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DEVELOPING INNOVATIVE EXPLORING UNTOUCHED ACCELERATING ON A TABLE

High

Ultrafast pump-probe system Laser

acceleration

30 TW Ti:Sapphire laser
THz FEL thermionic gun and magnetron RE photo cathode gun

Existing KAERI THz FEL

e
‘Wavelength: 100 — 300 pm a4 e s 8 ] I
Macropulse: 4 ps, 100 W

Micropulse: 15 — 20 ps, 2 kW

Laser: 0.5-1 mJ, 267 nm, 0.1-10ps
1 kHz repetition

17 kW average RF power

5.7 MW peak power

Coaxial RF input coupler

- P
Developing cOppagCAERI THz FEL

® Helical undulator (variable-period)
® Cylindrical waveguide

® Wavelength: 100 — 300 ym

® Macropulse: 4 us, 100 W

® Micropulse: 15 — 20 ps, 2 kW

Narrow band line
— Prbf. Bunbki Min, KAIST) SLAC type (IHEP)
lJ i ‘ L — Variable-period helical undulator e e,

—_—Tln, ¥ .
‘ =Tl e Wide band line
n of meta material with graphene = i oy ® Energy: 25 MeV Sy =kt

> ; ® Charge: 10-100 pC i o - —

B=1T,A,=23~2.6cm

L

w-loss dielectric coated waveguide

(Prof. Pilhan Kim, KAIST)
Imaging system

* Energy: 10 keV

* Pulse width: <1 ps

_ ph =108 ph/s x 1 kHz (one image/sec)
Coating teria.I:AcryI melamine

Thickness: 50 = 60 pm

Vacuum Sandwiched Double Layer target

Mesh mirror Ultrafast Electron Diffraction

® Energy: 3-3.5 MeV
® Charge: 10-100 pC
& Pulsewidth: 200 fs

: Electron acceleration for storage ring
-Ncn..f;ﬁpased .Exposed Thermal issue

Estimation of reflectivity Beam dynamics (Elegant)
Coherent transition THz multi-foil transition

= . P Ty Olayed 44 Toroyputn
THz radiatiof

. . ‘Without kicker with kicker
Timing procedure

Debris extractor

L]
o= :q

- 1 1 . Noazie

Accelerator | | o
] P  E-beam energy: < 50 MeV
e s 4 5 * Another serious issue to be overcome:
muitifoil ~ Control of bam quality
suich s enengy spread, divergence

oo Il ks Targetinside,
within sl A fuite Bending magnet



h
Matter Wave, Wavelength A =—
p

h : Plank constant

Louis de Broglie (1892~1987) p : Momentum
1929 Novel Prize Laureate

Electron Kinetic
Energy [MeV]

A 0.124 nm 124 pm 1.24pm 0.124pm 124 fm

Size of Molecules : 0.1 ~ 100 nm
Fﬂ o2 Q 210 [o]] 4/ 8
AAERI\- Eeioflsﬁrﬁs;hﬂﬁ S L




The time taken for a sound wave to propagate the inter-atomic distance
~100 fs




Interference by Diffraction

6/38
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Bragg’s Law
n A =2dsin®

X-ray 1
X-ray 2 4

Sir William Henry Bragg William Lawrence Bragg

The Braggs were awarded the Nobel Prize in
physics in 1915 for their work in determining
crystal structures beginning with NaCl, ZnS
and diamond.

(C/ - SRR 7/38
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Electron diffraction by double slit
from Wikipedia

Standard 3-MeV TEM

at Osaka Univ. 2 —
e 8/38
KAERI Korea Atomic Energy Research Institute b :



Time Resolution

>~

: » | Electron Time Spatial
° ‘ > (T X-ray Nano/Bio Resolution Resolution
t,
‘ ) Molecular Reaction _- I I

THz/IR/Vis/ e Time- Diffraction
—> UV pulse

Resolved

~
electron or X-ray pulse 1

Pumping Source

2 THz/IR/Vis/UV pulse
§7 - PrEQI I
KAERI
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Courtesy : Prof. H. Ihee (KAIST/IBS)



Ultrafast Electron Diffraction (
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Harmonic

Generator uzécreen

Photogun

THz pulse

e 3
/ .‘\q
> v

100 fs IR beam

Q) THz Generator -
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Source
Wavelength
Interaction with
Scattering Power

Penetration Depth

Minimum
Photon/Particle
Numbers for Single-shot
Measurement

Facility Size
%Q Coherence Length

a Atomic Energy Research Institute

X-ray
10-0.1 nm
Electrons

Low

High

10!2 photons

Huge (~ km)

A few mm

Electron

0.1-0.001 nm
Nuclei & Electrons
High

Low
10° electrons

Compact (~ m)

A few nm ﬂ



Gas _ Electron Diffraction

. X-ray
(Solu _'fm) Scatterin

_______ 1

Protein c r;(;:aaslllo
Crys té_l_!s graphy

_ _ Electron Diffraction
Solid _ _
X-ray Diffraction
Surface _ Electron Diffraction

100 fs 1ps 10 ps 100 ps

AL 23
Toem DRBX Courtesy : Prof. H. Ihee (KAIST/IBS) 12/38




Accelerator Facility Overview
.




Energy : 2.5-3.5 MeV
Bunch Charge : ~1 pC

Bunch Duration : 30 fs

Norm. Emittance : < 0.5 mm mrad
Rep. Rate : 500 Hz (max.)

UED Beamline-11

Main
Accelerating
Cavities

Energy : 20-30 MeV
Bunch Charge : 200 pC

Bunch Duration : ~100 fs Pulse Radiolysis >
Norm. Emittance : < 1 mm mrad Beamline R

Rep. Rate : 500 Hz (max.)

THz Beamline

?
=

I
W

E

: 14/38 I
X-ray Beamline
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RF Photogun

i \“‘_.,‘,5{ i i

Kyuha Jang,
Jang-Hui Han

L
KAERI Korea Atomic Energy Research Institute




Current Beamline
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KAERI Korea Atomic Energy Research Institute
l

Frequency : 2.856 GHz

Repetition Rate : 1-500 Hz
Axial Symmetry with a Coaxial Coupler
Original Design by J.-H. Han (PAL)

it i 3

Drive laser

=
o

Gun solenoid & bucking coil

1 mode & coaxial coulpler T

L
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Beam parameters Simulation

Number of electrons > 106 6.25x10° electrons
Beam kinetic energy ~3 3 MeV
Energy spread (rms) <0.1 0.17 %
Normalized emittance <0.3 0.29 mm mrad
Coherence length > 2 1.8 nm
Bunch length (rms) <100 32 fs
Timing jitter <30 12 fs

/') =
% oI R|RII R 20038
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Deflecting

cavity Quadrupole
Ee pummay N Guars _1!.__!',_[___ 7 l

Au sample & screen T

RF photogun



Quantum Efficiency of Cu Cathode

Quantum efficiencymap ~  ,,°
-4
8_
3.5
6_ [ "3

Charge [pC]
I
y (mm)

QE ~ 1.43x10°®

(N

T
Laser energy [uJ] ' X (mm)

)
C/ SHRQIX}=101 710 22/38
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Laser (FWHM)

Wavelength 267 nm
Spot size ~ 0.5 mm
Pulse length ~130 £s
HV 1030 V
RF Power 5 MW
Pulse width 2.5 us

Solenoid 110 A

% e ] d==Yeo Yy g ¥-{ Kol Jum o]
KAERI :(;eiorlﬁ Enerlg.y:els;hfstit‘tz

(MeV), Charge (pC)

Ekin

-40

-20 0 20 40
Laser injection phase (degree)




Energy Spread of Electron Beam

<ampl screen
P Q E
M@@@ .
£ screen L4 SUS!
4 i
screen Sk
—SCREEN1
5 ql ——SCREEN2 2
s +X
>08
i
L
% 0.6
5 052 = /051 + (16)?
© 0.4/
=
£ 0.2 o5, = 1.018 mm
2 og1 = 0.691 mm
0= 1 0 1 5 n ~0.23m
X [mm] 6 ~0.28%
) simulation : 0.17%
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Pulse-to-pulse Energy fluctuation of e-bearzn Y5

AE = 0.06%

g 0ol ' o =86 um.
5; ”i | l I , W
T 0 l ! ATl ’ b i l 1' l i 1‘*-__1 Il st M
i R s
S 0.2 -
an
| | | | |
0 50 100 150 200 250 300
shot numbers

5 02} R o)
E
5 0.2
= 0.2 -

0 5|O l(l)O 1%0 2(|)O 25|O 300

shot numbers



Electron Beam at the Sample
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UED Beam Emittance Measurement

p = 3.42 MeV/c Q=1.7pC

£,= 0.30 mm mrad,

£y= 0.33 mm mrad RF power set value 1030 V
RF power to the gun ~ 5 MW
Laser transverse size N(&Sdgrr:e(g()v)
Laser pulse power ~ 0.7 uJ
Laser pulse length ~ 130 fs
Solenoid current 110 A

T Curent | Gradient | Kevalue

QM1  -0.92 -0.4497 -40.9127
QM2 2415 1.2729  115.8187

Electron beam dispersion compensation QM3 -0.92 -0.4497  -40.9127

QM4 1.1 0.5488  49.9315
- SHRRX|EOIIN 27/38
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UED Beam Emittance Measurement

0.08 T T

screen @ sample position

0.061
“ 0.04F

0.02F

Parameters Value

0.08
ol a, -12.65
15.68 m
0.02 B
0 o B, 9.52 m
-48 -47 -46 -45 -44 -43’2 -42 -41 -40 -39 -38 Enx 0.3 8 um
k (1/m?)
P Eny 0.4 pm
OIS X} 0110 28/38
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1. Timing Fluctuation between Laser Pulses and RF Phase
- Laser Oscillator v.s RF Master Oscillator : 10 fs
- Laser Oscillator v.s Regenerative Amplifier
- RF Master Oscillator v.s Klystron : 10 fs
- RF Travelling from Klystron to Photogun
- Laser Travelling from Regen. Amplifier to Photogun

2. RF Amplitude Fluctuation : < 10

3. Timing Fluctuation by Photogun Temperature
- Injection Phase Fluctuation
- Electron Energy Fluctuation

%‘ O X210119)
o KAERl\ :(;eiorIEEnerl;Es;EhTsti:E



Stabilization of RF Phase
< 0.01 degree (10 fs)

All Optical

<] e RF-LASER Synchronization
o KAER;\ :(;eaAtorlrFEnergy:elst:EhlnstitIE < 10 fs




FLOM-PD activation

R “ S EEEEEEEEEEEEEEEEEEEEEDR -I S EEEEEEEEEEEEEEENEEEEEEEEDN .. s Regenerative
: Photodetection setup . amplifier

™ ‘lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.‘ n
[ RMO : . .
- N -

3 n [ H 2 Ti:sapphire

€/ . am servo . Laser

" WA S P I

Ay EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER®

Prof. Jungwon Kim ) ]
(KAIST) FLOM-PD (Frequency Loof Optical Modulation — Phase Detector)

Photograph of FLOM-PD
@
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RF Phase Fluctuation by Temperature

RF Photogun Temperature Fluctuation by Cooling Water
causes Pulse-to-pulse RF Phase Fluctuation

Now

AT =0.1°C > A¢p=1.09 degree

Soon

AT =0.02°C 2> Ap=0.22 degree

(/ IR AR IR 32/38
K Korea Atomic Energy Research Institute



0.15

0.1

AF/E (%)

0° (on-crest)

+0.1°C - 0.03%
+0.02°C > 0.006%

0.05

7.3°
+0.1°C - 0.14%
+0.02°C - 0.03%

-1 0 1 2 3 4 5
Laser injection phase (degree)

33/38




A (mm)

Ay (mm)

qhb — o2
O T v ul
82 " Screen

P

0.2+
0
0.2+
0 50 100 150 200
shot numbers
0.2+
OW\MWWMWW
0.2+ .
0 50 100 150 200

shot numbers

Laser Injection Phase : 0° (on-crest

Ax =0.09 mm =2 AE =0.063%
Ay =0.02 mm

34/38



Low Timing Jitter for Energy Fluctuation

3.025
~ 3.02
L
E 3.015
=
2
=301
3.005
0 0.5
Intensity [a.u.]
5007
E 0
g
-500 '
0 0.5
Intensity [a.u.]
)
OrE QI X}

/KAERI

Korea Atomic Energy Research Institute

Energy Fluctuation, AE;..= 0.1% (rms)
3.025 | |
%; 3.02“y
E: 3.015
=5 3.01"‘|
3005 | | | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Shot number
Aty (rms) e
3 m with isochronous bend = 12 fs 3 m straight line = 152 fs

Atarrival [fs]

500 | I I I \ |

-500 | | | | \ | | | |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Shot number

35/38



Timing Jitter by Phase Fluctuation

500

b
Uh
<

Time differences (Is)

-250¢

E.. =2.945 MeV = L
¥ -0.1C

-2 0 2 4 6 8

[Laser injection phase (degree)

}6/38



Laser RF source

RF Photogun

Regenerative
Amplifier

\

Ti:sapphire C_ At ~10fs

Oscillator

AQ ~ 0.01°
(~10 fs) <> Amplifier

/') —
% e LIS 37/38
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Detecting Focusing GcahS_i-tna‘nge?t

Solenoid

“ TM{,, mode rectangular cavity

1

G 1] | I I 1
ol IL! i | ﬂ i i
T & T

= o i o ﬁl

2 9@ 606 ¥

i [- g O
| b i 4. A
B e Baly P el 1 T g | . g
2 RN = L, =
= = | o £ __H&:fﬂ'__"‘ |
a2 e he {0 | i i =2 |
| YN i ,:; : o
IS 1o L Loioye =
b od- = 1 =1 il = = S L2
Al i iilO ‘ i ! .
8 o 00 000 )|} mm——" il &
Py HiH . i pay
103
%3 N
10
W

- with 10 um slit to increase the temporal resolution RF Photogun

- Resonance frequency : 2.856 GHz
- Deflecting voltage : > 50 kV
- Expecting time resolution : < 100 fs

- SHRAUXRAA
KAERI Korea Atomic Energy Research Institute
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_ % Polycrystalline (a = 4.049 A)
-. % Film thickness of 200 nm

CsI (TI) scintillator 45 °-tilted
(47 x47 mm?) mirror

Prof. Hyotcherl Ihee
(KAIST/IBS)

_A

MeV electron pulse train (10 Hz)

Sample Beamstop

2000 mm

N5 N ; A kS,
TEM mesh grid (111) & (200) rings are

% Formvar/Carbon supports blocked by the beamstop.
% Hole diameter of 300 pm 2 -~

2 3.05 mm

(220) & (311)
(331) & (420)

(440) & (531) & (600) 39/38'

Aluminum thin film




5
radius (mm)

= Integrate between -15° ~ 15°
blue line : Sum of Gaussian fit
red dot : experimental data

X (mm)
= Beam parameters * Andor EMCCD
Q=253pC, E, =2.96MeV, g, =0.4um Gain : 280, Exposure time : 10 ps (min)
Dpeam@sample ~ 3 mm Binning : 2, Integrated 20 shots

e
/ OII UK 40/38
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UED Simulation : ASTRA

Beam parameters Experiment Simulation
Charge 2.53 + 0.08 2.5 pC
pC
Kinetic Energy 2.96 MeV 2.96 MeV a b
Norm. emittance 0.4 mm-mrad 0.4 mm-mrad
Beam - 0.09 mrad
N 1 = hc
=7 g N
2 h = plank constant
4 ¢ = speed of light ]
p = momentum of electron beam
d . a
SNy :
h, k, I = Miller index l? B
a = cell parameters (4.0786 A)
A LA
=1 Gn lZsin‘1 ( £ )l o —
2d i dhki
r = pattern radius
L = camera distance l L L L L L L . L L l . L L L | L L L L L
-10 -5 0 5 10
I mm
)
SR XA 41/38
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Relativistic distance .(a. u.)

_ _ |
- - N,
o

- -
(n v) AIsuNUu

_
&
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1st THz-pump &
2nd X-ray-probe

%ﬂ IR X019
KAERI :(;eﬁorlﬁ Enerlg.y:els;hfstit‘tz

Energy : 20-30 MeV
Time interval : ~10 ns

|:=iiI::I>I"_‘II'=" B

Energy : 2.5-3.5 MeV
<+— Bunch Charge : 200 pC
Bunch Duration : 3 ps




Bio Science

Prof. Gun-Sik Park
(Seoul Nat’l Univ.)

”4 Prof. Pilhan Kim
% (KAIST)

Accelerator

Dr. Jaehoon Kim

Dr. Jang-Hee Han
(Pohang Acc. Lab.)

Applications & Collaborators

—‘ ﬁ

THz Optics

Prof. Bunki Min
(KAIST)

Prof. Rotermund Fabian
(Ajou Univ.)

Prof. Jaewook Ahn
(KAIST)

Prof. Hyunyong Choi
(Yonsei Univ.)

-~

Wﬁ)

Pump & Probe

Prof. Hyotcherl lhee
(KAIST)

Prof. Kyungwan Kim
(Chugbuk Nat’l Univ.)

Dr. Jaehun Park
(Pohang Acc. Lab.)

Prof. Jungwon Kim
(KAIST)
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