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Worldwide XFELs
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Seeded FEL facilities
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SASE and Self-seeding
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Seeded FEL schemes (with external seeding source)
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EEHG

Seed lasers
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Z. T. Zhao, et al., Nat. Photonics 6, 360 (2012).
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Advantage of seeded FELs

» Improve the longitudinal coherence and brilliance

» Improve stability of pulse energy and central wavelength
(In principle )

» Increase FEL efficiency with undulator taper(ln principle)

» Generation and control of ultra-short pulse length

» Natural synchronization of the FEL pulse to the seed
laser (In principle )

» Reduction of saturation length.
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Broad range of science enabled by seeded FELs

Shanghai Institute of Applied Physics, Chinese Academy of Sciences

Natural and Artificial Photosynthesis

Fundamental Charge Dynamics

Advanced Combustion Science

Dynamic Nanoscale Heterogeneity
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» A short wavelength laser, e.g. HHG ( UV-VUV)
 FEL works as an amplifier. (direct seeding)
> A free electron laser (IR-X-ray)
« Radiation from a FEL is used as a seed for another
FEL (self seeding, oscillator, ...)
» An external conventional laser (visible to UV)

» Electron beam manipulation for high-harmonic
generation. (CHG, HGHG, EEHG, cooled-HGHG,...)
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HHG direct seeding

Seed laser Amplifier e-beam

. — /—.—— FEL

Gas cel _

noble gas
(Ar, Ne, He)

i recombination

har_mqnic
emission

_____________________________________________

propagation

tunneling
ionization

laser pulse

' |

pump

3 step process in noble gases

High energetic photons, phase locked to drive laser
Coherence properties inherited from drive laser
Limited to short pulses due to ionization of gas
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HHG direct seeding @ SCSS
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direct-seeding has been
performed at SCSS.
. Stable operation at 61.5 nm
. Contrast ratio was improved
more than 5 times.

G. Lambert et al, Nature Physics Vol. 4 (2008) 296 H. Tomizawa, et al, FEL13, THOANOO1

FEL output was 1.3 pJ
seeding operation was only -
obtained less than 10 minutes.
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HHG direct seeding @ sFLASH

RF Stations Accelerating Structures SFLASH Soft X-ray Photon
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FEL Experiments

« Seeding at 38 nm
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J. Boedewadt et al., Phys. Rev. Letters 111 (2013), 114801.
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Self-seeding

1st undulator electron beam bypass 2nd undulator e-beam

: -
grazing
mirrors

e
FEL1 \ slit

PER RS

e FEL2

SASE FEL FEL amplifier

1st undulator electron beam bypass 2nd undulator e-beam

= -

FEL1  diamond

e FEL2

SASE FEL FEL amplifier

Basic Idea:

18t stage operates as SASE FEL, but far from saturation

Radiation is filtered, introducing longitudinal coherence

Delay of radiation field is matched with delay electron beam with a magnetic chicane. The chicane removes
also any induced bunch, removing the imprint of SASE in the bunch

Beam and radiation are overlapped in a second stage, operating as an FEL amplifier.

First proposed for soft X-ray FEL FLASH [J. Feldhaus et al, Opt. Comm 140 (1997) 341] but never realized due
to the strong delays in the photon and electron path.

|dea brought up again for hard X-ray [G. Geloni, Jour. Of Modern Optic 58:16 (2011) 1391], using the
transmission around the stop band of a Bragg reflection (see next slide).

More compact design for soft X-ray [Y. Feng, LCLS] makes self-seeding feasible for longer wavelength
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Self-seedlng @ LCLS
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> In order to reach nth harmonic, the energy modulation amplitude should be n times larger than the initial energy
spread, which prevents the possibility of reaching short wavelength in a single stage. —
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HGHG experiments @ BNL

First UV HGHG (DUV-FEL)
L.H. Yu, et al., Phys. Rev. Lett. 91, 074801 (2003).
X.J. Wang, et al., Proc. of FEL 2006.

Proof-of Principle Experiment (SDL)
L. H. Yu, et al., Science 289, 932 (2000).

modulator
seed input L=0.76 m
10.6 um, 0.7 MW A,=8cm

B=0.16T

radiator
L=2m HGHG FEL
A,=33cm 5.3 um, 17 MW

B=047T

dispersive section
L=03m
e beam input d¥/dy =22 e beam output

40 MeV, 6 ps, 120 A
& = 5.5m mm-mrad
dyly < 0.05%

FIG. 1. The NSLS DUV FEL layout. 1: gun and seed laser system; 2: rf gun: 3: linac tanks; 4: focusing triplets; 5: magnetic
chicane; 6: spectrometer dipoles: 7: seed laser mirror: 8: modulator: 9: dispersive section: 10: radiator (NISUS): 11: beam dumps:
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HGHG experiments @ SINAP
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B. Liu, et al. Phys. Rev. ST Accel. Beams 16, 020704 (2013).
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Seeded FEL experiments

HGHG experiments @ FERMI
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Nearly transform-limit bandwidth, normalized poton-energy stability is of the order of 7e-5(rms)

E. Allaria et al, Nature Photonics. 6 (2012) 699

E. Allaria et al, New. J Physics. 14 (2012)
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Cascaded HGHG

Seed shifter

laser =-hean
- - EEEEEE - < R . G
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Fresh bunch technique

Delay
modulatort radiatort E modulator2 radiator2

JI_LJI_L/I\J_D_L

Unperturbed *”“fﬂ

electrons

=~ Extend the HGHG to x-ray region.

=~ The coherent radiation from the previous stage works as the seed laser of the
following stage.

=~ The electron bunch is divided into several parts for different stages with the “fresh
bunch” technique.
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cascaded HGHG experiment @ SINAP
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B. Liu, et al. Phys. Rev. ST Accel. Beams 16, 020704 (2013).
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cascaded HGHG experiment @ FERMI
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» Atwo stage harmonic generation FEL has been successfully operated with the fresh bunch technique up
to a final harmonic upshift ratio exceeding 50.

» FEL output pulse energies of ~10 ud or greater has been achieved down to 5.2 nm.
» Coherent emission levels of 1 uJ down to 4.0 nm has been generated in the cascade configuration.

WOIBZ 10.‘64 10‘86 10.‘86 10.9
relength (nm)
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Echo enabled harmonic generation

High efficiency for bunching 0.39

Basic Idea:
First laser to generate energy modulation in electron beam
First strong chicane to split the phase space

Second laser to imprint energy modulation
Second chicane to convert energy modulation into density modulation

VV VYV
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EEHG experiments @ SLAC NLTCA

120 MeV C1
energy 7/
linac 800 nm laser 1600 nm laser Y2 spectror%)eter
& 2011
E 100 Second laser on, AE/og=2
S 50 .
o
o 0 — . S—
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; L C U4 S
e ﬁ ( !}(\ 1
E Vi
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¢ EEHG at the 4t harmonic: AE/o, = 80 ¢ EEHG at the 7t harmonic: AE/o, =
¢ Phase space correlation can be preserved ¢ n >>AE/o;

Xiang et al., PRL 105, 114801 (2010) Xiang et al., PRL 108, 024802 (2012)
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SINAP

Upgraded EEHG beam line at SLAC’s
NLCTA for higher harmonic generation

120 MeV  C1 C2 C3

| .

] \
T T T L | N — %
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New OPA (optical / / \
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A1-2 T T T T /(/? 1 T
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Sogt 150 |8 l: EEHG
204 16th - %“' fan | & EEHG has smaller
C - .
g 02 2 gy ' u : .z)h. WL J bandwidth
= J A__lE k¥ "’MW r“m Wik :’W‘ﬂ\ #f“ﬁﬂ-wfq'
?40 150 160 170 180 190 200 210 140 150 160 170 180 190 210
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D. Xiang, FEL13,THOANOOQ2
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EEHG experiments @ SINAP

bunch compressor chicane DS1 DS2
linac tanks

e”beam
gun linac tanks

drive laser seed laserl seed laser2 FEL
262nm a-BBO

spectrometer

1047 nm | . L . L

1 P T T T o M‘odulator 2 t;nly: typica‘l HGHG —— 1E7 4
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Z. T. Zhao et al., Nat. Photonics 6, 360 (2012).
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EEHG experiments @ SINAP

bunch compressor chicane DS1 DS2

drive Ias:rl
262nm

d

e” beam
gun linac tanks linac tanks i i M1 (EMU65) i i M2 (PMU50) i i
] ;
— ] UL UL
BBO seed laserl seed laser2
523 nm 2500 nm FEL

8.7 ps (FWHM) ~100 fs (FWHM)

spectrometer

5t (EEHG)

10t (EEHG)

The two seed wavelengths are different, which results in the different output wavelength of

HGHG and EEHG.
1 4-10t harmonic signal of HGHG and EEHG have been observed at SDUV-FEL.

Z.T. Zhao, FEL13, THOANO(04



Novel schemes
A Triple Modulator-Chicane (TMC) scheme

Laser k,
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T phase shift o

Laser £,
J;— DU

= Bunch decompression in chicane 1
to split phase space (EEHG)
= Small modulation in M2 (HHG)

= Bunch compression in chicane 2
(CHG)

|
1

® .' ° © * Modulation in M2 compressed and
: 5 + . superimposed on modulation from M1

= = b o=—"r-t (CHG)

S ———— : ——= = Modulation in M3 to cancel
L ‘ P N T modulation in M1 (HGHG silencer)
5 02 0 02 035, 85 025, 0 025 p5

O Ultrahigh harmonics can be
generated while keeping energy
spread growth negligible

O Suited for seeding with HHG
source because only small energy
modulation is needed in M2

D. Xiang and G. Stupakov, New Journal of Physics, 2011
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Novel schemes

A TMC-seeded FEL at 1 nm

\/

< Main parameters

= = RD
A4 =AFE o, B =R/ko, /L
E=2.4 GeV, 0=150 keV

~100 MW UV laser at 200 nm in M1 and M3 to
generate 450 keV energy modulation

~100 kW HHG seed at 20 nm in M2 to generate
15 keV energy modulation

Rsg for the 3 chicanes: 3.3 mm, -3.3 mm, 0.16 mm
Energy spread growth ~ 40%
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Phase space Bunching
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U Tolerances

= UV Laser power fluctuation < 4%

= NOT sensitive to HHG power fluctuation
= UV Laser phase jitter < 11 /4

0
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F425%
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7
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6 0

2 4
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sensitivity

D. Xiang and G. Stupakov, New Journal of Physics, 2011
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Novel schemes

Direct seeding with laser plasma accelerator and TGU
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Z. Huang, Y. Ding, C. B. Schroeder. Phys. Rev. Lett, 109 (2012) 204801
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Improved HGHG:
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Seed laser.
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IHGHG (Cooled-HGHG)

" The bunching factor of cooled-HGHG has no relation

n2p2 ‘fz 532{ with the initial beam energy spread, but will be
— 2 nz ( ) significantly degrade for large emittance.
bll € ] ]H HDAY % For the nominal parameters of SXFEL, the bunching
factor of cooled-HGHG is close to that of EEHG.
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Experiment proposal at SDUV-FEL
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TGU configuration & field dependence

Alternatively, we may break a chicane and transversely shift all the followed
elements in the accelerator tunnel, as proposed in the paper.
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Future developments

» Self-seeding adopted by all SASE based facilities to
iImprove the performance and temporal coherence.

» Direct-seeding with even shorter wavelength HHG seed.

» Three and even more stages cascaded HGHG or
improved HGHG for higher harmonics.

» EEHG operation with higher harmonics up to hundred.
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Summary

» Seeding is an indispensable method to significantly
improve the performance of FEL facilities.

» Several seeded FEL schemes have been proposed and
experimentally demonstrated and operated.

» The initial noise will be amplified during the harmonic up-
conversion process. However, it is found that transform-
limited radiation pulses can still be generated by properly
setting the parameters.

» Seeding methods at very short wavelength are quite
limited, novel ideas to improve performance of seeded
FELs still need to explore.
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