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Plasma as an accelerator

meter-scale sub-millimeter-scale
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10-40 MeV/m - 10-100 GeV/m

A Conventional accelerators are large and expensive
A Ex. CERN: $8 billion to construct and $1 billion pro year to maintain

A Conventional accelerators cannot achieve better than a few 10 MV/m or
material breakdown will happen

ALaser plasma acceleration enabl es
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Plasma as an accelerator
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Storage ring
circumference;
561.6 meters

Length of plasma:
4 centimeters

Astra Gemini Laser Diamond light source
2 GeV electron beam ~ $4 M 3 GeV electron beam ~ $400 M
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What Is a plasma

N

AThe Afourth state of mattero

solid liquid gas plasma
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Plasma Is ubiquitous In nature

AThe fifourth st e

A More than 99% of the visible
universe is plasma

ionosphere ~ lightening



Plasma on earth

AThe ffourth st at tter o

A More than 99% of the visible
universe is plasma

A If you heat a gas enough, it
becomes a plasmad a glowing,
electrified 'soup’ of particles.

tokamak plasma
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Plasma on earth

AThe Afourth state of matter 0

A More than 99% of the visible
universe is plasma

A If you heat a gas enough, it
becomes a plasmad a glowing,
electrified 'soup’ of particles.

A Definition:

A plasma is a quasi-neutral gas
of charged and neutral particles
which exhibits collective behavior. Adding heat




Quasi -neutrality of plasma

A Debye shielding and Debye length

The plasma has abillity to "screen"”
out electric fields. Charges rearrange
themselves to cancel out external
electrical field. ﬂ :
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Collective behaviors of plasma

A Fundamental criterion of plasma v e _ 1| p 0l

1. Many particles within screening distance
2. Individual collisions less important than collective field

A Oscillation at plasma frequency

- 4 + - - + + -
. x

. / L7,

7 ’

where Plasma wavelength /i Z
¢ delectron density ‘v ¢ % 71 7
_ e 0%

Qjelectron charge I B 7 Z 2

, : 77 # /

a dmass of elect_ro.n.densny g 7 /

T dVacuum permittivity
A —— ———— . e

Treat plasma as a conducting fluid



electron plasma wave

Plasma waves
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A Dispersion relations for J
3 fundamental waves in w
uniform, unmagnetized
plasmas:
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Light waves In plasma

A The dispersion relation of EM wave in a plasma
11 Qo

(with relativistic correction)
A Index of refraction of plasma | | \/ 1
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Laser -induced plasma

Optical-field ionization

photoionization

multiphoton tunneling over-barrier
ionization ionization ionization
"y UV photon vy> 1 7K1
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Laser
_(TT. 1/2 example: A=1 um emrde :
v = (Ui /2Up) xe: 1013 Wicm2 ionization heating

He: 10 —10'> W/cm?
U;: ionization potential

Up: ponderomotive potential



Laser -induced plasma
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ICF: inertial confinement fusion (laser fusion) (LLNL, USA)
MCF: magnetic confinement fusion (ITER, France)



Fundamental of laser -plasma interaction
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A Normalized vector potential A 'O A A
B 100 where ¢ dpeak vector potential
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agyacuum light speed
A Interaction of electron with intense laser field

¢ L p (non-relativistic) W p (relativistic)
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Ponderomotive force

A Intense light can push charged particles toward regions of lower intensity
(optical pressure)

¢ ——n{0) —A ™ (WD)

| t 6 s a n o +aVvenagea farce,exetted lnye
Inhomogeneous oscillating EM field on charged particles.

A Mass difference between an electron and an ion
A lons are over 1800 heavier than electrons
AAn intense | asero6s ponderomotive force i
A The massive ions barely move, creating a stationary uniform background

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



The birth of laser plasma accelerator

VoLUME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JuLy 1979

Laser Electron Accelerator

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

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



Plasma wake
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Laser -wakefield accelerator (LWFA)

VoLUME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JuLy 1979

Laser Electron Accelerator

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

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

JRVAY

_A™er The problem: In 1979, lasers
were either high-energy (but
long-pulsed) or short-pulsed (but
o very weak).




Similar concept using electron beams

VOLUME 54, NUMBER 7 PHYSICAL REVIEW LETTERS 18 FEBRUARY 1985

Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma

Pisin Chen®
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

and

J. M. Dawson, Robert W. Huff, and T. Katsouleas

Department of Physics, University of California, Los Angeles, California 90024
(Received 20 December 1984)

A new scheme for accelerating electrons, employing a bunched relativistic electron beam in a
cold plasma, is analyzed. We show that energy gradients can exceed 1 GeV/m and that the driven
electrons can be accelerated from yomc? to 3ygmc? before the driving beam slows down enough to
degrade the plasma wave. If the driving electrons are removed before they cause the collapse of the
plasma wave, energies up to 4y§mc? are possible. A noncollinear injection scheme is suggested in
order that the driving electrons can be removed.

Laser -driven acceleration Beam-driven acceleration
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Optical amplification

spontaneous emission

absorption
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simulated emission

spontaneous emission

stimulated emission
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A Amplification conditions:

N>>N; (population inversion)



LASER
SLight AmEIification bz Stimulated Emission of Radiationz

A Alaser is a device that emits light through a process of optical amplification based
on the stimulated emission.

A Three principal parts of a laser:
(1) gain medium (2) pumping source (3) optical cavity

Total reflective mirror Partial reflective mirror (output coupler)

HWMI gain medium W |]/\/\/\/\/\/*

-

pumping source

A Functions of the optical oscillator
1. confine the laser propagation
2. limit the laser frequency
3. increase the effective length of the amplifier



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

MNMWNVWMWWV\NVV\A{V\NVV\J\]\/NWVM 10 frequency components in random phase



Random
phases
of all
laser
modes

Locked
phases
of all
laser
modes

Mode-locking: fs pulse

out of outof out of
phase phase phase

Time =——b

out of in out of
phase phase! phase

Time =—b

)

Intensity vs. time

Random Light bulb
phases

LANMANNMANA,

Time —»

Intensity vs. time

Locked Ultrashort
phases pulse!

Time —»



Timescales of ultrafast lasers

ltds now routine to generate femtlilOékd ond 1@
Mega (M)  10%*°

Computer Camera One Age of Human existence Giga (G) 1O+9
10 fs laser  clock cycle  flash month pyramids Tera (T) 10+12
ulse 1 second Age of universe
1 l . l l B Peta (P) 1015
v
- B — o s — - Exa (E) 10+18
1015 1012 10° 10°% 10° 10° 10% 10 109 10%? 10%> 108
4 . . 3
1 femtosecond T\ 1 picosecond Time (seconds) mIIII (m) 10

micro () 10

3000 11 1 :30femtosecond nano (n) 10°

' -12
The generation of such pulses was motivated by the need to pico (p) 10 "
measure ps and fs events in chemistry, physics, and engineering femto (f) 10
that occur on such timescales. atto (a) 10-18




We learned how generate ultra -intense pulses in 1985

Discovery of Ti:sapphire crystal Chirped -pulse amplification (CPA)
(titanium-doped sapphire, AIFOF:Ti39)
(i broad emission spectrum: ~650-1000 nm We can stretch the
) pulse by a factor of

JRRA &

stretcher | 10,000, amplify it, and

: then recompress it!
t \ >

Amplifier

1.0+

0.8}
- >
‘; 0.6+
5 Compressor |
S 04F
E

0.2} : e € oty

absorp“on ﬂuorescence Gérard Mourou Donna Strickland
Or 1 | 1 | Prize share: 1/4 7e share: 1/4

0 >0 o 7o 800 900 2018 Nobel Prize in Physics

Wavelength, nm




How to generate an ultra -intense laser pulse

CPA - chirped pulse amplification

Short light pulse The pulse is stretched,
from a laser. which reduces
its peak power.

Grating pair, Amplifier
pulse stretcher

©Johan Jarnestad/The Royal Swedish Academy of Sciences

DU

The pulse is compressed
and its intensity increases
dramatically.

The stretched
pulse is amplified.

Grating pair,
pulse compressor




Focused Intensity (W/cm?)

Laser intensity progress

A
20 Nonlinear QED: E-e'A.=2-m,c?
10—+
Zettawatt Laser
/
- hv. Av,_ P g
10T Laser Intensity Limit: | =C—‘§ - F"@:% -
|___(percm? of laser medium) { _______
20 Relativistic Optics:  V,sc ~C
1 0 —1— (large ponderomotive pressures)
Bound Electrons: E =
15
10—+ T
¢ mode-locking Chirped pulse amplification
10 (CPA)
10—+ ~€— Q-switching
: | | | |
1960 1970 1980 1990 2000 2010

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
O pd p 1T Wicm?
at CoReLS, South Korea
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100 TW Laser System at NCU

High-Field Physics and Ultrafast Technology Laboratory

Exploring the Interaction between Ultra-intense Electromagnetic Field and Matter

L N

A 100 TW beamline
B A Pulse energy: 3
% A Pulse duration: 33 fs
2 A Central wavelength: 810 nm
Nl
A Peak power: 100 TW
A Repetition rate: 2 shots/second

A Pulse energy: 500 mJ
A Pulse duration: 34 fs

1 A Central wavelength: 805 nm

A Peak power: 15 TW

A Repetition rate: 10 shots/second




Laser and Experimental Areas
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Block diagram of the system

Recent upgrade

Original setup SLM test module

double CPA + XPW module
oscillator — ollise stretcher 1 fwst-s’_cqge compressor
selector amplifier
|
v
nd- S-pass
XPW — stretcher 2 =eCo d_g.tage — Pas —, vacuum
amplifier amplifier spatial filter
|
| SLM : 12-TW 5 vacuum
: . 5-pass amplifier compressor _
-------------- experimental
stations
100-TW vacuum

" 5-pass amplifier compressor



Experimental stations at NCU L310

astrophysics,
High-repetition rate
electron accelerator

and its applications

Proton-boron
interaction

Chih-Hao Pai

and its applications

Basic laser-plasma
interactions

Chen-Kang Huang

| 1 [—L-—m-;—ﬁr_l:_an&—l HH . i )
| I I X . | p
o] — e et —
= 3 2 D 1
: S 1
.
E —~ 4

Station 4 Station 3 Station 2 Station 1
Laboratory Proton accelerator Electron accelerator Advanced light source,

High -harmonic
generation (HHG) and
its applications

Hsu-hsin Chu




How strong is a 100 -TW laser

= focused to 50um O:

A Focusing a 100-TW of power into a
few micrometer spot results in an | =102 W/cm?
intensity of order 10 W/cm?

A The electric field strength
corresponding to this intensity Is
about 10%° V/m

A This is equivalent to focusing all of
the sunlight incident on the earth
onto a single human hair!




How strong can a laser's field be

Laser pointer X pt  Tesla
Geomagnetic field xpTm T
MRI machine Xp®T

Superconducting magnet X pmnt



Ultrafast lasers for scientific research

resolving
chemical reaction | nanometer
> fabrication
. . x-ray laser and
probing material high harmonics _
structure | flash bio-imaging
Y ‘|‘
free-electron laser | _ _
electron »| e'e” plasma in astrophysics
hard x-ray by inverse k— accelerator positron source
Compton scattering 1
terahertz-infrared 100-TW laser b -
radiation PW laser » plasma jets in astrophysics

A 4

probing material L 4 R . . :
composition » probing high-density plasma
proton accelerator
_ v g isotope conversion
medical proton
therapy v
: spallation | probing magnetic
studylng nuclear | neutron source "| materials
physics




The Laser Wakefield Accelerator (LWFA)

Trapped

electrons
O
—p

Intense laser

Instantaneous
electron density

The phase velocity of the plasma wave (the wake) is equal to the group velocity
of the driving laser

(@] — ooeg’a‘-: Al ]V/m fort p 1 cmsd O p TT@&V/m



Wakefield excitation: 1D fluid model

A Low intensity limit (& L p) for a gaussian pulse:
2 . a(¢) = apexp (—(?/2LE) cos (Koz — wot)
(Goom)oms
acz p P 4
A 1D nonlinear fluid theory which a=0.3 ¢ =2~ gt a=2

works for &  p = I -
524 1+a2 \ /7 ™ /\\/\\ / 9 °\\//\\IM
— = k2~2 p(l_,}ﬁ ) -1 | ' o) , , . .
p

2 2 ; ; ; \ ; ; ; : . . . -
¢ (1+ ¢) e 38 4 25 0 o5 1 25 -2 -15 -1 05 0 05 1
O o 1
0.02} ] 05 |
laser ¢ E/Eo ¢ E/E,
pulse w” w”
-0.02} 4 -0.5 ]
electron
density M5 = 45 1 05 0 05 25 = e =i 05 0 D&
0.04 T v v v v - ' - 3
ion density /\ 0.02} on/ny 1 2 -
e £ -
\/ \/ s 7 5 | on/n,
-0.02} 1 0
0 ——5s = =is -1 05 0 05 1 V—D=85 =2 -5 1 05 0 05 1
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Wakefield excitation: 3D particle -in-cell simulation

A Simulation using 3D particle-in-cell (PIC) code OSIRIS
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S. M. Hooker, Nat. Photonics 7, 775 (2013)



Probing plasma wakefield

Distance (um)
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AFemtosecond electron beams from
LWFA as the probe.

APlasma wakefield can strongly bend
the transversing electron beam.

Relativistic
electron beam S

25-TW
laser

2-mm gas jet

Probing plasma wakefield

(a) -0.15 ON/N, 0.2
HE

(b)

Lanex screen

5,t,+3.1ps  primary wake

Ce:YAG e irinr
screen @ ' ’ .t
Plasma : sefconda:ry wake:a
wake Dipole 7,t,+4.6 ps
magnet [ "TT L L1
4-TW ' s - . :
laser 0 133 266 399 532 665 0 133 266 399 532 665

z (pm)

z (pm)

Physical Review Letters 119, 064801 (2017).

Plasma Physics and Controlled Fusion 60 (4), 044013 (2018).
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Observing nonlinear plasma  wakefield
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y % Ce:YAG Screen
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Y. Wan et al., Nat. Phys. 18, 1186 (2022)
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Surf on the plasma wave

a b c

‘Whitewater' of
plasma electrons

Electrons

‘ «~\Laser pulse
L

hang ten on " EEEPEIREFREN
F. o oce I ] ... electrons energetic
P ~ beam
!

—

laser wake

Thomas Katsouleas

Electrons can be
accelerated by making

them surf a laser-driven | - :
plasma wave. High R - d Trapped electrons gain

and now the production N S AR energy by maintaining an

of well-populated, 5 YR, | o : : :
high-quality beams, _ | A, op.tlmal phase relationship
signal the potential of 3y B : wi t h P | as ma W a
this table-top technology. z field

- -

Plasma wake potential

5
% _,
X L]
]
I \
1 1
i 1
'
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Injection at right phase!

T. Katsouleas, Nature 431, 515 (2004)



The blow -out (bubble) regime

] ® G

A When the drive beam is strong enough to
completely expel all the electrons near the ; |
focal spot 8 1

' I | B | T [ R

laser driver -

A A preferred regime for high-quality electron
acceleration:
U Linear and large longitudinal field
U Linear focusing field [
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Experimental demonstration of LWFA

Mono-energetic electron bunch
observed in the blow-out regime

Electron
energy spectra
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Experimental demonstration of PWFA
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Injection mechanisms

AFor a surfer to ficatcl
to get up to speed before the wave arrives

A we must find a way of accelerating electrons
up to the correct speed for them to be
trapped by the wave and accelerate

A Why is injection so important?
U Injection strongly influences the performances of the accelerators:
repetition rate, charge, beam quality (emittance, energy spread)

U In a laser plasma accelerator, it is important to decouple the injection from the
acceleration mechanism

A Difficulties
U Injection of a short bunch
U Synchronization between laser and injection beam



Self-injection

Nonlinear wave breaking

A When 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.

A In the blowout (bubble) regime, these electrons
are captured at the rear of the ion cavity at nearly
the same time and location

Y g u-menoenergetic electron beams




Self Injection

U Requires large amplitude wakefield o
high laser intensity

1/2
ap = 0.85\[um] (1[1018W/cm2]) > 4

Y

U Requires high plasma density o
slow plasma wave phase velocity

U Sub-micron emittance observed from
self-trapping



