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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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Sir Joseph J. Thomson 

(1856.12.18 ~ 1940.8.30)

The Novel Prize in Physics 1906

In the Cavendish Lab. of Cambridge Univ. Mysterious rays

1st Exp. 

Cathode rays : negative charge 

2nd Exp. 

Cathode rays : deflected by E-field 

3rd Exp. 

Cathode rays m/e : < 1/1000 of H+

Electron



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

e- : -1.602 x 10-19 C 
me : 9.10938 x 10-31 kg, 1/1836 the mass of a proton
Spin or intrinsic angular momentum : ½ h
Radius : < 10-22 m

Elecktron : the ancient Greek word for amber
Electron : first suggested by G. J. Stoney in 1891

Electron to me



“The size and shape of the electron”, 
Arthur H. Compton, Phys. Rev. 14, 20 

– Published 1 July 1919

Electron?



Electron to them



The most suitable particle to accelerate
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Acceleration

F = qE
Charles-Augustin de Coulomb

(1736. 6. 14 – 1806. 8. 23)

Hendrik Antoon Lorentz

(1853. 7. 18 – 1928. 2. 4)

F = qE = mqa

=      (P) = mq (gv) dt
d

dt
d

Lorentz factor : g=
𝟏

𝟏−
𝒗

𝒄

𝟐

(non-relativistic v << c)

(relativistic case v ~ c)



E = qV = eV  
(1 eV = 1 electron volt = 1.6x10-19 J)

Electron Energy

V

E

e

Lorentz factor : g= (1-v2/c2)-1/2 =1+          = 1+
mec

2

E

0.511 [MeV]

E     [MeV]



 Acceleration method : 
- 정전 가속기 (Electrostatic Accelerator)
- 고주파 가속기 (Radio-Frequency/RF Accelerator)
- 자기유도 가속기 (Induction Accelerator)
- 플라즈마 가속기 (Plasma Accelerator)

 Depending on shape : 
- 선형 가속기 (Linear Accelerator, Linac)
- 원형 가속기 (Circular/Cyclic Accelerator)

 Depending on usage : 
- 방사광 가속기 (Synchrotron Accelerator)
- 의료용 가속기 (Medical Accelerator)
- 산업용 가속기 (Industrial Accelerator)

Accelerators

 Particles : electron, proton, ion (heavy ion, hadron)



Electron

Gun
Magnets

Acceleration

Cavity
Magnets

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

 Electron guns : thermionic, field emission, & photo-electron guns

 Electron optics : bending magnets, quadrupole magnets … 

 Acceleration cavity : normal conducting or superconducting

Electron Accelerator



The Large Electron-Positron Collider (LEP, 1989-2000), CERN
- Energy : 209 GeV, circumference : 27 km

c.f. Linear Collider Program : electron/positron 500 GeV, 1 TeV
Large Hadron Collider (LHC) : 7 TeV proton beam 

Biggest Electron 

Accelerator



Synchrotron 

1944 : Theoretical prediction (D. Iwanenko, I. Pomeranchuk)
1947 : First observation (GE Lab.)
1956 : Spectroscopy with UV (Cornell Univ.)

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



Undulator

Mirror

Output Mirror

Electron

Accelerator

Dump

l =               (1 + K  / 2)
l w

2 g 2

2
n

K  =  0.934 Bw lw

Free Electron Laser

High Power

~10 kW in average power

Tunable from X-ray to Microwave

50 nm – 10 mm

High Efficiency





인 자 접두어 인 자 접두어

1024 요타(Y) 10-1 데시(d)

1021 제타(Z) 10-2 센티(c)

1018 엑사(E) 10-3 밀리(m)

1015 페타(P) 10-6 마이크로(m)

1012 테라(T) 10-9 나노(n)

109 기가(G) 10-12 피코(p)

106 메가(M) 10-15 펨토(f)

103 킬로(k) 10-18 아토(a)

102 헥토(h) 10-21 젭토(z)

101 데카(da) 10-24 욕토(y)

사용빈도

자주

가끔

글쎄

전혀



우 주
크기: 약 160 억 광년
(1026 미터 = 100 요타미터)

대전
크기: 약 20 킬로미터

원자
크기: 약 0.1 나노미터
(10-10 미터)

사람
크기: 약 2 미터

은하계
크기: 약 10 만 광년
(1021 미터 = 1 제타미터)

세포
크기: 약 1 마이크로미터
(10-6 미터)



Diffraction & Interference

Diffraction by single hole

Interference by diffracted waves by two holes

Airy Disk ~ 2.44 l/D

D

d

nl = d sinq



How are we able to see objects



How are we able to see objects



How are we able to see objects

산란, 굴절, 회절



How are we able to see objects

각막

홍채

공막

망막

맥락막

황반/
중심오목

시신경

수정체

l2=fD

걸이인대

안구앞방

420 nm

534 nm

564 nm

f/2~f/8 f/# = f/D

l1

배율 = M = l2/l1



Spatial Resolution

∆𝒍 = 𝟏. 𝟐𝟐𝒇
l

𝑫
≈ 𝟑 𝝁𝒎

iPhone 5S, 4.8X3.6 mm2, l1=100 mm, l2 < 6 mm

l1=100 mm, l2=f=20 mm나의 눈

iPhone5S

망막에서의 분해능

사물의 분해능 = ∆𝒍 × 𝒍𝟏
𝒍𝟐
=𝟏𝟓 𝝁𝒎

See, Optics 4th Edition, Eugene Hecht, p473

l1



How are we able to see objects

표면에서의 반사시 산란, 회절

발광빛의 굴절, 회절



How are we able to see objects



Diffraction



Diffraction



Diffraction

D



Resolving Power

∆𝒍 = 𝟏. 𝟐𝟐𝒇
l

𝑫𝟐∆𝒍

∆𝒍 ≈ l



Resolving Power

∆𝒍 ≈ l

EUV for lithography : 13.5 nm

0.3 mm 0.3 mm 0.3 nm 0.3 pm

Size of molecules : 0.1 ~ 100 nm



Resolving Power

Electron Kinetic
Energy [MeV] 0.1 0.3 1 3 10

λ 3.7 pm 1.97 pm 0.872 pm 0.357 pm 0.118 pm

Louis de Broglie (1892~1987)

Y1929 Novel laureate

∆𝒍 ≈ l

Size of molecules : 0.1 ~ 100 nm

𝞴 =
𝒉

𝒑
Matter Wave, Wavelength

h : Plank constant

p : Momentum



Electron Optics

F = q(E + v x B)

Dipole magnet

Quadrupole magnet

Bx=K . x

By=K . y



출처 : microbiologyinfo.com

500X~1500X 100,000X~300,000X

Microscopes



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

Abbe-Zeiss

Microscope

(circa 1879)

Resolving Power of 

Microscopes



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).

Spatial Resolution of 40.5 pm with a STEM

∆𝒍 = 𝟏. 𝟐𝟐𝒇
l
𝑫
= 0.61

l
𝜶

𝜶 =
𝑫

𝟐𝒇
Convergence angle

(Numerical Aperture)

30.5 pm

Resolving Power of 

Microscopes



𝐵 =
𝐼

𝑆W

Ernst Ruska, 
1986 Nobel Prize 
for the invention 

of the electron microscope

Current

Beam solid angleBeam cross-section

Bmicroscope~1013 A/m2/sr

𝐵 = h
𝐼

𝜖𝑥𝜖𝑦
Transverse emittances 

Brightness



𝒍𝒍𝒐𝒏𝒈𝒊𝒕𝒖𝒅𝒊𝒏𝒂𝒍 𝒄𝒐𝒉𝒆𝒓𝒆𝒏𝒄𝒆 ∝
𝟏

∆𝑬
DE : Energy spread of e-beam

𝒍𝒕𝒓𝒂𝒏𝒔𝒗𝒆𝒓𝒔𝒆 𝒄𝒐𝒉𝒆𝒓𝒆𝒏𝒄𝒆 ∝
𝟏

𝑹𝒔𝒐𝒖𝒓𝒄𝒆

Rsource : Electron beam radius at the source

Coherence Length



𝜎𝑥 =
1

𝑁
෍

𝑖=1

𝑁

(𝑥𝑖 − 𝑥 )2 𝜎𝑥
′ =

1

𝑁
෍

𝑖=1

𝑁

(𝑥𝑖
′ − 𝑥′ )2 𝑥′ =

𝑑𝑥

𝑑𝑧

Electrons moving through z-axis

𝜎𝑦 =
1

𝑁
෍

𝑖=1

𝑁

(𝑦𝑖 − 𝑦 )2 𝜎𝑦
′ =

1

𝑁
෍

𝑖=1

𝑁

(𝑦𝑖
′ − 𝑦′ )2 𝑦′ =

𝑑𝑦

𝑑𝑧

𝜖𝑦 =4𝜎𝑦𝜎𝑦
′

𝜖𝑥 =4𝜎𝑥𝜎𝑥
′

Conserved with linear optics (Liouville’s theorem)

Deviation of electron’s position Deviation of electron’s angle

Emittance



Thermionic gun

Field emission gun

Photoelectron gun

Electron Sources



Characteristics of the 3 principal sources operating 100 kV

Tungsten LaB6 Field Emission

Operating temp. (K) 2700 2000 300

Current density (A/cm2) 5 100 106

Crossover size (mm) 50 10 < 0.01

Brightness (A/m2/sr) 109 5 x 1010 1013

Energy spread (eV) 3 1.5 0.3

Vacuum (Pa) 10-2 10-4 10-8

Lifetime (hr) 100 500 > 1000

Emission current stability (%/hr) < 1 < 1 5



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

History of Electron

Microscopes





Le derby d'Epsom, painting 
by Théodore Géricault, 1821

고구려 무용총 수렵도

http://en.wikipedia.org/wiki/Th%C3%A9odore_G%C3%A9ricault




Eadweard Muybridge (1830. 4. 9 ~ 1904. 5. 8)



Time for sonic wave passing through a molecule
10~1000 fs



Time-resolved TEM (UEM or UED)

R.M. van der Veen et al., Nat. Chem. 5, 395-402 (2013). Referred from website of Kaminer group @ TECHNION



Time-resolved TEM (UEM)

UNIST 권오훈 교수

Ultrafast Electron Microscopy Visualizes Acoustic Vibrations 

of Plasmonic Nanorods at the Interfaces, Matter 1, 481, 2019



Compressed electron beam of 
30 fs bunch duration 

and 1 pC bunch charge

vz~1 mm ~10 mm

J = 4.2 kA/cm2

2q

g > 1

Electron Flash



Oscillator

Stretcher

Amplifier

Compressor



Electron Gun

Buncher

Accelerator

Compressor

t



Electron Gun

Buncher

Accelerator

Compressor

t
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Electric field

Buncher Cavity
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Electric field

Buncher Cavity



Electron Gun

Buncher

Accelerator

Compressor

t
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Chicane Compressor
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Chicane Compressor





Tools for Exploring Dynamics of Molecules

- EM wave : X-ray선 (l < 1 nm)
- Matter wave : electron (E > 10 keV) 

Nano structure ( < 1 nm )

- EM wave : X-선 자유전자레이저 (X-ray Free Electron Laser)

- Matter wave : 초고속전자회절장치 (Ultrafast Electron Diffraction) 

Ultrafast dynamics ( < 1 ps )

&



X-FEL v.s. UED

X-FEL UED

Source X-ray Electron

Wavelength 10-0.1 nm 0.1-0.001 nm

Interaction with Electrons Nuclei & Electrons

Scattering Power Low High

Penetration Depth High Low

Minimum 
Photon/Particle 

Numbers for Single-shot 
Measurement

1012 photons 106 electrons 

Facility Size Huge (~ km) Compact (~ m)

Coherence Length A few mm A few nm



Sample

RF photogun

e-beam

Δt = 100 fs Δt = 200 fs Δt = 300 fs



Interference by Diffraction

∆𝒍 ≈ lL/d



SLAC
KAERI

Instrumental temporal resolution of UEDs is still limited >100 fs.

UCLA

LBNL

BNL

Diamond
DESY

PKU

THU

SJTU

Osaka Univ.

Weathersby et al. Rev. Sci. Instrum. 86, 073702 (2015) 



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

Main 

Accelerating 

Cavities

RF gun

UED Beamline-II

THz/X-ray Beamline

UED Beamline-I

X-ray BeamlineHigh-frequency THz 

Beamline

THz Beamline

Pulse Radiolysis 

Beamline

Facility Bird-eye View

Energy : 2.5-3.5 MeV

Bunch Charge : ~1 pC

Bunch Duration : ~ 20 fs

Norm. Emittance : < 0.3 mm mrad

Timing Jitter : < 10 fs

Rep. Rate : 500 Hz (max.)



Accelerator Hall

RF 

Generator

Table-top 

THz FEL

Laser 

System

Facility Appearance



Facility Overview



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

Reflected RFInput RF

Dark current

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

Vacuum sealed with Indium wires





Laser Incident Time, T0

R
F
 F

ie
ld

Dt
Timing jitter

between laser 
pulse

& RF phase

12 3



ΔE/E = 0.07%
ΔΦLaser-RF = 40 fs



Toward the fastest Electron Camera

𝜏𝐼𝑛𝑠𝑡. 𝑟𝑒𝑠. = 𝜏𝑝𝑢𝑚𝑝 𝑙𝑎𝑠𝑒𝑟
2 + 𝜏𝑒−𝑏𝑢𝑛𝑐ℎ

2 + 𝜏𝑗𝑖𝑡𝑡𝑒𝑟
2 + 𝜏𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦−𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔

2

Main solenoid

Bucking coil

Quadrupoles

UV pulse

Bending 

magnet

Bending 

magnet

Sample chamber
Detection chamber

EMCCD

Pump pulse

RF

Photogun

Achromatic 90°bending structure
satisfying

isochronous condition 
(free from RF & laser timing jitter)

• Electron bunch compression up to ~20 fs 

• Arrival time jitter reduction up to < 10 fs 

0.5 pC, 3 MeV

~ 20 fs (rms)

HIGH ENERGY

LOW ENERGY

• Velocity mismatching-free scheme

• Multiple beamlines



After timing correction
Motor movement
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Timing drift of electron beam

5.5 fs (rms)

Time (s)

Timing Stabilization between Laser & RF

RF gun

Ti:Sa

Laser
Synch. Amp.

UV
e−

RF

Oscillator

(2856 MHz)

THz

Slit

CCD

control

Δt

Achromatic

bending

𝛼 ≃ 0.2

Simulated drift suppression ratio

Drift of the RF-to-laser synch.

10.8 fs (rms)
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Drift of the optical amplifier

J. Shin et al., Laser Photon. Rev. 15, 200326 (2021).



After timing correction
Motor movement

T
im

in
g

 d
ri
ft

 (
fs

)

Timing drift of electron beam

5.5 fs (rms)

Time (s)

Timing Stabilization between Laser & RF

RF gun

Ti:Sa

Laser
Synch. Amp.

UV
e−

RF

Oscillator

(2856 MHz)

THz

Slit

CCD

control

Δt

Achromatic

bending

𝛼 ≃ 0.2

Simulated drift suppression ratio

Drift of the RF-to-laser synch.

10.8 fs (rms)
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Drift of the optical amplifier



Conventional Characterization of Electron Bunch

RF streak camera (2.856 GHz) for e-bunch with few pC charge

screenE-beam

RF ‘streak’

E
-f

ie
ld

Head is deflected up

Tail is deflected down

Electron bunch duration

doff 𝜏𝑒 =

𝑐 × 𝑑𝑜𝑛
2 − 𝑑𝑜𝑓𝑓

2

𝑉𝑆𝑇 × 𝐷

RF on

RF off

don
Streaking velocity

𝑉𝑆𝑇 ⇒ 𝜇𝑟𝑎𝑑/𝑓𝑠

At screen



Setup of Terahertz (THz) Streak Camera

Ti:sapphire
laser amplifier

EMCCD

Main 
solenoid

QM1

BM2

RF 
photogun

BM1

QM2

Bucking coil

GaP EO-crystal
for EO-sampling

Screen

Tripler

THz generation

DG

Lens

HWP

LN

Optical 
delay

Sampling 
pulse

OA
P

ITO

TP
X

10%90%

90%
10%

EO-sampling

Non-resonant slit
for THz streaking

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



THz Streak Camera with Non-resonant Slit

Streaking velocity = 4.8 μrad/fs

Streaking resolution = 3.8 fs

30 μm



3.20 MeV

3.11 MeV

Experimental Results on THz Streaking



Experimental Results on THz Streaking

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

𝜏𝐼𝑅𝐹 = 𝜏𝑝𝑢𝑚𝑝 𝑙𝑎𝑠𝑒𝑟
2 + 𝜏𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

2 + 𝜏𝑗𝑖𝑡𝑡𝑒𝑟
2 + 𝜏𝑑𝑟𝑖𝑓𝑡

2

19 fs 25 fs 8 fs 032 fs



Dynamics of Polycrystalline Bismuth Film

31 ± 6 fs (rms)

τBi=150 fs

𝜏𝐼𝑅𝐹 = 𝜏𝑝𝑢𝑚𝑝 𝑙𝑎𝑠𝑒𝑟
2 + 𝜏𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

2 + 𝜏𝑗𝑖𝑡𝑡𝑒𝑟
2 + 𝜏𝑑𝑟𝑖𝑓𝑡

2

19 fs 25 fs 8 fs 032 fs



Electron is the most trustful probe of EM-field

https://upload.wikimedia.org/wikipedia/commons/9/98/CRT_oscilloscope.png

The first cathode-ray oscilloscope (1897)

K. F. 
Braun

1 GHz at 10 mV analog oscilloscope (1979)



Basic idea; Momentary waveform stamping on e-beam

2. Propagating signal inside a slit waveguide is analogous to the 
incident signal ?

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



Waveform distortion depending on slit thickness (d)

1D electron array (d > cσe)

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

waveform.
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Waveform distortion depending on bunch duration (cσe)

Quasi-1D electron array (d < cσe)

If cσe is smaller than λ/15,
there is no distortion of 

waveform.



Simulation on E-field propagation inside a Cu slit
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Recorded THz waveform

• Time resolution per pixel = 13.2 fs

(Sampling rate ~ 75.7 TS/s)

• Resolution of E-field amplitude = 200 V/m

• 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

Single-shot time 
window

Single-shot time 
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Signal integrity

E-beam 
oscilloscope

Electro-optic 
sampling

0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Feasibility of real-time PHz oscilloscope

For 800 nm pulse visualization,

1. Electron pulse duration should  be 170 as.

2. Thickness of metal slit should be 53 nm.



Feasibility of real-time PHz oscilloscope

For 800 nm pulse visualization,

1. Electron pulse duration should  be 170 as.

2. Thickness of metal slit should be 53 nm.



Sub-10 fs UED by using an Energy Filter

Sub-10 fs

Sample

High energy

Low energy

Pump pulse

Energy 
filter

Quadrupole 
magnet

H. W. Kim et al., Structural Dynamics, 7, 034301 (2020).
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Sample
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Energy 
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6.2 fs

0.5 pC

0.1 pC

Sub-10 fs UED by using an Energy Filter



Sub-10 fs UED by using an Energy Filter

0.12 fs



Collaboration for New Understanding

Raman
Spectroscopy

X-ray
Scattering

Neutron
Scattering

Ultrafast
THz

Spectroscopy

KAERI

UNIST/PAL

KAIST

Dong-A 
Univ.

KRICT

Chungbuk National Univ.

Ultrafast
Electron

Diffraction

 Long Charge-carrier 

Lifetime

 Benign Defects

 Role of the Organic Cation

 Ion Migration

 Ferroelectricity

 Soft Lattice & Dynamic 

Disorder

Unknown physics of 

metal halide perovskites



SLAC-UED vs. KAERI-UED

X. Wu et al., Sci. Adv. 3, e1602388 (2017)

April 16, 2019
~100 nm



UED Data of (FAPbI3)x(MAPbBr3)1–x

125-nm-thick
(FAPbI3)1.00(MAPbBr3)0.00

125-nm-thick
(FAPbI3)0.95(MAPbBr3)0.05



Overall 1D difference curves; ΔI(q,t) = I(q,t) – I(q,tref)

q (Å–1) q (Å–1)

• (FAPbI3)1.00(MAPbBr3)0.00

• 150 μJ/cm2 at 400 nm

• –10 ps ~ +50 ps (1-ps step)

• (FAPbI3)0.95(MAPbBr3)0.05

• 200 μJ/cm2 at 400 nm

• –10 ps ~ +10 ps (300-fs step)



Bi Photo-excited Dynamics Study

20-nm-thick polycrystalline Bismuth 
(700 μJ/cm2 at 400 nm; –10 ps ~ +90 ps with 1-ps step)



PAL X-FEL

Timing Jitter : 25 fs rms

Bi(111) Time-resolved Diffraction
Temporal Accuracy : 137 fs rms

(Instrumental Response)



X-FEL v.s. UED

Big molecules of bio & nano-bio complex

X-ray Low scattering power Long penetration

Sparse materials like 2-D, gas and liquid

Electron Strong scattering power Short penetration

Complementary Tools

X-FEL (PAL X-FEL)

UED (KAERI)



UED for Future

Hydrogen
bond

Covalent OH bond



UED User Facility

90도 휨구조를 3차원으로 배치하면 6~8 빔라인 구축

5대권역 설치시 차세대 방사광의 1/10 예산으로 4세대급 방사선 30개 빔라인 구축



Dr. Hyun Woo Kim, Dr. In Hyung Baek, Ms. Mi Hye Kim, Mr. Young Chan Kim,

Dr. Sunjeong Park, Dr. MoonSik Chae, Dr. Key Young Oang, Dr. Junho Shin,

Mr. Sangyoon Bae, Dr. Jungho Moon, Dr. Kyu-Ha Jang, Dr. Kitae Lee,

Dr. Boris Gudkov, Dr. Sergey Miginsky

Prof. Seong Hee Park

Prof. Nikolay A. VinokurovProf. Jungwon Kim 

Dr. Zoltan Ollmann, 

Ms. Mozhgan Hayati,

Prof. Thomas Feurer

Prof. Sunglae ChoDr. Jang-Hee Han

RF deflector

RF-laser synchronization

RF gun design Sample preparation

Split ring resonator

System configuration

Development & characterization of UED Apparatus

Prof. Fabian Rotermund

THz wave generation
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MO Amp-I Amp-II Amp-III

Master 
Oscillator

Power
Amplifier

High Quality Beam Pulse Energy



Laser-produced plasma (LPP) Source

Pulsed Laser + Laser-produced plasma
(CO2 pulsed laser + Sn plasma)

Requirements for EUV source, ASML
※ > 100 wph (@ photo-register sensitivity 15 mJ/cm2)

- Wavelength : 13.5 nm (7 nm node, R: 60-70%)
- Power : 250 W (@ IF, bandwidth 2%)



https://www.cymer.com/

Laser-produced plasma (LPP) Source



Laser-produced plasma (LPP) Source

https://www.cymer.com/



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

Pulsed 
Laser

Focusing 
Optics

Ink Drop

Laser-produced plasma (LPP) Source

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


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

Laser-produced plasma (LPP) Source

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


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

Plasma generation

Laser-produced plasma (LPP) Source

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


Laser-produced plasma (LPP) Source



Laser-produced plasma (LPP) Source



Laser-produced plasma (LPP) Source

https://www.cymer.com/



Laser-produced plasma (LPP) Source

https://www.cymer.com/



Laser-produced plasma (LPP) Source



Laser-produced plasma (LPP) Source



Laser-produced plasma (LPP) Source



Example of EUV FEL

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

~30 m

Acceleration Gradient : 15~20 MeV/m

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



Example of EUV FEL

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)+

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

Wavelength 4.2 - 45 nm

Pulse Duration (FWHM) 30 - 300 fs

Average Pulse Energy (single bunch)* 1 - 500 µJ

Average Pulse Energy (pulse trains)* 1 - 200 µJ

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



EUV FEL for Lithography

Requirements for EUV FEL

■ Beam Energy : ~1 GeV

■ Wavelength : 13.5 nm

■ Average Power : > 1 kW

EUV FEL Specification

■ Size : ~100 m

■ Cost : ? (>100M$)a

■ Number of FEL : 2 

aPAL X-FEL : 400M$ (3 GeV, 0.1 nm)

Photo Gun

Laser

Accelerator
Undulator

RF Generator

RF Generator

~100 m

~20 m


