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² Particle accelerators
² Why short wavelength accelerators?
² Why plasmas?
² Why lasers?
² Laser wakefield accelerators (LWFA)

v Electron acceleration from LWFA
v Radiation sources 
v Proton/ion acceleration

² Conclusions

Part I
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² Beams from conventional accelerators

² Plasma wakefield accelerators (PWFA)
v Electron driven PWFA
v Positron driven PWFA
v Proton driven PWFA

² Dielectrics in accelerators
v Laser driven dielectric accelerators
vBeam driven dielectric accelerators

² Conclusions and future perspectives

Parts II
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Learning objectives-Lecture I

? Motivations for short wavelength accelerators

? How laser-plasma acceleration works

? Limitations of laser-plasma accelerators

? Applications of laser-plasma accelerators 
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Particle accelerators

• A particle accelerator is a device that 
uses electromagnetic fields to propel 
charged particles to high speeds and 
to contain them as beams.

• An ordinary CRT television set is a 
simple form of accelerator. 
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Particle accelerators
• Particle accelerators are unique instruments in 

physics research and many applications
• Provide well-focused, high-intensity beams of 

electrons, positrons, protons, antiprotons, muons, 
ions, photons, etc.

• Nobel prizes awarded for advancements in 
accelerator science and technology
– Cockcroft and Walton, 1932 (HV accelerator)
– Lawrence and Livingston, 1939 (cyclotron)
– Van der Meer, 1985 (stochastic cooling)

• A quarter of the most acclaimed physics discoveries 
since 1939 using particle accelerators[1]

[1] Haussecker and Chao (2011), Physics in Perspective, 13 (2), 146.
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Colliders
• There are about 140 accelerators of all types 

worldwide for fundamental research
• Among these, the most complex and 

technologically advanced are high energy 
accelerators, especially colliders for nuclear 
and particle physics

1 Introduction

Particle accelerators are unique scientific instruments which o�er access to unprecedented energy
per constituent, using well-focused, high-density beams of electrons (e≠), positrons (e+), protons
(p), antiprotons (p̄), ions, muons (µ+, µ≠), mesons, photons, and gamma quanta (“), among oth-
ers [Shiltsev, 2020]. Three Nobel prizes were awarded for seminal advancements in accelerator
science and technology: to Ernest O. Lawrence in 1939 for invention of the first modern accel-
erator, the cyclotron [Lawrence and Livingston, 1932], to John Cockcroft and Ernest Walton in
1951 for their invention of the eponymous linear accelerator [Cockcroft and Walton, 1932], and to
Simon van der Meer in 1984 for conceiving and developing the novel method of stochastic cooling
[Van Der Meer, 1985]. Of course, highly notable are applications of accelerators - for example, they
were of critical importance for about a quarter of the most acclaimed physics discoveries since 1939,
resulting on average in a Nobel Prize for Physics every three years [Haussecker and Chao, 2011].
Electron microscopes, accelerator-based synchrotron radiation and spallation neutron sources were
instrumental for numerous Nobel Prize-winning research achievements in chemistry, physiology and
medicine, such as those recognized in 1997, 2003, 2006, 2009, 2012, 2017, 2019, and 2021.

Figure 1: Schematics of some particle collider types: a) circular, b) linear, c) ring-ERL(energy
recovery linac). Beam collision points are marked by crosses.

At present, about 140 accelerators of all types worldwide are devoted to fundamental research
[Faus-Golfe and Edgecock, 2017]. Among them, the most complex and technologically advanced
are higher-energy accelerators and, especially, colliders for nuclear and particle physics. While they
are of di�erent sizes and shapes, based on di�erent technologies and employing di�erent types of
particles, they have common functional elements and basic stages – charged particles are produced
in dedicated sources, often go through a preparatory stage to arrange the particles in suitable beams
of bunches, and then get accelerated to very high kinetic energies. (Here it is generally assumed
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Energy and luminosity
• For head-on collisions of two ultra-relativistic 

particles with equal energy E, the center-of-mass 
energy (cme) is given by 2E

• For unequal particle energies, the center-of-mass 
energy is 2 "#"$

• For stationary target resulting 2"%&2
• The highest cosmic rays observed on Earth 

reaching E ~ 1021 eV, i.e. a million PeV (1 million x 
1015 eV)

• The LHC achieves Ecme = 14 TeV or 0.014 PeV
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Energy and luminosity
• The exploration of rare particle physics phenomena at the 

energy frontier requires not only the high energy, but also 
a sufficiently large number of detectable reactions, Nreaction

• This number is given by the product of the cross-section of 
the reaction under study, !, and the time integral over the 
instantaneous collider luminosity, L, i.e. "#$%&'()* =, ∫. / 0/

• Colliders with bunched beams of particles with Gaussian 
distributions containing equal numbers of particles 
colliding head on, the luminosity is given by

. = 1#$234
"5

47,8∗,:∗
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Colliders Species Ecm, GeV C, m L, 1032 Years Host lab, country
AdA e+e≠ 0.5 4.1 10≠7 1964 Frascati/Orsay
VEP-1 e≠e≠ 0.32 2.7 5 ◊ 10≠5 1964-68 Novosibirsk, USSR
CBX e≠e≠ 1.0 11.8 2 ◊ 10≠4 1965-68 Stanford, USA
VEPP-2 e+e≠ 1.34 11.5 4 ◊ 10≠4 1966-70 Novosibirsk, USSR
ACO e+e≠ 1.08 22 0.001 1967-72 Orsay, France
ADONE e+e≠ 3.0 105 0.006 1969-93 Frascati, Italy
CEA e+e≠ 6.0 226 0.8 ◊ 10≠4 1971-73 Cambridge, USA
ISR pp 62.8 943 1.4 1971-80 CERN
SPEAR e+e≠ 8.4 234 0.12 1972-90 SLAC, USA
DORIS e+e≠ 11.2 289 0.33 1973-93 DESY, Germany
VEPP-2M e+e≠ 1.4 18 0.05 1974-2000 Novosibirsk, USSR
VEPP-3 e+e≠ 3.1 74 2 ◊ 10≠5 1974-75 Novosibirsk, USSR
DCI e+e≠ 3.6 94.6 0.02 1977-84 Orsay, France
PETRA e+e≠ 46.8 2304 0.24 1978-86 DESY, Germany
CESR e+e≠ 12 768 13 1979-2008 Cornell, USA
PEP e+e≠ 30 2200 0.6 1980-90 SLAC, USA
Spp̄S pp̄ 910 6911 0.06 1981-90 CERN
TRISTAN e+e≠ 64 3018 0.4 1987-95 KEK, Japan
Tevatron pp̄ 1960 6283 4.3 1987-2011 Fermilab, USA
SLC e+e≠ 100 2920 0.025 1989-98 SLAC, USA
LEP e+e≠ 209.2 26659 1 1989-2000 CERN
HERA ep 30+920 6336 0.75 1992-2007 DESY, Germany
PEP-II e+e≠ 3.1+9 2200 120 1999-2008 SLAC, USA
KEKB e+e≠ 3.5+8.0 3016 210 1999-2010 KEK, Japan
VEPP-4M e+e≠ 12 366 0.22 1979- Novosibirsk, Russia
BEPC-I/II e+e≠ 4.6 238 10 1989- IHEP, China
DA�NE e+e≠ 1.02 98 4.5 1997- Frascati, Italy
RHIC p, i 510 3834 2.5 2000- BNL, USA
LHC p, i 13600 26659 210 2009- CERN
VEPP2000 e+e≠ 2.0 24 0.4 2010- Novosibirsk, Russia
S-KEKB e+e≠ 7+4 3016 6000ú 2018- KEK, Japan
NICA p, i 13 503 1ú 2024(tbd) JINR, Russia
EIC ep 10+275 3834 105ú 2032(tbd) BNL, USA
Proposals Species Ecm, TeV C, km Lú, 1035 Years Host lab, country
FCCee e+e≠ 0.24 91 0.5 n/a CERN
CEPC e+e≠ 0.24 100 0.5 n/a China
ILC-0.25 e+e≠ 0.25 20.5 0.14 n/a Japan
CLIC-0.38 e+e≠ 0.38 11 0.15 n/a CERN
ILC-1 e+e≠ 1 38 0.5 n/a Japan
LHeC ep 0.06+7 9+26.7 0.08 n/a CERN
CLIC-3 e+e≠ 3 50 0.6 n/a CERN
MC-3 µ+µ≠ 3 4.5 0.18 n/a n/a
MC-14 µ+µ≠ 14 14 4 n/a n/a
WFA-15 e+e≠ 15 12 5 n/a n/a
WFA-30 e+e≠ 30 20 32 n/a n/a
FCChh pp 100 91 3 n/a CERN
SPPC pp 125 100 1.3 n/a IHEP, China

Table 1: Past, present and several proposed future particle colliders: their particle species, center
of mass energy Ecm, circumference or length C, maximum peak luminosity L per interaction point,
years of luminosity operation, and host labs. (i is for ions; luminosity is in units of cm≠2s≠1, ú

design; see also text.)
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Colliders (1964-)

LHC

Vladimir D. Shiltsev, arXiv: 2309.15960v1 (2023)
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Giant machines
Tevatron

SLCRHIC

HERA
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World biggest machine
• LHC: the world biggest  
accelerator, both in energy 
and size 

• Grand start-up and perfect 
function at injection energy in 
September 2008

• An electrical fault halted the
machine running

• First collisions in late 2009 
(2.36 TeV)

• 7 TeV collisions in March 
2010

• Higg bosons have been
found in July 2012 !

• Record beam energy 6.5 
TeV in April 2015

•LHC achieved CoM collision
energy 13.6 TeV in 2022
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Complex machine
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The human's curiosity on the micro-world has
always the driven force behind the development of
the particle accelerators. The history of accelerators
is a continuous upgrade for higher energy and
better performance !

Then, what is the future (sustainable) of
this technology, especially for the HEP 
machines?
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Solutions:
Short wavelength accelerators
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Motivations
• Sizes and costs reach the limit
• Traditional accelerators

– Gradient: <100 MV/m limited by material breakdown
– RF frequency range, 10s MHz to 10s GHz
– Thus large facilities for energy frontier machines

• To shrink the facility one needs higher gradient:
– Higher frequency to avoid breakdown:
– L band (1.3 GHz)=>S band (3 GHz)=>C band (4-8 GHz)
– X band (11 GHz)=>Ku band (15 GHz)=> W band (100 GHz)
– To go further=> optical frequency (~ 100 THz)

• How about using material already broken down (plasmas)? 
• How about using higher breakdown materials (e.g. dielectrics?)
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Motivations

• For a given peak power P of the RF, the 
electric fields E in structure increases as 
wavelength reduced by

• The increase in breakdown fields is predicted 
to scale as from f1/4 to f7/8.

23/01/2025

T. Katsouleas, AIP Proceedings 807 (2006)
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Frequency bands
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Gradient vs. wavelength
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Comparison
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Long term future of High-Energy physics requires the need 
for new high-gradient technology

Gradients from 1GeV/m to 200 GeV/m are possible from 
relativistic plasma waves

Why plasmas?
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Brief history-plasma based accelerators
• Concept on laser-plasma based acceleration was proposed by 

Tajima & Dawson in 1979.
• The key idea was to excite large amplitude plasma electron 

waves by using short pulse laser (LWFA) in high density plasma.
• However, there was no such laser in that era, and beat wave 

could excite the plasma waves as well.
• In 1985, P. Chen et al. proposed to use electron bunch to 

excite the plasma wave (PWFA) and this idea was confirmed 
by Rosenzweig et al.(1988). 

• In 1992, Kitagawa et al. succeeded in electron acceleration by 
using PBWA (Plasma Beat wave) method.

• In 1995, Nakajima et al. succeeded to accelerate electrons up 
to 100 MeV by using LWFA method.

• In 1985,  Mourou et al. invented the CPA (Chirped Pulse 
Amplification) method to generate ultrashort, intense lasers 
and was put in practical use around 1995. 
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1st paper on plasma accelerator

23/01/2025

Accelerating field in plasma is 3-4 orders of
magnitude higher than conventional accelerators!
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Highlights of plasma accelerators
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M. Downer, U. Texas

Our dream
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Plasma cavity
100 µm1 m

RF cavity

Courtesy of W. Mori & L. da Silva

E-field max ≈ few 10 MeV /meter (Breakdown) 
R>Rmin Synchrotron radiation

Conventional accelerator limitations
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New Livingston plot
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What is plasma?
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• What is a plasma?
Plasma is loosely described as an electrically neutral  
medium of unbound positive and negative particles 
(i.e. the overall charge of a plasma is roughly zero). 

• Quasi-neutrality
Number of densities of electrons ne, and ions ni, with 
charge state Z are locally balanced ne≈ Zni

• Breakdown medium (no further breakdown)
Free electrons + ions

23/01/2025

What is plasma?
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Types of plasmas

Specifications of plasmas

*  1 eV=11600 K
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Plasma sources

• Gas ionization to plasma
• Several ways to produce plasma
• Lasers, RF (DC) field, particle beams can be 

used to produce plasmas
– Collisional ionization
– Single photon ionization
– Multi-photon ionization
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Plasma sources

23/01/2025

Ionization of gas into plasma

Components in plasmas:

Electrons
Ions
Atoms (molecules)-not ionized
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Plasma sources in use

• Supersonic gas jet (LWFA)
• Gas cell based source (LWFA+PWFA)
• Capillary discharge waveguide (LWFA+PWFA)
• Heat pipe ovens (PWFA)
• Others (helicon RF plasma source)

23/01/2025 CI Postgraduate Lectures 34



Supersonic gas jet
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S. Hooker, talk at CERN CAS, 2014
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Heat pipe oven
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Discharge plasma source
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Light Amplification by Stimulated Emission of Radiation 
(LASER)

Lasers

Light amplification in an optical cavity
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Three processes

Spontaneous Emission
2

1

2

1

2

1

Absorption 

Stimulated Emission

Three basic processes:
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Modern lasers
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Chirp pulse amplification (CPA)
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2018 Nobel Prize in Physics !

G. Mourou

D. Strickland
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New trend: Fiber lasers
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Fiber lasers
l Pro: Energy efficient, High rep-rate capable

l Cons: Power per fiber limited

l Coherent combination 
- Being studied at many places world-wide
- Progress on DC-lasers more promising than pulsed
- Current power levels far from interesting for GeV acceleration

l Conclusions:
- Technology not ready yet
- Possibly first used for pump-laser
or very-low-energy LWFA

Thales Optronique is working together with 
academics/researchers to achieve the 61 
fibre laser coherent combination

Picture: ICAN project
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Advantages of lasers

• Most experiments around the world work on laser wakefield
acceleration.

• Lasers can be procured in a university framework. 
• With laser-generated wakefields you can capture and 

accelerate plasma-electrons to generate the beam from 
scratch.

• With present state-of-the-art laser one can create mono-
energetic beams via LWFA!

• No need for heavy beam infrastructure up to some beam 
energy.

• The more powerful the laser, the higher the energy of the 
beam that one can create!
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 Laser Wake Field Accelerator(LWFA)
A single short-pulse of photons

 Self Modulated Laser 
Wake Field Accelerator
(SMLWFA)
Raman forward scattering 
instability

 Plasma Beat Wave Accelerator(PBWA)
Two-frequencies, i.e., a train of pulses

 Plasma Wake Field Accelerator(PWFA)
A high energy electron/proton bunch

Types of plasma-based accelerators

evolves to
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Basic principle-laser wakefield accelerators
Plasma based Acceleration

The key is the super high accelerating gradient!

T.Tajima and J.M. Dawson PRL (1979) LWFA

P.Chen, J.M. Dawson et.al. PRL (1983) PWFA

• Laser or

beam

• Trailing

beam

Wake

€ 

EAcc ≈ np[cm
−3
]V /cm€ 

cτ ~ λp

e.g.  np=1018 cm-3, the accelerating field will be 100 GeV/m!
3 orders of magnitude higher than the fields in conventional accelerators !
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Basic principles
I) Generate homogeneous plasma channel:

GasLaser or beam
Plasma

II) Send laser beam or electron beam towards plasma:

Beam density nb
> Gas density n0

= ion = electron

Beam excited 
plasma. Also 
lasers can be 
used (laser 
wakefield
acceleration).
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Basic principles
III) Excite plasma wakefields:

Electrons are expelled

Ion channelr

z

Ponderomotive force or space charge force of the beams ejects  plasma 
electrons (ambient electrons) promptly along radial trajectories

Pure ion channel is left: Ion-focused regime, underdense plasma
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Laser plasma acceleration
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Laser plasma acceleration
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- + -

Laser plasma acceleration
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Laser plasma acceleration
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Basic principles

A ponderomotive force (red arrows) arising from the light pressure pushes aside the 
plasma electrons to generate the wake. The electrostatic fields associated with this 
wake is utilised to produce accelerating fields which are 3-4 orders of magnitude larger 
than is possible in the RF cavity of a conventional accelerator.
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Laser parameters
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Plasma density perturbation

23/01/2025

Plasma density perturbation excited by a Gaussian laser pulse,
laser pulse is travelling to the left with a0= 1.5
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Linear & non-linear regimes

S. Hooker, Nature Photonics 2013
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Limiting factors in LWFA!"#$$%&'(')*%)+%,-$#./%.0'-%!12$,3&044
Laser driver

5 Depletion: 6+#%*(077%'-)$-*')/%809 :%;<%==%&>?"
6+#%#$70)'@'*)'4%'-)$-*')'$*%809%=A%;<B%&>?"A%&>$?7

5 Dephasing:
c
Vgr

&>?" +#>$#%;9%4(%C%;9
;DE-+

Optical diffraction

zR " #w0

2
/ $

%
diff

"
$

#w0

+#>$#%((F
8GH)%+@$#4+($%IE%4"0--$7*%+#

#$70)'@'*)'4%*$7JKJ+4H*'-.<

5 Diffraction:

n " 1 &
'

p

2

2' l

2

C h an n e l g u id ing

n " 1 &
' p

2

2' 2

Esarey et al., IEEE 1996; Leemans et al., ibid.
M. J. Hogan, LP09 Hamburg  Page 

Lepton Photon

2009
XXIV International Symposium 

on Lepton and Photon Interactions  
at High Energies

17 – 22 August 2009

Hamburg, Germany

http://lp09.desy.de

Halina Abramowicz (Tel Aviv)

Gisela Anton (Erlangen)

Gaspar Barreira (LIP)

Hesheng Chen (IHEP, Beijing)

Mikhail Danilov (ITEP)

Joel Feltesse (IRFU/CEA)

Juan Fuster (IFIC-Valencia)

Rohini Godbole (IISc, Bangalore)

Rolf-Dieter Heuer (CERN)

John Jaros (SLAC)

Dean Karlen (Victoria/TRIUMF)

Young-Kee Kim (FNAL)

Frank Linde (NIKHEF)

Patricia McBride (FNAL)

Joachim Mnich (DESY)

Ken Peach (Oxford & Royal Holloway)

Roberto Petronzio (INFN)

Alexei N. Sissakian (JINR)

Dongchul Song (Kyungpook, Daegu)

Johanna Stachel (Heidelberg)

Atsuto Suzuki (KEK)

Geoffrey Taylor (Melbourne)

Georg Weiglein (IPPP Durham)

Guy Wormser (LAL Orsay)

Sakue Yamada (KEK & Tokyo)

Jan Louis (Hamburg)

Peter Maettig (Wuppertal)

Joachim Mnich (Chair, DESY)

Klaus Moenig (DESY)

Rolf Nahnhauer (DESY)

Peter Schleper (Hamburg)

H.-C. Schultz-Coulon (Heidelberg)

Hans Weise (DESY)

Norbert Wermes (Bonn)

Ties Behnke (DESY)

Ian Brock (Bonn)

Karsten Buesser (DESY)

Wilfried Buchmueller (DESY)

Laura Covi (DESY)

Manfred Fleischer (DESY)

Ariane Frey (Goettingen)

Volker Guelzow (DESY)

Thomas Hebbeker (RWTH Aachen)

Frank Lehner (DESY)

International Advisory Committee

Local Organising Committee 

P
h

o
to

: 
iS

to
c
k
p

h
o

to
 L

P

Three Factors Limiting Energy Gain
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Producing a mono-energetic beam
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LWFA: Production of a Monoenergetic Beam

1. Excitation of wake (e.g., self-modulation of laser)

2. Onset of self-trapping (e.g., wavebreaking)

3. Termination of trapping (e.g., beam loading)

4. Acceleration 

If  > dephasing length: large energy spread

If  ≈ dephasing length: monoenergetic

Wake Excitation Trapping Acceleration: Laccel ~Ldephase

1 42-3
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• Dephasing distance:

17

23/01/2025 CI Postgraduate Lectures 58



Useful tips
• Plasma wake field amplitude:
• Plasma frequency:
• Plasma wavelength:

• Depletion length: 
• Rayleigh length: 
• Dephasing length: 

• Ponderomotive force: 

23/01/2025

λp = 2πc /ω p = 3.3×10
10 / np(cm

−3) µm[ ]

ω p = (nee
2 /meε0 )

1/2

Fp = −∇Up ∝−∇I

Eacc = (mecω p / e)

Ld = (ω0 /ω p )
2cτ

ZR = πw0
2 / λ

Ld ≈ λp
3 / λ 2

CI Postgraduate Lectures 59



Final beam energy
• Energy gain by a particle is given as the product of electric 

field E, charge q and distance travelled, d:

• The phase speed of wake is (group velocity of an 
electromagnetic wave in a plasma)

• ne is the electron density of the plasma, nc is the critical 
density for propagation of the electromagnetic wave (i.e. 
when the plasma frequency ωp equals the frequency of the 
electromagnetic wave, ω0)

• The lower the plasma density, the faster the phase speed
23/01/2025

W ≈ qEd

vg
c
= 1−

ne
nc

≈1− 1
2
ne
nc
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Final beam energy
• Dephasing will be caused due to difference between 

the electron velocity and the wake phase velocity

• The maximum electric field that a plasma can 
support increases with the plasma density

• The maximum energy that can be gained by an 
electron in a plasma wave as a function of plasma 
density is therefore written as

23/01/2025

Ldephasin g ≈
ne
nc
λp ∝ne

−
3
2

Emax ≅mecω p / e∝ ne

W (ne ) ≈ EmaxLdephasin g ∝
1
ne
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Scaling laws
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Fig. 3: Top: Variation of reported electron beam energy with accelerator length. Bottom: Relationship between

operating plasma density and accelerator length. The line shows the expression for the dephasing length (Eq. (2)).

Data from Refs. [5–9, 15–60].

Figure 4 shows how the plasma density and beam energy vary in the set of experiments. The line on

Fig. 4 is simply W/(mec2) = κnc/ne and shows good agreement with the entire dataset for κ = 1. The

scaling laws in Ref. [62], by Wei Lu et al., for the blow-out or ‘bubble’ regime of wakefield accelerators,

suggest that the scaling law should be

W (ne, a0) ≃
2

3
a0

nc

ne
mec

2 ∝
a0
ne

, (5)

where a0 = eA0/(mec) = eE0/(meω0c) is the normalized peak vector potential (or strength parameter)

of the laser pulse. This scaling predicts that the beam energy should not only be proportional to 1/ne but

also proportional to the laser strength, a0. The experiments shown correspond to a wide range of initial

laser intensities (corresponding to a0 = 0.5–4.0), yet they do not appear to show a dependence on a0.

One possible reason for this apparent discrepancy is that the initial value for a0 is not the value

of a0 that determines the wake amplitude. It is well known that laser pulses can undergo significant

evolution once they enter the plasma. The processes of self-focusing, self-compression and photon

acceleration [63] can all act to change a0 as the pulse propagates. Together, these processes can be

termed the ‘self-evolution’ of the laser pulse. One interpretation of the experimental data is, therefore,

that the process of self-evolution has occurred until a0 ≈ 3 for all of the data shown. Why would this

be the case? One reasonable hypothesis is that each point in the dataset corresponds to the maximum

4

Electron beam energy vs.
accelerator length (2004-2014)

Accelerator length vs.
plasma density (2004-2014)

S.P.D. Mangles, CERN -2016-001
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Fig. 4: Variation of reported electron beam energy with the density in the accelerator. The line shows the relation

W/(mec2) = κnc/ne with κ = 1. Data from Refs. [5–9, 15–60].

energy achieved during a particular experiment and that this will occur at (or at least close to) the lowest

density at which a particular experiment can trap and accelerate electrons. Many experiments operate by

fixing the laser power and plasma length while varying the plasma density, for reasons of experimental

simplicity. When an experiment is conducted in this manner, there will be a minimum density at which

electron beams are trapped and accelerated (the trapping threshold). Because self-evolution happens

less quickly and severely at lower densities, the maximum a0 that is reached inside the accelerator will

decrease with decreasing plasma density. Therefore, the maximum achieved electron beam energy will

correspond to the minimum laser strength required to produce trapping. The fact that the experimental

dataset matches the non-linear wakefield scaling but only if a0 ≈ 3 suggests that the minimum a0
required for trapping is a0 ≈ 3.

2.2 Laser spot size and matched guiding

The experimental data clearly show that higher-power lasers are required to achieve higher electron beam

energies. But what are the physical processes behind this trend? It was argued that the experimental

trends are consistent with there being a minimum value of a0 ≈ 3, which is needed for trapping, and that

this value is reached because of the way the pulse evolves as it propagates.

Consider the relationship between the intensity, I (∝ a20), and power, P , of a laser pulse. Since

I = P/A, where A (∝ w2, the laser spot size) is the focal spot area, we have

P ∝ a20w
2 . (6)

The fact that higher-power lasers are needed to reach the a0 ≈ 3 threshold at lower densities therefore

implies that the spot size that these laser pulses produce after evolution is larger. Pulse evolution is a

result of the feedback between the refractive index gradient associated with the plasma wave and the

laser pulse, i.e., it is mediated by the plasma itself. Lower-density plasmas, therefore, have a lesser effect

on the laser pulse – resulting in slower evolution – and crucially this affects the properties that the pulse

obtains as a result of self-evolution.

One important concept that arises from this is that of the matched spot size – i.e., one where

the self-focusing caused by the plasma balances the natural diffraction of the laser pulse and stable

propagation occurs. In the blow-out regime (where the laser pulse expels practically all the electrons

from inside the bubble), the transverse density profile of the bubble is approximately zero and flat inside

5

Electron  beam energy vs. 
plasma density (2004-2014)

S.P.D. Mangles, CERN -2016-001
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Fig. 1: Reported electron beam energies from laser wakefield experiments at various laboratories over the last

decade; data from Refs. [5–9, 15–60].

this progress. The progress in the maximum beam energy in laser wakefield accelerator experiments has

been rapid, as shown in Fig. 1, from a maximum beam energy of 0.2 GeV reported in 2002 [61] to the

current record of 4 GeV from the group at the Lawrence Berkeley National Laboratory [58] achieved in

2014 – an increase by a factor of 20 in just over a decade. It should be noted that this is by no means an

exhaustive list of all published experiments in laser wakefield accelerators (there are just 52 publications

in this dataset, whereas a literature search for papers on ‘laser wakefield’ will find over 1000 papers).

2 Overall trends in laser wakefield acceleration experiments

The rapid progress shown in Fig. 1 is impressive. But how has it been achieved? Over the same period of

time, short-pulse (≈30 fs) laser systems have become more powerful. Figure 2 shows that there is a clear

trend: higher-power lasers are capable of producing higher-energy electron beams. However, these gains

were not achieved by simply increasing the laser power, the researchers behind these experiments have

often found the optimum conditions for their experiments. Key parameters involved in this optimization

include the operating plasma density, the length of the accelerator and the laser intensity. This section

will examine the data from various experiments and compare them with predicted trends, to see whether

they can confirm those predictions and the underlying physical processes.

2.1 Accelerator length and operating plasma density

Let us first consider the density of the plasma accelerator. The energy gained by a particle of charge q
in an accelerating structure is simply proportional to the product of the electric field and the length of

the accelerator, d, i.e., W ≃ qEd, where E is the average accelerating electric field experienced by the

particle. One of the key physical limitations in a laser wakefield accelerator is dephasing. The electrons

trapped in a wake are highly relativistic (γ ≫ 1), so they travel at a speed approaching that of light in

vacuum (ve → c), but the phase speed of the wake is determined by the speed of the laser pulse that

drives the plasma wave. A simple expression for the speed of a laser pulse in a plasma can be found by

using the standard expression for the group velocity of an electromagnetic wave in a plasma,

vg
c

=

√

1−
ne

nc
≈ 1−

1

2

ne

nc
, (1)

where ne is the electron density of the plasma, nc is the critical density for propagation of the electro-

magnetic (i.e., when the plasma frequency ωp equals the frequency of the electromagnetic wave, ω0) and

2

Electron beam energy vs.
Years (2004-2014)
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Fig. 2: Variation of reported electron beam energy with laser power from various experiments; data from Refs.

[5–9, 15–60].

it is assumed that ne ≪ nc. The wake’s phase speed is therefore slightly, but significantly, less than c;
crucially, the lower the plasma density, the faster the phase velocity.

Because of this difference between the electron velocity and the wake phase velocity, electrons in a

laser-driven wake will outrun the wake1. If the electron is injected at the start of the accelerating phase of

the plasma wave and then outruns the wave by half a plasma wavelength (i.e., λp/2 = πc/ωp), it can no

longer gain energy from the plasma wave. If the electron has an initial velocity ve = βec and the plasma

wave has a phase velocity vφ = βφc, then the time it takes for this to occur is td = λp/(2c(βe − βφ)).
The dephasing length is then the distance that the electron travels in this time. Since βe → 1 and

βφ ≃ 1− 1
2 (ne/nc), this reduces to

Ldephasing ≃
nc

ne
λp ∝ n

−

3

2
e . (2)

It is interesting to see how the lengths of the accelerators in the set of experiments vary, and how

this compares with what we might expect if dephasing is important. These data are shown in Fig. 3. The

top panel shows how the reported electron beam energy varies with the length of the wakefield acceler-

ator. There is a clear correlation – the higher electron energies are achieved with longer accelerators, as

we might expect. The bottom panel of Fig. 3 shows how the length of the accelerator and the plasma

density at which it was operating are related. The line on this curve is the simple expression for the

dephasing length (Eq. (2)).

The maximum electric field that a plasma wave can support increases with plasma density, since

it scales as

Emax ≃ mcωp/e ∝
√
ne . (3)

The maximum energy that can be gained by an electron in a plasma wave as a function of plasma

density is therefore expected to be

W (ne) ≃ EmaxLdephasing ∝
1

ne
. (4)

1Note that dephasing does not occur in wakefield accelerators driven by highly relativistic charged particle beams as both

the accelerated and driver beams are highly relativistic.

3

Electron beam energy vs.
laser power (2004-2014)
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5 Experimental scalings

A remarkably simple pattern can be found for the experimental scaling of electron peak energy and
charge with laser energy and power. In Figure 9, all combinations between of these quantities are plot-
ted. Simple linear relations exist between the bunch energy or charge and the laser energy or power.
This allows a straightforward order-of-magnitude perfomance prediction of LWFAs for a given laser.
The dataset encompasses many different laser parameters, injection mechanisms, targets setups with or
without guiding, but the linear behaviour seems to be maintained up to the PW level. The dataset focuses
on quasi-monoenergetic spectra, and energies/charges are referring to the spectral peak.
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Fig. 9: Experimental results for energy and charge: Experimentally, the best results for electron peak energy
and charge closely follow extremely simple scaling laws with respect to the laser power and energy. Note that
these "laws" are no fit to the data, just lines to guide the eye. Data is based on 50+ publications on LWFA during
the last 15-20 years [95]

In summary, the following scalings seem to hold for the upper end of the point clouds in Fig. 9:

O(Epeak) ⇡ 100 MeV / J ⇡ 10 MeV / TW
O(Qpeak) ⇡ 100 pC / J ⇡ 3 pC / TW.
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Experiments for high quality beam
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30 Sep 2004 issue of nature:

 Three groups report production of high quality e-bunches

• Approach 1: Plasma channel

• LBNL/USA: Geddes et al.

• Plasma Channel: 1-4x1019 cm-3

• Laser: 8-9 TW, 8.5 µm, 55 fs

• E-bunch: 2×109 (0.3 nC), 86 MeV, ΔE/E=1-2%, 3 mrad

• Approach 2: No channel, larger spot size

• RAL/IC/UK: Mangles et al.

• No Channel: 2×1019 cm-3

• Laser: 12 TW, 40 fs, 0.5 J, 2.5×1018 W/cm2, 25 µm

• E-bunch: 1.4×108 (22 pC), 70 MeV, ΔE/E=3%, 87 mrad

• LOA/France: Faure et al. 

• No Channel: 0.5-2x1019 cm-3

• Laser: 30 TW, 30 fs, 1 J, 18 µm

• E-bunch: 3×109 (0.5 nC), 170 MeV, ΔE/E=24%,10 mrad

• Channel allows higher e-energy with lower laser power

Breakthrough Results: High Quality Bunches
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1 GeV experiment at LBNL

M. J. Hogan, LP09 Hamburg  Page 

Lepton Photon

2009
XXIV International Symposium 

on Lepton and Photon Interactions  
at High Energies

17 – 22 August 2009

Hamburg, Germany

http://lp09.desy.de

Halina Abramowicz (Tel Aviv)

Gisela Anton (Erlangen)

Gaspar Barreira (LIP)

Hesheng Chen (IHEP, Beijing)

Mikhail Danilov (ITEP)

Joel Feltesse (IRFU/CEA)

Juan Fuster (IFIC-Valencia)

Rohini Godbole (IISc, Bangalore)

Rolf-Dieter Heuer (CERN)

John Jaros (SLAC)

Dean Karlen (Victoria/TRIUMF)

Young-Kee Kim (FNAL)

Frank Linde (NIKHEF)

Patricia McBride (FNAL)

Joachim Mnich (DESY)

Ken Peach (Oxford & Royal Holloway)

Roberto Petronzio (INFN)

Alexei N. Sissakian (JINR)

Dongchul Song (Kyungpook, Daegu)

Johanna Stachel (Heidelberg)

Atsuto Suzuki (KEK)

Geoffrey Taylor (Melbourne)

Georg Weiglein (IPPP Durham)

Guy Wormser (LAL Orsay)

Sakue Yamada (KEK & Tokyo)

Jan Louis (Hamburg)

Peter Maettig (Wuppertal)

Joachim Mnich (Chair, DESY)

Klaus Moenig (DESY)

Rolf Nahnhauer (DESY)

Peter Schleper (Hamburg)

H.-C. Schultz-Coulon (Heidelberg)

Hans Weise (DESY)

Norbert Wermes (Bonn)

Ties Behnke (DESY)

Ian Brock (Bonn)

Karsten Buesser (DESY)

Wilfried Buchmueller (DESY)

Laura Covi (DESY)

Manfred Fleischer (DESY)

Ariane Frey (Goettingen)

Volker Guelzow (DESY)

Thomas Hebbeker (RWTH Aachen)

Frank Lehner (DESY)

International Advisory Committee

Local Organising Committee 

P
h
o
to

: 
iS

to
c
k
p
h
o
to

 L
P

19

Experimental demonstration: 1 GeV  

high-quality beam via laser-plasma accelerator

Next Step:

• 10 GeV module

• 40 J in ~ 40-100 fs laser pulse

• BELLA Project: 1 PW, 1 Hz laser
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0.56 GeV capillary accelerator experiment at CAEP/KEK

3cm gas-fill capillary

4cm ablative capillary

1 GeV capillary accelerator experiment at LBNL/Oxford U.
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Controlling the injection

E. Esarey et al, PRL 79, 2682 (1997), G. Fubiani et al. (PRE 2004)

Counter-propagating geometry:
pump injection

Plasma wave

Principle: Pump beam

Injection beam

Ponderomotive force of beatwave: Fp ~ 2a0a1/λ0 (a0 et a1 can be “weak”)y
Boost electrons locally and injects them: y
INJECTION IS LOCAL IN FIRST BUCKET y

electrons
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Experimental set-up

Injection beam

Pump beam

Probe
beamLANEX

B Field

250 mJ, 30 fs ffwhm=30 µm
I ~ 4×1017 W/cm2

a1=0.4
700 mJ, 30 fs, ffwhm=16 µm
I ~ 3×1018 W/cm2

a0=1.2

electron spectrometer to shadowgraphy diagnostic

Gas
jet
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From self-injection to controlled injection

ne=1.25×1019 cm-3

ne=1019 cm-3

ne=7.5×1018 cm-3

pump

Single beam

pump injection

2 beams

Self-injection 
Threshold

ne=7.5×1018 cm-3
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Controlling the acceleration length

By changing delay between pulses: 
• Change collision point
• Change effective acceleration length
• Tune bunch energy

Pump beam Injection beam

Gas jet

2 mm

23/01/2025
J. Faure… V. Malka (Ecole Polytechnique) Nature 444, 737 (2006)
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Tunable mono-energetic bunches
pump injection

pump injection

late injection

early injection

pump injection

middle injection

Zinj=225 
µm

Zinj=125 
µm

Zinj=25 µm

Zinj=-75 
µm

Zinj=-175 
µm

Zinj=-275 
µm

Zinj=-375 
µm

23/01/2025

J. Faure… V. Malka (Ecole Polytechnique) Nature 444, 737 (2006)
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Dual stage LWFAs

23/01/2025

GIST, Korea
H.T. Kim, PRL 111, 165002 (2013)CI Postgraduate Lectures 75



Dual stage LWFAs

23/01/2025

H.T. Kim, PRL 111, 165002 (2013)
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2 GeV barrier

23/01/2025
X. Wang et al., Nat. Comm. 4, 1988, (2013)

CI Postgraduate Lectures 77



Petawatt laser facility at LBNL

23/01/2025

Short pulse laser
laser guiding in plasma
(3’D’ effect:
diffraction, dephasing, depletion)
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2014 results-LWFA

W.P. Leemans et al., PRL 113, 245002 (2014)
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BELLA - 7.8 GeV

23/01/2025focused onto the capillary entrance to a spot size of
r0 ¼ 84 μm. Here r0 is defined as the radius at which
the intensity drops to 1=e2 of the peak value. Probe laser
pulses with wavelength 800 nm and energy at nJ level were
focused to a focal spot size r0 ≈ 73 μm at the same location
and arrived at the peak of the heater current pulse. The
capillary discharge was operated with hydrogen using the
current pulse shown in Fig. 1(a), which had an amplitude of
450 A and rise time of 400 ns. The capillary had a diameter
of 800 μm and a length of 20 cm. Compared to Ref. [13],
the capillary diameter was increased to mitigate damage
from increased laser power, and the length increased to
accelerate electrons to higher energy.

MARPLE simulations were performed using the exper-
imentally measured current as input. The simulated temper-
ature and on-axis plasma density are shown in Fig. 1(a).
The temperature rises with the current through Ohmic
heating. The density rises through ionization and drops
through channel formation. After the peak of current the
temperature drops due to reduced Ohmic heating and
cooling at the capillary wall. The heater laser pulse arrived
300 ns after the peak of the discharge current, at which
point the temperature rises from 4.1 to 4.7 eV, resulting in a
reduction in on-axis density, indicating channel steepening
and matched spot size reduction.
The matched spot size was measured by tracking centroid,

spot size, and divergence oscillations of the probe pulse
[26,27], and the density retrieved from measurements of
the probe pulse group velocity in the plasma channel [28].
The relationship between the matched spot size and on-axis
plasma density is shown in Fig. 1(b). The matched spot size
without the heater (black line) was always significantly
larger than the driver laser focal size of 60 μm, which results
in poor guiding. For heater pulse arrival at the peak of current

(red squares) as in Ref. [20], the matched spot size is reduced
for a given density, consistent with IB heating. By timing the
heater pulse to arrive td ¼ 300 ns after the peak of the
discharge current (blue circles), which reduces the plasma
temperature and therefore increases the heating rate, the
matched spot size reduction is even larger. For example at
n0 ¼ 3.4 × 1017 cm−3, the matched spot size was reduced
from 101 μm to 69 μm. For td ¼ 420 ns (green triangles), a
matched spot size of 61 μm was generated with a density
of 2.7 × 1017 cm−3.
Note that for the high laser powers used for LPAs, laser

guiding is achieved by a combination of channel guiding
and self-guiding. Simulation of driver pulses with peak
power 850 TW and r0 ¼ 60 μm propagating through the
laser-heated channel of matched spot size 69 μm were
performed using the code INF&RNO. The laser intensity
increased above the initially focused value due to the effects
of self-focusing and self-steepening of the laser pulse.
Efficient laser guiding was achieved, meaning that the laser
intensity remained higher than the vacuum focal value until
the last few cm of the capillary, at which point about half of
the laser energy was depleted. This can be compared to a
simulation for the same density without the heater, where a
factor of 3.5 reduction in intensity was observed at only
≈ 6 cm into the capillary. Thus, for these parameters, self-
guiding was not strong enough to compensate for the
mismatched plasma channel. This poor guiding resulted in
the loss of injected electrons as they entered a defocusing
region of the wakefield (through the nonlinear decrease in
plasma wavelength with decreasing intensity [1]), demon-
strating the need for laser heating.
In the electron beam generation experiment, driver laser

pulses at a wavelength of λ ¼ 815 nm with spectral width
40 nm that were generated by the 1 Hz repetition rate

FIG. 2. Schematic layout of the BELLA LPA, including the heater laser system for enhancing the capillary discharge waveguide.

PHYSICAL REVIEW LETTERS 122, 084801 (2019)

084801-3

Gonsalves, et al., PRL 122, 084801 (2019) 
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BELLA - 7.8 GeV

23/01/2025

The minimum and maximum on-axis density values along
the capillary were 3.35 and 3.41 × 1017 cm−3, and the
matched spot size varied between 68 and 72 μm. As in the
experiment, the simulated spectrum shown in Fig. 4(f)
shows multiple peaks in energy. In the simulation, electrons
are first injected ≈ 5 cm into the capillary as a0 rises above
3 due to self-steepening and self-guiding. Complex laser
evolution at high power (including intensity and spectral
changes), together with the effect of electron beam loading
on the plasma, cause injection to start and stop several times
as the pulse propagates through the plasma. This gives rise
to several bunches of different final energy within the first
plasma period, and a simulated charge of 430 pC. It should
be noted that shot-to-shot fluctuations in the wave front of
both lasers, as well as their relative pointing would change
the plasma density profile and driver laser propagation. The
divergence of the energy-integrated beams as measured on
the phosphor screen was 0.2! 0.05 mrad FWHM and

0.6! 0.15 mrad rms, compared with the simulated results
of 0.19 mrad FWHM and 0.35 mrad rms. The lower
divergence from the simulation may be due to the
assumption of cylindrical symmetry, since the measured
laser mode (shown in Fig. 3) has nonsymmetric features.
Simulation of electron beam generation for td ¼ 420 ns,

presented in Fig. 4(g), showed a quasimonoenergetic peak
at 7.8 GeV as observed in the experiment. The increase in
beam energy was due to operation at lower density and
reduced matched spot size, which allowed for effective
guiding and acceleration over longer dephasing and pump
depletion lengths. However, the simulation did not repro-
duce the significant charge at lower energy, perhaps related
to the differences in the transverse plasma density profile or
nonsymmetric spatial features of the laser pulse. It should
be noted that in this nonlinear regime, trapping in multiple
buckets and locations in the plasma often leads to charge in
a broad energy range, but is sensitive to laser and plasma
parameters.
In conclusion, IB heating inside a capillary discharge

waveguide increased the channel depth and enabled the
guiding of petawatt laser pulses at low density
(≈ 3 × 1017 cm−3) over ≈ 15 ZR. The capillary discharge
was used to guide the laser heater beam and to tune the laser
heating rate and transverse density profile via control of the
capillary fill pressure and discharge timing. The matched
spot size of the channel was reduced from 106 μm to
61 μm via IB heating using self-guided heater laser pulses.
For these conditions laser pulses with peak power up to
850 TW were guided over 20 cm, resulting in the
generation of electron beams with hundreds of pC charge
and multiple quasimonoenergetic peaks, the highest of
which was at 7.8 GeV. This increase in energy compared to
previous experiments using the same laser system [13]
follows the expected energy gain scaling with density
∼1=n0 [1]. The energy gain and charge approach the
designs required for future colliders and x-ray free-electron
lasers. Further single-stage energy gain could be achieved
at lower densities with approximately matched propagation
using the BELLA PW laser system [19]. In addition to
increasing energy gain, lowering the plasma density can
mitigate dark current. In conjunction with controlled
injection techniques [30–33], this can result in significantly
reduced electron beam energy spread.
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FIG. 4. (a)–(e): Electron beams measured by the magnetic
spectrometer for n0 ¼ 3.4 × 1017 cm−3, rm ¼ 69 μm and laser
power 850 TW. The driver laser pulse arrival was timed with the
peak of the heater pulse. The heater pulse arrived 300 ns after the
peak of the discharge current, except for (e), where the delay was
420 ns, and the heater-induced density reduction was measured
to be larger, with n0 ¼ 2.7 × 1017 cm−3 and rm ¼ 61 μm. The
white dashed lines show the regions that are plotted in the
right hand column, which shows the detailed spectrum of the
highest energy peaks. The electron beam spectrum simulated by
INF&RNO using the MARPLE-retrieved density profile (with
n0 ¼ 3.4 × 1017 cm−3) is shown in (f). In (g) a simulation is
shown for the parameters of (e) using a transversely parabolic and
longitudinally uniform density profile.
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The minimum and maximum on-axis density values along
the capillary were 3.35 and 3.41 × 1017 cm−3, and the
matched spot size varied between 68 and 72 μm. As in the
experiment, the simulated spectrum shown in Fig. 4(f)
shows multiple peaks in energy. In the simulation, electrons
are first injected ≈ 5 cm into the capillary as a0 rises above
3 due to self-steepening and self-guiding. Complex laser
evolution at high power (including intensity and spectral
changes), together with the effect of electron beam loading
on the plasma, cause injection to start and stop several times
as the pulse propagates through the plasma. This gives rise
to several bunches of different final energy within the first
plasma period, and a simulated charge of 430 pC. It should
be noted that shot-to-shot fluctuations in the wave front of
both lasers, as well as their relative pointing would change
the plasma density profile and driver laser propagation. The
divergence of the energy-integrated beams as measured on
the phosphor screen was 0.2! 0.05 mrad FWHM and

0.6! 0.15 mrad rms, compared with the simulated results
of 0.19 mrad FWHM and 0.35 mrad rms. The lower
divergence from the simulation may be due to the
assumption of cylindrical symmetry, since the measured
laser mode (shown in Fig. 3) has nonsymmetric features.
Simulation of electron beam generation for td ¼ 420 ns,

presented in Fig. 4(g), showed a quasimonoenergetic peak
at 7.8 GeV as observed in the experiment. The increase in
beam energy was due to operation at lower density and
reduced matched spot size, which allowed for effective
guiding and acceleration over longer dephasing and pump
depletion lengths. However, the simulation did not repro-
duce the significant charge at lower energy, perhaps related
to the differences in the transverse plasma density profile or
nonsymmetric spatial features of the laser pulse. It should
be noted that in this nonlinear regime, trapping in multiple
buckets and locations in the plasma often leads to charge in
a broad energy range, but is sensitive to laser and plasma
parameters.
In conclusion, IB heating inside a capillary discharge

waveguide increased the channel depth and enabled the
guiding of petawatt laser pulses at low density
(≈ 3 × 1017 cm−3) over ≈ 15 ZR. The capillary discharge
was used to guide the laser heater beam and to tune the laser
heating rate and transverse density profile via control of the
capillary fill pressure and discharge timing. The matched
spot size of the channel was reduced from 106 μm to
61 μm via IB heating using self-guided heater laser pulses.
For these conditions laser pulses with peak power up to
850 TW were guided over 20 cm, resulting in the
generation of electron beams with hundreds of pC charge
and multiple quasimonoenergetic peaks, the highest of
which was at 7.8 GeV. This increase in energy compared to
previous experiments using the same laser system [13]
follows the expected energy gain scaling with density
∼1=n0 [1]. The energy gain and charge approach the
designs required for future colliders and x-ray free-electron
lasers. Further single-stage energy gain could be achieved
at lower densities with approximately matched propagation
using the BELLA PW laser system [19]. In addition to
increasing energy gain, lowering the plasma density can
mitigate dark current. In conjunction with controlled
injection techniques [30–33], this can result in significantly
reduced electron beam energy spread.
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FIG. 4. (a)–(e): Electron beams measured by the magnetic
spectrometer for n0 ¼ 3.4 × 1017 cm−3, rm ¼ 69 μm and laser
power 850 TW. The driver laser pulse arrival was timed with the
peak of the heater pulse. The heater pulse arrived 300 ns after the
peak of the discharge current, except for (e), where the delay was
420 ns, and the heater-induced density reduction was measured
to be larger, with n0 ¼ 2.7 × 1017 cm−3 and rm ¼ 61 μm. The
white dashed lines show the regions that are plotted in the
right hand column, which shows the detailed spectrum of the
highest energy peaks. The electron beam spectrum simulated by
INF&RNO using the MARPLE-retrieved density profile (with
n0 ¼ 3.4 × 1017 cm−3) is shown in (f). In (g) a simulation is
shown for the parameters of (e) using a transversely parabolic and
longitudinally uniform density profile.
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evolution theory [43–46] was recently analyzed via par-
ticle-in-cell simulations showing mismatched guiding
linked to measured electron spectra [47].
In this Letter, we measure high-intensity, nonlinear laser

propagation throughout meter-scale LPAs by adjusting the
accelerator length on a shot-by-shot basis, showing high-
quality guiding of 500 TW pulses throughout a 30-cm-long
hydrogen plasma with n0 ≈ 1 × 1017 cm−3. We show laser
pulse coupling into the higher-order channel modes and
energy loss through mode filtering, followed by quasi-
matched propagation of the fundamental mode, and the
gradual, dark-current-free depletion of laser energy to the
plasma wave. Then, by triggering electron injection via
the localized addition of nitrogen to the plasma, bunches
with single, quasimonoenergetic peaks up to 9.2 GeV
and charge extending to > 10 GeV are achieved using
just ð21.3" 0.3Þ J of laser energy. We quantify the laser-to-
wake transfer efficiency limitations of currently available
PW-class laser systems and demonstrate via simulation
how control over the laser mode can result in ≳13 GeV
bunches for the same channel.
The Ti:sapphire BELLA PW laser [48] produces pulses

of FWHM duration ∼40 fs at a central wavelength
λ0 ¼ 815 nm. Recent upgrades allow the amplified laser
to be split into two separately compressed beam lines [49]
with control over the relative timing, wave front, and
focusing geometry. Figure 1(a) shows a schematic of the
experimental setup. In the channel-forming beam line,
ð1.3" 0.3Þ J was focused by an axicon lens and reflected
by a mirror with a hole drilled in the center into the gas
target [15,34,35,40]. The peak intensity Iax as a function
of distance from the entrance of the gas jet z is shown

(black line) in Fig. 1(b). The drive pulse was focused
to a spot size w0 ¼ ð53" 1Þ μm at the entrance of
the gas target. The energy was varied up to a maxi-
mum of E0 ¼ ð21.3" 0.3Þ J, corresponding to a peak
normalized vector potential a0 ≈ 2.2, where a0 ≈
0.85λ0 ½μm&

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I0½1018 Wcm−2&

p
, with I0 the peak intensity.

The diagnostics for the drive laser and electron bunches
are described in Refs. [14,48]. The input and guided mode
of the drive laser could be imaged over ∼60 cm; the
propagated drive was also imaged at the plane of the third
wedge ≈10 m downstream of the channel exit. The optical
spectrum was measured using fiber-based spectrometers
covering the wavelength range 400≲ λ≲ 2200 nm. The
energy transmission TðzÞ ¼ EðzÞ=E0 was retrieved by
integrating the counts on the detector at z ≈ 10 m, and
then using the measured optical spectrum to correct for the
detector spectral response. The transverse profile of the
electron beam was measured by a phosphor screen placed
12 m downstream of the interaction before the beam
entered a 2.5-m-long magnetic spectrometer, with a
"1 mrad angular acceptance.
A 30-cm-long gas target was developed [15,50,51],

comprising an elongated, converging-diverging nozzle
operated with hydrogen, or hydrogen with a ≤ 5% nitrogen
dopant. The length could be varied by blocking the flow of
gas above the nozzle. Figure 1(b) shows the molecular
density as a function of distance along the gas jet [15]. The
delay between the channel-forming laser and the drive laser
was varied between Δτ ¼ 5 ns and Δτ ¼ 7 ns, for which
wm remained unchanged within experimental error. The jet
was operated 12 mm below the laser axis to avoid blocking
the channel-forming laser (which had a radius of ≈12 mm
at z ¼ 0). For these conditions, two-color interferometry
measurements [37,52,53] shown in Fig. 1(c) indicated an
axial plasma density n0 ≈ 1 × 1017 cm−3 and matched spot
size wm ≈ 37 μm.
The evolution of key drive laser parameters for two

different laser energies, E0 ¼ ð6.0" 0.1Þ J (a0 ≈ 1.3) and
ð19.6" 0.4Þ J (a0 ≈ 2.2), and Δτ ¼ 6 ns is shown in
Fig. 2. Only shots for which the transverse position of
the focus with respect to the channel entranceΔR < 25 μm
were included, inferred from a nondestructive centroid
diagnostic [54]. This condition was satisfied for 71% of
shots. Figure 2(a) shows representative transverse fluence
profiles of the drive laser for several different channel
lengths ≈10 m downstream of the waveguide exit. For
Lch ≈ 7 cm the drive laser mode had transformed from the
top-hat-like input mode (that is typical of currently avail-
able PW-class systems based on bulk crystal) to near-
Gaussian; the super-Gaussian [55] fit order reduced from
≈6 to ≈2. Through z ≈ 12 cm, the propagated mode
exhibited rings outside the central fluence peak. As the
channel was lengthened, a single, approximately Gaussian
transverse profile was always observed when the drive laser
was well aligned to the channel. Figure 2(b) shows the

FIG. 1. (a) Schematic of the experimental setup. Inset: mea-
sured vacuum mode of the drive laser pulse. (b) Measured
molecular density of the gas jet (blue and orange lines) and
peak intensity of the channel-forming pulse along the length of
the gas (black line). (c) Measured electron and neutral density
n ¼ ne þ nn of the HOFI plasma channel atΔτ ¼ 6 ns (blue) and
calculated fundamental mode of the measured plasma channel
(orange line).
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and cause periodic changes in the longitudinal and trans-
verse structure of the wakefield [43,45–47]. Changes in the
longitudinal structure result from relativistic effects (i.e.,
the dependence of the plasma wavelength on the laser
strength), while changes in the transverse structure result
from laser mode evolution (i.e., the shape of the laser mode
varies because of mode beating, and this affects the
transverse component of the ponderomotive force). The
latter can result in a wakefield unsuitable for the transport
of electron beams if, for instance, the laser mode acquires a
sufficiently deep minimum on axis. Mode filtering and
subsequent mode dispersion reduce the visibility of oscil-
lations for z≳ 12 cm, consistent with the diminishing ring
structures in Fig. 2(a). Low oscillations caused by beating
between the (0, 0) and (1, 0) modes are present as the laser
self-steepens and redshifts.
No electron beams were generated for the experiments

presented above [see Fig. 4(a)], demonstrating that pulses
can be well guided for densities below the self-trapping
threshold at intensities sufficient to generate high-
amplitude plasma waves. Electron beams were generated
by introducing a nitrogen dopant to the gas jet [65–67]. A
1% dopant extending throughout the jet triggered injection
at several points and resulted in electron bunch spectra with
a broad distribution. Electrons injected after short propa-
gation distance experience the wake over a longer distance
and reach higher energies, while electrons injected later in
the channel experience less energy gain. An example bunch
with conditions similar to Fig. 2 (but with Δτ ¼ 7 ns) is
shown in Fig. 4(b). A peak in the tail of the distribution was
observed at ∼9.4 GeV with charge extending ≳10 GeV.

To study the acceleration of single, quasimonoenergetic
bunches, we restricted the dopant region 0 ≤ z≲ Ldop
within the gas jet [47,68,69]. For Ldop ≈ 6 cm, high-energy
electrons were not observed. Figure 4(c) shows gene-
rated beams for Ldop ≈ 12 cm, Δτ ¼ 5 ns, and
E0 ¼ ð21.3# 0.3Þ J. Singly peaked electron bunches were
observed, indicating injection in the region 6≲ z≲ 12 cm.
The mean energy and FWHM spread for the examples in
Fig. 4(c) were 8.67# 0.48, 7.70# 0.88, 7.96# 0.44, and
9.15# 1.80 GeV. Shot-to-shot stability was dominated by
transverse offset of the laser focus at the channel entrance,
and by variations of ≳20% in the pulse duration. Because
of pointing variations and limited acceptance of the
spectrometer, not all of the charge recorded by the
phosphor screen was captured by the magnetic spectrom-
eter. For each example, the measured charge within the
quasimonoenergetic bunch and percentage of charge cap-
tured is shown. The bottom panel in Fig. 4(c) shows results
from INF&RNO simulations with the same conditions. The
simulation confirmed ionization of nitrogen occurred
throughout the dopant region, z ≤ 12 cm; however,
changes in the wake, noted in Fig. 3(a), prevented the
trapping of electrons with a significant charge for z≲
8.6 cm [16,47]. A portion of the electrons ionized within
8.6≲ z≲ 12 cm were accelerated to 9.3 GeV (FWHM
energy spread 1.3 GeV, bunch charge 6 pC).
Optimizing wake-to-bunch energy transfer requires

beam loading using a tailored current profile [2,70]. For
current profiles providing strong beam loading, the overall

FIG. 3. Measured (a) and simulated (b) optical spectra as a func-
tion of propagation distance for E0 ¼ 19.6 J, n0 ≈ 1 × 1017 cm−3,
and wm ≈ 37 μm. Measured (averaged over ≈20 shots) and
calculated λR is overlaid in black. (c) Calculated normalized peak
intensity â as a functionofpropagationdistance for the experimental
input, linearly matched, and supermatched spots.

FIG. 4. Example electron beams generated in 30-cm-long
HOFI channels with E0 ¼ ð21.3# 0.3Þ J. For each row, the
charge measured by the spectrometer within the quasimonoe-
gergetic bunch and percent captured by the spectrometer is given.
(a) Δτ ¼ 6 ns, no nitrogen, (b) Δτ ¼ 7 ns, 1% nitrogen,
Ldop ≈ 30 cm, (c) Δτ ¼ 5 ns, 1% nitrogen, Ldop ≈ 12 cm,
(d) Δτ ¼ 6 ns, 5% nitrogen, Ldop ≈ 12 cm.
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ABSTRACT
An intense laser pulse focused onto a plasma can excite nonlinear plasma waves. Under appropriate conditions, electrons from the background
plasma are trapped in the plasma wave and accelerated to ultra-relativistic velocities. This scheme is called a laser wakefield accelerator. In
this work, we present results from a laser wakefield acceleration experiment using a petawatt-class laser to excite the wakefields as well as
nanoparticles to assist the injection of electrons into the accelerating phase of the wakefields. We find that a 10-cm-long, nanoparticle-assisted
laser wakefield accelerator can generate 340 pC, 10 ± 1.86 GeV electron bunches with a 3.4 GeV rms convolved energy spread and a 0.9 mrad
rms divergence. It can also produce bunches with lower energies in the 4–6 GeV range.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0161687

I. INTRODUCTION

Since Tajima and Dawson’s initial proposal of the concept
in 1979,1 the concept of laser wakefield acceleration (LWFA) has
been considered promising for the shrinking of kilometer-scale con-
ventional accelerators and radiation sources down to room-size
machines. A LWFA utilizes a focused short-pulse laser passing
through a low-density gas. The laser ionizes the gas and the laser
ponderomotive force, which is proportional to the laser intensity

gradient, diverts the plasma electrons around the highest inten-
sity regions of the laser pulse, producing nonlinear plasma waves
(NPW).2 The plasma electrons form a dense sheath around the
quasi-stationary ions and create what has been called the “bubble”3

or “blowout”4 regime. The trajectories of the sheath electrons col-
lapse radially back onto themselves at the back of the bubble. The
large space-charge force then pushes some of these electrons forward
into the NPW, where they can be accelerated to relativistic velocities
by strong acceleration gradients. The LWFA acceleration gradients

Matter Radiat. Extremes 9, 014001 (2024); doi: 10.1063/5.0161687 9, 014001-1
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are roughly three orders of magnitude higher than those obtained
using conventional radio-frequency accelerator technology, which
explains the great interest in this field of research.

Experiments exploiting the LWFA concept began in the late
1990s5,6 when chirped pulse amplification7 using Ti:Sapphire lasers8

was used to produce intense terawatt-class femtosecond laser
pulses.9 The first quasi-monoenergetic electron bunches from an
LWFA,10,11 produced in 2004, paved the way for the generation of
high-quality12,13 and high energy14–16 electron bunches from these
compact lasers.

Due to the nonlinearity of the LWFA process, the injection
position and the number of electrons injected into the wakefield
depend very strongly on the laser and gas conditions before the
interaction. In an LWFA, shot-to-shot beam stability is a serious
challenge. Stable electron accelerator performance is a key require-
ment for the development of viable applications. Small variations
in the laser and gas conditions can lead to shot-to-shot fluctua-
tions of the accelerated electron beam properties. Various schemes
have been developed to address and control the stability of LWFAs,
including ionization injection,17 which increases the charge; fast
down-ramp injection,18 which reduces the energy spread and con-
trols the electron energy; and colliding laser beams,19 which control
the electron beam energy. The advantages and disadvantages of each
scheme will not be discussed here as they are beyond the scope of
this work.

As the injection process seems to be the largest source of beam
fluctuations, in the present work, we experimentally explore an
alternative method to inject electrons into the NPW using nanopar-
ticles. The use of nanowires and nanoparticles has been shown
theoretically20,21 and experimentally22 to trigger the injection of
electrons into the NPW and increase the charge density, thus pro-
viding another possible method for controlling the parameters of
the accelerated electron beam. In our experiment, the nanoparticles
are generated inside a gas cell through laser ablation of a metal sur-
face and are assumed to be mixed uniformly with the helium gas
fed into the gas cell. However, we cannot control when the injec-
tion happens due to the random distribution of nanoparticles in
the experiment. Combined control over how and where the elec-
tron injection happens could be achieved, for example, by using an
aerodynamic lens.23 However, developing and integrating such an
aerodynamic lens into a gas target would require significant finan-
cial and human resources; thus, in this first instance, we focus only
on the usefulness of nanoparticle-assisted wakefield acceleration.

II. EXPERIMENTAL METHOD
A. Overview

The experimental setup is shown in Fig. 1.
An f/50 spherical mirror focuses the intense petawatt-level laser

pulses (135 fs pulse duration and 130 J energy) into a 10-cm-long
gas cell filled with 99.9% purity helium and doped with aluminum
nanoparticles. The leading edge of the laser pulse ionizes the gas,
creating a plasma with an electron density of 6 ± 0.5 × 1017 cm−3.
Concurrently, the peak of the laser pulse excites an NPW in the bub-
ble regime if the conditions are suitable to accelerate the electrons
to high energy. The electron bunches from the LWFA are subse-
quently deflected by a 10-cm-long dipole magnet with a B-field of
0.79 T and detected on three scintillating screens 1.568, 2.556, and
5.855 m downstream of the exit pinhole of the gas cell. As detailed in
Sec. IV, the use of multiple screens allows for cross-checking and an
accurate reconstruction of the electron energy spectra independently
of the initial pointing of the electron beam. The beam distribution
spread measured on the screens includes components from the elec-
tron beam energy spread and the electron beam divergence. This
beam divergence term thus limits the energy spread resolution of
the electron spectrometer because it is not deconvolved due to the
lack of simultaneous measurements of the electron beam divergence
in the bend plane.

The farthest screen, DRZ3 (shown in Fig. 3), detects electrons
with energies above 2 GeV, while the two closer screens, DRZ1 and
DRZ2, detect electrons with energies above 0.4 GeV. As detailed in
Sec. II D, we use an imaging plate and cross-correlation with the light
emitted by the scintillating screens for charge calibration.

B. The Texas petawatt laser
The Texas Petawatt Laser delivers 130 ± 10 J pulses on target,

with 45% of the total energy enclosed within 1/e2. The FWHM pulse
duration is 135 ± 10 fs with a central wavelength of 1057 nm. An f/50
spherical mirror focuses the laser pulse at the entrance gas cell pin-
hole onto an FWHM focal spot of ∼55 �m with a peak intensity of
1.2 × 1019 W/cm2. The vacuum Rayleigh length is ∼1.5 cm. The laser
temporal contrast of the laser pulse, up to several tens of picosec-
onds before the main pulse peak, is on the order of 10−8. The laser
parameters are monitored before hitting the spherical mirror, and
parameters including the energy, Strehl ratio, and collimation are

FIG. 1. The electron diagnostics setup, containing a gas cell, a dipole magnet, and two scintillating screens, DRZ1 and DRZ2. The entire setup is placed inside vacuum
chambers. The laser and electron bunches propagate from right to left.
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FIG. 7. A typical shot recorded without nanoparticles and shown on both DRZ screens. The difference in charge and divergence is due to the different responses of the DRZ
screen and the optical system assembly.

FIG. 8. Electron energy spectra of the two most energetic shots recorded by DRZ2. The energy spectra were recorded simultaneously on two consecutive screens to correct
any off-axis electron beam pointing. The top spectrum shows a high energy bunch with the centroid at 10.4 ± 1.93 GeV, a 3.4 GeV rms energy spread, a 340 pC electric
charge (2.9 nC total charge), and a 0.9 mrad rms divergence. The bottom energy spectrum shows a 4.9 ± 0.39 GeV centroid electron bunch with a tail energy that extends
beyond 10.4 GeV and has a 2.2 nC total charge with a 1.4 mrad rms divergence. The energy spread from the electron beam divergence has not been deconvolved, and its
value could be lower than estimated.

FIG. 9. Two of the most energetic electron spectra as viewed on DRZ3 (placed 5.855 m away from the exit of the gas cell) with an energy cutoff of ∼2 GeV.
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FIG. 2. A drawing of the gas cell. A 532-nm laser is focused through the top win-
dow onto the surface of a metal plate and generates the nanoparticles through
laser ablation. The nanoparticles mix with the helium gas and fill the volume of the
gas cell uniformly. The Texas Petawatt Laser enters the gas cell through a 3-mm-
diameter pinhole and generates electrons that exit the gas cell through another
3-mm pinhole.

retrieved for each shot. More details on the TPW laser construction
and performance can be found in the published literature.24–26

C. Gas target and nanoparticle source
A 3D drawing of the gas target27 is shown in Fig. 2. Its design is

based on the SlitCell design,28 modified to accommodate a remov-
able metal plate on the bottom of the gas cell for nanoparticle
generation. The gas cell has two windows, one on the side and
another on the top, which are used for laser alignment and visu-
alization of the interaction region. The gas target is filled with
helium via a solenoid valve opening for 2 ms with a delay of 27 ms
before the main laser arrives. The gas density is monitored with
a pressure transducer (with a measured standard deviation of 0.5× 1017 cm−3) installed in the middle of the gas cell wall. Accord-
ing to fluid dynamic simulations (not shown here), the gas density
profile is uniform inside the gas cell and shows down-ramps outside
the pinholes.

In shots with nanoparticles, an auxiliary laser pulse (532 nm
wavelength, 10 ns pulse duration, and 130 mJ energy) is fired 500 �s
prior to the main petawatt pulse onto an aluminum plate situated on
the bottom of the gas cell near the gas inlet, ablating it and creating
the nanoparticles.29,30 Theoretical21 and experimental22 investiga-
tions have shown that the amount of charge injected into the bubble
can be controlled by changing the nanoparticle’s composition, size,
or density. We used an aluminum plate for the work presented here,
but most metals can be used as a solid plate or deposited on a sup-
port plate. The nanoparticles mixed with the helium gas to fill the
gas cell uniformly. The ablation laser fluence was kept constant at
5 J/cm2 for the entire experiment. We estimated using Ref. 30 that
the mass of ablated aluminum per shot was m = 19 �g. For simplic-
ity, we assume that the entire ablated mass was transformed into
nanoparticles with a 10-nm diameter22 uniformly distributed over
the entire volume of the gas cell. In this case, ∼106 to 107 nanoparti-
cles could interact with the laser in a cylinder defined by the 50-�m
laser spot diameter and the 10-cm gas cell length. While this provides
a rough upper-bound estimate for the nanoparticle density, simpli-
fying assumptions in this calculation lead us to believe that the actual
nanoparticle density may be lower by a few orders of magnitude.

D. Electron beam diagnostics: Energy and charge
We deployed a multi-screen electron spectrometer31 for the

electron beam energy characterization, as shown in Fig. 3. This
arrangement consists of a known static magnetic field and multiple
scintillating screens to reconstruct the electron trajectories. It con-
sists of a 0.79 T peak field dipole magnet between A and B and two
DRZ1 and DRZ2 scintillating screens placed at C and D, respectively
(imaged by two sCMOS cameras). Two Fuji BAS-SR imaging plates
placed after the DRZ1 and DRZ2 screens were used for charge cal-
ibration of the scintillating screens. An imaging plate named DRZ3
placed at E in Fig. 3 detected electrons with energies higher than

FIG. 3. A 2D drawing of the setup containing the gas cell and diagnostics. The inset shows the measured magnetic field map of the dipole magnet. The laser and electron
bunches propagate from right to left.
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TABLE I. The laser parameters corresponding to some of the highest electron energy shots. The electron energy is taken as the centroid of the highest energy bunch. The
charge is taken from DRZ2 with a lower cutoff energy of 2 GeV.

Shot

Pulse
duration

(fs)

Laser
energy

(J)

Focal
plane

position (mm)
Strehl
ratio

Electron
centroid

energy (GeV)
Total

charge (pC)

Pointing
correction

(mrad)

1 134 118 7.21 0.72 10.40 ± 1.93 1703 0
2 143 125 7.05 0.4 4.90 ± 0.42 773 0
3 136 124 7.05 0.64 6.20 ± 0.68 506 2.2
4 147 97 4.21 0.58 4.50 ± 0.36 1349 0
5 139 128 7.69 0.61 3.50 ± 0.22 419 0
6 134 126 6.29 0.47 3.40 ± 0.20 1102 0.75

III. RESULTS

In baseline shots without nanoparticles, we produced typical
electron bunches similar to those published by Wang et al.38 with
electron energies around 2 ± 0.08 GeV and charges of a few hundred
pC (see Fig. 7).

The low repetition rate of the TPW laser precluded systematic
parameter scans, and the nature of high-power laser systems with a
limited beam time resulted in 26 successful shots (23 with and three
without nanoparticles) in our experimental campaign, from which
two shots with nanoparticles showed electron energies beyond 10.4± 1.93 GeV. The electron spectra that displayed the highest attained
energies are shown in Figs. 8 and 9. Further electron spectra with
energies beyond 2 GeV, including the already mentioned shots, with
an energy lower bound cut at 2 GeV, are shown in Fig. 10 and
summarized in Table I.

As an exemplification of the data analysis, let us consider shot
number 3 (seen in Fig. 10 and Table I). The initial raw data exhibited
two distinct electron bunches, and we accurately determined their
positions on the DRZ screens. Subsequently, employing the analysis
routine, we determined the unique solution that gave the point-
ing for each bunch while simultaneously displaying identical energy
readings on both DRZ screens. Consequently, upon comparing the
pointing values for each bunch, it was revealed that both exhibited
identical values of 2.20 mrad (meaning that the electron energy was
lower than the real one if uncorrected). Using this corrected pointing
value, we derived the electron spectrum.

Similarly, the analysis conducted on shot number 6 necessitated
a pointing correction of 0.75 mrad. In contrast, the remaining shots
did not require any correction.

Although it is not obvious in Fig. 6 due to the limited optical
resolution, the raw data used to generate the parameter space shows
that within the experimental error, there is a unique solution that
gives the same energy reading on both DRZ screens and has the same
pointing.

The position of the laser focal plane was monitored during the
experiment but was not accurately controlled and showed significant
shot-to-shot fluctuations. We observed that the position of the focal
plane inside the gas target was essential to controlling the electron
energy, as noted in previous experiments with the TPW laser.38 All
electron energy spectra with peak energies beyond 3.5 GeV (all gen-
erated using nanoparticles) were obtained with the expected laser

FIG. 11. The dependence of the maximum (or cut-off) electron energy on the posi-
tion of the laser focal plane in the gas cell. It can be observed that all the shots with
electron energies above 3.5 GeV are grouped around 7 ± 1 mm. The red curve is
drawn to guide the eye, and the entrance pinhole is at 0 mm where the laser with
a vacuum Rayleigh length of ∼1.5 cm is focused.

focal plane in vacuum (see Fig. 11) at 7 ± 1 mm inside the gas cell
relative to the entrance pinhole.

The significant reliance of the outcome of the LWFA on the
spatial location of the laser focal plane within the gas target may be
attributed to the nonlinear evolution of the laser pulse and plasma
wave being contingent upon the initial plasma conditions, as shown
by Ciocarlan et al.39 The potential impact of the entrance pinhole
of the gas cell on the laser beam, which has not been quantified,40

should also not be disregarded. Additional empirical and theoretical
inquiries will be critical to elucidating the fundamental underlying
mechanism, which is presently being actively investigated.

IV. DISCUSSION AND CONCLUSION
Currently, we do not have a satisfactory model or experimental

explanation for the generation of such high electron energies. Var-
ious theoretical scenarios are now under investigation and, if rele-
vant, will be the subject of future publications. Due to the prohibitive
computational complexity and cost of performing a Particle-in-Cell
(PIC) simulation in the full three-dimensional geometry of a 10-cm-
long plasma with a known spatiotemporal shape laser pulse, and
the additional need to resolve nanoparticles (with a resolution of
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Undulator radiation
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X-ray production at ALPHA-X
• ALPHA-X (Advanced Laser-Plasma High-energy 
Accelerators towards X-rays)

• Its aim is to develop laser-plasma accelerators and 
apply these to producing coherent short-wavelength 
radiation in a free-electron laser. To realize these 
objectives an interdisciplinary programme involving 
advanced plasma, laser and electron beam physics has 
been set up. The ultra-short pulses of short wavelength 
radiation from these compact sources have the 
potential of revolutionizing time-resolved studies in a 
wide range of applications.

• The ALPHA-X project began in September 2002.
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Layout of ALPHA-X
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Plasma source-capillary cell
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Hardware
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Photons

Two single-shot X-ray spectra, measured with 
a CdTe pixellated semiconductor detector.

S. Cipiccia, et al., “A Harmonically Resonant 
Betatron Plasma Wakefield Gamma-Ray Source”, 
Nature Phys. 7, 867 (2011)

23/01/2025 CI Postgraduate Lectures 93



First FEL gain (2021)

23/01/2025

Nature | Vol 595 | 22 July 2021 | 517

A qualitative estimation of FEL operation can be obtained from the 
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, where I0 is the beam current, IA = 17 

kA is the non-relativistic Alfvén current, γ0 is the relativistic factor, σ! 
is the r.m.s. transverse size of the beam, ku = 2π/λu (where λu is the undu-
lator period), K0 is the undulator parameter (for which [JJ] = [J0(ξ) – J1(ξ)] 
for a planar undulator), and J0 and J1 are Bessel functions of the first 
kind25. The condition σ ρδ ≪ , where σδ is the relative energy spread of 
the electron beam, is typically required for a high-gain FEL. In 
state-of-the-art LWFAs, the energy spread of the electron beam is 
typically of the order of 1% whereas the associated FEL parameter is 
estimated to be of the order of 0.1%, presenting a substantial obstacle 
to the realization of a high-gain FEL. Considerable effort has been made 
to accommodate the requirements of FEL—in particular to handle the 
initial divergence with permanent magnetic quadrupoles and 
plasma-based devices26–28—and to mitigate the energy spread by using 
a longitudinal dispersive chicane for beam decompression or a trans-
verse gradient undulator29,30.

Several projects that have been proposed for the development of an 
LWFA-based FEL rely on the beam-decompression strategy to mitigate 
the slice energy spread. The COXINEL collaboration at SOLEIL/Labo-
ratoire d’Optique Appliquée utilizes a chromatic transport scheme to 
improve the FEL gain and couple the electron beam into a 5-m undulator 
without strong focusing, in which electrons with various energies are 
focused at various positions within the undulator31,32. The LAOLA col-
laboration, which involves the University of Hamburg and DESY, devel-
oped the concept of the beam-decompression scheme29,33 and proposed 
future FEL efforts based on high-gradient quadrupoles and a compact 
cryo-cooled undulator without strong focusing. The BELLA centre at 
Lawrence Berkeley National Laboratory used an ultra-high-gradient 
active plasma lens for beamline shortening and a 4-m-long VISA undu-
lator with strong focusing28. Experiments have so far demonstrated 
the generation of LWFA-based synchrotron undulator radiation in the 
visible-to-near-infrared regime (500–900 nm) by injecting the elec-
tron beam directly into an undulator34, in the extreme ultraviolet and 
soft-X-ray region (7–35 nm) by collimating the electron beam with a 
pair of quadrupoles before it enters an undulator35, and in the ultravio-
let regime (200–300 nm) by decompressing and selecting electrons 

within a desirable energy range before injection into an undulator36. 
However, these experiments operate in the spontaneous-emission 
regime without a nonlinear amplification in the undulators.

In this work, we report the generation of undulator radiation with an 
exponential amplification using an electron beam accelerated by an 
LWFA. The generated radiation is typically centred at a wavelength of 27 nm  
and contains a maximum photon number of around 1010 per shot, cor-
responding to a maximum radiation energy of approximately 150 nJ. 
The extreme-ultraviolet emission intensity as a function of undulator 
length was measured by disrupting the FEL process with an orbit kick37, 
so as to directly verify the exponential amplification. High-brightness 
electron beams and the fine guiding and transport in the dedicated 
undulator beamline constitute an unambiguous proof-of-principle 
demonstration of an FEL using an LWFA.

A schematic of the LWFA-based FEL is shown in Fig. 1a. Experiments 
were conducted with a 200-TW laser system38 with a repetition rate of 
1–5 Hz. The laser pulses were focused by an off-axis parabolic mirror 
of f-number 32 onto the gas target with a vacuum spot size of 35 µm 
(full width at half maximum, FWHM) and an energy concentration of 
around 65% at 1/e2. The peak intensity was estimated to be 3.8 × 1018 
W cm−2, corresponding to a normalized amplitude of a0 = 1.3. The gas 
target was manipulated by a perforated baffle inserted upstream of a 
pure helium supersonic nozzle with diameter of 6 mm. A structured gas 
flow with a shock front was formed, and contributed to the injection 
process and to the controllable evolution of the laser pulses. Under the 
optimized conditions, we obtained high-quality electron beams with a 
peak energy centred around 490 MeV, an energy spread of around 0.5%, 
an average integrated charge of around 30 pC and r.m.s. divergence of 
approximately 0.2 mrad17 (Fig. 1b). Electron beams were consecutively 
generated, and the corresponding fluctuations of the electron-beam 
energy were measured to be less than 3%.

After leaving the plasma, the accelerated electron beam was focused 
by a group of three quadrupoles—the quadrupole triplet—consisting 
of a pair of permanent quadrupoles and an electromagnetic quadru-
pole (Fig. 1a). The permanent magnetic quadrupoles, located 8 cm 
downstream from the gas target, ensured an effective focusing for 
handling the initial divergence and reduced the shot-to-shot angular 
fluctuations of the electron beams. Before entering the undulator, the 
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Fig. 1 | Schematic layout of LWFA-based free electron laser experiment.  
a, Undulator beamline with a total length of approximately 12 m from the gas 
target for the LWFA to the X-ray spectrometer. b, Typical spectra of electron 

beams from the LWFA for 20 consecutive shots. c, d, Measured transverse 
profiles of the electron beam at the entrance (c) and exit (d) of the undulators. 
The scale bars are normalized.
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Fig. 1 | Schematic layout of LWFA-based free electron laser experiment.  
a, Undulator beamline with a total length of approximately 12 m from the gas 
target for the LWFA to the X-ray spectrometer. b, Typical spectra of electron 

beams from the LWFA for 20 consecutive shots. c, d, Measured transverse 
profiles of the electron beam at the entrance (c) and exit (d) of the undulators. 
The scale bars are normalized.
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electron beam was adjusted by an additional pair of electromagnetic 
quadrupoles to retain the minimum transverse sizes throughout the 
undulator. The parameters of the components in the beamline were 
optimized for the electron beam with a reference energy of around 
490 MeV (see Extended Data Fig. 2). Several beam profile monitors 
(profiles) equipped with cerium-doped yttrium aluminium garnet 
(YAG) screens were used at different locations along the beamline to 
monitor the positions and transverse profiles of the electron beams. 
With the quadrupoles installed, the measured r.m.s. size of the electron 
beam was reduced from approximately 0.8 mm to a minimum value 
of less than 0.1 mm in the horizontal and vertical directions (Fig. 1c). 
Figure 1d shows the electron-beam profile at the exit of the undulators, 
and reveals that a relatively small beam size can be maintained in the 
undulators. The corresponding pointing fluctuations of around 1 mm 
(r.m.s.) are estimated over 50 shots at the entrance of the undulators 
(see Extended Data Fig. 4).

When passing through the undulator, the electron beam produced 
synchrotron undulator radiation with a wavelength centred at the 
resonant wavelength λr, given by λ K γ= (1 + /2)/2r 0

2
0
2 . The interaction 

between the electrons oscillating in the undulator and the radiation 
produced led to periodic longitudinal modulation (microbunching) 
at the period of the resonant wavelength. This result corresponded to 
a coherent superposition of the radiation. An exponential amplification 
process developed along the direction of the undulator length. As 
shown in Fig. 1a, the presented beamline contained three 1.5-m-long 
undulators with a 10-mm gap and a 25-mm period length, respectively. 
An associated undulator parameter of K0 = 1.41 was determined, and 
this yielded an on-axis radiation wavelength of 27.3 nm for the electron 
beam with a reference energy of 490 MeV. The FEL parameter was there-
fore estimated as ρ ≈ 5 × 10−3 according to the parameters of the obtained 
electron beams, and the corresponding ideal gain length was 
L λ π ρ= /4 3 ≈ 0.23 mG u0

. The radiation power typically reached satu-
ration after 18–20 gain lengths24, indicating that a total undulator length 
of 4.5 m is sufficient for FEL operation in the saturation regime. Con-
sidering the degradation that is induced by a non-ideal electron beam, 

and in particular the large energy spread, the actual gain length would 
be relatively long. However, the undulator was still sufficiently long 
for the FEL to operate in the exponential-amplification regime, as illus-
trated in detail below.

The radiation at the end of the undulators was measured with 
an X-ray charge-coupled device (CCD) camera (see  Methods).  
Figure 2a shows a typical single-shot transverse profile measure-
ment, which reveals a value of approximately 27 nm. The spot sizes 
in the horizontal and vertical directions were 2.1 mm and 1.6 mm 
(FWHM), respectively. The corresponding number of photons col-
lected by the CCD camera was 3.1 × 109, counted within the 3σ range 
of the radiation signal. Given the transmission of the 0.5-µm-thick 
Al foil and the quantum efficiency of the CCD camera, the energy of 
the undulator radiation was calculated to be approximately 30 nJ. 
The radiation energy distribution over 270 pulses is shown in Fig. 2b. 
Most of the shots showed a radiation energy of between 0.5 nJ and 
50 nJ, and the maximum energy exceeded 150 nJ; this is indicative 
of operation in the exponential amplification regime, as illustrated 
below. Figure 2c, d displays the radiation spectra and the correspond-
ing electron-beam spectra over six shots. The centre wavelength of the 
radiation was 27 nm and the corresponding resonant electron-beam 
energy was 492.7 MeV; this is in reasonable agreement with the meas-
ured average energy of the electron beam (486.2 MeV), considering 
the 3% variation in the measured peak energy in the second electron 
spectrometer. Moreover, transverse coherence was deduced from 
the results of Young’s double-slit interference experiment (Fig. 2e, f).  
An interference fringe visibility of 30% was inferred.

Exponential amplification was verified by introducing a transverse 
kick of the electron-beam trajectory between two adjacent undulators, 
at a magnitude sufficient to suppress the amplification process in the 
downstream undulator. The required critical angle φc for FEL suppres-
sion was determined by φ λ L= /c r G and was estimated to be 0.35 mrad, 
where LG is the power gain length; this could be induced by a pair of 
x- and y-plane dipole correctors installed between adjacent undulators. 
In this work, the correctors installed between the second and the third 
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Fig. 2 | Measurement of undulator radiation. a, Measured transverse 
radiation pattern of a typical pulse on the X-ray CCD camera located 12 m 
downstream from the gas target. The scale bar is normalized. b, Shot-to-shot 
radiation energy over 270 pulses. c, d, Measured radiation spectra (c) and the 

corresponding electron-beam energy spectra (d) detected by the second 
spectrometer located at the exit of the undulator. e, f, Image (e) and count 
profile (f) of the interference pattern generated when radiation propagates 
through two 10-µm slits with a slit separation of 40 µm.
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electron beam was adjusted by an additional pair of electromagnetic 
quadrupoles to retain the minimum transverse sizes throughout the 
undulator. The parameters of the components in the beamline were 
optimized for the electron beam with a reference energy of around 
490 MeV (see Extended Data Fig. 2). Several beam profile monitors 
(profiles) equipped with cerium-doped yttrium aluminium garnet 
(YAG) screens were used at different locations along the beamline to 
monitor the positions and transverse profiles of the electron beams. 
With the quadrupoles installed, the measured r.m.s. size of the electron 
beam was reduced from approximately 0.8 mm to a minimum value 
of less than 0.1 mm in the horizontal and vertical directions (Fig. 1c). 
Figure 1d shows the electron-beam profile at the exit of the undulators, 
and reveals that a relatively small beam size can be maintained in the 
undulators. The corresponding pointing fluctuations of around 1 mm 
(r.m.s.) are estimated over 50 shots at the entrance of the undulators 
(see Extended Data Fig. 4).

When passing through the undulator, the electron beam produced 
synchrotron undulator radiation with a wavelength centred at the 
resonant wavelength λr, given by λ K γ= (1 + /2)/2r 0

2
0
2 . The interaction 

between the electrons oscillating in the undulator and the radiation 
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shown in Fig. 1a, the presented beamline contained three 1.5-m-long 
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electron beams, and the corresponding ideal gain length was 
L λ π ρ= /4 3 ≈ 0.23 mG u0

. The radiation power typically reached satu-
ration after 18–20 gain lengths24, indicating that a total undulator length 
of 4.5 m is sufficient for FEL operation in the saturation regime. Con-
sidering the degradation that is induced by a non-ideal electron beam, 

and in particular the large energy spread, the actual gain length would 
be relatively long. However, the undulator was still sufficiently long 
for the FEL to operate in the exponential-amplification regime, as illus-
trated in detail below.

The radiation at the end of the undulators was measured with 
an X-ray charge-coupled device (CCD) camera (see  Methods).  
Figure 2a shows a typical single-shot transverse profile measure-
ment, which reveals a value of approximately 27 nm. The spot sizes 
in the horizontal and vertical directions were 2.1 mm and 1.6 mm 
(FWHM), respectively. The corresponding number of photons col-
lected by the CCD camera was 3.1 × 109, counted within the 3σ range 
of the radiation signal. Given the transmission of the 0.5-µm-thick 
Al foil and the quantum efficiency of the CCD camera, the energy of 
the undulator radiation was calculated to be approximately 30 nJ. 
The radiation energy distribution over 270 pulses is shown in Fig. 2b. 
Most of the shots showed a radiation energy of between 0.5 nJ and 
50 nJ, and the maximum energy exceeded 150 nJ; this is indicative 
of operation in the exponential amplification regime, as illustrated 
below. Figure 2c, d displays the radiation spectra and the correspond-
ing electron-beam spectra over six shots. The centre wavelength of the 
radiation was 27 nm and the corresponding resonant electron-beam 
energy was 492.7 MeV; this is in reasonable agreement with the meas-
ured average energy of the electron beam (486.2 MeV), considering 
the 3% variation in the measured peak energy in the second electron 
spectrometer. Moreover, transverse coherence was deduced from 
the results of Young’s double-slit interference experiment (Fig. 2e, f).  
An interference fringe visibility of 30% was inferred.

Exponential amplification was verified by introducing a transverse 
kick of the electron-beam trajectory between two adjacent undulators, 
at a magnitude sufficient to suppress the amplification process in the 
downstream undulator. The required critical angle φc for FEL suppres-
sion was determined by φ λ L= /c r G and was estimated to be 0.35 mrad, 
where LG is the power gain length; this could be induced by a pair of 
x- and y-plane dipole correctors installed between adjacent undulators. 
In this work, the correctors installed between the second and the third 
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Fig. 2 | Measurement of undulator radiation. a, Measured transverse 
radiation pattern of a typical pulse on the X-ray CCD camera located 12 m 
downstream from the gas target. The scale bar is normalized. b, Shot-to-shot 
radiation energy over 270 pulses. c, d, Measured radiation spectra (c) and the 

corresponding electron-beam energy spectra (d) detected by the second 
spectrometer located at the exit of the undulator. e, f, Image (e) and count 
profile (f) of the interference pattern generated when radiation propagates 
through two 10-µm slits with a slit separation of 40 µm.
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X-rays from betatron radiation54 3.1. Introduction

Figure 3.1: Schematic of betatron radiation in the bubble regime. The accelerated elec-
tron transversely oscillates inside the plasma bubble, producing an X-ray pulse. The laser
propagates to the right-hand side of this image. See more details in Section 3.4.

For a typical value of the plasma density employed in LWFA, fle = 1 ◊ 1019 cm≠3, the
corresponding plasma wavelength is ⁄p ƒ 10 µm. In this case, to reach the X-ray domain
of ⁄X = 1 nm, the electron energy could be as low as “ ƒ 100. Such an electron energy is
readily available from contemporary LWFAs.

Proof-of-principle experiments observed betatron radiation in the X-ray domain with
photon energy of ≥ 1 keV 1 in 2004 [57], and later in 2010 the X-ray peak brightness was
impressively boosted to the order of 1022 photons/s/mm2/mrad2/0.1%BW by working in
the highly nonlinear bubble regime [58]. Such a high brightness is comparable to third
generation conventional synchrotron light sources [4]. Since the first demonstration various
diagnostics have been implemented to characterize the properties of betatron radiation,
like X-ray source size[117, 118, 119, 120], pulse duration [121], spectrum [122], and so
forth. Among them, the most interesting feature is the pulse duration. It is not trivial to
accurately measure it in experiment. A reasonable approximation is the length of electron
bunch [57, 58], by which the X-rays are emitted. A very recent study by Lundh et al
shows that the electron bunch could be as short as few femtoseconds [52], and simulation
shows the X-ray pulse duration is very similar, around 10 femtoseconds as well [59]. This
ultrashort nature, along with the high peak brightness, makes betatron X-ray very suitable
as a research tool on time-resolved ultrafast dynamics. Lately, single-shot phase contrast
imaging with these betatron light sources has been demonstrated in experiment [123,
124]. In this context, we could argue that betatron X-ray is a good complement for
conventional synchrotron lights. As even for the fourth generation synchrotrons it is
still rather di�cult to decrease the radiation pulse duration to a few femtoseconds [125],
nevertheless synchrotrons can perform at high repetition rate (≥ 100 Hz), yielding higher

1
Using E = ~2fic/⁄, a photon energy of 1 keV corresponds to a wavelength of ≥ 1.24 nm.
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56 3.3. Radiation in a plasma column

The above expression can be also written in frequency space via Fourier transformation
as

dE
d� = 2cÁ0

⁄ Œ

0
|rE|2 dt = 2cÁ0

⁄ Œ

0
|rE|2 dÊ ©

⁄ Œ

0

d
2
I

dÊd� dÊ. (3.6)

Using Equations 3.4≥3.6, one can eventually obtain the frequency and angular distribution
of radiation of a moving electron as

d
2
I

dÊd� = e
2

16fi3Á0c

-----

⁄ Œ

≠Œ

n ◊ [(n ≠ —) ◊ —̇]
(1 ≠ n · —)2 e

iÊ(t≠n·r/c)
dt

-----

2
. (3.7)

A more rigorous derivation of Equation 3.7 is given in Ref. [126]. If — and —̇ are known, one
can calculate the associated radiation with Equation 3.7. However, it is not easy to solve
this equation analytically. Hence some studies are dedicated to numerically computing it
[127].

3.3 Radiation in a plasma column

In this section, we will consider the betatron radiation of an ultrarelativistic electron
(“ ∫ 1) that propagates in a plasma column. The plasma column is cylindrical and free
of electron, namely an ion channel, which is a good approximation of the bubble regime.
The schematic physics is illustrated in Figure 3.2. An important aspect of this study, as
presented below, is that the electron motion is analogous to that in a traditional wiggler.
Thereby many important features about betatron radiation can be captured.

Figure 3.2: Electron trajectory and betatron radiation in a plasma column.

3.3.1 Electron trajectory

The electrostatic field associated with the plasma column is described by Gauss’s law (See
Appendix A.1)

Ò · E = efle

Á0
. (3.8)

As the plasma column is 2D cylindrically symmetrical, the E field is along the radial
direction. Thus Equation 3.8 can be simplified to

1
r

ˆ

ˆr
(rEr) = efle

Á0
, (3.9)

Betatron Imaging of Shocks

100 μm

Cold 30  ns 50  ns

60  ns 70  ns 80  ns

95 ns 110  ns 130 ns

Figure 6.30: Betatron x-ray images of shocks travelling through aluminium
taken at a range of delays. The red ellipse in the top left image shows the
FWHM size of the drive laser spot. The orange numbers are the delay be-
tween the arrival of the shock drive laser and the betatron probe.

Note that the delay refers to the length of time between the arrival of the front of the

foot of the pulse at the surface of the target and the arrival of the betatron beam, so that

the most intense part of the pulse does not arrive at the target until approximately 20 ns

after the beginning of the interaction. To quantify the density change caused by the small

shock driven by the foot of the pulse, first three rectangles were drawn within the green

lines: one inside the shocked material, one in the unshocked material and one in vacuum.

The mean intensity value of the pixels within these rectangles is related to the optical

depth of aluminium via the Beer-Lambert law. To eliminate the e↵ects of phase contrast

(this analysis requires an absorption contrast image) the rectangles were positioned away

from the shock front and material edges. A standard feature of phase contrast imaging is

clear in figure 6.32: at sharp density gradients there is a dark/ light fringe that enhances

the edge. This is, therefore, to be avoided in this method. Comparison of the x-ray

transmission through the unshocked aluminium and the vacuum suggested an e↵ective

photon energy of 20.2 keV on this shot. The transmission of the shocked material relative

to the unshocked material was 0.988. Following the same procedure as section 6.4 it was
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synchrotron (a broadband spectrum with photon energies up to a few tens of keV, a collimated
beam of a few tens of milliradians, and a micron source size).

Figure 11. Schematic representation of Betatron x-ray radiation (top) and Compton
scattering (bottom) from electrons accelerated through laser-wakefield acceleration.

The two additional benefits are a femtosecond-scale pulse duration and the intrinsic
synchronization between the drive laser beam, the generated particle bunch, and the secondary
radiation. These features make LWFA light sources unique for applications. For higher energy
photons, Compton scattering, where laser photons are scattered o↵ the LWFA electrons and
upshifted to higher energies (up to a factor of 4 times the square of the electron relativistic
factor for a head-on collision), is a better alternative. The scattered photons can either be
from the LWFA-drive beam reflected on a plasma mirror [72], or from a second beam [73, 74],
which was first demonstrated in 2012 and 2006, respectively. For a given electron beam energy,
Compton scattering will scale to much higher photon energies (the maximum at present is 18
MeV [75]) than betatron radiation. Fig. 12 summarizes the peak brightness of these two
sources and compares them with conventional technologies.

8.2. Current and Future Challenges

Most of the research e↵orts of this field are currently aimed at applications, and thus the
development of these sources and their key parameters (energy, photon flux, spatial and
temporal resolution) must be done in close coordination with applications in high energy
density, biological, planetary, material and astrophysical sciences, and nuclear photonics. In
terms of source development, the photon flux, overall laser conversion e�ciency (currently
around 10�5) and shot-to shot intensity/energy stability need to be improved. Some
applications, such as x-ray phase contrast imaging of biological objects and laser-driven shocks,
as well as time-resolved x-ray absorption spectroscopy, have already been demonstrated. These
should likely become routine applications for betatron radiation in a near future, where it can
be coupled to high power or free electron lasers capable of driving matter to extreme states.
Other techniques, such as x-ray scattering or di↵raction, will require at least 3 orders of
magnitude more photons. Compton scattering provides higher photon energies, is easier to
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Figure 12. Peak brightness of betatron, Compton and bremsstrahlung radiation
from LWFA compared to other types of sources in the same energy range. Sources
included in this plot are: The APS synchrotron U30 undulator for harmonics 1, 3
and 5 (Argonne National Laboratory, USA), the ALS synchrotron (Lawrence Berkeley
National Laboratory, USA), the Spring8 synchrotron (RIKEN, Japan), x-ray tubes
(Copper and Molybdenum K↵), the LCLS free electron laser (SLAC, USA), and high
harmonics generation from laser-produced plasmas. Figure reproduced from Ref [12].

tune, and can have a narrower bandwidth (provided the electron energy spread is small and
the source operates in the linear regime where the scattering laser intensity is well below
1018 W/cm2) than betatron radiation. Hence, applications are naturally more geared toward
gamma-ray radiography, photofission, and possibly nuclear resonance fluorescence. Most of
these applications have yet to be demonstrated with a LWFA-based Compton source.

8.3. Advances in Science and Technology to Meet Challenges

The development of LWFA-driven light sources is tied to progress in laser, target, and
diagnostic technologies. At present, most of the applications have been (and can continue to
be) demonstrated at a Hz-level repetition rate. However, most research directions mentioned
in this roadmap ultimately require high repetition rate (kHz and above), both to enable
application science and active laser feedback for precision control. A near term development
would be a few-joule kHz system (with stabilization and temporal/spatial pulse shaping)
enabling precision LWFA via stabilization and thus controlled light sources. Although many

Page 28 of 57AUTHOR SUBMITTED MANUSCRIPT - NJP-111913.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 M

an
us

cri
pt

Felicie Albert et al 2020 New J. Phys. in press 
https://doi.org/10.1088/1367-2630/abcc62

Inverse Compton scattering

Betatron radiation
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Proton/ion acceleration
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Medical application: Radiotherapy

VHE ELECTRONS
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Target normal sheath acceleration of protons
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A terawatt (TW)-laser pulse is focused 
onto the front side of the target foil, 
where it generates a blow-off plasma 
and subsequently accelerates 
electrons. The electrons penetrate 
the foil, ionize hydrogen and other 
atoms at the back surface and set up 
a Debye sheath. The inhomogeneous 
distribution of the hot electron cloud 
causes a transversely inhomogeneous 
accelerating field (target normal 
sheath acceleration—TNSA). Applying 
a small hydrogen-rich dot on the back 
surface enhances the proton yield in 
the central part of the accelerating 
field, where it is nearly homogenous. 
These protons constitute the quasi-
monoenergetic bunch.
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Proton/ion acceleration
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Survey of TNSA cut-off 
energies measured in 
experiments so far, plotted vs. 
irradiance and labeled 
according to pulse duration. 

M. Borghesi, NIMA 740, 6-9 (2014)

Laser beam

proton beam

1 µm
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Important equations6 Important equations

Table 2: Important quantities for LWFA expressed in physical and engineering formula

Quantity Definition Engineering Formula

Gaussian Laser Beam Parameters (a0)(a0)(a0)

Focal Spot 2w0=
4�L

⇡

f

D
=
q

2
ln 2dFWHM w 1

e2
�Ø[µm] = f/# @�L = 0.8 µm

Confocal Parameter 2zR = 2⇡w2
0/�L �z[µm] = 2(f/#)2 @�L = 0.8 µm

Peak Power P0 = 2
q

ln 2
⇡

WL

tFWHM

P0[TW] = 940 WL[J]
tFWHM [fs]

P0 = ⇡

4 ln 2d
2
FWHM

I0 P0[TW] = 0.011d2
FWHM

[µm]I0[1018
W
cm2 ]

Peak Intensity I0 =
�
4 ln 2
⇡

� 3
2 WL

tFWHMd
2
FWHM

[µm]
I0[1018

W
cm2 ] = 83⇥ 103 WL[J]

tFWHM [fs]d2
FWHM

[µm]

I0 = 2⇡2
✏0m

2
e
c
5

e2
a
2
0

�
2
L

I0[1018
W
cm2 ] = 1.37 a

2
0

�
2
L
[µm]

Vector Potential a0 = e

⇡mec
2

q
I0

2✏0c
�L a0 = 0.85

p
I0[1018 Wcm�2]�L[µm]

Peak Electric Field E0 = ea0
cme!L

E0[1012 V/m] = 3.2 a0
�L[µm]

Plasma Parameters (ne / kp)(ne / kp)(ne / kp)

Plasma Wavelength !p =
q

ne,0e
2

me✏0
�p[µm] = 33.4p

ne,0[10
18 cm�3]

Wavebreaking Field Ep,0 = mec!p

e
Ep,0[GVm�1] = 96

p
ne,0[1018 cm�3]

Plasma Gamma Factor �p =
q

ncr

ne

�p = 33.4 1
ne,0[10

18 cm�3]�L[µm]

Critical Density ne,c =
✏0me

e2
!2
L

ne,c[cm�3] = 1.1⇥1021

�
2
L
[µm]

LWFA Parameters in the Bubble Regime (rb = 2
p
a0/kp)(rb = 2

p
a0/kp)(rb = 2

p
a0/kp)

Dephasing Length Ld = 2
3⇡

p
a0�L

⇣
nc

ne,0

⌘3/2
Ld[mm] = 7.9

p
a0

✓
�
�4/3
L

[µm]

ne,0[10
18 cm�3]

◆3/2

Electric Field Ep=
mec!p

e

p
a0 Ep[GVm�1] = 96

p
ne,0[1018 cm�3]

p
a0

Electron Energy Wel =
2a0
3

⇣
nc

ne,0

⌘
mec2 Wel[MeV] ⇡ 380 a0

ne,0[10
18 cm�3]�2

L
[µm]

Optimum Charge Qopt =
⇡c

3

e2

q
m3

e
✏
3
0

ne,0
a

3
2
0 Qopt[pC] = 75

r
a
3
0

ne,0[10
18 cm�3]

7 Summary

We reviewed the basic physics of LWFA, starting from a description of the laser field of a Gaussian
pulse, and the interaction of light with single atoms and electrons for extreme intensities, leading to
the concept of the ponderomotive force as a repulsive net force of intense light on electrons. It leads
to an expulsion of electrons from the laser axis, and the generation of moving plasma wave structure
trailing the pulse as it propagates through a plasma medium. This so-called wakefield consists of plasma-
electrons oscillating around their equilibrium position, a charge separation causing strong longitudinally
accelerating and transversely focusing electric fields. We reviewed the wakefield generation in a 1-D
analytical and 3D-phenomenological methods, and discussed the conditions and methods for trapping
electrons in the accelerating regions of the wave. Finally, we discussed theoretical and experimental
scaling laws for the process.
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J. Wenz and S. Karsch, 
arXiv: 2007.04622v1 
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LWFA- current status
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Laser plasma accelerators have demonstrated:
• Energy gains of 1 MeV to 8 GeV
• E-fields of 1 GV/m to 1000 GV/m
• Good e-beam quality : Emittance ~ πmm mrad
• Charge at high energy
• Quasi monoenergetic
• Very high peak current : 100 kA

LWFA advantages: 
– Provide e-beam with new parameters : 
• Ultrashort
• High current
• Collimated
• Compact and low cost
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New developments
• Dephasingless laser wakefield acceleration (DLWFA)

(J.P. Palastro, et al., PRL 124, 134802 (2020))

• Long time operation of LPA
(A. R. Maier et al., Phys. Rev. X 10, 031039 (2020))

23/01/2025

tuning of the machine will be the subject of separate
publications.
Electron beams, generated from the laser-plasma inter-

action, were captured by a pair of electromagnetic quadru-
poles and focused into the spectrometer—a permanent
magnet dipole, which disperses the electron beam onto a
scintillating screen. At 368-MeVelectron energy, the spec-
trometer resolution was 1%.
Focusing the electron beams into the spectrometer is

essential to achieve the energy resolution required for our
analysis. The electron-beam optic defines a spectral trans-
mission function [27]. The transmission dropped to 75%
for energies below 300 MeV and was more than 90% for
energies around !10% of the focused electron energy. We
carefully ensured that the transmission of the electron beam
line did not affect our analysis. However, it effectively
suppressed the low-energy tail of the spectrum, which is
typical for many ionization-injection schemes.
To noninvasively measure the transverse position of the

electron beam, we use cavity-type beam-position monitors
(BPM), which derive the beam position from the electric
field induced by the electron beam as it passes the cavity.
The BPMs are absolutely calibrated to provide the charge
of the passing electron bunch.

III. RESULTS

We operated the LUX accelerator continuously to
generate 100 000 consecutive electron beams at a 1-Hz
repetition rate, shown in Fig. 2. The electron beams had, on
average, a peak energy of 368 MeV (!2.4% rms), a charge
of 25 pC (!11% rms), and a FWHM energy spread of
54 MeV (!15 MeV rms). Statistics were calculated over
the full set of shots. The absolute number of consecutive

shots outperforms previously reported laser-plasma results
by orders of magnitude and enables studies with unprec-
edented statistics.
The electrons had a divergence of 1.8 mrad and a

pointing jitter of 0.8 mrad rms and 0.7 mrad rms in both
transverse planes.
Figure 2(b) shows the peak energy of individual shots

(dots) and the rolling average (solid line) over a 6-min
window, i.e., 360 shots, which we define as the energy drift.
On average, the electron energy remained constant over the
run and featured only slow drifts on a few-percent scale.
This steady performance indicates the robustness of the
machine, despite the slow change of the environmental
conditions due to the passage from day into night and back,
which is a common cause of a degrading performance.
Since energy stability is a crucial figure of merit for

accelerator performance, we focused on the electron energy
as the primary output parameter. Laser-plasma acceleration
is governed by complex, yet deterministic, dynamics. It can
be expected that variations in only a few laser properties are
responsible for the bulk of the variation in electron energy.
In the following, we present an analysis of both the long-

term stability (energy drift) and the shot-to-shot stability
(energy jitter). We used a 2-h window of approximately
7000 shots from the 24-h run presented in Fig. 2 as a
training set to determine correlations between electron
energy and a few selected laser parameters. The primary
factors determining the electron energy seemed to be (a) the
laser energy, (b) the longitudinal focus position, and (c) the
laser direction at the focusing parabola. The correlations,
presented in Fig. 3, can be understood as follows.
First, a higher-energy laser drives a stronger wakefield,

i.e., accelerating gradient, and thus supports higher electron

(a)

(b)

FIG. 2. Panel (a) shows the energy spectra of 100 000 consecutive laser-plasma generated electron beams. Here, each line represents
one single shot. The camera images of the electron spectrometer screen are background corrected, projected onto the dispersive axis, and
calibrated to a linear energy scale. The peak energy of each spectrum (dots) is shown in panel (b), together with the energy drift (solid
line) calculated as the rolling average over a 6-min window, i.e., 360 shots. The percent-level energy drift can be attributed to a drift in
drive laser parameters (compare Figs. 3 and 4).

DECODING SOURCES OF ENERGY VARIABILITY IN A LASER- … PHYS. REV. X 10, 031039 (2020)
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2022-First seed FEL driven by LWFA beam

Nature Photonics

nature photonics

https://doi.org/10.1038/s41566-022-01104-wArticle

Seeded free-electron laser driven by a 
compact laser plasma accelerator

Free-electron lasers generate high-brilliance coherent radiation at 
wavelengths spanning from the infrared to the X-ray domains. The recent 
development of short-wavelength seeded free-electron lasers now allows 
for unprecedented levels of control on longitudinal coherence, opening 
new scienti!c avenues such as ultra-fast dynamics on complex systems 
and X-ray nonlinear optics. Although those devices rely on state-of-the-art 
large-scale accelerators, advancements on laser-plasma accelerators, which 
harness gigavolt-per-centimetre accelerating !elds, showcase a promising 
technology as compact drivers for free-electron lasers. Using such 
footprint-reduced accelerators, exponential ampli!cation of a shot-noise 
type of radiation in a self-ampli!ed spontaneous emission con!guration 
was recently achieved. However, employing this compact approach for the 
delivery of temporally coherent pulses in a controlled manner has remained 
a major challenge. Here we present the experimental demonstration 
of a laser-plasma accelerator-driven free-electron laser in a seeded 
con!guration, where control over the radiation wavelength is accomplished. 
Furthermore, the appearance of interference fringes, resulting from the 
interaction between the phase-locked emitted radiation and the seed, 
con!rms longitudinal coherence. Building on our scienti!c achievements, 
we anticipate a navigable pathway to extreme-ultraviolet wavelengths, 
paving the way towards smaller-scale free-electron lasers, unique tools for a 
multitude of applications in industry, laboratories and universities.

Research and daily life have been profoundly impacted by the inven-
tion of the laser. This impact has grown with the expansion of avail-
able parameters thanks to innovations in system architecture and 
gain media. With the advent of ultrashort-pulse and high-peak-power 
technology based on chirped pulse amplification1, lasers have pushed 
the frontiers of science, opening the door to new applications in 
relativistic-intensity laser–matter interactions2, of which laser-plasma 
acceleration3 is a prominent example. However, fundamental limi-
tations remain regarding the generation of X-ray radiation, as light 
amplification is based on the population inversion of electronic states, 
typically in a solid-state material. Free-electron lasers (FELs)4, in con-
trast, harness a completely different gain medium, where relativistic 
electron beams wiggle in a periodically alternating magnetic field. FELs 

have undergone game-changing progress over recent decades. The 
first low-gain infrared FELs providing picojoule pulse energies5 paved 
the way to higher gain6, shorter wavelengths7–12 and, finally, mature 
hard-X-ray tunable systems13,14. Applications of FELs advanced simul-
taneously, and X-ray FELs are now established as unique high-brilliance 
tools for the investigation of matter with atomic resolution at femto- to 
attosecond timescales15. This progress has been enabled by continu-
ous improvements in electron-beam-source quality, supported by the 
next generation of particle colliders16. However, the length of such 
state-of-the-art linear accelerators increases with the beam energy, and 
thus involves high investment and high operational costs. FEL facilities 
presently extend over 350 m for beam energies of 1 GeV and FEL wave-
lengths in the extreme-ultraviolet (EUV) range (for example, FERMI12), 
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trace shown in Fig. 2a(iv) evidences seeded FEL operation, following 
the prediction of ref. 58.

The fundamental mechanism leading to this redshift is illus-
trated in Fig. 3. In a seeded configuration (Fig. 3a), the first step of 
the FEL process is energy exchange between the seed and electron 
beam at the resonance wavelength. As both the seed wavelength and 
the electron-beam energy are time-dependent, the resonant con-
dition λseed(t) = λR(t) can only be met at one longitudinal position, t0  
(Fig. 3b and Methods). This local energy exchange at t0 leads to an energy 

and further density modulation of the electrons at λseed(t0) (or λR(t0)), 
expected to be followed by a coherent emission at the same wavelength. 
However, if, at the scale of one modulation period, the electrons’ energy 
varies substantially, which is the case due to the strong electron-beam 
chirp, the initial density modulation period is stretched by the disper-
sion experienced along the undulator. This leads to a lengthening 
of the coherent emission wavelength (Fig. 3c), that is, a redshift58. 
According to this model, the final seeded FEL wavelength is expected  
to behave as

~30 µm
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Fig. 1 | Experimental layout. The LPA is driven by the DRACO laser (for more 
details on the DRACO footprint, see ref. 55). The electron beam generated in the 
LPA is first characterized using a removable electron spectrometer and then sent 
through a triplet of quadrupoles (QUAPEVAs) for beam transport to the undulator 
and FEL radiation generation. ICTs, integrated current transformers. Non-labelled 
elements: dipoles, red blocks; optical lenses, blue disks; mirrors, grey circled 

black disks. a, Particle-in-cell simulation rendering of the accelerating structure 
driven by the laser pulse (red); the electron cavity sheet formed from the plasma 
medium (light blue) is in purple and the accelerated electron bunch in green. b–d, 
Electron-beam transverse distribution measured at the LPA exit (b), the undulator 
entrance (c) and the undulator exit (d).
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Fig. 2 | Spatio-spectral distributions of the radiation at the undulator exit. 
a,b, Spatio-spectral distributions for an undulator gap of 4.3 mm (Ku = 2.35) and 
an optimum delay of +0.1 ps: experimental measurements (a) and simulation (b) 
of SR only (i), seed only (ii), SR with seed (iii) and the difference between the (iii) 
and (ii) images (iv). c, On-axis spectral intensity I extracted along the red line in a 
and blue line in b with integration over ∆y = 0.3 mm and median filtering of the 
simulated profile. In a,b,c(i–iii), distributions are normalized to their maximum 

intensity and displayed in logarithmic (dB) scale. In a,b,c(iv), the distributions 
are displayed in a linear scale. Simulation parameters (electron-beam parameters 
given at the source point): Ee = 188.8 MeV, charge = 150 pC, σz = 2 µm (r.m.s.), 
normalized emittance #x, y = (1.5; 1.0) mm mrad, divergence σ

x

′

, y

′

 = (1.5; 1.0) mrad 
(r.m.s.), σe = 5% (r.m.s.), R56 = −1.8 mm, QUAPEVA 2 strength detuned by −2%, 
Eseed = 0.5 µJ, λseed = 269 nm, ∆λseed = 3.9 nm (FWHM) and ∆Tseed = 1.0 ps (FWHM).
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What path led you to 
SOLEIL?
When I began my engineering 
studies at the Ecole Centrale, the 
physics program left me hungry for 
more. So I decided to follow 
evening classes for the Master in 
Fundamental Physics offered by 
the University of Paris Sud on the 
Orsay campus. This Master then 
led to a DEA in large-scale facilities 
in my final year. In 2005, I started a 

thesis on free electron lasers (FEL) 
supervised by Marie-Emmanuelle 
Couprie, who was at the CEA at 
that time. The experimental part of 
my thesis work was taking place 
both on the UVSOR synchrotron in 
Japan and on the SPARC FEL 
project in Italy. Then Marie-
Emmanuelle went to work at 
SOLEIL, where I joined her in 2007 
for the final year of my thesis.
Since I was based at SOLEIL, I 
gradually got involved in the 
Diagnostics Group activities of the 
Source Division at SOLEIL, 
essentially by helping in the 
installation of a streak camera for 
electron bunch length 
measurements on the storage ring.
At the end of my thesis, the 
experimental module that I had 
made for the SPARC project had 
still not been installed. It was 
waiting quietly in a crate for the 
accelerator to be finished: the delay 
was more than a year for various 
reasons. To finish what I had 
started, I went for a one-year post-
doc to Frascati, Italy. I then had the 
chance to get involved in the 
commissioning of the SPARC FEL. 
But after the first year, my module 
was still not installed. In view of 
the accumulated delays and weary 
of battle, I decided to leave the 
project and search for a new post-
doc position, preferably in France.
As luck would have it, a position 
came up at SOLEIL in the 
Diagnostics Group, led at this time 
by Jean-Claude Denard. I had very 
little experience in this area, but 

the Diagnostics Group just 
happened to be looking for a 
physicist/engineer to work on new 
generation light sources: a 
godsend. So I joined SOLEIL in 
2010.

What does your work 
involve?
The aim of the Diagnostics Group 
is to characterize the electron 
beam in the LINAC and storage 
ring at SOLEIL. The group consists 
of six people, each with their own 
specialty. Mine is optical 
diagnostics, i.e. diagnostics using 
the radiation produced by 
electrons to measure their 
properties, and not the electrons 
directly, as in the case of electronic 
diagnostics. It is both the work of 
an engineer and a researcher, 
which I particularly like.
I am also involved in the femto-
slicing project (see Rayon de 
SOLEIL No. 24, p 20) the goal of 
which is to provide femtosecond 
X-ray pulses to several SOLEIL 
beamlines, for the study of 
ultrafast phenomena. I set up the 
diagnostics for the «machine» part 
of the project and I am currently 
participating in its 
commissionning. Again, I find 
myself at the interface between 
physics and engineering.
Furthermore, I am also carrying 
out more «research» based work 
focused on the 1LUNEX5 project, 
led by M.E. Couprie. This is an 
original fourth and fifth generation 
source project. The purpose is to 

Marie LABAT,  
Researcher in the Diagnostics Group
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Whether they are lasers or synchrotrons, light sources are at 
the heart of Marie’s research. And since her thesis, one of 
these sources has been SOLEIL.

Marie in the 
Diagnostics 
laboratory, at 
SOLEIL.

Maria Labat

Marie-Emmanuelle Couprie (SOLEIL)
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Future perspectives
Design future accelerators based on LWFA:
• Higher charge, e.g. nC
• Low emittance ( < 1 "m)
• Small energy spread
• Stable beam, long time operation
• Guiding or PW class laser system
• Multiple stage coupling/synchronization
Accelerator system development:
• Compact XFELs
• Applications (chemistry, radiotherapy, material 

science)
• Colliders for HEP
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Extreme Light Infrastructure-ELI
European Project 
for development of 
extreme light

Beam acceleration 
is one work package

… hundreds of GeV …
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Future perspectives -ELI

Jason&Cole&|&51

Pushing%the%energy%frontier

ELI&– Extreme&Light&Infrastructure

Centres in&the&Czech&Republic,&
Romania,&Hungary.&

10&– 200(?) PW&lasers&at&up&to&
10Hz,&compared&to&1PW&now

Goal&of&10s&GeV

The&near&future&of&LWFA
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Future perspectives-other facilities

Jason&Cole&|&52

The&near&future&of&LWFA

Pushing%towards%applications

CALA&< Centre&for&Advanced&Laser&
Applications,&Munich

3PW&@&10&Hz

SCAPA&– Scottish&Centre&for&the&
Application&of&Plasma<based&
Accelerators

0.35&– 1&PW

Designed&for&x<ray&imaging&and&
hadron&therapy&applications
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Future perspectives

Jason&Cole&|&53

The&near&future&of&LWFA

Pushing%towards%accelerators

EuPRAXIA – project&to&develop&
dedicated&5&GeV LWFA&facility

Demonstration&of&LWFA&
staging,&required&to&beat&
limitations&on&laser&pulse&energy&

S.&Steinke&et$al,&Nature,&2016

R. Assmann, et al., The European Physical Journal
Special Topics 229 (24) 3675 (2020)
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Conclusions
• Short wavelength accelerators hold promise to 

miniaturize the future machines
• The development of laser plasma-based 

accelerators have achieved tremendous success in 
last few decades.

• The ultimate goal is to get high quality beams 
(high energy, low emittance , low energy spread, 
high current, ultrashort pulse, stable beam).

• The applications of LWFA is enormous, not only 
for HEP, but also many other areas, e.g. FEL, 
radiation sources, VHEE, proton therapy, colliders.
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Learning outcomes-Lecture I

üMotivations for short wavelength accelerators

üHow laser-plasma acceleration works

üLimitations of laser plasma accelerators

üApplications of laser-plasma accelerators 

23/01/2025 CI Postgraduate Lectures 115



Real life examples
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Real life examples
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Z. M. Yuan (University of Strathclyde) et al., J. Fluid Mech.928, R2 (2021)
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Real life examples

LETTER
doi:10.1038/nature12939

Upwash exploitation and downwash avoidance by
flap phasing in ibis formation flight
Steven J. Portugal1, Tatjana Y. Hubel1, Johannes Fritz2, Stefanie Heese2, Daniela Trobe2, Bernhard Voelkl2,3{, Stephen Hailes1,4,
Alan M. Wilson1 & James R. Usherwood1

Many species travel in highly organized groups1–3. The most quoted
function of these configurations is to reduce energy expenditure and
enhance locomotor performance of individuals in the assemblage4–11.
The distinctive V formation of bird flocks has long intrigued researchers
and continues to attract both scientific and popular attention4,7,9–14.
The well-held belief is that such aggregations give an energetic bene-
fit for those birds that are flying behind and to one side of another
bird through using the regions of upwash generated by the wings of
the preceding bird4,7,9–11, although a definitive account of the aero-
dynamic implications of these formations has remained elusive.
Here we show that individuals of northern bald ibises (Geronticus
eremita) flying in a V flock position themselves in aerodynamically
optimum positions, in that they agree with theoretical aerodynamic
predictions. Furthermore, we demonstrate that birds show wingtip
path coherence when flying in V positions, flapping spatially in phase

and thus enabling upwash capture to be maximized throughout the
entire flap cycle. In contrast, when birds fly immediately behind
another bird—in a streamwise position—there is no wingtip path
coherence; the wing-beats are in spatial anti-phase. This could poten-
tially reduce the adverse effects of downwash for the following bird.
These aerodynamic accomplishments were previously not thought
possible for birds because of the complex flight dynamics and sensory
feedback that would be required to perform such a feat12,14. We con-
clude that the intricate mechanisms involved in V formation flight
indicate awareness of the spatial wake structures of nearby flock-
mates, and remarkable ability either to sense or predict it. We suggest
that birds in V formation have phasing strategies to cope with the
dynamic wakes produced by flapping wings.

Theories of fixed-wing aerodynamics have predicted the exact span-
wise positioning that birds should adopt in a V formation flock to

1Structure & Motion Laboratory, the Royal Veterinary College, University of London, Hatfield, Hertfordshire AL9 7TA, UK. 2Waldrappteam, Schulgasse 28, 6162 Mutters, Austria. 3Institute for Theoretical
Biology, Humboldt University at Berlin, Invalidenstrasse 43, 10115 Berlin, Germany. 4Department of Computer Science, University College London, Gower Street, London WC1E 6BT, UK. {Present address:
Edward Grey Institute, Department of Zoology, University of Oxford, Oxford OX1 3PS, UK.

a

5

10

15

20

–5 0 5

–5

0

5

Distance to centroid (m) 

D
is

ta
nc

e 
to

 c
en

tr
oi

d 
(m

)

b

D
ur

at
io

n 
(s

)

2.0 m 

Fl
ap

s 
in

0.
25

 m
 tr

an
se

ct

12,000

16,000

20,000

24,000
iii

Distance to side

d

2.0 m 

2.0 m 

c

100
150
200
250
300
350

Distance to side

D
is

ta
nc

e 
be

hi
nd

Streamwise
transect

V favoured position
transect

N
um

be
r

of
 !

ap
s

Figure 1 | V formation flight in migrating ibises. a, Northern bald ibises
(G. eremita) flying in V formation during a human-led migratory flight
(photograph M. Unsöld). b, Three-dimensional location histogram of the
7 min flight section, showing position of individual ibises (n 5 14) in the V
formation, with respect to flock centroid, measured by a 5 Hz GPS data logger.
The colour scale refers to the duration (in seconds) a bird was present in each
0.25 m 3 0.25 m grid. A plot detailing the formation shape for the duration of
the entire flight can be found in Supplementary Fig. 7. c, Histogram of number

of flaps (colour coded) recorded in each 0.25 m 3 0.25 m region between all
birds and all other birds. Most flaps occurred at an angle of approximately 45u
to the bird ahead (or behind). Transects denoted by dashed lines, directly
behind or along the most populated V favoured position (just inboard of
wingtip to wingtip), are the same as those detailed in Fig. 3. d, Histogram
detailing the total number of flaps recorded between each bird–bird pair, with
respect to position of the following bird. The shaded area (ii–i) denotes the
limits of optimal relative positioning, based on fixed-wing aerodynamics.
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S. J. Portugal., et al., Nature 505, 399 (2014)
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Surfing waves, dreaming tiny!
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Plasma accelerators to market
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