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Science enabled by the high-brightness
electron beams



Science enabled by the high-brightness
MeV electron beams

Bond-breaking & nuclear wavepacket passing through
conical intersections (Science 361 64—-67 (2018))

Resolving ultrafast phase transitions
(Science 360 1451-1455 (2018))

CHEMICAL PHYSICS

CONDENSED MATTER

Imaging CF;I conical intersection and Heterogeneous to homogeneous
photodissociation dynamics with melting transition visualized with

ultrafast electron diffraction

ultrafast electron diffraction
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Brighter e- Source =»Better X-ray & Electron Instruments
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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)
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FIG. 1. Schematic of picosecond electron-diffraction apparatus. A streak-camera tube {deflection plates removed) is -100 =20 0 20 100
used to produce the electron pulse. The 25-keV electron pulse passes through the Al specimen and produces a diffrac-
tion pattern of the structure with a 20-ps exposure. TIME DELAY (ps)

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



High Brightness Electron Injectors
R. Sheffield (LANL)

PROCEEDINGS OF THE ICFA WORKSHOP

ON LOW EMITTANCE e-e* BEAMS

BROOKHAVEN NATIONAL LABORATORY
MARCH 20-25, 1987

J.B. Murphy and C. Pellegrini, Editors

(ICFA)

International Committee for Future Accelerators
Sponsored by the Particles and Flelds Commission of IUPAP

Hosted by:

CENTER FOR ACCELERATOR PHYSICS
NATIONAL SYNCHROTRON LIGHT SOURCE
AKD
BROOKHAVEN NATIONAL LABORATORY
ASSOCIATED UNIVERSITIES, INC.
UPTON, NEW YORK 11973

Paradigm Shift: Out go the rings,
and in come the Photoinjectors &
Linacs as FEL drivers!

BNL/SLAC/UCLA S-Band Gun




LCLS: A Revolutionarv New Source
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XFEL impact has been substantial
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758 papers to date with 168 in high-impact
journals, including 32 in Science or Nature
(~370 experiments performed to date)
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X-RAY LASER GUNS

Four operational facilities worldwide fire bright, X-ray laser light that can
determine structures at atomic resoclution. Each X-ray flash lasts around
100 femtoseconds — short enough to capture molecular motions.

With 27,000 pulses per second, the European
#-ray Free Electron Laser has a firing rate

around 200 times higher than other lasers.

LCLS
United States e Eu-XFEL
First experiments: 2009 SwissFEL  Germany
e Switzerland 201/ PAL-XFEL s SACLA
Fxpected: 2018 South Korea  Japan
2017 2011

The Linac Coherent Light Source is
planning an upgrade that, by the

2020s, will allow it to fire X-rays at 1
million pulses per second.

enamre



Applications of Electron Beam Instruments

Electrons microscopes are a $2B

annual market. Mostly SEM.

4] From manufacturing to Pharma
and essential to R&D

At every National Lab & most

universities

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

Lithography is a $7B market (mostly optical, but ERL for EUV)

Higher Brightness offers higher throughput, resolution



The Nobel Prize in
Chemistry 2017

-

© Nobel Media. lll. N. © Nobel Media. Ill. N. © Nobel Media. lll. N.

Elmehed Elmehed Elmehed
Jacques Dubochet Joachim Frank Richard Henderson
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Chemistry 2017 was awarded to Jacques

Dubochet, Joachim Frank and Richard Henderson “for developing
cryo-electron microscopy for the high-resolution structure

determination of biomolecules in solution”. 11



DOE BES Workshop on Future of Electron Sources

The panel identified the
following priority research

directions (PRDs): FUTURE OF

ELECTRON

. Next generation cathode R&D for SOURCES
high brightness beams.

ll. CW injector R&D to significantly
Increase accelerating gradients on
the cathode and output beam
energy.

Report of the Basic Energy
Sciences Workshop on the
Future of Electron Sources

lll. High-gradient R&D for next
generation electron sources.

IV. R&D in advanced accelerator and
beam manipulation concepts.




FUTURE OF ELECTRON
SCATTERING & [1] Multidimensional
DIFFRACTION atomic resolution

microscope

[2] Ultrafast electron
diffraction and
microscopy
instrument

[3] ‘Lab-in-gap’
dynamic
microscope

" JENERGY | sccoce




FUTURE OF ELECTRON
SCATTERING & [1] Multidimensional
DIFFRACTION atomic resolution

microscope

[2] Ultrafast electron
diffraction and
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SLAC’s Vision for Ultrafast Electron Scattering & Microscopy

SLAC
UEM : " FUTURE OF ELECTRON
User | SCATTERING &
Ultrafast Electron Facility | I RACTION
Microscopy _aill o
Nano-UED

User Facility < @

Recommendation: setup
® ultrafast electron scattering

The first step: MeV Ultrafast Electron Diffraction (UED) & microscopy facility

Opportunity to develop the complementarity of x-rays &
electrons to access to the “Ultrafast” & “Ultrasmall”



MeV Electron Beams for UED/UEM

'PHYSICAL REVIEW E VOLUME >4, NUMBER 4 OCTOBER 1996

Experimental observation of high-brightness microbunching in a photocathode rf electron gun

X. ] Wang, X Qu. and I. Ben-Zwt
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973
(Recerved 13 February 1994)

We report the measurement of very short, high-brightness bunches of electrons produced in a photocathode
rf gun with no magnetic compression. The electron beam tunch length and the charge distnbution along the
bunch were measured by passing the energy chirped the electron beam through a momenfum selection slit
while varying the phase of the 1f linac. The bunch compression as a function of rf gun phase and electric field
at the cathode were investigated. The shortest measured bunch 1s 370+ 100 f5 (at 95% of the charge) with
2.5%10° electrons (170 A peak current); the normalized rms emittance of this beam was measured to be
0.57 mm mrad and the energy spread is 0.15%. [S1063-6513((96)511104]

[1] ). C. Williamson and A. H. Zewail, Proc. Natl. Acad. Sci. USA Methods Phys. Res. A 341, 351 (1994),

88, 5021 (1991). [5] G. P. Gallerano er al., Nucl. Instrum. Methods Phys. Res. A
[2]1. C. Williamson and G. Mourou, Phys. Rev. Lett. 52, 2364 358, 74 (1995).

(1984). [6] P. Kung, H. Lihn, and H. Wiedemann, Phys. Rev. Lett. 73, 967
[3] H. E. Elsayed-Ali and J. W. Herman, Appl. Phys. Lett. 57, (1994).

1508 (1994), [7] B. E. Carlsten and S. J. Russell, Phys. Rev. E 53, R2072
[4] K. J. Kim, S. Chattopadhyay, and C. V. Shank, Nuel. Instrum. (1996).



MeV Ultrafast Electrons for UED &UEM

1l AR

PHYSICAL REVIEW E VOLUME >4, NUMBER 4 OCTOBER 1996

Experimental observation of high-brightness microbunching in a photocathode rf electron gun

X. ] Wang, X. Q. and I. Ben-Zwt
National Synchrofron Light Source, Brookhaven National Laboratory, Upton, New York 11973
(Recerved 13 February 1996)

whtle varymg the phase of the 1f lmac. The bunch compression as a function of of gun phiase and electric field

at the cathode were tnvestigated. The shortest measured bunch 15 370+ 100 £5 (at 95% of the charge) with
253 10° electrons (170 A peak current); the normalized ms emiftance of fhis beam was measured fo be

0.5 mm mrad and the energy spread 15 0.15%. [S1063-651X(96)511104)

v Better temporal resolution? (Jitter is concern)
s Beam quality good enough?

* Signal too week & Sample damage”?

** More Expensive? True



Photocathode RF gun and Space charge effects

SLAC

* High acceleration field.
« Laser control temporal and space distributions.

« Cathode technology.
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Space charge effect: (1/(B2y3)



SLAC

Why diffraction with MeV electrons?

Space charge effect: (1/(B%y3)

150

100 “thick™ samples
kinematic diffraction
@ 3.2 MeV, MFP ~ 20 nm
@ 55 KeV, MFP ~ 3 nm

50

Energy loss [MeV/cm]
[wo] yibus| buiddolg

“really™ flat Ewald-sphere

8.01' 0I1 o 10 100
Electron energy [MeV]

physics.nist.gov/PhysRefData/Star/Text/ESTAR.h
tml



Timeline

Apr 2014 MeV UED launched

June 2014 bunker cleared

August 2014 UED beamline installed

ug 22 2014 first beam
March 2015 gas phase UED

March 2016 single-shot MeV UED

June 2017 THz

20



SLAC

Typical beafn parameters

wvss  SLAC MeV UED Summary

Parameters Values

rep. rate SS - 180 Hz

- _ \ beam energy 2 -4 MeV
Ty B e /bunch 104-108

mber . e

' | emittance 2 -20 nm

t=-2.8ps| e (44K bunch length <40 fs (rms)
' e { gresolution voo " & | <100fs FWHMor = |
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https://portal.slac.stanford.edu/sites/ard_public/tfd/ued/Pages/default.aspx 21



Ultrafast science: material science

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

porous Au, Cr-Cu heterostrucutre)
v 2-D Materials(MoS, MoSe, WTe,)
v' Diffuse scattering (Au, Ni)

v Quantum Materials (Bi2212, 1T-TaSs,,
LSMO, SrTiO; TiSe,)

v Functional material(Perovskite, PbI2,
Vo, )

v Warm dense matter (W, Au, Copper)

MoTe, 2H

DifosieSCaﬁermg,, o %



Ultrafast material science enabled by MeV-UED

SLAC

. Monolayer
diffraction pattern

v 2-D Materials

$%5%9 OM'.‘.'&'»Q 58000

Mos,
1005 e-
E. M. Mannebach et al., Nano Letters, 31 August 2015 Dg'namica.l st(;t;cturﬁl r%mpgrﬁes K
characterize or the first time.

22.5
20.0
17.5
15.0
12.5
10.0
1.5

". 5.0

T. Chase et al, APL 108, 041909 (2016). New J. Phys. 17, 113047 (2015).
[DOI: 10.1063/1.4940981] Struct. Dyn. 4, 054501 (2017)



Photo-chemistry

_ SLAC
Photodissociation: -

O 9Pe
CF;l dissociation C4F4l, dissociation zf?,)

Ring-opening reaction:
1,2 — Dithiane; cis-Stilbene Oxide;
1,3 - Cyclohexadiene

Roam-type reaction:
Nitrobenzene

Photoisomerization:
cis-Stilbene ¥

1,3 — Cyclohexadiene
(CHD) ring-opening

Stilbene Isomerization

Dithiane

NNNNNNNNNNN -i NIRRT : ’
Nebias PU%SE ine 7 .

Lincoln



Science enabled by the high-brightness
electron beams

Bond-breaking & nuclear wavepacket passing through
conical intersections (Science 361 64—-67 (2018))

CHEMICAL PHYSICS

Imaging CF;I conical intersection and
photodissociation dynamics with
ultrafast electron diffraction

Jie Yang"**, Xiaolei Zhn®*, Thomas J. A. Wolf*, Zheng Li***, J. Pedro F. Nunes®,
Ryan Coffee™™", James P. Cryan®, Markus Giithr™®, Kareem Hegazy**,

Tony F. Heinz*'", Keith Jobe', Renkai 1Li', Xiaozhe Shen', Theodore Veecione',
Stephen Weathersby', Kyle J. Wilkin"', Charles Yoneda®, Qiang Zheng’,

Todd J. Martinez™**, Martin Centurion™”, Xijie Wang"*



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

(7))
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Photochemistry - gaas phase diffraction

Comparison to high level ab initio Comparison to photoelectron spectra
Rule out interaction with environment

i
U L Y :
1
(™

E, V) Stolow, Bragg, Neumark,
Chem. Rev. 2004

Field free alignment / quantum manipulation No background from solvent

Lagad plilEd

iy peliles

0

, I; in methanal
Kim et al, PCCP 17,

8633 (2015)

Courtesy of Markus Guhr 28



ARTICLE

Received 3 Aug 2015 | Accepted 3 Mar 2016 | Published 5 Apr 2016 DOI: 10.1038/ncomms11232 OPEN

Diffractive imaging of a rotational wavepacket
in nitrogen molecules with femtosecond

megaelectronvolt electron pulses

Jie Yang1, Markus Guehr2'3, Theodore Vecchione4, Matthew S. Robinson1, Renkai Li4, Nick Hartmann4,
Xiaozhe Shen? Ryan Coffee?, Jeff Corbett?, Alan Fry?, Kelly Gaffney?, Tais Gorkhover?, Carsten Hast?,
Keith Jobe® lgor Makasyuk4, Alexander Reid?, Joseph Robinson?®, Sharon Vetter? Fenglin Wang4,
Stephen Weathersby?, Charles Yoneda®, Martin Centurion' & Xijie Wang?®

|2 Selected for a Viewpoint in Physics week endine
PRL 117, 153002 (2016) PHYSICAL REVIEW LETTERS 7 OCTOBER 2016

S

Diffractive Imaging of Coherent Nuclear Motion in Isolated Molecules

Jie Yang,] Markus Guehr,™" Xiaozhe Shen.* Renkai Li,* Theodore Vecchione,” Ryan Coffee,” Jeff Corbett,” Alan Fry,4
Nick Hartmann,” Carsten Hast,” Kareem Hcgazy,4 Keith Jobe.” Igor Makasytlk,4 Joseph Robinson,” Matthew S. Robinson.’
Sharon Vcttcr,4 Stephen Wcathcrsby,4 Charles Y(mcda,4 Xijie \W\Jairlg,‘j"Jr and Martin Centurion'*
lUm't-'er.s‘ft_\,? of Nebraska-Lincoln, 855 N 16th Street, Lincoln, Nebraska 68588, USA
*PULSE, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
3Ph_vsfcs and Astronomy, Potsdam University, 14476 Potsdam, Germany
*SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
(Received 19 March 2016; published 3 October 2016)
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RESEARCH

CHEMICAL PHYSICS

Imaging CF;l conical intersection and
photodissociation dynamics with
ultrafast electron diffraction

Fie Yang™"*, Xinsbel Zim™", Thomas J. A Wolf ", Fheng Li™"", L Palro F. Nunes",

Ryan Coffes"""

smes P, Crysa”, Markws Gl ®, Kareen Fegaay ™,

Tomy F. Helm ™™, Keith Jobe', Renkul 11", Xinmhe Shen', Theods re Ve,
Bleplien Weallerby®, Kile 1 Wilkia™, (harles Venéeda", (lang Mheag’
Todd J. Martine", Martis Canburion"™" , Xijke Wang"
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Introduction to CF|

CF;l Structure

_ SLAC
CF;l Absorption Spectrum

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

CF;l Potential Energy Surface
ra

[5prr, My 2)(7s) Rydberg
[5pr®,*Ny](6p) Rydberg
— [Spr "Myz}(65) Rydberg

lon Pair I
e

r

Rea - 31
Calculated by X. Zhu and T. J. Martinez



Experimental setup

SLAC

Detectof

Electron pulse

Electron gun: >3 MeV
De Broglie wavelength 300 fm

=0.97, Negligible group velocity mismatch
10° Electrons per pulse

excitation laser pulse

32
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Data Processing

Anisotropy comes from Photoselection rule

Diffraction Pattern Pair Distribution

Sample ’\. it (/}MA

Electron Beam ** " :
o “ "‘””} \/

ll”“"'“ e \ /

Laser Pulse

CF;l Structure

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

34



What is a Pair Distribution Function (PDF)?

Thomas Proffen of ORNL, NXS 2015

G(r) (A7)

-5 0 5 10 15 20 25 30 35

SLAC

Pair distribution function
(PDF) gives the probability
of finding an atom at a
distance “r” from a given
atom.

- 248 J

- 1.42
= 2.84
- 3.78
- 4.26
- 4,82

» 5.11

=




CF;l Structure Dynamics

Fnergy [eV]

1.8 2.3 2.8

Ground state

3.3 3.8

C-I distance [A]




CF3I Strupl-l ira Munamiece

Fnergy [eV]

2.8

-

Ground state

3.3

=y

3.8

C-I distance [A]
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The Cl bond bleaches earler than the Fl bond

F’IZ')F||

Mormalized AP’DF _

mI} EDD qnﬂ 401] 5[:0
Delayifs)

IR}
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Structure Fitting result
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Two Photo

Perpendicular
Claror Fl Bleaching signal removed +
Ridge-Detection Algorithm
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Two Photo

5p-7s Rydberg

5p-6p Rydberg
5p-6s Rydberg

i
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Pair Distance (A)
Pair Distance (A)

Simulation by Xiaolei Zhu, Martinez group
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Science enabled by the high-brightness
electron beams

Resolving ultrafast phase transitions
(Science 360 1451-1455 (2018))

CONDENSED MATTER

Heterogeneous to homogeneous
melting transition visualized with
ultrafast electron diffraction

M. Z. Mo'"{, Z. Chen't, B. K. Li', M. Dunning', B. B. L. Witte"?, J, K. Baldwin®,

L. B. Fletcher', J. B. Kim', A. Ng*, R. Redmer®, A. H. Reid", P. Shekhar®, X. Z. Shen',

M. Shen®, K. Sokolowski-Tinten®, Y. Y. Tsui®, Y. @. Wang®, Q. Zheng',
X, J. Wang', 8. H. Glenzer'*






Single-shot MeV-UED to study the structural
dynamics of warm dense gold

SLAC
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Target Exchange

® 35nm single-crystalline Au (free-standing)
® 30nm polycrystalline Au (free-standing)

(LCLS-type)

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



Ultrafast solid-liquid phase transition of 35nm gold

excited with pump fluence of 80 mJ/cm?(1.17 MJ/kg)
. SLAC

Three obvious features:
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M. Mo et al, Science 360 1451-1455 (2018))



UED has discovered the heterogeneous melting regime
that is sensitive to defects and grain boundaries

SLAC

S
2000
(200) —2ps
1.17MJ/kg b 2]
£ 17 ps
R (d)EL.178M)/kg
Homogeneous 1000 | ]
melting (220)
500 (ao0) 420)
T
z g
2 2000 1 =
g 20 2
= —20ps =
0.36@MJ/kg oo b — el &
ao 800 ps ?
Heterogeneous & oo (hm.36aMi/ke 1 &
. i) 1 2
melting S 2.
[} <
2 500 |- 1 B
Q
§ (g) tEBOOm@S =
< e B
3.
2000 T T T T &
0.18@J/kg 0.18aMJ/kg —10ps
: 1500 = —1000ps | ]
— 3000 ps
Incom_plete o ()@D.188MJ/kg ]
melting
: : ; 500
(i)  tERO0ms (j)  tEELO000Ds (k) tEBOOODS
e ——
. 0 2 4 o 6 8 10
Time QA

M. Mo et al, Science 360 1451-1455 (2018)) 48



Homogeneous melting occurs catastrophically under
strong superheating, whereas heterogeneous melting
relies on the melt front propagation with subsonic speed

MD simulated homogenous melting MD simulated heterogeneous melting
of 20 nm gold excited by fs laser pulse of 20 nm gold excited by fs laser pulse
WETTE otk N T ;

Blue: crystalline
Red: liquid

V<015V,

: 180 ps
-0 5 10 5 o 20 5 0 5 0
Distance from the irradiated surface (nm) Distance from the iradiated surface (nm)
Nucleates homogeneously Nucleates from the two free surfaces

Z.Lin, etal, PRB 73, 184113 (2006);

M. Mo et al, Science 360 1451-1455 (2018))
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SLAC’s Vision for Ultrafast Electron Scattering & Microscopy

UEM
User
Ultrafast Electron Facility
Microscopy _aill @

(Sub-nm,10s ps)

Nano-UED
User Facility - @ =

10fsUED = Micro-UED
MRz UELYy Direct detector
Solid, Gas & Liquid samples

THz to XUV tunable pump
e

The first step: MeV Ultrafast Electron Diffraction (UED)

RE OF ELECTRON
SCATTERING &
DIFFRACTION

Recommendation: setup
ultrafast electron scattering
& microscopy facility
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