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What are plasma accelerators for?

Applications European XFEL CLIC

Energy 17.5 GeV 3 TeV (CM)

Charge 1 nC 0.6 nC

Energy spread 0.01 % (RMS) 0.35 % (RMS)

Emittance 0.97 μm 0.66/0.02 μm

Accelerator 3.4 km LINAC 50.1 km LINAC

Schneidmiller E.A. , Yurkov M.V., FEL2017 MOP033; Snowmass 2021 LoI CERN-ACC-2020-0033

Plasma accelerators

High gradients – compact acceleration

Developed to reduce the size of future light sources and colliders
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Injection is key to improving beam quality

Drive beam

Electrons injected into
accelerating and focusing phase

Wake



Pre-heating the 20 cm capillary allowed laser 
guiding and electrons to reach 0 - 8 GeV

Multiple injections – acceleration distances

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

Drive beam

Electrons injected into
accelerating and focusing phase

Wake

Injection is key to improving beam quality
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Gonsalves et al., Phys. Rev. Lett. 122, 084801 (2019);
Wang, W. et al. Nature 595, 516–520 (2021);

Drive beam

Electrons injected into
accelerating and focusing phase

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

But only 30 pC and 490 MeV

Pre-heating the 20 cm capillary allowed laser 
guiding and electrons to reach 0 - 8 GeV

Multiple injections – acceleration distances

Injection is key to improving beam quality



L. Diana Amorim, EAAC 2021, 23/09/2021
Gonsalves A. et al., Phys. Rev. Lett. 122, 084801 (2019);
Wang, W. et al. Nature 595, 516–520 (2021); Pompili, R. et al. Nat. Phys. 17, 499–503 (2021)

Drive beam

Electrons injected into
accelerating and focusing phase

Wake
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 
chirp was injected into PWFA

Energy spread down to 0.1
But only 20 pC and 7 MeV gain

Pre-heating the 20 cm capillary allowed laser 
guiding and electrons to reach 0 - 8 GeV

Multiple injections – acceleration distances

Injection is key to improving beam quality
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Beam-Induced-Ionization-Injection (B-III) 
of high energy + charge + quality beams
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B-III generated two main beams with different energies

Amorim L. D. and Vafaei-Najafabadi N., PPCF 61, 105015 (2019)

96 pC

99 pC33 pC
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B-III with long impurities produces multi-colored beams

Amorim L. D. and Vafaei-Najafabadi N., PPCF 61, 105015 (2019),
Vafaei-Najafabadi N., Amorim L. D., et al., Phil. Trans. R. Soc. A 377: 20180184 (2019) 
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Uncontrolled B-III generates inception beams

Amorim L. D. and Vafaei-Najafabadi N., PPCF 61, 105015 (2019),
Amorim L. D. and Vafaei-Najafabadi, IEEE Proc AAC doi: 10.1109/AAC.2018.8659382.  (2018)

Trapping condition: ΔΨ ≤ -1

Only core slices can inject e-s

Continuous inception – wide energy spread

He 100% ionization contour
Main beam e- trajectory
“Inception” e- trajectory



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

Uncontrolled B-III generates inception beams
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Amorim L. D. and Vafaei-Najafabadi N., PPCF 61, 105015 (2019),
Amorim L. D. and Vafaei-Najafabadi, IEEE Proc AAC doi: 10.1109/AAC.2018.8659382.  (2018),
Vafaei-Najafabadi N., Amorim L. D., et al., Phil. Trans. R. Soc. A 377: 20180184 (2019) 
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Controlled B-III to produce high energy + charge + quality beams

Amorim L. D. et al., Phys. Rev. Accel. Beams 22, 111303 (2019)

Control over \ of Injected Beam

Plasma density Higher energy

Driver density

Ionization threshold

Narrower = higher quality

Higher charge

Impurity density Higher charge + quality

Impurity length Multi or single color



Envelope performs Betatron oscillations:

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

Corrected analytical model to control ionization and injection

J. B. Rosenzweig, Oxford University Press, New York, 2003 pp. 125–126; J. Yan et al., arXiv:2107.00119

Beam slice 
envelope 
(radius)

Propagation 
distance

Energy variation term 
included to get pinch size

pinch

Trapping condition via Hamiltonian approach: 𝐻𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 ≈
1

2𝑝𝑧

Jiayang Yan @ SBU
jiayang.yan@stonybrook.edu

mailto:jiayang.yan@stonybrook.edu
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Beam-Induced-Ionization-Injection (B-III) 
of high energy + charge + quality beams
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Positron source to test future collider plasma stages

https://www2.lbl.gov/publicinfo/newscenter/features/2008/apr/af-bella.html


Talk by Arnaud Beck
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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

Built by L. Diana Amorim

https://github.com/LDAmorim/GPos

Readthedocs
Doxygen

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


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

Bremsstrahlung radiation creates electron-positron clouds

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

GPos

Amorim, L. D. et al., soon to be submitted to PPCF (2021)
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Drift and lens are insufficient to increase extraction & capture

Amorim, L. D. et al., soon to be submitted to PPCF (2021)

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%

Capture region 1
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Two alternatives that can be explored for BELLA

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)

Primary
driver

Positron
witness

Positron
witness

Primary
lost

Laser
driver
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Laser driven wake captures and accelerates positrons more efficiently

Amorim, L. D. et al., soon to be submitted to PPCF (2021)

Primary
driver

Positron
witness

Positron
witness

Primary
lost

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

Capture of 11.4 %
~ 12 GeV/m

LWFA capillary produced optimal beam
2nd LWFA 1 cm plasma

Capture of 44.5 %
> 20 GV/m (w beam-loading)

In capture region



Goal: positron source for future collider plasma stages

L. Diana Amorim, EAAC 2021, 23/09/2021https://www2.lbl.gov/publicinfo/newscenter/features/2008/apr/af-bella.html (2008)

Davide Terzani, Stepan Bulanov @ LBNL
dterzani@lbl.gov, sbulanov@lbl.gov

https://www2.lbl.gov/publicinfo/newscenter/features/2008/apr/af-bella.html
mailto:dterzani@lbl.gov
mailto:sbulanov@lbl.gov
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Next: test positron plasma-based acceleration dreams schemes!

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 TUPME076 (2014)

Thales Silva @ IST
thales.silva@tecnico.ulisboa.pt

Tightly focused driver defocuses ions and creates hollow channel

Channel accelerates & focuses positrons due to overshooting electrons

Challenge: trailing beam needs low charge

2 positron beams PWFA Thin channels with warm electrons

100 pC, 0.5 GeV 
positron beam

1.5 nC, 10 GeV 
electron beam

beam breakup damped!

mailto:thales.silva@tecnico.ulisboa.pt
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Thank you!
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Thank you

Enjoy Italy

Questions?

ldianaamorim@lbl.gov
ligia.diana.amorim@tecnico.ulisboa.pt
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