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Plasma as an accelerator

ÂConventional accelerators are large and expensive 

ÅEx. CERN: $8 billion to construct and $1 billion pro year to maintain

ÂConventional accelerators cannot achieve better than a few 10 MV/m or  

material breakdown will happen

ÂLaser plasma acceleration enables development of ñcompactò accelerators

meter-scale

10-40 MeV/m 10-100 GeV/m

sub-millimeter-scale



Plasma as an accelerator

Diamond light source

3 GeV electron beam ~ $400 M

Astra Gemini Laser

2 GeV electron beam ~ $4 M

Storage ring

circumference:

561.6 meters

Length of plasma:

4 centimeters
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What is a plasma

ÂThe ñfourth state of matterò 

solid liquid gas plasma



Plasma is ubiquitous in nature

ÂThe ñfourth state of matterò 

ÂMore than 99% of the visible 

universe is plasma 



Plasma on earth

ÂThe ñfourth state of matterò 

ÂMore than 99% of the visible 

universe is plasma

Â If you heat a gas enough, it 

becomes a plasmaða glowing, 

electrified 'soup' of particles.



Plasma on earth

Adding heat

ÂThe ñfourth state of matterò 

ÂMore than 99% of the visible 

universe is plasma

Â If you heat a gas enough, it 

becomes a plasmaða glowing, 

electrified 'soup' of particles.

ÂDefinition: 

A plasma is a quasi-neutral gas 

of charged and neutral particles 

which exhibits collective behavior. 



Quasi -neutrality of plasma

ÂDebye shielding and Debye length

The plasma has ability to "screen" 

out electric fields. Charges rearrange 

themselves to cancel out external 

electrical field.

‗
‭ὯὝ

ὲὩ
ᶿ
Ὕ

ὲ

In extreme conditions,  

quasi-neutrality can fail 

Electron

Coulomb explosion

ion



Collective behaviors of plasma

ÂFundamental criterion of plasma

Â Oscillation at plasma frequency 
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1. Many particles within screening distance

2. Individual collisions less important than collective field

Treat plasma as a conducting fluid 
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άȡmass of electron density

‭ȡVacuum permittivity
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Plasma wavelength



Plasma waves



Waves in plasma

Â Dispersion relations for 

3 fundamental waves in  

uniform, unmagnetized 

plasmas:

electron-plasma 

wave

Transverse:

electromagnetic  wave

Longitudinal:

electron-plasma  wave

ion-acoustic wave
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Light waves in plasma

ÂThe dispersion relation of EM wave in a plasma

Â Index of refraction of plasma  

ÂCritical density 
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EM waves cannot propagate in a plasma when ʖ ‫ .
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Laser -induced plasma

Optical-field ionization

Ὗ

Laser 

electric field

photoionization

UV photon



Laser -induced plasma



Fundamental of laser -plasma interaction

Â Normalized vector potential 

Â Interaction of electron with intense laser field
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ὥḺρ  (non-relativistic) ὥ ρ  (relativistic)

figure-8 motion (for linear polarization)
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ὃȡpeak vector potential

Ὁȡpeak electric field

ὧȡvacuum light speed

where



Ponderomotive force

Â Intense light can push charged particles toward regions of lower intensity

(optical pressure)

Â Mass difference between an electron and an ion

ÅIons are over 1800 heavier than electrons

ÅAn intense laserôs ponderomotive force instantly expels electrons

ÅThe massive ions barely move, creating a stationary uniform background

Â Ponderomotive force is the main driving force of laser plasma accelerators

ἐ ᶯὉ άὧᶯὥ

Itôs a nonlinear, time-averaged force exerted by 

inhomogeneous oscillating EM field on charged particles.



The birth of laser plasma accelerator

John DawsonToshiki Tajima



Plasma wake

Intense laser pulse

Driving force

Laser-driven 

plasma wake

duck-driven 

water wake
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Laser -wakefield accelerator (LWFA)

John DawsonToshiki Tajima

‗
ὧ†

‗ ϳς“ὧ‫
σȢστρπ

ὲ ÃÍ
‘Í

Plasma wavelength:

Pulse duration: †

The problem: In 1979, lasers 

were either high-energy (but 

long-pulsed) or short-pulsed (but 

very weak).



Similar concept using electron beams

Ѹ

Laser -driven acceleration Beam-driven acceleration 



Optical amplification

ÂAmplification conditions: 

N2>N1 (population inversion)

N2

N1

N2

N1

spontaneous emission

absorption

simulated emission



LASER 
(Light Amplification by Stimulated Emission of Radiation)

Â A laser is a device that emits light through a process of optical amplification based 

on the stimulated emission.

Â Three principal parts of a laser: 

(1) gain medium (2) pumping source (3) optical cavity 

Â Functions of the optical oscillator

1. confine the laser propagation

2. limit the laser frequency

3. increase the effective length of the amplifier

Total reflective mirror Partial reflective mirror

gain medium

pumping source

(output coupler)



How to generate an ultrafast laser pulse

2 frequency components in phase

3 frequency components in phase

4 frequency components in phase

10 frequency components in phase

10 frequency components in random phase



Mode-locking: fs pulse

Random 

phases

Light bulb

Intensity vs. time

Ultrashort 

pulse!

Locked 

phases

Time

Time

Intensity vs. time



Timescales of ultrafast lasers

The generation of such pulses was motivated by the need to 

measure ps and fs events in chemistry, physics, and engineering 

that occur on such timescales.

1 second

10 fs laser 

pulse Age of universe

Time (seconds)

Computer 

clock cycle

Camera 

flash

Age of 

pyramids

One 

month
Human existence

10-15 10-12 10-9 10-6 10-3 100 103 106 109 1012 1015 1018

1 femtosecond 1 picosecond

Itôs now routine to generate femtosecond pulses in a university lab.

3000 :1   1 :30 femtosecond

Kilo (k) 10+3

Mega (M) 10+6

Giga (G) 10+9

Tera (T) 10+12

Peta (P) 10+15

Exa (E) 10+18

milli (m) 10-3

micro (µ) 10-6

nano (n) 10-9

pico (p) 10-12

femto (f) 10-15

atto (a) 10-18



We learned how generate ultra -intense pulses in 1985

Compressor

Amplifier

Stretcher

t

t

We can stretch the 

pulse by a factor of 

10,000, amplify it, and 

then recompress it!

Discovery of Ti:sapphire crystal 

(titanium-doped sapphire, AlϜOϝ:Ti³ϕ)
ü broad emission spectrum: ~650-1000 nm 

Chirped -pulse amplification (CPA) 

2018 Nobel Prize in Physics



How to generate an ultra -intense laser pulse



Laser intensity progress

1960

Invention of laser 

1962

Q-switching technique

1963

Mode-locking technique

1985

Chirped pulse amplification (CPA)

1986

Ti:sapphire used as gain medium 

2021

Highest laser intensity achieved

Ὅ ρȢρ ρπW/cm2

at CoReLS, South Korea 



Ultrahigh Intensity Laser Facilities Worldwide

2020
Peak power > 10 TW

Taiwan, NCU, 100 TW & 20 TW



100 TW Laser System at NCU

High-Field Physics and Ultrafast Technology Laboratory
Exploring the Interaction between Ultra-intense Electromagnetic Field and Matter 

100 TW beamline

ÁPulse energy: 3 J

ÁPulse duration: 33 fs

ÁCentral wavelength: 810 nm

ÁPeak power: 100 TW

ÁRepetition rate: 2 shots/second

15 TW beamline

ÁPulse energy: 500 mJ

ÁPulse duration: 34 fs

ÁCentral wavelength: 805 nm

ÁPeak power: 15 TW

ÁRepetition rate: 10 shots/second



Laser and Experimental Areas

Laser area

Experimental area



Block diagram of the system

oscillator
pulse 

selector
stretcher 1

first-stage 

amplifier
compressor

XPW stretcher 2
second-stage 

amplifier

5-pass 

amplifier

vacuum 

spatial filter

12-TW 

5-pass amplifier

100-TW 

5-pass amplifier

vacuum 

compressor

vacuum 

compressor

experimental 

stations

SLM 

Recent upgrade         

double CPA + XPW module 
Original setup SLM test module



Experimental stations at NCU L310

Station 1

Advanced light source,

High -harmonic 

generation (HHG) and 

its applications

Station 2

Electron accelerator 

and its applications ,

Basic laser-plasma 

interactions

Station 3

Proton accelerator   

and its applications ,

Proton-boron 

interaction

Station 4

Laboratory 

astrophysics, 

High-repetition rate 

electron accelerator

PI PI PI

Chen-Kang Huang Hsu-hsin ChuChih-Hao Pai



How strong is a 100 -TW laser

ÂFocusing a 100-TW of power into a 

few micrometer spot results in an 

intensity of order 1021 W/cm2

ÂThe electric field strength 

corresponding to this intensity is 

about 1013 V/m

ÂThis is equivalent to focusing all of 

the sunlight incident on the earth 

onto a single human hair!
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How strong can a laser's field be 

ρͯπ ρπ T

ρͯππT

ρͯπ T

ρͯȢυT

ρͯπ  Tesla

ρͯπ ρπT

Magnetar ( ) 

Focused intense laser

Superconducting magnet 

MRI machine 

Laser pointer

Geomagnetic field



Ultrafast lasers for scientific research



The Laser Wakefield Accelerator (LWFA)

Ὁ ωφὲ ÃÍ  V/m
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The phase velocity of the plasma wave (the wake) is equal to the group velocity

of the driving laser

ὺ ὧρ
‫

‫

Trapped 

electrons

Instantaneous 

electron density

Intense laser
Ὁ Ὁ

Ὁ

for ὲ ρπ cm-3, Ὁ ρππ GV/m



Wakefield excitation: 1D fluid model

Â Low intensity limit (ὥ Ḻρ) 

Â 1D nonlinear fluid theory which  

works for ὥ ρ

for a gaussian pulse:



Wakefield excitation: 3D particle -in-cell simulation

S. M. Hooker, Nat. Photonics 7, 775 (2013)

Â Simulation using 3D particle-in-cell (PIC) code OSIRIS

ὥ πȢυ ὥ τȢπ
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ponderomotive force
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Probing plasma wakefield

N. H. Matlis et al., Nat. Phys. 2, 749 (2006)

simulation

experiment



Probing plasma wakefield

ÁFemtosecond electron beams from 
LWFA as the probe.

ÁPlasma wakefield can strongly bend 
the transversing electron beam.

Physical Review Letters 119, 064801 (2017).

Plasma Physics and Controlled Fusion 60 (4), 044013 (2018).



Observing nonlinear plasma wakefield

Y. Wan et al., Nat. Phys. 18, 1186 (2022)



Surf on the plasma wave

T. Katsouleas, Nature 431, 515 (2004)

Trapped electrons gain 

energy by maintaining an 

optimal phase relationship 

with plasma waveôs electric 

field.  

Injection at right phase!



The blow -out (bubble) regime 

ÂWhen the drive beam is strong enough to 

completely expel all the electrons near the 

focal spot  

Â A preferred regime for high-quality electron 

acceleration: 

üLinear and large longitudinal field

üLinear focusing field

üHigh efficient ( 2ͯ0%)

ÅWe can estimate the bubble size (ὶ) by balancing the ponderomotive for and 
space charge force of the ionic bubble
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Experimental demonstration of LWFA

Mono-energetic electron bunch 

observed in the blow-out regime



Experimental demonstration of PWFA

M. Litos et al., Nature 515, 92 (2014)



Injection mechanisms

ÂWhy is injection so important?

üInjection strongly influences the performances of the accelerators:   

repetition rate, charge, beam quality (emittance, energy spread)

üIn a laser plasma accelerator, it is important to decouple the injection from the 

acceleration mechanism

ÂDifficulties

üInjection of a short bunch 

üSynchronization between laser and injection beam

ÅFor a surfer to ñcatch a waveò, he must swim 

to get up to speed before the wave arrives

Åwe must find a way of accelerating electrons 

up to the correct speed for them to be 
trapped by the wave and accelerate 



Self -injection

ÂWhen the plasma wakefield reaches the wave-

breaking limit , its structure becomes highly non-

linear, allowing background electrons to be self-

injected into the accelerating phase.

Â In the blowout (bubble) regime, these electrons 

are captured at the rear of the ion cavity at nearly 

the same time and location

Ÿ quasi-monoenergetic electron beams

Nonlinear wave breaking

Separatrix :



Self injection

ü Requires large amplitude wakefieldð

high laser intensity

ü Requires high plasma density ð

slow plasma wave phase velocity

ü Sub-micron emittance observed from 

self-trapping


