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ITER: next step fusion reactor
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Source:ITER

0 EU+CH, Japan, USA, China, India, South Korea, Russia
0 O(10G€) construction cost (0.30€ / person / year)
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M"® Timescales in the ITER plasma

r_nac_:hine 1 shot EMEToy ion electron
lifetime confinement cyclotron cyclotron
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O Physics spans several orders of magnitude
O Direct Numerical Simulation (DNS) of “everything” is unthinkable
= Need to separate timescales using approximations

= Qur main interest is macroscopic magnetohydrodynamic
(MHD) instability, and especially interaction with
suprathermal particles.
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MHD instability in present day tokamak
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B [@ Modelling of such instabilities in TCV
tokamak at EPFL

We solve for internal flux surfaces in equilibrium:

14
- Relax axisymmetry constraint inside plasma ©0——=JX

Jov

- VP

dt -

A helical MHD plasma
state is found

[Cooper et al PRL 2010,
|AEA proceedings1012]




i

heating efficiency.

Energetic ion Confinement

Energetic ions are injected in order to heat the plasma by collisions.

Helical instabilities are found to eject the energetic particles and reduce

e W.A. Cooper
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Energetic ion Confinement

Energetic ions are injected in order to heat the plasma by collisions.
Helical instabilities are found to eject the energetic particles and reduce
heating efficiency. L 10°
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(gl Particle orbits in magnetic geometry

Trapped particle

In a tokamak,

two kinds of confined
particles exist:
-trapped

-passing
assing particles

Source: Graves,
Trapped particle

= Nature Commun. 2012
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1L Generation of injected beam population
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.(Pﬂ. Other Heating Methods in Tokamaks —
wave particle reconance

=

Electron cyclotron heating (ECH)
- microwave injected at electron
cyclotron frequency resonates \ V%
with minority electron population —
- hot electrons give up their energy N
to the plasma via collisions

lon cyclotron heating (ICRH)
- radio wave injected at ion
cyclotron frequency resonates

with minority ion population
- hot ions give up their energy
to plasma via collisions

Cyclotron motion with
frequency _eZB

We —
M
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lon Cyclotron Resonance Heating-
wave-particle interaction

Surfers with velocity too different
from the phase velocity of the
wave will not ride the wave

Surfers with velocity just below the
phase velocity of the wave will be
accelerated

-> momentum and energy transfer

[ General: distribution function in 6D phase space f()?,ﬁ;t)

0 To be solved with consistent electromagnetic fields E (X, ), B(X,?)
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B8 The SCENIC Integrated ICRH
Modeling Package

4 Self-consistent computation of the MHD equilibrium state,
ICRH heating deposition and fast ion distribution in 2D and
3D toroidal plasmas.

d MHD equilibrium computed with the VMEC/ANIMEC code.
3D anisotropic pressure based on a Bi-Maxwellian fast ion
distribution function. Nested magnetic flux surfaces.

d ICRH power deposition computed with the LEMan code.
Zero order in Larmor radius expansion in 3D Boozer
coordinates. Appropriate for minority heating method.
Dielectric tensor adapted to bi-Maxwellian fast particle
model.

1 Guiding centre particle orbits followed with the VENUS code.
Anisotropy and relativistic corrections included in the

formulation.
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lon Cyclotron Resonance Heating using
EPFL SCENIC code
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B ('@l lon Cyclotron Resonance Heating using
EPFL SCENIC code

SCENIC: Self-Consistent lon Cyclotron

> LEMan “ -

Wave field

—.< VMEC )Equilibrium

T

Particles
1 iteration — iterated scheme

source: Jucker, EPFL thesis 2010
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B ('@l lon Cyclotron Resonance Heating using
EPFL SCENIC code

SCENIC: Self-Consistent lon Cyclotron

> LEMan Rl
Wave field
_.< VMEC )Equilibrium
r /I\/Iassively
parallelised
Particles

1 iteration — iterated scheme
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B8 The Bi-Maxwellian Distribution
Function

pBe  |E — pBc|
Ty (s) Ty (s)

3/2
Fy(s, E, p) :N<S)<27TTZ?Z(5)> exp

e The parallel pressure moment
py(s, B) =pls) + N(s)T)(s)H(s, B)

e The hot pressure variation factor on a surface for B > Bg

H(s,B) = —=29
=B 1-7(1-55)]

1
"B [ () 20+ (R0 22)
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MM 3p Anisotropic Pressure Equilibrium
e The Plasma Energy

B? p (s, B)
3 [|[\25
we [ [ [ 1)
e The Parallel Pressure

p||(s; B) = M(s)[®(s)]

r 1+ ph(S)H(S, B)
(1+ pp(s)H (s, B))"

o Identify p(s)pn(s) = N(s)Tj|(s) to reconcile hot parallel pressure with
Bi-Maxwellian description

e Vary W with respect to ¢. In equilibrium

aw
=0
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e Solve inverse equilibrium problem: R = R(s,u,v), Z = Z(s,u,v)
e s: radial variable, u : poloidal angle, v : toroidal angle

et o
OR0Z 0/ O0R
// dudv|R(p + 2%)(%5‘@7%)}

e Satisfy firehose and mirror stability criteria

Energy Minimisation

1 P)| —PL 1

o = e B2 g BOBl
1 18pJ_
- — 0
T u0+BﬁB >
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MHD Forces

e Horizontal Force

a u a [
Fr = o _0\/§B (B - VR)] + 5 [0\/§B (B - VR)]
01,07 B? 01,07 B2
= 3R (et )|+ 55 Ry (e + 50
@ B_2 . 2 v\ 2
T R [(pﬁrzuo) R (BY) }
e Vertical Foarce_ 3
0 r1..0R B? 0[1.0R B?
+ galRg (et %)} o el (O %)}
e Toroidal Force
d(cB,) .0(cBy)
Fy =& —
A (S)[ ou | Ov
W.A. Cooper  Self-consistent simulations of ICRH in Tokamaks and Stellarators December 2012 20



_lil 3D MHD equilibrium

e Fourier decomposition in u and v

e Special finite difference in s

o Accelerated steepest descent method
e Matrix preconditioning applied
e Fixed boundary: prescribe last closed surface

e Free boundary: position and currents in all coils
o Inputs: profiles for p, py, T /1), and 27J as a function of s

e Radial force balance diagnostic
F 1 8p|| 0 /oB, 0 /oB,
- - ~1(s)
P/ (s) ®'(s) Os |5 0s \ /9 s\ /9

e In 2D, this is the flux surface averaged Grad-Shafranov equation
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B\ ®The Link between ANIMEC and LEMank

d

d

d

The ANIMEC code is an anisotropic pressure extension of the
VMEC code based on the description above.

VMEC: S.P. Hirshman, O. Betancourt, J. Comput. Phys. 96 (1991)
99; ANIMEC: W.A. Cooper, S.P. Hirshman et al., Comput. Phys.
Commun. 180 (2009) 1524.

The TERPSICHORE code modules that transform equilibrium
quantities to Boozer coordinates is applied to generate information
for the LEMan ICRH wave propagation code and for the VENUS
particle solver.

The LEMan code solves the Maxwell equations and calculates the
power deposition from ICRH waves emitted by an antenna at the
edge of the plasma. A direct convolution method and an iterative
method used to obtain solutions. The iterative method is preferred
for ICRH. (N. Mellet et al, Comput. Phys. Commun. 182 (2011)
570).

The power absorbed ithin a fI surface s is proportional to:
d@dng - FE

pla
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M@ The Wave Propagation Equations

e Maxwell’s equations
VxFE=wB ; V.
V X B =—iwe - E+ 1407 4 ; \Y

E) — pant/e();
=0

tu@

e FLlectric field formulation
V x (VX E)—w?e¢ E =iugwj,,,

e Potential formulation
VZA+w?e- A+ iwe- VO = —10Jans
\VAR (é . V(I)E) — 1wV - (é . A) = —pant/eo

e Develop a variational formulation by multiplying with test functions to
obtain a weak Galerkin form. In the LEMan code, cubic Hermite finite
elements are applied for the radial discretisation and a Fourier decomposi-
tion in the Boozer coordinate angular variables is invoked. The Coulomb
Gauge V - A = 0 is imposed at the boundary. For converged solutions,
this condition is satisfied throughout the plasma.
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UL B,

e The dielectric tensor elements for B > B¢o

En = 1-: 1 \/T"/TLZ 2420

Bi-Maxwellian Dielectric Tensor

/1 /T ~ ~
g, = _ 1 ||/ LZ<Z|1|_ZU1):_gbn

2w Oy -
2 VT —~,2 5l
Ern = 1+ w: —w/
|| (k”v”t)Q C. Zk;:( p 0)

e The dielectric tensor elements for B < B¢

En = EBEDC - LS Y (2 + 2E)

k
B>B 1 Oy —C_ > >
= Ew T T OO ;(Zf ~45) =~
_ oB>Bo Uy —C_ Bc — B _, = |
5|| = 5|| c _ cC. ; Bo Wy, —wZO

e W.A. Cooper Self-consistent simulations of ICRH in Tokamaks and Stellarators December 2012 24



i

Coefficients in the Dielectric Tensor

e The cyclotron frequency is ¢ = %; the plasma frequency squared is
@02 = 4N ond 02, = 2L,
€omy ||t my
B T B
Cy = -2¢ L2t 2¢
B T B
+o0
z 1
75" (2) = == e~ du ; Imz>0

- w02 w — €8
Z|| — p ZSh C
¢ W — fQC < k||v||t

£ BC w—ZQC BC'—B k||U||t
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M@ Physics Basis of the VENUS Code

« Particle following code in the drift
approximation

« Applies 4" order Runge-Kutta scheme to
follow individual particle orbits

* Coulomb and RF collision operators
implemented

« Specifically the parallel pressure moment of
the distribution of particles that are followed is
determined and is fitted to the corresponding
moment of the bi-Maxwellian fast particle
distribution function

@ W.A. Cooper  Self-consistent simulations of ICRH in Tokamaks and Stellarators December 2012 26



(S Guiding Centre Drift Motion

e The momentum in the drift approximation

P =P|(B/B)+¢cA

e The parallel gyroradius
Pl = P)j/(eoB)

e The Lagrangian for the drift motion

Ldt = P -dx — Hdt = e(pjoB+ A) - dx — Hdt

e After expansion and manipulation in Boozer coordinates
(R. White, Phys. Fluids B 2 (1990) 845; Cooper et al., PPCF 53 (2011)
024001), the Lagrangian is
Ldt Hdt
— = [®(s) + pj o J(s) + Agldd — [¢(s) + p ol (s) — Agldp + Asds — —

€ &

e The Boozer coordinates are canonical for drift motion when the Gauge
Ag = 0 is imposed.

e W.A. Cooper Self-consistent simulations of ICRH in Tokamaks and Stellarators December 2012 27



M(/'\@ Hamiltonian drift motion approach

e The canonical momenta are.
Py = — (s) = pjpol(s) + Ag(s,0,0,1)
Py = (I)(S)+p||M0J(S)+A9(8707¢7t)

e The Hamiltonian for guiding centre drift motion is

H 2uB eaBpy\ >
—:’}/m062/6—|—q)E(8,9,§b,t):He ; 7_\/1+ M2—|—( pll)
e mocC mocC
e The equations of motion from the Hamiltonian formalism are
. 87’[6 b 8%6
00 Py,Py,,t OFp Py,0,¢,t
. aHe 1 a (4
¢ Py,Py,0,t ¢ 1P,0,0,t

e It is more convenient to follow particle s and p|| rather than the canonical

momenta Py and P¢
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(™ Drift orbit equations of motion

e The radial equation of motion

. 1 (u _ eBpj OB OB
5§ = ﬁ(gﬂLUT e MOI(S)@ﬂLMoJ(S)a—qb
1 8(13E 8<I>E 60’2B2,0|| (‘9A¢ (‘9A9
i 5[”01(3) A ] T meD \ 90~ 09

e The poloidal equation of motion

2 2 2
tol(s) [(H +UT€B,0||>3B N ea B pi oo
~vD

€ mo
60‘232,0||

ymoD

0= -

.

nol(s) 0®p  eo?B?p; 0Ay

)+l el - =57 50 T D o

0s mg 0s

+

e The toroidal equation of motion

2 2 2
toJ(s) 7 eBpi |\ 0B €oB%pj| go
D [<€ I mo " B
ea?B?p; 1oJ (s) 0Pp  eo?B?p; 0Ag
@/ / .
@ * vymgD [ (8) + o] (S)pH} D  0Os i ymoD  Os
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gl ICRH Collision Operators

e Construct Monte Carlo operator to provide random kicks to perpendicular
velocity (FEriksson, Schneider, Phys. Plasmas 12 (2005) 072524)

Av?
Av, = <4vf>+7z,/2<mi>

B = e (B) s 5 (M)

e The interaction time 7 is the phase integral (T. Johnson et al. Nucl. Fusion
46 (2006) S5433)

T:/dt’ei’/ ; v(t) :/dt’(w—kHvH — nf)

e The Monte Carlo operator for the parallel velocity is

k
Ay = %ULAUL
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M@ EM Fields link from LEMan to VENUS

e The Electromagnetic Fields in the LEMan code invoke the Coulomb Gauge
V-A=0

e The Electromagnetic Fields in the VENUS code apply the Gauge A, =0
(we define it as the Drift Gauge)

e Any magnetic field derived from the vector potential is invariant to the
addition of a gradient of a scalar function. Hence

AVENUS_I_VG: ALEMan
e The radial, poloidal and toroidal projections (like ,/gV0 x V¢) of A can

be expressed as
<Pt 8G ALEMan
0s 5

an  OG
AXENUS _ AéLEM - =
oG

VENUS LEMan
A¢ = A¢ — (9_gb

e The electrostatic potential is obtained from Faraday’s Law (E = — V&g —

0A/0t). This allows us to express:
aq)gENUS B 6(I)gEMan B 8AXENUS 6A£EMa,n

= —
00 06 ot ot
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B['® The Wave Numbers in VENUS

e The standard approximation for axisymmetric tokamaks is to impose
ki = ng/R. This is very simple to implement, but becomes inadequate in
3D magnetic confinement configurations. Instead, the wave numbers are
obtained from the scalar potential ®g.

B L[, 0by ., 00
‘k”‘ = <I>E\/§B ['@b (S)W+@(S)8—¢]
) 1 095\ |° 1 1 P 05|
‘kll = [(Vs-Vs) <E Os > + | (Vs-Vs) 0\/§B(I>E [MOI(S) 00 + 1o (s) 0o ]

e Further details about SCENIC:
M. Jucker et al., Comput. Phys Commun. 182 (2011) 8§12
M. Jucker et al., PPCF 53 (2011) 054010
M. Jucker et al., Nucl. Fusion 52 (2012) 018015
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lon Cyclotron Resonance Heating —
Over 1 million markers followed

Between iterations, the particle population does not modify the electromagnetic
wave, nor impact on the magnetic equilibrium

Moreover, the particles do not interact with each other between iterations.

Hence, the population statistics for the marker trajectories and their cumulative
distribution in real space and velocity space is trivially parallelisable using MPI
(between iterations.).

At the end of one iteration the wave field and equilibrium are updated. This is
not parallelised, but the time required for this is very small.
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lon Cyclotron Resonance Heating —
Over 1 million markers followed

The population statistics for the marker trajectories and their cumulative
distribution in real space and velocity space is trivially parallelisable (between
iterations.).

strong scaling

0 ; ; i i
0 1000 2000 3000 4000
# procs

source: Jucker, EPFL thesis 2010
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At the end of one iteration the wave field and equilibrium are updated. This is
not parallelised, but the time required for this is very small.

lon Cyclotron Resonance Heating

Moreover, very few iterations are required in practice.

Mean ener keV
40- gy [keV]

351 | - ~ e
30.- . , :

251
20..
15..

' VMEC  |}—»| LEMan
10} (e )

1 iteration

source: Jucker, EPFL thesis 2010
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(it Generation of hot ion population between
iterations — massively parallelised
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Change to equilibrium pressure
(magnetic field) and wave at each iteration

/
LEMan \ VMEG
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SCENIC ICRH Simulation in a Quasi-
Axisymmetric Stellarator

e source: M. Jucker et al., Nucl. Fusion 52 (2012) 013015
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e ANIMEC mod-B

Quasi-Axisymmetric Stellarator ICRH

o= 12.9°

o= 38.6°

152 2.5 3 3.5
R [m]

b= 64.3°

152 2.5 3 3.5
R [m]

¢=90°

15225335
R [m]

e LEMan Power Deposition‘l: O\

-

£

Rd

N o)
. | TRy & 94

o= 38.6°

b= 64.3°

o= 90°
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.(Pﬂ.-lot Particle Pressure from ICRH in a

u u u S
Quasi-Axisymmetric Stellarator
hot parallel pressure hot parallel pressure hot parallel pressure
1.5 1.5¢ 1.5f
1 1 1
0.5t 0.5¢ 05
E_ ot _E_ ot E- 0
N N N
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-1 -t At
-1.5L -1.5L -1.5L
16 2 25 3 35 1.6 2 25 3 35 16§ 2 25 3 356
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l::i:l }J”::(D = U) f")\, })ll:f."l = '.".".‘.4:: l:(’: })|(ff) = ‘.'T/‘“Z:
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Hot Particle Perpendicular Pressure
in 2-Field Period QAS from VENUS

9§ Sl
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- BlueGene/P (EPFL),
4096 quad-core nodes, 850 MHz, 56 Tops peak

Platforms where VENUS is executed

- Cray XE-6 Monte Rosa (CSCS, Lugano),
1496 32-core nodes, 2.1 GHz, 402 Tops peak

- Bull HPC-FF (Juelich, Germany),
1080 8-core nodes, 2.93 GHz, 101 Tops peak

- IFERC — Helios (Rokkasho, Japan)
4410 16-core nodes, 2.70 GHz, 1.237 PF peak, Memory 256 TB
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VENUS/SCENIC codes used to predict
techniques for controlling fusion plasmas

=T N |
P
T m— NBI
3 |. — Picn I
go T I I I I
21 22 23 24 25 26 27
5 L T T T T T ]
3
= Electron Temperature
= 0 L 1 | 1 |
21 22 23 24 25 26 27
Sl = n=l mlagnetics | | | i
T | === n=2magnetics
£ 0.1 .
’ - = - - = > NBI and I(_)RH heating
Stored Energy ' ' ' ' Required in order to obtained

fusion grade plasmas

Vvdla (MJ)
()

o

But we can get instabilities

=

Frequency (

21 22 2L 25 2 2Bource: Graves, Nature Commun. 2012
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M@ VENUS/SCENIC codes used to predict
techniques for controlling fusion plasmas

Modelling of the plasma tells
us how to tune the ICRH
Heating in order to avoid
instability

Such phase space engineering
is difficult. Parameter space
too large for experimental
study alone.

>
o

Modelling predictions enabled
Massive step in control of
Instability and improved
plasma properties.

110° m/s]

1

ICRH Current Density [MA/m ] o®
| |
\

s ln
-8 Y .

0 0.2 0.4 0.6 r 0.8 1

v”[106 m/s]

Source: Graves, Nature Commun. 2012
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_lint ICRH, fast particles in 3D tokamaks

Investigation of ICRH deposition and fast
particle confinement with SCENIC for the
hybrid scenario proposed in ITER which could
be susceptible to bifurcated helical core MHD
equilibrium solutions
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The SCENIC simulation package integrates an MHD equilibrium solver (ANIMEC),
an ICRH wave propagation and absorption code (LEMan) and a guiding centre

drift orbit particle code to obtain self-consistent anisotropic pressure MHD equilibrium
states in conjunction with the ICRH wave power deposition and the fast ion
distribution function in 2D and 3D geometry.

Summary

Applications in an axisymmetric JET tokamak configuration and a 3D quasi-
axisymmetric stellarator have demonstrated converged solutions.

Due to intrinsic complexity, theoretical understanding of plasma dynamics relies
on heavy computation. This is especially so for fast ion dynamics.

The CRPP at EPFL has developed a world leading modelling tool for fast ion
populations and dynamics in fusion plasmas.

Simulations can be conveniently broken down into extremely efficiently parallelisable
iterations.

Access to reliable machines, along with a professional support team has
aenabled high impact work to be undertaken.
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