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Motivation

What do we want to achieve? 67 e
: : R B Vacuum
* Simulation of EM wave propagation in 2D
= To assess microwave accessibility injected by ICRH antennas 4 ] ESESEEEEE:;N
‘Mrmm VN

= SN

* How will we simulate it?
* Using a FEM program

* Long term goal?

e Use Alya to simulate full nuclear fusion reactor
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BSC and MareNostrum 5

e BSCis an HPC multidisciplinary research centre
e Computer Applications in Science and Engineering (CASE)
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Speed up
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BSC and MareNostrum 5

e BSCis an HPC multidisciplinary research centre
* Computer Applications in Science and Engineering (CASE)

* Alya is a high-performance computational multi-physics code to solve engineering-coupled problems.
* Finite Element Method
* Parallelised code
* GPU multicore nodes
» Excellent scalability and performance
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EMWAVE

e What does EMWAVE do?

e Solves the Helmholtz equation in 2D. It represents a time-independent wave equation

* Transverse magnetic (TM) polarisation: n 't'(YH't' n"0) Q- 0 =
e Transverse electric (TE) polarisation: ni(y.tN0) Q° O ™

* Calculates the permittivity tensor for a cold plasma using Stix? formulation

o Y QO
£1h B ("Q’o Y 13>
Tl m U

[2] Thomas H. Stix, The Theory of Plasma Waves, McGraw-Hill, 1962
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EMWAVE

2.0 mm Scatterer 2.0~

126 I Scatterer
] B Vacuum
° ? _ 0.5:
What does EMWAVE do? ~/ £ =iy
* Solves the Helmholtz equation in 2D 05 B Bl
* Computes the permittivity tensor for a cold plasma :Z *x B2
* Mesh i —2:02_ A B3
esh processing b ! X
* Reads the mesh coordinates and other parameters c 0
e Assembly >
.0
-2
* Solver =]
— 0.5~
S/
0.0~ b
* Postprocessing 1
.
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[3] Liu, S., Tang, Q., & Tang, X.z. (2021). SIAM Journal on Scientific Compufi48y6), B1198-81225. X [ m ]
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EMWAVE

What does EMWAVE do? ~/
* Solves the Helmholtz equation in 2D

* Computes the permittivity tensor for a cold plasma

Mesh processing & ("O ) 12 H ( T O )

e Reads the mesh coordinates and other parameters O ‘ '|' O
e Assembly v : . o
. o . O Q T O
* Assembles the weak form equation, resulting in a sparse matrix 0 £
_ ’IO
* Solver " 1 T
* Solves the linear system of equations, either with
Conjugate Gradient Method (CGM) or Biconjugate Gradient Method (Bi-CGM)
* Postprocessing ./
« Computes the in-plane fields using the wand w
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What do we plot?

* For simplicity we use a phasor formulation
o JoQCte ) 5)AT(Tie 1 0 «) ®DEWD 1 6 )

 The total field is the sum of the incident wave and the scattered field

0 0 0
 What we will show
wopp N TR .
» Real part ||0||AI(Qt|E) 1 0O -)
 Total field amplitude 16 |l
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What do we plot?

Wave Total field

Htoft_z (A/m)
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l 0.0e+00
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What do we plot?

Wave Total field

X (m)
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Cold Plasma

* The cold plasma model assumes thatv | U

* Allows to simplify the momentum equations for ions and electrons
= Makes it easier to compute the permittivity tensor.

. L Y  QOTm
* It is excellent to assess the accessibility of the wave o .
£ QO Y 1
into the plasma. T T 0
* This approximation breaks at:
* Intense heating regions
* Wave resonance regionsas0 © Tt
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Cold Plasma

* The model shows different EM modes depending on the propagation angle.

* The interesting mode for ICRH is the fast magnetosonic wave (a.k.a. extraordinary wave)
= The extraordinary wave is equivalent to the TE polarisation in our formalism

* The propagation of our wave is perpendicularto0 ,— - Y QO
3 QO 'Y 1
m T U
* From the dispersion relation we obtain two propagation modes Y Y O
* Ordinary waves: € 0 . -,
‘ b Y O
e Extraordinary waves: € —
iy .
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Cold Plasma: Benchmark

 ERMES® is a well-established code in the community.
 Among several capabilities, it is used to assess the wave propagation in regions close to the antenna.

* Our results are in excellent agreement with the cold plasma scenario.
EMWAVE

Htot_z

Contour Fill of mod(H) 14868e-5

I: 0.0e+00

[5] R. Otin, Computer Physics Communicaji®84 (2013) (11) 2588-2595.
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Cold Plasma: Benchmark

* The differences in the peaks might be due to several reasons:

* Different meshes Cold plasma tensor, incident wave amplitude of 1 V/m
0.07+ —e— MAXWEL
,’ﬂ —»— ERMES
* Edge Elements vs Nodal Elements 0.06- [\ A
0.05+ : 3 Iy
€ f A
* Absorbing boundary conditions vs 3 0.04- A ﬁ\
Perfectly Matched Layers 5 003 A | A 2
T | :
0.02 ,‘
0.01- |
‘ f
0.00-
~1.5 ~1.0 ~0.5 0.0 05 1.0 1.5
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Cold Plasma: Cutoffs

Extraordinary wave

* Regions in where € T
Ordinary wave Extraordinary wave
2.0e+00 2.0e+00 2.1e+00
[ 1.5 [ 1.5 [ 1.5
1 5 & — 1 :él — 1 :g
= L.x L T
0.5 — 0.5
[ 0.0e+00 i‘) .r[ [ 0.0e+00

[ 0.5
0.0e+00
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Cold Plasma: ITER scenario

X (m)
2 4 6 8
°
Plasma Composition 50:50 D-T "
Wave frequency 53 MHz ::
Toroidal magnetic field 53T 5
Central plasma density 3.5x10¥ m3 B

F0Y (m)
-1
-2 Htot_z (A/m)

* ITER's main ICRH scenario is envisaged to be the 2nd
T harmonic {| q ).

3 6.5e+01
* Assessment of the extraordinary wave accessibility L4 [50
for ITER's C adapted from [6]. 5 —40
s K 30
Il Il Il Il 4 _ 20
[6] M.J. Mantsinen et al 2023 Nucl. Fusio®3 112015 2 a X (gm) 8 10 [ 10
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Refractive index

* For most cases we predict

P: frequency= 55.05 MHz, Ppin =-2114094.86, Pmax=-27778.94 n: frequency= 55.05 MHz, n% i = 23.81, N3 max= 14632.09
le6 ' ’
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Propagation of O and X waves

e Which is in accordance with what we observe

X (m)
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Conclusions

The code can solve the 2D Helmholtz equation using FEM

It runs under a set of arbitrary domains

Dielectric and cold plasma media can be used as a dispersive material

Results are successful with a high level of accuracy, compared to literature and ERMES

Long term goal is ambitious, and further features need to be implemented
= Hot plasma media
= 3D domain

= Finish Alya migration
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Why EMWAVE?

e What is new about EMWAVE? What is the State of the Art in this field?

* Yes, other codes do similar things as EMWAVE
* They have some restrictions:
e Single problem solutions
Geometry limited (tokamak, stellarator, linear device...)
Despite hot plasma models, they pre-assume a certain distribution function

VS

* Parallelised code able to run in a HPC environment

* Natural modular integration for multiphysics problem

* Geometry agnostic

* Wide region simulation: From scrape-of-layer to plasma core
* ICRH and ECRH

Bervelomn & * ) Fusion HPC
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What is FEM?

* The Finite Element Method (FEM) is a numerical tool to transform a partial differential equation (PDE)
into a linear system of equations

1f ad®d A6 Q 6 () &

* The domain must be meshed according to our necessities

e The PDE is transformed to its weak form
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Scatterer
* Itis needed to assign a material type to each element . Vacuum

PML

B1

B2
B3

* The nodes between materials must be labelled
(B1, B2)

. 00
The outer boundary must be labelled too (B3) 303.23.43.63.8404.2 4.4

i &\ Fusion HPC X [m]
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What is FEM?

* The Finite Element Method (FEM) is a numerical tool to transform a PDE into a linear system of
equations

1f ad®d A6 Q 6 () &

 The PDE is transformed to its weak form

[(mm tNO )TN N1 61QY 1 (=mtno )R 1 QQY m

Being 0 B O 0. ForGalerkin method] 0.
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Dielectric

Isotropic -
[4] Ozgun, O., & Kuzuoglu, M. (2018). CRC Press.
Total field . - non Total Field (mag)
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Dielectric

Anisotropic o
[4] Ozgun, O., & Kuzuoglu, M. (2018). CRC Press.
: - Tt Tt .
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Antenna radiation formulation

We start with wave equations ) _ ) .
o H tnop ot tg W@-L
1ok tvog) HiEg oo L

We reduce to 2D (I TD + consider antenna in vacuum 3
vt( t0) Q-, fO -0
ni( tnvo) Q' ,f0o 1 (- 0f) T

¢

-L’)ﬁ

* How we avoid discontinuities and homogeneous currents?
F0 1T 0OAY 0OAL 0 Ad

Now the current source comes from the edges of the antenna and the inner contributions cancel each

other out
risce & ) Fusion HPC
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Dielectric

Benchmark
* Results show good agreement with previously established sources

Exx =9, €yy = 4 anisotropic dielectric

5 —e— MAXWEL
—o Bib. ref.
4,
1_
0,
-20 -15 -10  -05 0.0 0.5 1.0 1.5 2.0
X [m]
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Cold Plasma: Cutoffs (P

* Cutoffs are regions in the domain where € TL
* Non-propagative (evanescent region)

* Three important cutoffs for— | propagation:
e 1 for the ordinary wave.
e 2 for the extraordinary wave.

 We have assessed them to check that EMWAVE can
capture this important effect.

* Ordinary (slow) wave: € P —

* The ordinary wave does not typically propagate in
present tokamaks as the cutoff condition is generally

fulfilled. ||
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Constant permittivity tensor to show
the cutoff

l—2.0e+00
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— 0.5
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Cold Plasma: Cutoffs (P

* The fast dispersion relation is:
YO
~

* Therefore, two cutoffs are possible:
e Y T
« 0 T

* Here we show the R-cutoff
e ltis typically found in front of the ICRH antenna

e Associated to the low density and magnetic field of

the SOL v
X

.@ Constant permittivity tensor to show
the cutoff

|

|

2.0e+00

1.5

1

0.5

0.0e+00
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Cold Plasma: Cutoffs (P

Here we show the L-cutoff

e |tis typically a small region in the plasma core

* Depending on the composition it can be found
close to the fundamental resonance of the main
resonant species. N

S

‘Q Constant permittivity tensor to show
the cutoff

[2.1e+00

115

— 1

[ 0.5
0.0e+00
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Why doesn’t O wave propagate?

e Usually,] < Ay

* Furthermore, if m, is considered really small

Consequently, no propagation
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Resonance in 3-ion scheme

* The line indicates the position at which the wave 5 experiences resonance with]
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Finite Source

* First implementation of what it will be an antenna in the future

»~

“a

8L

‘l 1.4e-02 2.00-02
001 =
- [ £ 0015 ~—
| 0005 < £
p 0 %. . 001 <;|
o -
. = (@]
0.005 61 0005 T
001 I
1.4e-02 0.0e+00
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Finite Source

* First implementation of what it will be an antenna in the future

0‘ .Q\\‘ ‘
(Q.):(OD
LI/ T |

3.2e-02

0.025
— 0.02

Iy 0015

. _0.01 00]
[ 0.02 [ 0.005
-3.1e-02 0.0e+00

3.1e-02
[ 0.02
0.01

(A/m)

& 0

L.

Htot_z (A/m)

Htot real z
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Antenna in Tokamak (ITER)

* For a TE (X-mode) polarization, the radiation sources are J, and J,

X (m)

Hz. amplitude (Nm)

3 3.2e+01
2
L 25

—20

Y(m) O

) Barcel > . . n ! -
Su;ce‘:c:'::puting N ‘ ¢ ® FUSIon HPC X (m) ] i ) .
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Dielectric

* Cross-section of cylindrical device

6.1e+00

L

—4

Htot_z

-3

* |sotropic and anisotropic material

\4
[ 1 Lx 2
[ 1
0.0e+00

0.0e+00

* Compared with textbook literature

e Additional domains have also been tested

2

Htot_z

L [
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What is ICRH?

* Heating method using microwave radiation Magnetic

/ field

ion

* Emitted by antennas /

90
0"‘9%
O

* Microwave radiation interacts with cyclotron particle’s oscillations generating resonance

Barcel iy .
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EQUILI

0.96

e EQUILI solves the Grad-Shafranov equation
0.80

* Computes the toroidal magnetic flux 0.64

0.48
* From its equilibrium geometry, the mesh is generated sl
0.16

0.00

—0.16

4 6 8
R (in m)

s OO ":" ) Fusion HPC
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Case 1 Cold Plasma

¢ 6 U 4 ° é p TT |
1.8e+01
[ 15
~10 N
O
T
[5
0.0e+00
risce & ) Fusion HPC
oot AR Q. 42 Hernan Domingo Ramos | 5t Fusion HPC Workshop




Dielectric

* Cross-section of cylindrical device

Isotropic and anisotropic material

Compared with textbook literature

Hscat_z
Htot_z

1 [ 1
[ 0.0e+00 0.0e+00

e Additional domains have also been tested

i B ":" ) Fusion HPC
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Dielectric

* Cross-section of cylindrical device
* |sotropic and anisotropic material
* Compared with textbook literature

L.

e Additional domains have also been tested
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Permittivity tensor cold plasma

2.1.2 Cold plasma dielectric tensor
If we now combine the plasma current and the displacement current such that
J —iwegE = —iwegK - E

then the resulting equivalent dielectric tensor is given by

S —iD 0 K, K> O
K=|iD S 0 |=| -K» Ki 0 (2.10) ]
0 0 P 0 0 K;

where the dielectric tensor elements are defined by

2

W .
KIESE%(R-I—L):l—Z% (2.11)
j w —(UCJ_-
e,-a)q-a) .
iKn=D=iR-L) =y ——2_ 2.12
2 5(R—L) Za)(a)z—a)z. (2.12)
j cj
2
[ P
Ki=P = 1-— w—”; (2.13)
j r 7
2 no
Ki+iKy=R=S+D=1-)" i (2.14) | ;
; w(w+ €jwej) a
CUZ-
K1—1K25L55—0=1—Z L . (2.15)
: ~ w(w — €;w))
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