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Summary of WarpX capabilities

https://ecp-warpx.github.io/

Sep 18, 201 6 — Jan 18, 2024 Contributions: Commits v
Contributions to development, excluding merge commits an aCtive commun ity!
WarpX
100
WarpX is an advanced, time-based AiDZ2D/3D/RZ electromaghitic & electrostatic Particle-In-Celli€ode,
50 4 2 | S N
documentation C++ reference source repository
2017 2018 2019 2020 2021 2022 ' 2023 2024
PIC code: physics relevant to beam-beam collisions:
e electrostatic & electromagnetic e electrostatic solver in the beams’ rest frame
e massively-parallel o iterative
e  portable & multi-platform o based on integrated Green functions (WIP)
e |ots of diagnostics e QED physics
e broad & active community o  synchrotron emission of photons
e applications: laser-plasma acceleration, astrophysics, o  coherent pair generation or nonlinear BW

nuclear fusion, low-temperature plasmas, etc.

see Remi and
Jean-Luc’s talk!


https://ecp-warpx.github.io/

Work so far on simulations @ IP

e added and adding some relevant features to the code (in progress!)
o luminosity diagnostic
o 2 electrostatic solvers
o incoherent pair creation via linear Breit-Wheeler process
e benchmarks with other PIC codes under ultra-tight parameters
o  QOsiris
o VLPL
o GUINEA-PIG
e comparisons between GUINEA-PIG vs. WarpX under ILC @ 250 GeV
e performance comparisons with GUINEA-PIG
e exploration of different electron-positron colliders (not shown here)
e tentative simplified model to get some key quantities (e.g. energy spread)
e ...visualizations!
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SLAC: S. Gessner, B. Nguyen, T.L. Barklow, M. Peskin, G. White, C.K. Ng, G.J. Cao, T. Raubenheimer, M.J. Hogan
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Test case 1: ultra-tight beams

e main parameters: E_,, =250 GeV | N =8.7 * 10° | 0,=0,=0,= 10 nm
e significant generation of coherent pairs v ‘:_YS‘CALRi“EW;E”fRSF‘;I;E"“;“(‘;‘;‘Z
. ; _ akimenko et al.
4 IOW dlsru ptlon D - 0'001 Prospect of Studying Nonperturbative QED with Beam-Beam Collisions
e spherical beams — “convenient” for “traditional” PIC simulations Vet . e e ¢ e et . et
since the domain is not stretched (as in flat beams) o S e B G b o

Institut fiir Iheorezg:ch;R ; M i ‘mw,fzyﬁé%zi g‘iiiitdorﬁ Germuny}

before collision X after collision
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positrons

electrons



https://doi.org/10.1103/PhysRevLett.122.190404

time evolution of the integrated density



https://docs.google.com/file/d/12WIKAOkXADtWmmhZKCjUEwQixnPr9ICa/preview

Different PIC codes with different implementations all agree

photons per beam particle

electron-positron collision @ 250 GeV COM, 0.14 nC, round beams o =10 nm
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WarpX can be faster than GUINEA-PIG

@® GUINEA-PIG

@
® WarpXon1CPU
@ WarpXon GPUs
7y ®
as fast as or slower* than GUINEA-PIG in serial runs 2 "
- v 1044 @
...but much, much faster in parallel runs c
. . : # S 4 @
WarpX uses an iterative solver here! g ®o
= @
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= d & @
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Test case 2: ILC 250 GeV COM
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https://cds.cern.ch/record/2815947
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WarpX agrees well with GUINEA-PIG

time evolution of the integrated density
shifted beams to mitigate the discrepancies due to the kink or head-tail instability
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https://docs.google.com/file/d/19q1-P1JAyAbbIvHfVkfAiD31-QHjy5eM/preview

WarpX agrees well with GUINEA-PIG

time evolution of the density slices
shifted beams to mitigate the discrepancies due to the kink or head-tail instability

WarpX: step = 1, t = 3.127e-14 s GUINEA-PIG: step = 1, t = 3.127e-14 s le27 ,
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https://docs.google.com/file/d/1XNwW_zSmUJbcZRJvvSdzRJj8G4DtvYid/preview

High enough resolution is needed to capture the details
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10° 60001
o === high res
107 l 40001 4
10—2_
2000 1
10-3 ] m—— |OW €S =
S o] -
10744 5
—2000+
10—5_
low resolution: 1076 —4000
|
— thg structures that z e e ~6000-
form in the beams are E [GeV] -
blurred 1e46 dL/dt [m—2s1]
. . . 751
— luminosity might be  12-
501
wrong 1o-
_ 251
0.8 1
E of — -
0.6 1 > -
0.4 ~501
027 ~751
097> : , : . -100 , , , , , , ,
0 2 4 6 8 -2000 -1500 -1000 -500 0 500 1000 1500 2000

t [s] le—12 z [um]

density [arb. units]


https://docs.google.com/file/d/1O-G-KYJadzgV-K9eVf5pjNd9ugAtvkMH/preview
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WarpX can be efficient also with flat beams

not completely fair comparison...
@® GUINEA-PIG — 1 CPU
@ WarpX — 1 CPU + 1GPU

...but shows that with WarpX we can be

orders of magnitude faster using orders of
magnitude more computational resources

all simulations together: again, resolution matters
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WarpX enables complex 2D visualizations

I
m fi€ld E, 16 time = 0.00e+00 s
4

= beams p

ww photons

WARNING:
this is just an
example of
what we can
visualize and
how!

very wrong
aspect ratio!



https://docs.google.com/file/d/1T3TCiIdpmObe5VhHt0uSOVpT8EeIKHE-/preview

WarpX enables complex 3D visualizations
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https://docs.google.com/file/d/1rRDx3YDmQMljLvdMqJgnKHM2C079DbPj/preview
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A simple model to capture the energy spread

momentum equation
From Niel PRE 2018
dp
i
P = mcyu = myv

—e(E +u x B)

From Samsonov NJP 2021

Ocll_lt) =—e(E+uxB)—
position equation

dx

E =V

Samsonov NJP 2021
Niel PRE 2018
Fedeli NJP 2022

- mczS[(x)

deterministic

P(X)u

C

u

cu?
random (ok for x<1)

main HPs
e self-force is neglected
9 dW u e ultrarelativistic longitudinal dynamics
— +mc R(X, ) PR e beams are Gaussian

e EM fields are transverse
e equipartition between EM forces

dW is a Wiener
process of variance dt

e d’}/
dt

dt
dx L

ap,

_dt

dW

- =S+ VRY—  x=2El/Es
dN, 200m,.c>
— —2¢E ik~ 3y CW
dN: am,c?
=V dt T h’)/fy T(X’Y)



https://doi.org/10.1088/1367-2630/ac2e84
https://doi.org/10.1103/PhysRevE.97.043209
https://doi.org/10.1088/1367-2630/ac4ef1

Some auxiliary functions (just for reference)

terms in the longitudinal equation of motion Niel PRE 2018

2

+00 20[ .
S(x)=/ dy,vywy(v,yy) = 3T X g(x), (39
0 e

+00 5 20[2
R(x,y)=/0 dyy vy wy(v.¥vy) = 3 —vh(x).  (40)

e . @) 9v3 [** 20V
g(x) = f dx 22 / XV
0 gl hix) == A dv[(2+3vx)3K5/3(v)
. 93 [+ 2v2Ks3(v) 4v(3vy)? 545
= 87 Uy d”[(2+3vx)2 - <2+3vx>4K2”’(")]' L ﬁm(w]- =4
(25)
to compute the photon emission rate Fedeli NJP 2022
XS < IS : 1 3 00 2
Goo = [y, - [Hege_ [ 2 [( i K5,3<s)ds)+ : Kz/a(Y(x,f))} d
0 u o ¢ 0 2m Y(x€) e

to compute the NLBW pair generation rate

X7 1 X7 +o0 2 4
T(xy) = / F(x, u)du = 2/ / \/§K1/3 (—5/ ) ds
0 ™ 3X7 0 X(X~,u) 3

_ (2 — XA:X3/2(XA,, u)) Ky/3 <EX3/2(X7, u)) ] du.

3


https://doi.org/10.1103/PhysRevE.97.043209
https://doi.org/10.1088/1367-2630/ac4ef1

Some auxiliary functions (just for reference)

electric field for round beams
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The model can predict some results for the two test cases

ultra-tight: ECOM =125 GeV, o, = 10 nm, o, = 10 nm, o, = 10 nm, N =8.7 * 108

{y) y Varlyl relative energy loss (x=Y} N photons /N beam  average photon energy [GeV] ' Var{x] [nm] N nlbw pairs / N beam
2.450 04 O 1500 O 0.201 3 P = 10.00 0.015
2.425
Py \ 03 0.04 o 0.151 . 9.99 4\ o
2.375{ — det = 0.02 bl 9.98
) — sto 0.1 i 500 . 2 0.005
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-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1 0 -1 0 1
ts] 1le-16 t(s] 1le-16 ts] 1le-16 tls] 1le-16 t[s] le-16 tis] 1le-16 t[s] 1le-16 ts] 1le-16
the simulation results
ILC:E_... =250GeV, 0 =516 nm,o =7.7nm, o =300 um, N =2
COM T TX Ty 'z Hm, are not the latest!
{y) vV Varlyl relative energy loss (x=Y) N photons / N beam
0.06 - 0.06 - o 151 ®
theory . theory
2.44
0.04- 0.04 DR 1.0
— det theory
2.43 1 - - 0.01 1 d
— sto 0.02 0.02 ® 0.5
— WarpX
: : : : 0.00, . , . 0.001; : . i 0.00 1, . . : 0.01; . ‘
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WarpX as a new generation beam-beam code

Two main takeaways:
1. WarpX agrees well with GUINEA-PIG under very different parameters

2.  WarpX can be much faster than GUINEA-PIG

...plus:

self-consistent — pairs contribute to the fields

adaptable to the desired scenario

parallel computing, GPUs — many particles, high resolution
wide variety diagnostics

active & broad community — maintenance

cool visualizations ;)



Next steps in beam-beam investigations

e electrostatic relativistic Poisson solvers
o finalize the implementation of the Poisson solver based on the integrated Green
functions
o implementation of a 2D version similar to the slice approach used in GUINEA-PIG, e.g.
o anew intern will contribute

e add missing QED physics: Bethe-Heitler & Landau-Lifshitz (incoherent pair generation)
o using a binary collision approach, like in Martinez PoP 2019
o different from GUINEA-PIG and CAIN where they use a virtual photon approximation
o should also help to benchmark linear Breit-Wheeler module

Linear Breit-Wheeler Multiphoton Breit-Wheeler  Bethe-Heitler Landau-Lifshitz
vyy—eet y+rnw—ee" vZ—zZee' Q1Qz"q1q2e'e+
Y e Y e
e+
Y +
s n w\

ime  (3) (b)

(d)

e expand the test cases: laser-plasma, ILC @ other energies, HALFH, others?
e comparisons with CAIN?


https://doi.org/10.1063/1.5118339
https://s3.cern.ch/inspire-prod-files-d/dfdabf14e751627212847953cd2347db

Thank you for your time!
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