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MeV-UED is pushing the frontiers of ultrafast Science

MoS
2

 Structure dynamics in 2-D materials 
 Dynamic structural response and deformations of monolayer 

MoS2 (Nano Lett.15 6889 (2015)).
 Ultrafast non-radiative dynamics of atomically thin MoSe2 (Nature 

Communications 8 (2017).

 3-D structure Dynamics & Atomic Movie
 Atomic movies may help explain why perovskite solar cells are more efficient 

( Sci. Adv. 3 e1602388 (2017)).
 Atomic view of magnetostriction (Nature Comm. 9 (2018)).
 Heterogenous to homogenous melting observed (Science 360 1451–1455 

(2018)). 

 Diffuse scattering & energy relaxation 
 Optical excitation and thermalization of phonons in Au (APL108 041909 (2016)).
 Energy transfer and relaxation in nano-scale heterostructure (Struct. Dyn. 4, 

054501 (2017)).
 Energy flow in the high-Tc cuprate superconductor (Sci. Adv. 2018;4:eaap7427).

Diffuse scattering  from Bismuth
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MeV-UED is a discovery tool: discovering novel quantum phases through coherent light-matter coupling
CDW material TaS2 switch  from one state to 

another with a single flash of light

Time-varying  shear  strain  as  an  ultrafast  
topological  switch  in  a  Weyl  semimetal

Zong & Shen et al, Science Advances  
19 Oct 2018:Vol. 4, no. 10, eaau5501

E. Sie et al. Nature 565, 61-77 (2019)



SLAC MeV-UED: A tool for ultrafast science communities

• Femto-sec MeV UED with 24/7 operation.

• > 50 ultrafast material science experiments.

• 15 molecules investigated.  

• 8 single-shot warm dense matter UED experiments.

• Time-resolved electron diffuse scattering.

• Femto-second gas phase/liquid  UED.

• 30 publications (2 Science, 1 Nature &Nature Chem.,     

4 Science Adv., 3 Nat. Comm., 1 PRL).

https://oraweb.slac.stanford.edu/apex/slacprod/slacesaf.pubs_ued
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Good electron beam is necessary, but not sufficient for MeV-UED

MeV Ultrafast Electron Diffraction (MeV-UED)

Courtesy of Rob Parrish

Diffuse from Bismuth



SLAC MeV-UED operation – first 4-day continuous operation

MeV-UED has transformed from laboratory toy into a Research Tool!
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Ultrafast Electron Diffraction(UED)

Melting of Thin-Film Al (20 ps)
Mourou et al., Appl. Phys. Lett. 41, 44 (1982)

Williamson et al., Phys. Rev. Lett. 52, 2364 (1984)

1. “Photocathode RF gun and Its Applications”, the Workshop on the Marriage of High Intensity 
Lasers with Synchrotrons, February 21 – 22, 2000, University of Michigan, Ann Arbor, MI 
48109, USA. 



MeV Electron Beams for UED/UEM
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physics.nist.gov/PhysRefData/Star/Text/ESTAR.
html

Why diffraction with MeV electrons?

“thick“ samples

kinematic diffraction
@ 3.2 MeV, MFP ~ 20 nm
@ 55  KeV,  MFP ~  3 nm

“really“ flat Ewald-sphere

large
penetration
depth

Space charge effect:   (1/(β2γ3)

MeV-UED made it possible 
(easier) to access broad 

ultrafast experiments and 
quantitively understand 

what is observed!



Science enabled by MeV-UED

Bond-breaking & nuclear 
wavepacket passing through 

conical intersections (Science 
361 64–67 (2018)) 



Science enabled by MeV-UED

Bond-breaking & nuclear 
wavepacket passing through 

conical intersections (Science 
361 64–67 (2018)) 



Science enabled by MeV-UED

Bond-breaking & nuclear 
wavepacket passing through 

conical intersections (Science 
361 64–67 (2018)) 



3MeV UED

𝑒ି
ℎ𝜈

60keV UED

ℎ𝜈

ΔtVM > 1ps

ΔtVM < 10fs

Ve= 0.446c

Ve= 0.989c

Science enabled by MeV-UED

Bond-breaking & nuclear 
wavepacket passing through 

conical intersections (Science 
361 64–67 (2018)) 



Science enabled by MeV-UED
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Resolving ultrafast phase 
transitions (Science 360 1451–

1455 (2018))



Science enabled by MeV-UED

Resolving ultrafast phase 
transitions (Science 360 1451–

1455 (2018))



A. H. Reid et al, Nature Communications 9, 388, DOI: 10.1038/s41467-017-02730-7 (2018).

UED

LCLS

3-D Structure Dynamics& Multi-modal probe (UED/LCLS)
Beyond a phenomenological description of Magnetostriction 



A. H. Reid et al, Nature Communications 9, 388, DOI: 10.1038/s41467-017-02730-7 (2018).

3-D Structure Dynamics& Multi-modal probe (UED/LCLS)
Beyond a phenomenological description of Magnetostriction 



M Eichberger et al. Nature 000, 1-4 (2010) doi:10.1038/nature09539

Snapshots of cooperative atomic motions in the optical suppression of charge 
density waves
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Light induced  CDW in LaTe3

3.1 MeV electron kinetic energy
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Anshul Kogar, Alfred Zong et al, under review, arXiv:1904.07472 [cond-mat.mtrl-sci] 
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Academically – non-adiabatic dynamics are a grand challenge

Potential energy surface is the central concept for 
understanding chemical reactions.

Adiabatic (Born-Oppenheimer) PES a 3N 
hypersurface is a function of all nuclear positions –
mapped w/ high accuracy for larger & larger 
systems.

BUT – many events cannot be described w/ BO

Non-adiabatic electronic transitions between PESs 
are ubiquitous and important … 

conical intersections
intersystem crossing
internal conversion
electron transfer ….

L. Young @ LCLS 10 year celebration 



Difference diffraction pattern

Electronic dynamics Nuclear dynamics
Jie Yang et al, to be summitted.

Pyridine—Simultaneous nuclear 
and electron dynamics

Optical control of non-
equilibrium phonon dynamics

Krishnamoorthy et al, under review 

Need Better CW Electron Sources!
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Sample Damage



Sample Damage
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Single-shot MeV Ultrafast Electron Microscope (UEM)

To capture processes in materials science and biology, such as direct
imaging of biologically important conformational transitions of
macromolecules and glass phase transitions in real time, not possible with
existing transmission electron microscopes (TEMs)

• Atomic spatial resolution (0.3 nm)
• Sub-nanosecond temporal resolution (~ 100 ps)

SLAC proposed single-shot UEM will be based on the 200 MHz
superconducting RF gun transferred to SLAC. SLAC single-shot MeV UEM
will also addresses the fundamental limit of the current cryo-EM:

• Beam induced sample movements (~μs).
• Fast backbone protein movements (~ ns).
• Sample in its native environments.
• Large (thicker) samples.



VHF SRF gun for MHz UED & single-shot UEM

• Stability: toward 10-5

amplitude and 10 fs phase 
stability

• High gradient: >25 MV/m, 
high peak beam brightness

• High beam energy: 4 MeV, 
SC suppression, 10 fs t-
resolution

• High rep-rate: up to 200 
MHz for nano-UED

• Flexibility: deliver up to 100 
ps bunch length for UEM

VHF SRF gun synergy with 
LCLSII-HE ! @SLAC

@Wisconsin
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Summary

SLAC MeV-UED has demonstrated high
temporal and spatial resolutions required for
ultrafast science. It is capable of operating
from single-shot to 360 Hz.

Large scattering cross section & q-range, 
negligible multiple scattering and versatile 
sample environment,    enabled ultrafast  
science in material science, chemical 
dynamics and warm dense matter physics.

Future MeV-UED require more stable and
better electron sources.

Thank You!
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SLAC MeV-UED collaborators



SLAC’s UED/UEM team. From left to right: Theodore Vecchione, Eric Bong, Jeff Corbett, Bobby McKee, Alexander Hume Reid, 
Perry Anthony, Renkai Li, Carsten Hast, Xiaozhe Shen, Stephen Weathersby, Shanta Condamoor, Keith Jobe, Margery Morse, 
Garth Brown, Xijie Wang, Charles Yoneda, James Lewandowski, Hermann Dürr., Not shown: Ryan Coffee, Juan Cruz, Juan, 
John Eichner, Nick Hartmann , Josef Frisch, Bo Hong, Erik Jongewaard,  Justin May, Doug McCormick,  Minh Nguyen,  
Dentell Reed,  Daniel Van Winkle  & Juhao Wu
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