Synchronization Part Il

S. Simrock
DESY, Hamburg, Germany

-Ei%g— -'_".;;};;.,.-,W | ’ Synchronization Part I, KEK Seminar, March 17, 2008 1  —



/0@~

m= DESY juum
g |

Lecture Schedule (March 2008)

LLRF Part | (Requirements and Design)
March 6, 13:30

LLRF Part 2 (Maschine Studies at FLASH)
March 7: 10:00

LLRF Part 3 (LLRF for the XFEL)
March 11 at 13:30

Timing and Sync. Part | (Concepts)
March 14 at 10:00

Timing and Sync. Part Il (Design)

March 17 at 10:00
European XFEL (Project Overview)
March 26 at 13:30
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Outline Synchronization Part I/

e Summary of synchronization part |
Including remarks to timing

 Beam diagnostics
Overview

EOS/TEO
BAM (Beam arrival time)

e Design and Performance
FLASH/XFEL
LBNL
MIT
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e ot
H Motivation

* Timing System
Generation and distribution of event triggers to subsystems
... Includes time stamps, pulse IDs and data
Generation and distribution of stable clocks signals
Subsystems include lasers, rf systems, beam diagnostics, and
experiments
Typical stability of the order of ps (clocks) to ns (trigger)

 Synchronization
Generation and distribution of frequency references
Generation and distribution of ultrastable phase references
... as zero crossings of sine wave or as short pulses

Subsystems include lasers, rf systems, beam diagnostics, and
experiments
Typical stability of the order of fs (phase) to ps (frequency)

Stefan Simrock 2nd LC School, Erice 2007, Radio Frequency Systems
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o Timing and Synchronization Needs

accelerator sub-systems
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Timing system overview

Main Phase Reference and

Timing

To Other
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Sector
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= | | 1
LLRF LLRF LLRF LLRF
Timing Timing Timing Timing
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o Redundant reference transmission with failover

Master le Fi T ;
Osaillator p| Stable Fiber Transmitter =
Primary - Stable Fiber Transmitter =
To Other
# »| Stable Fiber Transmitter P Sectors
—| Stable Fiber Transmitter
quter Main Timing
Oscillator f—p»! Control and
Secondary Fiducial Generator - -
p| Stable Fiber Transmitter [
5 Hz Fiduical [— »| Stable Fiber Transmitter >
To Other
p| Stable Fiber Transmitter P Sectors
Line Reference |—p»i »| Stable Fiber Transmitter
Stable Fiber Receiver Stable Fiber Receiver
Use phase reference from * * Detects fast phase
adjacgnt sector to aid in Phase Reference Phase Comparator changes and noisy
detecting phase wander from adiacent sector — Unit channels
NHeadTailO scheme ) yy + Contains narrowband PLL
to clean-up phase noise
Sector Timing
Control
Phase Reference«t y +| S
To LLRF and LO = -
Timing Fiduicial Y -
Event Link Y >
IntraSector Beam Phase Bearn Phase
Distribution <

Monitor Signal

Stefan Simrock 2nd LC School, Erice 2007, Radio Frequency Systems



,',IE Redundant event system distribution

GPS B R " To Other
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o _ | Redundant Event and
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positron source

Qdamping ring )

et Linac

i Synchronization Concept TESLA (1996)

electron source

beam dump

(damping ring 433MHz
e Linac ;
|
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1
! coaxial distribution
1

\ collision point /
| () |
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x-ray laser
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B

—
phase detector
fiber optic distnibution line (1300MHz)
9 MHz (coaxial)
108 MHz {—_Iﬂ
* { Multiply )
fiber optics - - fiber optics
Receiver [ sync. 1 Transmitter
1.3 GHz 13 GHz
Low Level RF
Timers Freq.Dividers DLEIFMemory System
* * * * 1300.25 MHz
to tn fo fn

Local Computer
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,',IE Why optical ?

« Advantages:

Optical generation and transmission with better jitter and
drift performance.

Not susceptible to EMI
Ground loop avoidance

Free benefit: Some diagnostics are only possible with
optical references

« Disadvantages:
Only point to point links
More complex
Conversion to rf required

Stefan Simrock 2nd LC School, Erice 2007, Radio Frequency Systems
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1o Synchronization System Layout

low-bandwidth
lock

low-noise
microwave
oscillator

fiber
couplers

remote locations

stabilized
fibers

RF-optical
sync module

RF-optical
sync module

Stefan Simrock

Optical to optical
sync module
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low-level RF

A master mode-locked laser producing a very stable pulse train
The master laser is locked to a microwave oscillator for long-term stability

length stabilized fiber links transport the pulses to remote locations
other lasers can be linked or RF can be generated locally



'-,IE Laser Oscillator synchronized to MO

N 40

I

O 604

m | — . == |aser locked to RF Generator

S, _g0- — - =—laser free running

[

D

(o]

c

O

wn

©

c

o

m

w

(‘D '180 LS ELEALLL ) LN BB LS R AL | LR R LR AL | UL LB R | L
10"  10° 10° 10 10° 10° 10’

frequency [Hz]

1E-7

» Mode locked laser emits femtosecond laser pulses :E: :EBE'[
» High pulse energy (~ 1 nJ) o0 —— Ti:Sapphire
e Pulse duration: ~ 100 fs FWHM nolssificor

Repetition rate: 30 -100 MHz
Integrated timing jitter (1 kHz — 20 MHz) ~ 10 fs
Integrated amplitude noise (10 Hz — 1 MHz): 0.03 %

RIN (1/Hz)
m

10 100 1k 10k 100k 1M  10M
Frequency (Hz)
Stefan Simrock 2nd LC School, Erice 2007, Radio Frequency Systems



:p
o

Timing stabilized fiber links

Master Oscillator

PZT-based
fiber
50-50 stretcher
isolator coupler
D Cl_
A

ultimately < 1 fs | fine cross-

v

“coarse”
<20 fs RF-lock

correlator

SMF link
1-5km

Output coupler

—

Faraday
Mirror

Transmit pulses in dispersion compensated fiber links
No fluctuations faster than T=2nL/c (causality!)

L=1km,n=

15 => T=10 s, f

Fiber temperature coefficient: ~5x10-¢ /m

Stefan Simrock

nax — 100 kHz

Lee et al. Opt. Lett. 14, 1225-27 (1989)
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QDL displacement [p3]

timing change [fs]

:p Fiber link stabilization

» 400 meter stabilized test link In
Hall 1 at DESY
o Jitter 7.5 fs rms during 12 hours
g « Additional 25 fs rms drift during
o that time
5
5
40 _E
Lo 3
30+
20+
101
03:00 06:00 09:00 12:00
time

Courtesy F. Loehl, DESY
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Demonstrated timing stability

item dev. value bandwidth notes
at [fSras]

L-wave off-the- <10 100-10MHz fc=10GHz
ref. osc. shelf
Optical MIT/ 10 1kHz-Nyq. Er Fiber laser
Master DESY <20 1kHz-Nyq. Er/Yb glass
Clock laser
Fiber MIT field | 12 0.1Hz-10kHz group  delay
Optic test at MIT- stabilization
stabilized | BATES
link LBNL <2/°C [=200m phase delay

0.1/h long term drift | stabilization
RF over MIT 8.8€2.6 | 1Hz-1MHz Optical to RF
FO conversion
trans- LBNL 15 1kHz-40MHz 11fs noise of
mission the RF source

Stefan Simrock

2nd LC School, Erice 2007, Radio Frequency Systems
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Overview on the
longitudinal diagnostics

for ERLs

Holger Schlarb
DESY
22607 Hamburg

- introduction

- injector & energy spread

. coherent radiation diagnostics and feedback
- ultra-short pulse diagnostics

3/24/2005 Holger Schlarb, DESY



Prototype Layout for ERL

laser 0 5-30 ps

Gun
DC/RF 5-30 ps
SHB /3_5 DS
Booster Sp/p ~ 0.1-0.3% 23 ps &\ Beam dump
Magnetic chicane Z2-3 ps Main acceleration linac

; i
2-3 ps
8p/p ~ 0.01-0.4%
Re-circulating arc Circulating arc
(decompression) (compressor)
op/p ~ 0.4-1%
PP l Undulator magnet 1O¢O fs

3/24/2005 Holger Schlarb, DESY



Prototype Layout for ERL

=< Low energy < 10MeV

\ of most methods (resolution problems)

— — oy
—
- ~

g 5-30 ps A h ‘~
ooy aserg S0P Prp A SNAPE TN No ISR, 1/y limits applicability
\
DC/RF 5-30 ps
() Jr A SHB /3-5 pS R56 ! -
Booster dp/p ~ 0.1-0.3% ,/ <

I \ Beam dum \
Py A Magnetic chicane 2-3 ES / 2 3£S p
g -= Ma‘TFl accelera't"oh'lmar - _\

7 2-3 ps
Ry g O A 5p/p ~ 0.001-0.4% .
7/ 7 Re-circulating arc Circulating arc N
(decompression) (compressor) \\
Rsg: Tseer- - Rse: Tseer-- :
op/p ~ 0.4-1% /
PP l Undulator magnet l(iO fs /
o THHTHHTHTH e e
R High
S o . . .. gh energy 0.5-5GeV
~~o__ To be controlled with high precision | Beam manipulation more
i TR challenging, beam highly
3/24/2005 Holger Schlarb, DESY destructive,

10fs resolution desired!



Bunch compression

Low energy spread can cause trouble ...

I spike —Min(c,) o< o5,/E, CSR: dE/E o« min(c, y43/E oc B113

—Effect increase with energy
Example: CHESS, E=5.3GeV, c,=10keV, 77pC

dG/G = 0.00 % and dip = 0.00 deg

1.5 I I I I I
- std=44.41 um, Ipk= 1.97 kA, <2-=31.81 um,
std=11.96 um, Ipk= 7.80 kA, <2=-0.27 um,
- std= 3.69 um, Ipk= 13.26 kA, <z>=1.18 um,
1r - . 3 3 : : 1
| | 5 PR L
1ca tail
£ 0
wy
_1 L. ks

y5666 /‘%

. | i | i I |
-800 -400 -300 -200 -100 0 1 200 / 300 400 500
2 [um]

Cross over
3/24/2005 Holger Schlarb, DESY

Phase tolerance relaxed

oG = 0.00 % ﬂeGD“ﬂ

15

std= 45.24 um, pk 07 WA, <z»=31 . 3
std= 1241 um, pk 7 kA, <z>=-1.23 um,
tol= _..m. pk= Okk 2
05 1
£ o ~— 0 1 1
w .
-05
A

-1 —n—l—n—n—n—:—l—n—n—-'
800 400 300 200 100 0 100 200 300 400 800
Z [um]

Amphtude tolerance tide

GG = 0.03 % and dg = 0.00 deg

EEAE R
<<0.03%

o | I T T T S (L T S S SN
800 400 300 200 100 0 100 200 300 400 800
Z [um]



Longitudinal laser profile

Streak camera: 2

— Data
—— Gauss Fit

« UV single laser pulse, measured w0 =4.420.1ps

with a streak camera (FESCA 200)

e Average over 50 measurements
gives 6, = 4.4+ 0.1 ps (as

m
T

Bin Content {arbitrary units)

expected) ar
» Longitudinal shape is Gaussian 2
* Or flat hat profile ... oL

0 10 20 30 40 50

Time (ps)
Optical techniques:

« if laser pulses shorter than 1 ps
— SHG auto-correlation

= FROG
to achieve higher resolution.

>
3/24/2005 Time Holger Schlarb, DESY




Longitudinal laser profile

Until 23.06.2003 - Gaussian
longitudinal laser shape:

i, Profile Display

Bl H| | & & Qo

IS=1 E3

On 23.06.2003 longitudinal shape
changed to flat top

. Profile Display

B d| = &[S Q) ort]

Mil=] E3

20000 E 280 — =
19900 = 3 B
19800 = 270 = S
19700 = — £
19600 = E 8
19500 = 950 = £

1 13400 = 1 E £
n 19300 == n o 24> =
L 19200 H £
n 19100 = n : E_
| o [
y 18800 5 y 210 = 8
18700 = E| -
18600 = 200 — B
18500 S N £
18400 = E B
18300 = 180 = 3
18200 L B e I L N O I B R T B R S B A B R R
20 40 B0 80 100 120 20 40 60 80 100 120
Location[ps] Location[pg]
FWHM ~ 18-23 ps
FWHM = 7 £ 1ps : : e
rise and fall time about 5-8 ps
Minimum measured emittance
2 3 mm mrad 1.6 mm mrad 11
3/24/2005 Holger Schlarb, DESY




Phasing of RF gun

Gun =etpha=e 143 562 — File (2004051921 41 52 dai

Measure charge output of the gun as a function 08 g
of phase laser/gun RF 94
LC) 0.4
Important and fast method to o .
. . o 2.z
—  determine the phase of the laser in respect s .
to the gun RF o |
—  to detect longitudinal problems of the "N Coy :
laser (satellites, phase jitter etc.) R 2 4 3 4 5
Phase (rad)
We use a fit to the expected shape to chose the 0.08 5 v
right phase: :

— reproducibility =+ 1.3° (rms) § 5§
110 = 2PS

Amplitude

It gives an estimate of the laser pulse length _ _ _
from the derivative of the rising edge Y| SRR e R

o ' ' '
=100 =50 a 50 100

Invasive = relevant commissioning _
Time (ps)

3/24/2005 Holger Schlarb, DESY



Energy spread measurements

« Screen in dispersive section + tight focusing
* Spectrometer dipole with 60° bend

* Dispersion at OTR screen D =-1.367m

« Diagnostics: BPMs and toroids

e (Quadrupole triplet used to focus the beam

Fad 1 9251
538 8779

5246 |

e

AP [keVic]

i

2
=

|

N
N

ICT B2
G1INJY
BPM1INJ1 —E _jn—
Qzindt 15
N
N
BPM2INJ
TF2INJ1

Analysis
Dipole iMNJ

| =734.5 mm
p=-7T01.4 mm
8 =-60°

ac‘.‘ﬂf._ 1 ?':,'0

& oa—17.8°
20G =7 mm

Image of 3 bunches Q =1nC

y [mm]

Large low energy tail of

70 80 90 100 1 0 120

about 100 keV but AP s

Xipixel very small residual energy spread 2-4 keV (rms)
3/24/2005 Holger Schlarb, DESY
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Energy spread measurement
- correlated & residual -

Long. Phase Space TTF1: / Energy profile

16.3

z =581m
162 | T = 354 mm

E =16.2MeV
S‘ 16.1 GE =834 keV
= / Residual energy
Lu I .
159) : A spread is complex
158 | | function of z and
-10 8 6 4 2 0 2 4 6 8 10 .
2 [rmm) asymmetrically
20 . : : : : : : . . distributed
= 10f
J 6(z,E>0)
W0
L
%0 8 6 4 2 0 2 4 5 5 70

2 [mm]

3/24/2005 Holger Schlarb, DESY



Energy spread measurement

16.35

- residual -

163

10

3/24/2005

4 8 8 10

Holger Schlarb, DESY

—— Rising of energy

profile 1s determined
by the residual energy
spread of particles
surround by parabola

Rms width of
surround
particles amounts to

= slice 0of 0.2%* o,



Energy spread measurements
- residual -

Improved optics, shift tilt obj.

T T
+  rawdata [

au-Fit on head. — flered |

3

E

60r 6=3.5 keV

wn
(=]

CCD readout [arb. units]
s
(=]

200
250
300
350
400
450
-

LT Y T

200 400 50D 800 1000 1200 -40 =30 -20 -10 0 10 20 30 40 50
energy [keV]

Phase rf-gun = 39.8 , Phase booster = 109.0 ,
T T T T T T

120 0717
o : =4.28+0.25 ike\.f 18+
L) R

UL projection Scan phase | Conditions:
T E=16.3MeV
Q=3nC

I

B0F g profiles =9

ured profile [cod-counts]
g
X

RMS Energy Spread [keV]
=

40
&r 4
ot % [ o/ 20 ps FWHM
E .
AR SSE I EEAREE
: * i 1 i 5 % + 2r ¢ \
- - . ; : : : : ; " - , , , , T
-%% -1 -5 0 5 10 15 20 130 135 140 145 150 155 2_5 ke \/
horizontal position [mm] Booster Phase [deq)
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Energy spread measurement
-online using vertical chicane -

 Goal: online, non-interceptive beam energy spread measurement

» Basic idee: ISR produced in vertical chicane located in section with large
horizontal dispersion

» Tested: SLC, SPPS (SLAC) Tantalum filter 500 um

, Side view 2bit ccd camera
Separation beam 75m  Vertical
synchrotron fan =~ X-ray g YAG-scintillator
mel fan l | 200 um thickness

> Electron beam

2m | 1m

=~ Horizontal bend _
= Width~dp/p
3/24/2005 Holger Schlarb, DESY

Experiment prepared by E164 group SLAC, C. Barns



Energy spread measurement
-online using vertical chicane -

e installation in FFTB tunnel
e old wiggle used
* high resolution camera

 movable scintillator
e E=28.5GeV

o s A

3/24/2005 Holger Schlarb, DESY
Experiment prepared by E164 group SLAC, C. Barns



12000
10000+
8000 -
6000 -
4000
2000 -

_2000

Energy spread measurement

-online using vertical chicane -
high energy

low energy

dp/p ~ 4% edge of YAG scintillator

v

5( [a.ﬁ.]

Two profiles after rescaling then convolving Cher with Gaussian

i Resolution ~ 0.1%0
Synchr. £ tdue to B-function |

0

I I 1 I I 1 I
100 200 300 400 &00 B0 700 800

3/24/2005 Holger Schlarb, DESY

Resolution limits:

Beam size: dp/p ~o,/D,
Energy:  dp/p ~ Az/y

(or x-ray imaging)
Blooming in YAG: ~ thickness
dp/p < 10* possible
dp/p ~ 107 challenging




Longitudinal fomography

Principle: ‘rotation’ of z-p phase space + imaging
reconstruction of long. phase space from profiles
Requires: complete picture only possible with R, # 0

Ideal world: Real world:
e compress change properties of
z-p phase space (CSR, ...)
» restricted to one accel. section
* limitation on acceptance of the
beam line reduce projection to
j\ smaller angle (£60° 1s much)

> * non-linear mapping

Charge [au]
|5 P

zzzzzzz

Longitudinal Chame Distribution [a.u.]

AE/E

—4 -2 o 2 4
rge [a.u] Length [mm] Charge [a.u.]

3/24/2005 Holger Schlarb, DESY



Longitudinal tomography

» Radon transformation: standard
“Filtered back-projection algorithm™
Better suited:
» ART: algebraic reconstruction
technique, here
MENT: Maximum Entropy

Algorithm
(See 1.e. J. Scheins, TESLA-Report 2004-08)

* Even complex structures can be can
be reconstructed

* Disadvantage: multi-shot method,
destructive

—
el

50 100
Population [arb units]

Reconstructed
phase space TTF1

E=230MeV

Population [arb units]

PhD-Thesis, M.HUning, 2002, Uni. HH

3/24/2005 Holger Schlarb, DESY



Phase monitor

30 T T T
— Scope 4GHz, 20Gsamplels
® \/’p ko 550V,
34 mm i i i i dt  =163.0ps;
. 20 - e B pkik
Beampipe ; ; | {dVid) = 0.55 Vips;

(

)
I L N NS NN S SO S
| btV 12550 mV/ps.

3 i I i I i I i I
-gOO 400 -200 0 200 400 600 800 1000 1200
time [ps]

Principle:

» Isolated impedance-matched Ring Electrode
installed in a ,,thick Flange*

* Broadband, Position independent Signal

* One installed after the Gun, each magnetic Chicane
(both BCs, the Collimator + before Undulator)

« BC’s: Energy Fluctuations -> Phase Fluctuations
TOF Measurement: Resolution = 0.2° or 0.4 ps
» Fast timing signals with sub ps resolution

3/24/2005 Holger Schlarb, DESY



Phase monitor

Phase at 3DBC2 vs. current through BC2 dipoles | [ Weasurements: 05Jun-2003 I

180—
= -
@ L
Q, B
N 160} —
o L
m
= L
m |
T 140 —
m -
h L
©
: L
Q. 120 —
100}—
80—
[ LIn. fit: Offset [Deg]: 362.6 + 3.151 A
|_|__Slope [Deg/A]: -3.725 +0.06281
e | | | | | | | | | | 1 | | 1 | | | 1 | | | I |
40 45 50 55 60

Current through BC2 dipoles (Readback value) [A]

3/24/2005 Holger Schlarb, DESY



Coherent radiation

Sources:

 coh. transition radiation
e coh. diffraction radiation
e coh. synchrotron

e FIR-undulator

* Smith-Purcel rad.

* edge radiation

Purpose:
* longitudinal profiling
* compression monitor P~1/c,

g ~ 15 m transfer line
LILEEICE Preferable for align.
LUCI Bt design of THZ
transferline is critical




Bunch Length Diagnostics
- Michelson Interferemeter-

Rms = 32.7 um
= 0,~23.1um

1 1 | |

R, 8 25um Mylar
Via: St i iy i bl window
™ - ‘ Prototype for
25um Mylar | ) ; s BCM, with
beam splittter | E o . hor. and vert.
W 9 Grids (DESY)

3/24/2005 Holger Schlarb, DESY

P. Muggli (E164 exp. SLAC)



Bunch Length Diagnostics

- Martin-Puplett Interferometer-

Martin-Puplett Far Infrared Interferometer:
designed by RWTH Aachen

Input
beam

3/24/2005

Input S
polarizer

. Radiation spectra

T
i
R
i
11
i

n

L
T
T

1

Roof
mirror

Beam e Parabolic | |

splitter

Holger Schlarb, DESY

frequency [Hz]

ngh freh. missing _

il_g_!.!.i.i. —
i i

S Courtesies
== 0. Grimm &
L. Frohlich

Detectors removed, types used DTGS, Pyro, Golay

1
2005-02-23T020845.asc




Interferometers

. o Slgnal jitter rms 30%
Challenges related to interferometer setup -

8 (FFTE)
3] Y]

* multi-shot measurement | =)
* phase information is missing L R e
= reconstruction via Kramer Kronig disp. relation .1~ . |
e significant and complicate frequency response function

— effects of finite foil

— diffraction at apertures and diffraction limited transport

— beam splitters and window (lower cutoff)

—near field and far field transitions

— detector response function

— absorption in air

= extraction of “rms” bunch length 1s feasible, but an accurate
measurement of the longitudinal bunch profile is very difficult!

AFRY CBOZ 802
£

= Future: 1deas for single shot FIR bunch length measurements

(FIR spectrometer, not yet demonstrated)
= Growing interest: easier for shorter bunches, micro-bunch instability

3/24/2005 Holger Schlarb, DESY



detector signal (a.u.)

Beam Compression Monitor
- acc. phasing

PhaseICompression Monitor Signal vs. Phase, ACC1

Surﬁ of TOSYLAB pyro signalé

03 o Max. _C_Ompl_‘_e_SS.l.OI.l .......... Pyro 9DBC2 '
| - Phase monitors 3DBC2-1UBCZ 4120
. ‘
Ny 115
-0.2 N g
| =
: Q
: Q
-0.4F - 110 §
‘ o)
: =
| o
-0.6 - 3
| 105 S_-;

-0.8}

-1p

Pyro 9DBC2 u= 120 53 deg, & : = 1 78 deg

e 2| ERERPRRRR Phase momtors 3DBCZ 1UBC2: 11 = 131.67 deg, o = 228.80 deg -

|
110 115 120 125 130 135 140 145
phase (deg) 2005-02-23T080726.asc

3/24/2005 Holger Schlarb, DESY



Slow feedback for acc. phase

Monitor signal Actuator responds
Pyrodetector Phase SP ACC1
Compression _ [ .| = T P4 Acceleration
. s 5 : . E
monitor = o TN TRV hikbimiL /b WA AR T S A TR phase
¢ bl L e S L RN N PPk = 2°
! ! 5 B Ny o Large phase drifts
=1l | Seseeey fasccannnoassa: (ST | locoooccanae : . :
22:00 22:30 23:00 22:00 22:30 23:00 observed!!!

Toroid 3GUN Flash lamp

Charge 105 - ............ ____________ __________

_ ~ Laser power
. <
0.95f------ PesSeoootoooe: ------------ ------------
. 111 ________ SECEEIEEEEERE , ___________ .
Phase monitors | _ : R e -4 Acceleration
_g’ 1105k ------ ___________ __________ .......... E 1441 % Y A | R Y P .
(Energy) ¢ - - - S jassf Yo fo — T gradient
[ DN LY el W, [PkPK = 1%
1005 oo B B e e b e Large ampl. drifts
22:00 2230 2300 2200 22:30 2300 observed!!!

3/24/2005 Holger Schlarb, DESY

Example: TTF2



Slow feedback for acc. phase

Compression °%

monitor

Charge

Pyro signal (W)

Charge (nC)

Monitor signal

Pyrodetector

0.06wr 1al

0.07

ool H I

0.09

1.05

0.95

.........................................

20:00 20:30 21:00

19 :30 0
Toroid 3GUN

..............................................

19:30 20:00 20:30
2,1

0 21:00
Phase monitors 3DBC2, 1UBC2

Phase monitors | v | f ]

(Energy)

3/24/2005

{d

FPhase diff.

o7

96.5

Phase (deg)
-
]
|

Current (&)
[» =]

0.75

Gradient (MV/m)

Actuator responds

Phase SP ACCA1

Acceleration
phase

[ PkPk =0.7°
Reasonable phase

2 OJ: 00 20:L3CI 21 :DD
Flash lamp

19:30

drift (~0.1° rms)

Laser power

20:00 20:30
Gradient ACC1

' Acceleration

gradient

PkPk = 0.4 %
Reasonable ampl.

19:30 20:00 20030 21:00

Holger Schlarb, DESY

drift (~ 0.1% rms)
Example: TTF2



Electro-optical techniques

1. Sampling: Principal of
- scan delay to move laser over the bunch electro-optical
+ good synchronization required sampling

» multi-shot method
- arbitrary time window possible

2. Chirp laser method: czzzn? Principal of
- single shot method ’A‘ A temporal-

- some more effort for laser and laser wavelength
diagnostics required it correlation

. ;rjm_e \ginldow ~d1.-20psT. 200f A - = :

* limit by laser diaghostics ~ S o

3. Spatial method: \ Principal of

- single shot method camera . temporal-spatial

» imaging optics is critical \ i) correlation

* time window ~ 1-20ps
4. Temporal decoding:

- uses single shot auto-correlator <::::Ii’ - Principal of
- optical resolution limit 30fs | temporal-

* requires laser amplifier (~1-10kHz) camera decoding

3/24/2005 Holger Schlarb, DESY



Electro-optical techniques

» All techniques have been successfully tested ©
e Parasitic operation and non-invasive ~ 100mA possible
* High readout rate up to ~ MHz (method 2&3)
» [f laser 1s properly synchronized
= high accuracy beam arrival time monitor ~10-30 fs
 Spatial method and temporal decoding overcome
the optical resolution limits
* but any technique has presently the limitations given
by the electro-optical process
/nTe ~ 200 fs FWHM
GaP ~ 100 fs FWHM
?7 < 30fs FWHM
e limited dynamic range (2 ps, 1 nC ok, but 20 ps, 100pC diff.)
» all together TECHNICAL CHALLENGING

3/24/2005 Holger Schlarb, DESY



Transverse deflecting structure

e vertical deflecting RF structure (2.856 GHz) operated at zero crossing
« vertical size of beam at imaging screen = depends on bunch length

* used structures sofar: “LOLA” at exit of SLAC linac, and TTF2 linac
« 25 MW Kklystron power to “streak’ the 28.5 GeV for SPPS, (0.5GeV)
» ‘Parasitical’ measurement using hor. kicker and off-axis screens

* Resolution: SPPS ~ 60 um, TTF2 ~ 5 um (expected)

V(t S-band Fast hor.

N\ kicker
" / sl
. e — — G,
o F T LT L L. [ . »GZ
o — w VA V[T

o [« 2.44 m p — f
Ay ~ 60°

’j\ Vertical streak

3/24/2005 Holger Schlarb, DESY
SPPS: P. Krejcik et. al., TTF2: M. Ross et.al. + MIN DESY



Transverse deflecting structure

Beta fn at / Laily
, Bunch cavity & [ | Voltage
Beam size Length screef and beam | - [ Phase adv
RF off / energy cavity to

‘\ i screen
Beam size [\J5. = J52 + &2 27[6\/ sin Ay cos
on screen y yo e 'BC'Bp AE, l// T RF phase

SLAC cavity
‘ Net shunt
deflection 1mpedance

/
< \/,BC,B SinAysing , Vv, z(1,6 MV/m/MWI/Z)L\/EO

3/24/2005 Holger Schlarb, DESY



Transverse deflecting structure

Little streak o, > G}LQ( SPPS): Strong streak O, >> Qg O( TTFE2):

rms bunch length reconstruction by Profile reconstruct10n
measure Streak at 3 dlfferent phases ‘E Kly drive = 0.810; File name: 2005-02-28T000014-plot-Get-otr-new.mat
A.NA
(72 = A¢r§, +B, o =L
3 A4C
x10° lgMS FIT %!1%}2131? S 8238
1. | | ] : | ]

time [fs]

‘*/Cavity on o, =90 um | |

Cavity on|
- 180°["

Cavity off

(Streak s.ize)2
[

— o,=45um

T T T T
-80 -40 0 40 80
SBST LI29 1 PDES (S-29-1)

______ D P Moderate compr.

(+5 from max.)
Not fully streak
* Not optimized

1-APR-03 20:21:1¢

Asymmetric parabola indicates
incoming tilt to beam




Transverse deflecting structure

Phase from maximum pyro-electrical signal ...

_|_3 o + 2 o + 1 o _|_O O
Image of LOLA's screen 17ACCT Image of LOLA's screen 17ACCT Image of LOLA's screen 17ACC/ Image of LOLA's screen 17ACC7

4 6 ] mm 1

sr+space charge)

8 mm 1 9 4 [ 8 m 1 2 4 b 8 mm 1 9

1 4

Fragmentation of beam in longitudinal and x direction (c
— Ideal suited for slice emittance measurements

3/24/2005 Holger Schlarb, DESY



E [MeV]

Optical pulse replica

=

0.5

3/

10 15

100-femtosecond
electron bunch

100 MW-level
10-picosecond
lagser pulse

x-polarization

2.0

planar

1047 um

modulator
undulator
x-polarization

energy modulation with external laser in planar undulator
conversion to density modulation

coherent radiation in output undulator

optical pulse measurement (FROG, auto-correlation)

Electric fleld [a.u)]

0 50 100 150
t [fs]

1047 nimn
planar
radiator

100 MW-level
100-femtosecond
bandwidth limited
aptical pulse

i .

undulator
y-polarizati

Nd:-YLF
laser
1047 nm

dispersion
section

i > >
\ 1047 nm to ultrashort-pulse-
electron replica measurernent device
| beam

dump

Saldin, Schneidmiller, Yurkov,
DESY Report 04-126, July 2004



Electric field [a.u.]

Optical pulse replica

Fourier limited optical pulse Scheme of SHG-FROG

2nd harmonic

T generation

1 ] {SHG}

AT T /T beam splitter crystal
. — "/\ spectrometer
| . imaging
_ ' //I.I\/
\M / |
1 /

CCD
] Ve beam camera

connected to
computer

translation

stage
\‘_J"H__M\ J/ _ o o 1
| e I — Combination of auto-correlation
0 50 100 Lo and spectrum provides exact intensity profile

t [fs]

+ High resolution 6z ~ N, A = 5um (limited by slippage only)
+ Allows to extract slice energy spread

+ provides high power synchronized optical pulse (timing)

+ quasi parasitically, online

- low rep. rate (100Hz-1kHz)

- limited dynamic range (pulses <<1ps)

- requires high power seed laser

- challenging if large residual energy spread across the bunch
3/24/2005 Holger Schlarb, DESY



Single-shot cross correlator

1-dim. pd Concept:
electron detector measure exact timing online for
array | . every pulse and sort the data
//
atomic

gas

dispersive %/
em\ 3

electron lens syst )um = 100fs
§ position < time
"
funded by FP6 and HGF = '
FEL z
M.Drescher, University Bielefeld/Hamburg ~ Laser

3/24/2005 Holger Schlarb, DESY



Other methods ...

* ISR 1n optical regime in combination with ultra-short
pulse lasers (SHG)
* CR in combination with EO (outside tunnel, other EO-
materials)
* General for quasi-non destructive methods:

Ultra fast kickers (<20ns) + ...
« Compton back scattering for arrival timing

and hopefully some more new 1deas in the near future ...

3/24/2005 Holger Schlarb, DESY



Electro-Optical Sampling (EOS)

Synchronization Part Il, KEK Seminar, March 17, 2008 —




Bernd.Steffen@desy.de

Electro-Optic Longitudinal
Bunch Profile Measurements
at FLASH

Bernd Steffen, DESY
for the EO@FLASH team
(Daresbury, DESY, Dundee, FELIX)

Bernd Steffen, 18.10.2007



FLASH

Free-Electron Laser
in Hamburg

Bernd.Steffen@desy.de

Overview

Motivation

Basics

— Electro-optic effect

— EO measurement principle
— Detection schemes

Measurement schemes and results

— Electro-optic sampling using a variable delay
— Spectrally resolved detection

— Temporally resolved detection

Applications
Conclusion

Bernd Steffen, 18.10.2007



FLASH
Free-Electron Laser in Hamburg

BC 450 - 700 MeV

RF gun BC
B-5{Acc) 2 g ‘AcCaH ACCa-BAh - {ACCAH ACCS -

—1|OTR screen Bypass
CTR beamline | .- Tps D/E, a 5 - 200
N 0 = Undulator 13 -47 nm
I N %
TDS EOS| |BAM Collimator
(LOLA) TEO Dump
Longitudinal Diagnostics
FLASH
T Hamburg Electron bunches: = 30 fs duration All pulse length:
= 700 MeV electron energy o of afitted
~ 0.5 nC charge Gaussian

= 1 kA peak current

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Bunch compression

~ i~ W
- %

charge-
density

energy

magnetic chicane

long. bunchkoordinate

low energy

WAVAVAVAVAVAVAVAVANS

high energy

FLASH
Free-Electron Laser W

in Hamburg

accelerating resonator

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007




Bunch compression

Injector first BC second BC
40 I I I 400 I I I 1500 I
< 1000 [ .
2 20 - 200 | .
2 500 -
>
(&)
0 | | | 0 | ] 0 I
126 T T T 126 T T 380 T
>'125 - 4 125 .
=,
2 124 I 4 124 .
()
c
© 123 [ 4 123fF .
FLASH 122 ' ' ' 122 : : 376
Free-Electron Laser —4 -2 0 2 4 -2 -1 0 1 =500 0 500
in Hamburg ¢ [mm] ¢ [mm] € [um]

Courtesy of Martin Dohlus

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Bunch length measurements using the
transverse deflecting structure (TDS)
vertical RF field 1E,(t)

fast horizontal kicker ™\
\ N4
e — ~0Oyz
- EERESETAaaaasssC EaiAN
- Bt i F1 1 pLLCCCCCCUTTNT /4 N >
o al® 3.66 m - AN

vertical streak
and horizontal kick

t [ps]
FLASH 1 ‘ B S
Fre?'-‘EI_II;c':'tlrtc::r;aser . charge denSIty
Resolution: S0
approx. 20 fs 5 Ogpike * 30 fs O
at a time window of 2 ps Qspike ¥ 012 nC (23 %)
0 0 05 1 15 2
t [ps]

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



FLASH

Free-Electron Laser
in Hamburg

Bernd.Steffen@desy.de

Overview

« Basics
— Electro-optic effect
— EO measurement principle
— Detection schemes

Bernd Steffen, 18.10.2007



The Electro-Optic Effect:
THz-field induced Birefringence

Y=[0,0,1] /! _
A | EO crystal Phase retardation
(in the small signal limit):

wd

. = —(m-n)
C

wd

= = 7n0r41ETHZ

Easer (1,1,0)-plane

> X=[-1,1,0]

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Electro-Optic Sampling

‘ ‘ M4 A2 P
scanning photo
1S faser delay detector
EO
FFIETI;\S!" - Coulomb field of electron bunch
in Hamburg induces birefringence in EO-crystal.

- birefringence is sampled by Ti:Sa laser pulse.

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Bernd.Steffen@desy.de

Effect of the wave plates

1
Edet(ga ¢’a r) — ( 0 1 ) ) H(Q) ' Q(¢) - EO - ( 0 ) ) Elaser
B 3 _ exp(—il'/2) 0 '
B = KA ( 0 exp(+iF/2)) R(x/4)

0O(¢) : Quarter wave plate, rotated by ¢
H©) : Half wave plate, rotated by 6

]aser
Li(6,0,T) = 12 [1 - cos(T + 46)]

Bernd Steffen, 18.10.2007




|det,v/ |Iaser

Effect of half wave plate

|det,v/ | laser

0.03
0.025}
0.02 |

0.015}

: : signal =0
2 -0.1 0 0.1 0.2
["inrad [inrad
0=0  40=n/2 0=0° 06=2°
FLASH
“inHamburg I
Liet(0,0,T) = —==1[1—cos(T +40)]

2

Bernd.Steffen@desy.de

Bernd Steffen, 18.10.2007



EO coefficient r,(f) and
THz phase velocity in GaP

lattice resonavnce: 11THz lattice resonance
04 T T T T T T T T T T T T T T T T T
L L L L NI O | L LI NI B \
LT " ‘
41
_ 1 v.lc
- Y
- (\) N
i > Von/C
i 0.1+t
FLASH ' T T T T | | T T T OO_ P R R P SRR | .ul PR T R
F'ef,ﬁ';‘:;',;’:,;ase' 0O 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 1012 14 16 18 20
f [THz] f[THZ]

Faust, Henry. PRL 1966
Nelson, Turner. J. Appl. P. 1968

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007




Propagation of the pulses in 100 um GaP:
EO-Sampling

THz pulse effective THz and laser pulse
I |I|IIIII,—..I\‘I I - I I lf{. I I |
! ||I| f |I
A VAVAVV e 4/ )\ -
- / I'|I U’ = | ;-lrll\l 7 = —
/ \I " _// I ll\
[ \ S— M A AA
B * \ i B ‘ ‘ /II\ &
4.'1"/ II'U'“\/\/\M‘" S | Inlla'\‘ / g MWV A
[ .
- I\t R - | '/| u@’ﬂﬁvﬂé‘w : .
i "\\
\ | \
FLASH __J|} T : U A | |
Froe Eactron Lasar 0 500 1000 1500 0 500 1000 1500
time [fs] time [fs]

EO-Signal: Product of the effective THz-field and laser
integrated over the thickness of the crystal

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



FLASH

Free-Electron Laser
in Hamburg

Bernd.Steffen@desy.de

The simulation program

Effective THz pulse calculated from electron bunch and EO
response function

Phase retardation I" from effective THz pulse

Complex electric field of the modulated chirped laser pulse
calculated according to:
|
Esw(0.¢.T) = (0 1) -H®)-0@¢)-EO ( ) ) Eister

— Eraser [cos(26) sin(I'/2) — sin(2¢ — 26) cos(I'/2)
V2

—i (sin(26) cos(I'/2) + cos(2¢ — 26) sin(I'/2))]

Temporal and spectral intensity in both polarisations can be
calculated.

Bernd Steffen, 18.10.2007



Response function of the EO crystal

0.25 | . .
—— d=65um
i — 175 um|
0.2 — 300 um
0.15r i
0.1F
0.05F
% 5 |
frequency [THZ]
FLASH GOF d o) 1 j" . 1 1 ;
ir-l H(;t:nr::rgaser (f’ ) — r4l(f)] + n(f) + IK(f) E 0 exp l ﬂ-fz(vph(f) - U_g)‘ <
EO coeff., transmission, velocity matching

Signal distortion esp. for thick crystals !

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



FLASH

Free-Electron Laser
in Hamburg

Bernd.Steffen@desy.de

Overview

 Measurement schemes and results
— Electro-optic sampling using a variable delay
— Spectrally resolved detection
— Temporally resolved detection

Bernd Steffen, 18.10.2007



Electro-Optic Sampling
using a variable Delay

THz pulse laser pulse

EOS:
] Electro-Optic Sampling

FreEIETeﬁrf Lt!e, - frequently used for THz-spectroscopy

in Hamburg

- technically simple, high resolution

Problem: - averages over many bunches
- sensitive to time jitter

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



FLASH

Free-Electron Laser
in Hamburg

Bernd.Steffen@desy.de

Electro-Optic Sampling
using a variable delay

Time jitter:
approx. 200 fs,
larger than
bunch length

Single shot
measurements
necessary!

w
|

EQOS signal
N

—
|

Bernd Steffen, 18.10.2007

2

delay [ps]

4




FLASH

Free-Electron Laser
in Hamburg

Bernd.Steffen@desy.de

EO Spectral Detection

I Oc grating

l ‘GO
fs Iaserl— optical

stretcher

Linear relationship between wavelength and long.
position in laser pulse (“linear chirp®)

Bunch profile is transferred to spectral profile of the

laser pulse

- Problem: Frequency mixing with THz pulse creates new
frequency components:

— Distortions at large chirp a =1/\/o, o,

... =26 0,0, ~200fs (for Gaussian pulses!)

Bernd Steffen, 18.10.2007



EO Spectral Detection

pixel

200 400 600 800 1000 1200

20 .
o camera bg
§ 15 - bg at 6=0 i
g 10k bg at 6=2° i
S signal at 6=2°
(@]
o 5r 1
0 200 400 600 800 1000 1200

C_U T T T T T
C
2
(V)]
O
L

FLASH =

Free-Electron Laser taml

in Hamburg (@)

c O | 1 |
0 2 4 6 8 10

time [ps]

GaP 175 ym, o,=7fs, ©.=1.5ps
Bernd.Steffen@desy.de Bernd Steffen, 18.10.2007




Spectrally resolved detection:
Comparison of measured to simulated signals

0.02 - - -
5 consecutive bunches, — simulation
corrected for different ——measurements
arrival times — 0.015
©
C
Simulation: 2 o=210"s
EOSD signal ofabuncha g1} ]
measured with TDS 8 1st reflection
LI
GaP 175 uym 0.005 e
0=2°
c,=/ fs
FLA =1.
Free-EIectrtf I!:!er GC 1 5pS O O 2 4

in Hamburg

Excellent agreement with simulation in shape and amplitude,
but much wider than electron bunch due to response function and
frequency mixing

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



EOSD: Distortions due to frequency mixing
for thin crystal and large chirp

— I
1—‘SD
ETHz GaP 100um thick
- Ory,= 0 fs
1 Laser c,=6 fs

chirped to: 6.=1.5 ps

FLASH 6=45°

Free-Electron Laser
in Hamburg

-0.5 0 0.5 1 1.8
time [ps]

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



EO Temporal Detection

00

fixed

i delay
fs Iaser\

optical
stretcher

- Cross-correlation with fs pulse
FLASH in a frequency doubling
I crystal (BBO)

- approx. 100 uJ pulse energy /
necessary for 10 ps time gate pulse fime
window -

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



FLASH

Free-Electron Laser
in Hamburg

Bernd.Steffen@desy.de

EOTD signal
N R O

o

EOTD signal

RN
o

(&)

EO Temporal Detection

4 6 8 10 12 14 16
time [ps]

4 6 8 10 12 14 16
time [ps]
Bernd Steffen, 18.10.2007

0=0

EO signal O E?HZ

EO signal O Eq,



EO setup at FLASH

accelerator laser laboratory

tunnel
electron optical table

H | N b ¥
beam pipe

optical table S
£ %
S lens (=4 m) lens (f=4 m) N
- laser beam pipe
mirror ) 2.65m 8.5 m “1m mirror

FLASH

Free-Electron Laser

in Hamburg - Laser systems in lab outside the accelerator:
-4 nd, 7 fs Ti:Sa Oscillator
-1 md, 15 fs Ti:Sa amplifier

- 20 m evacuated transfer pipe to the tunnel

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



EO vacuum chamber in the beam pipe

EO crystal

OTR screen
vacuum chamber IH I
L(l

mirror

A

i

L

-
A4 and A/2 plate
polarizing beamsplitter

to laser
diagnostic

CCD camera

FLASH

Free-Electron Laser
in Hamburg

- plane (175 pm) and wedged (30-200 um) GaP crystal in the beam pipe

- allows spectrally and temporally decoded measurements

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007
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EO setup in the accelerator tunnel

TD delay line
|

gate pulse \

gtrat{nﬁ
stretc er; imaging lenses
%___ Sbeam-  cyl. lense
splitter v |
stretcheg 1
pulse Y ICCD
camera
to vacuum 7‘|42 7”44 from vacuum

174 I 1]

chamber polarizer I chamber

from ﬁ olarizer
/

laser lab

/

2

peri- peri- peri-
scope scope scop
FLASH :
Free-Electron Laser S D ﬂlp A2 M4
in Hamburg to vacuum mirror from vacuum
chamber Y chamber
from olarizer ~ Wollaston
IaseFr lab prism
fiber- pe&\
couplers scop

Bernd.Steffen@desy.de



Comparison of EOTD vs. TDS measurements

©

S| TDS

o raw signaIJL‘_ TDS _

<£ | corrected signal

|_

o EOTD

@ | raw signal EOTD

CED corrected signal

6 4 -2 0 2 4 -05 0 0.5 1

FLASH time [ps] time [ps]

Free-Electron Laser
in Hamburg

- 10th bunch in bunch train: electro-optic detection
- 11th bunch: TDS

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Comparison of EOTD vs. TDS measurements

20 fs

TDS signal 55 fs

measurement

26 fs
THz pulse

43 fs
simulation

EOTD signal

EO signal -
simulation

FLASH 0.2 0 0.2 04 -0.2 0 0.2 0.4
SRR Time [ps] Time [ps]

- Good agreement _ _ Signal due to wake fields?
between measurement and simulation

- close to the resolution limit of GaP

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



FLASH

Free-Electron Laser
in Hamburg

Bernd.Steffen@desy.de

TDS and EOTD measurement of
overcompressed bunches

TDS
~ |
C
o
(V)]
)
A
|_
©
G EOTD
A
o |
o
AN
/ RN
05 0 05 1
Time [ps]

Bernd Steffen, 18.10.2007

In good agreement with
the electron bunch shape

Signal due to wake fields?



Overview

FLASH S
Free-Electron Laser g Ap p | | Catl O n S

in Hamburg

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Time jitter, measured with EOSD

O O
o o

o
N

arrival time [ps]

FLASH

Free-Electron Laser
in Hamburg

Ceo

1 2 3 4 3
time [min]

- Time jitter: 200 fs (rms) incl. slow drift
- Slow drift removed: 130 fs (rms)

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Bunch arrival time dependence
on the ACC1 phase

‘ ‘ ‘ o
: ° ° op T 10
g’ A 2 ..
c - . Sl =l
= % 5»‘» E-q -
IV A i g8 8 =0 ]
T Et§9 ] ke < T ot
2 >0 's:. E o
s -1 9 7 S -1t
3
: - ACC1 phase|
2 . . arrival time 6 -2 .
0 100 200 300 400 7 7.5 8 8.5
Bunch no. (I)ACC1
. F.IETII}SLIZL, Arrival time change: 1.79 ps/Grad

in Hamburg

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Correlation between arrival time and ACC1

phase
04l T ACC1 phase
__ | = arrival time 8 2°
(/0]
2
()
=
©
17.8°

FLASH 200 400 600 800 1000
Free-Electron Laser B u nCh no.

in Hamburg

= correlated time jitter due to phase jitter: 103 fs
= uncorrelated time jitter due to other sources: 135 fs
= uncertainty in the phase measurement: 0.04° or 73 fs

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Bunch shape without at maximum
compression (without feedback)

occasionally
double pulses

Down to a
separation of
approx. 130 fs
double pulses can
be separated

FLASH

Free-Electron Laser
in Hamburg

rreer

FrTET

0 2 4 6 05 1 15 2 25 3
time [ps] time [ps]

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Comparison to other EO experiments

m 700'_ .FELIX @® Spectral Decoding
£ 600 - Temporal Decoding
2 @® Spatial Decoding
= 500-

o

_g 300 4 FLASH FLASH
© - (TEO)

o 200- FELIX SLAC \

- ]

O 100 - iimit for znTe

LLI 0 . GaP

2002 2003 2004 2005 2006 2007
year

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007



Conclusions

« Benchmarked EO detection against TDS

« Simulations based on published material data
consistent in shape and amplitude with
measured signals for GaP

« EO signals measured with of 55 fs (rms) length
(linear in field and without deconvolution!) are
close to the resolution limit of GaP

Bernd Steffen@desy.de Bernd Steffen, 18.10.2007
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e Motivation FLASH

 TEO: "Timing by Electro Optical sampling”

— correlation between an optical laser pulse and the
electric field of an electron bunch

— based upon Pockel’'s effect

* Purpose:
— jitter measurement for pump probe experiments

— electron bunch analyzing
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Timing of TEO experiment - principle iz
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EO-crystal
material

started with:
ZnTe 50-500um,
wedged

today,
resolution

optimized:
GaP 180um
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f “¢«  TEO signal detection — side view FLASH

EEEEEEEEEEEE

Laser pulse Idea: map temporal information into space

A Rotation of polarization ~ E , Which is

/74 4 ~ p(2) , the longitudinal electron density
' / % ¥y EO crystal |

(ZnTe, 300um)
(new GaP,180um)

/ / < ~ )
Laser probe kuidier y ‘ &' 4
; /
relative to electron bunch 1\/‘(_ )

~
e .
—

e e e- e- e
Electron bunch

v

v
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polarizing

beam splitter
:I-' kIaser ©
3 ; 28|,
— , 3t
n | R -0
-8 p—polarized
0
®

- Arrival time and duration of bunch
is encoded on profile of laser

Streak time [ps]

‘

5 i

oo o s NMoONMASGLO
=

Y
f vy TEO signal detection

time

T Y

40
3501
5
=, -
220 = 1
gm ]
§ 180 ] a
2 | -
gmu i
E a9 ]
u Ny o>
s e 4 2 1 2 + & 8 0 c
Time [ps] N’
-10ps -0 +10ps
time

TEO signal evolution, date: O2/27/2006

22:10:00

22:20:00 22:30:00
Time elapsed

Temporal resolution of Pump-Probe exp. is given by the precision of

the jitter measurement, actually 90 fs RMS.

pa4oubatu)
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M2 \“ge TEO signal examples

GEMEINSCHAFT

\

1
L
&>
U)
=

TEO signal - 14.03.2007 (SASE@13.6nm, 0.8nC)

150 TEO signal - ZOOM
_ 1800 T : |
FWHM: 234fs
10-20%-RiseTime: 200fs
RisingEdgePos: 13.17ps 1600}
1400/
FWHM : 220 fs
Rise time: 170 +- 20fs
100} 1200
B
- 5,
: 2 1000|
= X
2 £
5 = 800F
= ga :f
@ \
50} | = { Y .
x *’\
400+ # ? M
£ 7 W R
200/ T { Wt % & K,
.‘\A\,\f\\f’ b ‘\M\\,«’w 57 ,\;HAJM il g
b |
R s 105 1 15 12 125 13 135 14 145 15
e = 2— . Time [ps]
= minimal width measured:
>
@
Lo 220fs FWHM (95 fs RMS)
—
o
L &
8 -
L temporal resolution of TEO

[sd] swn

Having a peak of 220fs FWHM and 170fs rise time one expects to determine the temporal
location of the peak approximately with at least 50fs FWHM (=20fs RMS) precision.
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FEL Y“WV*_a J
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E..(134eV)

ion

TiSa Magnetic bottle
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T A

Singal intensity [a.u.]
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"0 | | :
ff "¢+ Pump-Probe experiment in gaseous phase FL

Time of flight spectrum with sideband (Xe)

;
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Shi
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<0 Time of flight spectrum at temporal
pulse overlap

N

HELMHOLTZ i ’/"

GEMEINSCHAFT

Time of flight spectrum of Xe

0 T T
. SB 2nd order
0.1 - . FWHM: 0.4 eV, 1
. Center: 81.5 eV
0.2 - —
SB 'Isi order
— 0.3 } FWHM: 0.3 eV, -
= ) Center: 80.0 eV
S, :
g 0-4 I =
v E
c -
QL 05+ ! T
=
0.6 - } -
] Xe 5p) .. _
FWHM: 1.3 eV, |
0.7 - Center: 78.4 eV
Xesp!, = :
0.8 - FwHM: 0.4V, : ; 1
Center: 77.2 eV : : ‘ VUV energy 20.5 eV |
0_9 5 f : 1 1 1 | 1
76 78 ._, 80 82 84 86 88 90
- (1.5eW)- - energy [eV]

Time of flight spectrum of one pump-probe event in Xenon at FLASH

l—'l NS



(. Ze¢ Pump-probe delay scan measurement [ias

GEMEINSCHAFT

Delay scan measurement of a
Femtosecond two-color ATl — delay scan Two-Colour Pump-Probe
experiment in gaseous phase to
generate sidebands of the main
photo-emission lines of the spin-
orbit split states 5p,,, and 5p5,, of
Xenon.

The sideband amplitude is
proportional to the degree of
pulse overlap.

S Xe 5s° 5p°
0.20 _Ep""" | SB1
% e ||1| ' BEa SE4
s 5 0.6 | | b .-' |\ R
dé\ | m 4 i i 120 fs
2 E oz , :
%:%\ tir'ineoofﬂight in ns500 o '%-' - .J/ 1
X 5 0.08 — .'I L
Each spectrum shows an average over 200 time-of- °-°4—_| 20t
flight spectra per delay stage position. o o % T
electron kinetic energy in e\ time in fs
published in

P. Radcliffe, S. Dusterer, M. Meyer,

courtesy: S.Duesterer Applied Physics Letters 90, (2007)
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llor \~@% Pump-probe experiment with fixed delay stage pErasoly

GEMEINSCHAFT

ToF spectra of pump—probe events in Xenon -
sorted by pulse number and averaged over 10 pulses

x¥= 012
— T

Single shot measurement
of the previous pump-
probe system, now with a
fixed delay stage.

200
400
600
800

1000

The ToF spectra are
plotted in rows, while the
spectral amplitude is
colour-encoded

1200

Pulse number [#]
pulse number [#]

1400

1600

1800

793 :826 897 1101
energy [eV]

°- B e e - In this case the temporal
’ : | ’ “scan” is performed by the
temporal jitter itself !!

o -

Infensity [au)

2
in

L esergry POLS

E_mn B0 8z 84 86 88 a0
1.5 energy [=W]
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1. 3%

.= ~¢e Sideband amplitude at fixed delay time -TEO sorting EEASH

GEMEINSCHAFT

itter”

-Alygo ;

time ZERO
A——-#5
#2
e t—
#1 Atjitter - H#H6
ez T |AY
N #4
[
>
Pulse
number [#]

Temporal jitter determines
degree of temporal overlap and

sideband amplitude.

..
o
*

>

>

100 0 +100 time [fs]

With the information of the temporal
jitter measured by TEO the temporal
pump-probe signal trace can be
reconstructed.

Temporal resolution is only limited by
the detection error of TEO.
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Sorted by pulse number

energy [eV]

10

222

500 1000 1500 2000
0 250 500 750 1000 1250 1500 1750
pulse number [#]

ToF data sorted by pulse number
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time [ps]

ToF data sorted by TEO time
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G % TEO benchmark

GEMEINSCHAFT

X PP delay scan of SB1 amplitude

X Gauss fit FWHM 970 fs
o x O TEO sorted SB1 amplitude
1 g Gauss fit FWHM 240 fs
— b ~ — —Optimal SB81 FWHM 125 fs
- pl R
S 08 i\
Bl | X
2 g
= 06_ 4 c_r: I* o X
2 | |I ©
£ : || O
T 0.4 X ] ©®o ©
) Iy
g ) II 150 O
U X o [ | Il Hh ©O
g 0.2+ 5 : : .". © oOXO
o X o oo : r;l L P %co@ XN X
: 9 OOO .‘% ..:. ll\ .é:" C% @ x = )( X
-1.5 -1.25 -1 -0.75 -0.5-0.25 0 0.25 05 0.75 1 1.25 1.5
tfime [ps]

_ 2 2 _
Aty = \/(Atsorte 1) = (Alyima)” = 204 fs FWHM (87 fs RMS)



f “¢«  Dispersion during pulse transport

GGGGGGGGGGGG

* Transport of laser pulse

RFgun  ppor M1+ M3* M4 M5 116 M7
dulat -
™ A :l y un ulators
=== e e — [
llimato FEL
Laser \ Fonme bypass I/ experimental

In Tunnel

v N
@ 150m

« Temperature change and micro-phonics in fiber changes the optical path
length through the fiber and delays/accelerates the pulse for each event.

This path length change is an error source for the arrival time
measurement of TEO and must be compensated.




f ¥ Feedback signal measurement

GEMEINSCHAFT

50% back reflected Compensator

To TEO exp. < -

Feedback control

Feedback signal (=3pJ)
SHG+Photomultiplier BBO J\J\- l
jb\ .« about 840 ns &
_)‘\_ Oscillator probe pulse 90 pulses between

(60fs FWHM) feedback signal and
— probe laser pulse

Pigzaerhesnner
50Hz
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s s« Possible reason of TEO uncertainty

Fiber length measurement Residuum
. . : . . . 250 . . . .
*  fiber length variations (50Hz) " 2 FE
400+ Interpolation (2 seconds) | | 500 Short time scale Jlttez ]_
X % ¥
4 ; _
1 150 § x E
i

time [fs]

i,g *"‘ﬁ’g
4 §§6¥ 4 X &
_150_ x ; w * " * J
—200F * |
~2007 5 =100 fs RMS - o = 35 fs RMS
I 1 L | | ! _2 I M L ' \ i
0 50 100 150 200 250 300 500 50 100 150 200 250 300

time [s] time [s]
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wewo? " @® Conclusion FLASH

1. TEO is able to measure (indirectly) the relative arrival time
between the NIR laser pulse used in a Pump-Probe experiment
with the XUV pulse of FLASH. Presently the detection error for
the XUV pulse arrival time is approx. 90 fs RMS, which has
been demonstrated in a pump-probe experiment.

2. =» From this one can conclude, that TEO is also able to detect
the electron bunch arrival of FLASH with a precision of at least
90 fs RMS.

3. A possible error source, which limits the timing detection of
TEOQO has been identified. The fibre length varies statistically
with 10Hz — 100Hz by about 50-100 fs RMS.



f; E?Si Temporal jitter studies of FLASH during the first beam

hetmnonz  \”

S, period after shutdown (Nov.,Dez. 2007)

FLEASH

14.11.2007,00:36-00:47, 13.51nm,0.3muJ e e 02.12.2007,15:47-16:12, 13.7nm, 15.0muJ JEr wihout drif
: e » TEO arrival time < Bunch by bunch jitter
=~ TEO | ti < B h by b h jitt | 5 {21 1
2 e 2 o b punh ] 2 it over 10 nches
o
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.E Py e 3 H e o ?
-1 o ) — .
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‘ ] E 1 ) '
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Micro Bunch correlations TEO-BAM
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s«  Correlation BAM-TEO, EOS-TEO FEASH
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Correlation BAM-TEO
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Outlook

Still to do:

— Fast fiber stabilization system will be installed.

— TEO times shall be easier to achieve and online available

New responsible scientist for TEO
Nikola Stojanovic, 4504
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Beam arrival time monitor (BAM)

Synchronization Part Il, KEK Seminar, March 17, 2008




FLASH

A sub-100 fs electron bunch arrival-
time monitor system for FLASH

K. Hacker!, F. Lohl', F. Ludwig?, H.
Schlarb’, B. Schmidt!, A. Winter?

DESY', Hamburg University?

June 29 EPAC 2006



F TP Main Sources of Timing Jitters
g 0% In FEL Facilities

Photo Cathode Laser

Pump-Probe-Laser

/O

Booster

Acc. Modules 1 Undulator ’\;y\/\‘\l

Magnetic

RF Gun Chicane

~100 m -3 km

Target

Main sources of y-ray arrival-time changes First Goals

« Arrival-time of photo cathode laser pulses
* Phase of RF gun

« Amplitude and phase of Booster module
* Arrival-time of pump-probe laser

Florian L6hl

1) Improve timing stability of machine
by a new, optical timing system

2) Measure electron bunch arrival-
time to post-order data sets

3) ldentify and reduce major sources
of arrival-time jitter

June 29t EPAC 2006



fm }:%i Optical Timing System -
T FLASH
optical length to low
stabilized level RF
fiber links N\ laser to RF
/)’ conversion
Master Laser fiber
Oscillator couplers
(erbium-doped I direct use of laser pulses
fiber laser) /
[TUPCHO029] * beam arrival-time monitors
| 0  beam position monitors
:Dhase lock - optical down-converters
oop * electro-optical methods
low-noise  seeding of amplifiers
microwave  synchronization of other
oscillator lasers (cross correlation)

See [TUPCHO028], [THOPAOQ3]

Florian Lohl June 29th EPAC 2006



P Principle of the Arrival
lf | 258y, ) - - y
O Time Detection R
laser pulses
from fiber link EOM
beam ADC
pick-up
sampling time of ADC
The timing information of the l l
electron bunch is transferred into
an amplitude modulation. This l
modulation is measured with a l l l l
photo detector and sampled by a -y 1
fast ADC. 40.625 MHz
(54 MHz)

Florian Lohl June 29th EPAC 2006



Principle of the arrival

gz @'Y/ Tlme deTQCTion
A -
electron bunch arrival time:
— T .voltage modulating
5 - correct the laser pulse amplitude
Q |
)
~ et | — —
= l
5 :
e |
rU 1
Q e
O
laser pulse
(perfectly synchronized)

Florian Lahl FLASH seminar, 13.03.2007
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& ::si Comparison of new and old pick-up

old design:

/ : . 1.2mm thick
/ & \Alumina disk
new design: ﬁi %“““H 1 6.2mm
(by K. Hacker) 14.5mm\\ F /’I

Florian Lahl FLASH seminar, 13.03.2007



F % Comparison of pick-up signals

FLASH

HELMHOLTZ /"
50} ' ' ' J
g
old pick-up E% 0 |
(“bump” is ES
. w
strongly orbit 8 = 5ol
dependent) - - - - : : . . . |
-500 -400 -300 -200 -100 O 100 200 300 400
time [ps]
o 10+
n Ick ng
ew pick-up 2% | " |
ES |
L
a -10f ‘

-400 -300 -200 -100 O 100 200 300 400
time [ps]

Florian Lahl FLASH seminar, 13.03.2007



7 3% Slope of pick-up signals

old pick-up new pick-up
P 3000 ,
¢ pick-up output 1 - * top
o 600+ : pick-up OUtPUt 2 DaiEaE i . a b 2500¢ ceke o + bottom
§' ¢ cold combiner ® g- e = -
E . E 2000f g T
2 590 o 2 I .
2 2 1500} gid .} _
S 400} i ! S : L
& L ] Q » i :
o 8 o 1000 e §iiiig 5
5 i o 4 @ P . ¢ . .
~ 300F g v & Noog 8 ¢
E [ ] s @ ® ‘ & ; E 500 i T l
o [ ] + L) (]
o § : a -4
2 200 ! m—— B8P g ol "
i i 500 i i i i
12 0 5 "2 0 2 4 6 8
horizontal beam position vertical beam position [mm]

Florian Lahl FLASH seminar, 13.03.2007



V& ‘?sﬂ?’ Electro-Optical-Modulator (EOM)

i Commercially available
with bandwidths up to 40
GHz

R A T R 0 S (Wwe use a 12 GHz
S ST 7 e Pt S S version)
24 Niobate e '

Florian Lohl June 29th. EPAC 2006



f ‘e Test Bench for the
| DESY | ! , : -
e Arrival-time Monitor System o
1.3 GHz -
VM piezo piezo
controller| |lfiber

stretcher

Master
1.3 GHz Laser

@ Oscillator

trigger| clock " 8

ADC 81 MHz 1.5 GHz
81.25 MHz
12 /14 Bit 50 MHz

DAC

EOM

frep = 40.625 MHz

50 MHz

EOM

Florian Lohl June 29th EPAC 2006



Installation of electro-optical
frontends

Florian Lahl FLASH seminar, 13.03.2007
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f B‘?sf&’ Positions of BAMs in the FLASH linac

Synch | _

Lab fiber links of
synchronization
system

BC2
RFlgun BC3
ACC— L@cazj{acaal CC4H ACC5|-—--------

Dispersive arm,

dunmp

Bypass

(ACCE) (ACE]) Photon

1 g\p {Seeqlﬁt}\sectimn} Undulator eamline
25—

SUND diagnostic section
Florian Laohl

FLASH seminar, 13.03.2007



F TR Raw Data of
| DESY | ] =
s 0%/ EOM Detector Signal e
(& 0.4 i ®
= e
® 02 > @
o
o
= of
S
-0.2 -
500 1000 1500 2000
ADC samples

Florian Lohl June 29th. EPAC 2006
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f ,E‘E:sg Amplitude of Laser Pulses
E 1- . - - P,
T 038! '
é [
£ 0.6 .
g ” ® &
E 0.4 ®
-
o
o
¢ 0.2}
s
0

200 400 600 800 1000
laser pulse number

Florian Lohl June 29th. EPAC 2006



Amplitude of Laser Pulses

n
o N
L J/

FLASH

RO (normalized)
T
2
= 0.8
S . *

o 0.6 @ o
h
— | ¢ )
S04
Q
"
= 0.2
200 400 600 800 1000

laser pulse number

Florian Lohl June 29th. EPAC 2006



Scan of Laser Pulse
over Beam Pick-up Signal
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Florian Lohl June 29th. EPAC 2006
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Florian Lohl

w

Scan of Laser Pulse
over Beam Pick-up Signal

400 600 800 1000 1200
time [ps]

* laser amplitude after EOM
_laser amplitude after EOM -
(RF signal attenuated by 3dB)

VAT

time [ps]

1200

June 29t EPAC 2006



laser intensity [a.u.]
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o)} o

©
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F <P Calibration and Resolution
wur 0%/ of the EOM Detectors

The resolution can be estimated

from the slope of the phase

monitor signal and the amplitude
L:“" SEFRRARRRe,, | | | | | | noise on the not modulated laser

19 e g

., A& 1 pulses:

- Typical values are:

» | Slope:
S ~ 60 - 100 fs / (% modulation)

A | Laser amplitude detection:
o35 220 215 210 205 —200 * 105 90 185 180 175 rms ~0.2-0.3%
time [ps]

o
T

» Resolution of EOM detectors:
~20-50fs

Florian Lohl June 29th EPAC 2006



arrival time [ps]

arrival time [ps]

Comparison Measurement between
two Arrival-time Detectors

detector 1

1
-t

Florian Lohl

The signal of the beam pick-up
was split and connected to the
two EOM detectors.

The rms-resolution of the

detectors was estimated from
the laser amplitude noise and
the slope from the calibration:

Detector 1: 99 fs

Detector 2: 114 fs

June 29t EPAC 2006



f «e. Comparison Measurement between
: OV two Arrival-time Detectors

detector 1
rms jitter
Detector 1 357 fs
=1 -05 0 05 1
arrival time [ps]
detector 2
Detector 2 342 fs

arrival time [ps]
detector 1 - detector 2

200F
3
=
g 1% Det. 1 — Det. 2 139 fs
% 05 0 05 1
arrival time difference [ps]
Florian Lohl

June 29t EPAC 2006



F e Position Dependence of the
s 0% Beam Pick-up Signal

Using the two different output ports of the beam pick-up as input for the
EOM detectors gives rms resolutions of about 30 fs for both detectors.

But: the measured rms jitter of the difference signal is around 1.5 ps.

» Orbit dependence of beam pick-up signal!
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f a0 Position Dependence of the
ey Beam Pickup Signal

FLASH

The beam arrival time depends linearly on the beam position in x and y:

tarrival = tmeas,1 + Ay, 1L + Ay, 1Y
tarrival = tmeas,?2 + Ay, 2T + Ay 2Y

The constants a, were determined by changing the orbit at the pick-up
with corrector coils:

fs fs

a,1 = (—6.944+0.05)— a,> = (10.7 £0.02)—
’ pm ’ pm
fs fs
Ay 1 = (-0.16 £ 0.07)— Ay > = (0.29 +£0.02)—
©m ©m

When using the BPM system (~ 20 um resolution) to correct for the orbit
dependence the remaining rms jitter of the difference signal is still 300 fs

(dominated by the BPM system).

Florian Lohl June 29th EPAC 2006



f o> Combined Beam Arrival-time and

| DESY |

) Beam Position Monitor

FLASH

However, we can use the EOM detectors to measure the
horizontal beam position:

_t1—to+ (any —a2.)y

€T —
a1z — A2 g

An rms resolution of 33 fs for the EOM detectors and 20
um for the vertical beam position yields a resolution for
the horizontal beam position of 3 um (rms).

This precise beam position we can use to reduce the
error in the arrival time from ~ 300 fs to below 30 fs (rms).

Florian Lohl June 29th EPAC 2006



( j: Bunch Arrival-time Measurement

n
7. Y
\Eﬁ
\\"f\/

E

[ '
—A4 e 2 Ao, W ¢ 200 fs ]
L S e -1oe} SREA
= m m‘
£ -10f -
£ A
E -12} M -
s S | M l's .
e an ]
-16 - b 7]
1 1 1 1 ﬁ 1
15:05 15:07 15:08 15:10 15:11
time

ACC1 gradient
[MVim]
oo oo
W n W

15.21 -

Time change seen by arrival time monitor: ~ 5 ps /(% ACC1 gradient change)
Time change seen by TCAV: ~ 5.8 ps/ (% ACC1 gradient change)
Intra-bunch train jitter between two adjacent bunches: ~ 40 — 60 fs

Florian Lohl June 29th. EPAC 2006



Reduction of orbit dependence

-

K B\I?s/\"/

\ / 0 1)) .
O with "cold-combiner”
FLASH
beam To minimize the orbit dependence the two output signals
pick-up of the beam pick-up were combined with a so-called “cold

combiner”.

Cold combiner

measured arrival time (EOM1) [ps]

‘ ‘ ‘ el W had . . . ‘ ‘
to EOM detector 35 -3 25 -2 -15 -1 05 0 05 1 15

measured orbit dependence:

ax = (-0.190 +- 0.022) ps / mm
-0.191 +- 0.026) ps / mm

ax = (
ay = (0.060 +- 0.032) ps / mm
ay = (0.064 +- 0.046) ps / mm

Reduction of the horizontal orbit
dependence by a factor of 30-50!

measured arrival time (EOM1) [ps]

2 25 3 35 4 45 5 55 6
vertical beam position [mm]

Florian Laohl FLASH seminar, October 24th



7 Measuremen’r of pick-up signal
N )2 N the Tunnel

X = =5.00 mm X = =4.00 mm X = =3.00 mm
50 ; 50 1 50
o (=8 Q.
7 T S
g 0 5 o TS o
aE Q g
EDS EDS ED
o o o wn o wn
o 1] Q
9 50 9 50 9 -50
—400 200 0 200 400 —400 -200 0 200 400 —400 200 0 200 400
time [ps] time [ps] time [ps]
X ==2.00 mm X =-1.00 mm ¥ =0.00 mm
50 1 50 ] 50
o o o
3 —_ = —_— = | —_
52, iE iE
a® oE® o®
£5 ES ES
o n C w C »
2 a a
=50 =50 -50
-400 -200 0 200 400 -400 -200 0 200 400 -400 -200 0 200 400
time [ps] time [ps] time [ps]
¥ = 1.00 mm X =2.00 mm ¥ = 3.00 mm
50 T 50 50
o o a
7 7 7
32 2 =
Qg Qg Qg
ED ED E D
[T T » T w
3 2 3
=50 =50 -50
=400 =200 0 200 400 =400 =200 0 200 400 -600 =400 =200 0 200 400
time [ps] time [ps] time [ps]
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DESY |

a e Charge dependence of BAM measurement
mos; O with and without limiter

signal attenuated by 16 dB signal limited to +- 5V

xxxx

I
-
o

measured arrival time [ps]
measured arrival time [ps]

I
el
N

T

=14+

-52 . . - -16}

02 04 06 08 1 12 14 16 18 02 04 06 08 1 12 14 16 18
charge (2UBC2) [nC] charge (2UBC2) [nC]

Limiter transfers amplitude modulations of the beam pick-up
signal to phase changes! The data has to be analyzed in detall,
the nonlinearity might be easy to correct...

Florian Lohl FLASH seminar, October 24th



7 2 Comparison measurement

| DESY | i

et d >4 with EO S ex per iIment

FLASH

Arrival time jitter between
EOS and BAM is about
300 fs!

EOS has clearly the higher
resolution. A measurement

, | o _ 1 with the TCAV confirms that
06:25 06:30 06:35 06:40 this is not due to the
time difference that EOS detects
the high density spike of the
electron bunch while the BAM
is only sensitive to the center.

arrival time [ps]

EOS

Source for bad correlation:
laser synchronization

arrival time [ps]

06:30 06:35 06:40

time

06:25

Florian Laohl FLASH seminar, October 24th



7 2 Phase noise measurement of
| DESY | .
ey @ BAM f iber laser

Integrated jitter of
——fiber laser | reference frequency
——reference frequency (1 0 Hz =100 kHZ)Z

~ 120 fs
I Integrated jitter of
S Fiber laser
2 (10 Hz — 100 kHz):
—hall ~300 — 500 fs
ég e (depending on settings)
-130} The synchronization
has been improved
~140r meanwhile to about 150
mok fs jitter with respect to
10" 10° 10° 10° 10° 10° the reference.

frequency [Hz]

Florian Laohl FLASH seminar, October 24th



I I

@ I o

w» o 3
T

rel. bunch arrival time [ps|

|
~l
T

7 e Measurement of the bunch arrival
ey O/ time over the bunch train

Beam loading compensation off

_45F®
° . B * .
. ~ 3 ps difference over | Pl o ~ 3 ps difference over
. bunch train 3 557 e bunch train
5 el [ )
[ ] > —-b6.
, 27 ° .

[ ) ° ® e o [ ] ® o -7k [ ] . ]
1 1 1 . . 1 1 1 1 1 1 1 - . .
5 10 15 20 25 30 3} 10 15 20 25 30

bunch # bunch #

Beam loading compensation on (not optimized)

. —2r e ©

8 ¢ A

o _p2

£

= o °

2 24

© ° e o

S5 -2.6 ]

5 ~ 1 ps difference over o o

s 28 bunch train S
: : : : : °
5 10 15 20 25 30

bunch #

Florian La6hl FLASH seminar, October 24th



| DESY |

7 2 Confirmation of high BAM resolution
=i “®* in spite of synchronization problem

“t"n

-3.5}

-4}

I
1 L

o on
| ]

arrival time (bunch #7) [ps]

1 l 1 1 1
-8 -7 -6 -5 -4 -3
arrival time (bunch #5) [ps]

Jitter between two adjacent bunches: ~ 50 fs

Florian Laohl FLASH seminar, October 24th



7 2 Laser amplitude measurement:

DESY

e O clock jitter of ADC board

With the SIS ADC board which is currently used to detect the amplitude of

the laser pulses the resolution is limited to about 0.2 % (best results was ~
0.12 %).

-

FLASH

Reason: Clock jitter of ADC board (~ 500 — 600 ps peak-peak)

- @ M ﬂ 200 ps/

Mare | ——

Florian La6hl FLASH seminar, October 24th



7 % Laser Amplitude Measurement:

| DESY |

Why does this clock jitter disturb our measurement?

1} A
|
S 0.8 ',
E |
= 'e
‘®w 0.6} '
@ \
-
o
=
E ﬂ44 i
]
i
o
ﬂz ™ h. ‘.\
1'\.- '_1".
. Yy
1) ot . B et e e
-30 =20 -10 0 10 20
time [ns]
Florian Lohl

ADC samples different
positions of the photo
diode signal

 We need a small ADC
clock jitter

* We have to stretch the
pulse

With a better ADC (Linear
Technology Eval board)
the resolution of the
readout recently could be
improved to ~ 0.08 %
(~62 dB). This could still
be limited by noise on the
PD supply voltage.

FLASH seminar, October 24th



7 %) Frontends for the BAM

HELMHOLTZ 3 \/¢\.

GEMEINSCHAFT

. 980 nm pump light
Installed in laser hutch In_out
input from fiberlink | O O
ADC imiter filter @ >
clock r~ for ADC clock generation
M HZHK |
in
=
ADC bias voltage EOM1 C—
L out
. . limiter /
A\) A\) pickup signal = weak attenuator
I I
® 5 ® 5 OUT1
S o I8 . . EOM
'8 s '8 s high resolution strong
= = measurement attenuator
Z& Z\ OUT2
. EOM
low resolution
/m 9 /m o measurement
. m\ .
7 3
bias voltage 2
Installed near beam pick-up

Florian La6hl FLASH seminar, October 24th



f «6. BPM with Large Horizontal Aperture

| DESY |

e I for Magnetic Chicanes

FLASH

Synchrotron Light Monitor
AE  cAt l

E n s

Arrival-time Monitor I
l BPM

To be installed
October 2006

The arrival time of the pickup
signals at both ends is measured
with the same technique as used
Pickup for the beam arrival time monitor.
Channel The beam position is determined
from the difference of both arrival
times.

Tapering

Courtesy of
Beam Path SMA Vacuum Feedthrough K. Hacker (DESY)

Florian Lohl June 29th EPAC 2006



f O Identification of Sources
N for Arrival-time Changes

Photo Cathode Laser

BPM Bunch
~ [TUPCHO022] Compression
¥~ Arrival-time monitors ' Monitor
[MOPCHO016]
/ \ ‘
Booster 2 Magnetic
Chicane

RF Gun

Detection of main arrival-time jitter sources

« Arrival time of photo cathode laser pulses (1st arrival time monitor)

« Phase of RF gun (difference between 1st and 29 arrival time monitor)
« Amplitude of Booster module (BPM in magnetic chicane)

* Phase of Booster module (Bunch Compression Monitor)

« Arrival time of pump-probe laser (cross-correlation with timing system)

Florian Lohl June 29th EPAC 2006



HELMHOLTZ

GEMI IHSCHAY T

F. 3% Recent results

)
«
e

1
|
(4] £

i i

@, o,y

w o w (4]
T T
-+

arrival time (bunch #7) [ps]
LB

I
o™
[++] o
¢

1
bt
o

arrival time (bunch #5) [ps]

Jitter between two adjacent bunches: ~ 40-50 fs
- Timing resolution with respect to reference
laser: < 30 fs

Florian Lohl

=550
= w T
g s 11 |
[45] I"
=
O —
gg 111, ;
Q- - : ++leT-
> I TI7I11° 111
m @© L I+1
-55' i i i i |:[ I -F
5 10 15 20 25 30

bunch number

Relative energy
deviation after ACC1 [%6]

5 10 15 20 25 30
bunch number

Arrival time measurement for all bunches

in the bunch train possible!

- Plan to implement this into feedback
system of LLRF group

FLASH seminar, 13.03.2007



Development at DESY

Synchronization Part Il, KEK Seminar, March 17, 2008




Overview

Why sub-ps Synchronization
—  Where does jitter in an FEL-based machine come from?
—  How do we measure it?
—  How and to what level can we get rid of it?

Present day concepts and state of development of optical
synchronization systems

—  Time domain vs. frequency domain techniques
(optical) Measurement technigues based on optical
synchronization systems

—  EO techniques, optical replica synthesizer, beam arrival time
monitor



Overview
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—  How and to what level can we get rid of it?

Present day concepts and state of development of optical
synchronization systems

—  Time domain vs. frequency domain techniques
(optical) Measurement technigues based on optical
synchronization systems

—  EO techniques, optical replica synthesizer, beam arrival time
monitor



Timing jitter
What’s important at the end of the day?

fluctuations between experimental laser of
user and FEL pulse!

so not only stability of reference at given points in
the machine...



Sources of Jitter/Drift

Jitter from RF gun laser

Energy Jitter added through RF fluctuations in
cavities, transformed into timing jitter in bunch
compressor

Jitter of diagnostics (via beam-based feedback
loops)

Jitter of user laser locked to RF/optical reference

Jitter of seed lasers vs. user lasers (for seeded
operation)



Example: linac-driven FEL

Photocathode
Laser
acc1 Bc2 |CDR| acc23  Bc3 ACC 45

-

Diag.

IS iviviv i SR

PP-

RF gun

L_aser-driven RF gun

*Booster section with bunch compression system at beam energy of ~150 MeV
«Compression factor around 30-100

eUndulator/seed laser section

sPump/probe laser system for users

Courtesy H. Schlarb, DESY



Source of timing jitter
- Caused by RF acceleration prior to BC-

Timing jitter  Gradient Phase Incoming
behind BC Timing jitter
| \ \ \
l R ¢a. 0 =1\’ o: 1)’ +
o (—==) +(—= ) +(5) =
Co A C Cp A] f @ "
XEEL: 3.3 ps/%_ 2 ps/deg 0.05 gs/ps

2" FLASH: 5.5ps/% >
—————— € —compression factor (20)
Rcs ~ 100 mm XFEL /180 mm FLASH
K. wavenumber RF acceleration (27.2/m)

Vector sum regulation => 1 deg == 1.8% (statistic 32/8 cav. helps)
But! Phase changes can be correlated due to local oscillator changes

Courtesy H. Schlarb, DESY



Intermediate Conclusion

Injector I1s most critical area in terms of
stability/jitter/drift issues

Present day LLRF can do (s.c. pulsed structures) 0.03 deg
phase stability (0.02 % rms amplitude stability) limited by
noise in downconverters.

If LLRF downconversion and regulation is
not good enough, even the best local
oscillator will not help



Overview

—  Where does jitter in an FEL-based machine come from?

Present day concepts and state of development of optical
synchronization systems

—  Time domain vs. frequency domain techniques
(optical) Measurement technigues based on optical
synchronization systems

—  EO techniques, optical replica synthesizer, beam arrival time
monitor



Regulation of Injector using
beam based measurements

Chicane BPM
(CBPM)

synchrotron

= arrival-time monitors . <« light monitor

|
RF Gun - ] / \
~— _

+

BPMs bunch
: : : compression

Regulation parameters: - photo cathode laser: arrival time monitor

- Gun: phase (amplitude not critical)

- Booster: phase, amplitude
Goal: stable bunch compression and arrival time
- Many different monitor systems and complex regulation algorithms needed!
*Arrival time of photo cathode laser pulses (1st arrival time monitor)
*Phase of RF gun (difference between 1st and 2nd arrival time monitor)
Amplitude of booster module (CBPM + BPMs)

(synchrotron light monitor + BPMs)
(difference between 3rd and 2nd arrival time

monitor)

*Phase of booster module bunch compression onitor
(bu p(ﬁbe'rl é)rlirgg%)y H. Schlarb, DESY



dE/E stability results from FLASH

L zooT=0T=28TT80202
= 0 data, rms =0.0157 %
ﬂ " — rms w.o. drift =0.0128 %
= .02 - e
2
.‘E I
004} ¢
5 '
—0.06
B B
1] "
2 -0.08}
x -t
g _ga
18:05 18:08 18:11 18:14 18:1

Relative energy deviation [%]

0.1

=
&

» Measured by fitting to images of OTR screens

e Best up to now: 1.6 10* incl. drift and

1.3 104 w/o drift

Courtesy H. Schlarb, DESY

200T=0T=28 T rarie00

-

data, rms =0.0509 %

—rms w.o. drift = 0,0505 % ||

Ve

200 400 800 200 1000

Figure 2: Image of bunch at OTR6.
\a}

1200



Phase stability ACC1 with feedback
from ‘BeamCompressionMonitor’

Phase stability of ACCH, Cal = 72.0mV/deq: save =2005-08-27T2222253-ac

Phase/Compression Monitor Signal vs. Phase, ACC1

0.4 -
0.3}
0.2}
= 01f
)
L_ OF
2
© —0.1
i
i
o 0.2
0.3
B
-1.25
L . +  5Std pulse—to—pulseg 0.067deg
T s 300 0 100 200 300 400 500  BOO
= 2 time [sec]
2 225
[92]
* Pyro-electric detector monitors FIR
2751 o A - - = -
power emitted by diffraction radiator

7330 3025 305 3075 31 3125 315
ACC1 phase (deg)

But! This is the phase stability of beam arrival into the
acceleration module relative to the RF phase

libration constants:  1.439 V/deg
0.695 deg/V

Courtesy H. Schlarb, DESY



Overview

Why sub-ps Synchronization
—  Where does jitter in an FEL-based machine come from?
—  How do we measure it?
—  How and to what level can we get rid of it?

(optical) Measurement technigues based on optical
synchronization systems

—  EO techniques, optical replica synthesizer, beam arrival time
monitor



Why optical ?

e RF transmission with sub-100 fs level jitter
and drift over long distances cumbersome

e Optical methods promise drift free (or
extremely low drift) and low-jitter signal
transmission and recovery

* Free benefit: locking different lasers to
reference possible with fs jitter



Synchronization System Layout

remote locations

iper

low-barthwadih fibers

Master Laser °“p'ers 1
Oscillator ' ”
stabilized

lock

RF-optical N
M

sync module

‘ dlagnostics

W

low-noise /
microwave
oscillator Optical to optical

Laser

sync moduy

low-level RF

» A master mode-locked laser producing a very stable pulse train
» The master laser is locked to a microwave oscillator for long-term stability
» length stabilized fiber links transport the pulses to remote locations
» other lasers can be linked or RF can be generated locally



Two different approaches

e Frequency domain:
— Uses stabilized cw fiber laser
— Stabilization by heterodyne beat of cw signal
— Signal transmission using amplitude modulation

e Time domain;
— Uses mode-locked fiber laser
— Stabilization by optical cross-correlation of transmitted pulses

— Signal transmission through frequency components of laser
pulses



Interferometric phase delay controller

« Measure delay with frequency shifting interferometer

RF phase = optical phase

» Laser frequency stability = allowable error / total delay
— Required stability is 10 for 10fs, 2km -> stabilize cw laser to e.g.

1530nm

CW
fiber

acetylene resonance

temp. piezo,
control, mirror
0.01C delays

laser

CZHE
freq.
locker

T

Faraday
/7'?7{'?\ +55MH rotator
2km fiber z 50% mirror
AN freq. —
f1 ; shl:'ter output

f, + 110MHz ¢—

110MHz beat

)
&

110MHz
oscillator

Cortesy R. Willcox, LBNL



phase noise, dBc/Hz

In-loop jitter and drift measurements

jitter of 110MHz beat, 10Hz to 40MHz drift, averaged over 1ms

-30 0.50 -~

-50 - 1kHz to 40MHz , 025 - ‘ | )

o 480ps = A‘ i k L

70 (02679 5 Wl SO b

n T

Ty % | ‘ “HI‘ | [\ ‘” | \
< ' M ‘
110 ™~ o -0.25
S
-130 ‘ -0.50
1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8 0.00 5.00 10.00 15.00
offset frequency, Hz time, hours

Phase jitter of 110 MHz = phase jitter of 200 THz
Time jitter is divided by frequency ratio
— 480ps rms at 110 MHz = 0.26fs rms at optical frequencies
— Loop gain =1 at ~1kHz

Uncontrolled high frequency jitter of reference 55 MHz
oscillator contributes little to total iitterCourtesy R. Willcox, LBNL



phase noise, dBc/Hz

Results of two-arm experiment

Jitter versus frequency: Phase delay in fs versus time:
s | | | | | e
A .
-40 | 0.25fs RMS, 10Hz to 40MHz . 1.00 uns
EG ‘Jul |lIJ IJ'M‘I ..-"lﬁ"‘ [l ; I“"—lll
= 1 I =] "
rLHrWIH 1!‘% Ml,-'-__.L ) & 0.00 = e 1ur*='-v-’
-ga0 1L ‘1 : g e ]
L ,—-"l] @ _.1 uﬂ AN | _“_"l'.f'
-100 i w o
I -'I-ll ’."' E \,...‘IHJ'I
-120 B~y 2 -2.00 3fs in 10 hours
-140 3.00 | [ |
1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8 0 2 4 B B 10

One arm two km vs 1 meter = compare relative phase, out of loop measurement
Total correction is ~100 ps per day

Frequency domain techniques stabilize phase velocity in fiber

Transmission of signals (AM) requires constant group velocity

Different temperature behavior on order of percent

Most likely ok for ~100 fs stability, but for lower drift and jitter values additional
correction needed

Courtesy R. Willcox, LBNL



Transmitting signals

Experiment: optical and RF interferometers share an arm

reference
2.8GHz
#Z network
analyser
signal | (phase)
Ccw delay freq.
fiber 1 AM < shifter
laser U 2km
@ I fiber
. 0.7 -
Results: phase delay control rOUD eITor &
0.6 —
. e e CA
0.7 | 05 | i M{l\
g'z 1 s slope: 0.011 2 04 , MMM;
a 024 . é 0.3 1
— Q
£ 037 g 0.2 1 1.1% correction added
o 0.2 3 01
5_ 0.1 o o |
> o4 42fs RMS
0.1 4 0.1
-0.2 -0.2
.60 50 -40 -30 -20 -10 0 10 0 2 4 6 8 10 12 14
phase correction, ps time, hours

Ongoing work, effort needed for 10 fs signal stability over long timescales



Some Interpretation of jitter and drift

All parts of machine need to be synchronized to
common reference.

Usually done through PLL with corner frequency ~ kHz

Hence: fluctuations up to kHz level is common to all
subsystems and only relative fluctuations matter,
absolute magnitude of phase noise irrelevant

Fast fluctuations cannot be compensated. Here absolute
phase noise IS important!



MLO | (stretched-pulse EDFL)

_.- : —’% - Lp yoas - 404

604 = =|aser locked to RF Generator

-804 — - =laser free running

SSB phase noise [dBc/HZ]

frequency [Hz]

: - : 1E8 —— YDFL

» Dispersion managed stretched pulse fiber-laser o — EDFL
« Gain medium erbium (center at 1550 nm) 1E-10 —Ti:_Sapﬂphire
noise 1noor

High pulse energy (~ 1 nJ)
Pulse duration: ~ 100 fs FWHM

[ ]
RIN (1/Hz)
m

1E-12
* Repetition rate: 30 -100 MHz 1E13
* Integrated timing jitter (1 kHz — 20 MHz) ~ 10 fs 1E-14

Integrated amplitude noise (10 Hz — 1 MHz): 0.03 % &5

10 100 1k 10k 100k 1M  10M
Frequency (Hz)



MLO Il (soliton EDFL)

*All negative dispersion cavity

*Higher repetition rates possible due
to shorter fiber length required

ePulse duration: ~150-200 fs

*Phase noise similar to stretched-
pulse

*Good amplitude noise

--------- No|se Floor_ -110

— RIN 120

4130
140

Phase Noise (dBc/Hz)

-150

-160

Interferometric Autocorrelation

(sy) 1on1r Buiwi | pajeibajul
Cortesy of Jeff Chen, MIT

400 0 400 10° 10" 10° 10> 10" 10° 10 10° 10° 10° 10° 107
Time (fs) Frequency (Hz) Frequency (Hz)



Harmonically mode-locked fiber lasers

1 MG3692 PLL scheme : 300 S — Ty _30
1 ) o I ~ 98fs of jitter in
: 1 ‘ L 1 250} 10Hz-1.6MHz
1 e oo .
1 Phase : — ool :J
Error Signal Py DC = i\ &
1 I — 1 - =
1 e Offset I E= o
I LOSS I _,E 150 ;
L e P I ES E
| driver 1 :.'_.f} =
FL cavity l | " £ 100 =
| o
— | A
o > E .
| PZT fiber |
- I“EE(LIIE['_ - J I P P - N Lo P
T
ﬁ'equenc;:ﬂ'fset [Hz]
Regenerative Left axes: integrated RMS timing jitter up to 15GHz (blue).
SR Right axes: SSB phase noise of the HML laser (green) and the reference
MO (black). Interpolated SSA phase noise floor (red).
| kaudliant o » GHz repetition rate
| qIHHJr il 1, | = ° -;\ 0977516 j
o ] ,--l:;'j-i;mrJ(.T;i--]f'!._{;llq (1 s R through regenerative mode-
] 0 i vl | \1 I l;h D | 2 000 | W — ) i
iR i’mbj'-""i ) ﬂi'[i‘i-,,;ﬂ " : L 106KING
301 | i%"'|1i lrl‘f ‘M, l L ' '”"'liljf ol A [ *Phase noise ~ 200 fs 1
;E”D"rtlfm{ ! | ‘ ‘ g 100 MM& % kHZ..1.5 GHZ
i RIN-0.35% & s T Lo *RIN: 0.35 % 1 Hz..100 kHz
-130 bl et Bedutitaas ¢ fizime i | T @ Carrier frequency
-1401 b i i i e s it i 10 0 260 4&0 6(;0 séa 1000 ne
10' 10° 10" 10 10°

elapsed time [min]

frequency [Hz]

Courtesy L. Banchi, Elettra




Fiber link stabilization

*Type Il sum frequency

Optical .
oy generation makes scheme

delay stage K E
>

400-m long dispersion-
compensated fiber link

background free

*Balanced detectors
dramatically reduce drift

@ susceptibility

Piezo-
stretcher
@
R
@ v A
200 MHz | HWP » HWP > QWP :
rep. rate I I fl I fl Piezo
Er-doped U 0 @) 01 driver
fiber laser Mirror L
®
v Balanced Loop
—*| cross-correlator [ filter
-] EDFA
HWP QWP  50:50
Faraday Rotating Mirror
Out-of-loop Out-of-loop
—| Balanced o timing Jitter
cross-correlator measurement

Courtesy F. Loehl, DESY

To photodiode 2
of balanced detector

@ To photodiode 1

@ PPKTP-crystal of balanced detector

ng;I:;c:glitter Group delay Tg Dichroic mirror
(reflecting SHG; between orthogonal (reflecting fundamental;
' polarizations transmitting SHG)

transmitting fundamental)



QDL displacement [p3]

timing change [fs]

Fiber link stabilization

40+
30+
20+
101
03:00 06:00 09:00 12:00
time

Courtesy F. Loehl, DESY

piezo displacement [ps]

*400 meter stabilized test link in
Hall 1 at DESY

oJitter 7.5 fs rms during 12
hours

eAdditional 25 fs rms drift
during that time



Signal recovery

Optical division of laser pulses

distributed frequency AM A A :
f frep / N

rep

*Essentially arbitrary gating possible
*but: speed and extinction ratio of I U U1 modulation voltage

modulators is limited
*GHz repetition rate lasers are very difficult

to gate optically

Direct conversion with PD laser pulses  pp  BPF f=n*fe,

— temperature drifts n n n n X = _D /\/\/\/
Py

— AM to PM conversion*
— noise limitation due to low power f

rep
: ) f=n*f
m_spectral _Ilne of PD output rep See WEPBL1
— still 10 fs high frequency jitter can be

obtained

(*) typical AM to PM conversion: 1-10ps/mW



PD

rep

resonator

Injection Locking laser pulses
— temperature drifts of PD A ﬁ h “
— AM to PM conversion of PD* >
+ DRO determines high frequency frep

noise

+ entire photo detector signal used

_—
Pulse train input

Sagnac loop Tr = 1/fr

— complex system

+¢t

phase shifter

i <

N
Low noise DRO
(f =n*fiqp)

______ Freq divided | ._R2___ iy _fo_e
by 2

Modulator

— expensive
+ virtually drift free

Amplitude modulation

+ balanced detection, so AM/PM depth is proportional to

no issue

A® = phase difference between counter
-propagating pulses in the Sagnac-loop ~ -TT

the phase error.

I w Output power When a phase error
4 between pulses and
\’Kﬁ\& RF-source exists.
—

Output

External
RF-source
with phase
error Be

AD




Concept for FERMI Hybrid System

fe band EU Ultra low noise _ u-wave
frequency < Reference
22 2N divider (+4) Oscillator
Master Laser } Ultra low noise | fx-bedeU
Time-base Master 4] frequency i Synthetised
Oscillator \ divider (+N) ] X-band us
I_ T TTTTToTsommemes generator
f feom ¢
¥y LMo \ 4 v X-band US
Optical CW laser cw laser
Pulses oscillator % Amplitude
distribution (long coh.) Modulators
fomo e band eu
i v
Photo_injector/ grossseeees ‘r...
— ¥ laser Heater : O/E conv.
H laser oscillator [ TP ——
H H S-band Acc.
v Structure  /
$ Seed laser LLRF n.1..N v
P i osdllator | ey
Py 0 /E conv.
[ oo laser RF ..... deﬂecwr
founcn ascillator(s) n.1(220MeV)
Diagnostics | e h '
laser oscillator(s) O/E conv
e
RF deflector
————p Diagnostics station(s) n.2 (1.2GeV)
i optical trigger i
g e
| Diagnostics station(s) conv
electrical tigger | e
trigger X-band
linearizer

«frequency domain stabilization and
cw signal transmission for RF stations

time domain stabilization and
distribution of optical pulses for
locking lasers, diagnostics etc.

*Allowable timing line jitter 50-120 fs
for RF cavities

«Seed and experimental laser ~70 fs

*Diagnostics ~70 fs

Courtesy M.. Ferianis, Trieste



Overview

Why sub-ps Synchronization
—  Where does jitter in an FEL-based machine come from?
—  How do we measure it?
—  How and to what level can we get rid of it?

Present day concepts and state of development of optical
synchronization systems
—  Time domain vs. frequency domain techniques



Bunch Arrival Time Monitor (BAM)

VNI NIYY

Laser pulses e
. B TN = Yot e e PRl T gy
From link /' vty Rm ey R g™
¥l . AL
r_-:l

Pick up: button electrode

H i ‘_‘
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Courtesy of F. LOhlI
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The timing information of the

electron bunch is transferred into a

laser amplitude modulation. This
modulation is measured with a photo
detector and sampled by a fast ADC.

beam pick-up signal

electron bunch arrival time:

| ~—

N
laser pulse M
(perfectly synchronized)

- earlv
early
J

- correct

voltage modulating
/ the laser pulse amplitude

e



Bunch arrival time mon
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arrival time (bunch #5) [ps]

adjacent bunches: ~ 40-50 fs

- Timing resolution with respect to reference

See WEPB15

laser: < 30 fs
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*Arrival time measurement for all bunches
in the bunch train possible!

* Prime candidate for implementation into
feedback system

Courtesy F. Loehl, DESY



Electro-optical measurements

Various possibilities, all based on induced polarization
change of short laser pulse in an electro-optic crystal by
electric field of electron bunch

All systems require ultra-short pulse laser source tightly
locked to machine reference - optical locking techniques
extremely beneficial

Resolution down to ~120 fs has been shown with temporal
decoding technique

No plots and sketches - see talk by Phillips later today.

Amplified Ti:Sa lasers may be seeded directly with
frequency doubled timing system laser pulses



FIR Undulator VOV Undulator  Off-axis Lager
screen Radiator Modulator

Chicane for

Grenouille ORS and tagging

» Measure the longitudinal bunch profile of the femtosecond long electron
bunches (Saldin, Schneidmiller, Yurkov: NIM A 539 (2005) 499)

* Energy modulation via ps-long amplified Ti:Sa pulse

e Longitudinal density modulation in chicane

» Coherent emission of light pulse in radiator that mimics the longitudinal
shape of the electron bunch (optical replica).

Courtesy G. Angelova, DESY



Conclusion and outlook

Increased demands on machine stability require new ways of providing stable
timing information

Together with improved LLRF, road to sub-100 fs electron bunch stability open
At FLASH 0.03 deg phase stability achieved > XFEL specs almost met

Optical synchronization systems can deliver required stability of references, both
time domain and frequency domain techniques have demonstrated their
capabilities

First systems to be commissioned 2007/2008 (FLASH), 2009 (FERMI)

Direct arrival time measurements possible using timing system laser pulses with
sub-50 fs resolution



Phase noise comparison

~120 \\,\\ o _ ______ 4 0 8 MHZ stretched pulse _
\‘W\t\k\ ffff; S ffﬁ— 200 MHZ sollton |
130 \\ L Phase noise comparision

between a 40.8MHz
stretched-pulse laser and a
200MHz soliton laser.

Top:

single-sideband phase
noise measured at the
harmonics at 980 MHz
(stretched-pulse) and 1.2
GHz (soliton), respectively.
Bottom:

integrated timing jitter
starting integration at
20.4MHz (stretched-pulse)
and 40MHz (soliton).
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Es:f - B e R Synchronization Part II, KEK Seminar, March 17, 2008 —




Experimental setup of fiber link

Piezo-

stretcher
Y
. H
® 1 E

4

Optical

delay stage @

—>

400-m long dispersion-
compensated fiber link

Q

~

Synchronization Part Il, KEK Seminar, March 17, 2008

200 MHz | HWP — HWP I_, QWP _
rep. rate fl I I [I Piezo
Er-doped I U @) I | driver
fiber laser Mirror T
Balanced Loop
—*| cross-correlator filter
— EDFA
i 1l yd
1Nl
HWP QWP  50:50
Faraday Rotating Mirror
Qut-of-loop Out-of-loop
—| Balanced ~  [— * timing jitter
cross-correlator measurement
(5% (i)
0% g )



Optical cross correlator and measurment

group delay
to detector 2 between

crystal

¢ orthogonal
polarizations
PPKTP

dichroic mirror
reflecting SHG
transmitting fundamental

k- to detector 1

/5 dichroic mirror
< reflecting fundamen’
transmitting SHG

timing change [fs]

—
(8]
T
~

relative intensity
o
[8) ] o

piezo displacement [ps]

\ T T T 'g: | | :I I1 | i!: |
\ — — —detector 1 = 40
v detector 2 | r
sum signal £ 307 1
[
@ 20
F-3
£ 10} 4
L=
5’ 0 e ‘ J |
O 03:00 06:00 08:00 12:00
time

Synchronization Part Il, KEK Seminar, March 17, 2008




Development at LBNL

Synchronization Part Il, KEK Seminar, March 17, 2008




Progress in High Precision Timing
and Synchronization at LBNL

Steve Lidia
Center for Beam Physics
Lawrence Berkeley National Laboratory

I 41st Advanced ICFA Beam Dynamics Workshop
I on Energy Recovery Linacs
Daresbury Laboratory, UK, May 21-25, 2007
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] Motivation

] Stabilized transmission over fibers
] RF transmission
Results!

d Synchronizing mode-locked lasers
Results!

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Recent References

«'Synchronizing Lasers Over Fiber by Transmitting Continuous Waves”, R.B. Wilcox
and J.W. Staples, Proceedings CLEO 2007

« “TIMING DISTRIBUTION IN ACCELERATORS VIA STABILIZED OPTICAL FIBER
LINKS”, J. Byrd, et. al., Proceedings of LINAC 2006.

« ‘GENERATION AND DISTRIBUTION OF STABLE TIMING SIGNALS TO
SYNCHRONIZE RF AND LASERS AT THE FERMI FEL FACILITY”, M. Ferianis, et.
al., Proceedings of the 27th International Free Electron Laser Conference.

+FIBER TRANSMISSION STABILIZATION BY OPTICAL HETERODYNING
TECHNIQUES AND SYNCHRONIZATION OF MODE-LOCKED LASERS USING
TWO SPECTRAL LINES”, J. Staples and R. Wilcox, Proceedings of the 27th
International Free Electron Laser Conference.

Steve Lidia 23 May 2007
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Motivation: LCLS

Critical LCLS Accelerator Parameters

. Final energy 13.6 GeV (stable to 0.1%)
« FInal peak current 3.4 kA (stable to 12%)
« Transverse emittance 1.2 um (stable to 5%)

. Final energy spread 10~* (stable to 10%)
« Bunch arrival time (stable to 150 fs)

P. Emma
(stability specifications quoted as rms)

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Synchronicity

FEL seed laser

/ QuickTi
| PC drive laser TIFF (LZW) a3t

are needed to s

| EO laser |

Steve Lidia 23 May 2007
S E.O. Lawrence Berkeley National Laboratory



Optical metrology

A revolution is going on in optical metrology due to several

coincident factors:
« development of femtosecond comb lasers
* breakthroughs in nonlinear optics
 wide availability of optical components

2005 Nobel Prize in Physics awarded to John L.
Hall and Theodor W. Hansch "for their
contributions to the development of laser-based
precision spectroscopy, including the optical
frequency comb technique”

This technology is nearly ready for applications in
precision synchronization in accelerators

Steve Lidia

23 May 2007

E.O. Lawrence Berkeley National Laboratory



Why fiber transmission?

« Fiber offers THz bandwidth, immunity from electromagnetic
interference, immunity from ground loops and very low attenuation

. However, the phase and group delay of single-mode alass fiber
depend on its environment

- temperature dependence
— acoustical dependence
- dependence on mechanical motion

- dependence on polarization effects

« These are corrected by reflecting a signal from the far end of the fiber,
compare to a reference, and correct fiber phase length.

« Two approaches: CW and pulsed

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Stabilized fiber link

Interferometrically stabilized transmission link

7
?50% reflective mirror

nmmmmmmomm

_

Optical fiber

Measure relative forward/reverse phase

Compensate fiber length

Maintain constant number of optical wavelengths

Our stabilized link uses several tricks to
maximize stability:
«an offset carrier to make the phase
comparison
* high sensitivity

A 1 deg RF=1 deg optical
AR S 1 deg optical=0.014 fsec

 avoids intermediate cable reflections

» avoids DC phase measurement
«fast jitter compensated with piezo fiber
stretcher
timing signals transmitted as amplitude

_________ B modulation of optical carrier
E.O. Lawrence Berkeley National Laboratory

EREELEY LaB



Fiber Stabilizer — Principle of Operation

Original, abandoned configuration

A 500 MHz signal is modulated on the CW laser output and reflected from the far
end of the fiber with a mirror. The phase of the reflected modulated laser signal is
recovered by detecting the return signal with a photodiode and comparing with the
500 MHz modulation drive.

Fiber Length Control Test Circuit

DFE laser pal optical  Mach-Zehndet Ditectiohal  Ditectiohal Plazo 100 m flber cable 0% mirror

Cont _ ampimier  Modulator Collplet Collplet Phase Mod

Issues wL el = =YY

=71

t+1?dBrn

Phase detector operates e ";

at 500 MHz. Small DC vomier | 2 o0 e
offsets are significant at

the femtosecond scale. W é\})

Intermediate reflections
along the fiber interfere
with the signal reflected Allsgnal evee i 46
from the far end and

produce a phase error.

Dptkeal
1GHe
300 MHz

et I B = R o B - B = A VARVANG)

Bias T Pad Spltiet Photod lede ZFK-4 LMHE&E24 ZAL-1150LN
Op Amp RFAmp

fibar_length_controllerfig

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory
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Offset-Carrier Configuration

Send an optical carrier to the far end of the fiber, offset the 200 THz optical carrier
phase-coherently by 55+55 MHz (two passes through the AOM) and phase compare

the 110 MHz optical carrier with a sample of the unshifted carrier.

The system is

linear, and the optical beatnote is detected in a photodiode. A piezo phase modulator

corrects the fiber length.

Intermediate reflections do not
generate a 110 MHz component
to the mixing product.

Heterodyning from optical to the
RF domain preserves optical phase
relationship in the Michelson
configuration. Leverage of 2x10°

in the phase detector.

One degree phase error at
110 MHz is equivalent to
0.018 fsec at optical frequency.

Amplf rs
Aﬂpnuators Driver

.® |centrolier

Fhase
Detector

> e

Simplified Optical Stabilization System

Piezo Phasghitter 100 meter fiber FbSH';qu cy

Faraday
O FFS [— Ristator

55 MHz

A FFS Driver

by 2

LLRF

Optical
Shifted O pticg

55/110 MHz

~—v Baseband

Steve Lidia

SRTEaSTrpIE T

23 May 2007

E.O. Lawrence Berkeley National Laboratory



Laser Length Standard

L)

—

(dB)

“‘FF'”

II

1510 1513 1520 1524 1330 1535 1540 1545

lm

=h

Wavelength {nm)
Phase
— Modulator
- Gas i
] Cel  [¥]Gioae
100
MHz

500 MHz
@—m x5 - ® Mixer

<< Error Signal
pound—drever—hall tig

Frequency lock loop on acetylene (C,H,)

b > 1530.3714 nm absorption line
Steve Lidia 23 Viay ZUU/
I E.O. Lawrence Berkeley National Laboratory




Veritying the Stabilization Scheme

At the far end’ one AOM Dual Channel Fiber Transmisslon System Test
raises and the other | Phase Medulator Module |
lowers the laser B o=
frequency by 55 MHz. I —-E% A a——
The 110 MHz beat note 05— = = O
between these carries il I & - &5
the phase information of Sl L=
the differential-mode ’ e _
error. O ;SN it

o
The unequal-length ) N v S v I R .
arms in the Michelson i . B : N
configuration also ) = &
validate the stabilization e me i Lot
of the laser wavelength. = T . B

BERxELEY Lan



New Wide-Band Phase Detector

The stabilization system bandwidth is about 3 kHz, limited by the strong 19 kHz
resonance of the piezo phase shifter. The low-frequency gain is over 70 dB (voltage gain
of 3000), which is verified by closed-loop perturbation tests.

If a phase perturbation occurs faster than 2 fsec in 1 millisecond, it is possible to jump a
fringe in the interferometer. Acoustical perturbations are possible, especially if the fiber is
in an acoustically noisy environment, such as a klystron gallery.

A significant improvement to the system involved replacing the analog phase detector,
which operates between -n/2 and n/2, with a digitally enhances one that operates between
-327 and 32r.

Narrow—Band Wide—Band Phase Detector

As a bonus, the inputs to the mixer are Phase Detector Divide

square waves, which linearizes the 1 by N l Amplifiy by N
mixer output to -Nn/2 to +Nn/2. Q= ®—>[>—>

Divide |
! by N

This phase detector is simpler than the
up-down counter-XOR type typically used
and has no DC bias offset and does not
jump from max positive to max negative
at the end of its range. AR A

This change has resulted in a system ";“
with very robust rejection of acoustic

—= perturbations.
rrr.rrr"l ||i Steve Lidi®

E.O. Lawrence Berkeley National Laboratory



Hardware setup

2 ‘. | 1 i s
e # 4
v A i
/7 B
- y

Dual channel trahsmitter

T =

f A

Dual channel receiver a

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory
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Long link stabilization

*Up to 4 km fiber has been 28-29 Mar 07
stabilized with jitter of a few

fsec. (2 km outside/2 km in 140

Iab)' R Optical delay (psec)

*Feedback compensates for 100 L\ / /\/\/\ "

100 psec (one way) of 80 / / /\

diurnal variation. 0 | ‘;5: t \’\ (
Limit given by stability and 40 ~ V:/VV\V\ )
linewidth of laser MAVAZ RN ANV
*Gain/bandwidth of 2 Optical delay (psec)
compensation feedback % 1 s 3 s
limited by roundtrip fiber hours from 4:35 p.m. 28 Mar 07

delay.

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Differential link phase stability

Goal: Compare relative length variation of two independently stabilized links

; Receiver 1
Transmitter 1 fe \ /" | (+55 MHz)

= i

Transmitter 2

Q0 _

Receiver 2
(-55 MHz)

| ]

Use symmetric frequency shift at
end of each link to bring relative
optical phase information to 110

MHz beat frequency.

Results:

*3 km long run/2 km external/1 km

in [ab, 2 m short run in lab

3 fsec drift over 3/4 day run!!!
lab temp variation of ~0.5 deg-C
eexternal temperature variation

- ~20 deg-C

rrrrr?’l |||'

3.00

Out-of-loop monitor

200 relative drift (fsec) A
100 _| A a2 A\ ’I_A
0.00 - , /ﬂ j
-1.00 \J | (
-3.00 lab tempx10 (deg-C) —
-4.00
-5.00
0.00 5.00 10.00 15.00 20.00

hours

Steve Lidia

23 May 2007

E.O. Lawrence Berkeley National Laboratory




RF signal transmission

RF (S-band) may be modulated directly onto the optical carrier
with a zero-chirp Mach-Zehnder modulator and recovered directly
at the far end of the fiber. Any modulation pattern is acceptable.

Fiber Frequency Faraday
Piezo Phase Shifter i
DFB Laser 100 meter fiber Shifter Mirror

OO e
TN\ I N

. optical hifted -

. RF signals shitte v optical
optical . reference RF reference P
signals to amplitude signal demodulated signal

modulator AM signal

Critical to minimize added phase noise at demodulation.
Modulation of CW carrier has signal S/N advantages over pulsed
modulation.

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Group and Phase Velocity Correction

Interferometric technique
stabilizes phase delay at

a single frequency . At a Las

fixed T, simply a 1.6% Lars. C—n v Ny

correction for 1 km cable. 147 ] oo do
1.465 ~—

Possible fixes: measure
group velocity from the
differential phase velocity

index of refraction

1.45

1.46 -

1.455 -

np(w)
—ng(w)

at two frequencies.

1.445

1.44

Correction can be applied "~ o0

dynamically or via a
feedforward scheme.

Steve Lidia

1000

1200

wavelength, nm

1400

1600

23 May 2007

E.O. Lawrence Berkeley National Laboratory



Phase-Group Velocity Experiment

The stabilization system maintains a constant number of optical wavelengths in the fiber at
the fixed frequency of the 1530 nm CW laser.

When transmitting wideband signals, the temperature-dependent optical dispersion will promote
changes in group velocity. We will measure this effect with a two-color measurement using
1530 nm and 1570 nm stabilized lasers.

The temperature-controlled fiber will be phase-stabilized at 1530 nm and the phase shift at
1570 nm as a function of temperature will be measured. The first-order temperature effect on
the dispersion will then be applied as a correction to the group velocity of signals transmitted
by the fiber.

The long-term stabilization of the fiber is excellent, with drift rates less than 1 fsec per hour.
The fiber should provide an excellent backbone to carry wideband synchronization and
reference signals over kilometer distances.

Other experiments, such as the contribution of the fiber to phase noise of RF signals modulated
on the stabilized fiber will be described at a later date.

Experiments show that there is no significant contribution (femtosecond-level) from the fiber
itself, but the modulation and demodulation process contributes jitter in the low ten's of
femtosecond range.

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Preliminary Results of v, Experiment

The 2 km fiber run outside the lab is subject
to diurnal temperature variation. The phase
length is recorded (right plot) and corrected.
The 1-way change over an 18 hour interval is
75 psec.

A 2.8 GHz RF carrier is modulated onto the
fiber and the group velocity difference is
measured. The additional delay that is

with linear drift in time subtracted

1000
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700
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400
300
200
100

\\ pred with drift
\\ measured vg

-100
-200
-300

One-Way Phase Change of 2 km Fiber

5
01~
-5 \_LU‘L‘LT ;
-10 o /
-15 : J
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S -25
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o -35 : /‘
8 .40 = i
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< 50 i f
55 — :
60 b S |
-65 LU\_WUL B JJ_LL“J;H
'70 H_VJ_[\/ “Ur
-75
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Hours

imposed for group velocity correction is
1.55% more than the phase velocity
correction. The blue trace is the measured
group velocity change with temperature,
and the red is the predicted change, based
on the phase velocity measurement, in fsec.

Note that these are the temperature-
dependent phase and group delay
values. The phase change measures
the integrated temperature variation over
the entire 2 km fiber link.




RF transmission design

« RF transmission has looser requirements on jitter

« LLRF system can integrate between shots to reduce, LLRF
nigh frequency jitter l SYSTEM

’—D Flmlacavity =
\J2.856GHz LLRF J % T
.‘—
RF MODULATOR ik
BF ralihration
- CHASSIS . r' i
e EF phase
stabilization 1330 /4; 1316 syrch N
ESW — P |—|'/ 5',1_ TEMFP. COMTROL
= 2000w o Q @ I FFS EE—— 0.1 pEg. C
= 5.»5 .
TEMF COMTROL fiﬂh il
MODULE
s RF RECEIVER
100MHz 1ef. e MODULE
distribution rood |
»
Ad Y A A Y :
RF LINE interfacecontrol gomputer
LSFP controller Chassis Controls
CONTROLLER
CHASSIS

Steve Lidia 23 May 2007
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Conceptual system design

=
Computer ol Az
DDDDD —+h T
controls i | LASERSYMNCH
£ RECEIVER
L CHASSIS
L : EA
r |
STABLELASER I
CHASSIS LASERLINE CONTROLLER LLRF
i CHassls | [
11 d2dcHdx ld’ SYSTEM
Sl COMpULEr N ERERE i
i i =
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...............
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Hetd
RF LINE [EF mounlla
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« Laser synch for any popular modelocked laser

RF transmission via modulated CW, and interferometric line stabilization

RF receiver is integrated with low level RF electronics design

E.O. Lawrence Berkeley National Laboratory
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Pulsed distribution system

« Directly distribute laser oscillator pulses

Low-noise

microwave oscillator frequency

. Extract RF frequency from harmonic of

oscillator » Stabilize links using interferometric techniques

low-bandwidth

L

. Possibility of directly seeding remote lasers

Optical /\/\/\/
to RF

L o

stabilized Obtical "e

. fib ptica

Low jitter IDETs to RF

modelocked sync
laser ﬁnodule low-level
RF

Optical to ’ A >

DESY/MIT optical
sync module

Steve Lidia

E.O. Lawrence Berkeley National Laboratory

EREELEY LaB

23 May 2007



Stabilized Fiber Links: pulsed

PZT-based
fiber _
50:50 stretcher SMF link

—’__>\ — Q
A
OC
| I ,

coarse
<30 fs RF-lock

fine cross-
correlator

ultimately < 1 fs

Steve Lidia 23 May 2007
E.O. Lawrence Berkeley National Laboratory




Stabilized fiber link summary

Results:

« A4 km fiber link has been stabilized

— Dirift few fsec/hour (<50 microdeg @1.3 GHz) long-term
- Peak-to-peak jitter <1 fsec (55 MHz bandwidth).

. Effort has been funded by FEL development (LDRD, Fermi)
« A contract to supply LCLS with a timing system begins 15 May 2007.
In progress:

. Characterization

- RF modulation on optical carrier over multiple links
—- temperature dependence of fiber dispersion
- remote locking of mode-locked laser pair

« Test setup in accelerator environment (SLAC Linac tunnel)

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Synching mode-locked lasers

T, |

VY rrili S MM
%L .

Detection and bandpass filter

slave

master

carrier/envelope
offset +—

*
m fr +fC€O

repetition rate

b xf N
|1 /‘ rep
|

0 —_—
—l frequency

Shelton (14GHz)

« »

\ 4

&
«

Bartels (456TH2z) present

Shelton et al, O.L. 27, 312 (2002) work (5THz)
Bartels et al, O.L. 28, 663 (2003)
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|dealized example

| : o SHG
fs Laser 2 '.,.
I : ", SFG
fs Laser 1 : =-..
: BBO
4 100 Pl SHG
IIII'II 4 T
80 th harmohic ‘o {7y s
8 GHz \.“ y Carrier Intensity
phase lock control
Phase ‘/
shifter
Repetition : 2 GHz
rate control Loop gain Laser 2
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Figure 1. Experimental setup for timing synchronization of two fs lasers. T'he four

phase-locked loops for synchronization are shown, along with the signal analysis
scheme. Heterodyne detection of the carrier beat frequency between the two fs

lasers is also shown.
R. K. Shelton et al,
JOURNAL OF MODERN oprics, 2002, vou. 49, no. 3/4, 401-409

Achieved 4.3 fsec jitter over 160 Hz BW for 10 seconds.

Steve Lidia 23 May 2007
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Four-frequency synch scheme

f f Lock two frequencies withir
master - the frequency comb
clock | | separated by 5 THz.
transmitted frequency For a 1degree error in
frequencies I 1 phase detection, temporal

¥ f -f, T error is <0.6 fsec
f-f,~25 MAz ;i D
synched
laser
I |

. Novel approach for locking lasers
. (f,—f;)—(f,—f,) = error signal

« Yields relative phase of mode locked laser repetition rates
. Equivalent to difference of two THz signals

Does not require carrier-envelope offset stabilized lasers

I'I'I'-I'I'I"l _

— | E.O. Lawrence Berkeley National Laboratory



Conceptual schematic

freq.
locker
t 3
CW f1 - f3
D+ | laser1 -
V ‘Kjb P,
f3
reprate reprate 4
modelocked phase stabilized modelocked
laser 1 transmission fibers laser 2 ><
f
f 4 offset
( 2 }) frequency
control
— P [cw f
laser 2 —KlL
frequency -1,
. Conceptual schematic
« Uses stabilized fibers transmission for inter-laser link
. Potential of tremendous gain over RF stabilized lasers

ﬂ/}l |.".‘ Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory
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Initial results

coarse 100MHz
lock electronics
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R delay, fs
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Simplified setup:
lasers co-located on
optical bench

Cross-correlator
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overlap pulses

Voltage versus time
delay is close to
linear
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0.13mV/fs
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Details, detalils...

Actual performance depends on many technical
details:

thermal and acoustic environment of cable layout
*design of feedback loops

* gain limited by system poles (i.e. resonances in the
system)

* multiple audio BW feedback loops suggests flexible digital
platform

 feedback must deal with drift and jitter (separate loops?)
AM/PM conversion in photodiode down-conversion

Steve Lidia 23 May 2007
E.O. Lawrence Berkeley National Laboratory



Conclusions and Systems Integration

Future facilities require synchronization of pump and probe beams, RF
stations, photoinjector laser and diagnostic elements. Each has
different jitter requirements and clock waveforms (RF, pulses, or
optical).

Group and phase stabilized fiber will satisfy all these requirements,
offering immunity from electrical noise and very wide bandwidths.

Wide-band transmission over fiber by modulating a CW laser signal with a Mach-
Zehnder from a stripline pickup and sending the result over stabilized fiber
provides stable, wide-band monitoring of the electron pulse in the linac itself.

Synchronization of a mode-locked pump laser at a pump-probe experiment with a
FEL seed laser will provide femtosecond level stability and resolution.

We have analyzed system requirements for new projects and designed
an overall system that satisfies the timing and synchronization
requirements for all the subsystems in a unified manner.

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory
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Introduction

The fiber forms the backbone of a phase stable transport of wideband signals.
It must be reliable and work in a “real world” environment
Various signals are transported to phase lock RF systems (klystrons) and to

synchronize mode-locked lasers at the photoinjector and experimental systems,
as well as provide a time reference for diagnostic systems.

Fiber provides a bandwidth of TeraHertz, is immune to electrical noise and provides
electrical common-mode isolation.

However, signal propagation velocity in fiber has about the same temperature
coefficient as copper (0.1 ps/meter/C) and is acoustically sensitive.

Fiber components (lasers, isolators, directional couplers, etc) have strong analogies
to RF components. Cheap devices have been developed in the telecomm industry.

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Stabilizing the Laser Wavelength

As the number of fringes in the fiber is held constant (phase stabilization, not group velocity
stabilization as in the first scheme) the laser wavelength is the physical reference and must
be stabilized. We use an atomic absorption line in acetylene (C,H,) at 1530 nm in a
Pound-Drever-Hall configuration.

Phase
Laser Mndulatnr ! ' ' ' ' '
T ' YT \ T
., —i L 'JS”” l HWHHY‘[I 1
Gas Photo . “
A Cell |¥|giode °©
100 i 5
MHI Suu MH % P branch
z =
®_"‘ X3 || Mixer & .
| ] | | | |

Error Slgnal 8510 1515 1520 1525 1530 1535 1540 1545
. Wavelength (nm)
pound—drever—hall fig

The laser line is swept across the 1530 nm absorption band at 500 MHz. The amplitude-
modulated resultant is phase compared to the phase (frequency) modulation driver and the
error signal is filtered and applied to a frequency-determining piezo driver in the CW laser.

Note that the laser itself is not dithered: the laser produces an unmodulated signal.

The natural laser line width is 1 kHz (spec) and the frequency stability is estimated to be in
the 1 MHz regime. The 1570 nm laser is stabilized with a CO absorption line.

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory



Using the LBNL Fiber Network to Simulate Real-World Environment

The Lab data network uses 1550 nm single-mode
fiber in multi-bundled cables. We included a 2 km loop
of Lab fiber in one arm of the stabilizer.

A 4 km loop stabilizes easily, and the 150 psec
variation is due mainly to outdoor temperature variation.

28-29 Mar 07
120 |
gl Ny
100- A
e A
2 | / \
S ol | W |
o | \
§ 5 V\/\K;\WW)T\W\/\/\QAN\/\
40 A A
30 \/\ /\/ V\ ,f\/\
\/ TV
200 6 12 18 24 30 36 42
hours from 4:35 p.m. 28 Mar 07

Steve Lidia

EREELEY LaB

The loop comprises 2 km fiber
external to the lab, running under
roads to Building 10 and back.
Another 2 km fiber is spooled in
the lab, which has an hourly 0.5C
temperature variation, responsible
for the faster oscillations on the
plot. These two fiber segments are
connected in series for a total of 4
km. Note that the round-trip
distance of the corrector is 8 km, as
the light goes to the far end and is
reflected.

23 May 2007

E.O. Lawrence Berkeley National Laboratory



Preliminary Results from November 2006

2 km fiber in one leg of the two-
fiber experiment, a short fiber in
the other leg of the unequal-arm
Michelson configuration.

The monitor signal is the
differential phase difference,
expressed in time, between the
two independently-stabilized
fibers. The 1530 nm laser
frequency is stabilized.

Over a 63 hour run, the drift was
about 9 fsec (blue), and the lab
temperature variation about 1C
(dark red).
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Out-of-Loop Monitor Results

The true measure of the performance is from the out-of-loop monitor. The error signal
of the in-loop monitor controls the line stretcher, and an independent monitor measures
the differential phase difference over time between the end of the stabilzed fiber and
another, independently stabilized fiber. To simulate worst-case conditions, the second
fiber is short, 2 meters, (a second 4 km fiber would not reflect changes in the clock of
other common

mode elements). Out-of-loop monitor
3.00
The blue trace shows 2.50
that the phase of 5 A f‘\
the two independent g 1S ]| \Pﬁ |
fibers (4 km and DS T T O W A Y /
o 0.50 \ ]
2 m) stays within < soodWlL VA T SV /'\(mJJN N
4 femtoseconds over = °'5°ﬂ 1- /J \\ [” Ay I l W{
the 17.5 hour run. @ -1.00 | o 1Y U \ﬂ {\I e
. our Tt e I N ViV v
This data is typical. = el I | W
o 200k | \J’
The red trace is the § igg \ \ lab temp x 10
variation of lab 350 \'v N\ 84054
10C. -4,
temperaturex OC 408.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50
hours

Steve Lidia 23 May 2007
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Packaging

Dual-channel receiver

Steve Lidia 23 May 2007
E.O. Lawrence Berkeley National Laboratory




More Packaging

There are still some components
loose on the laser table.

We will conducts test with fiber
strung in accelerator tunnels,

with the ALS and SLAC as
primary candidates.

The rest of the components
are being packaged and
mounted in a single relay
rack for transport to sites
where we will gather data
under actual operating o
conditions. =y

Steve Lidia 23 May 2007
E.O. Lawrence Berkeley National Laboratory
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Conclusions

To produce an ultra-stable timing and synchronization system with jitter reduced to the few femtosecond
level, we have developed a laser-based scheme with optical signals distributed over a stabilized optical
fiber [22].

Transmitting precise frequency and timing signals over distances of hundreds of meters, stabilized to a
few femtoseconds (a few parts in 108), is accomplished by measuring the phase delay in an optical fiber
and actively compensating for differences with a piezoelectric modulator. In our scheme, illustrated in
Figure 3, phase differences at optical frequency are down-converted to 110 MHz. Because phase
information is preserved during the heterodyning process, phase differences at optical frequency can be
detected at radio frequencies, using conventional RF electronics. The radiofrequency reference signal
need not be provided with femtosecond accuracy at the far end of the fiber, because one degree of error
at 110 MHz is equivalent to only one degree at the optical frequency, or 0.014 fs.

The system is linear, and signals modulated onto the CW laser carrier at the fiber entrance do not
intermodulate with each other. Moreover, the optical power level is significantly below any nonlinear
threshold in the fiber. The laser frequency itself must be stabilized, so the laser is locked to an absorption
line in an acetylene cell.

At present, a 4 km fiber link has been stabilized to the femtosecond level. 2 km of fiber in this link passes
under several roads and through several buildings at LBNL, demonstrating that the fiber stabilization
system is robust under real-world conditions. This technique will soon be used as a backbone to
demonstrate synchronization of mode-locked lasers. Further developments will include integration with
controls and low-level RF systems, and high-resolution diagnostics of photon and electron beams, to
provide enhanced feedback control of the integrated laser/accelerator systems. We are planning to
develop and implement similar systems at the LCLS, and FERMI@Elettra.

Steve Lidia 23 May 2007

E.O. Lawrence Berkeley National Laboratory
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Femtosecond Technologies for
Optical clocks, Timing Distribution
and RF Synchronization
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O. D. Muecke, M. H. Perrot, and F. X. Kaertnher

Department of Electrical Engineering and Computer
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Femtosecond Timing Distribution & Synchronization

Synchronization of multiple events at multiple locations in a FEL
facility with femtosecond precision is required.

We envision that:

A master microwave oscillator that “keeps the time”,
A master mode-locked laser locked to this oscillator,

Stabilized fiber links that transport the clock signal in the form of a pulse
train to multiple locations,

A scheme that locks other lasers to this signal and/or generates an RF
signal

form a complete scheme with eventually few fs precision.

MIT Ultrafast Optics & Quantum Electronics Group



MIT X-Ray Laser Project

Optical Optical master oscillator Frequency
Clock ! Mode-locked laser Standard !
Timing [T TN N T !
Distribution
__:;

2o

High Power 09_ o
Few-Cycle R
Lasers 8 <

RF-components, GHz
At =10 fs

Less than 10 fs timing jitter between lasers is required.
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Master microwave oscillator
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Master Microwave Oscillator

« Extremely good microwave oscillators are commercially available.

e Jitter <6 fs from 10 Hz to 10 MHz.

 Development effort not necessary at this stage.

MIT Ultrafast Optics & Quantum Electronics Group




Locking and sync:
e laser to laser optically (< 1 fs)

MIT Ultrafast Optics & Quantum Electronics Group




Balanced Cross-Correlator
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Balanced Detector Output
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Residual Timing Jitter
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The residual out-of-loop timing-jitter measured from
10mHz to 2.3 MHz is 300 as (a tenth of an optical cycle)

T.R. Schibli et al., Opt. Lett. 28, 947 (2003)
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Locking and sync:

 RF to laser (< 100 fs)

MIT Ultrafast Optics & Quantum Electronics Group




Laser and RF Synchronization

Requirements:

- Modular building block for laser-RF and laser-laser
synchronizations.

- Low timing jitter (< 10 fs)

- Long-term drift-free

MIT Ultrafast Optics & Quantum Electronics Group




Direct Detection to Extract RF from Pulse Train
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Potential Limitations of Direct Detection

e EXcess phase noise in photo-detection process
— Amplitude-to-phase conversion in photo-detection
— Pulse distortions due to photo-detector nonlinearities

E.N. Ivanov et al., IEEE JSTQE 9, 1059 (2003)

 Long-term stability issue
Thermal drift in photodiode (semiconductor device)

- A new synchronization scheme for both lower timing jitter
and long-term stability is highly desirable.

MIT Ultrafast Optics & Quantum Electronics Group




Locking the RF to the Pulse Train

Convert timing info to intensity imbalance

Amplitude Photo-
modulators detectors

MIT Ultrafast Optics & Quantum Electronics Group




Locking the RF to the Pulse Train

Convert timing info to intensity imbalance
Amplitude modulators take “derivative” of the signal intensity
Differentiation eliminates effect of detector problems

v
A 4

I ‘ ) ................. EARL
Y ARRIVAL

f=f+KV

................. 1800

—
U

MIT Ultrafast Optics & Quantum Electronics Group




Locking the RF to the Pulse Train

Convert timing info to intensity imbalance
Amplitude modulators take “derivative” of the signal intensity
Differentiation eliminates effect of detector problems

[ ] A‘tD ................. -

ARRIVAL X +KV
N (R ‘
C/ Q v
= ST

MIT Ultrafast Optics & Quantum Electronics Group




Locking the RF to the Pulse Train

Convert timing info to intensity imbalance
PLL locks the VCO to the pulse train
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Implementation

Use a Sagnhac-loop interferometer for interferometric stability
Eventually use a fiber loop

c0s?(0/2)

sin%(0/2)

0 : phase difference
between two beams

Input

A\ 4

Phase
Modulator

MIT Ultrafast Optics & Quantum Electronics Group



Implementation

The pulses sit on
the zero-crossings
of VCO output when
it is locked.
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Testing the Scheme

1 - Phase Noise of the System
(laser noise present)
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Measured Phase Noise
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Testing the Scheme

2 - Residual phase noise
(laser noise subtracted)
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Measured Phase Noise
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Toward sub-fs Timing Jitter
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Modularity: Sync 2 lasers with common VCO
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Timing-distribution via fiber-links
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Timing Stabilized Fiber Links (~1 km)
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Timing Stabilized Fiber Links (~1 km)

1. Build two copies and cross-correlate the outputs

2. Demonstrate few fs jitter operation stable over days

3. Test In accelerator-like environment

Master Oscillator
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Phase Noise of a Free-running Laser
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Low jitter modelocked lasers
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Development of Low Jitter, Robust Lasers

* Very low jitter (< 10 fs) mode-locked lasers needed.
* Reliable, long-term operation without interruption.
* No satisfactory source has been demonstrated yet.

 Which laser is ideal? Work at MIT is on:
— Er-fiber lasers
— Yb-fiber lasers (similariton or stretched-pulse?)
— Er/Yb-glass lasers

 Optimal laser parameters need to be identified:
— Pulse duration
— Repetition rate
— Central wavelength

MIT Ultrafast Optics & Quantum Electronics Group




Stretched-pulse Er-fiber Lasers (1550 nm)

e Long gain relaxation time => low jitter
(Ippen, et al., circa 1994)

100 fs pulses, excellent long-term stability (for weeks), very low cost

« Can operate at zero dispersion -- to minimize (Gordon-Haus) jitter

MIT Ultrafast Optics & Quantum Electronics Group




Yb-fiber Lasers (1040 nm)

* Long lifetime as well, even better stability.

e Zero dispersion (stretched-pulse) or large dispersion (similariton)

e Similaritons are robust against nonlinearity  (llday, Wise, PRL, 2004)

MIT Ultrafast Optics & Quantum Electronics Group



Er/Yb:glass Laser (1550 nm)

« Long gain relaxation time (> ms) reduces jitter
1550nm pulsed

light
Fiber PUmp 1 Erbium-Ytterbium
collimator lens glass
980nm pump Anamorphic Di(_:roic Mirror
diode prisms rirror ROC=100mm

Mirror
ROC=50mm

_ submitted to Opt. Lett.
Si/Ge-SBR
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Er/Yb:glass Laser (1550 nm)
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Assessment and “To-do” List

v' Master microwave oscillators commercially available

v' Sub-fs optical sync between lasers demonstrated

v Sub-100 fs sync between RF-signal and pulse train achieved, to be

improved to ~ 1 fs precision

« Timing-stabilized (< 10 fs) fiber links under development

* Developing fiber and solid-state lasers for ultra-low jitter, reliable operation

MIT Ultrafast Optics & Quantum Electronics Group
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