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Motivation

probe = flash

e same source variabfle delay orobe
1 N
s
pump shot pulses fs «<—— ps

« at FELs: disjunct sources

At [T
FA

precision: depends on experiment
ideally: jitter < pulse durations

but: a posteriori data sorting!?

. . . nature

g however: d a ta S O rtl n g C a n b e d Iffl C u It phOtOniCS PUBLISHED ONLINE: 17 FEBRUARY 2013 | DOI: 10.103&/5:[!:)1553?]

» special timing requirements Achieving few-femtosecond time-sorting at hard

) . X-ray free-electron lasers
* 3rd I n d e pe n d e nt S 0 u rce I nvo I VEd M. Harmand'*, R. Coffee?, M. R. Bionta23, M. Chollet?, D. French?, D. Zhu?, D. M. Fritz H. T. Lemke?,
N. Medvedev, B. Ziaja*%, S. Toleikis' and M. Cammaratas*
* low interaction rates / small cross sections / averaging detectors oy et s c:::. w“m PR v p——
b1Df pt Iplses t ine'’, which introduce ificant cor i o
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probe = flash

e same source variabfle delay orobe
1 N
s
pump shot pulses fs «<—— ps

« at FELs: disjunct sources

At [T
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@ @ﬂ but: a posteriori data sorting!?

precision: depends on experiment
ideally: jitter < pulse durations

. . . ° 0 nature
« however: data sorting can be difficult / impossible: no PAM! photonics L
» special timing requirements Achieving few-femtosecond time-sorting at hard
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Ti

ming Jitter and Drift Considerations

« time and length scales

e duration * shortrange 10ps..1lms

* long “chain” of devices

* mid range 1ms..10s

* longrange 10s..days

* accelerator

» laser(s)

e absolute and relative
timing jitter

DESY.

| Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | ...

Time scale 1ps 100fs 10fs 1fs
Length scale 300um 30us 3us 0.3um
Year 2000 2010 2020 2030

Synchronization achievements

power supplies, EMI, electronics, materials properties
acoustics, seismic activities, air/water flow, fans, ...

thermal effects, humidity, air pressure, ...

o [ [ ey T e

experiment
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@ courtesy of H. Schlarb
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Introduction and Basics




Sources of Timing Jitter: Beam

Compression factor C:

a) RF acc. fields defines arrival 1 _ 9 C = 1
bunch C dsi 1 — R566'(0)
RF gun Accelerator  compressor Main Linac Undulator
¢ r @
Photo-cathode Pump-probe
laser Voltage Phase Init. arrival laser
Timing jitter |2 _ (s ? ooy, L (C-1 P ool (L ‘. w2 | C€~5..20 typically
behind BC ThS co V2 C w?; C b o
for Eo << E1 and Eo'<<E4
— = ~— ~ M (else more distributed across stations)
XFEL: 1.5ps/% 2 ps/deg 0.05 ps/ps
FLASH: 7.0ps/% L-band C=20
b) RF acc. fields large impact on longitudinal phase space Conclusions
, 30 \  Use multiple compressors
oC o ) SV, . - . .
o = - (C, —1) [(3 tan(¢;) + (e )) (66y — Wrpdtin) + 4 1’1} RF field control is critical
an(¢
: i LA ! - RF reference vs. PP-laser
Tolerance « Compression Phase & Init. arrival VoIYtage closely locked
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Sources of Timing Jitter: Distribution

Lorentz factor y = E/mqc?

A0m ATE@Z
e bunch 4—/.\‘.\.7%\# + : . E=1GeV
light pulse  —= = Ba1- 1 = 0.999999869
Om 1000 m 2y?

: — AT =435fs
@ defines start AN predicts arrival @
/S NS

propagation time stable re-synchronization

* energqy jitter AE/E <0.1% = At<0.8fs <&
e orbit deviation Ax <50 pm = At <0.04 fs <
* vibration Az ~ few 100 nm = At ~1fs &
« ground motion/relocations Az~10um= At~ 30fs @ but slow, and somewhat

predictable = feedforward?!
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Sources of Timing Jitter and Drift: Laser System and Delivery
Example: Pump-Probe Laser System at SA1 Beamlines at EuXFEL

e common seeder & FE

« 20 Hz operation -y SPB/SFX PAs -
« two separate NOPAs g NOPA | Galvo
- SPB/SFX and FXE ' . gy Seeder @
. 800 nm@ § ’ ) Sync
S

« different pulse patterns

Set Repetition E1030 nm NOPA E800 nm

point rate (MHz) (mJ) stages (mJ) '
G- NOPA
1 4.5 1 I+11 0.05
2 1.13 4 I+11 0.3
3 0.188 21 T+IT+111 1.5
4 0.1 40 T+I1+111 2.5

FXE beam line

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | .. G. Palmer et al,, J. Synchrotron Rad. 26, 328-332 (2019) 8



Sources of Timing Jitter and Drift: Laser System and Delivery

Example: Pump-Probe Laser System at SA1

e common seeder & FE
20 Hz operation

* two separate NOPAs
« SPB/SFX and FXE

. 800 nm@

1030 nm / sub-ps

« different pulse patterns

FXE ILH

Set Repetition E1030 nm NOPA E800 nm
point rate (MHz) (mJ) stages (mJ)

1 4.5 1 I+1I 0.05

2 1.13 4 I+1I 0.3

3 0.188 21 I+II+I1T 1.5

4 0.1 40 T+II+I1T 25

* long path lengths

* lab 2> ILH - experiment ~100 m

Experimental hall
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Influence of Air Condition on Laser Pulse Propagation Time

 temperature
» relative humidity
e air pressure

CO> concentration

3.1 fs/m/K

0.04 fs/%/m
—0.9 fs/mbar/m
—0.5 as/ppm/m

1566  APPLIED OPTICS / Vol. 35, No. 9 / 20 March 1996

Refractive index of air:
new equations for the visible and near infrared

Philip E. Ciddor

1. Introduction

The precision of modern length interferometry and geodetic surveying far exceeds the accuracy, which is
ultimately limited by the inadequacy of currently used equations for the refractive index of the
atmosphere. I have critically reviewed recent research at the National Physical Laboratory, the
International Bureau of Weights and Measures, and elsewhere that has led to revised formulas and data
for the dispersion and density of the major of the here. Ihave bined sel d
formulas from these sources to yield a set of equations that match recently reported measurements to
within the experimental error, and that are expected to be reliable over very wide ranges of atmospheric
parameters and wavelength.

Key words: Refractive index, atmospheric optics, geodesy, metrology, interferometry. © 1996
Optical Society of America

research. Some of these new results have been

NG @ emtoolbox.nist.gov/Wa. G C,

ENGINEERING METROLOGY TOOLBOX

Home Refractive Index of Air Elastic Publications

Refractive Index of Air Calculator
Based on Ciddor Equation

Refractive Index of Air Calculator is a web-based tool for calculating the index of refraction of air and wavelength of light in air as a function of various
input parameters, using the Ciddor Equation or a modified version of the Edlén Equation.

Index of Refraction of Air
Jack A. Stone and Jay H. Zimmerman

Vacuum Wavelength and Ambient Conditions
Based on Ciddor Equation

Input Amount

Vacuum Wavelength: 1550 Nanometers [nm] (300 to 1700) &

Air Temperature: 235 Degrees Celsius (-40 to 100) (<]

Atmospheric Pressure: 101.325 Kilopascals [kPa] (10 to 140) ]

Air Humidity: 45 Relative Humidity, Percent (0 to 100) =]

Carbon Dioxide Content: 450 Micromole per Mole [parts per million, ppm] (0 to 2000) &

Calculate Wavelength in Ambient Air and Refractive Index of Air Reset

DES'

An accurate knowledge of the refractive index of air
is essential to precise length interferometry or geo-
detic surveying. Where overall uncertainties of ap-
proximatelv 1 part in 107 are sought. the refractive

incorporated in a recent revision by Birch and Downs?
(corrected in Ref. 4), with greatly improved fits to the
data at a wavelength of 633 nm. However, this
studv was restricted to conditions likely to occur in a

e ————————————————————————
Metrology Toolbox: https://emtoolbox.nist.gov/Wavelength/Ciddor.asp
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Influence of Air Condition on Laser Pulse Propagation Time

« temperature 3.1 fs/m/K
e relative humidit 0 04 fsl%lm K= XTIN.-TEMPERATURE 2: TOC 06 - ceiling optical area 2.2 [°C] : Mean=21.04, SD=0.04075
y ® - n XTIN.TEMPERATURE.2: MLO 1 [°C] : Mean=22.09, SD=0.02086
e air pressure —0.9 fs/mbar/m
- A T
« CO, concentration —0.5 as/ppm/m
n- XTIN.HUMIDITY.1: 1.2 - optical area - doorside [%RH] : Mean=32.36, SD=0.1640
1566 APPLIED OPTICS / Vol. 35, No. 9 / 20 March 1996 ‘ ‘ u XTIN.HUMIDITY.1: MLO1 - optical table at MLP air 1 [%RH] : Mean=34.81, SD=0.1211
Refractive index of air: 8.8 20.8 30.8
new equations for the visible and near infrared ' 2024 2024 2024
(hPa] XTIN.HUMIDITY.2: air pressure
Philip E. Ciddor
The precision of modern length interferometry and geodetic surveying far exceeds the accuracy, which is
ultimately limited by the inadequacy of currently used equations for the refractive index of the
atmosphere. I have critically reviewed recent research at the National Physical Laboratory, the
International Bureau of Weights and Measures, and elsewhere that has led to revised formulas and data
for the dispersion and density of the major of the here. Ihave ined sel d
formulas from these sources to yield a set of equations that match recently reported measurements to
within the experimental error, and that are expected to be reliable over very wide ranges of atmospheric
parameters and wavelength.
Key words: Refractive index, atmospheric optics, geodesy, metrology, interferometry. © 1996 . O, 28.8. 29.8. 30. 8.
Optical Society of America 4 2024 2024 2024
1. Introduction research. Some of these new results have been
DES' An accurate knowledge of the refractive index of air (incomor:[altedliél?r(-i\cent}ll'evisiorll by Birch an DOWT3 1 b h b . 1 h/Cidd
is essential to precise length interferometry or geo-  (corrected in Ref. 4), with greatly improved fits to the : : . . ) 9
detic surveying. Where overall uncertainties of ap- data at a wavelength of 633 nm. However, this Metro Ogy TOO 0X ttpS / / emtoolbox.nist gOV/ Wave engt / Cl or aSp

proximatelv 1 part in 107 are sought. the refractive  studv was restricted to conditions likely to occur in a



. DESY- "Hey, look at our (femtosecond) synchronisation system,
Slgnal Types based on an MLO, locking lasers with OXCé!

SLAC: "Cool, that's lke our Pulsed Fiber Timing Sy9+em, it has
aon OMO and TC-BOCS!

trigger signals

 digital timing subsystems « 10 Hz .. 1 kHz (few MHz)
» laser pulse selection —> « 100 ps .. ns
time
» clocks
 digital (timing) subsystems ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ « 1 MHz .. 200 MHz
 ADCs, DACs, CPUs > * 5ps..20ps
 RF analogue

* RF phase reference /\ /\ /\ * 0.1GHz ..10 GHz
» diagnostics and 7 /> 50fs..1ps
instrumentation \/ \/ \/

optical

« 100s THz (carrier)
* laser pulse trains /\ /\ /\ /\ /\ MHz ..100s MHz (rep'rate)
» diagnostics - .

10 fs ... 500 fs (duration)

* experiment

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024 in parts courtesy of H. Schlarb 10



Temporal Structure of Hamburg's Superconducting Linacs

. pulsed operation (RF ~1.4 ms, 10 Hz) s, [N o I
« 2700/macropulse at 4.5 MHz EuXFEL ‘ 100 ms

<100 fs
x-ray pulse

« 800/macropulse at 1 MHz FLASH
* min. 222 ns intra-burst 2 single-pulse detection

FEL
process t

« switchyards + distribution

» fast kicker system, precise slow flat-top kicker

TLD SA1 SA3 TLD SA2

| 1 1 | |
[ M\ \[ \ \/ 1
AT CTRAOOOEARRARRRTTARILT 201
AN A a8 TN A 46 [ e | 4 ﬂgﬁm@ H ax8 -4 ax8 H 4x8

A3 A4 A5 BC2

Y

nY A1 AH1 LH
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Synchronisation Techniques




Different Synchronisation Approaches

standard reflectometer

RF distribution
f ~100MHz ...GHz .

o (~ s, A
O _é_ — T =

Carrier is cw optical
4q f~GHz —t

x
| > MZT [/ _N__p
Q 4~
Pulsed optical source
Af ~ 5 THz l l l l , , , —
Mode locked g —

Laser 1 <+« | | | I | I I
I

first proposed: J.Kim et al. Proc. FEL2004 Conf., 339-342 (2004)
overview: M. Xin et al. Light: Science & Applications 6, e16187 (2017)

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024

At_ Af
t f

LCLS
PAL-XFEL
FLASH, EuXFEL

SwissFEL
PAL-XFEL
SACLA

FERMI

FLASH, EuXFEL
SwissFEL
SXFEL, SHINE
LCLS-II
CLARA-FEBE
TELBE

courtesy of H. Schlarb 13



Common Feature: RF Main Oscillator (MO)

Signal Frequency 1.3 GHz
Signal Level 14.52 dBm
@ Att 0 dB
1 Noise Spectrum

MultiView ’cb‘, Phase Noise

integrated jitter:
<12 fs[10 Hz to 100 Hz]
<1.8 fs [100 Hz to 1 kHz]

@[ Spectrum @1

RBW
XCORR Factor
Meas Time

~246 s

50

<0.8fs[1kHzto

—an dﬁn/h i E ': 1.310 kHZ.
| ; ; Spot Noise![T1]} | | |1

~100.d b | i i i 10 000 1 9o "“dﬁ!:cdktz—
i l P i i 100.000 Hz | -118.01idB¢/Hz

-110 dBc/Hz ; ; ; 1:600-kH 145 41 -dBr bt
MI i i ¥ 10.000 kHz | -162.86idBd/Hz

-120 dBe/H i L B06-Hz—— 671 8-dBndbiz]
: % | l | 11000 MHz | -169.65!dBd/Hz

-130 dBc/Hz - r | oy T GO0 — 7072 4B AR

-140 dBc/H s M

-150 dBc/Hz .‘% 150 decH

-160 dBc/H o —-160 dBc -
H . A Bl H R '
i A i i !

-170 dBc/H LA A, i i -

-180 dec/H 180 dec |
: : R

10.0 Hz Frequency Offset 10.0 MHz
2 Integrated Measurements
Range |Trace| StartOffset | Stop Offset | Weighting | IntNoise | PM | FM/AM | Jitter |
1 1 10.000 Hz 100.000 Hz -83.69 dBc 5.30 m®/92.44 prad 2 mHz 11.318 fs
2 1 100.000 Hz 1.000 kHz -99.63 dBc 845.58 11°/14.76 prad 3 mHz 1.807 fs
3 i 1.000 kHz 10.000 kHz -115.67 dBc 133.44 14°/2.33 prad 7 mHz 285.126 as
4 1 10.000 kHz 100.000 kHz -116.30 dBc 124.00 p°/2.16 prad 120 mHz 264.954 as
5 1 100.000 kHz 1.000 MHz -109.37 dBc 275.49 1°/4.81 prad 2.783 Hz 588.656 as
6 1 1.000 MHz 10.000 MHz -100.87 dBc 733.48 °/12.80 prad 76.486 Hz 1.567 fs
7 1 10.000 Hz 10.000 MHz -83.49 dBc 5.42 m°/94.66 prad 76.537 Hz 11.589 fs
I
Jil | Ready  MAMRANRRN  [XIwe e

15:09:06 20.09.2023

A - Improvement of integrated jitter from 38 fs to 2 fs [100 Hz, 1 MHz]
KVG Quartz Crystal Technology GmbH . g .
info@kvg-gmbh.de ( KVG\ - fs laser systems locked to the reference show significant improvement

Quartz Crystal Technology GmbH

DESY | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024 courtesy of F. Ludwig, H. Pryschelski 14



RF-only Reference Distribution Concept |
Example: SINBAD ARES

NC S-band linac for ultra-short bunches
* low charge beams ~10 pC or less
» sub-10 fs arrival time stability

novel acceleration techniques/testbed, e.qg.
Accelerator on a Chip « DLA

accelerator components R&D

ML approaches "autonomous accelerator”

) O L S XS .§._3{, |ng! é'i & = et {8
e

Gun Traveling Wave Experimental ‘,ﬂ/‘. Bunch High-energy Diagnostics
Gun Diagnostics Structures Chamber m Compressor with 2 PolariX TDSs

DESY. | Latest Achievements in Femtosecond Synchronisation | 1BIC2024, Beijing, China | Sebastian Schulz, 12 September 2024 courtesy of F. Burkart, S. Pfeiffer 15



RF-only Reference Distribution Concept li

e installation in basement below acc. hall

« commercial / custom-built MO (2.998 GHz)

 RF distribution on cables

* no additional stabilization presently

* passive temperature stabilization - planned

« active stabilization - planned

DESY.

[ Laser Inector Rack ]

[ Master Oscliator Rack ]

MO 3 GHz

[ RF GUN & TWS1 Ract ]
3

« photocathode laser synchronisation
» direct RF lock ("heterodyne detection”)
« MZM-based laser-to-RF phase detector - planned

« ACHIP laser synchronisation (Ag = 2 pm)
 all-optical balanced optical cross-correlation

TWS2 Rack

(aproint |

courtesy of F. Burkart, S. Pfeiffer

¥ .
3.0 GHz HPA —.| TapPont
MO 3.0 GHz '*—J
DISM
TapPont |(
e (rmmore)

3z 80mm
1z 30mm

2z 30mm
2z 30mm
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Hybrid Approaches: SwissFEL

Pulsed Optical Synchronisation and “"Radio-over-Fibre"

PAUL SCHERRER INSTITUT

=== 2.Concept of SwissFEL Reference Distribution

detected laser pulse train:

T from the microwave spectrum of

pulsed
FO links
— frep=142.800MHz I to BAMs, lasers
t = -band station .
fo=142 800MHz | - L | = X - high performance
conditio- ag L link stab. hiah flexibili
pulsed fs laser @ . 23l - igh flexibility
frep=142.800MHz 2 "k link stab. _@_; - high availability
laser PLL tunne - relatively “easy” to
extraction of desired harmonics fre °perate

- reasonable cost
limited manpower

i Jg

012 Trzz 04 g

fs bane¥21f, e

=20088MHz — »
Wl =740, — > 4

=14*5712.0MHz ——»
=2856.0MHz

to S/C band RF stations
| via RF stabilized cw
| optical links (in tunnel)
I

RF master oscillator ((»
fremo=1428.000 MHz
fs band
1 H >
Rb frequency %
standard 10MHz ~ /2fC bang
-~ |
% f
% ther h
timing and g, Oher alrm.
synchronization % "~ (optional)
room i
A .. o SR
*) Frequency doubler ~ feana2= | ©
at C band RX: 2.856GHz 0

!l I! 0 fe-band=
sbandcw| /€ x2 y 5.712GHz
FO link

PSI, 16. September 2014
Lo,

Seite 4

« US and slightly detuned
European RF frequencies

 based on OMO, 142.8 MHz

« cw fibre links

S. Hunziker et al., in Proc. IBIC2014, pp. 29-33
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Hybrid Approaches: SwissFEL booth BOT - NsTRUMENTATION

PAUL SCHERRER INSTITUT

(== 2. Concept of SwissFEL Reference Distribution + US and slightly detuned

Libera Sync e [ Row European RF frequencies
Transmitter : path :
| enase | ‘ |  based on OMO, 142.8 MHz
20 ] oemie [«(3) .
|
| : « cw fibre links
Fiber drif , | B | roreetel oy _ ,
Eo— : | —— » collaboration with I-Tech
| clock
Reference ¥ . . .
e | | Ampiiter [pr=t—> « transmitter/receiver units
e e L e et o R L] Ortica LR : .
: | ) « amplitude modulation (AM)
|
| . . .
. : - two optical fibres per link
| Low jitter > .| Automatic
: ’ S P AQ ™ |evel contro . . ope .
(- i i « active drift stabilisation
Phase
etector £ ' n .. . n
O @‘ , : kil * "low jitter link
| | w—  Optical signal
Opdcar R phase j | coifesiser « at Rx side, both signals are
componut on bloc po®s F monitoring signal
| : @ — demodulated to RF
| S22 e AN
oo L~ L— - - , » 40 fs peak-to-peak (24 h)
__"_""“_""7)},:,;,;“&};&;_'fc..,am,/z=_, e /1.0 o % P— e sub-10fs rms [10 Hz, 10 MHZ]
at C band RXZ 2.856GHz 0 ::7;:6\'4 e 5.712GHz
PSI, 16. September 2014 Seite 4

beor. S. Hunziker et al., in Proc. IBIC2014, pp. 29-33 17



Hybrid Approaches: PAL-XFEL

Classic RF Distribution + Temperature Stabilised Cable Duct

Quter steel duct

Inneraluminum duct

- >

Till“lﬂ Room
Rb X: X Band Cavity @ ‘ Cupipe
10 “H B . Beam A"i'al Mnﬂ“or Thermal insulator for water
D : Deflector
Event Timin . .
System : L3 1D|B + CW optical link
0cxo0 | o
476 MH 476 MHz R 2856 MHz |, HA
30dBm P " — — — — Libera
Sync 3 (Tx)
ES
DRO oMo
856 M 238 MH Low-noise | | Low-drift
|_if1k ..... “ I.in-k- - .- Ti:Sapphire
v
\A 4
Gun y y L r v ¥ ¥ Libera
Laser

A E y
R R R R R /6 YDR R Sync 3 (Rx) BOM-PD
85 856/285 85 856/ X5 \419/A2856/ 285

Gun(LO|B| L1 |X|B|D L2 L3AB (D L4 B |C-BPM| B | | EXP

L4

Stability for 3 hours

100 O)'(C‘. ' N 'rmsjitte|:=215.f".s

further reading: A PR
C. K. Min et al., Proc. IPAC2016, p. 4234 .0
M. Kim et al., J. Synchrotron Rad. 26 (2019) i

I. Eom et al., 5-Way Meeting 2019, SLAC 100 ‘ e

s wheed

q 20 40 60 80 100 120 140 160 180
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Pulsed Optical Synchronisation




RF Reference Distribution

Injector LINAC Experimental Hall

GUN— Al — AH1——BCO— L1 —BCl— L2 —BC2— L3 /\_

RF Clock

« availability 24/7, mature and established technology

« limitations
» cable drift: ~10 fs/m/K = 35 ps/K at EuUXFEL
» cable attenuation: ~0.03 dB/m = ~100 dB at EUXFEL = amplification adds drift and jitter

* RF signals susceptible to EMI

? but best laser systems synchronisation performance, temporal beam diagnostics

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024 20



Laser-based Synchronisation System Topology

Injector

GUN— Al — AH1——BCO— L1 —|BCL—

LINAC

i

L2 L3

—BC2~

i 1

Experimental Hall
—
A

?:

s

!
-

i
J

J
)

RF Clock Optical Clock

MO g MLO

up to 24 x LSU

Sub Distribution

2 sio
up to 20 x LSU

« optical reference (main laser oscillator, MLO) tightly locked to RF main oscillator (MO) distributed via

actively length stabilized optical fibre links
. (photocathode, pump-probe, ...)
* RF re-synchronisation (REFM-OPT)

* bunch arrival time monitors (BAM)

 laser pulse arrival time monitors (LAM) %

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian S

J. Kim et al. / Proceedings of the 2004 FEL Conference, 339-342 339

LARGE-SCALE TIMING DISTRIBUTION AND RF-SYNCHRONIZATION
FOR FEL FACILITIES

J. Kim*, F. O. Ilday, F. X. Kartner, O. D. Miicke, M. H. Perrott, MIT, Cambridge, MA 02139, USA
W. S. Graves, D. E. Moncton, T. Zwart, MIT-Bates Linear Accelerator Center, Middleton, MA 01949, USA

Abstract

For future advances in accelerator physics in general
and seeding of free electron lasers (FELs) in particular,
precise synchronization between low-level RF-systems,
photo-injector laser, seed radiation as well as potential
probe lasers at the FEL output is required. In this paper,
we propose a modular system that is capable of achieving
synchronization of various RF- and optical sub-systems
with femtosecond precision over distance of several
hundreds meters. Typical synchronization methods based
on direct photo-detection are limited by detector
nanli itiac whinh 1. itnda_ta_nhaca

S fawed ok eweanltin
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[ ] [ ]
Main Laser Oscillator (MLO, OMO oo
, 1.49e-02 3.91e-02 1.02e-01 8.46e-01 1.45e+00 7.44e-01
|

1.37e-02 3.65e-02 1.00e-01 8.71e-01
T T T T T T T T T T L

. . 2
Low-noise Femtosecond Passively Mode-locked Laser System TN catct o

—— FLASH

e
(S}
I

e 216 MHz, 200 fs, 1550 nm, 125 mW
« 24/7 operation, 2 redundant systems

« tight lock to main RF oscillator (MO)

Integrated Noise (fs)
I

©
(63}
T

O L L y——— 1 M| L R | L | L1
[ * balanced MZM-based laser-to-RF phase detector ] 10° 10" 102 10° 10% 10° 108
S— - Offset Frequency (Hz)
* sub-2 fs rms timing jitter o e
——— XFEL
« 2 fs peak-to-peak drift = |l—ms
I
€
a
(2
e .a20 |
T T T T T T T T T 9 10
6L 100ms average | £
—— 10 minute average 7]
4+ | i
[a)]
@ ?
2= 13
£ o AWM S Wy g Y | 2
£ 2
- '2 [ 1 |:
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£
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DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024 courtesy of T. Lamb, M. Schiitte ~ 22



Phase Locking

* oObjective

« minimise phase error between controlled oscillator

and reference oscillator ("synchronisation”)

 how
» detect phase error
* RF-RF, RF-optical, optical-optical

« feedback via phase controller to tuneable oscillator

* Pl controller usually sufficient

* considerations

« faster/more aggressive controller response

» higher loop bandwidth = less relative error / jitter

« controller gains limited by loop stability

* minimise loop latency and low-pass dynamics

* high gains might add measurement noise via loop

OO

Reference Phase Phase Phase-Locked
Oscillator Detector Controller Oscillator
t K,
u(t) = Kpe(t) + K,j e(t)drt C(s) =Kp + =
0

disturbance attenuation

Magnitude (dB)

o]
L)

10 102 107" 10°
Frequency (Hz)
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pAt) I pAt)
MZM-Based Laser-to-RF Phase Detector | | @ 1l o Jreo PP
pirt) {rs }"L’ﬁ. MzZM ";m pit) pAt) p1) pdt)

pilt) Ip1(t) pAt)

 idea: laser pulse samples RF signal on both slopes

- amplitude modulation of laser pulses « A@ge 0

- all four pulses involved UTe, 1 2 3 4 5 6 f/Td,
« simultaneously retrieve bias error, plus Ar; = LLLIAM |
+ delays T1 = Tre/4 and Ty = Trep/2 R B I R
a) no RF, perfect delay arrangement Ar, =0 T 12 3 45 6 T4
b) splitting ratio error Ar. |
c) RF applied, perfectly aligned to slopes EERERE
d) error Aggr on RF signal - modulation at f,¢,
e) error AV, on Vi 2 modulation at fep, but phase k 1

| ——
1 2 3 4 5 6 f/Ta

shifted by /2 - phase-sensitive detection

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024 courtesy of T. Lamb 24



Reference Timing Distribution

Lsu X 24

piezo
stretcher

optical delay
line

v 1

Faraday
Rotating Mirror

150
Goptret = 0.8 fs

3.4 km long tunnel

-t
o
o

(4}
o

8£69SWIWOdU/ZEQT'OTIOA

v 32 Z[ydS

Number of measurements

> [ cen ]

0
-4 -2 0 2 4
Laser pulse arrival time (fs)

« fully engineered optical setups - 24/MLO

« timing error detection
» balanced optical cross-correlation
* insensitive to laser pulse amplitude fluctuations

» typical sensitivity 5 mV/fs

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024 courtesy of A. Grinhagen 25



Reference Timing Distribution

_________I‘S_Ux_zfl- ____________ 3.4 km long tunnel % - Toprer = 0816 | o
/\ /\ FTTTTTTTTTTTTTTmmommmommmmmes ' % e §
MLO i . — : :
[ ] I > L : > client s 22
: v <Y’:( ; : £
1 : 1 ! 2 0 v
' . e e e o o o o1 -4 -2 0 2 4
: : Laser pulse arrival time (fs)
i OXC ) i , ,
: piezo |, « fully engineered optical setups - 24/MLO
: stretcher  |:
5 l T |  timing error detection
i * balanced optical cross-correlation
: controlling ) . . _ .
: hardware °pt'°|?' delay |  insensitive to laser pulse amplitude fluctuations
' ne !
: ¢ T : » typical sensitivity 5 mV/fs
i - * error correction
: Faraday _ _
; Rotating Mirror !  FPGA-based, high-resolution Pl controller

» piezo-based fibre stretcher (~3.5 ps range, kHz)
» optical delay line (4 ns, slow)
 ~1fsrms for 3.6 km fibre link?
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Electron Bunch Arrival Time Measurement

» pickup for transient E-field from e- bunch: 40 GHz+

 time reference from optical synchronisation system

« used for slow and fast longitudinal feedbacks

Mach-Zehnder
Modulator

—
| N\
Laser —_s '
I < /
From optical reference: g
216MHz rep. rate "} %

Applied Voltage
(DC Bias + RF Modulation)

RF Pickup
>40GHz

Ref.:
PHYSICAL REVIEW STAB, 18, 012801 (2015)

DESY.

Optic

—

al Fiber
A

~
—— %

Photodiode

RF Pickup
Voltage 4

5V

-5V

--->

Amplitude of
Laser Pulses

Encode 1:arrival 2 Alasef

One Laser Pulse
Delivers the Bunch Arrival Time

RF signal

/N v/‘\/\.,/\\ SNS~S——

1[l|Haserpulses_

Time
Nx 4.6ns

| Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024

16bit/
216 MSPS
ADC's

1 il @
—anct

| 1 ADC1

Z

O
N2

OLaser = 0.25 % (single shot ampl. resolution)

 FPGA-based readout & processing

» resolution 0; = slope X Ozser = 3 fs

Scan BAM1932M; Date: 2019-04-18
T T T

T
2 H—-q=247pC

~ o

)
T

normalized laser modation
o
® -
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o
>
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o
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o
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o

|
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time [ps]
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Electron Bunch Arrival Time Stabilisation
Multi-Stage, Multi-Bandwidth Feedbacks Along the Accelerator

C’D Main

aser oscillator L-IBFB
Injector o 2 K P/ _\
laser 2 REFMopt] (181.B1) (203.8B1 ] (REFMopt)(392.B2 J@#14.82) (REFMopt
REFMopt 47.11 L1 L2 L3
1 (BcMm) BCM BCM
Injector BC2

(BCM)
LH
BCO BC1

Beam based feedback (L-IBFB)

Slow longitudinal FB

Accelerating Bunch
Module Compressor
Electron
Bunch
[ J
A M ~40GHz
RF field pickup
RF Reference ‘ BAM
(Master Oscillator) FB —
1.3GHz N Digital RF < Arrival Time 2\ I—/
Controller Information e

FA%R
@ 216MHz
Optical Reference

(Master Laser Oscillator)

DESY.

>

| Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | ...

(1932M.7L) (19325.TL )

GD Subsidiary

laser oscillator

Laser

MID

1= _1 .
Laser
SPE
- FXE

SASE3

~-_ [2955.53 )
SASE1 proton beam transport ~~J | Laser |
SQS

SCS

courtesy of M. K. Czwalinna, B. Lautenschlager 27



Electron Bunch Arrival Time Stabilisation
Multi-Stage, Multi-Bandwidth Feedbacks Along the Accelerator

C’D Main

aser oscillator

.................
- I~ -

- ~~

l .- >

~

-~
Ry

Y

1

L-IBFB

2

L2

1
REFMopt] (181.8B1]) (203.B1 ) (REFMopt)(392.B2 J{14.B2] (REFMopt

L3

Injector R I 4
laser |
I REFMopt 47.11 L1
11

Injector

Beam based feedback (L-IBFB)

BCM|

(BC™)

(
LH
BCO BC1

BCM BCM
BC2
Slow longitudinal FB

Accelerating Bunch
Module Compressor
Electron
Bunch
-
A M ~40GHz
RF field pickup
RF Reference ‘ BAM
(Master Oscillator) FB —
1.3GHz N Digital RF € Arrival Time 2\ I—/
Controller Information fg e’
>

FA%R
@ 216MHz
Optical Reference

(Master Laser Oscillator)
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L-IBFB disabled Lo BE qEatied
T T T T T tA (Bunch train 100)
100 [ t, (Bunch train 450) j—“
Jitter 23 fs (rms) = |- - -+ ¢ty

&
“<
-100 '»
100 200 300 400 500 600 700 800
L-IBFB enabled S s
T T T T T t, (Bunch train 100) |7
100 t, (Bunch train 450)| |
50 k L = sl -
~ Jitter 6 fs (rms)
) -
b=, 0 ur = A2
4-<
-50 i
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-100 .
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System Performance Validation




Self-Contained Validation and Benchmark

Injector

Linear Accelerator

Experimental Hall

T~—
0l s 1 e s

an = a1 = o B B

L LI.L

RF Clock

10x

Optical Distribution

24x LSU

Sub-Distribution
ReLONK
Round-Trip J 20x LSU
Measurement

« establish a “loop” from main to sub-synchronisation lab and back
» using spare fibre laid out in the tunnel

« all-optical measurement - caveat: temporal overlap in optical cross-correlator
DESY.
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Self-Contained Validation and Benchmark

Injector

an = a1 = o B B
INJL

2x[ ‘

Linear Accelerator

L. L L. LLL.

RF Clock Optical Distribution

24x LSU

A\
|~

ReLONK
Round-Trip

Measurement

-

- establish a "loop” from main to sub-synchronisation lab an i
» using spare fibre laid out in the tunnel
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Air pressure (hPa)

Round-Trip Timing Drift vs. Environmental Parameters

Most Prominent -And Uncontrollable- Effect: Air Pressure

LbSync XFEL round-trip timing error

XFEL LbSync round-trip OXC drift

2 4 —— Total i
——— Air pressure induced

20 A 2

18 @ 0 )
z £
E 16 1 -B =27
qé’ 14 1 g -
= =

-6
. -8 ' L
-10
8 ' ] S N, 0 20 40 60 80
XFEL LbSync laboratory air pressure 6 | —— Air pressure clompensated i
1020 ‘
1018 1 4 |
1016 @
1014 % 51
1012 - E’
1010 ] E 071
1008 | ] 5
1006
1004 ! ! -4
0 20 40 60 80 0 20 40 60 80
Time (h)
« correlation factor -1.11 fs/mbar/m * residual drift ~10 fs peak-to-peak, ~3.5 fs rms
* remaining path difference, and other contribution * under investigation - delay line effect?
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Air pressure (hPa)

Round-Trip Timing Drift vs. Environmental Parameters

Most Prominent -And Uncontrollable- Effect: Air Pressure

N N
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L

[
[¢]
L

Timing error (fs)
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LbSync XFEL round-trip timing error

=
o
!

n
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|

‘ [ !
V. T SANEN
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Time (h)

XFEL LbSync laboratory air pressure

Il Il
T T

0 20 40 60 80

e correlation factor -1.11 fs/mbar/m

DESY.

* remaining path difference, and other contribution

XFEL LbSync round-trip OXC drift

—— Total

——— Air pressure induced

Timing drift (fs)

Know your measurement apparatus!

6

Timing drift (fs)

60 80

T
—— Air pressure compensated |

0

20

40

Time (h)

60 80

residual drift ~10 fs peak-to-peak, ~3.5 fs rms

» under investigation - delay line effect?

| Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024
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Synchronisation System Benchmark with Electrons: Time Domain

Injector ‘ LINAC ” Experimental Hall

i '?E’%’“f?ﬂ%“%’ .

| MLO - distr. 2 link > BAM < 0.7 fs rms

RF Clock Optical Clock Sub Distribution

- —— e MLO - distr. 2 link > SLO - link > BAM < 0.7 fs rms 2 SLO |

10.0 20230616T162321; AT=10 min 10.0 20230616T162321; AT=10 min
. <#100-#500>; . <#100-#500>;
75 " FBon: . 75 FB on; .
Y=1.02 X Y=1.05 X *
= Noise 0= 0.7 fs = Noise 0= 0.7 fs
>0 :x= 2.3f:7 >0 ox= 2.3fs
. . — o0y= 2.3fs — 0y = 2.4fs
« 10 minutes (6000 trains), . = g 2 0.7+ 2l
mean(400 bunches) 2 00 : oo &
“ -2.5 @ -2.5
« remove BAM high-frequency
. . -5.0 -5.0
Instrument noise 2
73 2.3fs -7 2.3fs
* reSIduaI Jltter Of macropl.”ses 10000 75 =0 —35 00 25 50 75 100 10060 75 S0 25 00 25 50 75 100
BAMA41 [fs] BAM41 [fs]
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Synchronisation System Benchmark with Electrons: Frequency Domain

Beam-based Evaluation of the Performance by Arrival Time Correlation

Injector ‘ LINAC “ Experimental Hall

GUN— Al — AH1I——IBCO— L1 —BC1— L2 — Egoes = r—t— /\_ LAM
| — ] T T
RF Clock Optical Clock spectral analysis, frequency range [2.4 mHz, 5 Hz] Sub Distribution

N
Date: 20230616T12 - 20230618T12; Data: BAM41-BAM3; AT=409.65 detrend..,=lin a=0.00 Date: 20230616T12 - 20230618T12; Data: BAM42-BAM41; AT=409.6s detrend..;=lin =0.00

frequence [Hz]

. MO turbulent .. ..0*=0.87fs+0.09fs 10° 1
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‘N
=
L 10! g 8 - 10! E
2 5 =
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A i M HH LTS i W e il
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*outliers removed time [h] time [h]
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Synchronisation System Benchmark with E

frequence [Hz]

MO g MLO
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Ocean Wave Effect on Electron Bunch Arrival Time X h( A
Detection of Ocean Waves in Electron Bunch Straight Path S &gr
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Laser Pulse Arrival Time Monitor

« foundation: established monolithic platform
« all-optical scheme, very high sensitivity
» balanced collinear nonlinear cross-correlation

J\f Error signal
T to DSP

elay

Detector Signal

———< (<[

SFG SFG

backward DCM NLC DCM -
DET |—<— / I -
Laser input DCM avl .
4 N\ <>
-
Reference¢
Reference :r—::__i
input :L“_“““:

* caninclude 5 ns user experiment delay control
» adaptable to different laser parameters ... really?

e G
DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024

in parts courtesy of]. Miuller
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. . . . k, k>
Laser Pulse Arrival Time Monitor Foundation >
k3
X —k X h el = ko = win(wi) ~ 27T N; nz(A) 1 +Z B]AZ ne(@) :( 1+tan’@® )1/2
3,3 =K1 £ Ky w1 |ki| = ki = o0 A = j)tZ—Cj’ 1+ (n,/n,)?tan? @

negative uniaxial crystals

positive uniaxial crystals

tan? @$00°) = (1 - U)/(W - 1)
tan? O53%) = (1 - U)/(W - R)
tan” O = (1- U)/(W- Q)

tan? @) = (1- U)/(U-S)
tan? @2 = (1- V)/(V-Y)
tan2 @) = (1-T)/(T - Z)

notation:

U=(A+B)*/C W=(A+B)*/F>; R=

(A +B)?/(D + B)?

Q=(A+B)?/(A+E)% S=(A+B)}/(D+E)%; V=B%/(C-A)?

Y=BZ/E2; T=A2/(C—B)2; Z=A2/D2
A= no,l/Al; B = no,Z/)‘Z; C= no,3/A3
D=mn.1/AM; E=nezf/ly; F=n.3/A3

conversion efficiency

8md>. L* P
& _ T Qofs 2 SinC2(|Ak|L)
Pl 80c0n1n2n3)t3w(2)

with Ak=k; +k; — k3

and  deg =d3; sin® —d;; cos ® sin g

Opm = 22.2 deg for BBO, collinear type-I- mixing 800 nm and 1550 nm = 527 nm SFG, efficiency ~1%
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Advanced Laser Pulse Arrival Time Measurements <v _
k s

fundamentals: 800 nm and 1030 nm
e SHG, THG, FHG: 400 nm, 266 nm, 515 nm, 343 nm, 258 nm
 NOPA, SFG, DFG, e.qg. with Topas:

fE <—— laser in

< |aserin

* SHSFSig 4 SH-Sig
P 4+ SH-SF-d| SH-ldl

_~~
o
0]
# SHSHSg  © Sig F10 = T 40
"'v" 4 SH-SH-ldI + Idl < CD
10 4 "I,, -+ SF-Sig -# DF1-Sig-ld a —
f’. + Sdl o+ DR2SgHl | S 2
N S G 39T
E) 5
= o))
8 1§ £ 20
| v @ o L
G o1 \\\\ g O
c ot
§ ©
a e L
- 0.1 o w
©
0.14 i 20
200 300 500 700 1000 2000 3000 5000 7000 10000
Wavelength (nm) 0

« signal separation (dichroic mirrors), GDD? Wavelength (nm)

- non-collinear phase matching to the rescue?! Uvec = (A® + B® + 2ABcosy,, ) [C°
- would allow for automated crystal tilting WL tuning Wyec = (A” + B + 2ABcos y,,.) [F°
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Advanced Laser Pulse Arrival Time Measurements

fundamentals: 800 nm and 1030 nm

e SHG, THG, FHG: 400 nm, 266 nm, 515 nm, 343 nm, 258 nm
 NOPA, SFG, DFG, e.qg. with Topas:

10 1

Energy (W)

0.1

 signal separation (dichroic mirrors), GDD?

« non-collinear phase matching to the rescue?!

» would allow for automated crystal tilting WL tuning

DESY.
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Wavelength (nm)

Phase-matching angle (deq)

Phase-matching in BBO

401 | — 12.2
lll| //; ) /
35 | /
Ades ~ 10% // 12
25 | \ e 1.8
! \\-\_ v - e
20 A
1 1 1 1 1 6
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Wavelength (nm)

Uice'= (A2 + B? + 2ABcos Yoec) | C?
Wyec = (A® + B* + 2ABcosy,,.)/F

courtesy of A.-L. Calendron, D. Schwickert, N. Kschuev, S. Hoseinkhani
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Laser Pulse Arrival Time Monitor at Experiment's Interaction Points

sync. lab PP laser lab beamline, e.g. FL26 XUV/X-rays
Seed Jl
Oscillator OPCPA == Transport == Compression Control == REMI
B J Pump f A
ODL1 B TOXCT T =" eeresereeeesssessssesssnessnessssesssnnefassessanesssnessspasssnnesnsnansnnes

LAM

ODL2 P» (OXC2)

|

L

» based on common, fibre-based optical reference (MLO, 2 fibre links, 2 ODLs...)

« test and implementation at the FELs in stages
* single-pulse measurements (up to 4.5 MHz at EuXFEL, 200 kHz and 1 MHz at FLASH)
» feedback to compensate drifts (up to 10 Hz rep'rate)

» fast feedbacks over the burst or for HDC (requires additional LLL from LAM to lock/controller)

» successful, active slow (~ 1 Hz) drift stabilisation in several user experiments
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Temporal Resolution In FLASH User Experiments

e active arrival time feedback

a)

Mean burst arrival time [fs]

b)

PP Delay [fs]

400+

One Run

LAM drift feedback
~ 500 fs drift (peak-to-peak)

200+

—— LAM Feedback 10 Hz Data
—— Corrected Drift 10 Hz Data
—— Corrected Drift Smin rolling average
LAM Feedback 5min rolling average

LAM feedback
—200+ ~10 fs rms jiiter &
<1 fs rms drift
0 2 4 6 8 10
Time [hrs]
2000+ —— Delay LAM reference (encoder value)
—— Compensation by fiber temperature
1000./\/\\/\//\/\/\
0-
Delay scan parameter: 1000 fs with 30 fs steps
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [hrs]

3.5

« ~500 fs peak-to-peak drift compensated

DESY.

« 19.6 fs rms relative timing jitter « LAM & BAM

e 9 O .
~ (o0] (] o
1 1 1 1

=
(@)]
1

Xe?* lon yield (arbitrary unit)

0.5+

"TO didnt move! That
Was P*ing awesomel!'

fit:FWHM = 465 fs

fit:FWHM = 104+9 fs

fit:FWHM = 130+17 fs

Data with LAM and BAM correction

Data without LAM and with BAM correction
Data without LAM and BAM correction

-300

—200

~100 0 100 200

Pump-probe delay (fs)

« final jitter contribution under investigation...
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Atia-tul-noor et al., Opt. Expr. 32, 657-6608 (2024)
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Multi-Pass Cell Laser Delivery at FLASH FL23

Laser-only Arrival Time Benchmark Experiment at 1030 nm

a
( ) =2 m Multi-pass Cell: 1 bar Argon
Cameras:
MM
Control
ﬂ .
Stabilization \/ HiCHIg Beam
NG Collimation
Output Input
Diagnostics Dialgn::sttics Beam
(b) Beam
Beam
transport
\ Pointing
Stabilization
HWP
N\
\:
Grating
Compressor
SHG Crystal }l\ >
Diagnostics

« sketch of 2021 implementation

DESY.
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Arrival time (ps)
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04:00 06:00  08:00 10:00 14:00

Measurement duration (hrs)
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« 2024 measurement campaign
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Seismic Activity Influence




P and S Waves

P or compressional wave
» velocity typically 6 km/s

* S or shear wave
» velocity ~3.4 km/s close to surface

* no propagation through liquid material

DIRECTION OF PROPAGATION =i

Neee » 4 o [ ] ® B Sosesnari o e o L ] s * Soecrtena e

SHEAR (S) COMPRESSIONAL (P

viAVE\* . -

1, /me Al

ey

MOTION OF PARTICLES IN ROCK
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Body waves (direct and reflected) inside the earth

< seen as arrivals on seismograms
s XS , |
S % S L
L SS (the L wave travels along
_l S)‘é’rﬂ[ the earth’s surface)
10
ol - minutes

0

RN
- PP 'VPPP and SSS

‘\
zgéj“&Reﬂec’[ed waves

R PPP s D85

WP PPl Y SS L

Mantle f) 5 1b 15 minutes

!

https://earthquake.usgs.gov/earthquakes/events/1906calif/18april/earthwaves.php 11



European XFEL Building Overview

XTD6 XTD7 XTD8 XTDS XTD10

Shaft 4 (XS4) and Hall 4 (XHE4)
Shaft 3 (XS3) and Hall 3 (XHE3)
Shaft 2 (XS2) and Hall 2 (XHE2)

Shaft 1 (XS1) and Hall 1 (XHE1)

Entrance shaft (XSE) and hall (XHEE)

)
1/ Modulator hall (XHM)
fi=d]
T B Cryogenic hall (XHC)
.: T Linac tunnel (XTL)
XTD5 XTD3 XTD4 XTD2 XTD1 N7
Injector tunnel
(XTIN)
Experiment Dump Dump Injector shaft (XSIN)
Hall 1 Shaft 1 Shaft 2 and hall (XHEIN)
(XHEXP1) (XSDU1)  (XSDU2)
° o
¥ from ] 1"" %7
nnnnnnnnnnnnnnnnnnnnn [ R Y [ [} obuidog Q) inecorcompln

DESY.

| Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing,

China | Sebastian Schulz, 12 September 2024

» experiment hall and
shafts connected by e-
and photon tunnels

» synchronization labs
and fibre installation

» horizontally in ducts
(XTL), on trays (XTDs)

« vertically on trays in
shaft buildings

* blown into quite rigid
protective tubing

* Jlubricant hardened
over the years

» different routes in
XTDs
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piezo voltage (V)

Singular Events
Fibre Link Stabilisation (Partly Failing) After an Earthquake

GUN:-j:tlztor_ - - LINAC . Experimental Hall
BAM PPL
i I 0 00 O A UT
J_JJ J ) J
80 - Earthquake Turkey/Syria, 06-Feb-2023 01:17:35 (UTC) - XTIN Fibe | .

S wave arrives (5 km/s)

.0 P wave arrives (8.8 km/s) } I

ol ( f| |  EuXFEL has been stretched > 3 mm
0 n | | . distortion visible > 1 h

20 L www' WMM | | « farther and weaker earthquakes

20 } detectable

6ol fibre link stabilisation failed —_ | | « complementary DAS measurements

80 | | | | | | I | | » started seismological modelling of

0 2 4 6 8 0 12 14 1.6 18 20 EuXFEL building dynamics

time from earthquake event (min.)
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\ « sources of disturbance
* ocean-generated microseism
» earthquakes
* human-made - traffic, civil constructions, concerts
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Distributed Acoustic Sensing

- optical fibre as a sensor
» detect vibrations and acoustic signals along its
entire length
- light scattering and location

» analysis of back-scattered light to detect and
locate disturbances along the fibre

Distributed Acoustic Sensor (DAS)

o

Optical phase shift between beginning ™y
and end of pulse =
o m— @ m—p O —— O O —
m— -
L]
7 r—
\ Backuatynmming to DAS ( F—

Acoustic field

“

(]
) Light pulse propagating
ey through the fiber

‘o“.ﬁ.“. A
 real-time monitoring

» continuous detection of seismic activity over
long distances
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Data-Driven Approaches




Data Acquisition and Storage

» deep integration into the control system

« foundation of ML applications

data sender data sender data sender

ZeroMQ:

* publish-subscribe QMQ

* request-reply

N/

data acquisition
server

data transfer

v

%
long-term data storage k '//

dCache Parquet

» data sources ~47000 control system channels

controller I/O of all feedback systems
configuration

environment (T, relative humidity, air pressure)

 volume ~250 TB since 2021

dcache occupied memory space (TB)

10 Hz acquisition rate
daily 10-second long snapshots of “fast” data

250 A

200 A

150 A

100 A

50 A

2020 2021 2022 2023 2024
years

B snapshot servers running 21 shutdown maintenance

Z % 1 |

Apr2021  Jul 2021 Oct2021 Jan 2022 Apr2022 Jul2022 Oct2022 Jan2023 Apr2023 Jul 2023

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024 courtesy of A. Grinhagen
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Data-Driven Condition Monitoring

infant stable

mortality life IR

failure rate

time
« infant mortality phase

« manufacturing defects, installation issues

« stable life phase
* |low and stable failure rate, random/unexpected
failures due to sudden, not age-related events
* wear-out phase
« aging effects, components wearing out

DESY. | Latest Achievements in Femtosecond Synchronisation | IBIC2024, Beijing, China | Sebastian Schulz, 12 September 2024

* reliability

« early fault detection, consistent performance,
extended lifespan

- availability

« minimisation of unplanned downtime, avoidance of
unnecessary maintenance activities

 data sources

« analysis of both fast and slow data

courtesy of A. Grinhagen 48



Main Laser Oscillator PLL Signal

disturbances difference w.r.t. ground truth

v
[ ]

controller output
Pl controller

ground truth / healthy state

» defined by operator

A
controller input

(e r :
\T/ —(_phase detection j+ + metadata capturing

problem: external influence

work in progress
reference phase (from RMO)

time domain frequency domain ClaSS certainty
_30_

M healthy health score
50 CNN fault class 1 class 1 score
-10.0 A ' ' . ' '
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Conclusion

foundations laid out 10-ish years ago LAM and user-delay control

» improved performance attosecond optical laser / e- / X-ray timing jitter

» laser-to-RF synchronisation

further data-driven and Al approaches
« electron bunch arrival time FB

another tutorial in 10 years?
* novel techniques and approaches rising

 laser-pulse arrival time monitoring - FB, sorting Time scale 1ps 100fs 10fs As”
: : - Length scal :
« electron bunch arrival time FF - PP within a burst sngth scale 3?0um 3(:us 3‘,‘3 0 3um
 machine learning, e.g. fault prediction Year 2000 2010 2020 2030
Synchronization achievements ?
* novel problems and issues
P 00 as
« ocean waves and other seismic activity
* learning curve: communication with photon - learning from and teaching other facilities all
science people and users, as well as laser guys around the globe!
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WM.
. Burke - -Calendron H. ( kaya- M
J. Fruh Grunha , M. Hosein]

schla J L1u F. Lud | \me‘iﬂr H. Pry:
- Kfeﬁ%ma& he
aWMﬁ -LA, EUXFEL’s LAS

i\*“
| hall P
e 7 i




Contact
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Supplementary Material




Terminology / Glossary |

BESY.

BAM (Electron Bunch Arrival Time
Monitor): apparatus to measure the arrival
time of the electron bunch with respect to
an optical pulse train based on electro-
optic sampling of the transient electric
field induced in a high-frequency pickup
antenna installed in the beam pipe.

BCC (Balanced Cross-Correlator), BOG
(Balanced Optical Cross-Correlator), OXC
(Optical Cross-Correlator): normally refers
to the optical implementation of a scheme
based on nonlinear optical cross-
correlation and usually realized in a
balanced, i.e. amplitude fluctuation
insensitive way. Depending on the
specific implementation, application or
related feedback systems, the acronym is
extended, as in TG-BOG (Two-Color BOC),
c¢cmBCC (Common Mode BCC), dmBCGC
(Differential Mode BCC), SysDC (System
Drift Correlator). The foundation of the
LAM is also the balanced cross-correlation
scheme. The acronym OXC is not to be
confused with OCXO (Oven-Controlled
Crystal Oscillator), which refers to a term
in the RF domain.

FSD (Free-Space Distribution): refers to
the optical setup to split and distribute
the laser beam of the MLO to the
individual LSUs, either realized in a TSP or
inside a actively and passively designed
environmentally very stable lab.
Alternatively, splitting can be realized
using optical fibre couplers.

LAM (Laser Pulse Arrival Time Monitor):
opto- electronic implementation of an
apparatus to measure the relative arrival
time between two optical pulse trains,
being usually the one of the pump-probe
laser with respect to an optical reference
and based on an OXC, with the goal to
measure or provide feedback to stabilize
the laser pulse arrival time. Depending on
the context, either the whole
implementation or only the optical part is
referred to.

LSU (Link Stabilization Unit), FLS (Fiber
Link Stabi- lizer): opto-electronic device to
measure and compensate for changes of
an optical fiber. Depending on the
context, only the optical (i.e. mainly the
optical cross-correlator), only the actuator
part or the whole implementation is
referred to.

MLO (Main Laser Oscillator), or OMO
(Optical Main Oscillator): in pulsed optical
synchronization systems, this oscillator
provides the train of laser pulses with
approx. 200 fs duration, where its
repetition rate provides the timing
reference for all connected subsystems.

MO (Main Oscillator), or RMO (RF Main
Oscillator): The main radio frequency
oscillator of the accelerator facility.
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Terminology / Glossary

+ ODL (Optical Delay Line): device to « PFTS (Pulsed Fiber Timing System):
precisely control and delay the arrival mainly at LCLS, this term is used for the
time of an optical laser pulse train. synchronization system based on a pulse
Depending on the implementation, an optical laser oscillator as MLO. Note that
FDL (Fiber Delay Line) might be employed, other facilities use the term "timing
where e.g. an optical fibre is altered in system” also for the less precise, i.e. not
length by varying its temperature (TC- with femtosecond resolution and stability,
FDL, Temperature-Controlled FDL). distribution of clock and trigger signals.

* PAM (Photon Pulse Arrival Time Monitor), « TSP (Temperature Stabilized Platform): In
or ATM (Arrival Time Monitor): apparatus some implementations, the core
to measure the relative arrival time of a components of the synchronization
XUV or X-ray pulse with respect to an system (MLO, splitting, LSUs, ODLs) are
optical reference pulse. Numerous installed in this well temperature and
implementations of PAMs are deployed humidity controlled enclosure.

across the different accelerator facilities,
where normally the pump-probe laser
serves as reference. However, also the
reference pulse train of the optical

synchronization system is used in specific DESY-: "Hey, look. at our (femtosecond) synchronisation system,
applications. based on an MLO, locking lasers with OXCdl

SLAC: "Cool, that's lke our Pulsed Fiber Timing System, it has
on OMO and TC-BOCd!
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