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Cross-field ExB plasma instability

ExB plasma configuration:
- Hall thruster,

- Magnetron discharges,
- Penning gauges,
- Tokamaks...

—>Particles drift in the ExB direction:

—> Anomalous transport coefficient in the perpendicular direction
problem for the tokamaks ®, advantage for the thrusters ©

—>Need for a better undestanding of the physics.

- The Mistral experiment has been created for the study of
ExB instabilities
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The Mistral experiment

* Created by G. Leclert and Th. Pierre,

* Electrons magnetized ; ions poorly magnetized,
* lonizing primary electrons,

e Cylindrical symetry,

* « Stable » plasma state during several hours.
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The Mistral experiment: observation of reqular instabilities

Flute modes around the central column with constant rotation
frequency (m=1-+v = a few. kHz)

Camera *

; <— )
Line of colonne  source
sight
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Studying plasmas with Langmuir probes

- Simple installation: ne, Te, V

plasma---

—BUT the results interpretation can be
complicated 3

—>The probes are perturbative for
the plasma.
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- Development of optical diagnostics
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First step: optical tomography

- P. David Phd
- Advantages of tomography:
e 2D spatial structure analysis
Without hypothesis,
* Non intrusive methods.
— Study of turbulent plasma states (no symetry)
—>Validation: symetric flute v, .= 1-
—2x64 channels, v, = 1 MHz
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Optical tomography

=2 2x64 channels, v, = 1 MHz, SiPM sensors (gain > 10°)

collimation

Mechanical

Detector | holder

= Optical fibres

=— bundle
Win7ows
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stage
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Tomography: results for a periodic structure

Local emissivity of an m=1 flute mode

=« One shot » time evolution
- Analysis of structures without

symetry —g
—BUT no spectral resolution 2
x :
s
[P. David POP 2016 ; P. David RSI 2017 ] -41
-40 0 40
X axis (mm)

- Coupling tomographie to emission spectroscopy
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Spectro-tomography visible diagnostic

128 sensors = EMCCD camera
+ spectrometer

Less line of sight : 49
- 7x7 pixels

Spectrometer

collimation
o +

n
Line
of sight

mecanical holder

SFP Nantes 2019

Optical fibres
bundle

o

collimation
+
mecanical holder

Windows—_

10



Pﬁ"‘\/T\ (Aix Marseille

Spectro-tomography: results

Y axis

Arl 751 nm

Arl 549 nm

Arl 416 nm
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Spectro-tomography: validation

B
- Homogeneous plasma along B <«
— Comparison with radial evolution
of spectra along B. spectro. | colonne  Ch.
source
Jaz
Ar 842 nm
1 : — ,
¢ JAZ spectrometer .
—#—Tomography ¢ T
__08F
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Plasma coronal model

- Low density (n,<10'! cm3) :
coronal model Ne Ny <0 V0—>P p Z A
hv r<p 5
2> | pqnn(ovoq)—Wm.r‘l
pq — AT 0 p Z Apr
r<p
n,
4 ) __. : electronic collisions
1 } Excited levels excitation
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Coronal model: experimental validation

—> Experiments with n, variations (and no T, variations !)

| | —%—693 nm | |
—+ - 696 nm | Arl
0.035 | 750 nm

—©& =751 nm
S 0031 | ——842nm

u.)

Intensit
Intensity (a.

nez (m's) x10%

Arl a n_ x f(Te) Arllan_? x f,(Te)

—> The coronal model is valid in the Mistral plasmas
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Spectro-tomography T, measurement
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CWFS

spectro-tomography n, measurement
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Conclusion

* Optical tomography
* temporal study of plasma instability
* One shot acquisition of non flute modes

* Optical spectro-tomography
* Validation of the diagnostic
* 2D measurementofn, T,

17
SFP Nantes 2019
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Perspectives

e Tomography
* Improvement of the spatial resolution
- more lines of sight ?
* Otical fibers = set of mirors around the plasma

* Spectro-tomography
* 100 kHz acquisitions with a fast camera

* Application to edge plasmas of Tokamak

* Development of an optical diagnostic of the electric field in a plasma
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Thank you for your attention
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Instabilites d’un plasma en champ croisé ExB

* Force de Lorentz: F = ¢(E +v x B)
* B: confine / guide
 E: accélération / décélération

* Dérivequand E L B:

__ ExB
V = B2
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La tomographie optique visible

Capteurs :

> 2 x64 fibres 100 pm x5 m

» 128 détecteurs SiPM

» Gain (> 10%, PDE > 30%) avec faibles
tensions/PMTs (~ 20 to 40 V)
* Tps. Deréspone rapide <100 ps

*  V,aq Max.=1MHz

Limitations :

> Pas de résolution spectrale > mesures limitée
des parametres du plasma
> Bruit important (after pulse/cross talk)

—>Besoin d’ajouter la résolution spectrale matrice de 8x8 détecteurs
—>Spectro-tomographie visible o
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Inversion tomographique
]Vb
S@ — Z tij.ei
j=0

& S=TF
t; : coef. calibration, longueur de la Idv dans le i*™ pixel
e Systeme linéaire :
* N <N,

equaﬁons Inconnues
e Systeme mal conditionné : de petites erreurs sur les

données entrainent de grandes erreurs sur les résultats.
e Régularisation de Tikhonov : min ( % (T.E - S)? + aR)
R : fonction de régularisation
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Tomography : validation of inversion code

>

Average signal
in each pixel

Pixelised ghost image

Calculation of the | .
signal measured »| Tomographic Comparison
by each sensor S S inversion pixel by pixel

P S - ~ . Ght‘:tgs'gnalx , E
/’\} — Caleulated signal| / i I

o
]

=080 2 :
B e _ S'=TE
E""‘" ........... / ________ \
i \_,/ \ Tomography result

oO
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Tomographie : résultats

0.2
0.15

+25 ps +50 Hs 0.1

1

+125 ps
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Tomographie : resultats bruts

200 400 600 800 1000
Time (us)

SFP Nantes 2019
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Normalized voltage

Normalized voltage

—> Utilisation de cette symétrie pour valider la
tomographie : comparaison avec cameéra
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Instabilites par sondes de Langmuir : syméetrie cylindrique
0.2k ,lh m M
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Low frequency instabilities : possible optical measurements...

| (u.a. , : : l l
—>Strong correlation | )1.6- | A
between probe and 15
photo-diode signals 140
13+
= : probe polarized at -
V>V asma Ak /\ /\ /\ /\
= : photo-diode 1

(collimated los) 09l \j b,/
0.8
0.7+

06 L L ' ' ! : ' : ;
source 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
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Principle of Laser Induced Fluorescence

e Measurement based on :

» Excitation and emission of photons by an atom or an ion. In
our case, Artion.

»Doppler effect.

Niveau 2, Level 1 to level 2 transition condition:
Laser frequency = transition 1-2 frequency

LASER N\~
TR Fluorescence
Emitted fluorescence proportional to the

460,957 . .
el number of excited ions (atoms)

Niveau 1

Niveau 3
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LIF instruments

M5

Diode optique

Etalons

H——/F—
Filtre
biréfringent

Lame de
Brewster
mobile

Jet de
colorant

M1

Fulscean pompe Mirroir pompe

* Power:400mW at 611,5nm
* Spectral width : 0,5MHz

Multi-Channel Scaler (MCS)

The MCS allows to:

» Count photons (detected by a photomultiplier).

» Add temporal resolution to measurement.
Usual parameters:

» Temporal definition between 5ns et 65535s

» Between 4 et 16384 possible temporal channels.

» Up to 4 billions repetitions of measurement
possible (increase S/B).

1 canal de comptage des photons
durée d’1 canal = définition temporelle

1 récurrence

N canaux (ici 4)
Donnela plage temporelle de la mesure

SFP Nantes 2019
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LIF on MISTRAL experiment

* 2 Measurements:
=" R >laser on
R ’ . > laser off
/ AN Allows to substract background signal
/ o
, \ (spontaneous emission)
Objectif ———. q q g .
o 7 \ «Synchronization with perturbation to keep
/ \ temporal definition during recurrences.
Fibre :
optique I
1 PM I
Signal de sonde !
- . 7/ I
- - - |
- ” :
[} Boitier )
Injection de la ﬁ electronique Signal de
fibre optique : | TTL . synchronisation
modulateur ’_—|._,‘ Multi Chanel Scalar (MCS) : : X
: . —— —
/ _________ Cuve a 1ode Référence ACC|UISItI0n
de fréquence 1 1= MCS en attente
. 0=MCS enregistre ! 0
! 1
1
| —  Laser “on” '
L 4 ‘ Signal pourla Emission spontanée Laser ‘“off”’
Ordinateur 2 Ordinateur 1 .
Jg « Cronrtl:&e:rla < éont:fa‘:;rle modulation du laser +luorescence Emission spontande
E fréquence MCS
R laser SFP Nanfes 2P19 30
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LIF measurements in Mistral : m=2 mode

- : ion velocity (m/s) :
-- : electric field (V/m)
-. : mode m=2 axis

- No whole column ExB

drift

T

— No clear signature of
instability

[Rebont PRL 2011]

/v T T T T
/ k//Diaphragme § e =25V /m\
" S
I~ = I
; >
’ -4
’
¢ ‘) "
]
I

_4 J 1
$FP Nant&? 2019 2 - 0 1 2 331 4
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Development of a diagnostic to measure directly
electric field : EFILE

* Electric field 2 Emission Lyman-a of a probe H (2s) beam
 Measurement of static and/or fluctuating electric fields (vacuum or
cold plasma, density 10! cm3, sheaths) > OK

Project/Challenge :

« Measurement of local electric field in Mistral

 Measurement of electric field in front of ICRF IShTAR (lon cyclotron
Sheath Test Arrangement) antenna

[Cherigier-Kovacic RSI 2015 ; Doveil PPCF 2016



Lamb shift

Second property of hydrogenoids :

Schrodinger’s equation :

n=2 2s
2p
n=1 1s

Lamb-shift due to radiative corrections

Dirac’s equation :
fine structure

1.13 x 10° eV

l 2py, (j=3/2;1=1)
452 x 105 eV
1| 2s,, (j=1/2:1=0)
2p,, (j=1/2 ; 1=1)

1.81 x 104 eV
¥

1s,, (j=1/2 ; 1=0)

Radiative corrections :

2P,
4 8 MHz
28
d I 1043 MHz
 } 14MHz
2P
1S,
/ I 8149 MHz

SFP Nantes 2019
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Schematic view of the EFILE experiment

Plasma source : multipolar device
+

Collection of Lyman a Einzel lenses (extraction)
emission

\

Caesium vapor oven

(neutralization)

Test chamber: interaction
probe beam — electric field +

. _ * mass spectrometer, energy analyzer, Langmuir
diagnostics®* beam / plasma

probes

SFP Nantes 2019 34
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E measurement in the shadow of a limiter : principle

Mesures

Faisceau
y 4

Champ statique : tension
U (E=U/d)

im Champ RF : pulsation w,

Plagues

300+

_.250-

2200

Champ statique = 150-

(w=0)

_niveau puissance NP
(dBm)

* * Saturation
E>60 V/cm

Loi en E? — S=a U?

SFP Na

T T

2 3 4
U2(10%V?)

T

5

1 6
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EFILE : results

200

160¢

Diagnostic EFILE in vacuum:
comparison with numerical

Field strength [V/cm]
}_)
ND
O

80 1
. - simulation FEM
40r
6
= 1204 |0V 200V Diagnostic EFILE in plasma
E _
S 100+ § .
P . Formation of a plasma sheath:
£ gol & & Electric field profile measured
(@] he] o
£ g B -in vacuum (white triangle)
o 60 - g % ] - .
2 & -in test plasma (black triangle)
S 40 -
3 ]
L
20 T T T T T
-3 2 -1 0 1 2 3



e INS1abIlIES de BENMVEnm-
Ondes de dtri:; ¢lectronique Instabilité de type flilte et mstabilné d'échange Ondes ch'm-c ionique
- 9
0 @ Instabilité¢ de dérive életronique > x/le Instabilité de dérive ionique ———s ¥ Agp(n,$)

Vitesses azimutales

\.pll" \'.Oe Voe ~ Vph %'\‘&+ Va,! \'.,.:%c Voet Vau! %"".;" Vai! " Vpa T Vi . \.plx-\’o.l
Vi By = Vg E; Vi B < Ve E, Vor Er == Vo
[fets ge rayon de Larmor fini ionique
Tl=0 0 T' “ Tc T.-Te
La'gu =0 kolg' “1 kgt = 1

- Transport radial &

_\" ‘.“.E”)z"‘ AP G p=0 AP O )=+
=N LE"‘ = LE.": -

Av Ny =-% A® (n\p)= AP n\)) 9 |
r|= n\y '=0 fl =<nV; .='| f,: n\V; '=0
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Mesure d'un champ électrique statique ou fluctuant

Principe physique : interaction entre un faisceau H(2s) et un champ
électrique (E, ) — émission Lyman-a par Stark mixing 2s, 2p, =

1/2
modification taux d'émission

2p,, th Lamb-shift, 1 GHz
2s
N — \4 () 9¢%al E? Yop
............................... Yos\W) =
2p112 A 2 h? (w - wL)2 + '73;)/4
Lyman-a
121 nm
Champ statique dans le vide : Champ statique dans un
profil entre les plaques en plasma : taille gaine N quand
accord avec calcul numérique densité 7
- P=510" mbar
- U=50V

= . n=10“m?

En cours : mesures RF, calibration
Développement : mesures en champ magnétique (MISTRAL)
Projet : mesure champ RF devant antenne ICRF chauffage plasma

(Ishtar, Garching) SEP Nantes 2019
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New configuration

Installation of 2 half-cylinders to measure radial current: each half-cylinder can be
biased separately.

Bobines de

/ compensation
e

o 0 = ==
solénoide

injection

collecteurs

filaments

colonne I8
droite I\ ‘
sonde de

L
reference e ", chambre

source
. 1m , @

Half-cylinder




LIF measurements

e Measurement between
cylindre

r=0and 6 cm

* AX=1cm
r=5cm
* Mode frequency: 5 KHz < f
r=bem « LIF At: 100 us

* 150 000 repetitions

Diaphragme  * Total acquisition time: 2 h for a
time-resolved velocity
distribution function

Experimental conditions:
-Grounded half-cylinders
-Floating separatrix and collector (-30 V)
-P =9 10% mbar
-B=16mT



velocity (m/fs)

Axial distribution function

’ ] ‘ I I—axialvelocity ’
N === density
50k =118
Modulation of mean axial velocity at
100 -186 .
) the same frequency as perturbation
5 =>» possible drift waves
-150F —114
-200 =112
g0l .=

1 1 1 p
0 50 100 150 200 256
time (us)



Results at r=5cm, ionization zone limit

amplitude (ua)

4 v, r=5cm
X 10 N
8
= densité max
; ===densité min
6F
sk
4+
3k
2+
1+
¢". -
/ ————— s ‘~~~.
oS - L=

azimuthal

1 At max and min density
| ivdf centered at zero
| velocity.

amplitude (ua)

4 3 -2 -1 0 2 3 4
vitesse (km/s)
10° v, =5em
4 T T
== densité max d' I
350 === densite min ra |a
al
Radial velocity
251

-
STt

vitesse (km/s)

always present.

SFP Nantes 2019

flux (m/s)

Flux: '=7nV

r=5cm
1000 T T T
= flux radlial
=== flux azimutal

800

600

400+

”n
00k 7 “
1
Y
\
o X eemmm—-———
\ ,__—" ~o
L4
\ P
[} g
-200 1 ]
1 /]
1 ]
i 4
et
_400 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
temps(us)

Non-zero mean radial
flux -> no drift wave
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Results at r=5cm

20 T T T T T T T T T
— Ee fluide

RC —— Ee potentiel

K
s " e densité
;

champ électric(\VV/m)
densité(ua)

30 40 50 60

temps(ps)

70

Azimuthal electric field shows:

-max on rising density front

-differences according to used method (change of sign for
energy conservation method)

SFP Nantes 2019

champ électric(V/m)

r=5cm
20 T T T T T T T

—B—Er

densité

230 1 1 1 1 1 1 1 1

20 30 40 50 60
temps(ps)

Radial electric field extrema on
density fronts =» changes sign.

43
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m=1, 2 reqular modes rotating around plasma column

* Langmuir probe in the
diaphragm shadow
(Vprobe>VpIasma) + Ne.

e 2 half-cylinders around the
column : radial current |.

g
o

Density (N.U)

— Observation of rotating
structures (v =a few kHz

- sonification for live control)
% cylinder

Current (mA)

N
!

=4
T

(=]

1
t(ms)

—— [Jaeger POP 2009]
probe SFP Nantes 2019
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Fast camera results (end view of the plasma)

5cm‘

5cm

SFP Nantes 2019 45
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Simon-Hoh instability CSHI (Phys. Fluids 1963)
ExB drift:
- Electrons : v,
- Friction forces (e-neutrals)
— lons slowed down:
Vig < Veg

—> Charge separation: E,
—> Rotation frequency

instability:
1 [eEL L =_e
US k = r_n n ane OC\/7 E CxB
poke JTRO m,- E Spoke

Smolyakov PPCF (2017) ; POWIS POP (2018) [Hoh; Simon Phys. Fluids 1963 ; Jaeger PhD 2009]
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M=1 mode : radial evolution of the amplitude of the

fluctuation
—210 % fluctuations inside the plasma column
=100 % fluctuations in the shadow of the limiteur

. | diaphragm

100 +

N (o)} (o]
o o o
T T T

relative fluctuation amplitude [%]
N
(@)
+

80 60 SFP4Mantes 201920 0 47
-20 radial probe position (mm)



18 Experimental'
a H

16 + Af . mode(He)/Vmode(Ne) = 2.7

14 + o )Iflz 1 mode(Ar)/Vmode(Kr) =

12 . * Vmode(Kr)/\’mode(xe) =1.7
N 5
=10} 49 Theory: collisionless Simon Hoh
§ gl . Instability (Smolyakov PPCF
S 2017) :
> 6l A

4+ ® . " :# Vmodea M_l/z

2| T (My./M,,.)2 = 2.2

1/2 —
) 5 4 13 12 1 (MKr/MAr) i
107 10° 107 10° 107 M. /M. )/2=173
Pgaz (mBar) ( Xe/ Kr)

—> Difficult to overlap pressure ranges for # M.
— Possible transition m=1 to m=2 mode, when P increases : the

controlling parameter is not clear.
— Role of E. and grad(n_) ?
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PIIM~_ crs,
Spatial/time resolved study of a m=1 spoke in argon

- Synchronized Langmuir probe (perturbating...)

= Tpjasma = 36 MM - the 2 first curves are inside the plasma column (red/blue)

- the 3 other curves are in the shadow of the limiteur (magenta/black/ )

- = Rigid body rotation

= Phase shift (V... /ne) = /2 in the shadow of the limiteur

26/07/2018 - Mistral argon - mode m=1 a 3,2 kHz

<10 26/07/2018 - Mistral argon - mode m=1 a 3,2 kHz
35 T T T T T 0Omm
—O0mm — — 20mm| |
— — 20mm —-—-40mm
—-—'dorrrn,5 *  60mm
60 mm ) 80 mm | |
80 mm \
N
- .
s st . 7
Pid - >.</~
g 1 A / i \
g b NN ~
a -Wr NN .
s RN
>
-10.5
-1 b
-11.5
./‘
7
. o -12 F
DR . -12.5 L Il
3 35 05 1 15 2 25 3 35
t (micros.) X 102 t (micros.) X 102

49
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Time evolution of n, and V

The rotating spoke is in front of the probe at t = 150 us

10? 26/07/2018 - Mistral argon - mode m=1 a 3,2 kHz t = 10 micros.

35 26/07/2018 - Mistral argon - mode m=1 a 3,2 kHz t = 10 micros.
-
T T T T T T T
.
3 -
3 -8
\_\_
| P
a3 e ey
2 . g
\.‘_ .
Y g
- \. —
7 3
2] \\\ g -10 | b
\ ) A %
(= \ (g B>
\ > o
\ i o
\\\ \‘x_
1 B~
B
\‘. '\\
\ ~— ~
S
G
0 12 &z
0 L 1 ! 1 e - S D 13 1 ! ! ! ! ! !
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
r {mm) r {mm)

- < E, > is oriented outward...
—>But E (r) is oriented inward inside the spoke, outward otherwise

50
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Radial electric field E,

Argon m=1 - 26/07/2018
10 T T

Er(v/m

0 10 20 30 40 50 60 70
position (mm)

- Except in the center, inside the spoke, the radial electric

51

field is oriented inward. PR
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Spoke rotation frequency = f(B)

5600 {

5400 - o
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B (A - alim. solénoide)

—Linear increase until B = 180 G - then, decrease with a different
slope.

—Observation of a maximum at 180 G.

- Coherent with CSHI ?
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Spoke rotation frequency = f(B)
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—>Not coherent with CSHI theory. But do E, and L, change when B
increases ?
—> Detailed study of 3 cases at 160 G, 180 G and 205 G. 5P Nantes 2019



Comparison of ne(r)

11/10/2018 - Mistral Ar

11/10/2018 - Mistral Ar




omparison of V.,

plasma
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Pﬁ'pT\ (Aix Marseille @
E estimation from the linear fit of Vostasma(l)

B =160 G -Er = -48.0566 V/m

I T I T I T

Vplasma (V)
T Fog

: exp.
. linear fit |

| | | |
40 50 60
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E. estimation from the linear fit of V. ..(1)

64

62 -

48 | | | | | | | | |
155 160 165 170 175 180 185 190 195 200 205 210

—E, and L, do not seem to play a key role in v = f(B)
—>CSHI : E, should increase with B. ... 57
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Evolution of ion velocity in a m=1 spoke by
LIF

vitesse azimutale(m/s)
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Electric field in a m=1 spoke bv LIF

r=5cm
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temps(ps)

—> E. measured by LIF is coherent with probe measurements
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L’expérience MISTRAL
Diaphragm & Filaments
Tomography plane : | 4
Langmuir probe | Solenoid \-&
Inner cylinder A
LoS
q d
Collector a i
Langmuir probes | [ /
' Separating grid\ 4
Linear plasma chamber ' © ‘

¥
Source chamber
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leV<T.<4eV

10 m3< N_< 5.10'6 m?3
TAr neutral — 300 K

Tarion = 1100 K

Eprimary electrons ~ 40 eV

v_ =6 kHz (Ar; 160 G)

P. =3 mm

p; =25 mm (He ; 160 G)
=56 mm (Ne; 160 G)
=80 mm (Ar; 160 G)
=146 mm (Xe ; 160 G)
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