Syne’lﬂ-omza‘tlon Reqmrements

for Future Exper mgnts .

* Gettlng the best'time,resolution to measure uIt! ?st processes

ey
LT .., 5 -, ' ¢ -
/‘ 1 -

Stefan Dusterer on behalf of FS-FLASH, FS/LA and MSK

Perspectives and Future Challenges in Optical and RF Synchronization Systems
Hamburg, Nov 14, 2023

HELMHOLTZ

DESY Page 1



Outline

« What to look at: Time scales and examples

* How to look: methods

* Present status at FLASH

« Thoughts about limits and experimental schemes to overcome them

« Try to answer questions ...
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Time scales ...
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“for experimental methods that generate
attosecond pulses of light for the study
of electron dynamics in matter”
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Time scales ... overview
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Examples from FLASH

Charge movement inside excited molecules
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Examples from FLASH

Isomerization and electron coherence

[HCCH] A_pump [HCCH]*  migration p[CCHz]*
e e - ..

100 200 300
Delay (fs)

s ;

Isomerization from Acetylene to Vinylidene
(https://doi.org/10.1103/PhysRevLett.105.263002)
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Time resolved experiments ... pump-probe

FEL + FEL
FEL + optical laser
FEL + THz

https://www.sciencephoto.com/media/618549/view/bullet-hitting-an-apple
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Few fs dynamics observed at FLASH
FEL + FEL pulse . . _
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Pump probe with 2 independent sources
FEL - Optical Laser Experiments

2 2 2
tFEL + tOpt—LaS + O-jitter+drift

* Pulse duration:

« PP Laser: ~15fs — 100 fs ... relatively easy to diagnose
« FEL:<10fs—-300fs ... well .. THz streaking / TDS

o Jitter + Drift

» Synchronization system
» Produce synchronized electrons and laser pulses
» Electron acceleration ... BAM (Beam arrival time monitor)
» Laser amplification and transport ... LAM (Laser arrival time monitor)
 FEL process + XUV transport
« Environmental changes ( temp, humidity, air pressure ...)

DESY. | Synchronization Requirements for Future Experiments | Stefan Dlsterer | Nov 14, 2023 Page 9



Temporal resolution at different FELs

Electron Kinetic Energy
Relative to Photoline (eV)

« XFEL: sub 20 fs very short FEL and optical pulses
(no jitter sorting)
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E :Si_N.,_: 31.63 fs 4 'E
« LCLS: usually ~60fs (with sorting) 5% Joso 8
with very short optical pulses 30 fs: QG:C_: F | oes
0 50 Time [fs]mﬂl 150
Appl. Phys. Lett. 113, 114102 (2018)
« Fermi: ~100 fs ... very low jitter (5 fs), limited by optical pulse duration
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Resolution measurement at FLASH

“Towards Pulse-Length Limited Temporal Resolution”

FEL: 7.7 nm, ~ 20 fs (FWHM)
Laser 800 nm , 18 fs (FWHM)

=
=

— fiFWHM = 48+5 fs
— fizFWHM = 1059 fs
— fi:FWHM = 137+16 fs

&® Data with active LAM feedback and with BAM e-to-pulse correction = = =
* ; & Data without LAM feedback and with %puse correction -> pu |Se du I"atlon Ilm It o= 30 fs
B

i [ & Data without LAM and without pulses correction
L] ‘m

'—I
o
L
L] | —e—

+ Jitter: ~ 30 fs (FWHM) /12 fs (rms)

o
©

-> ~ 50 fs FWHM resolution
(~ 20 fs rms)

Xe*? lon yield (arbitrary unit)
o
o0

0.7+
0.6+ + * . + Tjitter = \/(Jetz)pmef + T han t O-éASE + O-EAM—jiﬂer)
0.5+ ¢
~300 —200 —100 0 100 200 300 Submitted — curtesy A. Tul Noor
Pump-probe delay (fs)
DESY. | Synchronization Requirements for Future Experiments | Stefan Disterer | Nov 14, 2023 Page 11



How to achieve good temporal resolution

« ~140 fs with no correction (measurementtime 1 h ) ... already very good ...

11 — fitFWHM = 485 fs

+ ~100 fs with FEL arrival time correction (BAM) 2100 il b b Q( =
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THz streaking principle
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Laser transport drift correction

Free-Electron Laser Experiments
Synchronization Pulsed Laser Reference (1550 nm

Pump-Probe

Laser
Bunch
FLASH Arrival Time —
Monitor (BAM)
=== Laser Beamline EXP3
<€ 315m >
(El) «—{ ~80m Laser System + 40 m Laser Beamline —>

Image courtesy of N. Schirmel
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LAM Feedback

no drift feedback
~ 300 fs drift (peak-to-peak)
300 - ~ 21 fs rms residual jitter
when subtracting 5 min.
200 I rolling average
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Remaining ,,few meters”

Understanding residual drifts

Distance in fs measured by the SIOS interferomenter

Synch signal
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Thoughts about limits 2

ALL 3 parameters have to be looked at !!!

2 2
tFEL + tOpt—LaS + Ojitter

e Pulse duration:

« PP Laser: <10-15fs is hard for vis / IR
 FEL (FLASH): shortest pulses few fs
» possible to beat the coherence time (Photonics 10, 653 (2023))

* Needs reliable measurement

“Timing”
« Synchronization — already in the few fs range
« Use BAM and LAM ... will be hard to get to sub 10 fs timing stability for longer times
« To get better: Measure IN or very close to the experiment the actual relative timing
» Use info to improve “timing”
* No general solution for all experiments in the XUV ®

+ “self referencing experiments”
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Direct measurement of X-ray and IR arrival times

Improve the resolution even more ...
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« Often used at X-ray FELs

 Problematic at XUV

Vol. 29, No. 23 / 8 Nov 2021 / Optics Express 3742%,4c 19
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Self referencing experiments — measure SASE pulse shapes

Example from LCLS: Measure and sort ...

b

Nu s

Time (Fs)

Nature Photonics | VOL 12 | APRIL 2018 | 215-220
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Combine experiment and diagnostic
SPEAR chamber in preparation for FLASH

Separation Disc

Gas Jet © LiquidJet
(Angular Streaking) (Experiment)
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Self-referenced streaking

Get the relative timing between FEL and an IR pulse by the experiment ...

Clocking Auger electrons

“self-referenced streaking will enable
experiments to take advantage of the
extreme-intensity X-ray pulses at XFELs
while simultaneously exploiting the
unrivalled time resolution provided by
attosecond streaking spectroscopy.”

‘S'E!: tﬁv}

-50 -40 -30 -20 =10 O 10 20 a0 40 50
AE g (8V)

Nature Physics | VOL 17 | April 512 2021 | 512-518
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Seeding — from fs to sub wavelength shifts: play with phases

Phase shift between fundamental and second harmonic

« Changing the phase between fundamental and second harmonic ( 10 nm ~ 33 as)
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Seeding — play with harmonics

Phase shift between fundamental and second harmonic
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Fig. 1: Principle of the attosecond timing tool.

Harmonics and optical laser @ ;
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https://www.nature.com/nphoton

Resolution wish list — experiment view

Results from a quick poll ...

« AMO;
. 50 fs resolution (FWHM) look at femto-chemistry
. fs or better for atomic processes ...

« Solid state: typically 100 fs
« 20-50 fs e.g. resolve optical phonons
 10-50 fs to look at molecules on surfaces ...

Note: for “optical” pulses:

1 oscillation at 500nm are 1.7 fs
10 fs short pulse has already ~0.1 eV bandwidths
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Nature volume 619, pages749-754 (2023)
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Questions for the workshop

e Current limits ...

 FEL + optical laser : ~ 20-30 fs (FWHM) - special cases much better ...
- FEL+FEL... well ... few fs to sub fs

* Requirements for future synchronization

« Jitter and drift in the few fs range ...
* Look at pulse durations AND synchronization
 Robust ...

* New developments needed

« Accurate measurements of the relative arrival time at the experiment — non invasive ...

* Measure accessible parameters and predict timing -> ML

« Cooperation

» Closer cooperation between “photon” and “electron” side
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