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Average Coherent Power – Advanced FELs? Peak Power 

X-ray FELs: A Revolution in X-ray Science 
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LCLS-II 
LCLS-II 

• Repetition rate 
• Stability 
• Coherence (seeding) 
• Photon energy reach 

LCLS-II: 



LCLS-II Project 
New SCRF linac in 1st km of SLAC linac, Two new tunable undulators 



LCLS-II 1.3 GHz Cryomodule 
Similar to EuXFEL but modified for CW RF operation 

Total length ~12.2 m 

Baseline 16 MV/m with Q0 = 2.7x1010 

CM allows 150 Watts max cooling 
 20 MV/m max gradient @ 2.7x1010 

    or 16 MV/m @ 1.8x1010  
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LCLS-II Accelerator Layout 
New Superconducting Linac  Two new tunable undulators 

•  Two sources: high rate SCRF linac and 120 Hz Cu LCLS-I linac  

•  North (SXU) and South (HXU) undulators can operate simultaneously in any mode 
 

 Undulator SC Linac (up to 1 MHz) Cu Linac (up to 120Hz) 

North SXU 0.20 - 1.3 keV 
 

(potential)  >5 mJ 1-3 keV 

South HXU 1.0 - 5.0 keV  
 

up to 25 keV 
higher peak power pulses 

• Concurrent operation of 1-5 keV and 5-25 keV is not possible 
 
 
 

HXU 
Sec. 21-30 

0.2-1.3 keV (0 -1 MHz) 

SCRF 

4 GeV 1-25 keV (120 Hz) 
1-5 keV (0 -1 MHz) 

LCLS-I Linac 
2.5-15 GeV LCLS-II Linac 

SXU 



Storage Rings and X-ray Lasers 

Weak pulses at  
high rep rate 

Intense pulses at  
low rep rate 

Today’s storage ring 
X-ray sources ~ nanoseconds 

~ picoseconds  nJ 

~ milliseconds 

~ femtoseconds 

X-ray lasers - LCLS 

mJ 
comparable average power to SR 

FLASH 
EuXFEL 

2019 LCLS-II 

~ microseconds 

~ femtoseconds (to sub-fs) 

Intense pulses at 
high rep rate 

mJ 

>1,000x average power 



2012 

Fundamental AMO & Combustion Dynamics 

Physical Chemistry, Catalysis, & Photosynthesis 

Quantum Materials, Magnetism & Spin Dynamics 

Materials & Bio-imaging at the Nanoscale 

2007 
2009 

2009 

2010 

Science Drivers for a High-rep-rate X-ray FEL 
Developed and supported by a diverse science community 

BES 2009 SLAC/LBNL 2008 

2012 

August 2012 
4 Workshops 
~240 participants 

Feb. 2015 
>400 participants 



Five Grand Challenges 
for Science and the Imagination 
(2007) 
 

Instrumentation, Synthesis, People, Resources 

Control Matter at the 
Level of Electrons 

Master Energy and 
Information on the Nanoscale 

Characterize & 
Control Systems  
away from Equilibrium 

Directed Synthesis 
of Matter with 
Tailored Properties 

Emergent Properties from 
Complex Electronic and 
Atomic Correlations 

DOE Basic Energy Sciences 



Challenges at the Frontiers of Matter and Energy:  
Transformative Opportunities for Discovery Science 
(2015) 
 

Instrumentation, Synthesis, People, Resources 

Control Matter 
at the Level of 

Electrons 

Master Energy and 
Information on the 
Nanoscale 

Characterize & 
Control Systems  
away from Equilibrium 

Directed Synthesis 
of Matter with 
Tailored Properties 

Imaging Matter 
across Scales 

Data, Algorithms 
and Computing 

Harnessing  
Coherence in  
Light and Matter 

Beyond Ideal 
Materials and Systems 

Mastering  Hierarchical 
Architectures in Matter 

Beyond Equilibrium 

Emergent Properties from 
Complex Electronic and 

Atomic Correlations 

DOE Basic Energy Sciences 



Underlying questions from the electronic to the mesoscale 

O2 Evolving Catalyst: 
Mn4CaO5 

charge 

spin 

orbital 

lattice 

How do nanoscale 

components assemble 

and operate in functional 

groupings and can we 

control this? 

How can we understand the 

role of correlated electronic 

degrees of freedom and 

nuclear displacements in 

systems like multi-electron 

catalysts? 

How do new material 

properties emerge from 

mesoscale ordering &  

dynamic coupling of  

charge, spins, & phonons? 



New approaches to interrogating molecules and materials 
are needed for these questions to be answered 

X-ray emission 

spectrum  

Time-resolved 

X-ray Raman, 

stimulated emission 

hνin 

hνout 

energy 
loss 

hνin 

Structure of 

single molecules 

Macromolecular 

assembly & dynamics  

Pump-probe 

Multi-dimensional 

nonlinear spectroscopy 
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Brief Overview of LCLS-II Science Opportunities 
 
Chemistry - example 
• Coupled electronic & nuclear dynamics in molecules 

 
Materials Physics - example 
• Emergent phenomena in quantum systems  

with interacting degrees of freedom 

Nanoscale heterogeneity and fluctuations 

Life Sciences - example 
• Understanding the dynamics of biological  

complexes & molecular machines 
in physiological environments & on natural time scales 

Outline 
t = 0 

t = 2 fs 

R. Neutze 

LCLS-II Defining Capabilities: 
High repetition rate (up to 1 MHz) 

• Coherent X-ray power 
• Rare events, Heterogeneity (sample entire phase space) 

Extended energy range (up to 25 keV) 
• Atomic resolution, dynamics, bulk penetration 

Transform: X-ray spec., scattering, imaging 
… from demonstration experiments  

in model systems 
 … to high-impact results in relevant  

systems & environments  



Chemistry 
 Fundamental charge migration & redistribution 

• Role of quantum coherence & evolution in chemistry 
• Light conversion & non Born-Oppenheimer dynamics 
• Following molecular transformations & bond formation 

 Predictive understanding of photo-catalysis 
• Natural & artificial photo-catalytic systems 
• Fundamental light harvesting & charge separation 
• Charge migration channels & processes 
• Oxidation/reduction dynamics 

 Heterogeneous catalysis - in real time & operando 
• Fundamental surface dynamics (electronic/nuclear) 

under relevant reaction conditions 
• Interfacial chemistry and charge-transfer in real time  

& under reactive conditions (environmental chemistry) 

 Combustion & aerosol chemistry 
• Spatial, temporal & chemical characterization of  

reactive flows & byproducts 

 

300 fs 

800 fs 

A. Nilsson et al., Science (2015) 



Chemistry 
 Fundamental charge migration & redistribution 

Dynamic reaction microscope 
Stimulated X-ray Emission Spec. 
Time-resolved Photoemission 
X-ray scattering 

High rep rate 
Coherence (few fs), 2-color 
Soft, tender X-rays 
Hard X-rays 

Time-resolved X-ray Raman 
(X-ray absorption/emission) 
Time-resolved photoemission 

High rep rate 
Soft, tender X-rays 
Coherence (FT limit), 2-color 

Time-resolved photoemission 
(ambient pressure) 
Res. coherent X-ray scattering 

High rep rate 
Soft, tender X-rays 
Hard X-rays + soft X-rays 

Flash tomography 
Stimulated X-ray Emission Spec.  
Coherent X-ray scattering 

High rep rate 
Soft, tender X-rays 
2-color 

 Predictive understanding of photo-catalysis 

 Heterogeneous catalysis - in real time & operando 
 

 Combustion & aerosol chemistry 



Understanding coupled electronic & nuclear dynamics is essential 
to design efficient artificial photosynthetic and catalytic systems 

Charge migration is not just the movement of electrons 

The nuclei must also move to localize charge 
at a new location - irreversibly 

Cederbaum (2008) 

PENNA 
chromophore 

ground-state geometry 

LCLS-II Science Opportunity: 
• Map electron dynamics on sub-angstrom and sub-

femtosecond scales and reveal coupled electronic and 
nuclear motion in molecules  

Significance & Impact 
• Charge migration initiates all charge transfer chemistry 
• Dynamics on fundamental time scale have been invisible 

before this 

LCLS-II Strengths & Challenges 
• Coherent bandwidth and pulse intensity  are essential for 

transient impulsive electronics 
• Tunability and 2-color (element selectivity) 
• High rep rate for rare events and coincidences 

 

 

Grand Challenges: Control at level  of electrons 
 Coherence in light & matter  



Understanding coupled electronic & nuclear dynamics is essential 
to design efficient artificial photosynthetic and catalytic systems 

LCLS-II Science Opportunity: 
• Map electron dynamics on sub-angstrom and sub-

femtosecond scales and reveal coupled electronic and 
nuclear motion in molecules  

Significance & Impact 
• Charge migration initiates all charge transfer chemistry 
• Dynamics on fundamental time scale have been invisible 

before this 

LCLS-II Strengths & Challenges 
• Coherent bandwidth and pulse intensity  are essential for 

transient impulsive electronics 
• Tunability and 2-color (element selectivity) 
• High rep rate for rare events and coincidences 

 

 

Charge migration is not just the movement of electrons 

The nuclei must also move to localize charge 
at a new location - irreversibly 

Cederbaum (2008) 

PENNA 
chromophore 

excited-state geometry 

D~20 pm 

Grand Challenges: Control at level  of electrons 
 Coherence in light & matter  



Example: X-ray FEL studies of dynamics in molecules 
Dynamic Molecular Reaction Microscope for Coincidence Imaging 

 Entanglement & correlation dynamics 
in many electron/nuclei systems 

 Time-resolved energy & angular 
correlations between electrons & ions 

 2-color X-ray pump/probe is 
chemical/element specific 

 Rare coincidence events 
(~10-5) ⇒ high repetition rate 

C 
(phenyl p*) 

localized 
wavepacket 
excitation 

C 
284 eV 

N 
410 eV 

e2 
e1 

measures energy & momentum of  

electrons & ions 

Ground-state electron distribution in molecular frame 
measured via coincidence 



Deeper Understanding of Multi-electron Photo-catalysts 

~ 12 
ps 
  

Model molecular photocatalyst 
V. Sundström et al. Nature Comm. 6, 6359 (2015) 

LCLS-II Science Opportunity: 
• Map charge separation, transport & accumulation 

on fundamental time scales 
• Element/chemical specificity 
• Evolution of molecular orbitals, bonds, 

& relation to atomic structure 

Significance & Impact 
• Detailed insight will advance theory  

& inform synthesis efforts 
• Efficient, robust, selective photo-catalysts 
• Based on earth-abundant elements 

LCLS-II Strengths & Challenges 
• High average power at high rep rate 

(moderate peak power) 
• Ultrafast time resolution 
• Tunability & energy resolution near the  

transform limit 
• 2D maps of evolving electronic structure 

under operating conditions 
 

 

H2O oxidation 
Catalyst 

Sensitizer and 
CO2 reduction 
catalyst  

Inorganic water oxidation catalysts 
H. Frei et al. Nature Chem. 6, 362 (2014) 

Grand Challenges: Control at level  of electrons, Non-equilibrium, 
 Energy at nanoscale, hierarchical matter 



Example: X-ray Raman Studies of Molecular Dynamics 

valence 

occupied 

unoccupied 

en
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~ ~ 

core 

~ ~ 
X-ray 

Raman 
~ ~ 

X-ray Raman spectroscopy 

 Soft X-ray RIXS maps frontier 
molecular orbitals & their evolution 

 Element-specific: transition-metals 
& ligands 

 Local chemical structure & bonding 

 Current limitations: 
• Sensitivity - observe only large 

molecular changes, in model 
complexes, at high concentrations 

• Time/energy resolution - not at 
Fourier limit 

• Limited time information - average 
X-ray flux (rep rate) 

 

Ultrafast X-ray Raman Spectroscopy 
(resonant inelastic X-ray scattering – RIXS) 

MLCT excitation 

Fe 3d  CO π* 

1Fe(CO)5* Dt = 350 fs 

P. Wernet et al., Nature, 520, 78 (2015) 



Materials Physics 

 Understand & control emergent phenomena in quantum 
systems with interacting degrees of freedom 
• Unconventional “bulk” superconductors 
• 2D materials & interfaces  enhanced TC 

• Transient fields & time-domain disentanglement of couplings 

 Understand & control nonequilibrium spin states  
at fundamental length & time scales 
• Spintronics at THz frequencies 
• Emergence of magnetic order at ultimate length & timescales 
• Spin textures & Topologically-protected states 
• Disentangling/controlling coupled degrees of freedom 

 Nanoscale heterogeneity, fluctuations, & dynamics 
• Electronic, chemical, structural heterogeneity & fluctuations 
• Metastable materials phases 
• Energy conversion, transport, & phase transitions at the nanoscale 

charge 

spin 

orbital 

lattice 

Magnetism & Spin

Emergence of magnetic order at ultimate length- & timescales

• Science Challenge/Opportunity 
–Microscopic mechanism & transient states leading to all-optical 
switching are not understood 

–Control magnetic interactions to generate topologically protected 
nanoscale spin textures 

–Observe non-local nanoscale angular momentum exchange 
–Observe spin-lattice angular momentum exchange 

• Significance & Impact 
- Fundamentally: how does order emerge out of disorder? 
-Technologically: what is the ultimate magnetic data storage & logic? 

• LCLS-II Strengths & Challenges 
–Probing spin dynamics at the exchange length (<10nm) and 
timescales (~10fs) with high-resolution imaging and scattering 

–Probing lattice angular momentum (phonons)

42 
 

                         

Figure II-13: Illustration how topological magnetic structures may represent magnetic bits on future 
hard disk drives (figure courtesy T. Rasing, University Nijmegen).  

The generation of such magnetic structures is currently uncharted territory. It requires 

stroboscopic x-ray characterization combining peak brilliance, polarization control, nanometer 

spatial and femtosecond temporal resolution that will only be available at LCLS-II. The seeded 

stable, short, intense and fully coherent x-ray pulses from LCLS-II will provide a unique 

opportunity for imaging nanometer scale objects undergoing ultrafast, often non-repetitive, 

dynamical processes. Multiple images can be combined to produce a "molecular movie" to 

address how complex structures evolve from simpler materials. LCLS-I has pioneered the use of 

single shot x-ray imaging and established damage thresholds for electronic, magnetic and 

structural sample degradation (T. Wang, et al. Phys Rev. Lett. 108, 267403 (2012)). The intensity 

stability of seeded beams at LCLS-II will be vital to reach the ultimate few-nm spatial resolution 

and still remain consistently below those damage thresholds. 

Quantum materials: the semiconductor technology of the future? 

One of the central issues in modern condensed matter physics research is understanding the 

novel quantum states emergent in complex materials in which spin, charge, lattice and orbital 

degrees of freedom are strongly intertwined. The coupled degrees of freedom can partition a 

material into electronically distinct domains that experience temporal and spatial fluctuations 



 Understand & control emergent phenomena in quantum 
systems with interacting degrees of freedom 
• Unconventional “bulk” superconductors 
• 2D materials & interfaces  enhanced TC 

• Transient fields & time-domain disentanglement of couplings 

 Understand & control nonequilibrium spin states  
at fundamental length & time scales 
• Spintronics at THz frequencies 
• Emergence of magnetic order at ultimate length & timescales 
• Disentangling/controlling coupled degrees of freedom 
• Spin textures & Topologically-protected states 

 Nanoscale heterogeneity, fluctuations, & dynamics 
• Electronic, chemical, structural heterogeneity & fluctuations 
• Metastable materials phases 
• Energy conversion, transport, & phase transitions at the nanoscale 

Materials Physics 

Time & momentum resolved X-ray Raman 
Time-resolved hard X-ray photoemission 
Time-, spin-, imaging- photoemission 

Time-resolved X-ray dichroism 
Coherent, resonant scattering 
Hard X-ray photoemission (time/spin) 

High rep rate 
Soft, hard (3w) X-rays 
Polarization 

X-ray photon correlation (XPCS) 
X-ray scattering 
THz pump/X-ray probe 

High rep rate 
Soft, tender, hard (w, 3w) X-rays 
Programmable pulse sequences 

charge 

spin 

orbital 

lattice 

Magnetism & Spin

Emergence of magnetic order at ultimate length- & timescales

• Science Challenge/Opportunity 
–Microscopic mechanism & transient states leading to all-optical 
switching are not understood 

–Control magnetic interactions to generate topologically protected 
nanoscale spin textures 

–Observe non-local nanoscale angular momentum exchange 
–Observe spin-lattice angular momentum exchange 

• Significance & Impact 
- Fundamentally: how does order emerge out of disorder? 
-Technologically: what is the ultimate magnetic data storage & logic? 

• LCLS-II Strengths & Challenges 
–Probing spin dynamics at the exchange length (<10nm) and 
timescales (~10fs) with high-resolution imaging and scattering 

–Probing lattice angular momentum (phonons)

42 
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stroboscopic x-ray characterization combining peak brilliance, polarization control, nanometer 
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stable, short, intense and fully coherent x-ray pulses from LCLS-II will provide a unique 

opportunity for imaging nanometer scale objects undergoing ultrafast, often non-repetitive, 

dynamical processes. Multiple images can be combined to produce a "molecular movie" to 

address how complex structures evolve from simpler materials. LCLS-I has pioneered the use of 

single shot x-ray imaging and established damage thresholds for electronic, magnetic and 

structural sample degradation (T. Wang, et al. Phys Rev. Lett. 108, 267403 (2012)). The intensity 

stability of seeded beams at LCLS-II will be vital to reach the ultimate few-nm spatial resolution 

and still remain consistently below those damage thresholds. 

Quantum materials: the semiconductor technology of the future? 

One of the central issues in modern condensed matter physics research is understanding the 

novel quantum states emergent in complex materials in which spin, charge, lattice and orbital 

degrees of freedom are strongly intertwined. The coupled degrees of freedom can partition a 

material into electronically distinct domains that experience temporal and spatial fluctuations 

High rep rate 
Soft, tender, hard (3w) X-rays 
Coherence (FT limit) 



Understanding Emergent Properties in Complex Materials 

Interaction strength 
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   Charge-transfer excitation 
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magnons 

superconducting 
    gap 
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1 eV 
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0.03 eV 

Collective Modes in Complex Materials 

Resonant Inelastic X-ray Scattering (RIXS) X-ray Raman 
 density-density correlation function: S(q,w) 



Present Limitations: 
• Energy resolution 
• Momentum Resolution 
• Dynamics 

electron pairing 
energy 

~30 meV 

Cuprate X-ray Raman Spectrum 

magnon 

bi-magnon 

phonon 

Example: Emergent Properties in Complex Materials 
 

LCLS-II Science Opportunity: 
• High-resolution RIXS probes critical 

collective charge modes (element specific) 
• Dynamic RIXS reveals response of  

collective modes to control fields and tailored 
excitations  (60 fs  30 meV) 
- light-induced superconductivity 
- vibrationally-driven ins./metal transition 

Significance & Impact 
• Detailed insight will advance theory  

& inform synthesis efforts 
• Toward control of emergent properties 

LCLS-II Strengths & Challenges 
• High average power at high rep rate 

(moderate peak power) 
• Coherence (energy resolution) near the  

transform limit 
• Ultrafast time resolution 
• 2D maps of collective mode dynamics 

RIXS (X-ray Raman) & Dynamic RIXS – Driven Emergent Properties 

Grand Challenge: 
Emergent properties  



Example: Emergent Properties in Complex Materials 
 

LCLS-II Science Opportunity: 
• High-resolution RIXS probes critical 

collective charge modes (element specific) 
• Dynamic RIXS reveals response of  

collective modes to control fields and tailored 
excitations  (60 fs  30 meV) 
- light-induced superconductivity 
- vibrationally-driven ins./metal transition 

Significance & Impact 
• Detailed insight will advance theory  

& inform synthesis efforts 
• Toward control of emergent properties 

LCLS-II Strengths & Challenges 
• High average power at high rep rate 

(moderate peak power) 
• Coherence (energy resolution) near the  

transform limit 
• Ultrafast time resolution 
• 2D maps of collective mode dynamics 

RIXS (X-ray Raman) & Dynamic RIXS – Driven Emergent Properties 

Grand Challenge: 
Emergent properties  

• Phase competition 
• Quantum critical points 
• Transient applied H-field 

Conductivity - Superconducting Dome 



Example: Emergent Properties in Complex Materials 
 

LCLS-II Science Opportunity: 
• High-resolution RIXS probes critical 

collective charge modes (element specific) 
• Dynamic RIXS reveals response of  

collective modes to control fields and tailored 
excitations  (60 fs  30 meV) 
- light-induced superconductivity 
- vibrationally-driven ins./metal transition 

Significance & Impact 
• Detailed insight will advance theory  

& inform synthesis efforts 
• Toward control of emergent properties 

LCLS-II Strengths & Challenges 
• High average power at high rep rate 

(moderate peak power) 
• Coherence (energy resolution) near the  

transform limit 
• Ultrafast time resolution 
• 2D maps of collective mode dynamics 

Grand Challenges: Emergent properties 
 Coherence in light & matter  

RIXS (X-ray Raman) & Dynamic RIXS – Driven Emergent Properties 

20 THz modulation of 
Oxygen out-of-plane 
mode in YBCO 

cuprate 
superconductor 

A. Cavalleri 

THz-Driven Superconductivity 
Enhanced Tc ? 



Gomes et al.,  
Nature 447, 569 (2007) 
(Yazdani Group, 
Princeton) 
 

Kohsaka et al.,  
Science 315, 1380 (2007) 
(Davis Group, Cornell) 

Qazilbash et al.,  
Science 318, 1750 (2007) 
(Basov Group, UCSD) 
 

SC Gap in Dy-Bi2212  

SC Gap in BSCCO 

Metal-Insulator  
Transition in VO2  

• Connect spontaneous fluctuations, dynamics 
and heterogeneities on multiple length- and 
time-scales to material properties 

• Spontaneous (ground-state) dynamics 
complement stimulated (excited-state) 
dynamics of pump-probe 

• Electronic structure dynamics 

• Chemical heterogeneity/dynamics 

• Phase transitions 

• Energy conversion and transport 
on the nanoscale 

Spontaneous Ground-state Dynamics of Complex Materials 
nanoscale heterogeneity, fluctuations, & dynamics 

D(meV) 



X-ray Photon Correlation Spectroscopy (XPCS) 
measures dynamic structure Factor : S(q,t) 

Brownian motion 
(100 particles, real-space) 

Diffraction Pattern 
Fourier (k) space 

Speckles 
(coherent X-ray peaks) 

Intensity-intensity Auto-correlation g2(q, t) 

kx 

k y 

Oleg Shpyrko 
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Example: Chemical Diffusion – CO2 Adsorption in MOFs 

Structure of  
M2(dobdc) 

W. Queen et al., Chem. Sci. (2014)   

CO2 rotational 
motion in M2(dobdc) 

X. Kong et al, JACS (2012)   

XAS at Mg K-edge 
W. S. Drisdell et al,  
J. Am. Chem. Soc. (2013).   

 

Local structure and symmetry variations 
have been studied. 

What is the temporal nature of these 

symmetry variations?  

What are the chemical fluctuation and  

diffusion properties?  

XPCS: site specificity, 
 chemical selectivity 

S. Roy, S. Kevan - ALS 



Ground-state Dynamics of Complex Materials 

• Element specific 

• Nano-scale resolution 

• Charge, orbital, spin order 

• Chemical bonding 

• Photon in/out: 
in situ/operando,  
applied fields 

10-2 10-1 1 10 100 
Wavenumber (nm-1) 

1 mm 100 nm 10 nm 1 nm 1Å 

Length Scale 

1 eV 

1 meV 
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1 neV 
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1 feV 
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1 fs 

1 ps 

1 ns 

1 ms 

1 ms 

1 s 

Ti
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 Liquids 

Glasses 

Domain 
wall 

motion 

Protein 
folding 

Chemical 
kinetics 

Reaction-
Diffusion 

Self 
Assembly 

Spin, lattice, 
orbital excitations 

Chemical 
Dynamics 

Charge 
excitations 

LCLS-II 

LCLS-II Programmable Pulse Structure 

2-pulse XPCS: 

• >1 ms ➜ 5 ns (RF buckets)  

• 1 ps ➜ 10 fs (two-pulse mode) 

t1 
t2 

t3 
t4 

1 ms Time resolution scales as square 
of  average brightness: 

S/NXPCS ~ t1/2BX-ray 



Life Sciences 

 Understanding the dynamics of biological complexes  
& molecular machines 
• In physiological environments & on natural time scales 

structure alone provides limited insight to biological function 

 Small-scale structural dynamics at Å resolution 
• Serial nano-crystallography 

 Large scale conformational dynamics 
• Molecular movies – single particle imaging (2-6 keV) 
• Solution scattering – fluctuation SAX 

 Electronic structure and biological function 
• Metallo-enzymes 
• Photosynthesis 
 

 
 

 
 

O2 Evolving Catalyst 
Mn4CaO5 

2 keV Rubisco  
(550,000 Da) 

R. Neutze 

J. Hajdu 



Life Sciences 

 Understanding the dynamics of biological complexes  
& molecular machines 
• In physiological environments & on natural time scales 

structure alone provides limited insight to biological function 
 Small-scale structural dynamics at Å resolution 

• Hard X-rays (Se phasing), tender X-rays (S, P, Cl) 
 
 

 Large scale conformational dynamics 
• Single particle imaging 

− High intensity single-shot (2-6 keV) 
− High rep-rate (multi-shot) 

• fluctuation SAX 
 Electronic structure and biological function 

• Time-resolved RIXS, XES, XPS 
• High rep rate soft/tender X-rays 

 
 
 

2 keV Rubisco  
(550,000 Da) 

Anomalous phasing (Se – 12.5 keV) 
Native phasing (S – 2.5 keV) 
Resonant scattering (Na, Mg, P, Cl) 

Hard X-rays 
2-color 
Tender X-rays 

Single-particle imaging 
• Single-shot 
• Multi-shot 
Fluctuation SAXS 

Tender X-rays 
High intensity (>5 mJ/pulse) 
High rep rate 
High rep rate, tender X-rays 

Time-resolved RIXS 
Time-resolved XES, XAS 
X-ray scattering 

High rep rate 
Soft, tender, hard X-rays 
Coherence (FT limit), 2-color 



LCLS-II: Imaging Biological Function (biology in action) 
Imaging heterogeneous, non-periodic objects 

1 Billion X-ray snapshots captured by LCLS-II 
Sample all molecular shapes  

q 

sample shapes of individual, 
randomly-oriented molecules 

one-by-one 

LCLS – single-particle imaging 
Diffract before destroy 
Single-shot orientation 

• Diffract before destroy works 
• Progressing rapidly toward full potential 
• LCLS-II: ~7 mJ/pulse at 2 keV will advance 

single-particle imaging at sub-nm scale 
• Nano-crystallography emerged as an 

important area of bio-science 
(LCLS-II: Se phasing) 
 

Heterogeneity? 
• Non-identical objects, dynamic structure 
• Molecular machines, interacting bio-complexes, 
conformational dynamics 
 

Grand Challenges: Beyond ideal materials systems, 
 Hierarchical matter, Imaging matter across scales 



LCLS-II: Imaging Biological Function (biology in action) 
Imaging heterogeneous, non-periodic objects 

1 Billion X-ray snapshots captured by LCLS-II 
Sample all molecular shapes  

q 

sample shapes of individual, 
randomly-oriented molecules 

one-by-one 

LCLS – single-particle imaging 
Diffract before destroy 
Single-shot orientation 

Hexameric Protein Complex 

• ~100 conformations 
• Only few crystallize 
• Limited protein quantities 

DNA repair role determined 
by conformation &   

chemical environment 
 (drug target) 

Grand Challenges: Beyond ideal materials systems, 
 Hierarchical matter, Imaging matter across scales 



LCLS-II: new approaches to visualize biology in action 

• “fluctuation” SAXS 100x 
greater information content 𝛕pulse < 𝛕rotation 

• New computational approaches 
(109 snapshots – mutual information content)  
- fSAXS + reverse monte carlo 
- Manifold mapping approaches 
- Iterative phasing approaches 

• Coherent diffraction imaging – sub-nm 
single-molecule “optimum” ~2-5 keV 
- High flux/pulse  classification of non-identical objects 
- Reconstruct intermediate steps 

• Native phasing and resonant contrast 
for membrane proteins 
P (2.1 keV), S (2.5 keV)  

• High hit rates with  
X-ray pulse-on-demand 

q (Å-1)  

B
l(q

) 

Model object Fluctuation SAXS data 
Reconstruction 

Grand Challenges: Hierarchical matter, Imaging matter across scales 
 Advanced algorithms and computing 



Life Sciences 

 Understanding the dynamics of biological complexes  
& molecular machines 
• In physiological environments & on natural time scales 

structure alone provides limited insight to biological function 

 Small-scale structural dynamics at Å resolution 
• Serial nano-crystallography 

 Large scale conformational dynamics 
• Molecular movies – single particle imaging (2-6 keV) 
• Solution scattering – fluctuation SAX 

 Electronic structure and biological function 
• Metallo-enzymes 
• Photosynthesis 
 

 
 

 
 

O2 Evolving Catalyst 
Mn4CaO5 

2 keV Rubisco  
(550,000 Da) 

R. Neutze 

J. Hajdu 



NMR 

2020 

Infrared Visible X-ray? 

1991 Nobel Prize 
multi-dimensional NMR 

1980 1990 2000 2010 

Multi-dimensional 
electronic spectroscopy 

Nonlinear & Multidimensional X-ray Spectroscopy 
Reveals Fundamental Charge Flow & Couplings 

NMR 
• RF pulse sequences couple to nuclear spins 
• Measure nuclear resonances, correlations 
• Map molecular structures & 
  spatial relationships 

LCLS-II: 
• Ultrafast (faster than Auger) 
• 2-color (fully coherent) 
• High repetition rate for: 

  - small X-ray nonlinearities 
  - controlled nonlinearities 
  - small signals (low count rates) 

Multi-Dimensional Spectroscopy 
• Pulses sequences couple to valence states 
• Measure elect. resonances, and correlations 
• Map of valence elect. structure & dynamics 

• X-rays: element specific, momentum res. 
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t2 

1k

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

3k
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sample 

T=200 fs 

Seven coupled exciton states in Bacteriochlorophyll  

G. Fleming et al. 



Dt12 

w1 
w2 

|𝑓1  
|𝑓2  

coupled valence states 

core levels 
(e.g. 1s or 2p) 

atom 1 atom 2 

Core-hole Correlation Spectroscopy 

Dt 

w1 
w2 

|𝑔1  
|𝑓1  

|𝑒1  

|𝑔2  
|𝑓2  

|𝑒2  core-excited 
states 

valence-excited 
States 

atom 1 atom 2 

Stimulated X-ray Raman Spectroscopy - SXRS • Localized (atom-specific) 
superposition of valence-excited 
states (e- wave packet) 

• Requires few eV BW excitation 
• Follow charge flow 

0 fs 
electron 

15 fs 

electron 

•  pulse < core-hole lifetime 
• Dt12 < core-hole lifetime (few fs) 

HO 
NH2 

ortho 

Mn O 

valence 
coupling 

S. Mukamel 



Compelling Science Opportunities – LCLS-II X-ray Lasers 



https://portal.slac.stanford.edu/sites/lcls_public/lcls_ii/Pages/science.aspx 


