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Modélisation numérique des accélérateurs &
plasma pour des machines « exascale »
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Modélisation numérique des accélérateurs a
plasma pour des machines « exascale »




We can use plasma-based
schemes to accelerate por’ric|es




Many plasma-based accelerators exploit
very powerful lasers




We can use Ti:Sapphire lasers (from TeraWatt to

PetaWatt) or PW-class Nd-based lasers

Ti:Sapphire (10s fs, A ¥ 800 nm ) Nd-based (ps, A ~ 1 um)
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These lasers are very short and can be tightly
Focused, up to | ~ 102 W/cm? !

Very short Tightly focused
(10s fs - ps) (few pm)

Current record:

| ~ 1022 W/cm?

Any irradiated material
becomes a plasma




Lasers interacting with low-density plasmas can
accelerate few pC of electrons up to GeV energies

High-intensity
laserbeam

) elec™xDS  [oflimator

Supersonic gas jet

Scientific American 294, 40-47 (2006)

S.PD. Mangles & al. Nature 431 (2004)
C.G.R. Geddes & al. Nature 431 (2004)
J. Faure & al. Nature 431 (2004) =
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Few nC of lons can be accelerated up to ~ 100 MeV
e.g. via Target Normal Sheath Acceleration

Solid Electric
field

Hot e
“cloud”

| aser
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There are also non laser-based plasma accelerators

A A WAIE—

The AWAKE project at CERN exploits proton-

driven Wokeﬁe|o| occe|ero’r|on to generate several
GeVs electrons

E. Adli & al. Nature 561 (2018)



We need to model these
accelerators
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Complexity of plasma phenomena often defies an

analytical description
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Complexity of plasma phenomena often defies an
analytical description = numerical simulations

W ¢ (a5 ab.UBK Pl LIM. \)“)t\t—)) F—‘n,q_o ‘MJ(‘L;: L‘) ) F—‘*)

N 25 D ~
[t - o W% G5z » Q” Aae

| 3, L)

_\,L" % 23 51 - —1-,—- '\\ "
4 s %ﬁ‘é{s’s_”" bms o C" i ; X
LGS Sl\n}’ r)jf‘*}‘ 7 A 5

B
XS %ime*} Z, PO)- \’(MB) L ﬂ*wu ¢
2 Mag S

k 200 w5 (8) = = 4
‘"Um ()-ua (N > ‘2:""‘- AN 720 %
S o760 Pon, T 2RE
F(m ? "':‘ {,x“fg#o /”:/4270*"--»...
J\ L E . s ’)& 't’\L .U
v a 2xL? > (ax\ deth
5 iw NI ey g 2 i:
) Ain
tr\ h\ \“"f 2 im aeec
55 s ' - - Z‘LC % Sy
[" % LL E @3 & o v’ ? C% i (h'
Loa,lke>- ca ¢L> =Qr_+L
0\ o ’C’ \,\ /

‘74

v
U
’_‘/
7:
9f
a

g\\a O~ ~
1“.,4%}” s\\«wM s
MU o A—
¥ 2met
OQI*Q N E W
1 w‘ AT
;V‘ s atarsa™ K ;\ . ‘3&
(. o7 o [N
wf e e e




15

Particle-In-Cell (PIC) codes are a standard
numerical tool to model kinetic plasmas

From astrophysics to laser-plasma interaction

A.A. Philippov & al.
Astrophys J. Lett.
801 (2015)
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PIC codes: Maxwell equations are solved on a grid

and macro-particles are used for the plasma

_T = (i+1, j+1, k+1)
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PIC codes: Maxwell equations are solved on a grid

and macro-particles are used for the plasma

(i, j, k+1)
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We need to face several challenges:
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Spectral solvers can reduce
numerical dispersion

1) For some problems we need
very high accuracy

-50

0
X

HVincenti & al. Comput.
Phys. Comm. 200 (2016)



We need to face several challenges:

1) For some problems we need
very high accuracy

2) For some problems we need
to include more physics

Collisions

15




We need to face several challenges:

1) For some problems we need
very high accuracy

2) For some problems we need
to include more physics

3) Simulations can be hugel

15



Simulations can be huge

Physical problem

-

(7

Timescale to
simulate: 100 fs

16



Simulations can be huge

Physical problem Numerical problem
(
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30x30x30 um?* box
PNLCY
)

5 nm resolution
200 particles per cell

Timescale to
simulate: 100 fs

16
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Simulations can be huge

Physical problem Numerical problem Computational cost

L

y

30x30x30 um* box ~100 Terabytes of RAM
5 nm resolution ~10.000 steps
200 particles per cell “100 core-hours each!

Timescale to N
simulate: 100 fs 10.000 - 100000 $



We need supercomputers to
perform these simulations
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Supercomputers are much more powerful than
ordinary computers

18
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Supercomputers are much more powerful than

ordinary computers (and people)!

| A
~ 10V FLOP/s :
FlLoating Point
Operations Per
Second
[log scale]
< 10~
_ 1
Me A “gamer PC"  Top supercomputer

in the world



Supercomputers are made by many nodes
(thousands) connected with a high speed network

19



19

Supercomputers are made by many nodes
(thousands) connected with a high speed network

N 7 7 J y
7 7 7
/ // i / /

In real life they look like this
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Supercomputers are made by many nodes
(thousands) connected with a high speed network

I I I In real life they look like this
MegaWatts of electrical power!
I I I
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Computation is cheap, while moving data across

the system is very expensive!

20

Computing is cheap
11 picoJoules for a FMA

operation

Local access to data is cheap
24 picoJoules for cross-die
word access

Reading from RAM is
expensive

4800 picoJoules for DP DRAM

read to register

Moving data across the
network is expensivel

9000 picoJoules for DP word

tfransmit across system
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Modern supercomputers have many

computing units per node (fat nodes’)

poired with few GPU(S)

100s GB RAM
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Modern supercomputers have many

computing units per node (fat nodes’)

poired with few GPU(S)

Each one with
tens of cores

Each core can do several
operations simultaneously |
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Modern supercomputers have many

computing units per node (fat nodes’)

poired with few GPU(S)
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Each one with Each one with
tens of cores thousands of (simpler) cores

Each core can do several
operations simultaneously |
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Top supercomputers have this heterogeneous
architecture

1*" supercomputer in France (11" in the world)

Pangea Il (Total, FR): 17.86 PetaFLOP/s
+ NVIDIA Volta GV 100

I*" supercomputer in the World
Summit (ORNL, USA): 148.6 PetaFLOP/s

+ NVIDIA Volta GV 100

500

The List.
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Top supercomputers have this heterogeneous
architecture

1*" supercomputer in France (11" in the world)

Pangea Il (Total, FR): 17.86 PetaFLOP/s
IBM POWER9 + NVIDIA Volta GV 100

I*" supercomputer in the World
Summit (ORNL, USA): 148.6 PetaFLOP/s

[BM POWER9 + NVIDIA Volta GV 100

1*' exascale machine in the World (2021?)

Aurora (ANL, USA): ~ 1 ExaFLOP/s g

Intel CPU + Intel Xe integrated GPU



EXASCALE COMPUTING PROJECT
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We need numerical codes up to
these machines



WarpX: an advanced electromagnetic
Particle-In-Cell code for exascale architectures

24
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WarpX: an advanced electromagnetic
Particle-In-Cell code for exascale architectures
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EXASCALE COMPUTING PROJECT

Open-source & available on Github
“ * Source: github.com/ECP-WarpX/WarpX/
opemsomce * Documentation. ecp-warpx.github.io/

initiative
Approved License®

Built on top of other open-source codes:

AMReX PICSAR [ D
Infrastructure Additional physics:
QED [WIP]

::'.]I'[i|.1'|E'—|I':—'3:'E'||S}I‘E|Elﬁ:—|‘_{)[}-”I:Z'Ei[ll;:' SeLTCe




WarpX implements a unique combination of

advanced algorithms

* Load balancing

* Mesh refinement

* Spectral solvers

* Boosted-frame simulations
* Axisymmetric solver

In some cases they allow for
orders of magnitude speed-ups!

AMReX provides mesh

refinement ca oability

(most “exotic” feature

in a PIC code)

25



WarpX has been ported for GPUs

AMReX allows to write code
once for mu|’ri|o|e architectures

(CPU, GPU)

26

amrex: :ParallelFor (N,

[=] AMREX_GPU_DEVICE (int Jj, int k, int 1) {
do_stuff(j,k,1,[...1);

1)




WarpX already scales up to half of the largest 27

supercomputer in the world!

Weak scaling on Summit
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Courtesy of MThévenet
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Laser-driven
Wakefield

Acceleration

Courtesy of
MThévenet
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Laser-driven
Wakefield

Acceleration

Courtesy of
MThévenet

BERKELEY LAB
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Conclusions

We can use plasma-based
schemes to accelerate porﬂc|es

We can use Particle-In-Cell codes to
model these accelerators

We need supercomputers, but they have
complex heterogeneous architectures

—
ey

(C\\)P WarpX is a PIC code which is being

developed for upcoming supercomputers

EXASCALE COMPUTING PROJECT





