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Why do we need XFEL?

Synchrotron (3" generation)

XFEL (4t generation)

X-ray with extremely short wavelength and high
brilliance can capture molecular structures.

Protein structure by Swiss Light Source
(D. A. Pomeranz Krummel, C.Oubridge
et al. Nature 458, 475-480)

- Billion times higher peak brilliance than
synchrotron
- Ultra short pulse (tens of fs)

¥

Not only the molecular structures, but also
dynamics can be captured.

Still frames of a molecular complex transition
by LCLS (Credit: Shibom Basu/Arizona State
University)



For much higher temporal resolution,

timing synchronization system is very important in XFEL.

Report of the BESAC Subcommittee on Future X-ray Light Sources
Approved by the Basic Energy Sciences Advisory Committee on July 25, 2013

In a January 2, 2013 letter, then Director of the DOE Office of Science (SC), Dr.
William Brinkman, asked the Basic Energy Sciences Advisory Committee (BESAC) to
provide him with objective, independent advice in the following areas:

Grand Challenge Science Opportunities

An exciting window of opportunity exists for the U.S. to provide a revolutionary
advance in x-ray science by developing and constructing an unprecedented x-ray light
source. This new light source should provide high repetition rate, ultra-bright,
transform limited, femtosecond x-ray pulses over a broad photon energy range with
full spatial and temporal coherence. Stability and precision timing will be critical
characteristics of the new light source.

Ultra-Scale Photonic cﬂl'ltl'(.‘rl and Measurement Group KAIST



Fully pulsed optical timing system

Microwave or optical
standard

Mode-locked laser

Timing-stabilized
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~100 m = 3 km H
J. Kim et al, Nature Photonics 2, 733 (2008)

Timing detection using ultra short pulse -> extremely high resolution and low drift

Strong electron beam diagnostic tools can be used (BAM).

Various RF/microwave components and optical pulse trains can be simultaneously used.

Direct pump/probe experiment is possible.




Pulsed optical timing and synchronization system overview
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Pulsed optical timing system is being operated at FEL facilities.
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We perform full RMO vs remote RF
synchronization.
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Optical/RF synchronization method

Fiber-Loop Optical-Microwave Phase Detector (FLOM-PD)

Microwave signals
frequency = N X Fr

]::osz(ACD/Z)

Balanced
;’: detector @ >
e
Optical pulse trains aom \
| [ .
repetition rate = Fr L FR_ PR, T/2 bias Sin (A(I)/ 2) Vout o< Be

L_Optical phase detector

* Excess phase noise in the photodetection process is suppressed.

* Laser intensity noise is also suppressed by balancing scheme.

K. Jung and J. Kim, Opt. Lett. 37, 2958 (2012)
K. Jung et al, IEEE Photon. J. 5, 5500906 (2013)
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Operation principle of the FLOM-PD

Pin ______________________
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Operation principle of the FLOM-PD

Microwave signals
frequency = N X Fr

Phase
modulator

Optical/pulse trains
repetition rate = Fr

Nonreciprocal

PoutZ quarter-wave bias
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cos’ (AD/2)
-TC 0 Bam



Operation principle of the FLOM-PD

Microwave signals
frequency = N X Fr

Phase o
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Timing link stabilization method

f | _A Path
S-laser adjustment
Local Round-trip D

Balanced optical cross-

correlator (BOC) J. Kim et al, Nat. Photon. 2, 733 (2008)

- Extremely high resolution and very low long-term drift
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Timing link stabilization method

f | _A Path
S-laser adjustment
Local Round-trip D

Balanced optical cross-
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Timing link stabilization method

Timing fluctuation
by the long fiber link

e
_A Path
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/Fiming fluctuation
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———————————————)

J. Kim et al, Nat. Photon. 2, 733 (2008)

- Extremely high resolution and very low long-term drift



1.15 km remote RF distribution experimental setup
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1.15 km remote RF distribution experimental setup

Fiber-Loop Optical-Microwave Phase Detector
(FLOM-PD) for laser to RF synchronization

Two Balanced Optical Cross-correlators
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1.15 km remote RF distribution experimental setup
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1.15 km remote RF distribution experimental setup
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1.15 km remote RF distribution experimental setup
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Short-term residual phase noise result between

delivered 2.856 GHz RF and optical pulse trains

Free-running VCO
absolute noise
(from datasheet)

SSB Phase Noise
at 2.856 GHz Carrier (dBc/Hz)
w
'
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This is the first RF transfer test based on optical pulsed timing system in accelerator
environment.

Integrated timing jitter: 7.3 fs [1 Hz - 10 MHz]

K. Jung et al, J. Lightwave. Technol., DOI:10.1109/JLT.2014.2312400 (2014)



Long-term residual timing drift result between

delivered 2.856 GHz RF and optical pulse trains

£ 100
£ 504
Q 0l 40 Hz lowpass filtered and
2 | 1 Hzsampled data
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- 6.6 fsin rms for highlighted 3 ~ 10 hours

- 31 fsin rms for whole 62.5 hours
It was caused by the FLOM-PD temperature change and fiber link PMD (polarization mode
dispersion).

- Typically known PMD of the SMF-28 fiber is 60 fs/\/km.
K. Jung et al, J. Lightwave. Technol., DOI:10.1109/JLT.2014.2312400 (2014)



Electron bunch timing jitter measurement

Electron bunch jitter measurement
(J. Hong et al, to be presented at IBIC 2014)
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Summary

 We have implemented the optical pulse-based timing distribution system test
bed in Pohang Accelerator Laboratory.

 We showed that sub-10 fs synchronization between a RF oscillator and an optical
pulse train which are 1 km away can be possible in the real accelerator machine.

* Now, we are measuring electron bunch timing jitter after applying the full optical

pulsed timing system including synchronization of an injector laser (Ti:Sa laser)
to the optical master oscillator (to be presented at IBIC 2014).

This work was supported by the PAL-XFEL Project and the National Research Foundation
(Grant number 2012R1A2A2A01005544) of South Korea.
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Ultra-Scale Photonic Control and Measurement Group KAIST



Timing Drift (fs)
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Out-of-loop local synchronization performance
between a mode-locked laser and a microwave

source
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Two color balanced optical cross-correlator (TC-BOC)
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Er laser vs Ti:Sa laser synchronization experimental setup
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Residual phase noise between injector laser (Ti:Sa) and

optical master oscillator (Er laser)

Resonant peak + Ti:Sa laser absolute noise
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This is a preliminary in-loop data.

Integrated rms in-loop timing jitter: 21.7 fs [1 Hz ~ 1 MHZz]
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This is a preliminary data.
rms timing drift: 47 fs [ Hz ~ MHZz]




Balanced optical cross-correlator

for the timing fluctuation detection
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Balanced optical cross-correlator

for the timing fluctuation detection
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Why optical timing and synchronization at FELs in
the 215t century?

Report of the BESAC Subcommittee on Future X-ray Light Sources
Approved by the Basic Energy Sciences Advisory Committee on July 25, 2013

In a January 2, 2013 letter, then Director of the DOE Office of Science (SC), Dr.
William Brinkman, asked the Basic Energy Sciences Advisory Committee (BESAC) to
provide him with objective, independent advice in the following areas:

Grand Challenge Science Opportunities

An exciting window of opportunity exists for the U.S. to provide a revolutionary
advance in x-ray science by developing and constructing an unprecedented x-ray light
source. This new light source should provide high repetition rate, ultra-bright,
transform limited, femtosecond x-ray pulses over a broad photon energy range with
full spatial and temporal coherence. Stability and precision timing will be critical

characteristics of the new light source.

Ultra-Scale Photonic Control and Measurement Group KAIST
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