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Small = Economic = Stable

outline

1. Reducing beam energy —» THz FEL — reducing both
accelerator/undulator length

2. Increasing acceleration gradient — laser-driven particle

accelerator — shortening accelerator with fixed beam
energy

3. Increasing startup power — particle pre-bunching —»
shortening undulator length to reach saturation power

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

5. keV-driven micro-FEL and Nano-FEL chips



FELO Small Signal Gain — lasing requirement: gain > loss
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Shortening an FEL — reducing y (beam energy) — shortening accelerator

1+a’
Recall the FEL Synchronism Condition 3 =1 —
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Reducing y —» THz FEL




The Stanford $300k, 3.5 THz Sub-compact FIRFEL
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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. 44



The Stanford Sub-compact FIRFEL
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SASE FEL

(https://flash.desy.de/sites2009/site_vuvfel/content/e66400/infoboxContent66401/FLASHIayout.pdf)
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Goal: shortening a FEL for a given radiation wavelength A,

Shortening an FEL = Shortening Accelerator + Shortening Undulator




Shortening Accelerator for same y (1) — Laser wakefield
accelerator

increasing acceleration gradient = laser driven particle acceleration — shortening
accelerator for same y

Laser/plasma wakefield Accelerator ~Short laser pulse

Tser < lp /c Density modulated plasma
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km accelerator for XFEL reduces
to m long!

http://www.youtu be.com/watch?v=MIngmPVE6U



Shortening Accelerator for same y (2) — laser plasma
accelerator

COMPACT X-RAY SOURCES

Towards a table-top free-electron lasel

Synchrotron radiation generated using an electron beam from a laser-driven accelerator
opens the possibility of bulding an X-ray free-alectron laser hundrads of times smaller than
corventional faciities currently under construction.
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ynchrotron radiation sources have E wa- | FEL

become an indispensable tool in a E r 1- G2V beam

wide range of disciplines, including S W= &M uncuts
physics, biology, materials science, 8 T =v’/ Ralation soures
chemistry and medicine. The reason E.' i : -1
they are so useful is the high intensity = e 1
of X- rays they produce — Eeneratcd E W= Large-scake E_|l'l:|'rI:I'I'I:II'|
when the path of a beam of electrons = - raiation soure
moving at relativistic speeds is bent by a E W h
periodic magnetic field — in comparison ol s p Ll : """'
with other X-ray sources. Such utility is Coberert X-ray ~" 4 W
expected to grow still further with the radiation F'nmm H'E'I'ml |HI]

development of X-ray free-electron lasers

in News and Views, Nature Photonics 4, 92 (2008)
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Free-electronlasing at 27 nanometres based
on alaser wakefield accelerator

Undulator 1, 2, 3

Dipole
corrector
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:“ — Zhiyong Qin', Zhijun Zhang'. Ming Fang', Jiagi Liu', Kangnan Jiang'”, Hao Wang',
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_"‘, ¥-ray free-electronlasers can generate intense and coherent radiatlon at wavelengths
i down to the sub-&ngstrdm reglon”, and have become Indispensable tools for
I applications instructural Mology and chemistry, among other disciplines®. Several
ET X-ray free-electronlaser facilities are Inoperation”™*; however, their requirement for
i large, high-cost, state-of-the-art radio-frequency accelerators has led to great interast
i S mm ? Inthe development of compact and economical accelerators. Laser wakefield
400 500 accelerators can sustaln accelerating gradients more than three orders of magnitude
Energy (MeV) higher than those of radio-frequency accelerators™ ", and are regarded as an
o q v tractiveoption for driving compact X-ray free-electron lasers”. However, the
_p| Profile 1 _g| Profile2 s realization of such devices remains a challenge owing to the relatively poor quality of
Eo - [0 Eo g electron beams that are based on a laser wakefield accelerator. Here we present an
2 ™ g : o ggperimental demonstration of undulator radiation amplification inthe
-'2“?‘1“1]2 A R 4 exponential-gain regime by using electron beams based on a laser wakefield

accelerator. The amplified undulator radiation, which ks typlcally centred at 27
- nanometres and has a maximum photon number of around 109 per shiot, yielkds a

ERRGTometer maximum radiztion energy of about 150 nanojoules. In the third of three undulators

‘ Inthe device, the maximum gain of the radiation power is approximately 100-fold,
confirming a successiul operation Inthe exponential-gain regime. Cur results
constitute a proof-of-principle demonstration of free-electron lasing using a laser
wakefield accelerator, and pave the way towards the development of compact X-ray
free-electron lasers based on this technology with broad applications.
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FEL power (log scale)

Typical SASE FEL Buildup Curve

Gain length
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Undulator length (linear scale)
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Shortening Undulator: large startup P_

PS = pPB Saturation power

} Undulator length LM = Lg ln(pPB /Pa))
P(z)=PF,exp(z/L,)

To shorten z with constant saturation power P, large startup
power P, T and short gain length L, are preferred.

The startup power (mostly from spontaneous radiation) is related to the
spectral content of the electron distribution
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CSR from Periodic Bunches -
(comb-like pulses) | M, (@)
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Desktop Narrow-line MW THz Free-electron Laser
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Yen-Chieh Huang, “Desktop MW Superradiant Free-electron Laser at THz Frequencies,” Applied

Physics Letters, 96, 231503 (2010)
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Get your imagination wild.... Dielectric laser accelerator (DLA)
Dielectric Laser Accelerator _ ]
k

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

PZT phase
adjustment

4

__Pg'lmdrical lens
- *Y.C. Huang, R.L. Byer, D. Zheng, and W. Tulloch, “A
7 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,
reﬂector Laser-driven Linear Acceleration using Cylindrical Laser

T / Focusing,” Appl. Phys. Lett. 69 (15) (1996).
100 pm
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Photonic Structures as Accelerator
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LETTER R

Demonstration of electron acceleration in a
laser-driven dielectric microstructure

E. A. Peralta', K.
E.B. Sozer*, B.

. R.J. England®, E. R. Colby?, Z. Wi, B. Montazeri®, C. McGuinness', I. McNeur*, K. I. Leedle?, D. Walz?,
. B. Schwartz®, G, Travish* & R. L. Byer'
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Dielectric Laser Accelerator (DLA)

Ty e =100 f5(0y, ~42.5 fs)
7, ~2.67 fs (A =800nm),
r,=1,/300(c, ~3.8as)

220y O —(-2mr/w,)? (202)
I,()=1,e" %7 Y e Sl

m=—0o0

rms micro-bunch width = 1,

JMWMURLA

macro-bunch repeats at the laser pulse rate ~ MHz

|y il

macro -bunch contains micro-bunches

~300 THz

Parameters for DLA CUR
quantit
item unit y
Driving
laser
wavelength pum 1
Bunch
length, T, as 1
Bunch
Charge fC 1,10
Bunch rate GHz 1
Beam
energy GevV ~0.5
Undulator
period mm 1
Undulator
parameter NA 0.22
Number of
undulator

periods

NA

1000

Remark

100,000t of the 10-cm
S-band RF wavelength
100,000t" of the ~100-
fs
RF bunch (scaled with
wavelength)

6,250 and 62,500
electrons/bunch

100 optical cycles in a
~300-fs pulse repeating
at 10 MHz

~ half meter long DLA
with 1 GV/m gradient

toradiate at A ~ 1 nm
from ~ 0.5 GeV beam
3.3-T peak undulator
field under laser
damage to dielectric
undulator

radiation bandwidth
~0.1%



Dielectric Laser Undulators (DLU) 1+a,

(Ay >> Ajoeer tO Operate with large y) A, = ’11, ) 72
A
A, = £
1/B.-1/p, A =1~10° gm, B, ~ Zlaser .33
. c
B, =v,/c: Electron velocity for E—= TG/

,Bp =V, / ¢ : Laser phase velocity

v structure

L~ coordinate Ay A g
¥ system e = 3

X'
A PRV, SV ARVE | P
fﬁ’-fe’f i 2 -

,_/‘._;.l_.j'— particle
pulse front tilted L . coordinate
laser beam system

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

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



DLA-driven Coherent Undulator Radiation
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brilliance (photons/s/mmz/mradzlo.‘l %BW/\Watt)
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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 lons; 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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MOST-109/110-2221-E-007-110 Miero-FEL and Nano-FEL Chips
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Near-infrared Free-electron Laser on a Nano-chip

Hossein Shirvani, Luo-Hao Peng (55¥%2%), Wen-Chi Chen (BE3Z %), and Yen-Chieh Huang*
Institute of Photonics Technologies, National Tsing Hua University, Hsinchu 30013, Taiwan

~50 keV

electrons
[ ]

silicon
Sio,

Radiation field pattern

Grating-waveguide FEL
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This near-IR free-electron
laser consisting of a 31-um
long dielectric grating with : -
a 310-nm grating period in
a 400-nm thick silicon
waveguide on a glass
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(@) (b)
Electron bunching effect mj

(c)

X1

THz dielectric-grating free-electron laser

Yu-Chieh Lo ZE#3£%, Wen-Chi Chen BESZ(H, Xuan-Long Ho, Alex Kopeykin, Chia-Hsiang Chen* 5%
%%, and Yen-Chieh Huang
Institute of Photonics Technologies, National Tsing Hua University, NSRRC* Hsinchu 30013, Taiwan
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(a) An electron emitter injects an electron beam atop a silicon grating. The 100 1o
o - . . . _ L ; i —_—
26 ~mm long silicon grating is cut with a width of x=2mm, 0 02 04 06 08 1 {2
period of 0.26 mm along z, duty cycle of 50%, and depth of 0.26 mm. (b) Frequency | THz

Electron distribution versus distance, indicating strong electron bunching o
occurring between 1.7 ns and 1.9 ns. (CST simulation) (c) The excited ;ab) o\ijvthze: Sth;;agllggtc;g npg;gterirbsﬁg;aé?:a?:y
eigenmode- field at 0.567 THz in one period of the grating. (COMSOL Shows bun’ching and slight scattering by the
simulation) (d) The excited -field pattern in the silicon grating from CST strong radiation field. (b) At saturation, the
simulation, which matches well to that predicted by COMSOL in ©. radiation spectrum is peaked at 0.56 Tlllz with

a narrow linewidth.



Helical tube as an accelerator, radiator, and undulator
Debby Lien, Wai-Keung Lau Z{#5%, Y. C Huang et al.

length (mm) 5
Thread Pitch 0.5
(mm)

diameter (mm) 1

Kinetic Energy 30

A 30 MeV drive bunch excites a speed-of-light mode. (MeV)
No conclusive result yet..... Charges (pC) 300
CcST o # of bunches 2
ﬂ - (drive, witness)
Bunch length (ps) 0.25/3
Bunch separation 16.6
(ps)
eommn - . Emitter Circular

ic]
Component z
ample 3/300
me 04 ps 2
55 section

plane at X .033 mm
aximum (Plane) 1.5187+09 V/m 26
ximum 9.22412+09 V/m



Come up with
YOUR OWN INVENTIONS!
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