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Agenda

~ Synchronization needs and system layout
~ Optical synchronization at FLASH

~ The basic components of the system
= Master Laser Oscillator (MLO)

= Link stabilization units
= Bunch Arrival-time Monitor (BAM)

| Beam-based feedback

~ Synchronization of external lasers
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Synchronization needs in a (seeded) FEL facility

~ Goal

[l Measure and stabilize (feedback) timing jitter + drifts

[ ] Lock various lasers (pump-probe, diagnostic, seed, ...) on a 10 fs scale

[ Provide extremely stable RF reference signals

| Master Clock | l_

Photo cathode laser Seed laser Pump-probe laser
. i } X \
Booster —| Modules Undulator \;L/\-I
magnetic tardet
RFgun chicane g
- Main sources for arrival-time changes RF requirements for

10 fs arrival stability:
AP < 0.005°@ 1.3 GHz
Phase of the RF gun AAA < 1.6%10-5

= Amplitude and phase of the booster module(s) 0.
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= Arrival-time of the photo cathode laser pulses




Layout of the synchronization system

The reference timing information is encoded in the precise repetition rate of an optical pulse train
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Schematic of full expansion state at FLASH (2015)
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~—— actively stabilized fiber link BAM | bunch arrival-time monitor EBB electro-optic diagnostics
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— external laser beam
-=-— pickup with RF cable

energy beam position monitor PWA plasma wakefield acceleration
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The synchronization hutch at FLASH

~ Optical table - full expansion state 136K
ﬁber Back- ] fiber fiber
= 2 lasers (for redundancy) i L BB :Tf,z ';'1",0

= 16-port free-space distribution
= 16 fiber amplifiers (EDFAS) in 4 boxes

= 14 link stabilization units based on OXC

= 4 RF based link stabilization units fiber fiber fiber fiber
link link I | | link link
= 1.3 GHz backup 7+8 5+6 Laser1 Laser2 | 5.4 142

= Diagnostics...

~ Four electronic racks

= 5 VME crates (in future uTCA)

= 22 feedback loops (DSP, FPGA)
= 18 piezo drivers (x300V)

= 15 (or 307?) laser-diode drivers

= 50 stepper motor drivers

= > 40 temperature readouts

= tons of monitor signals
= ~ 300 cables to/from optical table ;INAP Collaboration Workshop, Hangzhou | 2011.08.29 | Page 6



Master laser oscillator (MLO) + Distribution
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Fiber link stabilization by balanced optical cross- correlation

400-m long dispersion- J. Kim et al., Opt. Lett. 32,
compensated fiber link 1044-1046 (2007)
Piezo- DCF Optical A
stretcher delay stage @ EDFA 90:10
® - S = L~
Faraday Rotating Mirror
I,ﬂ, H\I_II\P }", QwP
» Piezo
U e _@ 1] [I driver
Mirror
group delay
between
to detector 2
Balanced Loop orthogonal
—*| cross-correlator filter >L. polarizations
kv to detector 1
PPKTP

stal
=t / dichroic mirror
< reflecting fundamental

dichroic mirror transmitting SHG

reflecting SHG
transmitting fundamental

o
3] o
o m»

..a different scheme will be
presented by Thorsten Lamb

relative intensity
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Link stabilization setup: in-house “industrialized” des Ign

3rd iteration of mechanical layout

Sometimes noise on signal,
origin is under investigation...

Matthias Felber | Femtosecond Optical Synchronization System for FLASH | SINAP Collaboration Workshop, Hangzhou | 2011.08.29 | Page 9

&



Beam arrival-time monitor (BAM)

laser pulses n n n n n
from fiber link

Laser Amplitude [mod.]

—a— EOM1 = -0.4V
——EOM2=0.8V
@ Operating Point

S0 -150

-100 -50 0 50 100 150 200
MLO 1.3 GHz relative timing shift [ps]

M. Bock, FEL09, WEPCG66
F. Loehl, PhD thesis, DESY-THESIS-09-031, 2009

beam pick-up signal

electron
- early
- correct

- |ate

sampling times of ADCs

| l
l Nl l

*-—o

47ns ADCL (108 MHZ)
(216 MHz) ADC2 (108 MHz)

bunch arrival time:

,Vvoltage modulating
the laser pulse amplitude

laser pulse
(perfectly synchronized)

Patented 2006 by DESY
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BAM frontend

Shown here: 2nd iteration,
3rd iteration is in progress...
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Example: arrival stability after LLRF upgrade

Arrival time measurements

BAM Main Menu

RMS timing jitter

R [owe)

beam jitter: 128 fs
arrival time: 0.04 ps
resolution: 9 fs

20. 30.
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0. 10.
Res= 1,Buf= 6

4!

D= 9 h 17 h 12.10. 6 h
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EEeE] [

beam jitter: 78 fs
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resolution: 73 fs
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Matthias Felber

Typically values

60-100 fs rms from injector

60-80 fs rms behind BC2
50-60 fs rms exit LINAC

Pulse to pulse
about factor of 2 better
than last year

Across bunch train
dA/A ~ 7e-4

(LFF was off

250 kHz @ 0.5 nC)
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Beam-based injector feedback

Goal: Achieve stable arrival time, energy and compression T
—dt/d¢ = 1.449 ps/deg
* Gun

—d/d¢ = 0.675 ps/deg

slow: pulse-to-pulse & fast: intrapulse

Need: - Many (different) monitor systems

Variation of arrival time [ps]
o

- complex algorithms and fast (<10 us) regulation . Bock, FEL09, WEPC66

-0.5

Energy BPM _013 -0:2Chanag't1ﬂ Gun oroLasel pr?é;e [deg]o'2 a3
Photo Cathode Laser (PCL) (EBPM)
l synchrotron

1 = arrival-time monitors P « light monitor SLM

RF Gun 21 / \ :

Booster :

BPMs bunch compr.
monitor

Machine parameter:

Arrival-time of PCL
Phase of RF gun
Amplitude of booster
Phase of booster module

Monitor:

1st arrival time monitor

difference 15t and 2" arrival-time monitor

EBPM + BPMs / difference 3 and 2" arrival-time monitor (/ SLM)
(bunch compression monitor / fiber laser + EO)
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Beam-based feedback: topology at FLASH

ACC1 | 3r BCZH ACC2 1 ACC3 BC3 ACC4 ]H'[ ACC7
| ’ EJ{ﬁ.—"
Toroid
Ao |A® m% ﬁm Al coEm |
s LR S —

LLRF
Beam Based Feedbacks:

« BAM before BC2 corrects phase in RF-Gun

« BAM and BCM after BC2 simultaneously correct amplitude and phase in
ACC1 and 3rd harmonic

« BAM and BCM after BC3 correct amplitude and phase in ACC23
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Slow (several 10 Hz macropulses) beam -based feedback

No Beam Based Feedback With Beam Based Feedback
Learning Feed Forward ON running in ACC1 and ACC39
rms = 74 fs rms =5 fs
Macropulse arrival times Macropulse arrival times

300 , T . T . 20 ; ! = .

: 5 —jitter total = 73.8 fs : : . |—jittertotal =5.0 fs

15 ................. ................... ...... —residualjitter=4.7 fS i
200¢ YT | STV 14 S ; 'u B N S T T .
(VTP (141 AR {1

100+ 1 ||1

Beam arrival time [fs]
o

-100

Beam arrival time [fs]
>

_15 ................................ RS (RURL MR 1P o B R oo oot [l ek forp
25k behlndflrs BC ................
-3000 55 1 60 1 éO 260 2%0 300 '300 5j0 1 (i)o 1 éD 2(i)0 260 300
Time [s] Time [s]
LLRE JA/ A;~10e-4 « rapid fluctuations averaged out
- “ - .
Regulation 111,< 0.03° « resolution of BAM ~ 10 fs for single shot
Performance can be reduced to ~ fs for macro pulse

Courtesy: W. Koprek
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Fast (intrapulse) beam -based feedback
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Laser-to-Laser (L2L) synchronization
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PLL corner should be > 3kHz
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HHG Synergy Oscillator - 1.3 GHz Phase Noise
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Laser-to-laser synchronization: RF PLL

reference |aser
wavelength A,

@8-

xperiment |aser

wavelength A,

traditional synchronization:

- based on a RF down-mixing scheme

- reference either RF from MO or
generated from “link pulse train”

\
i

A
|

o jitter ojock 2 30 fs

futre use for

F— Ti:Sa
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Photo Diode
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h
H
I
P
HE
HE
I
HEH
P
P
H
i
i
P 9
[
I
Pl
I
]
I
i
H

I

dsd

PP-Synch, MFober, 20012011
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-l OXC

Laser-to-laser (L2L) synchronization: RF PLL and 0-0

traditional synchronization:

reference |laser (RF ) ’experiment Iaser_’
wavelength A | PLL wavelength A ...
‘ T - - based on a RF down-mixing scheme
S— - reference either RF from MO or
out-0il=- p MG = _ 12
Y measurement generated from “link pulse train

- timing jitter gjock 2 30 fs
out-of-loop measurement:
- optical cross-correlator

—

HR@527.7nm  <— HT@527.7nm
HR@800&1550nm

: ¢ : _ J I\
[ \ \.
i '\. R 3 o
e d P HT@800&1550nm
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out-of-loop timing change (fs)

L2L synchronization: RF vs. OXC PLL — drift & jitter

reference |aser
wavelength A,

40 | —— slow drift RE 8te, = 17.26s, Aty = 206fs
_Sb“'driﬁoxcalu-T’;rf&Afn 3.21s
20 e e oo g I :"' \‘. g "p ""-- L S
o‘: *. ,-"J ‘. % ,ﬂ‘ v \ .. ,"l" & ::0 "' P -: ’%‘{..w %
D. . . .‘. - Y -
- * Wb . fe “
o. ... \02 - K, E - .~..ﬂ (LR ;;.\ <
=20 = - P ’t‘ s
—40 T .—;
+
-60 1 | | | | 1 | | 1 | |
0 1 2 3 4 5 6 7 8 9 10 11

+  RF-locked oscillator (to RF from pulse train)

[ RF : xperiment Iaser_,
PLL ) wavelength A,

traditional synchronization:

- based on a RF down-mixing scheme

- reference either RF from MO or
generated from “link pulse train”

- timing jitter ojock 2 30 fs
- prerequisite for optical lock
all-optical synchronization

| + all-optical locked oscillator T T

1 - lock to cross-correlator signal at
Zero-crossing

- expected jitter < 10 fs

" Jit-of-loop measurement:

- optical cross-correlator

time (min)
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L2L synchronization: RF distribution & lock vs. OXC PLL

100

timing change (fs)

-100 +  RF-locked to MO, Afpp = 237.4fs
w— SlOw drift (locked to MO), 8t = 25.51s
+  RF-locked to optical pulse train, At,, = 9.7 fs

-200 H ™ slow drift (locked to MLO), 8fres = 12.71s
I I I I I I | i | l |

0 5 10 15 20 25 30 35 40 45 50 55 60
time (min)
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Requirements for developing a synchronization system

~Infrastructure

= Environment

Temperature stabilization
Vibration suppression
EMI shielding

= Typical laboratory equipment

Optical spectrum analyzer
Autocorrelator

RF phase- and amplitude noise analyzer
Baseband analyzer

Fast scopes ([ 8 GHz)

RF spectrum analyzer (I 10GHz)

Splicer + PM splicing equipment

etc...

~ Engineering skills

Optics (Free space- and fiber)

Electronics (low noise analog / fast digital)
FPGA programming

Software (Control system integration / feedback)
Mechanical (small and precise / big and robust)
RF

~ Time, Money and Manpower
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During the past years many fruitful collaborations contributed to the progress

EuroFEL

WGFEUM
AT MIT ** *

*EURO FEL

FERMI
@elettra

PAUL SCHERRER INSTITUT

Thank you for your attention!
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