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Coherent Electron Dynamics & the Attosecond Timescale

e Electron motion is responsible for photochemical change
O How does electronic charge (and energy) flow in a molecular
system?
O How is this flow/motion influenced by the mutual interactions
between electrons (electron-electron correlation effects)?
O What role does electronic coherence have on subsequent
nuclear motion (chemistry)?

e This is a hard question! We need to start with small model systems

OT= Zn/A—hE < 1 fs when AE~ few eV
O We need attosecond measurements

e There is other important interactions that takes place on the
attosecond timescale: —
O Photoemission delay
O Auger-Meitner decay
O Interatomic Coulombic
Decay (ICD)

Grell et al. Phys Rev. Res. 5 023092 (2023)

L. Argenti, Phys. Rev. A 95,043426 (2017) 2
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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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Attosecond Pulses at LCLS: XLEAP project %—ﬁi}
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Develop nonlinear X-ray techniques
oo for probing ultrafast dynamics

(a) 5 2y
'} - zéo Ece
\ 0 ’
t=2fs
ze-
Pump Ionization
Is=2pn
Stokes
t=4fs
B,

0w D’

CIL, AE
BT, \"[S
02N

Ml }Egs

Follow charge migration across the molecular
backbone and study the coupling of charge motion

to nuclear dynamics.
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« Spectral Domain Ghost Imaging: Achieving better measurements thru correlation
Correlating measurements with high-rate diagnostics to improve measurement fidelity

Demonstrations at existing FELs
Applying Regression in the temporal domain

* Application to an important problem: Motion of Electron on Attosecond Timescales.
Exploiting Spectral Domain Ghost Imaging to follow attosecond electron motion

* Outlook on High Energy Attosecond Pulses:
Exploiting X-ray Nonlinearities to study transient chemical processes.



Spectral Variation in SASE FELs

is typically thought of as a disadvantage.
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Making Better Measurements thru Correlation
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‘Bucket’
detector

Classical ghost imaging — spatially modulate light source
and use correlation between high resolution image and
bucket detector to build image of object

P. Janassek, S. Blumenstein and W. ElsaBer, Ghost spectroscopy with classical thermal light emitted by a superluminescent diode, Phys. Rev. Appl., 2018, 9(2), 021001
C. Amiot, P. Ryczkowski, A. T. Friberg, J. M. Dudley and G. Genty, Supercontinuum spectral-domain ghost imaging, Opt. Lett., 2018, 43(20), 5025-5028
Kayser, Y., Milne, C., Jurani¢, P. et al. Core-level nonlinear spectroscopy triggered by stochastic X-ray pulses. Nat Commun 10, 4761 (2019)
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Making Better Measurements thru Correlation
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Research Article

Vol. 28, No. 5/2 March 2020/ Optics Express 5898 |

Optics EXPRESS

What are the advantages of ghost imaging?
Multiplexing for x-ray and electron imaging

THoMAS J. LANE':2 AND DANIEL RATNER?':3
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P. Janassek, S. Blumenstein and W. ElsaBer, Ghost spectroscopy with classical thermal light emitted by a superluminescent diode, Phys. Rev. Appl., 2018, 9(2), 021001

C. Amiot, P. Ryczkowski, A. T. Friberg, J. M. Dudley and G. Genty, Supercontinuum spectral-domain ghost imaging, Opt. Lett., 2018, 43(20), 5025-5028

Kayser, Y., Milne, C., Jurani¢, P. et al. Core-level nonlinear spectroscopy triggered by stochastic X-ray pulses. Nat Commun 10, 4761 (2019)
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Spectral Domain Ghost Imaging — Sub-bandwidth Resolution

X-ray absorption spectroscopy

— Kosugi 1992
—— Central photon energy scan
— Our technique
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X-ray pump-probe spectroscopy
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] X-ray photoelectron spectroscopy
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X-ray velocity map imaging spectroscopy
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PHYSICAL REVIEW X 9, 011045 (2019) ?)?;g:onjcs Hartmann 12 215-220 (2018) o ARTI_CI_.ES

Attosecond time-energy structure of X-ray free-

Pump-Probe Ghost Imaging with SASE FELs
electron laser pulses

D. Ratner,* J.P. Cryan, T.J. Lane, S. Li, and G. Stupakov
SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

® (Received 25 October 2018: published 11 March 2019)
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Applying Regression to the Temporal Domain

Making “slow” detectors “ultrafast”
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Averaging Conditions
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Application of Spectral
Domain Ghost Imaging

Resolving the Attosecond Motion of Electrons
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Time
Realtime Observation of Ultrafast Electron Motion Using Attosecond XFELs
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Opportunity for fully coherent HXR FEL.:
HXR Diffractive Imaging of Ultrafast Charge Motion
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« Time-resolved diffractive imaging has become -
an invaluable tool for probing molecular c o £ oof

dynamics

* We can extend this to image electronic motion (\M . -
« Requires good stabilization to external laser &3

source. (sub-optical-cycle tagging?) :li, 3 D :,

Yong Nat. Comm. 11, 2157 (2020)
Stankus Nat. Chem. 11, 716 (2019)
Ruddock Ang. Chem. (131) 6437 (2019)
Minitti Phys. Rev. Lett. 114, 255501(2015)
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» Resolving photoemission time delays at x-ray wavelengths

« X-ray Imaging with sub-femtosecond pulses
— Tais Gorkhover
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» Resolving photoemission time delays at x-ray wavelengths
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» Resolving photoemission time delays at x-ray wavelengths

* Probing electronic coherence in core-excited states

* Probing electronic coherence in core-excited states

* Nonlinear X-ray methods for creating and probing electronic coherence
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Electronic Population Transfer via Impulsive Stimulated X-Ray Raman Scattering with
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Nonlinear Spectroscopy at X-ray Wavelengths

Impulsive Stimulate
Raman Scattering:

A fast kick for creating and probing
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Core-hole Correlation
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Attosecond Science for Problems in Chemical Sciences
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We can study the ultrafast motion of electrons in
chemical systems
This is a crucial part of any photochemical process

Can electronic coherence be important to the transfer of
charges in molecules?
+ Bottom-up approach, studying small molecules (which means fast
evolution)
Technique development:

Non-linear x-ray spectroscopies which are sensitive to
electronic motion in chemical systems
Multi-dimensional spectroscopies to probe correlations in
electronic structure with atomic-site specificity.

 Important for linking to more complex systems.
Developing machine learning approaches to data analysis
of large datasets

« Employ machine learning to make better measurements with
XFELs.

 Better spectroscopy, better time resolution

29
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