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New demands on synchronization system

Accelerator development from ns pulse duration to ~ 1 fs for FELs/LPWA
� time scale has changed from ps to fs

� accelerator facility length scale ~ 100 – 3.5km

Beam based diagnostics on arrival & pulse shape 
� important for automation

� accelerator commissioning and sub-system debugging

Pump-probe experiments (optical laser <-> FEL beam)
� knowledge on photon arrivals to one anther crucial 

� efficiency of experiments & dynamic range of detectors

Seeding & slicing and bunch manipulation
� essential for success 
� opens new opportunities for FEL mode and FEL pulse control

Large scale linear colliders
� synchronization demands ~ 10-100fs
� but length scale ~ 30-50 km
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Synchronization reach into many different physics/engineering

disciplines and requires wide range of technologies

Radio Frequency: 
different types of oscillators (quartz, SAW, dielectric)
phase detectors / mixer / multiplier /divider
low noise amplifier / limiting amplifier / filters / direction couplers
cables / connectors / PCB design / waveguides / RF structure / LLRF / HLRF 

Optics & Lasers: 
laser oscillator/pulse shaping/amplification/wavelength conversion
fiber optics / fiber optics devices / opto-electronic devices / photo-detection
laser sources (DFB/harmonic mode-lock/passive & active mode)
non-linear optics / opto-mechanics / free-space optics / pump-modules

Environmental control:
temperature / humidity / air pressure / vibration / ground motion / EMI / EMC

Controls & control theory:
multiple feedbacks / PLL theory / automation / SISO / MIMO / …

Longitudinal beam dynamics…

Scope of synchronization 3
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Synchronization: to narrow … 

Synchronization  � Long. beam stabilization

> Long. e- profile need to be stabilized (photo-inj. laser/gun/multi-bunch eff.)

> Synchronization of e- beam level of few % of s t

> Strong interest across many accelerator fields 

Long. stabilization

Synchronization 
Reference 

Fast feedbacks 
Parameter opt.

RF Controls
(HLRF/LLRF)

time jitter

Profile changes

t
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Vacc

Energy chirp + energy dependent path length                                                          

s/c

Accelerator

di=DE/E0

s i

~ 0.1…1.0%

~ 10 … 1 ps
sE,s ~0.01…0.001%

Electron bunch compression in magnetic chicanes
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Vacc

Energy chirp + energy dependent path length                                                          

s/c

Accelerator

di=DE/E0

s i

~ 0.1…1.0%

~ 10 … 1 ps

~ 100…10 fs

sf

df

sE,s ~0.01…0.001%

Sharing process

Electron bunch compression in magnetic chicanes
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> Investigating tolerance on bunch compression

> Linear compression at bunch center:   

8Introduction to longitudinal pulse shape control

sf

df
Detour through chicane

Compression
Factor C Incoming

energy chirp

M. Dohlus et al., FEL05, p.250
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> Investigating tolerance on bunch compression

> Linear compression at bunch center:   

> Compression dependence on errors:

9Introduction to longitudinal pulse shape control

sf

df
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Compression
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energy chirp

For C-shaped chicane 
T566  » -1.5 R56
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> Investigating tolerance on bunch compression

> Linear compression at bunch center:   

> Compression dependence on errors:

> Two contributions:

10Introduction to longitudinal pulse shape control
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Detour through chicane
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energy chirp
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Energy Chirp

Amplitude

If E0 << E1 and E0‘<< E1‘ 
6…3.5 ..4

Tolerance � Compression Phase & arrival
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> Investigating tolerance on bunch compression

> Linear compression at bunch center:   

> Compression dependence on errors:

> Two contributions:

11Introduction to longitudinal pulse shape control

sf

df
Detour through chicane

Compression
Factor C Incoming

energy chirp

For C-shaped chicane 
T566  » -1.5 R56

M. Dohlus et al., FEL05, p.250

Energy Chirp

Example: C=100, dI/I<10% � f» 0.014° and dV/V » 2.5e-4 
���� multi-staged compression

Amplitude

If E0 << E1 and E0‘<< E1‘ 
6…3.5 ..4

Tolerance � Compression Phase & arrival
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Sources of timing jitter in short-pulse accelerator s
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Arrival time jitter at undulator / plasma cell (sing le stage)

R56=180mm
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Control of timing jitter: fs-synchronization & RF controls & Beam based FB 
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Sources of timing jitter in accelerator

RF gun Accelerator BC1 Accelerator 

A1/f 1

Several compressor stages
BC2 Main Linac

A2/f 2
R56,1/E1 R56,2/E2

Recursive case 0
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Sources of timing jitter in accelerator

RF gun Accelerator BC1 Accelerator 

A1/f 1
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Sources of timing jitter in accelerator

RF gun Accelerator BC1 Accelerator 

A1/f 1

Several compressor stages
BC2 Main Linac

A2/f 2
R56,1/E1 R56,2/E2

Recursive case 0

Jitter from BC1 remains + additive jitter!
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LLRF developments

Low Level RF Controls 16
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Low Level RF Controls of SRF cavities 17

Long RF Pulses 
at FLASH

Large energy
Stored in cavities

LLRF FB loop
architecture
for precision
RF controls
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Pushing RF field detectors to its limits 18

� A/A=0.003%

� ffff =0.002o

Resolution: Factor of 5 improved
primarily by ADC improvements

DB=1MHz

RF receiver developments & noise limitations
Noise balanced (LO/Front-end/ADC)

Intermediate 
frequency [10MHz, 
50MHz]:

CLK

BPF - DDC
- CIC Filter
- Calibration

Front-End <-150dBc/Hz

LNA

LO and CLK Generation

jD,A

AD

Reference

ADC

Single Channel Receiver

ADC+ DDC -147dBc/Hz

-150dBc/Hz

AM

)(sREFj
,REFf )(sLOj

,LOf
)(sIFj

,IFf

PM

jD

< 0.0018°, 4fs

-150dBc/Hz

LO-Generation

Down-converter 10 ch. 16bit ADC

Within MicroTCA Crate system
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RF control of long RF pulses (SRF) 19

ADC boards

LL
R

F
 C

T
R

L

M
C

H

C
P

U

T
im

in
g

> MTCA.4 Shelf: FLASH/E-XFEL > Keeping cables short

> E-stability (SR-3DBC2)

800us

Energy stability
dE/E = 5E-5.

1 RF station, 8 cav.

> New features obs.
Single 1nC bunch transients

7/9-pi mode instabl.

> FLASH operation:

ACC23 in accelerator tunnelACC23 LLRF racks
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RF control of long RF pulses (SRF) 20
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LLRF Controls NRF / Synchronizaton – Update REGAE –

Sketch of LLRF & laser synchronization at REGAE Learning Feed Forward now implemented

� Support for ARD-ST4: LAOLA@REGAE

< 20 fs relative jitter
reference (green) vs. laser (red) 

SSB Phase Noise of locked laser @3GHz:Laser synchronization using LLRF hardware

dA/A~0.007% (rms),
dPhi ~0.004 deg at cavity bandwidth

21
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RF control of short RF pulses (NRF) 22

> For RF pulse duration ~ 2-3 us 
� no intra-pulse FB possible
� feed forward control define RF stability

> Main factors:
� LLRF drive signal

� RF reference / PLL
� IQ modulator (vector modulator)
� Preamplifier

� Temperature stability acc. Structure < 0.01K 
� Stability of HV modulator

> Feedback applied Pulse-to-Pulse
� Using For/Ref/Probe signal to remove

temp. drifts of cavities/waveguides..
� Multi-cavities � vector sum control

RF System @ SACLA

T. Inagaki, IPAC11, MOPC018

T. Ohshima, 8th Annual. ACC Society of Japan

dV/V~3×10-4

df ~ 0.03°
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Synchronization

References 

23
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Synchronization - Reference distribution schemes …

Various approaches:

1) RF distribution

~
f ~ 100MHz …GHz

Dt    Df
t      f=

2) Carrier is optically

~
MZT

f ~ GHz

3) Carrier is optically + detection
f ~ 200 THz

standard reflectometer interferometer

~ MO

LO

4) Pulsed optical source
DDDDf ~ 5 THz

OXC

Mode locked
Laser

24
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Hybrid system for FEL facilities

Performance

Reliability

Costs

RF System

Pulsed system

CW optical

25
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Synchronization – Interferometer scheme e.g. @ REGAE 

Main issues:
• Isolation (coupler)
• Parasitic reflection
• Limited distance
• Careful adjustment (A&f )
Inst. End 2013

Same scheme will be 
implemented for FLUTE@KIT!
Appropriate scheme 
for small facilities

Cable
drift

Refl. Output
drift

X 50 reduction 10ps->200fs pkpk
X 500 can be achieved

ffff const.

Interferometer test setup:

Ed Cullerton, FNAL

Layout for REGAE

26
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Optical synchronization system

Narrow
Band.

Direct/
Interferometer

EOMs/
Seeding

Two color bal. 
Opt. cross-corr.

End-station

Laser
MLO

MO-RF

Laser pulse Arrival beam/laser DWC/Kly

A & f cavity

Desired point-to-point stability ~ 10 fs

<5fs

Direct

Distribution 

LO-RF

Optical link Optical link

<5fs <5fs

Optical link

FB

EDFL, soliton, DDDDt~200fs, f=216MHz
SESAM, P > 100mW, 
phase noise < 5fs ( ³³³³ 1kHz)

Free space distribution
+ EDFA

Dispersion comp.,
Polarization contr.,
Collinear bal. opt. 
cross-corr.

Other lasers

Main issue: robustness, stability and maintainability � Prototype at FLASH

27
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> Optical synchronization system FLASH I/ II / FLASHforward

> Rapid increase of tap points from 12 ® 22 in final phase

Synchronization – Pulsed high performance FLASH 28
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> Optical synchronization system @ FLASH using mode locked laser

29

Master Laser 
~ 5fs phase noise

Link stabilization

TiSa opt. cross-corr. ~ 5fs rms

Synchronization – Pulsed high performance FLASH
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> Optical synchronization system @ FLASH using mode locked laser

30

Master Laser 
~ 5fs phase noise

Link stabilization

TiSa opt. cross-corr. ~ 5fs rms

Slop ~ 60as/mV

Synchronization – Pulsed high performance FLASH
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31

uncorrelated jitter
over 4300 shots:
8.4 fs (rms)

> Uses optical reference laser pulses (single shot)

> Used at FLASH/FERMI/PSI

> Key exp. : two BAMs 60m distance

Bunch arrival time measurement using EOM
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Bunch arrival time measurement using EOM 32

uncorrelated jitter
over 4300 shots:
8.4 fs (rms)

> Uses optical reference laser pulses (single shot)

> Used at FLASH/FERMI/PSI

> Key exp. : two BAMs 60m distance

> Standard diag. at FLASH
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Locking low-noise microwave oscillator to laser (or visa versa)
RF Oscillator f VCO = n f r, split and delayed

X1

X2

No phase error 

With phase error 

See: Accelerator 2011, Highlights and Annual Report , DESY
http://www.desy.de/ueber_desy/jahresberichte/index_ ger.html

Sketch of effect due to VCO phase shift

< 2.5fs (1Hz-1MHz)

Drift < 14fs pkpk (3.8fs rms)

Residual jitter

Residual drift

Out-of-loop

Out-of-loop

Synchronization – Pulsed high performance 33
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Locking low-noise microwave oscillator to laser (or visa versa)

Engineered version of L2RF-converter. Will be used for
� FLASH / XFEL (1.3GHz & l =1550nm optical reference)
� REGAE/LAOLA@REGAE/FLUTE/… (3.0GHz & l =800nm Ti:Sa laser)

Synchronization – Pulsed high performance 34
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35Synchronization – Pulsed high performance

> Pros:

� Provide path to ~1 fs precision

� Methods developed for electron and photon arrival times measurements

� Extremely well suited to lock other lasers systems

� Robust in terms of reproducibility

� Closely related to frequency metrology (Mode locked lasers best timing references)

> Cons:

� OXC methods require temporal overlap of laser pulses 

� opto-mechanics � expensive & limited reliability

� Still young discipline, many unexplored effects have been found

� Not suited for very large distances due to dispersion compensation

� Not suited for smaller facilities or facilities with few 10fs requirements
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36

> Idee

� Provide system which is suited for large scales

� Remove all actuators to safe cost / improve reliability

� Target: 10-50 fs precision at link costs < 10kEuro

� Well suited for accelerator with many RF stations

� Potential upgrade of European XFEL main linac system

Synchronization – CW optical system (inexpensive) 
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Synchronization – CW optical system (inexpensive) 

Appropriate scheme for large distances and facilities with mainly RF stations 
� XFEL upgrade of main linac
� ILC/…

Scheme of the synchronization reference distribution

R&D by:
J. Frisch, NLC
K. Czuba, TESLA
T. Naito, ILC/ERL

Renaissances:
PSI&I-TECH (SwissFEL)

Goal:
Jitter < 10 fs rms
Drift  < 50 fs pkpk
Costs < 10k/link (x5)
fully integrate MTCA

New: 
• remove link actuator
• use fs 360deg

phase detector
• only digital correction

~

LLRF

Ampl.
Cavity

37
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Synchronization – CW optical system (inexpensive) 

Influence fiber length

0.5 1 1.5 2 2.5 3 3.5 4
-200

0

200

400

600

800

1000

1200

Average optical power [mW]

P
ha

se
 [f

s]

AM -> PM conversion of PD

� ��
����� <1

Phase drift ( 	� �
 � �
��� ): <0.06fs

Ok

10
1

10
2

10
3

10
4

10
5

10
6-160

-150

-140

-130

-120

-110

-100 1.61 1.75 4.28 4.53 2.58
0.92 1.30 3.80 2.86 2.73
0.59 1.02 2.85 2.37 2.48

Residual Phase Noise (Modulation Depth 100%)

Frequency [Hz]

L 
[d

B
c/

H
z]

2000m Fiber Link: 7.16fs
500m Fiber Link: 5.71fs
Without Link: 4.62fs

Ok, tbd. for 30km

360 deg phase detector with fs resolution

25fs/ °°°°C4fs/ °°°°C

Performance, with & 
w/o two tone cal.

Ok

Low noise CW laser system

Investigation 
not complete

Next steps
• Fully engineered 

version (till 2015)
• Cost optimization

(from 2015 on)
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Feedback systems

39
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> Fast beam feedbacks for arrival stabilization (~usec bunch spacing) 

���� key feature of all SRF accelerators (TP1)

> FEL Users wish:  10 fs FWHM

Still factor 5 to go

> Short pulse operation: 1nC � 20pC

Requires to improve BAM

Gun ACC1 3rd ACC2 ACC3 ACC4 ACC7

~ ~
BAM BAM BCM BCM BAMBAM

Toroid Toroid Toroid

Laser

LLRF LLRF

LLRF

LLRF LLRF

f
A f A f A f

Phase in RF-Gun Ampl. and phase ACC1&ACC39   Ampl and phase ACC23

BC2 BC3

Exit of linac
& out-of-loop

< 22 fs rms

• Both intra-train FB on
• MIMO controller
• Repetitive pkpk deviation < 100fs 

Latency of system

Fast beam based feedbacks 40
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> Out-of-loop Arrival Measurement 
@18ACC7

� FEL user rely on BAM

� Arrival time jitter reduced ~12fs (x4-5)

> 2013

� improve BAM resolution

� New broad band pickups
� New front-end electronics (MTCA)

� MTCA based LLRF system

� Changed BBF Implementation 

� Cascaded Feedback:

� reduced loop delay, error-weighting

� increased FB bandwidth

Courtesy: S. Pfeiffer

Loop delay

System Bandwidth

~ 12 fs (Arrival time jitter for 100 Pulse) 

Fast beam based feedbacks 41
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� Demonstration of synchronization for FEL users experiment

� Beam based feedback using Bunch Arrival Monitor  & optical lock of TiSa laser 

� FEL pulse arrival measured with laser based THz streaking (A. Cavalieri)

Fast beam based feedbacks & optical lock of TiSa Las er

33 fs rms

Residual jitter to be
investigated 
(many possible sources!)

���� FLASHforward

42
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Fast beam based feedbacks – next step –

Gun ACC1 3rd ACC2 ACC3 ACC4 ACC7

~ ~

BAM BCM BCM

BAM

BAM

Laser

LLRF LLRF LLRF

A ffff A ffff

BC2 BC3

R56=180mm R56=43mm

R56=0.8mm
FLASH 1

FLASH 2FLASH 3

NRF cavity

FB simulation using measure data

x 2.5

- Latency ~ 0.7us
- Actuator bandwidth:
NRF (0.5–1.0MHz)

- Mod. Power (1kW)
- No infl. on orbit
- Goal:  < 5fs rms

R
E

G
A

E

FLASH 
NRF FB

Influence of cavity coupling

REGAE buncher

WP13: 2013-2016
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Thanks for attention
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