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A map for laser applications in accelerators 
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What is a laser?

LASER: Light Amplification by Stimulated Emission of Radiation

population inversion



Energy diagram of lasers

quantum efficiency of fluorescence＝

4-level lasers3-level lasers

pump band pump band



How to build a laser?

curtsy of Dr. Yuelin Li

• Laser gain medium
- depend on wavelength, pulse duration, power

• Pump source

• Optical resonator
- laser oscillation



Nd:YAG laser

Nd:YAG rods

flash
lamp

KD*P crystal



Principle of a high-peak-power laser system

 Generation of femtosecond laser pulses

- broadband gain medium

- pulse compression mechanism

- dispersion compensation

 Chirped pulse amplification (CPA) technique

- stretch the femtosecond laser pulse

- amplify the stretched laser pulse

- compress the amplified laser pulse

𝑃𝑜𝑤𝑒𝑟 =
𝑒𝑛𝑒𝑟𝑔𝑦

𝑝𝑢𝑙𝑠𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
𝐼𝑛𝑡𝑒𝑛sity =

𝑝𝑜𝑤𝑒𝑟

𝑏𝑒𝑎𝑚 𝑠𝑖𝑧𝑒



2018 Nobel Prize in Physics



Ti:Sapphire oscillator

• Gain medium: Ti:sapphire crystal
- broad fluorescence linewidth (600-1050 nm)   
- efficiently pumped at 532 nm
- High saturation fluence (0.9 J/cm2)
- Good thermal conductivity (0.42 W/cm*K)
- high damage threshold (23 GW/cm2 at 200 ps)

• Kerr-lens mode-locking

• Dispersion compensation by using 
prism-pairs



Pulse compression – Kerr-lens mode-locking

optical Kerr effect:



gain medium

(dispersive medium)

chirped 

pulse

30 fs 80 fspass through the 4-mm thick 
Ti:sapphire crystal 10 times

transform-limited

pulse



Dispersion compensation

prism-pairs

dispersion compensation

chirped mirror



Chirped Pulse Amplification

stretcher amplifier
(regen/multipass)

compressor

• Stretch the laser pulse from fs to ps

(time: 3~4 orders)

• Amplify the stretched laser pulse

(energy: 6~10 orders) 

• Compress the laser pulse from ps to fs

nJ, fs nJ, ps

mJ ~ J, ps

mJ ~ J, fs

oscillator



Pulse stretcher

chirped 
pulse

transform-
limited
pulse

side 
view

grating stretcher

red path length <
blue path length



Laser amplifier – regenerative amplifier

nJ

mJ



J

mJ

Laser amplifier – multi-pass amplifier

4-pass amplifier



Pulse compressor

chirped pulse

transform-limited
pulse

side view

grating compressor

red path length >
blue path length



NSRRC femtosecond laser system

Under 
construction



NSRRC femtosecond laser system



Frequency conversion: High order harmonics generation (HHG)

Short wavelength lasers – frequency conversion

• Atoms as the nonlinear media.
• Carry over the spatial coherence of the driving laser.
• Of short pulse duration comparable or shorter than the drive laser up to

attoseconds.
• Cut-off is intensity- and atom-dependent.



Semi-classical model of HHG

photon energy of the 

highest harmonic order :

: ponderomotive potential  

: ionization potential 

atom
Ip

(eV)

ionization
intensity 
(W/cm2)

Up

(eV)

cut-off
energy 

(eV)

cut-off
wavelength 

(nm)

He (Z=2) 24.59 1.46 × 1015 89.56 308.5 4.02

Ar (Z=18) 15.76 2.47 × 1014 15.12 63.7 19.5

Ne1+ (Z=10) 40.96 2.82 × 1015 172.5 588 2.11

for 810-nm driving laser

Ref: S. Augst et al., Phys. Rev. Lett., 63, 2212 (1989)



Higher harmonics



Plasma based soft-x-ray lasers

• Still a traditional laser based on population inversion, but in hot
dense plasma to accommodate the high energy difference between
atomic levels, wavelength from 1 nm to 100 nm.

• Can be pumped by laser or discharge.

• Laser beam quality can be improved by HHG seeding.

• Challenges: tunability and capability for shorter wavelengths,
stabilities



X-ray free electron laser (XFEL)

X-ray Free electron lasers: 1.5-0.15 nm, high brightness, high
transverse coherence, etc.

curtsy of Dr. Juhao Wu



Atomic inner-shell X-ray laser pumped by an XFEL

Ref: N. Rohringer et al., Nature 481,488 (2012)



The NSRRC 100 MeV Photo-injector

1. 2.

CTR CUR

THz optics station

THz optics station

Photocathode RF gun

5.2m S-band linac

Generation of 100 fs ultrashort electron bunches 

1. broad-band, fs THz light by CTR (coherent transition radiation) 

2. tunable, narrow-band, ps THz light by U100 CUR (coherent undulator
radiation)



Photoemission in metal

 Metal photocathodes 

• Copper, magnesium, lead, niobium 

• Require UV photons (>4.5 eV) 

• <10-4 quantum efficiency 

• Short penetration depth (~14 nm) 

• Prompt electron emission 

 Semiconductor photocathodes 

• Cesiated antimonide, GaAs, telluride 

• Require visible or UV photons 

• >10-2 quantum efficiency 

• Long penetration depth (~mm) 

• Delayed electron emission 

Three steps of photoemission: 
• Electron excitation 
• Electron transport to surface

electron-electron scattering 
electron-phonon scattering 

• Electron escape 
escape over the barrier 

curtsy of Dr. A.P. Lee



Third harmonic generation and UV stretcher

IR

BLUE

UV

λ/2BBO1 BBO2

Filter

800 nm

The third harmonic generator consists of two
type-I BBO crystals with 1-mm thickness. The
overall efficiency is about 20%.
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Third harmonic generation UV stretcher
400 nm

266 nm



Minimizing emittance

1 σ

0 σ

2 σ

transverse profile longitudinal profile

• Space charge forces increase beam emittance.
• Emittance compensation requires linear space charge force, which is

dependent on the e-beam geometry.
• In a photoinjector, e-beam carries over the laser geometry.
• Laser pulse geometry is the key.



Laser shaping

 Spatial shaping

- Clipping a Gaussian

- Beam flattener optics

- Deformable mirror

- spatial light modulator (SLM)

 Temporal shaping

- spatial light modulator (SLM)

- acousto-optic programmable dispersive filter (AOPDF or DAZZLER)

- Pulse stacking

Gaussian pulse -->  flat-top pulse



Gaussian to flat-top clipping

curtsy of Dr. Yuelin Li



Laser beam shaper design

curtsy of Dr. Yuelin Li



Newport refractive UV shaper



Deformable mirror

curtsy of Dr. Yuelin Li



Deformable mirror: testing @Spring8

curtsy of Dr. Yuelin Li



Fourier transform temporal shaping
Basic setup for Fourier transform temporal shaping

• Gratings are at a distance f from the lenses 0 length stretcher.
- separating the frequencies in the focal plane without introducing any path

length difference.
• Grating 1 maps freq.  angle, lens 1 maps angle  position; after

modulation, lens 2 and grating 2 invert the maps.

curtsy of Dr. Brian Sheehy

chirped 
pulse

transform-
limited
pulse

side 
view

stretcher



Fourier transform temporal shaping

• Modulator array can alter both intensity and phase of addressable frequency
components. For example: 2 SLMs & 2 polarizers

• Multiply by transfer function and transform back to time domain to obtain
temporal pulse shaping.

curtsy of Dr. Brian Sheehy

R. Trebino



Spatial light modulator (SLM)



Temporal shaping for PC guns @SPARC

curtsy of Dr. Yuelin Li



Acousto-optic programmable dispersive filter

curtsy of Dr. Brian Sheehy



Pulse stacking: temporal profile

Ref: M. Y. Sheverdin, Proc. PAC07, p. 533 (2007) (LLNL PC gun drive laser)



Pulse stacking: temporal profile

curtsy of Dr. Brian Sheehy

• Summing multiple pulse replicas
shifted in time, closely separated
enough that they merge into one
continuous pulse.

• Gaussians give flat-top with little
ripple for d < t.



2 stages pulse stacking @NSRRC



Other pulse stacking methods

Ref: M. Y. Sheverdin, Proc. PAC07, p. 533 (2007) 
(LLNL PC gun drive laser)

Ref: B. Dromey et al., Appl. Opt., 46 5142 (2007)

birefringent pulse stackinginterferometer design



Short pulse x-ray sources

 Scientists want short pulse, short wavelength light sources for 
ultrafast science. (~100 fs )

 Existing laser based light sources
- laser plasma sources
- high order harmonics (as, 100 eV)
- Thomson scattering

 Ways to generated short pulse radiation from beam based
sources
- free electron lasers
- deflecting a beam
- slicing a beam (laser slicing)

 Some light sources have become standard to make a user
facility with femtoslicing: ALS, BESSY II, SLS, SOLEIL



Laser slicing principle

Ref: A. A. Zholents, M. S. Zolotorev, Phys. Rev. Lett. 76, 912, (1996)
R. W. Schoenlein et al., Science 287, 2237 (2000)
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A. The short laser pulse is overlapped with bunch center in a wiggler and when
meeting the resonant condition it produces an energy modulation in the short
“slice”.

B. The modulated electrons are separated transversely from the rest of the
bunch in a dispersive bend of the storage ring.

C. The femtosecond synchrotron radiation at the beamline image plane is
spatially separated from the radiation from the “core” (rest of the bunch).



Energy modulation of an electron beam

AL: laser pulse energy

a: the fine structure constant

wL = 2πc/L

K: the deflection parameter

∆wL: bandwidth of the laser pulse

∆wR: bandwidth of the undulator
radiation

L: laser wavelengthThe electron modulation envelope
after laser-beam interaction

MU: number of undulator period

ML: optical cycles of laser pulse

• Stronger modulation will be required for higher energy ring for good
beam separation depending on photon beamline design. It means that
higher laser energy is required for fixed modulator specifications.



FEMTOSPEX – femtoslicing facility at BESSY II

curtsy of Dr. K. Holldack



Self-amplified spontaneous emission (SASE) FEL

train of pulses with 
independent  phase

spectrum 
consists spikes 

Need seeded FEL for full 
temporal coherence!!

• In the X-ray wavelength range,
most FELs are operated in the
self-amplified spontaneous
emission (SASE) mode.

• Although the radiation from a
SASE FEL has excellent transverse
coherence, it typically has rather
poor temporal coherence and
relatively large statistical
fluctuations due to starting up
from the random shot noise.



Seeded FEL vs. SASE FEL

SASE

HGHG

EEHG

poor temporal
coherence

full temporal 
coherence with 

limited harmonic 
number (N~10)

full temporal 
coherence with a 

very high harmonic 
number

Ref: Z.T. Zhao et al., Nat. Phot. 6, 360 (2012)



High gain high harmonic (HGHG) FEL

Ref: L.H. Yu et al., Science 289, 932 (2000)



High gain high harmonic (HGHG) FEL

0.23 nm FWHM

SASE x105
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Spectrum of HGHG and SASE at 266 nm under the same
electron beam condition

curtsy of Dr. L.H. Yu



Echo-enabled high harmonic (EEHG) FEL

curtsy of Dr. Brian Sheehy



EEHG FEL @Shanghai DUV-FEL

Ref: Z.T. Zhao et al., Nat. Phot. 6, 360 (2012)



FEL seeding with high harmonics

curtsy of Dr. Brian Sheehy



• laser: 800 nm, 100 fs, 20 mJ, 10 Hz
• H5: 160 nm, ~50 fs, ~ 1 mJ, Xe gas cell
• e-beam: 150 MeV, 1 ps, 10 Hz

Ref: G. Lambert et al., Nat. Phys. 4, 296 (2008)

FEL directly seeded at 160 nm @Spring8



Ref: G. Lambert et al., Nat. Phys. 4, 296 (2008)

Spectra and spatial distributions of seeded and SASE FEL

FEL directly seeded at 160 nm @Spring8



• laser: 800 nm, 160 fs, 100 mJ, 30 Hz
• H13: 61.2 nm, ~ 2 nJ, Xe gas cell
• e-beam: 250 MeV, 300 fs, 30 Hz

Ref: T. Togoshi et al., Opt. Express 19, 317 (2011)

FEL directly seeded at 61 nm @Spring8



• laser: 800 nm, 160 fs, 100 mJ, 30 Hz
• H13: 61.2 nm, ~ 2 nJ, Xe gas cell
• e-beam: 250 MeV, 300 fs, 30 Hz

Ref: T. Togoshi et al., Opt. Express 19, 317 (2011)

FEL directly seeded at 61 nm @Spring8



FEL directly seeded at 38 nm @FLASH

• laser: 800 nm, 15 fs, 16 mJ, 10 Hz
• H21: 38.1 nm, 9 nJ, Ar gas
• e-beam: 700 MeV

curtsy of Dr. C. Lechner



Ref: S. Ackermann et al., Phys. Rev. Lett. 111, 114801 (2013)

FEL directly seeded at 38 nm @FLASH



Laser plasma accelerator (LPA)

+

-

+

-

+

-

+

-

+

-

pump pulse

electron plasma
wave

electrons
injected

Compared to conventional accelerator:
high acceleration gradient (~ 1 GeV/cm, three orders of magnitude higher)
short pulse duration (~ 3 fs, three orders of magnitude shorter)



PW laser-driven LPA @University of Texas, Austin

Ref: X. Wang et al., Nat. Comm. 4 Article number: 1988 (2013)

Laser parameter:
1.057 mm, 1.1 PW (170 J, 150 fs)



Ref: X. Wang et al., Nat. Comm. 4 Article number: 1988 (2013)

e-beam: 2 GeV, 540 pC, 0.5 mrad divergence
10% energy spread

PW laser-driven LPA @University of Texas, Austin



Ref: W.P. Leemsns et al., Phys. Rev. Lett. 113, 245002 (2014)

e-beam: 4.2 GeV, 6 pC, 0.3 mrad divergence
6% energy spread

4.2 GeV electron beam driven by LPA @LBNL

BELLA Laser: 815 nm, 0.3 PW (16 J, 40 fs)



Radiation from THz to gamma ray driven by LPA

curtsy of Dr. W.P. Leemans



LPA driven XUV FEL @LBNL

curtsy of Dr. Carl B. Schroeder



HHG-seeded XUV FEL @LBNL

curtsy of Dr. W.P. Leemans



Thank you!


