Physics & diagnostics in Tokamak plasmas

Thomson scattering

Cyrllle Honoré cyrille.honore@polytechnique.edu
Laboratoire de Physique des Plasmas
CNRS - SU - UPSaclay — ObsPM,

Ecole Polytechnique — IP Paris
91128 Palalseau cedex, France

‘ .
S semae université o
PARIS-SACLAY o

L{EP C. Honoré — Tokamak Physics and Diagnostics — Thomson Scattering - 12/19/25



Physics and Diagnostics in Tokamak plasmas

How to measure
- electron and ion
- density, velocity and temperature
- in the plasma core ?
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= |. Thomson Scattering

= Thomson Scattering principle
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= Coherent Thomson Scattering
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m CTS applications (TEXTOR, ASDEX-U, ITER)
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Thomson Scattering principle
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Thomson Scattering principle

Scattering is different from interferometry :
instead of detecting the phase shift of the initial beam through the plasma,
we look at the light remitted in every other direction by the the plasma.

laser laser —’-x
W, W;
Rotating
grid
A (k)l- G:‘k”':? Mo
det.
Thomson
Scattering Interferometry

Scattered light intensity will give information on the electron density.
Doppler effect will give information on particle velocity distributions.
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Thomson Scattering : free electron scatterer

Simple model : free electrons are the scatterers
the scatterers are non relativistic, no magnetic field

Mono-chromatic transverse linear mono-mode wave : ki, A;, 0; W; 2> 0,
- (k. 7—w. -
E(r,t)zel<’ E

] i0
The incident wave electric field accelerates mainly plasma free electrons
r:(t): single electron position
meﬁj(t>:_QeEi(F'<t)’t) q.>0

J
The electron position oscillates at the incident wave frequency Wi :

Fi(t)=—T=E,(7,(1),1)

J m, w; J

Each single electron oscillation creates a Iocalzoscillating dipole :
- =2 r > _Qe - -
p(t)=—q.d[F(t),1]= s E(75(1),1)

m,w

e Vi

L{EP C. Honoré — Tokamak Physics and Diagnostics - Thomson Scattering - 12/19/25



Thomson Scattering : electric field scattered by a dipole

E(7,0)=e " E - B . ky=kié,
i ’ — 0 / //—\\ \ el Sj o iesj
) N '
! oo eeemeeees R R > /_, |
Fj

The scattered field (E:, H )is the Maxwell-Ampere and Maxwell-Faraday
equation solutions with’a dipole as the source :

S T L _0
YAHSJ(F ’t):at(SOEsj(r ’t>+Pj(t>6(” _”j)) af_@t
V/\E_;j<7',t):_Moﬁzﬁst”t)

Both equation combined in a wave equation with a punctual source :
—ﬁ/\(ﬁ/\g;j(}",f))"'%E_;j(?"t>:_M0ﬁj(t>6<7’_’71')

2 ik
- _ MOQE c l(ki.l"j_(l)it) - - =
EU(I" ,t) 4J_cme 7;,_}/‘—» esj/\<esj/\E10)
Thomson scattering is elastic (no energy absorption nor emission) : |k = k,-|
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Thomson Scattering : far field scattered electric field

/ \
= // / h \ \» g
EiO // \\ G
e R - S . |
\ 6 7

Single free electron scattered field :
2 ik,|7'_7 —
> e, Mg, e ViR Fmod) = e

- 4 s me |7’: — v
Far field approximation :

J

7'|>|r)| : observation distance is much larger than scattering volume V ; dimension.
V . is defined by crossing of incident beam and detector antenna beam.

7 '|>\: : observation distance is much larger than the incident wave wavelength.

: : : 5 o > " 1 1
— One common observation direction : ¢ej~es k. =k, e, P
J
— Spherical locally considered as plane wave :  kilF =7l _ k. (F'=7)) _ k.7 =K. 7)
2 k.7’ I
_ Wgq, € it - (F—F).7, (1)

E_;j(?,’t) — € es/\(av/\l?_:'O) e_i

dnm, r
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Thomson Scattering : scattered electric field factors

B4
- (/;' F-wt) 3 — T E ’0 -
El < r y t): el e El 0 / T~ \ , kS — kl es
. r
k ;’/ VS E 6\\ \ \‘
e g
| \ 6 rj
Single free electron scattered field with far field approximation :
2 I kS . 7 ' . N —_—
— -, _ “Oqe e _lwlt — - — —l(ks_kl)r_’](t) —_—
Esj(r ’t>_47'fme € es/\(es/\El-O)e ks k
. . §)
7{’ T ]‘C’ Scattering wave vector (Bragg's condition) — g
— Ry i k=2k.sin(6/2) K.
SRR ) ~iE l
e " =e """ . the electron specific phase function of the scattering wave vector
E'v=é,N(&,NE) : wave polarization modification
—7 it
€ »m : source frequency phase
elkA 7' .
S wave spherical structure
Moge

e —ry=2,8 10 "m :electron classical radius
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Thomson Scattering vs Rayleigh Scattering

\ 0 ]7] E
Rayleigh scattering : Gas neutral molecules are the scatterers. Bound electrons reacts l

to the initial wave. Neutral molecules get polarized :
ﬁj(t>:aj80Ei(F]'<t)’ t)

O ; : molecule polarizability : o, =471.65 107" m’
Far field approximation of the Rayleigh scattered electric field :

ik,.7'
> e » . o
= — JU 1w, —» - ik T
Es](r )t>_ 2 2 rr c es/\(es/\Eio) OLJG
ny N; (@)
ro the electron classical radius 1s replaced with the averaged Rayleigh radius : r,=— 22
nw : medium refraction index My A

F Rrair ~ 7o 7&1’\’015/11’}1
The Rayleigh radius depends on initial wave wavelength : it 1s larger for smaller wavelength.
The Rayleigh radius is smaller than 7o for wavelength larger than UV wavelengths.
Rayleigh (and Raman) scattering might be used to calibrate Thomson scattering diagnostic.
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Thomson scattering anisotropy

R
= _ilk—et) 2 - E' > o
E j (l” , ) —€ E i0 / _— \ > k s k i€
I'r ' -
k j ) Vs 6\ \
i oo s | g g | g
\ 6 r

Far field single electron scattered field :

-

E_;J(;t r, t>:]"0 RIS e—iwite—;/\(e—;/\E_v;O) e—ik.rj(t)

The emission is not isotropic. It depends on the angle between the wave polarization and the
observation direction :

61701:75/2_(5;,1’20) E'i0=
When the wave polarization is in the scattering plane, this angle is the scattering angle:
0 .=06 E,io:E,’QCOSe

pol . .
E'() ki e //’//?x
' . A

When the wave polarization is perpendicular to the scattering plane, this angle is null:
0 =0 E'iv=Ei

ENENE ) |=Eigcos0

pol

The scattered electric field is reduced when 0, angle goes to 90°.
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Thomson scattering cross section per electron

Far field single electron scattered field :

- ks 7' it —ik. (1)

Esj(;:,)t):rOeTe l é:/\(é:*/\E_ZO) c

The scattered electric field amplitude :

|lij(7 s t)|:r0%Eiocosepol

For each solid angle scattered direction (0, ¢), the
electromagnetic scattered intensity compared
to the initial wave intensity :
do; (0 )_l d]sj(ﬁ,(p):r'zlv r(|E,}
aQ,\VPVTT T dQ, I~ {E
So: Jo.
d—Q](E), ®)=ry cos 0,

)

Averaged for both possible initial polarizations :
do; » 1+cos’0
1. 0.0)=r

Integrated for all solid angles .
Tj—fﬁn,zdﬁfo dQ (0, ¢)sin0d ¢

The Thomson scattering cross section _8n
for a single electron : On="73"T0

J

Polarization
direction

2
— Hodg.
Fo—=4mm,
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Incoherent Thomson Scattering
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Thomson Scattering : scatterer sum

(=2 i(k.F-wt) = - E ’(\/
E(F,t)=e™ TE, / I \ "k =k

—)

k

G RS s . > >

k.

Scattered electric field sum upon N.=n,V_ free electron scatterers :

iks. 7'

J
ik, 7' .
E’ (_>, [)_ € _./\(-»/\E—’ ) _iwitZN'y —ik.7(t)
s I’ ) —ro r! €s es i0 e j:le

Each scatterer scattered electric field differs by the scattering phase.

The scattering signal will be defined by the sum of the scattering phases :

n%(t):ZNs e—i%.i’j(t)

Jj=1

l

k

-

E_:S<7; "t)zzl'\:l E_;J(? " t> E_;]<? ,, l):ro er" G_iwitgsA<gsAE;0) C_ik'Fj(t)
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Incoherent Thomson Scattering : signal correlation
n(r)=Y, e

j=1

Scattering signal time auto-correlation :

Co()=(n (71, ) ns (77, 141 = (S0 sy g IRy

When incident wave wavelength is much shorter than the Debye length,

khp,>1

even the collective effects due to ion shielding by electron will not affect scattering phase
coherence between electrons for such a small wavelength.

For a small scattering wavelength, the cross-correlations terms are negligible :

NN iR (0)-FF (14 NNAD i(F7 (1) =F 7 (t+7)
C,;(‘C)—<Z e (t)—k.7 (1 ))>t+<zj# ik 7t t+7))\

C /l‘

For t=0
(ng )Py =C1(0)=(Z}" )= N,

This is finite power signal.
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Incoherent Thomson Scattering : correlation and velocity

Scattering signal time correlation onIy includes electron self scattering :

—lkr Fi(t+T)) ) — N —ik.7(t)
<Z 7))y n(t) Zj e

t

correlation time, electron has

(1)

We assume that for T delays shorter than C. (
constant velocity trajectory : Fi() =7 (t+7)=

<¢v

The velocity still varies at larger time scales.

VA SN &
_<Zj_1e

Using ergodic hypothesis, we introduce electron velocity distribution : f
=N JJf ¥ fo(3)e T

The velocity component along & only plays a role ;: v,=7.¢, &=k

ev

'
[E—
'
o}?\?‘l
Kan
=4

/v, - probability distribution for electron velobity component along &
ikv,t
C§(T):st dkaevk(vk)e
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Incoherent Thomson Scattering and velocity distribution

C/?<T):st dvy fevk(Vk>eikm n(1)=x o E7)

The frequency auto-spectrum for a finite power signal :

o)=["" drny(t)e

iwt

n%T(

. 1
Nz((&)): llm T|n7€T((D)|2
7>+

The frequency auto-spectrum is the time Fourier transform of the auto-correlation :
Nilw)=] dtCi(t)e™”

N,;(u))ZNSf dtf a’kaevk(vk)ei(w'kv")T

Integration variable substitution : kt->1/u

Ni(@)=NZE [ dv, fo, (v)8(2+v,)

2
N (©0)=N,% fon,

The Thomson scattering signal spectrum reproduces _,
the 1D electron velocity distribution along & .
Knowing the normalization, it is proportional to the plasma density.

— W
ko
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Incoherent Thomson Scattering : form factor

2 -
<|n7€<t)‘ >t:NS n*<l‘):ZN‘ e_ik'Fj(t)
Scalar Form Factor for Incoherent Scattering :

1
=7 {|nz (1)), =1

S

Dynamical Form Factor for Incoherent Scattering :

§;(0)=7Ny(o)

A

2 —W
S?E((D):Tfevk( k )
Dynamical Form Factor for Incoherent Scattering is normalized :

fSl_é<m)d(D:1 ffevk<vk>dvk:1
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Incoherent Thomson Scattering : scattered power

The scattered power for a scattering volume V_ is the sum of the averaged scattered

power for one electron multiplied by the electron number in the volume : N,=n,V|
N,

do 7”2] ],.'2 '—1E5j > r -_1<E‘sj >
0,9)= - = A= = /= Scattering cross section per solid angle
o, 0 9)=7 JED JED . P .
2 2
d 0) 2 ) r < Esj > 2 2
“r — = 0
dQS (6’ (P) Ner COS 6pol <|Ei02|> Fo COS U,

The plasma scattered power per unit volume integrated for all directions :

87T
0, =3 r,N,

Scattered light cross section frequency spectrum

do 2n _
dQ (e’(p’U)):Nsrozcoszepoleevk(Tw)

s
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Incoherent Thomson Scattering : Maxwellian distribution

When the velocity distribution is Maxwellian,

2
1 VZk _ kBTe
f (v ): eZVTe V=

v,eO\ Yk Vo D11 e

we can deduce the electron temperature from the Gaussian width.

S»( ) ' 2k Vi Aw —1/2—kVTe
k k vTe
We can also measure the electron density :

do

70 (6, cp):neVSrozcoszﬂpol

S

Gl o Silw)

Uk
' vk=}\(v—vl)
V; Vi + vV Vg
kv, —
- V,=w,/2 T
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Thomson Scattering : relativistic acceleration

v
e B
- l(/g F—w.t) 7 RN 0 s -
Ei<l”, Z)Ze 0 / _ \ - ks_ki S
Eio - // \\ €s
i o e

For electron with kinetic energy larger than 1 keV , relativistic effects have to be taken
into account.

S 1 .
ﬁj(t>:€"j(t)
Classical electron acceleration by the incident electric field :
L
d,B;= c E7(1).1)

Relativistic electron acceleration :

-

[E <[‘3; Ei)gj+(§j'Ei)é'_(ﬁj-gi)gi} Yi—
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Thomson Scattering : relativistic scattered electric field

e 4
- i(k.7—w.r) 7 RN 0 s -
El.(r,t)ze i o t ks_ki S
EZO // \ e_;
i o S e = — I
I r.
J
Scattered electric as a function particle velocity i
ik|F =7 > _ s
- u,Cq,e R R ~ ﬁ‘(t)— V'(t)
E (7' 1) =17 77 eyn(e;nd,B;) ! ¢
J

Electron scattered field classical expression :

k=7 .
Sl i(k,.F—wt) S =
esj/\<esj/\Ei0>

2
- — Yod., €
' —
Esclasj<r ’t)_4']'fme 7,."_’7
J

Electron scattered field relativistic expression :

E (-», )_ Moﬁ Ciki|r,_rj| i(l?,f}—oog) 1 - -~ = E»
srel j\T ) ! “4dnm, 7;,_’;»]_ (1_e_>sj."j)3esj/\[( sj j)/\ iO]
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Incoherent Thomson Scattering : relativistic scattered power

Classical scattered cross section power spectrum :
do 27 _
d Qs (e) ©, w):Ner2C0826poleevk(Tw>
For the relativistic case, the scattering signal frequency spectrum is not proportional
to the velocity distribution (1% order development in 3 ):

d O el 2 1 3mw.\21 —W
d—QS(B,CP,(D)—NJo \/2(1—Cosep0,)(1+2—(”i)7ifev"(T>
£ B “ d%‘ﬁs Relativistic
./‘ 6L m spectrum
1S blue shifted
Classical limit 2 keV
4 -
B.p 13
P
2| /\ 10
’ L T\20
. 50
Relativistic case : |
enhanced power in the forward direction 0 ! 2 W/
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Thomson Scattering : magnetized plasma o,> o,

When w,> w,., plasma polarization due to the incident wave is not modified by the
presence of the magnetic field.

In the presence of the magnetic field, charged particles have cyclotron trajectories.
Charged particle do not have rectilinear trajectories.

But in the case incident wave frequency is much larger than the electron cyclotron
frequency, w,> w,, , we will consider that the scattering signal correlation time is much
shorter than the electron cyclotrontime 7. w < 1.

The electron then rotates a small angle along the cyclotron circle.

This movement is almost a rectilinear movement. vj(t)

The angle position along the cyclotron circle is random.

The scattering signal spectrum will then reproduce the
velocity distribution.
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Thomson Scattering : magnetized plasma »,~w,,

Scattering signal correlation expression for a magnetized plasma

—1 (k.73(t)—F.7 (t+7))
<Z ),

The phase for each electron IS written :

l?.Fj(t+r)—/§,,7j(t):%sin(a)cer)+k”vj”r k=k.é, vi-||=\i.eB )

k =k— kjeg V;i=VTV; e

We use 1%t type Bessel functions to develop sinus function inside the phase :

l z sin 6 E : J z no 2 e e 0 e
|

n=—00

The electron correlation phase is written :

kj_ujJ_

Scattered light intensity

ei -~ Sin(O)caT) _ _io: Jn kj(;)ujJ_ ino,,T
ikvt k ujJ_ znoocer
<Z Z J >t P Carolan & D Evans,
=T Int. Conf. Ph. lon. Gases (1971)
231: 3> kJ_ VJ_ -
Sz((”)—T Z fﬂd v/, 0, 6(ﬂ)+k||V||+n(Dce)fev<V)
n=—o0
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Incoherent Thomson Scattering on T3 Tokamak

For first Tokamaks (T1, T3), plasma electron temperature was evaluated using the
magnetic measurements and using models connecting the plasma conductivity to
the plasma collisionality, and then the electron temperature.

Jgser dump
In order to check this evaluation, a British ”
group made Thomson scattering collecting optics and .
measurements on the Tokamak Plasma. vertical scan 5""'“:'/“ / ) torus !
Ebert i % plasma
spectrometer S \ iewi :
Ruby laser : A,=0.6943 um o ! i w.m;g |
4 lens \ Mai ; .
array i ajor axis
scattering
| 5
10 channel fibre $ volume .lO L
optic array
- photomultipliers

ra
oscilloscopes E_E

Arstimovich et al., Plasma Physics, 7 (1965), p 305 ruby laser

Peacock et al., Nature, 224, (1/11/1969), p 488
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T3 Tokamak electron density and temperature profiles

Peak I (kA) H{kOe) time (ms)

40 17 5 _
Experimenta poinls{:: 6 17T 25 Scattered power was measured for 10 different frequency
o 85 25 45 shift.

Goussian distributions ——

Data are fitted with Maxwellian in order to estimate the

1-0 4
< temperature.
F; t{l typical experimental error.
- | A
5 TkeV C ) ;
z 2 600 | % <
3 o
: :
g g 400 1 Temperature
< 0-b =
: 2 ~
.d _— T T T
8 . e i
: P pem————ny
b= 2 101 \%
B
‘& Densit
% ‘6 y \
1 2 3 4 5 8 7 8 9 10 e ~
) Channel No. E 0-2
0 78 156 234 312 390 468 546 0624 702 = 1 T + v
T { Az(d) 0 6 12 18
6943 A ~—— Wavelength A i Limiter
AV,= (- Vil 7‘1') AR, Av=v )k  Measurements were done at different positions in order to get the

v,h=C= (Vi+A Vi)(x‘ﬂ'A 7»1.) electron temperature profile.
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LIDAR Incoherent TS on JET E

Light Detection And Ranging : short time laser pulse back-scattering
measurements. Same measurement principle as radars :
localization is function of the time of flight.

The LIDAR only needs one access port to the device.

Spatial resolution is proportional to the Laser pulse short duration :
we need a more sensitive detector.

A Thomson scattering LIDAR is present on JET :

Pulsed Ruby Laser (694 nm, 2 J, 220 ps, 0,5 Hz) Losor pulze
Polychromator with 6 spectral channels
MCP Photomultiplier

attered light
roof lab.

vvvvvvvvvvv

2.0 3.0 =1 [ITI} 4 Iﬂ . hght

Salzmann et al., Nuclear Fusion, 27, p 1925 (1987)
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ITER incoherent Thomson Scattering

% e . 1 : L
T\ :':l [ N
- f.‘_ﬂin "\_ji_g_'n G)® @)

3 Thomson Scattering systems around ITER

5 Y 2 oAy e

(@

Divertor Thomson Scattering system

Core Plasma Thomson Scattering system
Bassan et al., J. Instr., 11, C01052 (2016)
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ITER mcoherent Thomson Scatterina

| 0=160° backward scattering

probing wavelength

0.007 4
0.006 +
0.005 +
= 0.004
©
©0.003
o
0.002 4
0.001 A
0.000 T
200
0.035
Simulated Thomson scattering cross-section i
depending on the scattering direction and .
electron temperature.
= 0.020
©
©  0.015 -
o ]
0.010
0.005
0.000 -

L I . I
800 1000 1200 1400 1600

forward scattering
0=20"

probing wavelength

10 keV
20 keV
40 keV

1 ' 1
800 1000 1200 1400 1600

LPP
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40

40.090

0,075

40.060

10000 20000 30000 40000
T,(eV)

Scannell et al., J. Instr., 12, C11010 (2017)

ITER incoherent Thomson Scattering

Electron density and temperature
measurement accuracy depends on their
value in the plasma

1e20 ol |T

10000 20000 30000 40000
T.(eV)

0,135

0,120

0,105

40.090

10.075

40.060

0,045

0,030

0.015

0.000
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Coherent Thomson Scattering
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Coherent Thomson Scattering

The Scattering Signal is the sum of all scatterer scattering phases :

] t):zjjV e Ll
The sum can be replaced with the Klimontovich description of the density :
ni(7,1)=2. 8(F =7 (1

() f”vsnla(” t) lkrd

When the scattering wavelength A=2xt/k is large enough, kAp<l  A>2mAp
we switch from the microscopic description to a mesoscopic description :

ny(Ft)>n,(F1)

For a mesoscopic point of view, the scattering signal is the spatial Fourier transform
of the electron density :

n () =0y, (7, t)e T &7
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Coherent Thomson Scattering

Because of the electron mass, plasma electrons are the main scatterer particles for
Thomson scattering.

But for scattering wavelength larger than the Debye length ( £ \,<1 ),
the electron dynamics are affected by ion dynamics due to the screening by electrons.

Electron density fluctuations are linked also to ion density fluctuations.

The plasma will be considered as a dielectric medium.
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Plasma susceptibility

Expression of the electric displacement for a dielectric medium :
the electric field is modified by the presence of dipoles :

—

DzsreOEZSOE+i’
The dipole field is function of the plasma susceptibility :

- -

P=x¢e k£
The plasma response is the sum of the electron and the ion response :

— - —

P2ﬁ8+ﬁi P.=%.&L ﬁi:XiSOE

Dzso(l-l_xe-l_Xi)E Er:1+Xe+Xi

The medium electron charge due to the electric displacement :

= = — Xe =
peZ—V.Pezmv-D
We have to determine D in order to know the electron density fluctuations used
for scattering signal :
!
“q,

n Pe

L{EP C. Honoré — Tokamak Physics and Diagnostics — Thomson Scattering - 12/19/25

35



Coherent Thomson Scattering: shielding effect

For any free test particle with charge ¢, and velocity v, ,
The charge dynamics is :

p,(X.1)=q,8(3—V,1)

The Fourier transform of this moving charge is :

p.(k,0)=2mq,d(k.V,+0) o.(k,0)=[[[ &7 [ drp,(7.1)e ")
This test particle generates an electric displacement field :
0,=V.D Gauss law for free test particle

So the test particle modifies the electron charge distribution through the screenlng effect :

e -

0. (K, 0)= 1452714, (.7,+0) pe=Trrar VD

The electron charge distribution, will be the sum of the electron distribution,
the electron shielding electron distribution and the electron shielding ion distribution
The resulting electric charge distribution is modified by all test particles :

~ (7 N part > o
pe<k,(1)>zzn W2ﬂqn6<k.vn+(ﬂ)

ne(}’,w):%pe(}’,m) Z ;. ion charge number
- —1 N, X - —1 N o _Xe -
n,(k,w)= 7 Zj 1— Ty 7. 27 (—q.)8(k.V,+m)+ 7. Zl T4y 47, 2nZ,q,8(k.V,+w)
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Coherent Thomson Scattering: the form factor
Electron distribution corrected by the shielding effect :

- _1 N Xe _1 _Xe > S
n.(k,o)=— 2 S Fo 2n(—q,)o(k.v, +m)+zzl Ty iy |27 Zi4.5(k.T+0)
Dynamical form factor :

" R , . T S .
S;{’((&J)ZTZ_’;’fwineT(k,wﬂ neT(k’w>_ p dtne<k’t)e
2 2
2 Na Ke 7 - Nion — Ke 7T -
Sﬁ(m)ZNs Zj 1_1+Xe+Xi é(k.vj+w)+zl TH7 1. leé(k.vl+(n)>T

For each species 1, F is the velocity distribution :
Nz = _ 7 = Ergodic hypothesis
X ok i) =fIf, a7 I a5 o (3)8(K.F+o) godic hyp

/.. is the 1D velocity distribution along k

<Z S(k.V 4w > =V, [ dv.f, . (v))d(kvi+w)
<Z]- S ( 7<>.17’j+oo >T=Vszfm(%)
The form factor expression :

2
27 Ke _
(U)):T 1_1+Xe+Xi‘ kae( (D>

— %o
L+y.+X

2
Z; foi(52)
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Coherent Thomson Scattering: susceptibility

The form factor expression :

2
27 Ke _
(U)):T 1_1+Xe+Xi‘ kae( (D>

— e

khp<l
L+y.+ X

2
Z; foi(52)

k

The dynamical form factor does not depend only on electron velocity distribution, but also
on each ion species velocity distribution.

When we neglect the electron screening for ions and other electrons, %,=0 and all %,;=0
we obtain the expression for incoherent Thomson scattering :

27T _
Si(0)="7f,..(F2)
What are the values of Xe and Xi?

For cold plasmas longitudinal waves :
2 2
® ®
er=1—§’§ e,.=1+% X:_gg
These expressions apply to the incident beam characteristics k, i» 0;
They do not apply for waves corresponding to thermal plasma partlcle velocities. k,® p=kvy,
We need to apply kinetic theory : the wave electric field modifies the each species velocity distribution.
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Coherent Thomson Scattering: susceptibility

Using Vlasov equation :
- - qL —_ -
ath+V'V7fL+WLE‘V\7fL:O
f o s the initial particle position and velocity distribution.

f..(k,m) is the response to an external Fourier mode perturbation : £ ,(k, w)
The Fourier transform of the 1* order Vlasov equation is :

-

_l(Dle-l-lk vft1+ . El'vﬁfLOZO

_ Vft()
le lm W — k

An electric current .]Ll is created by the E electrlc field :
. V(£ Vi fo)

| = v 3% = =
Ju IIIQvale v t m— kv

The current is the dipole time derivative : . .
j=0,P, Pl—eoxt E, = Ju=—1w€Y, . £,

(7(’ 2 faftk()
Hence: X meok o ka

The conductivity tensor connect the electric field to the current : ]L =0, _}l:f
We integrate the velocity distribution for the 2 directions perpendicular to %
We assume the initial distribution is isotropic (no external magnetic field).

The species susceptibility 1s connected to their conductivity : N === O,
L i€,
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Coherent Thomson Scattering : Maxwellian distribution

Susceptibility for each species :

VkaLO

This is a Landau damping like improper integral

For a Maxwellian distribution : 2
)2
L (1) 2wl kyT

VTL

kaLO(Vk):nLOW

According to Fried & Comte :

— 1 ()] _ w }\ — 8OkBTL_vTL
Xt_kzxfmwkvnﬁ) Et_m PV T On

w 1is the plasma dispersion function : 1100

=2 pE w2 _ =2
w(g)=1-28e ™" [ e“dC+ivmEe
The complex part of the dispersion function |

corresponds to the Landau Damping. : prio N\t w(E>1)~0

10 > 30 40
0 35 :
-0.25}
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Coherent Thomson Scattering : Salpeter approximation

Susceptibility for each species :

1 2 2 2
XL:kz}\'ZDLW<§L> %L:kv?:\/"z 1/\/'(%):1_2§e_7é ‘[i CC d§+im§€_§

Since m, << m; and for most cases 1,~T'; , electron Doppler frequencies are much larger than the ion
Doppler frequencies :
PP q kv, <<kvy,

For  in the range of electron Doppler frequencies : W~k V2

— (6)]
ST, vz L S (k.w)

Limit for the plasma dispersion relation: ’\
w (%1) <1

Ion susceptibility is weak:
v, <K 1

Ion velocity distribution factor is small :

— -
kai ( T(D ) oce
The electron term is dominant :

1 P
L+,

lon term

2
<1

Electron term
—
kae< k ) N\ ‘/—\
+
kvti kvte W
g; ~ 1 E;v 1

27

S%<(D> T
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Coherent Thomson Scattering : Salpeter approximation

Susceptibility for each species :

— 1 — W
XL_kZK%)LW(EL) EL_kVTL\/—Z

For w 1in the range of ion Doppler frequencies :

For the electrons : §,< 1
The dispersion function factor is close to 1:

w(E)~1
The electron susceptibility is almost constant:
2 1
= -
Ke A=,

For the ions : &,~1

We define the Salpeter function :

Iy(€)

c 2

Tli+p7w(Ef

The form factor includes electron and ion terms :

w(g)=1-28e ¢ [T ateivnge ™

W~kvyV2

1 o’

()~ 72T

kv,

2 2
—& N2T 2
l+a” ¢ +kVTi Zi

2
1+a

[1+p7w (&)}

1

=}

lon term

Electron term
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Coherent Thomson Scattering : practical application

Coherent Thomson scattering needs the condition : kAp<1 o=l B2= 1T,
Salpeter approximation : w~kv,;v2 khp ks T
2
—E3 -
V2T 1 2 —&2 2T o 0(2 2 e EL:k
()= ‘=7 vr2
Sk(w) kv (1+o” © kvy 4 l+a” |l+ﬁzw(§i>2

The scattering dynamical form factor does not reproduce directly the velocity distribution :
the ion temperature estimation needs model fitting on measurements from multiple spectral channels.

We need to use small angle forward scattering or long wavelength incident beam.
Small angle forward scattering :
- difficult to separate scattered field from incident beam.
Long wavelength sources :
- long wavelength laser
- microwave sources
Multiple ions species might be present : it is difficult to separate them :
- they have to have quite different masses (heavy impurities with High Z)
- they have to have quite different temperatures (helium as fusion product)

Scattering signal interpretation is not obvious because of the Salpeter approximation expression.
Contrary to incoherent Thomson scattering, the scattered signal does no reproduce directly
the velocity distribution.
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Coherent Thomson Scattering on TEXTOR

Gyrotron 110 GHz, 150 kW e TS R

Pulsed source (4 ms ON, 4 ms OFF) to extract the i I |

signal from the ECE

Spatial resolution : 5to 10 cm

42 spectral channels from 107 to 113 GHz w0l " i _
ﬂj &t !mfwﬂ “M

Plasma shot with heating (Neutral Beam Injection)
(betweent=2.1andt=2.2s)

4]

Spectral power density / eV

o
T

log(F), CTS measurement, TEXTOR #89510

WY

Time / sec
A

NV ~~
o A

aahy

=1 -0.5 0 0.5 1
u/l Osmfs

—
o

Bindslev et al., Physical Review Letters, 97, 205005 (2006)

N
~
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CTS on ASDEX-U

Source : cyclotrons used for ECRH,

105 GHz, 500 kW,

400

2 ms ON, 8 ms OFF

t=2.37 s, PNBI=0 Mw
t=3.99 s, PNBI=2'4 MW
: 1=5.56 s, P, =4.9 MW

Spectral power density [eV]

= = =Uncertainty

Residuals

M. Stejner et al., Plasma Physics and Controlled Fusion, 57, 062001 (2015)

-05 -04 -0.3 -0.2 -0.1 0 0.1

Frequency shift [éHz]

T [keV]
3]

50

v, [km/s], P, [10° W]

z [m]

. TDfromCTS
o Tgfrom CXRS :
T fromTRANSP| ..

I
. VD from CTS [km/s]
» Vgfrom CXRS [km/s]

V, from TRANSP [km/s]

% | —— NBI power [10° W]

LPP
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ITER Coherent Thomson Scattering

Source : cyclotrons R m] R (m]
60 GHz, 1 MW, X mode, 0.1 s resolution

Korsholm et al., IEEE 41st Intern. Conf IRMMW-THz (2016)
Rasmussen et al., Nucl. Fusion, 59, 096031 (2019)
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ITER Coherent Thomson Scattering : frequency spectra

Spectral power density [eV]

Spectral power density [eV]

300

100

,—0100 R10_

| -_- =88,

---¢=100 R=0.1
— $=88, F{|1O
Ri=0.1'

0 0.2

Freguency shift, & v [GHZ]

=88, R=1.0

- Total

------ Electrons

= Deuterium

== Tritium

— Thermalized He

. N T : s, .
p 3
* o A

O 1 1
0.1 0.15 0.2

0.3 0.35 04

Frequency shift, 5 v [GHz]

Simulated Coherent Thomson scattering spectral power

density for different scattering angle and different fuel

1on ratio.

Ion cyclotron frequencies intervene.

Contribution for each species depends on charge to
mass ratio, thermal velocity and Larmor radius.

Description Symbol  Unit Value Oprior
CTS system parameters

L(kS, B ¢ 88 3
LK k) 2} 140 3
Frequency of incident radiation vl GHz 60

Mode of incident radiation X

Mode of scattered radiation X

Probe source power Py W 10°

Spectral power density of receiver background P, eV 100

Time resolution T s 0.1

Frequency resolution w MHz 5

Main plasma parameters

Magnetic field strength B T 53 10%
Electron density ne 10Ym=3 11 5%
Electron temperature T. keV 26.96 10%
lon temperature T keV 23.49 10%
Rotation velocity Vi ms~! 8.9 x 10* 30%
Plasma composition

Fuel ion ratio R; 1 100
Fast alpha particles Ry /N 0.008 10%
Thermalized alpha particles e/ e 0.065 10%
Hydrogen nu/ne 0.01 10%
Beryllium Rpe/He 0.005 10%
Carbon ne /e 0.005 10%
Neon ny/n. 2x 107 10%
Copper ey /R 10°* 10%
Krypton nge/Ae 1074 10%
Tungsten nw/n. 1073 10%

Stejner et al., Nucl. Fusion, 52, 023011 (2012)
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ITER Coherent Thomson Scattering : fast ions
Synthetic ITER CTS spectrum

=" ——1 Fast ion contribution :
» Original spec .
'S b | ¥ Resampledspec| | - Alpha part|C|eS
210t Fitrerror {1 - Neutral Beam Injection particles
*H]
= ¥
o : . :
x | The spectrum is synthesized using
® ray-tracing.
g i : 3 different kinds of noise is
? | . . incorporated.
56 57 58 59 60 61 62 63 64
v [GHz]
Fuel ion ratio R; = ny/(np + nr) 24%"°
Uncertainties on Bayesian [on temperature T} 10%
priOrS Ion drift velocity v; 20%
Hydrogen density ny 14%"¢
Thermal He densities nyes, nyges 20%4
Other impurity densities (Be, Ne, W) 10%
Electron density n, 5%
Electron temperature T, 1%
Rasmussen et al., Nucl. Fusion, 59, 096031 (2019)
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Physics and Diagnostics in Tokamak plasmas
Thomson scattering response depends on & and ®

kAp>1: Incoherent Thomson Scattering
The scattering signal spectrum reproduces electron velocity distribution

Si(w)= 2 fo(~wlk)

kip<l wp~kvy : Coherent (or collective) Thomson Scattering
The signal spectrum is an image of the ion velocity distribution

— Ke
o] £,

_2J'E 2 —
() rr | 23

Silw)=7

kip<l wp~kc : Collective Thomson Scattering
the signal spectrum might correspond plasma instabilities
with electron density fluctuations (k,kc)

s (R o) n()= [ n(7,0)e " 7

S;((D):T—NS
Incoherent Thomson Scattering
Non perturbative measurements
Direct measurement
Spatially localized measurements with a good time resolution
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Physical constants

k,=1,38 10 *JK ' : Boltzmann constant

h=6.62 10" Js : Planck constant

C=2,99 10°ms~"' : speed of light in vacuum
£,=8.85 10~ Fm™': vacuum permittivity

u,=4m 107" Hm™' : vacuum permeability

q,=1,60 107" C : elementary charge

m,=9,11 10" kg : electron mass

r,=+--%-=2.82 10 " m : electron classical radius

=6,022 10* mol~! : Avogadro constant
=1,66 10" kg : atomic mass unit

NA
mu

e Standard parameters
T,=273.15K : standard air temperature (0°C)
P,=1,013 10° Pa : standard air pressure
n,=2,69 10°m™" : ideal gas molecular density at 7, and P,

 Units

1 Torr= 1’07120105 Pa=133,3 Pa - pressure corresponding 1 mm of mercury

leV="21"" k=116 10°K

1,38 10
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