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Outline

* Principles of hard X-ray FEL
* PAL-XFEL, 8-years operation since 2016

« Upgrade plans to help user experiments
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High electron energy ( ~10 GeV)
High peak current (~3kA)

Low emittance (Norm. 0.5 mm mrad) Microbunched electrons

for coherent gain medium

“ Versatile single pass ultrashort pulse laser at X-ray regime
- Easy continuous wavelength tunning by e energy or undulator gap
- Pulse duration tunability, a few tens of fs and down to a hundreds of as
- Polarization control with elliptically-polarized undulators
- Unique tools to see atoms directly in the reaction timescale
by spectroscopy or diffraction imaging

FEL intensity (W)

x (mm)

Wavelength: 0.144 nm
Beam energy: 8.04 GeV
Undulator K: 1.87

60 80 100 120
Undulator magnetic length (m)
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PAL-XFEL
2011 ~ 2015: Construction
2016: Commissioning
2017: User-service started
2019 : 60 Hz operation
: Hard X-ray self-seeding service

—




PAL-XFEL: well-known highly stable machine
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High-brightness self-seeded X-ray free-electron
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One day user run with a self-seeded beam
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XSS (X-ray Scattering and Spectroscopy)

Instrumentations

Femtosecond X-ray Scattering (FXS)
Femtosecond X-ray Liquidography (FXL)
X-ray emission spectroscopies (XES)

Specifications
Focusing optics: Be CRL
2-circle and 4-circle diffractometers

Cryostream cryostat: 40 — 300 K
Sample chamber for vacuum and gas conditions

Liquid injector (100 um jet)

4-C e - W ke
gomometer — N

NCI (Nano Crystallography and coherent Imaging) SSS (Soft X-ray Scattering and Spectroscopy)

Coherent X-ray Imaging / Scattering (CXI) Resonant Soft X-ray Scattering (RSXS)
X-ray Absorption Near Edge Spectroscopy (XANES) X-ray Absorption/Emission Spectroscopy (XAS/XES)
Serial Femtosecond Crystallography (SFX) Fourier Transform Holography (FTH)
Wide angle X-ray scattering (WAXS)
Specifications « Specifications
Focusing optics: KB mirrors 6-axis manipulator with cryostat (RSXS)
Dedicated sample chambers for CXI/SFX/XANES VLS grating for 200 — 1200 eV (XAS/XES)
with vacuum or He environment lon/electron time-of-flight (XAS/XES)

tunable nanosecond laser for SFX experiments

Jungfrau 0.5M
(2th ~ 30 deg.)
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User beamtime is getting crowded

[ | User beamtime (day) User proposa'
Beamtime shift (1 shift = 12 hour) User publication
14 15
B ] ] B 11
5
1 3
2017 2018 2019 2020 2021 2022 2023 2017 2018 2019 2020 2021 2022 2023

- Providing night shift

Night
Day
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¢+ Swiss FEL: Aramis, Athos (operation)

Porthos (plan)

First construction

Second construction
phase

phase
2013-16 2017-20
BC1 BC2 2.7-3.3GeV
\Injector — 7 > - linac1 — 7 - Linac2 — — Linac3
0.3 GeV 2.1GeV 3.0GeV  2.1-5.8GeV

Planned phase
2029+

*» US LCLS : LCLS I, NC 14 GeV (operation)
LCLS II SC 4 GeV( commissioning)
LCLS II-HE 8 GeV (plan)

*+ European XFEL, SC 17.5 GeV: SASE1, SASE2, SASE3 (operation)
SASE 4, SASE 5 (plan)

Athos 0.65-5 nm

r =

Aramis 0.1-0.7 nm

(=

Porthos 0.05-0.7 nm

user
stations

Far Hall

LCLS-II-HE
Cryoplant
LCLS
RF Gun (Cu-linac) (sxu)
Warm Soft X-ray Near Hall
LCLSAII Accelerator Undulator
RF Gun
BC1 BC2
Superconducting Accelerator

CW-SCRF H B
3-4 GeV SC Linac —— ( ) Beam ard X-ray

Switchyard Undulator

(HXU)

3-8 GeV SC Linac
3-15 GeV Cu Linac

Beam _\,
Dumps

Hutches

L1 L2 L3
4 modules 12 modules

80 modules
(1 RF stations) (3 RF stations)

Injector (20 RF stations)

1.3 GHz module
3.9 GHz 3" harm.

A A3 | A4 AS
' Al
0.24 kW

9 kw

300 kW
A6 b

5 kw

i A 300 kW

BC2 Collimation
Gun Dogleg, BCO BC1 2.4 GeV 6..17.5 GeV 300 kw
6 m ADI m 241‘) m 47CII m 146‘0 m 213‘0 m 24Ab m 310‘0 m

% Japan SACLA: BL1, BL2, BL3 (operation),
BL4, BL5 (plan)

CB-correction v S-band v v
G 476MHz /l'f'l\ (3mx8) .'J.\ j Y] |
/ \ / / \
L] L] * I’ Eh BB E B / ‘-
i. ' B Energy siit I I l l -I I
L-APS (2mx2) C-band
238MHz BC1 - BC2 (1.8mx24) BC3
. (R56~-41mm) (RS6~-37mm) (RS6~-7.5mm)
Chopper LB-correction 35 MeV 400 MeV 1.4 GeV
T Injector  z.13m Z~50m Z~120m
SCSS+
BL1 1001-03
o =) —
Undulators i
(4.5mx3) Au=18 mm
rd A i
Kicker L Undulators . ring

(5mx18) Au=18 mm

3-'/B'.|_3 1D01-08 Chicane
o o 5

To users

Deflector A - i Undulat s
Dofiestor Main C-band B o _ Comination of
(1.8mx2) i BL4 Beam dump XFEL and SR
e =k s 2
XSBT 1 O "
4 ™
To SPring-8 Experimental
2-390m -



% Project management HX1 i SX1
- Duplicated developed undulators and diagnostics | Undulator period, mm 26 35 35
- New undulator line has speciality Undulator K (max) 1.87 3.5 3.5
160 FEL photon energy, keV | 6.5~ 20 1.5~10.0 0.3~1.2
~4 m] ’ I:;;E 1
~0-HX2-Ep o x| | Specialized range, keV

Undulator Hall

,,,,,

| - ' — i ] ._E_ l_ _..I..l.. - Hl_ — _.l,__ l___ I_ ‘“ tpo— l-o..n. l _” -
: i i} i 0 | 5 i) 1) ] 0 @; g i
30-MeV Linac for THz J — " [] [] " " ] ] ] [l (] ' ]
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Parallel simultaneous operation by beam switches

~30 ns ~30 ns

— — » Fast

60Hz Slow

30Hz

EH2

Kokor @ @  Kiok 6.5~ 20 keV FEL EH1
00 OO0 | Koker® @ Kicker ® mpumEEEiEEEEN
— < EREEEEEEEEN
60Hz Q ________________________________________________________

Soft X-ray

2017 2018 2019 2020 2021 2022

Beamtime approved ratio : 32%

60Hz

O

New

30Hz 1.5~ 10 keV FEL

Undulator line + Exp. Hutches EH3

B

_____________________

60Hz_ 0.3~1.2 keV FEL

OO mmEm

e 3 beamlines share the FEL
- HX/SX fast kicker: 60/60

- HX1/HX2 slow kicker: total 60 shared by two hutches

(e.g. 50/10, 10/50 etc.)

PAL 2 ZZIt871913 2
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56m EH4

B 1| «FEHZ HUTCH L sEH1 HUTCH= | — OH
i o il = HX1
| EH2 (NCI) i EH1 (X55) [ | [ ]
= # # & = i ==t |
2 o
- _ = o _
1 = L ey e == S5 i fii—

HX2 HX1

Photon
Ener gy 2 3 4 5 6 7 8 9 10 11 12 13 14 15
(keV)

Tender X-ray XANES Time-resolved solution scattering

Coherent Diffraction Imaging

Diffraction/Scattering

RIXS/REXS Serial Femtosecond
Crystallography

Distributing experimental techniques in 4 hutches

based on the photon energies

HX1/HX2 simultaneous operation

Construction period, including commissioning (estimated)

: 3 years without HX1 shutdown

PAL 2 71871917 4
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Main science drivers for PAL-XFEL beamline

1.Time-resolved XFEL experiments for condensed matter physics and material sciences
Quantum material research (FXS, RSXS)
. Finding and controlling hidden physics under specific sample environments
Multiplexingmeasurement(SAXS + WAXS + XES)
. Simultaneous measurements from single particle
Development of XFEL imaging techniques
. Dark / Bright field XFEL microscopy
Time-resolved CXI with nanofocusing
Fourier transform holography (SX)

2.Time-resolved XFEL experiments for chemical sciences
Implementing advanced experimental techniques (V2C,HERFD-XANES)
Multiplexingmeasurement(Scattering + XES)
. Precision measurements unveiling chemical dynamics
Varioussample environments (Solid, Solution, Gas, Aerosoal,
3.Structural biology and Macromolecular dynamics
Initiation methods other than optical excitation
: Mixing and Injecting system

PAL 2 71871917 4
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Closed loop operation of time-resolved experiments

CEnEa
IR

+ Undulator hall

Laser Clean RoomE
; : * Full control of delay (shot by shot)
. Reference ;
: RF Oscillator : - Programable delay scan
REF. :
Laser Digital Phase Shifter : (lookup table and etc.)
OscHIator " ° . P
«C ]
C S| seed Laser
» » K ] : * Seamless measurement
] Tlmlng stab|I|zed - Delay is adjusted between pulses
optical link
Bunch : R DAQ * Monitoring all jitters
~Arrival : ]
Monitor " LaserArnvaIMomtor
' DAQ - Timing jitter ~20fs->~5fs
: - Time resolution 100fs->25fs
.‘ : ‘. :
X-band - ]
Phase Cavity 1 ‘Expenmental Hutch &
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Upgrade items of PAL-XFEL

- Adding another undulator line is highly desired
- Simultaneous parallel operation: more opportunity
- Specialized beamline hutches: time-saving and easy-development
* Closed-loop time-resolved experiment setup
 Accelerator parts
- short pulse : attosecond
- elliptically polarized undulator
- long delay two-color X-ray
« Beamline parts
- Nanofocusing
« Continuous efforts to reduce the energy cost

PAL 2 T2 IIR7I913 2 -
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