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General Requirements on Wakefield Solver

Solver Capabilites

» Fully Time Domain

::: > Resistive Walls with Freq. Dep. Conductivity
> 3D Complex Structures » Surface Roughness & Metal Oxidation Effects
» Ultra-short bunches

ﬂ Numerical Method ﬂ

> 3D Numerical Scheme <:| > Time_ Domain SIBC Model and
> Dispersion Free in longitudinal direction Special Implementation to Preserve
ﬂ Dispersion Properties of 3D Method

» No Time & Mesh refinement

» Moving Window
» Parallel computing
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Dispersion-Free Numerical Method .

Staggered Finite Volume Time Domain Method

Volume Integral Form of
Maxwell’s Equations

§EXdA=—iJ. H dv Time Continuous MGE Time No Splitting
N dty a q Integration e\ e
Space —h=-M _C-e h T G(At) )
§ H x dA = J‘{j —I—igE} dv Discretization dt "
& b QoM ch-M . j 1
= A = dt ¢ e Dispersion-free in
§8E dA = I’O av longitudinal direction
oV \%
§ uH -dA=0
ov

Conclusion on SFVTD Method for Wakefield simulations

» Dispersion free at Courant limit along all three coordinate directions simultaneously.

» Successful TD-SIBC implementation & good agreement with power-loss method.

» Successful convergence study on TD-SIBC order & mesh resolution.

 Initialization of fields & according current for ultra relativistic bunch — not successful.
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Dispersion-Free Numerical Method

Maxwell’s Integral Equations  Finite Integration Technique

- Time Continuous MGE .
:f> di :—é”,uH dA C~Curl ,S~Div
o o M, iﬁ ——Ceé Basic properties of continuous
fH -di = I[jJr%gE]dA FIT 3'[ i operators are retained
PO M,—&=C"h-j| |S'"C=SC"=0 <« divcurl=0
[[eE-dA=[[[pdV dt ~
s v SMe=q = dT = 7
T a dl =——||uH -dA
JJuH -dA=0 STM h=0 i ot jsJ
e >
DuaIGrid | Z,2 ex2_ex1 e22_ezl a
1 1 ’ —— ’ =T h
! e | 0 S e AX ot
Primary = 4 -1 Xl X ghy ex,z I
Grid 1ty L2 -r- 7
t =7 ' N e
[ A — hz Z’lt iex_iez :_gluh
e, L L fh gy 0z © OX ot"
//\
// ex é
e > z X Finite Integration Technique - T. Weiland (1977)
Z
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Dispersion-Free Numerical Method

Maxwell’s Grid Equation written as ODE system

h 0
T e

R ;(4t)= (1+%ULT)(1 + At LLT{1+ ‘;t UL’TJ

i 0 -C, 0 0
LT Splitting Uiy E[o 0 J L E[CT O]
(O —CJ / LT
A=
ct o LTs-1 \ L Ts-2
At At At At
e =R R, (4t)R e’ =R R, (4t)R
(g ran3) (3 ran(s
(H XY (At/4) &——= Updates Equations M| [H_z(Aat/4)
1E_XY(At/2)«J,| NO=30 Number of Operations NO=24 |E-2(4t/2)
(H _XY(At/4) H_ Z(At/4)
(H _Z(At/2) Dispersion Free in Longitudinal Direction [H_XY(4t/2)
{E_Z(At) N JE_XY(At)«J,
- LTs-2, TE/TM
H_Z(At/2) Stability _ | _xv(atr2)
(H _XY(At/4) cAt<[i+iJ H zZ(At/4)
- ] |\ A% A
<E_XY(At/2)(—JZ CAtSmln(Ax’Ay’Az)l X y E_Z(At/Z)
(H _XY(At/4) cAt< 4, (H_z(4at/4)
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SIBC Time Domain Mode VRS
SIBC in Frequency Domain >IBC in Time Doma}\llr;
= L, = Transformationto TD, | - d - — =
B (@) =Z,() [7i x Hy(@)] > B @=L Z[RXH 1+ ) Gi(®
i=0 []

Auxiliary Differential Equations (ADE)

Zo(w) = jwl z . ——
s(@) = jol +ao + ]a)+,Bl Go = ap [n X Hy ]

d = - N — <::
2 0i T BiGi = a; [n X He ]

Rational Function ApprOX|mat|0n (RFA)

» B. Gustavsen, Improving the pole relocating * J.Woyna, E. Gjonaj, and T. Weiland, Broadband
properties of vector fitting, IEEE Trans. on Power surface impedance boundary conditions for higher
Delivery, vol. 21, pp. 1587-1592, 2006 order time domain discontinuous galerkin method,

COMPEL, vol. 33, no. 4, pp. 1082-1096, 2014.
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SIBC Time Domain Model UNIVERSITAT
Surface Impedance of Good Conductors
- Metal Type | Conductivity Relaxation Time
Z () \/ Jo /_10 [MS/m] [fs]
(0))+ Joég, Cu 58 24.6
ﬂ Al 36.6 7.1
— SS 316 1.34 2.4
o) ~ — JM " | Ti-6AI-4V 0.5 1.04 (?)
0.003
Copper

Example : Short bunch

O-Bunch f 10/,lm _ﬂﬂﬂl
s G
C %

f ~ ~5THz N 0-001
GBunch o

0 1 2 3 4 5
Frequency [THZ]
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Boundary Effects

Z,(0) =22 (0)+ Z(0)

* Finite Resistivity

7% (w) ~ Jou Z (o)~ jol
° olw)+ joe {l
O o, g —1
Yo L ~ r
o(w) ~ 1 jor Hy g
y
g ~10
onide ~7nm

e M. Dohlus. TESLA report 2001-26, 2001
* K. Bane, G. Stupakov, SLAC-PUB-10707, 2004
e A Tsakanian, M. Dohlus, I. Zagorodnov, TESLA-FEL-2009-05, 2009

« Surface Roughness
* Metal Oxidation

+0.01-A

}

~500nm

OXIde rough

rough
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Accuracy of Vector-Fitting technique
Good Conductors
Jou VF Pole-residue representation
Z(0) = o(0)+ joe — (W) =jol +ay + Z 4= applies to any impedance
J ](‘) + bi function.
Example : Cu - Np=21,
Frequency range ~ 10MHz-5THz, Af~5MHz Sensitivity on RFA terms

w 3[x Fited IR R B S 10° f~1GHz
E 251~ = Analytic i \'?10 —~
< R . g <10°
oo g E10 X
ﬁ : s : 5 e =
SR 8 B L =107
- i 3 I
2 Y S
=p "0z o4 os 0s 1| 10° 6 © 12 15 18 21 27
E | Frequency [GHz] Np — RFA termns

o 1 2 3 4 5

Frequency [ THz ]
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TD-SIBC Implementation

Faraday’s Law with SIBC - TD

d Np Boundary Cells with SIBC Surfaces
(M”JFL.IC)Eh:_C'é_IC'ZO:Gi e
1=
Auxiliary Differential Equations (ADE) / )
~ — 4 hz I 3 h A Bams
G():ao[nXHT] X ey
d =g 4 _ N — > > > Y
2eGi+ BiG = ay [7ix H, ] |72 B, Yo
dt : i : : )

Ampere’s Law with PEC

M e-Cr-h+]
ot

Semi-Discrete Maxwell’s Equations with TD-SIBC

e 0 M*C" 0 0 - 0)(e
h -MJ)C 0 C; C; - Cgf| h
dj{ 0o | O a, 1 0 0 || G,
dt| G, 0 -4 0 B 0 || G
Gy 0 ~a, 0 0 - B, )\Gy
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TD-SIBC Implementation 0 e
MGE with TD-SIBC as ODE system
a P Strang Splitting - Second Order
ﬁ ay =A- Y| ¢ :) eA*At — eAglgc*At/Z * eAc*At * eASIBC*At/Z

e
G, h U
G

o TD-SIBC update [ At/2 ]

,1 * Add Loss to each h-comp.
)b U
G
§ Asipc * Main 3D Num. Scheme update (At)
0 M |0 O 0 U
~-MC 0 C, C C
A B 7B B « TD-SIBC update [At/2 ]
0 a, 1 0 0  Add Loss to each h-comp.
0 N 0 ﬂl 0 Applicable for FIT based methods
: : : : L with different time integrations
0 —ay, 0 0 - B, . 4

For example: LT, TE/TM, LF
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TD-SIBC Implementation

 TD-SIBC update [ At/2 ] n
:> + Add Loss to each h-comp. ————— update (At /4)

1] h=h-— |v| A, ZG
* Main 3D Num. Scheme update (At) G, update (At / 4)
o TD-SIBC update [ At/2 ] G" = o - h" 05
e Add Loss to each h-comp. 00

G =G g AN +ﬂ(1_e—ﬂi At)_ hn-05
b

Exponential Time Integrator for SIBC-ADES
! provides better accuracy, stability &

For example: LT, TE/TM, LF independence on pole magnitude of surface
Impedance expansion.

Applicable for FIT based methods
with different time integrations
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0.02 _ . .

Fixed Mesh ¢/A=5 ; ; —PT
IR .. — Np =40
e A A A | === Np=20
' ' ' ' i === Np =10
o 0
o
>, : : , , « Main contribution in short
¥ 001} o L S L — A AR | range wakes is from SIBC
' high frequency part.
: : : : : e Usually 10-20 terms in VF
-0.02--oe T . . T A i are sufficient.
-0.03

6

slo
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omparison wit UNIVERSITAT
002 J J J J J ! J J !
: : : : : : : ! ! s hunch
0.01 — ST
- A= 40
_ 0 A =20
Q ===g/A=10
= .0.01 —=—=g/A=5
o Convergence
= 0.02 10° —————————
oozl Refl Sol. - 6/A=40 oo
-0.03 = NS
A = L LN
-0.04 | | | | | | | | | E 1 i ;
S5 4 3 -2 -1 0 1 2 3 4 5 5 | D "W P D]
w4 ! , "
= 10 borccgroorooorioo N g O (A')S
R e SRt St St G, SRSt RSt
R - TR - BB NI USSR
E ----- SRRt EEEEEEEEEEED II- -----------------------------------
Qo 00 F---- .I _________________ I. __________________________________
o i
----- L ST REREORS SUUTE TROY EERI SRR DR A R, SRR e
I P A?)
-10'2 1 I |
2.5 5 10 20
c/A
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Comparison with ECHO

Bunch - 6=5mm

TiAl , L=30cm

0.02 | Wake scale by factor~1.23

0.01 [ b TN

Y Lo

Ol i e e ]

&) ! N : ' ' ' ' '

2 )

I L i it St === bunch

% : : : : : : ===FECHO
0,02+ forbod N LG o

0.02 T . T T T T T T T ' : : : - /A= 20
IR R B N R I
""""""""""""""""""""""""""""""" .0.04 i I I i i i i i i
S5 4 3 -2 1 0 1 2 3 4 5

o
=
% = bunch « Same behavior is observed for different
= _EEH_Um . beampipe radius and materials.
___;,&; 20  Possible reason is staircase mesh, i.e.
: : : : : | | m——c/a=10] | boundary cell areas with lossy edges
.0.04 i | i i i | i i i are overestimated. 27z
5 4 3 2 1 0 1 2 3 4 5 )
slc
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Comparison with ECHO

« SIBC-ADE update [ At/2 ] ~ oAt &
_-5- Add L oss to each h-comp. h=h —7 My |c 'ZGi
iy
Main 3D Num. Scheme update (At) Mt~ 1
T # Cell _Area
» SIBC-ADE update [ At/2]
* Add Loss to each h-comp.
P SIBC edge
000555555555555555555555555%%,
0P292700009290900929490982949.
05295355%253553%53%42552252¢

» Semi-conformal or conformal method implementation needed
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Summary

Achievements

» Time Domain SIBC model & RFA Accuracy

» Successful TD-SIBC Implementation in FIT Based 3D methods
» Stability & Convergence Analyses

» Verification for Rectangular Beampipe.

» Moving Window & Parallelized for PEC Boundaries.

Further Steps

» Application Semi-Conformal or Conformal Boundary Approximation
» Verification for Cylindrical Beampipe & Convergence Study.

» TD-SIBC Part Parallelization & Performance Optimization.

» Application to Realistic Structures with Complex Geometries.

Thank'y ur Attention

(o -
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