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What are plasma accelerators for?

Applications European XFEL CLIC

Energy 17.5 GeV 3 TeV (CM)
Charge 1nC 0.6 nC
Energy spread 0.01 % (RMS) 0.35 % (RMS)
Emittance 0.97 um 0.66/0.02 pm
Accelerator 3.4 km LINAC 50.1 km LINAC

Plasma accelerators
High gradients — compact acceleration

Developed to reduce the size of future light sources and colliders

Schneidmiller E.A., Yurkov M.V., FEL2017 MOPO033; Snowmass 2021 Lol CERN-ACC-2020-0033

L. Diana Amorim, EAAC 2021, 23/09/2021



Injection is key to improving beam quality

Electrons injected into
accelerating and focusing phase

Drive beam

L. Diana Amorim, EAAC 2021, 23/09/2021



Injection is key to improving beam quality

Pre-heating the 20 cm capillary allowed laser

Electrons injected into guiding and electrons to reach 0 - 8 GeV

accelerating and focusing phase

Multiple injections — acceleration distances

Drive beam

Gonsalves et al., Phys. Rev. Lett. 122, 084801 (2019);
L. Diana Amorim, EAAC 2021, 23/09/2021



Injection is key to improving beam quality

Pre-heating the 20 cm capillary allowed laser

Electrons injected into guiding and electrons to reach 0 - 8 GeV

accelerating and focusing phase
Multiple injections — acceleration distances

Drive beam

LWFA powered FEL (27 nm)
shock injection - 0.5 % energy
spread, 0.2 mrad divergence

But only 30 pC and 490 MeV

Gonsalves et al., Phys. Rev. Lett. 122, 084801 (2019);

Wang, W. et al. Nature 595, 516-520 (2021); L. Diana Amorim, EAAC 2021, 23/09/2021



Injection is key to improving beam quality

Pre-heating the 20 cm capillary allowed laser

Electrons injected into guiding and electrons to reach 0 - 8 GeV

accelerating and focusing phase

Multiple injections — acceleration distances

Drive beam

LWFA powered FEL (27 nm)
shock injection - 0.5 % energy
spread, 0.2 mrad divergence

But only 30 pC and 490 MeV

Beam with positive energy

o chirp was injected into PWFA
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Energy spread down to 0.1
But only 20 pC and 7 MeV gain
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Gonsalves A. et al., Phys. Rev. Lett. 122, 084801 (2019); Energy (MeV)

Wang, W. et al. Nature 595, 516-520 (2021); Pompili, R. et al. Nat. Phys. 17, 499-503 (2021) L. Diana Amorim, EAAC 2021, 23/09/2021



Beam-Induced-lonization-Injection (B-IlIl)

of high energy + charge + quality beams

L. Diana Amorim, EAAC 2021, 23/09/2021



Committed to open science

Open-access model

40+ research groups worldwide
are using OSIRIS

300+ publications in leading
scientific journals

Large developer and user
community

Detailed documentation and

sample inputs files available

. / Using OSIRIS 4.0

£ ; ""l",";‘.’ ) ’, 2 . J ‘ w";‘ L

& ATt T I R /A / - | The code can be used freely by
t ».'.{.-'.‘,,_,.,,,', S K g ¥/, ' research institutions after

OSIRIS framework o 4"? : 1 1/ / S
BPIG UL G50 signing an MoU
. . . . € > y A /
Massively Parallel, Fully Relativistic & ° Find out more at:
e

Particle-in-Cell Code

http://epp.tecnico.ulisboa.pt/osiris
Parallel scalability to 2 M cores
Explicit SSE / AVX/ QPX/ Xeon Phi /

TECNICO
CUDA support UCLA W

LISBOA
Extended physics/simulation models Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt
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RZ quasi-nonlinear PWFA simulation
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B-Ill generated two main beams with different energies ‘\\\\ Stony Brook

University
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B-1ll with long impurities produces multi-colored beams
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Uncontrolled B-Ill generates inception beams
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Uncontrolled B-Ill generates inception beams
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Controlled B-Ill to produce high energy + charge + quality beams ‘\\\\ [S}I‘;Ezgto;k
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Corrected analytical model to control ionization and injection
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Beam-Induced-lonization-Injection (B-IlIl)

of high energy + charge + quality beams

L. Diana Amorim, EAAC 2021, 23/09/2021



Positron source to test future collider plasma stages
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https://www2.lbl.gov/publicinfo/newscenter/features/2008/apr/af-bella.html

WarpX: open-source particle-in-cell code with advanced algorithms at Exascale

Fl- Jean-Luc Vay (LBNL): Dot Exascale Lomputing Project (ELF)

Talk by Arnaud Beck

Main contributors™: R. Lehe, M. Thévenet, W. Zhang, A. Myers, A. Huebl, A. Almgren, L. Fedeli. D. Grote, E. Zoni, R. Jambunathan, . Zhao, L. Ge. N. Zaim, G. Ridchardson, J.-L. Vay.
M. Rowan, R. Groenewald, L. Giacomel, 0. Shapoval, J. Gu, B. Loring, 0. Amorim, H. Vincenti + >21 smaller contributors. (physicists + applied maths + comput. sc. + software

dev.)

Features
» Boosted frame technique for plasma acceleration
»  Advanced algorithms (spectral solvers, instability mitigation, mesh refinement™)
> openPMD 170 & in-situ 1/
> Multi-physics (collisions, field ionization, BED, advanced boundaries)
»  Dynamic Load Balancing
> Performance-portability (amrex: : ParallelFor) “*in development
OpenMP, CUDA, HIP
Implementation (L'++) | 3 e  Summit: Using GPUs e
> Built on AMReX (LBNL, ECP co-design center) | AMReX| 2 10%( o Summit Using CPUs .
> Documented, modular, tested (CI) & e WargX-Saurce
> [Fasyto insta!l: Spack, Conda, Pip, Humebrew**, CMake E 10% o Orchestration + main PIC
»  Users/contributors welcome! >4(0 nuntr_;_b‘uturs from g & e Loop contral e PICkernels
2 5 o & *  Moving window laserinjection
B A -
Achievements oy 10 ) AMReX PICSAR
»  Demonstrated scaling on full Summit (OLCF) 8 el Mesh refinement Additional physics
-1 -
> today: |0 multi-GeV stages 5 i i ’ Eztat?t““t”r;s + O
. . . ' ‘ : } * dplive mes
> [boal 2023: TeV multi-stage collider e ' 107 153 . Communications __—_;\“
*https://ecp-warpx.github.io Number of Summit nodes — }
https://amrex-codes.github.io . . Off ¢ e ( '\ |—]
https://www.openpmd.org b U.S- DEPARTMENT OF ICe O N \\‘—
https://blast.Ibl.gov Vay. J-L.. et al.. Nucl. Instrum. Meth. A 909 (2018): 476-473 EN ERGY Science S
EXASCALE COMPUTING PROJECT

https://qithub.com/ECP-WarpX/picsar

Myers, A.. et al., arAw:Z/0112/45(202)




foil@secondaries

beam

https://github.com/LDAmorim/GPos

SPIESE] @ —>

Simple to use C++ & MPI tool

Simulates particle sources using relativistic beam and solid target sources
Relies on 3D Monte Carlo based Geant4 library to model interactions
Includes initial realistic primaries (divergence, energy spread, focus)
Determines particle properties after drift propagation with(out) focusing lens

Uses openPMD API (HDF5) for direct input to WarpX

Amorim, L. D. et al., to be submitted to peer reviewed, open access journal (2021)

¢
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https://github.com/LDAmorim/GPos
https://www.google.com/imgres?imgurl=https%3A%2F%2F1000logos.net%2Fwp-content%2Fuploads%2F2018%2F11%2FGitHub-logo.png&imgrefurl=https%3A%2F%2F1000logos.net%2Fgithub-logo%2F&tbnid=3X0ZXy9dRg-scM&vet=12ahUKEwj8wOHatevsAhWHThQKHUIqCeYQMygCegUIARCgAQ..i&docid=2RrOa4w_PYanyM&w=1280&h=1156&q=github%20logo&client=firefox-b-d&ved=2ahUKEwj8wOHatevsAhWHThQKHUIqCeYQMygCegUIARCgAQ
https://www.google.com/imgres?imgurl=https%3A%2F%2Favatars1.githubusercontent.com%2Fu%2F13621712%3Fs%3D280%26v%3D4&imgrefurl=https%3A%2F%2Fgithub.com%2FopenPMD&tbnid=iYnLqX4aSt135M&vet=12ahUKEwift_Sut-vsAhWQDmMBHXPNCO4QMygAegUIARCSAQ..i&docid=hR1vc6VB8XK_XM&w=280&h=280&q=openpmd%20logo&client=firefox-b-d&ved=2ahUKEwift_Sut-vsAhWQDmMBHXPNCO4QMygAegUIARCSAQ
https://www.google.com/imgres?imgurl=https%3A%2F%2Favatars3.githubusercontent.com%2Fu%2F13841574%3Fs%3D400%26v%3D4&imgrefurl=https%3A%2F%2Fgithub.com%2Fisocpp%2Flogos&tbnid=9ZmTEQW0Ns5U8M&vet=12ahUKEwjqhfDftevsAhWOABQKHepiAiAQMygAegUIARCnAQ..i&docid=8PEeGHOSawj3cM&w=400&h=400&q=c%2B%2B%20logo&client=firefox-b-d&ved=2ahUKEwjqhfDftevsAhWOABQKHepiAiAQMygAegUIARCnAQ
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Bremsstrahlung radiation creates electron-positron clouds f\|

~

BERKELEY LAB

Source: relativistic electrons produce Bremsstrahlung
radiation that decays into pairs near high-Z atoms

Scan showed foil thickness (type) & beam energy were key

Trade-off between positron yield and beams quality
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Drift and lens are insufficient to increase extraction & capture f\l !

BERKELEY LAB

RZ WarpX simulations:
Optimal beams sent into plasma after X mm
with(out) drift and lens tuned for positrons
Results:
No drift led to non-linear regime & positrons loss

Drift allowed separation of longitudinally
overlapping beams with different energies

But due to wide energy spread of positrons

Capture efficiency remained below 1%

Wakefields and densities

500

After 0.1 mm

/ /

6 5 4 3 2 1 0

Co-moving position (&) [um]
E, [GV/m] atr=0.1 um
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Capture region 1

L. Diana Amorim, EAAC 2021, 23/09/2021



Two alternatives that can be explored for BELLA f\l "'\

~
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Fujii H. et al. Phys. Rev. ST Accel. Beams 22(9) 091301 (2019);
Amorim, L. D. et al., soon to be submitted to PPCF (2021)
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Laser driven wake captures and accelerates positrons more efficiently ceere|

BERKELEY LAB

LWFA capillary produced 2 beams with 9 um gap
PWFA 1 cm plasma

LWFA capillary produced optimal beam

2" LWFA 1 cm plasma

Capture of 11.4 % Capture of 44.5 %

~ 12 GeV/m > 20 GV/m (w beam-loading)
In capture region Initial Final
Q [pC| 5.7 4.2
< En >[GeV] 1.1 1.6
dEnpe (%] 141.2 110.9
Oz,y [pHm] 5.59 3.48
or [pm] 7.90 4.92
o [pm] 0.47 0.50
0,4 [mrad] 10.1 3.4
Ex,y [pm] 32.1 20.7

Amorim, L. D. et al., soon to be submitted to PPCF (2021) L. Diana Amorim, EAAC 2021, 23/09/2021



Goal: positron source for future collider plasma stages
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electrons positrons ri_r>| i
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100 10 GeV stages | 100 10 GeV stages
/ TeV

10GeV e e’

Davide Terzani, Stepan Bulanov @ LBNL
dterzani@Ibl.gov, sbulanov@Ibl.gov
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Next: test positron plasma-based acceleration schemes! TLFSCE'?H%O

Thin channels with warm electrons

2 positron beams PWFA
Ne+ [1077cm®]
2

Ex-By [GV/m] N, [10"7cm™3]
2

0

\
\
\
\
ST Ie— 0 000 0202020202 Aa
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) e e T T = £
i 0 0%
____________________________________________________________ -80 -5
1 l 1 1 .l': “{
X, - 15 1/, 27.28 27.30 |
z [cm] 1.5 nC, 10 GeV
: : : 100 pC, 0.5 GeV ’
Tightly focused driver defocuses ions and creates hollow channel _ electron beam
positron beam

Channel accelerates & focuses positrons due to overshooting electrons beam breakup damped!

Thales Silva @ IST

Challenge: trailing beam needs low charge
thales.silva@tecnico.ulisboa.pt

Silva T. et al., Phys. Rev. Lett. 127 104801 (2021);
Amorim L. D. et al., AIP CP 1777, 1 (2016); Amorim L. D. IPAC Proc TUPMEOQ76 (2014) L. Diana Amorim, EAAC 2021, 23/09/2021
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Plasma wakefield accelerators using

ionization (e-) / external (e+) injection
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Thank you

Enjoy Italy

Questions?

ldianaamorim@|bl.gov
ligia.diana.amorim@tecnico.ulisboa.pt
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