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Particle accelerators are an integral part of modern physics

2

So-called “Discovery machines” are widely used outside science, too!
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Currently used accelerator technology is limited 

3

Acceleration gradient limit leads to some ‘interesting’ ideas

(1) CLIC collaboration, arXiv:1812.06018 (2018) 
(2) Beachem and Zimmerman, arXiv:2106.02048 (2021) 
(3) McIntyre et al, Proc. NAPAC 2016 (2017) 
(4) Beachem and Zimmerman, arXiv:2106.02048 (2021)
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> Available B-field strength limits size of circular machines

> Larger energies -> Even bigger accelerators
> CLIC: 3 TeV, 50 km (1)

> FCC & SPPC: 100 TeV, 100 km (2)

> CitS: 500 TeV, 2000 km (3)

(1) CLIC collaboration, arXiv:1812.06018 (2018) 
(2) Beachem and Zimmerman, arXiv:2106.02048 (2021) 
(3) McIntyre et al, Proc. NAPAC 2016 (2017) 
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(1) CLIC collaboration, arXiv:1812.06018 (2018) 
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3

Acceleration gradient limit leads to some ‘interesting’ ideas

> Linacs limited due to material breakdown to ~100 MV/m
> SLAC uses 15 MV/m, ILC 40 MV/m

> Available B-field strength limits size of circular machines

> Larger energies -> Even bigger accelerators
> CLIC: 3 TeV, 50 km (1)

> FCC & SPPC: 100 TeV, 100 km (2)

> CitS: 500 TeV, 2000 km (3)

> CCM: 14 PeV, 11000 km (4)

(1) CLIC collaboration, arXiv:1812.06018 (2018) 
(2) Beachem and Zimmerman, arXiv:2106.02048 (2021) 
(3) McIntyre et al, Proc. NAPAC 2016 (2017) 
(4) Beachem and Zimmerman, arXiv:2106.02048 (2021)

Potential solution: use materials already broken down!
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Plasma acceleration is novel, high gradient technology

4

Also known as wakefield accelerators, plasma allows coupling energy from driver to witness
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Basic physics of laser plasma accelerators 

5

Driver beam creates plasma wave in its wake, supporting fields beyond 100 GV/m
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*For Gen Z: this is a ‘meme’. It depicts Ned Stark from Game of Thrones
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LPAs are based on plasma electron waves

7

Plasma like to oscillate© and can do so sustaining very high amplitudes

(5) Esarey et al, Rev Mod Phys 81, 1229 (2009) 
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> There exists an electric field above which coherent plasma oscillation is destroyed,
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Plasma like to oscillate© and can do so sustaining very high amplitudes

> Electron plasma waves oscillate at the electron plasma frequency

> There exists an electric field above which coherent plasma oscillation is destroyed,

>                                             

> 100 GV/m fields possible!

<latexit sha1_base64="2kVBQfdDH5XTFdWbtt4Ty8Gsjhg=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyWRol6EoggeK9gPaEvYbCft0t0k7G6EEnL04l/x4kERr/4Eb/4bt20O2vpg4PHeDDPz/JgzpR3n2yosLa+srhXXSxubW9s79u5eU0WJpNCgEY9k2ycKOAuhoZnm0I4lEOFzaPmj64nfegCpWBTe63EMPUEGIQsYJdpInn144zn4EncDSWgqPMAUdyMBA+LFWQoZ9uyyU3GmwIvEzUkZ5ah79le3H9FEQKgpJ0p1XCfWvZRIzSiHrNRNFMSEjsgAOoaGRIDqpdNHMnxslD4OImkq1Hiq/p5IiVBqLHzTKYgeqnlvIv7ndRIdXPRSFsaJhpDOFgUJxzrCk1Rwn0mgmo8NIVQycyumQ2Iy0Sa7kgnBnX95kTRPK+5ZpXpXLdeu8jiK6AAdoRPkonNUQ7eojhqIokf0jF7Rm/VkvVjv1sestWDlM/voD6zPH+6cmLA=</latexit>

E0 =
mec!p

e
<latexit sha1_base64="XKa9j78+4sEASDOnacl7HdS1ads="></latexit>

E0 ⇡ 96
p
ne[1018cm�3] V/m

(5) Esarey et al, Rev Mod Phys 81, 1229 (2009) 

http://mpa.desy.de


Dr Kristjan Põder |  Web: mpa.desy.de  | ELISS 2023 |  30.08.2023  |  Page 00 
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8

Lasers move through plasma with near-speed-of-light

http://mpa.desy.de


Dr Kristjan Põder |  Web: mpa.desy.de  | ELISS 2023 |  30.08.2023  |  Page 00 

Laser propagation in plasmas

8

Lasers move through plasma with near-speed-of-light

> Propagation of EM radiation in plasma is governed by dispersion relation

http://mpa.desy.de


Dr Kristjan Põder |  Web: mpa.desy.de  | ELISS 2023 |  30.08.2023  |  Page 00 

Laser propagation in plasmas

8

Lasers move through plasma with near-speed-of-light

> Propagation of EM radiation in plasma is governed by dispersion relation

> It follows that                                                , but  

<latexit sha1_base64="ATPxTCXD9kiuVRjkZ+lazXmeY0o="></latexit>

vp =
!L

k
=

r
c2 +

!2
p

k2
> c

<latexit sha1_base64="S2u65zQzQSY0v+C0g+OGutLUeDY="></latexit>

vg =
@!L

@k
=

c2k

!L
=

c2

vp
< c

http://mpa.desy.de


Dr Kristjan Põder |  Web: mpa.desy.de  | ELISS 2023 |  30.08.2023  |  Page 00 

Laser propagation in plasmas

8

Lasers move through plasma with near-speed-of-light

> Propagation of EM radiation in plasma is governed by dispersion relation

> It follows that                                                , but  

> When              , k becomes imaginary -> no propagation: under-dense vs over-dense

<latexit sha1_base64="ATPxTCXD9kiuVRjkZ+lazXmeY0o="></latexit>

vp =
!L

k
=

r
c2 +

!2
p

k2
> c

<latexit sha1_base64="S2u65zQzQSY0v+C0g+OGutLUeDY="></latexit>

vg =
@!L

@k
=

c2k

!L
=

c2

vp
< c

http://mpa.desy.de


Dr Kristjan Põder |  Web: mpa.desy.de  | ELISS 2023 |  30.08.2023  |  Page 00 
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Lasers move through plasma with near-speed-of-light

> Propagation of EM radiation in plasma is governed by dispersion relation

> It follows that                                                , but  

> When              , k becomes imaginary -> no propagation: under-dense vs over-dense

> Laser intensity determines plasma response. Convenient to work with normalised vector 
potential
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Laser pulses drive plasma waves

9

Resonant driving of wake-fields leads to high accelerating fields

(6) Gorbunov et al, Soviet Physics JETP 66, 290 (1987) 
(7) Spangle et al, Appl Phys Lett 53, 2146 (1998)
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> The 3D response of the plasma to a propagating laser is 
given by (6,7)

> Driven oscillator, driving term is ponderomotive force!
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> The 3D response of the plasma to a propagating laser is 
given by (6,7)

> Driven oscillator, driving term is ponderomotive force!

(6) Gorbunov et al, Soviet Physics JETP 66, 290 (1987) 
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> The 3D response of the plasma to a propagating laser is 
given by (6,7)

> Driven oscillator, driving term is ponderomotive force!
> High amplitude -> laser focus and duration should match plasma 

wavelength!

(6) Gorbunov et al, Soviet Physics JETP 66, 290 (1987) 
(7) Spangle et al, Appl Phys Lett 53, 2146 (1998)
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Laser pulses drive plasma waves
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Resonant driving of wake-fields leads to high accelerating fields
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> The 3D response of the plasma to a propagating laser is 
given by (6,7)

> Driven oscillator, driving term is ponderomotive force!
> High amplitude -> laser focus and duration should match plasma 

wavelength!
> Phase velocity of the plasma wave given by group velocity of 

laser, for underdone plasmas one has 
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High laser intensities lead to relativistic non-linear effects

10

Non-linearly increased accelerating field beneficial for LPAs
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> Linear equations break down. Using 
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Non-linearly increased accelerating field beneficial for LPAs

> Electron motion becomes relativistic for 
a0~1

> Momentum similar to rest mass
> Linear equations break down. Using 

many approximations, can write in 1D(8,9) 

> Multiple nonlinear effects, including
> Period lengthening
> Profile steepening
> Non-linear amplitude increase
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Most modern LPA operate in the ‘bubble’ regime

11

a0>2 leads to ‘bubble’ - spherical accelerator cavity moving at nearly speed of light

(10) Lu et al, Phys Rev Lett 96, 165002 (2006) 
(11) Golovanov et al, Phys Rev Lett 130, 105001 (2023) 
(12) Lu et al, Phys Rev STAB 10, 061301 (2007) 
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> 3D non-linear phenomenological theory 
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Most modern LPA operate in the ‘bubble’ regime

11

a0>2 leads to ‘bubble’ - spherical accelerator cavity moving at nearly speed of light

> In 1D, electron density never lower than 
1/2 -> clearly unphysical

> 3D non-linear phenomenological theory 
developed (10,11)

> High intensity leads to all electrons blown 
out behind the driver

> So-called ion bubble is formed
> Linear acceleration and focussing forces!

> Intensity dependent matched spot size
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Injection is key to beam quality in plasma accelerators 

12

Different injection techniques lead to greatly differing beam parameters and use cases

(5) Esarey et al, Rev Mod Phys 81, 1229 (2009) 
(13) Faure, CERN Yellow Report CERN-2016-001 (2016) 
(14) Mangles et al, Nature 431, 535  (2004) 
(15) Kalmykov et al, Phys Rev Lett 103, 135004 (2009) 
(16) Pak et al, Phys Rev Lett 104, 025003 (2010) 
(17) Suk et al, Phys Rev Lett 86, 1011 (2001)

(18) Faure et al, Nature 444, 737 (2006) 
(19) Yu et al, Phys Rev Lett 112, 125001 (2014) 
(20) Umstadter et al, Pays Rev Lett 76, 2073  (1996) 
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Limitations of plasma accelerators

13

The so called 3Ds are fundamental limits for LPAs - but can be overcome with clever design

Dephasing 

Relativistic electrons 
outrun the wake 

Need lower or tailored 
plasma density
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Laser plasma accelerator in action

15

Compact plasma technology also spans plasma-based focussing optics
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Plasma accelerators have undergone huge progress

16

2004 “Dream Beam” experiments sparked intense effort across the world
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16

2004 “Dream Beam” experiments sparked intense effort across the world

8 GeV, 0.2m: 40 GV/m! 44 GeV, 0.85m: 52 GV/m!
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LPAs are moving towards mainstream acceptance

17

Demonstration of reliability, fine-control and beam quality pave way for wide-spread adoption

(21) Maier et al, Phys Rev X 10, 031039 (2020) 
(22) Bohlen et al, Phys Rev AB 25, 031301 (2022)

100-TW LPA 
operated 28h in a 
row!

12-TW LPA 
operated 8h in a 

row!
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LPAs have demonstrated key milestones

18

Demonstration of reliability, fine-control and beam quality pave way for wide-spread acceptance

Single-cycle, mJ system 
delivers kHz electrons

(23) Guenot et al, Nat Phot 11, 293 (2017) 
(24) Rovige et al, Phys Rev AB 23, 093401 (2020)
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LPAs have demonstrated key milestones

19

Demonstration of reliability, fine-control and beam quality pave way for wide-spread acceptance

Machine-learning-driven optimisation of LPAs

(25) Shalloo et al, Nat Comm 11, 6355 (2020) 
(26) Jalas et al, Phys Rev Lett 126, 104801 (2021)
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LPAs have demonstrated key milestones

20

Demonstration of reliability, fine-control and beam quality pave way for wide-spread acceptance

(27) Wang et al, Nature 595, 516-520 (2021) 
(28) Labat et al, Nat Phot. 17, 150 (2022)

FEL lasing achieved with an LPA driver

http://mpa.desy.de


Dr Kristjan Põder |  Web: mpa.desy.de  | ELISS 2023 |  30.08.2023  |  Page 00 

State-of-the-art LPAs

21

Depending on driver laser, very different beam parameters can be generated
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Depending on driver laser, very different beam parameters can be generated

> Rep rate: ~1 Hz to 1 kHz
> Small laser can fire more often!
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> Relative energy spread: down to 

0.5%
> Peak current: up to few kA
> Normalised emittance: sub-micron
> Plasma length: from 0.1mm to 30 cm
> Stability: down to a few percent
> Efficiency: up to 30% laser-to-

electrons
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Plasma acceleration is a core priority at DESY
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Research focus on high average power and development of practical applications

European X-

FLASH

PETRA III

http://mpa.desy.de
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We’re hiring post-docs and PhD students!
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Towards summary: places for further reading
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The preceding slides have only served to ‘whet your appetite’: the main meals are below!

https://doi.org/10.5170/CERN-2016-001 https://doi.org/10.1103/RevModPhys.81.1229

http://mpa.desy.de
https://doi.org/10.5170/CERN-2016-001
https://doi.org/10.1103/RevModPhys.81.1229
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Only under adult supervision!!!
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Summary: LPAs are novel flexible sources of electrons
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High current, inherent optical synchronisation and compactness allow for novel applications

> Laser plasma accelerators are a compact source 
of electron beams

> Applications include X-ray generation, non-destructive 
testing, radiotherapy, ultrafast diffraction, 

> LPAs are complex non-linear systems
> 100 MeV energies possible from mm-long 

plasmas
> Energy spread, beam transport can be 

challenging
> Stability requires further work: mostly down to 

laser stability
> Vibrant, rapidly growing field on the cusp of real-

life applications

http://mpa.desy.de

