II. BIRAFEMRICONT
1. BEXL2EORR
1.1 ARFROBER. ARARKR. ERE

HRIE. IRERICEH L, RREFZER L, RIHIZ, ARFARIBEEBSORKBERICH
LTHRoN-HR. ERE. RUSEOREZEZTRT . EEOHMIXFTHL N TG
RiLBon, HRCERTTI o L ML —LRAFERERMICESI=RT—FE NI S
ATLZEEELz, EBIZ. MIVATLEZRET H=OD 2 2DIEAT/NAAT—ID
S3HE. ITNRARICALTIEEEXEROLENSTEAZEASEVVLHY . BHRERAZR
BEICEVW-REANSBEICGE STz, CNICELTIE, TEREIZEISE DTS- OHGEH
RERET DL EMolze ShOREICOWTIK, 7/ FY2007Kk0U2008 (H
B/ 70/ 0C0—HRER - Bii|E) ITBVWTERERTHLEHICHBARKREIT 1=,
Ft=. NILX—THESIN=-EEEE14% Microoptics Conference (Brussels-Belgium)(Z
T Best Paper Award%. ”"Three dimensional holographic micropatterning inside silica
glass by single pulse femtosecond laser’ DFERIZX LT, ZE Lz, TDH., TO>PxH
FEFTIK. ROTSLICKAMIBMIMONE L SICHEY., B THESL-ERS
BTORKREZEANTRERIDLDICEFINZY., BENTORKZEELZ-EREELIL
BEFRMEHTERILLICET IBVELEN LT o1,

Ff-. HERF (REHFERMRE) [CEV TR SN -EHUEMERIEIC T=ZRTkT
NA XAEMREERMEAFE] A TEERBFERERRNT —F—ILALBELERIM] 2&5&K

1Y
s

é ;h-' T: o
KI-1 ARFAFREEEORERBEZIIHT HERE
HZeBASIAE ® % B & COBE EBE | SRoR:
WFSA2AMIAIS | sxam: REERS- =X LORA, 5 —20ER(E | SN= LR, RIE18HE AR LS TS
2 HRESEEE  ERERRONE SECTAONSAMEETD | RotsiETEreR 0 | moTwrrs

Ar0olSFERAERANCGE | FTLRRERT - AR
fgl SOIEIMRANITERER | AMTIOEREERET (R
']

=

(2)=IRFTHFET 1A - = BEEEBMOEREZINZ 0015 [
2 EHSRHEE @ STHR SR
it (400-760nm) |

—

(3) =R ER R | o EEEERS IR
Fii4 2 AHS2 HEY St T § 0.1¢B/em LT 01 dBiemll Fodss | E’J’bf&??_%\ 1‘&&1@?3‘*%5
i 1 IERLSSUM | SpsaiE@EaT hE TS FTEDHIAMEDRER.

SRR (ST v AT L THERD

@Single Mode | AT/ @

6-67

= up= o= | A ~ oofsle =E =1 I | L—4—BB&tATa i
t}_mxml VAT oo coumr s | 10OBELEOTENTERL ] Lo SiREIEE—2 | Fomb I G o
) : 100fELEL L EoumMDII T AP SorEL T | g 950 o 2 ogeal AT B,
=k e | Y— BRI TR, 100fELL LR | cyemenzey
= o THFE/ S S
& =" = £ 10pm jaklaiatis
- N e — o = FO5SL, MTIEE< +40nm BISSEE TN ROS S5
?f\:éé fﬂi&ﬁf”ﬁﬂfﬂ‘(I}NI T ITIHE S + d0nm SRR B 12 | DEREHE R E SR
2T B i . IR > X 10GERED |v@
(3 ZERAF T HRE8 = R T s, ZEBRIE 502 EROBRUEMERTIIZME | o
SR> VLR S BN 2 oniae o~ CHReT) | ERSENRT Dkamsac | -
MI 2T LBl AR = 500w /em*C100fs. 1kHZ) |72 iEThemuams |
E—— p— - I e
WERFTHFF A | AFECD G | 10X 38X 0.26mmDHS | BB EEATO AL
=k 2 il - 2*3?2*3?’*’ ZEMmICIER, £TLIN | ER{LEEST
— o, _ .236 ) =m =3 1hany
;];?‘J‘:E; Z025mm,! < 0.3mm EFLAMSIOED | FEFREwSD @ | (HEERENED
T N
i | (=R OEEE SRS RERIRE  SAUTHENTISINE | PEREEIREN0 dieml) | SL—F o SmERER0
s | l9um Zo.1¢B/cm WAIRE € 17es/em | FONFRBIEBETET | @ROZDABEBESES
2EW T RELSSum FEAHEE Zass | BACEERED 11650 — | LLEOBREIRETEADT.
@single Mode EELS0~LE0pm | TAORGIOR RO | EEFFEFT T,
© HNEER. O =R A FAREAH. X KiZE




12 ERX2HROBE
HREINHERAREEEDOHR ITEREN, ZOMEFUTDEEY THS,

(ARBEEOT /A RIEMIAH 5 A $HEH#]

1) TIRAZAMIAA S A#HHERLEER
BEZLICEZ2EGHEBR BIREL) OAHDZALMRAICS| EHEE, TEIHERRKIC
L BB ELTILOBEREFHOFAREM E A D XLDERAEZERE L, TORE. TESH
DHFIEASAMHEEERL TVWSIRTROMEAEDLEIZKYELL, Si0, ZEmNET S
Jr—rASRIZEWTIE S| AFIDICEFRERIZHD Z Ehh o1z, Si EEDEMIL.
BRELTL—Y—BEEEDONMERITRIETHIEZ2ERT 5, 2T, MERBEIL
MNBRZEDHRAGHBEOA S XICONTRRZBEERMMICTAR, U UBEA SR ERVER
BASRIZEWT, LA EREITEILAEETHI LR Lz, TRIANERE SN D
BIEHS AARRIIEVEETHY . ALoh=ZRICE T8RN DARLEEANREMNT
ZNHHERICEVWTEETHLI L ZHELIZOT, COMRER—XITVZalL—YaYy
EEETSHET. AN ALDBRAZER L, SRYIRL I T L M L—F—EBEthIZ,
EHEEEORENETC LEIZERL, ™D 1 um HF-YHH+°C LLEDRELEEIRA
HELTWAHILZHIAL, COREARMOERZLLICVIaL—2arETof, #BR.
DFHAFZRICEVWCEENREZXENGEESNELZ I aL—Y 307528 T, E
BIERICBTARFZNTOHYINERICRCBRTESILIERTE. TROAHEEAD
ZXLBBRAICE TR EERIEHERT CENTE 2,

To investigate the energy dissipation process after a femtosecond laser irradiation
inside various glasses, the refractive index dynamics in the laser focal region were
observed. On the basis of the results, the mechanism of the refractive index change with a
femtosecond laser was clarified. These results will be important indicator for the
development of suitable glass compositions as well as the construction of the basic data.
When a lot of laser pulses are focused at high repetition rate (more than several hundred
kHz), the released heat is accumulated around the photoexcited region. Under such a
condition, the elemental distribution of a ring shaped pattern can be formed in a glass. It
was shown that the refractive-index can be controlled by the formation of element
distribution. It was concluded that steep temperature gradient, localized high-pressure,
and the generation of the shock wave should be considered important components for the
formation of the elemental distribution. We found that the tendency in the elemental
distribution depended on the strength of the bond between cations and oxygen ions. This

migration phenomenon might largely be due to the thermomigration (Soret effect).
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DMEAES (TJ4—FNAYIRBRUVIAEVIARZRIZEYREE SN I=-FEBEME,
Proceedings of 39th Meeting on Lightwave Sensing Technology, June. 2007.
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In this study, our goal is developing the glass material which is suitable for the optical
device fabrication regarding Optical low-pass filter as a target device. In order to feed back
the information to the fabrication or design of the optical device, it is necessary to measure
the refractive index difference, An, precisely, which is between the mother glass and modified
region formed by the irradiation of the focused femto second laser pulse beam. The
Qualitative Phase Microscopy(QPM) technique has been selected so far and used for the An
measurement because of its superior spec of which sub-micron of plane resolution and high
measurement accuracy of An = 0.001+0.0005. In our own measurement, we found that the An
was measurable within an accuracyAn = 0.001+0.002 by QPM technique with 60x objective
lens. In order to obtain the basic knowledge on the An and glass composition, we investigated
the An for the variety of commercially available optical glasses. The lines were written inside
the glass with step-by-step irradiation of laser through different objective lenses
10x(N.A.=0.3) and 40x(N.A.=0.85). The An was measured from direction which is
perpendicular to the created line. As results, the absolute value of An seemed to be increased
with increasing input power. When using 10x objective, the profile of An was relatively
uniform. On the other hand, using 40x objective, the profile of An become un-uniform.
Whether the An increase or decrease was seemed to be different from glass systems. The
silicate glass containing TiOz as metal oxide showed the relatively large decrease of the An
(An < 0.01). On the basis of the results, we investigated phosphate glasses containing TiOs,
and found that a glass (Glass_A) showed relatively large decrease of the An (An < 0.015). The
detail is as follows.

Fig.XX(a) shows the An profile of around the modification inside the Glass_A which was
measured by the QPM technique. Fig.XX(b) shows the line profile of the An across the
modified region in Fig.XX(a). The An of the modification for Glass_A decreased, and it was
found that the peak value of the An was around -0.016. The glass was transparent in the
wavelength of the visible range (400-760 nm). Fig.YY shows plot of the maximum |An| value
against the peak power density. Here, the maximum |An| means the absolute value of the
maximum or minimum An. In Glass A, the An over 0.015 was observed at peak power density
of 8.5x1013 W/cm2, which was 1/8 of the case in silica glass, 6.8x1014 W/cm2. The glass
developed in this study should be useful for making the device thinner. Moreover, the
manufacturing cost would be reduced by applying the one shot fabrication method with the

holographic element.
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As a temperature change in the material causes a refractive index change, the
temperature distribution change due to the thermal diffusion was observed. The observed
results can be explained by the thermal diffusion model, and the initial temperature
distribution and the thermal diffusion rate can be obtained. It was clarified that the
control of the temperature distribution are important for the waveguide writing with the
combination of femtosecond laser and spatial light modulation. By specifying the factors
behind waveguide loss and investigating ways of reducing that loss, a synthesis silica-
glass and borate glass waveguide with a loss under 0.1 dB/cm have been obtained and an
intermediate goal has been achieved. It was confirmed that a waveguide structure can be
formed by refractive-index control technology based on the formation of element

distribution.
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Fig.2-2-1-a-1. the result of measurement of wave-front calculating time

The purpose of this research is to develop hologram design technology for three-
dimensional (3D) processing by one-shot laser pulse. Actually the works on hologram
design are threefold: (1) to build software system for large scale calculation, (2) to
develop an effective hologram design method to generate 3D structure, (3) to speed up
the calculation time for hologram design.

As hologram design environment, we built the HPC (High Performance
Computing) system with computers on high-powered CPUs. We implemented a speed up
routine to effectively cut down the design time by appropriately narrowing down the
wave-front calculating (diffraction integral) area. We designed the hologram to fabricate
3D dot array of 100 elements inside the sample glass of 60pm cubic. This hologram
design is final goal of this project. As other examples of hologram design, we had line, 3D
spiral, line parallel optical axis and multilevel intensity elements.

Since we could practice 3D processing by one-shot femtosecond laser pulse using
fabricated glass-hologram based on designed hologram pattern, we showed that our
hologram design technology is effective. We achieved more than 10 times speed up
calculation time for hologram design as compared with existing methods. Fig.2-2-1-a-1

shows the result of measurement of wave-front calculating time.
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We developed design method for a phase type hologram which generates straight
line beam and curved-line beam. Using the hologram, we will fabricate straight-line
waveguides and curved-line waveguides in a glass at one-shot exposure of femtosecond
laser. Based on the computer-generated holography, we calculate a phase type hologram
which reproduces straight line, half ring, or ring. The holograms can successfully generate
straight line, half ring or ring beam, when we illuminate femtosecond laser on it. We also
discussed how to combine two holograms and confirmed that they could generate two lines

simultaneously.
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We developed fabrication process of glass-hologram. The glass-hologram fabrication
process was required to be as short as possible, for higher productivity. An electron beam
(EB) lithography occupied much time in the glass-hologram fabrication process. We
modified and improved EB lithography condition, and consequently the EB writing time
was reduced to about 35%.

We identified problems in the glass-hologram fabrication process and solved them.
After improving the fabrication process, we could fabricate 4-level test pattern of 2.5 pm
width, within pattern design width and depth < +40nm. We also confirmed that a 4-level
glass-hologram with pixel size of 5 pm was fabricated within an accuracy of *40nm, in
terms of pattern width and depth. These satisfy the criterion of glass-hologram fabrication
accuracy within £ 40nm.

In the fabrication process, we fabricated various glass-holograms with 1pm pixel size, 8-
level, or 13mm X 13mm area.
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The hologram designed based on high-precision technology is able to generate an

arbitrary spatial 3D structure. In this section, we show the effectiveness of hologram
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processing and the contribution of design technology by comparing line-hologram
processing with direct-writing in grating fabrication.

The size of the designed grating was 2mm x 4mm, and the grating constant was
80um. We fabricated two gratings by 50 repetition of processing 2mm line-structure. The
gratings had even optical performance with 4th order diffraction beam.

Tab.2-2-1-f-1. Comparison line-hologram processing
with direct-writing in grating fabrication

Hologram processing Direct-writing
Wavelength 800 nm 800 nm
Pulse duration 30 fs 30 fs
Repetition rate 1 kHz 1 kHz
Input power 3.44 W 0.005 W
Processing time per a line 0.005 sec 1 sec

Tab.2-2-1-f-1 shows the laser processing conditions about line-hologram processing
and direct-writing in grating fabrication. In the grating fabrication based on line-
hologram, it took only 0.005sec to write a 2mm line. Roughly speaking, the line-hologram
reduced the throughput time by about 0.5%, since it took 1sec to direct-write a 2mm line.
We found out that the contribution of precisely designed line-hologram was great enough.

Fig.2-2-1-f-1 is the result of 3D hologram processing for 3D dot array of 100 elements
inside the sample glass of 60pm cubic. We fabricated the complicated and high-density 3D
dot array using one hologram by one shot femtosecond laser pulse. The contribution of
hologram design technology was great enough in this example of 3D processing.

Fig.2-2-1-f-1. 3D hologram processing for 3D dot array of 100 elements

Through grating fabrication using line-hologram and 3D hologram processing for 3D
dot array of 100 elements, we showed that the precisely designed hologram was very
useful. So it is very important for 3D processing by one shot femtosecond laser pulse that
we have developed hologram design technology.
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We fabricated lcm-long straight line waveguides, half ring waveguides of
0.5mm~3mm radius and rings of 10mm and 1mm, inside fused silica, with one-shot
exposure of femtosecond laser. Here we fabricated the waveguides inside fused silica, with
directly focusing the femtosecond laser beam shaped by the glass-hologram.

We confirmed 1550nm light propagation through the fabricated 1-cm long straight line
waveguide and the propagation of 635nm light via half-ring waveguides whose radius was
greater than 1mm.

With multi-shots exposure using these holograms, we fabricated optical devices, such
as coplers, Mcha-Zehnder interferometer, etc. We confirmed basic functionality of the

fabricated devices.
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In this section, we investigate the possibility to apply the one-shot fabrication
method with holographic element to the developed optical glass, which showed An > 0.015.
In order to fabricate the optical devices, it is necessary to use the one shot fabrication
method which is developing in this project. As shown in Fig. XX, the holographic element
and the objective lens were placed in such geometry. The irradiating condition is as
follows, wavelength:800 nm, pulse duration :200fs, time for one shot:0.005s. Fig.YY, shows
the optical microscope image of the fabricated line. The line which length was 250 pm was
fabricated within 0.005s. The length along the direction of laser propagation was around
100pm, and which was shorter than a target length of 300 pm. Fig.ZZ shows the An
profile of the cross-sectional view of fabricated line. The An showed decrease in the
modified region and the An over 0.015 was observed.

(g) ZRTRREHRBRST
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AIREE T B8, ZRTAERICHREMA S EICKYBIKBEATRELE T o=, THD
LEMOTEICIS—Z2EEL. L—Y—BEBRAIS—EELRSELSIIL. COREM
BEZBRHETHELIICLz, CHICKY L—F—DRBRPIZHLEEHDBIEZEICIE L1k
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The three-dimensional measuring instrument can measure shape by non-contact
with surface reflection. When we measure the part which there is a slight refractive index
difference of the glass inside, the light to reflect from there is very weak. So we cannot
measure the inside shape of it. We improved this measuring instrument and succeeded in

measuring it.
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We developed three different methods to measure about a refractive index difference
of the glass inside.
1) To optimize a refractive index to accord with a measurement result with a three-
dimensional measure in ray tracing algorithm.
2) To measure the quantity that interference fringes is made to be displaced because the
refractive indexes of the double slit aperture are different.
3) To make phase amplification processing and super-resolution processing on
interference fringes image by the interferometer.
By these methods, we succeeded in measuring the difference of the refractive index

of the glass inside in non-destructiveness.

3) EMAERB=RITNI > R T LG
ARRFAFHEOBEMIE, ERTATNA ROBUERMOVEDTHIAERD=ZRTMI >
ATLOEREMELGD., Tz L b L—Y—XOUHEDEMSH (KM *BMICELLSE
27T LMYL—Y—REEFHEDS 21—, BLUVZTAEZRAVEERNEMZRMEHEET S
_ETHDB,
FD=H. TieOMERFEEZEDT-,
(i) ERAMIVATLAI LMY L—F—XEEFHEDS 2 —ILORARK
- 7L LY I T AAAERAR R AZEM N E AR (LCOS-SLM) (D BAF
- LCOS-SLM # &3 5 7 = L FL—H—HEEHEHE S 21— LD

6-79



(i) BHEE=RTMINDT=HD LCOS-SLM [ & % 5 & 0k it o) B %

EFTLT, HEEAZ 2 —AFR T+ —FLBEFVEILRFEEARBRED [=RTHE
BEREET /N R JIL—TEEHELT, LRI LM L—F—REEHEES 21—
IVOFHERER & ENICL HRE - REHB Lo 1=

CNICKYAHARRAREBBICEVWTRERBEZREZERTE LI LEZHRALR, Tabb, ZE
M fREEAS FER LU LOEFHEMIE. TIREEL Hz, REBERAE2T S 7 UULE (256L A
LD HREESIE L ATEE) . 50 GW/cm? (100 fs, 1 KHz) @7 = L b#L—H—/ULR DS
MEETH I LML —RREHEHEDS 2 —ILERBR LIz, £z, Iz LML —
H— 2k 2EHEESRTMID=HDLCOS-SLMIZ & 2 KEH ER M DOMREZITL., HZMT
[CHBEILRBER., REMEZER LT,

Our goal of this project is to develop the programmable phase modulator module for
3-D femto-second laser processing and the optical wavefront control technology.

In order to approach the above mentioned goal, we have been developing the
following device and technology.

- Liquid crystal on silicon spatial light modulator (LCOS-SLM) which stands up to
intense femto-second laser pulse.

» Optical wavefront control module which consists of LCOS-SLM and optical components
such as mirrors and lenses.

+ Optical wavefront control technology for waveform shaping and aberration correction by
using hologram technology.

We have developed the optical wavefront control module, which consists of the
LCOS-SLM and associated optical components. This module has 800*600 pixels,
modulation speed of 50Hz, and phase modulation depth of over 211 radian with 256 levels.
And the device can withstand intense femto-second laser pulses of 50 GW/cm?2 (100fs,
1KHz) . Also we have developed optical wavefront control technology, and 3D laser
processing in glass was performed by using functions of waveform shaping and aberration

correction. As a result, we gained our ends of the project.

[(AREEQ=RTEMI VAT LIEAT/INA RE{i])
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In this project, the technology that formed the heterogeneous phase in the glass with femto
second laser irradiation in high-speed and high accuracy was developed.

The part where the refractive index is different from the glass mother material is called the
heterogeneous phase.

Here, it reports on the development of a glass optical low-pass filter as one example for the
confirmation of the effectiveness of the device using the heterogeneous phases.The optical low-pass
filter is the part that decrease the moire caused with the digital camera.

A usual optical low-pass filter is made of crystal.lt is necessary to stick it together to decrease
the moire of horizontal, vertical both direction by crystal optical low-pass filter.The crystal optical
low-pass filter has a problem in the price and the thickness.But we think that an optical low-pass filter
can be achieved by forming the diffraction grating in the state of Ichimatsu with the heterogeneous
phases.

Then, we selected CCD camera of 250,000 pixels, the pitch and length of the heterogeneous
phase diffraction grating for the glass optical low-pass filter the best for the camera was designed, and
were decided.The heterogeneous phase diffraction grating was formed with femto second laser beam
machining, and the glass optical low-pass filter was made for trial purposes.

We took a picture of the chart with the digital camera that installed the glass optical low-pass
filter made for trial purposes and confirmed that the moire was decreased in horizontal, vertical both
direction by the glass optical low-pass filter without sticking together.

The thickness of the net of the glass optical low-pass filter for trial purposes is 0.3mm.We were
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able to thin the glass optical low-pass filter more than the 1.5mm thickness crystal low-pass filter
which installed properly in the digital camera used.

Finally, the heterogeneous phase diffraction grating was made by holographic high-speed and
high accuracy femto second laser technology of this project and
It was confirmed to apply to the glass optical filter.Shortening further processing time and a
colorless transparent making of the heterogeneous phase have been extracted as a problem for the
practical use in the future.

2) ZRFTAERBERIET /N1 R BT
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Holographic femtosecond laser processing system with two-dimensional, arbitrary
and variable patterning features was fabricated by utilizing the combination of a
femtosecond laser and spatial light modulation techniques, which were achieved by
using a liquid crystal on silicon device (LCOS) displaying the CGH. A holographic laser
processing system was constructed to fabricate optical branching devices. This system is
being used to test the formation of straight waveguides, Y-branch waveguides and 1:4x4
beam splitters (DOE). The internal losses of these optical devices are currently under
investigation. The laser processing system with a Liquid-Crystal on Silicon: Spatial
Light Modulator (LCOS-SLM) has been developed to fabricate three-dimensional optical
devices with high efficiency. We applied the system to (1) Parallel writing of multiple
bent waveguides, and Fabrication of three-dimensional splitter waveguides inside
transparent materials without any movement of a specimen, and specific control
methods for sample movement and hologram switching for were developed. In addition,
new methods for calculation of phase holograms have been developed to improve the
spatial distributions of amplitude and phase around light spots which are generated on
the Fourier plane of the hologram. The developed calculation method can be applied very
easily, because only one constraint is added to the conventional calculation method. We
demonstrated that the new calculation method was very powerful and essential for
producing optical devices inside transparent materials with high efficiency.
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BELTHY., 400nm OXNE BT 2MENH D, £ T, 400nm DREDIXNEBY 57
SANS3b, Ti0, ZhBHMEEFTHIENTEDLHSRIZCODVLWTHAELIEZ A,
Tio, 2%<&FT L) VBERHSAMNMERIEFOnfz, TIT. TIL, #&8HIT )Y
BMIERASRICL—F—BE L. AnDE@EZRAT S &2,

4) BEEHIRAADL—H—EEE An 5

BELEASRITHARE LTI Ti0, & Nb,0; #EFTEH) VBIERASATHY. #
SABEOBREFTELICFEET S Ti0,©° No0s 5 < EFHT 5. AL E RO L—H—R&
SEGHTHML X 10x(0.3) ZAVTERL—F—MIZ{TL. REHEDAn ZFHEL =,
AR AE, 120-360mN TIFFEKER LIS BEENBRESNT=, —7. 480m TIILLEK
Bar SR OEVWEBEENSER SNz, K GF19 ICEERS M VHED An BIEHRE
Yo RREMEIL—HF—/NILADASARATH D, 480mN(E—2 /87 —FET 8.5x10°)
DLE FRELEF/MEFZENZEN 0.002 £-0.017 THY. An DAIFEEMHETH -
fzo Ffzs MITRALF—ITEALTE, E=VNT—BETHERT S5 &, 8.5x10°/ cm?
THY., DUDASADIZED 6.8x10"/cm* LY+ 1/8 BEMD T RILF—TAn=0.015
Z#A = (E GF20), EEMWS M Vo OMEMIRE, EEETEH LA EGEBARORFAE)

DEFENELLTOEWN(RIF)BIRTHoT-. RIG8 D Ti-3 I2HELTERERGIERA
@M otz, COEIBRRICHIFERFAETELG ., FYFHGRAPBETH D, L
AL, BULGL—HY—NT—BETL—YF—2RBHFTELL BRHEESFAETHLEE
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Z%. EGF21 IZHS R A OBBFMBPERT . KK 400nm [2EVNTETFORINEH S H,
AR L PR (400-760nm) TEBALGHS XA TH S,

5) EEMRDOM LM (TEW)

BIRDEBY . ARARIZEITS 10x LOXEFAVEZNMIZGOHEETHNIE. EHH R
DIZHSRIZEB T ATRAMBEOATRESILBO TIENEEZ Shl-, HEBEHAKZTAAN A
RSN =AS5R A THEEREBEOEBIERIN TGN >fz, 2T, ATXADE
BHEICEALTTEMEBRE1Tofz, RG22 ISTRENS &S ICAZEMBCEERUBEERER
LERSAA VI YT TEREERE LIz, YO TUDNELCLBEERAZEMBRICET
ZEERHEDIY FS XA MBS G2, IFOHEBRHNOEHBEHFALZDY ICEE
HMEBMDODRENH D, RIZ, HGF23 12, TEMBREREGOMNEBERETRY . AIXEREHEL. B
[ERMIE (BME) THDH, RIGF24DEHY EEREBBIEFLORMIMELERTIFEALE
ENEL, TELI7RKRTH- =,

6) FEEHBDMEMSHT (EPMA)

EE, BYIRLEREA 100kiz ZBA5E@ELO T T L M L—F—BHIZKYBK
SNERERICRERESREE TS EHRESNTS[GI8], EEEASRAITONTE
EPMA ICK Y EBHE ZDREDMBOAD RENEILDFEEZHRAE L. EEHEAIL SEM K5t
BEFE B CTREERSINSS LCTRHETE S o, BEMRMICITRELELE
EFETWBHEEZONT-, B GF25 ITRIEHZFT AL B, C DXAFBEMBELRT . B GF26 IZ&R
12 FOEERBICE T HRESTED SEMEfiEZRY . £, RIG27I12, BEHEA,
B. CICE T2 ERRHSIDRETOT7MILERT ., ERSDESHEFHE . BIEMEAR
DEWVZEYEBICK > TIHREBROBRIZANS DENH o=, RGTI ICEZ1BER 3 &R
DEREEBZEZFEFEOH-, FEREBEHERS VP THRADESTEELLOTOT 7 1 LEERHIE
MEG o, ERELTIE, P 0 [XREHRETESHEEASEML ., Na (ZiRDT HERH
RSNz Ti © Nb GEDBEFRICHFET DM VORERERFEAELZNLST
Hotze UEKY., COASRIZETIBFEZDRRAIX. RHADRELLICERT S
EnNEZoNnT, EEMEBTEARNMETLERERELTE, 7ZILH YRS DRENMET
L. ASAMKBILHENSEML., BREBRINMENT S ETRROAFT VEHRMETL.
BIREMETLECENBEZ DN S, [G19]

D BAnBIRLF—EORE
BIRDEBY. KELBEFERZEEZRLEAZIR A ICBEVWTEREZEDRAILESR
BRAODREEEICSERT S ENBZA N, REZRILERTDEFHILRD 2 EEH
[2HETES, B, OBBLAVEEHEMRS Ti. Nb). QBHT HIEEHTEK
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5 (Na, P, 0), ZNENDEEIZOVTHLMZIIETETLALA, D, QEDL
REFEZLEEDRBIFEREICOVTHELz, B GF28 & 29 [TZNTNHSRX B
EHSACH An BIERERZTYT,

£ GM2 12, ASR B, COENT—IZHEITHAn AIEEZEZHSR A DIEREED
HTRY, £z, B GF30 ITAn ORKE/R/MEXFE—VNT—FEIZRHLTT
Ay rd3, ChibkY, H#5X C TIEAn=-0.018 AAFEESh, HS5X A D An=-
0.017 &Y An AMEMNIKEL TSz, Fi=. B TIE, 360mW TAn=0.017 L 7R
SNht=, CThiE, HSXAD 15%FBED/AT—TAn=0.015 ZZERL L= &Y
5, £z, R GF31 12, A5 X B, C OARAEHOBAERDIEREH SR A D
READETERT., ch&lY, H5R B TIRBIUHEDEEIEREAIZO T L.
AIRAABEEOBEBELREIN TSI EIERTET,

4) £EH

JTLMRL—Y—ZASARMPICELL. BREFMITHERSIAES/4 VREEH
DEEARA LD An HEEEMAEME (ORE 633m) THFEL=. AnFB#HHS R
[ZxtLTHEmM (FSRE) &R (R4 FRA) omEAMIZHHERL. TSR/ TAF
RAE~ADELDOLZ SOMERIFA S RICE >TEL D ELHER ST, 40x (0.85) &/
T—BELYOOMITIE, NT—OBMITHENAN FRELGLIERAER SN, —
AT, BEHEOAn FRHWELGHMETRT . 10x(0.3) LU XZFEA L =MI TIXLLER
HEGAn DA FEONZ VI ENER SN, T, T, ZE8EHIT DIV ITr—FRAS
ATHEME AN PRSI, BIC, TiI0, Z2E8FT S VBIERASRIZEVLTKY
REGZAnHA0.015 ZZ 5 MR SN, COHSADEBEMEERTIL EPMA DS
MOER, REZREI RSN, TRSTDOEESLERZREST L ET, SIT IO IR
WX —TAnH0.015 ZZ 575 AMNEFE ST =,
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- B%

#ZGTl AV TNDH T AHREEZWHE
i IS TR L1 — ) I
H5R HIAR e | v eTosm |TOATIRRR o (i - 5:;) A SRS
Ba-3 1.589 61.2 527 66 1008 300
Ba—4 BaOEH-HEMIER 1.639 44.9 608 76 904 350
Ba-5 1.723 38.0 643 66 911 360
La-1 1.651 56.2 651 71 877 330
=] La Oy B A A RBIER oo o 566 =3 ¥via o
La=5 1.883 40.8 738 66 1268 320
Ti-1 1.567 42.8 552 79 739 350
Ti-3 TiO, & H-ERIER 1.689 31.1 611 82 855 360
Ti-4 1.805 25.4 604 89 931 370
F-1 Fﬁﬁ‘ﬂ"‘]iﬁéﬁiﬁ% 1.487 70.2 500 90 623 270
VIOSIL h 1.45
FGT2 IMIxtL o X ARy bAoA ORI
L EPiicl ] 2Ry FEEW ARy EE
fER N. A.
f (mm) (m) (cm?)
10 x 0.3 18 1.53 7.33x108
40x 0.85 4.5 0.38 6.73x10°
72 GT3 AT — LT —Z D%
) 60 120 240 360 480
(mW)
IVVAT AT 0.24 0.48 0.96 1,44 1.92
(ud/pulse)
L) at Foous 39 78 156 234 312
(mW)
NIV AT R )LF— at
Focus 0.16 0. 31 0.62 0.94 1.25
(ud/pulse)
10x (0. 3)
Ees TR 2.13E+13  4.25E+13  6.38E+13  8.51E+13
(W/cm?)
40x (0. 85)
E—7 TR 1.13E+14  2.27E+14  4.54E+14  6.81E+14
(W/cm?)

MY — 7 XU F L ANE (¢ =200fs) THEH ST,

#ZGT4 AnJIEMH > 7 L —PF—IN LM
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LR nm 800

2L M fs 200 300fs (AC)

Rk U AR kHz 250

W T mi 120-480

B/ AN 10x (0.3)

AX ¥y AE—F  mm/s 1

MITE > F wm 1

MRS wm 200

KGTS ERENAHBEMEEOWE SR N Ay 7

HEWR R 632. 8nm

HE I - (5 R) (1001%) 80x60 um
(60f%) 100x133 pum
(20f%) 300x400 um

RLEkE L 20401536 [31077]

RLERPET - 12 bit

24105 1R) 3 iR e HERERE ML XL b8 5)

JEATSRAAC S FRAE

PG fE A /8000,
g
0. 0001F& £

eI

(GRIFIZ LD 572 D)

2 /100 - 2 /1000F2

(RHERZEIZ K D/ A ZRpIERHm)
e EL T 1A T RRE

JEATSRAA Sy R RE
TR EL 7[R DR L 3 FRAE

SnmfE B
0. 0002F% =
0. ObnmfEE  (SEAEMH)

FGT6 A nJlERE RO
Bafin R an(y R R
(0) (o)
60 fi% 1 0.0017  -0.0095 0. 0085
2 0.0017 -0.0105 0. 0082
3 0.0016 -0.0096 0.0106
SEH -0. 0099 0. 0004 0. 0091 0. 0011
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# GT7  SEM & &1

R

FE AR 7R BAMEE (JSM-T500F, 1 AHE -+l ¢ 4)

HET5 Tk

— TR

NHEE KV

1.5

# GT8  TEM & &1

R

FBRE A PEE (B 728 H-9000 UHR 1)

HETTIE WA EAG I RELEFEE TR~ & —
IMEEE KV 300
AFIV T PIPS 691 GATAN fi-#d

F GT9  EPMA |2 & % & & Hr & ot ORIE S

TEE T4 =NV RxIvyvarsErSa—TvAArar)
Z A% (FE-EPMA) JXA-8500F (H A 1-H)

Moo 5:B~92 -U (fF&% - iHEiLs)

53 YR Al TAP (65mm-250mm) , PETH (88mm-235mm) ,
LIFH (88mm—235mm), LDETH (88mm—235mm),
LDE2H (88mm~235mm)

WE &5

DB KV 15

HRSTER A 1.0x1077

E—ARAFy ON, 2Ry I

E— A um 50

| ey

I#EEE KV 15

MRS A 2.0x1077

HREIRFfH]/ AR > B ms 500

AFx ¥ ET—R AT =V AX ¥

E— AL AF Y ON (< 10000)

E— A e/ (K1 pm)

fEFE  nm 40

AEHEE  um

40 (1001 %)
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F 6T BEARE TR L) A b iz otk

TR R -
8 SR AR
=P
N ANG) 0 Na
ARy b® P, O

X O N THES & 2 LI S ALTZ Ry,

#6112 An OIRK/F/MEDK R GBI 53)

ML X 10x(0.3)
IIEF®D EHHEBT (mW) 120 240 360 480
INTD- INJLATAR)LF— (u J/pulse]  0.48 0.96 1.44 1.92
INJLAIRIILF— EHH AP (mW) 78 156 234 312
ND—FE JNLAIHR)LE—@F (ud/puld  0.31 0.62 0.94 1.25
X(0F ;@ R fIE) E—4H/\J)—FE (W/cm2) |2.13E+13]4.25E+13]| 6.38E+13|8.51E+13
AR A noN)L An
A+(10) 0.002
A A—(10) -0.017
A (10)Max|A n| 0.017
B+(10) 0.002 0.003 0.003
B B-(10) -0.007 | -0.017[ -0.017
B (10)Max]A nl 0.007 0.017 0.017
Cc+(10) 0.002
o] c-(10) -0.018
C (10)Max]A nl 0.018

XK — 7 RNU R

EENEONT —B L OE UL ZEN DR,
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#* GT10  An OFRK/fR/IMEDR R

mIxyLeyX 10x(0.3) 40x(0.85)
FHA (mwW) 120 240 360 480 60 120 240 360
IRVRIRILF— (U J/pulse] 048 0.96 1.44 1.92 0.24 0.48 0.96 1.44
FHH FQF (mW) 78 156 234 312 39 78 156 234
LRI RILE—GF (ud/puld 031 0.62 0.94 1.25 0.16 0.31 0.62 0.94
E—5/X7—%FE W/cm2) [2.13E+13[4.25E+13]6.38E+13[8.51E+13 1.70E+14]3.40E+14]6.81E+14] 1.02E+15
AR A nSNJL An A NS )L
Ba-3+(10) 0.002 | 0.001 0.001 | 0.002 |Ba-3+(40) 0004 0005] 0008] 0008
Ba3 Ba-3-(10) -0.002 | 0002 [ -0.002 | -0.001 |Ba-3-(40) -0.006 | 0004 [ -0015] -0013
Ba-35 An 0.000] 0000 -0.001] 0.000 -0003| 0001 ] -0.006| -0.006
Ba-3(10)Max|A n| 0.002 0002 0002 | 0.002 |Ba-3 (40)Max|A n| 0.006 0.005] 0015[ 0013
Ba-4+(10) 0.001 0002 0002 [ 0.002 |Ba—4+(40) 0002 0002 0004 0004
Bad Ba-4-(10) -0.004 | —0.006 | -0.006 | —0.005 |Ba-4-(40) -0.007 | 0006 -0.010] -0011
Ba—45 An -0.003 | -0.004] -0.004| -0.003 -0.005 | -0.004 ] -0.006| -0.007
Ba—4 (10)Max|A n| 0.004] 0006 0006 0005 [Ba-4 (40)Max|A n| 0007] 0006 o0010] 0011
Ba-5+(10) 0.001 0.001 0.002 | 0.001 |Ba-5+(40) 0002] 0002 0003] 0002
Bas Ba-5-(10) -0.001 | 0004 | -0.005 | -0.004 |Ba-5-(40) -0.008 | 0007 | -0012] -0.009
Ba-55 An 0.000]| -0002 [ -0.003]| -0.003 -0.006 | -0.006 | -0.009 | -0.006
Ba-5 (10)Max|A n| 0.001 0.004 | 0005 | 0.004 |Ba=5 (40)Max|A n| 0008 | 0007[ 0012 0009
La-1+(10) 0002 0002 0002 La-1+(40) 0.002 | 0.001 0.002 | 0.003
Lat La-1-(10) -0.004 | —0.004 | -0.004 La-1-(40) -0.007 | —0.007 [ -0.009| -0.005
La-15 An -0.003 | -0.002 [ -0.002 -0.005 | -0.006 | -0.007 | -0.002
La—1 (10)Max|A n| 0.004| 0004 0.004 La-1_(40)Max|A n| 0.007 0.007 0.009 |  0.005
La-3+(10) 0002 | 0004[ 0004]| 0.004 JLa-3+(40) 0004 0008[ 0007 0007
Laa La-3-(10) -0.001 | -0.001 [ -0.001| -0001 JLa-3-(40) -0.002 | 0002 | -0.001] -0.001
La-35 An 0.001 0003 0003| 0003 0002] 0006 0006 0006
La-3 (10)Max|A n| 0002 | 0004 0004] 0.004 |La-3 (40)Max|A n| 0004] 0008] 0007] 0007
La-4+(10) 0003 | 0003] 0002 0002 |La-4+(40) 0009 0008| 0009] 0009
Laa La-4-(10) -0.001 | -0001 | -0.001 | -0001 |La-4-(40) -0.006 | 0011 ] -0009] -0.009
La-43 An 0.001 0002 0001 | 0.000 0002 -0003| 0.000] 0.000
La-4(10)Max|A n| 0003 0003] 0002] 0002 |La-4 (40)Max|A n| 0.009 | 0011 0.009 | 0.009
La-5+(10) 0.001 0003 | 0003] 0.003 |La-5+(40) 0002 | 0006[ 0004 0004
Las La-5-(10) -0.002 | 0002 [ -0.002 | -0.002 |La-5-(40) -0.003 | —0.004 [ -0.004| -0.004
La-55 An -0.001 0.001 0.001 [ 0.001 0000 0002 0000] 0.000
La—5 (10)Max|A n| 0.002 0003 | 0003 | 0.003 |La-5 (40)Max|A n| 0.003 0006 [ 0004 0.004
Ti-1+(10) 0.001 0.001 0.001 | 0001 |Ti-1+(40) 0.002 | 0.001 0.001 | 0.001
it Ti-1-(10) -0.003 | -0.006 | -0.006 | -0.006 |Ti-1-(40) -0.009 | 0008 | -0011] -0012
T-15 An -0.002 | 0005 [ -0.004] -0.004 -0.008 | 0006 | -0.010] -0011
Ti-1_(10)Max]A n| 0.003| 0006 | 0.006 [ 0.006 |Ti-1(40)Max|A n] 0009 0008 o0011] 0012
Ti-3+(10) 0.001 0.001 0.001 | 0002 |Ti-3+(40) 0002] 0002 0004] 0005
T Ti-3-(10) -0.002 | -0.007 [ -0.006 | -0.006 |Ti-3-(40) -0.008 | 0008 | -0015]| -0016
T35 An -0.001 | -0.005] -0.005| -0.004 -0.006 | 0007 -0.011] -0011
Ti-3 (10)Max|A n| 0002 0007 0006] 0.006 |Ti-3 (40)Max|A n| 0008 | 0008[ 0015| 0016
Ti-4+(10) 0002 | 0002 0002 Ti-4+(40) 0.002 |  0.001 0002 | 0.003
Tioa Ti-4-(10) -0.004 | —0.005| -0.005 Ti-4-(40) -0012| 0009 [ -0013| -0013
Ti43An -0.002 | -0.003] -0.003 -0009 | -0.007] -0011] -0.010
Ti-4 (10)Max|A n| 0.004| 0005 0.005 Ti-4 (40)Max|A n| 0012| 0009[ 0013] 0013
F-1+(10) 0.001 0.001 0.001 | 0.001 |F-1+(40) 0.002 | 0001 0.001 | 0.001
1 F-1-(10) -0.004 | 0004 [ -0.003 | -0.003 JF-1-(40) -0.008 | 0003 | -0007] -0.007
F-15 An -0.002 | 0003 [ -0.002] -0.002 -0.005 | -0.003 | -0.006 | -0.007
F-1_(10)Max|A n 0.004| 0004 0003] 0003 |F-1 (40)Max|A n] 0008 0003 0007] 0007
VIOSIL+(10) 0.001 0002 | 0002 [ 0.002 |VIOSIL+(40) 0002| 0009[ 0016
VIOSIL VIOSIL—(10) -0.001 | 0001 | -0.001 | -0.001 |VIOSIL-(40) -0.004 | 0012 -0.007
VIOSIL (1003 An 0.000| 0.001 0.001] 0001 JVIOSIL (4005 An -0.002 | -0003[ 0.009
VIOSIL (10)Max|A n| 0.001 0002] 0002| 0.002 VIOSIL (40)Max|A n]| 0004] o0012[ 0016

M — 7 R — BRI SNTE O/ RT — 3 L TONE L ATED S B,
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Amplifire Oscillator

@ —)
Z-axis
— Piezo acctuator
L 4

Objective lens

Attenuator
Sample
i.%
PC Controller XY-movable air-bearing stage

GF1 An#lFEH V> 7N LT3R ORI,

XGF3 i BAARBRREL O LR ORI,
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GF14 S UNASRANEERIN-EREHOBENE (TyFoJ%L) O SEN 8
B, @IFE—V/NRT—FE 6.8x10" Wom* THERIN-EEH., b)L@ OIELX
B, ©IFXE—D/T7—FE 1.0x10"° Wem THEIN-EEH, @IRIhBNIT
BEEIRDEBYTHD, h: L—YF—E—LDEREAR. $: AX ¥ UAR. £: BRHF
RAEDL—HF—KDERAY LA,

40x Lo X
0.020 ———
10x L X L
0.015
\
0.010 / g
\ el
0.005 \ = <
p == = =t os
<1 0.000 2 ) | —
= Y i _
1.00E+13 ) y AW ‘It+14 | 1.00E+15 1.00E+16
-0.005 4 R
_ \ ) o <o NS
0.010 S
-0.015 \Lf
\J |
-0.020 ‘
. 2
Peak Power Density (W/cm®)
©  Ba-3+(10) ©  Ba-3-(10) o Ba-4+(10) o Ba-4-(10) A Ba-5+(10) A Ba-5-(10) ©  Ba-3+(40) ©  Ba-3-(40) O Ba-4+(40) o Ba-4-(40)
A Ba-5+(40) A Ba-5-(40) —0— La-1+(10) —0— | a-1-(10) —+=La-3+(10) —+=La-3-(10) —— La-4+(10) —— | a-4-(10) —t— La-5+(10) —t— La-5-(10)
—0— La-1+(40) —o— La-1-(40) —+=— La-3+(40) —+— | a-3-(40) —s— La-4+(40) —s— La-4-(40) —t— La-5+(40) —t— La-5-(40) 0 Ti-1+(10) —0— Ti-1-(10)
~B— Ti-3+(10) ~B— Ti-3-(10) e Ti~4+(10) —t— Ti~4-(10) —0— Ti-1+(40) —0— Ti-1-(40) ~B— Ti-3+(40) ~B— Ti-3-(40) —t— Ti-4+(40) —t— Ti~4-(40)

—o=—F-1+(10)

—o=—F-1-(10)

—0— VIOSIL+(10)

=—0—VIOSIL=(10) =—o=—F-1+(40) —o=—F-1-(40) —0— VIOSIL+(40) == VIOSIL-(40)

GF13 Tz AMDL—F—BEICEKYBREINE5/4 KREERFEICSTSHAn O
RBKE (FSRA) /RME (RA4FRED) DL—HF—E—INRV—BEIZHTET

Ak,
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120mW 240mW 360mW 480mW

]

B 8 & 8 sz &

GF19 AnJERFE (7 A X 0 10x(0.3))

0.020

0.015

. -

0.010

Max|A n|

SR —

N
>

X 2

o——8 2 °
0.005 - /F ?F\E /\ 7
= e
—

0.000
1.00E+13 1.00E+14 1.00E+15 1.00E+16
Peak Power Density (W/cm?)

O Ba-3(10)Max|A n| O Ba-4 (10)Max|A n| A Ba-5 (10)Max|A n| O Ba-3 (40)Max|A n| O Ba-4 (40)Max|A n| A Ba-5 (40)Max|A n| —0— La-1 (10)Max|A n|
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