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“Studies by Time-resolved Spectroscopy Using a Femtosecond Laser: from THz
Electromagnetic Wave to X-ray”
Hiroshi Murakami (JAEA)
Lunch
Chair: Sergei V. Bulanov (JAEA)
Invited talk “Laser Generated Protons and Applications”
Oswald Willi (Heinrich-Heine University Duesseldorf, Germany)
“Laser Driven Proton Beam and Its Medical Application”
Hiroyuki Daido (JAEA)
“Progress of the Joint Project on "PW Laser Driven Mono-energetic Quantum Beam
Science"
Hiroaki Nishimura (Osaka University)
Break
Chair: Akira Noda (Kyoto University)
“Stable High-quality Electron Beam Generation via Counter-crossing Injection”
Hideyuki Kotaki (JAEA)
“Laser Wake-field Acceleration by A3 Pulses”
Alexei Zhidkov (Central Research Institute of Electric Power Industry)
“Development for High Current Superconducting Accelerator for ERL”
Masaru Sawamura (JAEA)
“Development of High-intensity Few-cycle Optical Parametric Chirped-pulse
Amplification System”
Makoto Aoyama (JAEA)

Closing speech and farewell remark

Laboratory tour (by requests, through windows)
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3.1 ”J-KAREN” E#EEL —H —
“J-KAREN” —High Intensity Laser

M O, A BRI EBE. M . B R PO E MBE KR AR B TR B
EIRETE B BIANE /MO RN R TLR U — vnyar JE sl
REE ROCOARMT O IES NEE BT L B BB ORE LI R RR Bz,
B AL AR HREE. BN B W BT ST RS T KIE AT,

ARFS SRR B AR
MNTATEOE N B AR 0PSB 8 & 72— 20T FEEM te Fv— 25 2=y
Hiromitsu KIRIYAMA, Michiaki MORI, Yoshiki NAKAI, Takuya SHIMOMURA, Manabu TANOUE,
Atsushi AKUTSU, Hajime OKADA, Tomohiro MOTOMURA, Shuji KONDO, Shuhei KANAZAWA,
Akito SAGISAKA, Koichi OGURA, Satoshi ORIMO, Mamiko NISHIUCHI, , Alexander PIROZHKOYV,
Jinglong MA, Akifumi YOGOMasaki KANDO, Hideyuki KOTAKI, Yuji FUKUDA,

Liming M. CHEN, Izuru DAITO, Keigo KAWASE, Takayuki HOMMA, Takashi KAMESHIMA,
Yukio HAYASHI, Taketo HAYAKAWA, Toshiyuki SHIZUMA, Mamoru FUJIWARA,

Sergei V. BULANOV, Hiroyuki DAIDO, Toyoaki KIMURA, Toshiki TAJIMA
Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

We report on a high peak power, high contrast laser system, based on both optical parametric
chirped-pulse amplification (OPCPA) and conventional Ti:sapphire chirped-pulse amplification techniques.
The laser system produces a peak power of 80 TW with 19 fs pulse duration at a 10 Hz repetition rate.
With the use of OPCPA, the temporal contrast is enhanced to ~10” within a few picoseconds before the
main pulse. This contrast is better than those of conventional systems by three to four orders of magnitude.
By cooling the crystal in the final power amplifier down to 77 K, a thermal focal length of about 4 km
and the near diffraction-limited beam are obtained under the maximum pumping condition. The present
system is applied to electron acceleration with relativistic effects. We demonstrate the production of 140

MeV high-energy quasi-monoenergetic electron beams using laser-plasma accelerators.

Keywords: Ultra-high intensity lasers, optical parametric chirped-pulse amplifiers, solid-state lasers,

ultrafast optics, high field science
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G=108

E=15 mJ OPCPA Stretcher Ti:sapphire ocillator
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3xBBO 1ns,0.1 nJ 8.4 fs

)

Nd:YAG green pump laser

0.3J,10Hz
4-pass Ti:sapphire 4-pass cryogenic-cooled Compressor D
preamplifier G=50 Ti:sapphire power amplifier G=10 50.5%, 19 fs 80-TW
e E=280 mJ ? E=2917] (19 £s/1.5))
Nd:YAG green pump laser Nd:YAG green pump laser
0.8J, 10 Hz 6.5J,10 Hz

Fig.1 Diagram of the J-KAREN laser system.
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Fig.2 Third-order cross correlation. Fig.3 Near-field spatial profile.
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Fig.4 Measured electron spectrum.



JAEA-Conf 2008-007

EAEEZ RO 140MeV O F TR VF—E B — LI AT,

3. F&®

IR L — W — I FLS E R ISR B SRS T D, L — T — U AT LD E SR EE L
el bz, FEEROISHIZAT TOMZERFITGREDRBATL D055, SN TWDHDIE, )L
— P — UL ZD R E O UECZE SO ETHD,

AWFFEIT I 1T D OPCPA il & OSEE b i HIEL R 72 EOBHFEIC L D . A F TIZZR WK - Z2fi]FRF
PESA L, EORERE - 22 R L X — B E AR RO L — P O AR FIRE & A o T,

i) (80TW; 19fs/1.5)) , B2 (£2%), Hi=> b T A2 kb (—107), HE—L8E (—D.L.)
#HT % J-KAREN L—HF—2 L0 /R« @=L =R 384872 EOMEN L0 —f@iERE
L0 EWFEIND,

P
ZOWFFEE SRR EE B A B AR IR B DEERRPE SRS — LS A ) O—BRELTHEMLT,

BEER

[1] D. Umstadter, Phys. Plasmas 8, pp.1774-1785 (2001).

[2] Y. Kitagawa, A. Ogata, E. Miura, K. Koyama, S. Kato, and H. Daido, J. Plasma Fusion Res. 81,
pp.240-244 (2005).

[3] M. Nantel, J. Itatani, A. Tien, J. Faure, D. Kaplan, M. Bouvier, T. Buma, P. V. Rompay, J. Nees, P.
Pronko, D. Umstadter, and G. Mourou, IEEE J. Select. Topic. Quantum Electron., 4, pp.449-458
(1998).

[4] A. Dubietis, G. Jonusaukas, and A. Piskarskas, Opt.Commun. 88, pp.437-440 (1992).

[5] I. N. Ross, P. Matousek, M. Towrie, A. J. Langley, and J. L. Collier, Opt.Commun. 144,
pp.125-133 (1997).

[6] H. Kiriyama, M. Mori, Y. Nakai, Y. Yamamoto, M. Tanoue, A. Akutsu, T. Shimomura, S.
Kondo, S. Kanazawa, H. Daido, T. Kimura, and N. Miyanaga, Opt. Lett. 32,
pp.2315-2317 (2007).



JAEA-Conf 2008-007

32 X#L—Y—0DFAMARRVEHRYIR LIEDIRIKICD T

Development of the applied studies with the x-ray laser and 0.1Hz repetition rate x-ray laser.

O ER)Ix, WSk, A, HPPE-, B R, MERoT, BIER, (LA,
FelfE—. AKEEN

HAJE - DATJEBH e A &7 & — DS MIFZEmM X e —3 —FIRrE 7 v —7

Noboru HASEGAWA, Tetsuya KAWACHI, Maki KISHIMOTO, Momoko TANAKA, Yoshihiro
Ochi, Masaharu NISHIKINO, Kouta SUKEGAWA, Hiroshi YAMATANI, Yuichi KUNIEDA,
and Keisuke NAGASHIMA.

Quantum Beam Science Directorate, X-ray laser research Group, Japan Atomic Energy Agency.

This paper gives an overview of recent progress of x-ray laser research in Japan Atomic
Energy Agency (JAEA). The fully spatial coherent x-ray laser beam at a wavelength of 13.9nm is
used for the several applications such as the x-ray speckle measurement in ferroelectric substance.
For the purpose of further application experiments, 0.1 Hz-repetition rate x-ray laser driver is being
developed, which is based on a Nd:glass zigzag slab amplifier with two beam lines. 0.1 Hz
operation of the driver laser and the generation of the x-ray laser at a wavelength of 13.9 nm was

succeed.

keyword: Applied studies with the x-ray laser, 0.1Hz repetition rate x-ray laser.

148 s

HARJE - D Ze B HE(JAREA) Tlid, ZEffla e — LY R TEN D XL —HF—(XRL : 3
£ 13.9nm) DFE IR LT 5 [1], XRL (3l o> X ARG & b U CL 82310 AP (< 10ps) .
BHat@A/A <109, #E (> 1026 photons/s/mm2/mrad2/0.01%BW) (Z#EN 7= IR TH
%, JAEA Tix, XRL ZJSHMEICRIAT 7200 — L7 4 O FEITV., ZHNET
(2 BRFEARBaTIO D Ay 7 LG OBREHRE[2,3]), TXBTWEE2H\WioEmEsE T 7
A~ OFH4]) FEOISHMIE AT > C&E 1o, IEHFTIL, XRL ZE 2SN EER & L, 4+
ERFERERE & D IC 0 TIXRL IS L 527 T A% —H—/ v FOFH LA F o {bibig
OfE URERT) [6l1, TX#Ay 7 VRERIFEBEFHNE OB (JST CREST) ), [XRL
A X DB OHEm Y (RIRKRT) . (RBEMBI PRI KFRRT)) F&, 200
DWEZ LT T D, FIAMZEE ZHRENIT 5121, XRL O K LENEE TH 528, 3
ERERfER & L CRIH LT\ 2% XRL Tk, hEEJETH 5 Ndiglass L — ¥ — Dk LI
(1 shot / 15 min.) IZX D ZD# VK LIEICHIRZ5 1 TW\b, JAEA T, FIHMIE &
747 L C XRL O v i LAE(1 shot / 10s)ZB B HFSE & AL ’?oﬂ\é[es] AT
. BUER R EBRICHERS LD XRL, ISA O 72O OFEHR A, i K L XRL OB O
BURIZOWTHET 5,



JAEA-Conf 2008-007

Target
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XRL amplifier

JAEA 13.9nm Ni-like Ag x-ray laser

Fig.1) Spatial coherent x-ray laser.
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Photoabsorption and ionization processes in Xe cluster plasma produced by coherent X-ray laser

R — N, R, JEARY, MEPRHEA, RN,
BN, IARE, BBk, B s, AKBE, Z%ILEY

A) JRESRESE KRB TEER ks A7 A TR
H AR T JE B R e R+ v — 2R/ = > b

Shinichi NAMBA®*, Noboru HASEGAWA, Maki KISHIMOTO, Masaharu NISHIKINO, Tetsuya
KAWACHI, Kouta SUKEGAWA, Hiroshi YAMATANI, Momoko TANAKA,
Yoshihiro Ochi, Keisuke NAGASHIMA and Ken TAKIYAMA®™

A) Graduate school of Engineering, Hiroshima University
Advanced Photon Research Center, Quantum Beam Science Directorate, Japan Atomic Energy

Agency

Large xenon clusters were irradiated with an intense x-ray laser pulse (A=13.9 nm, pulse width ~7 ps,
intensity = 2x10'° W/ecm®) and their interactions were investigated using a time of flight mass
spectrometer. The cross section for inner-shell ionization of Xe 4d electron (1.6x10™7 cm? at hv=90 eV) is
by ten times larger than photoionization of a valence electron (1.5x10™® ecm?). For larger clusters, the
anomalous enhancement of Xe*" ion yield to Xe®" ion has been observed. This is in contrast to the results
of synchrotron radiation experiments involving free Xe atoms, in which Xe*" is the dominant resultant ion
species. In this paper, possible mechanisms responsible for the enhancement of the double Auger

transition probability in x-ray laser and cluster interaction are described.

Keywords: X-ray laser, Cluster plasma, Inner-shell ionization, Auger decay

1. [XCHIZ

BE SOV ABRE L —Y =% AT T AZ—CRPT D EHELIL L —F - KL F—D
WA Z 0, @R X =R OFAESCEREE X MRS E~DISHBN STV B[1]. T
L VEREL——L 7 T AZ—MEERTIIED X D RBRNEZ 200, &9 BFZEIE,
BRI A BB L — Y —(VUV-FEL)D F28l £ TREADFEIEK TH > 7=. Wabnitz 5 1L K 98 nm,
2V AME 100 fs, 58E ~10"° W/em® @ VUV-FEL % Xe 7 7 A # —|ZIRE4 % EBRZITV, T 1
Y720 RIC30EHOYFZWINL, 7 —r VERPEZDHZ 2P LN LEZR2]. FERL—
P TILE T INEERE DI SND 7O AT DX D ICKEO T RRILENDDNE LT
kR & 72 BRERE T L DMER STV D [3-5].

AWFFEDO BIIEL, S DICEENED X R L—F—(13.9nm) & Xe 7 7 A X —fHAELERITFE D L
WY« BEESZ A F X7 Z%MATLHZLICHD. ZOBBICEEROIL, HE 13.9 nm IZNEE
B2 ERIT DI RZIAFT—2HA L TWVDEICH Y | R EFOEMMEEL Y b —
HIRE W (@Ed " 16 Mb, 5p - 1.5 Mb) [6]. & H1Z, X SEE TOPLHIEIR TH 5 bt & i L T
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FEBTHREEN B2, WEBERE 77 A~ RBAET ot b & 5.

AT XL —F —% Xe 7 7 A X —|ZIRET U CAER SN D ZAlA A 2 TRATHRER /a1 L
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RELTHE XM AL DLEHNTTAEST D 2 LAV L. 2 ORI HICE T H#22 BRI
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2. EBREE
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TH5HEDTHY[7]. HE 13.9nm (AMA~ 107, 7L RIE ~Tps, TF/LF— >100n] TH 5. £
JEIEHE S FERE 1 m O Mo/Si 2@ IBER 85 4 VN CTIT o 7= IBEIREEIE 2x10"° W/em? L F CTh 5.

75 A2 —1% Xe-He IR B EEN X G H ) A/ (A — FME 0.2 mmd)h S EZ2d kg
MRS ECTAER L. 272X =V A X3 ANVEEEZRETHZ LIk > TELESHE,
Hagena OFREBRA SFHE L 7= 2 5 2 Z —H A X% 10°~10° atoms/cluster T 5[8]. 7 T AX —E
— LW - 2RI FE A 72 & ORFEIX @A A4 A= DI TRIEZIT- 7.

X ML —H— 7 T2 X —EMERIE > TER SN D ZAfiA 4 v Ofidk, KDY, =x/LF
—I%. Wiley-McLaren LD A 7 > AT 53 fi# 53 7 251 (time-of-flight mass spectrometer, TOF-MS)
TIiolc. 774 b Fa—7&KIE55em T, Mi#s & LTiX 2 Beml MCP 2 w7z, 7235, TOF
FHANE X R L — PRI HEITR LT 90° DF BT 7.

3. EERER
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Fig. 1 TOF spectra for various sizes of Xe clusters subjected to an x-ray laser pulse.
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Fig.2 Dependence of the yield ratio of Xe" to Xe*" ions on the cluster size.

VR B L FELTWD DRSNS, . X A A N &N D R —L ORISR X
ZTNA—T =DAEE CLBEF L 204 —Y =Bk EFFIEN TN, Xedd BT D
W EBE DS A NisOO — =12 8D X A A ~DRREERERN R S KE W LR En%E
BRCHIBIL TWA[9]. L7e o THBEIELNIERIT, XL —F—%2 K&y 7 A4 — TS
L7612 DA BEEICERNT S X A AV B HERE R D I EE2FEKRLTVS. 2 12k
X&M&%ﬁ/éﬁmmy?x&—%4fwfé%?¢(m%%f%%ﬂtﬁ%in$$ﬂ)
ZOFKRELTETEZOLNDDIX, 7T AZ—NETOHE % A= = B E LR
HEMiAFURETHD. ZOBETHEEEHOKEETHRL-D Kﬁnfit = @%%
RS Eir L — F TR A X %E#é%ﬁ/i%%ﬁbt WAL LT Xe? A A
teERY. BFEEEZEDHEAIC Xe DERERE KL TWD D i Xn‘%l/~4f Rz 7
T AL —NESD IR IT BRI D BB S du(a), IFEAEDRRTFELTHFELTEBY, 26N

(a)

Xe** Xe”

00 01 02 03 04 05 06 07 08 09 10
Xe™ ion ratio [normalized]

Fig. 3 Calculated ion yield ratio taking into account (a) just photoionization and (b) photo- and

collisional ionization. The experimental result for 5.6 atm and 1x10'° W/cm? is shown in (c).
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BERICED L flif F o ~EEHELZEOEEZBNDD). Ll b, & EEEREZ
EELEBATHL XA AU X L0 %< ERTOARKC)ZDHAT S Z LR TE 20,
SEGONIAEREMIAT D5 ETHROANEBZAONLDIE, 77 AZ—NEICBIT 514
IEART > ¥ VIP)DIKR FIZfHE S DA FEMEOHE K TH L. Z 2 CHEROIL, RO ATHHE
BWAHEIZH D ERE L —F— L B | XL — P —TIIEEMNENIH S D 72D KR &S
ERFEA T T A~ NRET DR THD. BB COXIRI TAF =TT A< TiE, IPBRRKEL
KTFT2 2 EREIEFHFE TRENTWVD[10]. b L, 7T AZ—NTIP M eV BREK T L7
A, NAREHERRE TH D Xedd ' MM D Xe' TN ~D BN AT/ BB 2 5 2 & 348
AL, FERE LT DA FEEMER OB RIZ ORI D L& 2 bLD[11].

4, FLOHLESERDRE

XL —F—MREIZL D Xe 7 7 A X — DN ERMMFE L #3272 912, 4 4> TOF #Hill %
otz TORER. 7T AL —H A XOBKIHE X 1 A OERBIRBEL 72D 2 L HVHI
L7z, ZDOZ &%, DABRRIC X D NER— LSRR D ERNERERIC S b &ni-r T A 4
—HTIEBETH 2 EEBERLTHEY KR O KL TORBED FEBR TIRBLH ST,
A%, BT TOF HNEITWVD, HEF - A=V 2B DT RAX—SHNE 7 T AZ—NTE
DX BRBENELCLTWDLDONERETHTETHD.
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Development and application of soft X-ray multilayer VLS
spherical gratings for a flat-field spectrograph

ANHHEN, T A EPREEE A REFES, T R D AT, O R A
A=Y, T4V A TV, =y M 5
UISEATELE N AR R JE B A B2 — LS TR Dt B e — 2R E = b
2 Bt Xy MRR), SRR SRR R D,

AINTT 7 BN AT 7 7 a PHR) Sl (A5, sm— L R« =7 L—[ESIAFJERT
Masato KOIKE ', Masahiko ISHINO ', Takashi IMAZONO', Kazuo SANO1"? Hiroyuki SASAL,
Masatoshi HATAYAMA4, Hisataka TAKENAKA4, Philip A. HEIMANNS, Eric M. GULLIKSON’

! Japan Atomic Energy Agency (JAEA), 2 Shimadzu Emit Co. Ltd., > Shimadzu Corp.,
*NTT Advanced Technology Co., > Lawrence Berkeley National Laboratory

A multilayer laminar-type holographic grating having an average groove density of 2400 lines/mm was
designed and fabricated for use with a soft X-ray flat field spectrograph covering the 0.70-0.75 nm region.
The varied-line-spaced grooves pattern was generated by use of an aspheric wavefront recording system
and the laminar-type grooves were formed by a reactive ion-etching method. Mo/SiO, multilayers sets of
three optimized for the emission bands of hafnium M, silicon K, and tungsten M were deposited on the
three sub areas on the grating surface. At the centers of the sub-areas the first-order diffraction efficiencies
were 18~20% at the respective photon energies. The flat field spectrograph equipped with the grating
indicated a spectral line width of 8~14 eV for the emission spectra generated by use an electron-impact

X-ray source.
Keywords: Diffraction grating, Multilayer, Diffraction Efficiency, Soft x-ray spectrograph

1. LIz

P AE B TR -5 e [1-3113 7 7 A~ Wi R X B L — Y — gt 7 E IR FIH s
THRY ., BPHA O T IERB 20 % FEEZLT 2 R EMIBIESLETH 508, HEROHEMA
FENIZ X2 7 Lb—X RRIES 720 Cle < | oIk @ik 4] 2 AnwC, Ar /77
4 v 7E[2-311C KB, MIRKDOFAEN NI NG I F—RIEPHE 7 EAITR>TWD, L
L7235 2D ORI FIIIERBEIN CThH 2 B OHERAZZE LT b DO TH VK 1keV LV HE
TANAX A TIEHRHTE R0 o7, 2T, ABFZE TR FREAEGR R -0 eas (F
DZFRERE £ 1200 A/mm) [1-2]|1Z#5# ATRE T, 1.7keV D NF T R F—% 5% & L THEE
Btk Z fi il L7 Ess I 7 2 =Mk n 75 7 4 v 7 s (FOZIRREE EE © 2400 A /mm)
2 87 LW/ ARATZHANEANRRKEL, BIIEZOLO A LA M5 X 2
iz a—7 2 7 Ui OR G R OERZTTo 72, S 62, BHEL 2B 12> i X ##
JF R AERE (BORER (5, 6] THEIFTZE., MM I Ol B ERROK X IR %
RN R RN 2 2 O CTHREBRRME, D REESE ORI 21T - 7= D THE T 5,

2 FHEFEBEILEERYTE T ORE
UL s A B TR 10 e e i ds L B 3T kS 10 s ORGHESHIL T LBV TH 5,
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(1) A\EE (1o, BT : 2400 A/ mm Fig. 1. Schematic diagram of the flat-field
VPP TR 2 - A B P ST T S R [ 4T R 7 4 e B soft x-ray spectrograph.[1-3] E: Entrance
_ . . o — s N slit, G: Grating, X :Image plane, The areas
[1-3] @%_EE% leg'l (T _0)*{4:’0[1/%%):@/] A, B, and C on the grating stand for the
2725 X9 ICaa k L7z [Eris o Ml 58 R I sub-sections coated with the multilayers
4833mm &7 oln, F. REHIREERR A/ NX — having different multilayer periods.
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5T ENDIND,
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£ (E7- 138 LAY = Fig.2. Spot diagrams (top) and line profiles (bottom) by tracing rays.
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Fig. 4. Measured diffraction efficiencies of the Fig. 5. Calculated reflectivities of multilayer
W/C and Co/SiO, multilayer gratings. [9] mirrors® for s-polarization.
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Fig. 6. Comparison between measured (black squires) and calculated (open circles) diffraction
efficiencies of the Mo/SiO, multilayer grating. The figures (a), (b), and (c) correspond to the areas A,
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A new trend in soft-X-ray emission spectroscopy based on TEM
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We have been developing a compact WDS spectrometer without a moving mechanism for a
TEM. It can measure an energy range from 60 eV to 1200 eV. For applications to materials
science, it is important to extend the measurable energy range to a higher energy region. As a
first step, a spectrometer has designed and manufactured by using a Mo/C-multilayer coated
grating. The spectrometer can measure an energy up to about 2 keV. The spectrometer gives a

FWHM value of 13 eV for Pt-Ma emission at 2050 eV.

Keywords: Soft-X-ray emission spectroscopy, Transmission electron microscope,

Multilayer-coated grating
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3.6 Laser generated protons and applications
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A novel technique for focusing and energy selection of high-current, MeV proton/ion beams is
presented. This method employs a hollow micro-cylinder that is irradiated at the outer wall by a high
intensity, ultra-short laser pulse. The relativistic electrons produced are injected through the cylinder’s
wall, spread evenly on the inner wall surface of the cylinder and initiate a hot plasma expansion. A
transient radial electric field (10’-10' V/m) is associated with the expansion. The transient
electrostatic field induces the focusing and the selection of a narrow band component out of the
broadband poly-energetic energy spectrum of the protons generated from a separate laser irradiated
thin foil target that are directed axially through the cylinder. The energy selection is tuneable by
changing the timing of the two laser pulses. Computer simulations carried out for similar parameters
as used in the experiments explain the working of the micro-lens.

Keywords: Laser accelerated protons, proton focusing, quasi mono-energetic proton beam, laser
triggered proton micro-lens

1. Introduction

During the interaction of ultra-intense laser pulses with thin solid foil targets (I >10" W/cm?), a
considerable fraction of the laser energy is deposited into highly energetic protons. A beam of protons
with energies up to tens of MeV is ejected from the rear side perpendicular to the surface of the target
[1,2]. The protons originate from hydro-carbon impurities located on the surfaces of the target, so that
proton beams are observed even when using targets which nominally do not contain hydrogen. The
protons are accelerated via TNSA (target normal sheath acceleration) mechanism [3-5]. The
characteristics of the proton beam are of small source size, low divergence, short duration and of a
large number density [6,7]. These laser produced proton beams have opened up new opportunities for
major applications in scientific, technological and medical areas. The proposed applications include
energy production via thermonuclear fusion [8], cancer therapy [9], production of radioactive particles
for medical diagnosis [10] and the detection of electric and magnetic fields in plasmas [5,11,12].
However, reduction and control of the angular divergence and of the energy spread of these pulses are
essential requirements for some of these applications. So far, mainly target engineering techniques
have been employed to overcome these short-comings. For example, geometrical focusing of laser-
driven protons has been attained by using hemispherical targets [13]. However, this technique has
been limited so far to focal distances of a few mm, and to the low energy component of the proton
spectrum. In addition, recently a quasi-monochromatic acceleration from laser irradiated micro-
structured targets has been reported [14,15]. In these approaches, the focusing or energy selection
effect is achieved by directly acting on the source. As a consequence, these techniques rely on
relatively complex target fabrication. An alternative approach that provides a tuneable, simultaneous
focusing and an energy selection of MeV proton beams has recently been proposed and demonstrated
[16,17]. The new approach decouples the beam tailoring stage from the acceleration stage allowing for
their independent optimization. The technique employs electric fields generated for a very short time
within a micro-cylinder irradiated by a short, intense laser pulse. These fields can focus efficiently a
proton beam directed along the axis of the cylinder. An important point is that only protons reaching
the cylinder while the fields are active (i.e. only protons with a specific velocity) will be focused. By
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spatial filtering out the unfocused part of the beam, it is therefore possible to select only protons that
have the same velocity producing a narrow band energy spectrum. This paper describes some
characteristics of the laser-triggered micro-lens.

2. Experimental arrangement

The experiment was carried out at the LULI Laboratory, employing the 100 TW laser operating in the
Chirped Pulse Amplification mode (CPA). After amplification, the laser pulse was split into two
separate pulses that were then recompressed in separate grating compressors. This allowed the use of
two pulses (CPA,; and CPA;) of 350 fs and 350 fs to 1.2 ps duration. The short pulses are preceded by
an Amplified Spontaneous Emission (ASE) pedestal starting a few ns before the high intensity peak.
The main-to-prepulse contrast ratio was better than 10’ at 20 ps before the main-pulse. The delay
between the two CPA pulses was controlled optically with picosecond precision. The CPA; pulse was
focused with an /3 Off Axis Parabola (OAP) onto a 10 pm thick Au foil target resulting in an
intensity of 3x10' W/cm® and accelerating a high-current, diverging beam of up to 15 MeV protons.
The CPA, pulse was focused by a similar parabola onto a hollow cylinder to an intensity of 3x10'
W/em?®. The proton beam from the first foil was directed through the cylinder and detected with a stack
of Gafchromic Radiochromic Films (RCF, a dosimetric detector) positioned at a variable (from 2 to 70
cm) distance from the proton source (see figure 1).

t=350 fs
1~3x1018 W.cm2
A=1pm
c PA2 detector
divergent proton hollow metal \
beam cylinder
CPA, \ A
<
t=350 fs
1~3x101? W.cm2 '\ v
A=1 pam focused proton
proton source foil beam

Figure 1: Schematic of the micro-lens device. A proton beam accelerated from a planar foil by the
CPA, laser pulse propagates through a hollow cylinder side-irradiated by the CPA, pulse.

Generally, the cylinder made of dural was 3 mm in length, 700 pm in diameter and 50 pm in wall
thickness. The distance between the proton production foil and cylinder and the distance between the
cylinder and detector were varied throughout the experiment. At a source-cylinder distance of 1 mm
the proton flux increase due to focusing by the micro-lens was so strong that saturation of the film
occurred. Quantitative data could only be obtained when the cylinder was moved to 4 mm from the
proton foil, in order to collect a smaller part of the diverging proton beam. In this case, the distance
from the proton-producing foil to the CPA, irradiation point on the cylinder was 5 mm (standard
experimental configuration). The RCF stack was used to measure the proton beam divergence. It was
shielded with an 11 pm Al foil allowing protons with energies above 1.5 MeV to be recorded. In some
cases, a central mm-sized hole was cut through the RCF to allow downstream high spectral resolution
measurements using a magnetic spectrometer with a 0.6 T permanent magnet. The spectral resolution
determined by the slit width and the dispersion of the spectrometer is 0.2 MeV at 6 MeV and 0.7 MeV
at 15 MeV.
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3. Experimental results

Figure 2A shows different layers (the 5th and 6th in the stack, corresponding to protons of 9 and 7.5
MeV respectively) of an RCF pack recording the proton beam after its propagation through a laser-
illuminated dural cylinder in the standard experimental configuration). As expected, no focusing effect
is observed for the 9 MeV protons. Indeed, the electric field is triggered by the CPA,; laser pulse ~20
ps after these protons exit the cylinder. For the 7.5 MeV protons, the electric field just develops while
these protons are close to exit the cylinder and a small spot about 600 pum (FWHM) in diameter is seen
on the RCF at the centre of the cylinder’s shadow. In this case the proton flux within the spot at the
film plane is increased by up to 12 times compared to the unfocused part not captured by the cylinder
(Figure 2B). Focal spots as small as 200 um have been observed depending on the detector position. In
this case the proton flux within the spot at the film plane is increased by up to 15 times compared to
the unfocused part not captured by the cylinder. The evolution of the beam size, as a function of the
propagation distance from the cylinder for the 7.5 MeV proton component is illustrated in figure 2C.

Note that for this energy, the beam size is only 8 mm after 70 cm of propagation whereas freely
propagating, the size of the beam would have been 240 mm.

Lens not Lens triggered
triggered / free flow: 24 cm @ 70 cm
with cylinder: <1 cm
\ 9 MeV' (5 MeV? ks
212 =@= without the micro-lens device
*- £ ' “1 | =—= with the micro-lens device
~ =e= Simulations
=10]
I
A = 8] ml
e Smm SS uE_ ”
= 61 1
o 1 'l" 3
B 10 ] : '2 44 ]
8 | g /ﬁ
£ ° 24 3
3 e, i
3 10 20 30 40 50 60 70
g Propagation distance ( cm )

c Efficient reduction of
the beam divergence

Figure 2: (A) RCF layers showing the proton beam focusing effect due to laser irradiated cylinder. The
protons with an energy of 9 MeV pass through the cylinder before the electric field is present showing
no focusing whereas the divergence of the protons with an energy of 7.5 MeV is strongly reduced by
the electric field that has developed inside the cylinder. The shadow of the cylinder and of the 50 pm
W holding wire can clearly be seen. (B) Flux increase with respect to the unfocused flux for 7.5 MeV
protons as deduced from the layer shown in (A). (C) Evolution of the FWHM of the proton beam, for
protons with an energy of 7.5 MeV. The circles correspond to the case without micro-lens (free-space
divergence), the diamonds to the particle-tracer simulation in the fields given by the PIC simulation,
and the squares to the experimental results using the micro-lens.

Figure 3 shows the spectrum obtained, again for the same standard experimental configuration, using
the magnetic spectrometer, with an entrance slit of 250 um positioned 70 cm away from the proton
source. As a reference, we also show a typical exponential spectrum collected in the same conditions,
but without the micro-lens. The data shows clearly the energy selection capability of the micro-lens:
due to selective collimation of the 6.25 MeV protons, these could be transmitted efficiently through
the spectrometer slit (acting as an angular filter), and their density after the slit in the spectrally
dispersed plane is enhanced as compared to the free-space expansion case. For this shot, the 6.25 MeV
protons experience the focusing fields for ~5 ps before exiting the cylinder. Note that an energy spread
of 0.2 MeV was obtained. Hence for the energy peak around 6 MeV, a E/E of ~ 3% was achieved.
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The energy spread was, however, limited by the resolution of the spectrometer. As shown in figure 3,
the simulations performed for the same conditions as in the experiment, suggest that the spectral width
of the peak is around 0.1 MeV and hence narrower than demonstrated by the experimental spectrum
shown. By varying the optical delay between the laser beams, the location of this peak on the energy
axis can be tuned selectively, therefore allowing to tailor the energy distribution of the transmitted
beam, a necessary step for many of the applications mentioned earlier. We would like to emphasize
that with this approach focusing and energy selection are provided simultaneously.

= Proton spectrum without the micro-lens
Proton spectrum with the micro-lens
== [u 5 w1 Simulations (0.2 MeV/0.1MeV resolution)

1E11 4

Protons (MeV/srad)
m
o

34567 8 91011 1213

Energy ( MeV)
Figure 3: Experimental proton spectra without micro-lens (solid line) and with the micro-lens (dashed
line) and the simulated proton spectrum (dotted lines). The simulated spectrum was obtained by
tracing 5000 protons through the fields predicted by the simulations.

In order to investigate the underlying physics of the micro-lens cylinders with either one or two gaps
along the axis with a width between 100 and 200 pum were irradiated. With the gap in the cylinder the
focusing characteristics were changed. The focused proton spots are not symmetric anymore as shown
in figure 4. These data indicate that electric fields are responsible for the focusing of the protons.

4. Simulations

For better understanding of the micro-lens 1D simulations of field generation at the micro-lens’ walls
and 3D test-particle simulations of proton propagation through the micro-lens were performed. The
protons passing along the axis of the cylinder can either be focused by a radial electric or azimuthal
magnetic field. The simulations were performed in two steps using the CALDER code [18]. We used
1D simulation, corresponding to the transverse direction to the cylinder’s axis to simulate directly the
plasma expansion from a 700 um diameter cylinder. The cylinder, which has a thickness of 50 um, is
irradiated by a laser pulse at an intensity 3x10'® W/cm?®, and with a pulse duration of 350 fs. Finally
we propagate protons in the cylinder through the space and time dependent simulated fields, using a
proton beam with the experimental divergence, energy spectrum and experimental time delay. The
initial temperature of the hot electrons considered in the PIC simulation is 400 keV, as given by the
laser’s ponderomotive potential in the laser field at the irradiance used. The initial electron density at
the cylinder’s wall is estimated by considering that a 40 % (inferred from experimental measurements)
fraction of the laser energy is converted into hot electrons and then that these are spread evenly on the
cylinder’s walls. This results in a hot electron density of ~6x10'® cm™. We assume that when the
plasma expansion starts, the field obtained by the PIC simulation is the same for the total length of the
cylinder e.g. for all x € [0, 3000 um]. As in the experiment, the protons are produced at x = -4000 um
and y = 2547 wm, and they propagate through the cylinder. Figure 5 shows simulated trajectories for
100 protons at 7.6, 6.25 and 4.9 MeV. The 7.6 MeV protons exit the cylinder before it is triggered
(Fig. 5a). These protons retain their initial large divergence. The 6.25 MeV protons are in the cylinder
when it is triggered, although close to its end. These protons are
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Figure 4: Laser irradiated cylinders with slits along the axial direction shows that the focus of the
proton beam is degraded. A) with one gap, B) with two gaps.
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clearly collimated as seen in figure 5b and therefore create a strong peak at the plane of the RCF (3.5
cm from source). The protons 4.9 MeV (figure 5c) are closer to the middle of the cylinder when it is
triggered, so they see a stronger field than the 6 MeV protons along their path in the cylinder. As a
consequence, these protons are actually focused tightly at a very short distance from the micro-lens
exit plane and diverge also strongly after this focusing point.

3000 3000 3000
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0 10000 ' 20000 ' 30000 0 10000 = 20000 30000 0 10000 = 20000 = 30000

Figure 5: a) Trajectories for 7.6 MeV, b) 6.25 MeV and c) 4.9 MeV. Note that the two axes (in units of
microns) in all three simulations are not scaled in the same way.

5. Discussion

The computational results support the scenario in which laser-triggered transient fields drive the
selective deflection of the protons. The physical mechanisms behind the micro-lens operation are as
follows: when the laser pulse irradiates the outer side of the cylinder, it produces a population of hot
electrons which penetrate through the wall and spread very quickly over the inner surface of the
cylinder. They then exit into vacuum resulting in an electron cloud in the surface surrounding area.
The associated space-charge field is large enough to ionize the material at the cylinder surface and to
create plasma. This results in a cylindrical plasma layer with high electron temperature. The plasma
begins to expand towards the cylinder axis, driven by a hot electron sheath that extends over a Debye
length ahead of the plasma.

The radially symmetric ambipolar electrostatic field associated with the plasma front is responsible for
the variable focusing of the protons propagating along the cylinder’s axis. The poly-energetic protons
arrive in the cylinder at different times due to their different velocities, with higher energy protons
crossing the cylinder at earlier times. Protons passing through the micro-lens before it is triggered do
not experience any fields and are therefore not deflected. Protons that are crossing the cylinder and are
close to its end when it is triggered and therefore experience the fields for only a short time will be
collimated. Lower energy protons will experience a larger cumulated field along their propagation
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through the cylinder. They are therefore focused at a short distance from the exit plane of the micro-
lens and diverge strongly after focus. These results in a diluted beam on the RCF stack positioned a
few cm away and in the strong dip observed in the spectrum of figure 5 below 6 MeV.

The micro-lens is easily tuneable through the energy spectrum. This is because the different energy
components of the proton beam, separated by time-of-flight dispersion, transit through the micro-lens
at different times, and are affected differently by the transient electric fields present in the lens. Some
energy components are focused, some are only collimated, and the focusing distance is energy-
dependent, allowing for energy selection by spatial filtering of the focused component. An intrinsic
tuneability is provided by simply laser-triggering the micro-lens at different times. This tuneability
was observed experimentally.

6. Conclusions

We have presented a novel technique for focusing and energy selection of high-current MeV
proton/ion beams. The laser driven hollow micro-lens represents a major step in making the laser-
accelerated proton/ion sources more attractive for various applications. While retaining the exceptional
beam quality of laser-accelerated proton/ion sources, the micro-lens provides a solution to two of the
main obstacles still preventing widespread applicability of these sources, namely their broad
divergence and their large energy spread. The device applies to laser-driven protons as well as any ion
beam. This method does not involve complex target engineering and alignment procedures and
decouples the focusing and energy selection steps from the generation of the proton or ion source. In
addition, the focusing effect can be scaled up to very high ion energies as discussed in [16].
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Present status of joint research on mono-energy quantum beam science
with PW lasers
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Institute of Laser Engineering, Osaka University
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Hiroaki Nishimura

Key words: Ultra-high intensity laser, quantum beam generation
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3.8 ERLHKERBEEINHEIROB 3

Development for High Current Superconducting Accelerator for ERL

AT B
IMSTATEGE N B AR W FEBR R iAE B2 —20n R e SeIR B e = b
Masaru SAWAMURA

Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

For the energy recovery linacs (ERLs), strong higher order-mode (HOM) damping is indispensable to
achieve high current operations. We have designed L-band superconducting cavity which is optimized for
the ERL operations. New cavity cell shape is designed. The HOMs are damped with microwave absorbers
mounted on large beampipes. A new idea of eccentric fluted beam pipe is proposed. Design concepts and

estimated HOM characteristics are described in this paper.

Keywords: Energy-Recovery Linac, Superconducting Cavity, HOM
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Table.1 HOM requirement for ERL
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3.9 Development of a High-Intensity Few-Cycle
Optical Parametric Chirped-Pulse Amplification System

Makoto AOYAMA ', Yutaka AKAHANE ', Kanade OGAWA "?, Koichi TSUJI ', Akira
SUGIYAMA ', Tetsuo HARIMOTO °, Junji KAWANAKA ?, Hajime NISHIOKA *,
Masayuki FUJITA °,and Koichi YAMAKAWA '

' apan Atomic Energy Agency, 8-1 Umemidai, Kizu, Kyoto 619-0215, Japan
? Institute of Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan
? Faculty of Engineering, University of Yamanashi, 4-3-11 Takeda, Kofu, Yamanashi 400-8511, Japan
“Institute for Laser Science, University of Electro-Communications, 1-5-1 Chofugaoka, Chofu-shi, Tokyo182-
8585, Japan
*Institute for Laser Technology, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japa

We report on optical parametric chirped-pulse amplification of more than 200 nm bandwidth using a

diode-pumped, broadband Yb:YLF chirped-pulse amplification pump laser.

Keywords: Optical parametric chirped-pulse amplification, Ultra-broadband amplification,

Few- cycle pulse, Ytterbium doped solid-state laser

Optical parametric chirped-pulse amplification (OPCPA) is one of the most powerful techniques in
generating high-energy short duration laser pulses.l) Its major advantages include high gain, high contrast
and high beam quality while maintaining ultra-broad spectral bandwidth. Recently, much efforts devoted
to developing ultra-broadband amplification techniques are being carried out. For example, a few-cycle
terawatt light pulse has been produced from a multi-stage noncollinear OPCPA (NOPCPA) 2

As an another approach for ultra-broadband amplification, Limpert et al. reported an enhancement of
the amplified bandwidth of OPCPA by using a broadband Ti:sapphire pump laser at degeneracy. ? The
Ti:sapphire pump laser could generate a broadband laser pulse suited for degenerate ultra-broadband
parametric amplification. However, an another green pump laser for Ti:sapphire is required. Therefore, the
OPCPA pumped by the Ti:sapphire laser becomes bulky and complex and its wall-plug efficiency is quite
low. In order to overcome these disadvantages, we used a diode-pumped, cryogenically-cooled ytterbium
(Yb)-doped LiYF4 (YLF) chirped-pulse regenerative amplification system as the pump source. The
efficient, high-energy and broadband Yb:YLF CPA laser Y is well suited for pumping the OPCPA. We

have achieved ultra-broadband amplification in the spectral range from 900 nm to 1180 nm,
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corresponding to 3.7 optical cycles around degeneracy.

A schematic of the ultra-broadband parametric amplification setup with a single-stage OPCPA is
presented in Fig. 1. A seed pulse is delivered from the mode-locked Ti:sapphire oscillator (Tsunami;
Spectra-Physics Inc.) operated at a center

wavelength of 1017-nm, which is capable

of producing a laser pulse with an average Tsunami

power of 400-mW at 80-MHz repetition SMF 4

: o PCF
rate. The seed pulse is then split into two ‘ YDYLF regeneralive amplfier N O O \

beams. One is temporally stretched with a & Fampraseot

Beam dump
1.2-km  polarization-maintained single- SHG Qelay | Stretcher

mode fiber up to ~ Ins and amplified in

-
L
the cryogenically-cooled Yb:YLF OIP_A| \
l_l r

regenerative amplifier. > The amplifier Amplified signal ‘

employed an Yb:YLF crystal with Yb Fig. 1 A layout of an OPCPA pumped by a diode-
concentration of 20-at.% and a thickness pumped Yb:YLF chirped-pulse amplification laser.

of 2-mm and a 5-mm X 5-mm cross

section. In this experiment, the laser pulse is amplified up to ~ 12-mJ at a laser-diode pump power of
71.6-W with a pulse duration of 4 ms. The amplified chirped pulse was compressed by a pair of gratings
down to 1.4 ps. The compressed pulse was down-collimated to a 3-mm diameter by a Galilean telescope
and was then frequency doubled in a type-I BBO crystal cut at 23.8 deg with a 7-mm-long for pumping
the parametric amplifier. The frequency-doubled pump pulse with an energy of 2.2-mJ was obtained at a
fundamental laser intensity of 36-GW/cm® which corresponds to an energy conversion efficiency of ~
40 %. The pump pulse had a duration of 2.4-ps and a bandwidth of 3-nm at the full width half maximum
(FWHM), respectively. The laser system is currently operated at a 10-Hz repetition rate due to the
limitation of the capability of the LD driver.

The signal pulse for OPCPA is generated from another split seed pulse, which has been converted to
white light continuum (WLC) via a photonic crystal fiber (PCF). The PCF has a length of 15-cm and core
diameter of 4.7-mm with a zero-dispersion wavelength of around 1030-nm (Crystal Fibre NL-4.7-1030).
The seed pulse with an energy of 2.8-nJ and duration of 80-fs is coupled into the PCF. The generated
white light is then stretched to ~2-ps by a piece of glass with an optical pass length of 10.5-cm. The white
light seed pulse with an energy of ~ 0.75-nJ was introduced into the parametric amplifier which employs a
BBO crystal (5 x 5-mm aperture, 7-mm-long) cut at 23.8° and a collinear configuration of type-I phase
matching with an internal crossing angle between the seed and pump pulses of 0.6°. The white light seed

pulse loosely focused on the BBO crystal had a diameter of 1.0-mm, resulting in an intensity of 48-
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kW/ecm®. The OPA pump pulse with an

energy of 2.1-mJ was down-collimated to 515
a 1.2-mm diameter, thus giving an : >230 nm :
intensity up to 76.9-GW/em®. The laser o T 1510
energies and power spectra were measured __ o8 —> 1505 E
with a thermopile power meter (Coherent; ; %’
PM-10) and fiber optic spectrometer = 0.6 T %
(Ocean Optics; USB-2000-VIS-NIR and g 0.4 | E.
NIR-512), respectively. a

A maximum single-pass gain of more 0.2- 7
than 1.6x10° was achieved with a pump 0.0l g N

900 1000 1100 1200

intensity of 51-GW/ecm®’.  Saturated .
Signal wavelength (nm)

amplification was observed with the pump Fig. 2 Measured amplified spectrum (solid line) and WLC

intensity in excess of 20-GW/cm’. We spectrum (dotted line). Calculated phase-matching
have also obtained a conversion efficiency curve is also indicated. A shaded area corresponds to the
of 9.6 % into the signal, resulting in an bandwidth of the pump laser.
amplified signal energy of 83-mJ. Fig. 2
shows the measured amplified spectrum of OPCPA and the calculated phase matching bandwidth. The
spectrum ranging from 900-nm to 1180-nm was amplified, corresponding to a calculated, transform-
limited pulse duration of 12.6-fs (3.7 optical cycles). This result is in reasonable agreement with the
calculated phase matching bandwidth. However, the measured spectrum was slightly broader than that of
the calculated one, which may be due to the presence of the pump beam divergence. >

In conclusion, we have demonstrated optical parametric chirped-pulse amplification by using a diode-
pumped Yb:YLF CPA laser system as a pump source and achieved an ultra-broadband amplification of
over 200-nm supporting a 12.6-fs duration (3.7 optical cycles) in spite of being operated around
degeneracy. By using a two-stage OPCPA with a higher-energy pump pulse, it should be able to produce a
terawatt-class, few-cycle laser pulse without complexly and enlarging the system size. Such a laser is

useful for the generation of attosecond pulse generation in the xuv region as well as other high field

applications.
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First-principles calculation for electron-ion dynamics
of molecules under intens laser field

JUTREERg L, Wsae 2, RAE—1% 3
VIR AR AR ORI R AOIIeRt, 2 B, 3 SR GHRRAE R v 2 —
Yosuke Kawashita!, Takashi Nakatsukasa?, Kazuhiro Yabana®
1 Graduate School of Pure and Applied Sciences, University of Tsukuba,
2 RIKEN,

3 Center for Computational Scienses, University of Tsukuba

Recent development of laser technology has enabled us to study various nonlinear phenomena
of molecules that occur under high-intensity (10*® ~ 10**[W/cm2]) and ultrashort (~ 10~!5[sec]
) laser pulse. We calculate the Coulomb explosion of No molecules under intense laser pulse em-
ploying the time dependent density functional theory (TDDFT) with real-space and real-time
method. We obtaind the intitive picture for the process of Coulmob explosion applying the
TDDFT.

Keywords: Laser, Ultla short pulse, High intensity, Coulomb explosion, First-

principles calculation

1. 1ZCsIc

L—H'—r OV A% FWW T2 001 OB RS & O BERINREE & W o 720 NS RZ R Bk 2 R 7o L T
B BRRGEHADNZENTVS, e, BREREREZECH LT HmL—T— YV ARGHIE
K9 3 EFOIFIEHRICE REGZFENFE LN TN S, TV TR GO ERICE, L—
P—HMORENRKE LB LTS, BIE, L—Y—ffioT7uar7 4 70—DicL—%—b
A VAL, BEEEthd s, L—F— OV AORRIEIZ Y = L b (107 1%sec) B 57 b
(107 8sec) DFEBIGEL THED. ZOXIRHEHDOL —P— YV AZHNE Z LIc&> T, AT
DA A4 > ORREMFHAL & SICIEEFORRMEHINTEEL 2%, iz, s LT, 10183~
101 [W/em?| LWV o e FINTE TSN T 2B L AREDO L —Y— 2L T2 EMIRETH D .
DX HIBEICHBWTEZEHEA A MU SREIEFEA WS TIERIEHSE D EN S  EHIENT
Wb, TOVOIERE. JFBEMNGE XA I 7 AZMERCEIR T 2 ik & U TR
NBE%LE (Time dependent density functional theory : TDDFT) & GHAEFIETH %,

BLIIAWET, D HICBI 2L —Y—GHhOET « A4 XA F I 7 A2 f— I ER T
% eZHENE LT, FZEHM, FERFRIFRIC X 2 RHKFR EEN R EGE (TDDFT) 2 VW CETIRRE
CA T DOBEIMHES Uiz, BT - AAVEAF IV AR T 2 FEZEFH U, £, TOFE
ERHOTHRL—Y— OV A KR EEFO7—a VBRI LTy I al—ya veE{iot, 77—
0 ERIEZEFROIFREZ AT I VR AF 2 OEEDVHEICHE LIEMBRR TH 2729,
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ZDANZ AL U TH—NGEHEREEONTOEY, BLZERSTO7— 0 Vg EY I a
L—h932Lickd, ZORXA N X LOfFIHZHAR T,

2. 5t8GE

43T FIREEDRI I TDDFT OFEZEM], HKRFRMIFEIRIC X 2 ik E Hviz, S222 ik Tldzem]
ZREFIRCTENL, ZORKEF R ETEFRIEEG EOYHEZERT %, OFEFZEMIEN
X2 KHBHEHRICHE LU IZFETH O . XNTHR EDORKBIERICIR 2 (E ERI1 23T 2 FiE
THs, FRFEEIEIIRIEL Bertsch ICK > TRIBENIFETHD [1]. A ZDOFEITHL
TEZL O ZER > TW5b, ERFEEZE L. KX (1) 1R KK Kohn-Sham /7%= (2)
D& S EENICEED S FIETH S,

PP (s (7, 1) 4 Vese 07,1 W)

¢i(7’ t+ At) ~ e*i(th(th)JrVext(t))At/hwi(F’ t) (2)

COWNAT v TREEDIRT T LIC KD, WHBROERRRIEZIAT 2 LMW TES, TTT
Vi (7, 1) & —Ki FHERIEL. his (7, t) 1& Kohn-Sham /N2 )V N 27 2 Vi (t) IZHRERIICTHRAE L 72445
Thd, HLEA (2) OWIFRIEZ 4 ROT—F—EHTERIT 5 C LI XK D BUERTREZ1T> 720 5
REEIF RO FIEIIAEINE TDDFT LI1d587a 0 ETFREOREIRED) 5 DEZGEILT 2 Lo
IR EEFNTORWESIC, —BFRHEREICIES 3, £EFRIFLRREDZLR E FFNIC ATHET
HB, WH>oT. TOFEFEL—F—HHOEFIREOGLRICHEL TV,

A & > OEENC B U Tt i iR #2175 o

>R
ot2
T MBAAYOHERE, RIEALTVOEETH S, FERERFEE TDDFT Tadik U7z & FIRRE
ZEBLT, A4 VIKBNZFHEL, Z2OH%Zd LI U THMNEA A > DX A F 2 7 AD5EM
BIT9. AF VKB NCRERHEEBE LA A VRO —a Y Fh, L= 5lE#EZT %
T eBIRHNSEOFLGO=HENH ., TDH>BAFVAILOI7—ny )] Flon—ion b L —4'—
s D7) Flon—ext (IEBENGE D TH S 720, flibd 2 DICRHCH LLOB#EIERv, LirL, &
ThHEOHFGIETORTHNESDIRNTH 2 OO L {xd, TOHDFHEICIE,
Feynman-Hellman(F-H) D& ZH 1%, F-H OEMICKD &, 1A IK@ g4+ RT>
T VDA F VT OM S 2 BRI TRz L 5T LICK > TR TE %, F-H 1zdh
LDOICEBT B LI TDIBICE S,

M — Fion—ion + Fion—cxt + Fion—clcc (3)

N

i a\/vion
Fonmelee = =3 (| g ) @
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CZTC. Vign BAFUDEDRT V¥ IV TH B,
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3. SHERER
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i 30[fs] & 5[fs] &5 EAMEYE THE 800[nm] O L—H'—/ )V A% 5 7O 1l & 775510
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LIZZENTEND IV AEOBE TRAKINC A & VB ROl E T3 )V F— (KER) Z/RT, 7OV AIEN
30[fs] DA KER (3 33.2[eV] & PHAIETD 7 —0 Y TXI)VF—D 64 % E/NE AL R>TWVB,
CNBAF 2R LEDNS A VMU 272DTHE T DX 1 5L S, 7IVAR
M 5fs] DEED KER (£ 36.9[eV] THH . THIFFERNCHESLN TV AR BT Tx)VF—N
KIEICHIRIEN TS, MIFHENSEAIE. 4 AMCIEBRHICE S > T O T DA A4 2 REEE
O TOWRWD, ETFNEA A ORI R U TRER & AR 5 X 510K % XTI DD
D, ZORNCA A VEEREMAC CEEIZ X OVF—DMIfI SN 27D THEH T LMK 2 EDM 5,
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4. F ¢S

BAREAWIET, BreAA DR AF 27 A2 FARHNCEHE—JRERMICEDRT 5 2 & ZHWE LT,
HTHAF IV A% TDDFT OERFFHFERIC X L Talik U, AR A A XA F I A ZET
KRB L KEE LIl G = o — VAR TRliR I 2 Rz Uiz, COFEZHV, ML —¥—
POVAC K BIFEBIRD—DTH 2 7 —a @O Y I a Lb—ra U ETo Tz, HERIEEV VR
ED L— =B84} U 72353 C 2 @8 = 3V F— il 1 A4 AL Liahd 5 1 & > RIEREEDMH O
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[1] K. Yabana and G. F. Bertsch, Phys. Rev. B54, p.4484(1996)
[2] J. McKenna et al. Phys. Rev. A73, p.043401(2006)
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Atomic modeling of the plasma EUV source
{22 A
JRF RS - BB — DSHAFEERM - B v — ARHFE L = v b
Akira Sasaki

Quantum Beam Science Directorate, Japan Atomic Energy Agency

An atomic model of Sn plasmas is developed to calculate the coefficients of radiative transfer.
In order to reproduce the experimental spectrum, dominant satellite lines are determined
after iterative calculations, which have a significant contribution to the emission. We also
correct the transition wavelengths through comparison with experiments. Present emissivity
and opacity will be useful for the radiation hydrodynamics simulation, toward the

optimization of the EUV source.

Keywords: laser produced plasma, EUV source, simulation, plasma atomic process

1. 1ZL®IZ

Sn 77 X~ % EUV I Bk T AE 292 L, RIHMEEERY v 7T 7 ¢ ORR
ELTHIEBIR D ESD HivTWb, EUV ERE LTHWLA D DX, L——HH 5V ITKE
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FUORERREIT, 1 #EABETHRE LT 4d TREINDBETEEEZFFD, 4d-4f, 4d-5p, 4d-5f
72 & QI IRVFEN G H D0, 4d-4f EB O EMEEIZ L &3 13.5nm I T—ETh
D, LODITFEWEEIENELNDL Z D ERE STV

AW TIE, LFOFIAT Sn 77 X~ OlgH s tf i A5 5H L=, #®IZ, Hullac =— Rlii]
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HETNLE2MHEZE L, CRE (Collisional Radiative Equilibrium) Z{E L T, 4 A, L~Ub
REalb—araiti L, BBRICHEIEBORELFE L, 77 X~ O miERE K
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EUVERE LTHWOND 7T X~ OIRE, HEX, B L —F—DRELHMEIZ L > TRE
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44d-4f B D EFFHE X, CI(Configuration Interaction:Al & MM HA/EA) 2 & BT 5 Z LV E
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BT ST Tlvl, ARWFZE TIXEM B IEI X0 JIE SN RIEART bR RIvilic
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3. AR L
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Nuclear scattering calculation of particles by using Monte-Carlo method

FRAREE
MSATBUEN AARIR 0T FERH A &7 ©— L S HRFZEER M
SR E—2F 2=y b
Kengo Moribayashi

Advanced Photon Research Center, Quantum Beam Science Directorate,
Japan Atomic Energy Agency
Abstract:

We have calculated nuclear scattering, nuclear stopping powers, and space distribution at the
range for proton and o particles in water molecules. The nuclear stopping powers and the
space distribution at the range calculated here agreed well with experimental data and the

other calculation data, respectively.

Key words: Monte Carlo, nuclear scattering, nuclear stopping powers, space distribution
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Oxygen Isotope Separation by Isotopically Selective Infrared Multiphoton
Dissociation of 2,3-dihydropyran

BRIL D, KEGELANY, SRR WD, BRI, AR, U —
1) MSZATBHEN BRI 7 0 JE B R &7 2 — 2GS HFIERM & 12— 2R e =2k
2) MIER NFIEBREE 7 4+ — T A
Atsushi YOKOYAMA", Hironori OHBA", Hiroshi AKAGI", Keiichi YOKOYAMA", Morihisa SAEKI",
Keiichi KATSUMATA?
1) Advanced Photon Research Center, Quantum Beam Science Directorate, Japan Atomic Energy Agency

2) Global Environmental Forum

Oxygen isotopic selectivity on infrared multiphoton dissociation of 2,3-dihydropyran has
been studied by the examination of the effects of excitation frequency, laser fluence, and gas
pressure on the dissociation probability of 2,3-dihydropyran and isotopic composition of products.
Oxygen-18 was enriched in a dissociation product: 2-propenal. The enrichment factor of %0 and
the dissociation probability were measured at laser frequency between 1033.5 and 1057.3 cm’'; the
laser fluence of 2.2 - 2.3 J/cm’; and the 2,3-dihydropyran pressure of 0.27 kPa. The dissociation
probability decreases as the laser frequency being detuned from the absorption peak of
2,3-dihydropyran around 1081 cm”.  On the other hand, the enrichment factor increases with
detuning the frequency. The enrichment factor of '*O increases with increasing the
2,3-dihydropyran pressure at the laser fluence below 3 J/em® and the laser frequency of 1033.5 cem™,
whereas the yield of 2-propenal decreases with increasing the pressure. Very high enrichment
factor of 751 was obtained by the irradiation of 0.53 kPa of 2,3-dihydropyran at 2.1 J/em?.

Keywords: Oxygen isotope separation, CO; laser, Collisional effect, 2-Propenal, Enrichment factor
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Fig. 1. IR absorption spectra of 2,3-dihydropyran
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Fig. 2. Laser frequency dependence of (a) dissociation
probabilities of CsHg'®0 D('°0) and CsHs'®0O D(**0) and
(b) enrichment factor a. Laser fluence at the focus is
constant at 2.3 J/em®. The CsHgO pressure is 0.27 kPa.
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Fig. 3. Laser fluence dependence of (a) dissociation rates D
and (b) enrichment factor a. Laser frequency is fixed at
1033.5 cm'l, and the CsHgO pressure is 0.27 kPa.
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IR THHZ EEB BN LT,
Table TIIAWFZEDRERES T THRESINEE L TORT, 4 FTHRESN QWD ER DD
BH KEWVDIX(C3H7),0 DRI TiREfE TR D72 350 TH D, TIUTxt LT CsHgO Tl Kk
751 & 2 fELL OSBRI S DT, £72. (C3Hp),0 DA iRk RIZ OV TILE W Bt i 05
HIL D ME M TIX 0.03%LL FTh D & Laptev H[6]I2 & D HE S TE Y L CsHgO D J5 Moy fifhte
*i%< F-REHE S @72 O KEEFEICHN TV D, ZO/MOIEAMmIc OV TIEE EET S
SYEEREUINE L, 23-P Fu bt T o B0 RSB O RERMEES T L E 2 bND,

Table 1. Typical Results for '*O Enrichment

molecule frequency fluence pressure D('°O) o reference
(cm™) (J/lem®)  (kPa) (%)

CsHgO 1033.5 2.1 0.53 0.043 751 This work
1033.5 2.2 0.27 0.22 391 This work
1033.5 2.6 0.27 1.4 169 This work
1033.5 3.2 0.27 5.0 37 This work
(CsH7)20 975.9 1.9 0.016 350 5
975.9 4.6 0.016 12 26 6
(CF3)20 942.4 4 0.067 3 95 6
C3H;,0CH3 1041.3 3 0.035 3.5 25 6
CF;CH,OH 1029.4 1.8 0.027 5 72 6
C4HgO 1048.7 6.1 0.040 1 1.03 6
982.1 1.7 0.13 74 5
(CH3),0 1050.4 3.8 0.67 0.05 16 6
1057.3 18 0.40 19 5
(CH3);0CH3;  980.9 2.0 0.13 79 5
CsH;0O 980.1 1.6 0.13 74 5
(C2Hs),0 983.3 1.2 0.13 15 5
CrO,F, 944.2 25 0.11 2 6
BE W

[1] R.K. Sander, T. R. Loree, S. D. Rockwood, S. M. Freund, Appl. Phys. Letters 30, p.150 (1977).
[2] J.J. Marling, Chem. Phys. 66, p.4200 (1977).

[3] P. E. Zittel, L. A. Darnton, D. D. Little, J. Chem. Phys. 79, p.5991 (1983).

[4] V. V. Vizhin, Yu N. Molin, A. K. Petrov, A. R. Sorokin, Appl. Phys. 17, p.385 (1978).

[5] T. Majima, K. Sugita, S. Arai, Chem. Phys. Letters 163, p.29 (1989).

[6] V. B. Laptev, E. A. Ryabov, L. M. Tumanova, Quantum Electronics 22, p.607 (1995).
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Photo-dynamics of Zinc-Myoglobin Modified with
Ethylenediaminetetraacetic Acid

mks LAY IR D - dEEPERE D - B D - A R 7R
V7R B KRB L F
DA TSR e L — Y — BRI —
Hiroshi TAKASHIMA", Hiroe KAWAHARA"Y, Miho KITANO", Keiichi TSUKAHARA", Hiroshi
MURAKAMI?
YDepartment of Chemistry, Faculty of Science, Nara Women’s University

YJapan Atomic Energy Agency

Reconstituted zinc-myoglobin (ZnMb) has been newly prepared by incorporating chemically-modified
zinc-porphyrin cofactor appending an ethylenediaminetetraacetic acid (EDTA) moiety into apo-Mb. The
divalent metal cation (Co**, Cu**, Ni**, Mn**, Zn**, Mg>") affinities of the EDTA moiety were determined
by conducting UV-vis (and fluorescence) titration experiments in water. The photoinduced
electron-transfer and energy-transfer reaction dynamics of the metal-bound ZnMb[M(edta)] were studied

by fs-laser induced fluorescent lifetime measurements.

Keywords: Myoglobin, Electron Transfer, Ethylenediaminetetraacetic Acid, Metal Ion, Fluorescence
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Figure 1. Structures of Mb and ZnP(EDTA).
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Preparation of cerium compound nanoparticles by laser ablation in liquid phase

REGLAIL bR/, VERIEEZ, B =
JRF I & v — MICHMFERM . v — Y — W ERIEE 2 L — 7
Hironori OHBA, Morihisa SAEKI, Akihiko NISHIMURA, and Atsushi YOKOYAMA

Laser Chemistry Group, Quantum Beam Science Directorate, JAEA

Colloidal solutions of cerium compound nanoparticles were prepared using a cerium metal in
liquid phase by laser ablation with nanosecond laser pulses at 1064, 532, or 308 nm, and femtosecond laser
pulses at 780 nm. Particles were characterized by using an UV/VIS spectrometer and an electron
microscope. Cerium dioxide particles were easily synthesized by laser ablation with nanosecond laser
pulses, while low-oxidized compounds were prepared by laser ablation with femtosecond pulses in pure
water. Metallic cerium particles were produced in liquid nitrogen by laser ablation. The formation
efficiency of colloidal particles for visible and infrared nanosecond pulses was higher than that for
ultraviolet pulses and for femtosecond pulses. Under the irradiation of ultraviolet laser, it appears that
self-absorption of laser pulses causes the lower formation efficiency of colloidal particles and the formation

of small size particles due to fragmentation of colloidal particles.

Keywords: Laser ablation, Liquid phase, pure water, liquid nitrogen, Nanoparticles, Cerium oxides
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REMEEE L LCLIELIZAVWLNTWD Z &b, F Rl B 2 135D FEH A
/N 472 DIRBHFPERFZR IS T X 5, T/ B2 BT kR 2 R B ot BB RE IR R O
7o DI LWE R TFEDORBEALETH Y | Foxld, RIEMESEAIITOI TV DIRMET T
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4.7 Observation of ICP mode Transition from
CCP mode with Inside RF Antenna

Keita NAKAGAKI'?, Toshihiko YAMAUCHTI?, Yoshinori Kanno',Seiji KOBAYASHI®
1; Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi

2; Japan Atomic Energy Agency

The CVD system by 27.12 MHz RF heating plasma discharge was developed to investigate the synthesis
of the advanced ceramics, particularly diamond. Our system was unique, whose four turns RF antenna coil
was installed inside of chamber. Here, we found the interesting physical behavior for the first time which
the charge coupled plasma (CCP) changed to the inductively coupled plasma (ICP) suddenly at the
threshold power. The plasma characteristics which were measured by the double probe were T.~10 eV and

ne~1 0" cm?

suitable for the dissociation. No impurity was observed in plasma, judging from the
spectroscopic measurement. The ball-like diamond was synthesized on the silicon (Si) substrate by the low
power RF heating plasma.

Keywords: CCP, ICP, RF, Plasma, CVD, diamond, transition, T, n.

1. Introduction

The advanced ceramics synthesis, especially diamond synthesis, has been investigated for the long time,
since the GE Co. in USA succeeded to produce the diamond by the high-pressure and high-temperature
method [1]. Almost ten years later, Derjaguin et al began to investigate the diamond synthesis using the
low-pressure synthesis method, or using the chemical vapor deposition (CVD) [2]. The purpose of
diamond synthesis is mainly derived from the great charm of the superior industrial characteristics of
diamond.

Our experiment has been performed to clarify the physics of diamond synthesis by CVD with the RF
heating system. In the inside antenna, the plasma parameters such as electron density increased smoothly
by the increase of RF power [3]. But in our inside RF antenna, we found the abrupt change of plasma
parameters for the first time. This transition which produced high density and high temperature plasma was
very useful for the dissociation of hydrogen and methane molecular. Therefore, both argon (or hydrogen)
and methane gases were used to produce the diamond-like carbon (DLC) and the ball-like diamond [4]. In
this paper, the synthesis apparatus with 27.12 MHz RF heating and the double probe etc. are described,
whose four turns antenna is installed inside of chamber. It is in contrast to the other system [5]. We
describe the abrupt transition of plasma mode from the charge coupled plasma (CCP) to the inductively
coupled plasma (ICP) by the increase of RF power. In these modes, the plasma characteristics composed of
both argon (hydrogen) and methane gases were measured by the double probe, the spectrometer and the
photo-diode. The diamond like carbon (DLC) and ball-like diamond synthesized on Si substrate was

investigated using the scanning electron microscopy (SEM) or Raman spectrometer.
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2. Experimental apparatus iz = Vacuum chamber
Figure 1 shows the experimental apparatus. The three kinds /4 Observation

of gases were used, and each gas flew through the mass flow RE Pl // Lens

controller (MFC) into the electric gate valve after mixing Matching Box Spectro-

them. The gas flow rates were 10~30 sccm for argon [Power supply oF e e

Current meter )

(hydrogen) gas and 0.1~0.3 sccm for methane gas. The mixed o _uslheom'dwde

gases flew into the chamber through the fused quartz pipe Recorde r < Isolation

(inside diameter: 7 mm, the outlet diameter of gas at the top: DC Power supply

Imm). The gas flew in the center of antenna coil (The inside

diameter of 4 turn-antenna coil was 31 mm which was made T

of the water-cooled cupper tube of 5 mme). The mixed gas Fig.1 Experimental apparatus.

reached on the surface of Si substrate on the stage. The

vacuum chamber (26 cm in diameter and 40 cm in depth) was evacuated by the turbo-molecular pump
(TMP) and the rotary pump (RP). The valve between the vacuum chamber and TMP was almost closed to
control the gas pressure in the chamber. After the chamber was evacuated till the extent of 10 torr, the
mixed gas was usually filled into the chamber till 0.6 torr. The characteristics of RF heating system were as
follows: Maximum RF power was 1 kW and RF frequency was 27.12 MHz. The input and reflected RF
powers were memorized in personal computer through the data logger. The parameters such as the electron
density n. and the temperature T,, the radiation power Pr, the holder temperature T were measured by the
double probe (DP), the photo-diode (PD) and the thermocouple (or thermal infrared radiometer),
respectively. The synthesized sample was observed by SEM and Raman

scattering spectrometer.

3. Plasma Characteristics

The diagnostics of DP, the visible spectrometer and PD were used to investigate the CVD plasma behavior.
The experimental condition was as follows; Argon (hydrogen) and methane gas flow rates were 10~30
sccm and 0.1~0.3 sccm respectively, as mentioned above. The total gas pressure in chamber was usually
0.6 torr. The volume percentage of methane gas was almost 1%. In ICP T, and n, were measured using DP.
The probe position was fixed at 17 mm away from the bottom of antenna coil. The experimental values
were Te=3~10 eV and n=(0.08~0.8)x10"" cm™ at RF power of 20~600W. The visible spectral lines were
measured with the spectrometer (Nikon P250: grating of 1200 lines/mm, braze wavelength of 300 nm) and
the photomultiplier tube (PM: R1333 of Hamamatsu Cor.). Many argon spectral lines were observed in
Ar+CH, plasma, but the spectral line emitted from the impurity such as cupper atom (spectral line: 510
nm) was not observed in CCP mode. In H,+CH,4 plasma the spectral lines emitted from Balmer zone and
Fulcher zone were clearly observed in ICP mode. 4.Sharp transition of plasma mode from CCP to ICP
When the mixed gas H,+CH,4 was flown into the vacuum chamber, the gas pressure in the chamber was

controlled from 0.1 to 5 torr.
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The plasma showed the unique phenomenon suddenly, 70

when RF power reached at some power which was ZZZ P

named as the threshold power. At first, when we £, ICPmode CCP mode
increased the RF power, the plasma was turned on at the E 300

threshold Py=10~40 W (Pymin=10W). This was the 200

threshold power of CCP mode. This discharge was 100 C noplasma P
caused by between the out feedthrough (ground Ovoo 0.20 0.40 0.60 .50 o0
potential) and the higher potential coil. The threshold Pa (torr)

Fig.2 Threshol fpl
power Py obeys the Paschen’s law as shown in Fig.2. ‘£ reshold power of plasma

When RF power was increased over Py, the reflected

w
o

power was increased together with the absorbed power. H2-CH4(1%)

Reaching the next threshold power P;, the reflected § iz 0.25torr

power P.s suddenly dropped under a half. The radiation E 15t

P, suddenly jumps over three times as shown in Fig.3. o 10

ICP was well confined with the magnetic field induced Z [

by antenna current, and n, and T. were higher than that 400

of CCP and the slope in ICP mode was steeper. By < 300

contraries, when RF power was decreased, ICP mode =

was kept even if RF power decreased less than the ‘?200 g

threshold P;. And then ICP mode suddenly changed to 100:

CCP mode at the threshold P,. The reflected P..r jumped 8% [ = _qu modfe

over three times as shown in Fig.3. The radiation P, g ol /; ‘."‘\-“EP

dropped under a tenth. The threshold powers were ;Q ol T u:v1

plotted in Fig.2. The region between the threshold Py and P . Q/]/

P, is CCP mode, and the region above P; is ICP mode. - CP mode

Their threshold increased in proportion to the gas ° 0 1Ioo 2Ioo 3Ioo 4I00 500
Pin (W)

pressure. The abrupt change of plasma which was
associated with T., n. and P, was observed. ICP mode was Fig.3 Phonomena ICP and CCP mode
in contrast to CCP mode. This plasma investigation is

described in ref.6.

5. Observation of diamond grains with SEM and Raman spectrometer

The diamonds produced on Si substrate were observed with SEM. The SEM micrographs are shown in
Fig.4. The duration for their synthesis was almost 2 hours and a half. The size was nearly 200~1000 nm.
Some nano-particles were also made from the carbon-rich plasma by using pyro-graphite (PG) except for
the gas CVD. The diamonds which were charged through the scanning electron beam used in SEM looks
to be white as shown in Fig.4. The peak of Raman scattering spectrum was observed around 1330 cm’

whose value showed the diamond in Fig.5. The broad bands around 1250~1400 cm™ and 1530~1650 ¢cm™
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are the spectral curve emitted from DLC and the graphite respectively.

)

intensity(a.u.
S

0.2 \—Y—/
G t?and \ D band \
0.1 L L
1783.16 1600 1400
. . . . . wave number, (cm™).
Fig.4 SEM image of nano-size diamond Fig.5 Raman spectrograph( of d)lamond

6. Summary

In plasma mode transition experiment, the plasma characteristics were T~=3"" eV and
n.=(0.08~0.8)x10''cm™ and the spectroscopic data showed no impurity in CCP. Sharp transition of plasma
mode from CCP to ICP was found for the first time using the inside RF antenna, and ICP was the high
density and high temperature plasma suitable for the synthesis experiment. We presented that the ball-like
diamond on Si substrate was synthesized by the low power RF heating.
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Generation of intense terahertz radiation
by ultrashort high power lasers
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DA AT I FIEBR A BT LR R SE T
Shigeki NASHIMA", Kohei SHIMIZU", Makoto HOSODA", Hiroshi MURAKAMI” Satoshi ORIMO?,
Koichi OGURA?, Michiaki MORI?, Akito SAGISAKA?, and Hiroyuki DAIDO?
YDepartment of Applied Physics, Graduate School and Faculty of Engineering,
Osaka City University

YKansai Photon Science Institute, Japan Atomic Energy Agency

We have measured the spectrum of intense electromagnetic wave radiated from Ti-plasma by using a
Martin-Puplett interferometer. We found that the spectrum of observed radiation distributes around 0.2
THz and extends up to 0.5 THz. The pulse duration of the terahertz wave would estimate to 2 ps with the

measured spectrum for a transform limited pulse.

Keywords : Terawatt laser, terahertz (THz) radiation, laser plasma, poderomotive force
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Figure 1: Schematic illustration of experimental setup for the detection of terahertz radiation by using a
Martin-Puplett interferometer.
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Figure 2 (a): Interferogram of the detected electromagnetic waves. (b) The power spectrum obtained from
the interferogram.
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Measurement of Mid-infrared FEL Pulses for an Optical Quantum Control

A, KRG, FARETT, PEE—, IEFEE
MSIATBAEN A AR ST 7EBR RS B+ — DS HPFFEERM ERL SCE-JRBHS M 77 L —7

Hokuto IIJIMA, Ryoji NAGAI, Nobuyuki NISHIMORI, Ryoichi HAJIMA, Eisuke MENEHARA
ERL Development Group, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

We report measurements of chirped FEL pulse from an energy recovery linac (ERL) at Japan
Atomic Energy Agency (JAEA). The chirped FEL pulse is operated by the JAEA ERL-FEL
superconducting accelerator at wavelengths of 20 um. The chirped pulse was previously measured by a
second-harmonic-generation (SHG) autocorrelation, however the chirp rate was evaluated to assume the
temporal shape. In order to measure the chirp rate of FEL pulse without any assumption, the
frequency-resolved optical gating (FROG) is employed to completely retrieve a spectral phase or a
temporal phase. We show a FROG measurement of a pulse distorted by atmospheric water vapour
absorption. The SHG intensity calculated from the retrieval intensity and spectral intensity of FEL pulse

were good agreement with the SHG autocorrelation and the power spectrum.

Keywords: Free-electron laser, Energy-recovery linac, Chirp pulse, Optical quantum control

1. IIL®HIZ

T2 (T REIMEHE 2 10 — BB O SR (ERL) % JVN T Y JJFEL O BRFEIF 784
1Tl TN, CHETOFEL L ZHNEDS (FLE~20pm) . Z D/ SV ZRF 3 —F L TNAHD
LG TWEAE 51247725 7=Second Harmonic Generation (SHG) [ T AH B0 A~/ ML EHHI

TlE, FEL SVADIGREAEL CF v — 7 & T DL o7, v —F Lot iz
£ 215 %@ﬁmﬁfik (I CEDPO, ZIR Ty ORFBEITZ D — R OUEN 2B L2 DA
BEAR R OARAEICEET DI ETIT RS, LILiEH O TITMRIRIZET 2 E TIZ, D7 D=3
I 0)—4[% > FNOIRBIE—RICH S EISID, ZOTDIREEDOFRILE e\, T CEEED7-
DOYENITEIINTTF ¥ —7 I A HOIUE, E OB ITIIGHITE Y | fERED DR IT TR
\Z 235,

FELZ 25153 THEBE IS 357201213 T v — 7L — M KB TR ERH D, £ TH A
X ER B R — N (Frequency-Resolved Optical Gating, FROG) % iy T, ERL-FEL Y./ )L AD
Fr—FL—bERETHIEEL, ZOFHMEE 2R U, ARE TR, BEO RSP 54
ZRIH LT, SHG-FROG%1T7257=,

2. FROG 12X 57OV A3 HIIEE

FROGOD JFL T2 & Sk 2E L, HIE 318 13 B O FH B9 % Il Dautocorrelator & SHG D I & (J&
W HO) 4547 &l Dspectrometeriiin b 72 5, Fig.l 134 EIHEEEL 7-SHG-FROG DM E 2 D& X TH 5,
FEREM TENSNZFEL VA IR, BES 1B3umDO R =F Lo T )V MZEAHE — LA Vi —
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Fig.1 Schematic view of Frequency-Resolved Optical Gating

FEAUHERE 150mmD <= —hI7 — (FROG) setup. BS; beam splitter, RR; retro-reflector, PM;
T, fZEHES (Te, t =2mm) 220D parabolic mirrors, Cry; SHG crystal.

AN EICB VTN,

SHGE R L < FBAESHEDIT
IZFELOAR A & Tefl it D0 % 8o 5 MEN B 5, K fL iz & T OFELORIANZERTICHE 2 LPY
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MCTH 5 OfF BIHEE L7-t%, A rAa—FIZ AL TW5D,

JEAE-ERLDIIIEZERE . FROGD 7= DEBRERIIH 24mD 2% % TREIZh Tna! oo

G BLEF == NIZIO T D, RFEER CIFEEE R IE D720 | FROGEHAIZE & 1L KB ok
RECHEBRE T/ o7, Wik REEZ2CLTIE T, TOMERIT 70~80% 1 k#ESHIZY, 122, &
FEVITHRWFELIXE AL I A= % 5.2 572  REHUTIXFELO -84 30 — % 200mW R |24
Z T2 >TND,

[THz]
190.27 - - 1.0
| . ‘%’ . 03
146.02 - l - 0.0
| | | | | |
115 0 11.5 -11.5 0 11.5 [ps]

Fig.2 Measurement FROG trace (left) and calculated trace (right) from the retrieval pulse.
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AMTFIEL TCODDMN D,

Fig.4 |3 Fig.3 &7 —UxZHal 72 FEL » NV AD AR B R T, JEEEEIZ BT, £D
FAEME X 4THz Tho7o, A RIEERESRITEZEC LI DD AT NUIEER KOS S5,
2T WIXDALENZ BT DA DEAL A KREL R ALAHBIEDDONWTND, Fiz, FFES NI
AN IAT B AT BV EHRIORE R LR DRI A D T8 T,

Time [ps]

Fig.3 Temporal intensity and phase of FEL pulse
retrieved from the FROG trace in Fig 2 (left).

1.2 ‘, : _ 10 FROGIZH 1 5 FHBFE O 2 L1 1%, SHGH
' TR B R0 A7 ML EHII D B & Heile 972 DA
= 18} — 8 L, PME WESH-FROGHfh & Ffif s s
& | : O LAWY D HUE S h B
2 9B 18 2 (Fig2(ight) Lo B THIFAR>TH20, =
2 o AUIKREE OV TEHL TS,
QL 06 14 =
= 4|[THz] 5
5 Y A : :
g o4f 123 G:\/%Z‘I--—OJ-@
@ Q_ N Lt ) 1]
o S i,j=l
0 o2} 10
- . _ ” EACNIIAGE O EIE LATRE S -4
.15 -10 -5 0 5 R, 7) CORE | 1O, IS NI
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TIXG=02%ToH o7,
Fig.4 Spectral intensity and phase of FEL pulse 5 8TH

transformed from the Fig 3.
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Development of Radiation Detector using Surface Plasmon Resonance (SPR)

OBt #—. K& £, BRI B BE 8%
HAR OWFFER st &1 v — 20 MuERM X —9 —FIAuse 7 v —7

OYuichi KUNIEDA, Keisuke NAGASHIMA, Noboru HASEGAWA, Maki, Yoshihiro OCHI

X-ray laser research group, Quantum Beam Science Directorate, Japan Atomic Energy Agency

A new radiation detector has been developed for an X-ray laser detection with high time and spatial
resolution. The detector consists of a prism coated with a thin metal film and semiconductor film. The
thicknesses of these films are about 45nm and 10nm, respectively. Using this detector, a probe light can
excite surface plasmon resonance (SPR) and a photodetector can detect the X-rays which are absorbed into
the semiconductor film by measuring the resonance condition of the surface plasmon on the metal surface.
The time and spatial resolution of this detector is probably better than that of conventional X-ray detectors
by combining this surface plasmon measurement with the pump and probe measurement using a
Ti:sapphire laser. In this proceeding, we describe the principle of this detector and report the SPR curves

measured by using the two kinds of prisms coated with thin films (Au+Si and Au+ZnSe).

Keywords: Radiation detector, Surface plasmon resonance, Evanescent wave, X-ray laser, Pump and

probe time resolved measurement

1. Introduction

H AR 725 BR S M BE P B A 28T TR S TV XL — P — X EiE AR (1 /LA
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Imrad)ZE DR EE2FF ORI THY ., ZHETIZZOHEZ AW TRy 7 L iEE O TR R FE B 4y
H[L]RFTH AT T AR —DAFT ACBROIEAR]. X T E42 W=7 X< 33155 D5
DT TETZ, ZHDOMFRICHN DD ERIZIE X #R CCD X° X #RAN —Z TAZINZEITH
DD, X CCD D H I a4 — & — DI 3 ERENR T LIV L XA — 7 I AZ DY
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FREE D ZE o fRRe S IR S LD X L — Y —3HH O HER(BL T, SPR U B 25 L E5%)
DRRFEEIT>TND,

ATRETIE, ZOMHZIROFE IR ZEOEMEL CTNETIAT> CE 2 O Mo —T 17
TURI(Aut+SiHMF2 7Y R I, AutZnSe 7V AR LYDFRE T T X E L HIBZ I E 2L > THHAZDO TH
BT D,
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2. Principle
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3. Experimental results
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4, Summary
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Estimation of X-ray Converter Effect in Laser Plasma X-ray Sources
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X-ray generation using T-cubed laser is expected to be a useful diagnostic tool for power
plants because of its compactness and easy controlling. Thus far, we have succeeded in
generation of electrons and ions with MeV order energy by irradiation of T-cubed laser on
thin tape target. MeV order X-ray is also expected to be generated using a similar system.
However, for radiographic tests, a large amount of X-ray is necessary and effective energy
conversion from electron into X-ray is required. Here, in order to increase high energy X-ray,
we used a converter from fast electron into X-ray placed behind a thin tape target and

estimated the converter effect by varying converter materials and thicknesses.

Keywords: Laser Plasma X-ray, Radiography, Facility Diagnosis
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4.12 UV Fluorescence from Zinc Oxide
Excited by X-ray laser
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NISHIMURA', Kunioki MIMA', Momoko TANAKA?, Masaharu NISHIKINO?, Hiroshi YAMATANT’,
Keisuke NAGASHIMA?, Toyoaki KIMURA?, Yuji KAGAMITANT, Dirk Ehrentraut’, Tsuguo FUKUDA®
1. Institute of Laser Engineering, Osaka University
2. Advanced Photon Source Development Unit, Quantum Beam Science Directorate,
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3. Institute of Multidisciplinary Research for Advanced Materials, Tohoku University

The scintillation properties of a hydrothermal method grown zinc oxide (ZnO) crystal are evaluated
for extreme ultraviolet (EUV) laser excitation at 13.9 nm wavelength. The exciton emission lifetime at
around 380 nm is determined to be 1.1 ns, almost identical to ultraviolet laser excitation cases. This fast
response time is sufficiently short for characterizing EUV lithography light sources having a few
nanoseconds duration. The availability of large size ZnO crystal up to 3-inch is quite attractive for future

lithography and imaging applications.
Keywords: EUYV laser, X-ray Laser, Scintillation, Ultraviolet, ZnO

Optical technologies in the extreme ultraviolet (EUV) region have been receiving strong interest for
next-generation lithography applications. Efficient EUV light sources have been successfully demonstrated
in the past 5 years."” Owing to such advances, various efforts have also been made for the development of
functional optical components in this wavelength region. In particular, the development of efficient and
fast imaging scintillator devices with sufficient size is a key element for lithographic applications. In these
aspects, hydrothermal method grown zinc oxide (ZnO) is a prominent candidate. ZnO has been intensively
studied the past ten years as a light-emitting diode material’ and as a result, its growth characteristics have
been greatly improved in the aspect of crystalline quality and size of up to 3 inch-diameter. For the
evaluation of this material, a nickel-like silver laser operating at 13.9 nm is the ideal light source; having
large pulse energy up to about microjoules level and a sufficiently short pulse duration down to several
picoseconds.”® In this paper, we report the excellent properties of ZnO as scintillator in the EUV region in
the context of response time and fluorescence wavelength.

The experimental setup is shown in Fig. 1. The EUV laser operating at 13.9 nm was employed as the
excitation source. The lasing scheme is the 4p-4d transition of the nickel-like silver ion pumped with the
transient collisional excitation.” The two gain medium plasmas of the EUV laser were generated by
irradiating flat silver targets with double laser pulses at a wavelength of 1053 nm, 200-ps-duration
pre-pulse and 3-ps-duration main pulse separated by 2 ns.” The typical pulse energy of the EUV laser

emission was 0.5 pJ and the duration was 7 ps. This value is sufficiently short for this experiment. The
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Fig.1. Experimental setup for the measurement of time resolved spectrum with UV and

EUV excitation.

single crystal ZnO sample is grown by hydrothermal method combined with a platinum inner container.”
High-purity and transparent ZnO single crystal with a large size of 50 X50X 15 mm® was sliced with a
(0001) surface orientation. The EUV laser was focused on the sample using a molybdenum/silicon
multilayer spherical mirror suitable for 13.9 nm. To eliminate continuous emission from the plasma, a
0.2 um-thick zirconium foil was placed before the EUV mirror. The fluorescence spectrum and the
fluorescence lifetime of the ZnO sample were measured using the 25 cm-focal-length spectrograph
coupled with a streak camera with the temporal resolution of 100 ps in the fastest scanning range. The
trigger pulse of the streak camera was provided by a pulse generator, which also served as the master clock
of the EUV laser. For comparison, the scintillation properties were also evaluated using the 351 nm third
harmonics from the 1053 nm chirped pumping source for the EUV laser, the ZnO was excited at an energy
slightly above the bandgap. The pulse duration of the 351 nm excitation is measured to be 110 ps

One shot of EUV laser was enough to obtain a clear image of time-resolved fluorescence spectrum.
Figure 2(a) shows the streak image, which is integrated for 3 frames to reduce the noise level. The time
profile at the peak of the spectrum is shown in Fig. 2(b). It can be expressed by double exponential decay
with time constants of 1 ns and 3 ns. The two decay constants have been measured in several works for UV
excited ZnO single crystals, the fast decay is the lifetime of free exciton and the slower decay is assigned
to be trapped carriers.® The corresponding fluorescence spectrum and the time profile of UV excitation is
shown in Fig. 5(c), (d). In both the excitation conditions, a prominent fluorescence peak of the ZnO
exciton transition was observed at around 380 nm.” This wavelength is still convenient for high resolution
imaging devices, since even BK7 glass is transparent at this wavelength. Moreover, the two decay lifetimes
observed in both cases were almost similar regardless of the huge difference in the excitation photon
energy. The fluorescence lifetime is sufficiently short for the characterization of the laser plasma EUV
source with nanoseconds duration for lithographic applications. Furthermore, a large-sized and

homogeneous material is potentially attractive for EUV imaging applications including lithography.
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Fig. 2. Streak camera images and temporal profiles of the fluorescence from ZnO, which are excited by
a), b) EUV laser pulses (13.9 nm) and c¢), d) UV laser pulses (351 nm). The temporal resolution of this

measurement is 0.8 ns.

In conclusion, we have demonstrated the excellent properties of ZnO as a scintillation material for the
EUYV region. The response time is sufficiently short for characterizing EUV lithography light sources,
having a few nanoseconds duration. The availability of large-sized ZnO crystal up to 3-inch is quite
attractive for future lithography and imaging applications.

This work was in part performed by auspice of MEXT (Japanese Ministry of Education, Culture, Sports,
Science and Technology) project on "Development of Growth Method of Semiconductor Crystals for Next
Generation Solid-State Lighting" and “Mono-energetic quantum beam science with PW lasers”. The

results were achieved under the Facilities Utilization system of Japan Atomic Energy Agency.
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High Quality Laser-Produced Proton Beam Created by Phase Rotation
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Phase rotation of laser-produced protons has been performed in order to improve the beam quality with
use of a short-pulsed high-power laser, J-KAREN at KPSI, JAEA. A laser pulse with the power, duration
and peak power of 400mJ, 25fs and 16TW, respectively, has been focused on a polyimide target, 7.5 pm in
thickness, with the declination angle of 45°. Protons produced in the target normal direction from the
rear surface have been detected by both a TOF detector consisting of a plastic scintillation counter and a
Thomson parabola detector. Creation of protons up to 1.4 MeV was observed and peak formation in the
energy spectrum with good reproducibility has been assured together with a radial focusing action by the

phase rotation.
Keywords: Ultrashort pulse laser, Proton Production, Quasi-mono-energy Peak, Phase Rotation
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Fig.3 Images of the mesh set 387 mm downstream from the
production target observed by CR39 detectors at the
positions 1.736 m and 2.365 m downstream from the target
are shown in (b) and (c), respectively for the case of with
phase rotation. Corresponding simulation results are shown
in (e) and (f), respectively. Experimental image and
simulation result at 1.736 m without phase rotation are
shown in (a) and (d), respectively (Ref. [3]).

Intense Short-Pulse Laser with Time-of-Flight Measurement”, Jpn.J.Appl.Phys.,Vol.45, No.34 (2006),

pp.L913-L916.

[2]S. Nakamura et al., ” High-Quality Laser-Produced Proton Beam Realized by the Application of a
Synchronous RF Electric Field”, Jpn.J.Appl.Phys.,Vol.46,N0.29(2007), pp.L717-L720.

[3] M. Ikegami et al., submitted to PRL.
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4.14 High energy proton generation from thin-foil targets
with a high intensity laser

Akito SAGISAKA ', Hiroyuki DAIDO', Akifumi YOGO', Koichi OGURA', Satoshi ORIMO',
Jinglong MA', Michiaki MORI', Mamiko NISHIUCHI', Alexander S. PIROZHKOV',
Sergei V. BULANOV'??, Timur Zh. ESIRKEPOV'?, Yuji OISHI", Takuya NAYUKI*,

Takashi FUJII*, Koshichi NEMOTO* , and Hideo NAGATOMO’

ddvanced Photon Research Center, Japan Atomic Energy Agency,
8-1 Umemidai, Kizugawa-city, Kyoto 619-0215, Japan
’A. M. Prokhorov Institute of General Physics of the Russian Academy of Sciences,
38 Vavilov Street, 119991 Moscow, Russia
' Moscow Institute of Physics and Technology, 9 Institutskiy pereulok,
141700 Dolgoprudny, Moscow Region, Russia
“Central Research Institute of Electric Power Industry, 2-6-1 Nagasaka, Yokosuka,
Kanagawa 240-0196, Japan
YInstitute of Laser Engineering, Osaka University, 2-6 Yamadaoka Suita, Osaka 565-0871, Japan

We observed the proton signals with thin-foil polyimide and copper targets with a high-intensity
Ti:sapphire laser pulse. High-energy protons with the maximum energy of 2.3 MeV for 7.5 um thick
polyimide target and 1.2 MeV for 3 pm thick copper target are generated at the laser intensity of ~1 x 10"

W/cm? under preformed plasma condition.
Keywords: High intensity laser, Proton beam, Preformed plasma

1. Introduction

High-energy ions induced by laser-matter interactions have been observed experimentally [1-6]. The
proton beam driven by a high-intensity laser is considered as a compact ion source for medical application
[7]. In order to develop the laser-driven proton beam, characterizing the proton energy distribution and
beam divergence is important as well as achieving high energy. The preformed plasma plays an important
role in the absorption of the main pulse. Kaluza et al. reported that the optimal parameter of proton
acceleration depends on the preformed plasma condition [8]. The experimental result indicated that the
characterization of the preformed plasma is of essential importance for interpretation of ultra-short
high-intensity laser-plasma interactions. Mackinnon et al. presented the maximum proton energy increase
as reducing the target thickness [6]. Neely et al. observed the high-energy protons with thin-foil target with
the thickness of < 1 pm [9]. They used a plasma mirror to reduce the preformed plasma. Nayuki et al.
reported that the maximum proton energy increased as the product of target thickness and target mass

density decreased [10].
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2. Experimental setup
We use a Ti:sapphire laser system at Central Research

Institute of Electric Power Industry [11, 12]. In this laser

system, the central wavelength is 800 nm and the pulse

. ) ) Off-axis
duration was 50 fs [full width at half maximum (FWHM)]. parabolic
The contrast ratio of prepulse at ~5 ns before the main pulse mirror
f=179mm Main beam

is measured to be ~10” by a photodiode detector. Figure 1
shows the schematic view of the experimental setup. A
p-polarized laser beam is transported into a target chamber Target
and is divided into pump and probe beams by a 5 pum-thick
optical-grade nitrocellulose beam splitter. The pump beam is
focused by an off-axis parabolic mirror with a focal length of Probe beam
f=178.5 mm and a incidence angle of 45°. The spot size of
the focused laser beam is 4 um [vertical (FWHM)] x 5 um
[horizontal (FWHM)]. It contains the energy of ~61 % within Two-color

1/¢* from the profile of the focusing pattern. The estimated Interferometer
peak intensity was up to ~1x10" W/cm® with the energy of

300 mJ at the target surface. The probe beam is

frequency-doubled in 2 mm thick KDP crystal (Type-I). The Fig.1 Experimental setup
pulse duration of the second harmonic pulse is estimated to be
~200 fs because of an effect of group-velocity dispersion. We use both fundamental (800nm) and second
harmonic (400nm) pulses for optical probe beam. The two-color probe beams pass through the optical
delay line. A linear translation stage is used to vary the delay between the pump and probe beams.
Interference fringes are produced using a Fresnel biprism [13, 14]. The plasma image is magnified by a
factor of ~10 and detected by the CCD camera. The resolution in the object plane is approximately 10 um.
The intensity of the probe beam is attenuated by neutral density filters so as to fall within the dynamic
range of the camera. A narrow-band interference filters for each wavelength are placed in front of the CCD
cameras to reject unwanted emission from the plasma. The band pass width is 10 nm for both wavelength
filters. The electron density profiles are obtained from interferometric measurements using few hundred
femtosecond probe pulses at the 50 ps before the pump beam. The protons are observed with a
time-of-flight (TOF) ion energy analyzer [15, 16]. The protons produced by the intense laser are measured

in the direction normal to the target with the TOF length of 2.1 m. The TOF proton measurement gives an

on-line real time information of proton energy distribution.
3. Experimental results

High-energy protons are observed at the rear side of the thin-foil target at the laser intensity of

~1x10" W/em?®. The electron density distribution of preformed plasmas are measured with two-color probe
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beam as interferometers. The preformed plasmas at the front side
of the targets are generated by prepulses of a high-intensity
Ti:sapphire laser pulse for both polyimide and copper targets.
Figure 2 shows the proton energy distributions obtained from the
TOF spectra with 7.5 pm thick polyimide and 3 pum thick copper
targets. The solid and dashed lines show the energy distributions
for 7.5 pum thick polyimide and 3 pm thick copper targets,
respectively. The maximum proton energy of 7.5 um thick
polyimide target is ~2.3 MeV. In the case of 3 pum thick copper
target the maximum proton energy is 1.2 MeV at the same laser
intensity. The maximum proton energy of 7.5 pm thick polyimide
target is higher than that of 3 um thick copper target as shown in
Ref. 10.

4. Summary

We observed the proton signals with thin-foil targets of a polyimide and copper. The preformed
plasmas at the front side of the targets are generated for both polyimide and copper targets. In these

preformed plasma conditions, high-energy protons with the maximum energy of 2.3 MeV for 7.5 pm thick

— Polyimide
~+* Copper

Number of Protons (protons/MeV/msr/shot)

1

1.0 2.0 3.0
Energy (MeV)

Fig.2 Energy distribution of protons

polyimide target and 1.2 MeV for 3 pm thick copper target at the laser intensity of ~1 x 10" W/em?.
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4.15 Shadowgraphy for laser plasma investigation

J. Ma, M. Mori, M. Kando, A. S. Pirozhkov, L.-M. Chen, I. Daito, Y. Fukuda, K. Ogura, A.
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Daido, T. Kimura, and T. Tajima
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Shadowgraph is one of the simplest diagnostics, while it shows abundant information in
plasma directly. We report the application of time resolved shadowgraph to distinguish a
picosecond time-scale post component in a laser pulse, and to overlap two femtosecond laser
pulses in time and space in plasma.

Key words: shadowgraph, pre-pulse, post pulse

1. Introduction

In a laser-laser colliding experiment!, a number of optical diagnostics are
employed. These include time resolved shadowgraphy for plasma channel observation,
interferometry for electron density measurement, Thomson scattering imaging for channel
structure observation, spectral imaging for plasma wave observation, and laser mode
monitoring for alignment. They provide important information for understanding the
plasma processes involved. In this report we present the application of time resolved
shadowgraphy for 1) distinguishing a post pulse which has been mistaken as a pre-pulse and
posed difficulty on analyzing the plasma process, and 2) overlapping two pulses in plasma in
time and space precisely.

In the experiment, a 2-TW Ti: sapphire driver laser pulse was focused onto the
front edge of a supersonic helium gas jet with a F/13 off axis parabolic mirror. Another
0.16-TW source pulse, which was splitted from the driver with a pellicle, was delayed and
focused by a F/4 lens into the gas jet at 45° to collide with the driver. A third probe pulse,
which was splitted from the source beam, taking about 0.03 TW laser energy, delayed with
another motorized linear stage, illuminated the plasma at 90 ¢ with respect to the driver
pulse. The intersecting point was image relayed to a CCD camera.

2. Shadowgraphy to distinguish a post pulse

Pre-pulses are of fundamental importance for many femtosecond laser matter
interactions, while the post pulses generally have no impact on the main process. By varying
the delay of the probe beam relative to the driver pulse, a low contrast (weak) channel in
helium started to emerge at -120ps in shadowgraph, which was considered caused by a
pre-pulse. At time delay of 0, a high contrast (strong) channel appeared, which was easily
recognized as made by the main pulse in the driver pulse (Fig.1). What peculiar was the
weaker channel completely simulated the strong channel in shape. Because a “pre-pulse”
was usually several orders weaker than the main pulse, therefore the channel made by it
should be different with the channel made by the main pulse. To find the contrast of this
undefined “pre-pulse,” we made a measurement with a three-order autocorrelator. We
observed a very stable “pre-pulse” with an intensity ratio of about 1% of the main pulse,
located 120ps before the main. This pulse is so stable that it constantly appeared in every
measurement with the same intensity ratio, while many other “pre-pulses” appeared or
disappeared in different measurements, which could be easily attributed to the reflected
ghosts. Unfortunately, autocorrelation measurement could not distinguish a pulse from its
mirror image around the main. So we relied on the shadowgraph to distinguish whether it
was a pre-pulse or a post pulse.
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Fig.1 Plasma channel observed at different delay times. a) -123ps, b) -120.5ps, ¢) -118ps, d)
Ops. Since no channel is present in a), it is subtracted from b), ¢) and d) as the background to
show the channels more clearly.

As in the autocorrelation, the shadowgraph might present in two different
situations (Fig. 2): a) in the case that the pulse consists of a pre-pulse and a main pulse
(pre-pulse case), the plasma was made by the prepulse and probed by the main pulse; b) in
the case that the pulse consists of a main pulse and a post pulse (post pulse case), the plasma
was made by the main pulse and probed by the post pulse. With the intensity ratio of our
special case, these two situations can occur evenly.

Fig.2 schematic for
producing the channel
observed at -120ps in
Fig.1. In a) the plasma
was made by the

Main a)

Main b)

Pre-pulse Post-pulse

/\ —>

Driver

Pre-pulse

A —>

Driver
Main
Post-pulse

pre-pulse and probed by
the main pulse. In b)
the plasma was made
by the main pulse and

probed by the post
pulse.

Main — /\ —>

Probe Probe

The maximum width of the weak plasma channel in Fig.1 is about 250pum. Assume
the wing of the focused “pre-pulse” at r=125um ionizes the helium to Het, its intensity should
be at least 2  1015W/cm2.  This requires a  “pre-pulse” power  of
1015W/em2x(125x104cm)2Xn=5x101"W at least. However, the total laser power is about
2.5TW, and the measured pre-pulse level is about 1% of that of the main, or 2.5x101°W, which
is more than one order lower than the observation. This rejects the pre-pulse assumption. On
the other hand, if we assume a “post pulse” case, the plasma was made by the main pulse,
therefore its shape should be the same whenever probed by the weak post pulse or the strong
main pulse.

The post pulse analysis suggested us to search for the specific optical component
in laser system which double reflection made a delay of 120p. We found in the regenerative
amplifier (Thales), the Ti: sapphire crystal (n=1.76) was not cut in Brewster angle, with a
length of 10mm. The first reflected pulse which experienced two reflections on the front and
the rear surface, was exactly 120ps after the main. The intensity of the first reflected pulse is
approximately (1-T)2G2 of that of the main pulse, in which T is the transmittance of the
surfaces, and G is the gain if we assume a linear amplification. However, if we input a
commercial transmittance of 99.8% and the measured intensity ratio of 1% into this formula,
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it produces a G of 50, which is too high. Assuming a moderate gain of 3, the formula produces
an estimation of T=97%. This suggests the antireflection coating of the crystal has
deteriorated. This post pulse intensity reduced greatly when the crystal was tilted 5° and
disappeared when the crystal was tilted at 10°, where the reflected pulse deviated away
partially from the pumped zone and lowered its intensity to noise level. Till now we can
safely conclude the pulse appeared at -120ps in autocorrelation and time resolved
shadowgraph is actually a post pulse which is caused by the reflection from the crystal
surfaces in regenerative amplifier. The post pulse is expected to be lowered to noise level by a
fresh antireflection coating.

3. Overlapping two pulses in plasma with shadowgraph

The second application of the shadowgraphy is to display two colliding pulses in
plasma in order to overlap them temporally and spatially. The mission required a precise
overlapping of one $30um and one ¢15um optical bullets within a time window of 80 fs.
Several reasons made it necessary to use the shadowgraphy as an on line monitor of the
overlapping. First, though the laser pointing stability was improved to 6urad rms with an
additional pointing stabilizer, good overlapping was not guaranteed. Second, experiment
showed the channel, especially that made by the source pulse, bent in plasma. Third,
intersecting point was needed to vary to find optimal condition.

Helium was found to be better than argon, xenon or nitrogen to show the clear
ionization front. In Fig.3, the sequence of the channels made by the two pulses approaching
to the intersecting point was clearly visible. The velocity of the ionization front was
calculated to be close to the speed of light in vacuum. If we assessed all the data at the 1/4
maximum as the front, the ionization front exhibited a jitter of about +18fs.

This side view can only Driver Vacuum Collidin Source
guarantee the alignment of the two Focus pointg
pulses in its perspective plane. To
overlap in its orthogonal plane, we
measured the Thomson scattering.
Associated with other signatures,
such as spectral blueshift, near field
diffraction of the source beam, we
overlapped the two pulses precisely.
Among all these diagnostics, the
shadowgraph always played the
primary role.

S30G2-

$306¢-

4. Summary

Shadowgraphy was
applied in a laser colliding
experiment to overlap two laser
focuses in plasma within a space
window of about 30um, and a time
window of 80 fs. Shadowgraph
helped to distinguish a post pulse in
laser, which was mistaken as a
pre-pulse, and which might lead to
incorrect conclusion when analyzing
the plasma processes. It also helped A
to spot the origin of the post pulse. l I l l l N | |
By alternating the crystal angle we 0 02 04 06 08 1.0 1.2 1.4 1.6 1.8 mm

proved this post pulse Was.really Fig.3 Sequence of two laser pulses approaching
caused by the double reflection on to their intersecting point observed in time
the crystal surfaces. It also resolved shadowgraph.

S3001-

$30G-

— 110 —



JAEA-Conf 2008-007

suggested the antireflection coating on the crystal was degraded and a treatment was
needed to improve the laser performance.
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Laser Plasma Electron Acceleration with Capillary Discharge
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In 2006, laser plsasma electron acceleration was performed under the collaboration research between High
Energy Accelerator Research Organization (KEK), Chinese Academy of Engeneering Physics (CAEP), and
Japan Atomic Energy Agency (JAEA). Here, 0.56 GeV electron beam with an energy spread of 0.21%
rm.s and a divergence of 0.58 mrad r.m.s was produced by means of 4 cm capillary plasma channel

driven by a 24 TW, 27 fs laser pulse.
Keywords: Laser, Plasma, Discharge, Electron, Beam, GeV, Capillary, Energy
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4.17 Plasma density scale length effects on the electron injection into the
acceleration regime via the wake wave breaking
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'P. N. Lebedev Physics Institute, Russian Academy of Science,
Leninskii Prospect 53, Moscow 119991, Russia
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The electrons injection schemes in inhomogeneous plasma and electron acceleration have been
investigated with the 2D and 3D PIC simulations. We show that electron trapping depends not only on the
density change but also on the scale length of the plasma density inhomogeneity. The sharp density
interface requires larger laser field in order to provide effective electron trapping compare to the profiles
with gradually decreasing plasma density. The regimes are demonstrated, when the ultra-relativistic
electron beams are generated with a low divergence and a small energy spread in the interaction of strong

ultra-short laser pulse with underdense plasmas.
Keywords: Short laser pulse, Wake field acceleration, Mono-energetic electron beam.

The laser wakefully accelerator (LWFA) concept is one of most promising approaches to produce
compact higher-energy electron sources [1]. In the conventional LWFA schema the properly injected
electrons are accelerated by strong Langmuir wave induced by a short relativistic laser pulse. A production
of high quality electrons beams requires the electron injection into the acceleration phase of the wake field,
which can be achieved ether by external electron injection or by self-injection due to longitudinal or
transverse wake wave breaking. Wave breaking induced by tailored density profile has been proposed [2,
3] to control electron self-injection in the wake field. In this scheme two main mechanisms are responsible
for the electron injection. There are wave breaking due to gradually decreasing of the wake wave phase
velocity at the smooth density gradient [2] and wave breaking due to the phase mixing at the plasma
density discontinuity [3].

In this paper we present trapping condition analysis for electrons injected due to wake wave breaking
at the density inhomogeneity. We show that wave breaking at the sharp density gradient not necessary
results in electron trapping. The optimal conditions for the accelerations of electrons injected at a
descending plasma density region have been found.

The energy of the electron bunch injected due to wake wave breaking at the density discontinuity is the
order of the quiver electron energy. To be trapped these electrons should have energy larger compare to the
minimum trapping energy. The condition of trapping can be estimated using 1D Hamiltonian approach for
test particles which gives maximum and minimum test electron energy in the wake wave [4] in terms of

maximum and minimum value of the wake potential. The maximum value of the wake potential (Wax)
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also defines maximum electron energy in the wake field. This allows define maximum potential of the
wake wave which must be induced by laser field to provide necessary condition for electron trapping due
to wave breaking at the plasma density discontinuity (electron energy in the wake field should be larger
compare to trapping energy ). It gives Wyax > \/E —1. Such potential can be induced by short laser pulses
with a > 1. Notes that increasing of density change does not influence on the trapping condition and results
only to number of injected particles. The situation is different for gradual density gradient profile. In this
case decreasing of wake phase velocity results in gradual wave breaking and electron trapping in the
region of density descending [2]. The wave breaking at the smooth density gradient is happen later in time
compare to wave breaking at the density discontinuity and always results in electron trapping.

To confirm these conclusions we investigate the injection schemes and electron acceleration with the
PIC simulations. Numerical simulations are implemented through multidimensional fully relativistic
particle-in-sell parallel code MANDOR. In these simulations linearly polarized Gaussian laser pulse with
longitudinal FWHM (full width at half maximum) size 1= 10.5A (A is the laser wave length), maximum
amplitude a = eE/(mcw) = 1 (or a = 2) and FWHM transverse size d =20 A  interact with tapered plasma
profile. The simulation domain is 1000A x 80A. Ions are assumed to be immobile. The electron plasma
density smoothly increase from zero to the maximum value of n. = 0.004 n, at the longitudinal interval
from 10A to 130A to provide a smooth entering of the laser pulse to the plasma. The plasma is
homogeneous in the domain from 130A to 200A; its density decreases to the n. = 0.0025 n. and stay
constant up-to the end of simulation box. The thickness of decreasing plasma density region is varied from

zero to 30 A.

N [aa]

10 20 0 E MeV o 20 30

%17 600 ROO 1000

Fig. 1: Comparison of electron energy spectrum (upper panel) for t=1000 and phase space in two different moments of
time (t = 420 corresponds to middle panel and t = 1000 corresponds to bottom panel) for electrons injected to the wake wave
at the sharp density interface (left column) or at the gradual density interface (right column)

In the case of moderate laser intensity (a = 1) the maximum quiver electron energy in the wake field is

comparable with minimum electron trapping energy. The comparison of electron energy spectrum injected
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at the sharp density interface and at the gradual density interface presented in Fig. (1) allows conclude that
for moderate laser intensity electron injection at the smooth gradient is more effective. PIC simulation
shows that there is not trapping of injected electrons due to wave breaking at the plasma density
discontinuity. For sharp density gradient profile wave breaking starts in first wake wave period and results
in formation of the bunch of un-trapped particles moving with velocity smaller than wake wave phase
velocity. Injected electrons are moving in third wake wave periods at t = 420 and in the seventh wake
period at t = 1000 (see Figs (1). In the case of gradual density gradient wave breaking starts in tenth wake
wave period and results in trapped electrons (see Figs (1) right panel). This is corresponds to the wave
breaking time which is the order of 200 laser wave periods or 10 wake wave periods for our parameters.
Consider now interaction of the short strong laser pulse (a = 2) with plasma with tailored density
profile. In this case wave breaking at density gradient always results in the trapping of injected electrons.
At the same time the tuning of density gradient changes a number of injected electrons and there position
in the wake field that can alter the final electron energy spectrum. In PIC simulation we increase
simulation box in x direction up-to the 3000A to achieve maximum electron energy. Fig. (2) shows electron
energy spectrum, which are produced by electrons injected due to wake wave breaking at plasma
inhomogeneity with different density gradient scale length L. It is clear that there is optimal gradient which

results in monoenergetic electron beam with maximum electron energy.

1 1 ;
0.8 N K
0.6

04
0.2

220 240 260 220 240 260 220 240 260
X

1072
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100 200 300 1000 200 300 100 200 300
E, MeV
FIG. 2: Comparison of electron energy spectrum (bottom panel) at the final moment of calculation t=2900 for different
electron density decreasing gradient scale length L. Upper panel illustrate initial electron density profile at the injected

region (L=0, L = 15X and L = 30X from left to right).

The wave breaking at the sharp density interface results in the electron injection beginning with the
first period of wake wave and the electron further acceleration up to high energy with formation of the
monoenergetic spectrum. But L = 0 does not provide best conditions for electron acceleration for given
density change. The number of injected electrons (N =6 x 107 ) is too much for effective acceleration. The

decreasing of density changes or increasing of density gradient results in decreasing of injected electrons.
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For density gradient scale length L = 15X the number of electrons injected in the first period of wake wave
due to phase mixing mechanism is reduced by factor 2. This electrons bunch is effectively accelerated by
wake wave up to the higher energy. The electron injection due to phase mixing disappears than density
changes scale length become larger compare to wake wavelength (30)). In this case the electrons are
injected in the second or/and following periods of the wake wave. The number of injected electrons ia
rather large (N ~ 10°) and their acceleration results in production of quasi-thermal (exponential) energy
spectrum with the maximum cut-off at lower energy compared to the previous case. Fig. (3) demonstrate
good quality electron beams produced by electron injection at the optimal density gradient and electron
further acceleration. The resulting bunch of about 3 x 10’ electrons with energy E = 280MeV has energy
spread about 10%, transverse size 2A and longitudinal size 3A. The electron beam is localized inside the

laser pulse, which results in additional energy gain.

600 | 1
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40

20
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FIG. 3: Phase portrait of accelerated electron bunch (upper panel) and electron density (bottom panel) in the case of optimal
density gradient at the final moment of calculation t=2900.

Our simulation shows that quality of electron energy spectrum depends on the number of injected electrons.

The regimes are demonstrated, when the ultra-relativistic electron beams with energy more than 300 MeV

are generated with a low divergence and a small energy spread in the interaction of strong ultra-short laser

pulse with underdense plasmas.
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We manufactured FBG by the non—heat process which used femto—second ultra—fast pulsed laser.

Processing and a high temperature examination were previously done with the quartz board, and it
checked that grating structure was tolerant to 950°C. As a result, we confirmed that the trial production
of a heat—resistant FBG sensor was possible, with the combination of ultra—fast pulsed laser and the

processing technology in a microscope.
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Improvement of sensing technology for FBR heat exchanger
by laser welding and ablation

vERE B D R OERD. IE s in EEd M wP
Akihiko NISHIMURA, Kiyoshi OKA, Takuya YAMASHITA, Toshihiko YAMAGUCHI, Akira SHIINA
DS E—ASHIER L — il —
1)Laser Chemistry Gr., Quantum Beam Science Directorate, JAEA
DURMAIFA T2 AT DHFEBRFERRTT -~ U O LHgl 7 —7
2)Advanced Nuclear System Research and Development Directorate, Sodium technology Gr., JAEA

Cutting edge techniques concerning about laser processing and eddy current testing are going to be combined in order
to develop a new robot system for repairing heat exchanger on next generation Fast Breeder Reactors. The new robot
system consist of sub-modules following with a snake shaped long body, a hybrid optical fiber scope, eddy current
testing units, a laser processing head, a coupling device foe laser and image, an image processor and processing laser
systems. Three sections in Japan Atomic Energy Agency are now developing the sub-modules independently to unit

them for the complete new robot system in 2009.
Keywords: FBR, Heat Exchanger, Laser Welding, ECT, Hybrid Fiber Scope, Fiber Laser
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Study of radiation hardening in reactor pressure vessel steels
BPER AZE, AR BHE

MSEATEE N B AR - T WFFE B e A
A — S HBERM L — = E s v —T

Kimihiro NOGIWA, Akihiko NISHIMURA
Laser Chemistry Group, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

In order to investigate the dependence of hardening on copper precipitate diameter and density, in-situ
transmission electron microscopy (TEM) observations during tensile tests of dislocation gliding through
copper rich-precipitates in thermally aged and neutron irradiated Fe-Cu alloys were performed. The
obstacle strength has been estimated from the critical bow-out angle, ¢, of dislocations. The obstacle
distance on the dislocation line measured from in-situ TEM observations were compared with number
density and diameter measured by 3D-AP (three dimensional atom probe) and TEM observation. A
comparison is made between hardening estimation based on the critical bowing angles and those obtained

from conventional tensile tests.

Keywords: In situ TEM observation, Dislocation, Laser, Three-dimensional Atom probe
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Residual stress distribution of austenitic stainless steel 304L
with femtosecond laser ablation
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Takahisa SHOBU, Akihiko Nishimura, Hiroyuki KONISHI
1)Quantum Beam Science Directorate,
2)FBR Research and Development Center
Japan Atomic Energy Agency

Recently a femtosecond laser ablation was proposed as a mitigation method for stress corrosion cracking
(SCC). This method cannot only ablate a thin hardened layer of the tensile stress surface, but can also
induce a compressive residual stress to the ablated surface. Herein, the effect of different femtosecond
laser ablation conditions on the in-depth residual stress profile was investigated for austenitic stainless
steel 304L, which is used in core shrouds and recirculation pipes of boiling-water reactors (BWRs). The
distribution of the in-plane residual stress was measured by a conventional X-ray method and a strain
scanning method with high-energy synchrotron radiation X-rays at SPring-8. It was found that a
relationship between the spot diameter and the influenced depth of femtosecond laser ablation exists. A
small spot diameter can change the internal residual stress from a tensile stress to a compressive stress,
while a large spot diameter can change the tensile residual stress beneath the surface to a compressive
stress. Furthermore, the number of scans of the femtosecond laser ablation seems to be crucial in the shift
of the tensile stress to a compressive stress in the territory influenced by femtosecond laser ablation.

Keywords: Femtosecond laser ablation, Austenitic stainless steel, Synchrotron radiation, Residual

stress measurement
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Fig. 1 Target on the XY translation stage (upper)

and Scheme of laser pulse scanning (lower).
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Table 1 Conditions for laser ablation.

\ 0 1

Number of scan , cycle

3 7
Spot 300 | No.0 | No.1 | No.2 | No.3
diameter, | 600 No.4 | No.5 | No.6
Hm 900 No.7 | No.8 | No.9
800 —, ‘ ‘
'304L surface ]
600 —8

N

S

[«
T

-200 -

-400L

Residual stress , MPa
N
S
[«
I

S

—>— Nothing_0x —+— Nothing Oy | ]
——300um_Oox —O0—300um_Ovy |
—®—600um Ox —F—600Um Oy |]
—4—900m Oox —=—900uUm_ Oy |-

0

Fig. 2 residual stresses of all specimens

1 2 3 4
Number of scan

5 6

, cycle

using conventional X-rays.

7




JAEA-Conf 2008-007

3) BERELT, L= =R ETO LIV REEOIREIS I DB R~ T 5. 72720, BEEE
ZRELL, IR U EBINSE 528 IR E ORI INTEM R~ 7 b 5.

AAEROFCTIROEE LD 3)THY, LLTOMEGmREFLIILNTED.

© FFBROBEINIRE OIS 5 EREHN A~ 7 S5

312 30keV DOHHE X #& HWCTREL 7= RS 40 p m ECTOHER N VRIS, X3
KO HZEIFZLL T D3O THD.
D BREIERER A~ 7 U, BRIy FENIERE OIS i 7z
2) x FIANZRL T, iU I EELT 8T

NDERER A~ TS T P
3) x FWEOEFIE T —F I LakEL T - 304L depth : 40 4 m ]
VbDEDB IS BER TS & 0« ]
KFERL, REOBBICH OEEFELRERE = 400) .\—\‘ :
B 4R 4 50 FROSHA NS, 5., %
1) TIAAMNTO BN L =388 0D x 5 RO N Tg S
W77 0 x AN T R TREFRL TS 2 ]
2) MRS 00w m FB3LTN600 x m ITFITBHEDKERE & 200] | ;
7S, BRATEE 900w m IS HEOM S b
FBMERE 0 1Nur%lber}ofsc‘;n,(:Sycle6 7
3) oxtoyEHATLE, oy D OMIHENK
X Fig. 3 Rresidual stresses of all specimens using the
constant penetration depth method with high-energy
2,:%%@ EF' Tﬁ%% E%iﬁ@ [ 2>VGZ§>D , U —F@f‘l‘r\g synchrotron radiation X-rays.
MMAEIFHIENTED.
© FRITEROWD 1N O T B ) %2 FERE I~ zﬁﬁ T oo © o]
LTRSS SR | I B Rl = Rt
728, 3) DEMIZBEILTIX, 7IAAM T.ORZEN 21005 L] toycle oy [ 7eycle ox]
PO AETRIBELTEY, Z0lblcdy  § 0 W
ELEEA AR R L CODB AT R EmE R L& é;gz
NTWRNZDIZ T FA AN T LD B -8BV IS 8 §_300é
FoTWAHIDThDHEE ZLND. a8 ]
51T 69.4keV DHEE X #a AV TRIEL 723 '4005 304L
ED 150 um ECORMNBEIE ERT. Ak 0 0 300 600 900

Irradiation area , £ m

FERLD TRLO3HE A BMEFHND.

1) FOLr—H—RBICBWTHERS 50um F Fig. 4 Difference stress between the surface stress
COIEIIAEA R EZ and inner stress.

2) WRIRDVNSWNEE REDDNENINT TS D DOZEA LR RKE

3) 900 u m DI TH DMK LA TIEID No.9 TIE 50 75 100 o m DIESIZIBNT, [ERMEFRE I
NBFRELTND

FRIZ 3) 1, MEBHNERICERTR RIS 12 38 S D T2 (DL B R SV AL — — D IR Ge kD
HERLTWD. 5%, L— —REREOREZITV, PRSI OFEEE G ) 5340 O E BB 722 ] E
WELETRD.

— 133 —



JAEA-Conf 2008-007

4. FLHLEBOREREA

RIBREG7 = LM AR RREETS i e e
S AN LA L7 3041 $HCH AL, WNIET DT8R £ 20 _* Nos TETNeY
MEZITT. AR THELNT G RE U FICELD = 5
%. §2
1) FEROKRESITIS N WE B TOND RS LB 3

RRBUERHY, B E K& T HEHEME, R 2
[

ZINSSTDENEROIG N E EARR A~ 7 hSH D
2) MOIRLEUL, 1) OIS NHEEIZEL TR RERZE
% K&iE3
3) HRHHEE 900 1 m, MEVIRLEL7E]C 50 75 100 £ m
DRI EMEOFRE IS 1T ESE DI LN TE
SHDOERELT, ZO7 = AMP/SVAL — W —ZOEIEIE RIS H7 0O IIT L FORSE N EETH
2.
1) FEML-AREETHD 1 X 10 cm [ ZH 2 5 5@ 51
2) FEHRIEEA B~
3) FHx OFFESEM T COWI FH ORI 0RH Ao FE &
#7253 Mt
DICBAL T, Yo 3wl siir o B gy CE S NS 1 A
TR HZARENE OINBEDHHERAN T 0B 2 biLd. ZOH
BRI OWTIIAR T oy —T 1o 7128 W ChLRFEMIC RS 35,
2)IZBILTIE, SCCHAAELLE A bR FHEEAARIRL TURY N 304 S
U CAFIEER A, SCC MiEE G TEDNDRFENE 2 LS.
BRBIIZIE, 1980 4-RIC SCC 3 RS-l 5T A | R BT KT
Gries. K 6 \CHUWELTZARRRT AOMRE & 7n 7. AL
FE= ROV LAIZ R O OES B O D FRBEA 25 2 TR D Fig. 6 Welded SUS304 pipe of
P TN B LTS, F72, e — AT DR FUGEN reactor
ELTH 3)VHETHY, BUE, MAICBERLIZANATNVAY Y M
TERIUMERERRBR Z FEME L, ARSI EWNET D IE I ORS % —
JE& E RN T Y 2D TS,

1
—_—

1
[\

00E_ ot .
0

P T N A A A B A B
0.05 0.1 0.15
Depth z, mm

Fig. 5 Distributions of residual stresses.
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New material creation by high-intense fs-pulse laser irradiation
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Nobuo Kamiya, Hirozumi Azuma, Tadashi Ito
TOYOTA Central R&D Labs. Inc.

Hiroyuki Daido, Akihiko Nishimura, Akito Sagisaka, Michiaki Mori, Koichi Ogura,

Satoshi Orimo, Yukihiro Shimada, Hiroshi Murakami
Advanced Photon Research Center, Quantum Beam Science Directorate,
Japan Atomic Energy Agency

Surface modification of Tungsten Carbide (WC) ceramic and Silicon Nitride (SisN4)
ceramic by high-intense femtosecond laser pulse irradiation were investigated. The
traces of melting were observed on the surface of WC ceramic but not on that of SisN4
ceramic after one-pulse laser irradiation. With Raman spectrum and scanning
electron microscopy obserbation of irradiated surfaces, it was shown that WC was

decomposed into W and C, and Si3N4 was decomposed into Si and N.

Keywords: Femtosecond laser, Surface modification, Tungsten Carbide, Silicon Nitride,

Raman spectrum, Scanning electron microscopy
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Laser-produced Plasma EUV Light Source for Next Generation
Lithography

g L MmN
XA 7+ b okt
Akira ENDO, Hakaru MIZOGUCHI
Gigaphoton Inc.,

The development status of laser produced plasma EUV light source is presented for next generation
lithography. Component technologies are high-power RF-excited CO, laser, Sn droplet target and collector
mirror lifetime enhancement by electromagnetic method. Basic experiments that support the development, e.g. a
conversion efficiency of 4.5% has been obtained with a 15ns TEA CO, laser and a Sn cavity plate, as well as a

general outline of the system development, i.e. system scaling, towards >115 W is given.

Keywords : EUV light source, EUV lithography, Laser produced plasma, CQO; laser, Tin, droplet
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4.24 Observation of Four-fold Azimuthal Angle Dependence in the
Terahertz Radiation Power of (100) p-InAs

E. Estacio 1, H. Sumikura 1, H. Murakami 1, S. Saito 1, M. Tani 1, N. Sarukura 1, M. Hangyo 1,
C. Ponsecaz, R. Pobre 2, R. Quiroga 2, S. Ono*
!Institute of Laser Engineering, Osaka University,

? Institute for Molecular Science, > Nagoya Institute of Technology

The azimuthal angle dependence in the terahertz  radiation power of (100) InAs
under 1 T magnetic field is presented. Results show that although the dominant radiation mechanism is
surge current, azimuthal-angle dependent radiation due to the nonlinear effect is also observed. The
twofold symmetry of the p-polarized terahertz radiation power was modified to a fourfold symmetry
with the transverse magnetic field. Moreover, results exhibited four-fold symmetry for the s-polarized
terahertz power even with no applied field. The anisotropic intervalley scattering of photocarriers is
tentatively proposed as the origin of quadrupole response and the fourfold emission symmetry. [E.
Estacio et al, Appl. Phys. Lett. 90, 151915 (2007)]

Keywords: Terahertz radiation, InAs, magnetic field

1. Introduction

A subject of immense work in the terahertz (THz) regime in the past decade has been the
generation of intense THz radiation from semiconductor surface (such as InAs) illuminated with
ultrashort optical pulses [1, 2]. The THz radiation enhancement phenomenon with an applied magnetic
field has also been thoroughly investigated [3-8]. The initial motivation of this study is the
investigation of the dominant mechanism that gives rise to the intense terahertz radiation in p-type
InAs. As such, it prompted work on the magnetic field enhancement in p-type and n-type InAs wafers.
Here, we present the effects of a transversely applied 1-T magnetic field on the azimuthal dependence

THz radiation in (100) p-type InAs.

2. Experiment

van der Pauw-Hall measurements were initially performed to determine the carrier concentration
and the carrier mobility of the p-type InAs (100) sample at room temperature. The measured carrier
concentration was 7.1 x 10'® cm™ and the hole mobility was 150 ¢cm?/Vs. Primarily, terahertz TDS
(Time-Domain Spectroscopy) and excitation fluence dependence of the terahertz radiation power were
measured to obtain some information on the dominant terahertz radiation mechanism. The TDS
experiments were performed [9], as the set-up shown in Fig. 1. The beam diameter of pump light at the
sample was ~0.5 mm. The transverse applied field was provided by a 1 T permanent magnet.

Steady-state power measurements were also performed to investigate the excitation fluence and
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azimuthal angle dependence of the terahertz radiation power as described by Gu and Tani [6]. The
azimuthal angle dependence was measured for the p- and s-polarized terahertz radiation components.
In the steady-state case, the photoconductive antenna was replaced by an InSb hot-electrom bolometer

as the THz detector.

j \ mode-locked Ti:sapphire,

100-fs, B00-hm, BO-MHz, 160mMWW
. delay stage

e e

)

beam splitter

-GaAs
photoconductive

switc
chopper  pap mirrors  (detector) lens

A ——

+ THz radiation | Laser THz
I 0

we
- current amplifier a\r\% 45/

N

lock-in amplifier InAs

L__computer | | 4optical P oTHz

Figure 1 Experimental setup for THz-TDS measurement with applied magnetic field.

3. Results and discussion

Migita et al., have shown that the Lorentz force-driven THz radiation due to the drift current will have a
n-shifted TDS waveform when the applied B-field direction is flipped [10]. As shown in the results in Fig.
2(a), the dominant THz radiation mechanism appears to be the drift current from the photogenerated
carriers. The excitation fluence dependence is shown in Fig. 2(b). The photocarrier-related radiation
mechanism saturates at about 1.2 mJ/cm’. Note that, all the subsequent azimuthal-angle-dependence
measurements were performed at an excitation fluence of 0.2 mJ/cm’, wherein the surge current THz

radiation is expected to be dominant.

(a) (b)
B _-No Field -
up

B _m. —m- - -m
2 1 femtosecond —_ B }’r
c L = |aser pulses s }
3 - =
g : t L o
5| wP (@) |:| THe radiation £ - 4
Tg B .., No Field Dowu® 'W 5 r ,/
° (100) 3 .
. p-Inas I~ r 4
=] T L ,
= = ’

[ =
L 1 L L 1 L 1 L .
6 8 10 12 0.3 08 0.9 1.2 1.5
Delay ( ps ) Fluence { mJiem®)

Figure 2 (a) Subtracted TDS wave forms for the B,,-No field and Bg,w,-No field cases where the orientation of
the applied magnetic field is shown in the inset. (b) Excitation fluence dependence of the emitted terahertz

radiation.
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The azimuthal angle-dependence of the THz radiation power was observed as shown in Fig. 3 and 4. In
the figures, a large DC offset was observed, and the oscillatory signal did not exceed ~20 % of total signal
amplitude. Moreover, the 1 T applied field amplified just the DC offset and not the oscillatory signals.
These results lend proof that the dominant radiation mechanism is indeed, due to surge current and the
applied field does not affect the contribution from the nonlinear effect. In Fig. 3, the twofold azimuthal
symmetry (black trace) was modified into a fourfold angle dependence with a 1 T field (gray trace). It
appears that the 1-T plot is a superposition of twofold and fourfold-symmetric THz radiation. In Fig. 4, the
weak s-polarized THz radiation exhibited fourfold azimuthal symmetry with and without the applied field.
These results suggests that the fourfold behavior is a weak contribution and is enhanced by the applied
field.

22 - —e— p-polarized , B=0 150 0.34 |- —#— s-polarized , B=0 Jo7
p-polarized , B=1T . s-polarized , B=1T
- Jas H06
= 20 e > 030 [ =
= . o.%’- E : E
] ; —— —
= bl P . ® Jas 5 oz % o 1%% ¢
g . ° . * x o e} s . z
2 J P ; * 3 j®c | @ ”, o
L ¢ R 4 & 026 | 4 o_... \ P \ Joa &
N (] 1 * 44 2 i () N
£ o L - E ool ¢ °\ .I * E
e e .f‘ e 03
16 - S P 0.22 | ® *
L L L 1 0.20 1 L L L 02
] 120 240 360 0 120 240 360
Angle ( degrees ) Angle ( degrees )

Figure 3 Azimuthal angle-dependence of the Figure 4 The weak fourfold dependence is

p-polarized THz radiation power. The twofold observed in the s-polarized THz radiation even
symmetry of the bulk optical rectification effect with no applied field. These results are suggested
for (100) InAs was modified to fourfold symmetry to be due to the anisotropic photocarrier scattering
with the transverse magnetic field. to the X or L valleys.

Calculations, taking into consideration the symmetry requirements for (100) zinc-blende crystals show
that the magnetization-induced nonlinear optical susceptibility will not contribute to a fourfold symmetry,
from the following equation,

nl cr magn 2
P"(Q~0=0-0)= y"E()E(- o)+ 7""E(0)E(- )M = 2802;(;,(;E.1.E,‘H,.
Jkl
Moreover, M. Reid et al., stated that a fourfold dependence in (100) InAs has to originate from a
quadrupole contribution [11] but this has yet to be observed.

Due to the Lorentz force, the applied transverse field would drive the photocarriers in the y or -y
directions (parallel to the InAs surface) on the reflection plane, depending on the polarity of By, or Bgown.
This fourfold behavior enhanced by the magnetic field is possibly attributed to a weak quadrupole response

from an anisotropic intervalley scattering to the L and X valleys in the <111> and <110> directions,
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respectively, and their equivalent directions. It is deduced that the intervalley scatterings of carriers in four
equivalent directions imply the creation of an electric quadrupole moment with or without an applied field.
This quadrupole response is thought to cause the azimuthal fourfold symmetry . With a transversely applied
field, the quadrupole- and dipole-related emissions maybe enhanced with the associated tilting of their

electric moments from the surface normal according to the Lorentz force.

4. Conclusion

We have experimentally shown that in standard optical excitation conditions, the dominant THz
radiation mechanism in (100) p-InAs is the surge current. The azimuthally-dependent signal that is
attributed to optical rectification comprises no more than 20 % of the total THz radiation power. Moreover,
a magnetic field-induced fourfold symmetry is observed for the p-polarized THz radiation power. Even
with no applied field, the fourfold symmetry is seen in the weaker s-polarized THz radiation. The actual
origin of these results is being studied but they are tentatively attributed to a weak quadrupole response
from an anisotropic intervalley scattering to the L and X valleys in the <111> and <110> directions,
respectively. This anisotropy in the intervalley scattering is possibly enhanced by the Lorentz force-driven

photocarriers in the presence of a magnetic field.
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Heat Stability Evaluations of Co/SiO, Multilayers

REREE, NHFEA
AR AR FERH et B+ v — LIS HMFZEER Y
T619-0215  HUBFAHE TR 5 8-1
Masahiko ISHINO, Masato KOIKE
Quantum Beam Science Directorate, Japan Atomic Energy Agency

8-1, Umemidai, Kizugawa, Kyoto 619-0215, Japan
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The heat stability of Co/ SiO, multilayers was evaluated. Co/SiO, multilayer samples were deposited on
Si substrate by means of an ion beam sputtering method, and annealed at temperatures from 100°C to
600°C in a vacuum furnace. For the structural and optical evaluations, small angle x-ray diffraction (XRD)
measurements, soft x-ray reflectivity measurements, and transmission electron microscopy (TEM)
observations were carried out. As the results, the Co/SiO, multilayer samples annealed up to 400°C
maintained the initial multilayer structures, and kept almost the same soft x-ray reflectivities as that of the
as-deposited Co/SiO, multilayer sample. A deterioration of the multilayer structure caused by the growth of
Co grains was found on the Co/SiO, multilayer samples annealed over 500°C, and the soft x-ray

reflectivity dropped in accordance with the deterioration of the multilayer structure.

Keywords: Co/SiO, multilayer, Heat stability, Multilayer structure
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1. IXU®IC

1-8 keV FHIH D5y tk??%kLf%%btcywxyfﬁﬂﬁ%%i46@V@Izw%~
FEIC 40%LL 0% | W/IC ZEIEEIHTHE 71X 8 keV T 38% DN 4 FALE VR L7=[1],
AR L 72 [ 5h 3143 LR 72 L~ %6_&#%\%Eﬁ@ﬁ%%@ﬁ%&bfﬁ%tt~
DT A U HERA~OHARV 2 EVPBRI SN TS, UL, @EEBEHED X 5 @ BA R &
P R CORHREREBOR—F U FUH R E 2B 2 - L&, BERERLITTEHOEZT T
72 < WOIEWE b ER 415 (3],

2 J@ BERI TS - D[RS T AU OV TIE, Si0, =0 SiC Wiz~ 2% — (4 U PF L) [mlr
12T 5 2 LI 10 @mOIREVESRIE S D [4,5], £72. WIC ZREEDIMENEIZ DWW T
2 OWENREINTEY, 400CEREDERNRMEMEEZ O Z LAMEINTND[6,7], Lo
L. Co/SiO; ZEIEDIHENEIZ DV T ORI RITR2 VY, Z 2T, Co/Si0, 2@ EHI % L CTEZZN
BULER AT\, ZIEERGE & PR EOIRE 2 b2 X BREITHE, K X S ENE, £ L0

W T ARSI K D BIER 24TV, Co/SiO, ZJE D it % A1 L 7=[8],

2. Co/SiO, ZIERD LK

Co/SiO, ZJEIRIE Si 7 = N—Z BRI T A A B =LAy 2 U o ZIEIC R B LT,
Co/SiO, ZJBIR DR GFHEIL, AR %A 6.5nm, AR IZIKT 5 Co BORE A 0.4, % L TJEHIE
% 30 JAH (60 F@) & L7z,

s U 724 Co/SiO, ZJE ikt LT CuKa #RIC L 5D X BRI RHE 2170, JEHIE & 1 K Bragg
E— 7 KR A2 ZNENE N L7z, Table 112 Co/SiO, Z @G E O EHARK & 1 WK Bragg £¥— 7 X
$t=% "3 (before annealing) ., ZJBIEDJE MR 1T Bragg & — 27 O FEALE D HEH L72[9],

Table I. Periodic lengths and the first order Bragg peak reflectivities of the Co/SiO,multilayer samples

Sample No. 1 2 3 4 5 6 7
Annealing As-
100 200 300 400 500 600
temperature (°C) deposited
o Before annealing 6.50 6.51 6.51 6.55 6.55 6.53 6.53
Periodic length (nm)
After annealing --- 6.51 6.56 6.64 6.70 6.80 6.92

First-order Bragg Before annealing 0.495 0484 0.484 0496 0496 0497 0497

peak reflectivity After annealing --- 0.497 0505 0519 0516 0357 0.001

3. Co/SiO, Z @R D BTl

B L D Co/SiO, Z @D E 2L Z -3 2 728, Nos. 2 - 7 D Co/SiO, Z g% LT,
%Mﬁ%%%mkﬁﬂ@%lmc\mML3mc\mm15mc\%LT6%C@%mE?1%%
TOITUN X RS RBE D & BULER % O L A R & 1 K Bragg B — 7 =R OEH %17 -
72, Table 1 \ZBMLELT 0 Co/Si0, Z @D JE i K & 1k Bragg & — 7 I % % 7~ 7 (after annealing) .
Figure 1 {ZIFEVILERIE FE 12 %135 Co/Si0, Z @D JE I K & 1 Ik Bragg &' — 7 KR OB O
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rENEhRT, AR R KOS
FITAFLFTOfE TR L TV D,
Co/Si0, £ & o JEl 1 K 1 BV B
IR LT L T2 324k
DEIEIT NSV, AR OZEIT,
400°C DEVILER | Z 5% LT 2% DHEAN,
500°C TlE 4% DN E 72> T 5,
AR OB & 1T RIS X R o
FCSHERIE 500°C O BULFLE 12K % < P resling Tomparatire (0)
B L, 600°CORULIRIZ ITRULH Fig. 1 Relative periodic length and relative first-order Bragg
RO 0.2%% TR LTV 5, peak reflectivity of the Co/SiO, multilayers
% JE it it & PR T D 7201,
RAL K2 e AR A EFT I B W)
THEAEFIEMEE (TEM) |2 X 2WrmBlEE 41T -7, Figure 2(a)2* D 2(c)IT as-deposited L}
(Sample No. 1) & 500°C CEMLELZ 1T > 7250k} (Sample No. 6), & L T 600°C CEVLER A 1T - 7=
kL (Sample No. 7) O Wrifi TEM 8% 22 R, TEM RICIZBIZERFIZEUS L7 E 7Rl ¥
— &AL T3, Figure 2(a)lZsx L7 as-deposited #EFCTld, CoJg (X TR AXSE) &
Sio, JE (K THL A DE) NRARFAMEEEZA L TWDZ LR R TE D, BT ¥
— Y HIZ Y R OBBESHMALID Z LD, Co @IET v & Llgm & & LI sh 041K
TdHDHZ LN D, Figure 2(b)iZ"T 500°C TEVLEL & 1T - 72 ZJ@ Il B Cld 2 @ I o J8 1A
DHERRTE B3, SiO, JBIENEA L. Co BENEML TWE Z ENbhnd, Cofgntgar b7
A NI Fig. 2(a) L bR ERENDH D Z LD, CoREN K TR ERbnd, Tt Sio,
J&D—ERA Co BHICHEHL L= Z ENFIR E B 2 BD, ZREIEIZET 5 MIEYE OJEHIT, ik
BT DR a L T A R AR S E 5, 500°C OBVLEZ 1T 5 X BRI R O 23 a8 1%,
ZONFHa L T A MOIRBARKRTH D L& 2 biLd, Figure 2(e)lT 600°C D% E Ikt
TIX, Fig. 2(a)X° 2(b)IZ A 5N 5 ZEIFEREE B2 2ICTHR LT\ 5, TEM BIZ1E Co 23EEE L TH
IR > TCWBEETFNABND, BFEIT/NZ = 21E, K& L 2572 Co FEdhin b DI EHT S
WNHENTND, ULEDOZ &G, BULERIZ X D Co/Si0, ZBIRDOMEESILIX, Co BOUEHEL Co
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Fig. 2 TEM images and the selected area electron diffraction patterns of the Co/SiO, multilayer
specimens of (a) as-deposited, (b) annealed at 500°C, and (c) annealed at 600°C.
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fiDORENRRTHD LEZBND,

ColSi0, 2 TR A5 2 T T il o ]
212 1keV FEIH T O X MR 035 | o annealed at 500°C £
FE &SRS SR £ % —d BL-11 ggi 2 ff
SR ST X OGS TR % o 759 &
[10]T4T > 7=, Figure 3 |Z as-deposited :: 015 ‘ i \.\u /g]o\ V\\
AL 400°CH LU 500C THULIE % onf " By 'q!l\i\a f b
(o 1 SRR E O X SR %7 i e A

08 09 10 11 12 13 14 15 16 17 18 19

T, BVLELIREE DS 400°C D% @ et Photon Energy (keV)
I3 as-deposited R & [AF DK X Fig. 3 Measured soft x-ray reflectivity curves of the
HRZHERF LT 5, S00CTRULH & as-deposited and annealed Co/SiO, multilayers
1T T2 R DR X BRECATRIT,
2 JE S O LIRS L TR E <3
LT3 (Fig. 1 BXL OV Fig. 2 M),
LLEDFER DS | Co/Si0, ZJEIEIT 400°C £ TOBLII K L CTLE L 7= S is &k X X
WEREMFFLTWD ZER3bhoTz,

4. L

Co/SiO, ZJBIE DMt EEREA 2 H g & LT, Si Z5K EICEkE L 7= 2 @ IatEH 5 L T 600°C & T
DEZENEEL 21TV, ZIEEEE & R ORI 25 Ml L=, £ OFREH, Co/Si0, %)@
1% 400°C £ TOBMLIRIZ X L CRE LT @bt & BB & [F% O X SRR 2 RFF LT
B, FoEANRMEAMEEZFT D Ea2fER Lz, T LT, B X2 2B REEEOH kI
Co JEDUEHE L Co DI ENRE TH D Z Enbholz,
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4.26 EX#REEICHITB R MABETEEDRFH

Development of an Apparatus for Polarization Analysis in
Soft X- Ray Region

ABEFEE L SRR L, 2, NHUREA
1 BARE - TIRFFE R SR
2 BT Iy b (KR

Takashi IMAZONO,' Yoji SUZUKI," Kazuo SANO,? and Masato KOIKE,'
' Japan Atomic Energy Agency (JAEA)
2 Shimadzu Emit Co. Ltd.

Circularly polarized soft x-ray of the 1-keV region benefits studies of magnetic properties of materials. In
magnetic circular dichroism (MCD) measurement, experimenters need the information on the actual
polarization state of light used as a probe beam to discuss the experimental result because the MCD signal is
proportional to the degree of circular polarization. Polarizing elements such as a polarizer and a phase shifter
are indispensable to determine the polarization state of light. In our previous study, mica crystalline has been
clarified to work as a high efficient reflection-type polarizer at 0.88 keV and it has made it possible to
quantitatively characterize the degree of linear polarization of light emitted from a variable-polarization
undulator at the SPring-8. Also, the result of simulation calculation based on the dynamical theory of x-ray
shows that mica crystalline has a promising candidate as a transmission-type quarter-wave plate (QWP) at
around 1 keV, where the QWP is the phase shifter which gives the phase retardation of 90°. This means the
polarizing elements made with micas have a possible to determine the actual polarization state of light in the
1-keV region although the polarizing ability of the QWP with mica has not been performed yet. An evaluation
system on the basis of the rotating-analyzer method is needed to verify above result. We have been developing
a new apparatus for polarization analysis. It consists of a phase shifter unit and a rotating-analyzer unit having
nine drive-shafts which can be changed independently. It will be installed as a supplemental apparatus of the
evaluation beamline for soft x-ray optical elements (BL-11) at the SR Center, Ritsumeikan University.

Keywords: Polarizer, Phase shifter, Soft x-ray, Rotating-analyzer, Polarization analysis

1. [FUSIC

0.7~0.9 keV (LT, 1 keV) fE Ik P sk X#R 2 bk Yl & U TR WD N — &t (MCD)
TENIRENERT B ZE A 725 HINE T D, 248 ORISR T MM AT ML D257 L TRDILD
MCD DAE 558 B XL Y PR Y B B35, D7D HIE T — & DT BRI B T 55k
FadTH LT u—7 L THWD IR O FHRCE 22 E DR GIREEZ T O IR E L TR Z &I T
HHTHD,

XA SEIR DR YR B & I T DI RS 7O - D B CTh D, LA ki o ik
JRIZEDHI 700 eV IR 3rLF — I ClE Mo/Si <° Sc/Cr 2 &l Y658 -3 BAFE S, YelE 12
HENT=[1], —7. 6 keV LA EOFER T T KON BE 72 Si 0 A Y EVREEREHWZHO
DBRFES A, IROCFHI AL, RO AR, SRSV TOD[2], LaaL, 1 keV fEIkI L2 g M
LR AR OBEREIR THLD  mVRICREE A T 5RIEHE 0372 ImLFHmAF 22132
NWETIREITOITI 20T,

45513 SPring-8 DEKXHRE — LA BL23SU (28 T SPring-8 {14 O#KXHKR R Y AfAT 1 & [3]%
FWTERS O IEPERRICE T D3 2R A1 TV, [FIfEf2Y 0.88 keV TREIZNFE, il tEE7R S
TR E U THERE T2 2 LGN, RIE — AT 4 D EAME I E 2R E 52Tk LT [4], £
7o, EREE SR DML ZE490°% £ AR T DB S - LU COEE T D Al REIME A T 2 — v a i A
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L7251 ZAUTZE R AL R E 3 2 O TR IR SR 2N T RE TH LT L 2R L TWD08, ZERM
i DBARF EL COMERERHIIE EZAT > TR,

{638 F OVERERFAL - IR O i YA I BB HEA LI LIE WSS, £ 2T, AT
(ZIRIEEA 1T DA AT R B 2 BRFE L 72D TE ORGSR F IOV THE 72,

2. EEEREFE

[T HA 5 S - P AR AT 22 1 L AR e 32 1 D MEBERFAM M OMRX AR TR O AR YE R 2 H B9IZEEE - B S
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Fig. 1  Schematics of the rotating-analyzer method (a) and optical
configuration for characterization of all polarization parameters of light (b).
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Phenom. 144-147, pp.1079-1081 (2005).
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Phys. 37, pp.L1488-L1490 (1988).
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4.27 & YbeOs BINA 7 A D5y Ktk
Spectroscopic properties of high Yb2O3s doping glass

IR SE—. A HEFE. L R i HEA
MNATBAEN  AAREFIWFERRAR R &1 B — 25 FEE
Ryouichi KUBO, masataka KADO, Akira SUGIYAMA, masato KOIKE

Quantum Beam Science Directorate, Japan Atomic Energy Agency,

We have been developing Yb3* -doped laser glass for next ultra short pulse laser amplifier.
We measured absorption and emission spectra of New Yb3* -doped phosphate glass and
evaluated cross section and absorption coefficient. New Yb3+ -doped phosphate glass have

twice large absorption coefficient of QX/Yb glass.
Keywords: Yb3+, Yb:glass, phosphate glass, spectral property, solid-state laser material
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B L CHENRKE WO FHIE TOWIPFRESH 2 % &0 iy RRY 7 HRERE LT
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Stk FEERICL—F—@E L S ETORIREE, BRI OV TOFE 217> TV TET
HD,
Table.1 Propaties of New Yb glass and QX/Yb glass
Yb,0; Concentration density ~ Absorption Cross Section Absorption Coeficient Emission Cross Section
New Yb glass (15K) 20wt% 4.76(g/cc) 1.55 X 1072%cm2) 42.3(cm™) 7.72 x 207%'(cm?)
(300K) 1.38 X 10%%(cm2) 39.2(cm™) 7.52 x 207'(cm?)
QX/Yb glass (15K) 19wt% 2.81(g/cc) 2.27%x10%(cm2) 37.1(cm™) 8.12x1072'(cm?)
(300K) 1.26 X 10%%(cm2) 20.3(cm™) 4,09 % 1072'(cm?)
4275 3R

[1] S. Keichi, H. Kazuhiro, M. Shinichi, T. Tetsuji, K. Sakae, K. Takao, Technical report of
IEICE. LQE, Vol.105, No.52(2005) pp. 21-24

[2] R. Koch, W.A. Clarkson, D.C. Hat-ma, S. Jiang b, M.J. Myers, D. Rhonehouse, S.J. Hamlin,
U. Griebner, H. Schijnnagel, Opt Comm, 134(1997) pp.175-178.

[3] Data sheet ‘QX laser glasses’, Kigre Inc., 1996.
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4.28 Fabrication of SiN-membrane-based zirconium filter
for separating coherent EUV beam from collinear visible laser beams

Hisataka TAKENAKA*, Masatoshi HATAYAMA*, Tadayuki OHCHI*, and Eric Gullikson**

* NTT Advanced technology cooperation
162 Shirakata Tokai, Ibaraki, 319-1193, Japan
** Lawrence Berkeley National Laboratory
2-400, 1 Cylcotron Road, Berkeley, California 94720

A new EUYV ffilter for separating coherent EUV beam from colliner visible laser beam has been
demonstrated. This EUV filter has freestanding zirconium central part and SiN-membrane surrounding
part, and the transmitted EUV and visble beams are separated each other as the EUV beam inside of the
annular visible beam. This filter will be useful for varias applications such as EUV / visible pulses cross

correlation, EUV / visible lights interferometry, and attosecond pulse duration measurement.
Keywords: EUYV filter, Thin foil, Ultrashot pulse
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