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Overview

Review of the classic electrostatic wave-particle problem for a single wave

Derivation of the equations in HALO
 Maxwell equations as applied to the TAE problem
* Vlasov delta-f equations

Representing the waves

Representing the fast ions

Demonstration of classic behaviour

Generalization to other wave-particle problems
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On Landau Damping UK o
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Mgin Plasma
1 Resonant particles .

JOHN DAWSON
For sufficiently
weak resonant

wave-particle
Let us return now to the problem of Landau = _lodiiae aaoesanp it g | B v interaction. a
damping and assume that the electric field has the — . . !
form (10) lw s oy minority of
E, = E,sin (kx — wf). (10) k particles are
This field is to be produced by a normal mode of responsible for the
the main plasma. On substituting (10) in the equa- 4qe® N(V)dV . .
tions of motion, (1) and (2), we find that 7, and 2, 1=+ f @ —kVE majority of the
for the main plasma are given by (11) and (12). " ) drive
B Here mp means the integral is to be taken only o
e, ) =~y cos ke —w) (D) over the main plasma. Since the resonant particles * Thisisthe
have been cut out no problem with singular inte- assumption of the
iz, §) = LNV sz — ). (12) : -
e mlw — kV)* ' grals arises here. CIaSS|C |inear
Further, we assume that the electric field is produced 12 i . Landau dampin
by the main plasma and that the resonant particles a(E 1)’81) /at = -EI “J1- ] ping
make a negligible contribution to it. This is equiva- * The drive can be

lent to assuming small damping. On substitution

expressed as a

dE, 7w kdw\ o S
Dawson, J. (1961). On Landau Damping. Physics of Fluids, 4(7), 869. _d"t_ = E 1= ;ﬁ E:f E E,. (31) power transfer
doi:10.1063/1.1706419
Equation (31) is the damping one obtains by

Landau’s formalism. S CC F E
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near behaviour of resonant minority

/\z

A UntrappedElectrons

N

A~ Trapped Eleclrons%

fXV)

F1a. 2. The phase trajectories of the resonant electrons.
O’Neil T 1965 Collisionless Damping of Nonlinear Plasma Oscillations Phys. Fluids 8 2255

It is convenient to introduce a time-dependent damping coefTicient

M. Fitzge

&7 %
I 2 £ Untrapped Electrons

v

| 4

1) ————

= wma §o o .
R [animation courtesy Matt Lilley] X
/——\ . F A F A
\_‘/ - t_
Y Galeev & Sagdeev nonlinear plasma theory 1969
FIGURE H-4. Time-dependent damping coefficient. > V > V
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TAEs in experiment closely resemble MHD linear &

UK Atomic
o Energy_
elgenl I IOdeS = 120r ,=0.64 Authority
I A g _
2 100 : a0 HH0 S
_ DIII-D tokamak ¢ i ) =
* The toroidal Alfven 1.0 n=3TAE [VanZeeland 2006] & 80} : Uy 1 2!
eigenmode TAE is a discrete X w 6ol ECE : ,
normal mode solution of W dTcfeV) 000 A0 %5050 0o
the MHD linear system of o 2 e (ms)
equations in a tokamak NI
* The drive of TAEs observed 05 Y #39042 /N m-6 20
. . . e 0.3 (X-Ray) .
in experiment is due to ' s
resonant fast particles -10 Eoz
present due to NBI, ICRH g
. N ———- 2 0.4
and alpha heating Al ooECE |
* Eigenmode structure and <) —NOVA P ey . ol & e
frequency very close to T ,{, ﬁ, ﬁo | ©ASDI e 180 190 Rz?é)m 210 220
. I 5 5 0.1 / } 4
MHD solution even though 15 0 2 ol s A WT-AS stellarator
. < =5/ \ -
fast particles are -2 d 1 £ ' / i [Weller 2001]
responsible for the drive _4‘"’[“5'1“9“2'071“2!2%.3 <
L 0.0 v :
R (m} 0 5 y [CA% 15

Van Zeeland, M. A. et al. (2006). Physical Review Letters, 97(13), 135001. doi:10.1103/PhysRevLett.97.135001
Weller, A. et al. (2001). Physics of Plasmas, 8(3), 931. doi:10.1063/1.1346633
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equation

2

XV X E(x,0) + Ex, @) = — 0
—— X, X, W) = —
w2 @ W

J(x, w)

2
c _ _
—— VX Vx E(x,w) + E(x, w)

ipoc?
w

[ j dx' 6(x,x', 0)E(', @) +Jyi(X, @) + Jfree(X, ) + J5(%, )

[dx' 6(x,x', w)E(x', w) is the sloshing of tiny waves which don’t decay in time (the linear Hermitian response)
J5(x, w) is the decay of tiny waves (the linear anti-Hermitian response)

ifree (X, w) are any imposed currents that don’t depend on the electric field (antennas, act of God)

JyL (X, w) are any nonlinear response currents

=CCFE
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Why TAEs resemble linear MHD solutions ity

2
c _ _
_EVXVX Ex,w) + E(x, w)

i,uOCZ
w

[ f dx' 6 (x, x', )E(X', @) +Jnp(X, @) + Jfree(x @) + J5 (X, w)]

The shear Alfven wave response in cold plasma and w <« (). is due to the polarization drift of ions

m; dE
e;(B + 6B)* dt
This bulk fluid motion has an associated nonlinearity

Tv L buik] _ 5B?
|0'bulki::| B?

Vpuk(x, t) =

Main Plasma
[TJ  Resonant porticles

+ -

{—ﬁ—nu}J l ‘-‘ik" +aAv
W

The “fluid nonlinearity” from .

plasma sloshing is thus tiny B~ 0.1% k
The main nonlinearity is then the behaviour of the resonant population 3 CCF E
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The undamped oscillation of a plasma S

Suppose you have a plasma that you perturb a little bit from equilibrium that undergoes undamped oscillations

2

—FVXVXE(X w) + E(x, )

_ tuge

de o(x,x', w)E(X', w)

] fdx’ gvup (X, x', 0)E(X', w)

79
\\h‘)

o(x,x', w) can be any Hermitian (oscillating fluid) model of the plasma
such as ideal MHD or the cold plasma equations

ipgc?\ c? ipgc? _
< Ho ) fdx’ [——26(x —x" )VXVX+I+ Ho oyup (X, X', a))] E(xX', w)
W W W
=0

de gMHD(x x' G))E(X Cl)) =0

=CCFE
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A weak drive of the oscillation looks like the
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undriven solution plus a correction

jdx’ gvup (X, X, w)E(X, w) = 0

If the drive is weak, then most of the currents are in the

sloshing not in the drive jdx' gmup (%, X', w)E(X, )

y | ,@

i \ P
|w _ wll |]free(xr (D)l b \/
~ = <1
|(U| |f dx' O'MHD(x, x', (,())E(X,, (,())l

The electric field will look almost like an MHD solution

!/ !/ / / a § " ! > I/ T
fdx [gMHD(x;x ,w') +€ [(a) —w') gMHDa(:x = )” ExX',w) = Elfree(x; w)

=CCFE
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TAEs are MHD waves in the bulk plasma .

Energy
Authority

that are driven by resonant fast particles

The TAE is an eigenmode of the ideal MHD problem
jdx’ gMHD(x, x,, &))E(X’, a)) =0

jdx, gMHD(xi x,, w)ﬁ(xl' C())
w-o]

ol ~£~1% , meaning

that the resonant population is a small compared with the bulk

TAEs are driven weakly in experiment

a ifast(xr w)

\\&‘) 5 )\;/_'7)

= 4\

0 ~
jdx, [gMHD(xr x', C(),) + [((1) - w’) %‘ gMHD(xl xli (1),)] E(X’, (1))
= ifast(xr w)
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Solution of the wave equation

d - -
jdx’ [gMHD(x» x,w") + [(a) —w') al gmup (x, X', a)’)] Ex,w) = ]fast(xr w)

Exploiting that gyyp is Hermitian gives an ODE for the mode amplitude

At wj) = —

1 i
25 W et ] dx eT(x; ;) 6] fase (%, 1)
] a ) ’) j
SWynp = _dedx' e’ (x; w)) gMHDgJ;x ) e(x'; ;)

SE(x,t; ;) = Re{A(t; ;e (x; w;)e i}

Completely analogous to Dawson result
[t is convenient to introduce a time-dependent damping coefTicient

__1 d
N = sz €O,

oE}/8m)/ot = —E,-j\.
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Representing the nonlinear fast ion current e

6J fast(x, t) = jdvf(x, v, t)Zev

The nonlinear resonant fast ions may be represented by the Vlasov equation

df (x,v,t 9, 9,
f(at ) f(xvt)+—(E(xt)+v><B(xt)) —f(xvt)—O
and equilibrium in the absence of the wave
dF,

0 Ze aFO _
v (x,v,t) + — (Eq(x) + v X By(x)) - F (x,v,t) =0

Letting f(x, v, t) = Fy(x,v) + 6f(x, v, t), we seek an evolution equation for the unknown perturbed
distribution §f, arriving at

a5 f dSf  Ze

dof Ze d0F,
Fraai E+—(E0+6E+vx(30+68)) —:——(vx6B+6E)—

=CCFE
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HALO

(HAgis LOcust)

Equilibrium distribution F; of \J
fastions:
Alphas
Beam HALO

ICRH minority

Fokker-Plank codes:
LOCUST-GPU
TRANSP

TORIC

o '
7.84e-2 |
ASCOT /

Gryaznevich, M. P,, & Sharapoy, S. E. (2006) — e e u“«
i . ‘ ' chirping>down_. . "
1; i e .,,--.-'-:_‘:-Ah—g .u&.ﬂ‘.\'i;:%:xi_%i-'l‘L‘
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Discrete 0f fast - LOCUST-GPU A

e Full-orbit L(x,v,x,D,t)

. e : m
Tracks p:f\rtlcles inside and outside the — (mv + eAy + eSA) - & — (eCDO L esh 4+ —p - v)
separatrix 2

* Supports detailed 3D wall models for
calculation of power loadings to
plasma facing components

e GPU allows cheap high statistics
(millions of particles if required)

HALO improvements on drift HAGIS

code

e Can look at CAEs and low
frequency eigenmodes

* Track particles anywhere in

vessel
* Multiple species d _ Ze 0Fy
e Power transfer depends on ELR dt Sfl(t) - m (vl(t) X SB(xl(t); t) + 6E(xl(t); t)) ov . (xi(t)rvi(t))

effects as Jo(k p) $ CCFE
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Discrete unperturbed eigenmodes

Z[m]

15

Vertical Electric Field (real)

-0.2
-0.4

~0.6|

T 2wr vze: Za _an| A% %A &6
R(m]

0Er(R, ¢, Z)

Vertical Magnetic Field (real)

0.0002790
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0.0001674
0.0001116
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0.0000000
~0.0000558
~0.0001116
-0.0001674

—-0.0002232
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R[m]

0Br(R, ¢, Z)

Z[m]

Z[m]

Toroidal Electric Field (real)

083 21 26 28 zo 32 34

SEg(R, qb Z)

Toroidal Magnetic Field (real)

Riml

5By (R, &, Z)

0.0000164

0.0000123

0.0000082

0.0000041

0.0000000

~0.0000041

—0.0000082
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~0.0000164

—0.0000205
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Z[m]

B T T T T I VT

Radial Magnetic Field (real)

Rm]

6B;(R,¢,Z2)
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0.000230

0.000184

0.000138

0.000092

0.000046

0.000000

-0.000046

—0.000092

~0.000138

-0.000184

HELENA MISHKA

straight Z—B < m)eimd
field JB(s,m)

(s,6,0)

m

=Y . E(s,m)e'™?

HALO

cylindrical

6B(R,p,2)
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Benchmark: test particles follow the correct
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orbit when the fields are large

Test particles launched at the Alfven speed : - — =
get trapped in the waves HALO . %8

V| = Uy 0.7 s e e e =

brovrm tornm o s Pt e i e e - e v ot s anes o]

[ - e, ad
" i
0.7 = i, N
- T P N o ]
ks — ~ — »
i """"""'ch-> P Sl
06 )

, ‘I‘,‘_.._..:..__...,'___I_______ s S, M_,__:'I ]

0.2 0.4 0.6 0.8

. 1.0 .
Phase [T-w/n*t] - ‘ ‘ F E
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Benchmark: resonant particles obey
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conservation laws when the fields are large

K=E—2P¢ d oL
n

L(x,v,x,v,t) dt ot

- d oL
=(mv+eA0+e6A)-5c—(ed>0+ec5d>+7v-v> dt"® " a¢

. . Wave Invariant K= E — wPg/n
le—19 Canonical Toroidal Angular Momentum le—13 o
1.37
-0.5
—0.6 1 1.36 -
e ——— e e————— -
— —0.7
K 1.35 -
£ X
9 -0.8
=) B e e
0.9 1.34
0.9 ) 9
+
—1.0 1 M . »
- g - 1.33 -

_1. l |
T T T T T T
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s t[s] 2
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Benchmark: linear stability and reduced FLR

Authority

effects in TAE drive

0.016 7 ¥ ® HALO Full Orbit
n = 6 TAE +  HALO 'Drift Order
20 . 0.014 - X HAGIS
0
vyde V=¥ x=X 0.012 - i
=X, X=X+p R X
= 0.010
€ =a/R, 0.25 E +
/20 oo
2'83 HALO mimics HAGIS when 0006 * X
_ 3.0 SE(xi(t); a)j) - SE(Xi(t); a)j) 0.004 - %
5 50:50 0.002 ¢
I 132 ¢
FLR effect should be J,(kp) ' ' '

T T T T T
0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
1e6

20keV Angular Frequency w [rad 571]
A simple calculation shows that such a decrease in drive is to be expected for
the benchmark case; k;, = ol O—' , and at the Alfven speed p = 0.045m

1 (0) /n.(0) ] giving J,(k, p) =0.56. = CCFE
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Interpretive studies that don’t compute the wave

evolution: Sawbone losses on JET

HALO without Mode

HALO with Mode

Backtracking from FILD

P ey %
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Kiptily et al Nucl. Fusion 58 (201%) 014003

=CCFE



U_R Atomic
Energy
Authority

Nonlinear test: growth and saturation

| BERERE dt = 1-9s

1074 —.- dt = 5e-10s
] === dt = 2.5e-10s
] — dt=1e-10s
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near test: BGK waves of holes and
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Non
C u rTw :)S » MAST TAEs

E 120 | \Y;
HALO benchmark case >
100
1074
g 107 =l PR B A B A A
© 107 64 66 68 70 72
1077 Time [ms]
;J:;OO 0.005 0.010 0.015 0.020 0.025 DIIID Compress|0na| modes
#175776 «
¥ 0 [animation courtesy Matt Lilley]
= =
3 g FA
g

0.000 0.005 0.010 0.015 0.020 . o e
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0.23
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Time [ms]
Berk, H., Breizman, B. et al. (1997). Physics Letters A, 234(3), 213-218. d0i:10.1016/50375-9601(97)00523-9 Vv - Vv

Pinches, S. D. et al.(2004). Plasma Physics and Controlled Fusion, 46(7), S47-S57. doi:10.1088/0741-3335/46/7/504
=CCFE
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Linear vs nhonlinear code operation

nonlinear lo‘l‘é HALO - linear mode
a5f asf 6f
—+tv: +—E +06E+vX(By+6B)) — ]
dt ax m ( 0 ( 0 )) 107 3
Ze v x 8B + 6E) 0 < o]
=-— (WX — g 107
m ov © j
déf Ze oF, ” HALO - nonlinear mode
— :__(VX(SB-I_(SE)G_ 1078 -
perturbed orbit m v .
linear : 0 50 100 150 200 250 300 350 400
wtf2m
dof d6f Ze d0f
—+v-—+—(Eg+vXBy) —
dt 0x ( 0 0) ov

__Ze ( ><6B+5E) 9Fo
T om v v

dsf

= Ze( ><6B+6E)6FO
 m v ov

unperturbed orbit
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Generalization of method to any wave and

Energy

any Hamiltonian motion

6] fast(q,t) = Ze f dp f(q,p,0)v(q,p, )
0H(q,p,t) 0H(q,p,t) of(qp.t) 0 [ 4 0 (.,

The distribution function is separated into equilibrium and perturbed portions f(q, p, t) = Fo(q,p) +
5f(q,p,t), as is the Hamiltonian H(q, p,t) = Hy(q, p) + SH(q, p, t) with the equilibrium satisfying

0
op aq aq dp
dsf 05H(q,p,t) 0Fy(q,p) 05H(q,p) 0F,(q,p)
7 - . + .
dt op aq dq dp
perturbed orbit

=CCFE
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Generalization to any discrete eigenmode Ay

1 ef(x; w)e(x;w) 1 5e?(x; w;)) 1 —
SWorap = e dx 2200 = f X 200 e j dx §b2(x; w;)

' d Sy
0Weorp = —ijdxdx’ et (x; w;) geoup(® X', w))

L e(xs)
An cold plasma wave below the electron cyclotron frequency
1 02002 + w?) 202w e \
@I -w)? @ -wd?B, ’
d0coLp , , 2020 ne 1 02(0% + w?)
™ (x,x',w) =—-6(x—x") (@2 — 0?2 B, Lvj (2 — 0?)? 0
(n;Z%e?  ne?
\ 0 0 z( —+ 2) /
m;w Mmew
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Conclusion and further work

 The new HALO code adopts the same wave physics approach of HAGIS, but takes
advantage of the power of LOCUST-GPU to describe the full motion of fast particles

 The code reproduces all the relevant physics in HAGIS and has already demonstrated the
importance of FLR effects for JET-like conditions with high-q

* Coming applications of existing code
e Multispecies modelling for alpha driven TAEs on JET (NBI, ICRH, alphas)
* ITER cases with high toroidal mode number for FLR effects
* TAE studies on MAST

* Tackle compressional modes and low frequency modes in the coming year, extending
beyond MHD modes

=CCFE
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