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Features and futures of X-ray free electron lasers
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N. Huang, H. Deng*, B. Liu, D. Wang, Z. Zhao*,
Features and futures of X-ray free-electron laser. The Innovation 2 (2021) 100097.



In pursuit of fully coherent X-ray FELs

O User requirements for fully coherent, phase locked radiation promote the development of fully coherent XFEL
O Self-seeded. External seeded. X-ray oscillator

O see, Review of fully coherent free-electron lasers, Nuclear Science and Techniques (2018) 29: 160.

Ultrabright X-ray laser scattering for

dynamic warm dense matter physics.

Nature Photonics, 2015, 9(4): 274-279.
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Coherent control with a short-wavelength
free-electron laser.

Nature Photonics, 2016, 10(3): 176-179.
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Scientific Opportunities with an X-ray
Free-Electron Laser Oscillator.

arXiv:1903.09317, 2019.



External seeded FEL for EUV and soft x-ray
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O An external seed laser introduces coherent
energy modulation at longer wavelength.

O Coherent energy modulation is converted to
density bunching with fruitful harmonic contents
after compression with a chicane.

=
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L. H. Yu, PRA (1991)
G. Stupakov, PRL (2009) O In typical HGHG, A > n is required, where n
H. Deng, PRL (2013) Is the interested harmonic number.



High-repetition-rate seeded FELs

O European XFEL, LCLS-II, SHINE

O How to realize a 1TMHz seeded FEL?

~ microseconds
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Bunching factor .vs. energy modulation amplitude

Intense pulses at |

[Esrer |

__‘ }__ " high rep rate
o>
i: ~ attoseconds to femtoseconds

O Itis an Opportun

ity & Challenge for

Advanced laser system, e.g., OPCPA
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Seed laser specification for FEL-1l of SHINE

It is currently impossible for state-of-the-art laser systems
to obtain laser pulses with sufficient peak power and high
repetition rate at the same time



High-repetition-rate seeded FELs

O EUV Oscillator as a seed source O Optical resonator scheme

I Stage 24 Stage Radiator

Bunching chicane &-beam direction
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Seed ~

V Petrillo, et al., NJP (2020) Sven Ackermann, et al., PRAB (2020)

O Is there any other solution? Still in collaboration with the external laser.
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Self-amplification of laser-induced energy modulation

A OCAEOCPseed
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FEL pulse
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A~1 » A ~ 10 The external seed power can be relaxed more than two orders of magnitude

Phys. Rev. Lett. 126 (2021) 084801



Self-modulation scheme - numerical simulation
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Self-modulation scheme - numerical simulation
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To reach the same bunching
factor of 8%, the seed laser power
can be reduced by up to 950 folds
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Similar FEL performance compared
with the standard HGHG
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Experimental demonstration at SXFEL test facility

INJ DSO DS1 FB DS2 Photon beam diagnostics
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| ~30 m |
266 nm |" '|
800 nm Layout of Undulators at SXFEL-TF

[0 Shanghai soft x-ray test facility (2014-2020), now at user facility phase.
[ two-stage seeded FEL: HGHG-HGHG, and EEHG-HGHG

[ a perfect platform for self-amplification of laser-induced modulation
[J the second modulator in EEHG serves as the self-modulator

[0 the experiments were conducted at 12t-17t June, 2020.



Self-modulation scheme - experimental demonstration

Parameters of SXFEL-TF

Energy 800 MeV
Peak current ~ 600 A
Bunch length ~ 1 ps
Emittance 1.5 mm mrad
Slice energy spread ~ 40 keV
Seed laser 266 nm
(Self-) Modulator 1.5 m/80 mm
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Initial slice energy spread: 40 keV
Energy modulation amplitude: 73 keV
Peooq =1.56 nJ; A=1.8



Self-modulation scheme - experimental demonstration
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Second chicane
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Optimial RZ.: 0.17 mm (7-th harmonic)

Energy modulation amplitude: 218 keV

Enhanced ~ 3-fold



Self-modulation scheme - experimental demonstration
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Relative bandwidth ~ 2 x 1073



Self-modulation scheme - experimental demonstration
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Fundamental interaction behind FEL physics
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Energy Modulation esssm FEL Lasing

Monochromator

FEL physics: continuous interaction
FEL equation: an undulation period average

Fundamental FEL process:

electromagnetic wave & electrons interaction
in a pure dipole magnetic field.

dy
ar = ev,E,

B,(z) = B, sin(k,z)

mc?

Laser-beam interaction in a dipole magnet?
Yes, think about CSR effect in chicane.



laser-beam interaction in a dipole magnet ?

permanent
magnet

y y i i A i iron pole shoe
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electron beam

One undulator period can be treated as a series of
dipole magnets Haixiao Deng, et al, NIMA 622 (2010) 508



Experimental setup at SXFEL test facility

Self-modulator

First chicane

Modulator
Second chicane

Radiator

— 266 nm radiation
— 44.33 nm radiation

Electron beam

O Laser-beam interaction in the 15t dipole magnet of the 15t chicane

O Energy modulation & density modulation in one chicane
O Feasibility for launching a seeded FEL

O Switch on the 15t laser of EEHG, and switch off the 2"d laser ,
W W Advanced Photonics 3 (2021) 045003



Laser-beam interaction in a dipole: simulations

Parameters of the experiment First

chicane

Bunching factor

Energy 800 MeV
Peak current 600 A Seed laser
Beam envelope 200 um
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laser-beam interaction in a dipole: first observation
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Initial slice energy spread: 28 keV
Energy modulation amplitude: 40 keV

P...; = 38.1 ;A = 1.4



Laser-beam interaction in a dipole: FEL lasing
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A'= 253 keV, 6-fold enhancement
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Self-modulation scheme - further exploration
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Optimized self-modulation experiment,
_ 3 CHG@15th harmonic,
A=2 A>3 energy modulation ~1MeV & A~20
Ultra-large energy modulation enhancement

Paper in preparation



Self-modulation scheme - further exploration

Harmonic self-modulation
Large bunching factor & energy spread control
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Self-modulation scheme - FLASH2020+ studies
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Summary and Outlook

v" We proposed and experimentally demonstrated the self-modulation mechanism in seeded FEL
v" More than 5-fold energy modulation enhancement, several tens of seed laser power relaxation achieved
v" A = 1.8 for lasing at 7th harmonic in single-stage HGHG & 30th harmonic in two-stage HGHG

v" Demonstration & measurement of the laser-beam interaction in a dipole magnet

v" Relax the seed laser power by three orders of magnitude

v" Ultra-large energy modulation, coherent harmonic generation at >60th harmonic ?

v" Ultra-high harmonic generation, single-stage HGHG at 30th harmonic ?

v" Improving timing jitter (longer seed laser pulse) and transverse overlap jitter (larger seed laser size)

v" HHG-seeded FELs .
Thanks for your attention/



