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Outline of the workshop

Hiroshi Kawata

ERL Project Office, KEK

<Synopsis>

Compact ERL (cERL) will start the operation from the march of 2013.  Accelerator technologies for
ERL should be developed in the cERL, but also the cERL promises unique light sources such as THz
CSR and laser inversed Compton X-ray sources for X-ray imaging and femto-second X-ray sciences.

We will focus the science case of the cERL at the present workshop.
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Present status of the cERL

Norio Nakamura

Accelerator Laboratory, High Energy Accelerator Research Organization (KEK)

The compact ERL (cERL) is under construction at KEK in order to demonstrate generation and
recirculation of low-emittance and high-current beams toward the future ERL light source. R&D on
key components such as high-current superconducting (SC) cavities and high-brightness electron gun
is in progress. The cERL will initially comprise a 5-MeV injector with a photocathode DC gun and
three 2-cell SC cavities, a main linac with two 9-cell SC cavities and a single return loop with two arc
sections. The first target of the cERL is the normalized emittance of 1 mm-mrad for the beam current
of 10 mA at the beam energy of 35 MeV. The commissioning is scheduled to start in 2013. This

presentation will describe the present status of the cERL.
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Laser Compton Scattered Photon Sources

Ryoichi Hajima
Japan Atomic Energy Agency

<Synopsis>

Generation of high-energy photons via laser Compton scattering (LCS) is becoming a practical
radiation source due to the recent progress of advanced laser and accelerator technologies. The spectral
brightness of LCS photons is a function of emittance and beam current similar to undulator radiation.
The electron beam of small emittance and high-average current available in the Compact ERL,
therefore, can provide high-brightness LCS photons. Ultrafast photon pulses in femtosecond duration
are also available in a LCS photon source. We overview the characteristics of LCS photon sources at

the Compact ERL.
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Bandwidth and Divergence Effects
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Generation of soft X-ray by the technique of THz-ICS

Miho Shimada
Accelerator Laboratory, High Energy Accelerator Research Organization (KEK)

One of the features of ERL is the short electron bunch operation with a high repetition rate. If the
bunch length is much shorter than the cutoff wavelength, the intense Coherent Synchrotron Radiation
(CSR) is emitted at the bending magnet. From this point of view, we proposed the Inverse Compton
Scattering (ICS) using CSR in THz region to produce a short pulse soft X-ray at the MeV class ERL.
In the proposal, THz-CSR collected by the magic mirror or the optical cavity is focused on the
following electron bunch for ICS. The expected pulse duration of the soft X-ray is almost the same
with the bunch length; 100 fs - 1 ps. At a 60 — 200 MeV ERL, 10*” phs./pulse can be expected with
the energy range of 0.04 — 4 keV.
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737 I ERL TIEHR X #REEIRO LK AETH 5,

CSR I fRMEMA CTRIAICHF SN D7D, M LcE A FICHE ST 25 2 L ITREET
b, TZ T, IT7—HHOTEHOEF N FICHESED, KABEKRTIT, vV 7317
— & HWTIRWEIFHD CSR #H VAT HiE &, Pk O I 7 —% v 72 Optical
Cavity OtH:IRER) IO THEZESE L HEIZOWTHEN TS (K1), ~V v 27 IT7—%H
W2 HIEIXICS THRM SN FIRIZIEAAETH D K 2 IZHEHE(CSR 25 Tr)d L OVICS
THERMR LN T AT MV E7RT, Optical Cavity THIFFS N2 X BUIEL 1IcF &7z, X
MOTANF—TBLZE 004 -4keV, 7V A Y720 OW151T 107°phs./pulse TH 5,

[1] M.Shimada and R. Hajima, Phys. Rev. STAB, 13, 100701 (2010)
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() (b)

Magic mirror ~ following
bunch

= X-ray X-ray
following ‘ '
leadin
bunch ng leading
bunch bunch

1:CSRIZ K pifim 7 h HGELOEKK; (a) v > 7 I F—. (b) Optical Cavity

10"+ » 107+
e 0
10°4
10"+ o=
= 3] f 107
; 10"+ So 10
. £
o g_ 10° © : 1074
% 8 ga -
ua g"; 10° g 3 107
r—1 -10 |
X 3 10' g3 10
o -12
E o B s 107
J “w )
2 v o5 10"
& 10° ;I_' 107"% 4
10? . - . , , : . . o 107" : : . ; . . . ,
10° 10° 10 10° 107 10" 10° 10" 10° 10" 10° 10" 102 10° 10* 10° 10° 107
Energy of SR [eV] Energy of scattered photon [eV]

X 2: () IREEWSANDDOBE AT b, () ~Y v 7 IT7—lckpiiar7 v
BELTHIRF SN T DAY b, ZZTEZET v - XD EMDFITEE L T\

A

Electron Charge o,/c Spot size CSR energy X ray energy Ny
energy [MeV] [nC] [ps] [mm X mm] [mlJ] K [keV] [phs/pulse]
60 0.077 0.1 0.3 X 0.3 0.14 0.013 0.4 1< 10*
60 0.5 | 3X3 0.6 0.009 0.04 4% 10*
200 0.2 0.1 0.3 X 0.3 1.0 0.034 4 2% 10°
200 | | 3X3 2.5 0.017 0.4 3 X 10°

F 1. NUFEMGATRE R8T A —# 35 X O Optical Cavity 0 ICS THIFE S 58k X B UL &
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THz-ICSIC KA ERXER F A4

FE2E AV NIRRT ATV RT—H a3y T
2012478308 (A)
INRTR—)L

BIRILF—EFATEE
BHE £

Outline

1. THzDCSREAW=#a TR BELEE
o ObE—LUMRETH(CSR), HaL TR EREL(ICS) EIE
o CSREEEHERLMVZICSD RS

2. Magic mirrorZ ALVZ5E/ SILR BB L (RERE~EXR) DER
e Magic mirror&(d
e Compact ERLTEAfFENHRARYY
3. Optical cavityZ FALN B - 55/ UL RERXER D A BL
o L—¥—a TtUEELEDEL
e Compact ERLCHIHINDARYY

4. FEDH

2/22

Coherent Synchrotron Radiation (CSR)& &

Total radiation power : P(k)
P(k) = Np(k)+ F(k)N(N =1) p(k)

Coherent Coherer
2 MWWV P(k) = N2 p(k)
NUFREVERVEROBS S AEENIZHAILT
x N

&35,

Incoherem

W P(k) = Np(k)

Incoherent

Fk)= U p(2)ed]

P Totl adation poreer BEOETSUFITEN~10-100DBEFHHED T,

N : Number of electron

HEZL DRI
(k) : Radiation power per an electron .
o =
(2) : Longitudinal electron density distribution ey T 1
F(k) : Form factor ' .
. . ; w
Gaussian beam with bunch length G, é =
'
1 z* ‘1
p(z)x ———exp| —— It
V27o. 207
- w
P(A) = exp| -7 2zy ot o e W W @
LA Phatan sneny (V]

3/22

1 ComptonBREL& (X

Inverse Compton Scattering (ICS)

AAXRERE T HEF LRRELL .

Compton Scattering

BFEHELR. ROLVBRRDAEELD,

HNRRDOHLELD,
E, 47°E,
Ey=sr— Ey=r—5———
(I-cos@)(E, /mc*)+1 1+ (yp)” +4yE, | mc
{a) (b}
scattered photon scattered photon
.4 -
incident photon segron incident photon

BELEDSEFHN,
ASEDRFH N
EFH

Ny=o BAWER o (o),
X T i 1op or 7

A wRE ‘A

CSRIZ&L ¥ T aEL (ICs)
Compact ERLTI&, L—4 —# 0V T B EL IS & HEEXR OV DRI ARSI TS,
Photon energy due to inverse Compton scattering

2
E}( =4y EL Head-on collision
E, : Energy of scattered photon E, : Energy of laser y: Lorentz factor

BEROEVNT I YAEOCRE S THIF, RN TEEOTIE ? |

CSR-ICs

laser- 1CS

e xm
alactron bunch

I5—EAVT. BROBFN\UFITHTS,

M. Shimada and R. Hajima, PRSTAB 13, 100701,(2010)

CERLDEZTOBHDM?

Compact ERL

500 kV
Main Dump Superconducting Cavity 1% DC photocathod gun
9-cell x2
- - @
- A = P

- i THz CSR- laser-ICS

Fy

\} Dump for commissioning of the injector .

., , ERICSFT
- [

1. CSRERRYHT =, fRAERAIC
S5—EHE.

2. BAVTPUHELITERET,

Teadng Optical cavity£ o= Bl DR X AHIZFL
bunch

5/22 6/22
Compact ERLA CSR-ICS
X-ray expected by the inverse Compton scattering of cERL Com pa rison CSR-ICS Wlth conventiona | ICS
1us Laser-ICS FEL-ICS CSR-ICS
o i * &
__3 Synchrotron radiation from a storage ring Equipment’ External laser Undulator Only mirror
S 1ns Synchronization Difficult Easy Easy
= =
5 Spot size of laser
g 1ps Tabletop laser EELICS. (depends on wavelength) Smaller Smaller Larger
2 P I— CSRICS Il : | Relatively narrow
& t—Harmaonic Laser-icS Bandwidth Narrow Narrow ~ white light
1fs L geperation of laser 1 1 | Electron energy* Lower Lower Higher
Bunch compression Difficult Difficult Eas
1 10 10? 10° 10t 10’ . Y
Emittance Larger Larger Smaller
Energy [eV] BRI EORESHIER
CERLTIF, ETf~HTEIR D/ LA RDERXRHHA#F
7/22 8/22
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CSRAOCDRZE{# o 1=1# Compton B EL 0D 5281451

WF-FEE S TIRE-REFHTT .

N. Sei et al, APEX 1, 087003,(2008)

A. Aryshev et al, IPAC'10, 196,(2010)
N. Sei and T. Takahashi, APEX 3, 052401,(2010)

« Coherent Diffraction Radiation|Z&%ICS
o AVNIMEXRAERELTRE.

« B#lLreal timeMTHz Spectroscopy.
o ICSTHRIENEBFAIRSITE M,
o RBIFIFRITDEL,

Outline

1. THzDCSREAW =@ TR BELE I
o ObE—LUMRETH(CSR), HaL TR EREL(ICS) EIE
o CSREEEHERLMVZICSD RS

2. Magic mirrorZ LV =52/ VLA BB (RIER ~EXER) DER
e Magic mirror&(d
e Compact ERLTEAfFENHRARYY

3. Optical cavityZ FALN B - 55/ UL RERXER D A BL
o L—¥—a TtUEELEDEL
e Compact ERLCHIHINDARYY

4. FEDH

9/22 10/22
9 10
Magic mirror Magic mirror&{#>f=# a2 7 EREL
PUBEISRoT-MET E— RICED D HHREHRDOI5—
R. Lopez-Delgado and H. Szwarc, Opt. Commun., 19, 286,(1976)
ERNTIE.
Spring-80BL43B2
UVSOR(BLEB
[S5:408
RWERYAH FBE TR AERD S EMATRE
UVSOR, BL6BM magic mirror®
TR ARIE215[H] x B0IV] mrad? . 1 ERFAREE—LYAXERLET D,
S. Kimura et al, Infrared Phys. & Tech 49, 147,(2006) S E LA KA. BT ORI EEEE R ANTEH,
EE  HRFSA—LERNIM TORBENENERET B, 3. E—LPAXHCROBEEBAELCLERR.
FEAYAXEBFNUFOHARXERLIST BT EMTEE,
Electron Beam 200 MeV, 77 pC
RYAH BEETEBRYELES AN ? Acceptance amele of mage mirer
BFN\UFORVRATIEM mrad [f] x 20 mra
> RUOEBEISE-STNSKERTHIEIEREICHD, Transverse electron beam size
> E—LYAXHNCSROBEEBZDE. CSRDEEN KD, 70 um [H] x 30 um[V]
EWSTLUIN BB 11/20 12/22

11

12

Tl rachation [shn e b, 814

Magic mirror scheme for white light source

w'y [p— Vs s
iarme s TRATOLATY Dem W

] 2
w] i =" Example :

i | Electron charge : 77pC/bunch
1 5 - Electron energy : 200 MeV,
| i wl Bunch length : 100 fs

w o o owow v - w w W W

Pootan geargy 847 Fton s (8
CSR (190um) :3x10% phs/pulse 10%BW ,4 x 102 phs/s 10%BW (1.3 GHz)
X-rays (4 keV) :5x 10° phs/pulse 10%BW , 6 x 10'2 phs/s 10%BW (1.3 GHz)
BRELSE 2R :4x10° phs/pulse , 5x 10 phs/s (1.3 GHz)
Pulse duration 1100 fs
LoD ORISR

- BERENRTIE SNLARNMEUS,

 BFODVE—AULARUEDSE BROZ(IVITNEDEL,

o AYRAIRRL, EVSREMNZ LT,

13/22

13

Outline

1. THzDCSREMAW L TR EELE I
o ObE—LUMRETH(CSR). L TRUEREL(ICS) &%
e CSREGEEZEFLMVZICSDEFEHI

2. Magic mirrorF ULV VLAB B (KEE ~8XER) DER
e Magic mirror&ld
e Compact ERLCEAfFSNHRR WY
3. Optical cavityZx FAL V=B - 55/ L RERXER D E K
o L—¥—aUTrUERELEDEL
e Compact ERLTEAfFENHRARYY

4. FEH

14/22
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Optics 2 : Optical Cavity scheme for narrow bandwidth

CSR - ICS ICS by an external laser
” # Parslols miror
fellowing csr — Ny y.
- Hamy b Xeray
L —fadeg Multi-dayered miror ¥ ’
Extomal laser
a. Incoherent stacking because the a. Coherent stacking

fluctuation of longitudinal position (a few b.
hundreds um) is larger than wavelength

External laser is injected from outside a
cavity. It passes though a multilayered

of CSR. mirror with low transmittance.
b. Electron bunch emits CSR inside a cavity. c. Two mirrors are enough for single focus
c. Four mirrors is necessary for two focus point.

points. One is for collection of CSR and ) )

another is collision point. P, =TF°P,/x

E.R Crosson et al, Rev. Sci. Instrum. 70, p.4 (1999)
b __P
cav 1—R" Finess: F=mJR"/1-R"
P.,,:Power in a cavity, P, :Input power, R: Reflectance, T:Transmittance, n:Number of mirrors

In both cases, pulse power is stacked by 1000 times with

reflectivity of mirrors 99.97% . 15/22

15

Wavelength of CSR for pulse stacking
in an optical cavity

Total radiation power : P(k)
P(k) = Np(k) + F(k)N(N =1) p(k) o
Coherent AV

‘ 2

Incoherent

ikz
Fk) =[] plz)e*az e
Az2zo: [hm 1]

Azgr fhw 1N
P(k) : Total radiation power

N : Number of electron

Aokt usit

p(k) : Radiation power per an electron 2
z) : Longitudinal electron density distribution o
F(k) : Form factor

Gaussian beam with bunch length o, ot oWt o' oW @ W w e

Photon anergy (sV]
1 z*
p(z)= mcxl’[_fé} Wavelength of CSR stacked in an optical

cavity is chose as follows,

A=2r0o,

coxp o )
P(l)~exp{ G’[Aj}

16/22

16
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Mode matching

Acceptance angle is limited for Mode matching

A: wavelength of CSR

% Horizontal spread of CSR source

oS Horizontal divergence of CSR source

AT paany e .
; A6, :
an-(3) =5 (%) :

)

r 3 ?
CSR 1“.".,3_ [p(] -""-*‘%)] pl1-cos §12)'
- electron M
-

r

divergence of CSR

Optical Cawity

/ 2
ofh = (ot + a0+ (“) .

T

Acceptance angle @ is determined to satisfy the mode matching.

17/22
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Optimization of collision area : 1

« Half cycle of CSR is destroyed by an narrow band mirror.

In the case of bandwidth AN/A, pulse duration of CSR is lengthened by a factor 1/(AMA).

Half cycle C5A from an electron bunch Optical cavity i
(N=1 {Anm << 1)

CSR with narrowband Number of CSR cycle N,

CSR (h=lro) 1

N, =
AR

Ervelon of G5t

4! (SR stacked in a otical cavity ]
' 18/22

18

Optimization of collision area : 2

¢ CSRin optical cavity is assumed to be Gaussian beam.
* Hour glass effect is considered at the collision.

[rpe— . Beam size w(z) of Gaussian beam

2

w(z)=w, |+(i] =z,
Z,

R

hvtiamores Brvwelon of C5R ok S

 —

Reriooroegh orm 5, Nz, > R AZHNEL,

— UL, I<ICEL S,
(3) Smal Raybeigh langth, small spot 4ize -~
Envelop of 655 Powsr darmty
rTee g 24 < AN.TIE L N2 SIRFELALY
ey N,
Fimyboigh lengih <y Ny =0, N‘; z 1 N, |0, o
w, AN, N

BRABIKEL B8RV AHERBHRELEFOIEHRMOELE

DEBENDENO. (V&R 19/22
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High reflectivity mirror

In the wavelength range of a few 10 um ~a few 100 um,

* Reflectivity of metal is lower than 98 %.

« Itis difficult to fabricate multilayered mirror with larger than 99% reflectivity by
conventional method.

Development of high reflectivity mirror for terahertz region

w|® 3 T 10 == - :nm
LA \

os \ o

1 | -
o H ' a8 Bl
o4 | | as
52 | | 02
oada) Ml ’ an

M.Tecimer et al, PRSTAB 13,
030703,(2010)

« Stacking up photonic crystal separated by vacuum layer.
* Bandwidth is narrow at the higher order wavelength.
* Wavelength, which depends on thickness of the layers, is controllable

without losing the high-reflectivity. 20/22

20

X-ray at 60-200 MeV ERL

e Compuet ERL
Bandwidth of

TABLE I Optical cavity s
K} parm for o
e of e X-rry

ey (V]
04

004

0034 L)

oams 04

* Number of photons of X-ray (b.w.10%)
— Number of photons per pulse : ~ 10%° phs/pulse.
— Flux:~ 10" phs/s.
* Energy range of X-ray
— From 0.04 to 4 keV.
— 10 keV X-ray is possible at electron energy of 200 MeV and bunch length 50 fs,
which is accomplished in tracking simulation.
* Pulse duration of X-ray is 100 fs — 1 ps.
* Electron transverse beam size is much smaller than the focus size of focused CSR.

21/22

21

Summary

¢ We proposed the inverse Compton scattering of CSR.
— ERL s a nice platform for both high-intensity CSR source and
inverse Compton scattering.

¢ Two optical schemes
— Magic mirror : White light with pulse duration of 100 fs.

— Optical cavity : Narrow bandwidth. Power amplification by
pulse stacking is estimated almost 1000 times.

¢ Scattered photon expected in ERL (Optical cavity)

— Generation of soft X-ray with energy range of 0.04-4keV is
expected at 200 MeV ERL. Pulse duration is from 100 fs to 1 ps.

— Number of photon per pulse is 105 phs/pulse, Flux 10314
phs/s.

22/22

22
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WBEEHT V=21 —F O ERL ~DJ5H
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iR TR — R AT SEREAE - O e S R

Application of very short period undulators to ERLs

Shigeru Yamamoto

Photon Factory, High Energy Accelerator Research Organization, KEK

<Synopsis>

Very short period undulators are useful, since they are capable of producing higher energy photons in
lower energy light source accelerators. Although these undulators operate at intrinsically short gaps
between undulator magnets and require very low emittance of an electron beam in the accelerators,
ERLs satisfy naturally this condition. Here we describe generation of a very short period undulator
field and characterization of the measured undulator field achieved so far. We also report spectral
properties of synchrotron radiation when a very short period undulator is installed into a “compact
ERL” which is under construction in KEK, and when it is installed into the “3-GeV ERL” which is

expected in future.

MR T > Yo b=, KT L — ORI & W T i s oL %
— DR EERTEDRTERTHD, ZOT V2 L—F IARECHROEA T v v
THEVNEET LD, TNERET I RFNERICITE T E— 2O EmEE RISV TIE
HITEWERENER &5 7%, ERL IZZOMFZBRICHE S5, 22T, WERHT
vV a L= BRI O A RTE, B K OBUR CHEELT & 72 SIS O R EREM 2 sV R
5o Fio, WERMT YL —F %, BT O compact ERL 35 KON EZHNHIFG I N
% 3-GeV ERL (A L= HA TR S LD U AR b iz oW T#iET 5,
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2012/July/30 #2 ERL workshop 1. What is a very short period undulator?
Hard x rays by shorter Au @ lower energy LS (~3GeV)
We proposed:
In-vac Us (Au=4cm) @ 6.5PF-AR
In-vac SGUs (Au=1-2cm) @ 2.5PF
In other institutes:
3G LS (ESRF, APS & SPring-8):
In-vac Us (Au~several cm)
Compact 3G LS (SLS, NSLS-II, MAX-1V, etc):
In-vac Us (Au~2 cm)
1
1. What is a very short period undulator? 1. What is a very short period undulator?
Very short period U @ 2.5GeV LS
Short Gap Undulators @ PF e
Name |Make| iH A, | N | 12keVphoton | g = ** i
SGU#17| 2003 | 25kOe | 16mm | 29 5th 1.374 ; . R
SGU#03 | 2005 | 30kOe | 18mm | 26 5th 1.684 1" _ Lom
SGU#01 | 2008 | 28kOe | 12mm | 39 3rd 0.781 £
* Magnet: NEOMAX TiN coated I:— 0 y ‘\I \" ™ {
e @ Gapmm=4_0mm § ) Ili\l"",ll Ill“l"ﬁ:\!.‘l"“ \
ZYFM i
z L
What is the shortest Au? o
What is the shortest undulator length? - | |
o 2,000 I\:l;‘::l} @ 5,000 20,000
3
. . 2. Formation of a “very short period” undulator field:
1. What is a very short period undulator? perpendicular geometry
Direction of prlsed current g poma onet T
High quality LS accelerator
low &, high B, sharp e, efc
Very short period undulator Magnetplate HHHMEUHMUUULUUUULOOUUOUL
short G, short L, high energy phs, etc
5
2. Formation of a “very short period” undulator field: 2. Formation of a “very short period” undulator field:
perpendicular geometry longitudinal geometry
o Direction of pulsed current Electromagnet
Magnetization #1 Top coil ML Ll LI, T
Magnetization #2 Bottom coil‘T 1
.............. In a gap between
\ VVVVVVVVVVV " a pair of the magnets
Magnet plate LI LI (L0 QID LT 0] EET QLI T L0 R (LI ] [ L U
7
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2. Formation of a “very short period” undulator field:
longitudinal geometry

Magnetization #1

Magnetization #2

In a gap between

‘ a pair of the magnets

=

— — > — —>

VN ts N ts

«— > — >

S

u

2. Formation of a “very short period” undulator field:
A result of early stage attempts

@ ¢ @ L)

B (mT)

AU/2 ~ 2mm +/- 0.6mm

Wty AMMMM -

‘ Position (mm) |

10

2. Formation of a “very short period” undulator field:

Stepwise scan of the magnetizing head
In the perpendicular geometry

Magnetizing head
Magnet (NEOMAX-48BH) w2

—> Stepwise scan of Au_ |

Accuracy in Au:

‘ Linear motor

Wire spacing & step width
Accuracy in B: u & e charge to the head

The head is cntl'd by a closed loop scheme on the linear motor (+/- 3um)

11

3. Field measurement & characterization

gap=2(g;+g) Hall probe

We use 2 x By as a measure of “virtual undulator field”
2 x By = superposition of By and its mirror image field

ata “virtual gap” g = 2(g1 + g2) =2 x 0.6mm

l | |

‘ ‘ HH “virtual field” = 7000G
H um ;
faw ‘ ‘ ‘ m H ‘ ‘ Hm “virtual gap” = 1.2mm
24 T

(@) #imm)

14
3. Field measurement & characterization
& s L, Radiation from the “virtual undulator field” is well
¥ T T T I I — compared to that from the ideal magnetic field in the
o region of the fundamental radiation
pu=4mm
L L=100mm present result .
1o T T T T T
= 10" =lmA Au=dmm
““n\)ﬂuﬂu I | _ 2 F #,=0nm L=100mm 1}
i :
] g 0 1
b) ENERGY [¥] £ present result ideal field 1
" T T e T T e T e z
(h) zimm) ‘é 10"
a
. ]
Undulator orbit @ 2.5GeV: z
compensation is not sufficient at both ends
the orbit in this “virtual undulator” may be satisfactory Ploo0 15000 20000 25000 30000 35,000 40000 45,000
(a) ENERGY [eV]
15 16
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4 . Application to ERLs

&

compact ERL
=35MeV. I=10mA
8.77nm, x=100%coupling.

4 . Application to ERLs

E=3GeV, I=100mA
34pm, k=100%coupling.

L PR on/E=4.2:107 ™1 i arE=4x107 1
s B=5m, f,=5m s B=3m, p:=3m
E wf Y o=148um, o:=148um - E o o=7.1um, 6:=7.lum -
= =
E- Very Short Period U: Au=4mm, E- Very Short Period U: Au=4mm,
- § \ e L=0Im 2 r L=0Im
B 2 K=0.3. Kmax=0.5 2 K=0.3. Kmax=0.5
B ol \ 4 g w0 b -
:E h DL condition :E
2 wk 1 &, < Man R . 1
] | \ 59.020m i ] \
] \ ] \
g ¥ £ 0" ) 4
¥ L,=1.0m, p=1.8x10* z
w b [l [ 1 ] @1,=1A kb m ]
2 ] I f ! L;=12.7cm, p=1.4x10° ot I i ! | I
[ 2 4 6 & 10 12 u if 1,=500A [ 20,000 40,000 60.000 50,000 100000 120,000
Energy (eV) SASE? Energy (eV)
5 . Conclusion
We are in the right direction for the development of the very short period
undulators.
Application to cERL & 3GeV ERL seems promising.
Further we have:
improvements in the magnetization intensity and accuracy,
developments of magnetization method at the both ends of undulators,
and
developments of precise field measurement methods at a very short
gap, efc.
Also we have to investigate light-source accelerators which are able to
accept this type of undulators with very short gaps intrinsically.
However, we believe that the very short period undulators give large
degrees of freedom to pursue “ultimate” light sources, since the length
of these undulators required for the accelerators are very short totally
as a matter of course.
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Outline of Beamlines at cERL

Shunsuke Nozawa

Photon Factory, High Energy Accelerator Research Organization (KEK)

In order to demonstrate required accelerator technologies in the 3 GeV ERL light source, cERL is
starting an operation with 35MeV and 10 mA during 2012. Along with the operation, the quantum
beam obtained from cERL is providing to user experiments.

Due to an inverse Compton scattering (ICS) of laser pulses on relativistic electron bunches in a ring
of the cERL, ultra-short hard x-ray is produced. The 100 fs hard x-ray beam from cERL is
significantly benefit for researches in the field of ultrafast science. On the other hand, high-flux x-ray,
which is generated by the ICS using an optical build-up cavity and high-frequency laser pulses, is an
ideal light source for an x-ray imaging. Furthermore, the coherent synchrotron radiation (CSR) from
electronic bunch in cERL can be used as a novel light source for researches of physical properties,

because it has high intensity in a THz region.

BIERERR 1 D ¢ERL TIE, 3GeV ERL WBUREIR THBE R ISR HAT O EFEALAT 5 72,
2012 AEEEHIZ 35MeV, 10mA DOFEF B — LEEEN TE SN TV D, 20— LAEERIT
W cERL 72 H 602 N x 2 — P —FHERHORMET 2 2 & blifah Tl v, 2013 £
FEIIXETHLE > Tl X B ET TV KON FIRMEZHE L THFL2DOE— AT
A VERDBHBINDTETH D,

cERL OV U TNIZBWTHE VAL —WF—L BNV TFEEEIEL L, L—W—
a7 P UBELIZ K Y 10-50keV OFE X BRBFEET H[1], (ERDHEHE X B v 2T
100 EaffRERRN, 7oA ML —F—ZH a7 FUOBELTIEE X ROV A EE
100 7 = A NVREICT 2 Z LN AEEE 2D, ZOMEL VA X #RGTRIZHE sl Bl 5 o FEF
FBLIERB N TRO TANTH D, —J7. NHEHMRRICI VT HEET % 2-3 AR
SR —Y—% ERVIE L CETEEREIEHLILICLY, @7 T v AD X BIEEN
AEEL 2D ZONFEERAWE X A AV U bRt E TS, BIE, 2D cERL 2
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LRAETHE X MEHAVe X AAERZEEL, L—F—ar 7 oA L —3—, X
MEHI T X By d—, BIOY X BERNYTFEHATZ, ©—LT7 A ORI EAT
o TS, EHIZ, cERL OWUEZJHEIT HE AN FnbIAET DR~ 7o =2 b —
Ly b rm ha ST T TV ISR E R A RO MITERTIE A b6
ELTEFIHFERICBIT HHEHRNRE LTRHIHTE S, L > T cERL TR OM X
MOE—LTANIMAT, vV 7 I 71k KREZ2M|MVIALAT CSR L& HEN
L, E—AX7 FERIERTHERINTZT T~V E— LT A OGS BE T T
W5,
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Compact ERL
A test facility of 3GeV ERL
B RHE3GeVERLE! MU TR

12BN TRHELIE B AT
DEEEZEITS

Parameters of the Compact ERL

Parameters

Beam energy 35 MeV
(upgradability) 125 MeV (single loop)

245 MeV (double loops)
Injection energy 5 MeV
Average current 10 mA

(100 mA in future)

Acc. gradient 15 MV/m
(main linac)
Normalized 0.1 mm-mrad (7.7 pC)
‘emittance 1 mm-mrad (77 pC)
Bunch length 1-3 ps (usual)
(rms) ~ 100 fs (with B.C.)
RF frequency 1.3 GHz

CERLIZEBIF+ARTV1—)L

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 | 2019 2020
R&D of ERL key elements
Prep of ERL | CERL )
SR | cenEuE Beam test and test experiments ——
Collisi y-ray &
-ollision Hard X-ray BL
Hard X-ray , THz experiments point for LCS
{atayAsXperimsnt
i MEXT 2011-2013 'i
N E— LIRS B SN BRE 1~ —FAERADRE ‘“‘*”‘“ YTRORE—LSAY  FINLYRE—LSLY
LCS % AL =B flux e . CREAVEEREIE—L Y FTHZER
B 2013FEKYBEXRET S ILY R DR HFI AR REBELT - JK*E!R R & BFfux A A =TT -mevﬁw:ﬁzgsﬂﬂammnmd
L\ SAUEEA maE—Ly EERIALEAA—DY
BERDE—LSAVEEHFIEENDTE SOREEZELCS LizZzhb "%/ UBERAT T L MR
\f=
B 201120135 L—H—a T hoyiRE AL 8 8 A B EL RER JAEA) 3 3 ® 1007 EHE R RS
THz beamline
T 510091 AR 1005 0Nz S0HeV =T 0500
N < — = 0.3-3THz=1-10meV
FNUFHLOCREFAL. 75 —
ALYSEBORERY HT e\
Bunchlength \
\ v &mm incoherent SR
A LY e Lo S o < ¥
T 7 /\)L Jﬁ E 7 4 / Coherent radiation  Incoherent radiation
P N* PN TR v
Bending Magnetl=# [ H RS RAATD
TINVIRDERYAH
B CSREAVEEEREIE—L Y FTHZER g
REEN-NEEEEARDOEREEEL:
FEBRE - JFRFEDMagicMirror| 2L D5 i
S. Kimura, J. Vac. Soc. Jpn., 53 (2010) 399-405
Light source Band Frequency Averaged Pulse Electric field
width power energy at peak
Table-top lasers 5 THz 100 fs 1 kHz nWtouW nltoul 10 kV/cm
CERL(13mA) 5THz 100fs 260 MHz 1kw 10 1 MV/em
5
THE — LS/ S Science cases (THz)
( MEBR )
THz-CSR
Cooper pair
'meVﬁﬁOﬁi\'sﬁfﬁ x PES spectrum Quasiparticl
“THZEIREEIR I ~nsec \ Pk
(—13—x DFRAE. :
FT-IR,Bog{ometer BEI+/VE—F) °/ \Ie
ab—LURHZA A=T Y @ ~10nsec
Chamber M £, 3
{ EBHET AT TLABH OB )
Mo ROVIIT— CSR
M1,M3,M4,M5 FEHF—L . ¢ . — ' v ir% %
- -hml = Tve0 ooy
VoML REAF—U— v Nboe AVAVARR-AVAV
MO ML BB AT >/ i— HEF Ui 4 Virsvn virt Vp

F1&Y it HPERER B AT AES—, NLTF
Bruker VERTEX70V, 30-15000cm-1, dE=0.16cm-1

9FAF RV BERLT BB -

FT-IR, Bolometer(si, MCT)

it

Seml-condu
BIET4 /o E—FDTHRhEE

High temperature process
BRI E T T IS
SLEE SBERIL

Schematic view of intersection of CMOS
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L—H—a> 7 b UBkEL(LCS)
XBE—LSA Y

B High-flux mode
HIRBIZ L BLCsEAULE=EfluxkiR

B Ultrafast mode
OEEELICSHELZFIA L= = L FRER

X-ray beamline — High-flux mode

Quasi-mono. X-ray beam f"-‘l‘ .ﬁer
X-ray pulse = [
100 30um ‘._.1__.. 19 telcirOn
mm super-cavity }
20m >

Wavelength 1064 nm Energy 60 MeV
Pulse energy 1.8ul Charge 0.1nC
Frequency 130 MHz Frequency 130 MHz
Pulse width 1ps Bunch width 3ps

Beam size 30um Bunch size 30um
Multi. Factor : Q 3000 Emittance 1 mm-mrad

Laser-Compton X-ray
Averaged X-ray flux 2.7 x 103 phs/s*100% bw

X-ray pulse width 3ps

B Micro-focus imaFing

(high space resolution, highlight of outline)
B X-ray Phase imaging

by Talbot Interferometry

| | Large irradiation area,
Variable energy

-

®  R&D for Downsizing of imaging device (Tokyo Univ.

Ampitute gating b -
Phase grang. J y
-~ Z @1
== Al
)

X-ray beamline — Ultrafast mode

xeray X-ray pulse laser
spectrum

(aperture
3mrad)
AE/E=0.05

electron

Wavelength 800 nm Energy 60 MeV
Pulse energy 10mJ Charge 0.1nC
Frequency 1kHz Bunch width 1ps

Pulse width 50fs Bunch size 20um
Beam size 20um Emittance 1mm-mrad

Laser-Compton X-ray

Averaged X-ray Flux 3.9 x 107 phs/s=100% bw
X-Ray pulse width 110fs

B Laser pump - X-ray probe fs time resolved X-ray measurement
Direct structural visualization of photoreaction intermediate by
WAXS with 100 fs quasi-monochromatic X-Ray
Photoisomerization reaction in stilbene (cis = trans :< 1ps)

Observation of the structural change as fs molecular movie

. Takeuchi et al, Science, 322 (2008)1073.

11
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40FETTT ‘ "T"[Scattered Photon EnergyJ

— 0 (deg.)
= — 90 (deg.)

electron

2y%€;(1 + cos @)
SETY (¥6)%+ 2y¢€; /mc?

Scattered Photon Energy (keV)
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B ERRF(2013/3) D /INFGA—E—

A R

I WA W A T S

5 10 15 20 25 30 L %?E—A
Scattering Angle (mrad) IR)LF—:35MeV (y=68.5)
" L—Y—
0 deg. : ~ High Flux mode & 800 nm

90 deg. : Ultrafast mode
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B0 E— AOKETT

BRAEY T ILDOR(20m)IZ
SmradD ) A—A—%E%E

o jﬁf S
L
Tha

B EHERDKEE:002 mm

m AR (L (AE/E~0.1)

B QL00DNE—LHY AR

W JFFE ~ 5% 10 photons/sec

guIn
WA mcco

BEBSAERE
ALk
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X#RE — LS A2 (High flux-, Ultrafast-mode) # &

X-ray Hutch

2D

Vacuum Detector

Chamber

Be,Valve,Mask,MBS _Mirror

Cavity

Diffractometer

12W, fs-laser

H7TY— [T
L—Y— AL —Y—13
iR IR 2 130MHz
[PavkIvE 13)LT,RRY MBS Be
55— B

%
ket ] KT F=D VT EZHE, Be
% i =) AB—OYIYRT L=
=TT~ BR AEK, EE—R
R 2RI

EifE
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B CERLIZEITEFIAAEEBE L. CSRICKDTHZE —LSA
U LCSIZEBXIRE— LSAVEEHRT D

B CSRICK D THAET HIREETHICKY . DHEMFE.
THZAE—L U b A—D U JE ot S B R A0,
TOERBEMADIEAME. ENHFINS,

B HIREEE FAUMELCSIC R THAE T BHXER . HUNLE.
BFlux, GIERFEVSIBHEFEXIRA A= EADFHI A
NEFINhD

B 9OEBELCSIZE > THRET HIBIE/ VILAXKRIE, /LRIF
100fs, DwB—21) —EVNSKRHERL . BEEY(FIVR
MEADF AN FINS,
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Study of structural dynamics using time-resolved X-ray diffraction and

scattering

Kouhei Ichiyanagi

Graduate School of Frontier Sciences, The University of Tokyo

<Synopsis>

Single-shot time-resolved X-ray diffraction and scattering measurements capabilities for observing
the shock wave induced structural changes has been developed using multilayer X-ray optics. Using
the middle bandwidth (AE/E=1-5 %) of X-ray source, shock-wave induced structural change of
amorphous and polycrystalline materials can be obtained under laser-induced shock wave loading. In

this talk, we will present our recent studies and expected application using cERL.

B EE ISR D2MIE S A F I 7 ARE BRI K DRSS 7 R HBL5 0 X
RV BB, &ERECHE RO SBICB W CEERMEH M THH, vk
TH& 1T, EREN T ICRIT 2 EREEZ PF-AR DE— AT 1 NWI4A DT RLF—s3
RIEAE/E=15 %® H X #/ L A Z FWT CdS BfE O —ihA R 280 L TX7/=[1], L2l
N D HA X BRIV AT R X — N RIED A AT RV IERFRT o 5 72 O FEAl 72 1
IR T OMEEL A HRT 2HAR0. TENL T 7 AR HE K O E R Hi ik 58 2 ) E
TLDIERETH -7, &2 TEREKMEICE DY TS EFLFER % FVVAE/E=1-5 %O X FE
PR RV — AT R VI L 72 HEEAD 100 ps D X FR7 LA 7 —7 ¢ E L, [2],
1 J/pulse, 7~/ AME 8 ns D Nd:YAG L —H—/UL A2 KV GF L S L7 B0 <UL O i
IC X BIEHE - IR ABINT 5 s gy MRRRISERE X BB - SELE A ST LT,
FROBRIFECEIV Y I T T ADT EILT 7 AEERCER ERIEL D 3% A v MU T
R=FL7eona=7t7 Iy s AOEEEMIRIEIZI T 2MELTE & BB O B8 0
fER A WET D3],

K TIZ, o7 gy MR X BREET - HOEL 2 FI 7o B TR o0 SR8 2 /8
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Outline

1. EEEHEICDOLT
2. 209 )Lay N e o fEXER B3 - BREL
3. AR B ENEHEEMRTICHS TSR EHEE

ik
4. 3% A YR ) FR—=F2IINaA=7 53V AN
EBAAFTIUR

5. EARRSEERITAILLDIEHRE A FTIIA
6. CERLZRAL- B EER

1
4F ﬁ"' e — sz O 4F =
BHEIMIZTOWNT TS FXER UL R E ALV EHE R
BEPEERT SERBEENK ZEIEZERAVXRARI ML OHIE
(M E#E)
XIBNIWREFE-EBEEMRIKEOEH A White X-ray pulse (AE/E=15%)  wap Single crystals
(semiconductors and metals)
v EH-GH-EM (HEBS 43R, EHhG O hMsiE) SyavBER
- . 3
v BRMBEOANALRE (ER-BE-BH) TTLAER Shock wave RiLAFEDLNED
v BEENIEHTIME. REFEX (E09) . CaEo Polycrystal and amorphous
High-flux X-ray pulse (AE/E = 1-5 %) == (fused quartz and metal)
BB AR
(B FHiR) ——
£IIVIR
SRBFRK
HWEHHER
K. Kadau, et al., PRB (2005). 3
L. - X-ray-prob i tal set NW14A, KEK . . . "
aser-pump X-ray-probe experimental setup @ ’ Laue images of CdS single crystal at ambient condition
Timing module
/(_,_,_ Delay Generetofl] =8 RF master oscillator gl ™ ° i o Shocked Lave
Nd:YAG Laser t 3 | Ablator Fim
( i kr cavity % " |
Undulater f / ‘ ™~ S
H / -l Krzy pulsa
! . Y, , <=
) X-ray shutter KXoy Fulos selactor I T //
J e s (500128 100.158) Wide-bandwidth X-ray (AE/E = 15 %) ~ Vreheekestae
Diffraction Image SEED
X-ray 15 keV (AE/E = 15 %), 100 ps, 945 Hz . oot Compressed atice.
* CdS(111) 50 umt
Laser 1064 nm, 8 ns, 9.45 Hz - Ablator Al 50 nmt
Film 25 pmt
FFEIDRRE - 1ns re X-ray focusing size : 400 um x 250 pm
<BIEFERT : 1ns—100 ms Laue image of CdS at ambient pressure  Laser focusing size : 450 umé
5

Structural dynamics of CdS single crystal under shock wave loading

: 22 nsf\ @) |

Intensity (arb.units)
it
3

Ons 860 ml/pulse

Onsﬁ(zcn (302)

25 30 35 40 45
20 (degree)

ol 1Al < —BhEEHE
The 15 % bandwidth X-ray

K. Ichiyana, et. al., Appl.Phys.Lett, (2007).
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Multilayer optics

3
&
g
g
oA N\
120 125 ul\ﬂ |3l—§ ul,o —1;:5—|;D 155
Energy (keV)

The depth-graded Ru/C multilayer X-ray optics

K. Ichiyanagi, et al., J. Synchrotron. Rad, (2009).
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ramp-wave front up to 4 GPa.

PARTICLE VELOGITY (kimis)

a8 [
TIME f1s)

Pressure profile of Soda-lime glass (Grady,
Mech Mat, (1998) )

C{o) (m/s)

0 2 4 6 8 10
Compressive stress o(GPa)

Nonlinear elastic response below 9.8 GPa

Barker and Hollenbach, J.Appl.Phys, (1970).

Forth-order stress-strain relation of
fused quartz in elastic region
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© ¥x.ray scatisring patterm

BEASZADI VY L3y M BEXERELEL
First Sharp Diffraction Peak (FSDP)
1 20/ 0 ~4A

T T T
—— before laser irradiation
—5ns

70 pmt

18 pumt

Laser Pulse

|

Sample

Intensity (arb. units)

X-ray : 15.68 keV (AE/E = 4.6 %)
(0.45 um x 0.25 um)

Laser : 1064nm, 10 ns
1.2 J/pulse
(0.5 um¢)
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Differential X-ray scattering curves
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Mit1) After
= shock
MW
8

3%-doped-YSZ
Shocked at 11 GPa

Monoclinic

Intensity {arb. units)

B Before
T(111) shock
- T(002) T(200)
Tetragonal
1 1 1 L
® 0 s w s 0 g
2 theta
0. Ohtaka et al,, App. Cryst. e > "
38 (2005) 727. Fig, 7. Xotay diffraction pattern from pristine 3Y-TZP (A) and the 3Y-TZP y
poessure-palse bading at 11 GPa (B). ¢ %
A. Matsuda, K. G. Nakamura et al., STAM 5 (2004) 511 .
P g
EEIEEERR

[ EREHOMEREEBOY 17302 J
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Time evolution of the differential rocking curves

atms) L
— 1005

:‘\-

Lattice expansion in
Tetragonal Phase

Intensity change

Transient phase transition
Tetragonal < Monoclinic

20 (degree)

J. Hu, K. G. Nakamura et al., JAP 111 (2012) 053526.
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ns-TRXRD of Bi polycrystal under shock compression

Reconstructive phase transition occurs within 5 ns!

Ve | B 1 s | B
f a=30m

L S

: i

A=
et
UL i
1 EY » »
M=4ns

Time evolutian after shack compression fns)

Pressure (GPa)
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Summary

B EXIR(AE/E = 15 %) EHLLBEEXIR (AE/E=1~5%)ZHENDFHIET
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LI

Otfoane tmerg ey, 8 e, s

glass ceramics metal

VIR MEIRICE (T AT EIL I AN RRERMBEEILF T /BT
ET DN, FIKERRELANTHEEREADSN,

v'3Y-TZP IS & &5 DEE4E (Monoclinic) B RIS h 1=,

VBIRVIBISEEEEBEL. TORPEBERTHEICRSETERSN D, 17

CERLZF AU N2 2 SR ER 5

EXER VLR ZE AV 2 FEXE T IS & B E B RER
BB ERS A FIVR, psh—F —DIRGEBRF(FIIR

fs or ns Laser pulse

FONT BOURCE l OFFRACTED AavE

FIG. 1. Schematic dingram of the basic concept showing the
shift in Bragg angle with com pression
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N S | S
(AR TIIENTT) A. Loveridge-Smith, et al., PRL (2001)
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Coherent Phonon Dynamics

Kazutaka G NAKAMURA

Materials and Structures Laboratory, Tokyo Institute of Technology

Coherent phonons are quasi-coherent states of phonons. Rich information on dynamics of atomic
motions (lifetime, initial phase, and frequency chirp) in solids can be obtained by using ultrafast
spectroscopy with laser or X-ray pulses.  Furthermore, atomic motions in coherent phonons can be
manipulates using the controlled laser pulses. In this paper, I present our recent research

achievements of the coherent phonon dynamics.
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SMFeAsO, F,(x=0.075) : Tc=51K

Amp Lifetime | Freq. | Softening
(1E-6) | (ps) (THz) | (THz)
Sm

1.04 1.10 5.0 -0.06

1D DIFBBFUREE (v 7 HE)
3DDOHERE (TH/2)

As 0.37 0.84 5.9
Fe 0.09 1.19 6.3
Carrier  1.74 0.47
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Femtosecond-TRXRD with LPX

Laser plasma X-rays:
1keV-10keV characteristic X-rays, pulse width < 1ps

TW-laser system
800 nm, 50fs
400 mJ@max

Optical delay line

3

8 keV, 10° ph/pulse/mm?

XCCD

sample

Cu-tape
CdTeE#ER(11)E
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CdTe®at—LbIH+ /2

L—HY—TJS5XXiERaE—L Uk
T4/ REE B ORI T T T
20 Data sampling time step: 26 fs 4

' .

Pump Laser Pulse

Intensity change (%)

Probe X-ray

pulse 200 fs -

20t Error

Sample c‘iy;s(el . )
’ CdTe(111) 0.0 05 1.0 16 2.0
Delay time (ps)
Symmetric Bragg diffraction geometry RFZERL: 3 pm
2dsin6=1 (IBFEHDO.8%)

BRHEELEHE 0.6 mJlom? K.G. Nakamura et al., Appl. Phys. Lett. 93 (2008) 061905.
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ERLEDEE

7XJLAIE:100fs, 1ps TOHEHE

Energy Recovery Linac Preliminary Design Report
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# ERLAGODTHZHEIZE ST/ DaE—L Ui
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Low-frequency coherent optical phonons

Share mode in graphite
Soft mode phonons in SrTiO,

ATAT (10

&
T
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Fas1-Order (Conasert) (a)
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v 2
Time (ps)
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0

Fig. 2. (a) Normalized trmssmitied imcansity of 1he probe pulse sa 3 function of the
ey fox the Ay symmetry configuration. (b) Ferier transform of the time-domsin
i

G. A. Garrett et al., Opt. Exp. 12 (1997) 385.

K. Ishioka et al., PRB 77 (2008) 121402R.
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Prospects of dynamics studies in the scale of fs by DXAFS

Hitoshi Abe
Photon Factory, IMSS, KEK

<Synopsis>

The DXAFS (Dispersive X-ray Absorption Fine Structure) technique is a powerful method to
perform time-resolved XAFS experiments. Laser Compton x-ray, which is generated by the collision
between Laser and an electron bunch, will be a suitable light source to carry out DXAFS at cERL
because of the sufficient energy spread and the jitter free condition. We would expect to capture
local structures and electronic states of some metal complexes in transient excited states. In addition,
soft x-ray as well as hard x-ray will be generated as the Laser Compton x-ray. A BL, where we can
use both soft and hard x-rays, is desired to detect behaviors both of molecules and metals in chemical

reactions.

XAFS (X-ray Absorption Fine Structure)iX, £k 4 7e¥'E O R iiiE0E FIRER E 2T b
D FEBRTIELE LT, AEECEMA R, HIBK - BREWE 2 SIRAWEF TR STV S, o
D XAFS ([T fiERE A2 R B 72 15D 1 5 & LT, DXAFS (Dispersive XAFS)ﬁ%é[l]
DXAFS [Z A& X #aF M L TRIE = RV F —HiPH O X 2 30BHS — B IRES U1 koo i
FEMONTHEST 5, 2K, =X —fw53 5 2 &7 <, oneshot T XAFS A7 |
NERRDZENTELFIETHY , KM XAFS FIEICHA S T&E T,

AENEL cERLIZBIT D b—Y—a 7 CHELTRAET 5 X # A FIH L7z DXAFS #F5ED
BEICONWTEZ THIZWN, L—F—a 7 b XX, 90 EREZEDOY A, ~40 keV £ TD
B X AR 1 kHz FREE OB K L TR O D[1]. 2. & DH5MTIX 10%RE DT R L¥—]A
MY ZR ST XBB G5, BRI Pt Ly BRI &H 72V D 11-12 keV TiE 1 keV FRE D=3
X —IRD, DXAFS HIEITHEWG W X #7225,

8 i R R[] 4 i GE @ Laser Pump — DXAFS Probe S8R 45 2 7-IF, 1@% ., ¥ v ¥ —OMEN
BET TR, E AR, L= —a T b XRERAESED L—F—E RN
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52 LT JFEMZ Pump Y & Probe Yo E DO TIZY v ¥ —7 U —RNEHT L, 2D X972
BEFATLFE T, bHHEOESRISEROERED BiEE, B HREZHEICEZ Dh
HOTIERONEMFEL TN D,

Flo b—Y—a 7 b XD X BRI D X AR E CIRAS BAET L2 LI
HH L2, #OXHR &M X & W7 2RISR TE D BL B EBHTERNWES D, =X
NR—FERO R % 2 50 X % 5 E < BB RIS, iz iE, PrélE LTo co Bib
Ji 7 84 B COLERUGITRT L, &/ L WU, SOGFED K WG O )5 DXAFS
HIE A ATREIC 72 D DXAFS IZFR &3, % )ind 2 HERLD fast XPS MIE S FIRETd 5., ZAUTIE,
FROSTEZ 73 ik CHEBEBIE TE DB T, &JB 0 L WL XAFS % T2 offil, B IREx
BEEBLETEXL LW IREDRH D, I HIT, K X 3 Pump-fl X ## Probe DFEEREH 2 Hiv,
HHEA RSN OBNL T2 B S ¥ LER b OEELOBY L E3MER & 72D,

[1] T. Matsushita and R. P. Phizackerley, Jpn. J. Appl. Phys. 20, 2223 (1981).
[2] KEK Report 2007-7, JAEA-Research 2008-032, “= > /X7 | ERL D% aIF%E”, 2008.
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Photon Factory, IMSS, KEK

Outline

Intro: XAFS, DXAFS

A DXAFS study at NW2A, PF-AR

Toward Laser Pump — DXAFS Probe experiments
NW?2A, PF-AR => Laser Compton Scattered X-ray, cERL
Prospects for studies at cERL & 3-GeV ERL

Summary

What is XAFS?

XAFS: X-ray Absorption Fine Structure

Bond length
Number of surrounding atoms (Coordination number)

electronic state
(valence)

Symmetry Distribution, Thermal vibration

ob XANES ! EXAFS
[ «—Fo

3x10° "
Element specific

to observe Local structure

N

(long range periodicity is not required)

Solid, Liquid, Gas, whatever

o

XANES: X-ray Absorption Near Edge Structure
EXAFS: Extended X-ray Absorption Fine Structure

Absorption Intensity (Arb. Unit)

I I
7200 7400
Photon Energy (eV)

!
7000

XANES tells us what your sample is.

Cl K-edge XANES

_/\ L Meg |

J,,,\' ZnCl; All these are metal chlorides.
—g _j\_/\—— FeCly
§ a But you can see some
% PoCly specific features in each spectrum.
2 |

FeCly4H,0
’_/._\-’ So you would recognize
N CuCls what your sample is.
2815 2825 2835 2845 2855

Photon energy/ eV

F. Zhu, et al., Environ. Sci. Technol. 42, 3932 (2008)

How to Obtain Bond Length by EXAFS

Eq. of single scattering EXAFS

3x10°F . P
X; % Amplitude Oscillation (phase)
=l “ _like” s
£ 2F Background subtraction... . RDF lllfe fun&?tlon r ! \r : 1
‘(; X axi (Radius Distribution Function) N
£ axis: _ T i T T T _ 2 j 272\ .:
£F Photon energy => Wave number z 8 X(k) = _So 2 kR2 Fj(k)exp(_zajk )Sln(ZkRj + 26/\,1 (k) + (P,(k))
£ 5 ; _
E > 6 P
g s « o
§ oF F_J T <4 Round trip” of the wave Phase shift
< 7000 | 7200 7400 7600 = 2
E, e EFEY ) Lo Isolated atom of absorbing atom
o 1 2 3 4 5 6 of scattering atom
EXAFS function Distance (A) Outgoing Photoelectron
6T LA AR Fourier Transform /- Fourier Transform
3 1 Nearest neighbor atomic distance Atom it eigh |
< N ighbor | Scattered
:5 oF 1 + phase shift r\ * Photoelectron
3 ] Bond length SISEINR i Bond length R;, etc.,
) S OTEPTVTTOT NPTV AT
2 4 6 8 10 12 Peak area s
Wave number (A7) b Coordination number (Parameters high-lightened by yellow are fitting parameters.)
DXAFS at PF-AR NW2A
Step scan XAFS & DXAFS
sample bent crystal B g
focusing mirror
higher order cut mirror x2
3 3 1D detectors -
white x-ray [~ available at NW2A

N

o

@
Absorption Intensity (Arb. Unit) g

. .
7200 7400
Photon Energy (eV)

L
7600

!
7000

XSTRIP (silicon microstrip)
detection interval >23 ps

Photodiode Array (PDA)
exposure time >0.5 ps

detection interval >2 ms
exposure time >2 ms

1D detector
3

Ni foil DXAFS AN s ]

| (test measurements) ; —
I [P s |
Sl T
T ARG »

x-ray o

i Nice spectrum!!
i 1 pulse =100 ps

$2
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DXAFSHIE E
LA
e VT LEFHRIE ST L (PAHBIES W) &
ERRG  KE (4.0~49.5kPa) EHBRE 573, 623,673 K
—Bk{bik 3R (4.56~49.1 kPa) FHFHEFE 673,723, 773K
BIERG Bk (4.1~61.8kPa). HFLRE 573,623, 673, 723, 773K
P
PF-AR NW2A
—RITHRHE
RYIAA—5— ZEHFE09m
Si(511)
Lauef2 B
R R iy Pd K (24.350 keV)
a—4y—Ro 7
—RITBHF  EREATAT(F—FTLA X
B 4 AR RE 10 ms in situz )L RISAR
9 10
B S AEXANESR R L Real time observation of PdO -> Pd reduction reaction
— Pd (3wt%) supported by y-Al,0;, Pd K-edge (24.3 keV) EXAFS
L RIS BRRIE
5 PDA detector, recorded every 10 ms
1.0 1.0 ?
- H,:20.6 kPa
09r 0.9 6 Pd(0)-Pd(0) 6;3 K
< osf §° 08 E 4 Pd(11)---Pd(1l)
= E Pd
- oo7r 0.7
06 B% 50.7 kPa 06 7k 20.6 kPa Pd(Il)-0
673K 673K
0.5 0.5
24.30 24.35 24.4 24.45 24.30 2435 244 24.45
E/keV E/keV
Pd PdO PdO Pd
0 2 3
0 ! R/A
11 12
Pd(0) PdO .
12 8 Laser Pump — DXAFS Probe experiments
BY 0,:32.7 kPa
Pd(I1)-O
8 |Pd(0)-Pd(0) <0.25 6 We've just started to try to measure this experiment
= — as to capture a transient state. N
& ; L4 =N
L ! Pd foil (298 K) | L \ PdO (298 K) 5
4 I |
Pd(0-0 7 | | 7] __Pd(l--Pd(l) -
\f\jj L mieae73 K) 2 i 1R 673K “
iV ! Ears \J/ A hacr
RS BN -V 0 ‘ X-ray (DXAFS)
0 2 4 6 0 2 4 6 Laser
R/102pm R/102pm
N R /pm N R ipm
Pa0) Pd(0)-O 0.7 202 Pd(ll-O 71 205
' PA(0}-Pd(0) 58 270 PdO  Pd(0)}-Pdi0) 11 287
Pd(0)-Pd(0) 2.2 337
Pdfoil Pd(0}Pd(D)  12* 274 —
Pd(ll}-O 4= 204
4o Pdi)-Pd(0)  4* 304
P(0)- (0} B 342 courtesy of Prof. Ishitani’s group, TIT H. Takeda, et al., JACS 130, 2013 (2008)
13
PRoAR 126 s 1.26 s
.26 s 1.26 s 126 s 126 ps
X-ray pulse /\ 7\‘ 7\
I rocked 8
Revolution signal
s e X 3
l"'”H"l .46 s N 126 ps [N 1.26 jis i) 126 ps fu l
Delay
Orbit
l Frame B I ———
Photon Energy (eV)
XSTRIP 0.35us .
Reset Scan Reset
e e Min. Gating time: 0.5 ps
15 16
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[Fe"(phen),]?*
sell

TQLL%J

pedve

‘m]\j

P

E MGy 109

Everir

0 =% 1000 ps

S. Nozawa, et al., JACS 132, 61 (2010) T. Sato, et al., J. Synchrotron Rad. 16, 110 (2009)

Limitations at NW2A, PF-AR

* Phenomena faster than the pulse duration of PF-
AR (~100 ps) cannot be detected.
* The jitter between laser & x-ray always exists, and

would be more serious when we go shorter time
resolution.

* Many experimental apparatuses are put in the
hatch one after another.

17 18
Some TR experiments in the world What’s the suitable sources for DXAFS?
Luminescence spectra of aq. [Fe"(bpy);]** Photons/pulse/ | Photn Flux /s Rep rate
0.1%BW
. 3 generation SR 1074-6 10710-12 ~100 ps < ~500 MHz
;i g Laser slicing at BM 1071-3 1074-7 ~100-1000 fs 1-10 kHz
E: * Laser Compton 1013-4 1076-7 ~100 fs 1 kHz
é Scattered X-ray, cERL
ERL 1075-6 10714-15 ~100 fs — 1ps 1.3 GHz
XFEL 10711-12 10713-15 ~10-100 fs ~100 Hz
0 0.2 0.4 [ps]
W. Gawelda, et al., JACS 129, 8199 (2007) DXAFS should be equipped and performed
Lin X. Chen, et at., JACS 129, 9616 (2007) at the cERL, and then the 3-GeV ERL.
*This table may contain incorrect data. cf. C. Bressler and M. Chergui, Chem. Rev. 104, 1781 (2004)
19
NW?2A, PF-AR => LC x-ray, cERL; 22DE-LF1 VIicBIFTZFAMAR
what are the merits?
* Faster phenomena down to ~100 fs will be targeted
and detected. - REE
. . Collision Hard X-ray BL
* The jitter could be excluded, and the delay will be point for LCS
exactly sure as set in principle.
* The larger emittance gives us a wider range of DXAFS Ly IR — L5 FSANLYHE—LTA
per shot. AEBI=EDLCE AL B
BERFEHRBICEDBAXAA—DUT
maE—LUMEERIALIzA A=Y
QOEHELCSHEEFIALI- DT A AIE WA/ URRATT LMY KR
W10 B 3% FAL VB 5) BEX R RER
courtesy of Prof. Nozawa
21

X-ray beamline — ultrafast mode

—rme ———

i Gaperture
4 3mrad)
P g BE/E=0.05

X-ray pulse laser

-—
electron

iy Ve
laser |
Wavelength 800 nm Energy 60 MeV
Pulse energy 10 mJ Charge 0.1nC
Frequency 1 kHz Bunch width 1ps
Pulse width 50fs Bunch size 20um
Beam size 20um Emittance 1mm-mrad

Laser-Compton X-ray

Averaged X-ray Flux 3.9 x 107 phs/s=100% bw
X-Ray pulse width 110fs

courtesy of Prof. Nozawa

O—YE—LZERWFRE 7 fEDXAFS

/
o
FRALY T ILORM(20m) ‘ i 5
[Z5mradDa!) A—4—% 2% B BT
4 o
by D

(P77 A7 I
+BRA D)

B EELEOKEE:50um
BRI (AE/E~0.1)

B Q100mmOE—LHYAX He
B JFFRE 5x10° photons/sec |

L—4—
KFEBER 4T
s|Amcco
50um et
— 5

20 m

courtesy of Prof. Nozawa
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~100-1000 ps

PR-AR => cERL l
: -
T Toary Photon Energy (eV)
hils
Ar

DXAFS at LC x-ray, cERL

S. Nozawa, et al., JACS 132, 61 (2010) Lin X. Chen, et at., JACS 129, 9616 (2007)

25 26

What we can do at LC x-ray of cERL Then, do we need 3-GeV ERL? YES!!!!

. T|me-resolved|; T:)a)r(m::zsnt )'(—I:ax Abf'(])_:)%tlfon « Higher photon energy
spectroscopy by with At = s * Much more flux: huge repeated measurements are
* In principle, the jitter free measurements will be not required.
performed. * Higher frequency of the ring, 1.3 GHz: photons come
every 0.8 ns, and “movies” of reactions will be
. . captured in realistic conditions.
* The larger emittance, the larger size of the beam — Not only Pump — Probe experiments
enables us to measure a wider range of XAFS per — But also Real time evolution experiments
shot.
27 28
Current status of our time-resolved experiment Available time resolution & possible study
IRNLE— -
Disp-NEXAFS 2y sy ) rsemra, M Acquisition Rep rate Period of real time  Ratio

7 OGKNEXAFS o observable reaction (Period/Rep

£ N,O monolayer (100 K) e 0

= An rate)

é RropRCILE— Tog® Current 33 ms (Video rate of ~100's ~1034

% status: the camera)

£ several min/spectrum 16A at PF

Phsjtoon Energy [eV] e = 33ms/spectrum Future: 0.8 ns (Pulse (~100 ns)-1-10pus  ~10%4
. e LB BREE ERL interval)

RIEAENERL LT =

JEFRATREIZ *

SBEFFTREI- ! [*] e ) Real time observations of catalysts at very working temperature
Dispersive NEXAFS?f%FHL\-CE}Fou:—C“G) For pl How suitable!! Perfect!!
ﬁmiiﬁﬁ%iﬁf%ﬁ&é \ CO oxidation on Pt(111) -..maybe (*;)

BLIGADZ S, £,=05-07ev (Ratio of k) = 10~ 102
(4] NP R EREK. SERRRD), LM ERRSAF ‘ ;
30
Summary Acknowledgments
* Prospects of DXAFS at LCS X-ray station, cERL are
presented. * Dr. S. Pascarelli, Dr. 0. Mathon @ESRF
— Laser Pump — DXAFS Probe experiments are strongly * Prof. Ishitani & his group @ Tokyo Inst. of Tech.
recommended to perform.
— At =~100 fs, Jitter free, The wider range of XAFS * Prof. S. Adachi, Prof. S. Nozawa and Dr. T. Sato
* cERL is a fancy machine, but 3-GeV ERL must be ¢ Prof. H. Kondoh, Ms. Y. Kousa @Keio Univ.
established  Prof. Nomura, Prof. Nitani and Mr. Niwa
— as to shine mysteries of transition states and to
capture real time “movies” of chemical reactions.
31 32

-43 -




5L — Y —G R D5 728D ¢ERL (2 L %%

SN —
i TRV X — RO SR M ERRER IR SEET B

Investigation of the molecules in the intense laser fields with the cERL

ADACHLI, Jun-ichi
Photon Factory, IMSS, KEK

<Synopsis>

Molecules in the intense laser fields have been studied recently, since the molecular systems which are
coupled strongly coupled with the radiation fields are novel few-body quantum ones, and also are
interesting from a viewpoint of the application to manipulate the molecules. In order to utilize the soft
x-ray spectroscopic methods, we develop the experimental techniques to investigate the molecules in
the intense laser fields with the synchrotron radiation. Here we present possible experiments to

investigate for the molecules in the intense laser fields with the cERL and show our future plan.

(ER)

L — =5 H DR T FIE, V=GR ETF T RICHES LIEDB SRR TH Y |
JRT-y FHE R BV CHia T o7 e LT Thb CE TWAH[1-3], 72,
L—H—hmfRiEL, R L5 TOEOFERE L LTHHERINTWD[4-6], ZD L 57
R — Y45k, HAV AL =B ENT L LIV FERTE, INET, ElTL—
P—Fu—T7 L LEERNED LN TVD,

Brx D7 N—T15, ML —V RO A5 T OFEBETRD T2, 3 FIEI T
PR OGtE 7T r—7 L L UERT 2 ERFIEDOHRREEZIT> T\ D, e BEEIX, 7
L — W — T hr T O ESF L OIS L - BT IOMEE A, ERETO
A (dressed) IRHEZ , VUV -SX FHIKD G AT L TR D FIELHNLTHZ L ThH 5.
KB+ HL—F =T, NU—BEER 10" Wem BREORTH D, Zhidk, L—HF— L
O EAERAPBEEGRIICHR DS Z ENTE DRI bE <, T Ol LS ERED SR
(TR X A REE L D ARV T — B EEDOFER T H B [5],

PF 75O X, 60 ps BREDIED /LA THD, £7o, ToPalb—EnbEb6R5

-44 -



Hlx, FEER RN TR TOAR Y A XIEES WD 0.05mm BETHL, KRLTHL
—PF—5E. INXVEGEVRRRHZ/RD, KD RERAR Y M A XZBWTH
VLT HNRT—EELFFOZ ENERIND, TWem® 4 —4 —0 L—F—h ooy 7-2%
g% PF NOOBAOLIZ K VBT 5 FERORATIE, AFARER L —F—IE@E DY
W USERE L B D ARy YA X2 2HIR1 G, ZHETODE ZAHHRKER?E
HAILTUVZ2 W,

—7J5. cERL 25\ & ERL (Z CHEBEEDD 100 fs MEFEED 7 1 —7 K UL ARG LN D
&L R — YA AT DT DICRI A ATRE e L —F — ORPUE S 2 5 & L b, FARD
N DBERIEEBE ORI A 77— VR D,

ZHIVET PF VU VNN TFIEIRIC T T C&E o, L —F =35I K 550 Fhld - JHih %
RS X0 BT 5 ER[7], BEO, L —V =GR ORBERERREAZRET S Z L1
£ D AELEFGERE DB ONW T DR EFHEKT D, £ LT, cERL ZFIHT 52 LI2LY,
INETOERNED LI ITHHEEINLIHAT D, SHIC, ERLICKVEBAREL 2D &
MR T & 25 %O R ZFENTT 5,

[ 3CHK]

[1] B.H. Bransden and C.J. Joachain: “Physics of Atoms and Molecules” 2nd Ed., Sect. 15.3 (2003).
[2] C.J. Joachain et al.: “Atoms, Solids, and Plasmas in Super-Intense Laser Fields” (2001).

[3]J. Posthumus ed.: “Molecules and Clusters in Intense Laser Fields” (2001).

[4] H. Stapelfeldt and T. Seideman: Rev. Mod. Phys. 75, 543-557 (2003).

[5] K. Yamanouchi: Science 295, 1659-1660 (2002) and references therein.

[6] H. Sakai et al.: J. Chem. Phys. 110, 10235-10238 (1999).

[7] T. Teramoto, J. Adachi, K. Yamanouchi and A. Yagishita: A/P Conf- Proc. 879, 1805-1808 (2007).
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K. Yamanouchi, Science 295, 1659 (2002).
3
L—H =152 &5 FEF BEFREFICKIEERZDOEHED A
. FCN %% 1.4x 1012 W/cm?
¢« 3DMDAATIZHETED a Ay T
— H. Stapelfeldt and T. Seideman, = f \ Jc'hcao' ;lh' IheLe ?tndngo'HiZ?ggfisl’ ¢
Rev. Mod. Phys. 75, 543 (2003). 4 3l em. Phys. Left. 290, 1 (1998). +
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« H. Stapelfeldt and T. Seideman, Rev. Mod. Phys. 75, 543 (2003).
- ERBZBIS, J Chem. Phys. 118, 6211 (2003).
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Energy range of X-ray n J “ oINS ‘q
— From 0.04 to 4 keV. || |‘
— 10 keV X-ray is possible at electron energy of 200 MeV and bunch length 50 fs, ?
which is accomplished in tracking simulation. e HJ ns |
Pulse duration of X-ray is 100 fs - 1 ps. | | ‘ ‘
Electron transverse beam size is much smaller than the focus size of focused CSR. ‘
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Dynamic Spin Magnetization Measurements using Circularly Polarized

Laser Compton Scattered y rays

Nobuhiko SAKAI
Laboratory of Advanced and Technology for Industry, University of Hyogo

It is possible to obtain circularly polarized y rays by colliding circularly polarized Laser photons
with an energetic electron beam. Following a brief report on a recent experiment of spin-dependent
Compton scattering using 1.7 MeV circularly polarized Laser Compton Scattering (LCS) y rays, a new
technique for dynamic magnetization measurements with LCS y rays will be proposed, which can be

useful to examine spin-dependent dynamic magnetic phenomena.
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Spin Dependent Compton Scattering

1GeV

Ee

AXT b Y EEANTERORAKEFLE

aler o '|_ s
o |.l|u I fE[w Fnal
. N
_l:'ul-l + it 4 ket — (1= pekl
[} . .
[t — =11 -ﬁ""l""l-"'_.El'l- (Wgread 4+ i)
I
Stokes parameters
P,: relating to linear polarization of photons

Py circular polarization of photons
n ¢ unit vector denoting spin direction

RIKEN SPring-8 Center

BLO7  BLOS

BLOS [ Laser Compton Scattering y-ray Beam-lin BLOI |

Energy 1- 15GeV
Current 500 mA (max). 220 mA (top-up)
Toev “ Circumference 1187 m
Harmonic Number 198
BLO3 Emittance 0,240 nm, 0,=4 nm (1 GeV)
BLO2 Laser 1064 nm, 532 nm, 10.6 ym

18.5m /

Laser-electron collision

DY
AN

Gamma-ray
detector

$ BLOI

Electron beam

5
Photons at New SUBARU BL-1B in SPring-8
0 e O O A S
Ee = 974 MeV , 200 mA bl wbewet s vor st fafi [
§= 10 um (CO,-CWlaser) 4W " _ l
E,= 1.7 MeV (for6=0) | -,”"X]“yf |
- :| | Compton Scattered Positron-Electron
l 107 pthOIIS/S 2 | | 240 keV y rays from annihilation 511 keV y rays
=
17 MeV Al Magnetized Fe f H |
E i spo
Pb 6 mm P collimator
|'"."rﬁ3':".l Scatt. Angle : 160 : I." JL
b e
Ge SSD : 64 mm®x60 mm*
7
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MCP of Fe observed by eg ' . B : ) Kl IIE
circularly polarized 1.7 MeV LCS y rays LCS jj -~ ? %i "0) "*J iR
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Attosecond pulse generation using Echo-Enabled Harmonic Generation

Kazuhito Ohmi
KEK, Accelerator Lab.

<Synopsis>

EEHG is proposed to produce higher harmonics generation of a seed laser than several 10-th order by
G. Stupakov in SLAC. Beam is modulated by the seed laser, smeared by a slippage and is modulated
again by another seed laser. A high frequency component of the beam distribution is produced by the
similar way like “Somen cooking”. D. Xiang (SLAC) et al. shows that the method is also useful for
attosecond pulse generation. Beam, which is modulated by femtosecond laser, now generates
attosecond pulse. In this presentation, mechanism of the pulse generation is explained by using 1
dimensional simulation in (z- Ap/p) phase space. An attosecond pulse system using EEHG is being
designed for ERL Parameters of beam and laser-undulator system and possible specification of the

output pulse are discussed.

EEHG [3v— RL—H%—TE—AIZEELEMEZ DT, ¥ — FL—¥F—DH+450D 1 DR
Dak—Llr MEERESES TE%Z SLAC @ G. Stupakov 23MEZE LTz, B — AOMEITH AL
FAZE[#(z, Aplp) N TD oA %, V—ANEV DX HICDIX L, T2l @AW Z1E-> T
<, #?% D.Xiang (SLAC) S 2L 0 7 ML ZARKIC EEHG AR T D 2 L AR EN T,
T2 ML= —=TE—LEMTTEH5ZETT M UL REAERT 5, ABETIT ULA
BEODAD=A L%, 1 Ry alb—raraffio CTiaT 5, ERL ICEALZEAD,
FAEMBEBEERT D, L—F— T Va2l —FDRT A= ZHIIKHLTED LS 7
IWADBMEND DEm D,
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Attosecond X ray pulse
generation using EEHG

K. Ohmi (KEK)
Compact ERL Science workshop
July 30-31,2012

Acknowledge to S. Kamada, S. Adachi

Introduction

® |0 asec=10"7 sec, ct=3nm, A<3nm

o /\YFR3InmIFEH L L

o TNTNY FHDO~nmDIEIBICHLEERE
ExEED, JULAR~nmdE—L Y Ni%E
BEzE3,

o NVFDENLUANDE IS IFC>OE—
LY KD S D550,

EDXS I LTHIBEZEDD

I 22/VLRAL —H—

I ZIE  Ti-Sapphire laser 800nm, <10 fsec,

2. Beam Echo, Echo Enabled Harmonic Generation

Echo Enabled Harmonic Generation
G. Stupakov, PRL 102 (2009)

|. Laser beam interaction in undulator & MN\MNV\
]

2. Large Slippage

4 T S — .
0 00 o w0 o

5

3. Laser beam interaction in undulator '
= 3

57| il :

4. Short Slippage ‘ r : 8 ‘

5. Harmonic generation
ARIFEBFORTAAZBAE 5=0p/p)

3
7> 32 L—% &Eslippage section RsgD .
R Atto-sec pulse generation
. HAEDLE D. Xiang et al., PRST-AB2 (2009)
5 -
WVWWV\ A | o JULRRELTES,
—_— K o EEHGTRE/ULAL —Y—%
il i AU B 105 Lt — D
Laser| R56(|) Laser2 R56(2) Harmonic generation | t_ I/\/ |\ %@7{7 D/\o
: ED LZDEDEL,
:' T— ! o EINULABREL—Y—(C&
DB LARE
5
Parameters ERL Laser beam interaction at U,
__Beam i i ® E=3GeV, \i=200 nm
peim e ® A\.=0.25m, a,=7.36,B,0.315T, L,=1.5m
Laser3
e Rse g Rsg® Dus L00us ik, a==(4)
® E=3 GeV
® N.=6.25x108, ,=0.1mm, I=300A e 2 5EH H-— 1 5 4 Gulr cos(kpz + 6)
272 272
: E o mfzd 600 keV, p=2x10* 80 e
® Energy spread g= eV, ee=2x10" - . o
. o Xy EBZESL—Y—TEY2
® Uland U2: y=25cm 10 period o5
_ L—>3>zEMTd, a=7.2x10°
® U3: v=20cm 2 period ? IBUEREAASERE < Lie < B\, BRI/ UL RICH
5
7

-54 -




o g/ VLA RE
Beam distribution after U, o FROBETNYFRICEB(TRIL
F—HME)EED. o o
® 3,=7.2x10%, Ad/0s=3 Slippage Rs¢("=1.1mm o
o026 260MW kL AGRY — 20 (2 & B, o BIULAI0f)EREL — -2 .
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Ly
272 : o SE®E L —1'—& L TA=800nm (Ti-sapphire).
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o 721l —% Au=20cm, 2R, X40cm
Ad~30% X
UTORE ® |00asec, 2.=0.0033, P=0.19m], 19GW, Rsc(?=0.075mm
® 30asec,a=0.011, P=2.2m}, 216GW, Rs5s?=0.022mm
® |0asec,2.=0.034, P=19.m}, |.9TW, R5¢®=0.0lmm
® |Oasec, 05=0.5x10 a,=0.01,P=1.2m], I22GW), Rsc®
=0.025mm
11 12
Simulation Example: 100 asec Longitudinal profile
B 000 2000 H:m) 2000 Aooo\\
® Single asec pulse w0 0 ,
is generated.  » = a0 | 190 |
E % 350 - 160
: ‘2': 2 ?;: 100 -
Coherent radiation No coherence o f‘“,‘“’, mwo S z‘f:; R
13 14
30 asec, 10 asec Bunching factor
o HOIRIFAS. FOMEKIERTRE Do hAIRY =22 BF(h) = Ni ie—ihkf’%
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IS r =l Npy = —
ERIZDEZL(IRITTETI)
02 16 P
(ﬁ - (Tzﬁ) aL,z = 7%]1 %(V‘a):l]
ar,.(s) = / ar(s,w)exp(krs — wt)dw
%a(s) _ .
e N0 kr =w/c
® Source: beam motion
AqC
ju (s, 1) = = cos kys8(s — s(t
Ju(s,t) zi:e S cos ky,sd(s — s;(t))

Al s ¢ o2
9 /kl/ da(t)é-,u’)eL(kLs—m)du) ~_ Z € ‘2‘““" (605 4 e=hus)5(s — 5,(1))
, s —
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kL

Radiation power

€22 Z0a2 p (Jo(€) — 1 (€))* k%
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P(t) = eiknc(tjfﬂ
® 32mo2~2k2 ;
a2 g v
6:4‘#211,')‘_,( Zy = 377

ka
kel <) _ gmiknztikuct %S (1 + E) —cti
® Undulator Ag=2nm, Ay=4cm, a,=1.6, Nper=12
e P=110 MW.

Js 27y p
17 18
i t 575 Parameters ERL
Beam
I Ugmaln
® EEHG & coherent radiationZ{E > fc 7 M # /LA Ui 3 rad
aser. Harmonic generation
RS RIRMICATRE T 5 Do el Ry sim  Ra®
s pulse
o I*}b#—}l\'?‘)\‘b05%/\"}b7\§6<i37”£?§3?‘50) U: Ae=0.25m, 2,=7.36, B,=0.315T, L,=1.5m
. ) Laser|: AL=200 nm, a,1=7.2x10-%, P=0.26m}, 260MW
T, oshV IS WAHIE, Rse(V=1.1mm
o TERRER. IRTHEDE |FFANLGITNIEA Ua:)uFOfm, L.=0.4m
. NS o L. 3: A.=800nm, 01.=500nm=1.7 fs, 0, .=0.18mm, a.~0.01,
5BV, E—LARERTELN, NT—EE Pdcs Im) P> 100GW ~ e A
T, VA —L Y MRESERRIZNZ W, Rse®<0.Imm
Urad: Ay=0.04 m, L,=0.5m
19 20
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attention
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THz spectroscopy using Compact ERL

Shin-ichi KIMURA

UVSOR Facility, Institute for Molecular Science

<Synopsis>

Terahertz coherent synchrotron radiation (THz-CSR) from the Compact Energy Recovery Linac
(cERL) is expected to be 10’ times higher average intensity than conventional incoherent IR/THz
synchrotron radiations and 10* times higher peak power in 0.1 % band width than laser THz radiation.

In this talk, expected applications using THz-CSR from cERL are described.

22737 K ERL (¢ERL) 6355 T 7~ (THz) 2k — L Mk (CSR) 13,
ERDA vk — L2 RRARSS « THz BURGIZ S TEYIRE T 10° 500 2 E R TR S
THEY, 12, 0.1% 1y RIRTOE— 7GRS VA L —F—% i 57 THz BURIZH~T 2
KRR E XTI TS, £Z T, Z0 THz-CSR 2FIH L= % - 7= < #H LWBFZER
MrEsh s,

FxlX, UVSOR TRHIZ L T 72 L —H—R 71 |2 X5 THz-CSR % F|H L 7= WF5t % R
LD, CHEEFEFEI & — LB ENER 70 7T L) O AR — MM XV, THz-CSR
HHE—LT A @R LT, £ ZCTRAT LD 1 51, THz-CSR &R UE /S F
LRATLIEEEN L — L MEREME (VUV-CHG) &fAEHETZ THz A7 -
BT 7 =70 L RER VT —ETHREDOHETH D, ZOE—LT 1 ITBIERE
o PERTHY, FENIIITE ORI RO N TN D,

A TIX, UVSOR TR L T % THz-CSR AFZEIZ DWW THITT 5 & 3Lz, ¢cERL TR
T 252 EDRHFFSNDMEICONTIRRD,
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Shin-ichi KIMURA

[ kimura@ims.ac.jp ]

UVSOR Facility, Institute for Molecular Science,

and School of Physical Sciences, The Graduate University for
Advanced Studies,

Okazaki 444-8585, Japan

Shin-ichi KIMURA

[Bla//\7 FERLY A4 T AT — 74500

“TZ ‘ UVSOR Facility, Institute for Molecular Science, JAPAN

o5

Outline

* |IR/THz Synchrotron Radiation to Coherent
Synchrotron Radiation (CSR)
— What’s THz?
— IR/THz-SR
— Present status of THz-CSR at UVSOR-III
e CSR from cERL
— Expected average/peak intensity
— Proposal scientific program
— Other intense THz source project in the world
* Conclusion
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Shin-ichi KIMURA

ﬂ‘z UVSOR Facility, Institute for Molecular Science, JAPAN
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Terahertz

11V laser
acL

Output power (mW)

T———
Lead-salt laser

001 .

\Mulnplexa(
1 I

0.01 0.1 1 10 100

Frequency (THz)
BL6B @ UVSOR-II
he highest-flux IR/THz BL
SK et al., Infrared Phys. Tech. 49, 147 (2006).]
Bending magne! #

[ kimura@ims.ac.jp ]

3-dimensional magic mirror
[SK et al., NIMA 467-468, 437-440 (2001). ]

& Magic mirror

UVSOR Facility, Institute for Molecular Science, JAPAN
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Bursting emission at UVSOR-II

Time structure of THz bursting detected by YBCO detector.
[P. Petra, SK et al., submitted to IEEE Trans. THz Sci. Tech. ]

Detector response (mV)

40 60
Time (ps)
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LN,-cooled YBCO detector
[P. Probst et al., APL 98, 043504 (2011).]
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What’s coherent synchrotron radiation
(CSR) ?

Wavelength ()L‘)

Electromagnetic
wave

Bunch length » . [ normal synchrotron radiation ]

— incoherence

Bunch length < [ linac, energy recovery linac,,,, ]

— full coherence

['Y. Takashima, SK et al., Jpn. J. Appl. Phys. 44 (2005);
M. Shimada, SK et al., Jpn. J. Appl. Phys. 46, 7939 (2007); . 1
M. Shimada, SK et al., Phys. Rev. Lett. 103 (2009). ]
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Coherent SR
SR Power emitted

L 2 11
by an electron  p — I)O(Nc + N:F;)

bunch CSR

= ([ cos2r/ 2)s(2)d=]

P,; SR power from a single electron

N.; Number of electrons in a bunch

F.; Form factor of electron bunch 8
S(z); Longitudinal density distribution of electron bunch




Quasi-monochromatic CSR g P Terahertz
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generated by amplitude § “ o
modulated pulse laser 3 ‘\‘ 1000
[ S. Bielawski, SK et al., Nature Physics, 4, 390 (2008). ] :§i ‘ ‘L % e 111V laser
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emitted from a flat field in a
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THz pump—PES probe (TP3S) beamline at
UVSOR-III

Combination of THz-CSR and Coherent
Harmonic Generation (CHG) in the VUV region

VUV-CHG [6-th CHG (hv~ 9 eV) ‘

é is expected. Ahv< 10meV] (1 kHz, 10 m)/pulse, 130 s
- " i by Legend-Cryo)
3 ‘ Delay line Radiation shield wall
> PES
Electron i | analyzer
s bunch L | \‘ = Radiator Modulator
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= |
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g VUV-CHG < S £ U‘ Band width
< 5 >
[ M. Labat etal., Euro. Phys. J. D 44, 187 (2008); S § ‘\ = 16GH: 634 0,
T. Tanikawa et al., Appl. Phys. Express 3, 122702 (2010). ] E g 3 | @;\
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Photon flux and peak power of THz-CSR

(Calculated by M. Hosaka)

Previous THz/IR pump experiments

Average photon flux Peak power THz-pump — THz-TDS probe THz-pump — transport probe
Photon energy (meV) )
e 5 10 15 20 o BLIB THz-induced Josephson plasma THz-induced MIT of
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. - T 9 .
gty 2107 ph/s/0.1%bw. |2 1 I § = : 3 z
z =3.1 mW/cm? & 2 g3 0.50 > H
iz | E o £ EEEITSIOLI B
23 2 L[ o3w/pulse/o1%bm. N = o0 Bl P 3
= 4 24 B 53 \ —
2 “E 4 & 07p Ipear = 3.6 pl/em™ = S —_ \ T
E@ O edBsR N\ : £ s 2 045 L] 5
B i =5 < \ T
5 L BL6B SR 1 10 5 = e 10K \ 23 g
& S: N Lightinduced @ £
10" L ' 10'30 7 Z 5 : SE 0.40 ght-induce ! 0’: g
0 2 4 g3 LESCO, 4 @ - S o
Frequency (THz) Frequeney (TE) £ o1 1 Vibrational excitation
Sh 40 60 80 -10 a 10 20 30
cf.) Highest peak power of laser THz source : — L8 ®) T8 Frequency cm”) Delay (ns) ;
ot £ = .
2 w/pulse « white light % i s 2 .
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Experimental Labs

First beam injection: 4th Quarter 2013
First light: in 2014 (?)
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Other CSR source projects
FLUTE: A Tost Exporiment  £27E ) SXIT

QIRC E @ ALS .C;"-r;mnmxcrnm‘:-
Cohereng InfraRed CEnter s oandroma
[ http://circe.lbl.gov/ ] —

[ http://www.isa.au.dk/meetings/esls2011/talks
/ses6/2011-ESLS-Schuh.pdf ]
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Expected scientific programs

THz pump- ??? probe THz-probe
(QP, Phonon,,,) « SNOM
: * LCS X/SX probe * Wide region imaging
=S — Diffraction
78 — XANES/DXAFS
E3 ) / * Combination with x-
s = Imaging ray imaging
23 — (AR)PES .
EE (AR) (absorption, phase
- g * THz-TDS probe contrast)
§ 8 — Absorption/reflection
=5 * Laser probe
: § — Absorption/reflection
%38 — ARPES
'“‘—ngﬁ * + Laser pump + LCS X probe (by Nakamura) 18
Conclusion

IR/THz-SR and THz-CSR activities at
UVSOR-III, and expected intense THz
from cERL are introduced.

performed .

2
= g * THz-CSR from cERL can bridge
g g the THz gap. .
E3 v e
@5 * THz-pump PES-probe spectroscopy & ™ et Wi
£3 (TP3S) was desired at UVSOR-IIl. -~ | [ ™
e, & ¢ The beamline was constructed and ';

2 the test experiment will be

g

* New experiments can be desired
using cERL.

Shin-ichi KIMURA
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Nonlinear optical phenomena induced by intense terahertz pulses
Hideki Hirori

Institute for Integrated Cell-Material Sciences, Kyoto University

<Synopsis>
We demonstrate that a 1-MV/cm terahertz pulse can generate a substantial number of electron-hole

pairs forming excitons in GaAs that emit near-infrared luminescence.

T BT, IMV/em & x5 BHARIE 2 F5D THz 7LV A OFRAEMNAREIZ /2 D | 16K THz
BB 3 KA 2 T THz FERRIE 3 e~ DI AR STV B[], A< b Tnbd 7 =
I MPEAEHEIEGR D OK VLA (Im)/7 OV R) % BRI 72 JERIE At dl ZnTe Z bk 1- L 7= &
BN D THz 7V A O EIGIREIEIX 10kV/iem F2EE TH Y I 100 ERE O EEE(LTH D
[2]. 1 THz ZH.OJER S E 95 THz 7SV A%, HRiRy @ W R S 2 R o B lcxf L T
afp (10-12 B) OMETFHET 5 DC & L TARE D, O EME THz 7SV A %
fif 21X, BEEYEFICBT 2 T0METH HMES T TO7 1y AR OEB)OFEM A ] 5
T DT EDAREICAR D, 72 IMV/em OB 10nm O MR 2 FF-OEMENZ 1V OEFEE
MMz 7z ZIZACDMEICHY L, BIENRETT A ATHLMBEIZEREL S b, ZODE
SREE THz 2NV ZZ K DAFFR1E, F /W& b - @A AL ET e 8K TS 2 ZI6 1T 2 I FH
ZEFROIMIEL A T I 7 RNZHONTEFH LWERE 5 2, THz #HCEfET 28772
JT NA ABBICEERIEH A2 Lo T MR SN D, Fhal Tl by s iRE s8R
IZFBWTIL THz 7SV AEHIZ LY 7 — = OB % 28 2 TITBRER B O SN FEBL S T
B, WHERE ORI/ NF A —F =725 2 L E2FFEL TV B3],

AREETH, FTZRORERERDODH > T-=A T Y F 7 L LINDO3(LN)FE &t 2 f# - 7=
R THz 2NV A DFEAEJEIC DWW THex OEERFER & & B ISR T 5[1], RIT, GaAs/AlGaAs
ZHEEHFICBV T IMV/em O EIGIRIE 2 £7-D THz 2V AL 233 > R & Bhkd 2 AR
2L b T ROLBLN & KB U 7= B ORFFER R &R B [4].

[1] H. Hirori, A. Doi, F. Blanchard, and K. Tanaka: Appl. Phys. Lett. 98, 091106 (2011).
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Cavalleri: Nature Phys. 5, 485 (2011).
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+ THz time-domain spectroscopy
= —_= Wy, 3E
BEHRETINIVYRILATERTS :
o iy + Intense THz pulse generation
3'5#7%%7'5?-5.% * Tilted—pulse front scheme with a
LiNbO; crystal
EE ﬁg H. Hirori, et al., Appl. Phys. Lett. 98, 091106 (2011)
+ Nonlinear THz phenomena
A A « Carrier multiplication
R A :F _ . (GaAs/AlGaAs multiple quantum wells)
Mg_ﬁigﬁﬂ VX TAM;:-‘ H. Hirori, et al., Nature Comms. 2, 594(2011)
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THz region (0.1-10 THz) ) s Von THz generation and detection
(1THz 2 300um 2 33cm! 2 4.1meV) = Generation o Detection .
Electron " Photoconductive antenna " Photoconductive antenna i
Inner molecular transition Photocurrent
vibration @ Metallic vz pUIseam
& ST | @ antenna Em;“gT
e )
Intra molecular Xeray fmiiny Bias
o vibration I diffraction Voltage
8
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o . u
‘g— Orientational 10_100f50ptlca| pUIse
2 relaxation R R . .
2 Nonlinear optical process Electro optic samplin
%
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Radio h Micro wave “ THZI Infrared H u\travialet* xray [ ray | A— 1@ JL o |
Visible —= Differential frequency i
Superconducting gap, Soft phonon modes in ferroelectrics, generation E(t) wa P
Excitonic resonance, subband transition, Intra molecular vibraton || B : X .
of bio-molecules, Rotational mode of gases, etc. ¥0.1-100 THz (3 mm-3 um, 0.4-400 meV) is available.
3
; B o B
THz Time-domain spectroscopy W Mo Contents
v Electric field measurement = Complex dielectric constants.
7
E(w), w l
( ) ¢( ) J\,—> Sample
v'Allowing for ultrafast time-resplved measurement. B - Intense THz pulse generation
Ultrafast phenomena in semiconductors, phase-transition « Tilted—pulse front scheme with a
and superconducting materials. A P
R. Huber et al., Nature (2001).  C. Kaind! et al., Nature (2003). LiNbO;, crystal
T. Suzuki and R. Shimano, PRL(2009). H. Hirori, et al., Appl. Phys. Lett. 98, 091106 (2011)
e = B
- 3
L Optical | sepies y
i [ e
probe, = " 18 o
Lssasma 005
MQWs =, o =K 1o
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C. Kaindl et al., PRB(2009). Photon Encrgy (neV)
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Nonlinear phenomena in W22 v Intense THz pulse generation W22 v
solids with intense THz pulse (10-80 THz)
* Resonantly THz-Driven Systems Tl T o S LTSN TR | o
Rabi oscillations, dressed states, the AC (or optical) Stark Phase-locked generation and field-resolved [ [":,‘LL.I' [ Erbor cdiatar] |
effect, the Autler-Townes effect, electromagnetically-induced detection of widely tunable terahertz pulses | wesive ) e
. . . f with litudes exceeding 100 MV/cm | ampifier
transparency, gain without inversion, ..., etc. e Pl
Alesadr Sl Mied Lttt and Kupert Hlbes®
2> — 1hQ 12‘ E Differential frequency generation
- @,
- 2 .;4_.#
> — —! o G @ le
), | aSe w
. 19 pJ (n~0.14 3
* Nonlinear transport phenomena R )
Bloch oscillation, Inter-valley scattering (Gunn'’s effect), )
Impact ionizations (carrier multiplication) - Field strengths that outer-shell
electrons in atoms experiences.
+ Available for inducing phase transition + Higher frequency region (10-80 THz)
phenomena has a GOOD source! (19 pJ, 7~ 0.14).  e/4nzag? ~ 100 Mlcm-1GV/em
« Lower frequency ???
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Tilted-pulse front scheme with W22 v Characteristic of LiNbO;
LiNbO; crystal (below 3 THz) for THz generation
Temporal profile and spectra H.Hirori, etal., APL (2011) Good point Bad point
8 Eo 1 « High second order nonlinear * Large difference between p2(=5)
z s susceptibility and n%"(=22)
= 1.0 g0 « Large band-gap energy (3.7 eV) phase -
& 7 : [ v, <<,
1.2 MV/cm Z10 zE (less multi-photon absorption) = Vi opt
o 0.5 2 10 00 10 § > Velocity (phase) mismatching
o) Horizontal position (mm; - Qo
% postenom) 2§ Appl. Phys. B 78, 593 (2004) orrﬁ" ™1 D. Palik, Academic
g 0.0 Material 4 (pm/V) V'P_ Press (1985).
s T
05 0 CdTe SL§
01 2 3 456 7 0 1 2 3 GaAs 65.6
Time (ps) Frequency (THz) et g’;g
« Nearly half-cycle sub-picosecond pulse with a maximum peak Iﬁ“
field of 1.2 MV/cm (3 pJ, 7~ 103, spot diameter ~ 300 um). 168
< Around 1 THz of center frequency. . >
« Optical rectification of femtosecond lasers. WAELERTH G
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THz Cherenkov wave Velocity matching by s /wpi
the tilted-pulse-front scheme
phase group J. Hebling et al., OE (2002).
\'\I’Hz phase front e << V,)[)l , n
o THz wave : ™
| == The condition necessary for I i 7 z wave
e - the shock (or Cherenkov) ey Optical pulse
lTHz 1 @ wave radiation of —> | 4 phase front
5 L) o a supersonic aircraft or bullet. Optical pulse! 4 7= I
f T 1 ,%9 =
Optical pulse V2"~ LiNbO, RN e
. . . opt
= 4 Direction of THz wave Phase velocity of When 7. - 6.,
phase __ _ group — hase _ | yc
LiNbO, Tie = Vopr | COSOc v,,’.’Z;’” = VI cos 6. - V= Vopt
c0sB.. = néow / phase . .
géi'sguitggsetfglé‘t = Mopt TH: Noncollmefxr velocity of Phase matching condition
' (1984). w— 0. =62 deg tilted optical pulse can be satisfied.
v:,f, =var? cosy.
11 12
How to tilt the pump
pulse front?
. Laser source
Grating - f"rz:;i’ pulse « Ti: sapphire
Tilted pulse front Diffracted light cos 8 * 4 mJ/pulse
] tany =————. «1kHz
N el - e sma + smﬂ + 780 nm
F//— Pulsg_fmnt sina +sin B = Vnpﬂu, « 85 fs (FWHM)
! u)b e m: diffraction order P Key factors
Grating B Incident light p: groove density of a grating M Cia + Good phase
Normal line —-, Zq: the central wavelength i matching condition
Lens pair « High nopl?r?ear
—LM fication M susceptibility
¢ lagnification M, any, - mi,p « High pumping
< nM,cos power
. o « Tight focusing the
s ng: group refractive index of collimated THz
Y LN crystal PD beam
Ve =00 =062°
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Strong picosecond DC gens i Contents
electric field )
1V
| 1 MV/cm — L Electrodes
Substrate
» Achieved in actual electric devices
. Uselful for characterization of electric - Nonlinear THz phenomena
devices . - .
« Carrier multiplication
Nonlinear transport phenomena (GaAs/AlGaAs multiple quantum wells)
« Bloch oscillations H. Hirori, et al., Nature Comms. 2, 594(2011)
« Inter-valley scattering
+ Impact ionization /
\ * Zener tunneling /
15 16
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Extraordinary carrier multiplication
in GaAs MQWs gated
by intense terahertz pulse

H. Hirori, et al., Nature Commun.
2,594(2011)

g fcem

Nonlinear Transport Phenomena
in Semiconductors
Carrier multiplication in high electric field

« Electron accelerated by electric field can gain a kinetic energy
and excite other electrons.

Impact ionization Carrier multiplication

- .. Ea>Eg %
' 9 a C.B. ’%‘ %

1—p

M m
|2

5 V.B.

Various applications
* Avalanche photodiodes

« Electroluminescent and
photovoltaic nano-devices
Fundamental

« Important for nonlinear transport phenomena.

Emission
CNT
oin J. Chen et al., Science (2005).

mmmp The elementary scattering process has been unclear.

17 18
cans A8, .
Purpose = Lwpi Experimental setup for THz
induced luminescence
Clarifying carrier multiplication process of GaAs Setup GaAs quantum wells
under high electric field o
Parabolic mirror 11.9 nm
) ] X272
« THz pulse with an amplitude exceeding 1 MV/cm onm
« Nominally non-doped
- . L . (Residual dominant impurity
== Sufficient carrier multiplication. + donors are Sulfur.)
THz pulse * Low temperature measurement
Sample (10 -150 K)
. . * The polarization of electric field is
. «Lens (f=40 mm
Luminescence measurement - I_umine(scence ) in plane and along the (100)
direction of the sample
== Direct evidence of carrier generation. > PE=Eg,
Mirror  Lens CCD
(f=150 mm)
4
Spectrometer
KVOTO UNIVERSITY INSTITUTE FOR INTEGRATED CELL-MATERIAL SCIENCES ICEMS. KYOTO-U.AC.|P 19 KvOTO UNIVERSITY INSTITUTE FOR INTEGRATED CELL-MATERIAL SCIENCES ICEMS. KYOTO-U.AC.|P 20
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THz induced luminescence

without photoexcitation

Electric field dependence

2

g at 10 K %17 [ 100 L

] Electric field 5

E@ |Mviem) £ El

e |— 105 %10 F

85 [ : g

[} 0.54 s | . |E

o= €0 = -2 |

e S1s2 156 |% 10

E Photon energy &

3 ) . 10° ¢ ‘ ‘

152 154 1.56 1.58 1.60 00 05 1.0

Photon energy (eV) Electric field (MV/cm)

« Luminescence centered around 1.55 eV.
« Electric field dependence shows extremely nonlinear (& 8).
« The number of carriers increases by about three orders of magnitude.

KvoTto
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Carrier multiplication wpi
process in 6aAs
Single impact ionization
X a r A x ° El_ectrops segded from
3| condion residual impurity donors by the
_ band e} field ionization
=
o .
=15 R 7 « Doubling the number of
E,' electrons.
w 0 hay
*end Y € ey teythy
-2nia Inia
K e h,/ : electron and hole
Carrier multiplication
Carrier density N (¢) after < n;> times impact ionization events:
N(g)= N, x o{m) N, :initial electron density
0 < n;>: number of impact ionization events
EVOTO UNIVERSITY . INSTITUTE FOR INTIGRATED CELL MATIRIAL SCIENCES - ICims kvoTo Uacr 22

22

Impact ionization number

derived from experimental result

Increment of impact ionization

Carrier density

17 number <An, >
. 10 Experiment D
N N(g)= N, x2"
§ 10"}
~ < Ay = 108y (N(63) M) ~ 9
2, 15] :
2 10 B * 9 impact ionizations induce
3 Enax=1.05 numerous e-h pairs.
et 14 [ MV/em
& 10 i 9 times
£ &n=0.47MV/cm |
R v ~10'7 em3
10 ™
0.0 0.5 1.0 e, Suc
THz electric field (Mch'1) ~10" e @0 ?_: v
@ EESIESS
TVOTO UNIVERSITY  INSTITUTE FOR INTTGRATED CILL MATIRIAL SCIENCES « ICtms kvoToO UAC T 23
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How many times do
impact ionization occur?

Changing k with electric field & (#)
M. L. Cohen et al. Phys. Rev. 141, 789 (1966).

dklt
n & =—es(r)
dt
k (1) : average electron wavenumer
£ (1) : electric field En=1.76eV I

Ga ag

e : elementary charge
h : Planck’s constant

O - w s g o
T T

!

|
The GaAs dispersion relation -3
yields the E, of 1.7 eV at a -
wavenumber k of 2.77 x 10° m™ .

2.77%x109m™"

m=) The number of times the k exceeds 2.77x10° m™" in
electric field of THz pulse should be calculated.

KvOTO UNIVERSITY - INSTITUTE FOR INTEGRATED CELL- MATERIAL SCIENCES * ICEMS.KYDTO D.AC P 24
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Calculated number of impact o 70
ionization events

« Assumption that the accelerated electrons lose all
kinetic energy when K achieve the E,.

(2) £=1.05 Mvem”" K=277%109 m"

T [ < n(epa=1.08 MVIEm) > = 15 |

s

x k=-2.77x10°m"

- - g

2, '”'% < n/(6,,=0.47 MV/cm) > = 3

H

§ 0 Increment number of impact

-2 ionization events

§ 2 1.0{0) THzpuise —p < nl(gmax) >—< nl(gmm) >=12
S8
T® O .
E;g 00 /\ Good agreement with the
23 experimental value (9 times).

2 -1 0 1

g fcem

Experiment v.s. calculation

10'®
o o Exp. Impact ionization rate
£ 17 [ — y=Infinity (Keldysh formula):
S 10 —= C=5C,

— 12
immf—— c=C, 7, =C(E-E,), E>E,.
3 |
§ 10" - C=C,=870ps'eV2and £, = 1.7 eV.
=
(5] 14 [
£ 10 M. V. Fischetti and S. E. Laux,

@ Phys. Rev. B 38, 9721 (1988).
© 10" ~—MNo
\

00 05 1.0
THz electric field (MVem™)

Good agreement of impact ionization numbers and carrier
densities between the experimental and calculated results.

Time (ps)
FVGTO UNIVERSITY _ INSTITUTE FOR INTTGRATED CPLL WATIRIAL SCIFNEEs - ICtms.KvoTo UAEIr 25 RVGTO UNIVERSITY _ INSTITUTE FoR INTTGRATED CPLL WATIRIAL SCIFNEET ~ ICtms.KVOTO UAEIr %
25 26
Summary
Result
v Generating the world’s strongest THz pulse. R
(Achieving at electric field of 1 MV/cm.) \ e
= Tene
v Observation of bright luminescence by irradiating r e
1-MV/cm THz pulse to GaAs MQWs (Ey ~ 400 hv ;). Ll
Outlook
v Further increasing up the THz generation efficiency.
v Studying Zener tunneling and Bloch oscillations with higher
electric field.
v Appling new materials showing phase transitions.
27

- 66 -




REREE THz IR DBLIR & s B
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High Power THz Sources and Their Applications

Masahiko Tani

Research Center for Development of Far-Infrared Region, University of Fukui

<Synopsis>
Recent development of high power/ high intensity terahertz radiation sources is summarized. Such
high intensity terahertz sources enable us to carry out interesting researches and spectroscopies, which

are not possible until recently. Some applications are illustrated and discussed.

P4, 7 T~V (TH2)WE O SEIREAIR 23S B A U, @9, @it /) THz #5614
L7 S BB MG E > T D, THz IO AHRE L —% —(FEL), 2t —L > kv 7nm
he B L, KRB iR 2 BT L 0IR7E T TlEe <, 7= A ML —Y— & iR
&5V A THz I OF AR DS ES U= 38700F C, e/ N 22 iF 725 L~ L O 35 T,
E— 27\ R TH MV/em b OEMEO THz WERAZFHATE L Lo hoTEe, o=
X7 N ERL(CERL)IZHHE 7L —H—=v > 7 1 b a U HSHGE(CSR) 2 & & R, FRxtEmr 72
BFE—LZ N5 D, EERIIIERD ZOfMOEREIZ < X THREID/ MU S L, 722
IHNETIZRL @AM THZ AT 2 2 N TE D LW SN TWD, 20X 5 22BUk
EINADR I, FREETIIEES - SIEEO THz BCREE L, ZOIAGIH 2 W idiifs s
NDIEHNZOWTIRARD, S HITEEDRITIY A TV D4R T EEE I T 2 EER
A (R TICERR AR RS EL520) 2 W7z THz O ESHEIRIEIC OV T G fil
N5,

<THz ¥ & H 60 >

FERIT— IO, Ha (ae—Lr 2> b)) KR, 2OVARIE, #EiRER Sk 72
RIRFELZ R BEUE, SR E V- T —ITERT L2 N LWV, 2 2 TIE IkW
uiwmﬁéﬁﬁ%%éwm%ﬁmmﬁghé%@%%25:&K#éﬁwnwbﬁme
WOREIEE LCRATE 20131 E LT 2 MEONRKTH D, —2I3H% im0 E
I L7 EA B — LN T OB 28 LI T Y, THz 4 FEL, CSR, THz
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FIR ¥ A v br 28 THY, cERL b ZOFEONFE THD L WA D, FELRV ¥ A 1 |k
a T RBIRT 2 HIE TH 523, CSR, cERL (XA v 2RO THz # % fd3
%, cERL (Ti#H D CSR LV HEEIZHRVRERHBHND L SN TEY, lem! HizhOr
— 7 NU—=X1MW UL EETFRENTWS, b9 —>0 THz Hm DI AR 72 &
THE SN 7 = 5 ML —Y — 2 BRI e EOBEICIRIT L, FERIE IR A
WRRIZL Y EmE— 7 RED/ VR THZ AR ESEDL D TH D, B —7ERATT TITE
MV/em (3% MW/cm?) @ THz 7V ADFAENRRE SN TWD, 7272 LYV ZEIL B a ik
THEKkHzBEVIELOSH DR, EHH ) & L TIEmW (Ful/pulse) FRETH 5, FHEIH

TNFENEH DD cERL WA TEES & b EW THZ WO E— 7 RENG LN TH D
EWVWx D, FleT7 2L ML= —DIFH N, EEHEEDN/ NI NEWSFLELH D,
< ERFE THz JE OIS >

FEL 13 & £ & ERERE THRIRATREZR O T, LA @V &5 2 57 THz #5758 D FEL fisk
BN S B FT L7, — 37 THZ BIRO Y ¥ A 1 b e T ARIZBW TEEHKR

mARMEIRBH R 2 — 72 EREE L TR EIT > T Y, DNP-NMR(BI R RiGIC

B IE B 2R 2 Fik), B9 Iv70v %Y 7 Bk, THz 4 ESR OYEH &
LOUSHBEREN TV,

CERL BL U7 = A ML —HF—hlIC L5 ®mE— 27 MED THz WOICH E L TEZ B
HHD%, TTICHESNTWELDOEEDLLTICHIZET S,
(1) THz 2 Xk %2061t

E— 7 T =N KR E L, EE T =DKW THz 7V A % W TC, BV A 8 2 s i % ¢,
PERFOX ¥ U T ZEZHTE L, ZO%OBEABEEZ RO TR ZENTX D,
Tz ML= —hED THz SV A ZFH LT, InSb[1]1& GaAs2IZ DWW TEF DL T
Jihite - A A AL Z B L7 BI G S Tun b
(2) THz #41Z & % Ponderomotive force
PRENEERE S P& DAL T AT I B RGO G O A BT LB U 72 ) % 52 1F % (Ponderomotive
force), ZDONITIEDOHFEIZHHIT D72, @& THz #I1Z L Y FEFIZ58 L Ponderomotive
force # HHBE L ERFOX v U TITEH S Z L3 TE 5,
(3) THz FERTE M 1E
ZDIED>, EIRE D THz A RN T2 53 10k O IERIE IS B O W] 73 RELINI,  THz I X
R N—= 2 Fo37 B, AR RIME T T 5 & F S E R IERI 5 67 THz
THAMRBICZ2 D & PSS,
[1] Hoffmann, et a/, Phys. Rev. B 79, 161201(R) (2009).
[2] Hirori, et al, Nature Comm. 2, 594 (2011).
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RETINVYHETRIEL TS DIXUCSB (D) T4 =F ML . . .
K511 $SH) OFELIEM DB Py ={Ne(l= [(@)+ [(@)(Ne)y  =:RE c: %R
2
H 71500 W -5 kw a - )
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AE—LU SR +BIRLF—BFE—LIZLY
R IRV THZERR RS {55,
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Brookhaven National Laboratory
RABRRFL—Y—&
=> Nuclear Instruments and Methods in Physics Research Section
A, Vol. 528, pp.152-156 (2004)
5
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BHKZEFRETHD300~400GHzH 5 H F1Gyrotron D B 5

2RE TR VL R389GHFEIR T, B=83kW

Gyrotron Frequency (GHz)

388.6 388.8 389 389.2
/SBB.QGHZ
15 P
§ B=7A6T. | | o= I 3 dB width
= 601 ) gj ,_.% =< 3MHz
5 ® 0g 3
Z 40+ u S @
o X g
~ =
200 L 5 E
[ ]
0 10 12 140

0 2 4 6 8
I, A)

DNP(Dynamic Nuclear Polarization)-NMR;E|E

A spectrometer designed for 6.7 and 14.1 T DNP-enhanced solid-state MAS NMR
using quasi-optical microwave transmission

Pike et al, J. Magnetic Resonance , Vol.215 (2012) p.1-9 (University of Warwick)

The enhancement is x 60.
187 GHz TE,; fundamental mode

of the FU CW VII gyrotron
1W at 2 Hz and Duty of 70% with
15s.

1H-13C Cross Polarization NMR signal of 13C
urea at 90 Kand 6.7 T with and without
microwave irradiation

284 MHz *H DNP-NMR

W, EFEH3 AR R REE &Y woomoom o r® e
9 10
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1M 12
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> 400 nJ THz pulse IR THZ%W%"Q’ FX L RBFRHOSARESED
Eq, (0 0 2P(t)/ 0 t 2ROBIMS BT ZDT:
D You et al, OL 18, 290 (1993)
1 cm gap,on GaAs FEDNN 8’P(r)  6%I(r)
N A L —H— 4y R Epyy (0 oc 7 x 2
40ud/icm”2, 10 Hz with 11 kV P(0)<<1(t) ot ot
< - 800 nJ THz pulse
lustration by Bakunov FEMREO—L U ARLcIZHBH
RE [VARGILE—FIFITHZLT Ep(w)ecL,
VB AZXNKEN T B R B A A x
e " /S THz] ISR A AL _
VRAEBOBR/ARHKEN CEBIINECL, SEL R BLECE L.(w) Ak (@)
VINATRABRULOTHZERERET HENELL BEFRELT B ELDBE,
13 14
CherenkovEI GIHEES &(E ? Nizhny Novgorod X ®Bakunovi> D4 )L —F (2 &5 &
S. B. Bodrov, A. N. Step M. I B. V. Shishkii 1. E. llyakov, and R. A.
HELHEIEBEFE—LNVFHSD TR LS5 EREEMETZ Akhmedzhanov: “Highly efficient optical-to-terahertz
DLV TCherenkovidtE LNV EEZ ATV =, conversion in a sandwich structure with LiNbO3 core”
RN Optics Express Vol.17, No. 3, 1871 (2009).
/ (c/n)dt B2 T FEE SiT1) X Ls(8mm) + LN & (50um) +BK7H 5 A DA%
[ ET/AD LN E0.1%, THZ#E~3THAZE R,
v >
\ EFEREVHIEE P TONREE
- c/n&YREL detection:
[ Fh#eL—4—: 40w, 50fs ;;“s"d“ml si M
BHRORE AR FRER Tiisapphire laser Ti:sapphire laser \ LINDO3 THz S \ =
system with "
T LMIL—F—TRELEBEHE atenator El ] L
1kHz £ ¥ all
0-130pJ b e
50 0r 200 fs | - -
L—H—ROBEREAEE Optcal beam
'C“(Di'ﬁizf;‘:’c/néi YREL Fig. 1. Schematics of the sandwich structure and experimental setup.
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Tilted optical pulse frontIZ & AEFRETHZIK/ LA D FEAE

Yeh, et al, APL 90, 171121 (2007)
Hebling et al, IEEE J. Sel. Topics in QE, 14, 345 (2008)
Hebling et al, JOSA B 25, B8 (2008)

v LiNbO,#E &M 5D 10ud/pulsez &8I (B K #E —40.5THz)

~MV/ecm®DTHZR F £
(f=F2LFEH/ T —[E~1mW)

Imaging. ¢-400nm FEFEHENED>50%

ER-RBETSAINSOTHZ ULRBADChETORE

Hamster et al, PRL 71, 2725 (1993) ~50mJ, He gas, ponderomotive
Hamster et al, PRE 49, 671 (1994)  Z)LR—/3—

Cook et al, Opt. Lett. 25, 1210 (2000) FWM(f+f-2f)IZ & 2R # D ERT
KreR et al, Nature Physics, 2, 327 (2006) CEP(D #2%

Kim et al, Opt. Express, 15, 4577 (2007) transient photocurrent mode
(FUZFERETIV)
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Development and applications of superconducting terahertz detectors

Chiko OTANI

Terahertz Sensing and Imaging Team, RIKEN Advanced Science Institute

<Synopsis>

We have developed superconducting terahertz detectors using superconducting tunnel junctions (STJ)
and microwave kinetic inductance detectors (MKIDs). The detectors are expected to apply not only the
experiments for observing primodial galaxies and Cosmic Microwave Background (CMB), but also

multi-purpose detectors for various THz applications.

77~V (THz) B 1383 %5 0.3-30 THz(# & 3 mm-30 um) D BRI TH 0 | SRIMR & B D
HREIR D 7= D liE OPEE A 2 5, BAAIE CTIXY 7 h~7 U 7 Uk 4 2 WE itk
MET B, 2O THREEEIRO DB/ S < EEFRRE (7 mm)D Z2[H] 3 fFRED A
A=V T RARETH D, £, R BEAERICER T 2 R 2RI A~ 7 Ui (5
AR hV) DEEREMEIZ A DL, TN EIEH LW E RIS ER R b IThil T\ b,
Z OB W ORISR AR X T H B IR R ER 72 CICHO LD Z ERZ VR,
FERABZFALBREI SN TWD, DF 0, FHEMRHESOREIIRON D=0, XV IAF G
AERE L TRBRHEA~O =—ABGFET 5, BEIXFHHAOMRME T A 2T NEP<10™"”
W/ Hz (@0.1K) T2 —J5, #i BRI TI% 300K #8423 5 7212 NEP~10"* W/ Hz T+
STHY . B CEMET S/ - 8 - L7 AT AR SN TN D,

BT NA AT, FeRBEERERBERE L T~vA 7 vl ¥, v X7 2 0 ARt
(MKIDs) 723 H S TW5, MKIDs X, I U « THz 72 EOWINT~ A 7 v il AR JE
BN DRHEES & 5 GHz DI B2 fnik SE L EFHiAH LESHE E TR S, 1%
HDY — K7 7 KT 100-1000 38 OfE 5 & [FRFFEAH LR TH D, Z Db, KT
L AERED Th O EELINIZ 1 A HE Y BB OBIEREMR SNBSS T2 = & N FHR &
NTWb, £72, MKIDs [ZHBEIZHE D/ Z — 2 24T 21 Thithgs & L CEIEST 2 720 1E
HUNESTHYVABAE = FRHENWZ L RELFETH D, ENTIE, BHFOIEZ)N, &
AAF, ENLRCE, LR, #ER ALK, IWBERRETHREIED LN TEY, 5%D
JRIND INEE SN D,
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(TIANINYGHELBIZD0T) Dobroiu et al,, Applied o,:;r 43,5367 (2004) Kawase., Optics & Photonics News 15, 34 (2004)
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) $47755 F0i-sMM  RHR f
A 7% 30 frame/sec ‘ 8 o
o N - £
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— . oo . Distant star-forming galaxies are
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BIEER O RILESEF(STY) Tunneling Processes in quantum detection
JatTU RTF f
=5 o = Cooper Pair Photon-Assisted
HBREE- 1R - BEEE (SISEF) Breaking ... (2) Tunneling ... (1)
- HBIREE

FBOEZE (~1.5nm)

SIERECHR A

PSS
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YV ~band Az E
90 A, F
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> — -v <v,
Dy (g) Dz( €) -

(density of state)

_ Super-

conductor 1
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STJ&RTF
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Photon-Assisted Tunneling Detector Array

Superconducting microstrip line

Signal input O—‘—r J{’T\

= T pui Q
< P
TN I 10
5 STI, ST, ST, STy,
n
12 STJs
Superconducting (2 series of
m-crosmp line. 6 parallel STJs)

Measured Spectral Response

= baetor 1| Center Frequenc

1r “ i Fj“\ + Detector 2
09 +|| | it ‘ Detector 3 0.65 THz
g 08 + (| §§V,.‘ «- Detector 4
g ol |l {83 | - pesws | Bandwidth
= | s 'i — Calculation
g j ! >10%
E 4 3 using distributed STJs

(S.-C. Shi et al. 1997 )
NEP = 1.6x10"'6 W\Hz

01 02 03 04 05 06 07 08 09 1
Frequency [THz]

(Obtained by FT-IR)  Dynamic Range
> 4x107
Ariyoshi et al., Appl. Phys. Lett. 88, 203503 (2006)

10
THz imaging with one-pixel detector MKIDs (Microwave Kinetic Inductance Detectors)
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- =HRAVEIEUR
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Y ong® S
m: Cooperif DEE
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S: B E %
NEAFT YR R(E
Ariyoshi et al., Appl. Phys. Lett. 88, 203503 (2006) Cooperxt M % E 12 Eefl
1" 12
BRHRE MKIDs (Microwave Kinetic Inductance Detectors)
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HIREIRD A E—4 VR
(Cooperst MiF =LY KEAFIVILUD
PAUEHRZADIEM N
R S A ROBEERISTIL A
HIRARHEDOEL o =
L KIET L (2B IR ISR T4
KFDEFRH NE
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Day et al. Nature 425, 817-821, 2003 1 3 14
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Present status of FEL-TUS (Free Electron Laser at Tokyo University of

Science)

Koichi TSUKIYAMA
Chemistry Department & IR-FEL Research Center, Tokyo University o Science

Two beam lines have been equipped at FEL-TUS, one for MIR and another for FIR. The former
has been operated under stable conditions and provided for the experiments in various research fields.

The latter is under arrangement towards oscillation. The present status of FEL-TUS will be presented.

EREMKERATRHERNEBRASEFL — -t > 2 — (BFR : FEL-TUS) (£, RI2EHF
REFMBIBMERICLEIAR IOy b TRNEBHREFL—YF—DOEHEtLEZAEZAN
YR OWAE LT, 1999FFFHEF v /R IZHRBEI =, FEL-TUSIZEEERILE &
LTOFELORFREED LEAFIRAMREZRERARE L LTETTHIHD L VEZRDO—DT
Hd, PR MR ABLEZRFNFIR) BIZEIEDOE—LTA UAZREBEIN TS, BAEMR-
FELIZDWTIRHIERRAFRRAME L TE Y. NEE LU (BE, XKFE. MIITBUEAS)
A—H—ICKDHFAFENEFRICHESINATIND, FEL-TUSOBET RN & 5 H4E#. (1)
RIRNNEI T ORIRBAIE M. (2) BEfRRAEE. Q) NLARIKRICLIZEVWATFEEZFEZFA
T5E. WMEOXBRTIEETTELRI > EEBEHAARIFERBNATREL 125,

UHBER TR 19 FEXIBRIFEE [SmARERIEA A / X—2 3 VEIHEE [FEEHER
A ITEIRE N, E/ 2 FEL S (EHkfE L THEFERESERAFREE#HEDE (SinttE
MERLRREESSE) ORXMTEZTTND, KFEXETHEH, SRRV 2—DBNINETHELTE
FEMMANEES K P FEL ERIAOEMMW / UND EENRET D LIk Y, EER.
RE - MIITBUEAE~NOHERAZRE L, 1. FHRGAEMOBER. 22 FE HEZFE HF
BEnE., 3. MERZE - OERENE. 4. EYRENFICE T2 ERS L TISAMNEEH#
HEFTDHILIZTKY, CNoDDFICETH2RAXFARATRAOELEENE LTS,

—H. THZ SEEOEHRENIRE B VB D FIR-FELEBICDWTIE, MMIEBHZEREZES
%) £TKEK 0XEEZT, BERERICATEEERAEZLTL TIT>TL S,

AFRRITHENTIE MIR-FEL 2FIA I 2 EBRRVISAARO—tm & . FIR-FEL OFIRIZH
(FIEREREMORARICOVNTHEN L=,
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Near-field spectroscopy in the infrared range
H. Okamural), Y. Ikemotoz), T. Moriwakiz), T. Kinoshitaz), M. Ishikawa”, S. Nakashima®
Kobe University", JASRI-SPring-8”, Osaka University®’

<Synopsis>

We will first review the infrared near-field scanning optical microscopy (IR-NSOM) experiments in
the literature, done with various IR sources such as lasers, synchrotron radiation (SR), and thermal
(black body) sources. We will then describe recent results on the FT-IR-based, broadband IR-NSOM

experiments using SR by Ikemoto et al., and those using a thermal source by Ishikawa et al.

WENDEFOEITIR R A 8 2 5 220 fitte GBAHME) M55 5Bt (NSOM) 233
FRHIZEARL TR, BRIV T /NI REMA T — LV CEEKRBOXYZ7 72U €
— a3 UMTOILTWA[L], JRA: - THz 0 iEER DR =R VX —fii s 7 e —7 T 5 H
M7 TERER, TR OFEHGER T 5-10 um F2E (%% 1000-2000 cm™ (Z%F)) . THz fEIk
TV 7 mm B E L ERARV 2D, NSOM EIFOHF T X 0 kD22 oy fifre 2 m) L S &
E 9 EWVWIHIBIZEATONTE 2, #RS NSOM WFZETId, #5572 NSOM (55 % +%3 72 SIN Lt
TIFD 12 BFEO RO L— P — IR L D532 <ATHLI T D, F7IZ Keilmann 5 1345 %
BT =T N by TR —F—E W BET v SO OB AR S, HELE
NSOM 2 {&E 2 IV T% < OB 24T > T & 72[2], # 5I13HE 10 pm (% 1000 cm™) FEE D
L — =R & W, SiC <2 Si 7g & ORI S < T iEECEREEN R ekt LT 20 nm
EWVVD EWEMSREET, v U VYEESREDS FREIR SO~ v B 72 & T
D[2], (5 A3BHFE L 727RH NSOM 2EE I Pk STV D [3]) F 7o bL—H =T 5D il
E LTSS, RO E BE T L — 4]0, REEfEEL THz 43 24 E 12 K 5 NSOM FEBx[5]
bIESNTWD, —F, O FIRBIOFRGEECHEERT NS 2ZBT 2% VYD TSI X
< REHEIT ST 5 35 700-2000 em™ (B F 5-13 um) FEE ORI A B 3 —F 5 2012,
AR E A7 0 — RV RREBRAZEE L, &2 CHERIEMRRICE D L—F—2
WA A R 200 om™ FRIE O UE S AFRIMNEIC K 2 FEBR[2]0. BARERFT IS < BUkIEIC
X % EBR[6-8]. & L CHRAMNIEE (IR-SR) (2 X 5 EBR9,10172 EARTThIL T\ 5, HFIZ IR-SR
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THZ Y2 X % protein folding A%

A
MARRERS: SR & F—

Study on protein folding by THZ

Name Hiroshi Kihara

Affiliation SR center, Ritsumeikan University

<Synopsis>

We propose two projects with teraherz light. The first aim is to investigate protein conformation with
teraherz light. Low frequency mode of protein dynamics is crucially important for the understanding
of protein structure-function relationship. The second aim is to investigate protein folding, particularly

focused on the role of bound water in the intermediate of protein on the foolding pathway.
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400 Experimental spectrum
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An extended dynamical hydration shell around £3801 g fer =
proteins ) *5-85 860 uM
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Xin Yu, Udo Heugen, Martin Gruebele, David M. Leitner,
and Martina Havenith ———
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- *20°C
PNAS December 26, 2007 vol. 104 no. 52 20749- 022 °C
20752 . ‘ . ‘ . . :
0.0 0.5 1.0 1.5 20 25 3.0
. . Protein concentration, mM
I(d) =1, exp(-a d) + C, with I, a, d, and C corresponding to the . § . ) . ' .
. " R .. Fig. 1. Difference in the THz absorption coefficient at 2.25 THz relative to bulk water plotted
intensity before the probe, the absorption coefficient of the against concentration to 3 mM at 15° C, 20° C, and 22° C. The absorbance depends
probe, the layer thickness of the probe, and the detector offset, nonlinearly on concentration in this region. Note that the THz absorption for bulk water (zero
respectively. point) increases with increasing temperature. (Inset) The frequency dependence of the
absorption coefficient is linear between 2.25 and 2.55 THz (22° C: comparison of buffer and
at a protein concentration of 860 M).
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X-ray Scattering Study 2
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Figure 4. A proposed scheme of the initial events of protein folding, suggesting about structure |
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o-helical rich proteins. (Qin et al. (2001) FEBS)
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Real-Time Detection of Protein—Water Dynamics upon
Protein Folding by Terahertz Absorption Spectroscopy**

Seung Joong Kim, Benjamin Born, Martina Havenith, and Martin
Gruebele*

Angew. Chem. Int. Ed. 2008, 47, 6486 —6489
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Outgoing attenuated and
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4 g shifted THz pulse
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Delay At of gating
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the THz field

ZnTe
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Output
to detector

Initiates reaction at
variable "kinetic" time
t before THz pulse

Protein+denaturant Buffer

Figure 1. KITA setup: THz pulses pass through a stopped-flow cell, where a mixer
combines denatured ubiquitin with denaturant-free buffer to start refolding. The shape
of the transmitted THz electric field is detected using a ZnTe crystal and an 800 nm gating
pulse delayed by Dt. The difference DE of the electric field between denaturant-free 1.5
mm protein solution and buffer is shown. For kinetics, the THz pulse is detected near the
maximum electric field, and the mixer is scanned in time t with respect to the THz pulse.

22

410+ Ub*/Buffer Ratio
- Exponential fit

Transmitied ratio 1%

(or transmitted difference) , oo

088
2
E 0.80.
0 01 il 1
2
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Figure 3. Left: electric field E of THz pulses. As the mixer is scanned in time t with
respect to the THz pulse, the field changes because the folded protein solution has
different THz absorbance and refractive index than the unfolded protein solution.
Right: the ratio of protein to buffer signal reflects the refolding kinetics of Ub* (208C,
water/ethylene glycol buffer).
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Figure 4. Ub*V26A kinetics. Left: Terahertz transmission on and off
the transmitted electric field peak yields identical millisecond kinetics
at 208C. Right: Fluorescence-detected kinetics are much slower.
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X-ray imaging at the cERL

Kazuyuki HYODO
Photon Factory, KEK

The contrast of X-ray imaging depends on the X-ray energy spectrum. Inverse Compton scattering
X-rays available at the cERL is designed to produce a photon flux on sample that is comparable to the
flux available at Photon Factory. This would enable us to develop practical X-ray imaging methods with
a small X-ray spot and narrow bandwidth X-rays, such as micro-angiography and phase-contrast

imaging used for diagnosing cancer.
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X-ray Imaging with SOI Pixel detector

Name Yasuo Arai
Affiliation High Energy Accelerator Research Organization (KEK),

Institute of Particle and Nuclear Studies

<Synopsis>

In KEK Detector Technology Project, we have been developing SOI Pixel detectors (SOIPIX)
where both radiation sensors and readout electronics are implemented on a Silicon-On-Insulator (SOI)
wafer. The SOI wafer has a thin layer of integrated-circuit electronics and high-purity thick Si
substrate, and these are separated by a thin oxide layer. The SOIPIX can achieve high resolution X-ray
imaging since it is fabricated with fine semiconductor process only. Furthermore, each pixel has
CMOS integrated circuit, so in-pixel data processing such as time resolved measurement, energy
discriminated detection etc. can be realized.

Recent results and future prospect of this technology are reported.
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Fig. Cross-section of the SOIPIX detector.
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Figure. X-ray image of a dried fish taken by the SOI based sensor, INTPIX4. Photograph of
the sensor is shown at the upper left corner with basic parameters. Contrast Transfer Function
(CTF) of the sensor, which indicates ability of resolving fine structure, is shown in the upper
right graph. The graph also includes CTF of commercial X-ray sensors (A: X-ray flat panel
sensor of 50 um square, B: Fiber-coupling X-ray CCD with effective pixel size of 23 um
square, C: X-ray Imaging plate of ~50 um resolution). SOI sensor shows superb resolution
especially for fine object.
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Clinical Application of Synchrotron X-Rays

Hideo Tsurushimal), Alexander Zaboronok1), Ryunosuke Kuroda2), Masaki Koike?2),
Kawakatsu Yamada2), Kazuyuki Hyodo3), Shonosuke Matsushita4), Akira Matsumural)
1: Department of Neurosurgery, Faculty of Medicine, University of Tsukuba, 2: Research Institute of
Instrumentation Frontier, National Institute of Advanced Industrial Science and Technology, 3: Photon
Factory, High Energy Accelerator Research Organization, 4: Department of Cardiovascular Surgery,

Faculty of Medicine, University of Tsukuba,

<Synopsis>

It has been reported that a combined treatment involving radiation and anticancer agents including
platinum is useful for the anticancer treatment, because of the platinum absorbing the X-rays and
releasing secondary electrons. However, platinum can absorb only an X-rays with a specific energy,
whereas the X-rays used in clinical medicine are white X-rays. Moreover, the dose of anticancer
agents is limited owing to their unpleasant side effects. We are attempting to develop a novel
chemoradiation treatment system with high specificity and high cytotoxicity, by replacing white
X-rays with monochromatic X-rays, and using an active targeting drug delivery system to increase the
platinum concentration in cancer tissue. And then I will talk about the potential of synchrotron X-ray

in the imaging machine.
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Filters for X-ray tube
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$ Results with 1,0 mm Al filter

M4 6/03 WRGM3 15 pg/ml 241 incubation X-RAY (1,0 Al)
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TREATMENT

Starting with the first trial using 1,0mm Al filter we could see
adequate results of colony formation in all experiments.
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# Results: colony forming assays using
45ug/ml WRGM3 (8nm) particles

Further increase in the
concentration of gold

WRGMS [#nm) 15-45 ug/mi 24h incubation X-RAY 1,0A1
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Talbot Interferometry with inverse Compton scattering X-rays

Atsushi Momose

Institute of Multidisciplinary Research for Advanced Materials, Tohoku University

<Synopsis>
The property of inverse Compton scattering X-ray beam produced at compact ERL is expected to be
highly compatible with Talbot interferometry from viewpoints of its spectrum and beam size. A plan of

application study of X-ray phase imaging with a Talbot interferometer is introduced.

IR DR 2 WIS T D XBMIFAA A — 2 > 7 FIEIX, 1990 R B ER % 72 FIEN
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NICE D EREBBR R DT 0y =7 FREITHTH 5,
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[1] A. Momose et al, Jpn. J. Appl. Phys. 42 (2003) L866-L868.
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Third Contrast

—_— ], Differential phase image

Dark-field image
Visibility image
Scattering image
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F. Pfeiffer et. al., Nature Mat. 7 (2008) 134.
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X-ray Talbot-Lau Interferometer for &
Pre-clinical Test

X-ray generator
~focus:300pm
“target: W

~tube voltage: 40KV
filter: 1.6mm Al
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-4.3um pitch

Amplitude grating
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X-ray image detector
ct-conversion FPD
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metacarpophalangeal joint of human thumb

Absorption differential phase visibility
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Human breast tissue

Dr. T. Endo
@ Nagoya Medical Center, Japan
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X-ray Lau interferometry
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A. Momose et al., Appl. Phys. Express 4 (2011) 066603.
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Fingertip microangiography using compact ERL for early detection of

diabetic microapngiopathy

Hidezo Mori, M.D., Ph.D.

Tokai University School of Medicine

<Synopsis>

Diabetic microangiopathy causes acetylcholine-induced paradoxical vasoconstriction in arterioles
(20-200 um). Because conventional angiographic systems lack sufficient spatial resolution (100-200
um) they are not useful for prediction of diabetic microangiopathy and to monitor microvasculature
for the prevention of lethal cardiovascular diseases.

We determined that fingertip synchrotron radiation microangiography has enough spatial resolution
to quantitate arteriolar diameter changes, and to visualize arteriolar paradoxical vasoconstriction
induced by acetylcholine in diabetic rats.

In order to expand microangiography in clinical settings, a new light source is mandatory in stead of
synchrotron radiation. Because large cost of construction for synchrotron radiation facility is a big
obstacle for medical needs. Compact ERL-dereived laser Compton X ray is characterized by
quasi-monochromatic nature and small focus (<40 um), therefore it would be suitable as a light source

for microangiography.
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Fingertip Microangiography Using Synchrotron Radiation
Toward Prediction of Diabetic angiopathy

Hidezo.Mori, M.D., Toshiharu.Fujii M.D., Naoto.Fukuyama
M.D.,Yoshimori Ikeya M.D.,Yoshiro.Shinozaki, B.E., Kazuto
Fukushima*, M.D., Keiji.Umetani** Ph.D.,, Teruhisa.Tanabe M.D.

Tokai University School of Medicine, Departments of Physiology and
Cardiology,
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and ** JASRI, Division of Research and Utilization, Sayo-cho, 675-
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AIST
QUANTUM-BEAMS AS IMAGING TOOLS AT AIST

y/ Laser Compton X/gamma-rays
# S-band compact linac based system (10 — 40 keV) Presentation by R. Kuroda
Fine and low dose X-ray imaging in biology and medicine
# Storage-ring based system (1 — 40 MeV) Presentation by H. Toyokawa
Non-destructive inspection of industrial products
d of high-density

J Free Electron Lasers

# UV beam line in operation (300 — 198 nm)
Imaging of surface chemical phenomena using photoelectric effects

# IR beam line in commissioning (1 - 10 um)
Imaging of surface chemical phenomena using molecular vibration
Generation of intra-cavity laser Compton X rays

J Slow positron beams
# S-band linac based system
Characterization of thin films containing defects and pores in atomic -
nanometer scales
Defect-sensitive positron microscopy

o e AR SVTIRAL ICANCE AP TECH 00 T

AIST
S-BAND COMPACT LINAC BASED COMPTON X-RAY SOURCE

Application Area

- Refraction contrast imaging , .
- K-edge imaging !

AIST
K-EDGE IMAGING FOR ANGIOGRAPHY IN ACCUMULATION MODE

Sample: Rabbit ears

-lodinated contrast medium  -Barium contrast medium -lomdﬁ:'r:d ‘;t:m“ medium

-33 keV -37 keV 33 keV

-30-min. accumulation -5-min. accumulation -10-min. accumulation

-5 thin vascular branch -No remarkable difference 7™ thin vascular branch

observed from the use of iodinated of
contrast medium
Achieved spatial resolution reached about 80um both for CCD and IP,

the detector resolution.
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http://pfwww.kek.jp/ERLoffice/cer]l_scienceWS/2/program.html
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