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Goal of the present workshop “Compact ERL and the scientific case”

Hiroshi Kawata, ERL Project Office, KEK

<Synopsis>

KEK has settled an energy recovery linac (ERL) as the future light source at KEK, and started to
develop several key components with the collaboration of the accelerator physicists at different
facilities like Japan Atomic Energy Agency (JAEA), Institute for Solid State Physics, University of
Tokyo (ISSP), UVSOR and SPring-8. It is necessary to construct a compact ERL, with the energy of
60~200 MeV to develop these components. On the other hand, the compact ERL will bring
characteristic radiations such as extremely high intense THz radiation based on coherent synchrotron
radiation (CSR), or laser Compton X-ray radiation with sub-ps X-ray pulses and small source size of
several 10 microns. These characteristic radiations will provide us a unique scientific case. The
goal of the present workshop is to clarify the feasibility of the machine and also what kinds of the

scientific cases will be produced from the compact ERL.
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Laser-Compton X-ray source at ERL test
facility (60-150MeV)
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CSR from relativistic electron beam
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Application of intense THz CSR

* Probe
— Imaging in a wide spatial region
* Ex.) Full human body.
— Near-field microscopy
* Phase separation of superconducting phase.
« Excitation
— Nonlinear optics
* Photo-induced phase transition.
— Chemical reaction

* Site-specific excitation. AHE— KK EIF—
* Microwave effect. (200754 H25H) A5
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The Intense Terahertz Radiation and
Laser—-Compton X-ray Source at the Compact ERL

Kentaro Harada (KEK-PF-Mag)

<Synopsis>

The compact ERL (energy recovery linac) is planned at KEK as a joint project of the KEK, JAEA
(Japan Atomic Energy Agency), and other institutes. The primary purpose of the facility is the
demonstration of the key technologies that are essential to ERL-based light source. In this presentation,
we show the great feasibility of the compact ERL for producing the intense terahertz radiation using
coherent synchrotron radiation (CSR) and the pulsed hard X-rays generated by the Laser-Compton
scattering. For the terahertz CSR, the electron bunch compression to about 0.1 ps is required to
generate the CSR of the energy about 10meV. For the bunch charge of 100 pC, and the repetition rate
130MHz, the photon number is about 10'°~10"" [photons/sec/marad2/0.1%b.w] that is the square of
the incoherent radiation. For the Laser-Compton scattering, we use the laser of the wavelength 800 nm
and the power 10mJ. If the laser spot size and the electron beam size are about 50um, the number of
the photon is estimated to be about 10° [photons/pulse] and the pulse width about 260 fs.
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Possibility of Bunch compression at the compact ERL

Miho SHIMADA, UVSOR, Institute for Molecular Science
Ryoichi HAJIMA, ERL Development Group, JAEA

<Synopsis>

The compact ERL project is kicked off at 2006 and expected as not only a test bed for future
5GeV-ERL in Japan but also a compact light source for user experiments. One of the candidates of the
user experiments is terahertz coherent radiation from the extremely short bunch and another is a
femtosecond X-ray pulse due to Compton scattering. These experiments require an extremely short
electron bunch with a high charge. It is a challenging task to generate such an electron bunch because
CSR wake at the bending magnet deteriorates the beam quality. In the present scheme, the extremely
short bunch is achieved by a bunch compression optics at the arc section. As the results of the
optimization of the lattice optics of the arc section, it is feasible to compress the bunch length down to

0.2 ps at the bunch charge of less than 0.5 nC.
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the merger section to the insertion section. Figure 2: Longitudinal phase space at the end of arc

Table 1: Main parameters of the test ERL in Japan section with the sextupole magnet (left) and without

(right). Bunch charge is 77 pC.

Injection energy 5 -10MeV
Full energy 6001 200 MeV
Injection bunch length 1-3 ps
Bunch length after compression 0.1 ps

Initial normalized emittance 0.1-1 mm mrad
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Outline

e Beam dynamics studies for the 5 GeV ERL
RMEIETIVER0.1 mm mradZz#E9 B E RIEFDKRET

e T[owards user experiment at the compact ERL
Short bunch for THz radiation (CSR)
165MeVEFIRILF—ICHEIFTEH/\UF L
Femtosecond X-ray from Laser Compton Scattering
65MeVEFIRILF—ITHITH/\UFEHE
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*|njection energy 5-10 MeV
*Full energy 65 — 205 MeV
*|njection bunch length 1 -3 psec
*Bunch length after compression 0.1 psec
*|nitial projected emittance 0.1 -1 mm-mrad
*Energy Spread 0.002 x 5 MeV
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Preservation of low emittance
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Minimization of the emittance growth | se::
due to the CSR wake .o
onase
Ocsr Gonase=Ccsr

X

(x, px) at the arc exit (x, px) at the arc exit

e
Direction of kick induced by CSR

The emittance growth is minimized when 6. coincides with
O-sx (direction of CSR kick).

R. Hajima, Nuclear instruments and Methods in Physics Research A 528 (2004) 335-339
tan26,, ., =2a/(y— ) tan B, =sin @/ p(1—cos @)

a, 3, v : Twiss parameter, ¢ : bending angle
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Bunch compression




For what the compact ERL can be 31T

used?

e Terahertz coherent radiation

o SR of terahertz region, from 1THz to 10 THz, is enhanced by
coherent radiation, when the rms electron bunch length is shorter

than 1ps.

e Transverse beam size should be less than the wavelength to keep
the coherent enhancement -- (un-normalized £, < 100 mm mrad)
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For what the compact ERL can be secs
used? oo

e Laser Compton Xrays
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Comparison between with and

without sextupole magnets
charge 77pC, 1ps (rms), 0.1mm-mrad R56=-0.1m

with CSR, without sextupole with CSR, with sextupole

l l

T566 < 0 helps the bunch compression
390 fs (rms), 6.9mm-mrad  "VIth CSR

59 fs (rms), 5.6mm-mrad

optimized by R. Hajima »
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Laser-Compton Scattering Experiments at the ATF
Junji Urakawa, KEK, Accelerator Laboratory

<Synopsis>

Laser-Compton scattering experiments at the ATF has been stimulated by proof-of-principle for the
generation of polarized positron beam since 1996. One difficult experiment was terminated by the
confirmation of 73% polarized positron beam generation with an intensity of 2x10* /bunch (PRL 96,
114801 (2006)) in 2004. During this experiment, we started the development on the laser-wire beam
profile monitor in the ATF damping ring, which clearly demonstrated the measurements of smallest
Inm horizontal emittance and 4pm vertical emittance at low current in 2004 (PRL 92, 054802-1
(2004)). Now, we are developing high intensity y-ray generation and X-ray generation system based on
pulsed-laser Compton scattering for International Linear Collider project and Compact X-ray source. I

will report the outline of the laser-Compton scattering experiments in ATF research activities.
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D00OCW 00000000000000000000000000000000000
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Collision System

Collision Point

Sereen Chamber \ Sereen Chamber

Wire Scanner Chamber

wire
knife edge
screen

0 0.5 1 1.5 2 2.5 3 35
Number of y-ray [y/bunch] x10

uobooobobooobobooooobuoooboboobobooobobooobboooonoo

0 O U ATF Damping Ring, CW laser wire monitor

0 0000OCompactX-ray Source 1 OO0 O OO OOO0OODODO0O0OOOOOODOOOOODO
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Ooboooooboobo3s/MHzOOOODOODODODOOoOoooooooooooooooo
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Laser—-Compton Scattering
Experiments at the ATF

J.Urakawa, KEK
1. Polarized e Source based on Compton
scattering,
2. CW laser wire results,
3. Pulsed laser wire development,
4. Polarized y-ray generation,
5. Compact X-ray source,

6. Key components for photon beam source
based on laser-Compton scattering.



1. Polarized £* Source based on
Compton scattering




Experiment at KEK-ATF

ATF: Accelerator Test Facility for ILC built at KEK
Collaborating institute: Waseda, TMU, KEK, NIRS, and AIST

T. Omori, M. Fukuda, T. Hirose, Y. Kurihara, R. Kuroda, M. Nomura, A. Ohashi, T. Okugi, K. Sakaue, T. Saito, J. Urakawa, M. Washio, and | . Yamazaki

1.28 GeV S-band Linac

m B B OB B B A E A A '
—] E‘ E
— yaf /| Accelerator Test Facility
W
| - | 7
i S i DRSS 1.28 GeV Damping Ring
b @
L/

[Laser-electron
collision point

120 m




Experiment@KEK

Y AG laser 2nd harmonic
(A=532nm, E =2.33 V)

,rf%’\/f

h
i l hin conversion
e beam et ¢

1.28 GeV

y-ray
Emax = 56 MeV

e E []ﬂlI‘ creation

1) proof-of-principle demonstration

1) accumulate technical informations:
polarimetry, beam diagnosis, ...




Compton Chamber

Combined
scanner _ |
e beam Screens ¢ Screens e beam irror (R)
Bend  H| K| ! Bend Y port
E}(_ [I"'h 'Iml'h h Al t=2 mm

X ||I||

it Y-rays
Power window ! ! i = oW
meter | _ | _ |
Mirror (R) Mirror

Compton chamber

(tri-chamber) Laser beam

Collision point Mirror (R)

- >
Straight section4m  lens f=5000 mm

@omptoD




Positron: _ _
production, selection, and polarimetry

éair creatic@

e mm - Positron polarimeter - - -- - -~ .
-ra _ , ! . ‘

Yd—y qe_ Separation | Magnetization Ph
7 - magnet : e :
10 /bunch f N y-ray y-ray ~ !
-W :
W- target olarlzed ﬂ-rvw e ,

i +
Ny(design) e ! CO, Cherenkov counter’
B 7Ih h Magnet:

=1x10'/bunc ' Magnetizedlron 5 atm Eg, =7.6 MeV :
7 :
2.2 X 10//bunch (Bremsstrahlun)(Compton) @air creatic@ !
(achieved) @ @ ~———————"_ T . T/ _..._. .

Ne+(design) = 3 x 104/bunch
Pol(expected) =80%  Asym (expected) = 0.95%
6



2. CW laser wire results

CW Laser wire beam size monitor in DR

14.7um laser wire for X scan
5.7um for Y scan

(whole scan: 15min for X,
emin for Y) 7

300mW 532nm Solid-state Laser
fed into optical cavity



| aser wire block

diagram

JJUeljIwisue.]

Mirror distance

OpticalCaviy™ [ .
Ienses (mode match PD(transmISSIOm
bg plane Free spectral range
/7
=+ \ij :532nm/2=266nm
—r— i - - _
- AHWP-H;E {1 Line width=0.3nm
C am er
QWPI PBS Pockelsgell Opt|callsolator -
L (switch)
A -PD_(_ETFQCT!.') horizotal (Wire PD(transmission)
\] A A7y 5 E——
hange plane “L_’L\ £ b 'I
cnangep lehses (mode match) PZT] \\ -
7 | \ camera(profile)
screen
Laser (NPRO) _ _
300mW (CW) 3 % OpticalCavity
532nm s}
—o
5 S
D

optical cavity resonance is kept by piezo actuator




signal rake [HzimA]

Beam profile by Laser wire

ha
5
:

e E_h-:-riz-:-mal projected beamsaize T [ wvertical projected beamsaize
150 z_ ;‘-l 800
125 F T son |
1 E
75 _ 2 400 -
50 F
= 200
2s
0 E d 0 [
1111 I L1 11 I L1 11 I L1 11 I 11 1 I 1 I 1 I 1
=200 =170 13490 —1220 100G =120 =100 —ab 0
wire posrtion [ pm) wirg position [ pom)
2 — 2 _ 2
Og” =~ Omeas ~ Olw
ef = o> — [n(Ap/p)]? B:measured by Q-trim excitation
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3. Pulsed laser wire development

OExperimental results (Pulse Laser Storage)

Laser:

Mode Lock: Passive
SESAM
Frequency: 357MHz
Cavity length: 0.42 m
Pulse width: 7.3 p sec

(FWHM)
Wave Length: 1064 nm
Power: ~ 6W

SESAM: SEmi-conductor Saturable Absorber Mirrors



Ext. Cavity:

Cavity: Super Invar
Cavity length: 0.42 m
Mirrors:

Reflectivity: 99.7%, 99.9%

Curvature: 250 mm (w, =180 ¢ m)




Storage of laser pulse

Resonance condition :

The relationship with
laser and cavity :

Al=L, -L Al=0,

laser cey !

The enhancement factor
is the function of
reflectivity, Al and laser
pulse width.

Perfect resonance : Liaser = L cavity

N

'

\

/

Imperfect Resonance : L jaser ~ L cavity

\

\ < ‘
Not resonance : L jaser7 L cavity

A \

\

/
> L
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Finesse: R = 99.9%

Finesse =7t T cll T :decay time
oD c: light verocity
PBS PBS : cavity length
At Y. e

Trans.

0.01

More than 3000
Times.

E R IXOptical
Matching+>Mode
Locking noise®
EREMNHAHD T,
IR 1000fEF2E
[CLTXERERZE
Bkl

0.008 +

0.006

0.004

Transmission [arb.]

0.002

0

13

Time [ wsec]



Pulsed Laser and Electron Beam Collision to measure bunch length

collomator storage pulse
m T
e WaN |
detector . A
( Csl+PMT) ~"

electron beam

laser system

ATF damping ring

Pulse Laser Wire

(Storage laser pulses in optical cavity ):

Laserwire region |
The systems for New X-ray source & New °

bunch length monitor at a storage ring

ATF Damping Ring

S band Linac

Hear Fukuda’s talk.
14



EXPERIMENTAL SETUP : Optics

15



714MHz Cavity

"'\-\.._\_\_\_-\-

Scattered
Gamma beam

Laser Repetition rate :
357MHz
laser pulses

&

Compton Scattering in every 357/MHz
Electron repetition rate ..

357MHz
Electron bunche

As an X-—ray source :

An optical cavity stores higher peak power and gets
higher flux X—ray with pulse laser than CW laser.

As Beam monitor :

By scanning the laser pulse’s phase in the cavity and
measuring the Compton signal count rate ; an electron
bunch length profile is obtained.

16



4. Polarized y-ray generation using Optical
Stacking Cavity




Experimental R/D in ATF

Hiroshima-Waseda-Kyoto-lHEP-KEK
Puse Make a fist

A HU‘H H\W s prototype
| 2-mirror cavity

e -beam Lcav =420 mm
1.28 GeV S-band Linac
. . ] QQL_DI e R
Put It In N\ %DUD SR0000 :
ATF rn g \Qﬂﬂ\\:m%ji/ 4 Accelerator Test Facility
X\\\\:Dﬂla |:|.| _.__ﬂ\ 1.28 GeV Damping Ring i







20



Non planer cavity with 4 mirrors in LAL




4-mirror-cavity
>
separate functions
& confocal configuration

-----------
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2-mirror cavity 4-mirror cavity
R1=R2=L/2 R1=R2=L

plans plans
L

A
A
=
e
12
N m—

waist
1
—
|
- —"'d____—'_—|_____“——_ —
]
waist
/2 f 1 f /2

concentric confocal 23



v-ray Generation with Laser Pulse

Achieve both high
enhancement &
small spot size

technology

Achieve small
crossing angle : 7
Get experinence Pulse stacking

with e- beam cavity
=420 mm

L
1.28 GeV S-band Linat®v

i

o =] H

=
T T MJT T T°0 11 L]

e T
T
| |

— H—

= v =Tt
H B B I B B B B § 1 H B [ Tl Bl Bl o
T T [ T [T 1T T T T [ T [T [T T T 1 T T T T T T 1 T ITITTII_—T T T T

LI

O o o o o o o o o o

i
dE [ H
o]

| Wd

Accelerator Test Facility

N |

pulse stacking cavity
in vacuum chamber

1.28 GeV Damping Ring
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5. Compact X-ray source

e _
o . S ‘ < j
- . - —
& \ M) i | \ ++ D N
y N A — : U : g e o _ (B
ey ——— - - - . i L & wil ‘ ] rS 2
1 = ] i | g °* -
s »

43MeV end station to separate X-ray
and e-beam. 33keV X-ray is deflected
by Crystals.

Pulsed laser stacking chamber
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Laser Undulator Compact X-ray (LUCX)
Project at KEK-ATF

43MeV Multi-bunch beam+ Super-Cavity = 33keV X-ray. Multi-bunch
e beam photo-cathode
QPlqF1 - RF Gun
X-ray
Detector
Collision point .. . Q1.Q2 Solenoid
CPlG I“.';i”‘“‘”l“‘}";,:Tif3;?;;5;25::3:;;:’.37;.,,ialif?;é:?f;:a‘,l""““"""—;Z‘ - M
‘I - afclicky I /"
Modt?l:'::s:vrasor Beam SIZG at ; ':l,.. g _;Z 'll I| ||| llf lll Il ||” ||||| le“l | ||| ||| |'|r|| ||||||
5 o W I I
CP 60um in o ~ 5[] i | i 'l"|||'||':|| ||||' ::|||||| |
_ .| | |
3 a0l i Hh |U M H ” H' |‘ HI"““' “ H| ||‘!:!'
. ] _50250 300 350 400 450 500 550 600
M;‘ Time [ns]

~ Multi-bunch e- beam 300nC at gun

Vacuum
Chamber

At present, laser waist size is 90um in

c. We should reduce both beam size at CP
down to 40um.

33keV X-ray generation based on inverse
Compton scattering will start from Oct.
2007 with Super-Cavity.

Super-Cayvity

Storage
Laser power
2.45kW,

next step :1MW
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6. Key components for photon beam source based on
laser-Compton scattering

World—Wide—Web of Laser Compton

th -
ERL 4™ GGeneration

light source
CLIC e+
s Compton Polari-

collider IS

Medical X-ray Optical LW
applications source Cavity monitor

e- source
ILC,ERL W

Industrial High power
applications laser




Re-use Concept

laser pulse stacking cavities

c,éﬁ* ol

e R

X
4 %
Compton ring - H
Electron storage.ring 3
= ; )

= _;
to main linac = N
Proposed by Posipol Group at Snowmass 2005. 28
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One laser feeds 30 cavities In daisy chain

Laser

SHERSFPATYII A,
1mJ/pulse-10psec/ N JLAL—H —
E—LZ5#YRL(B57TMHz) TR
| | EIZERTEH/NER—/—JH
e e 3 REERSELT e OMaEESIT
» / Multi-Co1 7. ';

Nk L. = O =Y IR L(357MHz2). /8L R
\ / (10psec, FWHM), Ki@EL—H—
7Pl | 20 o ais (1mJ/pulase~100mJ/pulse)ds\JL
o AL—H—E—LERX—/—3 %
i : kax TEIHRI 5,

|
|
electron beam |




New ldea by UK

Use a Misaligned Multipass Cavity

HR MIRROR A /4 POCKELS CELL GATE F/4 FOCUSING POLARISING BEAMSPLITTER
LASEI? \
,\\/(\
—

e-BEAM

500mJ/100ps @
210mm (0.7ns) > 1.14m

SINGLE PULSE

A

Mirror spacing determines the inter-pulse interval to match to 2.8ns

Slight mirror tilt from perfect auto-collimation or slight shear of one lens gives
scanning with equally spaced foci and a controllable spacing

PC gate switches pulse into cavity

Need to keep round-trip losses very low to ensure sufficient passes at sufficient
power

Other designs possible 30



Laser-wire at ATF-EXT By Grahame Blair (RHUL) et al.
6min 43s

40

¢=6.22+-0.18 pm

1600 35 ¢ ¢ ;
30 - $
254 ¢ }
20 EE X
15 - LX ]

Beam size (um)

10 - . [ ]

Airgel / current

5 =

0 1 1 1 1

60 65 70 75 80 85

3.02 3.04 3.06 3.08 3.10

Wire position (mm)

sub-mlcron
laser waist size.
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Apparatus of Laser-Compton X-ray generation
Fumio Sakai, Sumitomo Heavy Industries, Ltd.

<Synopsis>

An apparatus of short X-ray pulse generation via 90-degree Laser-Compton scattering between a
tightly focused relativistic electron beam and a femtosecond laser light had been developed under a
national project. The generation of high brightness electron and laser pulse and the synchronization
between electron and laser pulses are key technologies for stable x-ray generation and. A photocathode
RF gun and a stable all-solid picosecond laser were developed for the stable generation of very low
emittance electron bunches. The synchronization technique between laser pulses of mode-locked
oscillator and RF (2856MHz) for electron acceleration was developed. After the national project, this
apparatus moved to AIST from SHI two years ago. This is running for x-ray applications and
developed to increase the x-ray intensity.

This x-ray generation system via 90-degree Laser-Compton scattering and the technologies applied

for the system will be presented.
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ol ,. Photocathode RF gun
f:tr;' = | [ Picosecond oo
4= UV laser
W Femtosecond /
TW laser
35Mev linac
Angle selector Beam dumper

Imaging sample

X-ray camera

Interaction
point
Focusing magnets

A
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NEMANIOAITH TIN5,

AT X DORE
BHREFL—Y—
Y)=FaAS(5—
BRRZOEMRIN

FELW

Electron energy >3 MeV@6MW
Charge/pulse >1 nC @100uJ laser pulse
Pulse length 3 ps @10ps laser pulse

s S s Y s I e

Normalized emittance <3 mm-mrad

O
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Pulse Shaper

Pulse Stretcher

Regenerative
Amplifier

Compressor

v
\ 4
v
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-~

Ti:sapphire
A Femtosecond Laser

Linac

| $pT R
| Gauss;ERER
I /NJLANERIEE

Low-emittance

i
)
1

> Electron Beam
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Normalized rms emittance
in horizontal direction [xmm-mrad]

3.0

0.5 |

TIv X AN E G R

—a—Square pulse

—a—Gaussian pulse

Laser pulsewidth: 9ps FWHM

Flectron charge [nC/hunch]

£, =+/(a"Q)* +b"

b'= e, +&,

a
mtmm-mrad/nC mmm-mrad
Gaussian(9ps) | 1.85x+0.13| 0.83%+0.05
Square (9ps) | 0.92x0.05| 0.81%=0.03

€, = 0.67omm—mrad

g, = 0.6zomm—mrad

% Sumitomo Heavy Industries, Ltd.
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BAASTOvA—DREEVAT L

28 DL —H—FIRE (TEY B L E R E(79.3MH2z) D 3615 = 57 K TEER RH
2856 MHz|(Z ﬂﬂ;ﬁ L/ %0)%{— 10fs(Z ﬂﬂ]{ﬁﬂ (Proceedings of SPIE, 5194, 149-156 (2003))

B FRILEMAEE, REELFOFITMEMIE

> Timin _
36th harmonics . 9 Picosecond laser
(2856MHz) stabilizer

o fiber 79 3 MHZ To photocathode RF gun
= %PD NI 7

Master —
Oscillator > Timing
2856MH stabilizer Femtosecond laser
2856MHz O 79.3 MH4 To CPA laser system
A O
Drift }. i .
compensator o gun & linacs
» > > 2856 MHz

Klystron - pjrectional Coupler
Drift compensator

FEFHGIZIE, L—H—, BEF#R XIREFFL TR BDIFIEZTTO
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KBRS

-Electron parameters
Energy
Bunch charge
Bunch width
Beam size

Normalized emittance

-Laser parameters
Pulse energy
Pulse width
Wavelength

Beam size

Interaction angle

38 MeV (0=0.2%)
0.8 nC

3 ps (rms)

30 - 50um (rms)

3 mm-mrad

200 mdJ
50 fs (FWHM)
800 nm
~10 um (rms)

o o

90  , 165

£ Sumitomo Heavy Industries, lid.
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Interaction angle

Energy”

Number of total photons 2 x 106

(photons/pulse)
Pulse width (rms)*

Repetition rate

* Calculated value

(=)

5 x10°

D
z 165°
Q [ J
bl

! 7
go.s_ ¢

3 . 90°

é : ¢

Laser pulse energy (mJ)

Laser energy vs. Number of X-ray photons

% Sumitomo Heavy Industries, Lid. 10-
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-Shot-to-shot D& FE 4 (15 min)

= 1.5
=
6% (rms) “ = |
( * Laser intensity 5%(rms)) © &
:gg 0.5 |
o g 2
90 SE | |
o 0 5 10 15
% (rms) Time (min)
REBTOREMXE (7h) ) s
90° P g
it A, b P ‘m"m o |
8 % (rms) iz s | T VIROARMAWRTENY Y
N
( 1072 fE(100pulses)DIEZE N ZEL ) l%g 0 o ‘ ‘
0 1 2 3 4 5 6

Time (hour)

% Sumitomo Heavy Industries, Lid.
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X#RBRELE LU IRILEF—DZER 2 mElE

X#RCCDAASERALXIRDEES XU T RILF—DZEM 5 7 DRI
B ARIFRILF¥—:15keV (36 MeV electron, 90 ° interaction)

>

Be Window (30mm dia.)

X-ray CCD camera

Interaction
point

£ Sumitomo Heavy Industries, Lid.
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ERSAIEEARTHY ., EDREFEL—F—DFL .
BEcIkET 3 Aperture of the window

ERDMIEIZaAL—a iR ES—ETD

0.9

0.8

P-polarization

— Simulation (horizontal)
Simulation (vertical)
Exp. P-Pol. X

= Exp.P-Pol. Y
> Exp. S-Pol. X E
o Exp. S-Pol. Y electr} >

Laser photons(P-polarized)

Scattered X-rays L
!

S-polarization

Laser photons(S-polarized)
-10 -5 0 5 10 electrons > y_} s )
Distance from the beam center (mm)
Scattered X-rays

£ Sumitomo Heavy Industries, Lid. -22-




X-SBIRILX—D2DH %

S-polarization
15 }F -
2
< X-ray
o
g 1451 1Energy(keV)
>
0
14 | E
13.5 ' ' : : L
5—1 5 -1‘0 -? ? ? 1 ? 15
o o I%iiting curvie calculatejd by 3n mnﬁl*m rad, <
P-polarization - ssetisor LT T/
£
% 45 Energy
] Dispersion
g (% ,rms)
5 4
" Solid-line:
simulation
3'5-1 5 10 -5 0 5 10 15

Distance from the beam center (mm)

@ Sumitomo SRVY I IUD L D, W, -23-
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1. L——T3> TR BELICLBXERFEL
2 RERXE
3. X#RDFFH
(BIIERT, 4 X—220)
4. EFHFDREE DTN
5. F&d

© Sumitomo Heavy Industries, lid. 24-
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XL D5 ERIE

(Lawrence Berkeley National Lab.XkY))

Structural Dynamics in Condensed Matter

fundamental time scale for atomic motion

vibrational period: T ,~100 fs

» ultrafast chemical reactions
« Ultrafast phase transitions

» surface dynamics

» ultrafast biological processes

time-resolved x-ray diffraction

s E

]
wmﬁ; N
ul.‘??" W

fime dalay diffraction angle
ordered crystals - phase transitions, coherent phonons

time-resolved EXAFS, NEXAFS, surface EXAFS

oot o> = f(r)

'dE|E'3."
complex/disordered materials - chemical reactions
surface dynamics
bonding geometry

absarptian

Q}:&

Bing
Kedge oy

£ Sumitomo Heavy Industries, Ltd. 25



L—H—a TR ELICR DT LNXEEZE U= E

(Lawrence Berkeley National Lab.)

Laser Heated InSb
(300 s, 30 keV probe)
Thomson Scattering Source S 2
2.2p 'E; 2
- femtosecond = 72
~ S Z2AF =
laser pulse = 2
z T .8)
m
E 2.0 A0 =20 t_i]l J 2|[II ( 413 60 &0
= ime gelay | ps|
electron € 10l
beam o .
g ~ 10 ps delay —mi
E 1.8 : . :
= lattice expansion
- 17k oropagating at |
E : the sound speed
femtosecond 1.6F
X-ray pulses . . ) ) )
-40 -20 0 20 40 g0
_eemans el al., Phys. Rev. Lell., 1996. time delay (ps)

Schoenlein et al., Science, 1996.

£ Sumitomo Heavy Industries, Ltd. 26-
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HERDIRIRAV S AELRRL T, BB EOYMEDIHERN
BRSNS

-SERICIEEVZERIE—L UMD EREND

Sample Intensity
—>
Density
High
<+— Edge enhancement
is observed
Low

11T

 Sumitomo Heavy Industries, lid. -27-



B bZ XD I E 5l
-EEFIPOSKE
X#BIRILEX—: 17keV

L

CCD images at
0.1m behind the sample 1m

% Sumitomo Heavy Industries, Ltd.
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T7A/\—
Imm l

13cmBENT-EZATDE 1.1mEENT-EZATDE
£ Sumitomo Heavy Industries, lid. 20




ERAE

1. L—Y—T > TR BFL 1S L BXERFEE
2 RERXE
3. X#RDFFH
(BIERT, 4 HA—220)
4. EFHFDLEEDITK

(FEIX iR = 15X D /=0 DETF)
5 F&bH

#© Sumitomo Heavy Industries, Lid. -30-



RIVFERL—T R

1 TILFINILARXER
=1 |
Ti:Sa L—#— L—Y—H&

-1
Seed > > —
HIRB/I5—

HIRIRIT—
~ TILFNFEFH
L—Y— (ELR7YTiER)
#iR33 K 5.7 m(34&seed). 7.6 m(4x&) 9.5 m(5%K)
L—H—K&: 800nm
=¥

L—5—H 5 F£5100 mJ x 100 pulse (total 10J)

L—H—/SJLAIE:10 ps ~ 20 ps
MEIQGH%%G

L—H—RRybHLX: 40 ~50 um

Heavy Industries, lid.
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1. QILFNIFEFE—LER
I, HAY—FRAZILFNILAL—F—D R
o MAX IV —K(Cs,Te) A—FOYHL AT LDORIFR

2. TILFEHEL—YY—DRR

Cs,Te

LCSEEX#RD24TLL L DIREIZINZEB T — 10° photon/s (ETRILF—)
£ Sumitomo Heavy Industries, Lid. -82-




VILFINFEFE—LERE

INR 2 EATILF /IR R ==
8udJd X 100 pulse/ macro pulse@UV

TILFNOFEFE—LDTK (Mghy—F)
e 0.6 nC x 100 bunch/ macro pulse

Laser signal [V]

03

0.25 |

0.2 |-

015 -

0l -

0.05 |-

o

-0.05

laser

L L 1 1 L L 1
2107 0 2107 4107 6107 3107 110° 1.2 1071.410°

Time [s]

0.2

-0.2

0.4

Charge [V]

K|

mukltibunch beam @CT1

4.210° 410° 3107 6107 4107 2107 0

Time [=]

=) RWIK(Cs,Te) hY—KO—FOYHISRTL

0 Heavy Industries, Ltd. -33-



Development of compact load-lock system

for multi-bunch electron beam generation
(Collaborating with KEK)

Compact Cs—Te cathode :

load—lock system

z JB R/ 4 i . __§}
s S & —
SN vy 3 i
. ~— ‘¥
- < Y . Sl
- - . x e i
i ' . v oy ™
‘J |
| = |
/8
] =

/ Eva’é}ajion Chamber at K

_”

Cs,Tez% 5 BRI BAa
7TA®H KIEHIZRF-gun~3%EL.
1nC/bunch X 100bunch®
RILVFNFEFE—LEREBRIET,

W After evaporation

%?Hﬁq-‘ea?g Industries, Ud. -34-
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FED

L—H—a T BELIC KA X DR EREIZRLTS.

IRILF—IL15-34KeV,

X$RIAEIL165E THRA 2% 106 photons/pulse (£8E.74F>).
90E TH KX 5 %105 photons/pulse (£8ELTAL).

RISV AT LDREILFIZLY. XFEEDREEDRA L

90 ZZT11%(rms). 165 (IXIX1EM) T6% DR EE

TEE D REFEEIRSITL . TEE8%(100pulsefRH T)

XBDBESHELIVIRILF—HZRIEL., SFREELERLTEIN—F

BIFAISAM IZEBA A=V HTEVAN—2TY

R, FAREEFERPICIEER(2005FE) | BEA RSN TS, I AEER
ZHERTAEELIC.EBER EZBIELE-RAEZEDH TS,

% Sumitomo Heavy Industries, Ltd.
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Timing synchronization of femtosecond lasers for laser Compton system

Yohei Kobayashi, Dai Yoshitomi, and Kenji Torizuka.
National Institute of Advanced Industrial Science and Technology (AIST), Japan

<Synopsis>

Femtosecond X-ray pulses from laser Compton scheme could be applied for the medical and
industrial diagnosing or for some physics experiments. Femtosecond timing synchronization of
independent lasers is a key technology for a laser Compton experiment. We show some experimental
result of timing synchronization of mode-locked solid and fiber lasers. We achieved a few
femtosecond timing control of fiber lasers and sub-femtosecond timing jitter between two solid-state

lasers.
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2.856 GHz. 119MHz L—H5— N 213> R &7

|124th harmonic
g"Phase detector

Fundamental
laser T
SFG
y s PM
N/

F

|

|
119MHz laser A4
N it DL M

e

<-<'Idt <

N

T. Yanagida, Y. Kobayashi, K. Maeda, S. Ito, F. Sakai, K. Torizuka, and A. Endo: Proc. SPIE 5194 (2003) 149[AIP].
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AIFEFE &xA300 kHz

Intensity (a.u.)

-50 0 50 100
Delay (fs)

HEHEBSEOTaTI7AIL

T. Yanagida, Y. Kobayashi, K. Maeda, S. Ito, F. Sakai, K. Torizuka, and A. Endo: Proc. SPIE 5194 (2003) 149[AIP].
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5.7 fs
6.3 fs
4.9 fs

B 7E g
300 kHz - 2.5 Hz
30 kHz - 0.25 Hz
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Time (sec)
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Control of Ti:sappnire anc C

NIST, coherent synthesis (< ms)
A. Bartels, et. al. Opt. Lett. 29, 403 (2004,
MIT 0.3-fs timing jitter, phase relation observation
T. Schibli et. al. Opt. Lett. 28, 947 (2003)
AIST 1-fs timing jitter ( 9), phase control (2003
0.1-fs timing jitter
D. Yoshitomni et. al. Opt. Lett. 3
Tlght optical phase locking ( 3000
Y. Kooayasni et. al. Opt. Lett. 30, 24
TiS CrF




Passively synchronized two-wavelength laser

Nd@’V(Z%M CrF iivl b7

N\

“ T1
oS

Nd:YVO4 SH

SESAM CM C

)

Intensity (a.u.)
Intensity (a.u.)

| | | | | |
750 800 850 1160 1180 1200 1220 1240 1260 1280 1300

Wavelength (nm) Wavelength (nm)




Movie of passive synchronization

Changing the cavity length by PZT,

Two-wavelength laser

TiS

Oscilloscope

How about the timing jitter?




Timing jitter in various
observation bandwidths

1kHz BW 100kHz BW 1MHz BW

Delay (1fs/div)
Delay (1fs/div)
Delay (1fs/div)

Slow jitter (1kHz BW) was significantly
reduced by active control!

98 + 18 as (10mHz — 100kHz )
126 = 20 as (10mHz — IMHZz)

D. Yoshitomi et. al. Opt. Lett. 30, 1408 (2005)
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Digital PD,
Loop filter,
PZT EOM

drivers

BBO Delay

=
CrF BBO




Intensity [dBm]

Optical phase control — RF spectrum of locked beat

Previous work in 2003
Span 1 MHz

| Span IMHz

RBW 3kHz

sweep time ~0.2 sec.
ave. 10 (2sec.)
FWHM <RBW

56.4 56.6 56.8
6

Frequency [x10 Hz ]

3-kHz line width

Relative Intensity (dB)

This work (2005)
Span 1 Hz

I I I I
20.9999996  29.9999998  30.0000000  30.0000002 30.0000004x10°

Frequency (Hz)

600-uHz line width 1s limited by RBW

Y. Kobayashi et. al. Opt. Lett. 30, 2496 (2005) a1€r

—|di
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Timing control

- - Timing or clock delivery

Mode-locked Fiber laser

Precise timing control of the fiber laser is required for clock
delivery in a short range application (10-km region).

10-fs timing jitter with active control was demonstrated [*]

eHow precise can we control the timing jitter?

[*] D. D. Hudson, et. al., Opt. Lett. 31, 1951 (2006).




BABBOEN —RB13) R

1.3 um

J\

R N

/

Ring Er-fiber laser
1.5 um

40 MHz

Pulse timing of fiber laser is passively locked to the

master laser by cross-phase modulation.

Intensity fluctuation of the sum frequency
corresponds to the timing fluctuation.




Results -Timing synchronization

Picture of master (upper) Tolerance of cavity mismatch

and slave (lower) pulses

N
%
LO
BN
<
Aon
0
|
N
L
on
D
—
=~
o¥
)
R~

4 6 8 10

End Mirror Position (um)

*Repetition rate of fiber laser is
synchronized to that of master laser.
eTolerance is ~ 400 Hz. *




Result - Timing jitter

BBO

o] s

2 fs @100 Hz-
100 kHz
3.7fs @1 Hz -
100 kHz

(s3) Ion1l suux

~
N
.
~~
NCIJ
—
~"
-
N
A
Yt
O
=
o v—
—

1 3 | : | D. Yoshitomi et. al.
1 IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII L1 1111 ,7 Opt- Lett-

10° 10' 10° 10° 10"

Frequency (Hz)
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700-900nm D 1=&HIZIFOPA

oFKiRkZ YbIF7A/N—L—H
olZNEEE YbI7A/\—
eOPA BBO

Yb doped fiber

GHz—Ti:sapphire
YbI7 A IN—BAS Pump LD
V5 RIS BBO
SHG X .
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YbI 74/ \—1EhE 35

single-mode
double-clad
V2 WA YDF

isolator

100MHzYbA S X
L—H —HIkS




YbI 74/ \—1EhE 35

FRII Y IPpALTL—F——F

100MHz#EYRLYb I 7A/N\T T
EHHA TW
INLRAIARI)LF—  70nd
INLATE (EHEER) 114 fs

7 [| - Cutput power
— fitting
| |Slope efficiency [@73.2%
fiber coupling efficiency (@50%

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

SR ——— T M S
: |
& 4p
2 |
£ 3f
= |
2}
| ST Y1 NN SINITI: ST CN—
I
a

Launched pump power [W]
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Femtosecond frequency comb
AQ
Mode-locked laser L T v :‘ }4

Time domain

¢ /

Pulse train

frequency comb [*]

frequency
domain

f,., : Tepetition rate, Av: spectrum width, 0: offset frequency

Comparable to hundred-thousand narrow cw lasers!
Frequency ruler, precision measurement- Frequency, timing, clock deliveries.

/ ’f ]' 25
[*] D. J. Jones, et al., Science, 288, (2000) 635 Ny




Cavity mode and frequency comb

frequency comb

frep
0 —> < ANY
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FSR
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Cavity mode
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Present Status of Terahertz Synchrotron Radiation and Future Use of Intense CSR

Shin-ichi Kimura, UVSOR Facility, Institute for Molecular Science

<Synopsis>

Synchrotron radiation (SR) in the terahertz (THz) and infrared regions is widely used for
scientific researches and applications in the world because of its high brilliance and
broadband properties. In this talk, we will present some examples of experiment using the
conventional THz SR and prospects using intense THz coherent SR generated by the Compact

ERL light source.

<0 0>

0O00010"010" HzO0.10 100 THz , 3.30 3300 cm™, 040400 meVO 000000000
00000000000000000000000000000000000000000
000000000000000000000000000000@M 000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000002 0000000000000000000000000 UVSOR O
00000000000000o0ooog) 0oo0oo0o0000000000000000
00000000000000000000000000000000000000000
D0000000000000000O000000O0ooooog
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0D00000000000000000000000000000 OmeV 000 sub-THzOO
00000000000000000000000000000000000000000
00000000000000000000000000000000000000THzSRO
D000000000000000O00O0O0o0oooong

0000000000000 0DN0N0NDNNNONDNONONONOOOCSROOOO[2]000 2000
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[1] T. Nanba et al., Int. J. Infrared and Millimeter Waves 7, 1769 (1986). [2] T. Nakazato et al.,
PRL 63, 1245 (1989) 1245. [3] A. Andersson et al., Opt. Eng. 39, 3099 (2000). [4] G. L. Carr et al.,
Nature 420, 153 (2002). [5] http://www.sc.doe.gov/bes/reports/files/THz_rpt.pdf .
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Outline

® |RSR + THzZSR?
» characteristics
>»IRSR + THzSR beamlines in the world

® Applications of THzSR
»Conventionaluse
»Microscopic use

® Future
® Does we need Intense IR + THz sources?



Advantage of IRSR compared with

ordinary sources

® High Dbrilliance
» Excellent for spectromicroscopy

® Broadband
» Useful fo_r_ Spectroscopy
® Linear/circular polarization

» Crystallic asymmetry
Molecular orbital,
polar direction MCD

> Time structure

\OR

Ordinary source
globar lamp etc.

IRSR

‘ Electron beam

N
al
[EEN

Intensity

_Dosinee 2003



THzSR+IRSR beamline in the world

Japan UVSOR-Il 6B THz+IR, multipurpose, microscopy, MCD
SPring-8 43IR IR, microscopy under extreme conditions
USA NSLS U2A IR, microscopy under high pressure (geology)
U2B IR, microscopy for biology
U4IR THz+IR, surface science
U10A IR, multipurpose (solid state physics)
Ul0B IR, multipurpose, wide energy range
U12IR THz+IR, pump-probe (solid state physics)
ALS 1.4.2 IR, multipurpose, surface science
1.4.3 IR, microscopy (biology)
SRC 031 IR; microscopy
Franceé super-ACO SIRLOIN,JIR, multipurpose

SOLEIL
UK - SRS 13.3
“Diamond

IR, microscopy, surface science

Sweden MAX 1 073 IR, high resolution (gas)

Germany ANKA

IR Edge radiation

UAOR

D sinec 2003

BESSY Il IR, microscopy, THz-CSR
ltaly ~ DA®NE SINBAD THz+IR
~ .« Elletra IR

Taiwan SRRC
Switzerland SLS

ESRF
China NSRL, Canada CLS,,

IR;. microscopy
IR_Microscopy

Red: THz
Blue: IR.

IR, microscopy
under consideration



Reconstructed IR+THz beam line BL6B at
UVSOR-II (since 2004)

Acceptance angle of SR I .=::.,:t- L
1 P, o

From 80(H) x 60(V) mrad? |
To :

SENCI Magnet ¥

oy _ . Flertian

-,H -
FEL purl -~ beam

Flane mirra- (M 1) - ~ hagic miTo- (WMC)

- Bending duct

BEB :
©-axes pulse
motor stage
for. MM



Intensity and brilliance of IRSR
compared with a globar lamp

Intensity
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Photon flux (ph/s/0.1% b.w.)
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o
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1(1=100mA)

Black body source

SPrlng 8
BL43IR

‘
’
’
.
7.

u/\

(for Iarge sample)
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End stations of BL6B
at UVSOR-II
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This chamber can be removed for the other
experiments (IR-MCD, FIR-RAS and so on). 7
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End stations of BL6B
at UVSOR-II
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THz spectroscopy under
pressures

Microscope

eHorizontal optical pass

*Energy range
eLaboratory: 50 meV 1.2eV
*UVSOR-II BL6B: 5 meV 50 meV

Diamond anvil pressure cell

» Pressure media Apiezon grease N
* Pressure is measured by.a ruby
ﬂUOI’eCenCG methOd | T E}Eﬁr“:?uﬁlfamm+“${m pinhole)+200cm ™ LPF+Si bolo.

reflection

Spatial resolution of microscope in
the THz region at BL6B

Sample
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Pressure dependence of R(w) in SmS

EXp.
Calc.
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[ T. Mizuno, SK et al. ]
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Scientific program at BL6B

. -
. . FT-IR b o -
® Electrodynamics of solids @ (Bruker ooy (S FT T:
multi-extreme conditions " § (JASCO
» Very low temperature (~0.4K) g;:fp'tf:n \F ) Rlsn
> High pressures (~20GPa) station Bl ezt a4

»High fields (~6T)
® THz microspectroscopy <.z Ve
® FIR-RAS of adsorbed molecules £ %
® THz spectroscopy of protains | :

® THz excitation with coherent SR.F

> 103~104 higher intensity than the
present IRSR.

12
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Coherent Synchrotron Radiation CSR
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[M. Shimada et al., submitted.]
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Coherent Terahertz Pulses by Bunch Slicing U

Intensity (a. u.)

\OR

) / vince 2003
[ M. Katoh et al., Proc. EPACO06, 3377 (2006). ]
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_0_4'...|...|...i...i...- —{H---'_--'----q
10.008 -0.006 -0.004 -0.002 0 0.002 0 = 10 1 20
Time (sec) L,
St b| g odi The width originates from the InSb
able and periodic. hot electron detector response.
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Laser pulse width dependence M
of CSR Spectrum [ M. Katoh et al., Proc. EPACO6, 3377 (20023).]

’C;D\ Laser width =
— —u— 160 fsec
-] —o— 320 fsec

: \ 530 fsec
e Q\ —v— 710 fsec
S
> \\"\ Short
Z’ s & pulse The dip is made by laser.
% Onset Onset shifts to the lower
> L .. <i wavenumber side with increasing
%) ";vu 1 pulse width.
@) 0 . /

10 20 This is the evidence of the CSR

Wavenumbers (cm™) originates from the dip induced by
laser.
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Average power of CSR

Commercial
THz.source

-1
w (cm )
510° 10" 10° 10°
107 e
10 1 CSR by laser slicing -
(expected)
00 L UVSOR BLEB
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1% Commercial
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=] o
- |
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- T | Lo el R | MR ETET
10" 10 107 10" 10°
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Application of CSR @ BESSY-II

(Conventional use)

Use of intense sub-THz light
[M. Ortolani et al., PRL 97, 097002 (2006).]

V (THz)
0.0 0.2 0.4 0.6 0.8 1.0

R(T) / R(10K)

FIG. 1 (color online). Reflectivity of a strongly B-doped dia-
mond film in the sub-THz region, normalized to its values at
10 K. The lines are fits obtained by assuming a BCS reflectivity
below T,. and a Hagen-Rubens model at 10 K. The inset shows
on the left scale the magnetic moment of the sample, as cooled
either in a 10 Oe field (FC) or in zero field (ZFC), its resistance
normalized to its value at 12 K on the right scale. The FC values
are multiplied by 10.
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- 200~ 74 =
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0 \1/ | | 0|
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FIG. 2 (color online).

) {cm'1}

T/T,

OR

. W duce

2003

Optical response of superconducting

diamond: (a) absolute reflectivity obtained from the ratios of
Fig. | and the R(w) at 10 K shown in the inset; (b) real part of the
optical conductivity; (c) inverse square of the penetration depth
(M), compared with its behavior for a dirty BCS superconductor
(gray line). In (a), the points at T << T, and @ << 2A are replaced
by those of the fits in Fig. 1. This allows one to discard 1g
unphysical values R > 1, due to residual noise, which would
affect the Kramers-Kronig transformations.



THz SNOM @ BESSY-II

(Microscopic use)

[U. Schade et al., APL 84, 1422 (2004).]
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FIG. 1. Schematic diagram of the THz scanmng near-field infrared micros-

copy setup.
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W= ((offerson b

" ,g_f,i .__,gi_. [G.L. Carr et al., Nature, 420, 153 (2002).]

g&:ﬁ-_ High-power terahertz radiation from
e S relativistic electrons

G. L. Carr*, Michael C. Martin{, Wayne R. McKinney{, K. Jordani,
George R. Neil: & G. P. Williams:

11 =ray: ational Synchrotron Light Source, Brookhaven National Laboratory, Upton,
Catching T-rays * National Synch Light Source, Brookhaven National Laboratory, Up
—_———————————— New York 11973, USA
Physicists created an opening in the + Advanced Light Source Division, Lawrence Berkeley National Laboratory,

Berkeley, California 94720, USA
1 Free Electron Laser Facility, Jefferson Laboratory, 12000 Jefferson Avenue,
Newport News, Virginia 23606, USA

FEL beamline to allow Terahertz rays to “’
pass through. Scientific data is gathered } p"'t
# '
i, ri
v g7

in the Terahertz user labs.
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Intense CSR from ERL @ KEK
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High power CW THz sources
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[M. Tonouchi, nature photonics 1, 97 (2007).] 23



Conclusion + outlook A '552%

® Present THzSR + IRSR
»High intensity + high brilliance.
»Applications are mainly conventional use.
»New advanced spectroscopies were produced.

® Future

»We need intense IR + THz light.
— Further advanced spectroscopy. (SNOM, )
—THz pump - VIS, -ray,,,, probe experiment.
-+ —Chemical reaction.
— Etc.

24
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Current Status and Prospect of Terahertz Technology

Masayoshi Tonouchi, Institute of Laser Engineering, Osaka University

<Synopsis>

Research into terahertz technology is now receiving increasing attention around the world and
devices exploiting this waveband are set to play an increasingly important role in a very
diverse range of applications. This review gives an overview of the status of the technology,
its uses and its future prospects.
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M 8 /%O @ of an electron-hole plasma

R. Huber*, F. Tauser*, A. Brodschelm*, M. Bichlerf, G. Abstreiterf
& A. Leitenstorfer*
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Photograph Examlnatlﬂn and THz false colour imaging
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some materials.

THz can
indicate all
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Coloured specimen
preparation,
photographs:

Iztitute peril Restauro
“L'Ambients”

Contact: kaori@nict.go.jp

Courtesy of Fukunaga(NICT)
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Cutting-edge terahertz technology

Ressarch into terahertz technology is now receiving increasing attention around the world, and device
exploiting this waveband are set to become increasingly important in a very diverse range of applicatic
Here, an ovenview of the status of the technology, its uses and its future prospects are presented.
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Terahertz Time-Domain Spectroscopy and
its Application to Fundamental Sciences

Koichiro Tanaka

Department of Physics, Kyoto University

<Synopsis>

State of the art of the terahertz time-domain spectroscopy is reviewed. After a brief summary of the
basic concept of the spectroscopy, several examples of measurements on dielectric constants are
presented with references. Special attention is paid for the terahertz attenuated total reflection
spectroscopy that serves a powerful characterization method for powder samples, polar liquids, and
surface excitations. Finally, future prospects for non-linear THz spectroscopy will be discussed with

a special attention to recent development of high power THz sources.



REMaV /NI FERLA RS R ]

loa

T INIIVYIFHEMRIB S & &
ERMFEADLH

Department of Physics, Kyoto University
Koichiro Tanaka

SCOPE project N2 [N i JSPS project
2003-2007 SRR o | 2006-2010

Exploitation of Organic Electronic Materials

Terahertz Technologies of Potential Dynamic Switches for Non-
adapted for | L) equilibrium Condensed Matter Sciences




RS

TINILYTH//ao—& (T [mn?
BEfSIsEIE T 5 AN ILY R ED B
BFfEIpRE T 5 N ILY B EIC K S YERITE

BHEMH, BFAER. FEK. BEERK
XK. 7](1‘&1&

FERET SNV GO & g

Kyoto University 2006 Qyis




Importance of terahertz frequency region

Dielectric constants

<Radio wave THzregion Light wave

Intermolecular vibration
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Mﬂon
J

Large molecule vibration
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Electronic Transition
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X-ray diffraction
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Wavelength
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Absorption of Liquid Water

Microwave cooker

Frequency (THz)
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Jackson, Classical Electrodynamics



THz-Imaging

4
MV

Freshl s fror 48 heur
|,=..: . i
F.':i 1
L
§
-V ] E
e L 3
:'—.;j-el - : : b
5 ' . : - 1
[ [ - 9 .
E, . btuch of cument THz research revolves
"}_-, around spectral specificity and trans-
mission properties. The THz frequency

B. B. Hu and M, C. Nuss, Opt. Lett. 20, 1716 (1995) Kawase (Nagoya/Riken), Nikon 5
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Pulse Width (fsec)

Photoconductor si SI-GaAs a-Si _ RD-SOS -Ga
3 \I r/' LT-G
104 — -
\
AG-laser
ZE;’;‘LS T;izi’p PC antenna
@ E-Osampling \‘ Free space
103 \ \1 E-O samg
‘ — —
Q W mode-locked
‘k dyetaser \
Self-mode locked
102 Q'i'i Sapphiret — 1
CPMring dyettaser+\ R
10 — Puls k 1
Comples
1 1 |‘ I
1965 1975 1985 1995 2005
Year

f Wavelengt
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Er 27A4/\—L—H—
Yb glass laser

Diode laser + 18
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THz-detection

Generation

Bias
_ }Voltage
\/ Dipole antenna

2
A X()

Optical
rectification

Detection

Photocurrent

\\&\\\m\\\\\\m

----------------- S

E(t)
Photo-conducting
antenna
EO crystal
k M4 P

E(t) Electro Optic sampling
Kyoto University 2006 &k




THz-wave generation with second-order

non-linear oEticaI process
E(t)

v (2

Pulse width: Az Sum Differential

aedo-1 POM)=g,7PE,()E,(t)  frequency frequency

E (1) = E, (1) = AE™ +e )
PP () = A (4 2w, w, ®)e?*™ + 9 (0, w,—w)) '

SHG Optical rectification Epu0) A/Oz-:\\\ )
P@(2w) P (0) A T

AT-Aow=1 Q<Aw gl
PP () = A2 y(Q, 0+ Q,—w))e™™ R

2N

Kyoto University 2005 “gya4



Phase matching condition

ZnS ZnSe ZnTe CdTe 1.56 um
@ L] > o
GaP InP GaAsl
[ ) ® @
| | | | ] | | | |

0.4 0.5 0.6 0.7 08 09 1.0 12 14 1.6
Wavelength (um)

Phase match condition:

£ 10 [
K(o+Q) - k(o) - k(QQ) =0 =
c ° ZnTe
. . : 2 6 ®»=800 nm
Including dispersion: 3 °
refractive index _ optical Index of & 4|
in THz region ~— group velocity % > L
L
THz visible Q
Vphase :Vgroup © 0 = l l
0) 1 2 3
Coherent length: Frequency (THz)
C

c

= Nahata et al., APL 69, 2321 (1996).
2 fInTHz - ng‘



THz-wave detection

Photocurrent
_ EO crystal
(1) W w
Photo-conducting E(t) Electro Optic sampling

antenna

J(AT) = edetETHZ ()N(t—A7)

Kyoto University 2005 &



Non-linear THz spectroscopy

).
> Z(z)
State of the art in our laboratory ~ |- ’ >

(Kumiko YAMASHITA, 2005) :  E(t) gectro optic sambling

— Estimation was made by EO sampling technigue.
Al I
— =-I'=-27r—n°r,|E;,|=0.2
I A
Optical pump: A =800nm 485 mW (485 uJd /pulse)
ZnTe(=1mm, n=3.2, r,;=4X10*m/V)

P..,= 100 pJ/pulse, 10 nJ/cm?, 10 kW/ cm?, |E.,,,|~1kV/cm=100kV/m

THz THz

Typically, for the non-linear spectroscopy in visible region,
we need a MW/cm? class laser.
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Time-domain spectroscopy (TDS)

IS a powerful tool In THz reqion

o (o N w

=

Electric Fleld(arb. units)

'2H_IIIIIIIIIIIIIIII
-5

pr- -

-

Time (ps)
E(0) = E(0)e ) = i [E(tedt

=
o

(Icl)_g sclelle)
o

Power
H
o

N

=
o

Fourier

transformation =
_K 1 I

0.0

|
1.0 2.0

Frequency(THz)

v'Pulse measurements = High sensitivity. cf. FTIR

v'Electric field measurements = Complex dielectric constants.
E(w),

o(w)

=
Phase (rad)

Kyoto University 2006 “@pe



Terahertz Time-Domain Spectroscopy (THz-TDS)

.AVK. E . (@)

Esam (a))

sample

d
Complex refractive index
f’(w): Iisam(a)) n=n+Ix
@) t,. t,,: Fresnel coefficients
=t -t exp|i @) =Djet) 2
e C b= @11 (vacuum — sample)

_i (n-Dad) | | xed) ¢ _ 2@  (sample — vacuum)
c o " (o) +1 .

Kyoto University 2006 “@ya49



Compact THz-ATR spectrometer

Double-ellipsoid mirrors with
a semispherical ATR prism. Nikon
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Importance of terahertz frequency region

<Radio wave THzregion Light wave

>
Intermolecular vibration _ N
4 Large molecule vibration Electronic Transition
- : Molecular
%) . _ Vibration @
E Rotation BYR @ )
® €1  Relaxation mode & I =
S Q I X-ray diffraction
o Spin\excitation
= Q
Q (ol / :
(D) :
) /
/
€
0
1rp 100|mm 10;nm mm 1OOPm 10];lm 1p,=m 1q0nm 1Qnm 1qm 0.}nm

Plasma L% - Wavelength  \/isip|e

o.scillation Infrared
Radio wave Kyoto University 2006 &,




Electric Field [arb.u.]

Mode-softening in KTaO, crystal

Ichikawa, Tanaka et al.: Physical Review B 71(2005) 086509.

| | |
Reference (x1/10)

AN —— = = B9
30K

e ———" PN\ = - —

12K (x10)

——W

alg o
vl
Mode-softening
TO,;mode
— > (U
THz region
?Mand-nmitmg
i >
®

Kyoto University 2006 @y



Dielectric function in KTaO,

Ichikawa et al.: Physical Review B 71(2005) 0865009.

= 8000 - 1 £1400 I' : —_
Q s |
¢ 7000} KTaO, ; -%1200 L 12K KTaO, -
€ 6000 . ' '
§ 5000 | THz-TDS §’1000' | "I’Hz-T\DS/ \S
@ _ Lorentz | 71 € 800} Lorentz | 7
8 4000 1 < 600l 30K
%) [ ] ¢ -
5 3000y A S 400} 49K
o 2000/~ 100K| 200K 1 2 500l 100K 500K 300K
2 1000F 300Kl + . .
o . o ] 8 0 E—
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0 1 2 0o 0 1 2
Frequency [THZz] Frequency [THZz]

A single Lorentz Model

(80 o goo)QOZ

e(w)=¢e, +

\
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2, : Mode frequency
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Dielectric Constant

Static dielectric constant

Ichikawa et al.: Physical Review B 71(2005) 086509.

5000' v | | ¥ Ty v g—
4000+ [} KTaO, -
3000} ) ]
| 5 .
2000 o ® 100'_'2 -
i 0 SEHZ <
1000 } A l
| N,
Doy

1 . 10 . 100
Temperature [K]

Kyoto University 2005 g8
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Isolated bases — DNA: first step

20 40 60 80 100 120cm™

cytosine (C)

oy

deoxycytidine (dC)

normalized o

deoxycytidine-
monophosphate (dACMP)

| | | | | | |

05 10 15 20 25 30 35

Y frequency [THZ]
B. M. Fischer, M. Walther, and P. Uhd Jepsen, Phys. Med. Biol. 47 3807 (2002) Courtesy of Peter Uhd Jepsen 22




Evanescent wave in ATR

Internal total reflection condition

Evanescent wave
for p-polarization

0, >0, = Sin{nzj
nl

H, 0
[ n ksiné.
H, |=|B exp(—ﬂz)exp{ - » = X—a)tj TM mode with large k,
O 2
" A\ T™ mode Enable to excite
E, A surface modes.
E |= OWexp(ﬂz)expi(nlksme'” x—a)tj
eva y n,
E.) \C)

exponentially decaying 1
away from the interface waves Kyoto University 2006 Ghiay




Surface plasmon in semiconductor
with THz-ATR

ATR

Phase shift A¢ [rad/n]

H. Hirori, M. Nagai, and K. Tanaka, Optics Express, 13, (26), 10801-10814 (2005).
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5 o | ©) p-Pol. =31oum| 5 5| ®)s-Pol d=45.2 um _
1.5k  — Experiment / £ 1.5 M’
---- Calculation g — Experiment
1.0 z 107 - --- Calculation
0.5, @ 0.5}
0.0} ] & 00}
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Frequency [THz] Frequency [THz]

Kyoto University 2006 @



Dielectric constant in doped semiconductor

Re [€,]

INAS

n-type n~10%/

'm. @ 'E".E -
......u._-ﬂ...u.u...........

- 168172 1.761.80
: %‘qﬁ Frequency [THZ] 4
7%

T p-n g g g iz d

0.8

12 16 20
Frequency [THZz]

140
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Pump and probe spectroscopy

“How many-particle interactions develop after ultrafast
excitation of electron-hole plasma”

R. Huber, F. Tauser, A. Brodschelm, M. Bichler, G. Abstrelter and A. Leitenstorfer
Nature. Vol.414 (2001) 286
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Superconducting gap

Field Strength (arb. units)

“Far-infrared optical conductivity gap in superconducting MgB,, films”

R. A. Kaindl, M. A. Carnahan, J. Orestein, D. S. Chemla, H.
M. Christen, H. Y. Zhai, M. Paranthaman and D. H. Lowndes Phys. Rev. Lett. 88 (2002) 027003
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TD-ATR spectroscopy in water
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Nagali, et al., Int. J. IRMMW, 27, 505 (2006).
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Relative dielectric const.
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Non-linear THz spectroscopy

State of the art of the THz pulse power using fs laser

Pump power THz power
Ti: Al,O4 laser /pulse | average /pulse | Electric field
(Vicm)
Amplifier@1KHz 650 mW 650 uJ 0.1uW 125 pJ 1 KV/cm
Oscillator with magnetic 1500 mW | 18.75nJ 650 pW 8.125pJ | 0.25 KV/cm
field (Sarukura 1.7T, 650 MW | 8.125nJ 110 yW 1.375pJ 0.1 KV/cm
@80MHz)
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Non-linear THz spectroscopy

e Cherenkov radiation

32



Non-linear THz spectroscopy

 Basic idea of velocity matching by pulse front using

Cherenkov effect with non-linear crystal
A. G. Stepanov, J. Hebling and J. Kuhl et al., Appl. Phys. Lett. 83, 3000 (2003).

Vacuum

(a)

(b)

Crystal

f.=arc cos(U Ty /Uyis) -

t,
— >—@ >
\

L

t
E\rls
0
V.

THz

t, t,
4 > ( >
\

VTHz

FIG. 1. Schematic illustration of the THz generation by tightly focused (a)
and front tlted (b) femtosecond laser pulses propagating in an electro-

optical crystal. Black ellipses and gray areas depict laser and generated THz
pulses, respectively, at three different instants of time (f;<Iry<f3).

Si-bolometer

__THz

[I Mira/Rega

FIG. 2. Experimental setup used for the THz generation by femtosecond

laser pulses with tilted pulse fronts.
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Non-linear THz spectroscopy

 High power single cycle THz generation using tilted
femtosecond light sources
J. Hebling and J. Kuhl et al., Appl. Phys. B 78, 593-599 (2004).

gr ph
Vvis. >> VTHz

gr .
Vi - COSY = Vi .

gr
r.lv << IqTHz

Material r (pm/V) d (pm/V) Mlyk ng' ATHz ornz (cm™!) | FOM (pm?/v2) FOM, (pmZcm?/V2)
CdTe 4.5% 81.8 2.92% 3.73 3.2320 4.8%0 10.5

GaAs 1.43% 65.6 3.68!8 4,18 3.61 0.5'% 352

GaP 0972 24.8 3.18!8 3.57 3.3418 1.9!8 5.0

ZnTe 4,047 68.5 2.8717 3.31 3.17%0 1.3%0 106

GaSe 1.715 28.0 2.8517 3.13 3.7216 0.07'8 5300

LiTaO 30.526 161 2.14525 2.22 6.4221 4621 04

LiNbO; 30.9%6 168 2.159% 2.23 5.16%! 162! 4.6

DAST 773 618 23818 3.31 2414 1504 12

* for CdTe at 886 nm, for all the other materials at 800 nm

TABLE 1 Properties of a few materials suitable for optical rectification



Non-linear THz spectroscopy

 High power single cycle THz generation using tilted

THz pulse energy (nJ)

femtosecond light sources : Recent status

A. G. Stepanov and J. Heebling et al., Optics Express 13 5762 (2005).

0 100 200 300 400 500 Pump energy (pJ) o
— T T3¢ Energy efficiency
o o 5x10-4
Ll o) Quantum Efficiency:
= 10%
° ® ® 15
10 o i ¢ i R
) O Tilted pulse ° 4%
0 Line focus 4 =
R ® - 3 3
] . - S
1 Eo (] ® Tilted pulse . 2 EE
£ O r : 1w
"o 1,
0.1 N RPN DU BEPEN PR |

1
Pump energy (uJ) 0O 100 200 300 400 500

Fig. 1. Measured energy of THz pulses generated by the tilted pulse front (red circles) and line
focusing (open blue squares) set-ups versus the energy of the 780 nm pump laser pulses (upper
left part). Energy conversion efficiency versus the pump energy for the tilted pulse front set-up

(lower right part).

P.,= 100 nJ/pulse, 10 nJ/cm?, 10 MW/ cm?, |E,,| ~30kV/cm=3MV/m 35
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Control of impurity diffusion by IR excitation
Koun Shirai, Osaka University, ISIR, Nanotechnology Center

Control of impurity diffusion is an important element in the device technologies of the present days.
Usual thermal processes have an inherent disadvantage that not only the intended species but also all
impurities involved are equally affected. This imposes many restrictions on the device process. In
order to remove such restrictions, it is desirable to diffuse the specific species only. One of such
attempts is use of infrared (IR) excitation [1]. The idea is that every impurity has its own local
vibrations in the host crystal. The frequency is dependent of impurity species. Irradiation of IR laser
with the resonant frequency could cause excitation of the local impurity modes, which results in the
selective enhancement of the diffusion of that impurity. Unfortunately, there is a well-known and big
problem for this aim, that is, there is no suitable IR laser source. In hoping that this technical problem
will be solved in near future, we have performed first-principles (FP) molecular dynamics (MD)
simulations.

The missions of the theoretical study are to confirm this effect by simulations, and, if effective, to
derive the conditions where this effect appears. This makes it possible to design the laser experiment,
if appropriate light sources are available. The phenomena which are encompassed in this simulation
are indeed in a wide range, from identification of impurity modes, IR resonance effects, finally to
diffusion phenomena. Therefore, this kind of simulation itself is a challenge for the MD simulation
based on the density-functional theoretic method [2-3]. We observe that IR excitation is effective for
O and B impurities, while is ineffective for P. In case of P, the impurity mode is buried in the host
phonon band, so that resonance effect is not appreciable.

Based on the present simulations, we are able to design the IR excitation experiment in order to
observe an appropriate effect on atom migrations. The needed power of IR laser depends on the
lifetime of the local mode under investigation. The lifetime of phonons is basically predictable by ab
initio calculations [5, 6]. For those modes of sufficient long lifetime, a design of a real experiment is
given in this study. Based on these FP-MD simulations, we have drawn the first draft of experiment
in SPring-8 facility.

References: [1] H. Yamada-Kaneta and K. Tanahashi, Physica B 376-377, 66 (2006). [2] K. Shirai and
H. Katayama-Yoshida, Proc. 4th Int. Symp. on Advanced Sci. and Tech. of Silicon Materials, 2004,
Hawaii, p129. [3] K. Shirai, et al., J. Phys.: Condensed Matters, in press. [4] K. Shirai, et al., Physica
B 376-377, 41 (2006). [5] K. Shirai and H. Katayama-Yoshida, Phys. Soc. Jpn. 67, 3801 (1998).
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[ Story of the ghost peak ]

Ghost peak

f

- imtensity (105 counts /5) ——

Raman spectrum of a-boron
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80— =
i
52 {
‘ i .
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W. Richter and K. Ploog,
Phys. Status Solidi B 68 (1975) 201.
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* no pressure dependence
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[ Phonon decay rate ]

probing light cubic anharmonic terms

2 |(I)(0j, _kjl’ka )|2 ‘ﬁ
(0 j))w(Kj o (kj,)

Kj, j»

'Oy,
0.0 16NM3

Sw)=1+n,+n,)0(w, +w, —w)+2(n, -n)o(w, -0, —w)

NN P VY Ve Wal

/ 2-phonon DOS \
down conversion (difference part)

up conversion (sum part)
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phonon linewidth

calculation of Aw
librational mode

j Aw/w [ Y /w0 B ch.
Ay | 36 17 1.1 0.142 | 022 121 | 11+11(40)
.}'I
" 33 12 056 | 0199 | 0.21 17 | 20+2 (8)
‘\
20 060 | 026 | 0103 | 022 151 | 7+2 (16)
V'\\/ﬂ\n
WA 17 090 | o022 | 0271 0.22 152 | 8+2(30)
o
]
diff. pait sum part E, | 35 12 104 | 0106 | 022 125 | 12+9 (9)
30 089 | 038 |o0199 | 021 141 | +3(16)
23 0.86 | 027 | 0.231 0.22 145 | 6+6 (14)
19 085 | 025 | o018 | 022 143 | 8+1(27)
_______ . 11 062 | 036 |0078 | 1.19 0.25 | 20-1(10)
200 400 600 800 1000 1200 1400 6 ,( 0.10\) 058 | 0.008 1.90 018 | 336(9)
w (em™) ~__

K. Shirai, H. K.-Yoshida, J. Phys. Soc. Jpn. 67 (1998) 3801
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[ decay time of H in Si ]

in the bulk ~1ps
cf. % 2
S
on the free surface ~1ns ~
1
) 0 20 40 60 80 100
x10 .
1 Time step (48.3fs/step)
ot ] _ 1
=< 3 I'=1.87cm
[ i K. Shirai, et al., submitted to PRB
N N [
N : .! ' A! 1L [ L ey S e e T
f/, [ Ay 3 ﬂj L/\-\ f A
[ A 2 ~ /N /
ok 1 exp.
0 500 1000 1500 2000
— -1
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Budde, et. al., Phys. Rev. Lett.
At=1.21fs 85, 1452 (2000)
every 1000 steps
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3-11 Results

V. Results
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[ Resonance effect on O mode ]
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[ Power consideration ]
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D = D, exp(—Q/KT)

ik = I &%

D [cm?/s] = 0.194 exp(-2.54[eVI/KT)

T. Y. Tan and U. Gosele, Appl. Phys. A37 1 (1985)

T [K] [eV] D [cm?/s]
1000 0.086 3.0x 1014
1600 0.137 1.9x10°
2000 0.172 7.6x 108
2500 0.215 1.4x10°
3000 0.258 1.0x 10°

T [eV] D [cm?/s] T [S] Ly [um]
0.137 3.0x 1014 1 0.3
101 0.1
0.172 7.6 x 108 1 2.7
102 0.27
0.215 1.4x10° 1 11.8
103 0.3
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4- magnitude

[ Estimation of electric field ]

frxc = 1x10-2 (Ry/Bohr)
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Experimental researches of THz coherent radiation at KURRI-LINAC
and JAEA-ERL

Toshiharu Takahashi

Research Reactor Institute, Kyoto University

<Synopsis>

In the L-band electron linear accelerator at Research Reactor Institute in Kyoto University (KURRI-
LINAC), the property of several types of coherent radiation (synchrotron radiation, transition radiation,
Cherenkov radiation, diffraction radiation, and Smith-Purcell radiation, and pre-bunched FEL) in the
millimeter and sub-millimeter wave regions, i.e. the sub-THz region, have been experimentally
investigated since 1991. The beamline for the millimeter wave spectroscopy has been constructed, in
which coherent transition radiation (CTR) has been used as a light source, and the spectroscopic
research for gas and solid materials have been demonstrated. The spectrum of coherent radiation from
successive bunches has been constituted of the higher harmonics of L-band RF (1.3 GHz) due to the
interference between wave packets. Single-bunch operation enables us to perform the high-resolution
measurement and to remove the restriction of the delay time in the time-resolved spectroscopy. The
spectrum of CSR has been also measured in the energy recovery linac at the Japan Atomic Energy
Agency (JAEA-ERL) in the wavenumber range from 0.5 to 15cm™. The detected power through the

acceptance angle of 37 mrad was 2x10™* W/cm™ at 2.5 cm™ for the average beam current of 17.7 pA.
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Imaging by Talbot Interferometer

Atsushi Momose, Graduate School of Frontier Sciences, The University of Tokyo

<Synopsis>

An X-ray Talbot interferometer, which consists of two transmission gratings, has been
attracting attention as a novel and simple phase imaging device. When the spatial coherence
length is larger than the pitch of the gratings, a moiré-fringe pattern is generated, from which
the structural information of a phase object located in front of the gratings is derived. An
image mapping the differential phase is obtained by using the technology of digital phase
measurement, such as the fringe-scanning method, allowing three-dimensional image
reconstruction (phase tomography).

Because the X-ray Talbot interferometer functions with a cone beam of a broach energy band
width, an imaging optics with a high throughput can be constructed. This enables the
combination with various X-ray sources, and provides wide opportunities of phase-imaging
applications. Since a Compton scattering X-ray source emits a cone beam with a band
compatible with Talbot interferometry, almost 100% X-rays are available for phase imaging,

allowing the construction of an ideal system.
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[1] A. Momose et al., Jpn. J. Appl. Phys. 42, L866 (2003).
[2] T. Weitkamp et al., Appl. Phys. Lett. 86, 054101 (2005).
[3] A. Momose et al., Jpn. J. Appl. Phys. 45, 5254 (2006).
[4] F. Pfeiffer et al., Nat. Phys. 2, 258-261 (2006).
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X--ray imaging using laser-Compton X-ray source

Kazuyuki Hyodo (PF, KEK)

<Synopsis>

The research field of X-ray imaging using synchrotron radiation monochromatic X-rays at the
PF has greatly advanced in recent five years. Especially, X-ray phase-contrast imaging
methods, such as X-ray phase-contrast CT using an X-ray interferometer, X-ray diffraction
enhanced imaging (DEI), X-ray dark field imaging (DFI), X-ray coherent diffraction
microscopy, etc., were remarkably developed. On the other hand, if one considers the daily
clinical use of monochromatic X-rays in a hospital, it is need to prepare a small compact
source for monochromatic X-rays. A laser-Compton scattering source, which can generate the
hard X-rays with high spatial coherence from 10 to 50 keV at narrow bandwidths, has the
potential of improving the quality of images used in medical diagnostics by an edge effect due
to phase contrast while potentially reducing the radiation dose to patients. The principle and

some applications of this imaging method are presented.
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Implication of compact ERL to the medical imaging

Satoshi Sakai, MD, PhD
Cardiovascular Division, Medical Science for Control of Pathological Processes,

Graduate School of Comprehensive Human Sciences, University of Tsukuba

<Synopsis>

The importance of medical imaging is well known for the diagnosis and therapy of patients.
We physicians can say that the understanding and our therapeutic level of disease depends on
the good imaging. Many imaging devices have been developed, such as angiography,
nuclear imaging, computed tomography (CT) and magnetic resonance imaging (MRI).
Compact ERL will be added in near future, because ERL has a lot of beneficial features, such
as high resolution and low exposure; especially, it is hopeful for the application to diseases of
soft tissue, bones and cartilages. From a viewpoint of medical fields, compact ERL should
has following features for the medical implication: 1) clear imaging rather than CT and MRI
imaging; 2) availability of 3D imaging; 3) low X-ray exposure; and 4) low cost and simplicity
to handle.
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<Synopsis>

A Laser-Compton Scattering X-ray source (LCS-X) is recently attracted to produce hard-x ray
with sufficient brightness and superior compactbility. In National Institute of Advanced Industrial
Science and Technology (AIST), we are producing brighter and higher stabilizing LCS-X than the
present status as well as doing basic research and application using LCS-X for the purpose of
promoting medical and industrial use. The LCS-X has characteristics such as high-brightness, small
size of light, and quasi-monochromatic beam. By further improvement of its compactbility and higher
brightness, measurements conducted by large-synchrotron radiation facilities are expected to be
possible using LCS-X operating at onsite hospital. One of our purposes for imaging research is
application of tomosynthesis combined with reflection contrast imaging because it is difficult using an
ordinary x-ray tube. Tomosynthesis allows us to obtain diagnostic tomographic images during a single
breath-hold. Another research project of pulse imaging based on the advantage of short-pulse LCS-X

is under developing.
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LRXHR

Collision photon energy Pulse width Number of Photons
angle (0) (rms)

10 keV ~ 40 keV ~107 /s (max) @10Hz

Ti:Sa L—+*— (CPA)
Electron energy 20 ~ 40 MeV
Energy spread Wave length

Bunch charge/bunch Energy/pulse
Bunch length (rms) Pulse length (rms)

Beam size (¢,/c,) 40/30 pm Beam size (c,/c,)
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mm
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16bit
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8-17keV
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Current status of 100picosecond-resolved X-ray studies using synchrotron
radiation and future prospects of femtosecond-resolved X-ray research

Shin-ichi Adachi
(KEK-PF)

<Synopsis>

100 picosecond-resolved X-ray experiments using synchrotron radiation sources are becoming
general and powerful tools to explore structural dynamics of condensed matters in material and
biological sciences. We have been exploring such capabilities of X-ray diffraction, scattering and
absorption spectroscopy at 100-picosecond resolution at the beam line NW14A, PF-AR. The potential
and limitation of the current method with 100-picosecond resolution forces us to pursue the
femtosecond time resolution using the compact ERL. Based on our recent results, future prospects of

femtosecond-resolved X-ray research will be presented.

oooo

L—H—ABZOERICKY . BEEITLMNIAFTIVROMELTFITRVIZEELTLNS
D XIRBEIEICHBITHRBERT A FTIVAMRBIR>TORIL, SNETODEIABEHEARRI DA
L NFEAERBIEDEETH D, L—F—DEITHN—F EHRN D SENG TMEDEEFHD
FHEEICHETHDITH LT XIRBEIEABREFOMEIRIILF—CHEL, FXREBEFLD
- I RELBRRE ST ALK  MEFOEFOFEES T OETEN A TOA—T
FTHIEMTED, LIz > T BE/ VULAXBABENERINIEL. ChETOL—F LB ETIK
BHOZLDTELGIS1ER. LEATYERBEZTDLODBES R A FTIVADOEEEA. N3
EBFEDFT A FIVREAGENTRELLY  TORAARIERBMEZOALGST GRS EFIC
BVTEZLDTL—VRIL—%HL=5FT EAHFIND,

ST, 2oyabay RS AIIMERFTOSRAKESZICL>TIEFARETIERSN,. HhOH L
VFIFREDRSICNVFIESN-BEFHNORESNIBH K THY. TEXEF/N\VFREED
BFREINE (0~50 EQf) ZH D/ VULRAETH S, B/ VULR X RIREVSITIEDLEIHAELLD,
I/ WA —REORESEERICE+A/BERGE/ LA XBAEREVWZ D, HFICHERE
ENEDHLNTVSRMEKXRAROFAARABELEZA T, /LA X RO FI AEER S EFH
REMTERIELDDHD, HRIEEIRILF—INRFHATEEORS AR ZAEIEER PF-AR



ZRALT. UTORISRT BV ODDBIERIZONTH T /58 X SREREEHTL
%, BETRH. FTHHAXERAN YT H/BA—F — ORI 2R X REFTEBROBIREREL.
ZDREEMEERRIZONTIRAD, o2, EDERMR EIZT /AT ERL [TEVWTERBEN RS
NEVATIUR X REEICHEITEIBRERITLMNIT A FIVAARADEAFIZONTRA | LU
DEBREDHRICLDFEERBDI-ODIbOFT 30 ELTZLY,

AH X8RO
A5 X # . #BRYRL ASAFH ASATFH
BIE R BIEFE IRILF—
IRILF— EN£2 photons/pulse | photons/sec
AWZN )
KRGV BEREREE 9 9
X #REHr (Laue) ~12keV ~10% 1Hz 10 10
DRFEIAFTIVR
L——FREBEREMRICE 9
X #2E$7 (Laue) | ~15keV ~10% single shot 10 -
B S18ERHS
AR-BREZERDPOSFO X R =47 6 9
10-18keV ~0.01% 10Hz-1kHz 10 10
FhES IR BB AE E ARAT (Bragg)
ERERRILMOD X #R B 6 9
10-18keV ~0.01% 1kHz 10 10
NEEEEERRE (Bragg)
BREEILLEYOD 6 9
X #RURUR 53 S 5-9keV ~0.01% 1kHz 10 10
KFERIEZRIGTAFTIVR
BRPOAH-BRILEYO 8 1
X #RiBmanEL 15-18keV ~1% 1kHz 10 10

RFEICFERIEZAFIVR




100

KEK-PF

« 100 X



Pulse duration (sec)

106
micro

10°
nano

10-12
pico

10-15
femto

10-18
atto

1072
Energy (eV)

103




Bond softening in Bismuth (SPPS)
Fritz et al. (2007) Science 315, 633.

Phonon-polariton wave

in LiTaO, (ALS)
Cavalleri at al. (2006) Nature 442 664.

Magnetic excitations in

permalloy squares (SLS)
Raabe et al. (2005) Phys. Rev. Lett. 94,217204
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100 ps T ——& o
Ni(Il) porphyrin (APS) _ | Mutant myoglobin (ESRF)
Chen et al. (2001) Science 292, 262. C,H,l, in methanol (ESRF)  schotte et al.(2003) Science 300, 1944.

Ihee, et al., (2005) Science 309, 1223. 3



Femtosecond X-ray Pulses at 0.4 A
Generated by 90° Thomson Scattering: A Tool

for Probing the Structural Dynamics of Materials
Schoenlein et al. (1996) Science 274, 236.
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Fig. 1. Schematic of the femtosecond Thomson
scattering geometry.

Electron: 50 MeV, 1.3nC, 20 ps (FWHM)
Laser: 60mJ, 100fs, 10Hz, 800 nm
X-ray: 30 keV, ~300fs, 2 x 10> photons/pulse/15%  KEEES




“Rapid advances in diode-pumped, solid state lasers and
superconducting linac structures may provide
substantially higher x-ray brightness in future Thomson
sources by operating at very high repetition rates.”

1996

Electron: 50 MeV, 1.3nC, 20 ps (FWHM)
Laser: 60mJ, 100fs, 10Hz, 800 nm

X-ray: 30 keV, ~300fs, 2 X 10° photons/sec/15%b.w.

2007

Electron: 60 MeV, 0.1nC, 0.1 ps
Laser: 10 mJ, 0.1 ps, 1 kHz, 800 nm

X-ray: 42 keV, 1 X 10° photons/sec/10%b.w. !!




Laser-Compton X-ray source at ERL test
facility (60-150MeV)

EXray = 2y°E | aser(1-C0S6, )/(1+7202)

A"

Flux = (NN /wh)(L.+/L,)o.

Elaser = 1.55€V, Eectron = 60 MeV (y=117), 6, = 90 degree
(0=0) Eyay =42.4 keV

1.55eV, 10mJ) N, = 4 x 106 photons
60MeV, 0.1nC) N, =6 x 108 electrons
w=50x10®%m
electron h=50x106m
1x 1028

1

Flux =1 x 10° phs/pulse/10%b.w.
1 kHz

Flux =1 x 10° phs/sec/10%b.w.

6



W
— AR-NW14A: 1012 phs/s/10%b.w. @ 1kHz
— Compact ERL: 10° phs/s/10%b.w. @ 1kHz

1GHz 10ud
10W 10kW
X 1000

—10° - 1012 phs/s/10%b.w.



Source Pulse length Repetition | Photon flux Energy range
(fs) rate (Hz)

PF-AR NW14 100 x 108 794 x 103 1 x 1015 phs/sec/10%b.w. 5-30 keV
(80nC, 794kHz, 60mA) 1 x 1012 phs/sec/0.1%b.w.

1 x 10° phs/pulse/10%b.w.
1 x 108 phs/pulse/0.1%b.w.

Laser Bunch Slicing 200 40000 5 x 107 phs/sec/0.1%b.w. 0.2-10 keV
(ALS upgrade)

Laser / high harmonic 100 - 0.1 10 - 10000 | ~ 108 phs/sec/0.1%b.w. 10 eV-1 keV
generation

KEK PF-BT line ~ 107 phs/pulse/10%b.w. 0.2-10 keV




X-ray beam characteristics from
superconducting-linac-based Laser-
Compton X-ray sources

High repetition frequency (< 1GHz)
Hard X-ray available (~ 10-100 keV)
Short pulse duration (~ 100 fs)

 Large beam divergence (~ 10 mrad)

e Relatively high average photon flux (~ 1019
ohotons/sec/~10%b.w. @ 10 kHz)




10]0 X

pulse laser

Svynchroiron

Radiation

PF-AR NW14A

Nozawa et al.
J. Synchrotron Rad. (2007). 14, 313-319.  ERATO
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Bond softening in Bismuth (SPPS) Photo-induced Phase Transition
Fritz et al. (2007) Science 315, 633. Chollet et al. (2005) Science, 307, 86.
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= Leuwl0d

H helix

& before photolysis

F helix s
¥ alter phololysis

100 ps o

C,H,L, in methanol (ESRF) Mutant myoglobin (ESRF)
Ihee, et al., (2005) Science 309, 1223. Schotte et al.(2003) Science 300, 1944. 11




Motivations for femtosecond X-ray
ex.l) coherent phonon

Ultrafast Bond Softening in Bismuth:
Mapping a Solid’s Interatomic

Potential with X-rays
Fritz et al. (2007) Science, 315, 633.
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(gray) mJ/cm?
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Shockwave-induced lattice
deformation at NW14A




CdS X

Kouhei
Ichiyanagi

Face Centered
Tetragonal

FIGURE 4. The wurtzite, fct, and rocksalt phases of CdS. The
top half shows a view down the crystal ¢ axis, the bottom half
shows a view orthogonal to that. The dark atoms are Cd.

CdS 3

M. D. Kundson and Y. M. Gupta, et al. Phys. Rev. B. 59.
11704 (1999).

(K



X-ray

YAG 1064 nm, 850 mJ, 8 ns, 10 Hz
Spot size 400 pam

100 ps, white X-ray, 1 kHz
Spot size 250x250 pam

Flux density (Photons/s/mra

15



Motivations for femtosecond X-ray
ex.2) photo-induced phase transition

Gigantic Photoresponse in Va-Filled-
Band Organic Salt (EDO-TTF),PF4

Chollet et al. (2005) Science, 307, 86.

Insulator (1) Phase Metal (M) Phase

Intensity (arb. units)

EDC-TTF
w Flat

)
"'y Bent
¥

Benl

L%

T, =278K

Temperature (K)

v —260 K —200 K
: 230 K — 110 K

2
DelayTime (ps)




Toward time-re
electron density anal

lved
IS @ NW14A

MEM analysis
300K
700 me/A3
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Motivations for femtosecond X-ray
ex.3) reaction dynamics in solution

Ultrafast X-ray Diffraction of
Transient Molecular

Structures in Solution
Ihee et al. Science (2005) 309, 1223.

t=100ps —— Exp
_" F Bridged C.,H,l +
;a \V“‘mﬁw“ﬁ

Ardapnsbpavmaiey

-
o
3
@&
=
[
=
5
=]
m
o
L]
(5]
=
]
=
(5]
=
0

012345678 0246 8101214

g(A) r(A)

18



Reaction dynamics in solution
@ NW14

Collaboration with
Hyotcherl Ihee Group
(KAIST, Korea)

19



Solution scattering profiles

 Before Calibration: detx=55

Pure Cyclohexane Static measurement

-\

« After Calibration; new detx=51.8

Pure Cyclohexane Static measure ment

-

Pure Cyclohexane Static measurememnt




UV spectroscopy revealed dumped oscillations

In femtosecond time domain
Caging and Geminate Recombination Following
Photolysis of Triiodide in Solution

Gershgoren et al., J. Phys. Chem. A 1998, 102, 9-16

U.V. Transient bleach of 13' in ethanol

=

9

Q

<
[

BIEXPONENTIAL FIT

[E
0.0 |_ T N S WS— |
0 100 200 300 400
Time (psec)
Figure 1. Transient transnission scans of trirodide in ethanol solution
with both UV pump and probe pulses. The inset depicts the first 8 ps
of probe delays, exhibiting a rapid decay of the imitial bleach

superimposed by impulsive Raman-induced spectral modulations. See
text for details.
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Motivations for femtosecond X-ray
ex.4) proteins

Watching a Protein as it Functions
with 150-ps Time-Resolved X-ray
Crystallography

Schotte et al. Science (2003) 300, 1944.

& Phe29 E helix

Hlsﬁd v

.
o 7 Leu104
® 8y e

& before photolysis
& afier phololysis
104

F halix

100 ps
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Myoglobin (Mb)

Stores molecular
oxygen in muscle

M.W. ~ 16,000
1290 atoms

153 amino acids
Contains 1 heme

Reversibly binds O,,
CO, NO etc

23



Fe(ll) porphyrin (heme) in myoglobin
MbL + hv Mb+L (L=0O,, CO, NO, etc)

- Photo-switchable

_H_ 'H‘ + + Structural distortion causes

changes in electronic structure

Fe(ll) d6 LS Fe(ll) dé HS

24



Experlmental setup

X-ray: 0.827 A (15 keV)
Laser: YAG SHG (532 nm)
15 kHz, 10 mW/mm?
Sample temperature: 40 K
Detector: marccd165

Data statistics:

Resolution: 50 — 1.1 A

No. of observations: 138,198
No. of unique refs: 37,292
Rmerge: 3.3 %
Completeness: 94.7 %
Redundancy: 3.7

sample

X-ray (0.827 A)

Ayana Tomita
Laser (532 nm, 10 kHz, 10 mW/mm?)

25



Visible absorption spectra of Mb and MbCQO

MbCO + hv + CO

— met form
deoxy form
— oxy form
C[} ]':u:r'l.lﬂd fﬂl‘ﬂl

300 400 5 600

Wavelength. nm
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Electron density of the heme
before and after photo-excitation

Cyan: MbCO
Magenta: Photo-excited

/

..
-
- ‘ol

MbCO and

Photo-excited
overlapped

S
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Switching protein structure
¥ by photo-excitation

Cyan: MbCO N N '{ .
Magenta: Photo-excite?l\. . (‘ L ‘
K e

; : .
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Collaborators

Beam line NW14 Time-resolved solution scattering
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Ultrafasy dynamics of photo-induced carriers and coherent phonons

00000 00000000000 o0oooooon
Kazutaka G. Nakamura, Materials and Structures Laboratory

<Synopsis>
Ultrafast dynamics of photo-induced carriers and coherent phonons are investigated by time-resolved
x-ray diffraction. Transient lattice deformation by acoustic phonon in GaAs and coherent optical

phonon vibrations are directly monitored.
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DECP(displacive excitation of coherent phonon)
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ISRS (Impulsive stimulated Raman scattering)
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USSC(ultrafast screening of space-charge field)
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aE—L ko4 /a2 ka—)L(BI)

! =~ BNAancad
E - : At=5T
: @ (=1705 is)
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Tm| i
- L SACSTTSTIEIE At = 1636 fs
=) 100 200 !
AR Frequency [cm ] ";‘ ; Zt=1584 fs
5 T @) canceled o v oy
{ o {=1535 fs)
=l E (b) o |
i ~ At = 1504 fs
|
pelisisdipsgloigsbopaplicegiisosleiosisaiilosisiasaili dt:jdﬁzrs
0 2 ] & 8 10 d = anhancad At= 4T
Delay Time [ps] | (=1372 fs)
loogalssesbooieleayabosoaleaitiasalaisalacailigii
FIG. 1. Beflectivity change for Bi induced by two excitadon pulses: (a) 0] 2 4 5 8
Reflectivity change induced by the first excitation pulse alone; (b) reflectiv- Delay Time [ps]

ity change induced by the second excitaton pulse alone. Inser Fourier mans-

form power spectmum of the dme domain data.
FIG. 2. Double-pulse pump—probe data observed in a Bi film at room tem-
perature. Ar is the tme difference between two pulse components of the
double-pulse excitadon.

Hase et al. Appl. Phys. Lett., 69 (1996) 2474
Enhance
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Time-resolved measurement of coherent phonon

« Coherent phonon has been studied extensively using
several optical measurement techniques: time-
domain spectroscopy

— reflection or transmission, SHG, THz radiation
« T.K. Cheng, APL 59 (1991) 1923
+ M. Hase et al. PRL 88 (2002) 067401.
 Lattice displacement has been directly studied with X-
ray diffraction by several groups
— Acoustic phonon propagation
* A. Rousse et al. Nature 410 (2001) 65

— Coherent optical phonon
« K. Sokolowski-Tinten et al. Nature 420 (2003) 287.



Motivation: Materials Dynamics

Elucidate dynamics of phase transition of condensed matter and control
eTransition time (At)?
e Pathway of structural changes (A1-A2) ? |

e Transition structure (*) ?

Rate constant

Ultrashort pulsed X-rays are required!

[ |
Laser |/ N
- [
V [ |
- - : Structural change is directly monitored by
. using ultrafast X-ray diffraction with pump
Xrays o Diffracion L and probe technique
[ |
[ |
[ |
[ |

Picture of atomic motion



Quantum emissions

High-energy short-pulsed beams of electrons, ions and photons (X-rays)
generated from femtosecond intense laser field (>10'°W/cm?).

Hard X-ray pulse

»

Ponderomotive /
force

Intense femtosecond
laser pulse Nl
(>10'W/cm?)

High-energy eleq__z"'i“on pulse

e Eoz  ne 2y Targ = mater’*i'z‘i'lg(z)

1 >
U, =—m/v = =
) V™) dmw>  mew’

=9.3x10"* I(W/cm®)A(im )
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Quantum emission

High-energy short-pulsed beams of electrons, ions and photons (X-rays)
generated from femtosecond intense laser field (>107%W/cm?).

protons electrons
e fr: —v= - Sl ' — 1 | | | | 3
0
g 2r irradiation at 15° T
10°L - . SN T, = 350 keV/
o] 104 | BN h
S E \"\h\,
;o 10‘ - ~ — g 6: .:j?.\‘%ﬁ;‘::?‘m‘
= 41 Lo i
o g3 | / R
< o g
S 1L - 2 2l Ponderomotive theory .
s)
g
£
Z

e el s 0 vl

T, = 250 keV
10° o
10° L . 8 irradiation at 45°
. 6F T, = 300 keV
£ | | | |
10' N T 04 06 08 10 12 14

] ] 1
0 02 04 06 08 1 1.2 1.4

Proton Energy (MeV) Electron kinetic energy (MeV)

Cu-foil at 1=2x1018W/cm?2
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Femtosecond laser induced Hard X-ray pulse (I = 10" W/cm?)

Energy spectra

X-ray intensity (arb. units)

0 2 4 6 8 10
Eneergy (keV)

Characteristic X-rays obtained by X-ray CCD
camera at power density of 3x1016 W/cm?2.

Pulse width of CuKa

6.5x10'%photons/4msr/pulse

20

X-ray pulse width
Il FwHM=6ps

-
(&)
|

X-ray intensity (arb. units)
o
1

5 B . n

) W"“‘Jv“ \i J\\ﬂrv"‘w j\ ,pbr‘ A

l' ‘
0 a2 I"'J\“'i | | :
-20 0 20 40 60

Time (ps)
The temporal profiles obtained by the X-ray streak

camera. The energy extends from 1 to 10 keV are
accumulated. [~ 10"7 W/cm?
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Picosecond time-resolved X-ray diffraction from
femtosecond laser-excited GaAs(111):

Acoustic phonon propagation

Ref: C. Rose-Petruck et al., Nature 398 (1999) 310
H. Kishimura et al., JCP 117 (2002)10239
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Schematic of experimental setup

X-ray
zCD

Pump Laser Pulse \

3
....

Probe X-ray "
TW laser system (Ocs. Reg. Amp) oulse
300ps, 800 mJ/max Sample:crystal
300ps Time-step: 10ps
60fs
A Pulse compressor Optical delay line
70mJ/cm2
I >
X-ray CCD
50fs | CuKa
Pulse compressor X-ray generation
chamber
GaAs(111)
vacuum
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CCD image and rocking curve of X-ray diffraction from laser irradiated GaAs(111)

Under laser irradiated

-t
n
o

—_
o
o

w
=]

Intensity (arb. units)
& 2

n
o

o

13.50 13.55 1360  13.65 13.70 13.75 13.80
Diffraction Angle (degree)

2d sinB = A

Diffraction Angle

A low angle shift—Expansion

A high angle shifts—Compression
CCD camera image 'gh angle shi pressi

(300shot integrated)
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Picosecond time-resolved X-ray diffraction from 60-fs laser irradiated GaAs(111)

400

250 —
S 300 - 200 —
250ps
= 200ps 150 —
200

5

150ps

100ps 100 =
100 F—
50ps 50 —

-10ps

Intensity (arb. units)
Pump Delay (ps)

A R . — 0 —

1360 1364 1368  13.72

_ _ 13.60 13.62 13.64 13.66 13.68 13.70 13.72
Diffraction Angle {degree)

Diffraction Angle (degree)
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Electronic system Lattice system

Carrier _ _
absorption Lattice expansion
' Phonon
excitation
Illllllllllllzl»
A

Interband
absorption

Auger

recombination Acoustic phonon
m propagation
| ‘ Temperature
O @, increases

Diffusion equations: T(x,t)

Rate equations: N(x,t), T(x,t)
Hydro-dynamic equations: u(x,t)

17



Model of laser heating and phonon generation

Laser irradiation

oN N ? I-R 1-R)?
—+—=Da ]2\7+a( )I(x,t)+ul(x,t)2
it T, o E 2F
Inter-band absorption 9 [ }
—I(x,t) =-|a+ON + Bl (x,t) J(x,1)
Electron-hole plasma ot é
Chder e i Rate eq., diffusion eq.
T, =
P . N?
Carrier diffusion Auger recombination r
Optical phonon 2 EN [(E—E _ _pye
£=DT J 7;.,. £ 4 £ (a(l R)+@)N)+—ﬁ(1 R) I(x,t) [I(x,¢)
Temperature increase ot x Cr, C, E 2E
Thermal diffusion Acoustic phonon pulse
Hydro-dynamics
Lattice deformation
d’u ’u OE, 9N oT
p—=pv —+B—5—+3Bf—
ot 0z oP oz 0z
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Strain generated by impulsive laser excitation

z vt | z-vi|
—_ 1 JE— 1 —
17=7]Oe§(1—2€ 5)—26 : Sgn(z—vt)]

n: strain

Strain x10°

V: sound velocity

E: absorption length

C.Thomsen, ef al., Phys. Rev. B 34, 4129 (1986)
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Simulation of strain profile inside the GaAs(111) crystal

400 D50 —
T —
= o
5 300 Q200
g &
© W.g N N o 150 —
B\ 200 T '-'-, ";. 2 % A - O
g o ) ; P {v-?. o~ A S _ Q
o 100ps__.o : g 100
=100 ' — (L
S0ps : 50 —
0 s \k
' I I l ' I l I U B I 1 | |
1360 1364 1368 1372 ! !
Diffraction Angle (degree) 1360 13.85 13.70
Diffraction Angle {degree)
Maximum strain 0.30%

Absorption length 255nm
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Obtained effective absorption length in this study: ¢= 255 nm
c.f. linear absorption length of GaAs at 800nm: ¢= 900 nm

| I: Intensity
§=— a: An absorption coefficient

o a,: A linear absorption coefficient
a=0,+ ][3 S A two-photon absorption coefficient

Intensity 7=1.17 GW/cm?
— A two-photon absorption coefficient B= 2711 cm/GW
c.f. B= 2628 cm/GW (using ps laser pulse)
(T.F.Boggess, et al., IEEE |. Quantum Electron. 21, 5 (1985))
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Femtosecond time-resolved X-ray diffraction from
femtosecond laser-excited CdTe:

Coherent optical phonon

Ref: K. Sokolowski-Tinten et al., Nature 422 (2003) 287 and (2006): Bi-film
Y. Hironka et al., Ultrafast Phenomena (2006)

22



Effect of coherent optical phonons in ultrafast time-resolved X-ray diffraction

* No change in diffraction angle
 Diffraction intensity changes as a change of structural factor: F

F| =FF' —IEflf, exp( (S = SR, - R))exp(—(S $,)(8, = 8,))

=~ ‘F 0‘ + ElQ@Xp(lG)I +0,) (Thermal: Debye-Waller factor)
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Experimental geometry and diffraction image

CCD image of X-ray diffraction

’L‘

2 unpérturbed '
Q ~ ¢ -
o
£
®
Pump Laser Pulse »
\ X-ray CCD o S
2 ~ - perturbed
....... = ‘ et
. o
. ....... o
Probe X-ray
pulse
Sample crystal ,ﬂ
" Diffraction angle
Symmetric Bragg diffraction geometry Reflecting Plane : CdTe(111)
2dsin6=\ 05=11.88384 deg. 63=11.9138 deg
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fs-TRXD from 50-fs laser irradiated CdTe(111)
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Intensity (arb. unit)

Coherent optical phonons in CdTe(111):fs-TRXRD

o
|
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Modulation in X-ray diffraction intensity
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Frequency (THz)

Fourier power spectrum of modulation in X-ray
diffraction intensities and normal Raman
spectrum of CdTe (inset).
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Experimental setup for fs time-resolved optical reflection @NIMS

Monitor  petector#1
sample

Ti:sapphire Laser (30fs)

Pulse Compensator "
Variable delay laser

Probe D S

7 TS Ishaker
/ 7

BS —[Po1]- - -
|
|
| |
Pump N :

Oscilloscope , , . . .
. / Samole ! http://www.nims.go.jp/ldynami
| P cs/Femto/SU.html

Amplifier PD2 '
| | |
| |
| O 0
|
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Fs-time resolved optical reflection from CdTe(111)

K. Ishioka et al., Jpn. J. Appl. Phys.45 (2006) 9111

(‘ 6 [
4x10° sl
= 2 4
<
) >
g g 5L
2 0+ g
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2
g 7]
c
< u L
L L L L 0 l l 1 L L
0.0 0.5 1.0 1.5 2.0 2 3 4 S 6 7 8
Delay time (ps) Frequency (THz)

modulation in phonons (5mW):
LO(CdTe): 4.97 THz, © =2.39 ps
A(Te): 3.82 THz, Tt =1.49 ps

Fourier spectrum
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® Transient lattice deformation due to propagation of acoustic
phonon and shock wave inside semiconductor crystals has been
observed by picosecond TR-XRD

® Coherent optical phonons of CdTe (5THz) has been observed by
femtoseconf TR-XRD

® Time-resolution of 200fs in TR-XRD has been achieved

30
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Ultrafast dynamics of photoinduced phase transition in strongly
correlated materials

Yoichi Okimoto
Department of Materials Science, Graduate School of Science and Engineering,
Tokyo Institute of Technology

<Synopsis>

We performed femtosecond reflection spectroscopy on a charge and orbital ordered manganite,
Gd0.55S810.45Mn0O3, locating near the phase boundary between the charge ordered state and the
ferromagnetic metallic state. Just after the photo-irradiation, we observed a large increase of the
reflectivity in the mid-infrared region. The optical conductivity spectrum after the photoirradiation
obtained from the Kramers-Kronig analyses demonstrates a formation of a metallic state. This
indicates that ferromagnetic spin arrangements take place within the time resolution through the
double exchange interaction, resulting in an ultrafast switching from the charge/orbital ordered state to

the ferromagnetic metallic state.
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[1] K. Miyano ef al. Phys. Rev. Lett. 78, 4257 (1998).
[2] Y. Okimoto et al., J. Phys. Soc. Jpn. 76, 043702 (2007).
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Outline

1. Introduction..
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Introduction
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Motivation

Miyano et al., PRL (1998): current infection is
essential to keep the photo-induced FM domains.
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TEY . IREBARFILTTL

Questions:
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Target: Gd, =Sr, ,sMnO,
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Gdy 5551 4sMnO;
pump: 800 nm, 5 K

~9 mJ/cm?2
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Spectra of AR/R
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Gdy 55519 45sMnO; |

photo excitation
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Analysis of time-profile

i i
-Response: f(t) =ae 7" +b(1—e )
V=3%9 % Flat &%
-Spectral function: 242444 (k) with pump & probe pulse (gaussian-type)
2

2 __t
2

I(t) = [f(t) * e_%m] % @ probe

% The two components were
divided by the convolution fitting.

* SRS DEMDIA LR T—
Ju....T,~280fs @ 0.12¢eV

= Ultrafast!
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The pumping light is exponentially
diminished with z.

The photo-induced domain also decays
with the power of the pump light. j\
: —) crystal
pump

Linear combination of the initial and final states:

e(z) = (1 — ye #/4)el0 4 ye=2/dPIPT

€ C0: dielectric constant of GdSrMnO, (known)
€ PIPT: dielectric constant of the photo-induced phase (unknown)

j> AR/R [& g PIPT( =(nPIPT - [PPT2)DEFEIEL TETE SN S,
(ZEBEOEZRILAILEBDETE)
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i.

Step1: R&*P=R(1+ AR/R)

Step2: Kramers-Kronig analysis: R®®= Qe
Step3: Solves Maxwell’s equation:

R=R(nP"PT,kPPT), © =0 (nPIPT kPIPT)

Numerical solution: (Np;pt, Kpjpt)

Reflectivity: RPIPT=

only one solution!

(Npipr-1)+ Kpjpr®

(Nppr+1)%+ Kpjpr®

Rexe =R(n,k)
@ exr=0 (n,k)

Nonlinear equation

Contour plot of R(n,k)/© (n,k)=const.
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Optical conductivity : cPPT=wIm € PPT/4 1t
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Summary

BRIEIMEZATULTUEIEY Gd, .Sty ,;MNO; (2L TEREES NKET-
T=o

* R D HDEER

- RETEARIKL DB (/L ATELLA) ZE1E
ZARINILDOFR DL G AN => Rt EMN
OB AXS—IL ~2401fs, at 0.12 eV

* A—[EIERAITE DIFER :
-SRI ICKYIEDA—EERH =R MER A D ER
- A OlE~1pshIFTERL., ~10pshITTEE

RUARDIEFERER=
FFEBRBIEF AN DR & FAMUDEEELEISARIZEAITR
D=DODERFTHEAFAE

14



oot buogogoobogad
godooboooobodoooooon

godd
guoduoobbibgoooobooobod

Observation of nuclear wavepacket motion in ultrafast chemical reactions
and the topology of the excited-state potential energy surfaces

Tahei Tahara
Molecular Spectroscopy Laboratory, RIKEN

<Synopsis>

Thanks to the advance of ultrafast lasers, we are now able to use sub-10-fs pulses in a variety of
femtosecond spectroscopy. This kind of short optical pulse can excite bunch of vibrational eigen states
coherently, and the evolution of the vibrational coherent state induces real-time nuclear motion of
molecules (nuclear wavepacket motion). Creation and observation of the nuclear wavepacket motion
is one of the most important aspects of femtosecond spectroscopy and is attracting much interest.
Especially, the observation of the wavepacket motion of short-lived excited states that undergo
ultrafast chemical reactions provide crucial information about the topology of the relevant potential
energy surfaces that is essential for understanding of realistic reaction coordinates of polyatomic

molecules.
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Real-Time Observation of Nuclear Wavepacket Motion of
Reacting Molecules and Topology of Potential Energy Surfaces

Molecular Spectroscopy Laboratory, RIKEN

JAPAN p
@

Tahei TAHARA RIKZN

ER®#fZEZ%, July 9, 2007



The Band Width in Time and Energy p.

RIKEN
MoLEcULAR SPECTROSCOPY LAB

1 ps 15 cm™!

100 fs 150 cm-

for Gaussian



Observation of Nuclear Wavepacket Motion ﬁ

RIKEH
MOLECULAR SPECTROSCOPY LAB
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We can observe the wavepacket motion
using ultrashort laser pulses
(time-domain vibrational spectroscopy)




Time-domain vs Frequency domain ﬁ

RIMEN

MOLECULAR SPECTROSCOPY LAB

Heterodyned Impulsive Stimulated Raman of CCl,

Intensity (arb. units)
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W Time-Domain Raman Spectroscopy
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Matsuo and Tahara, CPL, 264, 636(1997)



Time-domain vs Frequency domain ﬁ

RIMEN

MOLECULAR SPECTROSCOPY LAB

Heterodyned Impulsive Stimulated Raman of CCl,

K122 X 10

v—‘) \W’\/V\N\MI\——’——' XHH - 4 A
} %1122 | s : — ;
0 100 200 300 400 500

Fourier Transform (Imaginary part, Im [y(w)])

Intensity (arb. units)
Amplitude (arb. units)
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Time-domain vibrational data is equivalent to frequency-domain data.

They are converted to each other by Fourier transformation.



Why Time-Domain Measurement? ﬁ

MOLECULAR SPECTROSCOPY LAB

Time-domain vibrational spectroscopy
is very powerful
to study excited-state molecules,
especially when
they have only very short lifetimes.

We can get insight about
* reactive potential energy surfaces, *
which are not simply harmonic!



Ultrafast reactions are weird special problems? P.
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Nuclear Wavepacket Motion of Potential Energy Surface lil
RIKEN
MOLECULAR SPECTROSCOPY LAB

@ Photodissociation Excited-State Proton Transfer @ Photoisomerization
Diphenylcyclopropenone 10-Hydrobenzoquinoline cis-Stilbene

,_,;\

parallel assist perpendicular
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Observation of nuclear wavepacket motion
of

“reacting” short-lived excited states

® Photoisomerization of cis-stilbene

® Photo-induced structural change of
bis(2,9-dimethyl-1,10-phenanthroline)copper (I)
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Photoisomerization
of cis-stilbene

Stilbene:
A Fundamental Molecule in Organic Photochemistry

10



Intensity

Intensity

Performance ﬁ

- [ | (r=9.6fs)
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RIMEN

MoLECULAR SPECTROSCOPY LAB

NOPA

Tunability 500 — 750 nm
Pulse Duration 10-151fs
Pulse Energy 10 ud

Rep. Rate 1 kHz

Pump 250 - 375 nm, 20 fs
Probe 500-750nm, 10 - 15fs
Time Resolution 30 fs
Sensivitity 0.083 mOD
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Apparatus: Tunable Two-Color Pump-Probe Spectrometer based on NOPA p.
RIKMEN

;MQLE,CULAR SPECTROSCOPY LAB

Pump 250 - 375 nm Riedle; Kobayashi; Cerullo & Silvestri
Probe 500 - 750 nm

Tunability:

| Ar Laser I |Regenerative Amplifier |4—| QS YAG Laser|
A 8h

55fs Y Pulse
|Ti:sapphire Laser I—»lOpticaI Isolator I——D Compressor

700mW A ImJ, 100fs

B |
reference| 32 H:l:l
N\ i \

;u'm’h*{ |D ﬂ [I

sample

i R=20 L
[I N /—/?

10fs, 500-750nm

pump

7

Time-Resolution of UV-vis Two Color Pump-Probe: 30 - 40 fs (Cross Correlation)
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Photoisomerization of Stilbene

“twisted””
state

trans-form

3

RIKEH
MOLECULAR SPECTROSCOPY LAB

cis-form
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Photoisomerization of Stilbene

“twisted””
State

trans-form

3

RIKEH
MOLECULAR SPECTROSCOPY LAB

cis-form
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(108 M1 cm)

€

Absorption Spectra of cis-Stilbene p.
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Observation of Pump-Induced Wavepacket Motion of S, cis-Stilbene po
RIKMEN

MOLECULAR SPECTROSCOPY LAB

Observation of wavepacket motion
/ through S, — S, absorption

Sn 7

Creation of wavepacket motion
P AT Probe

St iy

\isomerization

N

Pump
= >
CIS twisting angle
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Transient Absorption Change (normalized)

Time-Resolved Absorption Signal of cis-Stilbene p.

RIMEN

MoLECULAR SPECTROSCOPY LAB

pump 315 nm; probe 660 nm; 5x103 M

™~

Cyclohexane solution

Oscillation (~240 cm-)

Dephasing is much faster
than isomerization.

S, lifetime :1.25 ps

o

Delay Time / ps
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Time-Resolved Absorption of cis-Stilbene ﬁ

RIMEN

.‘tu_} I’S t{'.(f i
state O .

Absorbance Change (Normalized)

The isomerization rate significantly
depends on the solvent.

The observed wavepacket motion
is not directly correlated to
the reaction coordinate.

in cyclohexane
in methanol

Delay Time / ps
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Decay of Vibrational Coherence of S, cis-Stilbene ﬁ

RIMEN

" MOLECULAR SPECTROSCOPY LAB

dephasing .

i \fps

0.16 ps 1 0.13 ps |

|V

0.0 0.5
Delay Time / ps

I

in cyclohexane
in methanol

Absorption Change (Normalized)

The wavepacket motion is insensitive to the change of solvent.
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Wavepacket Motion in Photoisomerization of cis-Stilbene p.
RIM=N

MOLECULAR SPECTROSCOPY LAB

“hoisted™”

Initial Wavepacket Motion

The observed wavepacket
motion is
“perpendicular”
to the reaction coordinate.

20



RIMEN
MoLECULAR SPECTROSCOPY LAB

Pump-Induced Wavepacket Motion in S, cis-Stilbene p.

Dumping time ~ 200 fs:
Time window for the wavepacket
motion to monitor the S, potential

S, potential

A curvature of S, potential

that determines the wavepacket

Fast dumping indicates high
motion observed

anharmonicity of the potential

21



Observation of Raman-Induced Wavepacket Motion p
@

in S, cis-Stilbene -

MoLECULAR SPECTROSCOPY LAB

Creation of wavepacket motion Observation of wavepacket motion

through S, < S, absorption
Probe1 | | Probe?2
o

| - T
S ' '
n | I
' :

AT i : Time-domain Raman

<> |t ! Measurements

S A : \ <> :
-I ] Apa |
= TR |

LA ;

J[isomerization

Pump

Generation of S, population

S

L

CiS twisting angle

So

22



Observation of Raman-Induced Wavepacket Motion p
@

in S, cis-Stilbene -

MoLECULAR SPECTROSCOPY LAB

pump 267 nm, 170 fs; probel & 2 620 nm, 11 fs
0.02 mol dm in hexadecane

S, S, abs
pump — probe2

a
@)
S -20-
! AT =1.2 ps
<

-30 -

AT =0.3 ps
A0
'.OiO’ N ”'110' ..... 270.” | '3i0' - '410

Delay Time (ps)



Mutlidimensional S, Potential of S, cis-Stilbene ﬁ

RIMEN
B MoLECULAR SPECTROSCOPY LAB

The coordinate of the observed nuclear
wavepacket motion, Q,, is anharmonically
coupled with another coordinate, Q..

o0 (V) 9dk,
= |= is significant.
aQS an aQS
isomerization
Q ' The vibrational coordinate of
1 the wavepacket motion observed

The nuclear coordinate
QS close to the reaction coordinate
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Photoinduced Structural Chage
(Jahn-Teller Distortion)
of Cu complex

Bis(2,9-dimethyl-1,10-phenanthroline)copper (1):
A Fundamental Molecule in Inorganic Photochemistry



Bis(2,9-dimethyl-1,10-phenanthroline)copper (l): ﬁ
RIM=N
WIOLECULAR SPECTROSCOPY LAB

Flattening distortion takes place.

[Cu(l)(dmphen),]+

&
© Promising as the photocatalyst &
and photosensitizer in solar d,, ,d,, T i T i MLCT
energy conversion 4 excitation

© Candidate for molecular switch

44
d22
© Real-time observation of jj:

Jahn-Teller Distortion

Metal Orbital | Ligand Orbital

26



Femtosecond Time-Resolved Fluorescence Spectra '=.|
RIKEN
MOLECULAR SPECTROSCOPY LAB

Iwamura, Takeuchi, Tahara, JACS, 129, 5248 (2007). Isoemissive point
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Fluorescence Spectral Change Corresponding to Flattening Distortion p.
RIM=N

MoLECULAR SPECTROSCOPY LAB

A gradual spectral shift is expected.

S,
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o
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Fluorescence Spectral Change Corresponding to Flattening Distortion p.
RIM=N

MOLECULAR SPECTROSCOPY LAB

The data suggests “a hollow” on the S, potential
at the perpendicular configuration.

iIsoemissive point
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A Realistic Potential Curve of the Jahn-Teller Distortion p.

RIMEN

" MOLECULAR SPECTROSCOPY LAB

Hollow ?

>
90° dihedral angle
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Transient Absorbance Change / mOD

| RIMEN
- MOLECULAR SPECTROSCOPY LAB
pump 550 nm; probe 650 nm; 7x10-2 M in dichloromethane

Ultrafast Pump-Probe Signal of [Cu(dmphen),]* P.

Delay Time / ps

‘n'e / Ajisusju| uoissiwg

A

A2 i
l [ [ | I 1 |
400 450 500 550 600 650 700
Wavelength / nm
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Ultrafast Dynamics of Photo-Induced Flattening of [Cu(dmphen),]*

MOLECULAR SPECTROSCOPY LAB

Flattening distortion (b,)

A hollow on the S, potential

@

RINEN
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What do | expect for femtosecond X-ray? ﬁ

WIOLECULAR SPECTROSCOPY LAB
Direct Information on Structural Change

@ Pulse width > 100 fs (or 1 ps)

Structural Information of Short-Lived Transients

Pulse width <100 fs (or 1 ps )

Direct Observation on Coherent Motion

Seeing what we could not see before
creates new science.

33



Collaborators p‘

RIMEN

Satoshi TAKEUCHI @
Shoichi YAMAGUCHI

Kunihiko ISHII @
Haruko HOSOI
Kentaro SEKIGUCHI
Munetaka IWAMURA
Hidekazu WATANABE
Takumi NAKAMURA
Satoshi NIHONYANAGI
Sobhan SEN
Pratik SEN

Prof. Sanford RUHMAN @
(Hebrew Univ.)

Akiko ZUSHI .
Members, April 2007



/\A— —A
w 1A

s sSHRERLARC 5 —




12GeV-PS

2 INTRERLDY

B-EATUHR—I

™ By

(T T LT} EEBEE
]

CERSTY

C R oy RIkERL
— | 60~200MeV
| 0.01~100mA

ERL®D %51 :

| S, F/ VLR, H0VEYRLUEIRE

L
1) L—HF—ar TrUXiRiR

/NVE RXER SR
(JEBRICABEEXBRBIAA—DU T IIR)
NI AXERIR

(FzLibHALTTUR)

2) TINIVYTREIDCSROD FI AT
PEENIREYT ~8HT5RL T S ENIR

F1RE BERBEGTHAEELGL—Y—a T2 RANVEXBRAA—D R, I L

MY AT URERE, (L—F—DR3(ZU T RORAFEEZEL)

F2BRE  B1OMAERDEELZTZRERL. TINVYRRZAV YA IVRZER,

B3R TRILX—185& (~200MeV)IZ&Y . EEERE/NJLAVUVIEEEZFZRNV - 14T

2 A% B,

[
= =

EHERL (5GeVISR) DERRKMOIM G, RERAIERINONG = RBOREA




AR

e T2 /\JFERL®?
firELT)IE?

o THZ ,~-:320)CS R—G:J

(X ?

M B

% fitT B 75 Bl gETE

o L—H—-a ThrURRELIC
A AT ? =2t

NXEEAA—=T 20 (BUNERER,
2)HJEafFPDOXER/INILAE)

(MNEZS L

BRI gEEE 50 RIS

R EEL

1L7T=)

MR R




O /NI FERLDFMTRIZZRIGETE L ? (mmssismeL o

e THZIJR (CSR)
[RIEBRICA[RE-T-LLL T DL ST REZZEETHINEHY,

Q0.1 psD/\UF[EHEIL400pCREEDFr—UENRRF R D&EIL TORSR,

OMEIRILEF—HE L\(i&EL\

OCSREWWHLDIZ—FDEEF VMDD EFETETENDLE,

e L—¥ ﬁ:>7°|~>’*&ﬁxﬁ5ﬁ

I TIZZLDECENERETANVTOEELHY . BIZEIMREFT
DEEYRLUIIEAREZFLSE NGEFE,

OBFE—L(BFHFIATL—H—) LEEL——DRIEAZHEREICISZEA WA,

OBFE—LDERFILEEIFTTIIEL, L—F—DERER (TN ARAV M FYETA—)
MNER, LI OB X100MHZLL EDIEUIRLNBDETA A= TIZDH B,

OHYJEIMN BN BEDGZEIZIX10KHZEEE D /NILAB RN &E, CDGEESITHMN?

FEEDMmEFRFMELTEEEM., B/ NILATE., @YU RLE
NEDRERELENBREBTLINEHY,




THzFEIE D CSRTRETRIEEELE AL AL 2

o [EIMBIE. INAAHAITURAD TS Ybi—L

e N ELTHRHEGRYT-TO—JFERELTD
FhEESEIR)

. =—%@0)7°ntx FATIEIR (ASFEHEER D | 4E) D

o NFIREN. BIEZE—FDAIEIZEAIYERF. M
=D RE

HLWTAT7ICLDEREAFER N =FL
VAT RSTRE (~10MW/cm2) EDFRE 1 ?




L—H—-a T BRELIZKAIGRAE

4 e

DXEAA—D2T (N KTRZF,

iL7T=)

BINERDI=D . BIFAA—DU T RIFEEL TR 1ERE

BHLTWLS,

BIVRFBEHESTRINE, BITRODBELAA—DY

T REE TR (RLW~YFUY)

AVNIMEICES—BERRRAELTERAA—V VT %KELE

LTOEAFS LUERENSFLY,

R 2R A A= DRIRE (2—EVFDEXIGA)

EDRIGHERNDAIHET

T4—®DEA (100MHzLEL E)

=T /N R T+




L—H —# 3 T+ RRELXHERIR D AT BE1

Flux = (N N/wh)(L/Ly)o.

BHE | BUELARM | BR | LY | I5vHR | EEHEE-F
(nC) (Hz) (mA) = (SEF/FD
(mJ/pulse) | /10%b.w.)
0.1 1k 0.01 10 1x10° Rl 0 f# - E—
N
0.1 1G 100 1x105 1X10° | A A= - F
K
0.1 1G 100 1X10-2 1x1012 | T\ R AR
TvET1—F
F
1 10 1x105 200 ~1x107 AIST

|~|

BURLERS x L——/1\D— (LR) =—F, ELTE

{ih




L—H—-a T 8ELIC KD AZRIE 2
2) S TEaFDXER/NILRZE RSB
e 100E#MNS100T7 T Lk
Oae—L>hox/Y
(THzFER D & IRRE D E1A)
OJeEHe &It D P EA B T8 D fiZ BF
REREEF R EBEMF
INAAITYT IV, BRI etc.

L—HY—a I BELDRBEIXECETEITFoNEMN?
ENXNFRIINAE?




O /NJRERLEIRIZM]IFTT

e OV /\NJRERLTERHTZAYAMIURATIR
EL. MRFEARETSAIORZFMEEHICLT
DB,

OaA—HY—aQZa=FT4—DHHD
RB—T 4 - TIRAk

OBRKOFEESFSADIRENN

(2008 FENEMBIRFONHBEEEFTA)

SBELICCHE IS !




ERLOOODOOOO0O0O ERLOOOOOOOO0OO0

goooouoooooutoooood
goooouooouoout oot oo
gooobooboboobboobooobobbo
goooouooouoout oot oo
gddddootoooood

oot oooooooooooooooo

20070 70 901000KEKD4 0D 1000000000000000O00DOO0OOOOO
00 7000000000000000000000006002000MevO0 0000 ERLOODO
000 ERLOO KEK OOOOODODOOOOOOOO0O0OO00000000000000000
00000000000000000000000000000000000000000
ooooo

00000 RRLOOODO0OODO0O0O0O00O0000D0000000000000000000
OcsRO0 0 0000000000000 000000000000000000000nnn
00000000000000000000000000000000000000000
00000000000000000000000000000000000 CcSROO0DOOO
0000000000000000000000000000000«0
00000000000000000CSRO0000000000000000000000
00000000000000000000D000000000000000000000
CSRO O O E0=0100meV O O 10*°photons/sec/[

mrad?/0.1%b.w.0 00 0000000000000 0000 EE43keVO0 0000000 0.30
ps 0 O 10%photons/pulseld O O ;
000000000000o00O
000000000 O0oo0oO
0000000000 ELDOOO
000000000 O0o0o0o0O
00000000000000O
000000000000o0o0o
00000000000 00ATF
00000000000000 &
000000000 O0o0o0o0O
ooooo
000000000000o0n




gooooooooooban
doooooog csRooonon
gooooooooooban
gooooooooooban
gooooooooooban
goooooobooooood
gooooooooooban
gooooooooooban
gooooooooooban
goooooobooooood
gooooouooooouogoo
gooooooooooban
U0 ERLOOOOO0OO0OOO0OO0
CROODOOO0ODOOO0OOOOOOOOOOOOOO ERLODDODOOODODODOODODODOO
00 CcSRODOODODOoOooooboOooboboobobObobobobobObObObObooooDDobOoOoooDn
gooooouoooooooo
JdddddddodooooooooooooooooLLeXXxoooooooooooono
JdddddddoooooLwlcXxooooooooo soommdooodooooooo 100m
0000000000000000000 100000000000 10¥photons/sec/mm?00]
OO0OOED=0400keVO 000 OOO0O0O 100kHz OOOMOOODOO LXOOOOODOOOO
oot oooboobouoood
0doooooobooboboodooooooLweXx oo oo oooooooo
oo LexXxooooboobboobobbobobooboboboboboooooboboobooooo
0doooooooboboboooooooooooooo b oo ooooobom
dddddddooogLexooooboboobobobbobobbobobobobobbooooooon
dodoooobobobobboboodooooooooooDlo oo ooooooo
goooooooooobobouoooooooooooboo 400000000
oot oooboobouoood
oot oooboobouoood
oot oooboobouoood
googooooo
oo ooooooood
0000 EERLOODO0OO0O0O000000000000000OO00O00O00O000O00000 0O O
goooooooooboobouooooooooooooood
http://pfwww_kek.jp/pf-seminar/ERL/ERL_07July.htmll

e



SNE) A GERE - 5LV 2 BB

K4 i K4 g
#E K¥§ |[KEK PF EH XMW |57Ff
FH S8 [RARERT T#  3E |KEK ¥iERF
B3I f— |KEK PF BH AE [RKREXRZHAEH
fRH EX [KEK PF #Il  8h |KEKPF
MiE IRE |ERH & fosh |EARER
Ml [GE |KEK PF AF IEtE [KEK PF
—Hl JF |KEK PF =iE & [RXEFF
BEE I |ERKYEHR HHA FE [RXRE#HBEESIESE
ik = |KEK PF Preh A& INTTPRAVRATH/00— (%)
S &8 |KEK PF HiE &EF |KEK PF
& R |KEK PF H rh#— BB IR KRR
@l NEE |KEK-INEE: HE KXF |E#HF
EH E— [P KE 3N BE [RAL—Y—IRILX—2HMEL
AR E— [RIKET EH XE [EIX
&HH X |[KEKPF RE FFE|UAY XEHRA
NE& & |KEK MHERBHAEMESR X#H BA |[RIAHE
A ¥ |KEK PF KE T |FERRFHEEARE
HE ER |RAHE Fi —B |RIXIEAEIIVIREH
HA FEF |KEK MHEBHAEHES At B | KEWER
A¥ BE— |92FH A —8 |[RRF=ABEHEFL
FEXR X [KEK MNRIFAEIES R X [P KRE
EMEZE |KEK MEBFAEHER faHx 1517 |REEE
Nt IEED |EEKREA i £ |KEK PF
INE EHE |KEK PF F+ B8 |KEKPF
fER fth [RIRKTOUTA47RIEXEMREL || FE B— |[REF#EE
INK =R [KEK PF JR B KER |KEK PF
INK ETE |EERAER [FE - |UAHY
BH B |REXKABRERZE B #RE |KEK #IFtr 45—
RHF BEE [RXUEH K —1T |KEK PF
BH X [ERERW TP E— |KEKPF
BH & |BEXI PRE IEX |[RAYMEH
i BE [RIX T IE |KEKPF
{EBEERAER |[KEK fOSE2SHAZEHE SR BE B |EKRHEEEIREE
REt B |[REREE X 4 (B
R X |SEEXAREMAE =W it |KEK PF




	ERL研究会コンパクトERLが拓く世界要旨集
	目次
	プログラム
	本研究会「コンパクトERL が拓く世界」の目的
	コンパクトERL におけるCSR によるテラヘルツ光とレーザーコンプトン散乱によるパルスＸ線の見積もり
	コンパクトERL におけるバンチ圧縮の可能性に関して
	ATF におけるレーザーコンプトン散乱実験
	レーザーコンプトン散乱装置（産総研の装置）
	レーザーコンプトン散乱装置用タイミング同期レーザー
	テラヘルツ放射光の現状と大強度CSR の利用
	テラヘルツ技術の現状と展望
	テラヘルツ時間領域分光法と基礎科学への応用
	赤外光励起による半導体中の不純物拡散の制御
	京大炉ライナック及びJAEA-ERL におけるテラヘルツ・コヒーレント放射光の研究
	タルボ型干渉計を用いたイメージング
	レーザーコンプトン線源からの微小光源によるX 線イメージングの原理と応用
	医学イメージングへの応用
	産総研のレーザーコンプトン線源を用いたイメージング研究
	放射光X 線による100 ピコ秒時間分解研究の現状とフェムト秒時間分解実験への期待
	光誘起キャリアとコヒーレントフォノンの超高速ダイナミクス
	強相関電子材料における光誘起相転移の超高速ダイナミクス
	超高速反応する分子の核波束運動実時間観測と｠励起状態ポテンシャル曲面のトポロジー｠
	総合討論
	ERL 研究会「コンパクトERL が拓く世界」の報告｠
	参加者リスト




