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Hybrid Femtosecond Laser 3D Microprocessing and
Application to Biochip Fabrication

20 SEYR, Dong WU, Jian XU, Felix SIMA, #g)Il 7o
MSZATBOE NBYE AT IERT Dt &7 TPt JEaai
Koji SUGIOKA, Dong WU, Jian XU, Felix SIMA, Katsumi MIDORIKAWA
RIKEN Center for Advanced Photonics

To fabricate highly functional biochips, we propose a novel technique termed hybrid femtosecond
laser processing, in which femtosecond laser 3D glass micromachining (subtractive manufacturing) and
two-photon polymerization (TPP) (additive manufacturing) are coombined. In this process, 3D
microfluidic structures are first formed inside the glass by femtosecond laser 3D glass micromachining,
and functional micro and nano components are then integrated in the 3D microfluidics by TPP. We refer
such glass microfluidics integrated with 3D polymer micro and nanostructures to as a ship-in-a-bottle

biochip
Keywords: Femtosecond laser, 3D microfabrication, Ship-in-a-bottle integration, Biochip

1. iz

AR RIS A AL, BTG O 4 72 BT\ T, @R il (K BR BE A A O 3 AT M 778
25~ A7aF T ORMANEB SN TND, A IZINETIZ, 7=AMNPL — W —EHi% 2L S X
Wty F o7 afid ek, ATANERIC 3 IRt~ A7 i i&E 2L L (7 =AML — W —
T AIWITCINLEA) . SHICHERIECIT— | L R FEDO~ A7t R F a4 7 7 v
AT 47 ADVER AT TEI[1, 2], AFEITIBREE NI O OBERER T A AIA T Z LI X AT RE
THHN, N TIRGEN T VT T o 7L THIBRS DT | AT a-F ) A — L OFEHER 3R I
WiE A THMEER T2 ERT 23R ChH -T2, 22T, 7= 2N —F —H T AR eI T4
it (BRZEIN LEAN) 127 = AN — P — KD 20 &I (RN LB ZAL A BT D2 L a4z
ZL (7= AN — P =3 ICE B I LEAN) . " AFTF v T DIBe b mre bz it o7z, ZOH L
FATE, BT AN SR IAAE IE A TE R LT 1% . £ ORAREIENIZ3R TR ~—~ A7 a-) ik
ERERT D20, 72 AL — =Ry T RERE T L L RN D,

2. Tz LML —P—3RITTEA I TEAF

Fig.1 12, 3R ILRY~—~ A7 iR % SR AT A~ A i iR ENICERIL 57 =AML
— Y =3 TTE AN THIFO FNEOBM 27~ T, T RS T AT = AMDL —F —EHi72 5
BV 21T 7057214 . 7 viliga O T — Y — SRR IR 2 S IR IC =y T 7 35, ZAUSED, T
TANEBIZ SR T~ A7 it B IE DR S D (7 2 AP L — W — 0T A3 eIl THH) . TS



JAEA-Conf 2015-001

! v Fs irradiation. HF etching.

ina. Polymer coatin
Developing ! TPP. l y g

Fig.1 Schematic illustration of the fabrication procedure for a 3D ship-in-a-bottle biochip by hybrid femtosecond laser

microprocessing.

Fig. 2 (Upper photo) Micromixer
created by two-photon polymerization.
(Lower photo) Demonstration of
mixing performance in Y-shaped glass
microfluidic channels integrated with

(right) and without (left) the polymer

micromixer by the hybrid femtosecond

With micromixer Without micromixer

laser microprocessing.

T~ A7 ORI R T D ARNSU-8) & L S _X—0 % Tl 7%k . T ASKITIN I
HAWbDEFRIL 7 = AMNPL —F—2 82 &2 AT 5, k2 SU-8 BUEIRIC VL — ¥ —f
RIBFHE 2 FRETHIEICLY, HTASA7aifit B ENTIC R ~—~ A7) AEE R T 52
ERTES,

3. NAFFoTFDOIER

ARFIEIZLY, v A 70K SN~ A Ia~Y T~ A Ia R r— VD Rip B A X DOYE %4y ¥
TAHZEDTELV AT (N =D R IR ET D~ A7 —2E /b T528
WA EHLT-[3], Fig.212, ZO—FlE L T2H BRI L > TERIL -~ A 7 a3 Y — (KT LB E)
. HITANEBICIERLIZ Y T~ A 70T v OV INICERBL LIz fE R a2 R T, ~ A7 a3 —24EFEL
TWRWHlIZR~ A 70 F v 2L Tld, BIRASERISIL TS (B T E5R), — I iy~ 7aF
KNV TIELA SV ZEDIINSNZDIZ B D IR IR Z R ILKIRA T HZLITN#ETHD, > T~ A7
DIRIASE FICBW T, BARDIEEDONRINERITHE T —~Tdbd, —H~vA7a3x% I —a2HERL
- A7aF ¥ XTI, BEI L  BEDOIEF IO IR C2IR A R IR S TAZEN T (B
BT, ZO~A7aixh—2E MU~ AUk T A2~ Ara) 7 72 —ZSH L, gk
SRR ET B =T KENRIREATHIET, v A7afitihT "AANTYA7afbkk ZnO $ki 1%
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BT AL,

4. FED

NAFF o7 O Ete b # D25 B LT, 7o ANPL — W —H T3 TEIN THE AT & 256 75
EEHR AR A DEDLILERE L (T A MNPL — Y — 3R T E AN THM) , B L= 7 =L
L —H =3I EE M LEIIZED, SIRITTHT T A A7 it RIS ISR~ —0 b2 b~ A7 V42
—RVAuIF Y —REO~V AV uERER FAERL T ALK IIL T, SHITv A% —dE
RSN T-iR R T o2~A7a) T o 4—LLTHW, v/ 7aftlk Zn0 MR 1-Z @RI A LTz, &
#%lx, BApDMREOR)~v—~ AR T E1 OO T SARZERL L, ~ A7 o RSN O Y EE
AL FRBRBEA I T 2281280, B— IO BE- AT IS 375,

BE IR
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3.2 ZzA MUV —V—REINCEHRREICEHCERT S
7/ AEIEE
Periodic Surface Structures Self-organized on Solid Materials Irradiated by
Femtosecond Laser Pulses

(1S I R TR N S SN S S ol /7 N 73| B
VEERRT AL ey — o) Bt v 2 —
DR RISER A B AR ER B - TH B
REERAS S T2 T e S e )

Masaki HASHIDA "), Yasuhiro MIYASAKAD,Hitoshi SAKAGAMI®, Shunsuke INOUE" ), Shuji
SAKABED-2

DAdvanced Research Center for Beam Science, Institute for Chemical Research, Kyoto University
2Division of Physics and Astronomy, Faculty of Science, Kyoto University
3) National Institute for Fusion Science, National Institutes of Natural Science

On metals under irradiation of linear polarized femtosecond laser pulses, periodic surface structures were
self-organized and they were oriented perpendicular to the laser polarization direction. For laser fluence
levels near the ablation threshold, the periodic structures had an interspace of 0.5 A . - 0.85 A ., which was
shorter than the laser wavelength A | . The interspaces of the periodic structures depended on laser fluence,
and this phenomenon was well explained by the parametric decay model proposed by Sakabe et al. In this
paper, current study of the periodic surface structure induced by femtosecond laser pulses is reported.

Keywords: Grating structures, Femtosecond laser ablation, Metals, Semiconductors

1. ILHic

Tz ML= %GR 7 L — o A TEBICIRET 5 & BrICKEL T oK FHEE S
OF ) JEHIREE D B ORI S D, 2002 AEICHA, RA Y oRZEEIc Lo &1 [2].
PR3], BEAMEH A1 OW T, ZORESCHNERICIER T 5 2 & 035 S, RS AR
TolF 72 TR & RIS E OISR MG E o 72, 4 Tk, 2o/ fEEnN 4 maE (5] (6],
YR D EEERI 7] | Se A Rl oo FepE R R AR IR [8] | A= (Bt B 9] [10]1c% St > TW b, — 7,
TEEHEAE AR 1) ) 72 SR ZE Cld, - / W& O k@ L —F — DO AR A (1], L—P—J
E[121113], B ASZAEE LV —HF — TN —2  RHEGFETH D, WL ONDEST
IWBNEINTWD, TNETIMNEBINZET NV EZOET VLD FRIND BRGSO
Mgz L ——EAL DL L TURLTAD ERD L D2 D,

L7 A RY v 7 FRBEEFE : 0.54, — 0.864., SCHk[14]

2. WG mhERE 77 A~ - K9 0.4 - A, CHK[15] [16]

3.RET T RELRTY MO 1 0.94, — AL, SCHk[17]

4. “AEEdRRe R A/ @2n) , STk [12]

5. L—F—BREET . >> A4, XHk[18]

T EE R O WP A iR T AT L— T — ARAE 0° O TR IS T/ fEEIC R
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ELTETNEDREZBZ R EHAWI ERGhoTEL, SEIEh A XDJEHEEN
TR SIVDDFRIT, /XT A MU w7 FRiEiEFE  (parametric decay process) M O 5 [l phild 7% 10~ 7
A= % (Bi-directionally excited surface plasmons) (A4 £HE (&8, 8EK) X bF@EHTEZ &
Do TEle, KRETIE, FEONINE THRE L TE ) BHIREEDERFE R L T A
MUy 7 BRBERIZ OV TN D, k. BPAMEHIRK SN S T/ EIC OV TTET L & OXf
I T > Tneny, st S e WA ISk [19]-[21] 22 s 7=,

2. FT/EHEERR : EREER
F /A EIREE T R FEBR U, T6 L—W— A7 A [22] X v fidSniz 0 £, =800 nm, /LA
E 7 =160 fs, #DIRLUJE % 10 Hz, BEAMRIEOL —H —% £100mm DL X T4 E (Ti, Mo, Pt, W)
S AR (ST SIC) K NIRRT L, SV A2 [E] (N=25, 50 7 VLR) 1-DDZERIZHN 528
TH /A GE AR LT, U SV 28 N I3 vy 4 —E O THIEIL, 7 1 —x X
F,(J/cm)IEBES 2Ry M A R — Bk o T2 EL — P — o RN X — 2T A 2L THIEIL -, W
B O FEIE SR [23] (2412 FER L7z D THR IS Z\, FRICE B /R A NI, B E IR 5 L
— WP —IREDEM MR Ny Ty BR(ARA—=R=T T ZR) R DL HITTHEL D EZA
WD, T/ HEEOKTRIRIZANAEICOIKGFET D720, T —Z U AR—1E L2 HHHCE
REND T/ EEOIEHT 5 Z & CREEEOFEM A HRT A2 LERH D, BEIRRIITIAK
ST/ AR E 1T AEARE FEMETIC LV BIE L. TR TRIBIIBIZESR L ROFIEIC X
DRt L7=, 3. F/EEOBIEBG (SEM BH) ORnT, ¥—7k 7 — ZABEIZLVIE
Sl o EEE L 2Roe 7 — Y 2B AT 5, EL TV BT LB LN RY
— AT MO — 7\t D ZE M E R A R A H 0 K R A EEL Ls, ZOFIEICLY
BonriRe L —Y—7 01— 20K E L TTry N LEZON Fig. 1 THDH, VT
NOEBIZBWTHE

1000 ey [T e FHEREITL—F - E
T Titanium A =800 nm Platinum 2 =800 nm IR RS . 0.5, ~
7 800 0.850, DRIz H 1 R
% ls ‘ «0386h, HT7L—z L AOENE
£ oo Foy Fu LI B A DI 2 R
G 7 Uize F /M R S

13230 100 200 300 400 500 O 100 200 300 400 500 NAHFRER7ZNL—x &
- Tl;ngst;en ‘)~= S‘IOO nlm I I I ' | | 77— ar@oar
%wm 7 —TL R B, LRV
% L #i}w, ﬁ«v—o. - 0.86A, GNP N
ué’ 600 H/LP[W o T AN, TR
5 | WS ND LIRT L

¢
400 .

— TR Fy MEAEL
0 200 400 600 800 100012001400 0 200 400 600 800 1000 1200 u ﬁf <

Laser fluence [mJ/cm?] Laser fluence [mJ/cm?] WL B B E DS AR

Fig.1 SEM images of periodic surface structures on Ti produced by 50 laser pulses of X} % 7 )L —=x > ZAfH
160fs and Fourier-transform

WA RARIC L0 R

HHOD, KRR
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M U7 —x o 22 R LT e, ZAUT A E SRR 77 XIS LS, £D
WIS T T A< B0 FD T2 B RREICIIREURFE LW EIZEDEE 2 HND, X H D FEfR
. NT AN VRABEET VICK DRIEBRTH D ERER L BV —FA /R LT\ 5, P8R
(Si, SiOITWVTHRERDIKAFMEN RS TN D, [25] [26]

3. T IEETRAEE T AN I REBET L
KEAHFTT7 = b M L—F—%2&RBICHKE L
L&, REIMFET HIEFICHE NGO T 7 X~
LR E DRETAS L —F— 2 HELK & £
TIRAZWICHRE L, ZORE ST AN T
JHEERRICEHEE L TS E LTZDORT A b
U w7 BRI CTh 5, Fig. 2 [ZIXMEEET T
A< RR[EDODRBCBITA2HRE T T X~k
(A JE I o , BEksp) D5y BBIfR % Hh# T
9, Fig. 2(a) IR T LI ICAH L—F—DJF
W N R T 7 A~ EOREEH LY b3
WIS (0 > 0p /2% HEIBIC L 5 BB IE
B OHROVWBAF L —F—1TRE ST A~
SP & B ELI SICTEBE) & & = R L X — LR A7 HI & T
LN BNRIZA N 7RREL XD, Rl
T AW DWW kep 1E. I VBASR LD IZ
L—HF =Dk L0 b REW, KIZ, R
T A DEEDN EA LHREBEIZ R > Te G E 0N
FANY w7 EEZ % %25 (Fig. 2(b), Z D
G, 7T AV AR e, 1@< 720, (o, > op /
2% BREEIC K 0 AT DRI T T A~ OW K
X, BORHEOLDO LV /NEL ) L—H—ik
BUTIESNWTL B, BT, RS 7 A~ DEFE
N EF (o< 0,2%) UL, Fig. 2R T
LA V=1 TS 2 Z L3 TE T,
KT T A2PWITREL L 2D, DEV /T
ANy 7 BRI ERE FRO T T X~ J&
BOFAE L, T DOFRAEZRMIT0 <o/V 2<o, (272
Do DT T A~ JE B T S L5 K ik
7T R W DWW FeAgp 1% 0.5 A ~0.85 A DHFIPHIC
HOERMERLEEN—FEZRL TS (Fig. 1
DFEMR) EZE DT NVN—TNZ DTG A N v
JREEET V(4] B IRE L, fix OEBRBICHD

w=ck
(a) | —
1\ Laser
I
Scattered :
wave |
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! 1
: Surface plasma
| wave
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m

ck
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Fig. 2 Parametric decay process at (a) low laser fluence,
(b) medium laser fluence, and (c) high laser fluence.

DT AL pss DL —H—T)—T R F ARIFHER ZOFT /LD EBIZHIATE 5
ZEEHALMI LI, M, ZOFT MLV FHESINDERFEIIRIORTE S AN TEIIND
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(23]

Aupss 01731 +0.316x +0.2068x+0.5013  x=—— JFu |In(F /)
A, In(F,, / F,)

I R A SRR S D ERV— =T b—m 2 Fyd T RIS L &
NHFRL—Y—T)—x o 2% L, 77— g BT r—= o 2 c—%T %, Table 1
[ZIE, FEx OB (&8, A - Si, SiC) IToOWTTH /ENER SN D 7L —x 0 ZA#iH %
RLIEDOTEEIZENTZ, R L. ZOFEFIATIIRD L ) BRIER L TWD AICHEENLE
Th b,

O EKEES I A~ (RS T A~VBE n,=0~3.5%x10" ff/cm’) MNEEEEIIFELTND,
Q@ FHTTAEE L —P—T L —2 ZTKFEL TV 5,

Table 1 Laser fluence range to produce periodic structures on metals and semiconductors.

Metal Trnert (K) Fru(J/cm?) Farr(J/cm?)

Si 1693 0.12 0.68
Ti 1945 0.074 0.45
Pt 2042 0.13 0.44
Mo 2893 0.13 1.1
SiC 3103 0.20 1.0
W 3672 0.19 1.1

4. BPYIZ

Tz b ML= AN LD &R L O EARREICH DR SN D T RIS, Rk
REA L —F— E D 0.5~0.85 12725 b DIZOWTEFT O AN LTz, T/ HEEDK T
Pald /X7 A R v 7 BREBEERICEVFHHTE L2, ZLTHSGAXNTRHATESHZ L RLT,
LrLed . 17V ARG CF 7 A HIREE DM T & 720070 2 RIFNTIEAL S VRS E 7 F
A IETRER A —E EN S B WD) 2 70 R T RERENER SN TEY | Z2FHOTD
WZIE— B BERICEAL TP RERH D, <, T/ EERR O R 7 — B3 5 %E
R 3 e Sk T 5 [27] (281,
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Observation of the Dependence on the Fluence and Materials in
Femto-second Laser Ablation Process by Using the Soft x-ray Laser Probe

Noboru HASEGAWAY |, Takuro TOMITA? , Masaharu NISHIKINO? |, Takeshi EYAMA? |
Naoya KAKIMOTO? , Yasuo MINAMI® , Motoyoshi BABA3 | Naofumi OHNISHI,
Atsushi M ITO? | Tetsuya KAWACHIV , Mitsuru YAMAGIWA? and Tohru SUEMOTO?
D Quantum Beam Science Center, Japan Atomic Energy Agency
2 Faculty of Engineering, Tokushima University
3 Institute for Solid State Physics (ISSP), The University of Tokyo
4 Department of Aerospace Engineering, Tohoku University
5 Department of Helical Plasma research, National Institute for Fusion Science (NIFS)

E-mail: hasegawa.noboru@jaea.go.jp

We have succeeded in simultaneous observation of the ablation front and the expansion front with
thin filmy structure in the femto-second laser ablation process of a gold target by using the 13.9 nm soft
x-ray probe (incident angle to the sample ~ 70 deg) with soft x-ray interferometer. The dependence on the

laser local fluence and materials was obtained by the comparison between gold and tungsten.

Keywords: femto-second laser ablation dynamics, soft x-ray laser probe

1. iXC®IT

Tz LML —F =T T —ar T TR =P = F R W BT T —a LT R,
LDXEAFIT ARG TRE TR L CTRUKAF T D FNER L O T8 )17 Ialb—arhbRSiu
TWA[1,2], I\ EATbN=7 = ANPL — S —T 7 L — a8 O RER] 5 i S A A— 0 75T
WX, R 620 nm O v —T7 DO T8 (Newton’s rings) D RE (LD, EAS LXK FR I
(ablation front: AF) ® b 51T EER OIS (expansion front: EF) MRS NAHNHALIIN
TWB[2], BRloea R ELT-E . BKHEREE O 7 10— 7 6126 LT Newton’s rings 2MEI ST
HZEMD, BF IZEXHUIH T D8 — AR T Yy —L U CHERE T D RR IS RE FE O i3 W T D2 E03,
BT DFe 2 DAFFENHI BN 72> TETZ[3], AT, @ OB 2T 7L —a i@fE Tl iﬁ%?}’bf;
75’073%%(“3?)@ P 2R RGN 2 3R - DTSR EE A~ D IS O FTREME 2/ RL TS, LINLRRG, Z
NOEDOBLTIIE NI OB EDOKE /3% HDTND AF DX AFIZAIZONTOIERAEFLI TR
VY, ﬁﬁ%“ﬁ’f‘ XL RIS PR L T ) A m WX A T e — T R E LT i A T 5 HE T
AF OBEFEHIAZTREE L, ZNERFA A= U 7RO REMETHH T, 7o LML —F =77
L—ya B O R ERGE OGN T HEITR B Uz, BUE T, Al TRk, THEAERM &L T

AP BEZE VDIV QWD H L T AT U I L LTk & 7o T OZ B 1T Dk e ek 9555 Tl
SR N E AR A EDOFHAIL B4R L TD,
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2. WXL — Y —Fu—T AT 2 AN —F—T T —ar X A7 ZAOEH]
H AR T I ZE B S B TR L2 R 13.9 nm DXL —H —[411, T ay MY EE I &L,
DO/ VARG T 2 ANOL — =T T L —al ORR R mEiE R RS A 1 Yay NCREE 4 iR R
W BHFENARETHD, Fig. 1 [T = LML —F =TT —ab OFEF AT I7AOBRNAE AL
728X — Y —T 0 —T7 VR T LE T [5], o7V (JEEX 100 nm DZEFEN) 1%, 7LV ANE 80 fs DF
2T ATV —F =TS IS, B —F—DZE/M AL AR Y ME 100 1 m(FWHM)D AT 255
HiTHY, Vo7 EOBEZEM T HETT T —a A A F I AR 7 )L A 2K
DIKAFMEZ BN T DN TED, o7 v EoBIZ, Mo/Si ZJaEEMEI7—I128Y, CCD AT RITK
40 fEDOFEFRTREB S, 22/ /0 f#HE 700 nm DL F2MEL TS, MiEIT—& CCD OIZIE, /2
AEC 0.02 deg)mH T 5 2 DI T —DDAERSINDHY 7 VO A XIZ7— 3 M ASTHTRY | #XGHR
ZZEMINCSrEIL, CCD ETEAGDOELF TG AL TWD, A XIT7—DS MM OA JE
EEETHHICIY, BB DA A=Y 5 EITHES A RETH D, TN LD Y
CVERE ST WO REEIL 1.5 nm THV[6], 77 L —a WA BT DIl o ke A A L
TW5, M ITRUEZ T8 — Y — RS 59 ps B 5 T ablation front (AF)DF- ¥4 (Yo7 V1%
BT AT ) R LR, FREHRE DY — 7 (L E & IR L CODHEN 0D,
( Probe pulse: W | _sample A W

0= 20"\ ¢+D

Soft x-ray laser
Sample Probe

13.9nm, 7 ps \ Y,
Imaging
: — mirror
E—— " (Mo/si)

Double Lloyd’s mirror

Expansion front: EF
Probe pulse

Pump laser profile
Ti:Sapphire laser (FWHM 100um)
800 nm, 80 fs

Ablation front: AF

Fig. 1. Single shot soft x-ray laser interferometer for the observation of the femto-second laser ablation dynamics

Fig. 2 a)~lZ&zV 7 NELTZED AF OTF W%, Fig. 2 DIZFE1HBEMETIc 0Bl
e/ —2— O Xz R, BEREOE —7EIL 1 Tay TRV —2— BB SN DR E
(1.3 J/em?) EUT=, BEAD ST, 7L —2—iD) MEE DR SNIALEEZ R L TWD, ZONLET
DOMBEFREIL 0.7 J/cm®> THY, 2 1 Lay b TOMLEESEFRTED, WiRiTL —V —BE %4
40 ps MHBLAIEU(), 230 ps 2 TITIEHF OFWsHEIZINZ T, AF 2250 expansion front (EF)D4rHEIZ
££9 Newton’s rings & [F/EHZBIAISIL TS (D), 1 ns LAEORH CIZFsEN RIS (77
—a D AF OEREE DK T) 23, £ 3.8 ns (21T MEIEDTE R BLAIS D & [RIRF IS T PR
NP ELTRBY, ZOK T/ —2—DERITIETR TLTWDHEE 2 BIS, Fig. 2 e)iZ, AF & EF
DO RARO FE ORI LA R LTz, H AT T EFHIICEOBIES I AF O&ES, JREFRTR ST A A
— U7 HHITCELIIE 7= Newton’s rings 2267530 7- &(AF & EF O, REIZERD EF OES

FH R+ R A 2R LTV, EF 1349 0.8 ns, & 150 nm F2EE £ T8 nm LA T O RS E 2R LR35
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(Newton’s rings MBS AMEIET S, XFROE — LA T VX2 —L U THEREL CWAEND | B
([EAREE BEDE 5y 1 LA L) DSk FE O @ O (R 10 nm LA F) THHFERRIINTNDD, 2D
B BT B DOE %R & AR DAL, £7- Newton’s rings O 2 73 &0 SR OB AE & =720 (oh: -
(X DHXHBRDOWIA D 72) Fbh | B 'O K31 AF fCE o TODENND, TDT% ., EF
T EZJ D S B3OHE ns EFCIBENEH T2 HDNIXRO T v R 777 5N LRSI T
W5 (Fig. 4 b)), K, AF (ZH0ER2Y 35 nm E TR IZHE/ M2 K 3.8 ns #ZITIIRSHK
70 nm (Fig. 2 d)) D7 —Z—NERRENTZEE 2 biD, ZILHLDOFERD D, Fig. 3 IR T kR, 7o Ab
L —P =T 7= a B BRO 2R G E S FITRILE,

b) t =230 ps e) Peak height of the AF & EF (F
200FF T T

~1.3J/cm?)
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Fig. 2. a) ~ ¢) Interferogram of the ablation front. d) Cross section of the ablation crater measured by atomic force

microscope. ¢) Temporal evolution of the peak height of ablation front and expansion front.

a) t< 50 ps b) 200 ps < t < 800 ps c)lns<t<1lus
Cluster_ry’—\(\(EF/l\

EF
Bubbles AF. A 7\. ~400
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Fig. 3. Ablation dynamics of Au irradiated by fs laser. a) AF was expanded by the formation of the nano-bubbles structures

below the AF. b) EF separated from the AF, and AF did not expand more than 30 nm. ¢) AF was broken, and cluster-formed

particles filled in EF. The crater and rim structures were formed.
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Fig. 4. Soft x-ray shadowgraph and spatial profile of the expansion front. Arrows show the incident direction of soft x-ray.
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3.4 EUVOLIRIZET 2 Sn i@ BEfREO Y I 2 L—va U ET /L

Modeling of Fragmentation of the Sn Droplet Target for EUV Sources

ex K B
MNTATEGE N B AR TR B R &7 v — 2t % —
Akira SASAKI

Quantum Beam Science Center, Japan Atomic Energy Agency

A modeling method of calculating fragmentation of Sn droplet for the EUV source is presented. A
Lagrangian hydrodynamics code is developed, which includes liquid-gas phase transition and formation of
bubbles and clusters; the ratio between liquid and gas phase region is determined assuming thermodynamic

equilibrium. A test calculation is performed for formation of clusters in expanding CO, gas jet.

Keywords: EUV source, laser plasma, atomic process, radiation hydrodynamics
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Fig.4 An example of calculation of expanding CO, gas jet target.
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3.5 3D nano-architecture in Glass Materials with a Femtosecond
Laser

Kazuyuki HIRAO

Department of Material Chemistry, Graduate School of Engineering, Kyoto University, Kyoto
615-8510, Japan

The nonlinear interaction between glasses of transparent materials and a femtosecond laser called
non-linear multiphoton effect was studied. The various nano- or microstructure changes caused by
this effect have provided the internal modification inside glass materials, such as densification,
valence reduction of active ions, new crystal precipitation, atom diffusion and so on. Such an
ultrashort pulse laser effect of transparent materials was useful for fabrication of photonic devices
such as optical waveguides and so on. In view of our findings, the advantage of a femtosecond laser
combined with liquid crystal modulator was also introduced to make three-dimensional

nano-architecture in materials.

Keywords: fs laser, spatial phase modulator, waveguide, glass, micromachining

Introduction

In 1994, a basic research idea of “induced structure” [1] was proposed by “ERATO” Hirao
Active glass project. We paid attention to the fact that all materials like glasses are metastable from
the view point of thermodynamics. A metastable state of glass is changed to other states in an
intensive external electromagnetic field. If we can control the external electromagnetic field, the
induced structure is changed; in particular, if we can space-selectively control, the induced structure
causing the novel optical functions of the glass having three-dimensionally and periodically
distributed electronic structure in glass can be obtained. Based on this idea, we applied various
electromagnetic fields such as ultra-violet light, electron or ion beam and laser to make microscopic
modifications in transparent glass materials, and eventually observed many interesting phenomena

which provide the promising applications of the observed phenomena.

Femtosecond laser modification

Now, we selected a femtosecond laser as a powerful tool to make microscopic modifications
in transparent materials. Femtosecond laser has two apparent features compared with CW and long
pulsed lasers: (1) elimination of the thermal effect due to extremely short energy deposition time,

and (2) participation of various nonlinear processes enabled by highly localization of laser photons
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in both time and spatial domains. Due to the ultra-short light-matter interaction time and the high
peak power, material processing with the femtosecond laser is generally characterized by the
absence of heat diffusion. Another nature of ultra-short light-matter interaction with a femtosecond
laser can overcome the diffraction limit. Our laboratory started the systematic investigations on the
femtosecond laser induced microstructures in transparent materials and applications in micro-optics
at the end of 1994. The strength of its electric field in the focal point of the laser beam can reach up
to 10 TW/cm?, which is sufficient for inducing various nonlinear phenomena in glass materials when
the pulse width is 100 fs and the pulse energy is 1 pJ. The photoinduced reactions are expected to
occur only near the focused part of the laser beam due to multiphoton processes. As a result,
promising applications have been demonstrated for the formation of three-dimensional optical
memory and multicolor image, and fabrication of optical waveguide, coupler and photonic crystal as
shown in Fig.1

Among them, fabrication of three dimensional optical waveguide by femtosecond laser pulses
inside various transparent materials has attracted great interests as one of the essential techniques for
making 3D integrated optical devices [1-6]. Because an integrated optical device has a lot of
elements such as optical coupler, splitter and interferometer, the development of waveguides was
required to bend in order to change the light propagation direction, which has already solved.

Another critical problem of fs-laser processing is fabrication efficiency, because long time is
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Fig.1 History of 3D nano-architecture with a fs laser by Hirao group
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consumed for fabrication. In order to improve the fabrication efficiency, a holographic laser
processing method using a spatial light modulator (SLM) has been demonstrated [7]. In this method,
multiple beam spots are generated from one beam whose phase distribution is modulated by a
computer generated hologram (CGH) in a SLM, and photoexcitation is induced at multiple spots in a
material as shown in the latter part of Fig.1. This technique developed by us will be introduced in the

lecture.
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Development of Sensing Technologies for the Structural Health Integrity of
Next-generation Nuclear Power Plants

PEATIEEZ ., TAHRW, PrihST. SERMER, AL, KIEMAT. A2
MSIATBAEN B KIR -7 BA A
B E— LSRR 2 — L— Y —IFEFTERT
Akihiko NISHIMURA, Takuya SHIMOMURA, Yusuke TAKENAKA, Takaya TERADA,
Takehiro FURUYAMA, Hiroyuki DAIDO and Akira SUGIYAMA
Applied Laser Technology Institute,

Quantum Beam Science Center, Japan Atomic Energy Agency

At the final stage of 2nd midterm plan of QuBS in 2014, we have obtained our goal to fabricate a
prototype model of heat resistant optical sensor. The heat resistant performance at 600 degrees is beyond
that of commercial products in market. Temperature, stress and mechanical vibration can be measured
during operation of nuclear power plants. At the stage of 3rd midterm plan of JAEA, various laser
processing technologies ranging from femtosecond pulse to CW would contribute to the risk management
and dairy maintenance for nuclear power plants. In this report, the outline of the laser application activities

concerning to the Fukushima accident and the ITER project was introduced.

Keywords: Laser applications for maintenance technology, Pulse laser processing, FBG strain sensor,

Heat resistant performance, Monitoring FUKUSHIMA NPP accidents, Laser cladding and welding
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Innovative Applications of Femtosecond Laser Induced Self-organized
Nanostructure
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Yasuhiko SHIMOTSUMA ", Masaaki SAKAKURA?, Kiyotaka MIURA"
" Department of Material Chemistry, Kyoto University

? Society-Academia Collaboration for Innovation, Kyoto University

The nanostructure induced by the direct-writing of femtosecond-laser pulses can open a new
opportunity to develop avant-garde devices such as a 5D optical storage, polarization imaging sensor,

thermoelectric conversion elements.
Keywords: Femtosecond laser, Nanograting, Glass, Semiconductor

1. Introduction

Progress in high power ultrashort pulse lasers has opened new frontiers in physics and technology of
light-matter interactions [1] including laser surgery [2], integrated and fiber optics [3], optical data storage
[4], to 3D nanostructuring [5,6]. Meanwhile, structural defects such as oxygen vacancies affect
fundamental properties of material ranging from ionic and electronic conductivities [7], light emitting [8],
to form birefringence [9]. Although the mechanisms of the oxygen-defects self-organization induced by the
femtosecond laser were proposed [5,6], the most important issue to be resolved is remained, i.e. can the
nanostructure be induced inside any material by the femtosecond laser irradiation? In addition, however
the laser-induced carrier-trapping dynamics in glass is minutely studied [10], the dynamics of defect
formation and evolution have remained poorly understood [11]. Here we report that the periodic
nanostructure can be also formed inside GeO, glass and Si crystal. In the case of semiconductor materials,
its band structures are involved in the nanostructure formation. Particularly, we have confirmed that the
periodic nanostructures with different crystallinity are formed inside indirect-transition type
semiconductors. Such nanostructures inside semiconductor materials can be expected to bring new

opportunities in the application to the thermoelectric conversion material.

2. Experimental

In the experiments, we used two femtosecond laser systems, Ti: Sapphire laser with a regenerative
amplifier (Coherent Inc.; 800 nm, 70 fs pulse width, 250 kHz repetition rate) and Cr: Forsterite laser with a
regenerative amplifier (Avesta Ltd.; 1.24 pm, 100 fs pulse width, 1 kHz repetition rate) in accordance with
the target materials. The femtosecond laser pulses were focused inside a sample via a microscope objective
(Nikon; LU Plan Fluor, 100x 0.90 N.A. or Olympus; LCPLN-IR, 100x 0.85 N.A.). The typical pulse
energies for SiO, glass, GeO, glass, and GaN were 1 pnJ, 0.2 pJ, 5 pJ, respectively. No apparent structural
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change inside Si and GaAs can be induced by our Cr: Forsterite laser system. Previously we confirmed that
the structural change inside Si can be observed when the pulse energy is above 600 pJ [12]. To enhance
the generation of free electron via laser-plasma interaction inside semiconductor materials [13], we
performed double pulse experiments with femtosecond laser pulses with a delay time ranging from 1 ps to
1 ns. The total pulse energies of double pulses for Si and GaAs were typically 60 pJ and 30 pJ,
respectively. To reveal structural change of the modified region, the samples were polished to the depth of

focal spot location, and then the polished sample surfaces were inspected by FE-SEM.

3. Results and discussion

Si0, glass GeO, glass

Fig. 1 shows secondary electron (SEI) and
backscattering electron (BEI) images on the polished
sample surfaces to the depth of focal spot location SEI
inside SiO, glass, GeO, glass. E indicates the laser
polarization direction. The nanogratings composed of
the photoinduced oxygen deficiencies in SiO, and
GeO, glasses are oriented "perpendicularly” to the

laser polarization direction. The optimum laser

energies for nanograting formation in SiO, and GeO,

glasses are 0.2 ~ 1 HJ and 0.08 ~ 0.2 HJ > respectlvely. Fig. 1 Secondary electron (SEI) and backscattering electron
(BEI) images on the polished sample surfaces to the depth of
focal spot location inside SiO, glass (a, b), GeO, glass (c, d).
a super long-term 5D optical storage [14] and a  E indicates the laser polarization direction.

Such local optical anisotropy in glass can be applied to

polarization imaging sensor [15]. » 0.2 uJ ) 0.4 u
To confirm the details of » &
nanograting structure inside a  Geo, glass
material, we have also observed
the sample surface cleaved along
the nanostructure planes by using
FE-SEM equipped with a cold  Si0:elass

field-emission electron gun (Fig.

2). Such observations by using a Fig. 2 SEI of the cleaved sample surfaces of the modified regions in GeO, glass (a,
) b) and SiO, glass (c, d) created by the femtosecond laser pulses with a pulse
low acceleratmg VOltage and very energy of 0.2 pJ (a, ¢) or 0.4 uJ (b, d). Insets show the high magnification SEIs in

low current reveal the original the dotted areas, respectively. The scale bars are 200 nm.

characteristics of the sample surface without a conductive coating. Superficially regarded, the average size
of nanopores in GeO, glass (< 10nm) was slightly smaller than that in SiO, glass (10 ~ 30nm) [16], though
their packing density seems to be higher. It's well known that the strength of form birefringence depends
on the nanogratings periodicity, layers thickness and the refractive indices of these two layers. The

birefringence of nanogratings for ordinary (#n,) and extraordinary (n.) wave is [17]:

nn,

A=n —n =+ fm+(-f)n? -
o=ty =S+ (=S ) T

(M
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where f'is the filling factor, n; and n, are the unknown

k\V
E
refractive indices for the platelets constituting the ny
Myoid
nanograting. As shown in Fig. 3, these periodic
structures are ruled in the direction parallel to the L n,
A f

polarization of the writing laser and consist of thin .
defect

regions of index of refraction haracteriz . . . . L
cegions o dex of refraction 7y, characterized by a Fig. 3 Schematic of the nanogratings formed in the irradiated

strong oxygen deficiency [5]’ surrounded by larger volume. ny,: refractive index of the initial glass, n;, ,: local
. . . refractive indices of nanoplatelet, = t,/A: filling factor, A:
regions of index n;. In addition, based on the period of the nanograting, #,: width of the region with index

My, Nyoiq = 1: refractive index of the nanopore, Mg.gq:

Maxwell-Garnett theory, the effective refractive index refractive index of the region surrounding the nanopores.

(n;) of the mesoporous panoplanes with the thickness
of 50nm for GeO, glass is [18]:

2 2
_ 3¢(ndefect - npore ) (2)
2 2 2 2
2 ndefect +n pore + ¢(ndefect —n pore )

2 2
nl - ndefect

where ¢ is the porosity, 7pore (= 1) and ngeree are the local refractive indices for the nanopores and for the
surrounding oxygen defect regions, respectively. After measuring the thickness of L of nanograting
structures in the direction of the propagation of light by using crossed-Nicols, we have also evaluated the
birefringence from the phase retardation which is measured by polarization microscope. It is possible to
induce a higher birefringence for GeO, at lower pulse energy, compared to SiO,. Indeed, the absolute
values of birefringence for SiO, and GeO, at the laser pulse energy of 0.12 pJ were 0.003 and 0.005,
respectively. Assuming the reasonable numbers of 74 and @, based on the very slight refractive index
change due to the oxygen deficiencies [19], we found that our experimental results are in good agreement

with previous studies [9]. The parameters for calculation and the obtained results were listed in Table 1.

Table 1. Parameters for calculation of local refractive index change in SiO,
and GeO, glass

Marerial ~ SiO, glass  GeO, glass | Material ~ SiO, glass  GeO, glass
Mg 1.454 1.645 Mpore 1 1
t," 30 nm 50 nm Mgefoct 1.454 1.645
A" 200 nm 250 nm @ 0.20 0.15
f=t/A 0.15 0.20 Ny-Myg -0.092 -0.098
An 0.003 0.005 Ny-Nyg +0.035 +0.048

*t,: the width of the region with index of »,; **A: the period of nanogratings

,35,



JAEA-Conf 2015-001

We have also Si (E'st // E249) Si (E'st | E249) GaAs (E'st// E9) GaN
observed SEI and BEI R
on the polished sample
surfaces to the depth of SEI
focal spot location
inside Si, GaAs, and
GaN crystal (Fig. 4). E™
and E™ indicate the

BEI
polarization direction of

the first and the second

7 5 FoEd,

arrving p ulse m Fig. 4. Secondary electron (SEI) and backscattering electron (BEI) images on the polished sample
double-pulse train surfaces to the depth of focal spot location inside ¢-Si (a, b, ¢), GaAs (d, e), and GaN (f, g). E™
9

and E* indicate the polarization direction of the first and the second arriving pulse in double-
respectively.  Although pulse train respectively. The yellow dotted triangle in (g) indicates shows an eye-guide for the

SEI and BEI for Si crystal orientation of wurtzite structure.

crystal (c-Si) are analogous to the nanogratings constituted by oxygen deficiencies inside of SiO, glass, the
principal difference in the periodic nanostructure between c-Si and SiO, glass is the alignment direction of
the periodic nanostructure. These stripe-like darker regions with a period of A ~ 200nm in the BEI
correspond to lower-density material. Besides, the dark regions with a width of # ~ 100 nm were aligned
parallel to the polarization direction of the first arriving pulses (£1), despite of the polarization direction of
the secondly arriving pulses (£,) (Fig. 4b, 4c). In addition, we have also confirmed that such
nanostructures were successfully induced inside various silicon substrates regardless of the dopant type
and concentration. It should be noted that the periodic nanostructures inside c-Si were formed around the
focal spot location compared to the homogeneous formation in focal spot of SiO, glass. This is presumably
because the electron plasma density generated by the first pulse in the central region is high enough to
reflect the second pulse. Indeed, since the avalanche ionization is dominant process in the case of
semiconductor, the electron density excited in c-Si is greater by several orders of magnitude than that of
SiO, glass. By adequately tuning the energy ratio of the double pulse and the time delay, we have also
confirmed that the periodic nanostructures can be homogeneously formed at the central part of the focal
area as in the SiO, glass. Another possibility of the nanostructure formed around the focal spot is that since
the laser beam at the central region of the focus is entered from the normal direction, the interference with
the scattered light is unfavorable compared to around the focus. In addition, we have also carried out the
observation of the modified region inside GaAs after the femtosecond double-pulse irradiation. No
apparent periodic nanostructures were observed in the case of the direct-transition type semiconductors,
such as GaAs (Fig. 4d, 4e) and GaN (Fig. 4f, 4g). In the case of GaN, the nanovoids are distributed in the
triangular shape corresponding to the crystal structure (hexagonal wurtzite type) without depending on the
laser polarization. The formation of such nanovoids in GaN were derived from the decomposition into Ga
metal and N, gas. Similarly, photoinduced nanostructures could not be also observed in the case of GaAs.
Although slight difference in brightness was confirmed in SEI (Fig. 4d), the elemental distribution of Ga
and As could not be confirmed at all. Another group has also observed that the formation of periodic

strained layers associated with nanovoids inside a SiC single crystal [20]. Since a SiC is an indirect band
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gap semiconductor, their results are consistent with our interpretation that the nanostructures can be
formed inside a material only if it is an indirect bandgap semiconductor.

These phenomena could be interpreted in terms of the difference in the electron transition between
indirect and direct bandgap semiconductor. When the first arrival femtosecond-pulse is focused inside c-Si,
the free carrier multiplication in focal volume occurs via the two-photon ionization and the avalanche
process. The longer relaxation time of the excited carrier in c-Si promotes the interaction with the
time-delayed second pulse, because the radiative recombination in indirect bandgap semiconductor
requires a certain correlation of the positions of not only electrons and holes but also phonons. Finally the
subsequent structural modifications inside c-Si are induced with a period of A4/2n ~180 nm [6], which is
consistent with the experimental results (Fig. 4b, 4c). On the other hand, in the case of direct band gap
semiconductor such as GaAs, the carrier (lifetime is sub-picosecond at room temperature) is relaxed before
the arrival of time-delayed second pulse. As a result no apparent structural change could be observed.
Besides, due to the short plasma lifetime of ~150 fs in SiO, glass [10], the following formation
mechanisms of nanogratings are proposed: the non-radiative relaxation of excitons via relative long
lifetime transition from self-trapped excitons (STE) to point-defecs (their lifetime is several hundred
picoseconds at room temperature) [21]. In particular, a common feature of periodic nanostructure
formation between c-Si and SiO, glass is the existence of a transition with a long relaxation time. Although
further investigations are required for understanding the mechanisms of self-organized nanostructure
formation inside the silicon crystal, the formation of such periodic nanostructure is reminiscent of the
mechanical vibration of the structure by the stimulated Brillouin scattering involving photon-phonon

coupling via electrostriction force [22].

4. Conclusions

In summary, we have empirically found that nanogratings can be formed in single-component glass and
indirect-semiconductors. Such phenomenon could be interpreted in terms of the longer relaxation time of
the excited carrier in self-trapped excitons or indirect band gap. We anticipate that such nanostructured
material will open the door to the fabrication of the 5D optical storage, the polarization imaging filter, the

self-contained thermoelectric devices.
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Ultra-short Pulse Laser Processing of Composite Material

FEH e
DA ENEN — Y — e ST SE T
Masayuki FUJITA
Institute for Laser Technology

We have investigated the laser processing of composite materials. By tuning the laser parameters,
each component of the composite material, which has different ablation properties, can be processed
effectively.  Surface texturing of Al-Si alloy for low friction and micromachining of CFRP are presented

as the examples.
Keywords: Laser Processing, Ultra-Short Pulse Laser, Al-Si Alloy, CFRP
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EAR RV H =y REIZHOBILTND,

PORIE I & LT 7 L — v a I LU EWMEL S TS ILDT2DIZ, Al & ST ZNEhDT 71—
S B A FEBRIICTH T, Fig. 1 IZ AL & Si D7 7L —3ar L — D RS 7 )L — o 22w,
SID DN LU EWMEIFARN A, I L —NIALO B EBUERENZEN 55035, 726, AlOAITL
EVMELL I S 2SE IR TE 0, AlOM T LEVMELL BT AL I TSS90, BT 1—
T AT HZE T, Si OFERRLICH S 55 02 ~ZFEHETD, St Of b2 ST 703528
DR TS,

Flg.2 12 Al O TLEVMELL F T LUz 34 Al-Si A4l o R mE E4A7~$, & 800nm, /<
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JVANE 100fs @ Ti:Sap. L —H —% W L&1T 572, Si OfESRLIZAH S 3D 55 23] A, S & 11
HEE DS TS, Fig. 3 I AIOM T LEVMELL ECL—% — G U7- 308 R O SEM 84771,
PO JE RS S RSN R TS Si ORIz, ZO XTI LN 3 B O 2w R ER 2K
ERELT-EZA, FRELHE 0.56m/s (2B TG Al-Si A4 T 17%., i3k Al-Si A4 T 27% D EE
BRI R s C& =,

KREFTIE, 77— a ITRED B2 D O SIS & &ITx L T — Y — R S %
HIE 22 LT, B E D RS 2B R B9 TUE O M2 I T X5 LN EIES NI,

+ Si ® Al —19In(F/0.34) — 8In(F/0.25) — 61In(F/0.34)
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Fig.1 Ablation rates as a function of laser fluence for Aluminum and Silicon.

p daw 56,
ot 3000 5 v, 180 WD P

Fig.3 SEM images of (a) eutectic and (b) Al-Si alloy after laser irradiation above ablation threshold
for Al.
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3. CFRPOL—H¥—HIT

CFRP (Carbon Fiber Reinforced Plastic: %2l i@ LRI ARG G AED 13, &, &8, &Rk, &
MAMEE WS TR A AR ORI = =TV Z MBI L T B ST D, BIZIE U4
WENRLVBEECTRBETELH20, M BB EORE M LICEAE =R B FFSTWD,
CFRP [3RFMRMEL~ N 7 ARG D DE G B T D, BUA)7R R FRRMEL ~ N > 7 ZBRE D #)
MAE% Table 1IZ/RT[2], BMRELER | 7858/ /p R | ZRRER, E N EHUBIIR &R A HE I LML B
DENGD, IRBHEZ L TEIAR O B LVRVRE T, KD p L —TARBETHIEN )
b, CERP O —H— I TIZEB T HMEIE, b — W — BB S A 5 ik 35 & R Bl 23 0
TTERW, KRB SR 2 B DEDLEBNRIR RO 5 L) M Th D, 72, CFRP At
BRIZIZ L2 PR B RAHE I LD BMRE S ZE L 22T AU T 700,

Table 1 Typical thermal properties of composite material constituents.

Material Conductivity Vaporization Temperature Heat of Vaporization
(Wm 'K (0) (J/g)

Resin 0.2 350-500 1.0x10°

Graphite Fibres 50 3300 43%10*

Fig. 4 (2R BREHER 7 DA THRDIAA RTM ARJE CRUESU7ZJEE 1.3mm O CFRP 8, UL AL —
P — YW LU= HE 2, #3513 E 1 1000mm/minute Tih-o7-, 2L ANE 100fs, SEHH T 0.2W D
L —P—%FE 30mm (2T 600 {EEFS | SE7=506 O TR 38 43) Wi 3 L O 11 D Y 2418
WEE T E FHOE T-BAEE S H (SEM ) % Fig.4 (a), (b). (IZFNFIRT, ERESRDIT LN
ST NE LI oA VIR E S~ 72, 7L AE 200ps, SEHH ) 0.38W DL —
F—% 300 EAEFR | W50 O TIRE 19 43) oW 3 KO O Y FBEMEE 5 1, i SEM

Fig.4 Ultra-short pulse laser cutting samples of CFRP; (a) a side view, (b) and (c) top views of the
sample in the case of 100fs pulsewidth, (d) a side view, (e) and (f) top views of the sample in the case
of 200ps pulsewidth.  (a), (b), (d), and (e) are optical microscope images and (c) and (f) are SEM

images.  The sample was 1.3mm-thick cross-ply composite laminate.
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% Fig.4 (d). (e). DIT/RT, 200ps 7L AD T R/LF—[F 100fs 7L AIZEERTRENWTZDIZ, D7pn
BRI T IR VEIN TN TETWA, Fig.d ()L FIEEITIN TofF st 20 522/ i B 57
Motz Figd (O&OTHEO =y Vi & i 3254 100fs 7V ATIN LU 503 R Bl 3 s v — 7
B SV TWNDZEN DD, 7 VAR 200ps DIGEIIFERER DY 100fs OHE LBV TRV AT O
IRFBHHEDO T HN A OND, Fio, WTNOGAL RN I CRIEL Kk e 1~2 &4 (8 10mm) 72
FEGCELZ T CODE TR TE DY, 7V AR 10ms D Nd:YAG L —H —|ZL2 N T CTHE
SHTZ 0.6mm MROBAGEEES (T~ D LD TSV,

100fs <2 200ps 7~V ATON T TIE/ VAT R =00 NS BREME YW 35729 I [/ U T ¢
FEH L — W — A FE SR T T e bl ol 207 B S VAL— I TEE 2 EH ikl
MV 10pm B2 fE DB RSN, Fo, EDRRRDEM T — D ZELWE FRALIL, SHITME
BRI Z DLV EFRERN AL, 22T, —IRICMICE — 22 B8 L3[R —E e B 32
FEEREHEEHOL, B ob —%— % AGHMUOIEIE A S COIWiN A1 T o7, Fig.5 (@3 &51T,
ANHHRIOBR 0% R8T D720 (AT B Z /K YA Z 50mm, FEEIZ 300mm OB EISE/283 501 Ta21T
S7c, 7VANE 100fs, FEIH T 0.2W OL—H —%EX 30mm 12> THEF 1000 [FHFS | SHETINT.L
7o O R 31 43) oW i B SR 5B L 3 i SEM 4% Fig.5 (b). (TN IVURT, Bl
IE 1.3mm. fR5 I 1000mm/min. . YL > RO E SR 300mm Tho7-, FE O ITH
200mm &JR<72%753, Fig.4 ()Ll § 5 LB GBI EYL CE D v — T 7R UM s rlREL 72 o T2,

Each V shows 100 scans

200 50.0 o ®I: 8.9am 3KV

Fig. 5 A schematic of multi-trace laser cutting (a), and a side view (b) and a top view (c) of the
CFRP sample.

4. F2D

BEMEHINVEE N B2 DM B CHER S CODZENR L, BN NEDEFIWE D TV H D
ERIFIZ W D7 8 B RN BB A Z LI XV E O Bt A 1) ESE TV 5, Al-Si &4 DK
BRI TOLA L AR OT 7L —a FREOEWICHE B LY — Y — R 7 L — = R A
T HTET, PO E RS T Rl & 2 i M R 4 R R IS B 2 2 &MV AR Ao 72, CEFRP I L%
AEL B HE N B DM BHI X U T — 750 B ST M B2 5 L — W — L R4l 52 A0SR
HE DR TNTEE, I TEEO R B[RRI ER L,

2E IR

(1R M, L — —HFJE, 42 5, 4 5 pp. 341-344 (2014).
[2] Z.L.Li,etal., SIMTech technical reports, vol.10, (2009), 10.
[3IRE MR M, L ——HFZE, 39 &, 9 5 pp. 701-705 (2011).
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3.9 7=z MPL—FE AW X 288 0 L2

Study of Optical Control Technology of Material Surface Structure by
Femto-second Laser Processing

HAF A
NIV =y VARt ma vV a—Ta X FEIRAE e AR - MR E A —
Ken’ichiro TANAKA

Eco Solutions Company, Panasonic Corporation

I report on precision micro/nano fabrication of optical surface for reduce reflection. I tried to reduce
the reflection by all reflection angles which is to use the diffraction light generated by micro size periodic
structure. I fabricated micro size periodic structure by multi-beam interference using a femtosecond
excimer laser. And, I tried to reduce Fresnel reflection by nano size periodic structure. I fabricated nano
size periodic structure by localized surface plasmon polariton using an IR femtosecond laser. As a result,

transmission rate at optical surface was increased by periodic structure.

Keywords: femtosecond laser, periodic structure, thin metallic film, surface plasmon polariton

1. IXC®IC

BUTE, 72 BREE RO B IRAL VB RREDS | BR A D E R CTHER L CUW 72 1UiE 722 7 iR i e
o TSN, FRZ, AR F LT EETHY , TNOERFR T _F — T A AOBIFEDEAN R
b TWD, T, B THFZERI % &4 T\ % LED (Light Emitting Diode) Y i . A #%
EL(Electroluminescence, Organic light-emitting diodes :OLEDs)Y:Ji, K52 E DX —F /A AT
FEEMIER THY, ZOREIBIOFEIZIU T, HDFIE ) EEEREFE Th D, ORI
DMBFO RIS — IR TCHEE AT 59528 T, 7 A RELTORER LA AIHL TRY, 2o
THEDOREGEELRS>TND,

R CORIHE, G ET VRV DT DD, EEHE, BT @O E D DR OE
BOGEIZOHBFEAET D, 7V ANV LI TR R B2 D R w0 BT AR THY, JEIT 13 E b
BENBIRWHE, JEIT R NMRVMENS SV EOEELICB W THIRET D, 20200 KK H K%
S22, FilELE M ESEHILITK L TEELRD, —DOHOEKFHREZUGESELT-D
X, Rl CoORFEEFIA LI~ A7 a A X0 EIREEDN G 2 CThbH, HIVDEDDTL IV GHE
KRS L7, RO JEITROEALZRIEHINIEALSE D720 KO R LT OJE ey
F LR DWAIREIE AL C ., T SIS IC T 228 TED, HFM B L TIE, eedmtE, R,
(LS 2 TEME R 8 DI TEN TWDETHIZE AWLZENSZ WL Lo, st el cdho, #in T
PED T T AR EHI R L CRAIRRE - TE AT 2 BRI < EEFE ST BN T, R AN, # 7 N A LDFL
W BEAR R ELE 7B AR E LS TN,

AWFFETIE, 7= ANV —HZ T, IR E DI B O R ENZ~ A7~ A XD
JAEIREEEZ TR T 52T, MR mIC BT AR A Sl 22 2 HIELT-,
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2. ZRITHMRE SR 5IC XD

~ A7 B IR E A T AT D TR LT LR OB ETT o7, Fig.l 133 ab—rar AT,
hE# A EEFHE LIRS REZRLTWD, ZORIREMN LT 5720, SE4MRO7 = AN —HF L L TT7 =
LN TRV ZRIRT HF o~ —HF 2T, 2R TWIN TICKY—fE CRmfEIC v 7t A X
D JE YIRS IR T D L2 Mt Uz, Fig.2 1%, I THRFHI AW =Y 7 g iEE R L T, Fig.3 IX,
FEBEO LED Fv 7 EITII T L7 EOBEME R Th D, 2O/ R, L —W I T E A~ #E<
LED Fv 7 CTO EFEMEZRIZI O TIL, Fig 4 IRLTWAERY, OB LR E 2.8 (FE ChETE
HTEh R,

TP E RS A TRk T A ik E LT, LU R O A T o7, Fig.h 133 ab—atZ T %)
R FAFE LS R RL TN, RO 7 = AMNIL —HFE T, HIAREICE L — L5 R
F35, TOBE, ATZAOREIINERZ KL TRE, L—VFIZIWT7 7L —ra I L5286 THT
AFENT PR R E 2 B D IR T LN TE, ATADL =PI DM LTEELU FOo= L
X —TMLTEILENATHETHDHI LA R LT, Fig.6 1%, AT A RN T UG OB 2455 R ChD,
ZOF I PEHE EIREE DTERRAT = ALE LT, £F°, v A7 A XD DTS, ZDFE I~
AR I LD IREIL —F ORIPHE LS —F O T LD 800nm F2E O JH I & S D,
Z O JEREE O ML RTEL TRBY ., 2O MMEBIZRTE LSl LV RTER T 77X E R TV R M
TERESH., /AR EEA TR T 52 AR LIz, ZOHIEEZHWAZE T, HTAKEIZ 170nm FEED
PR B AR & D R C& | R COT U RV IS R T, Fig.7 1Rz, MG HEE 155
ZENHREE IR T,

100 ey
l ...... = —— Sapphire lift-off LED
90 ' - Rouph surface of InGaN lift-off LED
80 F——— \ covered with resin
~ 70 [ !
< 60 S 0: incident
© .
S . Air angle
8
=40 0
§ " InGaN \% e
= 20
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0 ‘ ] T ————
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Fig.1 Results of light transmittance by simulation.

Au bump InGaN thin film Underfill

B et AERITAC 5 B VA e

Fig.2 LED sample without sapphire for experiment.
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Fig.3 Observal result of processing GaN surface.

0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

Light intensity (mw/nm)

A After laser processing

/ \ and cleaning by HCI

/

After laser surface
processing

\
| e
\

y \

/]

Before lift-off processing
Y
.\

2
(,.

Wavelenghth(nm)

Fig. 4 Emission spectrum.
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Fig.5 The relation of the transmission rate to degree of incident angle in each pitch.

_45_



JAEA-Conf 2015-001

Fig.6 Observal result of processing SiO2 surface.
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Fig.7 Transmission rate measurement result by spectroscope.
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3. Fo

T =AML= EHNT, ERAMEBI ORI~ A 7 v ~F ) Y XOWGH JE IS 2 TE RS
L& T NOBRELN EEELZENARETH D Z L aR Lc, TORE, RKEETEa R b,
27 bEA LD, BERSLE LT ZRAETHDL 2 E 2R LT,

BECHR

[1] Intergovernmental Panel on Climate Change (IPCC), Forth Assessment Report (2007)

[2] J.Nishii, "Nano-glass imprinting technology for next generation optical devices”Proc.SPIE 6834
(2007) 683403.

(3] M E—RR, [yTFn=s, KHEEE, ALRHED, Jan-Hendrik KLEIN-WIELE, Peter SIMON,
“LED F v~ InGaN MR [ ~DTF L~ 7 = ANDL —H NN TIZ L DB W A Ok
I L O mshFAb”, K 14368, 77, 4, (2011), pp.400-404

(4] HPRE—ER, SFRADF, BRAAZ, “Tx AMIL —FICL DR —T 42 7 A BT TA~D
G RS & DT LA = A LB T D987, A~ —RF 7 mE A8, 1, 6, (2012), pp.274-281
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310 79 R —F—F vy hLeEREL—Y—LOHMEERAIZBITS
WEN AL A2 OnE

Acceleration of Background Gas Ions Triggered by
Interactions of Cluster Targets with Intense Laser Pulses

A Y AIRRERES VP BIEERR V. fi ZRE V. TERAMA V. REARA Y,
D HARF A IR R ORFEREEY B e — s 2 —
DR RFBE =X —FHAAF TR
Yuji FUKUDA", Ryotaro MATSUI"?, Masato KANASAKI", Hironao SAKAKI", Kiminori KONDO",
Yasuaki KISHIMOTO?,
D Quantum Beam Science Center, Japan Atomic Energy Agency

? Graduate School of Energy Science, Kyoto University

In the laser-driven ion acceleration using cluster-gas targets, consisting of a few hundreds nanometer
sized clusters and the background gas, the energy spectrum of accelerated ions has two components. The
lower energy components is produced by the Coulomb explosions of clusters and the higher one is
composed of ions accelerated by electric fields created by the magnetic vortex. In this study, in order to
understand the acceleration mechanism of the background gas ions, we have carried out numerical
simulations using the 2D PIC codes. The simulation results shows that background gas ions are

compressed and accelerated due to the Coulomb explosion of clusters.
Keywords: Laser driven ion acceleration, Cluster, Coulomb explosion

1. IC®iC

7T AL —IE (CbRFE 7 T AL —+ B RV T LT R) L@l L —%— L OMAEH
WZE DA A UIHER T, ZHETIZ, BErH2H 10-20 MeV/ull], BE, 50 MeV/ul2]iZ
BrSmmxr¥—g A (RE, BFE. ~V UL PBHISLTHND, ZOFETIE, Lb—F
—ME SN T AZ =D ORI NDE I L - TER SN EE TG Z X~ TOR
SRR DS, A A I EE@&U%%tLTwék%z%hfwéB] —J7. i, BT
%%@ﬁﬁfﬁbmtﬁﬁﬁr1mmwmmf@4ﬁ/Mﬁ%%fi_MmFﬁ77z&~@f

% 250nm) DY — 8 IERNEFKBHAA A OMEIZFTFE L TND I EERBT 587725
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. RRLEBE
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Fig. 1 Ion energy spectra carbon ions and protons obtained 160 fs
after the laser irradiation.
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Fig. 2 (a) Electric field intensity, (b) energy distribution of carbon ions,
and (c) energy distribution of the back ground protons, obtained 160 fs after

the laser irradiation.
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[5] Y. Kishimoto and T. Masaki, J. Plasma. Phys. 72, 971 (2006).

,49,



JAEA-Conf 2015-001

3.11 Nondestructive Detection of Nuclear Material by Gamma-rays
—R&D Program for Implementation of Anti-crime and Anti-terrorism

Technologies for a Safe and Secure Society—

Ryoichi HAJIMADY, Takehito HAYAKAWAD, Toshiyuki SHIZUMAY, Masaki KANDOY,
Hideaki OHGAKI?, Hani Hussein NEGM?, Izuru DAITO?

D Quantum Beam Science Center, Japan Atomic Energy Agency

2 Institute of Advanced Energy, Kyoto University

A non-destructive inspection system for special nuclear materials hidden in cargo containers has been
developed. The system is able to detect and identify nuclide in cargo containers by employing nuclear
resonance fluorescence (NRF) triggered by a quasi mono-energetic laser Compton scattered (LCS) y-ray
beam. We have developed a LCS y-ray source based on a racetruck microtron and a Nd:YAG laser. As a
demonstration experiment, non-destructive detection of a silver target by using the LCS y-ray source was

performed.
Keywords: Laser driven particle acceleration, Hadron therapy

1. Introduction

Non-destructive detection of special nuclear materials (SNMs) at port-of-entries is of growing
importance in view of the nuclear security. Fissile materials such as 2*U or 2*Pu with the weights of
several kilograms may be hidden in a radiation-shield box and brought into a country using cargo
containers for nuclear terrorism. However, some kind of nuclear material, 2°U for example, cannot be
detected by self radiation. Therefore, we need to develop a method to detect SNMs with an active manner
based on external radiation source to trigger nuclear reactions for detecting nuclides of interest.

We have proposed a SNM inspection system, which is a hybrid system of two different probes,
neutrons and y-rays[1]. The system consists of a fast pre-screening system by using a D-D neutron source
and subsequent precise screening by using quasi-monochromatic y-rays generated from laser Compton
scattering (LCS). If suspicious materials are detected during the fast pre-screening, the cargo is irradiated
with LCS y-rays to identify the isotope composition of the materials by using nuclear resonance
fluorescence (NRF) [2]. In this paper, we present development results of a y-ray based SNM inspection

system.

2. Development of a laser Compton scattered y-ray source

As a compact and reliable LCS y-ray source for the SNM inspection system, we have developed a
LCS y-ray source at the existing 150-MeV microtron of JAEA-KPSI (Kansai Photon Science Institute) [3].
The y-ray energy available at the 150-MeV microtron is 0.4 MeV with a 1 um laser, commercially
available Nd:YAG laser followed by laser pulse compressor with stimulate Brillouin scattering (SBS).

Figure 1 shows a layout of LCS y-ray experiment. We confirmed in 2012 that the LCS source is able to
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generate LCS photons with a flux of 1.2x10* ph/shot (100%BW), which corresponds to a flux of 1.2 x 10°
ph/s at a 10-Hz operation [4].

I ——
[ NAYAG puse o022
compressor

y-ray

/ Container &
dummy SNM

Detector Array

(LaBr; scintillator)

Bending
magnet

1m Laser-electron
interaction point

Fig. 1: Layout of the 150-MeV racetruck microtron and appratus for laser Compton y-ray generation

and nondestructive detection of dummy SNM.
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Fig. 2: Spectrum obtained for non-destructive detection of a silver target. Spectrum after subtraction

of coherent scattering signals (black line). Spectrum after smoothing by Savitzky-Golay filter (red lile)

3. Demonstration of nondestructive detection of isotopes

After the successful demonstration of y-ray generation from the LCS source, we irradiated a block of silver
with the y-ray beam to detect nuclear resonance fluorescence as a demonstration of non-destructive detection of

nuclear material. The silver target was chosen as a substitute for nuclear material because the isotopes in natural
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silver, '"”Ag and '“Ag, have nuclear excitation levels 311 and 325 keV, respectively. A target of tin was also
used as a reference for Rayleigh scattering, which has an energy spectrum overlapping with NRF. Background
signals of neutron and gamma-ray coming from the electron beam dump were discriminated by time delay from
the prompt signals. In these measurements, we used LaBr; scintillators [5]. Figure 2 shows a spectrum after
subtraction of background, where NRF signals for '’ Ag and ' Ag are observed. The number of NRF signals is
consistent with a Monte Carlo simulation with NRFGeant4. Detail results and discussion on the non-destructive

detection experiment is found in [6].

4. Summary

A laser Compton scattered y-ray source has been developed in the JAEA-KPSI for a non-destructive detection
of nuclear materials hidden in cargos. The y-ray source is based on a 150-MeV racetruck microtron and
Nd:YAG laser followed by a laser pulse compressor. Using the system, we have generated a high-flux y-ray, 10°
photons/s. We have also carried out a demo-experiment of non-destructive detection of a silver target and

confirmed NRF signals from the silver target with LaBr; detectors.
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Next mid-term Plan of Laser and its Application Researches in KPSI
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Quantum Beam Science Research Center, Japan Atomic Energy Agency

In the next mid-term R&D plan, we have continued to develop laser-driven new quantum beam
sources, and we also study their applied researches in Kansai Photon Science Institute (KPSI). The

research direction and its road map are presented.
Keywords: mid-term, plan, R&D, laser, application
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Correlated Imaging of Living Biological Cells with a Soft X-ray Microscope
and a Fluorescence Microscope

hE D BA KV, R AP W OEFY. Fil BAY T HEF Y,
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VIMSZATBOE N B AR 7 R e R &1 v — 20 e v 2 —
VERLRFEARB R FRY: B
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VHIERT L
Masataka KADO", Maki KISHIMOTO", Satoshi TAMOTSU?, Keiko YASUDA”, Masato AOYAMA?,
Shigenobu TONE® and Kunio SHINOHARA"?
D Quantum Beam Science Center, Japan Atomic Energy Agency
? Faculty of Science, Nara Women’s University
3 Biochemistry Research Center, Kawasaki Medical School

» School of Engineering, Tokai University

Soft X-ray microscope is a very powerful tool to observe cellular organelles of living biological.
However the inner structures are very complicated and it is difficult to identify the organelles obtained
with the soft X-ray microscopes. We have proposed a correlated imaging with a soft X-ray microscope and
a fluorescence microscope that is to observe the same biological cells with the both microscopes at the

same time.
Keywords: Soft X-ray microscope, Laser plasma, biological cells, correlation microscopy

1. XC®IT

R X BRBAPREEIL, A& T DRI O NS 2 =\ O 22 40 R RE CRIZZ RTRE CTH D A3 11[2]1[31[4]. %
BUIAEE D E ORI/ NS B XS T 200 % IEFICFFETDZENREETH 720 | MBI
GFE~OTE D2 Te e e, ZOMBE RIS 570 | Mz s b,k 52 LIS K0 kR~ 2
N/NERE ONLEE IEREIC R E CEDEOLBMSE 2 ML A b e - M BB IE A E R LT, [F— iz
X BREEPMERE S dOBIMERIC KV RIRFICBIZE L | DS LB A BT D 2 LIS KD N /N E D
BB LB W ZE M IRERE COREMZ RS DB A W N TE D, RAIDIERTAT 1oz 2L, M
BESRMIEIC IV AE X FFBIER T 52 LICIVMIEN DO —DINa R T O EDOBIEIZ P LT,

2. THBEERMIEOBRF

HK X BRI & SO BRI ERIZ KV [F]— DM 2 2[RI B2 rT R0 M B BRI 2 LT 572912
(L R X BRI & O BRI OO T 7 | SRl b SRR R L — & BHFE LTz, BBk L2 — I3, AR
TWDHIADIR X BREBIEAATOI O 2 B 224N TRIFHIRFF CEOMIE THLHEEBIT, H0
BAEE CTO @ R B T REZR SOOI L & — R D DB E TO ML 40 fEOXPL L ZADT

,55,



JAEA-Conf 2015-001

—X T T YRR ATHD 3 mm LL FIZMZ TG L 7> T D, Fig L IZBIR L3RR L& — DR
AR U7, BIAAT AN ISR L7ZJEE 500 nm OPMMA Y kP A FICHI A B2 L
JEX 200 nm DALV TEOVEER LY —NICE AL, BBV — ez 5 A% 308}
RNV — EERIOAAZEBIREE, T OE LRI LA B2 T o7, Bl B4 —%2E
eI BRNICERTEL . X BA ST 5281250 PMMA 74P AR FICHIFRO#R X #4308k LT, A
RO &SR OBIEZEND X AR 24T ETIZE T HREHILH 10 23 Th-o7z,

biological cells silicon nitride membrane

L x-ray photoresist

culture medium

Soft x-ray microscope

glass substrate /

| ' specimen holder

sample stage

Fluorescence microscope ’ ¥ -

Specimen holder

.
8 fluorescence microscope

Fig.1 Originally designed specimen holder for correlative microscopy. Biological cells are
directly cultivated onto the PMMA photoresist and enclosed in the specimen holder with culture

medium to be observed with both of a soft X-ray microscope and a fluorescent microscope.
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Fig.2 Soft X-ray image (a) and fluorescent image (b) of live Leydig cells of mouse testis. In the
fluorescent image structures appearing in red are mitochondria, blue are chromatin and green are

actin filaments.
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100 nm

Fig.3 Soft X-ray image of a live Leydig cell (a), an enlarged image of the area of mitochondria
(b), and a soft X-ray image of a single mitochondrion in the live cell. Inner structure of the

mitochondrion is clearly visible.
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Study of Spallative Ablation Mechanism Induced by Soft X-Ray Laser
Irradiations
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%) National Research Nuclear University (Moscow Engineering Physics Institute)
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1 Japan Atomic Energy Agency
2) Joint Institute for High Temperatures, Russian Academy of Sciences
3) National Research Nuclear University (Moscow Engineering Physics Institute)
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%) Landau Institute for Theoretical Physics, Russian Academy of Sciences

Soft x-ray laser (SXRL) pulses were irradiated to the LiF, Al, and Cu surfaces. On all irradiated target
surfaces, the surface modifications caused by the SXRL pulse irradiations were confirmed. However, the
optical emission (visible range) from the surfaces during the pulse irradiations were not observed. The
model calculation for the interaction between SXRL pulse and metal surface reveals the spallative ablation
of target surface without plasma production. The experimental result investigated by our study is consistent

with the theoretical calculations.
Keywords: Soft x-ray laser, Laser ablation, Laser produced plasma, Electron temperature

I. Introduction

Soft x-ray laser (SXRL) is an interest laser source, because of the features of high photon energy, short
duration, and highly spatial coherence. High photon energy laser pulse with short duration has ability to
interact with matter. SXRL pulses having a wavelength of 13.9 nm and a pulse width of 7 ps can make the
nanometer scale ablation and/or modification structures on material surfaces [1, 2]. The mechanisms of
surface modifications induced by SXRL pulses were also investigated theoretically [1, 3, 4]. The atomistic
model for the interaction between SXRL pulse and metal reveals that the tensile stress created in materials
by SXRL pulse can produce spallative ablation of target surface. The mechanisms of the surface
modifications caused by SXRL pulses are essentially different from those by optical laser pulses.

To study the ablation process induced by SXRL pulses, we measured the optical spectra (visible range)
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for emission from the irradiated target surfaces.

I1. Experimental Setup

Figure 1 shows the schematic diagram of the experimental setup. The experimental setup was composed
of three parts: the SXRL irradiation part (source and optics), the target part, and the observation part (lens
and optical camera). The characteristics of SXRL were 13.9 nm in wavelength and 7 ps in pulse width. The
SXRL pulse generated from Ag plasma mediums was focused on the target surface using a Mo/Si
multilayer coated spherical mirror. A 0.2 um thick Zr filter was placed in front of the spherical mirror. A Zr
filter reduces almost of all scattered optical radiation from the laser produced Ag plasmas. When we
adopted a 0.2 um thick Zr filter, the typical energy and fluences on target surfaces were estimated to be
around 48 nJ/pulse and 10-30 mJ/cm?, respectively.

LiF (2 mm in thickness), Al (1 mm), and Cu (1 mm) plates were used as the targets. All target plates
were mounted on a movable sample holder in order to ensure equal focusing conditions. The fresh surfaces
were placed at the best focal position of SXRL beam.

Emission light in a visible spectral range from target surface induced by the SXRL irradiation or
scattered optical light was observed by the optical camera. A complementary metal oxide semiconductor
(CMOS) device was an image sensor of the camera. The detectable energy threshold was estimated to be
approximately 0.016 nJ/pixel. The SXRL irradiation was performed in a vacuum, and the camera with

CMOS detector was in air.

Camera / U
(CMOS Detector) -

¥
Emission Light

Air \
________________________ N
Lens N
Pump Laser H \i\\ Soft X-Ray Laser Beam
> 4
First Target I
(Oscillator) " “'\

fessas e
Second Target B

(Amplifier) Spherical Mirror

Pump Laser Ll (Mo/Si Multilayer)
Target Plates

Figure 1. Experimental setup.

I11. Results and Discussion

Figure 2(a) shows the acquired optical images from LiF, Al, and Cu surfaces irradiated by the SXRL
pulse by the optical camera. In this case, Zr filter was removed, so that not only XRL pulse but also optical
radiation from the Ag plasmas reached to the sample surfaces. The bright lighting signals on the target
surfaces were observed. However, when 0.2 pum thick Zr filter was used, despite the fact that the clear
damages on the target surfaces were created (not shown), we could not recognize any signals. Figure 3(b)
shows the acquired images of the target surfaces. We could not find the bright spots even by adjusting the
brightness and/or contrast of these images.

From the results as mentioned above, we could conclude that the observed bright lighting images shown

in Fig. 2(a) were focused light images radiated from Ag plasmas. This light emitted from Ag plasmas was
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reflected by the Mo/Si multilayer coated spherical mirror and that was focused on the target surface. The
focused light was scattered form the surface, and then, the optical camera acquired an image of this light.
The wavelength range of this light was estimated to be 400—650 nm by an additional spectral measurement.
The experimental results mean that the photon intensity reaching the CMOS pixels, i.e., integrated energy
of visible light during an exposure time of camera, emitting from the ablation plasma produced by the only
SXRL pulse did not exceed the detectable energy threshold of the CMOS detector. It can be concluded that

the ablation and/or surface modification process induced by the SXRL pulse will occur without a plasma
(a) LiF Al Cu
|
- Al : Cu

Figure 2. Images of the SXRL pulse irradiating target surfaces acquired by the optical camera (a) without
filter and (b) with Zr filter (0.2 pm in thickness).

production.

We think that the plasma less ablation process should be valuable process to consider a SXRL
interaction mechanism with matter. The penetration of SXRL pulse into a target in the ablation or
modification process accompanies heating the electrons in the matter, so such process occurs in extremely
non-equilibrium state in the system. The atomistic model predicts that the absorbed energy of SXRL pulse
having a fluence of 65 mJ/cm” for a surface modification creates an electron temperature of around 1 eV in
a material [3, 4]. In this experiment, the fluences of the focused SXRL pulses were lower than 30 mJ/cm™
so the electron temperatures would be smaller than 1 eV. If the electron temperature is high and/or duration
time of emission induced by the SXRL pulse irradiation is long, the optical emission signal will be
observed by the CMOS detector. However, in this experiment, no emission signal could be observed, hence,
we will be able to estimate an upper limit of the electron temperature and duration of heated matters [5].
For a duration of 100-1,000 ps, the temperature will be estimated to be 0.4-0.7 eV. Our experimental
results are in good accordance with the theoretical predictions. Under a low fluence region for SXRL pulse,
the electron temperature less than 1 eV is considered reasonably, which is, however, enough for the

nanometer scale surface modification on surface.

IV. Summary

We observed the bright lighting signals in visible spectral range from LiF, Al, and Cu surfaces, which
were irradiated with the summation of SXRL pulses and visible portion emitted from Ag plasma mediums.
In spite of the use of sensitive detector, however, the any emission light signal accompanying the surface

ablation/modification caused by only SXRL pulse irradiation was not observed. The results allowed us to
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estimate the maximum of electron temperature in ablated matters to be 0.4-0.7 eV for the duration of
100—1000 ps.

We can conclude that our experimental study confirms the theoretical model of an atomistic simulation,
which predicts the splash of molten layers occurring under low electron temperature less than 1 eV and
creates the nanometer scale surface modifications due to spallative ablation. It is important to consider the
plasma less ablation and/or surface modification process for a possibility of SXRL interaction mechanism

with matter.
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Development of a Simulation Model for Irradiation of a Heavy Particle
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Quantum Beam Science Center, Japan Atomic Energy Agency

Abstract. Aiming to advance the treatment planning system for heavy particle cancer therapy and to
study cluster DNA damage, we have been developing a model for radial dose simulations due to the
irradiation of heavy ions. The progress of computers allows us to examine physical phenomenon that
occurs near the trajectory of an incident ion and to obtain radial dose closer to reality. We compare
radial dose distribution obtained from our simulation with the conventional distributions and we
suggest which conventional ones should be selected according to incident ion energies from this
comparison. Our simulation model, which has become possible in this century, is the only way to
examine physical phenomena that occurs near the trajectory of an incident ion now as far as we know.

key words: heavy ion irradiation, the movement of secondary electrons, composite electric field,
radial dose
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Fig. 1 : Radial dose vs. distances (») from the trajectory of an incident carbon ion with the energies of
(a) 5MeV/u, (b) 8 MeV/u, (c) 10MeV/u, (d) 12 MeV/u: Radial dose distributions obtained
from our model (<), CMC model (A) [3], and Chatterjee model (---) [4] are shown.
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EFEDNKRELSRoT. ZNHOMHENEE HDIE, AFFA A O RLF—RNENE X,
THRERETANRLLRY, BNEE, BHEFHTRAETANPRL DD THLLER
HZENTEDL., Tbb, AfA 4Oz X —FIRIC L 0 BIRRESAA CMC £T
VOER (2 7HETIE 1/ OWEANCHE D) [3] #FKT35E, Chatterjee B /L TN
(a7HEETY 1/ OIEANCED V) 2R THEEXEMICIRY 3T 52 &N TERLLESE
ZHbid.
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4.4 Y7 7 A4 N RESEEBIN DB 7= 1 R

New Developments of the Narrow Portion Observation Technologies
Using Optical Fiber

N KW D, E HER Y, SFH MRSk D, R BEEZ Y
DOSTATEAEN AR R JEBR R MRS &7 v — SIS v 2 — L — L EFSET
P x—7 v 7 RSt
Daisuke KITSUNAI", Takehiro FURUYAMA?, Takaya TERADA", Akihiko NISHIMURA"
D Quantum Beam Science Center, Japan Atomic Energy Agency
) A-tech Co., Ltd

We have been developing technologies of observation and laser processing using optical fiber. The
following two studies are in progress : 1) Hydrogen gas detection in Core Disruptive of the
Fukushima-Daiich Nuclear Power Station, 2) Measurement of gap and linear misalignment for bore

welding of cooling pipes in ITER blanket.

Keywords: optical fiber, Fukushima-Daiich Accident, ITER, Hydrogen gas detection

1. IUHic

ABFEETIT > TOLEMEAT O DI T 7 A N2 AT BIEMEEIRORER N H 5, Zi
ETCOMETIIEARNE T 7 A4 NERHWTZ R P IR OBLE IR T 5 LV —F = LY T v T
AT EEITOTEY, BUEBSMEENOI=2RERE LT, DEBFRBEERICKT EEF
bW%@K%@ﬁ&%wﬁ\ﬂﬁﬁﬁﬁ>mmmf@m@ R ORE R E S by OT 7
A A2 FEHIERREA T, 774 A > FEHANOEABIR 2D T\ 5,

2. KERHE

JR - TR ClIIAE B3 — R I BT OBEF LN OBIE D=0 MBS ICENRE
LIBS 72 E & R rlRe/e 7 7 A N— A a—7 ORFELZED TV H([1], DA =2 —7 T LIBS % 3
THICHT=o> T, LN ISR LV KRS TKIENBEL WD Z LB
B2 REMOBLEND L— — DRGNS - CTHRIRT OKFREZFRIT 2L ERH 5,

IKFVRE OFHINITFEMACTEREZHEA LW EOBMNS, ARy X 7R E LT-#L
BT AT URERRIOT AT v v I RnERWS Z &L Uiz, Bk v 7 AT o OVEREEER &
LT, WO3#itax 77 AF v 7RO r—ARNIZEE L, 77— ANOEREEZ KK HKFE 1%EHR
99%DATIRA ANZEAL SHT-BED . FRAEIREE FE:850nm)IE %t 32 B — 7 S TR D RER 2L
ZHE L7=(Fig. 1), TABIEEIT D & 23 BB DIREITKETRENED 108 R ICHE TR
D T3%IART Lz, 72, 2Dk 1 FEERE N — TSR D 2 E R T 70, B0 23
BRZICZEL LIRD T DIEE Z T — ANDOFRHROEEPNIZITE DTN ETH D L Ebivd,
Fo. KEED IR N DITR TSI LR FRFR N 7 — AFUIFIE LR T2 6 Th
% EBbhs,
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Fig 3 Shadow made by the

Fig 2 Temporal change of absorption spectrum at 850 nm linear misalignment Fig 1 The red-hot piping

3. TIAANEHH

ITER ICBITHHADI v arD—DT T 7y "Ry hOBERH D, ZDoR
v MIT 700y MR HERCT 7 o v FNEBICERIE SN HELE OEHE AT 5 BN
HY ., ZOEEONESGEIZITEEREADEROT T4 A NOBBNEE L 72 53], ZOF
BN Tz > THIE2 DOFEEZHREF L TN D, —DiF, BEREZSDEHLRONORIITRS
T ETHEWPFELLERIRAET DR E2RE T2 HETHY . b 0 —DITBE 2 WM L 720
REIZL—Y—IE L, MASNE»OEEONDIBRERETH LT Y v 72 RET S
FiETh b,
ENENDFECOWTHEED 2O D FERZ 1T -7, £9. HiEV 0.5mm TiXE L7- SUS F
W2 Ko NEHA 15° ~75° @ LED IR CHR S L, £ & CCD 4 A 7 TR 2 KR AT 7=,
FER. DA THNCZEH Lz IR Z A SE2BRICEEWVC L 2N RET L L 2R L
72(Fig. 2)e F7o. ZORBASAE Tan 0 OFERIZH D Z L 2R Lz, KRIZ, ¥v v 7% 0.3mm
WZRXE L7 SUS AR 2 Bk LEEIZ Y 7 A N L—H—% B — 7 /XU —1kW, 7YYL AE 10ms,
0 IR UJE A 10Hz, FRUERRFE] 3 FDCXL A BN 21TV VPR DS IREV S L D R 2 iR LT 2R
BUENRAISNDEET & v v T BRI ER DB OBREIZAE) LT (Fig. 3),

KRERINZBNT, HAZ B v I KISOBRTIZIIMENSLETH Y, BEREIZL > TR
DERETORS R ENETHZENMON TS, ZIUISE RO AL O B0 E & 34
HZ LT, KBLMBEWMGTOWEELZFNTEZENTEXLARENEZRL TS, 7T A A haf
HITIIEICL D HENORE & RV TZRE ORI LT, 2 OFHT BTS2 B
ThdHId, MOBE~OFHRM TR E~ORNAIETHL EEZEZLND,

BEIHR

[11 R ATZEPR S 1o BT e S, SOUEE ) bRta 5 5 — L7 I R AT i /R 2
J5E 1 HE M O BR BT [RIE ~ D5 DA D BGRZ (2014 2Rl
http://fukushima.jaea.go.jp/initiatives/cat05/index.html .

[2] S.Yamamoto, et al., Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms,
266, pp. 802—-806 (2008).

[3] H. Tanigawa, et al., Fusion Eng. Des., 87, pp. 999-1003 (2012).
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b ATV T U—Y—HEnEE V- m B E RO

Development of the High Quality Electron Source Using the Staged Laser
Wakefield Acceleration

e fERD, MIE FNE2Y, ARH =23, U 5229, 4 'Y, KH 4FKED,
VRaz TLrEeAD, NY vy FU =22 Mrn EED, RE 2, #HF IR,
G THED2S)

DIPN o N R i
D RIRRFIER o & —

D B E A IR U CREST
Y 1 AR A IS B S A BA v

D RKIRKF L —H— L F—2hiff 5t & —
K. Iwasa!, T. Hosokai??, S. Masuda??, N. Nakanii®?, Z. Jin?, Y. Mizuta!, A. Zhidkov??),
N. C. pathak?, N. TakeguchiV, K. Sueda?, M. Kando*, R. Kodama"??
Y Graduate School of Engineering, Osaka University
2 Photon Pioneers Center, Osaka University
3 Japan Science and Technology Agency (JST), CREST, Osaka University
4 Kansai Photon Science Institute, Japan Atomic Energy Agency

3 Institute of Laser Engineering, Osaka University

Stable and monoenergetic electron beams are necessary for ultrafast electron imaging with using laser

wakefield acceleration. Quasi-monoenergetic electron beams, which have electron energy of ~MeV, are

generated by using staged laser wakefield acceleration driven by two coaxial laser pulses. Furthermore,

electron energy spectra changed by controlling the injection timing of two pulses.

Keywords: Laser wakefield acceleration, ultrafast imaging

ITCHIT

L —W — Wi N (Laser Wakefield Acceleration : LWFA) X5 L —W —I|Z L » ThhikE &7z
7T AW K DRI IEETH Y . 100GeV/m Z 2 5 IEFITEWINEABL A FF 6, THz 4 —
H—=DT T AW ThAFZIEL, 77 A NHEEEFZRY HTZ &6 KEM(~nC)H>D
RS F(~10f5) D EFH T RV F —E - E—LADERNARETH D, 29 LIEEENE, MEOH
BTG 2 BT 5 72 8 O i AR BT I 2 s 5B 2R R S L R B AR O 23
FFENTWD, BEEHETA A=Y 7ICBWT, BETLHETOLENE, BEMEIIEETHY
FLEZRNAF—EO/NSNVEFE—LDBNELE SN TS, Ll 1EkO v —F —HihginE
LS THRONDE S E— AIHBIOAN ST m VX — 5 F D EEZEN, BBEICD
DN B o T2,

ZHNET, YV 74— L NT T A= NS OFINC X - THIET 5 2 & TEmE L —H3%—
SV ADIEIRZ R L, RS A N—D = A OmWLEZER EFOmT XL F—E T E— A
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2. FIR=RF S TAI ARV RERBFRE
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Amplification) 5% FVN TR S L7z @R EERREL LV A (~10fs) DRI IZ X ns~ps A —F — D 7 L X
WANIFEL, ZHICE > THRAEHNR T T A~k L, VT T ATV 74 —h FLT AX<)
DR END, EREDA A VAT T VT T XA~ DEDEFTRARIC L > CRIFT 52 & T
EHBENMET L, BT w77 A VBT D, ZNICTE-T, LWFA I Lo TRAET HE
E—LAOBBMEOKTL, a7 7 A0, BEMELELT DI, LALARRL, ZhETOHET
SMERIES(B~0.2 T) &2 6 SARTICHINNT 5 2 L TT LV 7T A~ ORIRZHE LEXA 7T 7 A
DOMBEZFF- D Z LItk » T, x%yﬂwzwﬁﬁ%mﬁb LWFA (2 X 5 EFRHAEDOLE
WL CTWBD[1], £, BEEZHIN L7846, 34T 5 B —A1E£0.3 mrad OO E L EM % 2%
&L 7> Fig.l {R"T L ICEFE— Aﬁ%éﬁﬁ®ﬁﬁ b L2, &bz, L7
<K T 7 A N L RO NEHERE A TN L, ERDO T T X~ F v 3L T L—W —Hihs

%%@Té’&f YWEHAEFOERBER I TWA[3][4]. 2D OHINC X - T, ZBnE
WZBIT D EERE - ASE XL ONINESGHE AR RE & 72> 7,

S

Left direct
25(2.5)[degrees O[degrees]

Right direction
3(3.0) [degrees]

Fig.1: Direction control of electron beam by external magnetic field (B=0.2 T).

3. ATV —W RN

— RN T T A W K > TRAET HETIFBWRIANZ R VX —IEZ D, T IUXETRET
WIGHT % 9 2 COMBEATH D, 2zt LT, ZEME R ZFH LRI L5 =R v
—IE DA BIRE SN TN D, ZENE & 13E 7 AFERD D OE 1 &I U= B OB I X
S CTEBEMICIET 2 FETH Y | BIBEOHIE CHRA S8 7 2 % B OHBEG I AH S B inE
AT 9, MG OB R ZERICET 2 AN T2 2 & T, R R X —p 0 T, s prL¥—
AT SN % 2 212 L VBT B — A DT RV X — E A 2 (R AR EER),

ZENEIC L2 EFHAEERIIFg2IRTERRTITo7e, ANV AZE—LRAT Y v & —"Th
E L, HESOAP(F/3.5)8 L OEESOAPFR0)IZ & » TH AEY Ric#E 45, 22T, HELS UL
AN X o CHIBEOBTRAEAMYE., EES SVAICE > THREOBIEAMBNE 2 AR+ 5, 7 A
13 He T 2 % iV, 7T A= 8 E~10"em™ CEBR A 1T - 7=, J64 L= 71314 Bt D Energy Spectrometer:
ESMIC AR SN r VX —fRsNns, £, 7o—7 LRk b b —F—0EN Ty v R
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MATRET B D,
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Fig.2: Setup of the staged LWFA. Fig.3: Image of Energy Spectrometer.
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[4] Y. Mizuta, et al., Phys. Rev. STAB. 15, 121301(2012).

,71,



JAEA-Conf 2015-001

4.6 V—V—HBMEIEETIREZ AW EEEE TRET

Ultra-fast Electron Diffraction Imaging Based on Laser Wakefield
Acceleration

VRO WD, MR AT 29, ZRE G 29, P (32 09, KH B2, & B2,
T e Sy 7 D K D, e KD, PRI T T LA 99,
P OERE O, REOEES, E TH 029
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Naoki TAKEGUCHIV, Tomonao HOSOKAI?3), Shinichi MASUDA23), Nobuhiko NAKANII23),
Keiichi SUEDA?2), Zhan JIN?, Naveen PATHAK®, Yoshio MIZUTAD, Kenta IWASEY,
Alexei ZHIDKOV?2?, Masaki KANDO#, Mitsuhiro YOSHIDA®S and Ryosuke KODAMA12)5)

D Graduate School of Engineering, Osaka University
2) Photon Pioneers Center, Osaka University
3 Japan Science and Technology Agency (JST), CREST,
4 Quantum Beam Science Center, Japan Atomic Energy Agency,
5 Institute of Laser Engineering, Osaka University,

6) High Energy Accelerator Research Organization,

We have constructed a beamline of ultra-short electron bunch from laser wakefield acceleration for
single-shot ultrafast electron diffraction. This beamline is consisted from two doublets of quadrupole
magnets and a pinhole to select particular electron energy using chromatic aberration in focusing.
We have succeeded to deliver the electron beam in this beamline and make the beam with narrow
energy spread for high spatial resolved imaging. We start the experiment of single-shot ultrafast

electron diffraction.

Key words: Laser wakefield acceleration, electron diffraction
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Fig.3 electron spots at the imaging point
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Numerical Study of the Interaction between Laser and Cluster Medium in the
Radiation Dominant Regime
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Natsumi INATA" Yasuaki KISHIMOTO? Yuji FUKUDA® Ryutaro MATSUI”
Hideo NAGATOMO" and Hiroshi AZECHI"

! Institute of Laser Engineering, Osaka University
? Graduate School of Energy Science, Kyoto University

)Quantum Beam Science Center, Japan Atomic Energy Agency

To study the interaction between cluster medium and high intensity laser in the radiation dominant
regime, we have developed a particle-in-cell code that includes radiation reaction force represented by
the Landau-Lifshitz formula. The energy conservation in laser-plasma interaction is confirmed in the
intensity regime of 10** W/cm® by investigating the time evolution of energy in the system, Poynting

energy, and radiation energy calculated from the work done by the radiation reaction force.
Keywords: Radiation dominant regime, Radiation reaction, Laser-cluster interaction

1. Introduction

18-21 2
W/cm™ where

Recently, intensity of high power short pulse lasers has reached the range of 10
electrons exhibit relativistic behaviors. The laser-matter interaction in such a regime has opened up
various applications such as high energy particle acceleration and generation of intense radiation [1].
Depending on the purpose, various state and structure of target material are considered. Mediums
composed of clusters, which can be regarded as the intermediate state between solid and gas, are
interested due to the high energy absorption leading to efficient ion acceleration [2]. In the electron
relativistic regime, the Coulomb explosion can takes place for nano-size clusters which generates
energetic ions [3]. As one of the applications, nuclear fusion by such cluster ions using laser intensity
in the order of 10'® W/cm? was demonstrated [4].

222 W/em?, where ion relativistic motion begin to dominate the

Today, higher intensities of 7/ = 10
interaction dynamics, are expected to be achieved [5]. A key concern in this regime is that the energy
of radiation from electrons accelerated by the laser field reaches the range of gamma-ray, and
consequently, the energy loss by the radiation emission, i.e., the radiation damping, becomes no
longer negligible [6]. Possibility of such an ultraintense laser-plasma interaction to be a source of
high-power gamma-ray flash is proposed in Ref. [7] where an overdense plasma target with an

optimum density gradient is considered. On the other hand, new acceleration mechanisms for ions
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such as radiation pressure acceleration are expected in this regime [8]. For clusters, higher intensity
lasers can expel more electrons from cluster core, which leads to the Coulomb explosion of larger
clusters and then generates more energetic ions [9].

In our previous study, we have investigated the fundamental dynamics and ion acceleration process
in the interaction between cluster mediums and laser in the intensity regime / = 10**2* W/ecm? [10].
The results in Ref. [10] were obtained without considering the radiation damping effect. However, as
cluster mediums have been found to exhibit higher energy absorption than the solid thin foil, the
radiation damping is expected to be important specifically for cluster mediums. Here, to study the
radiation reaction effect in the interaction between laser and cluster medium, we have developed a

particle-in-cell (PIC) code that includes the radiation reaction force.

2. PIC Simulation Including Radiation Reaction

In this study, we perform numerical simulations by using a fully relativistic particle-in-cell code
EPIC3D [11]. To study the laser-matter interaction in the radiation dominant regime, we have
included the radiation reaction force in the equation of motion for electrons based on the
Landau-Lifshitz formula [12]. This formula is considered to be applicable below the laser intensity of
quantum regime, in which the wavelength of laser field in the electron rest frame becomes small in the
order of the Compton wavelength for the case of single electron motion [13, 14].

Here, we consider the energy conservation in the simulation including the radiation damping. Since
the radiation reaction force Frr acts as a friction, the work done by the force on electrons, i.e., v * Fgg,
corresponds to the energy loss of the system. This energy loss is considered to be the radiated energy. Here,
by radiation we indicate electromagnetic waves that are not resolvable having wavelength shorter than the
mesh size of the simulation. Since the typical wavelength of radiation by electrons accelerated by laser
field of wavelength A is given by a0'3/1L for ap >> 1, the radiation is considered to be well separated from
the field in the high intensity regime.

In our simulation, the laser field is excited by an antenna. The input laser energy is determined by the
time integration of E « J, where J4 is the antenna current and E is electric field. The energy conservation

with the antenna source and radiation sink is written as

a;Z"+aa?+<V-S>:—<E-JA>+<D-FRR> (1)
where the angle brackets represent averaging by volume, i.e., <a> = JVa dr /V where V is the total
volume of the system. The first and second terms on the left-hand side (LHS) are the time variation of
particle kinetic energy density & and field energy density & in the system, respectively, which are also
averaged by volume. The third term on the LHS corresponds to the Poynting energy flowing out of the
system where S is the Poynting vector. Note that E * J4 < 0 for energy input and v * Frg < 0 for energy
damping.
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Fig.1 Time evolution of averaged energy density for cases (a) without and (b) with radiation reaction.

3. Simulation Results and Discussions

Based on Eq. (1), we check the energy conservation assuming a fully-ionized deuterium plasma with
electron density of n, = 4.0 X 10 cm™ = 24.1 n. where n. is the cutoff density for the laser wavelength
0.82 um. The plasma is distributed uniformly with thickness /, = 3.84 um in the two-dimensional
simulation box of length L, = 0.32 um and L, = 20.48 um where the mesh size is 0.01 pm. The boundary
conditions for x and y directions are periodic and outgoing, respectively. A p-polarized laser pulse is
excited by the antenna located at y = 0.02 pm and propagates in the y direction. The laser field is
uniform in the x direction with the Gaussian time profile of duration 7= 40 fs (FWHM) where the peak
value of normalized amplitude is ao = 200 which corresponds to the intensity /= 8.1 x 10** W/cm®.

In Fig. 1, we show the time evolution of averaged energy density for each term in Eq. (1). Here, the
kinetic energy & is divided into those for electrons &, and ions &. Figure 1(a) shows the result in the case
where the radiation reaction is not taken into account. We see from the field energy & that the laser passes
through the plasma due to the relativistic transparency and goes out of the simulation box from ¢ = 90 fs.
Correspondingly, the Poynting energy grows from the same time. The electron energy &, increases with the
laser incidence and reaches its maximum value at around 50 fs, i.e., the laser peak time. After this time, the
ion energy is increased while the electrons lose its energy by almost the same gradient, which indicates
that the ions are accelerated by the sheath field created by the preceding electrons. The bold solid line
represents the time integration of the sum of the LHS of Eq. (1), which is balanced with the antenna energy,
i.e., the time integration of E « J4. On the other hand, Fig. 1(b) corresponds to the case where the radiation
reaction is taken into account. Here, the radiation energy, i.e., the time integration of —v * Fyg, grows
subsequently to the electron energy during ¢ = 30-60 fs. This indicates that the radiation emission takes
place when electrons are interacting with the intense laser field. Electron, ion and Poynting energies at the

final time ¢ = 200 fs are decreased compared with the case without radiation reaction by the same amount
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as the radiated energy. From this fact, we see that ions are also affected by the radiation reaction to
electrons. The bold solid line in Fig. 1(b) represents the time integration of the sum of the LHS of Eq. (1)
and the radiation energy. Seeing that the bold line balances with the antenna energy, we can verify the
energy conservation of the simulation including the radiation damping. In this simulation, energy
conversion from the incident laser to radiation is obtained as 17.8 %.

We have confirmed the energy conservation also for the case of cluster medium (B) in Ref. [10], i.e., the
medium composed of solid carbon clusters of radius 160 nm and density n, / n. = 637 with packing ratio f
=0.21. In this case, the energy conversion to radiation for the incident laser of @y = 50 is found to be more
than 4 times larger than that in the case of solid foil which has the same density and total mass as the
cluster medium. This indicates a potential of cluster mediums to be an intense high-energy radiation source.

The details will be discussed in future paper.

4. Conclusion

In order to study the laser-matter interaction in the radiation dominant regime, we have developed a
particle-in-cell code that includes radiation reaction force represented by the Landau-Lifshitz formula.
We presented the energy conservation including the radiation damping in a laser-plasma interaction in
the radiation dominant intensity regime by investigating the time evolution of energies of system,
Poynting, and radiation calculated from the work done by the radiation reaction force. In future work,
based on the developed code, we will study the interaction between cluster medium and ultraintense laser
field in the radiation dominant regime, in which cluster mediums are expected to generate radiations with a

high conversion efficiency.
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We describe recent progress on the J-KAREN laser upgrade to J-KAREN-P to realize 10*> W/cm” at
0.1 Hz. We have succesfully generated over 20 J broadband pulses with high spatio-temporal quality at 0.1
Hz. The pulses will be further amplified in the final amplifier pumped with ~90 J green lasers to ~55 J, and
then be finally recompressed to ~30 fs with ~70 % of the throughput.

Keywords: Chirped-pulse amplification (CPA), Ti:sapphire lasers, Optical parametric chirped-pulse
amplification (OPCPA)

1. Introduction

The J-KAREN laser system is the flagship system at the Kansai Photon Science Institute (KPSI) of the
Japan Atomic Energy Agency (JAEA) [1]. The system produced the uncompressed output pulse energy of
29 J, indicating the capability for reaching a peak power of ~600 TW peak power at single-shot. With ~200
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TW power, this system generated high intensity of ~10?! W/cm? on target with high temporal contrast of
~10'2[2].

We have started the upgrade of the J-KAREN laser to J-KAREN-P laser from April 2014. The
J-KAREN-P laser will be able to provide ~PW peak power pulses at a repetition rate of 0.1 Hz with an
intensity capability surpassing ~10*2 W/cm? on target. Such characteristics will allow the generation of
ultra-intense and ultra-short sources of particles, coherent and high energetic X rays in regimes, which

have not been studied to date.

2. Optical architecture

The overall schematic diagram of the J-KAREN-P laser system is shown in Fig. 1. The
high-spatiotemporal-quality output pulses [3] with ~10'?> temporal contrast and uniform spatial intensity
distribution from the power amplifier are up-collimated to ~50 mm and are further amplified in the booster
amplifier. The previous booster amplifier was pumped by a single-shot Nd:glass green laser. In this
upgrade, this amplifier stage (named booster amplifier-1), which uses an 80 mm diameter Ti:sapphire
crystal, is pumped with ~45 J of two commercial Nd:glass green lasers at a 0.1 Hz repetition rate. The
pulses will be then up-collimated to ~80 mm and be further amplified in an additional larger-aperture
Ti:sapphire booster amplifier (named booster amplifier-2), which uses a 120 mm diameter Ti:sapphire
crystal, which will be pumped at 0.1 Hz with ~90 J from four commercial Nd:glass pump lasers. The
wavefront distortion of the laser beam will be corrected by two deformable mirrors in the laser chain. The
amplified beam will be up-collimated to ~250 mm and be finally recompressed in a grating-based
compressor consisting of four 1480 groove/mm Au coated gratings. The size of each grating is 565 mm x
360 mm.
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Fig. 1 Block diagram of the J-KAREN-P laser system.

3. System performance
Amplified broadband output energies from the booster amplifier-1 are shown in Fig. 2. The maximum

output energy of 20.5 J is obtained with an incident pump energy of 44.7 J with a good pump-to-IR

,81,



JAEA-Conf 2015-001

conversion efficiency of 46 %. As can be seen in Fig. 2, the experimental data fit the theoretical curve well
based on the Frantz-Nodvik simulation [4]. The amplified spectral bandwidth of ~55 nm (FWHM) is
obtained from this amplifier as shown in Fig. 3. The near-field spatial profile of the amplified laser beam
has a homogeneous and uniform spatial intensity distribution.

Based on the Frantz-Nodvik simulation, the achievable broadband energy from the booster amplifier-2
is estimated to be ~55 J. Assuming ~70 % of the compressor throughput and ~30 fs for the recompressed
pulse duration, the peak power is expected to be over PW level with the repetition rate of 0.1 Hz.

Two deformable mirrors are being employed to correct the wavefront distortion to realize a near
diffraction-limited focal spot. The smaller one (95 mm diameter) will be corrected the wavefront distortion
for the laser system. The larger one (180 mm diameter) will be used for the distortion of the beam
transportation line. With an f/1.4 off-axis parabolic (OAP) mirror, the focused intensity of 10> W/cm® is

expected.

25 T T T T 12 T T T T T T

— Theoretical curve
o0 L | ® Experimental data 1+

Intensity [arb. u.]
o
(0]

Output broadband energy from BA1 [J]

04 1 ]
| 02 1
0 T L L L 1 0 L i
0 10 20 30 40 50 760 780 800 820 840 860
Incident pump green energy [J] Wavelength [nm]
Fig. 2 Measured output energy from BAT. Fig. 3 Measure spectrum from BA1.

4. Conclusion

The J-KAREN laser system at KPSI of JAEA is one of the leading facilities in the provision and
application of ultra-high intensity lasers to broad communities [1]. A further upgrade has been started to
maintain this world-leading status. We suppose that the implementation will be finished in 2015. As a first
step, J-KAREN-P laser will be used for >100 MeV proton generation and ~keV ultra-short X-ray
generation. KPSI at JAEA has delivered major new facilities to ensure that its research communities can

continue successful and inspiring operation at the forefront of their respective fields.
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We have investigated the correlation between terahertz radiation power characteristics and
high-energy electron beam characteristics emitted from the back of Ti foil target excited by J-LITE system.
We found that both radiation power and electron beam density were significantly increased as the
excitation laser power increased. It is suggested that the intense picosecond dipole moment would be
generated by accelerated relativistic electrons when the intense laser pulse generates a high density of

electrons by tunnel ionization.

Keywords: Terawatt laser, terahertz (THz) radiation, laser plasma
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4.10 Theoretical Study on Isotope-selective Vibrational Excitation of
Diatomic Molecules by Optical Pulses

Akira ICHIHARA and Keiichi YOKOYAMA

Quantum Beam Science Center, Japan Atomic Energy Agency

We explored pulse parameters to excite vibrational states of the lithium chlorides (LiCl) whose
rotational states are excited isotope-selectively using a frequency comb. We employed optical pulses with
the Gaussian envelope. The excitation process was evaluated on the basis of the close-coupling calculation.
The results indicated that the isotope-selective vibrational excitation is induced effectively by selecting the

spectral frequencies by referring to the molecular transition frequencies in the P-branch.
Keywords: isotope separation, LiCl, vibrational excitation, close-coupling, frequency comb

1. Introduction

Recently, we proposed a method for isotope-selective rovibrational excitation of diatomic molecules
in the gas phase using two kinds of optical pulses toward the isotope separation of long-lived fission
products produced in atomic energy power plants.[1] In this method, the terahertz frequency comb is
irradiated to molecules to excite the rotational (J) states isotope-selectively. Then, the vibrational (v) states
of high J molecules are excited via the transitions between the (v,J) and (v+1,J-1) states in the P-branch
using the second pulse. If the isotope-selective vibrational excitation is realized, the selected isotope
elements may be extracted by photodissociation or photoionization. In this study, we investigated how the
pulse parameters affect the isotope-selective vibrational excitation. The 7Li*Cl and "Li*’Cl molecules were

employed as test molecules, and "Li*’Cl was excited selectively.

2. Computational method

The computer simulations were performed by the close-coupling (CC) method with an accurate ab
initio adiabatic potential and the dipole moment.[1] Interaction between the pulse and the molecule was
given by the product of the pulse electric field and the molecular dipole moment. In this work, 400-600
rovibrational (v=0-9 or 0-14, J=0-39) states were taken into account.

Initially, the frequency comb (with 40 teeth, the frequency interval 4.212x10'* s, the peak field
5.7x10° V/cm, and the pulse duration 1.899x1071° s) was irradiated to the "Li3*Cl and "Li*’Cl molecular
ensembles whose rotational states took the thermal distribution at 70 K. Fig. 1 shows the rotational
population distributions obtained after the frequency comb irradiation. "Li*’Cl was excited up to J~32 while
"Li**Cl was excited up to J~22. These population distributions were used as the input of this study. It is

pointed out that the vibrational excitation by the frequency comb was negligible.
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The pulse field E(¢) for exciting 'Li’'Cl vibrational states was given as a function of time ¢ by
E(t)= Acos{2zv,(t—5)} exp{~(t—3)* /(2T *)} )
where 4 is the field amplitude, v, is the center frequency, & is the delay time from the comb irradiation, and
T determines the full width at half maximum (FWHM) of the Gaussian envelope. The transition
frequencies in the P-branch are indicated in Fig. 2. By referring to Fig. 2, the center frequency v, and its
FWHM vewym were estimated so as not to excite i 5Cl, but excite 'Li*’Cl. The parameter 7 was evaluated

using the relation 7 =(1n2)1/ (T Vewim).

3. Results

In order to investigate the isotope-selective vibrational excitation of 'Li’’Cl, the parameter values
(4=9.77x10° V/em, v=17.7x10"% s, 6=2.018x10™"" s, and 7=2.056x10™" s) in [1] were taken as initial
values. The effect of each parameter was evaluated by keeping other parameters fixed. Figs .3 to 5 show the
parameter dependence of vibrational excitation probabilities for 4, vy, and 7, respectively. In Fig. 3 the
"Li*’Cl vibrational excitation probability increases monotonically with the increase of A. Thus the A
dependence may be predicted. In Fig. 4, the isotope selective excitation is sensitive to the center frequency
vo. In Fig. 5 the excitation probability depends on the parameter 7, but the effect is secondary compared to
Vo. Also, we confirmed that the vibrational excitation probability is hardly affected by the delay time 6.

From above calculations, we selected 7=4.112x10™" s and obtained a result as shown in Fig. 6.
Nearly 10 percent of 'Li’’Cl was excited into the v>5 states, and the "Li’>Cl excitation probability was
reduced to less than 1 percent. Moreover, we could improve the isotope-selective excitation by introducing
a linear chirp vo[ 1- 0.01 (#-6)/{ (21n2)1/ *T'} ] in frequency. It is seen from Fig. 6 that we can move the

vibrational population to higher states using the down-chirp.

4. Conclusions

We explored the pulse parameters for the vibrational excitation of LiCl whose rotational state was
excited isotope-selectively by a frequency comb. The computer simulations were carried out with pulses
having the Gaussian envelope. The spectral frequencies were estimated by referring to the molecular
transition frequencies in the P-branch. We could obtain following results. (1) The isotope-selective
vibrational excitation is most sensitive to the center frequency vy. (2) The excitation probability increases
with the increase of the field strength 4, and the effect is predictive. (3) The effect of the pulse width T is
secondary compared to vy (4) The linear down-chirp can improve the excitation probability. (5) The

vibrational excitation is hardly affected by the delay time 6.
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Applications and Mass Production of a Heat Resistant FBG Sensor by Pulse
Laser Processing
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Takuya SHIMOMURA, Akihiko NISHIMURA, Yusuke TAKENAKA, Takaya TERADA and
Hiroyuki DAIDO
Applied Laser Technology Institute,

Quantum Beam Science Center, Japan Atomic Energy Agency

We have been developing a heat resistant strain sensor for structural health monitoring of high
temperature piping system in nuclear facilities. We already succeeded to fabricate heat resistant Fiber
Bragg Grating (FBG) sensors by femtosecond laser processing and developed the installation technique on
a pipeline of nuclear facilities, using a laser microscopic machining system and metal adhesive. In addition,
we are promoting various applications using the FBG sensors. To supply the FBG sensors stably for these

applications, the mass production method using a J-LITE X laser was experimentally demonstrated.

Keywords: Pulse laser processing, FBG strain sensor, Heat resistant performance
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FBG Sensor

Fig.1 An elbow of the sodium loop line and the FBG sensor installation
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Pulse width: 100fs, Energy: 1.5uJ, Rep.:100Hz, Ti:Sap
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Pulse width: 10ps, Energy: 2pJ, Rep.:100kHz, Yb

EEEEEEEEEEEE AR R R A AR R AR R

Pulse width: 10ps, Energy: 4pJ, Rep.:100kHz, Yb 2w

Pulse width: <100fs, Wavelength: 0.8um
Pulse energy: 3mlJ (3pJ, about 1000 point)

J-LITE X laser in KPSI !
10.00pm T
Fig.2 Interference beam pattern and refractive Fig.3 Processing test on a fused silicate glass by high
index modulation on a fused silicate glass repetitive picosecond laser pulses
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