Femto-second synchronization system
for FLASH
- Prototype for XFEL -

Holger Schlarb, in collab. with MIT
March 27t 2007



Pump-probe experiments

Classical setup: Probe = flash
Variable delay
Same ! s

source

N\ S

pump Shot pulses fs &——— ps

Knowledge of time delay between pump and probe is crucial!
Spatial resolution 800nm — 0.1 nm

e Atomic / Molecular Physics
(e.g. dynamics (2 photon/meta-stable states) /nonlin. processes in VUV/XUV/X-ray)

e Solid state dynamics
(e.g. magnetization dynamics, non-thermal melting)

* Plasma physics
(probing high electron densities / producing “warm dense matter” )

Holger Schlarb FLASH, March 27t




Synchronization range

Rep. rate Macro bunch RF coherent Optical
linac pulse spacing period radiation Light (OTR)
RF Phase detector SHG Optical mixers
| | e —
Time synchronization
. — .
s Ims Tus Ins 1ps 1fs Tas
Frequency
1Hz 1kHz 1MHz 1GHz 1THz 1PHz 1EHZ
|
Length = c-t
300000km 300km 300m 300mm 300um 300nm 300A
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X-Ray Free-Electron Laser

XFEL Source of timing jitter @

1. longitudinal and transverse electron beam quality
2. arrival time for high resolution pump-probe experiment

post ordering
st 00
At:t\(_tlaser

undulator

comgressor l
Booster Acc. module —>|| ||| | ||

° t
sources: 4 ¢ =

Photo-cathode laser

RF gun (non-relativistic electrons)

Pump-probe laser/ Seed laser (post ordering not possible)

RF phase and amplitude stability of acceleration upstream of BC

RF gun

A WN —

- Point to point timing jitter is relevant (100m-3km)
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XFEL Source of timing jitter

e - Caused by RF acceleration prior BC -

Timing jitter  Gradient Phase Incoming
Behind BC Timing jitter
\ \ \ \
l R ¢r_7» (0 =1\° a: 1)’ +
w2 o~ (2222 4 (= — ) +|=) =
&) A C Cﬂk?‘f C '
XFEL: 3.3 ps/% 2 ps/deg 0.05 ps/ps

FLASH: 5.5ps/%
C compression factor (20)

R: ~ 100 mm/180 mm
K. wavenumber RF acceleration (27.2/m)

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

X-Ray Free-Electron Laser

Source of timing jitter

Measurement of arrival time with LOLA

- characterization at FLASH -
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« is reduced choosing smaller R,
o or if ACC23 is operated off-crest
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XFEL dE/E measurements ACC1

X-Ray Free-Electron Laser

BC2 Cameras ‘

4.5MeV SR 127MeV 1 - | -
l V = 122MV l v
I f ]
| | —

ttf2iccdl load

online 0 offline

T T T T T
0. 200. 400 600 800 1000. 1200
Res=16 . Buf= 4 I1

Contribution of gun:
— dE/E (4.5MeV) gun < 5e-4= 2.2keV or Old meas. TTF1
= dE/E (127MeV) < 2e-5

Using ultra low energy spread of beam!

=0, ~ 1-2 keV from gun

=I|f beam would be ideally focused on screen
using high energy edge about c./10
could be resolved dE/E ~ 1e-6

= But finite beam size and camera resolution:
o, ~ 30 um, point spread camera ~ 10um 20 40 oso om0 10 120
dE/E ~ 1e-5 (for R, ~ 300mm)

Figure 2: Image of bunch at OTR6.

Incoming orbit jitter 6, ji., ~ 30-50um e =
no correction: dE/E ~ 1e-4 i
when corrected dE/E ~ 3e-5 (10um) 2

Holger Schlarb i ' arch 27t 7



XFEL Recent progress!

X-Ray Free-Electron Laser

Found faulty pickup signal cavity 6 in ACC1!
Has been removed from vector sum regulation

rf control parameters: GUN: AFF gain: -0.4, FB gain: 4, Pfwd SP: 3.02 MW
ACC1: FB gain: 15, Beam Comp: ON, Ampl=12.7, Ph=-10, accl phase SP -146 (== 8 deg off crest)
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Best results so far
- but not permanent -

XFEL

X-Ray Free-Electron Laser

dE/E (ACCT) stability versus gradient OTR screen 3BC2

2007T=0T=28 T 180242 zw:ﬂﬂﬁm
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Study of energy stability as function of gradient ACCI1
Gradient MV/m Frep/MHZ dE/E [%] dE/E [%] w/o drift
14.8 1.0 0.0188 0.0178
15.0 1.0 0.0184 0.0177
15.2 1.0 0.0168 _ _[0.0163
—— == XFEL specs.
15.2 0.04 ¢[.0.0157 0.0128 r—_—
T = 70fs rms
15.4 0.04 0.0237 0.0179
15.6 0.04 0.0509 0.0505

Holger Schlarb

3000 bunches, 3 bunches for measurement, on-crest measurement
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XFEL

X-Ray Free-Electron Laser

Distribution
/ \

Optical link Optical link Optical link

<5fs l <5fs X%Afsx

Laser pulse Arrival beam/laser N

i 4 — A& ¢ cavity

Desired point-to-point stability ~ 10 fs

Holger Schlarb FLASH, March 27t 10




-quEEk Principle @

e timing information is carried by ultra-short optical pulse
~ 200fs (FWHM) < ~5 THz (FWHM) bandwidth
o fiber length stabilization based on same principle as timing detection

a7 reflector>
Dispersion comp. link ‘
)] 8,

i H ‘ st e g Timing
» detector

dT, : round trip time

A 4

Timing
detector

|dt=dT,—dT -0 =dT=dT, | Front

df end
dt, = dT — 3fs =df/f~1le-10

e timing detection to optical cross-correlation basically drift free (<<g,)!
Set value

l For stabilisation balanced

----- »()—dt setup is used!
Holger Schlarb FLASH, March 27t 11
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XFEL Where are we now!

X-Ray Free-Electron Laser

— Fiber oscillator — first link stab. with RF 05 — CEO stabilization to 50as —

Proceedings of the 27th International Free Electron Laser Conference ags .
50 as CEO stabilization

HIGH-PRECISION OPTICAL SYNCHRONIZATION
SYSTEMS FOR X-RAY FREE ELECTRON LASERS

Axel Winter, Peter Schmiiser, Universitat Hamburg, Hamburg, Germany,

Holger Schlarb, DESY, Hamburg, Germany, output
F. én]er Ilday’ Jung_Won Kim Teff Chen Franz X Kiartner L
Massachusetts Institute of Tec ¢/ +
D. Cheever, T -100
MIT Bates R&E Center, | E oc [Baf2
=110 .
Abstract I Marconi (29 fs) oG
% 120 e YDFL (18 fs) ACM
Next generation free electron lasers aim to generate x- - —EDFL (10 fs)
ray pulses with pulse durations down to 30 fs, and possibly g
even sub-fs. Synchronization of the probe system to the ‘© =130
xoray leesivith Slt{ablhty on lthe Ordsl;lgf O pl;llse Wl&'f;,h % -140 Figure IV.1: Schematic of an octave-spanning Tizsapphire frequency comb. The CE frequency feg is phase-
1 ﬂecessarj.f e e_max_lm_u use o 1? ca.pa 1ty _E w locked 1o fr/4 using f~to-2f self-referencing, the repetition frequency frg is phase coherently derived from
are developing an optical timing synchronization system in E 180 an optical transition in methane using a difference-frequency generation scheme.
order to meet this challange. Optics has two fundamental ~
advantages over traditional RF technologies: (i) optical fre-
quencies are in the 100 THz range, enabling femtoseconc I
resolution, and (ii) photons are immune to electromagnetic ; - I I n - I O 0 p 6 6fS - > 1 2fs
interferences, easing noise-free transportation of the sig- | mixer I 100000 4
nals. In the scheme described here, a train of short optical : .
pulses, with a very precise repetition frequency, are gener- phase noise L N | 100004 link stabilized
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XFEL Where are we now!

X-Ray Free-Electron Laser

— Beam arrival monitor — fiber link with optical cross-correlation -

A SUB 100 FS ELECTRON BUNCH ARRIVAL-TIME MONITOR £ YSTEM

FOR THE VUV FEL Long-Term Femtosecond Timing Link Stabilization

Using a Single-Crystal Balanced Cross-Correlator

F Loehl. K. Hacker. F. Ludwig. 1. Sculah. . Schmidt, DESY. [Harom 3. Germany Jungwen Kim', Florian LGhY, Jeff Chen', Zhigang Zhang', Holger Schlarh?, Franco Wong' and Franz Kiirtner'
A Winter, 2 utarg University, Germal v lDeparnnyam ufiiei:‘;'lfai fnginzer:‘ng mjg Computer Smgij:eumi Research Laboratory of Electronics
nstitute of vern
Email: jungwon@mit.edy i '_ < ' i 7
Abstract 13 GHz *Deutsches Elekironen-synchrotron (DESY), Notkastrass Timing jitter: ~ 9.2 fs
; a9 . . & . ] . } ]
\ ) Q)= Polarization mode dispersion! -1 ||Detector noise floor: ~ 8.2 fs
The stability of free-electro’l 13 s ono experiments
carried out in pump-probd ponf guriions depends sen- OAC :ﬂ’m:’::ﬂ;‘m
sitively on precise sylc. roniiation between the phoie- g o
injector laser. lowslel =l K l-systems, probe laser. ~iid
other compone! ts ingthe \FEL. A precise mesture neis of
the arriva’-time of the electron bunch wilh re vect o the ]
clockesizn 1 of a master oscillater “s/ 't rel ve. of special trigger| clock £
inily ortaudz | For this task, we pranes \an a.jsval-time mon- ADC B1MHz 15CHz | = 10
Zor cased o a beam pick-up/ vith seviral GHz bandwidth 81.25 MHz B f
. . e 12 /14 Bit 50 MHz - . o o .
whiclh peruts measuresdels 11 the ub 100 fs regime. The = SPEEU PUUIUUCISLIULS allt HICIUWAVE HLXELS d1€ USEU 10 SIUILLLS 1 )
Tir-signal from the beap pr ‘-up is sampled by an ultra- ‘H’ l!l]llt‘ed timing resolution as well as strong thermal drifts of microwa o Detector noise floor
short laser pulse/ usi g a Seladband electro-optical modu- = link in a 19‘18“5-““ staple way. ) e 100 9 o 100K i
lator. The 1 bdu. tor comverts the deviation of the electron — In this work, a single type-II phase-matched PPKTP crystal i E (Hz)
i - ; o . balaiced ppfioal srivecearislatie fanarsoics Samins Aartinn TER o, . oo eooeeooeeereseee oo TGRS
bunch arriv "
ulatifmes t T T T T T T balanced ¢ T T d T T 300-meter
apnotos let . ; ; fiber h'n.k: i E ®
usieg the Iz the phase Previo T 20 de-locked
v ; Fthe n lasers was =:nt center
Tn this . wavelength *= 0 sup delay
ex eli].g:zt = difference ' € _9g HG) by a
P o type-Il pha E rthogonal
= es are de- polarizatior = -40 ngth. The
: by a fast detected si sanishing.
= rate of the Moreover, - 300 O, ctionofa
The come 3 = both the Cross-corre _ 200 & ed phase-
coming lasi photo de- matching b g'
tonwithM  E fthe laser 100 &
laser [2]is] £ To min- @ © 2
S E ) o
ing dispersi > «ctly from §
links, the u! g 1 linufing 100 3 -
ter laser osi 1the laser [~ g
chronized. nodulator _.200 é.:
into an BF Hz. 3
lilce the pha 5 comsists --300 =
Simnce th f 34mm. T T ¥ T T T ¥ T T
the experin -7 -6 ections in Figure 1: (a) 0 20 40 60 80 100
arrival time (bunch #5) [ps] time (sec)
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XFEL Where are we now!

X-Ray Free-Electron Laser

RF generation - drift free phase detection - high precision down-converter -

Long-Term Stable Microwave Signal Extraction

from Mode-Locked Lasers Dr | ft free R F mixer Delivery Report 2006
Kim', Fra-l( ‘hg 2 Task No.: DS3 Synchronization RF Amplitude and Phase Detector
J\lngwnn . ‘{:t:hﬁz.:;lb.f-l Hﬂgﬁmh:mmgf:ﬁcmmw ( : t Participant/Participant No. DESY / Holger Schlarb, Frank Ludwig
Mm-m.um natiute ql")’e‘\l.lm!agy et Avenue, Cawsbridpe, [ O r e S y Email address of Reporting Person: Frank Ludwig@desy.de
Emall: eonlisiiidy 5 -
*xutrches Elektromen-Synohratron (DESY, Nattestrarse 89, 23607 Hamburg, Germary Reporting Period: 01.01.06 - 31.12.06

Abstract: Long-tenmn synchronization [13-fs (10 Hz-10 MHz), <50 fs (for ove hour)] berwesn rwo

10.225-GHz microwave signals at +10 dBm referanced to a 44-MHz repatition rate mode-locked

fiber laser iz d.euxmm:(!du;in' ‘balsnced optical-microwsve phase detectors.

2007 Optical Society of Americ; F
OCTS codes: (120.3920) Mazclozy: '31c 7160) Ulmafast tocknclogy .

Ludwig, J. Mueller
Mode-locked lasers have a grest potential to gensrste wltralow-jitter microwave signals RF Multichannel downconverter Prototype and Characterization

repetition frequency. However, it is a highly nonsrivial sk w transfer the low noise properties in the optical domain (Delivery report for the EUROFEL DS3 Task. Jan. 16, 2007)
to the elecronic domain, avd extract a drifi-free, ultralow-jitter microwave signal fom an optical pulse wwain. For
high-precision optical-to-EF synchronization [1] as well as microwave sigeal readout from atomic optical clocks [2] F.Ludwig, M.Hoffmann, M.Felber, P.Strzalkowski, H.Schlarb
it is crucial to convert the optical pulse wain into a drifi-fres, low-jiter microwave signal with a satisfactory power RF Deutsches Elekmronen-Synchrotron (DEST), Notkestrazze 85, 22007 Hamburg, Germany
level in a lung herm mble wa) One of the major limitations m direct pbmd.e(ecuou for the microwave sigmal
exmaction is in the tors [3]. The intensity nodse and flucmistion can be T
:nmmdmma;lgmﬁcam smount of excess timing jitter and drift : PSD
To circumvent the smplitude-to-phase conversion and also to ensure long-tenn stable operation, a balanced 1
optical-microwave phase desector is proposed and demonstrated [4]. Tt is based on the precise phase detection in the LO —_ H
optical domain using a differentially-bissed Sagnac fiber loop and synchronous detection. Because the phase emar 1
between the optical pulse tram and the microwave signal is detectad in the optical domain before the photodetection
is inveolved, it is robust against drifrs and photodetector nonlineanities. More detailed mformaton on the balanced
optical-microwave phasze detector can be found in Ref. 4.

In this paper, wa measured the out-of-loap performance batween fwo optoelectranic phase-lockad loops (PLLs) b
uzing balanced optical-microwave phase detectors. The measurement result shows 12.8 fs relative jiter berween two
10.225-GHz microwave signals inegraed fom 10 Hz to 10 MHz. In addition, the long-term drifi messurement
shows that the drift in microwave siznal extraction is within 50 f£ over cne hour time scale. Mote that the long-temn
measurament is mamly limited by the drift of the mixer and amplifier used in the our-of-loop characrerization senip,
which drifts up to 50 fs even when the temperanire of the characterization 15 actively stabilized.
: ones T = BTMHZ £, = 54 MKz 7t = Tus
1 5
[ro—— }*r Z
0 29 g oo
2 s

o
M
@

E;
3|

] [ T
Temperature Sme L]

o)

Optostactanic PLL 82 fT;
g 8GN ! = F) )
= | = 26 7
1 | -~ ?Q Aniaiog .
= g 54
Il 5 = fronterid 16-bit A L 1
:: = 25 3 ma [us]
= =
20 Figure 1: (z) Multi-channel DWC digital motherboard ACB1.0 (Advanced-Carsier-Board) and the rf-

: . . shielded analog frontend including analog attenuators, mixer frontend and ADC readont. (b) Setup for
pliwrwyion VCS'\dh»m::oﬂndﬁ:n:em‘dMLmdk averaging the ADC noise using two sf-generators. The blue, respectively red curves shows the direct
) T ) sampled, respectively averaged amplitude and phase values for an intermediate frequency of 34MHz,

D R O I sampling frequency of 81MEz by averaging over 1ps
OCK ~ S

<70+ 22 Figure 2 shows the latest version of the ACB2.0 (Advanced-Carrier-Board) board. It has a faster

Good drift performance wme
S Timina stab. 3.3fs Capable to resolve < 10fs
P1%8526 dl%tl\e/lcl:_tlzr resolution ~ 0.8fs 9 and dA/A < le-4
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Figure 1 i satap for long- +-of-loop ralative timing
Iocked lazsr. DEM: double-balmnced mixar, LFF: low-pass filser, PL:
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X..EE!: Fiber link installation

Optical fiber test section will be installed in Hall 1
» test of specialty fibers
» development of fiber link stabilization

Installation status:

Installation of pipes is already done or will be done this week
Installation of first optical fibers to be done first week of January
Splicing planned for January / February

vvvvv
nnnnnnnnnnnnnnnnnn

Installation of optical fibers in the TTF linac
=g e R g e EE BECg

Lo
x
5
1088
i i)
702 Q02
U]
£

¥ fiber patch panel = Synchronization hutch (start point of all links)
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XFEL Installation in new synchronization lab.

X-Ray Free-Electron Laser

Holger Schlarb FLASH, March 27t 16



XFEL Installation in development laboratory

X-Ray Free-Electron Laser

Fiber link test bench

Holger Schlarb FLASH March 27t 17



Current projects

(Coordinator: H. Schlarb)

Master laser system (MLO) (A. Winter, MIT)

Fiber link stabilization (F. Loehl, MIT)

Laser to RF conversion (F. Ludwig, B. Lorbeer, M. Felber, MIT)
Bunch arrival time monitor (F. Loehl)

BPMs in magnetic chicanes (K. Hacker)

New down-converter for cavity regulation  (F. Ludwig, M. Hoffmann, LLRF-Group)
Laser oscillator for CPA system (ORS) (N. Javahiraly, A. Winter)

Fast motor control and position encoder readout (J. Thomas, ...)

DOOCS compatible laser diode driver (A. Winter, FEB, MVP)

Digital regulation of master laser system (W. Jalimuzna, LLRF-Group)
Digital regulation of fiber links (G. Petrosyan, ...)

Drift characterization of photo diodes, RF comp. etc (B. Lorbeer, F. Ludwig, ...)
Drift reduced RF mixer (J. Mueller, F. Ludwig)
DOOCS compatible polarization controller (M. Felber, K. Hacker)

Fast regulation of cavities with beam based measurements  (LLRF-Group)
Development of precise photo diode read out (K.H. Matthiesen, ...)
Cross-correlation of pump-probe laser and timing system (V. Arsov, ...)
Development of analog Pl controller / piezo driver (N. Ignachine, ...)
Design of 130 MHz ADC board (DWC, BAM, BPM) (P.Strzalkowski, M. Hoffmann, ...)
Characterization of EDFAs (J. Mueller)
Simulation of optical pulse propagation (H. Schlarb, F.Loehl...)

Holger Schlarb FLASH, March 27t 18



XFEL Goals for 2007

R ey P e L - system design test using redundant measurements -

First monitoring and slow FB + shifts during ACC- study weeks
Photocathode

Laser Laser building 28¢g
EO and ORS

Streak camera
Laser phase

MO
| {OprCross. | <-» Consistency check
MLO 7Distr_% — Permanent link
MLO — [ Opt-Cross.. | Proof-of-principle
. 2 links + BAM at ACC3&ACC?7 < 30fs rms
- next generation of DWC + L2RF conversion unit
- Beam feedback around ACCI dA/A < 0.01%,

- Ti:Sa system locked via opt. cross + BAM/EO timing meas.

Goal: check first prototype design, start packaging, optimization and industrialization

Holger Schlarb FLASH, March 27t 19



XFEL Goals for 2008

rrayFresharentaser . complete syn. for long term stability and availability test -

Photocathode
Laser Laser building 28¢g

EO and ORS

Streak camera
Laser phase

ACC1 BC2

X |
N .l-‘n‘- N
v J

/ Distr Opt-Cross..

-Synchronization of all timing critical devices (<100fs, ~ 10 points)
-Permanent operation and long term stability investigation
- Point-to-point synchronization ~ 10fs rms

Holger Schlarb FLASH, March 27t 20



XFEL Summary

X-Ray Free-Electron Laser

» Most proof-of-principle for synchronization is done

- redesign Sagnac loop at 1.3GHz
- PMD and its limitation

» Development of accelerator compatible system is on the way

- MLO installation and RF-MO connection May 2007
- Splicing and patch panels June 2007
- Link for ORS, BAM, EBPM July-Sep 2007

* First prototype are available in 2007

- for consistency checks

- finalize prototype design
- start industrialization

- cost optimize system

» 2008: extension to entire FLASH facility

- long term reliability check
- accepted as Prototype facility for the IRUVX consortium

Holger Schlarb FLASH, March 27t 21



