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Particle accelerators are an integral part of modern physics

So-called “Discovery machines” are widely used outside science, too!
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Particle accelerators are an integral part of modern physics

So-called “Discovery machines” are widely used outside science, too!

The Nobel Prize in Physics 2013 was awarded jointly
to Francois Englert and Peter W. Higgs "for the
theoretical discovery of a mechanism that
contributes to our understanding of the origin of
mass of subatomic particles, and which recently was
confirmed through the discovery of the predicted
fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider."
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Currently used accelerator technology is limited

Acceleration gradient limit leads to some ‘interesting’ ideas

CLIC collaboration, arXiv:1812.06018 (2018)
Beachem and Zimmerman, arXiv:2106.02048 (2021)
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~ Linacs limited due to material breakdown to ~100 MV/m
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> Available B-field strength limits size of circular machines e imsraa 7

. W 1.5TeV-29.0km (CLICI500)

> Larger energies -> Even bigger accelerators
=~ CLIC: 3 TeV, 50 km (1)
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~ Linacs limited due to material breakdown to ~100 MV/m
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> Larger energies -> Even bigger accelerators
=~ CLIC: 3 TeV, 50 km (1)

=~ FCC & SPPC: 100 TeV, 100 km @
= Cits: 500 TeV, 2000 km (3
=~ CCM: 14 PeV, 71000 km (%)

A very high energy hadron collider on the Moon

James Beacham! * and Frank Zimmermann?:f

! Duke University, Durham, N.C., United States
2CERN, Meyrin, Switzerland
(Dated: June 17, 2021)

The long-term prospect of building a hadron collider around the circumference of a great

CLIC collaboration, arXiv:1812.06018 (2018) circle of the Moon is sketched. A Circular Collider on the Moon (CCM) of ~11000 km
Beachem and Zimmerman, arXiv:2106.02048 (2021)
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in circumference could reach a proton-proton center-of-mass collision energy of 14 PeV — a

thousand times higher than the Large Hadron Collider at CERN — optimistically assuming a
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parameters, powering, and vacuum needs are explored. An injection scheme is delineated.
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Plasma acceleration is novel, high gradient technology

Also known as wakefield accelerators, plasma allows coupling energy from driver to witness
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Plasma acceleration is novel, high gradient technology

Also known as wakefield accelerators, plasma allows coupling energy from driver to witness

PHYSICAL REVIEW LETTERS 23 JuLy 1979

—

VOLUME 43, NUMBER 4

—

Laser Electron Accelerator

T. Tajima and J. M, Dawson
Department of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10'®W/cm’® shone on plas-
mas of densities 10'® cm™? can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer

simulation. Applications to accelerators and pulsers are examined,
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Plasma acceleration is novel, high gradient technology

Also known as wakefield accelerators, plasma allows coupling energy from driver to witness

VoLu: 1979

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10'®W/cm?® shone on plas-
mas of densities 10'® em™® can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer

simulation. Applications to accelerators and pulsers are examined,
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Basic physics of laser plasma accelerators

Driver beam creates plasma wave in its wake, supporting fields beyond 100 GV/m
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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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L PAs are based on plasma electron waves

Plasma like to oscillate® and can do so sustaining very high amplitudes
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L PAs are based on plasma electron waves

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

> Electron plasma waves oscillate at the electron plasma frequency
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There exists an electric field above which coherent plasma oscillation is destroyed,

MeCWrp

by =
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Eo ~ 964/n.[108cm=3] V/m

100 GV/m fields possible!
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Laser propagation in plasmas

Lasers move through plasma with near-speed-of-light
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Laser propagation in plasmas

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

Propagation of EM radiation in plasma is governed by dispersion relation

c’k? = wi — wg
Wr, Wg owr, 2k 2
~ Itfollows that vy = —= = c? 2 > C.but Uy = = e = e <
L p
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Laser propagation in plasmas

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

Propagation of EM radiation in plasma is governed by dispersion relation

Wwr W7 Owr c’k  c?
t follows that v, = — = C2|k2>6,bUtvg:W:w—:U—<C
L p

When wp > wr, K becomes imaginary -> no propagation: under-dense vs over-dense

Me Eow%

Ne —

e2
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Laser propagation in plasmas

Propagation of EM radiation In plasma is governed by dispersion relation

p
Wr, Wg owr 2k 2
tfollows that v, = — = = c? 2 > ¢, but Vg = - = _—=_—<¢
L p

When wp > wr, K becomes imaginary -> no propagation: under-dense vs over-dense
2

Me€EoW
ne = T
e
Laser intensity determines plasma response. Convenient to work with normalised vector
potential
el
= ~ (.856 A I{1018W 2
w0 = r[pm] /T[108W /em?]
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Laser pulses drive plasma waves

Resonant driving of wake-fields leads to high accelerating fields
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Laser pulses drive plasma waves

Resonant driving of wake-fields leads to high accelerating fields

> The 3D response of the plasma to a propagating laser Is
given by ©.7)

0? n a’
Ot2 - Wy — =V

p

=~ Drniven osclllator, driving term is ponderomotive force!
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> The 3D response of the plasma to a propagating laser Is
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© Gorbunov et al, Soviet Physics JETP 66, 290 (1987)

(") Spangle et al, Appl Phys Lett 83, 2146 (1998)

Laser pulses drive plasma waves

Resonant driving of wake-fields leads to high accelerating fields
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Laser pulses drive plasma waves

Resonant driving of wake-fields leads to high accelerating fields

T

ne 3

D response of the plasma to a propagating laser is

given by ©.7)

0? n a?
2 )™M 2g2d
8?52 p 0 2

Driven oscillator, driving term is ponderomotive force!

High amplitude -> laser focus and duration should match plasma

wavelength!

© Gorbunov et al, Soviet Physics JETP 66, 290 (1987)
() Spangle et al, Appl Phys Lett 53, 2146 (1998)
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Laser pulses drive plasma waves

Resonant driving of wake-fields leads to high accelerating fields

wavelength!

Phase velocity of the plasma wave given by group velocity of
laser, for underdone plasmas one has
Wr, %

f‘)/p p— p—
W Ne

5 - 0.1
The 3D response of the plasma to a propagating laser is n
given by ©.7) Al
2 2 i A 1
S
8 I 9 n]_ L 2v2 a
8 9 | wp — = C v ? —mnq /Ny
t N 5 . -0.1
0 1 2
. . . , , &/ A
Driven oscillator, driving term is ponderomotive force! o
High amplitude -> laser focus and duration should match plasma ; M o
)

-0.1
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High laser intensities lead to relativistic non-linear effects

Non-linearly increased accelerating field beneficial for LPAs
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High laser intensities lead to relativistic non-linear effects

Non-linearly increased accelerating field beneficial for LPAs

%1073
_ : NPT 5! - 0.1
> Electron motion becomes relativistic for N
I \\
ao~1 /'
~  Momentum similar to rest mass S o= T N SR AR
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Injection Is key to beam quality in plasma accelerators

Different injection techniques lead to greatly differing beam parameters and use cases
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Injection Is key to beam quality in plasma accelerators

Different injection techniques lead to greatly differing beam parameters and use cases
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Injection Is key to beam quality in plasma accelerators

Different injection techniques lead to greatly differing beam parameters and use cases
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Injection Is key to beam quality in plasma accelerators

Different injection techniques lead to greatly differing beam parameters and use cases
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Limitations of plasma accelerators

The so called 3Ds are fundamental limits for LPAs - but can be overcome with clever design
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Plasma accelerators have undergone huge progress

2004 “Dream Beam” experiments sparked intense effort across the world
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Monoenergetic beams of relativistic
electrons from intense laser-plasma
interactions
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Plasma accelerators have undergone huge progress

2004 “Dream Beam” experiments sparked intense effort across the world
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LPAs are moving towards mainstream acceptance

Demonstration of reliability, fine-control and beam quality pave way for wide-spread adoption
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LPAs have demonstrated key milestones
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LPAs have demonstrated key milestones

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

Machine-learning-driven optimisation of LPAS
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LPAs have demonstrated key milestones

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

FEL lasing achieved with an LPA driver

(i) SR only (ii) Seed only (iii) FEL (iv) isolated FEL
-30 -20 -10 0 (dB) -30 -20 -10 0 (dB) -30 -20 -10 0 (dB)

- TR (e PLT ) oy r -
PR N P R L R L RS i b e WU )
bl ¢ PR e Y S f O P! . RO
- ' »" Ty LE g ¥ ‘
' P | v * . '

A I l I
265 270

265 270 275 280 280 265 270 275 280 265 270 275 280
Wavelength (nm) Wavelength nm) Wavelength (nm) Wavelength (nm)

a 103 T T T T T
—— Simulated ]

102 E —&— With orbit kick
—8— Without orbit kick

y (mm)

o

Radiation energy (nJ)

y (mm)

| (dB) ©

27 Wang et al, Nature 595, 516-520 (2021)

(@8) Labat et al, Nat Phot. 17, 150 (2022)
Dr Kristjan Péder | Web: mpa.desy.de | ELISS 2023 | 30.08.2023 | Page 20


http://mpa.desy.de

State-of-the-art LPAs

Depending on driver laser, very different beam parameters can be generated
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State-of-the-art LPAs

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

>~ Reprate: ~1 Hzto 1 kHz
~ Small laser can fire more often!
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State-of-the-art LPAs

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

>~ Reprate: ~1 Hzto 1 kHz
~ Small laser can fire more often!

~ Laser peak power: ~1 TWto 10 PW
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State-of-the-art LPAs

Rep rate: ~1 Hzto 1 kHz
small laser can fire more often!

Laser peak power: ~1 TWto 10 PW

Single stage energy gain: few MeV to
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State-of-the-art LPAs

Rep rate: ~1 Hzto 1 kHz

5P

Sl

[

lonisation injection

O
| m

Self-injection

This work

B

10
small laser can fire more often!
Laser peak power: ~1 TWto 1T0PW 3 00
Single stage energy gain: few MeV to <,
8.6 GeV > o
Relative energy spread: down to é
0.5% A
5 10

Peak current: up to few kA L]

10

10°

Laser power P (TW)

mpa.desy.de

O O
Cap discharge
§ Downramp injection
Two-stage
H
a
10


http://mpa.desy.de

State-of-the-art LPAs

Rep rate: ~1 Hzto 1 kHz
small laser can fire more often!

Laser peak power: ~1 TWto 10 PW
Single stage energy gain: few MeV to

8.6 GeV

Relative energy spread: down to
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State-of-the-art LPAs

Rep rate: ~1 Hzto 1 kHz
small laser can fire more often!

Laser peak power: ~1 TWto 10 PW

Single stage energy gain: few MeV to
3.6 GeV

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
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State-of-the-art LPAs

Rep rate: ~1 Hzto 1 kHz
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State-of-the-art LPAs

Rep rate: ~1 Hzto 1 kHz
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Plasma acceleration is a core priority at DESY

evelopment of practical applications
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Plasma acceleration is a core priority at DESY

Research focus on hlgh average power and development of practlcal appllcatlons
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Plasma acceleration is a core priority at DESY

Research focus on hlgh average power and development of praotlcal appllcatlons

Beam-driven plasma accelerators
at ~1 GeV, MHz, 10 kW
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Towards summary: places for further reading

The preceding slides have only served to ‘whet your appetite’: the main meals are below!
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Laser-driven plasma-based accelerators, which are capable of supporting fields in excess of
100 GV/m, are reviewed. This includes the laser wakefield accelerator, the plasma beat wave
accelerator, the self-modulated laser wakefield accelerator, plasma waves driven by multiple laser
pulses, and highly nonlinear regimes. The properties of linear and nonlinear plasma waves are
discussed, as well as electron acceleration in plasma waves. Methods for injecting and trapping plasma
. . electrons in plasma waves are also discussed. Limits to the electron energy gain are summarized,
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includes the propagation, self-focusing, and guiding of laser pulses in uniform plasmas and with
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Summary: LPAs are novel flexible sources of electrons

Laser plasma accelerators are a compact source
of electron beams

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

LPAs are complex non-linear systems

100 MeV energies possible from mm-long
plasmas

—nergy spread, beam transport can be
challenging

Stability requires further work: mostly down to
laser stability

Vibrant, rapidly growing field on the cusp of real-
ife applications
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