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Beam Coupling Impedance Z(f)
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These wakefields will affect the trailing
particles/bunches. The beam-coupling
impedance is the frequency-dependent
property of each accelerator device, used
to quantify the wakefields’ effects.

Fig: 3D Time domain simulation of a smooth pipe with obstacle with a passing proton beam (1-4) with CST®
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Impedance [(2/m]

Beam Coupling Impedance Z(f) (1)
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o The impedance of all relevant
accelerator components is gathered in
each accelerator's impedance model

—Real(Driving)
—Imag(Driving) | |
---Real(Detuning)
---Imag(Detuning)
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[1] SPS Transverse vertical impedance model.
C. Zannini
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o And used in beam-dynamics
codes (pyHeadTail, Xsuite) to
predict beam behaviour

2] PyHEADTAIL iy

concept schematic.
K. Li & G. Rumolo
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o Or assess beam-induced heating of
individual accelerator components
and propose mitigation solutions
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How to obtain Z(f)?

N~

o Eigenmode solver (CST®):

Mode

Frequency

g~ w N -

8.02724981695 f, RS’ Q

10.1781072579
10.3554337227
12.5109337728
14.7562186034

Z[0/m]

)

Impedance [Q]

Directly in frequency domain (FD)

Reconstructed Z(f)

—— Eigenmode Impedance

0.2
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1le9

frequency [Hz]

Resistive wall impedance: (IW2D) [1]

17000
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= Re[Z,]. up to order 0 TCSG Smm, 1.5GHz
== Im[2,], up ta order 0 TCSG 5mm, 1.5GHz
X RelZ,], up to order 1 TCSG 5mm, 1.5GHz
+ ImiZ,], up ta order 1 TCSG 5mm, L5GHz
—— Rel2,], up to order 2 TCSG Smm, 1.5GHz
== Im[2,). up to order 2 TCSG 5mm, 1.5GHz
¥ Re[Z,). up to order 3 TCSG Smm, 1.5GHz
+ Im[Z,], up ta order 3 TCSG Smm, 1.5GHz
= RelZ,]. up to order 4 TCSG 5mm, 1.5GHz
== Im[2Z,], up to order 4 TC5G 5mm, 1.5GHz
% Re(Z,]. up to order 5 TCSG Smm, 1.5GHz
+ Im(2,], up to order 5 TCSG Smm, 1.5GHz
= RelZ,]. up to order 6 TCSG 5mm, 1.5GHz
== Im[Z,], up ta order 6 TCSG 5mm, 1.5GHz
X Re[Z,], up to order 7 TCSG 5mm, 1.5GHz
4 Im[Z,]. up to order 7 TCSG Smm, 1.5GHz
—— Re[Z,], up to order 8 TCSG Smm, 1.5GHz
== Im[2,], up to order B TCSG 5mm, 1.5GHz

Z(f = 1.5 GHz)

E.g. vertical TCSG CFC
collimator vertical
dipolar impedance at
f = 1.5 GHz vs.
vertical source offset

2 3
Dip. y displacement [mm]

[1] N. Mounet. The LHC Transverse Coupled-Bunch Instability, PhD thesis 5305 (EPFL, 2012)
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[2] N. Mounet. ImpedanceWake2D BE-ABP-CEI 22/04/2021
E. de la Fuente

From the time domain (TD)

WIs} / V/pC

Z /Oohm

o Wakefield solver (CST®):
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Commercial /

HOW tO Obtaln Z(f)? not open-source codes

From the time domain (TD)

Directly in frequency domain (FD)
J o Eigenmode solver (CST®): J o Wakefield solver (CST®):
rot E = ja),uﬁ Eigerlwalue problem 3D time domain Maxwell equations (integral form)
o . - - _ 2 = _ oB
rotH = jw|e+—|E rot‘urotE S £ E-ds= ﬂ +dA
jw = A
) H-ds = ff ( +]>
Fu.ndament:fll EM modes of 3D loss-less re'sonant structures 9’ & with beam
without excitation + Q-factor postprocessing
# B-dA=0 excitation
. L. . v _
o Resistive wall impedance: (IW2D@CERN) 1] ./]— v,A(z)e,
Source DdA=ijpdV
particle av
Vacuum e, u?
ok 7 + wake potential and impedance computation:
—0 - o
| 1 [ee] =
: W(ry,ry,s) = —f dz E(rl;rz,z, )5
! 91)- lce, X B(ry,13,2,t)],_(s+2)
4 X | @ i € =¢(w) : Electric permittivi f_cx:o W(s)e"i“’sds .
T_’ Edb#ﬁ Tiﬁ u =u(w)) :Ii\/[agt;etii perrtrtleatt)}i,lity Z||((U) = "~ 1 —iwsd (FT + deconVOIUtlon)
\ ' b ! b : Layer thickness \ f_ooC (s)e S

[1] N. Mounet. The LHC Transverse Coupled-Bunch Instability, PhD thesis 5305 (EPFL, 2012)
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Project objective @

Develop an open-source Wakefield Solver (i.e., 3D electromagnetic time-domain) at CERN

Initial conditions

WAKE SOLVER WORKFLOW Source term Wake potential
Boundary conditions Impedance

Visualization

.step,
.stl,
-ob) - POST
GEOMETRY MESHER EM-SOLVER
- o o4 PROCESSING
e

Wake potential

WI(s) / vfpC
o

-0.1215
-100 2000 4000 6000 8000 10000
s/cm
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PhD motivation

Trainee PhD

15t year 2" vear 15t year 2" vear 3d vear

4500

(v@.1) Developed wakis package:

= abs(Z,(f)) Wakis

abs(Z,(f)) CST

4000 - — A— -
3500 — S— - r— e

 Computation of wake potential and

impedance from pre-computed fields 3000 4 — | — i T—— —

2500 b S | - 3 - T R T
* Longitudinal Z|| and transverse Z | | é é é é

(dipolar & quadrupolar)
e Benchmarked with CST® Wakefield fields

1500 T— — [ 1 . S—

1000 _.._ ................ , ........... ..

500 - TS — - S —

O T T l T l l T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

fIGHZz]
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https://indico.cern.ch/event/1154158/

PhD motivation (1I)

Source terr
Boundary condit

XY
json,
obj hS
EM-SOLVER
Nodes E field
Elements A charge
Connectivity distribution

Trainee PhD

15t year 2" vear 15t year

2" vear 34 vear

(v0.2) Explored open-source EM solvers
to couple with wakis:

Ez [V/m]

*  WarpX was the most promissing option: PIC+FDTD,
mesh refinement (AMR), PML boundaries, python API

* Found very good agreement for pillbox cavity, AMReX
developed importer for more complex geometries

* WarpX at the time, did not include material tensors
other than vacuum/PEC. Found limitations in beam
injection & PML behaviour too, C++ core, complexity...

gC\ERNjgé >))@ IFN-GV  E. de la Fuente

40000

- F£,(0,0,2z) WarpX
--=- E,(0,0,z) CST
—— A(0,0,2)

timestep = 467

40 -30 ~20 ~10 0 10 20 30 40

_ /\

—

timestep = 507

—40 -30 -20 -10 0 10 20 30 40

z [mm]
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https://ecp-warpx.github.io/
https://indico.cern.ch/event/1283485/

PhD t t (v.0.3) Decided to explore CST®'s numerical method, the Finite
Status Integration Technique (FIT) in a python mockup ©

Trainee PhD

1t year 2"¢ year 15t year 2" vear 314 vear

) wakis (ve.3)

PyWVista Boundary 0 Time stepping
CAD Geometry Geometry conditions scheme
(.stl) importer t"
Source f(t) ,

L

1 Fields
E(t), H(t),

» Operators J(t)
C,

.

G,G D4, D, Dy, D ‘
Materials Wake solve
Mg, M,, M W,z
100% @ e M Mo
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https://github.com/ImpedanCEI/FITwakis

Outline

2. The Finite Integration Technique (FIT) step-by-step: Slides 13 - 38

2.1. Numerical Algorithm in free-space
Time stepping

2.2. Geometry definition: STL importer scheme
2.3. Adding material tensors: € and u ﬂ
2.4. Particle beam injection & Absorbing boundaries Fields

: . E(t), H(t),
2.5. Adding conductivity o Operators (t;(t)(t)
2.6. Low-f simulations C,D,,Ds, Dy, Dy
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Finite Integration Technique

Maxwell Equations (Integral form)

§ o= [[ %
s [ (21) o

ﬁaVB-dAzo

# pan= [ pav

=¢E, B=puH, ]=0E+pv

S

*Formulation by T. Weiland: Wakefields and
Impedances , 1991

N DERIFN-GV

E. de la Fuente

15t approximation
Domain discretization
dx,dy,dz

Neens = NxNyNz
Y z

1

O
1

1 dx
dZ/Z/:----o/:

&

i

Maxwell Grid Equations™

db
CDSe = —DAE

Eﬁsh=m(@+,~>

ot

SDab =0

__ [(od
SDA(E-I_]):O
d=D.e, b=D,h, j=D

O'e +.iSTC

* QOperators
e Grid areas and lengths
* Materials

ABP-CEI Meeting, 25t April 2024 13


https://bib-pubdb1.desy.de/record/222467/files/DESY-M-91-06.pdf

Finite Integration Technique (1I)

Maxwell Grid Equations

db
CDSe = —DAE

eDsh=D,( 22+
d=D,e, b=D,h,

~

j=Dse+ jgc

SDAb - O

__ [od
SDy(—-+j) =0

gC\ERNjgé >>)@ IFN-GV  E. de la Fuente

2"d approximation
Evolution in timestep At

\

aa a7”L+1 _ an
at At

\

Domain discretization

Time-stepping scheme (leapfrog)

4 )

en+1.5 — en+0.5 + Atpsﬁglﬁzlz'hn — 5;1].?1‘6
L /

d . .
With Yee grid v' 2" order convergence in time
v’ Can pre-compute most of the
€x,i,j k .
______________ — quantities = speed
otk | v No matrix inversion needed
H : Cy,it+1,jk . .
S o during time loop
¥ Dual Gr'q__g ________ — Gauss Laws (for E and H) considered
Primal grid G T Cx i+ Nk satisfied* V t for no charges j ¢

ABP-CEI Meeting, 25t April 2024 14



FIT (I1I): Operators C, C

Time-stepping scheme in vacuum

hn+1 — p" — AtualﬁstCe"Jro's

en+1.5 — en+0.5 1 Atsaleﬁjlfh" _ saljn

+1

€x,i,j k

gC\ERNjgé >>)@ IFN-GV  E. de la Fuente

The curl operator C on primal grid and € on the dual grid, with C = Clis a
3N opis X 3N, e Sparse matrix made of bands of +1 and —1

By modifying the columns or rows of C, one can add boundary conditions:
* Perfect Electric Conductor (PEC): columns to zero at ijk of boundary cells

* Perfect Magnetic Conductor (PMC): rows to zero at ijk of boundary cells

NN, N,
——
- N
IN
Ex0,0,0
: 0 i
Sparcity of C ’ X
\ 3 Exle:NleZ
+1
0o -p, P, Ey 0,00
c=|Pp, 0 -P |= 1 0 3 < ‘ > Y
P, P, O
g Ey'Nx'Nerz
E7.0,0,0
N 0 ‘ P
EZ,Nx,Ny,NZ
J J

Size: 3NC€llS X 3NC€ZZS Lexicographic

indexation

ABP-CEI Meeting, 25t April 2024 15



FIT (IV): Diagonal matrices D4, Dg, D,, D

Time-stepping scheme vacuum

The diagonal matrices contain the grid information:

pntl = pn _AtﬂaleDzlcen+0.5 D1 — g P ) ) ) ) )
O Uy = Alag 14x,0.0,00 = » Ax,Ny.Ny,Nz» 413,0.0,00 **» Ay, Ny.Ny,N;» 412,0.0,00 =+ A2,Ny..Ny,, N,

+1.5 _ ,n+0.5 -1 pP—-17n —1:n
e" =e + Ateg " DD Ch™ — &4 g
o Dy = dlag{lx,O.O,O:---;lx,Nx.Ny,NZt ly,O.O,O:---:ly,Nx.Ny,Nz»lz,O.O,O»---;lz,Nx.Ny,NZ}

Where (i.e. x-direction):

Field x Field y Field z

O lyijk = Xi+1.jk — Xijk —
@) Ax,l],k j— ly l],k x lZ l],k — % 0.01 fz 0.01
DS g —0.01 [5) —0.01
o Dj4and Dg are analogous for the dual grid. Due to the S A " .
Yee staggering, some of the components are zero: < . eldy
o If not setto zero, but equal to D, and Dy at the DA : i b
opposite end — Periodic boundary conditions - |
- i :

(C\ERNzé D)@ IFN-GV  E. de la Fuente ABP-CEI Meeting, 25t April 2024 16



FIT (V): Fields E,H, ]

Time-stepping scheme vacuum

pntl = pn —AtualﬁsDzlce"Jro's . - o .
1d arrays with lexicographic indexing:

entls — ent05 4 Até'aleijZlEhn _ Saljn

Class Field has custom magic methods (_ getitem ,  setitem ,
__mul_, ..)tohandle 3dto collapsed conversion, operations and built-in

visualization methods (inspect(), inspect3d())
field.py

Field x Field y Field z

075 class

0.50
0.25
0.00
- —0.25
-0.50

-0.75

solver.E.inspect3d()

\/\C\ERNj;é >))@ IFN-GV  E. de la Fuente

n=1+4+(@{—-1) + (G- 1N, + (k= 1NN,

Ex 0,0,0
Ex,Nx,Ny,NZ
) Ey 00,0
Ey’Nx’Ny:Nz

EZ,O,O,O

Ez,Nx,Ny,Nz
.

r B

The fields are stored in memory as 3 (x, v, z) 3d numpy matrices
np.zeros(Ny, Ny, N,). In the time-stepping, they must be converted to

>

Lexicographic

indexation

y

ABP-CEI Meeting, 25t April 2024 17



Example: Perturbation in free-space with BC

Plotting
plane XY

: 3 3 1
E, Perturbation at ZN"’ ZNJ” > N,

O examples/script_noeb_fit.py

A static field perturbation in E, generates a
spheric wavefront that is reflected for PEC
BCs or re-enters the domain for Periodic BCs

D)@ IFN-GV  E. de la Fuente ABP-CEI Meeting, 25t April 2024 18



Example: Perturbation in free-space with BC

Boundary conditions (BCs): All Periodic

FIT Ex(x,y,Nz/2) 6 . o FIT Ey(x,y,Nz/2) 6 . “ FIT Ez(x,y,Nz/2} o6 Lo

1 1
40 - 0.5 40 - 0.5 407 0.5
30 30 A 30 1
. 0.0 = 0.0 0.0
20 1 20 20 1
10 - 4 0.5 10 - * 0.5 10 - & -0.5
Plotting D T T _1.0 ﬂ T T _1.0 D T T _1.D
20 40 0 20 40 0 20 40
plane XY y y y

: 3 3 1
E, Perturbation at ZN"’ ZNJ” > N,

O examples/script_noeb_fit.py

A static field perturbation in E, generates a
spheric wavefront that is reflected for PEC
BCs or re-enters the domain for Periodic BCs

(C;ER“E DERIFN-GV  E. de la Fuente ABP-CEI Meeting, 25% April 2024 18



Example: Perturbation in free-space with BC

Boundary conditions (BCs): All Periodic

y
vacuum
/ FIT Ex(x,y,Nz/2 FIT Ey(x,y,Nz/2 FIT Ez(x,y,Nz/2
50 y les 1.0 50 y Xy les 1.0 50 y ke 1.0
40 0.5 40 4 0.5 40
30 - 30 - 30 -
b 0.0 o 0.0 =
. 20 1 20 A 20
Perturbation
P )/ 10 - 2 —-0.5 10 4 * -0.5 10 - &
7 z Plotting © ' ' -0 0 ' ' -0 0 ' '
0 20 40 0 20 40 0 20 40
/ plane XY y y y
: 3 3 1 Boundary conditions (BCs): all PEC
E, Perturbation at ZN’C’ ZNY’ > N, y ( )
FIT Ex(x,y,Nz/2 FIT Ey(x,y,Nz/2 FIT Ez(x,y,Nz/2
0 Y 1e6 10 0 YixX,y le6 10 0 y Ae6 1
O examples/script_noeb_fit.py 40 + 0.5 40 0.5 40
30 - 30 - 30 -
A static field perturbation in E, generates a = 0.0 x 0.0 =
spheric wavefront that is reflected for PEC 20 9 » 20 4 20 4
BCs or re-enters the domain for Periodic BCs 10 - —0.5 10 - i —0.5 10 *
D T T _1 D D T T _1 D D T T
0 20 40 0 20 40 0 20 40

(@3’ VR IFN-GV Y ’ ’



Outline

2. The Finite Integration Technique (FIT) step-by-step: Slides 13 - 38
2.1. Numerical Algorithm in free-space CAD(G‘;‘;T)‘*“V
2.2. Geometry definition: STL importer @ . Geometry
2.3. Adding material tensors: € and u Importer
2.4. Particle beam injection & Absorbing boundaries 1
Mesh

2.5. Adding conductivity o g

2.6. Low-f simulations
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Importing geometry with PyVista

Using PyVista capabilities, wakis can:
Pyviﬁta o Import CAD geometry: stl=pv.read(stl file)
o Generateagrid: grid = pv.StructuredGrid(X, Y, Z)

3D plotting and mesh analysis through a streamlined interface for the o Find the cells that are inside the geometry with advanced
Visualization Toolkit (VTK) collision filters* — mask for material properties

o State-of-the-art interactive 3d plotting

interactive
grid.inspect()
.method

https://github.com/pyvista/pyvista

https://docs.pyvista.org/version/stable/

Cells inside the goniometer**
shown in blue

;
0.125 0.344 52" 0781 1.00

*Pyvista extract cells inside surface filter
** Simplified goniometer geometry by C. Antuono

(C;ER“E >>)@|FN—G\/ E. de la Fuente ABP-CEI Meeting, 25 April 2024 20



https://github.com/pyvista/pyvista
https://docs.pyvista.org/version/stable/
https://docs.pyvista.org/version/stable/examples/01-filter/extract-cells-inside-surface.html#extract-cells-inside-surface

Example: Perturbation with imported STL

y

L.

X

BCs:
all PEC

Plotting
@) Perturbation moving at z = ct plane YZ

0 examples/script_letters_fit.py

A field perturbation in E, moving at z = ct
excites the field in the vacuum domain
revealing the PEC imported geometry

*STL files generated with online tool: https://text2stl.mestres.fr/

D)% IFN-GV  E. de la Fuente

ABP-CEI Meeting, 25t April 2024
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https://text2stl.mestres.fr/

Perturbation with imported STL

AN\ acuum 1
£—> Z
X
| FTTERS
y I\ | [Bes
PEC e, = o all PEC
4
0
Plotting
@=) Perturbation moving at z = ct plane YZ

O examples/script_letters_fit.py

A field perturbation in E, moving at z = ct
excites the field in the vacuum domain
revealing the PEC imported geometry

N IERIFN-GV

FIT Abs(H)(Nx/2,y,z), timestep=0

2000
140
1750
120
L 1500
100
L 1250
80
L 1000
60 L 750
40 500
20 250
0 0
0 25 50 75 100 125 150 175 200
i
21


https://text2stl.mestres.fr/

Outline

2. The Finite Integration Technique (FIT) step-by-step: Slides 13 - 38
2.1. Numerical Algorithm in free-space

2.2. Geometry definition: STL importer

Mesh Time stepping
2.3. Adding material tensors: € and u G, G scheme
2.4. Particle beam injection & Absorbing boundaries
. .. Materials
2.5. Adding conductivity o b M., M,, M,

2.6. Low-f simulations
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Material tensors for ¢, u

Time-stepping scheme with ¢, u The material matrices are considered diagonal* tensors:
e ™~ o User can specify relative permitivity/permeability: &, = /¢,
h"t1 = ™ — At ESDEIDZICB""'O'S o The matrix will be built with a background material €, 4, 14y pg

o The material associated with each imported stl geometry will

n+15 _ _n+0.5 n-1p-17pn _ p—-1:n
e =€ +4tDsD; "D, Ch D¢y overwrite the background material in the tensor

- / o User can also specify anisotropic materials by defining €, », &, & 2, ...
-1 _ i -1 -1 -1 -1 -1 -1
D;* = diag {gx,0.0,0r ++1 €x,Ny.Ny, Nz €3,0.0,07 =+ 7 €y,N,.N}, N> €2,0.0,07 =+ gz,Nx.Ny,NZ} 3 X Neeurs
-1 _— i -1 -1 -1 -1 -1 -1
D”— = dlag {,le,o_olo, vy le:Nx-Ny:Nz’ My,O_O}OJ sy /*ly,Nx_Ny,NZ) MZ,0.0,0' ey l’lZ,Nx.Ny,NZ} 3 X NCGllS
-1 _ —
Field x, plane YZ Ex Field y, plane YZ el Field z, plane YZ g1
O examples/test/test_materials.py &0 €1C X, pane lel1 a0 €C Y. pane 111 Y €0 Z, pane 1e11<Z
20 1.0 2 1.0 70 1.0
A PEC sphere e~! = 0 and a Dielectric sphere 60 os 60 05 60 05
¢t = (5¢5) ! imported in a vacuum 50 50 50
background e1 = g1 Z 40 00 Zd0 00z 0.0
30 30 30
User can inspect the material tensors by: 20 —05 -05 3 -0.5
solver.ieps.inspect(plane=YZ’) IZ 1o IZ 1o u; o
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
nz nz nz

(C\E;RN§’ >>)@IFN-GV E. de la Fuente i ABP-CEI Meeting, 25 April 2024 23



O examples/script_planewave_fit.py

Example: Planewave interacting with sphere

BCs:
Periodic x-/x+
Periodic y-/y+

Plane PEC z-/z+

wave
port

Plane YZ

Special thanks to Prof. M. Cotelo (UPM) for the help
with the planewave port setup and validation

BCs:

Periodic x-/x+
Periodic y-/y+
Plane PEC 2-/z+
wave

port

Plane YZ
D)@ IFN-GV  E. de la Fuente ABP-CEI Meeting, 25t April 2024 24



O examples/script_planewave_fit.py

Example: Planewave interacting with sphere

BCs: H, field, timestep=0 *wakis built-in 2d plotting
’ _ solver.plot2d(**kwargs)
Periodic x-/x+ FIT Hy(x,a,z) a=-0.042 oo
Periodic y-/y+ 0.0 - 075
Plane PEC z-/z+ 0.03 4 0.50
Wwave . oL
port x 0.00
0.01 +
—-0.25
0.00
—0.50
—0.01 +
Plane YZ -0.75
. -0.02 B
Special thanks to Prof. M. Cotelo (UPM) for the help PV e—— ona oba oo e 010 %
with the planewave port setup and validation g

BCs:

Periodic x-/x+
Periodic y-/y+
Plane

PEC z-/z+
wave
port
Plane YZ
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O examples/script_planewave_fit.py

Example: Planewave interacting with sphere

BCs:
Periodic x-/x+
Periodic y-/y+
Plane PEC z-/z+
wave
port
Plane YZ

Special thanks to Prof. M. Cotelo (UPM) for the help
with the planewave port setup and validation

BCs:

Periodic x-/x+
Periodic y-/y+
Plane PEC 2-/z+
wave

port

Plane YZ

D)@ IFN-GV  E. de la Fuente

H, field, timestep=0
FIT Hy(x,a,z) a=-0.042

*wakis built-in 2d plotting
solver.plot2d(**kwargs)

1.00
0.04 - 0.75
0.03 1 0.50
el 0.25
0.00
0.01 A
-0.25
0.00 1
-0.50
-0.01
-0.75
-0.02 . . . . : , , -1.00
-0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
H, field, timestep=0
FIT Hy(x,a,z) a=-0.042
1.00
0.04 0.75
0.03 1 0.50
el 0.25
0.00
0.01 A
-0.25
0.00 1
-0.50
-0.01
-0.75
-0.02 . . . . : , , -1.00
-0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
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O examples/script_planewave_fit.py

Example: Planewave interacting with sphere

BCs:

Periodic x-/x+ Hy field, timestep=0

Periodic y-/y+ Generated with wakis built-in 3d plotting
Plane PEC z-/z+ solver.plot3d(**kwargs)
wave based on pyVista
port

Plane YZ

Special thanks to Prof. M. Cotelo (UPM) for the help
with the planewave port setup and validation

BCs:

Periodic x-/x+
Periodic y-/y+
Plane PEC 2-/z+
wave

port

Plane YZ

)D@ IFN-GV  E. de la Fuente ABP-CEI Meeting, 25t April 2024 24



Outline

2. The Finite Integration Technique (FIT) step-by-step: Slides 13 - 38

2.1. Numerical Algorithm in free-space

Boundary

2.2. Geometry definition: STL importer conditions ‘6@ Timsiﬁﬁzmg
2.3. Adding material tensors: € and u Source f(£) J t‘
2.4. Particle beam injection & Absorbing boundaries E(i'f'é’it)
2.5. Adding conductivity o jﬁi
2.6. Low-f simulations Wa{';«;)S;'ve
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Beam 1njection as current J,

o Sources (E, H, J) are managed in a dedicated class inside sources. py
Each source should have a source.update(t) method that will be called every timestep dt in the simulation loop.

2
o For the case of a particle beam, the source is a currentin J,, q,Bc —(5—520)
applied at xg, y; V z with a gaussian time profile. ]z (xs, Vs, Z) = ——e 20z

o qisthe chargein [C], typically =~ 107° C A/ 27TO'Z

o 0, is the beam size [m]
o f is the ratio of the beam speed v to the speed of light ¢ s=2z —fct;  So = Zmin — Pt

gC\ERNj ;3 >>)@ IFN-GV  E. de la Fuente ABP-CEI Meeting, 25t April 2024 25



Beam 1njection as current J,

o Sources (E, H, J) are managed in a dedicated class inside sources. py
Each source should have a source.update(t) method that will be called every timestep dt in the simulation loop.

o For the case of a particle beam, the source is a currentin J,, q,Bc _(5_520)2
applied at xg, y; V z with a gaussian time profile. J,(xs,V5,2) = ——=e 29
o qisthe charge in [C], typically = 1079 C A/ 27TO'Z
o 0, is the beam size [m]
o pisthe ratio of the beam speed v to the speed of light ¢ s=2z —fct;  So = Zmin — Pt

Eaps field, timestep=1050 E, field, timestep=1050

FIT EAbs(a,y,z) a=0.0 FIT Ez(a,y,z) a=0.0
(a.y.2) 16 ;5 (a.y.2) 100000

0.02 0.02 A

75000

50000

0.01 0.01 A

25000

= &OO-II" 0

—25000

= 0.00

-0.01 —0.01 A

—50000

—75000

—0.02 —0.02 A

T T T T T —100000
—0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04

(C\ERNE DEBIFN-GV  E. de la Fuente ABP-CEI Meeting, 25% April 2024



Minimizing injection perturbation: ABC

o The perturbation appears due to the violation of the continuity law SD 4 (% + j) =0

o We can mitigate it with boundary conditions: 15t attempt was the FOEXTRAP* absorbing boundary condition (ABC)

(C\ERNE? >>)@||:N-G\/ E. de 1a Fuente *FOEXTRAP: First Order Extrapolation (backup slides) ABP-CEI Meeting, 25t April 2024 26



Minimizing injection perturbation: ABC

o The perturbation appears due to the violation of the continuity law SD 4 (@ + j) =0

Jat

o We can mitigate it with boundary conditions: 15t attempt was the FOEXTRAP* absorbing boundary condition (ABC)

Epps field, timestep=1050

FIT EAbs(a,y,z) a=0.0 166

0.02

0.01

ABC > 0.00

—-0.01

—0.02

—-0.04 —-0.02 0.00 0.02 0.04
Eaps field, timestep=1050
FIT EAbs(a,y,z) a=0.0 1e6

0.02

0.01

PEC > 0.00

—0.01

—-0.02

\/\C\ERNj;é >))@ IFN-GV  E. de la Fuente

E, field, timestep=1050
FIT Ez(a,y,z) a=0.0

100000 Thanks to Prof.

0.02 4
75000 M. Cotelo (UPM)
50000 .
0.01 1 for the ABC idea
25000
> 0.00 1"[ 0
—25000
—0.01 A
~50000
—0.02 1 —75000
. . . . . ~100000
—0.04 -0.02 0.00 0.02 0.04
z
E, field, timestep=1050
FIT Ez(a,y,z) a=0.0
100000
0.027 75000
50000
0.01 -
% 25000
> uoo{ll' 0
—25000
—0.01
—50000
—0.02 1 —75000
. . . . . ~100000
—0.04 -0.02 0.00 0.02 0.04
z
ABP-CEI Meeting, 25t April 2024 26
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Example: PEC cubic cavity o .

Geometry: Beam:

ic‘“’ i 28 mm 0;=185mm (5 GH) Z Simulation time: for 1m wakelength (8760 timesteps):
cay =20MM  gq=1e9C

Weap =50 mm R . N

Lyipe =100 mm  Mesh: e CST:42s, 16 threads, in "abpimp60g01

hpipe = 15mm  nx, ny, nz = 50, 50, 150 *  Wakis: 3m40s , single core in "abpimp60g01°

Wpipe =15 mm  total: 375000 cells *  WarpX: 12m, single core, #MP 1e6, in "abpimp60g01"

Cutoff frequency: ~10 GHz
timestep=0

40000 1eb
BCs: —— Ez(0,0,2) FIT L 6
wakis: ABC* 30000 1 --- Ez(0,0,z) CST
WarpX: PML* Remarks < 00004 o Ez(0,0,z) WarpX +4
CST: CPML S g
v Very good agreement @ 10000 - -2 =
= o
» WarpX shows a non-vanishing injection = 0 0 &
perturbation while in wakis it disappears = c
e _10000 N » _2 fis]
. - ()]
» Some phase error comes from the CST field & ps
. . ~ —20000 - -
monitor extraction (very close to L - —4
simulation’s timestep) —30000 - ;
—-40000

—OI.D4 —[}103 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04

( )éj [m]
o >>)@ IFN-GV  E. de la Fuente £



Example: PEC cubic cavity o .

Geometry: Beam:
L.gp, =30 mm = . . . .
cav ~ 0z =18.5 mm (5 GHz) Simulation time: for 1m wakelength (8760 timesteps):
heqy =50 mm gqg=1e9C
Wegp =50 mm

Lyipe =100 mm  Mesh: e CST:42s, 16 threads, in "abpimp60g01

hpipe =15mm  nx, ny, nz = 50, 50, 150 *  Wakis: 3m40s , single core in "abpimp60g01°

Wpipe =15 mm  total: 375000 cells *  WarpX: 12m, single core, #MP 1e6, in "abpimp60g01"
Cutoff frequency: ~10 GHz

Simulation wakis vs WarpX vs CST: (keeping same mesh)

BCs: 06 35001 — FIT+Wakis
wakis: ABC* g ' 2 3000 - WarpX+Wakis
WarpX: PML* > 0.4 7 -== CST
CST: CPML .Tg 0.2 - < 5500 A
c . @
g ! 2
2 0.0 - l & 2000 -
9 || Q DC component from
*last 10 cellsin z-and z+  Z —0.2 (iag e 66w GG RE W R £ 1500 - non-vanishing injection
_ L T L L' - 18! - = ! © i .
were removed forthewake § _, , | Wl [ RIRR AR £ 1000 4 perturbation in WarpX
calculation to mitigate = LR - W ' 3
injection perturbation £ -0.6 - Il =)
c I . S 500 A
9 0.8 4 i —-— WarpX+Wakis |
. ." —_— CST 0_ =3 "_’_q./l\ﬂﬁ\/\\
-200 0 200 400 600 800 1000 0 1 2 3 4 5

s [mm] f[GHz]

CERN
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Outline

2. The Finite Integration Technique (FIT) step-by-step: Slides 13 - 38
2.1. Numerical Algorithm in free-space

2.2. Geometry definition: STL importer

Mesh Time stepping
2.3. Adding material tensors: € and u GG scheme
2.4. Particle beam injection & Absorbing boundaries
. . . Materials
2.5. Adding conductivity o b M., M,, M,

2.6. Low-f simulations
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Conductivity in time domain

Relative permittivity is often a frequency-dependent,
complex quantity:

& (w) = glr(a)) _jgr”(w)
The simple model for a metal with broadband
conductivity o is:
o

gr(w) = &r _]a)_eo

Time-stepping scheme:

-

NG

hnt1l = pm — At D’SD’—llDzlcen+0.5

entl5 — ent+0.5 | AtDsﬁglﬁglfh" —D

~

—-1:n
& ]beam

J

How to implement this in a time domain (TD)

simulations?

o InTD, fields are purely real R — all matrix elements

should be real

o Introducing frequency dependence involves a de-
convolution... (computationally expensive 8 @)

gC\ERNjgé >))@ IFN-GV  E. de la Fuente
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Conductivity in time domain

Relative permittivity is often a frequency-dependent,

complex quantity:

& (w) = glr(a)) _jgr”(w)
The simple model for a metal with broadband
conductivity o is:
o

gr(w) = & _](1)_80

From the Frequency domain Maxwell equations:

Ampere’s law: VX H = Jpeam + JOD = Jpeqm + JWEE;

€o

o
VX H(w) = Jpeam + JWE (er +ja) )E(w);

VX H(w) = Jpeam + jwe' E(w) + dE(w)
To convertto TD: jw < %/,;,, A(w) & A(t)*

d('E(D)

VXH(t)zjbeam'l' dt

+ oE(t)

Time-stepping scheme:

- N
hn+1 — W™ — At ESD‘—llDZlCen+O.5
ent15 — gn+0.5 + AtDsijglﬁzlz'hn - ijglfl}eam
L /
Time-stepping scheme with o l
- i} )
et15 — gn+0.5 + AtDsijglﬁzlz'hn - ijglfl}eam
K _5;1 Ea en+0.5 /

+ constitutive relation for J

J() = 0E(t) + Jpeam(t)

CERN . B .
@ »)@ IFN-GV  E. de la Fuente *Raymond Rumpf, Electromagnetic and Photonic Simulation for the Beginner, Artech, 2022. ABP-CEI Meeting, 25 April 2024 31



Example: lossy cubic cavity

Conductivity: 10 S/m

Nceus: 542754
Runtime: 4’, 30", single core in "abpimp60g01” o)
Aceu: 0.5 mm > 30

Benchmark with CST Wakefield Solver

- Remarks:
Skin-Depth: § = /% ~ 2 mm o

To match CST results, we had to remove 10
cells z-/z+ and increase the mesh by 20%
Low conductivity was chosen to have a fast
decaying wake

7~ —— FIT+Wakis
F ——- CST

0.8 4 —— FIT+Wakis
g_ -== CST o 200 -
N 0.6 1 ﬁ
— 0
S 04 <, 400 -
2 S
o 0.2 ©
o E 300 -
v o
% 00+ g
- T 200
Z a5l — |
g 02 =
S -041 2
= S 100
o
9 —0.6 - |
0 .
_08 .
—-200 0 200 400 600 800 1000 0 1
s [mm]

CERN
@ >>)@ IFN-GV  E. de la Fuente O benchmarks/condcubcavitymm/

f[GHZz]

ABP-CEI Meeting, 25t April 2024
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*CST’s Default Acc. Cavity model

Example: lossy fancy-shaped* cavity

Conductivity: 1000 S/m

- Remarks:
Skin-Depth: § = /% ~ 0.5mm o Staircased grid can induce the frequency
N .ous: 271600, shift at 800 MHz
Wakelength: 100 m o Skin Depth** is not well modelled >
Acei: 1.5 mm< 368 difference in shunt impedance

Runtime: 20’ 40" single core in "abpimp60g01"
**for 0 > 100 S/m, CST uses surface

Benchmark with CST Wakefield Solver impedance model (Leontovich)
— FIT+Wakis — FIT+Wakis
—-—- CST 3500 1 -—- CST

3000 - /

2500 4
» Shows the need for

Longitudinal wake potential [V/pC]
Longitudinal impedance [Abs][Q]

2000 - .
Surface impedance
1500 - model for good
v' Simulation is stable 1000 - conductors
even for very long
500 -
wakes

0 - - -

0 2000 4000 6000 8000 10000 0.0 0.2 0.4 0.6 0.8 1.0
s [cm] f [GHz]

CERN . - _
@ »)@ IFN-GV  E. de la Fuente O benchmarks/condcylcavity/ ABP-CEI Meeting, 25t April 2024 33



Outline

2. The Finite Integration Technique (FIT) step-by-step: Slides 13 - 38
2.1. Numerical Algorithm in free-space
2.2. Geometry definition: STL importer CAD Geometry

. . (.stl)
2.3. Adding material tensors: € and u

2.4. Particle beam injection & Absorbing boundaries

2.5. Adding conductivity o E
2.6. Low-f simulations
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Simulation script example L%

gC\ERNjgé >))@ IFN-GV  E. de la Fuente

from wakis import GridFIT3D, SolverFIT3D, WakeSolver
import pyvista as pv

i sooccooooc Domain and Grid setup ---------
# Number of mesh cells

Nx = 57

Ny = 57

Nz = 109
#dt = 5.707829241e-12

# Geometry Import

stl cavity = 'cavity.stl'
stl pipe = 'beampipe.stl’
stl solids = {'cavity': stl cavity, 'pipe': stl pipe}

# Materials
stl materials = {'cavity': ‘'vacuum', ‘'pipe': ‘vacuum'}
background = [1.9, 1.9, 100] # lossy metal [ r, p_r, o]

# Domain bounds (from stl)
surf = pv.read(stl cavity) + pv.read(stl _pipe)
xmin, xmax, ymin, ymax, zmin, zmax = surf.bounds

# Set grid and geometry
grid = GridFIT3D(xmin, xmax, ymin, ymax, zmin, zmax, Nx, Ny, Nz,
stl solids=stl solids,
stl materials=stl materials)
#grid.inspect()

ti} oocoooooooos Beam source ----------------

# Beam parameters and wake obj.

beta = 0.8 # beam relativistic beta

sigmaz = beta*6e-2 # [m] -> multiplied by beta to have f_max cte
q = le-9 # [C]

Xs = 0. # X source position [m]

ys = 0. # y source position [m]

xt = 0. # x test position [m]

yt = 0. # y test position [m]

# tinj = 8.53*sigmaz/(beta*c) # injection time offset [s]

wake = WakeSolver(gq=q, sigmaz=sigmaz, beta=beta,
xXsource=xs, ysource=ys, xtest=xt, ytest=yt,
save=True, logfile=True)

A Solver & Simulation ----------

# boundary conditions and solver obj.

bc_low=['pec', 'pec', 'pec']

bc_high=["'pec', 'pec', 'pec']

solver = SolverFIT3D(grid, wake,
bc_low=bc_low, bc_high=bc_high,
use_stl=True, bg=background)

# Run wakefield time-domain simulation
wakelength = 5. #[m]
add_space = 10 # no. cells to remove for the wake calculation

solver.wakesolve(wakelength=wakelength, add_space=add_space,

plot=True, plot_every=30, save_J=True,
**plotkw)

ABP-CEI Meeting, 25t April 2024
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Example: results for different £

O benchmarks/betacavity/

Simulation of a cylindrical pillbox* below
cut-off for different relativistic § values

*Model by Elena Macchia ~—.Benchm
3 ' —— B=1.0
i — =038
2{ i B=0.6
]! -=-=- CSTB=1.0
1 i ~—- CSTB=0.8
| ~== CSTB=0.6

Longitudinal wake potential [V/pC]

- =

1 2 3

s [m]
@ >>)@ IFN-GV  E. de la Fuente

o

Longitudinal impedance [Abs][Q]

ark with CST Wakefield Solver

Work in progress!
v’ 15t attempt shows some agreement,

but mesh needs to be optimized

v The behaviour with f is consistent

— B=1.0

s000{ — B=08
B=0.6

-=- CSTB=1.0

400071 ___ csTB=08

3000 A

2000 A

1000 -

-==- CSTB=0.6

Y
\ " N ’o\’f\;‘\

f'[GHz]

ABP-CEI Meeting, 25t April 2024
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Outline

3. Conclusions, Challenges & Future work Slides 40 - 42
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Challenges: Simulations above cut-off f

When the bunches are short, they excite to higher frequencies: f;,,4x =

Be

30,

When frmax > feutoss Of the pipe, some modes are in propagation and reach the boundaries

wakis does not show good agreement above cut-off (yet)
Perfect matching layers (PML) BCs are needed to simulate propagating modes

— 0.3 A — 4000 -
2 Moo S
- I —
2 0.2 o[ ! 2
= o Mol = 3000
€ ! I cu i
E 0.1 L : :l “ | O
(@] ][] L I (1]
o IUOEREE o
@ 0.0 i 4 Yl 1 2
k™ il il Wi} i . | £ 2000 -
g (UL 1 1 1 =
Z —0.1- i Ty =
© ' Wl Ny c
c LI Il =
=) I I S
S5 —0.2 - il " 2 1000 -
= ' S
S —0.3{ — FIT+Wakis S
——- CST 0-
0 200 400 600 800 1000

C\ERN )’ D)@ IFN-GV  E. de la Fuente

s [mm]

o benchmarks/cubcavitycm/

Cutoff frequency: ~1.

25 GHz

4 ﬂ

e —
—

— FIT+Wakis

* ——- CST

0.0

0.5

1.0 1.5
f [GHz]
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Challenges: Simulations above cut-off f

This becomes more evident in a non-resonant structure, like a transition (i.e., Step-out)
All modes should propagate, but in wakis they are reflected back. To simulate
propagating modes, we need the PML boundary conditions

Cutoff frequency: ~0.8 GHz
— Re(Z) wakis ABC
go_ 0.4 - 4000 - -—- Re(Z) CST.
> q C — Im(Z) wakis ABC
T 024 FI s 4t 1 - Im(Z) CST
= 5 2000 -
b ©
=] Q
g 0.0 1 7 ‘.J\,\"\ a A E‘
% = 0 - '
= g
? -0.2 A =
S I S —2000 -
2 c
S -0.4 - 'N 3
o —— wakis ABC
— —_ .
-—- CST PML 4000
_0'6 L T T T T T T T T T T T T
0 200 400 600 800 1000 0.0 0.5 1.0 1.5 2.0 2.5
s [mm] f [GHZz]

CERN . . .
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More challenges for the near future

. . E; field, timestep=0 ) . .
. PML & Simulations above cutoff Staircased grid with curved geometry generates
FIT Ez(a.y.z) a=0.006 artifacts and difficulties convergence

1000
l. Staircased grid " l/m
/ - 500
. . . 01 L 250 H, field, timestep=0
lll. Numerical dispersion FIT Hy(x,a,2) a=0.0
= 0.041 o 0.100 100
L _250 0.075 +
V. GPU acceleration ~0.14 so0 005
V. Surface impedance — 1000 o]
=0.1 0.0 0.1 0.2 0.3 0.4
. . . ‘c —0:0757
VI. Wake extrapolation (genetic algorithm) . o 0
."‘:‘“ _0'10—00.20 015 -010 -0.05 0.00 0.0 0.10 0.15 0.20 10
W haumm :
dependent (dispersi als & Qo
VIl. Frequency dependent (dispersive) materials NV . o
Q"'I For some optic applications, the code
QQ 7 Zad 4 . : .
_ _ shows numerical dispersidn
VIII. Frequency domaln monitors Gupy O examples/script_wavepacket_fit.py

Acceleration should be possible with
cupy since it supports scipy.sparse

(C\ERNE DERIFN-GV  E. de la Fuente ABP-CEI Meeting, 25 April 2024 41



Conclusions

o Developed a 3D Electromagnetic and Wake Solver in time domain, 100% in python: wakis

i. Uses the Finite Integration Technique and scipy.sparse matrices, allowing for fast
computations, extendable to GPU

ii.  Different boundary conditions: PEC, PMC, Periodic, ABC wakis (v@.3)

iii. Importing CAD geometry with pyvista N7: NumPy €y seiey

iv. Simulate materials with &, u, o with diagonal tensors. Possibility of anisotropic properties. PyVista ey & Time stepping
Geometry conditions scheme

v. Simulate several sources: Planewave, gaussian wave packet, and the particle beam for

. importer

vi. Several on the fly built-in plotting capabilities in 1d, 2d, 3d 1 Fields
vii. Interactive visualization methods to inspect the grid and the geometry Mesh . Operators E (t])'(g(t)'
viii. +10 examples and benchmark simulations (X”Z’ to 20’) already available on GitHub. GG C, Dy, Dy, Dy, Ds i
. . . . . . Materials Wake solve
o wakis solver has been benchmarked with CST Wakefield Solver® with pillbox cavities of a M, M, M W,z
100% e

different materials and geometries, below cut-off.

o ltis built also as a general-purpose 3D TD EM code, capable of simulating optical lenses, O
diffraction gratings and much more. )
GitHub

» However, many challenges need to be investigated: simulations above cutoff with PML
boundaries, advanced mesh generation, GPU acceleration, numerical dispersion correction,
surface impedance condition... That will be addressed during the PhD!
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https://emojiterra.com/es/inicio-reloj-de-arena/
https://github.com/ImpedanCEI/FITwakis

Thank you © !!!

CERN

\
NS

wakis:
3D Electromagnetic Time- Domain
Wake and Impedance Solver

Elena de la Fuente Garcia (BE-ABP-CEI)
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https://www.sciencedirect.com/science/article/pii/S016890020502098X/pdfft?md5=2f6b57780c7abd5a42392a1c5bdee341&pid=1-s2.0-S016890020502098X-main.pdf
https://arxiv.org/pdf/1508.00066.pdf
https://web.archive.org/web/20050216160425id_/http:/www.math.cmu.edu:80/users/ion/00877588.pdf
https://tuprints.ulb.tu-darmstadt.de/5157/1/main%20-%20Kopie.pdf
https://tuprints.ulb.tu-darmstadt.de/4210/1/Dissertation_Klopfer.pdf
https://bib-pubdb1.desy.de/record/222467/files/DESY-M-91-06.pdf

Absorbing boundary condition (ABC)

A first attempt to reduce the perturbation of the E,, field when the beam current enters/exits it to use absorbing

boundary conditions (ABC)

e Since PML formulation is complex, the simplest ABC, the FOEXTRAP, was tested first. This is a first order

extrapolation that mimics a continuous field at the boundary cells

0120 WV def one_step(self):
121
122 if self.step_o:
123 self.set_ghosts_to_0()
124 self.step_0 = False
125
126 #if self.use_conductors:
127 #self.set_field_in_conductors_to_0()
128
129 self.H.fromarray(self.H.toarray() -
130 self.dt*self.tDsiDmuiDaC*self.E.toarray()
131 )
132
133 self.E.fromarray(self.E.toarray() +
134 self.dt*(self.itDaiDepsDstC * self.H.toarray() - self.iDeps*self.J.to
135 )
136
137 #update ABC
- R It has to be updated every timestep
139 self.update_abc()

gC\ERNj;é >))@ IFN-GV  E. de la Fuente

401
565

506
507
588
589
51e
511
512
513
514
515
516
517
518
519

def apply _bc_to_C(self):

# Absorbing boundary conditions ABC
if any(True for x in self.bc_low if x.lower() == 'abc'):

self.activate_abc = True
def update_abc(self):

Apply ABC algo to the selected BC,
to be applied after each timestep

if self.bc_low[@].lower() == 'abc"':
for d in ['x", 'y', 'z’
self.E[0, :, :, d]
self.H[e@, :, :, d]

n —

self.E[1, :, :, d]
self.H[1, :, :, d]

Same for all 6 boundaries (low and high, x, y, z)
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Challenges

The agreement is okay when we use PEC boundaries In both wakis and CST®

Cutoff frequency: ~0.8 GHz

Benchmark with CST Wakefield Solver

o4
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Optimizing results with wakis

Benchmark with CST Wakefield Solver

1.00 1 —— FIT+Wakis 600 - —— FIT+Wakis
8’1 0.75 1 === CST g -== CST
> @' 500
S 0501 2
e ]
9 o025 2 400 If we remove the last
[sH e
0.00 S 2 H H
g 4 2 3001 8 cells in z-/z+ with
s E
2 -0.25 =
E : £ 200 the add_space
T —0.50 1 ) E —
= \] =
2 -0.75 - £ 100 1 parameter
] ]
-1.00 { 0
-200 0 200 400 600 800 1000 0 1 3 4 5
s [mm] f[GHz]
Conductivity' 10 S/m Benchmark with CST Wakefield Solver
Skin-Depth: 6 = 1 L 2 mm 0.8 4 —— FIT+Wakis , —— FIT+Wakis
nfuo o ——- CsT = 5004 / ——- CST
£ 0.6 =
Ncelrs: 542754 = @
: © <
Runtime: 4/, 30", £ 044 & 400
. L . N a s
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= T 300 -
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T —0.2 1 T 200 A
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Optimizing results with wakis

Benchmark with CST Wakefield Solver
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Then, if we
increase the mesh
resolution by 15%
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FITwakis GitHub overview

0

GitHub

@ elenafuengar new benchmark with a bigger cavity above cutoff 8c6a436 - 14 hours ago ) 182 Commits

BB benchmarks

BB examples
.gitignore
conductors.py
conductors3d.py
field.py
grid2D.py
grid3D.py
gridFIT3D.py
materials.py

pmliBlock2D.py

pmiBlocksDpy FDTD EM solver
solver2D.py by LOrenZO

solver3D.py

solverFIT3D.py

[ I I N I P Y P A P

wakeSolver.py

gC\ERNjgé >))@ IFN-GV  E. de la Fuente

new benchmark with a bigger cavity above cutoff
gaussian wave packet example

include cst

Added implicit function conductor

fixing a bug in sphere conductor

updated __add__ to sum two Field objects

fixing a small bug

add conductors functions to fit

small bug fix for stl_scale

FIT EM Solver

typo

fixing a small bug

3D PMLs now working
Modified 2d em soolver
change CFL to defaul 0.5

add dt as parameter

add wakelength to init Wa ke SOIVer

14 hours ago
last week
last week

3 years ago
4 years ago
4 months ago
3 years ago
4 months ago
2 months ago
3 months ago
4 years ago
4 years ago
3 years ago
last month
14 hours ago

2 days ago

<+—— Benchmarks vs CST, WarpX ...

<+ Examples & university tests:
e Plane wave propagation
* Gaussian wavepacket propagation
* Cubic Resonator

<+— Fjeld class to manage matrix formulation
E,H,], &, u are instances of this class

<+—— GridFIT3D class in charge of STL importer

\ and grid definition
Pre-defined materials library (vacuum,
dielectric, PEC)

SolverFIT3D class that solves Maxwell
+—  equations

< Wakis(v0.2) code is refactored
into class WakeSolver
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https://github.com/ImpedanCEI/FITwakis

CERN

development (I): memory optimization

DERIFN-GV

E. de la Fuente

632 WV def attrcleanup(self):
v class SolverFIT3D
633
. 634 # Fields . .
func _init ” Del from mem he m h Il
- 635 del self.L, self.tL, self.iA, self.itA € etes ro € Ory t € atrlces t at Wi
func one_step - B asavin(suif, “me): not be used for the timestepping routine:
637 del self.BC
. (y
func emsolve 538 del self.pbe * Improves memory allocation by 60%
639 ° f o
v [ wakesolve . I Increases speed performance by 5%
f 641 del self.Px, self.Py, self.Pz
unc 3 s
beam 642 del self.Ds, self.iDa, self.tDs, self.itDa
643 del self.cC
func  apply_bc_to_C
func ypdate_abc © O ® Monitor ¢ =
Archivo  Monitor  Ayuda Archivo  Monitor  Ayuda
func Set_g hOStS_tO_O Informacién general CPU ~ Memoria Disco  Red Informacién general  CPU Memoria Discc  Red
Procesos = 74% de memoria fiica usada ’“ 'é' Vistas ¥ Procesos [ 79% de memoria fisica usada A ( > Vistas v
func apply—condUCtO s 0 Proceso FIb Errores Adgnacl. | Espaciodetrsb. | Sepue.  Privg Memoria fisica usada 100% El Proceso PID Errores.. Asignaci.. Espacio ;Ie trab..  Se pue.. Priv® Memoria fisica usada 100% 9
[ vmmem 1512 0 20438 1978388 o)1 ] vmmem 1512 0 20561, 2052116 0 20
. . L Mapng exe 3276 0| 331040 26436 | 53276 | 24 [ SearchAppexe 16152 0 255856 346076 115500 230
func set field_in_conductors_to_0 e 12002 A O vipengene 0 mer  zeo s 20
[ explorerexe 8472 0 68044 150860 105724 4! [ dwmere 1320 0 170258 225488 64384 1€
§ | | [ Codecxe 13632 0 102520 135244 50836 & [ Codeexe 12892 0 168128 191048 69392 12
Hc app y_St [ searchappexe 16152 0 245372 115508 115404 60 segundos 0% - [ explorerexe 8472 1 68032 152812 105500 &4
[ WindowsTerminal xe 11584 0 53024 114860 66536 At Carga de asignacian 100% [ Codeexe 13632 0 94544 127548 50860 7 60 segundos 0% -
P *nilasin nootnomn o ancen Y- [ WindowsTerminalexe 11584 0 53420 115660 66496 4 Carga de asignacién 100% 7
func attrcleanup < - | Dmancaaasien 2 ° 1nnns oo
Memoaria fisica = 6075 MB en uso M 1998 MB disponibles () |
Memoria fisica W 6452 MB en uso 1655 MB disponibles (a)
func plot3D I N |
Bt Moo Btins Mocre B oo | N
f hardware 6075 MB 36 MBB 1854 MB 144 MB Errores graves/s 100 q
unc p | Ot2 D 83 MB [l Reservada para M enuso B Modificada | E) espera [ uibre 0% -
Disporible 1998 ME g;r:Av\éare 6452 MB 2MB 806 MB 849 MB Errores graves/s 100 9
En caché 1890 MB
func p|0t1 D Total 8109 MB Disponible 1655 MB
Instaleda 8192 MB Encaché 808 MB
Total 8109 MB
04 Instalada 8192 MB

0




SolverFI'T3D development (II): 1D, 2D, 3D plotting

v class SolverFIT3D

func _ init__
func one_step

func emsolve

func beam

func apply_stl

func plot3D
func plot2D

func plot1D

v func wakesolve

func  apply_bc_to_C
func update_abc

func set_ghosts_to_0
func apply_conductors

func set_field_in_conductors_to_0

func  attrcleanup

645 Vv
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660

def plot3D(self, field='E', component='z', clim=None, hide_solids=None,
show_solids=None, add_stl=None, stl_opacity=0.1, stl_colors='white’,

title=None, cmap="jet', clip_volume=True, clip_normal='-y',
clip_box=False, clip_bounds=None, off_screen=False, zoom=0.5,

nan_opacity=1.0, n=None):

Built-in 3D plotting using Pyvista

Parameters:

field: str, default 'E’
3D field magnitude ('E', 'H', or 'J') to plot
To plot a component 'Ex', 'Hy' is also accepted

component: str, default 'z’

3D field compoonent ('x', 'y', 'z', 'Abs') to plot. It will be overriden

if a component is defined in field

Using PyVista (vtk based) functions.

Plots can also be interactive:
e clip_volume or clip_normal flags
when off_screen =True

Plot3D example:

examples/script planewave fit.py

-
<

(CERNii )D@ IFN-GV  E. de la Fuente

A planewave interacting with a
dielectric sphere (University test)

1.00 2.00
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https://github.com/elenafuengar/PyFIT/blob/main/examples/script_planewave_fit.py
https://docs.pyvista.org/version/stable/examples/02-plot/index.html

CERN
\

development (11): 1D, 2D, 3D plotting

v class SolverFIT3D

func _ init__
func one_step
func emsolve

v func wakesolve

func beam

func  apply_bc_to_C

func update_abc

func set_ghosts_to_0
func apply_conductors

func set_field_in_conductors_to_0

func apply_stl

func attrcleanup

Vatplotlib based coutourf
(2D) and line plot (1D)

E, field, timestep=0

FIT Ex(a,b,z) a=0.013, b=-0.042

821 Vv def plot2D(self, field='E', component='z', plane='ZY', pos=0.5, norm=None, '

822 vmin=None, vmax=None, figsize=[8,4], cmap='jet', patch_alpha=0.1,

823 patch_reverse=False, add_patch=False, title=None, off_screen=False,

824 n=None, interpolation='antialiased'):

825 e

826 Built-in 2D plotting of a field slice using matplotlib

993 Vv def plotlD(self, field='E', component='z', line=None, pos=0.5, ‘

994 xscale="linear', yscale='linear', xlim=None, ylim=None, T

995 figsize=[8,4], title=None, off_screen=False, n=None, **kwargs): 1000

996 v 750

997 Built-in 1D plotting of a field line using matplotlib 5007
g 2501
hal —250 4

func plot3D
func plot2D <«
func plot1D <

DERIFN-GV
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—500 +

=750 4

—1000

T T T T T
0.00 0.02 0.04 0.06 0.08

FIT Hy(x,a,z) a=-0.042

Plot2D and 1D example:

examples/script_planewave fit.py 0.03 ;50
A planewave propagating through * oo
vacuum being repflected at the
PEC boundary o

T T
—0.04 —0.02

0.04 0.06 0.08 Q.10
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https://github.com/elenafuengar/PyFIT/blob/main/examples/script_planewave_fit.py

Solver H1'T'3D development (IV): EM solve

v class SolverFIT3D
func _ init__

func one_step

func  emsolve <
v func wakesolve

func beam

func apply_bc_to_C

func update_abc

func  set_ghosts_to_0

func apply_conductors

func  set_field_in_conductors_to_0

func apply_stl

func attrcleanup

func plot3D

func plot2D

func plot1D

\/\C\ERNjié >))@ IFN-GV  E. de la Fuente

141 v |
142
143
144
145
146
147
148
149
150
151
152
153
154

def emsolve(self, Nt, source=None, save=False, fields=['E'], components=[‘Abs'],

every=1, subdomain=None, plot=False, plot_every=1, **kwargs):

Run the simulation and save the selected field components in HDF5 files

for every timestep. Each field will be saved in a separate HDF5 file 'Xy.h5'

where X is the field and y the component.

Parameters:
Nt: int
Number of timesteps to run

source: func

Function defining the time-dependednt source.

It should be in the form " func(solver, t)°

Runs Electromagnetic
time domain simulation
given an initial condition

or source

EM solve example:

examples/script wavepacket fit.py

A gaussian wavepacket
propagating through vacuum
domain (University test)

0.100

H, field, timestep=0
FIT Hy(x,a,z) a=0.0

0.075 4

0.050 4

0.025 4

0.000 4

—0.025 4

—0.050 4

—0.075 +

100

—0.100
—0.20

T T T T T T T —10°
-0.15 —0.10 —0.05 0.00 0.05 0.10 0.15 0.20
Z
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https://github.com/elenafuengar/PyFIT/blob/main/examples/script_wavepacket_fit.py

SolverH1'T'3D development (V): Wake solve

v class SolverFIT3D

func

func

func

v func

func

func

func

func

func

func

func

func

func

func

func

*  Runs Wakefield time domain simulation
given a wakelength.

* Beam source injected is defined by

WakeSolver object.

* Computes wake potential and

impedance by saving Ez field every
timestep and using the routines in

WakeSolver class (needs h5py)

Wake solve example:

examples/script cubcavity fit.py

A gaussian beam traversing a PEC cubic

pillbox cavity

E; field, timestep=1050
FIT Ez(a,y,z) a=0.0

100000

247 Vv | def wakesolve(self, wakelength, wake=None,
248 save_J=False, add_space=None,
L. 249 plot=False, plot_every=1, **kwargs):
Init
- - 250
one_step 251 Run the EM simulation and compute the longitudinal (z) and transverse (x,y)
252 wake potential WP(s) and impedance Z(s).
emsolve < a3
254 The "Ez® field is saved every timestep in a subdomain (xtest, ytest, z) around
wakesolve 255 the beam trajectory in HDF5 format file "Ez.h5'.
256
beam : .
257 The computed results are available as Solver class attributes:
a;)ply_bc_to_(i 258 - wake potential: WP (longitudinal), WPx, WPy (transverse) [V/pC]
259 - impedance: Z (longitudinal), Zx, Zy (transverse) [Ohm]
Luadate_abc 260 - beam charge distribution: lambdas (distance) [C/m] lambdaf (spectrum) [C]
261
set_ghosts_to_0 262 Parameters:
263 2= eesmesoees
apply_conductors
264 wakelength: float
set_field_in_conductors_to_O 265 Desired length of the wake in [m] to be computed
apply_stl
PPy Enps field, timestep=1050
attrcleanup FIT EAbs(a,y,z) a=0.0 o
0.02 0.02 -
plot3D 0.8
0.01 0.01 4
plot2D 0.6 ;
> 000 > oooII'
plot1D 0.4
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https://github.com/elenafuengar/PyFIT/blob/main/examples/script_cubcavity_fit.py

