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Science enabled by the high-brightness 

MeV electron beams 

Resolving ultrafast phase transitions 

(Science 360 1451–1455 (2018)) 

Bond-breaking & nuclear wavepacket passing through 

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



X-ray Free Electron Laser 

Brighter e- Source Better X-ray & Electron Instruments 
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Electron source 



Photo Electron Source 

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) 

 
 

X-ray FEL & Ultrafast Electron scattering jointed @ Birth !  
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High Brightness Electron Injectors 

R. Sheffield (LANL) 

High Brightness Electron Injectors 

R. Sheffield (LANL) 

Paradigm Shift: Out go the rings,    

and in come the Photoinjectors &  

Linacs as FEL drivers! 

Paradigm Shift: Out go the rings,    

and in come the Photoinjectors &  

Linacs as FEL drivers! 

BNL/SLAC/UCLA S-Band Gun BNL/SLAC/UCLA S-Band Gun 



LCLS: A Revolutionary New Source 

1010 1010 



XFEL impact has been substantial  
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Total	number	of	LCLS	experiments	

758 papers to date with 168 in high-impact 

journals, including 32 in Science or Nature 

(~370 experiments performed to date) 

Current 
capabilities 

Science 
Opportunities 

Facility 
Response 

Prioritized 
Plan 

LCLS-II 
Project 

Unique users by discipline 

Total number of LCLS experiments 
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Applications of Electron Beam Instruments 

Electrons microscopes are a $2B 

annual market.  Mostly SEM. 

From manufacturing to Pharma 

and essential to R&D 

At every National Lab & most 

universities 

Higher Brightness offers higher throughput, resolution 

 

E-Beam Wafer Inspection Tools are a $2.4B market  

 

Lithography is a $7B market (mostly optical, but ERL for EUV) 
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September 8-9, 2016

SLAC National Accelerator Laboratory

Menlo Park, CA 94025

Report of the Basic Energy 

Sciences Workshop on the 

Future of Electron Sources

FUTURE OF

ELECTRON

SOURCES

DOE BES Workshop on Future of Electron Sources 

The panel identified the 

following priority research 

directions (PRDs): 

 
I. Next generation cathode R&D for 

high brightness beams.  

 

II. CW injector R&D to significantly 

increase accelerating gradients on 

the cathode and output beam 

energy.  

 

III. High-gradient R&D for next 

generation electron sources.  

 

IV. R&D in advanced accelerator and 

beam manipulation concepts. 



[1] Multidimensional 
atomic resolution 
microscope  

 

[2] Ultrafast electron 
diffraction and 
microscopy 
instrument 

 

[3] ‘Lab-in-gap’ 
dynamic 
microscope 



[1] Multidimensional 
atomic resolution 
microscope  

 

[2] Ultrafast electron 
diffraction and 
microscopy 
instrument 

 

[3] ‘Lab-in-gap’ 
dynamic 
microscope 



Recommendation: setup 

ultrafast electron scattering 

& microscopy facility 

UEM  

User 

Facility Ultrafast Electron  

Microscopy  

Nano-UED  

User Facility 

The first step: MeV Ultrafast Electron Diffraction (UED) 

SLAC’s Vision for Ultrafast Electron Scattering & Microscopy 

Opportunity to develop the complementarity of x-rays & 

electrons to access to the “Ultrafast” & “Ultrasmall” 



MeV Electron Beams for UED/UEM 



MeV Ultrafast Electrons for UED &UEM 

 Better temporal resolution? (Jitter is concern) 

 Beam quality good enough? 

 Signal too week & Sample damage? 

 More Expensive? True 



 Space charge effect:   (1/(β2γ3) 
  

Scale

2" 3"0 1"

Photocathode RF Gun 

• High acceleration field. 

 

• Laser control temporal and space distributions. 

 

• Cathode technology. 

Photocathode RF gun and Space charge effects 
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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) 
  



Timeline 

20 20 

Apr 2014  MeV UED launched 

June 2014 bunker cleared 

Aug 22 2014 first beam 

March 2016 single-shot MeV UED 

March 2015 gas phase UED 

June 2017 THz 

August 2014 UED beamline installed 
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SLAC MeV UED Summary 

Parameters Values 

rep. rate SS - 180 Hz 

beam energy 2 - 4 MeV 

e- /bunch 104-106 

emittance  2 - 20 nm 

bunch length <40 fs (rms) 

Typical beam parameters 

<100 fs FWHM or 

< 40 fs rms 

<100 fs FWHM or 

< 40 fs rms 
q-resolution 

< 0.17 Å-1 

FWHM or 0.07 Å-

1 rms 

q-resolution 

< 0.17 Å-1 

FWHM or 0.07 Å-

1 rms 

https://portal.slac.stanford.edu/sites/ard_public/tfd/ued/Pages/default.aspx 



 Nano-scale materials (Bi, FePt, nano-

porous Au, Cr-Cu heterostrucutre) 

 2-D Materials(MoS2 MoSe2 WTe2) 

 Diffuse scattering (Au, Ni) 

 Quantum Materials (Bi2212, 1T-TaS2 , 

LSMO, SrTiO3, TiSe2) 

 Functional material(Perovskite, PbI2, 

Vo2 ) 

 Warm dense matter (W, Au, Copper) 

Ultrafast science: material science 

MoS2 

FeSe0.9S0.1 

Diffuse Scattering 

(100) 

(110) 

MoTe2 2H  



 2-D Materials 

Ultrafast material science enabled by MeV-UED  

MoS2 

E. M. Mannebach et al., Nano Letters, 31 August 2015  

 Diffuse scattering 

T. Chase et al, APL 108, 041909 (2016). 

[DOI: 10.1063/1.4940981] 

 Energy Transfer  

e-

phSiN

Int,EG

phBi

Bi,EG

New J. Phys. 17, 113047 (2015). 

 Struct. Dyn. 4, 054501 (2017) 



Photo-chemistry 

Photodissociation:  

CF3I; C2F4I2  

Roam-type reaction: 

Nitrobenzene  
Ring-opening reaction: 
1,2 – Dithiane;  cis-Stilbene Oxide;  

1,3 - Cyclohexadiene 

Photoisomerization: 

cis-Stilbene 

CF3I dissociation 
C2F4I2 dissociation 

1,3 – Cyclohexadiene 

(CHD) ring-opening 

Stilbene Isomerization 

0 fs 

100 fs 

200 fs 

300 fs 

400 fs 

Dithiane 



Science enabled by the high-brightness 

electron beams 

Bond-breaking & nuclear wavepacket passing through 

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



Photoenergy conversion in molecules 



Photoenergy conversion in molecules 
• molecules transfer photon energy selectively into bond 

change, charge transfer or heat 

• correlated motion of electrons and nuclei necessary 

• example: nucleobases transfer UV photonenergy into heat 

• this is possible due to certrain motions of the nuclei  - highly 

controersial what that looks like 
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Photochemistry - gas phase diffraction 
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Stolow, Bragg, Neumark,  

Chem. Rev. 2004 

Comparison to high level ab initio 

Rule out interaction with environment 

Comparison to photoelectron spectra 

Field free alignment / quantum manipulation No background from solvent 

Kim et al, PCCP 17, 

8633 (2015) Courtesy of Markus Gühr 



First model systems 
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Introduction to CF3I 

S. Eden et al. Chem. Phys. 323 (2006) 313–333 

Calculated by X. Zhu and T. J. Martinez 

CF3I Potential Energy Surface 

CF3I Absorption Spectrum 

2
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4
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CF3I Structure 
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C 
F 
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Experimental setup 
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excitation laser pulse 

Electron pulse 

Detector 

Electron gun: >3 MeV 

De Broglie wavelength 300 fm 

b=0.97, Negligible group velocity mismatch 

105 Electrons per pulse 



Experimental setup 
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Data Processing 

Anisotropy comes from Photoselection rule  

2
.1

4
 Å

 

CF3I Structure 

I 

C 
F 

I 

J. Yang et al, Science 361 64–67 (2018). 



What is a  Pair Distribution Function (PDF)? 

5.11Å 
4.92Å 

4.26Å 

3.76Å 

2.84Å 

2.46Å 

1.42Å 

Pair distribution function 

(PDF) gives the probability 

of finding an atom at a 

distance “r” from a given 

atom. 

Thomas Proffen of ORNL, NXS 2015 



CF3I Structure Dynamics 

C-I distance [Å] 
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A band 

Ground state 



CF3I Structure Dynamics 
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C-I distance [Å] 

A band 

Ground state 
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The CI bond bleaches earler than the FI bond 

CI 

FF 
FI 

2.14 Å 

CI FI 

CI disappears  

earlier than FI 

38 



CF3 group dynamics 

FF CF 

2.14 Å 

∠FCF flattening, followed by a CF lengthening 

39 



Structure Fitting result 

FF CF 

2.14 Å 

40 

dCF and ∠FCF resolved with 

0.01Å and 1° precision! 
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Two Photon Pathway 

Perpendicular 

2.1Å 

2.5Å 

2.9Å 

Bleaching signal removed + 

Ridge-Detection Algorithm 
CI FI 
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Two Photon Pathway 

Simulation by Xiaolei Zhu, Martinez group  Data 



CF3I Structure Dynamics 
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Science enabled by the high-brightness 

electron beams 

Resolving ultrafast phase transitions 

(Science 360 1451–1455 (2018)) 





(200) 

(220) 

(020) 

(040) 
(111) 

(220) 

(311) 

(331) 

(531) 

Single-shot MeV-UED to study the structural 

dynamics of warm dense gold 

RF Gun 

(LCLS-type) 

50 MW  

S-band 

Klystron 

50 MW  

S-band 

Klystron 

Ti Sapphire laser 

800 nm, 50 fs, 5mJ 

Ti Sapphire laser 

800 nm, 50 fs, 5mJ 

Lens 

Syn. 

module 

Syn. 

module 

BBO  

400nm,Ø420um 

130fs, <300 uJ 

3.2 MeV,  

120 um (FWHM)  

350 fs, 20 fC  

UV 

Target Exchange 

       35nm single-crystalline Au (free-standing) 

       30nm polycrystalline Au (free-standing) 

M.Z. Mo, et al, RSI, 87, 11D810 (2016)  

fcc Au lattice  

4.078 Å 



Ultrafast solid-liquid phase transition of 35nm gold 

excited with pump fluence of  80 mJ/cm2 (1.17 MJ/kg) 

Radial lineout 
Three obvious features: 

 

• Decay of Laue Diffraction 

peaks due to thermal 

heating and structural 

loss 

 

• Rise of thermal diffuse 

scattering over the whole 

spectrum 

 

• Increase of signal from 

highly disordered liquid 

structure factor 

 

(200) 

(220) 

(420) (400) 

M. Mo et al, Science 360 1451–1455 (2018)) 
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UED has discovered the heterogeneous melting regime 

that is sensitive to defects and grain boundaries 

(200)

(220)

(400)
(420)

(200) (220)

t	=	3	ps(a) (b) (c)t	=	7	ps t	=	17	ps

t	=	20	ps(e) (f) (g)t	=	100	ps t	=	800	ps

t	=	100	ps(i) (j) (k)t	=	1000	ps t	=	3000	ps

Scatte
rin

g	In
te
n
sity		(arb

.	u
n
its)

Q	(Å-1)

1.17	MJ/kg 1.17	MJ/kg 1.17	MJ/kg

(d)	1.17	MJ/kg

0.36	MJ/kg 0.36	MJ/kg 0.36	MJ/kg

0.18	MJ/kg 0.18	MJ/kg 0.18	MJ/kg

(h)	0.36	MJ/kg

(l)	0.18	MJ/kg

(400) (420)

Use	1ps	data

(a)										t=2ps

1.17	MJ/kg

(b)						t=7ps (c)								t=17ps

1.17	MJ/kg 1.17	MJ/kg

(200)

(200)

(020) (020)

(220)

(220) (220)

(220)

Time

A
b
so
rb
e
d
	e
n
e
rg
y	
d
e
n
si
ty

Homogeneous  

melting 

Heterogeneous 

melting 

Incomplete 

melting 

M. Mo et al, Science 360 1451–1455 (2018)) 



Homogeneous melting occurs catastrophically under 

strong superheating, whereas heterogeneous melting 

relies on the melt front propagation with subsonic speed 

49 

MD simulated homogenous melting 

of 20 nm gold excited by fs laser pulse 

Nucleates homogeneously  

MD simulated heterogeneous melting 

of 20 nm gold excited by fs laser pulse 

Blue: crystalline 

Red: liquid 

Nucleates from the two free surfaces 

Z. Lin, et al,  PRB 73, 184113 (2006); 

V < 0.15 Vs 

M. Mo et al, Science 360 1451–1455 (2018)) 



Recommendation: setup 

ultrafast electron scattering 

& microscopy facility 

UEM  

User 

Facility Ultrafast Electron  

Microscopy  

(Sub-nm,10s ps) 

Nano-UED  

User Facility 

The first step: MeV Ultrafast Electron Diffraction (UED) 

SLAC’s Vision for Ultrafast Electron Scattering & Microscopy 

Micro-UED 

Direct detector 

 Solid, Gas & Liquid samples 

THz to XUV tunable pump 

10 fs UED 

MHz UED 
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