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=PEL The Plasma Periphery of Tokamak Devices

Edge Region
_|_
Scrape-Off Layer (SOL)

m Particle and Heat Exhaust

m Fueling and Ash Removal

= Confinement (e.g., L-H mode transition) ‘
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'S 7JBll The Turbulent Dynamics in the Plasma Periphery

= Anisotropic (kj/ki < 1) low-frequency (w/Q; < 1) fluctuations
edop

>

< 1at ky p=1 scales
eéf/)

~ 1 at k. p <1 scales

e

= No separation between equilibrium and fluctuations
= Large range of collisionality, kjAmgp <1 & K Amfp Z

m Challenges standard df,-gyrokinetic theories

w e o K
Qi Te fa kJ_

<<1 kj_p,'f\-‘].
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'S 7JBll The Turbulent Dynamics in the Plasma Periphery

= Anisotropic (kj/ki < 1) low-frequency (w/Q; < 1) fluctuations
edop

> - < 1at ky p=1 scales

56
[ > eT(/) ~1at k; p < 1 scales ]

e

= No separation between equilibrium and fluctuations

= Large range of collisionality, kjAmgp <1 & K Amfp Z

m Challenges standard df,-gyrokinetic theories

= Attempt to a generalized ordering by Bernstein & Catto (1985), Dimits et al.
(1992), Hahm et al. (1996 and 2009), Qin et a/ (2006 and 2007), Dimits et al.
= Swiss (2012), and Madsen (2010 and 2013)
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'S JM Present Periphery Models: Lack of Proper Full-F Approach

m Cannot handle properly arbitrary large deviations from equilibrium, e.g.

» Evaluation of Polarization effects (e.g. Hahm et al. (2009))

on ~ /dvggauf;,o

» Evaluation of FLR effects (e.g. Madsen (2013))

/dw’Jof;,o ~ T

M Swiss
Plasma
Center

B. J. Frei , R. Jorge and P. Ricci 6 /39



'S JMl Present Periphery Models: Lack of Proper Collision Operator

= A collision operator fulfilling the plasma periphery conditions:
» Full-F Non-Linear operator

C(fa0,61p), C(6f, foo) ~ C(0f5, 61p)
» Multi-species = Arbitrary m,/m;, and T,/ T, ratios
» Accurate FLR effects
» Challenging to handle, velocity-space integro-differential operator

e R e )]

my mp

> Necessary at intermediate level of collisionality (e.g. pedestal) (Jorge et al. PRL
(2018))
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=PEL Present Periphery Models: Lack of Proper GK Maxwell’s Egs.

m Self-consistent GK Maxwell’s equations:

» For edge application, gyrokinetic long wavelength limit (LWL) (see Xu et al.
(2007) and Pan et al. (2018))

v2¢+z <>\Da
_Z()\Da> 4qa av PJ_Q

> Parra & Catto (2008), Lee et al. (2009) and Miyato et al. (2013) question
gyrokinetic LWL approximation

) (InN,V 1 ¢) = —471'an B

» Need for GK theory to treat self-consistent polarization and magnetization effects

M Swiss
Plasma

Center B. J. Frei , R. Jorge and P. Ricci 8 /39



'S JJBl Present Periphery Models: Lack of Efficient Numerical Approach

= Important recent progress in GK simulation of periphery (Shi et al. (2017), Pan
et al. (2018), and Neiser et al. (2019))
= Large computational resources (3D2V + 1) (Chang et al. (2017))
= Braginksii-like fluid simulations (see, e.g., Paruta et al., (2018))
» Less expensive, advance (3D + 1) dynamical fields, i.e. Ne, uje/i, Teyi,

» Solve the drift-reduced Braginksii Eqs. = Assume high collisionality and
drift-reduced ordering

M Swiss Chang C. S. et al., Nucl. Fusion 57, 116023 (2017). M. Giacomin, EFTC Oral Contribution
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'S New Approach to GK Description of Plasma Periphery

Develop a Gyrokinetic model for the plasma periphery retaining:

m Arbitrarily large deviations from equilibrium 61, ~ finy = Full-F

EM fluctuations at all scales = Full FLR and polarization effects

Valid at arbitrary collisionality = Full-F GK Coulomb collision operator

Includes the relevant collisionless kinetic effects = e.g. Landau-damping,
gyro-averaging magnetic trapping, particle drift resonance effects

Efficient numerical approach (3D + 1)
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=PFL

The Gyrokinetic Model for the Plasma Periphery
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'Sl The Gyrokinetic Model: Modelling Assumptions

m Introduce the fundamental small parameter

6:£N£<<17 Lot~V In(P),, eg~pViInB <e
Lp Ly
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'Sl The Gyrokinetic Model: Modelling Assumptions

m Introduce the fundamental small parameter

:7NL7<<1, Lpt ~ViIn(P),, eg~pVilnB<e

= Generalized electromagnetic GK orderings
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'Sl The Gyrokinetic Model: Modelling Assumptions

m Introduce the fundamental small parameter

:7NL7<<1, Lpt ~ViIn(P),, eg~pVilnB<e

1
|VJ_¢|N e¢N6 ~e<Llatk p~1
B T B e
- ANV
® = ¢o+ €591

edo

e

~latkip~e
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'Sl The Gyrokinetic Model: Modelling Assumptions

m Introduce the fundamental small parameter
=L L w1 I ~VIIn(P),, es~pVilnB<e
Lp Ly
= Generalized electromagnetic GK orderings
1
V1¢| e ~es<<latkip~1
S A
= +
¢ = ¢o + €501 e
0 U1 at kip~e
e
m Remove fast compressional perturbations

0B A . "
| L‘ ~ €, (5BL2VA” x b, B=V XA, AH :AH0+65A||17
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=PFL The Gyrokinetic Model: Dynamical Reduction

= Dynamical reduction from particle phase-space z” (x v) to gyrocenter
phase-space Z° = (R, Ti, v”,G) with 72 = 0 up to O(€?, €3)

2
2%, V) = (@A + mav) - dx — [qaqb 4 e ] o
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'3 Ml The Gyrokinetic Model: Dynamical Reduction

= Dynamical reduction from particle phase-space z” = (x, v) to gyrocenter
phase-space Z° = (R, Ti, v”,G) with 72 = 0 up to O(€?, €3)

myv2
Ya(x,v) = (qaA+ myv) - dx — [qaqb + > ] dt

1 2T pa
<X> = % 0 dox \U/
_ __ Bu - _
Fo(R, 7). 71 t) = QA" - dR + 2~ [Ho + s (W)l e, 05T, =0
a

m Guiding-center Hamiltonian, Hg
= Non-linear electromagnetic gyrokinetic potential

| (W) ~ (1) + ((A%) = 0, [(93) — (@] ), @1 =61 -7
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'3l The Gyrokinetic Model: Single Gyrocenter Dynamics

= From [,, single gyrocenter dynamics in the periphery

Free || streamingj / Cross-field drifts — Gyrokinetic transport

b _
R:V”b—i- UE+UV+UH+Upo/+§ XV<\U1>ﬁ+UNL
I

. v<w1>§ - ﬁb . WB + F||,NL

m,v| = qE) — 5

ﬁ -0 Magnetic trapping bounce motion

m Phase-space preserving characteristics, i.e. dtB"“ =0
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'Sl The Gyrokinetic Model: The Boltzmann Equation

m The 3D2V + 1 gyrokinetic Boltzmann equation, F, = <E> +F,

0

ot (B (F)) + V- (BIR(Fa)) + 3(3 (Biv (F2)) = B> Cas

m Full Coulomb Collision operator

Cop = V25V - [vvvvcb(v)fa( ) fa(v)vab(v)]
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'S JJMl T he Gyrokinetic Model: Self-Consistent GK Field Equations

m Self-Consistent GK field equations by Variational Approach
m A short reminder of Variational Approach:
» In particle phase-space z¥ = (x, v)

Al] = As + A, = /dt/g—;|—v¢|2+2/dt/vwa[¢]fa(x, v)

0A o2, " %
%0(#70 = Vg/)47r¥/dvfa(x,v)6¢,
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'S JJMl T he Gyrokinetic Model: Self-Consistent GK Field Equations

m Gyrokinetic Variational Principle for the dynamical fields (qﬁo,m,/A\,AHo,A”l)

A dx s |a 2
Aldo, ¢1, A, Ajjo, Al :Af+Ap:/dt/87 <|E| _ ‘B—&-éBL‘ )
+/dtZ/dZ<fa>ra[¢0a¢1»A,AH0,AH1]

—ﬁ((f)o + (251) — 8t([\ + B(A”o + AHI)’ 0B, ~ V(AHO + A||1) X B

m Field dynamics from Least action principle

JA 0A 0A x  JA A
IA = +— + -2 0A+——0Ap+—10A;;=0
300 ° ¢ 501 o ¢ A 5Am, 0 5AL I
= Coupled set of field equations = GKPI/GKPII, and GKAI/GKAII/GKAIIL.
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'S Ml The Gyrokinetic Model: A Model Summary ...

m Gyrokinetic Boltzmann Equation

0 = — 0
o (B” (Fa >) v (BHR<F3>) o (BHVH ) o Z Copra
m Self-consistent GK field Equations

— oF,

V.E:47rZ/dv<Fa>5¢0

= Swiss m Still 3D2V + 1 and Full-F ...
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The Gyrokinetic Model: Full-F Hermite-Laguerre Expansion

m From 3D2V + 1 to 3D + 1 and Full-F = Hermite-Laguerre moment
expansion

o oo
(Fa) = Fam > NP(R,t)Hp(v)Lj(vi), NP = Gyro-moments
p=0 j=0

(Fa) (0.0): Fan
(1,0)2 Fam X (]. + N;OVH)
(P.0): Fams x 3520 NECH(v))

Multi-Fidelity
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'S The Gyrokinetic Model: A Fluid Moment Hierarchy Equation

= Apply Hermite-Laguerre projector ||H§J to gyrokinetic Boltzmann equation
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'S The Gyrokinetic Model: A Fluid Moment Hierarchy Equation

= Apply Hermite-Laguerre projector ||H§J to gyrokinetic Boltzmann equation

= 3D + 1 Moment Hierarchy equations for NZ (R, t)

O = llsl? V2= e - o
Lo - gy

b
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'S The Gyrokinetic Model: A Fluid Moment Hierarchy Equation

= Apply Hermite-Laguerre projector ||H§J to gyrokinetic Boltzmann equation

= 3D + 1 Moment Hierarchy equations for NZ (R, t)

O = llsl? V2= e - o
Lo - gy

b
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Temporal Evolution
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'S The Gyrokinetic Model: A Fluid Moment Hierarchy Equation

= Apply Hermite-Laguerre projector ||H§J to gyrokinetic Boltzmann equation

= 3D + 1 Moment Hierarchy equations for NZ (R, t)

O = llsl? V2= e - o
Lo - gy

b

;

Temporal Evolution
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'S The Gyrokinetic Model: A Fluid Moment Hierarchy Equation

= Apply Hermite-Laguerre projector ||H§J to gyrokinetic Boltzmann equation

= 3D + 1 Moment Hierarchy equations for NZ (R, t)

O = llsl? V2= e - o
Lo - iy

b

;

Temporal Evolution
Parallel Forces for p > 1

Spatial Evolution
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'S The Gyrokinetic Model: A Fluid Moment Hierarchy Equation

= Apply Hermite-Laguerre projector ||H§J to gyrokinetic Boltzmann equation

= 3D + 1 Moment Hierarchy equations for NZ (R, t)

pJ \/2_/

o o = . p—l _ :
R [lls + 77 =3 e

Temporal Evolution Fluid Operator
Parallel Forces for p > 1 (To)a)

Spatial Evolution
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'S The Gyrokinetic Model: A Fluid Moment Hierarchy Equation

= Apply Hermite-Laguerre projector ||H§J to gyrokinetic Boltzmann equation

= 3D + 1 Moment Hierarchy equations for N? (R, t) , _ _
/ ~ N not immediate...

0 P 2] T
—/VpJ +V- HR v + FP cP
ot a  Vih|a I HH A\Z ”
Temporal Evolution / Fluid Operator
Parallel Forces for p > 1 (To)a)
) Spatial Evolution
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'S5l The Gyrokinetic Model: Moment Hierarchy Equation

= Hermite-Laguerre representation of gyrocenter dynamics

pi

I =D Yot 4+ Tuga Vb + MU+ N+ |2 T (wn)
I,k I a
B* p—1
e ] L e e e L -
1,k 5
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'S5l The Gyrokinetic Model: Moment Hierarchy Equation

= Hermite-Laguerre representation of gyrocenter dynamics

pi

~_||PJ Ik b
‘R - [uoa 5+ Vo Vb + MP Ug + .. ]/va + | x ¥ (wy)
? I )
B* p—1
. _1' _ . o .
e ] L e e e L -
I,k a

» || (parallel streaming) and L (gyro-averaring, magnetic gradient) phase-mixing

ZM?’;N!f = (2 + LN NPT (j - 1)NP
1,k
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'S Ml The Gyrokinetic Model: Fourier-Laguerre FLR Expansion

m Fourier-Laguerre expansion of FLR terms

(W1 (k) = Jo (%”) Z/c (2) W (k). Kn(b) = ~ (‘;)2 2

1 2 3 b= kiptn
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'S Ml The Gyrokinetic Model: Fourier-Laguerre FLR Expansion

m Fourier-Laguerre expansion of FLR terms

(W1 (k) = Jo (%”) Z/c (2) W (k). Kn(b) = ~ (‘;)2 2

= |n electrostatic and homogenous plasma (generalized to NL EM and
inhomogenous case)

oo |n+k|
lik (kNS =" D ikapKa(b)NI gy (k)
Kn n=0 m=|n—k|

1 2 3 b= kipeh
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'3 3JMl T he Gyrokinetic Model: Evolution of Gyrocenter Moments

m Spatial and time evolution of gyrocenter fluid moments

(paj) - (070) :

B _
I
N dt Z ( "’) —V -l
(p.J) = (1,0): Zajs= "5l - LT (wl vy, ) (192 +
3 B dt a \/E ab Na\ﬁ a a a

b
A . da 7J-a o NaTJ_a 01 = UaLlﬁJ_a
e =00 & (52) =" Y- () -
. N, d,—
(b)) =(2.0): 5q —PHaZC Vo (TaNoul?) + ..
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'3 3JMl T he Gyrokinetic Model: Evolution of Gyrocenter Moments

m Spatial and time evolution of gyrocenter fluid moments

B, —
N . la} <. ,0
0 =001 - Gm =3 ( ) v a0
. d; a 1 _ — 1100
(p.))=(L.O): 2Ty, = Jg >R s (w Nevaa) = 12+
NaTJ_a - uaLlﬁJ-a
)= T ch,}—v-( )

%?‘a_P‘|azC (THaN U!2)+...

(b)) = (0,1) (

(p.J) = (2,0):

= High-collisionality = Improved Braginskii equations (Jorge et al. (2017))
= Swiss = Semi-collisional closure at arbitrary collisionality (Loureiro et al. (2011))
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'3 3JMl T he Gyrokinetic Model: Evolution of Gyrocenter Moments

m Spatial and time evolution of gyrocenter fluid moments

H . 1 da _ 00 8 Er\a i 0
. da_ VthHa 1 = 1p; — _- 1100
(p.j)=(1,0): 27, = > Vo (Ul NV ) = [yl +
dt V2 - N,v/2 ( ) 2

. da la Na TJ_a \/ - uLlﬁJ_a
= ]_ N _ = N 2 o

. N, d,— — —
(p)=(2.0): 22T =P > 2 -V (TpNul?) +...

= High-collisionality = Improved Braginskii equations (Jorge et al. (2017))
= Swiss = Semi-collisional closure at arbitrary collisionality (Loureiro et al. (2011))
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'S The Gyrokinetic Model: Full-F GK Coulomb Collision Operator

= Spherical harmonic multipole expansion of full Coulomb ! v y
a
f'
/d /|vb(l/ Gb(v):/dv’fb(v’)\v’— v| %
0~

= Swiss 'R. Jorge, B. J. Frei, and P. Ricci, "Non-Linear Gyrokinetic Coulomb Collision Operator", To
Plasma  appear in JPP, arXiv:1906.03252 [physics.plasm-ph] (2019).
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'S The Gyrokinetic Model: Full-F GK Coulomb Collision Operator

= Spherical harmonic multipole expansion of full Coulomb ! v y
a
/d ’lfb(v Gp(v) :/dv’fb(v’)\v’— v| %
v — I
m Exact non-linear evaluation of gyro-average = Full FLR effects 0, *
co m=/

ab —Vabz Z Z . ,::;zpq VH)<YIm(£7G)Ngs(x)Ngq(x)>

I=0 m=—1r,s,p,q,..

= Swiss 'R. Jorge, B. J. Frei, and P. Ricci, "Non-Linear Gyrokinetic Coulomb Collision Operator", To
Plasma  appear in JPP, arXiv:1906.03252 [physics.plasm-ph] (2019).
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=PFL
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The Gyrokinetic Model: Full-F GK Coulomb Collision Operator

= Spherical harmonic multipole expansion of full Coulomb ! v y
a
/d ’lfb(v Gp(v) :/dv’fb(v’)\v’— v| %
v — I
m Exact non-linear evaluation of gyro-average = Full FLR effects 0, *
co m=/

ab —Vabz Z Z . ,::;zpq VH)<YIm(£7G)Ngs(x)Ngq(x)>

I=0 m=—1r,s,p,q,..

m Fourier-Hermite-Laguerre gyro-moment expansion
oo m=/

CH=vap Y Y. D> Y Ks(ba)Kq(ba) N (k)NEI(K')

kk, I= 0 mf—lrs,pq,

m Accurate at arbitrary collisionality and Multi-species

'R. Jorge, B. J. Frei, and P. Ricci, "Non-Linear Gyrokinetic Coulomb Collision Operator", To
appear in JPP, arXiv:1906.03252 [physics.plasm-ph] (2019).
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'3:-Mll The Gyrokinetic Model: GK Poisson’s Equations GKPI/GKPII

= GKPI from 6.A4/5¢0 o do = 0, and GKPII from 6.4/561 0 ¢y = 0
V-E :471'23 [QaNa —V"Pé] ) V-E= 4”23 [qa <Na> +,PPIJI]

» Self-consistent Full-F polarization effects from dynamical reduction

maNa =190 b - ﬁJ_a
bXU . —uENa}—xVxLQab}

Os Jls
Pl — Z Ka(b)K, (b1 [qsl( )(/VTN )(k/) Al(k)<Ti>(k/)]

n,r,s, La

P~

» Two coupled field equations for ¢g, ¢1
» Recover LWL polarization density

2 _ (I
Pl ~ "T’iv- (szml) - %av. < | VLAu)

B. J. Frei , R. Jorge and P. Ricci 25 / 39
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3 Hl The Gyrokinetic Model: GK Ampere's laws GKAI/GKAII

= GKAI from 5.A4/6Aj00 Ajg =0, and GKAII from 6. A/5A1 0 Aj; =0

Vx(B+6B.)—0E|-b=4r> |L,+0P . +Vx (M, + M) b
b

[V (B+0B1) ~ 0] b =43 [(Jo) + ML]

» Self-consistent Full-F magnetizations effects from dynamical reduction

aly = =B (0 ) aly = P00 (R i
Jls J25
MY =g, > Ka(b)K(bT) [ 1 (k) <T'a > (k') — Aju(k) (T'a ) (k’)]
n,r,s,... La la
» Two coupled field equations for Ao, A,
= swiss » Recover LWL magnetization current
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'3 ZM The Gyrokinetic Model: GKAIIl/Pressure Balance Equation

= From B x (0A/6Ao 2\) = 0 with M/, ~ —szB
.\ . VB2 . _
ZNma*UOL_E (B-V)B—T—Bx(VxéBL) -V e

= Steep pressure gradient with large scale B consistent with low-3 plasma, i.e.

eB*iNBTP<<e
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=pPEL The Gyrokinetic Model: Summary

GK Moment Hierarchy
ong+9 - |[R] - 2 G Y e =,

Vih||a

GKPI
V- E=4r3,[q.N. — V- Pl]

GKPII
V-E=4r3", [g. (Na) + P
GKAI
[V (B+0BL) ~ 0] -b=an s, [Jo+ 0P+ ¥ x (Ml + M)] - b

GKAII
[ﬁ x (é T 5BL) - atE} b=4r Y, [(J)) + MY

GKAIll/Pressure Balance Equation
1 T/a <\ & op2 A  — B
T 4n [(B.v>3_%_BX(VX5BL)} -V - -Tlca

T

>, Namyd? Uo
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=PFL

Gyrokinetic lon-Temperture Gradient 7;-Drift Instability
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'SJJMl Gyrokinetic lon Temperature gradient 7;-drift instability

m Slab electrostatic lon Temperature gradient
m Linearized GK Moment Hierarchy equation + GKPII

%NPJ + ik\\ﬁ(ﬁNf“f + \/ENIP—U)
— iKj(b) 61350 — iniwd |[Kj(b1) (Gp2/ V2 = n0)
+0p.0 (2 + 1)Kj(bj) — jKj-1(bj) = ( + 1)Kj11(bi))]
1(b1)$16% = —v(p + 2j + a;) N

Z IC NOn

1.
+ﬁ
!1—2&2 b N | ¢

= Swiss_ = Truncation closure at (p,j) = (P;, J;): YN? = (M, + iC,)N¥
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'SJJMl Gyrokinetic lon Temperature gradient 7;-drift instability

m Slab electrostatic lon Temperature gradient
m Linearized GK Moment Hierarchy equation + GKPII

0 . i _1j W
a/\/lpj+Ik“ﬁ<\/p+1Nf+1J+\/ﬁNf l'l) <_/—IV||/<||5f;

— iKj(bj)ws¢10p,0 — iniwd [ic,-(b,-) (5,072/[ _5p0) ibxkihir o ¢
B 1

5 2/ + Vi (b;) — jKi—1(b;)) — (j+ 1

b1 0 (2 + DK;(bi) = jKja(b) = G+ D (b))

—— ik Kj(br)é10y = —v(p + 2 + ar) NP
N \/*’ I P i <\
CPf
!1—2&2 b)N" | & Z/c b)NY"

m Swiss = Truncation closure at (p,j) = (P;, J;): YN? = (M, + iC,)N¥
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'SJJMl Gyrokinetic lon Temperature gradient 7;-drift Instability

m Retrieves sITG collisionless growth rate

0.1 0.2, k=5
0.05 P; ~__-  ~.
[0 ) N
o
T5-0.05F —(P.J) = (10, i
= — (P T =0
< (Pd) = (2
0.1F — (P, ) = (20,
— (P, J;) = (50,
—— (P J) = (5
-0.15 Collisionless = Collisionless
= = DBraginskii = = DBraginskii
0.2 , 0.6 - . .
10° 1074 102 10° 102
VL,L/CS VLn/Cs
= FLR requires J; > k2
= Swiss = GK Coulomb coll. to Braginskii limit (at low k_, i.e. drift-reduced)
Plasma
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To summarize:

m A Gyrokinetic moment-based model
» Full-F
> Retains the essential kinetic effects (e.g. Landau damping, gyro-averaging, particle
drift resonance)
> Accurate collisional effects (Multi-species, FLR effects)
» Self-consistent Gyrokinetic field equations

m s|ITG Model application; extended to include finite 3 and toroidal effects, and
arbitrary collisionality

= Ongoing first numerical investigations
m Results to benchmark against existing GK codes
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S Ml Backup slides: EM slab ITG

= |on EM Linearized Moment Hierarchy,

%/\/;’f + iky /T (\/p +INPTY 4 \/EN;HJ') Z/c )it (5, n0p,0 + nﬂl’i) ¢

+ \/?Z/C )i, (6j’\"/(5§’1 +n,-7'2‘2j) Y

f'kulC( )<¢5p1 \/Tr,w(fwﬂ)):zjcgf, 5B, ~ ¢k, x b

m Linearized GK Poisson and Amepere’s law,

ap +% <1 - ZKﬁ(b;))] ¢ = Z’C by)NO™.

K +Y K2(bi)

n

ﬁZIC bi)N?".
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'SJMl Backup slides: Toroidal kinetic effects

m Magnetic trapping, toroidal magnetic drift resonance effects
. ik
EN J H\/> (\/7NP+11 + fNP 11>
+ 2 (iwns) (wp +1)(p+ 2N + 2p + NG + /p(p — NG )
2 (iwoa) (2 DN N -+ )
+ ?Vu In B/p ((2j F LNV — NS — ( + 1)N5*1f“)

—Z/c :mn(ampwnn )¢+‘/EZK lkwn(éf’"é + 1, ﬂ)w

V2
0
+ =% ik Ki(bs) <¢5; - \f?w <‘5— + 52>) = cP.

Ta \/7Ta \/i
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(J-JSMl Electron Plasma Waves

= 1D periodic non-linear coupled fluid equations for N/

1 6Ne THe
I=0: Moot \/7“HeVHN 2TV uje,

du.  ct T 1
j—1. e _ C V) In N, + Z=iet -

ot V2 2xf V2T,
1 aTHe \/Ece 3 3 3
I=2: = 2T N2V I N — J6 TV NZ + ...,
T. ot N\ 2 TieNeVyn 6TV Ne +
NI !
I>2 881? /f/’L [C,’,NQ’VHInNe+D,’,N§V||¢+I,’3VHN§+...}.
€ p

= Mimic collisional dissipation,
| 4 Cg =0, Cel = -V 2UHE’ e Cé = -V (/Né + \/EUHeNé_l),

= Truncation closure: N! =0 for | > L.
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(J-JSMl Electron Plasma Waves

10°
= Collisional damping, v ~ /2
. -1
with L = 2, 10 * ul
. . %
= L;)we/r N-L<2.1L-resolut|on needed s K f f t 3 K x B
at v/w . oMl _ M N % ® O __
pe =107 5 & a0 % Lin, L= 10
\ % Lin, L=20
0N, — (VIFING 4 ViNe' ™) /v2 Lin. L= 30
» % Lin, L =100
N05I 1 10 3 == =Laudau Sol.
o e’ht —iu/Né. O N-Lin, L=10
V2(kjAp)? O N-Lin, L =20
10— . N-Lin, L =30
107 107 107
V/wp
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'S JMl Backup slides: Artificial Echos

= Artificial "echos" due to truncation closure in |[N.(t)],

Lin. : L =10, v/w, = 0.01 N-Lin. : L =10, v/w, = 0.01

60 6
= =
3 3
40 40
20 2
0 I
2 4 6 8 10 2 1 6 8 10
! 1
Lin. : L =30, v/w, = 0.01 N-Lin. : L =30, v/w, = 0.01
80 E
60
. -
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