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Context and model - Impurity transport Magnetic confinement
Impurity transport

Mod ped particles

ng pe
TEM and TIM

Magnetic confinement

Lawson criterion — nT71e > 3 x 10?* keV s m—3

= Cyclotron motion + Drifts (vg. and vyg)

= a priori : Plasma perfectly confined

= But transport across B (collisions + turbulence)
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Context and model - Impurity transport Magnetic confinement
Impurity transport

Modeling trapped particles
1M

TEM and TIM

agnetic confinem

Poloidal cross section

@

Ex A

= Instability / Turbulence — ¢ #0 — E # 0 — Vexp = s £ 0

= Turbulent E : transport L to B
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Context and model - Impurity transport Magnetic confinement
Impurity transport

Modeling trapped particles

TEM and TIM

Impurity transport

Impurities =
All particles that are not electrons or do not contribute to the reaction of fusion

Argon or neon (Tayloring the radiation profile near the plasma-facing
components)

Tungsten (Transport from the wall to the core)

Helium ash (From the core to the wall)

= Impurity accumulation must be avoided

= Impurity transport as a function of the charge number Z
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Context and model - Impurity transport Magnetic confinement
Impurity transport

Modeling trapped particles
TEM and TIM

Modeling trapped particles

Motion of a single trapped particle in a tokamak :

The fast cyclotron motion (we,pc),
The bounce (or "banana”) motion (ws,ds),

The precession drift along the toroidal direction (wq,R),

with
wd K wp L we and pe K 6p K R.

Turbulence driven by trapped particles (TEM, TIM) : frequencies ~ wy.
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Context and model - Impurity transport Mag onfinement
Impurity transport

Modeling trapped particles
TEM and TIM

Gyroaveraging over the cyclotron motion + the bounce motion

— Filter out fast frequencies w. and wp and small space scales p. and 5.

— Reduce the dimensionality from 6D to 4D :

f is the banana center distribution function
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Context and model - Impurity transport Mag onfinement
Impurity transport

Modeling trapped particles
TEM and TIM

Gyroaveraging over the cyclotron motion + the bounce motion

— Filter out fast frequencies w. and wp and small space scales p. and 5.

— Reduce the dimensionality from 6D to 4D :

f is the banana center distribution function

— Adiabatic passing particles
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Context and model - Impurity transport Magnetic confinement
Impuri ansport

Modeling trapped particles
TEM and TIM

Gyroaveraging over the cyclotron motion + the bounce motion

— Filter out fast frequencies w. and wp and small space scales p. and 5.
— Reduce the dimensionality from 6D to 4D :

f is the banana center distribution function
— Adiabatic passing particles

— Hamiltonian mechanics — f = f, (¢, @)

= n2
alzwc(. )t+(110 J]O(,u:%

@ = a2:wb()t+(120 J= Jyx E
az = wg(J)t + asp J3 x P o< —r

w the first adiabatic invariant,
E the kinetic energy,
a3 = a = @ — qf (~ toroidal coordinate),
and 1) the poloidal flux (~ radial coordinate r).
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Context and model - Impurity transport Magnetic confinement
Impurity transport

Modeling trapped particles
TEM and TIM

Vlasov equations

Of,  0Jusd 0f | 0J0s) 0f | QuE 0 _

ot da I I da ' Z da @)
ofe Ofe
— [Joed, fe] — QuE = 2
e — [ Joe il — QuE S =0 @
with Jos the gyro-bounce-average operator :
1 1
E 6t2>,s 2 E q2p§,s 2
o= (1-£%28) (1- £LL02) ®

s : ion and impurity species
e : electron species
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Context and model - Impurity transport Magnetic confinement
y transport

Modeling trapped particles
TEM and TIM

Quasi-neutrality constraint

+oo +o00
ZZSCS/ JsfsEl/sz—/ JfEY2dE| =
B 0 Jo

= [Caa(d — e(9)) — GporBe(8)] @)
i,0

2
Ajte = Cs7sZiAs + TAe
s

9Pc0,s \2 .2 O
As = (7 ) 9%, + 950,595
a

1 Ons 1 0T

Kn, = — KT,
+ 5 ComsZ2ey, * ns O’ s Ts o

€de

T+ 3¢ CsTsZ2

e¢:

Zs : Charge number

7s =To/Ts
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Context and model - Impurity transport Magnetic confinement
ransport

Modeling trapped particles
TEM and TIM

» Kinetic trapped particles (ions + impurities + electrons)
> Trapped lon Modes (TIM) and Trapped Electron Modes (TEM)

» Low numerical cost - TERESA parallelized on E, pu, and species

Cons

» Collisionless plasma (— Neeeclassical-transpert)
» Adiabatic passing particles (— G, EFG)

> w < wp for high mode numbers

Depret et al., PPCF 42, 949 (2000)

Sarazin et al., PPCF 47, 1817 (2005)
Cartier-Michaud et al., JPCS 561, 012003 (2014)
Drouot et al., POP 22, 082302 (2015)
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Context and model - Impurity transport Magnetic confinement
Impurity transport

Modeling trapped partic

TEM and TIM

Linear growth rate 7y as a function of the mode number n wr+ i

n =@
TEM Cz=2£=10 TIM
no
30 30
Most unstable mode:
TEM | n=60
25 25 ™M Linear instability
Most unstable mode: PRSI R growth rate: =234 w,
n=74 ‘ Real frequency:
2 . . " 20- q
0 Linear instability 4 N w, =569 w,
. growth rate: v = 28.4 w ’ N
> 0 ) 7 \
3 15 Real frequency: 3 15+ , \ 4
= w, =-68.4 w - , \
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Nonlinear numerical simulations Example : TEM

Charge number

Nonlinear numerical simulations
m Example : TEM
m Charge number Z-dependence
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Nonlinear numerical simulations

Example of numerical simulation : TEM (Most unstable mode n = 74)
Plasma potential

t=0.2 wp!

NNy,

Wy,
n\\\\\ﬁ\\

\l

~\\\
///’///4

o U i\\\\\\

Time (%1) tor0|dal direction) (radial dlrectlon
Time evolution of the a-modes

Plasma potential ¢ (¢, «)
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Nonlinear numerical simulations Example : TEM

Charge number Z-dependence

Example of numerical simulation : TEM (Most unstable mode n = 74)

Plasma potential / Zonal flows

1=0.7 wp!

P(¢, @) - pz¢ ¢ (¢, @)

with ¢zr =< ¢ >o (Zonal Flow)
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Nonlinear numerical simulations Example : TEM

Charge number Z-dependence

Impurity diffusion coefficient Dz - Method

Impurity particle flux (given by TERESA) :

2

== |,

27 o]
do / 200(T $)E2dE (5)
0

Impurity diffusion coefficient D :

(6)
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Nonlinear numerical simulations Example : TEM

Charge number Z-dependence

Impurity diffusion coefficient Dz

Z-dependence / A =20

85— ‘ ‘ ‘ ‘ ; 15
8r ". - “ ! 14 +
75F - — *\
< \
. 13
P
T . | '
12
Bes| [ | = ~
a 7 [a] 11 N
N
6 7/ 4 \+
/
55l / | 10 \~+_-+
/7
50/ 1 °
L 8
45 ‘ : : ‘ ‘ 2 4 6 8 10 12
2 4 6 8 10 12
7 z
TEM case TIM case
TEMcase: Z /' = D TIMcase: Z /' = D\,
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Nonlinear numerical simulations Example : TEM

Charge number Z-dependence

Impurity diffusion coefficient Dz

Z-dependence / A =20

8.5 —— . ‘ ‘ . . 15
8r j'”‘__‘ 1 14 +\
N
75+ 1
e 13 \
7
w // 1 ~
12
-, s ~
H65¢ L] 4 = ~
o / 9 4 N
6 ! ] S
/
10 ~
55t / 4 *+-_+
/7

sp 7 ] °

L S 5
5 4 6 8 10 12 2 4 6 8 10 12

7 z
TEM case TIM case

For large Z = D ~ constant
(in agreement with [Angioni et al., Nucl. Fusion, 2017])
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Theoretical predictions ce : QL calculatio sus simulations

Theoretical predictions
m Quasi-linear theory
m Z-dependence : QL calculations versus simulations
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Theoretical predictions

Quasi-linear theory

Z-dependence : QL calculations versus simulations

Quasi-linear theory

afy

ot

0
oY

Integrating over energy E =

>0 [T fnl*inFeq, »

Q
(n$ E—wr,n)2 473

onmg  OF
ot + o0

with

Yn

ry = _“"/Ez,,: Tl

rn— N E) + 72

Feqy_oE/*dE (7)
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Quasi-linear theory

Theoretical predictions Z-dependence : QL calculations versus simulations

: QL calculations versus simulations

TEM TIM

TEM case TIM case

Dotted line : Numerical simulations
Solid line : QL calculations
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Conclusion

Conclusion

» Importance of the nature of the instability that drives turbulence for the
Z-dependence

TEMcase: Z /= D ~ TIMcase: Z = D Y\,

> Impurity diffusion coefficient D is found to decrease with A (mass
number) in both cases (TEM and TIM)

» QL predictions in qualitative agreement with numerical simulations

> Purely diffusive impurity transport
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Conclusion

Conclusion

» Curvature pinch ? Thermodiffusive pinch ?

Pinch based on turbulent thermodiffusion :

Coppi PRL 1978 / Angioni and Peeters PRL 2006 / Diamond et al. Modern Plasma Physics 2010 /
Guo et al. Phys. Plasmas 2016

[ =—D.V,n + Vin,

1
V: —0-Ts
o
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Conclusion

Conclusion

» Curvature pinch ? Thermodiffusive pinch ?
Pinch based on turbulent thermodiffusion :
Coppi PRL 1978 / Angioni and Peeters PRL 2006 / Diamond et al. Modern Plasma Physics 2010 /
Guo et al. Phys. Plasmas 2016

[ =—D.V,n + Vin,

1
V. —0, Ts
o T.

THANK YOU FOR YOUR ATTENTION

E. Gravier et al., Phys. Plasmas, accepted (2019)

J. Médina et al., Phys. Plasmas, submitted

M. Idouakass et al., Phys. Plasmas 25, 062307 (2018)
J. Médina et al., Phys. Plasmas 25, 122304 (2018)
M. Lesur et al., Phys. Plasmas 24, 012511 (2017)
Talk by P. Morel, Vlasovia 2019 (Tuesday)
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Conclusion

Dispersion relation
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Conclusion

Impurity diffusion coefficient D

A-dependence / Z =4
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Impurity diffusion coefficient D is found to decrease with A in both cases



Conclusion

Diffusive transport versus pinch velocity

Pinch based on turbulent thermodiffusion
Coppi PRL 1978 / Angioni and Peeters PRL 2006 / Diamond et al. Modern Plasma Physics 2010 /
Guo et al. Phys. Plasmas 2016

([ = —D.V,n + Vin, (13)

with Dy = f(Ly,, L,,) and

V, x ’%8,« sl = L;Sl (14)




Conclusion

Diffusive transport versus pinch velocity

Pinch based on turbulent thermodiffusion
Coppi PRL 1978 / Angioni and Peeters PRL 2006 / Diamond et al. Modern Plasma Physics 2010 /
Guo et al. Phys. Plasmas 2016

([ = —D.V,n + Vin, (15)

with Dy = f(Ly,, L,,) and

1 _
V, X ’?O,Ts = LTSI (16)

Diffusive transport : outward
Pinch velocity : competition between inward (TEM) and outward (TIM)



Conclusion

Diffusive transport versus pinch velocity

Pinch based on turbulent thermodiffusion
Coppi PRL 1978 / Angioni and Peeters PRL 2006 / Diamond et al. Modern Plasma Physics 2010 /
Guo et al. Phys. Plasmas 2016

([ = —D.V,n + Vin, (17)

with Dy = f(Ly,, L,,) and

1 _
V, X ’?8,«7_5 = LTSI (18)

Diffusive transport : outward
Pinch velocity : competition between inward (TEM) and outward (TIM)

|V:|  when |s7, = T%O,Ts| N7

|Vi| \( when Z, & 7



Conclusion

Zonal flows / Predator-prey model

Itoh et al., POP 13, 055502 (2006)

d
jf = Y2612 — N2612 — A2¢p12600
d
% = —70¢0 — M0P + Aod12¢0

Modes ¢12 and ¢zr = ¢o plotted against time



Conclusion

Hysteresis

Gravier et al., NF, 2017

15
> W TW.
w10
N
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\O
2
2
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n # 0 mode energy / ZF (n = 0) Energy
plotted against T./T;



Conclusion

Pe,D Pe.e Pe,z=2 Pe,Z=4 Pe,Z=8 Pe,Zz=10 Pe,Z2=12

6x 1073 107* 9.49 x 1073 4.74 x 1073 2.38 x 1073 1.90 x 1073 1.58 x 1073
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