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“Scientific advance is more often driven
by the development of
a new tool than a new concept”

Freeman Dyson

In a review of a biography
of the mathematician George Green
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1. Free Electrons




Mysterious rays

Sir Joseph J. Thomson
(1856.12.18 ~ 1940.8.30)

1St Exp. 2nd EXp. 3" Exp.
Cathode rays : negative charge Cathode rays : deflected by E-field Cathode rays m/e : < 1/1000 of H*

Deflection
plates
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] P ===
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Collimators (S) 7

3 Deflection plates
——3  Deflection coils




o Stable subatomic particle with a negative charge
Mean lifetime : > 6.6 x 1028 yr

o €:-1.602x101C

m, : 9.10938 x 103! kg, 1/1836 the mass of a proton
Spin or intrinsic angular momentum : %2h
Radius : <102 m

@ Elecktron : the ancient Greek word for amber

Electron : first suggested by G. J. Stoney in 1891



“The size and shape of the electron”,

, Phys. Rev. 14, 20
— Published 1 July 1919
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THE SIZE AND SHAPE OF THE ELECTRON.!

By ArtHUR H. CoMPTON.

Synopsis.—Attention is called to two outstanding differences between experi-
ment and the theory of scattering of high frequency radiation based upon the
hypothesis of a sensibly point charge electron. In the first place, according to this
theory the mass scattering coefficient should never fall below about .2, whereas
the observed scattering coefficient for very hard X-rays and ~y-rays falls as low
as one fourth of this value. In the second place, if the electron is small compared
with the wave-length of the incident rays, when a beam of y-rays is passed through a
thin plate of matter the intensity of the scattered rays on the two sides of the
plate should be the same, whereas it is well known that the scattered radiation
on the emergent side of the plate is more intense than that on the incident side.

It is pointed out that the hypothesis that the electron has a diameter comparable
with the wave-length of the hard v-rays will account qualitatively for these dif-
ferences, in virtue of the phase difference between rays scattered by different parts
of the electron. The scattering coefficient for different wave-lengths is calculated
on the basis of three types of electron: (1) A rigid spherical shell of electricity,
incapable of rotation; (2) a flexible spherical shell of electricity; (3) a thin flexible
ring of electricity. All three types are found to account satisfactorily for the meager
available data on the magnitude of the scattering coefficient for various wave-
lengths. The rigid spherical electron is incapable of accounting for the difference
between the emergent and the incident scattered radiation, while the flexible ring
electron accounts more accurately for this difference than does the flexible spherical
shell electron.

It is concluded that the diameter of the electron is comparable in magnitude
with the wave-length of the shortest y-rays. Using the best available values for
the wave-length and the scattering by matter of hard X-rays and vy-rays, the radius
of the electron is estimated as about 2 X 1071 ¢m. Evidence is also found that
the radius of the electron is the same in the different elements. In order to explain the
fact that the incident scattered radiation is less intense than the emergent radiation,
the electron must be subject to rotations as well as translations.
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Standard Model of Elementary Partlcles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Acceleration =& d

Charles-Augustin de Coulomb Hendrik Antoon Lorentz
(1736. 6. 14 — 1806. 8. 23) (1853. 7. 18 —1928. 2. 4)

F = 0 E = mqﬁ (non-relativistic v << c)

- _d B _ o
(relativistic case v ~ ¢c) = m (P) — mqgt (’yV)

A Lorentz factor : y=

— F

Tt YRR 1 (”)
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E=qV=eV

E E [MeV]
. Ay— o 2]n2 -1/2: =
Lorentz factor : y= (1-v+/c?) 1+ Mm..C2 1+ 0.511 [MeV]
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B Particles : electron, proton, ion (heavy ion, hadron)

W Acceleration method:
— B4 >5}2>) (Electrostatic Accelerator)
— %3 5}&3] (Radio—Frequency/RF Accelerator)
— #}3) 5 = >}223) (Induction Accelerator)
— 2} =v} 5}%5) (Plasma Accelerator)

® Depending on shape :
— A3 >5}&>) (Linear Accelerator, Linac)
— 33 5}<£>) (Circular/Cyclic Accelerator)

¥ Depending on usage :
— ¥} >}45] (Synchrotron Accelerator)
- 9] 8§ >}<%>] (Medical Accelerator)
— A} % >1%3) (Industrial Accelerator)
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Acceleration
Cavity Magnets

few meters ~ 30,000 meters (MeV ~ TeV)

Electron
Gun Magnets

B Electron guns : thermionic, field emission, & photo—electron guns
¥ Electron optics : bending magnets, quadrupole magnets -

B Acceleration cavity : normal conducting or superconducting
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© The Large Electron-Positron Collider (LEP, 1989-2000), CERN
- Energy : 209 GeV, circumference : 27 km

/ A FRANCE\ SUISSE
VERSONNE
*e e n 4

e a4
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je /7 orE QI X} 210118y c.f. Linear Collider Program : electron/positron 500 GeV, 1 TeV
KABRL toreamometne oo Large Hadron Collider (LHC) : 7 TeV proton beam
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2] 1944 : Theoretical prediction (D. Iwanenko, I. Pomeranchuk)
1947 : First observation (GE Lab.)

2} 1G (-70s): Study:for high-energy physics
2G (70s-): Radiation from dipole magnet, userfacility
3G (90s-): Radiation from insertion devices (wiggler, undulator)
4G (00s-): X-ray free-electron laser, ultimate ring
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Diffraction & Interference

Diffraction by single hole

Airy Disk ~ 2.44 )/D

Interference by diffracted waves by two holes
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420 nm

564 nm
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iPhone 5S, 4.8X3.6 mm?, ;=100 mm, I, < 6 mm
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See, Optics 4t Edition, Eugene Hecht, p473



How are we able to see objects
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How are we able to see objects




Diffraction

avelength ), slit a

“Spread” ©

“Diffraction of water waves [opening)”
(Source: ChivKing Mg)
A hitp://www.ngsir.netfirms.com/englishhim/Diffraction. him
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é%% - AU 2I01 2
KAERI\ .Kn_reiarxherlg-;\else.;hﬂi:l;



— 1

;%w-‘ IR QI X23011Q)
KAERI\ :(:eian:herlg-;\else.;hﬂi;






Size of molecules : 0.1 ~ 100 nm

1 THz 1 PHz 1 EHz 1 ZHz
| | | / |

| | | | |
1 1012 1013 1014 1015 016 101? 1018 1019 1020 1021

I Terah- Infrar violet X-ray Gamma
% » FarlIR Mid IR Extreme UV Soft X-ray Hard X-ray
) o
=3 = >
- =) (nm)
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h
Matter Wave, Wavelength A =—
p

h : Plank constant

Louis de Broglie (1892~1987) p : Momentum
Y1929 Novel laureate

Electron Kinetic
Energy [MeV]

A 3.7 pm 1.97 pm 0.872 pm 0.357 pm 0.118 pm

i Size of molecules : 0.1 ~ 100 nm
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Transmission Scanning
Electron Microscopy Electron Microscopy

Light Source
(Lamp)
E' . Condenser Condenser
Lens @ Lens .
f |
. ___ Scanning Coil
——— Specimen @ =») (Beam Deflector)
(Tissue Sections)
Objective = Condenser <=
Lens Lens
A ;

Eyepiece Projection
Lens Lens

Y Electrons | |

Light Microscopy

Electron Source

Detector

3-Dimensional
Specimen
Image Viewed Image Viewed on Image Viewed
Directly Fluorescent Screen on Monitor
500X~1500X 100,000X~300,000X

o . mi . -
SR QI X201y Z X : microbiologyinfo.com
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Resolving Power of

. - Stuttgart TEAM/] i !
m) nd Micr 12 MV |
e 100 et N o 10 3
= Ietric 3 ) ]
i @00kvy 7% [\ T ST
I (200 kV) 1 :
10m1 E_ _5101 ! A
o - . Zach, Haider 1 '
i i Electron microscope ' i
< , N (1kV SEM) . g
g 107°F Borries and Ruska 310 °E"..
2 - Marton, Ardenne ] a
o i (100 kV) i 1
S 02k 410°
o g Light Ruska (75 kV) E b
& [ microscope i
1074 =10%
Amici Achromatic : RO Ss :
?:ﬁ;:s‘lc:g:ﬁ 'l 0 -5 T SR TN N I N N TN T AN RO NN NN TN A NN N RO T N S T B
1800 1850 1900 1950 2000 2050
Year
Abbe-Zeiss
Microscope

(circa 1879)

D. A. Muller, Nat. Mater. 8, 263 (2009).
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Resolving Power of

Emitter and
Accelerator

Condenser
Lenses

Delta
Corrector

Objective Lens

30.5 pm
D Convergence angle

“= 2 f (Numerical Aperture)

Figure 1. (a) 300 kV electron microscope (GRAND ARM) equipped with a delta corrector and a cold
field emission gun for STEM. (b) Ronchigram at 300 kV after aberration correction with delta type
corrector for probe forming system. ( a)

20 mrad (b) 30 mrad (C) 40 mrad

Figure 2. ADF STEM images of GaN [212] with convergence semi-angles of (a) 20 mard, (b) 30 mrad
and (c) 40 mrad. Intensity profiles of these images are also shown below. (d) Modulus of the Fourier
transform from the image obtained with the 40 mrad convergence angle.

Shigeyuki Morishita, et. al., ‘Resolution Achievement of 40.5 pm in Scanning Transmission Electron Microscopy

using 300 KV Microscope with Delta Corrector’, Microsc. Microanal. 24 (Suppl 1), (2018).



B

microscope

~1013 A/m?2/sr

Beam cross-section  Beam solid angle

Ernst Ruska,

1986 Nobel Prize I
for the invention
of the electron microscope B — T] —_—
Ex€y
N

Transverse emittances
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coherence X

R source
Ryource : El€Ctron beam radius at the source
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Electrons

N N
. 1 dx
= |— R 2 A NI, , _ax
Oy Nzl(xl (X)) Oy N_Zl(xl (X )) x' = =
i= =
1w L& ]
7= |5 Q,01=0) o= [0y =2
t=1 i=1
Deviation of electron’s position Deviation of electron’s angle
€, =40,0,
—_ !




e Thermionic gun

o Field emission gun

@ Photoelectron gun




Characteristics of the 3 principal sources operating 100 kV

Operating temp. (K) 2700 2000
Current density (A/cm?) 5 100 106
Crossover size (um) 50 10 < 0.01
Brightness (A/m?/sr) 107 5 x 101 1013
Energy spread (eV) 3 1.5 0.3
Vacuum (Pa) 102 104 108
Lifetime (hr) 100 500 > 1000
Emission current stability (%/hr) <1 <1 5



Biological & Chemical Aspects

1886-98: Viruses as causative agents in animals
and plants identified (Mettenleiter, 2017)

™~

Physical Aspects

PR i|

[1397: TEM resolution below 10 A (Bottch
al., 1997: Conway et al, 1997)

~
er et

_microscope (Danilatos, 1991)

1991 Direct anaylses of wet specimen using
vaniable pressures in the scanning electron

~

r

P

(Lepault et al., 1983)
2 1982: Nobel prize for Chemistry to A. Klug for
1948: Development of ultramicrotome nbdovebpcmo - Py
(Pease and Baker, 1948) \aw—mm iy
'
N 5%

1983: TEM analyses at cryogenic temperatures

~\

20| Sikh -

1941: Immuno-electron microscopy of
viruses (Anderson and Stanley, 1941)

1982: Lowicryl resins for low-temperature
embedding (Carlemalm etal , 1982)

N

the development of cryo-electron microscopy

) | 2017: Nobel prize for Chemistry t0 J.
Dubochet, J. Frank and R. Henderson for

~

¥

1938: First TEM pictures of viruses
(von Borries et al., 1938)

] [ 1968: Generation of 3D structural model iom]

2D projections (De Rosier and Klug, 1968)

procedere of viruses (Brenner and

1959: Introduction of negative staining
Home, 1959)

T

]
P

P

1932: Construction of transmission electron

microscope (Knoll and Ruska, 1932)

A

1938: Construction scanning electron
microscope (von Ardenne, 1938)

Katja R. Richert-Poggeler, et. al., Frontiers in Microbiology 9, 3266 (2019).

1966: Introduction of scanning transmission
i and field emission gun

(o

[1966: Application of condenser-objective J
lens (Riecke and Ruska, 1966)

1 1 i

2015: TEM resolution below 3 A

(Bartesaghi et al., 2015; Campell etal., 2015)

~\

2007: Metallothionein as a clonable gold label
for TEM (Mercogliano and DeRosier, 2007)

cameras for motion correction (Brilot

2012: Direct electron-detection
etal, 2012)

1982: Incorporation of a pressure limiting
aperture below the objective aperture of an
scanning electron microscope (Danilatos

and Postle, 1982)

7

‘. e

f—\

muﬂ»um

0 e sty o e

>

environmental scanning electron
microscope (Danildos 1990)

(333

1990: Gaseous detector device in the

(Dierksen etal., 1992)

o)

1992: Automated electron tomography




lll. Temporal Confinement of Free Electrons




Le derby d’Epsom, painting
by Théodore Gerlcault 1821
W
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http://en.wikipedia.org/wiki/Th%C3%A9odore_G%C3%A9ricault
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Time for sonic wave passing through a molecule .
10~1000 fs

=
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The ultrafast transmission
electron microscope (UEM)

electron source

objective

projective

electron energy
spectrometer

Referred from website of Kaminer group @ TECHNION

SHR X2 IR
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Single particle phase transition
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R.M. van der Veen et al,, Nat. Chem. 5, 395-402 (2013).



Ultrafast Electron Microscopy Visualizes Acoustic Vibrations
of Plasmonic Nanorods at the Interfaces, Matter 1, 481, 2019

EXcitation pulse

Photoelectron
pulse

Post specimen
lens systems

Direct electron detector

Time-series
micrographs




Compressed electron beam o

30 fs bunch duration =1 y>1 vy >>1
and 1 pC bunch charge " | |

Ez=0)= 4735 rl
0

By
B (z=0)= ,
(2=0) drecr’

q 1
E (r=0)=
J( ) 47&90@
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Chirped Pulse Amplification =

Volume 56, number 3 OPTICS COMMUNICATIONS December 1985

COMPRESSION OF AMPLIFIED CHIRPED OPTICAL PULSES

Donna STRICKLAND and Gerard MOUROU
Labaratory for Laser Energetics, University of Rochester, 250 Fast River Road, Rochester, NY 146231209, U5
Received 5 July 1985

Oscillator

We have demonstrated the 3 ication and subsequent recompression of optical chirped pulses, A syste] hich produces
1.06 pm laser pulses with pul hs of 2 ps and energies at the millijoule level is presented.




Electron Bunch Compression ezm

Electron Gun



Electron Bunch Compression ezm

Electron Gun



Electron Bunch Compression '

Buncher Cavity



Electron Bunch Compression e<me =

\¥

Buncher Cavity



Electron Bunch Compression ezm

Electron Gun



Electron Bunch Compression ezm

Chicane Compressor




Electron Bunch Compression ezme

v

Chicane Compressor



IV. Ultrafast Electron Diffraction



© Nano structure (<1 nm )

- EM wave : X-rayM (A <1nm)
- Matter wave : electron (E> 10 keV)
&

® Ultrafast dynamics (<1 ps ]

- EM wave : X-M X8 XHHI0I X (x-ray Free Electron Laser)
- Matter wave : XS M XIRIE &KX witrafast Electron Diffraction)



Source
Wavelength
Interaction with
Scattering Power

Penetration Depth

Minimum
Photon/Particle
Numbers for Single-shot
Measurement

Facility Size

é%’l Coherence Length

a Atomic Energy Research Institute

X-ray
10-0.1 nm
Electrons

Low

High

102 photons

Huge (~ km)

A few mm

Electron

0.1-0.001 nm
Nuclei & Electrons
High

Low

10° electrons

Compact (~ m)

A few nm



RF photogun

At=100fs At=200fs At =300 fs At =400 fs
------------IIII-II....

)
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Interference by Diffraction




SLAC

diagnostic  sample

rf gun solenoid
cross chamber near detector

far detector

..............................................

y

Instrumental e;nporal resolution of UEDs is still limited >100 fs.
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EEEEEEEEEEEEEEERE Energy:2.5_3.5MeV
Bunch Charge : ~1 pC
Bunch Duration : ~ 20 fs
Norm. Emittance : < 0.3 mm mrad
Timing Jitter : <10 fs
Rep. Rate : 500 Hz (max.)

UED Beamline-I1

EEEEEEEEEER Main
: | Accelerating
Cavities

THz Beamline

Energy : 20-30 MeV
Bunch Charge : 200 pC
Bunch Duration : ~100 fs
Norm. Emittance : < 1 mm:mrad
Rep. Rate : 500 Hz (max.):

Pulse Radiolysis

Beamline THz/X-ray Beamline

X-ray Beamline

|
High-frequency THz :
Beamline =
sssEssnnnd

N\




Facility Appearance
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Coaxial-type Indium-sealed RF Photogun

Frequency Tuning Mechanics
Frequency : 2.856 GHz
Repetition Rate : 1-500 Hz
Axial Symmetry with a Coaxial Coupler

High power test

Dark current

H. W. Kim et al., J. Kor. Phys. Soc., 74, 24 (2019)



KAERI UED: Bunch Compression
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Number of shots ®
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RF photogun
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Main solenoid

90° achromatic bend
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f
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(Aé between laser
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RF Field

Laser Incident Time, T,
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Arrival time jitter, 7.

AE/E = 0.07%
ACDLaser—RF = 40 fS

) 0 2 4
Laser injection phase, ¢ o (°)



— 2 2 2 2
Tinst.res. = \/Tpump laser +€e—buncD+GjitteD+ Tvelocity—mismatching)

Sample chamber

Detection chamber

Bending
magnet

L [N

T EMCCD
g’ 0.5 pC, 3 MeV
T “ <—— Quadrupoles ~20fs (rms)
Bending 4
magnet ,' satisfying
HIGH ENERGY((] DV o isochronous condition
LOW ENERGY \ pulse
RE Q Main solenoid « Electron bunch compression up to ~20 fs
Photogun — i i . ; f i
J Bucking col « Arrival time jitter reduction up to < 10 fs

A * Velocity mismatching-free scheme
g%uﬁi\' ol «  Multiple beamlines

Korea Atomic Energy Research Institute



RF gun .
Achromatic

bending

(W
AT, "

Oscillator
(2856 MHz)

Drift of the RF-to-laser synch.
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U%hwwm% M 55 fs (rm
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== \|otor movement i
=== After timing correction

1000 2000 3000 4000
Time (s)

J. Shin et al., Laser Photon. Rey. 15, 200326 (2021).
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RF ‘streak’
E-beam —— screen

*

Electron bunch duration

off —_
Head is deflected upgl RF off 2200001 Te = VST X D
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E-field
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RF on '8 ° ________ Id Streaking velocity

Vsr = urad/fs

At screen
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Kim et al., Nat. Photon. 14, 245-249 (2020).



Deflection (mard)

_.LH; Tantalum slit

TPX lens

Streaking velocity = 4.8 prad/fs
30 um

Streaking resolution = 3.8 fs
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Number of shots

Bunch duration =25 + 8 fs (rms) @ 0.57 p(C, 3.11 MeV
Arrival time jitter b/w THz pulse & electron bunch = 8 fs (rms)

— 2 2 2 2
TIrRF = Tpump laser + Telectron + Tjitter + Tdrift

} } } Lo

81 32 fs 19 fs 25fs 8fs 0
K orea At e tute
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Towards jitter-free ultrafast electron diffraction
technology

Hyun Woo Kim©®'?, Nikolay A. Vinokurov®3, In Hyung Baek®'?, Key Young Oang', Mi Hye Kim’,
Young Chan Kim'4, Kyu-Ha Jang'? Kitae Lee'?, Seong Hee Park®®, Sunjeong Park’, Junho Shin®,

-~ Jungwon Kim©®¢, Fabian Rotermund’, Sunglae Cho®, Thomas Feurer® and Young Uk Jeong ®'2*



K. F
Braun

1 GHz at 10 mV analog oscilloscope (1979)




IfR, is stable enough...

Scintillator screen —

Metal slit

"

i n
B giect?
(B [gean!

EMCCD

|

n
| [Elect™
geam !

ﬁim is short enough. ..

1. In this real-time ultrafast oscilloscope, what determines its
bandwidth?

2. Propagating signal inside a slit waveguide is analogous to the
incident signal ?
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1D electron array (d > co,)
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Slit thickness (d)

If d is smaller than A/15,
there is no distortion of

5%2,\ eIV TIEREY waveform.
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Single-shot time

* Horizontal beam size @ slit = 3.7 mm
« Single-shot time window = 12.3 ps .
 ~100 electrons/pixel for single-shot image

* Electron bunch: 0.5 pC, 3.101 MeV @ 50 Hz -

é%% - AU 2I01 2
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d e
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85 00
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"6 4 2 0 2 4 6 01 00 01
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Time resolution per pixel = 13.2 fs
(Sampling rate ~ 75.7 TS/s)
Resolution of E-field amplitude = 200 V/m



Copper slit

— E-beam oscilloscope  —— Electro-optic sampling
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TPX lens Frequency (THz)

OrR QA1

Korea Atomic Energy Research Institute

(pes) aseyq



T U T U T
90 100 110
k(m?)

104

R (fs)

o

| 9|0 | 1[|}0 | 11|0
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For 800 nm pulse visualization,

1. Electron pulse duration should be 170 as.

71 2. Thickness of metal slit should be 53 nm.
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For 800 nm pulse visualization,

1. Electron pulse duration should be

0 KA E RL nOrea ATOMIC CNergy Hesearcn insture

;%Q 2. Thickness of metal slit should be 5

0 100 110
k (m?)
c

w

COMMUNICATIONS

ARTICLE [ =

OPEN
Real-time ultrafast oscilloscope with a relativistic
electron bunch train

In Hyung Baek® ®, Hyun Woo Kim® "6, Hyeon Sang Bark"®, Kyu-Ha Jang', Sunjeong Park!, Junho Shin',
Young Chan Kim', Mihye Kim', Key Young Oang', Kitae Lee"?, Fabian Rotermund® 3,
Nikolay A. Vinokurov® ** & Young Uk Jeong® 2™




Low energy
High energy

Quadrupole
magnet

Pump pulse

Sample

é?Q\ IR IR e
KAERL o o nerg fesech nsite H. W. Kim et al., Structural Dynamics, 7, 034301 (2020).



Sub-10 fs UED by using an Energy Filter
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AArrival time (fs)

Laser injection phase (°)
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Normalized Bi(111) intensity
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Table 1| Designed and measured parameters for hard and soft

XFELs

Parameter

Designhed value Hard

(hard/soft)

Soft

Electron energy (GeV)

Beam charge (nC)

Pulse repetition rate (Hz)
FEL gain length (m)
Photons per pulse (10™)

nature .
photonics

ARTICLES

https://doi.org/10.1038/541566-017-0029-8

o

Hard X-ray free-electron laser with femtosecond- 100

FEL radiation wavelength (nm)

Slice emittance (mm mrad)

Peak current at undulator (kA)

0.1/1.0
10/3.15
0.5

0.2
3.0/2.5
60
3.6/1.8
2.6/10

0.104
9.47
0.55
0.14
2.5
30
3.61
1.8

1.52
3.0
0.55
0.14
2.2
30
2.08
10.0

scale timing jitter

Heung-Sik Kang', Chang-Ki Min', Hoon Heo', Changbum Kim', Haeryong Yang', Gyujin Kim',
Inhyuk Nam', Soung Youl Baek', Hyo-Jin Choi', Geonyeong Mun', Byoung Ryul Park', Young Jin Suh',
Dong Cheol Shin', Jinyul Hu', Juho Hong', Seonghoon Jung', Sang-Hee Kim', KwangHoon Kim',
Donghyun Na', Soung Soo Park’, Yong Jung Park’, Jang-Hui Han', Young Gyu Jung', Seong Hun Jeong',
Hong Gi Lee', Sangbong Lee', Sojeong Lee, Woul-Woo Lee', Bonggi Oh®", Hyung Suck Suh',
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X-FEL (PAL X-FEL)

Big molecules of bio & nano-bio complex

X-ray ~| Low scattering power —| Long penetration

~/

Complementary Tools

~N

Electron ~ Strong scattering power — Short penetration

Sparse materials like 2-D, gas and liquid

UED (KAERI)
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Direct observation of ultrafast hydrogen
bond strengthening in liquid water

https://dol.org/101038/541586-021-03793-9  Jie Yang'*"=, Riccardo Dettori®, J. Pedro F. Nunes®, Nanna H. List*25, Elisa Blasin'?,

Martin Centurion®, Zhijlang Chen', Amy A. Cordones?, Danlel P. Deponte’, Tony F. Helnz*%,
Michael E. Kozina"?, Kathryn Ledbetter™, Ming-Fu Lin', Aaron M. Lindenberg?®®*,
Accepted: 1July 2021 Mianzhen Mo', Anders Nilsson', Xiaozhe Shen', Thomas J. A. Wolf'?, Davide Donadio®=,
Kelly J. Gaffney®=, Todd J. Martinez'**= & Xijle Wang'=

Received: 28 September 2020

Published online: 25 August 2021

Covalent OH bond

RESEARCH Science 368, 885-889 (2020)

CHEMICAL PHYSICS

Simultaneous observation of nuclear and electronic
dynamics by ultrafast electron diffraction

Jie Yang'?*, Xiaolei Zhu'?3t, J. Pedro F. Nunes*, Jimmy K. Yu?33, Robert M. Parrish'??,
Thomas J. A. Wolf'%, Martin Centurion®*, Markus Giihr®, Renkai Li't, Yusong Liu’, Bryan Moore?,
Mario Niebuhr®, Suji Park's, Xiaozhe Shen!, Stephen Weathersby*, Thomas Weinacht’,

Todd J. Martinez*%>*, Xijie Wang'*

Pump Laser
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Development & characterization of UED Apparatus

Dr. Hyun Woo Kim, Dr. In Hyung Baek, Ms. Mi Hye Kim, Mr. Young Chan Kim,
(C\ Dr. Sunjeong Park, Dr. MoonSik Chae, Dr. Key Young Oang, Dr. Junho Shin,
AERI Mr. Sangyoon Bae, Dr. Jungho Moon, Dr. Kyu-Ha Jang, Dr. Kitae Lee,
Dr. Boris Gudkov, Dr. Sergey Miginsky

RF-laser synchronization System configuration
Prof. Jungwon Kim N Prof. Nikolay A. Vinokurov
KAIST = U
THz wave generation

Prof. Fabian Rotermund

Split ring resonator

b Dr. Zoltan Olimann,
RF deflector u Ms. Mozhgan Hayati,
Prof. Seong Hee Park Prof. Thomas Feurer

RF gun design Sample preparation

Dr. Jang-Hee Han Prof. Sunglae Cho
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|aser-produced plasma (LPP) Source

© Pulsed Laser + Laser-produced plasma
(CO, pulsed laser + Sn plasma)

® Requirements for EUV source, ASML
X > 100 wph (@ photo-register sensitivity 15 mJ/cm?)
- Wavelength : 13.5 nm (7 nm node, R: 60-70%)
- Power : 250 W (@ IF, bandwidth 2%)

- o .'
ORI X}2301 718
KAERI Korea Atomic Energy Research Institute



Reticle-stage
Multilayer-coated reflectors :
R~70%

Intermediate focus

LPP Source

illuminator

Projection optics

Wafer stage
Total light transmission from

0
...................... ".: to Wafer o T< 1 4’. .| https://www.cymer.com/




LPP

i ' https://www.cymer.com/

Laser light = O g
/—:. Q
2 ®in ions Droplet fragments |
jec;mns Three key technologies: laser, droplet generation, collector

Metrology Droplet Generator

Collector l' . ] IF Protection
|

* A high power laser evaporates a tin
droplet, then heats the vapor to
critical temperature where electrons
are shed, leaving behind ions,
which are further heated until they
start emitting photons =

n

ol

BTS
I\ Droplet Catcher
(] BRI XIEM0IQ) Multi-Stage S Trangport EUV Source Vacuum Vessel
- S AP and Focusing b=
KAERI Korea Atomic Energy Research Institute C02 Laser System (Inslde the scanner)




Capillary Tube

Ink Drop
Pulsed Focusing
Laser Optics
Make Shoot
a drop the drop
4, 4, Time

e =p

%. o3
KAERI  Yorea Ato

bl E sl https://www.youtube.com/watch?v=bRbHDtPbHe0



https://www.youtube.com/watch?v=bRbHDtPbHe0

aser-produced plasma (LPP) Source

Shock wave

te: 107 FPS

'd

e |
aeni ZREXEATE https://www.youtube.com/watch?v=bRbHDtPbHe0



https://www.youtube.com/watch?v=bRbHDtPbHe0

A Plasma generation
'KA;.ii-' cro AT https://www.youtube.com/watch?v=bRbHDtPbHe0



https://www.youtube.com/watch?v=bRbHDtPbHe0

CO, power

< i

High Power Seed Systf

H EUV power above 100W by improved conversion efficiency asmL

m drives up conversion efficiency by higher CO, peak power ruwic

Slide 12

Seed System with high
power pre-amplification

3-stage power amplification

ﬂ 55 ~—f 7' 75rnTrrrrrorr T
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Korea Atomic Energy Research Institute
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EUV power scaling: three levers
CO., power, conversion efficiency, EUV energy available for exposure

Lower
dose
overhead

EUV Lithography
Insertion

Increase
conversion

efficiency 550 W

Increase
CO, power
NXE:3100 NXE:33x0B
(“NOMO”) (“MOPA-Pre-Pulse”)



Cymer LPP EUV source layout
Drive laser system, beam transport system, and source vessel

Sealed
Beam
Tubes

Turning
Mirror

Vacuum Vessel with
Collector

Laser Metrology

Turning

Mirror
) , Sealed
Class 1 Turning Miror ~ Beam
Drive Laser System Tubes

Isolation Frame

o UER X RSN
KAERI Korea Atomic Energy Research Institute

https://www.cymer.com/



Cymer LPP EUV Source Vessel Architecture

Droplet Generator

\
Z.
[ %

Intermediate
Focus (IF)
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EUV Sensors o"s /
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e
.
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RN
%

Laser / Droplet
Targeting Cameras

'

Ellipsoidal
Collector

Turning Mirror

Primary Focus,
Plasma

Focusing Lens

—® Droplet

Catcher
Target Power:
100W for process development tools
250W for high-volume manufacturin
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e}
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EUV Industrialization Roadmap supports 7nm insertion
By >1500 wafers per day in 2016

Source  Throughput Efficiency* Productivity

Timing o wer[W]  [Wafers/hr] [%] [Wafers/day]
2014 80 >55 <50% >500
2015 125 >75 >50% >1000
2016 250 >125 >55% >1500

*Efficiency = system availability x customer utilization x customer rate efficiency
Logic typically 55%, for DRAM 70-75% (>2000 WPD) |
lllustrative numbers used for WPD model

EUV Lithography
Insertion

ot ﬂ X I'EEI E '_I"I' ﬂ Semicon Taiwan = Kars Troost, PhD

L
Se Product M jer EUV
Korea Atomic Energy Research Institute enior ProcicC Mo ﬁnal
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Node

Layers
20 nm (Immersion)

# of litho steps

# OVL Metrology

# max metrology /
litho steps

8xMasks

20 nm

8 (Immersion)

9-11

2

10 nm (Immersion)

5 EUV reduces complexity and thus cycle time ASML

Public
Slide 6
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23xMasks 33xMasks

10 nm 7 nm

23 (Immersion) 33 (Immersion)

36-40 59-65
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Focus 2015: improving source availability ASML
More than 50 improvement items identified, field upgrades throughout 2015 e

Slide 14

e Automation

EUV Lithography
Insertion

Conversion
efficiency

Collector

Semicon Taiwan Kars Troost, PhD
Taipei Senior Product Manager EUV.

Sept 39, 2015

Drive laser

More than 50 availability
improvement items have
been identified.

Droplet
generator
reliability

margin

Projects are underway to
make these
improvements available
on customer systems
throughout this year.

>1000 WPD
Laserto
droplet in2015

control

Drive laser
reliability

Opitical

Exposure
transmission

dose

Overhead Stage accuracy
optimization at high speed

/ KAERI  Korea Atomic Energy Research Institute



FLASH, the Free-electron LASer in Hamburg : the first FEL for VUV & soft X-ray from 2005

Diagnostics Accelerating structures

e S Collimator ~30 m
-..H- - Il N # I . - ' ' Undulators />

Laser compressor compressor LERRRERRE DRRRRRIRE LRRRRRRER .
5 MeV 125 MeV 370 MeV 440 - 1000 MeV diagnostics
Acceleration Gradient : 15~20 MeV/m RS

200 ms 200 ms
<% > < >
800 us
—
I 199.2 ms
| - >
// (HEHE L //
I I
Soft X-ray photons
e ' 10-50 fs
> <%
S}Q TIAQITIE2404 ! FEL

http://photon-science.desy.de/ process



FLASH, the Free-electron LASer in Hamburg : the first FEL for VUV & soft X-ray from 2005

Number of Bunches per second 1-8000

Pulse Repetition Rates
(within pulse train)+

Wavelength 4.2-45
Pulse Duration (FWHM) 30 - 300

40, 50, 100, 200, 250, 500, 1000

Average Pulse Energy (single bunch)* 1-500

Average Pulse Energy (pulse trains)* 1-200

oo
http://photon-science.desy.de/

kHz

nm
fs



EUV FEL for Lithography

Requirements for EUV FEL EUV FEL Specification

»

B Beam Energy : ~1 GeV Size : ~100 m
B Wavelength: 13.5 nm Cost :  D100MS)e

B Average Power : > 1 kKW Number of FEL : 2
2PAL X-FEL : 400MS (3 GeV, 0.1 nm)

RF Generator
|

o Undulator
Photo Gun Accelerator \ ® -an

Laser HF Genel’ator

<]
c ORI X}2301 14
KAERI Korea Atomic Energy Research Institule

~100 m



