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PAL-XFEL

Apr. 2011: PAL-XFEL project started
(Total Budget: 400 M$)

- Apr. 2016: Commissioning started
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PAL-XFEL Parameters

30A 300A 3kA
— —
2 ps 200fs 22fs
HX undulator (HX1)
Heater BASO BCi BASI BC2 BAS2 BC3H BAS3H  (.25-12.8 keV)

DE2H L4

S¥ undulator (SX1)
' Hi H|—|\—.l.5!—|T» 555
L35 DF2s W
BAS3S  315Gev @
dump
Main parameters
e Energy 10 GeV Wavelength [nm] 0.1~0.6
e Bunch charge 20-200 pC - = _— 4~10
Slice emittance 0.5 mm mrad LD ST ([
Repetition rate 60 Hz Wavelength Tuning 0.6 ~0.1
Pulse duration 5 fs — 100 fs [nm] (energy or gap)
Peak current 3 kA Undulator Type Planar, out-vac.
SX line switching  DC (Phase-1) Undulator 26 /8.3

Kicker (Phase-2) Period / Gap [mm]

L ST R N

10 GeV
dump

1~4.5
3.15

4.5 ~ 3 (energy)
3 ~1(gap)
Planar

35/8.3



Photocathode RF Gun

) Drive
RFinput  oojenoid | laser

Laser
e beam

= 5 /S N
cell, 2.856 GHz

« 1.6
« 2 RF coupler ports & 2 vacuum ports at the
full cell for RF symmetry



PAL-XFEL K&M Gallery

Parameter ~
Operation frequency MHz 2856
No. of Klystron, Modulator 51
Max. repetition rate Hz 60

Operation pulse length us 4




PAL-XFEL Linac

Parameter m Value

. Energy GeV

| . Charge pC 200
No. of SLED 42
No. of Acc. Column 173
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Start-to-End Simulation of Hard X-ray Line

0=4.5°, AL=3.2 m 0=2.8°, AL=6.9 m

Rs=-41.1 mm R;=-34.2 mm
BCl1 BC2

——— Linac-1 =— X -/_\— Linac-2 -/_\— Linac-3

18 MV/m
-27.3°

135 MeV

0=1.8°, AL=3.5m
Ry=-7.4 mm

BC3
Linac-4 =——

18.7 MV 19.1 MV/m
-179.4° -20.4°

314 MeV

19.5 MV/m
-1.2°
2.65 GeV

19.3 MV/m
-0.5°

3.81 GeV 10.0 GeV

After BC3
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PAL-XFEL Undulator

Yo

3 Parameter m Value

No. of Undulator 20

Length m 5
Period mm 26.0
Gap mm 8.3
Wavelength nm 0.1
Magnetic field Tesla 0.8124

K 1.9727



First FEL Lasing
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FEL Optimization

 Beam based alignment in undulator section
* e-beam size matching in undulator section
* Undulator gap tuning

« Undulator offset tuning

» Undulator tapering

* Phase shifter gap tuning




Undulators in PAL-XFEL

Configuration of UND section

1.05\m 5m
CBPM QUAD Phase Undulator
COR Shifter (UND)
(PS)

Device Control parameters

H/V-offset (in PV)

il H/V-position (by mover)
QUAD Field, H/V-position (by mover)
COR H/V-kick

PS Gap

UND Gap, V-offset



Beam Based Alignment

Ab, Ag, Ab, Ag, Ab; Ags

A L =l
T,— IT(\)I iTV

m; m, my

< CBPM Offsets Ab,, Quad Offsets Ag;,

- Model beam position (/) at CBPMs as a function of initial launch at 1!
CBPM(x), quad offsets (Ag), CBPM offsets (Ab) ( m=[R, R, RJ[x’Aq’Ab]’)

- Calculate response matrix for 4 energies (4 ~ 10 GeV for HX)

- Measure ~200 orbits and average for each energy

- Generate final response matrix, Ag, Ab;and apply Ag;and Ap,

Henrik Loos, LCLS FAC (2009), P Emma et a/. NIM A 429, 407-413 (1999)



x Off (um)

y Off (um)

Undulator BBA

= Beam positions are measured at four different beam energy: 4, 5, 7, 10 GeV
= BPM offsets and quad offsets are calculated to get dispersion-free straight orbit

= All cavity BPMs and quads have its own mover which can move up to +/-1 mm
with precision of 1 um for horizontal and vertical directions

BBA Scan Fit Result 07-Oct-2016 10:04:27

—— BPM Offset Fit |
Quad Offset Fit
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Photodiode intensity (nA)
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Undulator Gap Tuning

DCM energy scan [HU117 gap = 10 mm ]
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71 yv=f(al +ad(g-a2)) erfc(-(g-a2)/a3)+ad +tabg
al =3.2707E-9 +2.7678E-11
L @2 =9.0536 £ 3.3702E-4

a3 =0.016153 +4.6752E-4

a4 =-1.5499E-8 + 3.6233E-10
| a5 =-7.9066E-9 + 1.648E-9
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Photon energy (keV) 2016-09-09
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Undulator (HUO1) gap distance (mm)

2 BoA, -
K = 2% _ 0.9337By(T)A,(cm)

2mwrmc P
| 1 ==
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Undulaotor W Slit Double Crystal Photodiode
Center 2, = (1 + —) Monochrometer
r 2
2y 2

T. Tanaka ef al. Phys. Rev. ST Accel. Beam 15, 110701 (2012).




Undulator Offset

« Finding of an undulator mid-plane by vertical offset scan

e To use the optimum field region in an undulator
UND

~ e e [ p— FEL
L e e S— QBPM
le—9 HU1:UN13-0- OFFSET

....................... '

155 lefs_e.t__—___0_0_3_4__m_m._____§ _____ 3

Ipp (arb. unit)

—0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20
Offset (mm)



Phase Shifter Gap Tuning

« PS scanning with the FEL power measurement
« To find optimum PS gap in the tapering condition

— FEL
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FEL Saturation (HX & SX)

Nov. 27, 2016 Feb. 02, 2017
10 . . . . . . 10
10 ;] 10
— Simulation —— Simulation
Measurement «  Measurement
- | | 10%}
E, : 1.6 E 10%
z 10°] = 1 =
2 =12 5
7L
2 1 € 10
5 107 o
E 04 06 08 1 1.2 [TH
s 1 06 _X (mm_) ’
Wavelength: 0.144 nm :
1 06 Eeiml ener}gy; 8834 GeV Wavelength: 1.52 nm
ndulator K: 1. B - 3.0 GeV
Emittance: 0.55 mm-mrad 1 05 3 Ui%ﬂaﬁgreﬁ:yzo )
Peak current. 2.5 KA Emittance: 0.55 mm-mrad
Peak current: 2.2 kKA
10° ' ' ' ' ' ' ' ' ' '
0 20 40 60 80 100 120 0 10 20 30 40
Undulator magnetic length [m] Undulator magnetic length [m]
Simulation: Simulation:
emittance: 0.55 mm-mrad emittance: 0.55 mm-mrad

peak current: 2.5 kA peak current: 2.2 kA



Stability of 0.1 nm FEL

0.1 nm SASE-FEL

2017/05/06 18:26:47.865

10 GeV Energy profile HU1E:SCMDP:

2017/05/06 18:26:48.535
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Energy Loss Scan

% 10° Correlation Plot 28-Nov-2016 22:55:18

14+ % HUIE:SCM36:CAM:Stats: Total RBV

0

Y= Aexp((x - BYYC%2)+ D

A= 12185¢+06+-1.1083e+05
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D
&

Screen #36

= 49791+ 24545

[/NDF = 952
rips fit error = 4.4e+04
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“X-ray Intesity at YAG
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FEL Energy

FEL pulse energy (pJ)

~1.0mJ for 7 ~ 10 keV FEL (1.3 mJ @ 12.7 keV)

~ 0.7 md for 10 ~ 15 keV FEL

1200
1100
1000
900
800
700
600
500
400

——9.7 keV
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3 Experimental Station: .
Coherent X-ray Imaging, Hard X-ray Pump & Probe, Soft X-ray Pump & Probe



Pump-Prove Experiment

d
I ' _No timing jitter correction

" - Averaged by 50 trials of the time delay
scan and normalized by GaSb(111) Bragg
peak intensity

- Only slow time-drift correction

- Vibration Frequency : 2.7 THz

- Instrument Response: 137 fs (FWHM)

PAL-XFEL data: Bi(111) Bragg Peak Intensity Modulation, 2017-4-29~30
102 [ T T T T T T T i

=

0.98

0.96

Optical Pump
;s 0.94 -

0.92

Normalized Bi(111) Bragg Peak Intensity

> : Al = e N\ AT 0.9
Bi(111) thin film (50 nm) on GaSb(111)/Si(111) 08T
X-ray: 6 keV 0.8
X-ray size: ~ 60 x 60 um? 223 )
Laser: 800 nm, 100 fs 4 0 1 2 3 4 s s

Detector: MPCCD 0.5 Mega pixel e ety (=)
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Injector Laser

RF com
In Linac

onents

xperimental Lasers

. for soft X-ray
Experimental Lasers

for hard X-ray

Diagnostics
(bunch arrival time monitor)

o
n
PR,

€ E-beam energy jitter: < 0.02 % ; i | i
€ E-beam arrival time jitter: < 20 fs wee s e o e Hw
€ FEL pulse energy: >1 mJ at 9.7 KeV

20‘8
& FEL position stability: 8~9% of beam 3;5_7_@
€ FEL power stability: ~4.0% RMS

FEL Energy Stability



PAL-XFEL Timing Distribution

Timing Room
i )
X : X Band Cavity ' : @ ; :
B : Beam Arrival Monitor
D : Deflector
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Temperature Stabilization

Duct cross-section

Outer steel duct

Inner aluminum duct

2856MHz 476IMHZ Optical fiber
‘m /

230

Cu pipe
Thermal insulator for water
LCW flow diagram
~30m
[ ¢ I
P — ——> «—— —>
— D —— — >

~ - N
P =N >~ -

E L L L

N
Al

With

I\

cover open
2. "

100

| Water tube

~ " | Metal sheet
~~ / __ Thermal
. = insulator
e Cover

Temperature stability of Duct : 0.01°C/day



Phase Drift Measurement

@ 0CX0 ~750 m
476 MHz

856 MH 856 MHz
8 -way pan-out 8 -way pan-out
Yty IRRRRRRRNY.
E/0 . Optical fiber 0E > LLRF
Libera Sync3

e <10 fs rms jitter

=) i

[ R RN S - S . 1 S
i : ' I

E g .~ 1 ps/day

M ' ' '
= H H 1

. . \ & :

s Lt SOt SIS
] ' ' '

! H 1 1
o : i i

C_I ' '
IIIIIIIIIII I T T T T T T T T T 1 I T T T 1 T T T T T T I

! juil 0000 12:00 0o:00 12:00 :

2M7-06-23 0R-24 0R-24 06-25 06-25



Timing Jitter Measurements

100 Seconds

‘10 ‘mi‘nut‘es |

10.2 fs RMS | -

14.8 fs RMS| .|
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3110
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30.98
30.94
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8.78
8.74

Beam Arrival Time

>

| e Bunch Arrival Time

2.83 GHz RF? D Measurement

2.83 GHz RE |
476MHz RF Osc.
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Gun

GUN, ~11 fs rms
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Phase cavity At

\h\/;

Pump/probe Jitter

Und. Phase cavity

Undulator end, ~19 fs rms
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Thour
HU1E:BAM:MO1:Rms1



Beam Arrival I\/Ionltor
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FEL beam transverse positions (mm)

FEL Position Jitter
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x-beam size: 119 um
y-beam size: 133 um

X-jitter: 10.4 um
y-jitter: 10.9 um

Hori.
Vert.

Measured at 40 m downstream YAG-screen from last undulator
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xmean = 1476.48 um
ymean = 1152.90 um
xms = 119.06 um
yrms = 133.35 um
corr= 0.08

sum = 0.441 Mcts

11-Aug-2017 11:43:58
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Laser & XFEL Cross-Correlator

Fast photodiode
(30ps rise)

YAG:Ce

; N XFE lu‘. . ¢ ke Pin-hole (100 pi
ey SRS R TR ARt
N "ll r 1 . | n ﬂr e |

SiN (1 pm)

W

—_

SiN (2 pm)

11.3 deg (197 mrad)

for 2 um SiN
temporal walk-off = 2.6 fs



FEL Timing Jitter

FEL-Laser Cross-correlation Beam Arrival Time at Undulator

Pulse # Pulse #

500 500

400 400
z2 2
S a0 18.3 fs RMS 5§ s 20 fs RMS
; ;
S 200 S 200
3t 3t

-100 -50 L] 50 100 -100 -50 a a0 100



Thank you for your attention.



