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Introduction to UPIC-EMMA Maxwell Solver
UPIC framework

UPIC framework @ https://picksc.idre.ucla.edu/

£ UCLA | Searc

Particle-in-Cell and Kinetic Simulation Software Center
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The UCLA Particle-in-Cell (PIC) and Kinetic Simulation Software Center
(PICKSC) was created through an NSF Software Infrastructure for
Sustained Innovation (SI2) Award. It is housed within the UCLA

D of Physics and y and of Electrical

and Institute for Digital Research and Education (IDRE).

PICKSC's mission is to support an international community of PIC and
plasma kinetic software developers, users, and educators; to increase
the use of this software for accelerating the rate of scientific discovery;
and to be a repository of knowledge and history for PIC.

PICKSC aims to make available and document illustrative open-source
software programs for different computing hardware, a flexible open-
source i for rapid of ized PIC programs,
and distinct production programs; to host activities on developing and
ing different PIC algorithms and on ing best practices

for developing and using PIC programs; to coordinate a community
of i software for and graduate

courses in plasma physics and computer science; and to sponsor an

annual workshop to help build a community of developers and users.

Please contact us if you would like your news, software, presentations,
publications, or notes to be posted on this site.
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UPIC-EMMA

UPIC-EMMA (1)

UPIC-EMMA

UPIC-EMMA is a fully relativistic and fully parallelized electromagnetic PIC code,
inherited from the UPIC framework!
UPIC Features:
Message-Passing Interface and
ng Open-MP parallelization
ollision Module

Excellent parallel scalability on supercomputer :
(strong scaling data, courtesy of V. K. Decyk)

Log Time vs log2 procs
45

TSngle Precision 30 EM Code, relativiste

064,096,000 particles

ry order Finite Di
equations

rence Scheme for solving Maxwell 4.0

7

o Customized solver to eliminate NCI
urrent deposition schemes

nditions + open b.c
rallel /O for diagnostics (using HDFS5, and leverages OSIRIS 25
visualization packages)

!

sohd 30 shows linear speedup
d T T

* | Antena-generated laser pulses

GPU & Phi-enabled versions can be adapted quickly from UPIC

IDEAL for accurate and extensive Laser Plasma
interaction simulations related to High Energy Density http://picksc.idre.ucla.edu/
Physics or Laser-Based Particle Accelerator Physics

'V.K Decyk, Comp. Phys. Com.,Volume 177, Issues 1-2, July 2007, Pages 95-97
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UPIC-EMMA

UPIC-EMMA (2)

UIRIE EMMA

Some UPIC-EMMA Applications

Laser wakefield simulation in the Lorentz
boosted frame?

UPIC-EMMA will soon be available on GitHub through an
Open Source License:

GitHub Group ID: UCLA-Plasma-Simulation-Group

Project ID: upiczemma
http://picksc.idre.ucla.edu/

Contacts :
2 RYu et al, Jour. Comp. Phys, Volume 266, | June 2014, Pages 124-138 M. Touati : michaeltouati@physics.ucla.edu
* RYu, Yu, PhD Dissertation, UCLA: Electrical Engineering 0303 (2016) F.Tsung : tsung@physics.uclaedu 4
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Introduction to UPIC-EMMA Maxwell Solver
Units

Units

Let's note the plasma electron frequency and the thermal electron velocity

47\'[75,062 Nede 1
wp =4/ ———— where neg = ————————— and vy, =
i 07 NN,N,A3 A A A,
Normalized quantity t r k ) m, P, 4q, P
_ wt | — | ka | L | Te| Bat 4 S P
A wA me mywA e eng

Normalized quantity j E B
_ j eE eB
- engAw mew?A mew?A

(A, w) are free parameters choosen by the user :

Electrostatic units : A, w) = ( vm/wp , wp )
Electromagnetic units : A, w) = ( c/wp , wp )
LPI units : A, w) = ( c/wp , wr )
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Units

OSIRIS versus UPIC-EMMA units

Electrical Charge and Current Deposit

1

Na Na
p= 3 S awSi[r—r ] adi= 3 S awpv, () S3[r

a=e,it=1 a=e,if=1

Maxwell Equations

a0 (5)] where wg = ?
o)

A\

2B
Maxwell-Gauss : AvARY -3 = ag p Maxwell-Faraday : — = — cV XE
P ot
9E
Maxwell-Thomson : v -B = 0 Maxwell-Ampere : = = cV X B — aj
ot N
G w 47rn052
where ¢ = —— and af = —— with wg = e
wA w? me

V.

Macro particle pusher

dr, P, o (B dp q v,
2l = et 2l _ 9 (§+ a,0 X§>
Va0 (B) dt m, <

A\

OSIRIS choice UPIC-EMMA choice

4me?

1
Wf:1<:>n0:Eanda,—:
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Units

Longitudinal and Transverse components Splitting

Longitudinal and Transverse components Splitting

Let us note

where {

E=E +Erandj=j, +j,

<

- Ef = 0 —'iT
><§L:Oand{zx.

n

<1l

V.

Maxwell equations with UPIC-EMMA units

Maxwell-Gauss : V'E, = ap and V- E;=
Maxwell-Thomson : v-B = 0
oB
Maxwell-Faraday : ot = — cVxEs and VxE, = 0
. 9Er . oE, .
Maxwell-Ampere : 871 = cVxB-— arj, and a—E = —aj,
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Spectral Method

Spectral Method (1)

10/39

Continuous and L and L,-Periodic Solutions : Fourier series

vE € {p,} E B}
o ® o

Fr= > S S B¢ exp[ (k55+5;7¥+5;5)]

p=—00 qg=—00 r=—00

= 111 [k L, L,
F”"’"t:———/ d/ d/ dzF (r, t 1 (KPx + K9y + k"
ETO=STDL L ) )y 2R Be [~ (Kx+ Ky + 2|

and
K 2m(p—1) /A,
V(p,q, )Nk, ., =| k§ | =| 2r(a—1)/4,
K 2 (r—1)/A,

All Electromagnetic Modes (EP:9:", BP:9:") are given now by Maxwell Equations with...

A g N

(ideal method for Linear Partial Differential Equations)
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Spectral Method

Spectral Method (2)

Discretization of space and time

Let us note Nx =L, /A, N, :Ly/éy, N,=L,/A,, t,=(n—1)A, and

X (’_l)éx
¥ (i, j, k) € [L, Nl % [1, Ny] x [1, Na], 17 v, | = G-1a,
Zy (rfl)éz

Discrete and L, Ly and L,-Periodic Solutions : Discrete Fourier Transform (DFT)

NX Ny Nz
ij,k,n __ _ =P,q,r,n
EEr=E (!,-,,—,k, Lv) DFT ZP:1 Zq:1 Zr:1 £ &P [ (kpx tiGy+k Z")]
11 1 &M
=P;q,r,n k,n
d F = F’s]a 3 |:7 kP b kq B k )]
ol IDFT Ny Ny N, Zﬂ Zq_l Z, - exp |~ (Kox; + Ky, + iz,

that becomes 27 /A, 27r/éy and 27 /A _-periodic along the kx, k, and k;-direction.

e My N T T oo .
:>KNyquist = <KY 2k, 2k, ? > = (, = > = highest mode.
A Ay A

=x =z
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UPIC-EMMA Maxwell Solver

UPIC-EMMA Maxwell Solver (1)

UPIC-EMMA Maxwell Solv:

=p,q,r,ntl LK —
EL’ o — qu;2 af Bp,q,r,n+1
=p,q,r
PGnIEL/2 e qnntl/2  Spainntl/2 L Spainntl/2 Kp o pa,rnt1/2
!T 71 lL lL k 2 =p,q,r
=p,q,r
Epyq,r,n+1/2 _ Ep,q,r,n o A, ¢k . E;;_,qmn
2 P,q,r
~p,q,r,n+1 ,q,r,n P,q,r,n+1/2
34 = EY + B, (kg ) xB
~p,q,r,n+1/2
- At af.!-l—

=pg,r,ntl =p.q,r,n+1/2 A =p,q,r,n+1

B - B 2 B (k) xER

= = 2 =p,q,r

without forgetting
1,1, 1,9,1, 1,1,r,
tkp,g,r - ERTTT = 0 E7 1 “Ery" 1 “E7. - ’
Psq,r, ntd P L1,nt+5 1,q,1,n+5 11,r,nt+5

tkp,q,r iy 2 = o0 =V qr)#1, Ui 2 — it 2 =l 21 =0
Kp,qor _Ep,q,r,wg - 0 Eﬁ'l’l’”i _ 1 q»l n+2 :Ei,lanré —a
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UPIC-EMMA Maxwell Solver

UPIC-EMMA Maxwell Solver (2)

Deduced Numerical Helmoltz Equations

1
£p,q,r,n+1 _ ,=p,q,r,n , £p,q,r,n—1 =Pyq,r,nt 5 _sParn—
BT g 4 B T - i
+ ko, cE = ar
Atg P4, T A,
3 1 1
BP:4srsnt+ 5 BP:q,rn+5 | 5p,q,rn—>3
il 2 — 28”9 2 +877 2 2 2aPsdirnt S Pt t
+ kpgr By = e (Lkpyq,r) AT

A2

1
2

N

Deduced Stability Condition

Ar < \/5/ ‘KNyquist &o

SLIGHTLY MORE RESTRICTIVE THAN THE YEE SCHEME CFL CONDITION!
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UPIC-EMMA Maxwell Solver (3)

Introduction to Spectral Methods in PIC codes

Electromagnetic Fields Initialization : Darwin Fields

/E\llj 24" O Lkp,q,g ar 'ﬁp,q,r,O’
Xp,q,r B
<90 =2p,q,r,0  2p,q,r,0 . 2p,q,r,0 Kp,q,r %P,q,r,0
Ir = —J with ) - ZKP,q,r J ’
2p,q,r
= |P:q,r,0 =1Psq,r,0 = 1P,q,r,0 p,q,r,0 = |Pyq,r,0
j T ) a o
T 3 2L . 2L =p,q,r el
ot = o ~ ot vy == = 2%ar 5,
& & C =p,q,r i
and
=P,q,r,0 ar 1 ~P,q,r,0 =
B = Tk <Lkpq’> Ir vxB =25 +1%
- —P,:q, r 0 c~ c 8!
> |PsGsrs < =
=p,q,r,0 ar 1 O, = 10B
E7 = — —_— VXxEr = e —
Pk, ot c ot
without forgetting
Epa17170 E 1,q,1,0 _ ELLHO 0
E7 = =
v(p, g, r) #1, Bp,l,l,o Bl T1,0 _ Bl,l,r 0_p
v
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Yee Scheme

Yee Scheme with an order of acuracy N = 2s - Magnetic Field Update

eld Update
,% "—%J+m—Ln
— sy
R ij+m—1,k
E;
- Y GCn—*=
m=1
gl dik=dntd  pimhak—fn-} s gm=Lik=
y y _ @ =T,z
x = c m
—t m=1
< i— % ktm—
=T
- > G
m=1
i1 14,1 i—L j+m—1,k,n i—L j—mk,n
g~ 3 hkn—} s oF don i gad—mk,
;71 — Ezcme,x N —=T,x
=t m=1 =y
. Ef+m71,j—%,k,n_ i—mj—3%,kn
- @ C.. =LY =Ty
@ E m
= A,
with
. 1 li[ 21 —1)?
m = .
2m—1 1 (2/ —1)> — (2m — 1)
I#m
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Yee Scheme

Yee Scheme with an order of acuracy N = 2s - Electric Field Update

Yee Scheme with an order of acuracy N = 2s

5 i g o il p
i—%.J,k,nt1 i—5.dskn
2 2 . .
Erx —Erx i—Lkontd
A = TALT x
-t 11 1 11 1
s B'z_i'f_i'*"”’k’"*'i _ B'Z—jd—j—m-%-lqk,n-%—i
+ < Z Cm— =
m=t & 1 1 1
_ B/fz,Jykfi—erl,nJrf
_ Sy
AZ

i1 1 1
ij—%,k—5—m+1,n+5
_g’72 2 2

i—3mj—%kn—3  i—%-milj—F knt3

s
- < Z Cm = ==

i—3—mt1,j,k—3,n+1

1 1 1
—§—m+1,k—§,n+§
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Implementation in a Spectral Solver

Implementation in a Spectral Solver (1)

Inverse Discrete Fourier Transform (IDFT) of B field equations

Ep,q,r,n+% —L(9§+9§)
2x e
L J _ L{kz}ceﬂeg [Ep,qy,, ne—Ley]
.
R ) PO [5’}"’;’*"5*‘9z]
Ep,q,',nJr% —L<ef+9;)
=y €
_LoP = _Ler
L J L ] _ L{ﬁﬁ}ge 08 {7;;_,qzﬂ,ne Lez}
Ay ’
I PN —,0P
_ L{kr}fe 105 [é;;,i,r,ne IGX]
,
[ 1 P 0a)] [ _1 P 0a)]
=/ ryn+ —u(05+6 =P,q,r,n —(6x+6
0N, :(X+ y) _ o 2, :<X+ y) . )
L i L Lo (e [ERgrnem K]
A ’
" _ 09
= KB} cemtOx {5’.’,:‘;’”” Ley]
{ . s sin [(zm - 1)5§AX/2]
Pl = Cp—t— % 4
—X
m=1 Ax/z p p /
s sin |(2m — 1) k94, /2 0% = kD, /2
with {55} - cmw and {6 = KA, /2
m=1 4y /2 07 = kLA, /2
s sin [(2m — 1) kLA, /2
K= Gl )
m=1 Az/2
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Implementation in a Spectral Solver

Implementation in a Spectral Solver (1)

Inverse Discrete Fourier Transform (IDFT) of B field equ.

AP;QJ n+2 E)p:,q,r,n—% —0

[ _1 p
Ap,qrn+2ﬁ/ga.fr9()) . E}ﬁj,q,nn 5 —t v

Ap,q,r "+2 E,Z;,q,r,n—% —a 7

_ L{Kf M[E’;—’?y’r’n}%

s sin [(2m — 1) KPA, /2
{Kg =3 CWM
m=1 AX/Z
s f q 6P = kP, /2
sin [(2m — 1) ki A, /2 x = KxOx
where {5‘7} =3 c,,,M and {6 = KJA, /2
Y m=1 Ay /2 60 = kLA, /2
s sin [(2m — 1) kA, /2
K}=3 il bl T
m=1 Az/2
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Implementation in a Spectral Solver

Implementation in a Spectral Solver (

Inverse Discrete Fourier Transform (IDFT) of E field equations

£p,q,r,ntl 0P £P,a;rin _—.0f
[ET% € Erie “p,q.rnt L 0P
= —ar|J Ze X

=T,x

~ K} cet E;nq,nwr%eﬂ(e’;w;)

1
+ L{kq}cewﬁ Bp,q,r,n+7e,b(95+93)i|
Lygel bz
£p,q,r,ntl .69 £P,a;rn_—.67
[qu, A Ley] _ [Equy, . Ley]

=T,y , . P.arnty —.6]
= —ar|J €
A =T,y

t
-~ 1
_ L{KZ}EeLQQ gﬁyQ»l’y"JrjefL(GerSg)

1
r 0L | gPiasrnts —u(60]+67
+ L{Kz}ge z | B, e (6y+67)
=p,q,r,n+1 9" =P.q,r,n  —.0"
[Ep 9 a Lez] _ [El;qz a Lez]

=T,z ) _ “p.a,rint 3 —.6f
—ar | e 02
A =T,z

t
q [~ 1 q_ gr
— {K}ee B2 o= 4(07+07)

P P 1 P
+ L{KZ}ELGXQ Equ,rerQeﬂ(eﬁe;)
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Implementation in a Spectral Solver

Implementation in a Spectral Solver (2)

Inverse Discrete Fourier Transform (IDFT) of E field equations

[E’?i’””“yﬂ - [E;,i,r,ny,gg]
= —ar |:

parnth ot
A =T,x

G LA et as]
+{ig}es [t

Epvq,r,nJrl A EP:qyr,n 0
=T =T p,q,rin+l _
= —ar [j) 2 v

A

t

Ty
R T A e P el
+ K} et §f*q*”"+%m

1
<P,q,r,nt5  —
_ _af[i ;/e/]

t

(] - [y ]

A,

T,z

R A = )
bk (Bt ek

Y
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2D Academic Case : Cylindrical wave

Initialization

Nominal Simulation Parameters

@ 2D

@ Periodic boundary conditions

@ Electromagnetic units (¢ = 1)

@ 4 MPI nodes and 2 OpenMP threads per node
@ L, =L, =12

@ LpmL =30

@ A = Ay =1

@ L, =128

@ a =1

Electrical Current Density Initialization and Expected Solutions

. P i 63 < x; < 65
jaikon — § Jgsin (wotp)ez i 63 <y, <65 with wg = 1and jj = —10
0 else
ioj,k,n _
e = o
ijk, ~ =0
N S A
N |5i,j,k*’@‘>>1 |!i,j,k *m\
. E
Elrd,k,n & =0 (ﬁoin ko ‘!i,j,k _ EOD
[rigk=ro[>1  {/lei sk —rof
gl _ 0

with Eg = afj;o/go =10, ry = (64, 64) and kg = wg/c = 1.

25/39



Integrating UPIC Algorithms into OSIRIS - Introduction to Spectral Methods in PIC codes
Emulation of a Finite Difference Scheme

2D Academic Case : Cylindrical wave

FTFED order 2 - Yee versus Spectrally Emulated

Tog(Ex (1. /e)) att = 0.0/, ) Togyo(By (m, Ay fe)) at t = 0.0/, Togo(By (m. A, /e)) att = 0.0/, )
" 120 " 120
0 o o
, TS )
Rl 4 50| 4 80| 4
3 6 ¥ o o
& ) * 2 i
s s
0 a0 10 a0 10
-12 20 -12 20 -12
—u —u -1
020 0 e S0 00 120 I TR TR W W w0 0
c(a) c(a) ()
(oA fe]) At = 0.0/, N loguo(Bu (11 Ay 2/e)) at t = 0.0/, ) Lo By (1. Ay ¢)) att = 0.0/, ,
12 120 120
0 o o
10 L L, w L,
-1 s0] -1 80 -1
B - & % 3 -
E | 3 2w 1
s s
—-10 10 —-10 10 —10
—12 20 “12 0 12
—u 1 -1
060 s0 T S e s 0 1 %W W S W00 10
r(A) (A z(A)

Figure 1: E; (left), By (middle) and B, (right) in log scale (top) and emulated (bottom)
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Emulated FTFD order N = 128 versus Spectral

og (S (m. A fc ) N ogy (B (m. A ?/c)) att= 0.0/, ) Togao(By (meAw, fe)) att = 0.0/, )
120 20 120
o o o
100 N 0 N 100 N
4 80 4 0] 4
3 63 Y 6 5 6
< < 60 * = 60 "
s -8 -8
10 N 0 . 10
-2 2 -2 0 -1z
-1 -1 -1
020060 S0 100120 T T A T T 2040 6 s 10 120
£(a) £ (a) 2(8)

logyo(Bx (1A /¢)) att = 0.0/, logyo(Bu (me A2 /) att= 0.0/,

, ) loo(By .87/ att = 0.0/ )
120 e 120

o 0 o
100 N 100 = 100 L
50 -1 s0) -1 B -1

-6 3 -
5 | T w "

s s s

1] 0 1) 0 1) .
20 —12 20 -12 20 -

i 14
0

020 40 60 80 100 120
2 (&)

0 0 e s 10 120
2(A)

M W 6 s 10 120
r(a)

Figure 2: FTFD-128 E; (left), By (middle) and B, (right) in log scale (top) and spectral (bottom)
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Absorbing Boundary Conditions
Perfectly Matched Layer (PML) Technique for Finite Difference Schemes

Absorbing boundary conditions (1)

0. .on. .Lyo. ILzz

x y

Michael D. Meyers Idea

The spectral solver remains exact if we dump the electromagnetic fields in the grey
regions of thickness ¢ according to the Perfectly Matched Layers (PML) method
developed for Finite Difference schemes such that the electromagnetic fields vanishes
at the simulation box boundaries.

Vi €L N], Vk €L, N],EWRr = EMedkn g,
Vi €L, N, Vi €,N],EXWLr = EWNan — gand
Vk €1, N, Vi €1, Ny, Ebbln = EbNokn —
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Absorbing boundary conditions (2)

@ Dumping terms are added into Maxwell-Ampere and Maxwell-Faraday :

OF - B
R e TR e

@ Each component of the electromagnetic field is split into two parts :

P
[
(%)

K
+
(%)
5

Erx = Exy + Ex;

Ery,=E;+ Ex and By = By; + Byx

Er.=Ex+Ey B, = Bix + By
and we have to solve the PML equations
BtEyy + 0 (v) Ey, = +0yBEME ) By, = —8yERML
BtEy; + 0,(2) Exy = —8; B;/”\’/‘I"LL 2)By, = +a£§Z“:ALL
OtEy, +o,(2) Eyz = +0zB; ot 2)By, = —9zE;
OtEyy + 2y(x) Ey = — 55 BEML ) By = +OxELME
OtEz + ox(x) Ez = +0x BPML ) B = *81§PML
Bty + oy (Y) Eyy = 78755“’“ ) B, = +oyERML
with o ) = ag(g) om(l€ — &/1/8)" (§ = & = PML medium / simulation box interface)

Remark : o¢ and ag depends on £ = The PML Equations are not linear!
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Absorbing boundary conditions (3)

Electric field update

i—1/2,j,k,n+1 Joi—1/2, ko ivjiki—1/2,j,k,nt1/2
Exy Exy — W T x

= oE /2
S
J i—1/2,j—1/2+m,k,n+1/2 i—1/2,j—1/2—m+1,k,n+1/2
+ Byzcm(ﬁz/J / /2 _ gi=1/2,j=1/ /)

m=1
E;;I/Z,J,k,nﬂ akg(;l/lhk,n _ 72,17kj'7_j)(1/2.1,k,n+1/2/2

S
K i—1/2,j,k—1/2+m,n+1/2 i—1/2,j,k—1/2—m+1)/2,n+1/2
_ f&ZCm(Ey / / /*Qy / / )/ /)

m=1
é;/571/2,k,n+1 Q;Z(é;/,i/fl/Z,k,n _ 7;,],}(]./—1/2,/,1(,!14»1/2/2

S .
+ ok E Cm (B, —1/2,k—1/2+m,n+1/2 _ ,,71/2 k—1/2—m+1, n+1/2)

i j—1/2,k,n+1 J—1/2,k,n iyki—1/2,j,k,n+1/2
nyj / _ EJ /7 — o JT,y/ J /

/2
— Z Cm (Bi—1/2+m,j71/2,k,n+1/2 _E;—1/27m+1,j71/2,k,n+1/2)
iy k—1/2,n+1 s - 2,n i k: 1/2,j,k,n41/2
EY 4 = i EL J /20 i, / Jokant1/2 1
o Bl Z Cm (3171/2+m,j,k71/2,n+1/2 _ B/'f1/27m+1,j,k71/2,n+1/2)
2y

ij,k—1/2,n+1 Jrk—1/2 i k.i—1/2,j,k,n+1/2
LS = JEJ R _ o J’T,z/j n+1/2 )
J i,j—1/2+m,k—1/2,n+1/2 ij—1/2—m+1,k—1/2,n+1/2
— Y o (Y f2mH/2 _ gli=1/ 12:m1/2)
m=1
K _ lflgj'ké:/z o ch /Ag p
with V€ € {x, v, z}, ay o — R B’é’” = — S and 75'1 —
1+ aph a2 1+o ,/ /2
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Absorbing boundary conditions (4)

PML Equations - Yee scheme - Magnetic field update

B i,j—1/2,k—1/2,n+1/2  _ #j—=1/2gij—1/2,k—=1/2,n—1/2
Xy = Xy Zxy

. S P
_ *,+1 Z Cm (Elzyj+m71,k71/2,n e 7m,k71/2,n)

B;’(,Zj—l/z,k—l/Z,n+1/2 _
- =<
" [*k—l/Q Z Cm (E,,Jfl/Q,k+mfl,n _

ark=1/2g ,—1/2,Jk 1/2,n—1/2

ark= 1/2 pig—1/2:k=1/2,n—1/2

i,j—1/2,k—m,n
y

gi=1/2.,k=1/2,n+1/2
Byz

X

B;k—l/z Z Cm (E;—I/Z,j,k+m—l,n _ 71/2,j,k7m,n)

m=1
_ a::—l/ZE':V;1/2,],k—1/2,n—1/2

E;;1/2,j,k—1/2,n+1/2
S
*i—1/2 i+m—1,j,k—1/2,n i—m,j,k—1/2,n
Bx > @ (gz L /
m=1
atim1/25i=1/2,i=1/2,k,n=1/2

*,—1/2 Z Cm (Ey+m—1,1—1/2 k,n 7§i—m,j—1/2,k,n)

Bgi=1/2,j=1/2,k;n+1/2
Bz

i—1/2,j—1/2,k,n+1/2 *j—1/2 i—1/2,j—1/2,k,n—1/2
Bl ay Bl

—1/2,j—m,k,n

)
*j—1/2 i—1/2,j+m—1,k,n
b o (BT -
pa

_ *i,j,k
ik _ 1T % B2 ik t/ ,
1+gz"j’két/2 14 ag”]’két/Z

A/A
with V€ € {x, y, z}, af c8:/8¢
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Implementation in a Spectral Solve

Implementation in a Spectral Solv

Q EQ;QM,O _ Egzyquyo _ Ef’q”’o/l Eg;(q,r,O _ Eiz,q,r,o _ Eﬁ’q”’o/Z o

A
BParintl/2,% P.a:ronk  _ Bt £P,a,r,n
Q B = B B c (L,lgp’q‘,) x EP
Pyq,r
~ 1 A ik
Eg’g”’"““ = DFT{ ————— DFT {gg’g”’"ﬂﬁ’*}
(2} 1+g'<”’ Ay /2
_ 75 A i J k\ Prdsr
Eg,(q,',n,* - IDFT {(1 = sz’kér/z) DFT {ég,cq,r,n}'mk} )
=p,q,r,n+1,x =p,q,r,n,* =p,q,r,nt+1/2 =p,q,r,n+1/2
Q = EF +Bge (tky g,) X BPONTHL/2 A oG
P.q,r
1 .
=p,q,r,n+1 _ - =p,q,r,n+1,% ik
Eec = PR Lk b2 1
Qo +af A/2
A a7 _ _ AV
Eg,cq,r,n+1/2,* _ IDFT{(I _ z'g’j’két/z) B {Eg,cq,r,n 1/2} }
(5) Buvq,r.nﬂ,* _ Epvq,unH/Q,»‘ e (l’kp,[Lr) « E;;_.,q,r,n-l

P.q,r
Ep,q,r,n+1 _ IDFT s DFT {Ep,q,r,n+1,*}i;jvk
£¢ 1*”21'kAt/2 59

EP,q,r,n+l _ gp,q,r,ntl | gp,q,r,n+l gp,q,r,n+l _ gp,q,r,n+1l , £p,q,r,n+1
Ey =Eg +Ey ) Ey =Ey; +E); etc...

Steps 1, 3 and 5 actually concerns the splitted PML components Eﬁy"’"'”- EQZ-""-O etc... and NOT the common fields!

It has been written like this just for illustrating the scheme more efficiently.
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Fully Implicit Scheme for the Dumping Terms (1)

Yee scheme except for the dumping term taken fully im, Electric field update

i—1/2,j,k,n+1 Joi—1/2, ko ivjiki—1/2,j,k,nt1/2
Exy Exy — W T x

= oE /2
S
J i—1/2,j—1/2+m,k,n+1/2 i—1/2,j—1/2—m+1,k,n+1/2
+ Byzcm(ﬁz/J / /2 _ gi=1/2,j=1/ /)

m=1
E;;I/Z,J,k,nﬂ akg(;l/lhk,n _ 72,17kj'7_j)(1/2.1,k,n+1/2/2

S
K i—1/2,j,k—1/2+m,n+1/2 i—1/2,j,k—1/2—m+1)/2,n+1/2
_ f&ZCm(Ey / / /*Qy / / )/ /)

m=1
é;/571/2,k,n+1 Q;Z(é;/,i/fl/Z,k,n _ 7;,],}(]./—1/2,/,1(,!14»1/2/2

S .
+ gk E Cm (B, —1/2,k—1/2+m,n+1/2 _ ,,71/2 k—1/2—m+1, n+1/2)

i j—1/2,k,n+1 J—1/2,k,n iyki—1/2,j,k,n+1/2
nyj / _ EJ 7/ — o JT,y/ J /

/2
— Z Cm (Bi—1/2+m,j71/2,k,n+1/2 _E;—1/27m+1,j71/2,k,n+1/2)
iy k—1/2,n+1 s - 2,n i k: 1/2,j,k,n41/2
EY 4 = i EL J /20 i, / Jokant1/2 1
o Bl Z Cm (3171/2+m,j,k71/2,n+1/2 _ B/'f1/27m+1,j,k71/2,n+1/2)
2y

ij,k—1/2,n+1 Jrk—1/2 i k.i—1/2,j,k,n+1/2
LS - JEJ R _ o J’T,z/j n+1/2 )
J i,j—1/2+m,k—1/2,n+1/2 ij—1/2—m+1,k—1/2,n+1/2
— Y o (B 1272 _ gli=1/ 12:m1/2)
m=1
1 5.7 ch/A 5.7
with V€ € {x, v, 2}, o Telioks — — ) é/,k _ t k& el ng,k _
1+géf’ D)2 /
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Fully Implicit Scheme for the Dumping Terms (2)

Implicit Sc
Q Egy,mr,o _ EgZ,Q,r,O _ Ef’q”’o/z, Eg;Q,r,O _ Eﬁz'q’r'o _ E;y),q,r,o/z .

A
apq,rntl/2,% _ ap,qrnx Dt =p,q,r,n
(L =B 2= ("L‘P-q,r) X EF

Pyq,r

A 1 A ik
(2] 52'4"”'"“/2 =IDFTq ————— DFT {gg'g”’"ﬂ/z’*}
1+agh a2
£=P,q,r,n+1l,* _ =p,q,r,n,* a8p,q,r,n+1/2 =p,q,r,n+1/2
(S JE =Ly A ("L‘p-,w) x BP9 72— AT
Pyqsr
- 1 _ ik
0 Elg,(q,r,nJrl — IDFT — DFT {Eg’(q”’"+l’*}"j’
1+g’<’j )
N
2p,q.rontl, % _ ap.qrntl/2,« _ Bt =p,q,r,nt1
@ 877 _gPa / ,TQ(Lkp.qy,) x E
Pyqsr

= = ij.k
EZ»CQ,r,n+1 — IDFT — DFT {EZ,CQ,r,n+1,*}r Js
1+ gIC’J’ A, /2

Q Eg,q,r,nJrl _ Egzyqu¢n+1 +£§}qur7n+ly Eﬁyq,r,nJrl _ E};z;(q,r,nJrl +£5Z,q,r,n+l CiCoes

Steps 1, 3 and 5 actually concerns the splitted PML components 'ggy'q”'”, 'ggz'q”'o etc... and NOT the common fields!

It has been written like this just for illustrating the scheme more efficiently.
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Absorbing Boundary Conditions
2D Academic Case : Cylindrical Waves

Initialization
Nominal Simulation Parameters Best PML conductivity expression for the FTFD Yee Scheme
@ 2D
. : lx — x|\ #
@ Filter used with a, = a, = .912871 = o | —L
@ Electromagnetic units (¢ = 1) ‘y :y ‘ B where
]
@ 4 MPI nodes and 2 OpenMP threads per node gy (X) = o <7>
Dy mE In10(8 + 1)
aln +1)c
@ 5-30 3<B<4ado, = —"" =08(8+1)c
26
@A =A,=1 5
() Ly =128 1 Computational electrodynamics, the FDTD method,
A. Taflove and S C Hagness, Eq. (7.62) and (7.66)
@ a =1
v y
Electrical Current Density Ini tion and Expected Solutions
P . i 63 < x; < 65
fibon = dgsin (wotp)ez if 4 632 y; <6 with wg = 1 and jo = —10.
0 else

ﬁrzﬁj,k,n _ 0

with Eg = afio/ﬁo =10, ry = (64, 64) and kg = wg/c = 1.
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2D Academic Case : Cylindrical Waves

Periodic versus Absorbing

£, (. A ) at = 0.0/,

B, (10 A fe) at = 0.0/,

By (1 Awy?fe) att =00/,

120

100 6

B, (m, A, /c) alt = 0.0/,
120

100 6

200 10 60 80 L0
z(A)

Ez (left), Bx (middle) and By (right) with periodic (top) and PML-Yee (bottom) boundary conditions
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