral sensitivity is crucial to
determining the optimal range for temperature measuresneiith core and edge Thomson diag-
nostics relying on significantly different filter sets. Fore Thomson scattering systems observing
high temperature plasmas, increased thermal broadenitite agcattered light as well as variable
plasma conditions can necessitate the use of a large nurheectral bins or channels.

Thomson scattering diagnostics typically utilize fullyl@azed lasers; in addition to thermal
broadening of the spectrum, the scattering process preghazéially polarized scattered light. The
degree of depolarization depends on the electron temperdaading other authors to propose
Thomson polarization techniques as an alternative terperemeasurement diagnostis; ]. The
technique proposed in ref5] involves up to four measurements of the polarization prige
of the scattered light — the Stokes vector components — asdhepotential to be simpler to
implement. Furthermore, if the dependence of the degreepafldrization on electron temperature
is precisely known from theory, such a diagnostic couldrdifgher accuracy. Expected diagnostic
error bars calculated in ref5] compared well with spectrally resolved Thomson preditdidor
fusion-grade temperatures.

A number of assumptions and constraints limit the resultefin[6]. They are not universally
valid for the whole range of experimental parameters sueheasron temperature, scattering angle,
and incident laser polarization state. These restrictwagent a full optimization of the diagnostic
scheme. Furthermore, the work in ref] fontains an error in the weighting factor for averaging
over the electron distribution function. The results andlgsis in this paper are based on an
exact description of the degree of polarization presentéiied AEA Fusion Energy Conference in
2012 [7, 8]. These results are the first analytic description validaibmcident polarization states,
scattering angles, and electron temperatures. The fulladiem will be published elsewhere; here
we present a brief outline of the approach and key theotetisalts. We then apply these results
to the diagnostic proposed in ref]|



2 Theoretical results

For the typical, wavelength resolved Thomson scatteriagribstic, the wave scattered by a single
electron is calculated in the far-field zone, Fourier transied, converted to a power spectrum, and
then integrated over the electron distribution functian?]. The resulting analytical power spec-
trum includes both thermal broadening effects, blue-ghift to relativistic electron-headlighting,
and a term commonly referred to as a “depolarization factdnth includes both relativistic head-
lighting effects and a reduction of scattered spectrahiitg due to polarization effects. In this
paper we develop a more general approach which allows ussiride the conversion of fully
polarized incident light to partially polarized scattemedliation. For this purpose, we follow the
Stokes vector and Mueller matrix formalism of re].[

We express both the scattered fie®®), and the incident fieldS"), in Stokes vector form,
S=(S, S, &, ). Here, thesy component corresponds to the total intensity of the wavettzad
remaining components describe the polarization proerfiehe polarization is characterized by
two parameters: the ellipticityy, wherex = O for linear light andy = /4 for circular light, and
the orientation anglay, between the major axis of the polarization ellipse and tirenal vector
to the scattering planei(= 0 for light aligned perpendicular to the scattering plane gn= 17/2
for light parallel to the scattering plane). Writing the s vector in terms of andy yieldsS=
(S, Sycos cos Ay, Scos  sin2y, Ssin2y) for completely polarized light. From the incident
and scattered electric fields, we constructaldMueller matrix describing the scattering process:
S =M - S, We then integrate this matrix over the electron distritmuitiunction (assumed here
to be an isotropic, relativistic Maxwellian). Most of the tria elements are zero or integrate to
zero. The relevant terms of the Mueller matrix are:

Moo = 1+ U? — 2G() (U? +4u— 3) + (16/p?) (1 —u)?

Moz = Mo = 1—U?

My = 14U +2G(p) (U7 — du+1) + (12/p?) (1 - u)?

Moz = 2u—4G(u) (U2 — u+1) — (12/p?) (1—u)?

Mas = 2u—4G(u)u(2u— 1) — (8/u?) (1— u)?. (2.1)

Whereu = coq 0) represents the scattering angle dependencezdpd = Ky (u)/(uKz(u)) rep-
resents the temperature dependence, with mecz/Te. K; andK; are modified Bessel functions
of the second kind.

The work in ref. B] contains an error in the power of the tekn= (1 — 3s) originating in the
Liénard-Wiechert expression for the scattered field. Witiere is contention in the literature over
the power of this term for an infinite scattering volume, fdiirate volume the appropriate term
is unambiguous. At fusion-grade temperatures this candate non-negligible error. The results
above were calculated with the correct power.

For incident light of arbitrary intensity and polarizatiaine scattered light can be expressed
in terms of the Mueller matrix elements: for exam;@s,) = Moo+ Séi) + M01-§1i). For fully polar-
ized incident light, with§ = S + S5 + S5, scattered light from a single electron remains completely
polarized, but due to the nature of the electron distriloufioction, light scattered from many elec-
trons will include photons of many different polarizaticlates. This is described by the degree of
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Figure 1. Degree of depolarization for linearly polarized incidéght with ¢y = 0.

polarization,P = /S + S + S5/, which can range from 0 to 1, and the degree of depolarization
D = 1—P. The degree of depolarization should not be confused wéHdlpolarization factor”
from the spectral decomposition approach mentioned almmrarfonly denoted by), which de-
notes a reduction in scattered intensity.

2.1 Diagnostic implications

From the theoretical results above, a few constraints agndistic design can be determined. Both
scattering angle and incident laser polarization are itapbparameters for Thomson scattering di-
agnostics. Most diagnostics operate with scattering angdar = 11/2 but covering a wide range,
while the LIDAR Thomson system proposed for ITER would opergeard = 1 [9]. Universal
(to our knowledge) use of linearly polarized incident lig¥ith the electric field aligned perpendic-
ular to the scattering plane originates in the simplicitfedd to scattering spectrum calculation as
well as optimization of scattered intensity for cold eleas.

Figurel shows the degree of depolarization across the full rangeatfesing angles and fu-
sion relevant temperatures for linearly polarized lighttwfi = 0. Depolarization is strongest near
perpendicular scattering, although not exactl§ at 71/2. The exact angle of maximum depolariza-
tion is temperature dependent, and these results are wonisigth the findings of ref.g] showing
maximum depolarization deviating slightly fromy2. However, this is only a local maximum due
to the choice of linearly polarized light — the true maximuators for elliptically polarized light,
see figure2(a).

Far away fromrt/2 scattering, the depolarization drops off rapidly. Forhbfidrward and
backward scattering, the degree of depolarization is neerti@an a few percent for expected reac-
tor temperatures. A polarization-based Thomson scagteeichnique would be highly unsuitable
for diagnostics like the proposed ITER LIDAR system, whitditional Thomson scattering diag-
nostics neaB = 11/2 would offer greater depolarization with stronger tempemdependence.

Evaluating the effectiveness of different laser polaramaparameters is slightly more compli-
cated. Some configurations offer strong degrees of depatan, but weak scattered intensity. In
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Figure?2. (a) Depolarization and (b) predicted relative error inpenature measurement for 20 keV plasmas
at 71/2 scattering angle with varying incident laser polarizaiiellipticity x and orientation angle).

figure 2(b), the predicted relative error in the temperature mesmsant is plotted against both the
orientation angle and the ellipticity. This includes onlgi$son statistics for the scattered photons
and neglects background light; background signal is adeolfor in the diagnostic simulations of
section3. The region neary = 11/2 exemplifies the high depolarization, low scattered iritgns
trade off: large measurement errors limit diagnostic Vigband the features are highly sensitive
to electron temperature, making this section of parame@resone to be avoided.

The minimum error corresponds to circular polarization.offison scattering literature fo-
cuses almost exlusively on linear polarization, and evér|[@gis restricted in analysis to linearly
polarized light. These results highlight the versatilifytiis approach and the need to consider all
incident polarizations. However, it should be noted thattie purposes of a Thomson polarization
diagnostic, linearly polarized light witlp = 0 can achieve error bars competetive with circularly
polarized light.

3 Diagnostic design and simulation

Using the insight developed above, we further explore thbility of a polarization-based Thom-
son scattering diagnostic by applying our theoreticalltesa the proposed design in reg][ The
original design was intended for linearly polarized incidéght with ¢ = 11/4, so the diagram
in figure 3 has been modified slightly to enable measurements withtiedify polarized light.
The four Stokes components are related to six measureablesities, although only four of the
measureable quantities are independent. For the modifegghaistic proposal, we choose three
of the intensity measurements from the original designheuit phase retardation, the intensity
is measured after polarization selection at angles’pB0’, and 135 relative to an electric field
with ¢ = 0. The fourth independent intensity measurement is olddmlowing phase retardation
of 17/2 and polarization selection at 13forresponding to right-hand circularly polarized light)
The only modification to the original design requires remgvthe half-wave plate and second
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Figure 3. Polarization measurement design adapted from 5gfwiith modifications for elliptically polar-
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Glan-Thompson prism, replacing them with the beamsplitearter-wave plate, and appropriate
polarizers in the lower right of the diagram. This would l¢aé slightly more complicated mount-

ing arangement, but allows measurements with ellipticathlarized incident light. The Stokes

vectors are calculated from the measured intensities wisapllowing relations:

S =l +loo

S =lo —loo

S =lo +lop — 2135

53=|00+|900—2|f3{§>. (3.1)

Note thatlsiokes= |E|? is proportional to the usual intensity definititsbyning= 3€oC|E|.

The simulated diagnostic utilizes a laser capable of produb J pulses at 1064 nm wave-
length with an integration time of 10 ns. The beam waist is B@amd the scattering volume has
length 55 mm, while the collection optics subtend a solidi@md 1.19 msr. The scattering angle
is 8 = 11/2 from a core location with variable electron temperafly®). We treat the background
light as entirely bremsstrahlung, ignoring line radiationo model the bremsstrahlung, we fol-
low the nonrelativistic approach in refl]] Relativistic effects on the bremsstrahlung spectrum
are ignored as they account for less than a 10% effect at thpei@tures and wavelengths used
here [LO]. The Gaunt factor, however, is approximated as 7. The reledemperature and den-
sity profiles are assumed to be paraboligir) = Te(0) - (1—r?), with core electron density of
1.10°°m~3. The background light is integrated along a 4 m line of sigit aver wavelengths in
the range 200-2000 nm to accomodate the full width of theeseat spectrum. These parameters
are chosen for similarity with ITER.

The simulated diagnostic error bars are calculated for trgeratures ranging from 1 keV
to 50keV. Three cases are compargd= /4, ({,x) = (0,0), and ¢,x) = (11/6,0). The circu-
larly polarized light utilizes the full, 4-component pdlaeter shown, while the linear cases utilize
reduced forms: measurement of oy, lgo-, andlizs for the ,x) = (11/6,0) case and further
reduction to onlylpo andlge for the (,x) = (0,0) case. The reduced forms of the polarimeter
benefit from improved scattered signal amplitude on the oredschannels.



The polarization measurement error, is related to the error on each of the statistically
independent intensity measuremerats, in the standard manner:

2
B-3 (Z—IF:) o? (3.2)

and the intensity measurement errors are determined bgdPoiatistics on both the scattered
laser signal and background bremsstrahlung. diRgd1; terms evaluate to

oP :£<_P+Sl+sz+83>

oo S PS

P 1/ 0 —S+9+S

%‘&( "t s )

P 25

dlizs P

oP 2%

ok 3 (3.3)
oz P

From the error in the polarization measurement, the r@aivor in the temperature measurement is

% - (3.4)

e “ﬁ
The termdP/du is calculated numerically, as the analytical form is exiveds complicated for
arbitrary incident laser polarization.

The results are shown in figu#e Above 9keV, all cases achieve error bars of less than
5%, and less than 2% above 23 keV, making them competitivie stéindard Thomson scattering
diagnostics. The circular polarization case offers the pegformance for the full, 4-component
polarimeter, and even outperforms the reduced 3-compaaeiation. However, the 2-component
polarimeter achieves the best results across the full rahtgmperatures, with error bars below
1% at 50keV. The flatness of the curves above 20 keV indichtasttiese 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-gpdaamas, the results in sectidmequire
integration over all wavelengths. As indicated by the iragign of background bremsstrahlung
from 200 to 2000 nm in the estimate above, the need to medsaitetal scattered power leads to
several technical challenges. A significant fraction of binemsstrahlung background is radiated
at shorter wavelengths, and such a wide window will alsouidelsubstantial contributions from
line radiation (especially k). For silicon APDs commonly used in TS polychromator system
the response is typically low below 400 nm and above 1100 mitting off the red-shifted portion
of the spectrum. Additionally, most optical components dblmave uniform response over such
a wide range. Frequency-doubled Nd:YAG lasers at 532 nmdvprdduce narrower scattered
spectra, but extending deeper into the UV where bremsstigtdontributions are larger and APD
responsivity is low. Choosing a laser with longer wavelengbuld broaden the spectrum further.
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Realistic experimental constraints require acceptiny sohttered photons within a limited
wavelength range. To evaluate the feasibility of a polaténander these conditions, we return to
spectral analysis. We restrict the analysis to the casaedtiincident laser light witly = 0, where
only the signaldy- andlgg- need to be evaluated. Following the approach in &f.\je integrate
the scattered spectrum for two cases. From féfthe scattered power is given by

S =nadsivae [ IN-&2 (B)Slele—k) B (@- )] @9
wherell - éis a polarization tensor on the incident fie{&,) is the incident power (Poynting), and

f (B) is the electron distribution function. The incident andtssr@d waves are characterized by
wavenumbergk; andkg and angular frequencies and ws. For clarity, we reserv® for degree

of polarization whiledP/dws or dP/dAs denote the power spectrum. For linearly polarized laser
light (with ¢y = 0) and scattered light selected with polarization parati¢he incident light, this
spectrum has been well studied in the literature. We usel}ig &pproximation published by
Naito, et al. [L1]:

dP
(@), -5
Sw

Ner2(S)VdQx* ool - 1+ x2 — 2xcos6
2AiK2(1)V/1+ X2 — 2xcosB PLH 2X(1—cosf)
2 —n (2—32?)

20 —n(2-150?)

qH = l—4nZ (36)

wherex = ws/w andn and{ are defined in ref.J1]. For scattered light with all polarization states
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present, the form of the polarization tensorlig]f

N

2
|I'I.é|2:(l—32)&2[1—(1—32){%}]. (3.7)

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

dP
(&1.),, =S e

whereqqt is obtained by numerically integrating e&.%) using the form of the polarization tensor

given in eq. 8.7). From this, the measured signals &fe= <(‘j’—£)‘ andlgy = <g—)': o 3—Z)H,

and the polarization P can be evaluated by integration okfiextra over arbitrary wavelength

ranges. For sufficiently wide wavelength windows, preditsi with this approach agree with the
Stokes vector approach. Figuseshows the comparison of several different windows. Redycin
the range of integration to match APD sensitivity, and fertreducing the range to cut down on
bremsstrahlung are beneficial for diagnostic error barghodigh the windows reject significant

numbers of scattered photons, they reject a greater fraafithe background. Windows of 100 nm

or less lead to higher error at hidh, but are still below 3%. Appropriate choice of window also
reduces the minimunfe at which such a diagnostic could operate.



4 Advantages and implementation challenges

A polarization-based diagnostic offers several advarstager the polychromator design common
now. With a maximum of 4 channels per radial position, theappétion diagnostic could trans-
late into cost savings in detector hardware and digitizemaokls. The need for fewer measure-
ment channels would be less operationally demanding, vibiesr optics make for a simpler,
more robust diagnostic. The 2-component form of the polef@mmaximizes these advantages.
The primary challenge to implementing a TS polarimeter &sprving the polarization state of
the scattered light, which can be altered by both the plashmeugh Faraday rotation, and the
collection optics.

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

The collection optics pose a greater challenge. While threomsystem proposed for ITER
(or the lens systems on current devices) should not signtficalter polarization, the same is not
true of the fibers used to transport the collected light tecters. Most fibers do not preserve polar-
ization; fibers capable of preserving polarzation in theel@wgth range of interest are available,
but expensive. Additionally, while the original design if.r[5] makes optional use of a half-
wave plate to simplify the arrangement of detectors forlthg andl .45 components, the full,
4-component polarization meter suggested here requieasstnof a quarter-wave plate to measure
thel fe{; component of the scattered light. Currently available ypéates do not have a uniform
response over the wide ranges of wavelengths needed, nthkipglarization meter unfeasible for
circularly polarized light. While the 3- and 2-componentgvoneters for linear incident light do
not suffer from the non-uniform responses of the wave plaesn the available Glan-Thompson
prisms for near-IR wavelengths do not have uniform resporse thousands of nanometers.

We suggest two possible implemenations of a 2-componenmsbo polarimeter. With
polarization-preserving fibers, existing polychromatosid be modified with an additional chan-
nel to measure perpendicularly polarized light. At IGw the diagnostic would function as a
polychromator, and at high it could function as a polarimeter by summing the spectnas lhor
measurement of parallel polarized photons. Alternatjvélg Glan-Thompson prisms could be
mounted directly in the cassette to split the scattered ligh parallel/perpendicular components
before the fibers. This would double the number of fibers reggsbut eliminate the need for
specialized polarization preserving fibers.

It is fortuitous that the 2-component polarimeter is boté thost feasible option in light of
the technical challenges and the best performing. Givesuhepercent error bars it is predicted to
be capable of, even line radiation and APD response (quaefficiency and additional noise en-
hancement factor) contributions to the errors should béwitiin the 10% specifications required
for ITER. Since existing devices are capable of achievirfjicsently high electron temperature,
experimental feasibility studies could happen in the nearé.
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