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Particle Accelerator in a Nutshell

Photo: T. Seggebrück
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Outline

image: wookiepedia.org

high-power lasers
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plasma accelerators

Image: DALL-E

relativistic electron bunches 

Bielawski et al. Sci Rep (2019)

ultrafast X-ray pulses

image: MF
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Outline
• Part I.) Overview of Laser-Plasma Accelerators 

• Particle Accelerators and Laser-Plasma Acceleration (LPA) 
• Applications of Laser-Plasma Accelerators 

• Laser-driven X-ray Sources 
• Challenges and New Research Directions 

• Next-generation hybrid accelerators 
• Next-generation laser-plasma accelerators 

• Part II.) Introduction to Laser-Plasma Acceleration 
• Electron interacting with a strong electro-magnetic field 
• Introduction to plasma physics 
• Plasma waves 
• Laser-plasma acceleration
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Outline

• Particle Accelerators and Laser-Plasma Acceleration (LPA) 

• Applications of Laser-Plasma Accelerators 

• Laser-driven X-ray Sources 

• Challenges and New Research Directions 

• Next-generation hybrid accelerators 

• Next-generation laser-plasma accelerators 

• Summary
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Particle Accelerators
Particles Accelerators Products Applications

adapted from  
www.beschleunigerphysik.de

28% of the research in physics between 1939 and 2009  
has been influenced by accelerator science. 

E. Haussecker & A. Chao, The Influence of Accelerator Science on Physics Research, Phys. Perspect. (2011) 

about 30,000 accelerators world wide 
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Nobel Prizes in Accelerator Physics
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slide: courtesy 
L. Rivkin, PSI
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Karlsruher Contributions to the Beginning  
of the Field

First Accelerator Concepts  
and Demonstrations 

Discovery of Emission of  
Electromagnetic Waves

Rolf Wideröe (1902 – 1996) 
1920 – 1924 TH Karlsruhe (Dipl.Ing)

Heinrich Hertz (1857 – 1894) 
1885 – 1889 TH Karlsruhe

Image:Greg Stewart/SLAC 
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Accelerator-Based X-ray Sources: 
X-ray Free-Electron Lasers (XFELs)

Edwin Cartlidge Science 2016;354:22-23
Prat et al., Nat. Phys (2020)
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X-Ray Free-Electron Laser: LCLS at SLAC

LCLS

1.8 km
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LCLS at Karlsruhe
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Laser-Wakefield Accelerator

few cm long
up to 8 GeV 

Accelerating fields are up to 1 TV/m

SLAC, California

1 km, 14 GeV

Shrinking Accelerators

mailto:mfuchs@slac.stanford.edu
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•  laser ionized atoms as it moves 
through the gas 

laser 
power: ~ TW to PW  
energy: ~ J 
pulse length: ~ 5-50 fs

gas jet or 
capillary: 
plasma
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Laser pulse

Ionic cavity

Plasma

Captured electrons

•  laser excites a plasma wave: 
wakefield 

• for sufficiently high laser energy: 
wave breaks & electrons are 

injected into wakefield

simulation: courtesy J. Osterhoff 

Particle-in-
Cell

Simulation

“Bubble”
Meyer-ter-Vehn, 

Pukhov
 Appl Phys B,
74, 355 (2002)

Laser-Wakefield Electron Acceleration 

mailto:mfuchs@slac.stanford.edu
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PIC simulation (M. Geissler, 
Belfast)

Particle-in-Cell simulation of LWFA

mailto:mfuchs@slac.stanford.edu
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Comparison Conventional and  
Plasma Accelerator

Conventional Accelerator 
• Accelerating field gradient limited by RF power 

and vacuum breakdown 

• Max. accelerating field gradients: 20 - 100 MV/m 

• Typical cavity size: ~10 cm

Plasma Accelerator 
• no breakdown limit  

• Max. accelerating field gradients: 10 - 100 GV/m 

• Typical cavity size: ~100 µm

A. Sävert, et al. PRL (2015)

LEP radio-frequency cavity. Source: CERN

simulation

experiment

thePBWA,theplasmawaveisdrivenataconstantbeat
frequency!"="1−"2!"p.Asthewavegrows,how-
ever,theeffectiveplasmafrequencydecreases,"p,eff

=2#c/$Np.Hence,thedriver"i.e.,thelaserbeatwave#
becomesoutofphasewiththenonlinearplasmawave.
Thisleadstosaturationoftheplasmawaveamplitudein
thePBWA"RosenbluthandLiu,1972;Tangetal.,1985#.
Alternatively,iftheplasmawaveistobedriventolarge
amplitudesbyaseriesofindividuallaserpulses,the
changeinthenonlinearplasmaperiodcanaffectthe
optimalspacingbetweenpulsesaswellastheoptimal
durationofthepulses"Umstadteretal.,1994#.

Inthe3Dnonlinearregime,numericalcalculations
areusuallyrequired.Onepossibleapproachistousea
fullnonlinearplasmafluidmodel"Shadwicketal.,2002#
oranonlinearquasistaticfluidmodel"Sprangleetal.,
1992;Esarey,Sprangleetal.1993#,whichisdiscussedin
Sec.V.Analternative"morecomputationallyexpensive#
approachforwakefieldcalculationistouseparticle
simulations"PukhovandMeyer-ter-Vehn,1996;Tzenget

al.,1996;MoreandAntonsen,1997;Renetal.,2000#.
Anexampleofanonlinearplasmawaveintwodimen-
sions,ascomputedusingafluidmodel"Shadwicketal.,
2002#,isshowninFig.2.Figure2showsthedensity
perturbationexcitedbyaGaussianlaserpulsewitha0

=1.5,k/kp=20,kpr0=8,andkpLrms=1,whereLrmsisthe
root-mean-square"rms#lengthofthelaserintensitypro-
file.Theshortwavelengthoscillationsobservedatthe
frontoftheplasmawaveareathalfthelaserwavelength
andresultfromthelinearpolarizationofthepulse.

Theincreaseintheplasmawavelengthwithincreasing
waveamplitudehasanadditionaleffectonnonlinear3D
plasmawaves.Consideraplasmawavethatisdriven
morestronglyonaxisthanoffaxis,e.g.,alaser-driven
accelerator,wherethelaserintensitypeaksonaxisand
typicallyhasaGaussianradialprofile.Onaxis,the
plasmawaveamplitudeismaximumand,inthenonlin-
earregime,theplasmawavelengthonaxisislargerthan
offaxis.Thustheplasmawavelengthvariesasafunction
ofradius$Np"r#.Thiscausesthewavefrontsofthe
plasmawavetobecomecurvedandtakeona“horse-
shoe”shape.Foraplasmawaveoffixedamplitude,the
fartherbackwithintheplasmawavetrain,themore

curvedtheplasmawavefront,i.e.,after!periods,the
phasefrontatlargeradiiislocatedat!$p,whereason
axis,thephasefrontislocatedat!$Np"r=0#.Thiseffect
hasbeenobservedintwo-dimensional"2D#nonlinear
quasistaticfluidsimulations"Sprangleetal.,1992;Krall
etal.,1993;Esarey,Sprangle,etal.,1993#,2Dparticle
simulations"Deckeretal.,1994;Bulanovetal.,1995,
1997#,and2Dfullfluidsimulations"e.g.,seeFig.2#.Cur-
vatureoftheplasmawavefrontscanleadtotransverse
wavebreaking,asdiscussedinSec.II.D.

D.Wavebreaking

Plasmasarecapableofsupportinglargeamplitude
electrostaticwaveswithphasevelocitiesnearthespeed
oflight.Inthelinearregime,theelectricfieldofa
plasmawaveinaplasma-basedacceleratorhastheform
Ez=Emaxsin$"p"z/vp−t#%,wherevp!cisthephaseve-
locity.ThepeakfieldamplitudeEmaxoftheplasmawave
canbeestimatedfromthePoissonequation!·E
=4#e"n0−ne#.Asimpleestimateforthemaximumfield
amplitudeisgivenbyassumingallplasmaelectronsare
oscillatingwithawavenumberkp="p/c.Thisgives
""p/c#Emax=4#en0orEmax=E0,whereE0=cme"p/eis
thecoldnonrelativisticwavebreakingfield"Dawdson,
1959#.

Itispossibleforthemaximumamplitudeofanonlin-
earplasmawavetoexceedthevalueE0.Usingthenon-
linear,relativistic,coldfluidequationsinonedimension,
themaximumamplitudeofaperiodicplasmawaveis
"AkhiezerandPolovin,1956;EsareyandPilloff,1995# EWB=&2"%p−1#1/2E0,

"26#
whichisreferredtoasthecoldrelativisticwavebreaking
field,where%p="1−vp

2/c2#−1/2istherelativisticLorentz
factorassociatedwiththephasevelocityoftheplasma
wave.Theplasmawavephasevelocityisapproximately
thegroupvelocityofthelaser,whichinthe1Dlow-
intensitylimitis%p!"/"p,where"isthefrequencyof
thelaser.Asanexample,consideranLPAwithaplasma
densityofn0!1017cm−3.Foralaserwavelengthof
1&m,%p!100andEWB!14E0.Notethatwhenthe

-10
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kp(ct−z)

k
p
x

0.60.91.21.51.82.1

ne/n0

FIG.2."Color#Plasmadensityperturbation
excitedbyGaussianlaserpulsewitha0=1.5,
k0/kp=20,kpLrms=1,andkpr0=8.Laserpulse
istravelingtotheleft.

1235

Esarey,Schroeder,andLeemans:Physicsoflaser-drivenplasma-basedelectron…

Rev.Mod.Phys.,Vol.81,No.3,July–September2009

propagation

direction
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LWFA in the “Bubble” Regime
for highly intense short-pulse lasers (relativistic intensities):

electrons completely transversely expelled 

extremely nonlinear laser-plasma interaction (relativistic electrons)
but: bubble stable & reproducible
laser pulse needs to be significantly shorter than plasma wavelength 

completely cavitated spherical ion “bubble” with radius of plasma wavelength trailing 
laser pulse 
electrons pulled back on axis through space charge forces 

mailto:mfuchs@slac.stanford.edu
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Bubble dynamics & Laser-Plasma Interaction

dynamics and evolution highly nonlinear

detailed description need large-scale 3D 
particle-in-cell (PIC) simulations


PIC simulations
typical densities: ~1018 particles/cm3

resolution: sub laser wavelength ~0.1 µm 
few-cm 3D simulations: millions CPU 
hours, tens of TB data

of the wake can therefore be expressed as !" ’ !g ! !etch,
where !g is the linear group velocity of light in a very
underdense plasma !2

p " !2
0; therefore !" ’ c#1!

3!2
p=$2!2

0%&. The fact that the phase velocity of a wake
excited by an intense laser was less than even the linear
group velocity of a laser was first discussed in [31]. The
distance that the trapped electrons travel until they outrun
the wave (dephasing length) is

 Ld ’
c

c! !"
R ’ 2

3

!2
0

!2
p
R: (4)

We find in numerous 1D, 2D, and 3D simulations that
the etching velocity and hence this dephasing estimate
works well for 2 & a0 & 2

!!!!
nc
n0

q
. The estimate for the upper

value of a0 is discussed later.
To illustrate the process of local pump depletion and its

relationship to photon deceleration [27], we plot the wave
number, kz$z%, of one component of the laser’s electric field
$Ex% after it has propagated through 0.18 cm of plasma for
three different laser intensities, a0 ' 1; 4; 10 in Fig. 2. For
the corresponding simulations in Figs. 2(a) and 2(b), a0 '
4 but the pulse length was 30 and 50 fs, respectively. For

 

FIG. 1. (Color) A sequence of 2-dimensional slices $x! z% reveals the evolution of the accelerating structure (electron density, blue)
and the laser pulse (orange). Each plot is a rectangular of size z ' 101:7 #m (longitudinal direction, z) and x ' 129:3 #m (transverse
direction, x). A broken white circle is superimposed on each plot to show the shape of the blown-out region. When the front of the laser
has propagated a distance (a) z ' 0:3 mm, the matched laser pulse has clearly excited a wakefield. Apart from some local modification
due to beam loading effects, as seen in (b) this wakefield remains robust even as the laser beam propagates though the plasma a
distance of 7.5 mm [as seen in (c) and (d)] or 5 Rayleigh lengths. After the laser beam has propagated 2 mm [as seen in (b)] into the
plasma, one can clearly see self-trapped electrons in the first accelerating bucket. The radial and longitudinal localization of the self-
trapped bunch is evident in part (c). After 7.5 mm the acceleration process terminates as the depleted laser pulse starts diffracting.

W. LU et al. Phys. Rev. ST Accel. Beams 10, 061301 (2007)

061301-4

Lu et al., PRSTAB (2007)

mailto:mfuchs@slac.stanford.edu
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Electron Injection: Untrapped Electron

Electron velocity too small for trapping 

mailto:mfuchs@slac.stanford.edu
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Trapping And Acceleration

Electron with sufficiently high velocity 

v

mailto:mfuchs@slac.stanford.edu
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Trapping And Acceleration

Electron with sufficiently high velocity 

mailto:mfuchs@slac.stanford.edu
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“Self”-Injection into Bubble
electrons with suitable initial conditions (red) 
undergo sufficient longitudinal acceleration while 
bubble passes by

injection at back of bubble 

electron have finite transverse momentum

perform transv. (betatron) oscillations 
-> move on sinusoidal trajectory during 
acceleration

2.6. Acceleration of Electrons in Laser Wakefields
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Figure 2.7. | Calculated trajectories of electrons with di↵erent initial condi-
tions under the fields of a bubble. The bubble is modeled after [Kostyukov et al.,
2009] as a sphere with a radius R having a uniform ion background (for the equa-
tions of motion, see Appendix section A.2). Electron trajectories under the influence
of the bubble fields are numerically solved for the initial conditions: py = 0, pz = 0

and a distance r > R (blue), r = R (red), r < R (green) at ⇠ = 0. Only electrons
with an initial position r 6 R and a su�ciently small negative momentum can be-
come trapped. However, since the electron moving on the green trajectory (r < R)
traverses the fields of the bubble in the region ⇠ > 0, it has negative momentum pz

at ⇠ = 0 and therefore the probability of getting trapped is decreased. Not consid-
ered in this model is the electric potential from the electron density spike trailing the
bubble. All distances are normalized to kp.

most likely for electrons to get trapped in this region. Since these electrons are strongly
accelerated to longitudinal velocities larger than �p, some of them entering this region
can get scattered into the bubble by the potential of this density peak and wavebreaking
occurs. In order for electrons to get trapped by the bubble, their longitudinal velocity
has to be at least that of the bubble (�z > �p). This condition can be written in terms
of only plasma and bubble parameters, namely the plasma wavelength �p, the bubble
radius R and its phase velocity �p [Kostyukov et al., 2009]

kpR &
p

2 �p, (2.59)

where kp = 2⇡/�p and �p = (1� �
2

p)
�1/2. Therefore, electrons can only get trapped in a

bubble with a su�ciently large radius R which is approximately the same as the laser

29

Kostyukov, PRL (2009) 

mailto:mfuchs@slac.stanford.edu


Matthias.Fuchs@kit.edu Matthias Fuchs

Laser Wakefield Acceleration 
“Surfing the Plasma”
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Typical Laser-Wakefield Accelerator

dipole
magnetgas

nozzle

Target Chamber

laser electron
beam

Schematic of Setup

• Laser: ~100 TW - PW (~3J, 30 fs, 10 Hz) 

• Gas target 

• Diagnostics (electron beam, laser, plasma, … ) 

• Optional: electron beam optics

electron beam spectrum 

energy

divergence
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Driver Laser Properties
Laser parameters: 
- pulse energy: 30 J 
- pulse duration: 30 fs (10-15 s)

Chapter 1

Introduction

In this lecture we shall try to answer the questions

— “What happens if we put electrons, atoms, molecules, clusters, solids, plasmas etc.
in an intense laser pulse?”

— “What is the new physics there?”

— “What are the new theoretical methods to deal with the problem?”

— “What is it good for?”

Theoretical research in this area has been strongly motivated by the rapid progress in
laser technology over the last twenty years, and there are good reasons to believe that
this progress continues. The main goals are to achieve

1. higher laser pulse peak intensities,

2. shorter pulses,

3. shorter wavelengths.

The demand for higher and higher laser pulse intensities is driven by, e.g., inertial
confinement fusion (i.e., nuclear fusion using lasers), “table top” particle acceleration,
or particle physics (e.g., particle creation in vacuum using lasers). Shorter pulses are
needed to study fast atomic processes directly in the time domain. Just as femtosecond
(1 fs = 10�15 = 0.000000000000001 s) laser technology revolutionized chemistry, the
hope is that attosecond (1as = 10�18 s) laser pulses give a new twist on good old atomic
physics. First, successful “proof of principle”-like experiments have been already car-
ried out. The shortness of these kind of laser pulses is impressively illustrated by the
comparison

1 fs
1 s
'

8min
age of the universe

. (1.1)

5

106 xsource: Wookieepedia

100 TW System@KIT (under commissioning)

mailto:mfuchs@slac.stanford.edu
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Driver Laser Properties

to achieve an intensity of I =1022 W/cm2, all of the 
sun light that hits the Earth surface must be 
focused into a area comparable to:


A) a mid-sized country (Germany): 350,000 km2

B) a city: 250 km2

C) football field: 7,000 m2

D) human hair: 2,000 µm2  

Image: adapted from NASA

mailto:mfuchs@slac.stanford.edu
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Driver Laser Properties

to achieve an intensity of I =1022 W/cm2, all of the 
sun light that hits the Earth surface must be 
focused into a area comparable to:


A) a mid-sized country (Germany): 350,000 km2

B) a city: 250 km2

C) football field: 7,000 m2

D) human hair: 2,000 µm2  

Image: adapted from NASA

Human hair

total radiation power hitting the earth: 1.7x1017 W

mailto:mfuchs@slac.stanford.edu
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Some Milestones in LWFA

1979 1985 1995- 2002 2002
2004

2006 2018 2019

Development of laser technology
Invention of Chirped Pulse 
Amplification (CPA)
Strickland & Mourou, Opt. 
Comm (1985) 
ultrashort laser pulses  

~1000 citations/year
for LWFA 

First theoretical proposal
Tajima & Dawson, PRL (1979) 
required lasers did not exist

First laser-plasma electron beams
Modena et al., Nature (1995); Nakajima et al., 
PRL (1995); Umstadter et al., Science (1996); 
Malka et al., Science (2002).  
e beams w large energy spread;  
laser pulses still too long and too weak

First Simulation of “Bubble” 
Regime
Pukhov & Meyer-ter-Vehn, 
Appl. Phys B (2002) 
Quasi-monoenergetic 
electron bunches in 
simulations 

Experimental observation of quasi-
monoenergetic beams
Mangles et al. Nature (2004). Faure, J. et 
al. Nature (2004). Geddes, et al. Nature 
(2004). 
Lasers finally can drive “bubbles”

1 GeV LWFA electron beam
Leemans et al., Nature Phys (2006)

8 GeV LWFA electron beam
Gonsalves et al., PRL (2019)

Nobel Prize: Strickland & Mourou 
for Chirped Pulse Amplification
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More Recent Progress 
From Acceleration to Accelerator

• Move from proof-of principle (single shot) 
experiments to applications: 

• Higher reproducibility 
• Improved beam performance 

• higher beam energy (10 GeV+)  
• relative energy spread: << 1% with >100 pC 

of charge 
• repetition rates: kHz - MHz 

• Improved energy efficiency (including laser) 
• Better control over electron parameters 
• Improved diagnostics 
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Controlled Injection

Pak et al. PRL (2010)

• Ionization-induced injection 
- inner-shell electrons of higher-Z ionized at peak laser intensity 
- electrons “born” on axis & in accelerating phase 
   Chen et al., J. Appl. Phys. (2006); McGuffey et al., PRL (2010)

Ekerfelt, et al., Sci Rep (2017)

• Density-downramp injection  
- decrease phase velocity of wake 
- controlled & localized injection  
   Bulanov et al., PRE (1998); Geddes et al., PRL  (2008) 

N5+K-shell: N7+
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Controlled Acceleration: Beam Loading

Tzoufras et al., PRL (2008)

• Beam loading 
- charge of injected electron bunch modifies accelerating field 
- match bunch to achieve flat acc. field (same acceleration for 
whole bunch)  
   Tzoufras et al., PRL (2008)
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Selected Highlights of Experimental Progress

Overview over current parameters:
MF et al., Plasma Based Particle Sources, JINST 19 (2024)

Ke et al., PRL (2021)

Couperus et al., Nat. Comm (2017)

>10 pC/MeV spectral charge density0.3% relative energy spread ~nC total charge

Götzfried et al., PRX (2020)

0.94 nC
(20% dE/E)

Kirchen et al., PRL (2021)

tuning of optimal beam loading 
1.2% dE/E
on average 

Emittance Measurement

quad scan

Weingartner, et al. PRSTAB (2012)

ϵn = γβzϵgeom =
1 nmϵgeom ∼
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Selected Highlights of Experimental Progress

Maier et al., PRX (2020)

24-hour operation@ 1Hz (100,000 consecutive shots) 

Overview over current parameters:
MF et al., Plasma Based Particle Sources, JINST 19 (2024)
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Toward A TeV Collider
• Using 10 GeV stages 

• average gradient ~10 GV/m 

Esarey, Leemans
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First Staging Experiments

electron spectra 

single
stage

2 stages
different
laser 
delays
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Using Electron Beams as Drivers 

image: S. Corde

• longer dephasing length: more energy gain in single stage 

• 10s of GeV per stage
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Beam Driven Plasma Accelerator

no plasma 

plasma:
spectrometer 
at 20.35 GeV 

plasma:
spectrometer 
at 22.35 GeV 

Litos et al., Nature (2014)Blumenfeld et al (2007)

40 GeV energy gain in 85 cm Using a trailing bunch:
Lower energy spread
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Using (SPS) Proton Driver

@ CERN
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ALiVE: Future Proton-Driven Accelerator
ALIVE@ CERN Single stage: 125 GeV/1km

• 500 GeV proton bunch 

• (Ultrashort) proton bunch (3 ps)

Accelerated electrons
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Outline

• Particle Accelerators and Laser-Plasma Acceleration (LPA) 

• Applications of Laser-Plasma Accelerators 

• Laser-driven X-ray Sources 

• Challenges and New Research Directions 

• Next-generation hybrid accelerators 

• Next-generation laser-plasma accelerators 

• Summary
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Undulator Radiation

λ =
λu

2γ2

(
1 + γ2Θ2

)
 λu : ~mm, cm

     : ~ 1000-10,000 
 λ : ~Angstrom (10-10 m): X-rays!
γ

Image:DESY

• Undulator: alternating magnetic field 
• forces electron onto sinusoidal trajectory (transverse oscillation) 
• emission of dipole radiation in electron rest frame at Lorentz-contracted undulator period 
• in lab frame, emitted wavelength Lorentz-contracted again

Emitted wavelength:

undulator period 

electron energy 

emission
angle

Image:Greg Stewart/SLAC 
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Undulator Source Driven by 
Laser-Plasma Electron Accelerator

Setup Soft X-ray Spectrum
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Laser-driven Free-Electron Laser (FEL)
• Coherent emission of undulator radiation    (incoh: ) 
• Proposal to use LWFAs to drive FELs [Grüner et al., Appl. Phys. B (2006)]  

• First experimental demonstrations: LWFAs have sufficiently high quality to drive (optical-VUV) FELs

P ∼ n2
e P ∼ ne

seeded FEL emission @280 nmFirst observation of FEL gain @27 nm
Labat et al., Nat. Photon.(2023)Wang et al., Nature (2021)
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self-injection in the “bubble” regime:

injection of electrons with transverse 
momentum: X-ray emission!

deliberately INCREASE oscillation amplitude 
(emittance) as X-ray source

Plasma Wiggler Source (Betatron Source) 
Particles in parabolic potential

acceleration (respectively for a force longitudinal or

transverse with respect to the velocity ~!), indicate that
applying a transverse force ~F? ~! is more efficient than
a longitudinal force. The term also shows that the
radiated energy increases with the square of the accel-

eration
_~!. More precisely, P / F2

k and P / "2F2
?,

where P is the radiated power. Thus, it is much more
efficient to use a transverse force in order to obtain
high radiated energy.

(4) The phase term ei!½t" ~n#~rðtÞ=c& can be locally approxi-
mated by ei!ð1"!Þt. The integration over time will give
a nonzero result only when the integrand, excluding
the exponential, varies approximately at the same
frequency as the phase term which oscillates at !’ ¼
!ð1" !Þ. Given that the velocity ~! of the electron
varies at the frequency!e" , the condition!’ (!e" is

required to have a nonzero result. The electron will
radiate at the higher frequency ! ¼ !e"=ð1" !Þ ’
2"2!e" . Thus, the usual Doppler upshift is directly
extracted from this general formula. This indicates the
possibility to produce x-ray beams (!X ( 1018 s"1) by
wiggling a relativistic directional electron beam at a
frequency far below the x-ray range: !e" ’ !X=ð2"2Þ.

This analysis underlines the directions for the production
of x rays from relativistic electrons: the goal for x-ray gen-
eration from relativistic electrons is to force a relativistic
electron beam to oscillate transversally. This transverse mo-
tion will be responsible for the radiation. This is the principle
of synchrotron facilities, where a periodic static magnetic
field, created by a succession of magnets, is used to induce a
transverse motion to the electrons. The laser-based sources
presented here rely on this principle. In the next sections, the
properties of moving charge radiation in two different re-
gimes are reviewed. The different laser-based x-ray sources

which will be discussed can work in both regimes depending
on the interaction parameters.

B. Two regimes of radiation: Undulator and wiggler

We consider ultrarelativistic electrons with a velocity
along the direction ~ez executing transverse oscillations in
the ~ex direction. Two regimes can be distinguished.

The undulator regime corresponds to the situation where
an electron radiates in the same direction at all times along its
motion, as shown in Fig. 1. This occurs when the maximal
angle of the trajectory c is smaller than the opening angle of
the radiation cone !# ¼ 1=". The wiggler regime differs
from the undulator by the fact that the different sections of
the trajectory radiate in different directions. Thus, emissions
from the different sections are spatially decoupled. This
occurs when c ) 1=". The fundamental dimensionless pa-
rameter separating these two regimes is K ¼ "c . The radia-
tion produced in these two regimes have different qualitative
and quantitative properties in terms of spectrum, divergence,
and radiated energy and number of emitted photons.

C. Qualitative analysis of the radiation spectrum

The shape of the radiation spectrum can be determined
using simple qualitative arguments. In most of the cases
discussed throughout the article the electron trajectory can
be approximated by a simple transverse sinusoidal oscillation
of period $u at a constant velocity ! and constant ". The orbit
can be written as

xðzÞ ¼ x0 sinðkuzÞ ¼
c

ku
sinðkuzÞ ¼

K

"ku
sinðkuzÞ; (2)

where ku ¼ 2%=$u is the wave-vector norm, x0 is the trans-
verse amplitude of motion, and c is the maximum angle
between the electron velocity and the longitudinal direction
~ez. Since the electron energy is constant, an increase of the
transverse velocity leads to a decrease of the longitudinal
velocity. This can be explicitly derived from the assumed
trajectory (2),

!z ’ !
!
1" K2

2"2 cos
2ðkuzÞ

"
; (3)

"!z ’ !
#
1" K2

4"2

$
’ 1" 1

2"2

#
1þ K2

2

$
: (4)

With the trajectory of the electron periodic, the emitted
radiation is also periodic since each time the electron is in
the same acceleration state, the radiated amplitude is
identical. The period of the radiated field can be calculated
to obtain the fundamental frequency of the radiation spec-
trum. The radiation emitted in the direction ~n, forming an
angle # with the ~ez direction, is considered, as represented
in Fig. 2. The field amplitude ~A1 radiated in the direction ~n
by the electron at z ¼ 0 and t ¼ 0 propagates at the speed of
light c. At z ¼ $u and t ¼ $u= "!zc, the electron radiates an

amplitude ~A2 ¼ ~A1. The distance separating both ampli-

tudes ( ~A1 and ~A2) corresponds to the spatial period $ of
the radiated field and is given by

FIG. 1 (color online). Illustration of the undulator and wiggler
limits, at the top and the bottom, respectively. The lobes represent
the direction of the instantaneously emitted radiation. c is the
maximum angle between the electron velocity and the propagation
axis ~ez and !# is the opening angle of the radiation cone. When
c + !# (undulator), the electron always radiates in the same
direction along the trajectory, whereas when c ) !# (wiggler),
the electron radiates toward different directions in each portion of
the trajectory.

4 S. Corde et al.: Femtosecond x rays from laser-plasma accelerators

Rev. Mod. Phys., Vol. 85, No. 1, January–March 2013

S.Corde et al, Rev Mod Phys (2013)

Nγ ∼ rβ- Photon number:
ℏω ∼ rβ- Photon energy:

mailto:mfuchs@slac.stanford.edu


matthias.fuchs@kit.edu Matthias Fuchs

Control and Enhancement of the 
Betatron Oscillation Amplitude

laser evolution off-axis injection
during downramp

coherent betatron oscillation
nearly constant electron energy

“M” shaped
plasma density

• Use a tailored plasma density to control injection 
and increase betatron oscillation amplitude 

• Orchestrated laser & bubble evolution 

• Laser evolution during first peak 

• Electron injection during downramp 

• Coherent betatron oscillations 

• Transverse Oscillating Bubble Enhanced Betatron 
Radiation (TOBER)
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longitudinal
momentum

transverse
momentum

Increase of Betatron Amplitude Through 
Transverse Oscillating Bubble: Simulation
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Measured X-ray Spectra
corresponding spectrum
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compare structured profile to flat-top jets
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forward fitting transmission through filters
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Rakowski et al., Scientific Reports (2022)
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Corresponding Electron Spectra

6 mm jet: divergence ~ 10 mrad 
7 mm jet: divergence ~ >50 mrad

flat-top profile (6 mm) “M” jet

clip at 37 mrad  
dipole magnet aperture

K ≈ γθ

in qualitative agreement with
simulation

jet θ 
[mrad]

γ ne [1019/cm3] K Ecrit

6 mm 9 500 2 4.5 11 keV
“M” 37 1000 1 37 146 keV

Nγ ∼ K expect ~1 order of 
magnitude increase in 
photon number

Rakowski et al., Scientific Reports (2022)
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Double-jet Experiment 

9 J, 50 fs, f/25

jets: 4 mm + 4mm 
- gas density individually adjustable
- distance between jets adjustable 
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Measured X-ray Spectra

One jet vs double jet
(3 shot average)

Double jet:
2nd jet density
(3 shot average)

Double jet:
Jet separation
(3 shot average)

estimated
6x1010 total  
photons ! 

Preliminary !

Source Photons/
shot

Pulse 
duration Bandwidth

This source 6x1010 50 fs 100 %

APS, 
Argonne 1x1010 100 ps 0.01 %

LCLS FEL 1011 30 fs 0.1 %
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X-ray Beam Profiles

𝛀 X-ray CCD X-rays

electrons

electron
energy

Asymmetric transverse bubble profile

Fx

Fy

• Asymmetric transverse bubble shape leads 
to asymmetric restoring forces 

• Evolution of electron trajectories into helical 
(starting from planar with 0 angular 
momentum)

C. Thaury et al., PRL (2013)



☕
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Outline

• Particle Accelerators and Laser-Plasma Acceleration (LPA) 

• Applications of Laser-Plasma Accelerators 

• Laser-driven X-ray Sources 

• Challenges and New Research Directions 

• Next-generation hybrid accelerators 

• Next-generation laser-plasma accelerators 

• Summary
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Next-Generation Storage Rings: 
LPA Injectors & Ultrashort Bunches

European Synchrotron Radiation 
Facility (ESRF), Grenoble• Electron bunch circulating in storage ring increase: 

• repetition rate (average power of light sources) 
• energy efficiency 
• control over beam parameters 
• feed multiple experiments/users at the same time  

• Common wisdom: “Ultrashort bunches can only be generated by and used in 
single-pass linear accelerators”

e- transfer

TW laser

10 Hz
Linac: 5000 mm

7 MHz

5 mm cell

times
M

Plasma

Photons
D Diagnostics (KIT inside)

D

LPA

fs
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cSTART Ring @KIT 
non-linear linear accelerator (NL-LINAC, nonLINAC?) 

2024: TDR 
Technical design report 
2026: Assembly 
2027: Commissioning

e- transfer

TW laser

10 Hz
Linac: 5000 mm

7 MHz

5 mm cell

times
M

Plasma

Photons
D Diagnostics (KIT inside)

D

LPA

fs

Unique storage ring 
Compact (14 m diameter), energy efficient 
Large acceptance of electron energies (~4%) 
Lattice to store ultrashort electron bunches (<100 fs) 
Testbed for widely unexplored accelerator physics 
Prototype for future accelerator concepts 

First injection of laser-plasma electron bunches 
future hybrid LPA - RF accelerator 
Combination of LPAs and complex electron beam optics 
Testbed for LPA experiments in storage rings 

First storage ring for ultrashort bunches 
Storage of <100 femtosecond electron bunches  
(similar to LINACs, 2-3 orders of magnitude shorter than conventional rings) 

Research and Applications 
Study of non-equilibrium dynamics of fs bunches 
Study and manipulation of longitudinal phase space 
Advanced turn-by-turn high-repetition rate diagnostics 
Potential for next-generation of light source with transformative impact
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LPAs & cSTART

-6 -4 -2 0 2 4 6
X[m]

-12

-10

-8

-6

-4

-2

0

Y[
m]

Beam 
dump

LPA-2 
diagnost

45°
 bend 
OFF

LPA-2
Pulses  

1 − 20 fs
QA QB  
LPA-2

45°
 bend 
OFF

45°
 bend 
ON

LPA-1

Injection 
septum

Injection 
kicker

LPA - 2
Injection through de-energized dipole magnet 
3/4 circulation 
Full LPA energy spread & charge 
Ultrashort bunches

LPA - 1
Injection through transfer line & septum 
Full circulation  
<1% dE/E ; lower charge 
<50 fs bunches
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Laser-Plasma Accelerator as Injector 
for Storage Ring 

• Stable, reproducible generation of  
• 50-90 MeV electrons,  
• dE/E < 4%,  

• transverse emittance:  = 10 nm 
• 1 -10 Hz 

• fully remote controlled ; maximally automized (i.e., minimal manual adjustments/
operation) 

• different ring (LPA) operation regimes: 
• Short (<50 fs) sustained bunch circulation in ring (low alpha) (LPA-1) 

• LPA: High brightness e beam: dE/E <1%;  = 10 nm ; ~1-10 pC; few fs out 
of LPA 

• Maximum charge & acceptance (LPA-2) 
• LPA: dE/E <4%; Q = 100+ pC; variable bunch duration (few fs - tens of fs)

ϵ

ϵ
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LPA Injector: Simulations
Hydrogen-nitrogen gas mixture for localized 
ionization injection 
“One knob” tuning via N2 density 
Density down ramp to adjust dephasing length 
1.5 mm accelerator

D. Squires; N. Ray et al IPAC 2024

Electron beam parameters at target exit
Energy 50 - 90 MeV
Rep. rate 10 Hz
Energy spread (RMS) <2.7%
Bunch charge ~ 20 – 80 pC

80 pC -

20 pC -

30 pC/
1%BW

10 pC/
1%BW 

0 1.5 mm

75 MeV

55 MeV

65 MeV-
dE/E ~1.6%  
(MAD)
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First experiments performed at DESY (03./04. Sept. 2024) 
LPA Setup@KIT currently being designed, first experiments spring 2025

60

series of shots 1% dE/E; 5 pC

89.8 ±0.94 MeV

1.9% dE/E; 36 pC

3.8% dE/E;  
51 pC

90.3 ±1.76 MeV

89.7 ±3.4 MeV

N. Ray, J. Natal, A. Saw, D. Squires 
M.F. (KIT) 

S. Jalas, P. Winkler, J. Hörning, 
A. Maier group (DESY)

LPA Injector: First LPA Experiments
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cSTART: Injection & Storage of Ultrashort Electron Bunches

adapted from: 
Jankowiak A, Wüstefeld G.

Synchrotron Radiat. News  (2013)

BESSY II (VSR Upgrade)

sh
or

te
r b

un
ch

es

higher bunch current

expected stored bunch duration: <80 fs 
bunch charge: 1 – 100 pC (6.5 – 650 µA) 
 
compared to BESSY II: 
~30 times shorter bunches 
~10-100 x more current 

cSTART prototype experiments 
direct injection of ultrashort electron 
bunches 
circulation and manipulation of ultrashort 
bunches



Lack of compact sources for ultrashort (<100 fs) X-ray, EUV, THz- sources 
with high repetition rate 
Currently available: 
Ultrashort X-rays: XFELs (6): ~large facilities; expensive to build and operate 
Synchrotrons (~50 world wide): longer bunch durations, typically ~10-100 ps

62

cSTART: Motivation

LCLS XFEL, SLAC  
(2km long)

lcls.slac.stanford.eduwww.aps.anl.gov

APS Synchrotron  
Light Source (350m diameter)

cSTART 
(14 m diameter)
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D. Gonnella, SLAC

Pavg = 0.4 MW in beam!

single pass machine, beam gets 
dumped after each pass!  
=> ~3 GWh/year loss only in 
beam (not including klystrons, 
cooling, power efficiency, …)!

KARA (incl. building, labs, etc)

Motivation: X-ray Free Electron Lasers (XFELs)
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High Power THz Generation@cSTART

Coherent emission of THz radiation (cSR or undulator) 
Wavelength > emitting structure ⇒ intensity ∝ 𝑁2

courtesy: J. Steinmann

[Courtesy A.-S. Müller]

(simulation: incoherent)



65

Future Light Source I: 
Ultrafast High-field THz Radiation Source

cUR: coherent undulator radiation TR: transition radiation
cSR: coherent synchrotron radiation FEL: free electron laser

THz generated via coherent synchrotron/
undulator emission 
Ultrashort (few 100 fs) THz pulses 
High repetition rate 
Extreme electric fields  
33 MV/cm = 3.3 GV/m @10Hz 
10 MV/cm = 1.0 GV/m @6MHz 
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Future Light Source II: 
Ultrashort X-ray Pulses with High Average Power

www.aps.anl.gov lcls.slac.stanford.edu

APS Synchrotron 
Light Source

LCLS X-ray Free 
Electron Laser

X-rays generated via inverse laser-driven 
inverse Compton scattering 
Ultrashort (<100 fs) X-ray pulses 
High avg. photon flux (~2x1010 phot/sec) 
High photon energy (up to 200 keV) 
Compact, energy efficient machine
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Non-equilibrium Beam Physics@KARA 2.5 GeV Storage Ring

67

Bunch duration ~3 ps 
Fundamental accelerator physics study: microbunching instability 
Provides holistic understanding of non-equilibrium physics of short-
pulsed particle beams 
highly relevant also for other fields: plasma physics, inertial & magnetic 
confinement fusion, free-electron lasers, future light sources, … 
Currently limitation for high-current ultrashort bunches in storage rings

Funkner et al. Scientific Reports 13 (2023) 
doi:10.1038/s41598-023-31196-5 

M. Brosi, Dissertation

microbunching (bursting) instability
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cSTART Scientific Goals: Study of Ultrafast Beam 
Dynamics of Ultrashort Electron Bunches

M. Brosi, Dissertation

ultrafast, highly nonlinear beam dynamics: 
already significant dynamics within 1 turn 
even within 1 dipole bend!

Microbunching instability@KARA 
3 ps bunches

~500 turns

Superradiance @cSTART  17 fs bunches

turn 1: 6 psinitial bunch: 17 fs
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Outline

• Particle Accelerators and Laser-Plasma Acceleration (LPA) 

• Applications of Laser-Plasma Accelerators 

• Laser-driven X-ray Sources 

• Challenges and New Research Directions 

• Next-generation hybrid accelerators 

• Next-generation laser-plasma accelerators 

• Summary
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Future Particle Collider
• 10 TeV center of mass energy 

• One proposed incarnation: International Linear Collider (ILC)

length: 31-50 km!
(19 - 31miles)

International Linear Collider (ILC)LHC@CERN
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LWFA in the “Bubble” Regime

of the wake can therefore be expressed as !" ’ !g ! !etch,
where !g is the linear group velocity of light in a very
underdense plasma !2

p " !2
0; therefore !" ’ c#1!

3!2
p=$2!2

0%&. The fact that the phase velocity of a wake
excited by an intense laser was less than even the linear
group velocity of a laser was first discussed in [31]. The
distance that the trapped electrons travel until they outrun
the wave (dephasing length) is

 Ld ’
c

c! !"
R ’ 2

3

!2
0

!2
p
R: (4)

We find in numerous 1D, 2D, and 3D simulations that
the etching velocity and hence this dephasing estimate
works well for 2 & a0 & 2

!!!!
nc
n0

q
. The estimate for the upper

value of a0 is discussed later.
To illustrate the process of local pump depletion and its

relationship to photon deceleration [27], we plot the wave
number, kz$z%, of one component of the laser’s electric field
$Ex% after it has propagated through 0.18 cm of plasma for
three different laser intensities, a0 ' 1; 4; 10 in Fig. 2. For
the corresponding simulations in Figs. 2(a) and 2(b), a0 '
4 but the pulse length was 30 and 50 fs, respectively. For

 

FIG. 1. (Color) A sequence of 2-dimensional slices $x! z% reveals the evolution of the accelerating structure (electron density, blue)
and the laser pulse (orange). Each plot is a rectangular of size z ' 101:7 #m (longitudinal direction, z) and x ' 129:3 #m (transverse
direction, x). A broken white circle is superimposed on each plot to show the shape of the blown-out region. When the front of the laser
has propagated a distance (a) z ' 0:3 mm, the matched laser pulse has clearly excited a wakefield. Apart from some local modification
due to beam loading effects, as seen in (b) this wakefield remains robust even as the laser beam propagates though the plasma a
distance of 7.5 mm [as seen in (c) and (d)] or 5 Rayleigh lengths. After the laser beam has propagated 2 mm [as seen in (b)] into the
plasma, one can clearly see self-trapped electrons in the first accelerating bucket. The radial and longitudinal localization of the self-
trapped bunch is evident in part (c). After 7.5 mm the acceleration process terminates as the depleted laser pulse starts diffracting.

W. LU et al. Phys. Rev. ST Accel. Beams 10, 061301 (2007)

061301-4

Lu et al., PRSTAB (2007)

Required laser parameters:
• Laser pulse duration: < plasma period
• intensity: a0 > 3

• focus size: 

   => P > 100 TW !

kpw0 = 2 a0

• Short-pulse, high laser power (>100 TW) 
-> restricts usable driver laser technology 
     -> challenging to achieve high repetition rate 
     -> limiting LPA operation and its wide spread 

• Comparably low laser-to-electron beam energy conversion efficiency 
(instrinic, few percent) 

• Limited accelerating fields (few 10s of GV/m) 
• Highly nonlinear regime

mailto:mfuchs@slac.stanford.edu
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Parametric Laser-Plasma Acceleration (PEPA) 
A Fundamentally New Regime and Shift in Paradigm

• Parametric laser-plasma interactions near the quarter-critical plasma density

1J.F. Drake & Y.C. Lee, PRL (1973)   

• Stimulated Raman Scattering (SRS)1

• momentum conservation:

• energy conservation: 
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Parametrically-Excited Laser-Plasma Acceleration 
(PEPA)

a0 = 0.5 
density ~ ¼ ncr (kl/kp = 1.9)density << ¼ ncr (kl/kp = 20)

2D density snapshot
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Next-Generation Laser-Plasma Acceleration
• Demonstration of efficient electron generation in fundamentally new 

parametrically excited laser-plasma acceleration (PEPA) regime 

• Generation of bunches with charge of up to 10 nC (using 3 TW, 120 mJ laser) 

• 16% laser-to-electron beam energy conversion efficiency 

• Efficient plasma wave generation for laser with pulse length many plasma 
periods long! 
-> potential to explore different driver laser technology 

• Accelerating fields: 3 TV/m! 

• Laser-plasma interaction (plasma wave excitation, laser evolution) markedly 
different from LPI at lower densities (bubble regime)

PEPA: 
Bring some flavor to your life! 

To generate 3 TV-field with 9 V batteries:
Requires ~300 billion batteries (in series)
or a length of 15 million km 
(1/3 distance Earth to Mars) 
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Conclusions
• Tremendous progress in LWFA over the last two decades 

• first applications of LWFA electron bunches: lightsources (undulator, betatron, Thomson) 
• first applications of those lightsources 

• Field has become more mature, moving from proof-of principle experiments to first devices and 
applications 

• going from: hitting target with sledge hammer blindfolded to: hitting with an even bigger hammer while 
slightly peaking 

• Research community is vibrant and highly dynamic; game-changing new ideas are quickly implemented 
• New solutions directly applicable for industry and potential startups 

• Still many challenges ahead: improve beam quality for: 
• compact light sources, table-top XFELs, future particle colliders, applications 

• New projects @KIT:  
• cSTART ring, next-generation plasma accelerators, compact light sources, diagnostics 

• Also: Compact sources for medical applications: 
• less radiation-toxic cancer treatment   
• higher resolution imaging with less dose



☕


