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Turbulence and Confinement

The observed energy confinement in tokamak experiment is much worse than the
expected confinement by the neoclassical model.

The experimental transport is evaluated from the plasma energy budget.
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Drift wave turbulence and transport

Plasma small scale drift wave instabilities are due to temperature and density

gradients across the magnetic flux surfaces.
These instabilities induce plasma density and potential peaks and sinks.
The turbulent transport is generated partly by the ExB drifts around these potential

fluctuations.
Plasma transport appears at the largest length scale of this drift wave turbulence.
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Short scale fluctuations perpendicular to the magnetic field

Since charged particle are free to move along
the magnetic field lines, fluctuations have much
longer parallel wavelength than perpendicular.

ky<ki

The parallel component of instabilities like drift
waves nevertheless plays an important role

for the drift stability through the parallel plasma
collisionality
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Collective Scattering and Core Turbulence

® Turbulence and confinement
m Collective Thomson Scattering
m Collective Scattering signal modulus and phase properties
= | aser and Microwave Collective Scattering Instruments
® Scattering Intensity and Turbulence wave number spectra
m Scattering Doppler Frequency and Poloidal Velocity
= H mode
= Zonal flows and Geodesic Acoustic Modes
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Collective Thomson Scattering

Scattering diagnostics are the main diagnostic to observe electrostatic instabilities in the
plasma core.
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Thomson Diagnostics
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
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kip<l wp~kve: Collective Thomson Scattering
the signal spectrum might correspond plasma instabilities
with electron density fluctuations (&, kvq)

S:(0)= 75 nr (£ o)f n(0)=[[[, n(7.0)e 7 a7
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Thomson Scattering : scatterer sum
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Scattered electric field sum upon N,=n,V, free electron scatterers:
(far field approximation)
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E (7', t)=r, Y e, A ENE e ijle j

Each scatterer scattered electric field differs by the scattering phase.
The scattering signal will be defined by the sum of the scattering phases:

nig(l):ZNs e H

J=1
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Collective scattered field detection
Scattered field scatterer electron sum:

ik.7

ES(7',Z>:FOer, é»/\(é;/\E_’:O) _”‘JIZN\ e—i?;,f'j.(;)

s j=1

Expressed with fluid electron density ( kA p<1):
k.7

- - c - = — t . —» 3>
E(7',t)=r, e, ANE.)e ™ fff e ik “n,(7,1)d’7

Doppler frequency w=*kv, is small compared to incoherent Thomson w=kvz and
the Scattering Signal time evolution is important:
Spectrometers are not used to get Scattering Signal frequency properties.

Detector (photodiode) measures the electromagnetic power received on the detector
surface D: . 2 ,
”}(f)|

‘a’z"’ <Elo> 2cos@

pol

:2Mo

The scattered power is very weak. -
Information on the phase of the Scattering Signal is lost:  n;(1)=[[ | n(7.1)e”* a’7
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Heterodyne detection

. E
i i V ]TCTS/E"
Detector

E - 0
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! klo

We use a Local Oscillator (LO) beam:

More intense than the scattered field:
Eio>|E o> (|ES(7',1)])

Same direction as the scattered field: k70||lgs

Same polarization as the scattered ﬁe|d:E_Z}OO”E_}’iO:é}s/\(é}s/\EO)

Coherent with the incident field but with a modulation frequency shift:
W0+0, 0, <o, ky~k=k

l[k_;(,? '_((Di+mm)t]

EZO(?”t):e E_;00<r,)
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Local Oscillator and Scattered electric field mixing

2 The scattered and LO fields interfere on the detector:

—

E(7F t)+E (7't =|Eo(7 )\%29%[5;;(7',r).E’S(?',t)]+Es(?,t)\z

2 The electromagnetic power is a 3 term sum:
P.(t)=Pi,+P,(t)+P,(1)

* the LO power (the largest but constant):

2—”

N - 2
Pl():mffD ‘El()() d r
* the interference term (the largest fluctuating signal):

Pt)=cc [f, REL (7 0).E, (7", 1)) a7

’ the scattered fleld power (negligible):
a7

2Mo

The interference term intensity: (P,(1)), <24 P, (P(1)),
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Mixing term expression from scattering volume

Scattered electric field with incident field profile (reversing far field description):
lk|7 7|

N=Ill, ro e M E (e (7 )’ E'yy(F)=8 AEAE(F)

LO electric field backwards from the detector £, (7 ') to the scattering volume E ,(7),
using Kirchhoff-Sommerfeld diffraction law:

R

_,, > —_ i[k_;()'?,_(wi-i-wm)t] g =2
l}\. fj‘ |r —r| Elo ) 2 El(’(r ’t>_e El()()(r )

Mixing term (using both expressions):

):M]OVC ﬂDiR

P(t)=Rliztwe ™ [[f, ool Fle T B (7)) n, (70 dF)

Eni o) JIf, rere M E (7 0 (7 1) dF |4 F
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l. i V 7% TES/V‘Detector

lo
Volume integration is weighted by the crossing of both incident and LO beams

The beams are described by their profiles:
ui(?):ELMEfO(_f):EL'.ME'iO(?) E'y(F)=u,(F)E "y E'=max(E",(7)) 0=<u,(7)=<1
L | . . . i
i, ()= E 1o (7) E o (F) =, (F) E By =max(E',(7))

Scattering volume profile is described by the product of both profiles:
w7 )=up (7 ) u;(7) VSZfﬂu(?)zd37

Wave mixing term includes the Fourier transform of the electron density weighted by
the Scattering volume profile:
ro}\l loJ -

Py(0)=R (i e B E 'y WulF)n (F,r)e " d’F]

-
. -

}\. . - e = - .-*_ -
P(t)=R (i [, Euol7)e T E (7)™ n (7 1) d’
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Detector current

The detector is a photovoltaic diode : an electron is sent for each received photon :
: Nng.
i(1)=12 p(1)

Detector quantum efficiency: n

The received electromagnetic power:
Puoilt)=Pi+Py(1)+P,(1)
The LO current is proportional to the LO constant power:

N4q.

hooP

The mixing term signal is a fluctuating signal modulated at @ :

7\ N N _iF T AL
i,(t)=R{i “olo2i N9 7 Ewu.E’, '"tfffu(r)ne(r t)e lk'rd3r}
The scattered electric power is negligible: i,O,(t):il(,+ib(t)
Scattering signal: 7. (¢)= [[[ w(F)n, (7 t)e 5T a7 n(e)=]If, n (7. 0)e a7
4N\ L-[a’rf/ C. Honoré — Tokamak Physics and Diagnostics — Collective Scattering & Turbulence - 1/30/26 14
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Finite volume and scattering wave number resolution
The Scattering signal depends on the Scattering volume profile u(7)=u,, (7 )u:(7)

2 . 7T >
iy ()= (i e B E e (7, (7 1) e T a7 )

Both beams have a Gaussian profile:

i x, y, o)me 0N

W Gaussian beam waist

Each beam electric field:

E (7 1)=e O E  (7)=e et g

Each beam electromagnetic power:

— E2
X 4M0C xM
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Scattering volume profile . Y .k, - ©z
The incident and LO beam crossing volume: Mo — k
_ —[(yCOSG/Z—xsin6/2)2+Z2]/W2 ........ | T_ ..... »X
u(x,y,z)=e
[(ycos0/2+xsin0/2 ) +z°]/w’ ; ki 0

u,(x,y,z)=e
Assuming 0 <1, the scattering volume profile:

2 42 2 y, s,
u('x’y’Z):ui(x,y,Z)Mlo(X,y,Z):e_xelzw_zylw_zz/w

The volume size for each direction is evaluated using integrated length:
1 +00 2
[= d
max (u”) f_oo (&)L

For both transverse directions:
VT W

Ltmns — 7

For longitudinal direction, volume length depends on 0:

;o 3
long™  Q
This scattering volume length might be longer than the plasma : < >
the scattering volume length is replaced with the intercepted L
plasma length L Tw’ urb Llong
Vturb — T Lturb < >
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Finite Volume and finite wave number resolution

Scattering signal definition using Scattering volume profile:

fﬂu (7,0)d’F

Fourier transform of a product Is the convolution of Fourier transforms:

n;{»(t)z(z—;yﬂ.fu(%—%')nAic",t)d%’

n,(k, t) is the whole space electron density Fourier Transform:

(k1) fﬂe‘”‘” (7,1)d’ 7

u(%) is the Fourier transform of the profile:

f=Jl ulrle 2

It has a Gau33|an shape:
)= 27) W' —KR w20 =W 8= kw8
49 °©
The finite scattering volume induces a finite resolution.

ulk, k,, k

x> Vyy vz
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Typical wave number resolution

-~
T W Y * ks &
........ %,X
Vigoo ol

21V Wt kw20 — kw8 — kA w28
u(kx’ky’kz):( 4)-6 e W y W W

= xe 2w =2y w =27 w
u(x,y,z)—e

Absolute wave number resolution

: V2
transverse resolution: dk,=—

o . Yom
longitudinal resolution: dka
Wave number relative resolution (better for larger wave number)
transverse resolution: dk, V2
k —kw™ 2nw
For AMw=0.5 : dk/k~0.11

1 7 ) 7 )
The finite k resolution has a widening effect: ”z(f)zmﬂf u(k—k')n (k' 1)d’k
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Collective Thomson Scattering Modulus and Phase
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i i 1 - Ne o _ik.7(t
Scattering signal intensity ni(r)=2, e 19
Lower limit: the incoherent Thomson scattering :
( >| >f <Z 2 e i >t—<z _lk'0>t:Ns (2 Zl;«éje_ié »(t)_r»(t)]%"’o
2
Static Form Factor : S%:<n7€]$)‘ >Z:1

N

Upper limit: the completely coherent case.

Ey ,
ﬂ% }\'_TI 0.0.0'0.;.0.
l'(’ e o o o o .Ns

All scatterers produces the same phase (for a crystal) nz(t):NSe_icP(t)

<|”,;(f>‘2>t:N§ S.="tt A= N

The Static form factor is the number
of scatterers inside the coherent structure.
The coherent structure have a large enhancing effect on scattering.

20
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Scattering signal intensity

Reality: the scattering signal is the sum of uncorrelated coherent structures
n, structures, each with N /n_scatterers.

- IN,In, it

n;{»(t):Z?iln%l(t) n%l(t)zzi\’;/lnse_ik.rj(t) nh(l‘)zzjzn(z_l)]vs/nse k.F(1)
* 2
el (ng (0)ng (147)) < (ng (2| |z, (4], e, <%

The static form factor is of the average scatterer number that form a coherent
structure /:

_<‘n%(t)‘2>t_ 1 ng 2 s 2 Nf
S.= N —NS21:1<‘H751(¢)‘ ), Z,:1<|nm(t)| ) <Kn, 2

Because of this collective effect, Scattering signal is much more easier to detect
than incoherent or coherent scattering signal.
N

1<S7€-<<
n

Analogy with poly-crystals:

The static form factor is the average number
of scatterers inside each crystal coherent
structure.

The scattering signal n,(z) from distinct

crystals are not correlated. Bl )
oo e 7| Benedetti & F. Barbe JMM (2013)
P )= e L
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Scattering signal correlation and structure displacement
The scattering signal is the sum of signals from different coherent structures:

n?c'(t):Zl niéz(t)
The coherent structures are uncorrelated from each other:
j#l <n7<»j(t)n;l(t+r)>t<<<‘n,;j(t)‘|n%l(t+r)‘>,

Each structure is convected by the large scales of the flow
At 17) is the large scale displacement between time 7 and 7+ T

n%l(Hr)—fﬂvse n%l(r,tﬂz)d r
We assume each structure is frozen between r and r+ t

n%l<t+r>:fffvs e_i%.7nl<7_51(t’ T)) t)d37
Substitution: 7=7 '+ &,(t, T)
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Signal correlation and coherent structure displacement

Scattering signal t|me correlation
Ck, ) =x(my(t)ni (1+7));

:WS<ZJ- ”zj<f>21 ng, (1+71))

there is no correlatlon between structures: Jj#l <n%j(t>n;l(t+r>>;<<<|n%j(t)||n%l(t+‘c)|>t

72, (g, (t)ng (1+7)),
k T N Z <|n ‘2 ik. Al(t r)>t n;l(f*"l:):l’ll-gl(l‘)e_lk'Al(t’r)
We assume displacement is independent from the structure static form factor.

All coherent structures foIIow the same displacement probability distribution.

Clk,t)=5 kAl )‘2>
The time correlatlon is the product of 2 effects:

C(K,t)=S(k) (e,

o S(k) : static form factor (constant)

® <eik'A<t’t>>t : structure displacement characteristic function Alt, )
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Coherent structures uniform movement

For delays shorter than the correlation time, we assume the Taylor
hypothesis applied on each coherent structure:

—

U(tr) :structure large scale common velocity (varies for long times)

-

Uniform short time displacement: A (7,7, )
Velocity component along: & U.(t)= f](

(t)T

ll
= Qi

Scattering signal time correlation
C(k,t)=8(k) (""", )
P+ : probability distribution of coherent structure velocity component along k
Ergodic hypothesis:  ( F[x(t)])7=/dx'P,(x')F(x’)
Clk,v)=S(k)[ duP;(u)e™

S(k, 0)=22 (k) Py (22)

k

Frequency spectra are similar to the incoherent case, but apply to large scale structures.
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Uniform motion and diffusion

Scattering signal time correlation as characteristic function of the coherent

structure displacement:
Ck( )Oc<ezkArtr fdAP A) ik.A

1 (AR 2 T
displacement Gaussian distribution: P(A)= —e AT A=(A)+A
J(2mp (i
Displacement is the velocity time integration: K:ﬂ” U dt
Mean displacement: (AM)=(U)7
Fluctuation part: A=1""dt U (1) :<l7>+5
K= an [ a0 () B () =2 ) (- ) D (D (+),dr =
The velocity time correlatlon decrease exponentially on time T;:
/T,
DT (r+1),=(0) "
Displacement variance:
NG . oy 2 T —tlt,
(A)=2(U%) 7| F+e 1)
\0’ _f[—r.f\‘/ C. Honoré — Tokamak Physics and Diagnostics — Collective Scattering & Turbulence - 1/30/26 25



Uniform motion and diffusion

Displacement correlation (AY=2({U*)1; TTL re 1) (A)=(U)7
1<t, = (A)=(UHT Uniform displacement
e e e
>1, = (AH)=2(U")1,71 Diffusive displacement D=(U")t,

Coherent structure displacement characteristic function:

~

N . > - 1 (R /A2 2
A LT iR (A =LA P(A)= ATy
(e )= V(2m) (A%

Scattering Signal time correlation has a Taylor function expression :

C- ( ) ( )<e ik.A(7,t,7 >t:S(7(;)ei7€'<l7>re_k (U >TL('C_L+6_”L—1)

) IOT

Scattering signal frequency spectrum : S» f dt C
- no algebraic expression for the general case,
- Gaussian shape for the uniform displacement limit t, <7,
- Lorentzian shape for the diffusive displacement limit ©. >,

The scattering signal frequency may not reproduce the structure velocity distribution
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Collective Thomson Scattering time signal

Typical collective Scattering time signals

Real and imaginary parts, and modulus

800 | .

el /W |

_600 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Modulus time variation are linked to the
coherent structure life time or flight time
across the scattering volume.

ng,(t+7)~ng (1)e

Complex plane

-0.01 0 0.01

Phase rotation are linked to the
coherent structure displacement
across the scattering volume.

—i%.&,(t,r)
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Collective Thomson Scattering Instruments
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Laser Collective Thomson Forward Scattering : Tore Supra

ALTAIR :

CW CO2 laser: A,=10,6 um 10W
W;,>>0, 0;>=>0,

Forward Scattering

045<0< 4.5mrad 1°~17.45 mrad
Wavelength range :

02<A<2cm
Beams are crossing the Tokamak

K detector

ocR e (1))

k

Truc et al.,Rev. of Scientific Instruments, 63(7), p 3716 (1992)
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Laser Collective Thomson Forward Scattering

The Scattering angle is very small:

the Scattering volume V crosses the whole Magnetic flux
plasma. surfaces

The condition kLB allows to reduce the
effective volume.

B\ T

A. White, MIT
O 8- g
L 4 -
o
The scattering wave vector is defined -4
by instrument geometry. -
The scattering wave vector resolution is -8, ! , , —¥
good. -1.0 -0.5 0.0 0.5 1.0
The scattering localization is poor.
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Plasma microwave cutoff and resonances

- - (1)2 - -
Plasma refractive index: E||B  no=yl——= E. 1B nX:\/l—

2 me E0
O mode cutoff frequency: ®,.=w, No.=W; =7

e

(x)i(l—ooi/(of)

22 2
W; —W,— W,

X mode cutoff frequencies: th:%(wce+¢m§€+4mf,) (DXbZ%W(Diﬁ‘*wi—(ﬂce)

X mode resonance frequency: oy, =vw,—w.,

Reflectometry: radar principle
Cutoff surface reflection
Direct incidence on plasma

B=2.8T ne(0)=3e+19m-3 (phi=1 deg)

—
N

-
N
(]

-
o
L

B

®
=

Fréquence (GHz)

20t Fx

n.=0; 2 (% : ; :
q - -0.5 0 0.5 1
Rayon (m)
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Collective Microwave Doppler Back-Scattering

Reflection is replaced with Back-Scattering when the
microwave beam is tilted from plasma direct incidence :
Instrument is usually called the "Doppler Reflectometry"

o | ; E iy

k
D ! 75

I

tn

- -

k=—2k, k

S

Microwave beam back Scattering
- m4.0 For these wavelengths, the beam is reflected in front of
I the cutoff layer.

12.0 Back scattering is enhanced near the reflected layer.

e This enhancement is shown by beam full wave model:
1002 - scattering volume V  is reduced

5 - scattering wave vector £k is well defined
- scattering wave vector resolution is good.

g ] -2.0
02f R For O mode incident waves, iso-index surfaces
: B 1 PP correspond to magnetic surfaces : the scattering wave
18 19 20 21 22 ' vector is mainly poloidal (no radial component).

Happel PPCF (2017)
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Collective Doppler Back-Scattering

Poloidal Plane
T

R=2.40 mga =70 cm /z=0 em /Shafranov=7.0 cm
510' pq 706 nea/nefOJO k’ =2cm

v

o |
15 - ;
“ 4 TS# 33356
— 10l " " profile A(k,)
R=F < ' g
= : . | -
D .- e
x= 5 . e -~ O
#-_Fi ' - .'. /?
Spectrum S(k)
0 s L
0.4 0.6 0.8
r/a

Honoré Nucl.Fus. (2006)

k ]_é
k 2 l T
]
€ \ /
S i
N / | 87
W; 1
: . \* o F=60.0GHz mode 0|
\ G% 6=4.0°9p=2.0°d6 =2.2°
-80 SSray
= 0.65 (~0.06,+0.07) N =0.08
2k =7.02 cm- 1(404+320)2K 087cm 1 (+ 093 -0.05)
~100 ‘ !
-50 0 50 100 150 200

The microwave refractive index varies along the beam:
Nox .~ 1 (air)=~0(near cutoff)
3D Beam tracing (WKB approximation) using plasma
equilibrium and density profile is needed to determine:
ki=noxkio=nox;[C

- the scattering wave vector & at the reflection position’,
- the beam divergence (and so the k resolution)
- the condition & | B

The scattering wave vector k and position 7, depend on:

- the microwave source frequency o,

- the antenna tilt angle from direct plasma incidence o
Different measurements allows to obtain :

- the wave number spectra

- and the density fluctuation and poloidal velocity profiles.
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Microwave Back-Scattering in Tore Supra / WEST

P=20mW 12.5< F< 19GHz
FAf Filn
F.=50...110 GHz — X N Synth RF

SS éingle Side Quartz
Xn H BM Band Modulator Fm:nFq

F

m

Synth mod |«

o [y (1)]

R (1] g
IQ

Tore Supra / WEST mixer |— oc 3 [, (7)]
25 a<12°
“ Typical :
O mode, V Band: 00< k<2 em

50< F.< 75GHz

r
0.8< —<1.05
X mode, W Band: a

s-% 75< F,< 110GH; 3= h=3cm
A r,
1 "—'9 0.5< ES 0.9
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Fixed Frequency Fluctuation Reflectometry : scattering effect

Fixed frequency reflectometry has also a scattering part
mixed with the reflected signal inside the received signal

( )Ocm( —i[w, t+¢(1)]

Back-scattering appear near the cutoft:
- scattering vector is perpendicular to the iso-index surfaces (radial for O mode)
- full wave simulations show mainly small radial wave numbers contribute.

-1
k. ~1lcm

Reflectometry phase fluctuations are proportional to density fluctuations near
the reflection layer. L
The simplest model : o=y —F—=

n

L, : density gradient length near the cutoff layer.
FIuctuatlon reflectometry is based on Thomson Scattering but with no & selection.
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Ultra Fast Sweep Reflectometry

cut off
T:é f()”ox(’” t)dr .
rca l
= © F(t)=F +%Ft
>
rc<t> Fz<t_T> Fz'(t_Tre]‘)
flt)

S(t)
The beating frequency dependsdon the wave time of flight:
_Fi T cal
Solt) =G F it =)= Lot 2 o ) dr
=l drragr(t)  [rorlr.0)~1)

d )28
fb(t):fbcal-l-tle[rcal_rc(t)]
At each time along the frequency sweep (' .(7) )
From the signal spectrogram you get f, ()
From the time of flight you deduce rc(t)

r (1) is the reflection position for the critical density n,.(¢)=47" F.(t)’ m;ZEo
Ultra Fast Sweep Reflectometry is used to determine density profiles 1 (7 ) on very short delays.
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Sweep Reflectometry phase fluctuations: propagation effect

Ultra fast Sweep Reflectometry signal phase fluctuations are mainly linked
to the effect of density fluctuations on the wave propagation.
The refractive index is modified by density fluctuations:
2 2
nOX(’:) :”0X0(r) +O‘X0<’”)’?e1(’"> o o _
The ratio between the density and the refractive index is direct for O mode propagation
—1
ncr

2 _
Ap=—

The fluctuations perturbs the wave propagation (Helmholtz equation):

2

) d
0™ order: W"‘k?nm{o(’”)z E, (r)=0

1st order:

d> '
W'l'k?nOXO(”)z Eil(”)Z_O(OX(r)ne1<”>ki2Ei0<r>

The Green function solution includes the phase correction:

s —
tanAq):—ZkiZW_lf ooy (r)n,, (r) A (r)dr = /
2 it A
N . . 0}00}1\\ I /\ | \. !I \\ /
Ar): Blr): iy functions [+ =0 iV AVE
| _ . ] . i VW WY Y \]\/I ]
w== :Airy function Wronskian
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Collective Thomson Scattering
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Confinement and micro-turbulence

_1
Tpg

. 2z Application of laser collective Thomson
- (ST o forward scattering on TFR tokamak

100
Collective scattering showed the
confinement loss is correlated to the density
- fluctuation level.

T, : transport confinement time

50 Ty : transport confinement time taking into

account sawtooth losses

TFR group et al., Nucl. Fus. (1986)
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Ultra Fast Sweep Reflectometry on JET

NBLMW).... T Density fluctuation measurements
U - ICRH (MW) with an Ultra Fast Sweep Reflectometer on JET Tokamak

JET 84567

n,(0) x10”°m* 0) AN
[Be’ Jﬂmihm ’@L

] 0.2

| time rate (us) |
!

8 85 9 95 10 105 11 0.4 It
time (s) ll'

19 | &

X 10 2060

c _

JET 84567

time (s) F; Clairet, Nucl. Fus. (2016)
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Density fluctuation level across the plasma on Tore Supra

Comparison between density fluctuation level \ | TS #35085.
measured by fixed frequency reflectometer > DREFLUG (fréquences fixes)
(DREFLUC) and frequency sweep reflectometer ~ *°| 2 PREFLEC rafales made O)
(DREFLEC). 3 4
2.5F
Density fluctuations are low in the core plasma £ , 1
and increase in direction of the edge. S P
| ih!
TS #35081-35087 : ne=6-10 0.5 .
3 T .
26 2.7 2:8 2.9 3 3.1
2.5t R (m}
2_
£
5 Density relative fluctuation level does not
f depend on the density level :
osl Saturated Ohmic Confinement regime is
reached.
0 1 1
-0.5 0 0.5
Sirineli, CEA (2005) P
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E(k)

2D Turbulence : energy and enstrophy transfer across scales
/H:;___;;:_ﬂ‘ 2D turbulence, R. Kraichnan (1967):

The energy is injected at a specific scale.

In 2D, it is shown the enstrophy (vorticity
intensity) is conserved from the production
scale to smaller scales at constant rate, until the
scale where it is dissipated.

In this cascade the energy is not conserved: the
\ energy goes from the production scale to larger
.k Scales at constant rate until it is dissipated.

Log

w=eale Dissipation

[N=sipat
ilIII *
=

Eomin ks kK ki A .
M. Farazmand et al. JFM (2011)

O. Gurcan, PPCF (2010)

Derivation of a shell model:

the model describes drift wave isotropic turbulence.
Length are normalized to p,.

2 =~ 2 k™ k
~ —A
(i ”) ~ (| Pr|™) ~ >5¢
(1 +k74)
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Scattering sighal wave number spectra

07§ gx k'3 He plasma -
310‘3.— ¥
NE « m\
< O B=3.8T )
=10*'t® B=1.8T
—65
EIS | 10 22 26
k[cm‘1]

When wave number is normalized to p,

data follow the same shape.

Hennequin et al., Rev.Sc.Instr. (2004)

Laser collective Thomson scattering

Static form factor

Scattering signal wave number spectra show
power laws for different wave number range.

g %\‘ 1 1 | | 1 :
[ QE% k™ He series ]
O 7
.

F ® ;

D) K

E'OB=3.8 T ;.%
“[eB=18T Ca%‘ 3
.,\

1 1 L & 1

0.5 1 15 2 25 3

LPP
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Scattering signal wave humber spectra

Comparison between observed wave
number spectra with the shell model

spectra:
the agreement is good for small
scales.
10° ;
o =-43+07
©Lo10' Ogyro=—431
% CevsELa = 02
o 10°
-1

ra=07 |

15 n(k)?l [a.u]
o)

334 kp

Doppler

o X 10 2| reflectometry

- F  ——GYRO : . .
. 4 GYSELA Comparison between gyrokinetic

10 | | models and k spectra shows also a
10~ 10° good trend agreement for small
Casati et al, PRL (2009) KoP, scales.
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Collective Scattering Doppler Frequency and Poloidal

Velocity
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Poloidal velocity

Tokamak plasma rotates in the poloidal
direction :

electric potential may vary between
magnetic flux surfaces : an electric field
may appear in the radial direction.

T, Ip

B
©,

The radial electric field might be :
- due to MHD instabilities,
- due to additional heating / current drive,

| Va - due to magnetic ripple in the toroidal
\ / EXB direction (due to the finite number of
| | toroidal magnetic field coils).
— A
) | ) ' This radial electric induces a poloidal
o ExB drift.
¢

Drift turbulence might have also a
poloidal phase velocity in the electron
diamagnetic drift direction.
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Scatterin

70

TS# 33947

rla= 0.7

< 40
w

30

o k=5.6 cm-1
<X k=7.6 cm-1 b
10 kzs-s Gm_.‘i ; { )
-1000 -500 0 500 1000
f [kHz]

P. Hennequin et al., Nuclear Fus. (2006)

S [dB]

-135

-1 0.5

C. Laviron et al., IAEA (1997)

o 2.5 1 15

f {MHz]

g signal Doppler frequency

Microwave Back-Scattering:

Collective scattering frequency spectra for different
wave number:

The Doppler frequency and Doppler peak width are
proportional to the wave number.

S(F, 0)=225(F)P, (=2)

Laser Forward-Scattering:
because of the poor localization, 2 Doppler peaks
appears for opposite poloidal velocities.

Doppler peak shapes differ:

- the negative frequency peak is larger at the base
due to diffusion.

- The positive frequency peak has a Gaussian
shape.

LPP
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Between Gaussian and Lorenzian shape

0

TS 33951 Microwave Back-Scattering :

the shape of the Scattering signal frequency
spectrum is fitted with Gaussian and profiles, and
profiles corresponding to the signal correlation with
a Taylor function shape (including the diffusion
effect).

=10}

The peak shape that includes the diffusion effect is
very close to the scattering signal frequency
spectrum.

_5 M M M M M
3%00-1000 500 0 500 1000 1500
f [kHz]

P. Hennequin, Nuclear Fus. (2006)
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Scattering signal modulus and Doppler frequency

TS33065 pseudospectrogram and signal modulus

300 TIEEITM  Scattering signal pseudo spectrogram
500 and modulus :
100 The comparison between the modulus
" and signal frequency dynamics shows
< 0 there is a correlation between both.
-100
-200
-300
94 9.6 9.8 10
Lie x 107"

P. Hennequin
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Scattering signal Doppler velocity profile

(e)

= Doppler, t=14.38, 14.75

—Predicted VE!B

£ - H\I\/’/l
= | +H++

) ' " o Doppler t=16.06, 1645

—Predicted VE!B

Comparison between the poloidal velocity
observed with microwave collective
scattering and ExB velocity evaluated
with Charge exchange recombination
spectroscopy (CXRS).

-2
They are different : the collective
% 02 04 06 08 10 02 04 06 08 1 scattering poloidal velocity should include
s e the drift wave phase velocity.
5 , Most of the time the difference is small and not significant
4}
= 4
=2 DU "W [P . FOERR. | TP
E e ¥
S
i " [P s
ol Poloidal velocity profiles shows there is a poloidal
1 k_550m1 velocity inversion close to the last closed flux surface.
2 i H H
0.6 0.7 0.8 0.9 1 1.1
r/a
Hennequin et al., Nucl. Fus. (2006)
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Scattering signal Doppler velocity : turbulence shear

The radial electric field induces a poloidal ExB drift “ B,
varies along the radial direction.

When the electric varies rapidly, this creates a
poloidal velocity shear.

This velocity shear has an effect on the micro-
turbulence :

Larger scale structures are distorted by the
velocity shear.

The micro-turbulence is reduced at the position of
the shear.

Poloidal velocity shear due to steep radial electric
field radial variation reduces the transport at this
position.

Velocity shear at the edge plays an important role in
the L to H mode transition.

Radial direction
Q
€2
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Poloidal velocity shear and turbulence reduction effect

Radial electric field evaluated from the

scattering signal frequency

Scattering signal modulus radial
correlation (using 2 different
scattering instruments).

120 1.0
i (a) 00! (b)
80 |- ' W,
I = 087 | o’
40 - 8 07 *
_ S I
€ oL _qc‘-, 0.6 i
2 i T T Q 05
2 T TR O i
o A0 e 3 04
L-mode (ECRH) o -
-80 § 0.3
i 021" | _Mode (NBI)
120 - L-mode (NBI) 01k
—160 I | | | | | | L | | 0 I 1 | 1 | 1 ] 1 | 1 | 1 | 1 ] 1 ] 1 1
0.92 0.94 0.96 0.98 1.00 1.02 1.04 0O 02 04 06 08 10 12 14 16 18 20
Normalized Radius Schirmer et al., PPCF (2007) Ar (cm)
Scattering signal modulus radial correlation shows the radial correlation length is
reduced when the poloidal velocity shear is getting steeper.
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Scattering signal modulus radial Correlation

]
2 0.8; \3‘ = 30694 D
Eg'g' ‘ L~1-1em
s 0'5' A e 31366 H
S P
FOA gl L_~2.7cm
[ S . C2 <
5 0.3}L .~0.8cri®-.. e
) C “ o~ ~~_
o el
= R -
...5 02' ) T,
£ LC2"‘2.5cm .
3
E
= r/a=0.7
£ 0.1 - - -

0 0.01 0.02 0.03

d rho

P. Hennequin et al., EPS (2015)

0.04

More detailed scattering signal modulus radial
correlation analysis show there is a secondary
larger radial correlation length : it might correspond
to rarer larger scale transport.
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H mode : velocity shear

8E /8r (V/em?)

1.0
300 _ @ I (b)
200 -
L = 0.8
job]
100 - Q
_ s |
oL o 067
o
i O
-100 X I
L %_ 0.4 i = 1/e
200 E
i O i
02 i H
=300 +
-400 L | L | L | L | L | L | L | L 0 | | | | | | | | |
04 05 06 07 08 09 10 L1 12 0 ) ) 3 4
Normalized Radius Ar (cm)
J. Schirmer et al., PPCF (2007)
After L-H transition, the ExB poloidal velocity shear is even steeper.
The radial correlation is even more reduced.
The reduced transport through this layer allows the confinement enhancement.
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H mode : ELM observation

Microwave Collective Scattering instrument observes H mode pedestal.
p=r/a=0.99

-10

0 g

_5_._.._.__3.

10 s SRR IEEERRRREE IR PR R PR e e

Type | ELMs

4.7

_5_..

4.8

channel1-2 :

F=102.0 GHz

- Higher frequency and smaller
ELM phase

5.6

5.8

6 6.2 6.4 6.6 6.8 7

P. Hennequin et al., EPS (2017)

T DL
Q/‘FF_L'!JJ
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Zonal Flows

P. Morel, M2PPF (2020)

Zonal flows are m=0 and n=0 modes : the
electric potential is uniform on magnetic flux
surfaces, but varies between surfaces.
They are created by radial current.

(V||
= =
5
1
=

-2

a Full wind

Asymmetric

[=2]
o
T

B
o
T

Zonal flows are observed on planetary
atmospheres (Jupiter, earth)

N
o
T

Latitude (*)
o

s
o
T

1
&
=)

T

&
=)

S 0 100 100 0o 100
Zonal wind (m s™) Zonal wind (m s™)

Y. Kaspi et al., Nature (2018).
Juno (2016) + Hubble (2014)
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Zonal Flows : turbulence interaction

mesoscale mircoscale
“0 /decorre/ 2y,
radial N insta- <«
Chear

N
”

straining-out

D)
Nolds.-stressS

a°
o
Q

U. Stroth et al., PPCF (2011)

The zonal flows reduce the the micro-turbulence by the anisotropy and the de-
correlation by shearing effect.

The micro-turbulence has a reciprocal effect on the zonal flows : they drive them
through the Reynolds stress.
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Geodesic Acoustic Modes

Geodesic acoustic modes (GAMs) are oscillating zonal flows (m = n = 0) for a localized
radial zone. They are low frequency (a few kHz) in the Er x B poloidal plasma flow.

The flow perturbation couples, via the geodesic curvature of the magnetic field, to an
axisymmetric pressure mode (m = 1, n = 0) to create an mainly electrostatic eigenmode

oscillation.

The GAMs, like zonal flows, interact with the plasma micro-turbulence.

30

GAM frequency is function of the ion sound

E (El] fsuae -~
N 25 fong -
i - GAM T plateau
> L <
520t e
S - . T~ “\
E)' 15 | f=~2c/2nR, HR'--.._ R sha s
2 ol IS
g 10 - R
B ~
5 L1 | I I 1 I | I | I LN |
088 090 092 094 096 098 1.00 1.02
Radius ppg

102E
)
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g (|
& T~ I”I fo
10°F WK
F oo = 0.984 HM
. k L= 5 760m 1
-6 N ) i
07 10 100
Frequency (kHz)

Scattering signal modulus and
instantaneous frequency

velocity
spectrum (Asdex-U)
G. Conway, PPCF (2008)
\e /,_f-f-r.f\"rf/ C. Honoré — Tokamak Physics and Diagnostics — Collective Scattering & Turbulence - 1/30/26 58



Geodesic Acoustic Modes on Tore Supra

GAMs Er x B poloidal velocity oscillation can be directly observed by collective
scattering.

Instantaneous Doppler velocity can be extracted from collective scattering signal
using MUSIC algorithm (MUIltiple Slgnal Classification).

Velocity fluctuations . Amplitude fluctuations
@ —— : ) (b) 10
—530 000 pts]]
6 - —33 000 pts
10 —66 000 pts 4 ,
: 10°;
- |—530 000 pts
ER B " [—33000 pts
s 10°¢ 3 [ |—66000pts
o s 10 3
= 3 [
< < _
o o [
10°F o'l
3 3
10 ..|7 L MR | L Lol L M T | ' L 10 .‘.\7 L S S | L M R | L Lol
10" 10° 10' 10° 10" 10° 10’ 10°

Frequency (kHz) Frequency (kHz)

GAM frequency is absent in the scattering signal modulus frequency spectrum.
GAM frequency is observed the instantaneous poloidal velocity frequency
spectrum.

L. Vermare et al., PPCF (2012)
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Physical constants

k,=1,38 107 *JK ' : Boltzmann constant
h=6.62 10*Js : Planck constant
C:2,99 10°ms™" : speed of light in vacuum
=8.85 10‘12Fm‘1 vacuum permittivity
M =45 107" Hm™' : vacuum permeability
g.=1,60 107°C : elementary charge
=9,1110° 31kg electron mass
=L % =282 10 " m : electron classical radius

C

022 102 mol~' : Avogadro constant
66 10~ kg : atomic mass unit

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

e Units
1 Torr 10712010 Pa=1333 Pq - pressure corresponding 1 mm of mercury

leV="21"" k=116 10°K

1,38 10

\
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