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Research Overview
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Laser-driven accelerators, ultracompact light sources & applications

- Laser-wakefield acceleration 

- Compact light sources 

- Next-generation laser-plasma accelerators

Ultrafast and Nonlinear X-Ray Science and Applications
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X-ray and optical wave mixing
T. E. Glover1, D. M. Fritz2, M. Cammarata3, T. K. Allison4, Sinisa Coh5,6, J. M. Feldkamp2, H. Lemke2, D. Zhu2, Y. Feng2,
R. N. Coffee2, M. Fuchs7, S. Ghimire7, J. Chen7,8, S. Shwartz8, D. A. Reis7,8,9, S. E. Harris8,10 & J. B. Hastings2

Light–matter interactions are ubiquitous, and underpin a wide range of basic research fields and applied technologies.
Although optical interactions have been intensively studied, their microscopic details are often poorly understood and
have so far not been directly measurable. X-ray and optical wave mixing was proposed nearly half a century ago as an
atomic-scale probe of optical interactions but has not yet been observed owing to a lack of sufficiently intense X-ray
sources. Here we use an X-ray laser to demonstrate X-ray and optical sum-frequency generation. The underlying
nonlinearity is a reciprocal-space probe of the optically induced charges and associated microscopic fields that arise
in an illuminatedmaterial. Towithin the experimental errors, themeasured efficiency is consistent with first-principles
calculations of microscopic optical polarization in diamond. The ability to probe optical interactions on the atomic scale
offers new opportunities in both basic and applied areas of science.
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Anomalous nonlinear X-ray Compton scattering

Matthias Fuchs1,2*, Mariano Trigo2,3, Jian Chen2,3, Shambhu Ghimire2, Sharon Shwartz4,

Michael Kozina2,3, Mason Jiang2,3, Thomas Henighan2,3, Crystal Bray2,3, Georges Ndabashimiye2,

Philip H. Bucksbaum2, Yiping Feng5, Sven Herrmann6, Gabriella A. Carini6, Jack Pines6, Philip Hart6,

Christopher Kenney6, Serge Guillet5, Sébastien Boutet5, Garth J. Williams5, Marc Messerschmidt5,7,

M. Marvin Seibert5, Stefan Moeller5, Jerome B. Hastings5 and David A. Reis2,3
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Particle Acceleration in a Nutshell
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Particle Accelerator in a Nutshell

Photo: T. Seggebrück
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Outline

image: wookiepedia.org

high-power lasers

image: DESY

plasma accelerators

Image: DALL-E

relativistic electron bunches 

Bielawski et al. Sci Rep (2019)

ultrafast X-ray pulses

image: MF

http://wookiepedia.org
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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 



matthias.fuchs@kit.edu Matthias Fuchs

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
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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
few-cm 3D simulations: millions CPU 
hours, tens of TB data

 

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
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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 

e
n

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

Diocles laser (Univ. Nebraska - Lincoln)1 fs

1 s
'

8min

age of the universe
.

106 x

100 TW System@KIT (under commissioning)

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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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 + γ2
Θ

2
)

 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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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

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

• Manipulate betatron amplitude through controlled off-axis electron 

injection 

• For few-cycle laser pulses: transverse asymmetry of bubble shape 

• Asymmetry depends on sign of leading laser electric field (CEP) 

• Laser depletion and evolution -> oscillating sign of leading electric field 

• => transverse oscillation of bubble 

• Transverse oscillation of high-plasma density peak at back of bubble 

from which electrons are self-injected (off-axis injection) 

• To be avoided for high-brightness electron beam generation 
(B Lei, et al. - PhysRev E 2024)

bubble laser field

E. N. Nerush and I. Y. Kostyukov. PRL (2009).

off-axis
injection
& betatron
oscillation

Control and Enhancement of the 
Betatron Oscillation Amplitude
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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

My V Ti Co Fe Zn Cu Zr Mo Ag Sn
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compare structured profile to flat-top jets
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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

! 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
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Injection 
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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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sdfadfsd

LinearFit1

Slope: 2.15 e-16 pC/(1% B.W. * cm-3)

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
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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)
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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
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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 ∝ &2

courtesy: J. Steinmann

[Courtesy A.-S. Müller]

(simulation: incoherent)
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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
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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

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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Next-Generation Laser-Plasma Acceleration: 
A Novel 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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Novel Acceleration Regime:  
Parametrically-Excited LPA (PEPA)

Experimental Setup

P. Zhang et al. (under review)

Experimental Results

• ~ 10 nC !! (100-1,000 x more than typical bubble LWFA bunches) 

• ~ 16 % energy conversion efficiency laser to electron beam !! 

(bubble: max: 4% [Streeter et al., PRAB (2022)] )

5-shot average

Charge vs plasma density 

- laser: 120 mJ, 40 fs, a0 = 2.2 

(laser pulse duration many plasma periods long!) 

 

- gas target: 20 µm thick,  

                    up to 1/2 ncr (~8x1020/cm3) 
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(a0 = 1.7)

1Esarey , Schroeder, Leemans, Rev. Mod. Phys (2009)

Comparison to 1D ponderomotive  (assume Gaussian driver)1 

 

- accelerating field (relativistic wavebreaking field) 

            !! 

(  !!  ) 

- dephasing length:       

           

- max. energy:      

Erel =
a2

0 /2

1 + a2
0 /2

cmeωp

e
≃ 2.6 TV/m

Erel ≃ 1/3 Elaser

ld = πk2
l /k3

p = 3.2 μm

ΔW = eEzLd ≃ 8.3 MeV

e fParticle-in-cell simulation
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• wider angular spread below and 

above ncr/4   

• collimated beam at ncr/4
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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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µm-scale Accelerator for Radiotherapy

• Fundamentally new parametrically-excited laser-plasma acceleration regime: 9 MeV in (!) 3 µm  

(P. Zhang, …, MF under review Nature Communications) 

• Substantially relaxed laser requirements: can be driven by fiber laser 

• Intra-body radiotherapy: major reduction of collateral damage to healthy tissue 

• Low-cost, turn-key systems to fill gap of several 10,000s currently missing accelerators for radiotherapy 
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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


