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(Time-resolved,

Hybrld SynChronlsathn SyStem Pump-probe Exper’i\ments
RF Backbone + Optical Long-haul Links for Highest Performance.

Sources of timing jitter

*+ Shortrange 1us...1ms PS, EMI, Material Properties, ...
+ Midrange 1ms...10s Acoustic, Fans, Seismic, Air/Water flow,
« Longrange 10s ... days Temperature, Rel. Humidity, Air Pressure, ...
Injector LINAC
GUN— Al — AHL——BCO— L1 —BCl— L2 —BC2— L3

BAM

>

i rER®F % ®

Reference Distribution

—a

AN

F Clock Optical Clock . . Sub Distribution
KT RO e .

Drift Compensation

up to 24 x LSU up to 20 x LSU

Reference Sources _ _ |
Main RF Oscillator (MO) Arrival-time Detection

Main Laser Oscillator (MLO) Beam-based Feedbacks
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Reference Sources

Ultra-Low Absolute Phase Noise.

ﬁ/IO RF Oscillator,

guartz clock oscillator

Vibration
damping

Phase noise/[dBc\Hz]
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Frequency offset [Hz] High-power amplifier
(+46dBm),

MLO is commercially available
https://kvg-gmbh.de

Cooperation in between DESY and WUT

filtered by cavity

/

(MLO Laser Oscillator, )

216 MHz (= 1.3GHz/6)

e

—— g\"m

« Commercial laser oscillator;
« 1550 nm, soliton-like pulses,
»  Ultra-low phase noise,

«  24]/7 operation,

«  2x MLO for redundancy
with fast switching
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https://kvg-gmbh.de/

Pulsed Optical Reference Distribution

216.67 MHz
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Schulz et al.

DOI:10.1038/ncomms6938
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Laser pulse arrival time (fs)

v

client ]

\/
SR

* 24 links served per MLO

«  All-optical phase detection:

» balanced optical cross-correlation
* insensitive to laser pulse amplitude fluctuations
» typical sensitivity 5 mV/fs

Phase error correction:

1. Fastloop on FPGA-based (PI controller)
* Actuator = piezo-based fibre stretcher, ~kHz BW

2. Slow loop with software
» Actuator = optical delay line

e ~1fsrms for 3.6 km fibre link
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Link Stabilization Units — Optical Building Blocks

Measurement and Compensation of Fiber Link Transit Time Variations

Courtesy: J. Mueller
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MZM-based, Balanced Laser to RF Phase Detector

Tightly Phase-locking RF and Optical Oscillators.
unstabilized 1.3 GHz RF in

MLO —-to - MO PLL

~N

1.3GHz carrier
10° ¢ :

—— MZM in-loop
——— MZM out-of-loop
— RF out-of-loop

phase shifter

r PI controller phase error

stabilized PI controller bias error
readout

=
<

bias voltage

optical 1st delay
fiberlink ! ‘ | MZM @%d delay
— — —— q

jitter spectral density [fs/\/Hz ] \
=
(@]

i 10-3 L I 1
stabilized 1.3 GHz RF out 10 100 1k 10k 100k
frequency [Hz]
REFM-OPT Design: Typical performance of PLL:
" MZWbased laser-to-RF Low-noise  :~3fsrms s| 009 037 P74 260
: _ — 0.13 0.26 1.58 2.21
« 19” module, Ultra-low-drift : < 2 fs pk-to-pk over 1 week &
« Fully engineered, g ©
« Automated controls. E,
i . . 3 4
\ Applications e <3fs
S Ol
« MLOto MO locking £ 2
« RFresynchronization
0 1 L
* atlocation of RF modules 10 100 1k 10k 100k

frequency [Hz]

» locking bw <1kHz \ T.Lamb et al, IPAC 2019, doi:10.18429/JACOW-IPAC2019-THPRBO18

*+ Removal of phase drifts from RF distribution
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| aser Pulse Arrival Time Monitors

Drift correction with fs, single-shot Laser-to-Laser phase detector.

sync. lab

PP laser lab

beamline, e.g. FL26

SysDC |«

Seed

XUV/X-rays

Oscillator

OPCPA == Transport |==

Control = REMI

Compression

Pump

OXCH1 -J

.
--------------------------------------------------------------------------------------------

.
N

L
50...500m
a)
— fit:FWHM = 46+5 fs 400+ —— LAM Feedback 10 Hz Data
— fit:FWHM = 104+9 fs —— Corrected Drift 10 Hz Data
. —— Corrected Drift Smin rolling average
— fit:FWHM = 130%17 fs One Run LAM Feedback 5min rolling average

8 © r» P
[e0] (o] o =
1 1 1 2
— —o—
b

o
~
1

photo-ionisation

Xe?* lon yield (arbitrary unit)
o
(o))

100kHz rep.rate
laser-assisted Xe

46fs FWHM resolution
0.51 improvement by factor 3

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

-300

—200 -100 0 100 200 300

Pump-probe delay (fs)

Mean burst arrival time [fs]

o
~

PP Delay [fs]

FLASH.

Free-Electron Laser FLASH

Air pressure
Rel. humidity

Temperature

LAM:

Nonlinear optical mixing
for laser-to-laser phase
detection.

LAM FB,
Removal of TO drift.

Compensated drift:
~500 fs pk-pk

Remaining
v <1fs drift
v’ ~10fs rms jitter

0 2 4 6 8 10
Time [hrs]
2000+ —— Delay LAM reference (encoder value)
—— Compensation by fiber temperature
1000+

o
L

Delay scan parameter: 1000 fs with 30 fs steps

P Ve W, W e W Wl
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Electro-optical Bunch-Arrival-time Monitors

Few femtoseconds single-shot resolution.

In-loop FB monitors Out-of-loop monitors

40GHz ( \

50 BAM 5: Charge calibration 2 Resolution
RF pickup
) 0

1:arrival 9 Alaser

e plitter electro-optical
CD_E— modulator >—_]ADC

Goal: 1fs @1pC

UITEA 10W cnarge peam

With Amplitude noise = 0.25%
= — — With Amplitude noise = 0.10%

Feedthrough:

Cylindrical

Single-shot Resolution (fs)

Vacuum«--—----3888 _____
. AP\ Beam line‘r
optlcal ld/etectors
reference
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I L /
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Observation : Seismic and Micro-Seismic Effects (< 1Hz)
EuXFEL Facility is Periodically Stretched and Compressed from Earth and Ocean Tides.

2.5 ..

. 3 km

N

Arrival Time Difference Macropulses [fs]

r

Tidal waves of Earth & Ocean ~12h period
20230616112 - 20230618112
250 —— BAM41-BAM3
200 BAM42-BAM3
—— BAM42-BAM41
150
100 Az=1.5km
~ 350 fs
50
0 VA
=50
-100
-150 \/ 2 days ~
* . . . ‘ >
0 10 20 30 40
time [h]

9
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* Drift FEL vs. PP Laser
* Requires feed-forward

Differential Arrival-times

Strain ~ kHz rate
10 m resolution
10x km range

intelligent Distributed Acoustic Sensor

Optical fiber

Laser pulse propagating
through the fiber

e 0.1...0.2Hz
e adds ~2.8fsrms

}/ over min.

@ i
g :
= :
E 1
z ' H
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i — DAS*9.922e+00 fs '

[ ]
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Measurement campaign 12.6 m length
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| 53.584°N
4153.581°N
Vi
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— XFEL
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198,
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Further Developments

Midterm Plans
& On-going Projects



Developments

1. Beam Diagnostics
A. Bunch arrival-time monitors with <1fs resolution

B. Bunch compression monitors,
2. Beam-based Feedbacks
A. New feedback concept for cw operation mode
+ Modelling of noise sources and impact on beam
B. Data-driven / model-predictive approach - compensation
of sub-Hz disturbance
3. Synchronization System

A. Laser pulse arrival-time monitors & feedback

B. Data-driven improvements of algorithms,
configurations and fault diagnosis

4. Proposed : Photon Arrival time Monitor @1550nm
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Change of Operation Mode @EUXFEL

Also means, change of bunch repetition rates.

Macro-pulsed : bursts @1..10Hz

high beam rep.rate >1MHz

Pure cw: slow beam rep.rate <<1

e

Canonical cw Upgrade proposa|

M

4

lgictor i Total beam energy 17GeV
136
MHz Scrn,  fmowes 2 L3
(1RF station) (3RF stations) é‘:)modules
RF stations)

HDC Option Nick Walker DESY

Canonical CW upgrade proposal

Total beam energy ~ 7GeV

Injector L1 L2 L3 \ ﬂ
1.3 GHz module 4 modules 12 modules 96 modules m Pulsed data tgnSfer ) %
3.9 GHz 3" harm. (1 RF station) (3 RF stations) (24 RF stations) i
P
v . time
L = — sampling window RF period
N ) @ CW optimised modules (e.g. 100ms, 1)
CW photo injector Prospects for CW and LP operation of the
m” @%ﬂ European XFEL in hard X-ray regime cw data transfer
CW 3.9-GHz system ) )
2 cryo plant (2.5 kW = 5 kW) R. Brinkmann, E.A. Schneidmiller, J. Sekutowicz, M.V. Yurkov ‘
LOW peak power rf SyStem Deutsches Elektronen-Synchrotron (DESY), Notkestrasse 85, D-22607 Hambury,
Germany
(does not permit 17.5 GeV at low d.c.)
NIM A 768 (2014)
s 2 S~ T 1 .
f:g&;g?;oggi’;ﬁ:g%g[e;?c? tt;e I‘c’;ta'”l‘fg:y improved sampling window data acquisition time
S— v European XFEL s PR IE DESY period (e.g. 100ms)
Figure 5: Data acquisition in pulsed and CW mode.
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Intra-Burst Arrival-time Stabilization

State-of-the-art, Suppression of RF field fluctuations within 25kHz BW. e ~4..51s

_ FLASH 4.7 fs ~6fs
*  Energy corrections ~ 10¢ (e.g. t+5MeV @2.4GeV),
*  Adaptation time ~ 10-15 ps,

«  Operation stable over days, Arrival time spectrum

N
o

T T

BAM 3, without L-IBFB
L-IBFB Off —— BAM 3, with L-IBFB

«  Limited regulation range - offset correction by slow feedbacks.

E:
m-."_’ -20 ]
=,
=
In-loop arrival time jitter of 600 bunch-trains 2 -30 ~ 25kHz BW .
30 I I I I I I I 8
g 40
Mean = 24 fs 3 L-IBFB On
25 - . =
L-IBFB O 104 105 BAM noise rooqoe
20 - .
7} 1 = without L-IBFB Int ted arrival time iit
—~ ——— with L-IBFB — 25—t nlegratec armval ime jter
g15¢1 7 = |16fs 3.2fs 3.7fs
< BAM S20F .
Y resolution o 11.3 fs 3.9fs 3.2fs
10 y Ry 3_ 4.5fs 1 E1sp 1
\ L-IBFB On €an =9.91s | 2
510 .
5t 7] ko)
[0)
T 5 —]
(@] L ————"
(0]
O 1 1 | | 1 1 1 | E O s ] . L
100 200 300 400 500 600 700 800 - 105 106

Bunch Number
Frequency [Hz]
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Implications from Change to CW Mode @EuUXFEL

Beam-based Feedback Control to be Optimized for cw Operation.

Macro-pulsed : bursts @1..10Hz

* Feedback implemented right now
high beam rep.rate >1MHz |:>

1. Slow drift compensation

2. Adaptive to remove repetitive errors across burst
Pure cw: slow beam rep.rate <<1MHz 3. Fast, intra-burst feedback

« Acts in time domain. Measures bunch and corrects 2-5us later
» Controller bandwidth up to 25kHz

» Requires high sampling rate of bunches (>250kHz rep.rate)

« - not applicable at <<250kHz bunch rep.rate.

* Requires different concept.
Steps:
1. estimate RF performance - expected noise spectra
2. Model impact on beam stability; main contributions <100Hz?
3. Global controller / FFT (take advantage of continuous measurement)

Needs possibility for tests with beam
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Ocean Waves Appearing in Beam-based Measurements

Relative Arrival-time change requires compensation for high-precision pump-probe experiments.

1.5km 1.6km

A

GD MLO GD = Laser
@ MO
é * 3,(#2 x‘ 2x& SASE2

[Bi M BAM | - - BAI BA

T b".\ L-IBFB - SASE1
GUN

-
------

Bunch Arrival
Monitors (BAM

Observed arrival-time fluctuation : Run 9 - L-IBFB (A5)

» Include additional arrival time montors 5
> Model + prediction Z 101 .
U N .
: £ : I :
»  Apply compensation 2 oA 1) A (~0.2Hz)
.. - > 4 .
»  Critical for <10fs FWHM overall stability B 101 | d
y x ; X
o 23fs 11fs { :,
0 100 200 300 ' 400 500 600 1min
Train number
e autumn, Oct. 2020 _ _ _ _
Romain Letrun, Tokushi Sato, Henry Kirkwood, Jayanath Koliyadu
SPB/SFX Instrument, European XFEL
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Data Acquisition and Storage

« data sources ~47k control system channels

*  deep integration into the control system » controller I/O of all feedback systems

. foundation of ML applications *  configuration _ o
« environment (T, relative humidity, air pressure)

. dCache volume ~250 TB since 2021

data sender data sender data sender « 10 Hz acquisition rate
» daily 10-second long snapshots of “fast” data
ZeroMQ: * > 5-day ring buffer of full fast data set of select subsystems,
*  publish-subscribe ZMQ e.g. MLé J y

*  request-reply

N/

data acquisition
server

data transfer

long-term data storage

N
wu
o

200 A

150 4

100 -+

dcache occupied memory space (TB)
(9}
o

o
L

dCache Parquet 2020 2021 2022 2023 2024
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Data-Driven Condition Monitoring

: Goals
mfanjc st_able wear-out R
mortality life Enhance reliability
« early fault detection,
Q
© - consistent performance,
g « extended lifespan
Y Ensure availability
. « minimisation of unplanned downtime,
time

. . . « avoidance of unnecessary maintenance activities
Typical Life-time of a System

a) infant mortality phase
* manufacturing defects, installation issues
b) stable life phase

* low and stable failure rate, random/unexpected failures due
to sudden, not age-related events

c) wear-out phase

» aging effects, components wearing out
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Project : Fault Analysis & Classification of States

Example: Main Laser Oscillator PLL Signal

disturbances

difference w.r.t. ground truth

«—
®
v

[ ]

Pl controller

controller output
7y — « ground truth / healthy state
controller input ' _
» defined by operator

4RY ( phase detection ]<_ . problem: external influence

) L
\T/ T » metadata capturing

reference phase parameter change by operator »  workin progress
(from RF MO)

time domain frequency domain class certainty

~30
M healthy health score
50 CNN fault class 1 class 1 score
-10.0 A T T T T T
e ———— frequency (2 g> autoencoder |:>

g - (trained)

10.0

0.0 A

ctrl-in power
PSD (dB V?/Hz)
A
o

0.240 A

I-out powel

? 0.238

ct

PSD (dB V?/Hz)

0.235 -

0 2 4 p 8 10 10t 10? 10° 104 10°
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Developments & Status

On-going;1st demonstrator done. 1. Beam Diagnostics

_ Now technical realization & improvement. L A. Bunch arrival-time monitors with <1fs resolution
- Will benefit from more tests at different facilities

In preparation; detector development. [> B. Bunch compression monitors,
Funding proposals submitted.
2. Beam-based Feedbacks
On-going. Based on extensive previous work. E> A. New feeglback concept for cw OPeration mode
- One of our focuses in next 2-3y + Modelling of noise sources and impact on beam

Work in progress. E> B. Data-driven / model-predictive approach - compensation

First demonstration done, of sub-Hz disturbance
for a tidal-wave drift mitigation.

3. Synchronization System

Workiin progress. = large overlap and benefit from /- A. Laser pulse arrival-time monitors & feedback

cooperation.

B. Data-driven improvements of algorithms,

Workin progress. L) configurations and fault diagnosis

Feasibility study needed. E> 4. Proposed : Photon Arrival time Monitor @1550nm
Might be of mutual interest.
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Thanks for your attention



