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Introduction

China started to develop high gain FEL in late 1990s, when
a HGHG scheme based DUV-FEL was proposed;

In the past decade, the SDUV-FEL test facility that is based
on a 180MeV linac and the DCLS, an EUV-FEL user facility,
based on a 300MeV linac were constructed

SXFEL, a soft x-ray FEL, phased in test &user facilities, has
been under development since 2014. Now the test facility is
iIn commissioning, and the user facility is in integration;

SHINE, a high repetition-rate hard X-ray FEL facility based
on an 8GeV CW SCREF linac started its construction in April
of 2018.



High-gain FEL Facilities in China
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High-gain FEL Projects in China

Facility type
Status
Wavelength
Length
Accelerator

Beam energy
FEL scheme

Location

First lasing

SDUV-FEL
Test facility
Shut down

150-350nm
65m
S band
100-200MeV

HGHG, EEHG

Shanghai
2009

DCLS
User facility
Operation

50-150nm
150m
S band
300MeV

HGHG

Dalian

2016

Test facility
Commiissioning

8.8nm

293m
S+C band
0.84GeV

HGHG, EEHG

Shanghai
2018

SXFEL-UF
User facility
Construction

2.0nm

532m
S+C band

1.5GeV

HGHG/EEHG,
SASE

Shanghai
2020

SHINE
User facility
Construction

0.05-3.0nm
3100m

L band/SRF
8GeV

SASE, EEHG

Shanghai
2025




SXFEL: Shanghai Soft X-ray FEL Facility

» SXFEL Facility consists of two projects independently funded, SXFEL test facility
(SXFEL-TF) + SXFEL user facility (SXFEL-UF), located at the SSRF campus;

 SXFEL-TF was initiated in 2006 and founded in 2014, its 0.84GeV linac and undulators
was installed through 2016 to 2018, it is for testing the cascaded seeding schemes;

« SXFEL-UF was founded to upgrade the linac energy to 1.5 GeV for driving 2 undulator
lines (SASE+HGHG/EEHG) with 5 experimental stations in the water window region.
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Test Facility: SXFEL-TF

» A seeded FEL with two-stage HGHG or EEHG +HGHG
based on a ~0.8GeV linac and located in the campus of
SSREF, closing to its synchrotron;

RF-gun  Linac-1 Linac-2 Linac-3 Mod1 Rad1 Mod2 Radiator2
S-band  X-band C-band C-band

B e — -0~

Bunch Bunch (D_

Laser-heater compressor-| compressor-2 laser

FEL parameters

Baseline | Baseline Il
(8.8nm) (6.3nm)
Scheme HGHG-HGHG EEHG-HGHG HGHG-HGHG
Harmonics 6 x5 6 x5 7 x6
Beam energy/MeV 790 790 840
FEL wavelength/nm 8.83 8.83 6.3
FEL pulse/fs 100 - 200 100 - 200 100 - 200

FEL power/ MW >100 >100 >100




SXFEL-TF Linac

Bl

Bunch
Laser-heater compressor-1

RF-gun  Linac-1 Linac-2 Linac-3
S-band  X-band C-band C-band

compressor-2

Injector beam parameters

Bunch charge (nC) 0.5
Beam energy (MeV) 129.4
Pulse length (ps, FWHM) 9
Emittance (mm.mrad, rms) 0.95
Energy spread (rms) <0.14%
Rep-rate (Hz) 1-10

Main linac beam parameters

Bunch charge (nC) 0.5
Beam energy (GeV) 0.79
Bunch length (ps, FWHM) 1.0
Emittance (mm.mrad, rms) <20
Energy spread (rms) <0.15%
Rep-rate (Hz) 1-10

Peak current (A) = 500




SXFEL-TF Undulator System

Mod1 Rad1 Mod2 Radiator2
Seed laser

M1: Np X Au 20X 8cm DS1: length/6/R56  12m/0-52mrad/0-25mm
R1: NsXNpXAu 3X75X4cm DS2: length/6/R56  3m/0-34mrad/0-2mm
M2: Np X Au 30X5.5cm FB: length/8/R56 4.46 m/0-47 mrad/0-7mm

R2: NSXNpXAu 6X125X2.35cm DS3: length/6/R56  3m/0-34mrad/0-2mm
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SXFEL-TF: Undulator Radiator
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SXFEL-TF commissioning milestones

Wewnane L Seed1 off, seed2 on

EEHG-20@13 nm
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Current Performance of the SXFEL-TF linac

Design Achieved Operating
Specification Performance Parameters
Repetition (Hz) 10 10 2
Charge (pC) 500 >500 ~600
Normalized Emittance(pm-rad) <1.5 ~1.0 ~1.0
Injector
Bunch Length(FWHM, ps) ~10 ~10 8
Energy(MeV) 120 125 120
Energy Spread(rms, %) <0.14 <0.1 <0.1
Energy(MeV) 840 400 ~ 890 790
Energy Spread(rms, %) <0.15 <0.1 <0.1
Bunch Length(FWHM, ps) ~1ps ~1ps ~1ps Al Il

Normalized Emittance(um-rad) 2.5 <2.0 ~1.2
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Nonlinear compensation for BC

» To maintain the initial temporal

bunch profile during chicane, one Bunch Profile Control
1-m X-band section is adopted to .
. A
compensate the compression 1
transformation up to second order. . %:@%
> This non-linear effect durin CIATH
J . .

compression is also utilized for
bunch profile control for cascaded
HGHG lasing scheme.
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Beam emittance preservation @ linac exit

» Wakefield effect compensation for 500pC beam, especially in 1-m long
X-band structure, is developed by beam-based alignment.

» This strong collective effect is also notable in ~30m main linac C-band
RF structures.

» Beam optics matching is also helpful for optimized beam transportation.

sssss
Beam Size

Energy Gain

®=Beam Energy
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pos start (400 () || Thrash ¢
400

The project emittance at the 790MeV linac exit is about 1 umrad for a peak current of ~500A



Long-term stability of the SXFEL Linac

» The requirements for tolerance budget are fulfiled and beam jitters at the linac are

well controlled in SXFEL-TF, including not only RF sources for longitudinal beam
jitter, but also magnet regulations for transverse beam pointing jitter.

» Long-term stability is also maintained by beam-based feedback toolkit.

» Day-night phenomenon of the beam orbit stability is observed during commissioning

period and analyzing, the possible reasons are under investigations.

.........................
mmmmmmmmmmmmmmmmmmmmmmm

_BPM Jitter

%Q\‘\ %Q\'\q’ %Q\‘\’b %QV‘\G’ %QV‘\ A (&Q@\ %QV‘\ N S%QVK‘ QV‘\ ?\;\9 %Qg\'\ @{\'\’% ‘t{\f’% ‘t{\b \t\\’\%q\l\\%% @\9%9\1\’19 \r\’i\’% \10:1' V‘\’ib ‘y\’f’% ‘y\’)ﬁ’ @\’L’\
AP BT T P o o 27 %7 AP (P (P AP A P P d P P P xS xS q,\‘) AP 9,\‘5
\‘“\“\‘“‘*\P\ﬁ*\)’\?\}v*\?\?\}\}\}\»\}\»\}\}\}\}\}\}\}\}




Commissioning EEHG and cascade HGHG at SXFEL-TF

INJ DS Ds1 FB DS2 Photon beam diagnostics
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Case 2: cascade HGHG scheme



Case 1: Echo-11, 20 and 30 Experiments at SXFEL
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Results from s2e simulations

« Coherent radiation of EEHG-30 (at 8.8 nm) has been obtained at SXFEL

« Efforts are being made to realize the lasing and saturation of EEHG-20 and
EEHG-30



Comparison of HGHG and EEHG
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Lasing of EEHG-11@24nm at SXFEL-TF

» With high peak power of the 2"d seed laser, coherent signals for both HGHG and
EEHG appear at 11" harmonic

» The bandwidth of EEHG-11 is narrower than that of HGHG (due to the nonlinear
chirp in the electron beam)

» Reducing the peak power of the 2" seed laser, the HGHG-11 becomes very weak,
while EEHG-11 is very strong, about two orders of magnitudes higher.

——EEHG |
——HGHG

* Measurement (EEHG)
* Measurement (HGHG)
—— Simulation (EEHG) |
— Simulation (HGHG)

Pulse energy [jJ]

24 24.2 24.4 1 2 3 4 o 6
Wavelength [nm] Undulators



Radiation of EEHG-20 and EEHG-30 at SXFEL-TF
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Observed coherent signal for both HGHG and EEHG on the spectrometer

It's hardly to see the coherent signal of HGHG for harmonic number larger than 16
For EEHG it's easy to generate coherent signal at 20t and 30t harmonics of the seed
by tuning the strength of the first chicane.



Case 2: cascade HGHG at SXFEL-TF
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Saturation of the first stage HGHG at 44nm has
been achieved with peak power of hundreds of

MWs.
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Amplification of the 2"d stage HGHG at 8.8nm
» Pulse energy >7.5 ud, peak power > 30 MW, efforts are on going.

Photon beam diagnostics
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User Facility: SXFEL-UF

» A soft X-ray FEL user facility based on SXFEL-TF with two undulator line, a
seeded FEL line and a SASE FEL line, is funded mainly by Shanghai local
government, aiming at opening to users in 2020
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» Upgrade the SXFEL-TF to a user facility, consisting of a 1.5 GeV linac
and two undulator FEL lines, one is based on SASE and another based

User Facility: SXFEL-UF

on EEHG/HGHG cascade, as well as five end-stations.

RF-gun  Linac-1

Linac-2
X-band C-band

S-band SASE
y 3
Laser-heater compressor-1 compressor-2 B ati] feste Badiater?
EPU
Seed laser
FEL Parameters
SASE line Seeding line
Beam energy/GeV 1.5 1.5
FEL wavelength/nm 2 nm 3 nm
FEL pulse/fs 100 - 200 100 - 200
FEL power/ MW >100 >100
Rep. rate/Hz 50 50




SXFEL-UF Building
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Upgrade SXFEL-TF to SXFEL-UF

» Increase the linac energy to 1.5GeV
» Upgrade the linac with laser heater and second bunch

compressor

» Construct a SASE FEL line and a seeding FEL line
» Construct 5 experimental stations

2~10 nm seeded FEL(move)
1.5 ~ 4 nm SASE FEL(hew)

Test Facility |

0.84 GeV linac

-7_.—1—

A

FELMnew tunnel

\\ \
| /
[E0a 11 X I~

Linac upgrade to}l.S GeV

/

1.5 GeVéinac

User Facility




SXFEL-UF Linac

» |Increase the linac energy to : ~1.5GeV

LO0K1 LO-K2 L1K1 TDS2K 1L2K1 13K1 13 K2 13K3 13-K4 TDS2-K
Sband Sband shand band band Cband Cband Cband Cband Cband Cband Chand
SOMW S0MW S50MW S50MW S50MW S0MW S0MW S0MW

TDS2-K 12K1 12-K2 12K3 13XK1 L3K2 13K3 L3-K4 L3K5 L3K6 13K7 TDS3-K
Cband Cband Chand Chand Cband Chan Chan Chand Chan Chan Cband xband
S50MW  S0MW S50MW S0MW S50MW S50MW S50MW S50MW MW S50MW S0MW S50MW
= = = 2 B B2 B B =2 B8
L 20 25N 200 2N 2 Be2 L2 2N 20N 2K 2N 2R 2N 2R 20N 2NN 2 2R 2 v

1) 1 S-band klystron 2) 1 C-band RF unit 4) 1 X-band deflecting
and 2 SLEDs 3) 3 C-band RF units | | structure




C-band Accelerating Unit and Laser Heater
Components




SXFEL-UF Linac
» Upgrade the SXFEL-TF linac with :

laser heater and 2”0' magnetic bunch compressor

O5-out ®r/Bpeng Sen Nenen
(MeV) (%) (MV/m) (Deg) P

0.86 0.14 -
273 0.86 1.44 27 -29.2
256 0.86 1.51 19 180
: 0.13 : 3.968
640 0.13 0.42 38 4
: 0.07 : 2.217
1500 007  0.028 38 6

v

Ifdd one more moveable chicane BC2,
further increase the peak current to >700A Schematic layout of SXFEL-UF laser heater



SXFEL-UF FEL lines

> FEL1: Seeded FEL line: add 7 undulator units

Stage-1 FEL
i m (W | e
1] I MNE WEN WEE (HEE
CH1 U80-1 CH2 U80-2 CH3 ' U40-1 U40-2 U40-3 U40-4 | CH4

‘n
(e (NN NEE (NEE (NN (WEN (WEN (NEE (WEE (WNN (MEE [(NEE (W
M40 CH5 U23.5 U23.5 U23.5 U23.5 U23.5 U23.5 U23.5 U23.5 U23.5 U23.5 EPU-1 EPU-2 TDS

Stage-2 FEL
—l—l—l—l—[—*—l—l—[—l | e [

> FEL2: SASE FEL line: build 10 IVU sections

DUMP
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(NN (MEE (NN (MEE (WA (WEE (NN (AN (MEE (WEN
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SXFEL-UF Undulators

Mini gap | Effective
(mm) field (T)

8.75 . Seeding, Radiator-1
Planar 23.5 125 8.75 0.64 <5° 10 Seeding, Radiator-2
EPU 30 98 4 0.8 <5° ,  Seeding,

After burner
VU 16 243 4 1.05 <5° 10 SASE, Radiator



SXFEL-UF Beamline and End-stations

The user facility enters the installation phase and is expected to be finished
by end of this year, the beamline commissioning will start March next year.

5Endstations |
Coherent Diffraction Imaging and Fluorescence Microscope CDI —
Time-resolved X-ray Scattering TXS e
Ambient Pressure Photoelectron Spectroscopy PES -
Ultrafast X-ray Spectroscopy for Chemistry UXS
Molecular Dynamic Imaging and Composite Velocity-map AMO
Imaging Spectrometer
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SXFEL-Parameters at Sample Positions

_ SASE beamline HGHG beamline

Energy range 1.2-12 nm (100-1000 eV) 2.4~24nm (50~500eV)
Pulse energy 330uJ @100eV,47ud @620eV  64ud @56eV , 5ud @500eV
Photon flux /pulse 4.6x10"@620eV 5x10°@500eV
~1.3x103@100eV ~2.9x10"2@50eV
Energy resolution (AE/E) 0.04%~0.2% 0.008%~0.04%
Energy resolving power ~3x104 @620 eV ~4x103 @200eV
Of diagnostic spectrometer
(E/AE)
Spot size ~3um ~10um
Pulse width (fs) 117fs@620eV 50 fs@300eV

Rep-rate 1~50 Hz 1~50 Hz



Summary

» X-ray FEL facilities, SXFEL based on a 1.5 GeV C-band
copper linac and SHINE based on an 8 GeV CW SCRF
linac, are under active development in China;

» The SXFEL is a phased facility, consisting of two funded
independently projects of central and local governments,
aiming at serving experiments in 2020;

» The SXFEL-TF was constructed from 2015 to 2018, its
linac has achieved the design performance, and its FEL
commissioning is in progress with the EEHG lasing at
24nm and two stage HGHG lasing at 8.8nm;

» The SXFEL-UF construction started in 2016, now most of
the equipment and components are ready for installation,
Its commissioning is expected to start in March 2020.



Thank You for Your Attention !
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