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Pierre Agostini: just a quick look toward 
the future … so far attosecond pulses are 

created by visible or infrared lasers…but 
maybe the future of attoseconds is not in 

the our lab but with this x-ray free-electron 

laser…



Attosecond x-ray pulses: XFELS v HHG

Electron dynamics

+

Atomic spatial resolution

J. Duris…J. Cryan, A. Marinelli, Nature Photonics (2020)
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Linac Coherent Light Source at SLAC

Injector (35º)
at 2-km point

Existing 1/3 Linac (1 km)

Near Experiment Hall

Far Experiment
Hall

Undulator (130 m)

X-FEL based on last 1-km of existing 3-km linac

New e- Transfer Line (340 m)

1.5-15 Å

(14-4.3 GeV)

X-ray Transport 
Line (200 m)

LLNL

UCLA

Proposed by C. Pellegrini in 1992



Single-spike attosecond soft x-ray pulses!

XLEAP: With measurement of pulse duration w/ c-VMI streaking

J. Duris…J. Cryan, A. Marinelli, Nature Photonics (2020)



AMO 2020 decadal survey, p. 158
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Z. Guo … J. Cryan, A. Marinelli, 
Nature Photonics (2024) May

Synchronized attosecond 

x-ray pulse-pair generation

Terawatt-scale attosecond X-ray 

pulses from a cascaded 

superradiant free-electron laser

P. Franz … J. Cryan, A. Marinelli, 
Nature Photonics (2024) May



Original applications of XFELs – enhanced w/attosecond pulses

K. J. Gaffney & H.N. Chapman, Science (2007)

Neutze… Hajdu, Nature (2000) 
Chapman...Spence, Nature (2011)
Seibert… Hajdu, Nature (2011)

Single Particle Imaging Molecular Movies

Minitti et al, PRL 114, 255501 (2015) – XRD

Attar et al, Science 356, 54 (2017) - XAS
Wolf et al, Nat Chem. 11, 504 (2019) - UED



Spatial resolution with CDI at FELs

Ho, Phay J., et al., Physical 

Review A 94.6 (2016): 063823.
Yumoto, Hirokatsu, et al. Nat. 

Comm. 13.1 (2022): 1-8.

Theory

4 nm

Courtesy Tais Gorkhover

Experiment

20 nm

Ar Au



Optimizing single particle imaging 

SASE (fs pulses) v XLEAP (attosecond pulses)

Courtesy Tais Gorkhover



Resonant as pulses increase scattering & decrease damage

Courtesy Tais Gorkhover

on resonance above resonance



Science 373, 980 (2021)

Diffract before destroy – SFX

+ optical pump laser

~770 SFX deposits in PDB

  ~200,000 total deposits 

Photosystem I, Photosystem II, 

Photoactive yellow protein, 
human rhodopsin, 
bacteriorhodopsin, light-

activated ion channels, 
fluorescent proteins, myoglobin-

CO, cytochrome c oxidase-CO



Science 1 Dec (2023)



Nature 626, 905 (2024)

Grand challenge: structure & fcn at atomic resolution at physiological conditions 

Nature 626, 720 (2024)



Original applications of XFELs – enhanced w/attosecond pulses

K. J. Gaffney & H.N. Chapman, Science (2007)

Single Particle Imaging Molecular Movies

Minitti et al, PRL 114, 255501 (2015) – XRD

Attar et al, Science 356, 54 (2017) - XAS
Wolf et al, Nat Chem.11, 504 (2019) -UED



Radiolysis: radiation effects in liquid water 
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Space Travel Cancer Therapeutics

Corrosion in nuclear 

power plants & 

repositories

Science – Apr 12, 2019 C&E News – 2020 

SS container

H+

OH-

Glass

HLW

Nat. Mater. 19, 310 (2020)

C&E News Mar & Sep (2020)



Standard method for e- beam radiolysis

Optical detection of radiolysis products 

Hart & Boag JACS 1962 Picosecond pulse radiolysis:  ELYSE

e-: 1.8 MeV, 2 µs, 0.5 A peak 
probe: continuum 4 µs

e-: 7–8 MeV, 7 ps, 4 nC
Broadband fs probe: 380-1500 nm

Absorption cell ~ 5 mm



All x-ray attosecond pump/probe expts

A new tool to understand radiolysis —› mechanistic origin of reactive 

species

AX-ATAS: All X-ray Attosecond Transient Absorption

Shuai Li et al. Science 383, 1118 (2024)  

AX-ATAS spectral snapshots freeze all nuclear motion
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Collisional electron impact dominates valence ionization 
after initial photoionization. (1000 water molecules in box, 

mfp ~ 1 nm, Ekin~ 220 eV)

Time-dependent pump-induced hole population dynamics

S. Bhattacharya, L. Inhester, R. Santra

Transient absorption snapshots with attosecond time delays are meaningful in condensed phase

See Santra et al. PRA  83, 033405 (2011) – ATAS gas phase theory

Nature of attosecond transient absorption response to 
attosecond full valence ionization in condensed phase

Effects of electron impact ionization and coherence

19

Rapid dephasing, decoherence in condensed phase



AX-ATAS modelled with time-independent MRCI calculations

Simple water pentamer can model electronic structure changes observed 600 as after ionization.   

AX-ATAS – all x-ray attosecond transient absorption

Theory

Multi-reference restricted active space configuration interaction (MRCI)
• Tetrahedrally coordinated water pentamers (H2O)5, (H2O)5

+

• Theoretical calculation of XAS near O K-edge reveals

• Valence holes orbitals – 1b1, 3a1, 1b2 

• Pre-edge broadening -  due to Stark shift induced by a 

neighboring valence hole

Lixin Lu, Xiaosong Li

Signature of valence holes and pre-edge bleach
Scan pump  and probe 2 over O K-edge

~600 as pump & probe pulses @ 600 as delay

0.2 eV spectrometer resolution

Pump-off w/ Ar gas attenuator

Experiment

Shuai Li, Kai LI, Gilles Doumy, Emily Nienhius, Carolyn Pearce, LY

+ LCLS Stefan Moeller, Ming-Fu Lin…



Equilibrium properties from our attosecond pump-probe 
experiments

resolving a debate in liquid water structure

See Physics Today, April 2024 issue, Johanna Miller

Physics, April 2024, Charles Day



X-ray emission spectroscopy has been used to infer the structure 
of liquid water 

2
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“High resolution X-ray emission spectroscopy of liquid 
water: The observation of two structural motifs” 

Tokushima … Chem Phys Lett  (2008)

A. Nilsson  et al., N Cimento (2016) Ultrafast dissociation in the core-excited state

“Isotope and Temperature Effects in Liquid Water 
Probed by X-Ray Absorption and Resonant X-Ray 

Emission Spectroscopy”
Fuchs …Phys Rev Lett (2008)

T 



AX-ATAS compared to X-ray Emission Spectroscopy

AX-ATAS @ 0.7 fs shows no evidence for two structural motifs in 

ambient liquid water

Shuai Li et al. Science 383, 1118 (2024)  



BEYOND SOFT X-RAY ATTOSECOND PUMP/PROBE

Exciting developments at XFEL facilities

▪ High-repetition-rate soft x-ray attosecond pulses – LCLS
— Coherent shaping of attosecond pulses,  PRL 134, 115001 (2025)

▪ Attosecond pulse trains at seeded soft x-ray FEL – FERMI
— Addition of phase-controlled harmonics, Nature 578, 386 (2020).

▪ Polarization control with adjustable phase undulators
— FERMI (2014), LCLS (2017), SwissFEL (2023)

▪ Hard x-ray attosecond pulse generation
— Early demonstration of sub-fs x-ray spikes @ LCLS 
 PRL 119, 154801 (2017), APL 111, 151101 (2017)

— Attosecond hard x-ray pulses at high power & high rep rate @ EuXFEL 
 Nat. Photon. 18, 1293 (2024)



OPPORTUNITIES w/XFELs

▪   Extreme focusing —› nonlinear phenomena
Extreme focusing of hard X-ray free-electron laser pulses enables 7 nm focus width and 

1022 W cm−2 intensity

J. Yamada et al., Nature Photonics 18, 685–690 (2024)

 

▪ High repetition rate —› big data —› rare events
 ExaFEL: extreme-scale real-time data processing for X-ray free electron laser science  

 J. P. Blaschke et al., Frontiers in High Performance Computing Oct 2024

▪  More accessibility:  biology, chemistry, materials, condensed 

matter physics, warm dense matter

Tunable, synchronized attosecond pulse pairs +



SHINE

8 GeV, SC accel, 1 MHz

3 undulators, 0.4-25 keV

10 endstations

User expts 2027 

The Innovation 2(2), 100097 (2021).



MORE COMPACT ULTRAFAST X-RAY SOURCES?
Increasing accessibility & impact across fields

▪  NEXUS at OSU – chemistry, atomic molecular & optical 

physics, quantum materials, catalysis and energy 

storage, next generation electronic materials

▪   Compact XFEL at ASU – medical imaging, making 

biomolecular movies, unraveling photosynthesis, 

chemical catalysis and attosecond physics

• More affordable XFELs 
— Compact accelerator:  plasma wakefield, laser 

wakefield acceleration … 

— Compact undulator:  higher field, smaller 

period —› superconducting undulators  



SCIENTIFIC OPPORTUNITIES ACROSS FIELDS

Quantum materials

From: NEW SCIENCE 

OPPORTUNITIES ENABLED 

BY LCLS-II X-RAY LASERS

Fundamental Dynamics of Energy & Charge

Catalysis & Photo-catalysis
Emergent Phenomena in Quantum Materials
Nanoscale Materials Dynamics, Heterogeneity 

& Fluctuations 
Matter in Extreme Environments 

Revealing Biological Function



young@anl.gov
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