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Wake solver milestones:

PhD % 1t year 2" year 3 year
Jul 23 Jul 24 Jul 25 Jul 26
meetings #17, #18, #19, CEl In progress To Do

0. Wake potential and impedance
1. FIT Maxwell Equations in 3D
2. PEC, Periodic, PMC boundaries

3. Embedded Boundaries: geometry
import from .stl files

4. Beam injection ],

5. Materials: €, u, o

(C\ER”E Aug 9, 2024

x. Documentation
6. on GPU & memory opt.
7. Low beta & SC

8. Open boundaries & PML

9. Numerical tests vs analytic

10. Leontovich condition for
good conductors >100 S/m

11. Staircased geometry:
PBA/grid refinement

12. Moving window solver (?)

13. Frequency-dependent
materials

14. ...
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Documentation

So far, positive feedback from first users:

Feedback helped solve installation problems
for interactive plots in remote machines.
Installation stable for all type of machines in

Elena M.

Josephine P.

Sebastien J. (BESY)
PyVista people via Slack ©

‘requirements.txt’

Aug 9th, 2024

P Overview

5 Welcome to wakis documentation

4 Installation guide

8 User's Guide

wakis APl Reference

Private docs hosting for any Docs as
Code tool. Start a trial with Read the
Docs for Business.

# » 0 Overview © Edit on GitHub

Welcome to wakis documentation
wakis: 3D Time-domain Wake and Impedance Solver

skis is a 3D Time-domain Electromagnetic solver that solves the Integral form of Maxwell's
equations using the Finite Integration Technique (FIT) numerical method. It computes the
longitudinal and transverse wake potential and beam-coupling i dance from the si
electric and magnetic fields. It is hence focused on simulations for particle accelerator components,
but it is also a multi-purpose solver; capable of simulating planewaves interaction with nano-

structures, optical diffraction, and much more!
&7 Some of wakis features:

« Material tensors: permittivity €, permeability p, conductivity o. Possibility of anisotropy.
« CAD geometry importer ( .st1 format) for definition of embedded boundaries and material
regions, based on pyvista

« Boundary conditions: PEC, PMC, Periodic, ABC-FOEXTRAP

« Different time-domain sources: particle beam, planewave, gaussian wavepacket

« 100% python, fully exposed APl (material tensors, fields E., H, J). Matrix operators based on
wapy and scipy.sparse routines ensure fast calculations.

« 1d, 2d, 3d built-in plotting on-the-fly

« Optimized memory consumption

« GPU acceleration: coming soon

The source code is available in the wakis GitHub repository.

Table of Contents

o P Overview
o Welcome to wakis documentation

« 45 Installation guide

« 8 User’s Guide
= wakis APl Reference
. é Installation guide

o Installing from Github
o Dependencies C“Ck I'I'Ie

o Python installation

« 8 User's Guide

A\
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https://wakis.readthedocs.io/en/latest/index.html

Time

G1tHub strategy

CERN
\

14 wakis Public

Stable branch ‘'main’
for user’s to fork
“develop” branch with

P develop ~

Switch branches/tags

¥ 6 Branches © 0 Tags

shind main .

the latest features

[ Q rind or create a branch...

Individual branches for Branches | Togs
features main
cherry-pick to main for badupple

H v develop
bugfixes -

noSpeedUp

speedUp
release
develop branches hotfixes

4@

festure
branches

w all branches

[ conductors.py
conductors3d py
field.py
grid2D.py
grid3D.py
gridFIT3D.py
materials.py
pmiBlock2D.py

pmiBlock3D.py

readthedocs.yml

requirements.txt

O 000000 OEOE OO

solver2D.py

default

57 Edit Pins ~

Q Go tofile t

8e25348 - 2 days ago

new benchmark to study space charge effects in Re/Im impe...
add flowchart to API

adding PML reference simulation

add documentation

add LICENSE

Update README.md

Added implicit function conductor

fixing a bug in sphere conductor

bugfix in inspect3d

fixing a small bug

add conductors functions to fit

Add solver docstring, add verbose flag to grid, add variable t...
update eps in metal

fixing a small bug

3D PMLs now working

documentation setup

update requirements for pyvista working in vscode notebooks

Modified 2d em soolver

Add file -

& Unwatch 1

<> Code ~

I Contribute ~

0 328 Commits

4 days ago

3 months ago
2 days ago

3 months ago
3 months ago
3 months ago
3 years ago

4 years ago
last week

3 years ago
10 months ago
2 months ago
5 months ago
4 years ago

4 years ago

3 months ago
last month

3 years ago

% Fork 3 - Starred 7 -

About @

3D electromagnetic time-domain solver,
specialized in wake potential and beam-
coupling impedance computation for
particle accelerators

Readme

View license

Activity

7 stars
1 watching

m

&

A

E Custom properties
4

©

% 3forks

Old “wakis™ postprocessor
was renamed "—legacy-wakis’

@ Python

-legacy-wakis  Public

Python tool for Wake potential and Impedance calculations

w1 ¥1 Qo o

Updated on Feb 9, 2023

Report repository

Releases

No releases published
Create a new release
Packages

No packages published
Publish your first package

Contributors 2
@ elenafuengar Elena de la Fuente Garcia

0 Igiacome Lorenzo Giacomel

Languages

® Python 100.0%

Aug 9th, 2024
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GPU implementation

- “
(R
iy &

User side: Enable use _gpu=True in Solver instantiation

Code side:

wakis / field.py (&

@ elenafuengar bugfix in inspect3d

Code Blame

430 lines (348 loc) 14.9 KB

1 import numpy as xp

2

3 try:

4 import cupy as xp_gpu

5 imported_cupy = True

6 except ImportError:

7 imported_cupy = False

8

9 Vv class Field:
1@ e
11 Class to switch from 3D to collapsed notation by
12 defining the __getitem__ magic method
13
14 linear numbering:
15 n=14+ (i-1) + (j-1)*Nx + (k=-1)*Nx*Ny
16 len(n) = Nx*Ny*Nz
17 e
18 v def __init__ (self, Nx, Ny, Nz, dtype=float,
18 use_ones=False, use_gpu=False):

if self.on_gpu:
return self.array[key].get()
else:

return self.array[key]

‘ wakis / solverFIT3D.py (&

@ elenafuengar small bugfixes in emsolve (close h5) and wakesolve (add_space=0)

Code Blame 1434 lines (1191 loc) - 56.1 KB

1 from tqdm import tqdm
2
3 import numpy as np
4 import time
5
6 from scipy.constants import ¢ as c_light, epsilon_@ as eps_©, mu_© as mu_©
7 from scipy.sparse import csc_matrix as sparse_mat
8 from scipy.sparse import diags, hstack, vstack
9
10 from field import Field
11 from materials import material_lib
12
13 try:
14 from cupyx.scipy.sparse import csc_matrix as gpu_sparse_mat
15 imported_cupyx = True
16 except ImportError:
17 imported_cupyx = False
18
19 Vv class SolverFIT3D:
20
21 v def __init__ (self, grid, wake=None, cfln=0.5, dt=None,
22 bec_low=['Periodic', 'Periodic', 'Periodic'],
23 bc_high=['Periodic', 'Periodic', 'Periodic'],
24 use_conductors=False, use_stl=False, use_gpu=False,
25 be=l1.8. 1.81. verbose=1):

)
] Q
%—MDIA
CuPy CUDA

Chedk®
¥ Heve

GitHub

# Move to GPU

if use_gpu:

if verbose: print('Moving to GPU..."')

if imported_cupyx:
self.tDsiDmuiDaC = gpu_sparse_mat(self.tDsiDmuiDaC)
self.itDaiDepsDstC = gpu_sparse_mat(self.itDaiDepsDstC)
self.iDeps = gpu_sparse_mat(self.iDeps)
self.Dsigma = gpu_sparse_mat(self.Dsigma)

else:

print('*** cupyx could not be imported, please check CUDA installation')

if verbose: print(f'Total initialization time: {time.time() - te} s")

Wakis meeting #20 5



https://github.com/ImpedanCEI/wakis/blob/develop/solverFIT3D.py

° ° ’. :
GPU implementation (1) RY TS
&2 NVIDIA
Tested it in pcbe-abp-gpu001 (thanks Gianni ©): CuPy CUDA
- Pushing the limits, we can go up to 20,000,000 cells, takes 20 minutes
- New bottleneck: memory!

- Scales linearly with mesh (e.g., 5M cells: 3,5 kMB = 20M cells: 11.5k MB)

In [1]: run condcubcavitymm.py

Starting simulation with N_cells = 20000000
Generating grid...

Importing stl solids...

Assembling operator matrices...

Appliying boundary conditions...

Every 2.8s: ps -axo cpuid,pcpu,pmem,user,pid,tim... pcbe-abp-gpu@®l: Fri Aug 9 13:32:43 2024

Adding material tensors...
Pre-computing ...
Moving to GPU...
Total initialization time: 73.22341299057007 s
Running electromagnetic time-domain simulation...
2%} | u12/20470 [00:19<18:30, 21.66it/s[]

CPUID %CPU %MEM USER PID TIME COMMAND
38 1469 0.5 afornara 8 python _new_wake_script.py --yaml_path /afs/cern.ch/
16 1350 0.5 afornara python _new_wake_script.py --yaml_path /afs/cern.ch/
U6 1339 0.5 afornara python _new_wake_script.py —-yaml_path /afs/cern.ch/
8 101 0.7 afornara 8673 /afs/cern.ch/work/a/afornara/public/SPS_studies/from
0 86.7 1.0 angilard 3 09 python main_fft_study_hparamsCV.py
32 83 1 edelafue :23 /home/edelafue/miniconda3/bin/python /home/edelafue/
34 50.3 2 elamb 933 :13 /home/elamb/.vscode-server/cli/servers/Stable-blc@al
2 :05 /home/elamb/.vscode-server/cli/servers/Stable-blc@al
1 0 elamb i ¢ /home/elamb/clean/executable/20823_apr/miniconda/bin/
8
(]
(]

9.
2.
1.
4.
1.8 afornara 86673 /home/afornara/.vscode-server/cli/servers/Stable—fle
(] root - 18:42 [nv_queue]

[¢] 21:39:16 [nv_queue] |

9
3

]
3 8
32 13.6
6
]
6

-

(base) edelafue@pcbe-abp-gpufdl:~$ gpustat —-show-user Comparison with CPU speed in limit case 20M:
pcbe-abp—-gpub©l Fri Aug 9 12:24:29 2024

[6] NVIDIA TITAN V | . 0% | 9 / 12066 MB |

[1] NVIDIA TITAN V | . 99 | 11472 / 12066 MB | (11455M) um) ?mﬂiﬁnggﬁdiﬁ

[2] NVIDIA TITAN V | ©% | 622/ 12066 MB | (613M) gon(uM) Astanbling operator matricas...

[3] NVIDIA TITAN V | . 0% | 77 /12065 MB | ocon(56M) gan(15M) AppLiying boundary conditions...

(base) edelafue@pcbe-abp-gpu0@l:~$ | o '”

Pre-computing ...
Total initialization time: 38.916051119368286 s
Running electromagnetic time-domain simulation...

6%| | 1357/2uu70 [57:11<39:08:15, 6.10s/it]]

In [1]: run condcubcavitymm.py
(L”"‘]) Starting simulation with N_cells = 20000000

b
o
“0
o
0
o
0
~ $

(C\ERNzé Aug 9th, 2024 Wakis meeting #20 6



Memory opt. and speedup

Run th rough the memory profiler for a test fhome/edelafue/miniconda3/bin/python memprofiler.py
simulation of 1M cells (~700 MB). 700

Storing fields E, H, J and tensors g, &, i in numpy
(x,y,z)x3d matrices inside Field class caused
spikes in memory every timestep...

—+— 04 /06 /2024 - start at 10:37:53.064

memory used (in MiB)

GPU slowed down or crashing. 100 1
o] U(\e,oky
, : = pa @ @ 5 ¥ Heve
Complete refactor of the Field class to store time (in seconds)
fields and tensors in 1x1d array of length Ihome/edelatue/miniconda3/bin/python memprofiler.py O
3*Nx*Ny*Nz. . GitHub

@
o
=]

Refactor comparison
Access to data and matrix form thorugh magic

methods (setter, getter, _ setitem__,
__getitem_, add_, mul_, div_,..),
completely transparent to the solver and the rest

of the code ©. .
100 ] ! GPU happy(er), still room for

improvement in memory alloc

CERN T T T r . |
( ?\ ? th 0 20 40 60 80 100
\ Aug 9 , 2024 time {in seconds) '

w
=]
=]

400 1
—— 04/06 /2024 - start at 10:41:00.282

Speedup: from 110 to 90s,
same simulation

memory used (in MiB)
w
(=]
(=]



https://github.com/ImpedanCEI/wakis/compare/noSpeedUp...speedUp

Wake solver milestones:

PhD % 1t year 2" year 3 year
Jul 23 Jul 24 Jul 25 Jul 26
meetings #17, #18, #19, CEl In progress To Do

0. Wake potential and impedance
1. FIT Maxwell Equations in 3D
2. PEC, Periodic, PMC boundaries

3. Embedded Boundaries: geometry
import from .stl files

4. Beam injection ],

5. Materials: €, u, o

(C\ER”E Aug 9, 2024

x. Documentation
6. on GPU & memory opt.
7. Low beta & SC

8. Open boundaries & PML

9. Numerical tests vs analytic

10. Leontovich condition for
good conductors >100 S/m

11. Staircased geometry:
PBA/grid refinement

12. Moving window solver (?)

13. Frequency-dependent
materials

14. ...

Wakis meeting #20


https://indico.cern.ch/event/1298129/
https://indico.cern.ch/event/1345417/
https://indico.cern.ch/event/1383771/
https://indico.cern.ch/event/1399136/

As B decreases, the real parts of Z in the two solvers start to drift apart.

Low-beta stmulations -~ 0.

=== CST -
100 4 T
" ~2000 A
g ol —= =
.y . . ; g N —4000 -
Thanks to Elena Macchia’s work with wakis, we noticed some & -100 1 £
disagreement in the Real part of the impedance that worsen ~200 1 o
with lower f3: o 1 2 3 4 ; ; p
f [GHz] f [GHz]

(C\ERNzé Aug 9th 2024 Wakis meeting #20


https://indico.cern.ch/event/1437002/contributions/6046708/attachments/2893808/5093333/240725_SectionMeeting_Macchia_LowBetaImpedances.pdf

As B decreases, the real parts of Z in the two solvers start to drift apart.

Low-beta stmulations — .

il I S W g
100 - et
- ~2000 -
§ ol —= s
.y . . ; § N —4000 -
Thanks to Elena Macchia’s work with wakis, we noticed some & -100 £
disagreement in the Real part of the impedance that worsen ~200 e
with lower f3: o 1 2 3 4 5 ; p
f [GHz] f [GHz]

Created using
SIMULIA CST Studio Suite®
raated usi

< ing
SIMULIA CST Studio Suites

LT LT

HHH TS

HHEHEHERETE D

CST

HEH

@ fiekd (t=0.015086) [55]
z

.. == - “ i = 15 ﬁ L
From the field POV5:the‘agreement improves (less injection:pértiirbation)

E, field, timestep=0
E, field, timestep=0

E; field, timestep=0 FIT Ez(a y,z) a=0.001
FIT Ez(a,y,z) a=0.001 10000
10000 FIT Ez(a,y,z) a=0.001 0.02
] 10000 -
0.02 7500 oo 7500
. 7500
5000 0.011 5000
0.011 5000 :
2500 0.01 2500
2500
. > 0.0 0 > 0.00 0
k > 0.001 ]
W a 1S —2500 -2500
—0.014 —2500
—0.01 -
—3000 ~0.01 —5000
-5000
-7500
—0.02 4 -7500
-7500 -0.02
T . . T ; T T T ; ~10000 —0.02 4
-0.04 —0.03 —0.02 —0.01 000 001 002 003 004 . . . i i . . . i —10000 T : T . T . T T . -10000
z 0,04 -003 —-0.02 -0.01 000 001 002 003 004 -0.04 —0.03 —0.02 —0.01 000 001 002 003 004
z z

(ji . . 5
ERN Aug 9th, 2024 Found that injection time in CST follows the formula: t;;,; = iﬁ:;;z Wakis meeting #20 10



https://indico.cern.ch/event/1437002/contributions/6046708/attachments/2893808/5093333/240725_SectionMeeting_Macchia_LowBetaImpedances.pdf

Low-beta stmulations (11I)

Testing with a simple squared pipe in CST: need Re = 0 and only reactive (Im) impedance,
increasing with . Quite difficult to converge even in CST (need 80 cells per wavelength)

Forf =1

E; field, timestep=3250

FIT Ez(a,y,z) a=-0.0

10000
0.005
> 0.000 0
—0.005
T T —10000

T T T
—0.04 —-0.02 0.00 0.02 0.04
F4

WP and impedance coming from injection perturbation

Benchmark with CST Wakefield Solver

add_space=0

0.4 1

0.2 1

Longitudinal wake potential [V/pC]

0.0 1

— wakis —— Re(Z) wakis
=== CST IS Im(Z) wakis
& 504 --- Re(Z) CST
2 | Im(Z) CST
()
o
S 0] === crcdstGGuu
o
[
[=1
E
© —50-
c
£
3
2
@ 100
]
-200 0 200 400 600 800 1000 0 1 2 3
s [mm] f[GHz]

(C\ER”E Aug 9, 2024
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Low-beta stmulations (11I)

Testing with a simple squared pipe in CST: need Re = 0 and only reactive (Im) impedance,
increasing with . Quite difficult to converge even in CST (need 80 cells per wavelength)

E; field, timestep=3250

FIT Ez(a,y,z) a=-0.0

10000
0.006 -
7500
Forf =1
0.002 4 2500
> 0.0001 0
—0.002 1 —2500
—0.004 1 —5000
—7500
—0.006
T T T T T T T —10000
—0.015 —0.010 —0.005 0.000 0.005 0.010 0.015

Removing the first and last 50(!!) cells of the domain, the perturbation vanishes, finding expected WP and Z
Benchmark with CST Wakefield Solver

; e L4 pe2) wakis Is this what CST
— 1 . R .
g 0.0010 i - T 512 Im(Z) walkis does behind the
> " = ---- Re(Z) CST
- n g 104/ Im(Z) CST scene??
£ 0.0005 N -
@ I =
add_space=50 & g %%
— 2 0.0000 g
g E 0.6 1
g ] i 2 0.4 -
§ —0.0005 ¥ 50
) i 202
3 —0.0010 A -,:' S
( 0.0 e

—200 0 200 400 600 800 1000 0 1 2 3 4 5

s [mm] f[GHz]
(C\ERNjéé Aug 9t 2uz4 Wakis meeting #20



Low-beta stmulations (111)

Testing with a simple squared pipe in CST: need Re = 0 and only reactive (Im) impedance,
increasing with . Quite difficult to converge even in CST (need 80 cells per wavelength)

0.006

0.004

0.002

Forf <1

We find the opposite

behavior... the more cells

we skip, the worse
agreement

E; field, timestep=3250

FIT Ez(a,y,z) a=-0.0

0.000 I

-0.002

~0.004

-0.006

10000

7500

5000

2500

2500

5000

-7500

-0.015

T T T T T T 10000
-0.010 ~0.005 0.000 0.005 0.010 0,015
z

(C\ER”E Aug 9, 2024

Longitudinal wake potential [V/pC]

—— wakis

7 2. add _space=0 &

>

£ 104

g

|

e 0

]

z

£ -101

e}

E

k=)

& -20

'}

0 200 400 600 800 1000
s [mm]
— Wakis
. add_space=1 T
— error
10 A
| \(
-10 .
The FFT of the WP error is equal
-20 to the impedance error!

200 400 600
s [mm]

800 1000

Longitudinal impedance [Abs][Q]

Longitudinal impedance [Abs][Q]

Benchmark with CST Wakefield Solver

We could make a model to remove
this SC from the final WP, it only
depends on the mesh

—— Re(Z) wakis
10000 1 Im(Z) wakis
—— Abs(Z) wakis
--=- Re(Z) CST
50001 ....... Im(Z) CST
——— Abs(Z) CST
—5000 -
-10000{ TS
0 1 3 4 5
f [GHz]
10000 -
—— Re(Z) wakis
5000 Im(Z) wakis.
——— Abs(Z) wakis
---- Re(Z) CST
0 {= cem—========= SEE s Im(Z) CST
............... —— Abs(Z) CST
.............. —— Re(Z) error
-50001 e —— Im(Z) error
.................. ~——— Abs(Z) error
-10000{ T
0 1 3 4 5 6
f [GHz]
Wakis meeting #20 13



Wake solver milestones:

PhD % 1t year 2" year 3 year
Jul 23 Jul 24 Jul 25 Jul 26
meetings #17, #18, #19, CEl In progress To Do

0. Wake potential and impedance
1. FIT Maxwell Equations in 3D
2. PEC, Periodic, PMC boundaries

3. Embedded Boundaries: geometry
import from .stl files

4. Beam injection ],

5. Materials: €, u, o

(C\ER”E Aug 9, 2024

x. Documentation
6. on GPU & memory opt.
7. Low beta & SC

6. Open boundaries & PML

9. Numerical tests vs analvtiz

10. Leontovich condition for
good conductors >100 S/m

11. Staircased geometry:
PBA/grid refinement

12. Moving window solver (?)

13. Frequency-dependent
materials

14. ...

Wakis meeting #20 14


https://indico.cern.ch/event/1298129/
https://indico.cern.ch/event/1345417/
https://indico.cern.ch/event/1383771/
https://indico.cern.ch/event/1399136/

PML 1mplementation

e Derivation from Snell and Fresnel laws: Codimd (needs a dedicated presentation...)
* Summary:
 Many different types, some affect the curl operator (convolutional) some have multiple poles, etc...
* For now, the simplest PML consist of adding an anisotropic conductivity that grows exponentially inside the PML

def fill_pml_sigmas(self):

XN —Xo n
€0 pml pml Routine to calculate pml sigmas and apply them
Oy ( ) forE

to the conductivity tensor sigma

2At
0, = UgO, for H (optional)? N,

SX, Sy, Sz = np.zeros( Nx), np.zeros( Ny), np.zeros( Nz)
pml_exp = 2

We add it to the conductivity

. . if .bc_low lower ==nml*:
tensor in the PML region before L eI , | TR TTIg g
H H for dian [, tytontzi]
the time-stepping 1 rogelecty o)

.sigma[i d] = sx[1i]

(all pre-computed)

(C\ERNzé Aug 9t 2024 Wakis meeting #20 15


https://codimd.web.cern.ch/dDW4E4vQRn6GuH0P40A9rQ?view

Test PML reflection, sounds familiar...

PML study in Warp

100 cells EMWSD #15
Test domain t = 2006t . . .
(25,100) 2D simulation in Warp
1006x x 2008y (@)

Simulate 200 t steps (never replicated in WarpX)

i E,(25,100) = H(D) /

|H(®) =
o
()
| S R(0:75,0:200) =
E, test(0:75,0: 200)
200 cells — Ey, vey (100: 175, 0: 200)
Ref domain t = 2006t 2006x x 2008y
E,(100,100) = H(t)
®
% *Original test from Berenger paper
= presenting the PML formulation
N
EMWSD / Wakis meeting #15 8

(C\ERN} Aug 9t 2024 Wakis meeting #20 16


https://indico.cern.ch/event/1279151/contributions/5373856/attachments/2634055/4556341/EMWSD15.pdf
https://www.sciencedirect.com/science/article/pii/S0021999184711594?via%3Dihub

Test PML 1n wakis

Replicating test and reference 2D simulations in wakis: successful

* Created new source class Pulse” that injects at a given xs, ys, zs
* To have a 2D pulse, zs=slice(0, Nz) with PEC BCs

e This Harris pulse gives a very clean positive field pulse in Ez.

e All the other field components are O

Field x, plane XY

200 0.10
150 - 0.05
> 100 - 0.00
50 - -0.05
0 ; -0.10
0 100 200
nx

(C\ER”E Aug 9, 2024

200
150

= 100
50

0

Field y, plane XY

0

T
100

200

0.10
0.05
0.00
-0.05

-0.10

200
150
=100
50

0

Field z, plane XY

0

T
100

200

0.1

0.0

-0.1

—100_75_50
25

Xla,, ] 50

75

100 —100

Field x, plane YZ Field y, plane YZ
200 - 0.100 200 - 0.100

1759 - 0.075 175 4 - 0.075

1501 - 0.050 150 4 - 0.050

1254 - 0.025 125 4 r0.025

Z 100 A - 0.000 z 100 4 r 0.000
75 4 - —0.025 75 F—0.025
50 4 - —0.050 50 F —0.050
254 - —0.075 25 - F —0.075
0 - —0.100 4] - —0.100

0 20 0 20
nz nz

Field z, plane YZ
200

150 4
125 4
£ 100 4

75 4

0

0 20
nz

Wakis meeting #20

- 0.10

- 0.05

F0.00

- —0.05

F—0.10
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Test PML 1in wakis (1)

PEC boundaries X, Y
Total reflection

PEC boundaries Y, ABC* boundaries X
Absorption in Xlo, but not in Xhi = bug in ABC

. 30% reflection xlo, >100% reflection in xhi

o

| | .
5 S o N 5 *Reminder:

ABC are First order extrapolation BCs
(implemented with prof. Manuel Cotelo),
they copy the field of the x,,_; cell to x,, a
the BC
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Test PML 1in wakis (1)

CE/RW
\

PEC boundaries Y
Periodic X
No reflection at xlo
(but not suitable for impedance)

Aug 9th, 2024

Eaps field, timestep=0

FIT EAbs(x,y,a) a=0.0

100 0.10
75
0.08
50
25 L 0.06
0
_25 B D.Gq'
-50
0.02
-75
~100 0.00
~100  -50 0 50 100

Wakis meeting #20
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Test PML 1in wakis (1)

PML boundaries X, Y
70% reflection, depends on N, layers x
and max conductivity -
39.13 =]
2 0.00 |
— 100 3
- €0 prml xopml
=
ZAt Npmle —40_30 _250 \;.\ lg
-20 .o ) o \\\b. -
L. . . X[QU‘] 10 20 =75 I\l.l —
o conductivity tensor with 10 PML layers in x 30 ~100 o 2
Field x, plane XY Field y, plane XY Field z, plane XY < o *
200 P 200 Y. P 200 P by
l~0.002 |~ 0.002 I~ 0.002 o ‘l‘l’
150 4 150 4 150 4 g
- 0.001 - 0.001 - 0.001
£ 100 A - 0.000 £ 100 - 0.000 £ 100 A - 0.000
- —0.001 - —0.001 - —0.001
50 - 50 - 50 .
~0.002 ~0.002 ~0.002 S
0 . 0 . 0 . S =& & =& o &
0 100 0 100 0 100 < ™ - @ @ <
nx nx nx
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Test PML 1n wakis (11)

i Enps field, timestep=0
PML boundaries X, Y bs field, timestep
FIT EAbs(x,y,a) a=0.0

70% reflection, depends on N, layers 0.10
and max conductivity 0.08
x . x 2 0.06
. = o Npmi Opmi x
X~ Ymax 0.04
o . . 0.02
If Omax > IAL simulation unstable

if\/i c _ Omax ~100 -75 -50 -25 0 25 50 75 100 0:00

Can be cured modifying € -> ¢, = S €0 °

Eaps field, timestep=199

FIT EAbs(x,y,a) a=0.0

0.10
-1 . .
&~ tensor with 30 PML layers in x
0.08
Field x, plane Field y, plane Field z, plane
00 plane a1 Joo 1eld y, plane i, 200 - plane X1
1.0 1.0 1.0
0.06
150 4 0.5 150 - 05 150 - 0.5 <
0.04
2 100 | 0.0 2 100 0.0 2100 0.0
0.02
50 - —05 50 —05 50 - —05
_ _ _ 0.00
0 - 1.0 0+ 1.0 0 1.0 -100 =75 -50 -25 0 25 50 75 100
0 50 100 0 50 100 0 50 100 y
nx nx nx

WIP to optimize 0,4, While keeping simulation stable
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PML on Impedance simulation

Just to try... | tested using this PML in a PEC cubic cavity with modes above cutoff

Field x, plane YZ.1; Field y, plane Y., Field z, plane Y4.q4
1 5 1 50 - 1
-1
3 tensor
3 o g o 0
-1 -1 0A -1
0 50 100 0 50 100 0 50 100
n ng ng
timestep=930 timestep=1740
3000 1 80000 3000 80000
--- Ez ,Z) CST --- Ez(0,0,z) CST
— EZ(0,0g) PEC I 60000 .~ = E2(0,0,2) PEC [ 60000

20001 e F2(0,0,2) PML 20007 e E2(0,0,2) PML
c N L 40000 — c i 40000 —
> y N £ S £
Z 1000 A > ) Z 1000 A J
(] g N\ J- 20000 (] 20000 =
° , N c = c
= L~ g = [
a 01 =7 e S E a 01 -0 E
5 L —20000 £ 5 L —20000 £
3 —1000 A V Ji 3 —1000 A Ji
S [ 40000 = S But propagating modes are | ~#0000 =

Injection problems worsen.... [0 absorbed at boundary! [ 60000

—3000 T T T T T T T —80000 —3000 T T T T T T T —80000
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
z[m] z[m]
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PML on Impedance simulation (1I)

| tested using this PML in a PEC cubic cavity

Just to try...

23

W -}
g N
=) =
o' N
o &
[ ]
[ +—
“~ LN )
S )
B - &
O R
" i)
i) kv o
=~ | o © <
E S :
+ T
= = wn
T w O
1
1
1
1 L
|..|m —
i~ N
I o I
-m G} e <
— Y
——— e
| 10 L
o o
e L @
K= =}
o o o o o o o o o o
o o o o (=) o o o
o o o o o o (=] o
= ™ ~ — < M ~ =1
[01[say] e>uepadwi [euipniibuon [Dllsay] @>uepadw [euipniibuo’
BS; o 18
= - © =]
=
t e
=
w O
1
=4 _ =S
® 1 ®
| S Q
o '8
E £
E £
0 ]
| S LS
= <
= o
LS L
~ &
L o Lo
T T T T T
:0._ M M e = ™~ m m N 4 © H & m <
o ﬂ_u ﬂ_u n_U o o o o ﬂ_u n_U ﬂ_u o

[Dd/A] |enualed axem jeuipniibuoT

PEC

PML



PML on Impedance simulation (I11I)

Worst case for PML: PEC step

Same mesh as CST

10 layer PML
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c c
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Conclusions

v Progress on the code:

o First users, documentation, work on Gitub workflow to keep a stable version

o GPU acceleration successful, speedup x120 vs CPU for limit case 20 million cells

o New bottleneck: memory alloc -> parallelize?

o Low beta simulations:

o Potential to understand space charge problem, create model to remove it (?)

o Remove injection perturbation by enlarging domain only during excitation (?) only needed
for beta=1

o PML:

o Mathematical derivation and 15t implementation done

o Under reflection test -> 70% reflection

o Seems to work already for impedance simulations?

(C\ERN} Aug 9t 2024 Wakis meeting #20 25



Conclusions & Future

v Progress on the code:

o First users, documentation, work on Gitub workflow to keep a stable version

o GPU acceleration successful, speedup x120 vs CPU for limit case 20 million cells

o New bottleneck: memory alloc -> parallelize?

o Low beta simulations:

o Potential to understand space charge problem, create model to remove it (?)

o Remove injection perturbation by enlarging domain only during excitation (?) only needed
for beta=1

o PML:

o Mathematical derivation and 15t implementation done

o Under reflection test -> 70% reflection
o Seems to work already for impedance simulations?

o Still many things to do:

o Good conductors, staircased geometry, grid refinement, moving window, frequency dependent
materials, frequency domain monitors, TESTS .... Where to focus? IPAC in October

(ﬁ”‘”}é Aug 9, 2024

You'see it istalll
part of the plgakn

Wakis meeting #20
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Wake solver milestones:

PhD % 1t year 2" year 3 year
Jul 23 Jul 24 Jul 25 Jul 26
meetings #17, #18, #19, CEl In progress To Do

0. Wake potential and impedance
1. FIT Maxwell Equations in 3D
2. PEC, Periodic, PMC boundaries

3. Embedded Boundaries: geometry
import from .stl files

4. Beam injection ],

5. Materials: €, u, o

(C\ER”E Aug 9, 2024

x. Documentation
6. on GPU & memory opt.
7. Low beta & SC

8. Open boundaries & PML

9. Numerical tests vs analytic

10. Leontovich condition for
good conductors >100 S/m

11. Staircased geometry:
PBA/grid refinement

12. Moving window solver (?)

13. Frequency-dependent
materials

14. ...

Wakis meeting #20 27


https://indico.cern.ch/event/1298129/
https://indico.cern.ch/event/1345417/
https://indico.cern.ch/event/1383771/
https://indico.cern.ch/event/1399136/

Thank you © !!!

CERN

\
NS

Electromagnetic and Wake Solver Development
meeting #20

Elena de la Fuente Garcia (BE-ABP-CEI)



Backup: beta=1, different add_space

Benchmark with CST Wakefield Solver

” —— B=1.0 add=1 e | — Re:p=1.0 add=1
0.8 4 —— B=1.0 add=10 I [P Im: B=1.0 add=1
B=1.0 add=20 50 4 —— Re: f=1.0 add=10
B=1.0 add=30 e Im: B =1.0 add=10
0.6 A B=10add=40 | & | T Re: B=1.0 add=20

. .
--------
........
anw

—— B=1.0 add=50
-—- CSTB8=1.0

Re: =1.0 add=30

Longitudinal wake potential [V/pC]
Longitudinal impedance [Re/Im][Q]

0.4 1 Im: B=1.0 add=30
_50 A Re: B=1.0 add=40
Im: B=1.0 add=40
0.2 1 —— Re: B=1.0 add=50
1004 | Im: B=1.0 add=50

—==- CSTRe: =1.0

0.0 4 - "— | 0] e CSTIm: g=1.0

0.0 0.2 0.4 0.6 0.8 1.0 0 1 2 3 4 5
s[m] f [GHZz]
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Backup: beta=0.4, different add_space

Benchmark with CST Wakefield Solver

30
—— B=0.4 add=1
—— B=0.4 add=10

g 207 B=0.4add=20 &
= B=0.4 add=30 E
€ 10 B=0.4 add=40 &
I3 —— B=0.4add=50 [
8 -—- CSTB=0.4 =
-

g 0q- ]
0.

3 E
2 £
3 =]
= =
o =)
c -
9 -20- °

]
_30 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
s [m]
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—10000 -
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—— Re: B=0.4 add=1
Im: B=0.4 add=1
—— Re: =0.4 add=10
Im: B=0.4 add=10
Re: B=0.4 add=20
Im: B=0.4 add=20
Re: =0.4 add=30
Im: B =0.4 add=30
Re: B =0.4 add=40
Im: B=0.4 add=40
—— Re: B=0.4 add=50
Im: B =0.4 add=50
-=-=- CSTRe:B=0.4
CSTIm: 3=0.4
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Backup: beta=0.4, error add_space=10

Benchmark with CST Wakefield Solver

[ — wakis
% 20 i - CST § 10000 a /
=, —_ fmor iy —— Re(Z) wakis
g 10 - > 5000 - Im(Z) wahsl
o O —— Abs(Z) wakis
3 S ---- Re(Z) CST
g 07 g 0] === e IR Im(Z) CST
g £ | T . —— Abs(Z) CST
E z —— Re(Z) error
s 7197 5 0007 . —— Im(2) error
2 %" Abs(Z) error
()] c
§ —20 | S -10000 -

]

0 200 400 600 800 1000 0 1 2 3 4 5

s [mm] f [GHz]
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Backup: 1ssues 3D to 2D sim

JELD.4 plane YZ

Field % plane YZ Field ye.plane YZ Field geplane YZ
e g r

200 200 200 4

Field x, plane X¥_g Field y, plane X¥_g Field z, plane X¥_g

(@)

CERN
\
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Berenguer PML update equations

Not working, all fields =0

E"*\(i,j+1/2)
(l —e 0.(”4“,’!())

o (i) dx ‘
x [HI 23+ 1/2, j+1/2)+ HL V(i +1/2, j+ 1/2)

X

—H"P2(i—1/2, j+1/2)=H2 2(i—1/2, j+1/2)]
(37)

=4 En(j, j+ 1/2) —

H*'2(i+1/2, j+1/2)
= eI A HIT VA i+ 1/2,j+1/2)
(l —e of(i+ I:‘Z)Jl/uo)
o¥i+1/2)dx
x[ENi+1, j+1/2)—E}(i, j+1/2)], (38)

N /
N

62114'1.5 — f?)fl’(:"7ij;;]_ijlclkli)f?1l-k()'5
+(1 - exp(—D;lD,cét) 13,;1 ngcnsuglb"“
—(1 —exp(—D;'D,At) D, ;}jm*1

CERN
\

Aug 9th, 2024

def one_step_etd(self):
'''[TODO] Not working

if self.step_@:
self.set_ghosts_to_a()
self.step_© = False

#cleanup
del self.itDaiDepsDstC

#pre-compute
a, b = 1.8, selLf.sigma.toarray()
isigma = np.divide(a, b, out=np.zeros_like(b), where=b!=8)

self.iDsigma = diags(isigma, shape=(3*self.N, 3*self.N), dtype=float)

self.Dexp = diags(np.exp(-self.ieps.toarray()*self.sigma.toarray()*self.dt),
shape=(3*self.N, 3*self.N), dtype=float)

self.oneMinusDexp = diags(1.@-np.exp(-self.ieps.toarray()*self.sigma.toarray()*selsf.dt),
shape=(3*self.N, 3*self.N), dtype=float)

self.itDaiDsigmaDstC = self.itDa * self.iDsigma * self.Ds * self.C.transpose()

del a, b, isigma
self.attrcleanup()

self.H.fromarray(self.H.toarray() -
self.dt*self.tDsiDmuiDaC*self.E.toarray()

)

seLf.E.fromarraylseLflDexp*seLf.E.toarray() ﬂ
(self.oneMinusDexp)*self.itDaiDsigmaDstC*self.H.toarray() -
(self.oneMinusDexp)*self.iDsigma*self.J.toarray()

self.].fromarray(self.Dsigma*self.E.toarray())

#update ABC
if self.activate_abc:
self.update_abc()

Wakis meeting #20
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FIT theory: Grid Maxwell Equations

Grid Maxwell Equations

CD D ob
e=—-Dy—
S A at
—— - (od .
CDh=Dy(—+]j Oper.ators .
| ot * Spatial matrixes
P SD,b=0 * Material properties
G — (0d

-

What we care about:
Update equations

.

hn+1 — h™ — At BSDﬁlDle'em'O's
ent15 — on+0.5 1 AtDsl"jglﬁzlfhn

~ ~

»n—1:mn -1 n+0.5
—D: Jpeam — D Dy €

~

J
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d=D.e, b=D,h, j=Dse+D,v
&= (£r+jiw)£0

We need to build all these
matrices and then apply these
equations every timestep !
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