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Capture the ultrafast OR probe the ultrasmall

Structure of Ribosome, 2009
Nobel Prize in Chemistry

Quasicrystal, 2011 Nobel Prize in Chemistry

Spatial resolution

Femtosecond spectroscopy, 1999
Nobel Prize in Chemistry

Frequency comb, 2005 Nobel Prize in Physics

Temporal resolution




Capture the ultrafast AND probe the ultrasmall

“Making the Leap from Observation
Science to Control Science”

This grand challenge requires new instruments with
both high temporal and spatial resolution




World-wide interest in ultrafast-ultrasmall
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Electron’s wave-particle duality

J.J. Thomson: 1906 Nobel prize; electrons are particles
G.P. Thomson: 1937 Nobel prize; electrons are NOT particles

JAUME NAVARRO

A HISTORY OF THE

ELECTRON

J.J.and G. P. Thomson




Ultrafast electron diffraction

Structure information encoded in the diffraction pattern

- Crystal
surface

Pump-probe technique




Ultrafast electron diffraction

Structure information encoded in the diffraction pattern

Dynamics initiated by an ultrafast laser

Pump-probe technique




Ultrafast electron diffraction

Structure information encoded in the diffraction pattern

Dynamics initiated by an ultrafast laser

Pump-probe technique




Ultrafast electron diffraction facility
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Deflection Plates Au mesh!
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Femtosecond
Laser

60 keV UED @ Shanghai Jiao Tong University



Applications of ultrafast electron diffraction

Atomic view of Making molecular Understanding high
phase transitions movie Tc superconductor

.T=A‘4<ps

Melting of Aluminium Photodissociation Disentangle freedom

Science (2003) Science (2001) PNAS (2010)



Limitations of keVV UED

Single-shot capability  high temporal resolution
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Limitations of keVV UED

Single-shot capability  high temporal resolution
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Velocity mismatch limits the temporal resolution of keV
UED (in gas sample) to >1 ps




UED: poor man’s FEL

Femtosecond Chemistry LCLS

* Forefront area in chemistry
So far the domain of fast laser spectroscopy with a few fs resolution
* Chemical dynamics happens i fs - ps range

Lasers probe charge dynamics

Chemistry is about Motion
CO000000000000000000000000000000
T EEE—

H,0-0H +H
about 10fs

time depends on CH,L—>CH, I + 1
mass > about 100 fs

]
FEL Gun W—é Undulator,. [—> User’s stations

]
UED/UEM Gun >| User’s stations




Ultrafast electron microscope

Transmission electron microscope

L<—1— Electron source Gun: thermionic or field emission

v Acceleration with DC field

v" Voltage: <200 kV (routine); 200 ~ 500 kV
~ Condenser (medium energy); 500 kV ~ 3 MV (high
lens voltage)

v Spatial resolution: down to 50 pm

- . X
—Projection | 2
| | lens !
H
=Z
A\
Detector
Schematic of a transmission 5th order aberration

electron microscope corrected TEM (2009)




Ultrafast electron microscope

£ % Laser-pulse-driven :
43 photocathode LLNL’s Dynamic TEM

o
Cathode-drive
laser \ ® Laser triggered photocathode
Hydro-drive DC gun
laser — Sample ® -~ 108electrons per pulse
location (single shot)
® Temporal resolution: ~10 ns
g |
33'- j ® Spatial resolution: ~10 nm
® Appliestoirreversible process
— . L
- ® Resolution limited by space

CCD camera __— charge

system




How to improve UEM temporal resolution?

Increasing beam energy causes more problems than it solves

1 MV TEM @ Beijing

® Size costs 0.05% of the
GDP at 1971

® Cost

® Stability

® Magnets

® Radiation







Accelerator based UED/UEM - Why

Higher beam energy mitigates space charge effect
Space charge force is proportional to 1/~

Higher beam energy mitigates velocity mismatch effect (v=c)

Higher accelerating gradient gives higher beam brightness

N = Produce a beam with smaller thermal
c emittance

B, =

(27)3enaEnyEns |
= Reduces emittance growth

Higher gradient reduces the size of a MeV TEM

= World's highest voltage TEM with 3 MeV beam stands 13 m high and
weighs 140 tons

= S-band photocathode rf gun: ~15cm




Feasibility of MeV UED

First systematic study of MeV UED

Journal of the Korean Physical Society, Vol. 48, No. 3, March 2006, pp. 390~396

Potential of Femtosecond Electron Diffraction Using Near-Relativistic
Electrons from a Photocathode RF Electron Gun

X. J. Wanc
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY 11973, USA

D. XIaNG
Department of Engineering Physics, Tsinghua University, Beijing, China

T K. KiMm and! H. IHEE®

Department of Chemistry and School of Molecular Science (BK21),
Korea Advanced Institute of Science and Technology, Daejeon 305-701

(Received 20 December 2005)

Wang, BNL LDRD, 2000; Wang et al., PACO03; Xiang et al., PACO05; Wang et al., 2006




MeV UED (world-wide interest)
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Accelerator based UEM — feasibility

Nuclear Instruments and Methods in Physics Research A 759 (2014) 74-82

Contents lists available at ScienceDirect o uCLEAR
Nuclear Instruments and Methods in i,
g LEN Physics Research A S
FELSEVIER journal homepage: www.elsevier.com/locate/nima S
Accelerator-based single-shot ultrafast transmission electron (!)Cmmrk

microscope with picosecond temporal resolution and nanometer
spatial resolution

D. Xiang ** F. Fu?, J. Zhang?, X. Huang®, L. Wang", X. Wang", W. Wan®©

% Key Laboratory for Laser Plasmas (Ministry of Education), Department of Physics and Astronomy, Shanghai fiao Tong University, Shanghai 200240, China
b SLAC Natienal Accelerator Laboratory, Menlo Park, CA 94025, USA
© Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

ARTICLE INFO ABSTRACT

Article history: We present feasibility study of an accelerator-based ultrafast transmission electron microscope (u-TEM)
capable of producing a full field image in a single-shot with simultaneous picosecond temporal
resolution and nanometer spatial resolution. We study key physics related to performance of u-TEMs
and discuss major challenges as well as possible solutions for practical realization of u-TEMs. The
feasibility of u-TEMs is confirmed through simulations using realistic electron beam parameters. We
anticipate that u-TEMs with a product of temporal and spatial resolution beyond 10~ '® ms will open up
Keywords: new opportunities in probing matter at ultrafast temporal and ultrasmall spatial scales.

Photocathode rf gun © 2014 Elsevier B.V. All rights reserved.
Transfer matrix




Accelerator based UEM — feasibility

PHYSICAL REVIEW APPLIED 2, 024003 (2014)

S

Single-Shot MeV Transmission Electron Microscopy with Picosecond Temporal Resolution

R.K. Li and P. Musumeci

Department oi Phisics and Asrmnomil UCIAI Los Aniefesl Cafiiomia 90095, USA

Pushing the limits in temporal resolution for transmission electron microscopy (TEM) requires a
revolutionary change in the electron source technology. In this paper, we study the possibility of employing
a radio-frequency photoinjector as the electron source for a time-resolved TEM. By raising the beam
energy to the relativistic regime, we minimize the space-charge effects which otherwise limit the
spatiotemporal resolution of the instrument. Analysis and optimization of the system taking into account
the achievable beam brightness, electron flux on the sample, chromatic and spherical aberration of the
electron optic system, and space-charge effects in image formation are presented and supported by detailed
numerical modeling. The results demonstrate the feasibility of 10-nm-10-ps spatiotemporal resolution
single-shot MeV TEM.

DOI: 10.1103/PhysRevApplied.2.024003




Accelerator based UEM — feasibility

A representative design (10 ps & 10 nm)

I I ® S: solenoid
® C:condenser lens

® O: objective lens

oo sample ® [ intermediate lens
-ban . .
S-band " ® P: projection lens
gun cavity
® D: detector
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Xiang et al., NIM A (2014); Li and Musumeci, PRA (2014)
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single shot
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