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JAL7 PAL-XFEL Status

Apr. 2011: PAL-XFEL project started
Apr. 2016: Commissioning started
Jun. 2017: User-service start

.« (120 days for user, >95% of availability)
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JALZ7 PAL-XFEL Parameters

30A 300A 3kA
2 ps 200fs 22fs

HX undulator (HX1)

Heater BASO BC1 BASI BC2 BAS2 BC3H BAS3H  (.25-12.8 keV)
% 4 4 Wssli@
Gun I : 3 L3B DEZH L4 10 GeV

XLIN $X undulator (SX1) dump

(-0.3-1.2 keV¥)

5SS
3 TR 4 |
- e BAS3S  3.15GeV ’
dumnp
Main parameters
e’ Energy 10 GeV Wavelength [nm] 0.1~0.6 1~45
e Bunch charge 20-200 pC
~ 15
Slice emittance 0.5 mm mrad U ST [ S :
Repetition rate 60 Hz Wavelength Tuning 0.6~0.1 4.5 ~ 3 (energy)
Pulse duration 5 fs — 100 fs [nm] (energy or gap) 3 ~1 (gap)
Peak current 3 kA Undulator Type Planar, out-vac. Planar
SX line switching  DC (Phase-1) Undulator 26 /8.3 35/8.3

X 3BC improves FEL power stability and phase tolerance by reducing CSR.



GUN Lo L1 X L2 L3A L3B L4 L3S FEL Operation Mode
PA L-X F E L H | 33.70 000 -400 -10.00 -180.00 -6.00 0.00 000 000  -0.00 deg. HX & SX

P
56 0.1 01 0.0 08 0.2 01 14 0.0 Mev
0 P E RA I I O N U | 0.0056 0.142 0336 0336 1842 2143 2434 6.832 3.049 Gey LINAC Operatlon MOde
N 1 2 2 0 10 2 2 26 1 ° @ | @ o | °
FEL mode 'OFF | FEL | TUNE TEST| RF
U meas  0.137 GeV 0.330 GeV 1.834 GeV 2420 Gev 6.977 GeV 6.991 Gev
U _cal 0.142 GeV 0.336 Gev 0.338 GeV 1.842 Gev  2.143 GeV 2434 Gev 6.832 GeV 6.832 GeV 6.832 GeV 6.832 GeV
Charge 031 pC 150.98pC  146.92pC 139.16pC 147.24pC 145.89pC 145.95pC 147.98pC 136.96pC  129.95pC
Beam End Point - HX | ] [ ] = B ] |
GUNBASG L0 LH BASO L1 X BC1 BAS1 12 BC2  L3A BAS2 138 BC3H L4 BAS3H Beam  HTUD HU1 Safty Shutter
TDS BSTP BSTP TDS Abort CLOSE
_HLL _HL1 _HL3A _HL3B Dump
_ UREEEEND  ENRRERRENEED I
~ EEEENEEN  ENNEENEEENER x
U 0330 GeV U 183 Gev U 2420 Gev HD
INILASERUY ¥ CCD G 4970 deg, g 3000 deg, SBL B L—_| & 1800 deg,
0.48- -_|
Rse 66715 mm Rse 38381 mm Rss 11,541 mm HX 6. 991 Gev
AR-59  um AR-8,0  um asTe ARg-3,4  um
01 _SBL Wavelength : 0.192 nm UND K: 1.8643
Amplitude Stability —LooL Z
e N L35 BC3S 1os BAS3S STUD suL Safty Shutter PhotonEnergy : 6.456 keV
513
ol == S |1 (] B
F == = m =
soullip
14.1‘9.36 : 142‘0.30 142‘1.00 142‘1.36
Beam End Point - $X B B | |

O N MOD LLRF Beam Beam Control mEIE‘:DY :
RF Control Control Stopper BEAM S o |

HV PACPower | /1 pass eLock| || BEAM PULSE RATE 60 Hz 60 Hz

ON OFF
BEAM ON | o = S8 i o miir i =
No Operation | oN | o ||| SBL  Pass |BLOCK| || RFPULSE RATE 60.0 Hz  60Hz

“FEL Optimization Through BBA with Undulator Spectrum Analysis
and Undulator Optics Matching” by Haeryong Yang



227 Time-resolved (Pump-probe) exp. using FEL

« Only way to see femtosecond dynamics directly

« Requirements will be

- Short pulse length of pump and probe pulses

which determine the time resolution
(PAL-XFEL, 20 fs FWHM at 1 mJ, 7~10 KeV, shorter pulse(~10 fs) with smaller charge
optical pulse, 20~30 fs with moderate difficulty, <10 fs with self phase modulation
attosecond pulses with high harmonic generation)
- Enough power to trigger events (reducing beamsize increase power density)

- Machine stability

10 GeV Energy profile HU1E:SCMDP: 0.1 nm SASE-FEL HU1E:SCM36:
: Te m p O ra I j itte r 3 = 3. 2017/05/06 18:26:48.535 21 5.1 2017/05/06 18:26:47.865
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Injector Laser

RF components
In Linac

xperimental Lasers

. for soft X-ray
Experimental Lasers

for hard X-ray
And diagnostics
(bunch arrival time monitor)

aBi%Sll) Bragg diffraction intensity modulation

o} Measured data

Model
N 16
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E
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A 0 1 2 3
20:00 20:15 20:30 20:45 21:00 Time delay (ps)
Date time M M
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Stabilizing phase space content

of e- bunch (timing jitter between FEL and optical laser)



A7 Content

= Timing distribution based on low phase noise oscillator and
coaxial cable with passive stabilization

= Optical laser synchronization to RF reference

= FEL timing jitter

- Timing jitter performance of gun and linac in terms of e-
bunch arrival jitter

= Pump- probe timing jitter

- Jitter between FEL and optical laser using optical crosscorrelator



227 Timing distribution

- Hybrid system proposed
Low phase noise RF via coaxial cables + low drift optical via optical fiber
(implemented in EU-XFEL)

e.g.

476 MHZ
Reference

10 -way pan-out

YIYYITYY

injector laser

10 -way pan-out

ARy

- Current implementation
RF only and Passive stabilization
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PAL-XFEL timing distribution (2.856GHz RF)

BASO BC1 BAS1 Bezr;r:;m Selfiscedng
BC2 BAS2
@ " o o BC3H BASS 2 . ~
N Tune-up
o 3A L38 dump
BC3_S BAS3S
L35 T v Tune-up Min
De-Chirper dump dump
Timing Room
ORQ
Rb X : X Band Cavity :
10 MH B :Beam Arrival Monitor
Z . D : Deflector
Event Timing L3s | D | B |c-BPM| B | | EXP
System
0CX0 ]
476 MHz 476 MHz -
30dBm | — - = = = =
DRO oMo
856 MH 238 MHz
Y
Gun v v y v L4 L L L 4
Laser R R ROYDR R RO\ /6 VDR R
85 85 856A285 85 g5p/ " X9 119A2856/ \285
v YV Y v v v v
»| Gun [LO| B L1 X|B|D L2 L3A,B L4 B |C-BPM| B EXP

Main
dump
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PAL-XFEL timing distribution

(2.856GHz RF)

l2.856 GHz phase noise

(-]

MultiView H—'il Phase Noise
Signal Frequency 2 8560000 GHz  RBW 3.0 % SG1
Signal Level 13.37 dim  XCORR Factor 1000
ATt 0dh  Meas Time 294 m Meas: Phase Noise
1 Moise Spectrum @1CIrw PM Smith 1% Spur 6dB
14z : 10 Hz Lo l00HZ Dt 1kHz Dk i 0100 kHz Spol Moise [T1]
Integrated jitter y 4 Z) : ~ 000 1ie 50,52 dec/he
-20 die t g t d J tt (1 KH ~ 1 M ) ~ D 8 f 000 Hz  -88.52 dBe/He
H ° 100.000 Hz -114.54 dBe/Hz
i ‘ 000 kHz - 136.67 dBe/Hz|
dic/Hz—+ _160 d B /H - t 1 | N ff g&.uuu kHz -145.23 dBc/Hz
\ﬂ\ i i c & Z a H : ) s 000 kHz - 160.39 dBe/Hz|
oy o -~ gy Ll 5 L.000 MHz -168,47 dBc/Hz
-1 /0 dBcC Z at 1 -‘f‘s@tm?ooo Miz -176.94 dBe/Hz
R : Ty
w476 MHz 2.856 GHz PLL
-~ Performance
T EEER IR ~ 140 db I :
e K ¢ M1: 10010 Hz -139.2 M2 1.00kHz -149.4
- Ceeeee 160 dRe M3: 9.99 kHz -1541 M4: 100,10 kHz -163.0
i R M5: 1.00 kHz -149.4
180 dBE
300.0 mHz Frequency Offset 10.0 MHz
| Weighting | IntNoise | PM | FM | Jitter
1 | 1.000 Hz 1 0.000 MHz -65.79 dBc 0.04 2/725.85 prad 45.543 Hz 40,455 5
2 1 10,000 Hz 10,000 MHz -75.03 dBc 0.01 =/250.57 prad 45,543 Hz 13.964 5
k3 1 100,000 Hz 100000 MHz -93.86 dBc 0.00 2/23.69 prad 45,543 Hz 1.599 fs
4 1 1.000 kHz 10,000 MHz -97.26 dBc 0.00 2/19.39 prad 45,543 Hz 1.080 fs
I ready  LANNNANN W

Dale. 7.MAY 2016 204147
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it Temperature stabilization of RF Cables

Duct cross-section With cover open

450 . J
Outer steel duct k

Inner aluminum duct

2856MHz 476MHz o 0o dper

B O g®

Cu pipe /
Thermal insulator for water

230

LCW flow diagram

. ~30m RF cable
y A | _
X X £% X X Cushion
= — e= — o - Water tube
—= — —= S Metal sheet
) Thermal
¥ %lg i = %I Insulator
|: L |¢ L Cover

Temperature stability of Duct : 0.01°C/day



Injector laser room




227 Phase Drift monitoring using drift-free optical link

0cx0 ~750 m .
476 MHz g
DRO/PLL DRO/PLL
856 MH 856 MH

IRRRRRA VY VY YV RER
£/0 Optical fiber e L LLRF

Libera Sync3 — <10 fs rms jitter




JALZ Time scale of timing error in reference timing distribution

100 Seconds 10 minutes lhour ~ lday
10.2 fs RMS | *114.8 fs RMIS | 248 fs RM
w :: I I 0.06[ 02
- | “ 275 fs RMS

1000 ¢

L
./

Jitter (fs RMYS)

el

10 W.

100 1000 10000 100000
Time (Seconds)




227  Photocathode gun - e- bunch arrival jitter

Mod in
\ 4

Laserin

Home-built sensitive phase detector
Between RF and optical laser
Sagnac loop (2.856 GHz) (79.33MHz Ti.S)

Provides 10 fs level jitter

Laser out

B-A= /2

Gun RF amplitude stability
for one day

2 =2
B o~

RF system adds ~10-4 amplitude jitter
~10 fs timing jitter

0.004

w2 0.007~0.012% RMS




7214 fs residual phase jitter from 1 Hz to 100 KHz

Out-of-loop measurement

N

S 0 -
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o Free running Ti:S

N

T -50F -

O

o .

O

a0 r ‘ _

N -100 “'V ‘ Locked Ti:S

a— (. ™ -

© " Residual . “‘«mﬂ "

5 -190 1 m M t
easuremen

% ' DRO 1 noise floor

s -200 0 1 2 3 4 5 6 7
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227 Beam arrival time jitter at gun

Monopole S-band cavity (phase cavity)

o

e Bunch Arrival Time

2.83 GHz RF 2.83 GHz RE Measurement
476MHz RF Osc.
O \J §

2.856GHz RF Osc.

"4

Kly 79.33MHz optical Osc.

hv
el
¢ U ] Pump/probe Jitter 272

Gun Phase cawty Und. Phase cavity

... GUN, ~11 fs rms I

]
iy
=
(=]




PALJ

Z Beam arrival time jitter at gun and undulator end

"l e Bunch Arrival Time
Measurement

2.83 GHz RE 2.83 GHz RE
476MHz RF Osc. , ?

N
2.856GHz RF Osc.
Kly 79.33MHz optical Osc.
hv RF
7 N\ O /=)
- e_v \&&X&J ] U Pump/probe Jitter 222

GUN, ~11 fs rms

lhour

m
'

Undulator end, ~19 fs rms

Thour
HU1E:BAM:M01:Rms1




s E-beam energy jitter

100 fs drift /10-3 energy change at BC2

iR

slelolenlealsobmlns) B w BC1-e std: 0.006341 % BC2-e std: 0.017022 %
100 100

F:Beamenergy_BC2

“-@- arrival time at Und. enﬂ 50 50
- W o L .

-0.2 0 0.2 -0.2 0 0.2

0 BC3-e std: 0.013183 % 100 Dogleg-e std:0.007729 %

10
W 50 50
| Energy at BC2 ) )

-0.2 0 0.2 -0.05 0 0.05

—_—
e
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=
=

W W
£E 3 8 & 8 B

00t:lump-e1 std: 0.011529 % 100t:lump-e2 std: 0.013346 %

i B OB B B B
4 #
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e o w »o W B
& &
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227 Measured longitudinal sensitivity of phase

Xlin
Gun
LO-01
LO-02
L1-01
L1-02
L2-01
L2-02
L2-03
L2-04
L2-05
L2-06
L2-07
L2-08
L2-09
L2-10
L3A-0
L3A-0:
L3B-01
L3B-0:
L4-01
L4-02
L4-03
L4-04
L4-05
L4-06
L4-07
L4-08
L4-09
L4-10
L4-11
L4—12
-13
L4—l4
L4-15
L4-16
L4-17
L4-18
L4-19
L4-20
L4-21
L4-22
L4-23
L4-24
L4-25
L4-26
L4-27

SenS|t|V|ty of single station [Number of station [Total sensitivy (correlated) [Total sensitivy (uncorrelated

Laser -0.076 -0.076 -0.076
gun -0.045 -0.045 -0.045
LO 0.017 0.034 0.024
L1 0.084 0.168 0.12

L2 -0.11 -0.99 -0.33

L3 0.0011 0.0044 0.0022
L4 0.0001 25 0.0025 0.0005
X -0.035 1 -0.035 -0.035

A O NN R

04

0,2

 mm = —
Laser gun LO L1 L3 L4 X

-0,2
-04
-0,6

ps/deg

-0,8

1 0.1 0.05 0
Phase : Std.

-1,2



OXC (Optical laser & XFEL Cross-correlator)
at EH1 (XSS)

% N
EBntMumig&

P

LASER
B 25 mm/ 11.3 deg (197 mrad)
-
XFEL '\‘

for 2 um SiN
temporal walk-off=2.6fs

Optical Cross-correlator

Dr. Eom

SiN Membrane holder

Fast photodiode
(30ps rise)
YAG:Ce

Pin-hole (100 um)
SiN 500 nm

SiN (1 pm)

SiN (2 pm)

XFEL : 30 Hz at 7 keV

CCD spectra (single shot)
- " laser:60Hz
timestamp._offset
m Hooi7s:
Exposure Time (secs)| W—_HS_A—“A :::?:

Graphloal Results]  femperature set value I

26000~
|

24000~

22000~
|
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¥ i i
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=7 FEL timing jitter

FEL/optical laser e- bunch arrival time
cross-correlation at undulator end

100

a 1000 2000 3000 4000 5000 G000

400 400

18.3 fs RMS 20 fs RMS

300 200

200 200

# of events
# of events

100 100

-100 -50 a 50 100 -100 -50 a 50 100




PAL D

— Stability of electron beam and FEL generation

In general,
e” beam arrival time doesn't tell FEL pulse length fluctuation and position
(optical laser temporal profile will be stable)

~20 fs RMS

In our case, e beam and FEL process seems to be stable in 10 fs scale (3 BC
scheme, careful Undualtor BBA, Matching helps)




FAL7  Summary

» PAL-XFEL and optical laser for exp. shows sub 20 fs
jitter performance at the measurement time scale
of pump-probe experiment( ~10 minutes).

» Predominant timing jitter(or drift) is correlated to
energy at BC2. It could be due to L2 phase
changes

> In future, hybrid timing system may incorporate a
slow drift compensation based on optical timing
system(CW or pulse) with ~10 second bandwidth,
which could result in a few femtosecond jitter

» Laser synchronization may need improve to a few
fs for 10 fs level pump-probe timing resolution



JAL7  Phase drift estimation due to RF Cables

- 476 Mhz low loss cables
- Huber+Suhner, SUCOFEED 1 5/8 LA,
Loss : <1.5 dB/100m
Drift : = 130 fs/mK
— For 1 km and with 0.1°C stability, 13 ps drift is expected
(The huge drift will be compensated by LLRF and beam based
feedback) Should be compensated

- 2856 Mhz low drift cables
: RFS, LCF38-50J 3/8",
Loss : 20.5 dB/100m at 3 GHz
Drift : = 7 fs/mK
—For 50 m (max. distance for 2.856 GHz distribution and with
0.1°C stability, 35 fs drift is expected. ( 15fs for LO, 20 fs for
L1&L2) considered as minimal



PAL

=’ Optical timing test (Libera Sync 3, 2.2 km, 3days)
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