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Outline

1. Ultra-compact FEL

2. Chirped-pulse FEL

3. Laser-accelerator driven FEL

4. Photonic-chip FEL



3

4. Reducing beam energy and undulator period → reducing 
both accelerator/undulator lengths for XFEL → quantum 
FEL vs. classic FEL

Small ≅ Economic ≅ Stable

3. Increasing startup power → particle bunching →
shortening undulator length to reach saturation power

2. Increasing acceleration gradient → laser-driven particle 
accelerator → shortening accelerator with fixed beam 
energy

outline
1. Reducing beam energy → THz FEL → reducing both 

accelerator/undulator length
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FELO Small Signal Gain – lasing requirement: gain > loss

33
00

3
0

22 1)()(21
γ

θξ
γε

π ∝××=− gFJ
cm

NeLaG e
uuu

Gain functionFactor ~ 1

Recall the FEL Synchronism Condition
2

2

2
1

γ
λλ u

r
a

u

+
=

undulator period: λu

)cm()kG(093.0 ,
00

,

00

,
urmsu

rmsu

w

rmsu
w B

cm
eA

kcm
eB

a λ×===Undulator parameter

Reducing γ → THz FEL

Shortening an FEL → reducing γ (beam energy) → shortening accelerator
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SASE FEL

Accelerator Undulator

Shortening an FEL = Shortening Accelerator + Shortening Undulator

(https://flash.desy.de/sites2009/site_vuvfel/content/e66400/infoboxContent66401/FLASHlayout.pdf)

Goal: shortening a FEL for a given radiation wavelength λr
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Shortening Accelerator for same γ (1) – Laser plasma 
accelerator
increasing acceleration gradient ⇒ laser driven particle acceleration → shortening 
accelerator for same γ

r ~ λp ~ 20 µm

Gauss Law →

GV/m 100~
34
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N ~ 5 ×1017/c.c.

For

http://www.youtube.com/watch?v=MlNxgmPVF6U

cplaser /λτ <

Laser/plasma wakefield Accelerator Short laser pulse

Density modulated plasma

km  accelerator  for XFEL reduces 
to m long!



7

Shortening Accelerator for same γ (2) – laser plasma 
accelerator

in News and Views, Nature Photonics 4, 92 (2008)
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S. Corde et al., “Femtosecond x rays from laser-plasma Accelerators,” Review of Modern Physics 85, (2013) 

Shortening Accelerator for same γ (3) – laser plasma 
accelerator
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Undulator length (linear scale)
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Shortening Undulator: large startup Pω

)/exp()( gLzPzP ω=

Bs PP ρ=
( )ωρ PPLL Bgu /ln=

To shorten z with constant saturation power Ps, large startup 
power Pω ↑ and short gain length Lg ↓ are preferred.

The startup power (mostly from spontaneous radiation) is related to the 
spectral content of the electron distribution

Undulator length

Saturation power
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Photocathode gun

Solenoid

50~100 cm

Single-pass undulator 
50 cm

12 cm

THz-pulse-train laser

10 MW 
power at 
THz

Narrow 
line THz

THz DFG

Narrow-line THz  wave

(Nonlinear 
optical material)

Desktop Narrow-line MW THz Free-electron Laser

Yen-Chieh Huang, “Desktop MW Superradiant Free-electron Laser at THz Frequencies,” Applied 
Physics Letters, 96, 231503 (2010) 
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Chirped Pulse FEL

Chirped Pulse Compression  → high peak power

http://frog.gatech.edu/pulse-compression.html
http://upload.wikimedia.org/wikipedia/en/thumb/2/2b/CPA
_compressor.svg/2000px-CPA_compressor.svg.png

)(tE Dispersive element
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Positive group velocity dispersion
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Radiation power for au ~ 1  is                                            , 
where fr is the radiation frequency. 

222 )(6.0~ rQ fBQP ηω××

For Q = 0.3 nC in 0.15 ps and B ~0.8 @ fr = 1 THz, radiation 
power PQ ~ 13 MW, which is 0.15% of the beam power of a  4 
MeV beam from a photoinjector.

e-1 energy depletion ⇒ chirped radiation
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Yen-Chieh Huang (黃衍介), Zhen Zhang (张振), Chia-Hsiang Chen (陳家祥), Ming-
Hsiung Wu (吳明雄), “Isolated Few-cycle Radiation from Chirped-pulse 
Compression of Superradiant Free-electron Laser,” Physical Review ST AB 18, 
080701 (2015). DOI: http://dx.doi.org/10.1103/PhysRevSTAB.18.080701

http://dx.doi.org/10.1103/PhysRevSTAB.18.080701
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4 MeV Photocathode gun

Solenoid

100 cm
50 cm

12 cm

Chirped 
pulse

Design Example

*Photocathode gun – courtesy of CX Tang of Beijing Tsinghua U and W. 
K. Lau of NSRRC

UV laser pulse

undulator

TRW undulator

λu = 3.56 cm

au = 0.68
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Dielectric laser accelerator (DLA)
Dielectric Laser Accelerator

1. Solid state → stable

2. Dielectric damage field and thus high acceleration gradient (up to 1-10 
GeV/m)

3. Fabrication compatible to semiconductor lithographic patterning technique

GV/m   1~// ⊥⊥∇
−

≈ E
k

jE

Get your imagination wild….

•Y.C. Huang, R.L. Byer, D. Zheng, and W. Tulloch, “A 
Proposed Structure for GeV per Meter Crossed-laser-beam 
Electron Linear Accelerator,” Appl. Phys. Lett. 5,  (1996) 10.
•Y.C. Huang and R.L. Byer, “A Proposed High-gradient, 
Laser-driven Linear Acceleration using Cylindrical Laser 
Focusing,” Appl. Phys. Lett. 69 (15) (1996).
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300 MeV/m

A milestone experiment in 2013
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Dielectric Laser Undulator 
(λu >> λlaser to operate with large γ)

T. Plettner, R. L. Byer, Phys. Rev. ST Accel. 
Beams 11, 030704 (2008).

pe
u ββ

λλ
/1/1 −

=

:/ cvee =β Electron velocity

:/ cvpp =β Laser phase velocity

G. Travish and R. B. Yoder, Proceedings SPIE 8079, 
(2011).
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… … …

macro-bunch contains Mµ micro-bunches

rms micro-bunch width = τb ~ nanometer → excellent 
for coherent undulator radiation (CUR) in the soft-x ray 
regime

τb

macro-bunch repeats at the laser pulse rate

Dielectric laser accelerator Dielectric laser undulator

laser laser

in-plane polarization out-plane polarization

radiation
electron 
injection

Laser-driven Dielectric Accelerator and Undulator
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Fabricated dielectric planar grating 
as accelerator or radiator

Synchrotron

TLS

TPS

How is DLA-driven CUR compared with monster synchrotron? 



Design Parameters for DLA-driven CUR 
item unit quantity remark

Driving laser 
wavelength µm 1

100,000th of the 10-cm S-band RF 
wavelength

Bunch length
atto-

sec/nm 1/0.3 nm
100,000th of the ~100-fs 

RF bunch (scaled with wavelength)

Bunch Charge fC 1, 10 6,250 and 62,500 electrons/bunch

Bunch rate GHz 1
100 optical cycles in a ~300-fs 

pulse repeating at 10 MHz

Beam energy GeV ~0.5
~ half meter long DLA with 1 GV/m 

gradient
Undulator 
period mm 1

to radiate at λ ~ 1 nm from ~ 0.5 
GeV beam

Undulator 
parameter NA 0.22

3.3-T peak undulator field under 
laser damage to dielectric 

undulator
Number of 
undulator 
periods NA 1000 radiation bandwidth ~0.1%
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Brilliance
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Brilliance per Beam Power
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Quantum FEL

Con: (1) 1 photon from 1 electron → low efficiency
(2) Electron recoil induced energy spread << FEL gain bandwidth

ω

Define quantum ρ parameter

)/( 2 ωγρρ mc=

Classic regime
(γ large enough)

1>>ρ

Quantum regime 1~<ρ

Pro: quantum noise added to startup power Pω, usually small, could assist 
FEL buildup. 

Virtual photon  
(undulator)

ρ
γ
γ

γ
ω ~2

∆
<<

mc
To stay in the gain 

bandwidth
FEL gain 
bandwidth ~ ∆γ/γ
~ ρ
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Quantum regime

Straight lines are 
gain-length 
contours in mm

10010 << ρ

101 << ρ

ρ<100

1<ρ

DLA-driven soft-x-ray SASE FEL (laser undulator Bu ~ 3 T, λr = 1 nm)

50 MeV line

λu = 20 µm

Peak current = 5 kA, gain length = 1 mm, ρ ~ 10-3

Assume rms beam radius = 100 nm

)/( kmc γρρ =

ρπλ 34/ugL =

published in Review of Modern Physics
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Published in Review of Modern Physics, Oct. – Dec., 2014

Straight lines are 
gain-length 
contours in mm

10010 << ρ

101 << ρ

ρ<100

1<ρ

DLA-driven hard-x-ray SASE FEL (laser undulator Bu ~ 3 T, λr = 1 Å)
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Quantum regime 300 MeV line

Peak current ~ 12 kA, 
gain length ~ 3 mm

Assume rms beam radius = 100 nm

)/( kmc γρρ =

ρπλ 34/ugL =

gamma
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Artist’s rendering of a hand-held XFEL!!

Travish, G., and R.B. Yoder, 2011, “Laser-powered dielectric-structures for the production of high-brightness 
electron and x-ray beams”, in Laser Acceleration of Electrons, Protons, and Ions; and Medical Applications of 
Laser-Generated Secondary Sources of Radiation and Particles, Prague, Czech Republic, edited by K. W. D. 
Ledingham et al, (SPIE, Bellingham, WA, 2011), Vol. 8079 of Proceedings of SPIE, p. 80790K 
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Photonic-chip FEL

120 keV TEM in 
HOPE Lab/NTHU

Yen-Chieh Huang, Luo-Hao Peng, Hossein Shirvani, 
Wen-Chi Chen, Karthickraj Muthuramalingam, Wei-Chih
Wang, and Andrzej Szczepkowicz, “Single-electron Nano-
chip Free-electron Laser,” APL Photonics 7, 096101 
(2022). (editor featured article and cover story of the 
journal).
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0.2 ps

0.6 ps

vacuum

φ

single electron

Cherenkov Radiation
Thick material substrate, refractive index = ns

Radiation W/O Waveguide

External 
radiation 
(weak & 
broadband)

Internal 
radiation 
(broadband)

CST simulation
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Grating-waveguide FEL driven by
1 electron – single-electron FEL

vacuum

φ

single electron

Thin-film waveguide, nf

Thick material substrate, refractive index = ns

0.2 ps

0.6 ps
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Laser at 3 µm

in-plane polarization
vacuum

φ

25 periodic electrons @ 0.1 PHz

Thin-film waveguide, nf

Thick material substrate, 
refractive index = ns

FEL chip

Dielectric laser accelerator 
driven by a 3 µm (0.1 PHz) laser

Grating-waveguide FEL driven by Periodic Single 
Electrons

0.2-PHz 
radiation field

0.9 ps

0.2 ps

0.1-PHz 
electron field
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Harmonic Radiation Spectrum

coherent Smith-Purcell 
radiation

Backward 
Bragg 
radiation

Forward 
Bragg 
radiation
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Conclusions for Photonic-chip FEL

Coherent Smith-Purcell 
Radiation

BWO
beam

DFB/Bragg laser

Fabricated structure on Si (courtesy of 
Prof. Wei-Chih Wang of NTHU)TEM experimental chamber

1. Dielectric laser accelerator and photonic FEL can be integrated 
into a chip-size structure via microfabrication techniques.  

2.  Single-electron FEL built upon a dielectric-grating waveguide is 
numerically demonstrated at 0.2 PHz and its harmonics. 

3.  Experimental tests are on-going by using a TEM beam.
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