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Outline

Physics problems: astrophysical shocks, plasma accel.
o choice of Lorentz frame

Particle-in-Cell method basics

Standard Boris & Lorentz invariant particle pusher

Standard Yee & NSFDTD, high-order, spectral Maxwell solvers
Current deposition, field gather, smoothing

Numerical Cherenkov instability

Exascale supercomputing & common tools

Conclusion
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Examples of relativistic plasmas

Astro shocks Plasma-based accelerators
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Modeling from first principle is very challenging

For a 10 GeV scale stage:
~1um wavelength laser propagates into ~Am plasma

=2 millions of time steps needed
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Solution: use frame moving close to speed of light*

Lab frame

I=1. um

/

1. m/1. um=1,000,000
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Solution: use frame moving close to speed of light*

Lab frame A Boosted frame y = 100

compaction
1. m/1. um=1,000,000 0.01 m/200. um=50 )
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LBF method carefully validated in deeply depleted beam loaded stages
-- Excellent agreement between runs at various y boost

Warp-3D - a,=1, n,;=10%cm (~100 MeV) scaled to 10*’cm3(~10 GeV)

1.10
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LBF method carefully validated in deeply depleted beam loaded stages
-- Excellent agreement between runs at various y boost

Warp-3D - a,=1, n,=10%cm (~100 MeV) scaled to 10*’cm3(~10 GeV)

4007 ==y=1 o y=2 - y=5
y=10 —vy=13

z=1.05mm

I

‘ T T ' T
1.10 : 3.58 3.60 3.62 3.64
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Speedup verified by us and others to over a million

>1 million x speedup Warp:
1. J.-L. Vay, et al., Phys. Plasmas 18

T pEtE = ‘ 123103 (2011)
Osiris Vorpal Warp (‘] _|_[3)2 YZ i 2. J.-L. Vay, et al., Phys. Plasmas
v X vl (letter) 18 030701 (2011)
(o) -~ : 1 3.J.-L Vay, et al., J. Comput. Phys.
T 230 5908 (2011)
4. J.-L. Vay et al, PAC Proc. (2009)
Osiris:
1. S. Martins, et al., Nat. Phys. 6
311 (2010)
2. S. Martins, et al., Comput. Phys.
Comm. 181 869 (2010)
3. S. Martins, et al., Phys. Plasmas
17 056705 (2010)
e 4. S. Martins et al, PAC Proc. (2009)
1000 Vorpal:
1. D. Bruhwiler, et al., AIP Conf.
Proc 1086 29 (2009)
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Formulation is very general and applies to crossing
relativistic objects

crossing of 2 relativistic objects

I, = (LI, T/
Fo-center of mass frame Fg-rest frame of “B” T T S e

o= 1ed

I—( Y ;
‘—%‘_A 0 " Yo=1e3

X

\f“-laz

Q
£
=
+
Q
O
(=]
a
w

[' is not invariant under a
Lorentz transformation:

r:a</‘r x 72‘

v? speedup demonstrated for 2-stream insta., plasma accelerators, FEL, ...

Can it apply to 2-stream insta of relevance to blazar studies?
*J.-L. Vay, Phys. Rev. Lett. 98, 130405 (2007)
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Example of application to 2-stream instability

Calculation of e-cloud induced instability of a proton bunch*

* Proton energy: y=500 in Lab

* L=5 km, continuous focusing electron

streamlines

T |
— no electrons

--=- |aboratory frame : ; - )
- - frame y2=512 CPU time (2 quad-core procs):

i « lab frame: >2 weeks
"7 elacton density . « frame with y2=512: <30 min

T (oem) Speedup x1000

AR el

Z (km)

.1-“:"'-'3&‘ U.S. DEPARTMENT OF Office of °C - F:“W
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Example of application to 2-stream instability

WARP-3D

Calculation of e-cloud induced i

\ 3
L‘\\\“ |

* Proton energy: y=500 in Lab

* L=5 km, continuous focusing Ny

<r> (mm)
o

\ 0

——
o electrons
laboratory frame

-+ frame y2=512 _ o | | CPU time (2 quad-core procs):

s « lab frame: >2 weeks

T (oem) Speedup x1000

=

Z (km)
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Test beam-plasma simulation in various frames

Beam: Y(l_lo /

positrons+

Plasma:
protons+electrons
Vth,=1.e-3c

plasma 1000“ beam

time
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Test beam-plasma simulation in various frames

-
=
&
>
o
)
-]
)
S
2
i

[N
L -

: =
y=1.5: ~4xfaster
y=2: ~7.5xfaster

# time steps
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Test beam-plasma simulation in various frames

-
=
8
>
<
)
-]
)
B
-
i

[
-

: o
y=1.5: ~4xfaster
. y=2: ~7.bxfaster

# time steps
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Test beam-plasma simulation in various frames

ll“.' I {

Also less noisy at
higher y.

Field energy (a.u.)

! .
4000

S—

) -
y=1.5: ~4xfaster
y=2: ~7.5xfaster

# time steps

éd"': '-fh‘. U.S. DEPARTMENT OF Oﬂlce Df 0 0 _:‘:]
@ ENERGY | o0 iamemromosss AT P))

12

DERKELEY LAD

Pirsa: 16030108 Page 17/63



Pirsa: 16030108

Outline

Physics problems: astrophysical shocks, plasma accel.
o choice of Lorentz frame for modeling of plasma accelerators

Particle-in-Cell method basics

Standard Boris & Lorentz invariant particle pusher

Standard Yee & NSFDTD, high-order, spectral Maxwell solvers
Numerical Cherenkov instability

Conclusion
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Particle-In-Cell widely used for modeling plasmas

Particle-In-Cell ~ based on first principles:

-> includes nonlinear, 3D, kinetic effects,
Charged

® macro-particles - particle push and EM solver are local:
-> scales well to >1M cores.

; -""‘.':h‘ U.8. DEPARTMENT OF Office of 0 _:‘h]
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Particle-In-Cell widely used for modeling plasmas

Particle-In-Cell - based on first principles:

-> includes nonlinear, 3D, kinetic effects,
Charged

® macro-particles - particle push and EM solver are local:
-> scales well to >1M cores.

Push particles Time/s

Newton-Lorentz

Gather forces Deposit charge/current

\ Field solve

Poisson/Maxwell

‘»":-"‘4\ U.8. DEPARTMENT OF Office of
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Berkeley Lab Accelerator Simulation Toolkit
Warp - open source PIC+accelerator framework

http://blast.lbl.gov Warp
» 3-D, Circ, RZ, 2-D on structured meshes

* Ref. frames - lab, window, boost
BLAS ' * Poisson/Ampere - FFT, multigrid; AMR; implicit;
arbitrary conductors (cut-cell)
N TOOLKIT

BERKELEY LAB ACCELER ATORSIMULA « Maxwell - Yee mesh/node centered, arbitrary
order, Yee/CK/Lehe, pseudo-spectral, PML,
MR, arbitrary conductors/dielectric (grid-cell)

* Particle pushers - Boris/Cohen/Vay/Maps

* Accelerator - dipoles, quads, sextupoles,
solenoids, acceleration gaps, arbitrary fields
(gridded/functions), linear maps, ...

* Emission - particles: space charge limited,
thermionic, prescribed, secondary; laser

* Monte Carlo collisions - ionization, capture,
charge exchange

* Programming - Python+FORTRAN, parallel MPI

-‘ U.8. DEPARTMENT OF Office of . = _‘W
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Particle pusher
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Boris pusher is most widely used

* Boris pusher: leapfrog second order in time

n+l/2 o n=1/2

o Position push: X =X +V"'At

n+l n

+ U

n+l/2

At U
o Velocity push: 7 i q E"V2
m

X Bn+|/?.

Solved as follows:

y =y +£15“+”3 «— 1/2 electric field push

<—— 1 magnetic field rotation

€« 1/2 electric field push

*J. P, Boris, Proc. Fourth Conf. on Num. Sim. Plasmas 3-67 (1970)
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Recent developments in particle pusher

Problem with Boris pusher: not Lorentz invariant
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Lorentz invariant particle pusher

* Boris pusher introduces error in cancellation of self E and vxB

u+|
' gAt 2 +u" 4 _
o Velocity push: W =y + I—| E™ L A Wy
m 2]/

issue: E+vxB=0 implies E=B=0 => large errors when E+vxB=0 (e.g. relativistic beams).

» Solution |
n+|
o Velocity push: CIN (Emm + V" B”J’m)

m 2

* Looks implicit but solvable analytically*

) ] w2 :

o+ No +4(7 4+ u™") vy gAtf sV . o

S (with u=yv, u'=u'+—|E"""4 = X B w=(qAt/2m)B™E,
m 7

i+ 1

=[u’+ (" - Ot+u’ X t]/(1+7) W'=w'orle, o=y?-1l y'=\l+u'P t=7/y")
*J.-L. Vay, Phys. Plasmas 15, 056701 (2008)
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Lorentz invariant particle pusher

* Boris pusher introduces error in cancellation of self E and vxB

n+l n
n+l n C[AT n+l/2 u +u n+l/2 —
o Velocity push: u =u + _m (E =5 —zy,m,g x B a0

issue: E+vxB=0 implies E=B=0 => large errors when E+vxB=0 (e.g. relativistic beams).

e Solution
gAt

n+l n
o Velocity push: M”+I =" + (E:HI/Z i LA XB”HQ)

m 2

* Looks implicit but solvable analytically*

5 3 ]
g+ No +4(7°+u™")
)

. ] (}AI /2 v‘. i+1/2 +1/2
(with u =yv, ) '+:X“ =), T=(gAt/2m)B™""",

i+ 1

' =[u’' + (U - tt+u’ Xt]/(1+7) amulirie, omySam, wimUEY e tagi
*J.-L. Vay, Phys. Plasmas 15, 056701 (2008)
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Single particle test of Lorentz invariant pusher

Lab frame Boosted frame y=2

particle cycling in constant B field - ExB drift adds to gyration

X == analytic B New Boris % Boris tan{w/c) cor, X = analytic o New Boris = Borls tan(o/ ) cor,
Y = = analytic © New Boris  + Borls tan{u/a) cor. Y = = analytic © New Borls  + Borls tan{e/ct) cor.

T
40
time step time step

#* Y U.S. DEPARTMENT OF Offi f _T]
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Field solver most commonly 2" order “Yee” solver*

Numerical dispersion Effect on 2-D expanding pulse

Kronecker D pulse

CAt <] \.v‘/\x.! = ,\VJ

1 2 3 4
kAX

*K. S. Yee, |IEEE Trans. Antennas Prop. 14 (1966).
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Non-Standard FD solvers offer some tunability

NSFD*2: weighted average of FDTD (Yee) NS-FDTD (Karkkainen/Lehe)
guantities transverse to FD ‘

i
3 ok

* Adaptations to PIC34:5

20

Lehe® algorithm:
_ﬁz.:c ﬁz,m

(15T S W 1 O 1 ) « 5 T T T O 5 Y B

2 3 4 1 2 3 4

1), B. Cole, IEEE Trans. Microw. Theory Tech. 45 (1997). 4).-L. Vay et al, J. Comput. Phys, 230 (2011) 5908,
M. Karkkainen et al., Proc. ICAP, Chamonix, France (2006). °B, Cowan et al, PRST-AB 16 (2013) 041303,
3. Pukhov, J. Plasma Physics 61 (1999) 425. “R. Lehe et al, PRST-AB 16 (2013) 021301,
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High-order stencils + small time steps
=>» exact solution but expensive

cAt/Ax~0.45

\
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Spectral solver offers “infinite order”
but still needs small time steps

(FDTD) (PSTD) J2FET

BB AI(AE-\- - AE) BIL B!+ Mt F (ik, F(E,)) - F ik, F (E, )]

Ay Ax

FDTD cAt/Ax~0.45 PSTD cAt/Ax~0.45 PSTD cAt/Ax~0.045
n =64

0 50 E - -50 0
X X

PSTD is limit of high-order FDTD when n=»infinity. PSTD converges to exact
solution (on grid) for At=>»0.

26
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Analytical pseudo-spectral solver offers exact solution

with no Courant condition

Pseudo-Spectral Analytical Time-Domain?
(PSATD)

Bk jf"f(cuqu (B;ﬁ))+ T (isk, F(E,))-F (isk, F (E,))
with  C= cos(kcAt); S= sin(kcAt); k=, }kj +k;

PSTD cAt/Ax~0.045 PSATD cAt/Ax=50

. Haber, R. Lee, H. Klein & J. Boris, Proc. Sixth Conf. on Num. Sim. Plasma, Berkeley, CA, 46-48 (1973);
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But spectral solvers involve global operations:
=» harder to scale to large # of cores

Spectral Finite Difference (FDTD)

global “costly” local “cheap”

communications communications

| & (o]
[ ARNE 2
¢ [0 De(| 0 e
¢ o ¥
0100

Harder to scale Easier to scale

*J.-L. Vay, |. Haber, B. Godfrey, J. Comput. Phys. 243, 260-268 (2013)
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But spectral solvers involve global operations:
=» harder to scale to large # of cores

Spectral Finite Difference (FDTD)

global “costly” local “cheap”

communications communications

| & (o]
AR 2
¢ o De(] 0 e
¢ o ¥
0106

Harder to scale Easier to scale

*J.-L. Vay, |. Haber, B. Godfrey, J. Comput. Phys. 243, 260-268 (2013)
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New concept on single pulse - part 1

Example: unit pulse expansion at time T Separate calculation in two domains

Advance to time T+DT

*J.-L. Vay, |. Haber, B. Godfrey, J. Comput. Phys. 243, 260-268 (2013)
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New concept on single pulse - part 2

To affected zero out remaining areas

Ready for next time step

*J.-L. Vay, |. Haber, B. Godfrey, J. Comput. Phys. 243, 260-268 (2013)
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Successfully tested on 2-D modeling of short LPA stages

Short laser propagates into long plasma channel,
electron beam accelerated in wake.

Improved phase space accuracy
" PSATD-PIC |

z(mm) 0.1

spurious heating correct behavior
=» Artificial trapping

Warp-2D

Lorentz boosted frame (wake)

Modeling in a boosted frame reduces # time steps.
Plasma drifting near C leads to Num. Cherenkov.

e €
! Y -

Warp-3D

ey A ‘1-‘?_"‘-',& U.8. DEPARTMENT OF Office of
= (@ ENERGY | suene

Improved stability
FDTD-PIC ¢, (cwm) PSATD-PIC ¢, (Gv/m)

0.1 100 0.1
0. instability 9 0.
0.1 <100 .01 ;
-2 1 0 2 -1 0

Z (mm) Z (mm)
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Successfully tested on 2-D modeling of short LPA stages

Short laser propagates into long plasma channel, Improved phase space accuracy
electron beam accelerated in wake. 5 05 :
; PSATD-PIC

spurious heating correct behavior
=» Artificial trapping

Warp-2D

Lorentz boosted frame (wake)

Modeling in a boosted frame reduces # time steps. Improved stability

Plasma drifting near C leads to Num. Cherenkov.
FDTD-PIC ¢, (cwm) PSATD-PIC ¢, Gv/m)

Warp-3D
0.1 100 0.1
i . 0. instability 9 0.
v 0.1 <100 .01
-2 1 0 2 -1 0

Z (mm) Z (mm)

£S5 A é¢"‘:"-’\ U.S. DEPARTMENT OF Office of — _
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Domain decomposition with high/infinite-order stencil
implies stencil truncation

low-arder
stencll

Scales but approximation
at very high/infinite orders!

High-order

stencil Truncation
approximation

guard regions

Need to characterize/mitigate truncation errors

to enable new method to scale to millions or billions of cores!
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New error-predictive analytical model
for stencil spatial variations/truncations

Order 2 stencil: stencil modification at one point accounted with a single source term*

stencil order p=2 (a)

* Yields inaccurate results for orders p>2
p-3 E, + Total truncation error amplitude:
WV \me'

f: 1 .‘h A 4 L | i 1 | L 4"' | l'I i o C = EO
T | g e e T T T | | A e |t p 1
po i
source

Higher order: stencil modification at one point accounted by multi-source error terms* *

stencil order p>2 (c)
* Solves discrepancy at orders p>2

* Total truncation error amplitude:

1 .'h I 1 -’;-"‘ 1 L .“" S {
T ) T 0 T T 4 — e}klax
Multi~5()u+r( e < Zl&

*J.-L. Vay, J. Comput. Phys. 183, 367 (2002).
**H, Vincenti, J.-L. Vay, Comp. Phys. Comm. 196, 221 (2015).
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Model predicts error from stencil truncation

|| (A=10Ax, staggered grid)

0.001,, —~ N
o -Bu-grgﬂ b __ Spectral error N
10 '. qq X vovTT with 4/N A
-9 ' o 9 : s
10 oot B \ pe1000
— 1= ] ’/I) =
o= e CL P === Full model
aE O Approximate formula
10 1
b Vi [t

1005 5 10 20 50 100 200 NVavards

guards

Variation with wavelength (not shown) are also perfectly reproduced

Finite very-high order requires << # guard cells than spectral.

*H. Vincenti, J.-L. Vay, Comp. Phys. Comm. 196, 221 (2015).
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New analysis confirms efficacy of PML with spectral

Perfectly Matched Layer (PML) enables efficient open boundary conditions

;'r?;”'am“ spurious
reflections

with PML

New analysis predicts exact coefficients of reflections

1
. Simulations

0.1 New model? 0.1
= = = Previous model?

o
TS Simulations
R New model?

e -5 | ; .
b - Previous model?

-6
5 10 50 100 500 10 10 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Nbx 0 (rad)

1H, Vincenti, J.-L. Vay, Comp. Phys. Comm. 196, 221 (2015).
2P, Lee, J.-L. Vay, Comp. Phys. Comm. 194, 1-9 (2015).
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Relativistic plasmas PIC subject to “numerical Cherenkov”

B. B. Godfrey, “Numerical Cherenkov instabilities in electromagnetic particle codes”,
J. Comput. Phys. 15 (1974)

Numerical dispersion leads to crossing of EM field and plasma modes -> instability.

Exact Maxwell Standard PIC

| —— EM field (exact) | —— EM field (Yee)
- - - plasma - = = plasma

;}‘\:"‘.f:&{ U.8. DEPARTMENT OF OﬂiCB Df o - :‘h
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