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fo: |PP  C:comeass Why do we need kinetic modelling?

[1] D. Tskhakaya PSI 2018

‘Divertor
sheath




i8: |IPP  C:comeass Reminder: why PIC?

Direct solution of kinetic equation (viasov, Fokker-Plank, Boltzmann codes)

2L bl e

+  Maxwell sequations

The advantage: Directly operates with the VDF.

The disadvantage

* Low dimensionality (size of matrix ~ N3N, , e.g. for , N=100 requires nxn, n=10%2 matrix

 Collision operators are integrals St(f,)~ j f f...

- Plasma-surface interactions are difficult to implement



Outline

» Introduction

» General scheme of PIC simulation

» Description of different components of the PIC code
» Requirements for PIC simulation

» Numerical heating

» Estimation of the required CPU time
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The idea of the PIC

[ Particles }‘——

!

[ Macro field }

1

[ Averaged force }—

PIC scaling: ~M operations on N particles ~ MN

Today: 6-dimensional electromagnetic
PIC simulations of up to 1012 particles.

Equations of particle motion

dr _

Equations of the macro field

A=L(B)

Macro parameters associated with

particles

=L, (r,,V,,...ty, V).

In general, PIC codes can be
applied in different branches of
physics, but wusually they are
associated with the numerical codes

simulating plasma



First PIC simulations

MANIAC ,supercomputer* at LANL

(1953)

Dawson, PF (1962) Hockney, PF (1966)

[1] D. Tskhakaya PSI 2018 Birdsall, JCP (1969)
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Examples of full PIC + MC codes

Particle mover

MCC & boundaries
(Collisions, absorption, ...)

F particle — (-‘.J')particlc

mizq(ﬁwtf‘x B)
dr

(.\'vi")Pamclc — NEwW ('\"")P"m‘:lc

g \

Specific for MCFP modelling

Weighting
particle to grid

Weighting
grid to particle

(I’:-I})gnd — I:paniclc (-\-J')parnclc — (/)‘ ‘/)gl‘id

See lecture 7 on MC methods

Field solver
(Maxwell eq. or Poisson’s eq.)

PIC part

A

(P, '/)grid e (E-B)grid




‘o: |PP C&compass PIC codes: general structure

Classification of PIC codes

Dimensionality: 1, 2, or 3D in space, usually 3D in velocity space

Fields considered: electrostatic, or electromagnetic

Physical model: unbounded or bounded plasma, relativistic or classical plasma

Super-particles
Invariant of motion Field equations

Number of real particles ; ; :
>>1 9 _const | q—>Wq

~ Number of simulation particles M |

_____________________________




‘o: |PP  (Ccompass Equations of particle motion

Particle mover: as fast and accurate as possible!

dV e //” \\\ //’ \\\\ ,”’ \\\
dt (E +V x B) /’ v v "\
m : e é Y ot
@ —
ﬁ _ V, \/n-1/2 XN \/n+1/2 Xn+1
dt En BN En+1 Bn+1

At m 2

t+At t
r —r _ Vt+At/2

At Coordinates and velocities are shifted in time

Vt+At/2 _Vt—At/Z e t Vt+At/2 _l_vt—At/Z t .
E + x B <« Time-centered

Leap-frog scheme




jo: |PP  Ccomeass Equations of particle motion (ii)

Accuracy Boundary conditions
/A2y gtoat2 B B _
v = F(V2 v B BY) Could be tricky, because r and V
VENZ VUL ALI 2V (AL12) 12V + (AL 2) 16V +... are shifted in time At/2
Tt t =t pt 2 1t =t pt 7t ~ 2
V' =F(V',E'B')+(At/2)"| F(V'E,B')-V'/6]+.. At Specular reflection
- =—a)02X
dt )
t+At t t—At
S SED S X o X'
At .
V, V,'=—X

X' ocexp(—iat), sin(wAt/2)=zoAt/2. —p | At <2/ @,




Equations of particle motion (iii)

Particle motion in a constant magnetic field
Leap-frog pusher

\IHAt2 _y\gtea2 g \/rA2 |\ yteati2 t ®
= — E( + x B
At m 2

r—r' _\/trat2 -

At =

B ~.
Vo
Questions S



so: |PP Ccompass Particle weighting

t?
/ Particle mover \ '

N V., k=1..N [ | }
dt Particle
. . ighti
dV, _ 8 (E+V, xB) weighting
\ dt m, /
1 N
n(x) = DS (x-X,)
Vvol =1
Simulated particles have finite size: A(X)= ZN:aiS (x=X,),
=1
Weight function S(Xx—X) X




so: |PP Ccompass Particle weighting (ii)

Space is “grided”: AX

k-2 k-1 k k#l k+2 X

Conditions on the shape function:

Space isotropy S(x)=S(-x)
Nc
Charge conservation kZ_;,S(xk - X)=1

Accuracy (field solver) is(xk _ X)(Xk _ X)” =0, n=1...n
k=1
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Zero order (NGP)

0

Alx/2'

L 0f [x—X|<AX/2
_O, otherwise

Particle weighting (iil)

First order (CIC)

Sll(x—x)z 1—|X—X|/Ax, If |x—X|gAx
0 otherwise



‘o: |PP C&compass Particle weighting (iv)

Zero order (NGP) First order (CIC)
2D:
Ay /2
/Ay/Z /oy
; ; : =—Ay92 T 0 T =_Ay/2
—AX/[2 0 AX[?2 — AX/2 0 AX[?2
S,(r-R)=5, (x=X)s,(y-Y)
3D: S,(r-R)=S,(x=X)S,(y-Y)s, (z-2)



Particle weighting (v)

Particle motion in a constant magnetic field
Leap-frog pusher
Linear weighting

B .
Vo

| 1 | | | | | 1 | | L1
12 3 4 5 B 7 8 9 101112131415 1617 18 19 20

X
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Particle
weighting

-~

Solution of the

~

Maxwell’s equations




. IPP Cg.COMPAss Force interpolation (ii)

Conditions for the force “shape function”
S force(x) = S particle(x)

NC
E, :ngjpj’ Oy =Y
i1

e

Correctly centered
field solver

Momentum conservation is guaranteed, Self-force=0.

Nonuniform grid: the condition in general is not satisfied,
which can cause a self-force!




C%—COMPASS Self-force due to non-uniform mesh

Uniform mesh

F..=F +F #0

S

Nonuniform meshl?l

For 1D there exists a solution!S]
No solution has been found for 2D and 3D yet!

Questions

[2] D. Tskhakaya CPP 2007  [3] Duras, et al., CPP 2014



‘o: |PP coMpass  solution of the Maxwell’s equations

Maxwell’s equations Types of the field solverl4

Mesh-relaxation method

VD = p 0B _ _VxE D=¢F Initial “guess”: E, B
g, ot | | Checking of the divergence
oD Iteration until the desired accuracy is reached
vB=0, ot VxH=J, B=yH Matrix solver (too slow)

ME,B=p,J > E,B=M"p, ]
Solvers using Fourier transformation

p,J(r)— p, J(k) > E, B(k)> E, B(r)
Mixture of methods given above

Other methods



‘o: |PP C&compass Electrostatic PIC: 1D

Finite differenced Poisson equation

Wall Wall
B

o PLASMA

§9j+1_2§0j TPi4 P

=——— 1=1...,N
. o | WI_
Ej = ¢j_12_ Pin R L C/
AX
Accuracy: ~ AX? p
_ —¢°_¢1:E +ﬁp L Q+Rd—Q+9—V(’[)
Boundary conditions: AX R PO dt* dt
oy =0, ° <~
¢ 1 QAt+QAt
2 — E, = —( Aty TP j
&, Sarea Boundary conditions from XPDP1



‘o: |PP C&compass Electrostatic PIC: 2D

¢j+1’i _ 2¢j2,i +¢j_l’i + ¢j’i+1 —2(01-; +¢j’i_1 — _ﬂ, & B | €Ejan
AX Ay & | i i B =

£X — Di1i —Pjnai EY - Diiz1 ~ Pjin | T & Ejian

- 2Ax. ! 2Ay § -1 | = . u

-1 ] j+1 X

§eEdS = [ pdv +§adS,

AyAZ( j-|-1/2IEjX+1/2I O 1/2,iE}(—1/2,i )+ AX Generalization to 3D Is
y y B _$i =9 = straightforward!
§ AXAZ(gj,Hl/ZEj iz & 1/2Ej,i—1/2) = PiAV +0;AS ;. Ry

¢j,i _¢j_1,i

X _
Ej—1/2,i =




Electrostatic 1D PIC

2-particles motion in a constant magnetic field

Pot.
Leap-frog pusher 1500
Linear weighting
Poisson solver <" | @ & 0

e
0246 81012141618 20
n % 10° E
B --------- 2
- h
Vo |
i
n gl ————
02 46 81012141618 20 D246 81012141618 20
" X X
Questions



... IPP C COMPASS Electromagnetic case

vD=L B_ Vi E D=
g, Ot
oD

VB:O, E:VXH_J’ BIIUH,

In order to reach high accuracy still keeping high simulation speed the differenced

equations are centered in space and time

MEB=p,J > EB=M"p,J C~it
Ui Pijk

I,t—At/2 I,t—At/2
BI J+1/2,k+1/2 ‘]|+1/2 J.k1

_______________________________________________________________




Electromagnetic case (i)

Simplified scheme of the electromagnetic field solver (example)

Initial conditions

v

Solution of Ampere’s and Faraday’s

laws
B =-VxE, D=¢E,
ot
oD

= =VxH-J, B=uH
~ Iz

l D(t), B(t — At/2)

Adjusting of E and B to satisfy

vD=2 vB=0
&y

Iteration until the both
set of equations are not
satisfied within the given
accuracy.

D'(t,r), B'(t,r)




‘o: |PP  (Ccompass Electromagnetic case (iii)

Accuracy Sub-cycling

Electromagnetic wave in vacuum

A(r,t)~ expli(kr — ot SPRE
i .

Courant’s condition -

( )2 1) |
CAt)” <
b
Y o | = A
QueStionS  the field and particles

_____________________________________

I

|
NN AT
AN ANALN_w



Particle loading

A

f(v)

—>
v v

\Y
[ £(v)av

F(V)=" A N
Txf (V )dV V =F ( R) R — random number [0, 1]
Voo

The probability that the velocity of a Inversion can be analytic or numerical

particle is lying between V,and V




Particle loading (i)

2D Maxwellian distribution

. V2 4+V?2 \/ 2
f(V)~exp| ———= |=exp| —
( ) p[ 2VT2 j p[ 2\/sz
2

V V V2 V2
e — dv=/. e — , F(V)=1-—exp| —
[OXpL 2vT2jVV T Xp[ 2vT2] (V) p( 2vT2]

V=F*(R)=V;\-2In(1-R) =V, -2InR,, V,=V(2R,-1), V,=2V.JR,(2-R,)




jo: |PP  C&comeass A “Simple” PIC

[ Input/output} ) n n., J} — Field solver — [Forceinterpolation}

' !

Particle
weighting / Particle mover \
I t %:vi, K=1,..,N
Boundary —
{ effects } dv: _ & (E+V, xB)

[Particle Ioading} \ dt m | Y




1D unbounded plasma

1D plasmain a constant magnetic field
Particle loading 1,01
Leap-frog pusher
Linear weighting
Poisson solver

n [x1 o’ n::m'g]

0.99

25

Simulation parameters

E [kV/m]

Periodic boundary conditions
Number of grid cells: 400

Number of particles: 4x10° .25

Time step: 0.28/W, % [em)]



B —1/2

—— 2
Expected oscillation modes!® Q: +a)§ (Qg +a)§) Y
Wt = + —w Q;sn“6| , Q..
2 4 e |
I .
0 o+
— 100%=
E £
- :
El Questions
S 10.
IS
g
5 Spectrum of the plasma
0.1 “‘ potential oscillation frequency
from the PIC simulation

0.1 1 10 100 1000
w [x10” r/s]
[5] Alexandrov, 1984



oo Analytic theory of finite size particle
o 2
fo: |PP Ccompass

plasma in a discrete space

Dispersion relation of unmagnetized 1D plasmal®]

(k ) 1 a)s Z ‘S(k 12 Z(kp)z' w 0 = 1 | | L L////r
E ’a) =1— =V, o
aicv &0 5 g )T £,
: =
2 _ 45 z(kAZXIZ)’ 0.6
AX 0.4 f r : : :
B sin (kAX) 0 0.05 0.1 0.15 0.2 0.25 0.3
A7 3 —
. m+1 @ o )r(]:
S(k)= (sm (kAx/Z)) | %_ 2 — gx:;ED
kAX/ 2 ;Q- 15
21 _E
k. =k—-p=—. z 0
P ¥ AX / 1 : : \ : \ :
0 0.05 0.1 0.15 0.2 0.25 0.3
AX < Ap kL,
[6] C.K. Birdsall, A.B. Langdon 1991
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% COMPA Requirements for PIC simulation

Time scales :
Spatial scales

-1/2 [TTTTTTTTTTTTToToTomomomemees !
1($ = :
At. < — Z— Electromagnetic field solver | V For stability of the Poisson solver
field = Ax2 AX< A S y
Ak
At < V— No “jumping” particles AX < Igeom 10°
SR 2/, [s]
At < i For stability of the leap-frog scheme i
i @y
0.35 . |
At < Ensures 1% accuracy for cyclotron rotation
Al << —— Ensures accuracy for collision operator
| %4




‘o: |PP C&compass Numerical heating

Profile of the energy flux in the tokamak SOL

12X 10° | | e L L
WMW\“UWWWW e WW“ g i o
] JMMW N W A‘ W PIC 2 PIC JVM M‘H‘\w Wil UMNM\M\\M MM il l 1 |
8 MMW | NE 10r ‘ WW “LM HH“\ N alytic
~ !M ﬁ Analytic ; al uw
E 6 ‘ y ‘ ‘
; i |
| 4r ) v
w“‘”“ w
2r Conventional PIC (L ~ 5x10% A,) | ( Advanced PIC (L ~ 1.5x10% A)
of
0 ! r r ) r
0 1 2 3 x [m] T i : |

v round-off errors .
Fllters smoothers

v numerical diffusion in velocity space, <OE2> =) |
. implicit solvers

v small number of particles, 5 ~ N 172



so: |PP Ccompass Numerical heating (ii)

<6Ekin (tH )> — —T  “Heating” time

t, = 500—=2 2D CIC scheme [R.W. Hockney 1989]
@,

Old not applicable

Energy conservation SV ~ SE, <5E>t -0, <5E2>t 20 <5V2> 20

t

(6%), =0, (6x%) #0

Diffusion in velocity space

Diffusion in usual space Numerical heating



