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4. Reducing beam energy and undulator period → reducing 
both accelerator/undulator lengths for XFEL → laser-
driven accelerator + pre-bunching

Small ≅ Economic ≅ Stable

3. Increasing startup power → particle pre-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

5. keV-driven micro-FEL and Nano-FEL chips
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FELO Small Signal Gain – lasing requirement: gain > loss
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Reducing γ → THz FEL

Shortening an FEL → reducing γ (beam energy) → shortening accelerator
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7 MW RF input High-voltage 
modulator

Variable 
voltage 
transformer

Klystron

RF driver

Radiation 
shielding 

kW THz 
FEL out

The Stanford $300k, 3.5 THz Sub-compact FIRFEL

The RF/FIRFEL System Configuration

Thermionic 
electron gun

Bending 
magnet 1

Energy slit

Bending magnet 2

FIRFEL wiggler/cavity

J. F. Schmerge, J. Lewellen, Y.C. Huang, J. Feinstein, and R.H. Pantell, “The Free-electron Laser as Laboratory 
Instrument,” IEEE J. Quantum Electronics, vol. 31, NO. 6, June 1995, pp. 1166-1171.
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wiggler

The Stanford Sub-compact FIRFEL

Bending 
magnet

Bending 
magnet

Energy slit
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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 wakefield 
accelerator
increasing acceleration gradient ⇒ laser driven particle acceleration → shortening 
accelerator for same γ

r ~ λp ~ 20 µm

Gauss Law →

GV/m 100~
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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!
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Shortening Accelerator for same γ (2) – laser plasma 
accelerator

in News and Views, Nature Photonics 4, 92 (2008)
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12 m
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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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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
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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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Photonic Structures as Accelerator
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300 MeV/m



Dielectric Laser Accelerator (DLA)
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Remarkitem unit
quantit
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Driving 
laser 
wavelength µm 1

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

Bunch 
length, τb as 1

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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Dielectric Laser Undulators (DLU)
(λu >> λlaser to operate with large γ)

T. Plettner, R. L. Byer, Phys. Rev. ST Accel. 
Beams 11, 030704 (2008).
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G. Travish and R. B. Yoder, Proceedings SPIE 8079, 
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DLA-driven Coherent Undulator Radiation

TPSDielectric Gratings for DLA and DLU
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Artist’s rendering of a future 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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上年度重大成果 – 取得學門主題式計畫-兆赫波段極限雷射

THz-band Extreme Laser
兆赫波段極限雷射

主持人
國立清華大學 光電工程研究所 黃衍介
國立清華大學 兆赫光電研究中心

協同主持人
國家同步輻射研究中心/國立清華大學電機系 陳家祥
國立清華大學動力機械系 王威智
國家實驗研究院儀器科技研究中心 邱柏凱

MOST-109/110-2221-E-007-110 Micro-FEL and Nano-FEL Chips
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Near-infrared Free-electron Laser on a Nano-chip
Hossein Shirvani, Luo-Hao Peng (彭珞豪), Wen-Chi Chen (陳文祺), and Yen-Chieh Huang*

Institute of Photonics Technologies, National Tsing Hua University, Hsinchu 30013, Taiwan

Radiation field pattern

Radiation Spectrum

This near-IR free-electron 
laser consisting of a 31-µm 
long dielectric grating with 
a 310-nm grating period in 
a 400-nm thick silicon 
waveguide on a glass 
substrate. When driven by a 
~50-keV electron flying 
100 nm above the structure, 
the nano-grating generates 
a laser-like radiations at 
~1.5 micron via Bragg and 
backward-wave resonances. 

Grating-waveguide FEL

310 nm
SiO2

~50 keV

160 nm240 nm
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THz dielectric-grating free-electron laser

Yu-Chieh Lo 羅裕傑, Wen-Chi Chen 陳文祺, Xuan-Long Ho, Alex Kopeykin, Chia-Hsiang Chen* 陳家
祥, and Yen-Chieh Huang

Institute of Photonics Technologies, National Tsing Hua University, NSRRC*,Hsinchu 30013, Taiwan

(a) An electron emitter injects an electron beam atop a silicon grating. The
26 mm long silicon grating is cut with a width of x = 2 mm,
period of 0.26 mm along z, duty cycle of 50%, and depth of 0.26 mm. (b)
Electron distribution versus distance, indicating strong electron bunching
occurring between 1.7 ns and 1.9 ns. (CST simulation) (c) The excited
eigenmode- field at 0.567 THz in one period of the grating. (COMSOL
simulation) (d) The excited -field pattern in the silicon grating from CST
simulation, which matches well to that predicted by COMSOL in ©.

(a) When the radiation power saturates at 
about 2 ns, the electron distribution clearly 
shows bunching and slight scattering by the 
strong radiation field.   (b) At saturation, the 
radiation spectrum is peaked at 0.56 THz with 
a narrow linewidth. 
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Name Value
length (mm) 5
Thread Pitch 
(mm)

0.5

diameter (mm) 1 

Kinetic Energy 
(MeV)

30 

Charges (pC) 300 
# of bunches
(drive, witness)

2

Bunch length (ps) 0.25/3
Bunch separation 
(ps)

16.6

Emitter Circular

A 30 MeV drive bunch excites a speed-of-light mode. 
No conclusive result yet…..

Helical tube as an accelerator, radiator, and undulator
Debby Lien, Wai-Keung Lau 劉偉強, Y. C Huang et al.
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Come up with 
YOUR OWN INVENTIONS!
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