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Experimental investigation of a laser-induced
underwater shock wave in a microtube
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Fig. 1.1 Highly focused supersonic microjets (Tagawa et al (2012) Fig.2)
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Fig. 1.2 Mechanism of the microjet generation
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Fig. 1.3 Visualized shock wave in a water filled microtube at every 0.2 us
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1.2 JefTHrse

Fig. 1.4 Laser-induced underwater shock wave viualized by shadowgraphy after 2.2 us from
the laser pulse beam being fired.
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B2RUGT %5 2 LICEI L 7%, Suriyanarayanan et al (2012) % Venkatakrishnan et al (2013)
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BEPARFREE DY 1,500 m/s DA &R E < (RPIEK 340 mys),  F 7 MRIE DB LA AR
NSV Eno, AL K OVERNAERZIGT 2 2 L L w I EDEKTH 5,

1.3 WRBE”N

AKETIEA 7P ey MZBBRT 24 2 0BNO L —5 —Fill K h el % ik
ICES 2, Z207®Ic, 3 DDMEHNZRET 5. 1 DHIE, L —¥ -kl
WoEZMHET 22 £ Th s, 2o0HIE, L—F—FkhEEgonel, cabTE
& L T Background-oriented shclieren (BOS) S @M AIRE L D06 Z L TH S, 3D
Hix, =4 7 0BNOL —F —FHKHEE %2 BOS iz v -Calgift - @&k, «A4
raYzy b EOBRMEEZHOLICTEIETH S,

KFEIE~ A 70P v PIEEX A Z R LCBT 2B L LT, L—¥—FkAh
EEP OMIGZ BR L, BOS HIC X 2B OERLOEHZET, vf7uy=zy b
<A 7 uENOMEEEOBRZ EHENICHS 2127 % (Fig. 1.5). 2 2 T4y, L—¥—
RS DSER R LR E SN D 2 EDH WIS H B 53, JERRNR 20 S &
b OGRS NI FHRIC OV, EEEERE LA Fu 7 4 VI Xk 2 EAGHIZ1T 9
LI ko THMICHIAE T 2. 2 LC, EEBEME LBEOFEHWEEZZ oK, TSI
v xR FRICENT 2 ik D, MEOEREZHMT 5, F&, fimLaRic X ) Bi
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BoER b2 2 % BOSEICBI LT, 4% Gl T2 %o 7K p 5 ~ o i mf
Bz HET 5. RIS, <A 7 0ENO L —F —FH/khE g BOS % H Tl
ft-E@Bfbl, ~f7uyzy M EDOBERELZHSICT S,

KHRAZEE 2, 4 70BN TOL —V —FHEREERORFHOMHL, vf7uP =y
F DOFE L ERW OFE O LT, v /ey MEREEOBEHIET S
MRZS2HEDRD 5.

Stepl Step2 Step3

Fig. 1.5 Steps of our research: Stepl: Investigation of multiple structure of a laser-induced
underwater shock wave, Step2: Application of background-oriented schlieren tech-
nique to underwater shock wave, Step3: Experimental investigation of a laser-
induced underwater shock wave in a microtube.
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RN X o THEBRICH S 22129 %, 55 3 B TlE, Background-oriented schlieren(BOS) ¥
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#2)% 12 Background-oriented schlieren(BOS) i ZiH L, A4 70> = v b L HEPORIR
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7B, REONAED I, Tagawa Y, Yamamoto S, Hayasaka K, and Kameda M (2016),

On pressure impulse of a laser-induced underwater shock wave. J. Fluid Mech. Vol. 808: 5-18
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T/ BHOL =Y =% KPS L CHAE I L —F —FHEK R, (SR EERE
7 ERR A I IS TG S 10T & 72 (Kelley (1990); Razvi et al (1996); Lee and Doukas
(1999); Kodama et al (2000); Lam et al (2002); Sofer et al (2002); Hirano et al (2002); Sankin
et al (2005); Tominaga et al (2006); Klaseboer et al (2007)), L — 4 —aFicsK Hrflii 52 5% 13 &
BRI O 2 EB 2L U IS e TE S, REFID 1o, @EE~v A 70y 2y b
DFAETHY, ZOY v MIENEHEBRADIGHHIFES 11T 2 (Menezes et al (2009);
Thoroddsen et al (2009); Tagawa et al (2012, 2013); Marston and Thoroddsen (2015)).

ST, WRIEDO 2B EENIE ) I EE 2 EE & 72 %5 (Batchelor (1967); Cooker and
Peregrine (1995); Antkowiak et al (2007)). H 11514,

ERING., p lFRPTOET, t IFFBEIKEFITH %, Peters et al (2013) (F Tagawa et al
(2012) R L limdi~ 4 70y =y F OREZ BT L, [ENNER A 70y =y
FREDEBEEETH S Z L ERB L, 72, Hayasaka et al (2017) 1353 o 1 /1%
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W& D> & BIEZIIT AR L 72,

L — W — SR E Y, ZOMEEZ T T 20k RFEPHe N TE 2, EH
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LD 6415, Vogel et al (1996a); Noack and Vogel (1998); Brujan et al (2008) (36221
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(Vogel et al (1996a); Noack and Vogel (1998); Yamamoto et al (2014)). 7z, )T 11%
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7o 2 LW L7z, ¥72, Vogel et al (1996a); Noack and Vogel (1998); Sankin et al (2008)
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2.2 SRERBE

79 A2 DS, WEKOEREE, Z OB % FIFICHEE T 2 720, EEndiEi
LIEe Ik 2 EAFHZIT) . HARHITIE, " Fe7xr 2 hslEEREY
TAAAT 2B, EEFHINCH W 7SR OFENIE 2.2.1 ST 2. BT
%A4Fﬂ7jy’iofﬁﬁﬁﬂﬁé ¥ 72, ENAEUELTIE L BEEE Y T4 A X

& D RIEIIR & BB 2 A IR T 5, 77 A= ld & 6 I R B s T HE Al
m;@ﬁt TA A AT % o GEENICHEE T 5.

Fig. 2.1 ICARFEECH 7 FEEREE OB X 27§, #MKZ W72 L 72 KEN (450 mm
% 300 mm X 300 mm, 7KiE :19.9°C) 12 —¥— L 2 (Nd:YAG laser Nano S PIV, Litron
Lasers, ¢ 532 nm, 7SV AHE 6 ns) ZxPL v Il L CHEL, HERZ2REEIE
2, REBCTRL—F—Z 2L ¥—, WAL v XOMGEEEZ S LKk > THEROH
BEZLEES, L= =L 2ADTRNF —, HPL Y ADIF 2.6,6.9,12.3 mJ O 3 BifE
IKRET S, T3V F—3L )Y — X —% — (EnergyMax-USB/RS J-10MB-HE, Coherent
Inc., USA) 12 & ) EEEFAsGIG L& TIFIC 10 BIEHIIL, =2 V¥ —(lHz2iERT 5. AL v
A% 5 % (MPLNS5x magnification: 5 X, N.A.: 0.10, Olympus co., Japan), 10 % (MPLN10x
magnification: 10 X, N.A.: 0.25, Olympus co., Japan), 20 {5 (SLMPLN20x magnification: 20
X, N.A. 0.25, Olympus co., Japan) ® 3 fifiZ 2, WYL v ADOEREZEZ 5 LI
£oT, Fig. 22 IR T L)LY —DNDtt i 2ZEZ 5 2 LA TH S, 22T,
FRNIA ==L LTt —HF—Z 2L F—, WYL v A% Table 22 1% L 5, flEE
B OBEEEE T A A X 713N A PR 7 4 VOMESHERLPLTVEIIZ, ~Nf e
7AV2EREIELEICENSIE S, L—F—NHHE A X F7ICIEXN S & EICRLE
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%, BN LR, TIRAEREDI IR T TIRE TS0, 2HDH X 71 Fig. 2.1 12
AT KL —F—WH A 90 EREA I ¥ M EICHET 5. 22T, B
BLUO7 7 A2 RIG L —F =GRz R Thd 5 2 LR RELTWS, 7OLA
L—%—, 2HDBEHEECTAAXT, 2HDONL Fa7 1y, L—¥ KT 1 LA
Yz % L —% (BNC, Model575 Pulse/Delay Generator, USA) I X D) Al 1T\ 3,

Mirror

Laser

Objectivelens.' Hydrophone

Water filled
- pool \

Laser
stroboscope

Ultra high-speed .
video camera !

Delay .
IMACON Hydrophone generator

I 0o .

Ultra high-speed video camera

Fig. 2.1 Schematic of measurement system combined ultra high-speed imaging and pressure
sensor for investigation of structure of a laser-induced shock wave.

Table 2.1 Experimental condition for investigation of structure of a laser-induced shock wave.
Laser energy [mJ] 2.6,6.9,12.3

Magnification of objective lens || 5x, 10x, 20x
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5x 10X
Y

Fig. 2.2 Difference of focusing a laser pulse beam due to different magnification of objective
lens.

ZL

2

221 BREEERT - EHtUYICL3EGRIFE
ABAFHS AT HI20WT, FaRosHlSRobE, AR LTHL Qb s,

LA B8 7 4 102 & BB o EEEHI T
2. MR I X 253K, R O MR O HUS 7 ik
3. HEEHERIC X 2 77 X~ OIS T ik

HEEEHOEETANFE

L — Y —GE K PR OB RIS 2 AT 2 1 DO HEL LT, " Fr 74V
X 2 EREHE N OEEGHEIT . N P74 VIS X o TRl E 2 B o W2
ﬁE—ﬁﬁﬁeﬁﬁ%%Mié’kﬁiﬁﬁﬁa KO L 2=— LD NA P
7 4 Y ORIICIIEBRBRZEFBMA SN TS, EERFIE=— PG L CRES
Z A ﬁ?hf%@ EEP DG W OIRE 2 BIE & LTHANT 2, AERZIERZL -
RZAEICHDBMb S 2 ik YRz, AERRETERSNZVEHRTH 5,
Wik EERICB TR D 22, WS TR TR0 RSEECEEI LT Y, 1M
WHERR T Y v VISR TR D 270, HEBEDOFRENCHINZ S 32 LN TE
527:0TH%. NA a7 x>y OFEIHERIZ-10 MPa 2> 5 200 MPa, 325 LIFIREE X
50 ns, JeliDELIL 0.5 mm TH Y, KPEEROFHHIET 2. AFEEFTREE L Z, -
MPa 2> 5 5 MPa O HlHy 59 BB 2 E T 5.

Sankin et al (2008) DFHHIFE R D & 512, L —H —FF kK E 9 5E O JEERIE 72 15346 53
Bonz PO L0, 2H5DNA PR 7 4+ Fig. 2.4(a) ISR T &I ICRET 2. 285
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DA Fa7xvigznzin, L—y—WG75m (D 0 =0° i) & ZOJmicnf LTk
E72 51 (L @ = 90° J7iA) (2, BB dio 58 5 mm OMEICRET 2. Kjuhis
WKLo THRETIVA7uy ey PINA R 7 4+ v 2ET 2T 8@ERH 5720, L—
P — OV ZHEALED S 5 mm B L CERIET 5, ALEIREEICIE, @A X J (FASTCAM
SA-X, Photron co.) & Fig. 2.5 IZRTNA Fa 7 4+ VIO Mok 3tz — (xy
AT = +z AT =2 2 MAGbELbD) ZHVE, HECEEEI X FI2Xh R
Tl RIEOFEMEZRE T 5. KEOFTL 5 Smm DMZEICA—Y LV eEbYE, 7
A 7E=FIZT, A=YV IVOMBEIINA PO 74 vORED—HT 5 L) IHET 2, M
oL Fa7x vy ONBEZHERL TALE IS, EBICIZ 0 =0° AHETIZ 5.33 mm,
©® =90° /7l Tld 5.18 mm & 7 o 7z (Fig. 2.4(b)). Fig. 2.4(c) ISR T &I, "4 Fa7x
VKo TG N 2 DDWIEDEE ERDIKRIIE DT TN TS5, N Fe 7t
¥ DB D 2 % B DIEBHEE TR LZE 23, 101ns &2 D35 B ) REZI D7 92 ns
EIFIEBL 7%, o T, HEKDOVIL LB RLDEZNA Fa 7+ v OfENIDT
KINTwizdtEltEZOND,

NA R 74 viEA T rRa—7 (ViewGo Il DS-5554A, fhlat ik &tt) e s
TED, ECHBIL7.EEZHE T2, N Fr 74 VICERETZ L -9 =tz Y A—
&L, FHlIZBRT 2. A2 v R a— 713408 100Hz ~ 500 MHz, &Y > 7Y > 7402
GS/s, F ¥ #N#4ch, XEVE 1 Mpts ThH 5. sHHIEEZEGT 28X, /4 X2k
ET257%DIZ80MHz D — "2 7 4 V%25, FEERICEHI S 117 —# % Fig. 2.4(c)
WY, BonBEEEZENICEET 3, FE% plbar], 7u—7¢AFrunRa—7o0
BRDOEGE% CymlpFl, N FR 742D 70 —7DIEE%E Qo [pClbar], %56 1 7-EH
VIV] £ 9% &,

p= Csum
Qprobe

ERIND, Z2T2RKDONALFu74vD70—=7DFEEIZED S5 S 0.26 pClbar, 7
0 — 7 DERIL235pF, 237pF, Ay n2Aa—7FOFEIZ16pF TH5, o Dffi kX
(2.2) 1T & O BT 2 MG 9 5.

Fig. 2.3 ICARFEBRTH W74 Fa 7 4 ~ (Muller-Platte Needle Probe, Mueller Instru-
ments, Germany) % 787",

HEEDORREFiE
HEW I oRNEGE 22 Th D, EEHICHZ 2D TIRR\wid, ngibFikz
DTN 2 ML T 2 08235 2. 2 2C, AR TIIL —¥F —FREZEE L 0%
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Fig. 2.3 Muller-Platte Needle Probe

WEBIHT 272012, v Y77 7kz2Mw5, $7, AKPEEROERHFEEIZR 1,500
m/s P b &I 72 0, HIfEHY 2 AT IR 2 B9 2 7o o I3 8RR R 217 9 &4
Wb 5,

—RINEE AL T (v R 79 73, a2V —L Vi) 13, BEARICK -
THEL 2RO 2RI L <, BEAMR, FR3BEAROZZAEET 5, v v F
779 7S R FETH D, JRZ BRI L, BEAIC X > TEL 2
DZALZWIEIC L > TEY., o2 I OZLIZBINROFEARDOZE, THhbbE
JED 2 BERITICHS T2, > % B 7T 7RIk D lBINIC K - TEL 2 HEARDOZEAL
ZUPULT 2 2 LN TE S,

IRHET R DR RR L I AR O EHTH 559 1,500 m/s DA b & @B RBIRTH ) BLHH
HELwv, 22T, ¥ FU 277 7HKICE > TR S N2 BB O gL IZ Fig. 2.6 IZR37
HEEHE T4 A 2 (Kirana, Specialized Imaging co., UK, HXIEFEE 924 X 768 pixel,
ORI L 5 Mifps, BREERCEC 180 £0) & A X Z i[RIV RE 2 D 3K L F ek 5 MHz @
L —%—i (CAVILUX Smart, Cavitar Ltd., Fin., #¢IRf 20 ns, 3% 640 nm) % ¢
HRIICHEG 3 %, AL 5 Mfps TR L 7256, 0.2 us OB 2 ST 5 2
EDHRETH D, Y AT — L OKPEEE OB X TH B

HEEEE T4 A X 7, L— — R OMEFRE I Fig. 2.7 (a) IS8T 38R 7 — (A
A7 XA T =Y 2D, WA T —Y 1 DZfAGbLELLD, M xy AT —, 2
AT =Y RMAGOELLD) ZHVS, 7, BHEEAENEDS 5 mm OMEICEKE L 72
2 BDNA K a7 4 v OSERDEEEHiEIC A SR £ TR L TR Z2 1T 9 (Fig. 2.4(b)).
PR L THSE T % 72912 L~ R (Ai Micro-Nikkor 105mm /2.8S, &ttt =av) ¢ Ru—
A (PB-6 "B —A7¥vF X, A&th=av) 2#HliE0 % (Fig. 2.7 (b)), £7-, f#
W2 R E SR 275 532 nm DREZ SO L —F Lz PR IERT T 5 720,
KL VA7 4 T — (M520-56 2L V A7 4 VY —, ZRAIZATA T 4 v THEAEH)
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(b)

Laser pulse

Shock wave

.\ . .
Hydrophone Hfgrgrgbgr;e
(©=90°)
\ Hydrophone H}icgc):pgoo)ne
(©@=0°
92 ns
[—
R a
LN |
I | ;
I ‘-._. \. ;
i -'I | _”‘\r'v'i‘c.:?f,-_q.-h:.fli

6 8 10
Time, ps
Fig. 2.4 (a) Schematic and (b) the original arrangement of hydrophones. Two hydrophones
are deposed at cross section of a laser-indued shock wave. A hydrophone is arranged
in the direction of the laser pulse beam (® = 0°). The other hydrophone is at right
angles to the hydrophone (® = 90°). Measurements are made at a stand-off dis-
tance of about 5 mm from the laser pulse focused point. (c¢) Time history of voltage

measured by both hydrophones.

LRI £ 3,

75 XY DOEAUFEE
75 R 3K EEIE DL FICERELBERTH Y, 77 AR BA—5—

DEHRTH S, 22T, HEEBHHOBEESELEE T4 A X7 L) S o1 GlEEEE
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: d rophone

Kirana CAVILUX smart
Specialized Imaging Ltd. CAVITAR Ltd.

Fig. 2.6 Kirana (ultra high-speed video camera) and CAVILUX Smart (laser light source) for
observation of underwater shock waves and bubbles.

74 /1 A 7 (IMACON 200, 4% 1200 X 980 pixel, AR AL 200 Mfps, #iti
B8 M, W1 BRI E) 2\ 5 (Fig. 2.8). 77 ARIEAFNT 270,
TR IF AT e, e RIGEHEE TH 5 200 Mfps T L 72856, Sns 1D 7°7 X~ iRy
THIEWTES, 120, 8MDHI b 6 KHPHIEDZOF SR \WI LICHERT 5.
IMACON 200 ® FEICED (11 547z 3 i 2 77— +Alid 2 7 — 2 % v s %

o

19, 79 ADBIRPIRORKEL 2L v X565, 20X — 123 ml] oI, 7
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@) | (6)

" Filterlens

> = =) = E]
g5l

Lens Bellows

Fig. 2.7 (a) Three-axis stage for installing an ultra high-speed video camera in an accurate
position. (b) Combined the lens and a bellows for expansion photographing. The
optical filter lens as shown at upper left blocks light with wavelength of 532 nm.

7 A PMRSEHIHNICNE 2 X 9IAR L T T 2. IERL TR T 54012 v X (Al
Nikkor 105mm F1.8S, %KX &th=a ), 85V v 7 (F— MEFY v 7 PK-11,12,13) 5
fil, Ru—X%flAtb 5 (Fig. 2.9). @HEEBHIHO A X 7 FRIOGEL VX7 4 V8 —
Ly RICH) AT S, BUS L2 EBIEER PCICHUD A E NS, Bz D fiEid 5
PCDOY 7 FINTHRET 5.

IMACON 200

Fig. 2.8 IMACON 200 (ultra high-speed video camera) for observation of plasmas.
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Fig. 2.9 Combined the lens, several closeup rings and a bellows for expansion photographing.

2.2.2 MHEARHBICKLZIHBAE

HEFHINZ X - TR NEBHEIEITE S, [iaoiR, 77 Xv oz kL, 2o
RSO WTEHIET 2, 1ZUDICRIE, 77 RA~DWED B BEEID XS %77 7%
BT %, RICZENFNR G 2 A0CH 2720, ERLZTH. ERIEEE0, S
1 &7 % k)BT 2. RIEMELERE 2, T —F x, T—FYDFHY, 7T—FD
R E e LT 5L,

x,'—)_C

.................................................................... (2.3)

i =
a

LERING,

W3 2 kS EfEE 2 0 =0° HATh s, 0 =0 HADOHRKET, i
T DOKIEIAR, BRI D 7°F X O % i § %, Fig. 2.10 ICHiR$ 2 3 2D
F=7D1H L v X 5x, L—F—T2)L¥—69ml]) #/7~7T. Fig. 2.10(a) IZL —
P HAICHRE L 72N, Fa 71 v ic ko TSI N HBFIENTH 2. WFIC
E— I PEBH D Lo, LEBENRBINS, Fig 2.10(b) L —3 =425 0.4
us BOKILIRTH 2. 0.4 pus \FBEHERYIC X > CEENICH 6 N2EBRIZE VT,
RN IR S N2 R TH 5. Fig. 2.10(c) 1377 A~ DMEDE I BIROEL ko
BRI B T2 79RO TH 2, 77 A9RBL—F—ZR2LXF—DREIITLoTH
BT 294 VTSI A=Y —TEL LD, FEMBICETREER2hREZ YA 2
VIOIKIND B I EIFTE Lo, TIRARIE, —HICRELRERT I AL E
TERAHEADH 2. 72T, KETIE T 7 AR —FICRELLRE, Thbb 77 X<
DHEDR X DK & 75 B R % IR E T 5.

7 38 HE 3 2 (SRR IR IS T 2 72018, KB COMEIEOEIERECH % 1,500 m/s
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ZREL, Mz5E, 77 X< L FERICHERICT 3.,

LIEIRIZ Fig. 2.10(b) ZEDMHIERIRT & 912, BUE L iz Ko “fifkikic & b —
{3 5. XICHREEfE 2 MR S mIciR T2 2 Lick D, 79 7% 5 (Fig. 2.10(b) £i
77 7). ZDT7 7 OMEEMDEIZXIEOHER T DR S ISl 3 2EHTH 5.

77 R 3R & FWERICHER OB S 77 7 #ERT 2. KIEOBA L B i), Fig.
2.10(c) ZEMoMEITR T X 9 I flifbizfTb v, Zo8B L LTE, 77 AR
F—B3FHNRICERT 220 TH 5, MROBEHEMZ BEM T ICEEL, 77 X~k
D 77 7 %43 % (Fig. 2.10(c) £l 77 7).

EEWTE ), IR, 77 X~ oiEfi% = (2.3) 1< & DT 5. BEE(L L 72450
OMHEI%E & D, HBIRBUC X D ERM, K8, 77 A~ oBREHE T 2. MHEIRER 1% 2
ODDT—F% xi,yi, TNENDV%2X, y, n2T— DL T 5L,

N -D0i-Y)
VEL i = D2 YEL, 00 - 37

TRE DB, KEL, BT TRT B HBERYE, A, TR TREL LY, &b
T B n BREOEERICHEDE S, ZOFHE LTHIPARZ V3.

Integrated Integrated
1.5 luminance value luminance value
——

b
o

' w&ﬁﬁ\

R e W

Pressure, MPa
o
(%]

o
[=}

o

-0.5 ' '
2.5 30 _ .35 4.0 4.5 0.3 mm
Time, ps
(a) Shock pressure (b) Bubble (t = 0.4 ps) (c) Plasma (t = 10 ns)

Fig. 2.10 (a)Shock pressure measured by a hydrophone deposed at the direction toward a laser
pulse beam. (b)Left image is binarized image of bubbles at t = 0.4 us. Right graph
is integrated luminance value in the horizontal direction of image using left image
of bubble. (c) Left image is plasma shape at t = 10 ns. Right graph is integrated
luminance value in the horizontal direction of image using left image of plasma.
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23 BEEERRE - EHhtrHick32EAHIER
231 N RFA7AVICEDIEEREEHDEHAGER

il & LT Fig. 2.4(c) X (2.2) Z HWTHEINICEH L 24ER 2R T, 0s 225 25 DRIC

JAXPFAELTEH, TEL —Y—NHENRFDObDTHE, ZD/ A A2 Y A—L
LT2EBDONA Fa7+rOillzpla L7z, GHllI I 2 DO D H 123D R
OTECPR SN S, 221 HTHMHL 2 &) IEHBKDON S 23D R D213 A
Fa 74 YOMEPOTLICTN TV IoE L EEZOoNS,

BHRMIZB T 204 Fa 7+ v OREGHIR R Z Fig. 212 1R, 72720, HEEORK
FEDRRPLT VLI, 25us D6 45us TTORREET S, m%@ﬁ%vyf%@wf
O =0 L ©@=90° HHTRHENEENPRES RS, 22T HREEIOE—-7D
B, ©—2JFEIME, EOOBICEHL TRERE L0 2,

U DICEHBEROFENE—7 DEICERHT 5. 20 5oL v A2 HoTL —F—% 4
HLZERETIE, =0 HADENE =27 D%IE 0 =90° FiaLFtkc 1 >Ths. Larl,
515, 10 5oL v A2 HwiEa, 0=90° FHTIE 1 2OE—=27ThiICbHbS
T, 0=90° DY —7 OBIFEEEHIZ N7z, 10 5oL v ATk ——x 2L
¥—2326mJ,69m] TIZ O =0 HANIZ2DODE—7HHERTE S, 12.3 m)] TIFHEZRL
DoVH, HROE—IPHEL->TW L LIICHRAS. 5EONYL XTI, KTHOIR
VWX —TEHBOE - PR TES, £k, TFLX—2ET3IIoNT, ¥—=70DHK
W25, BEREEDE— 27 0BIEHV YL v X, L= -3V X1tk D &L,
WYLy ADEFREZNSL TS, FLEL—VP—IZxVF—%2E T2 LICkDE—Y
DEIIPEZ 5 L W) FERME S T,

232 EAH, EANDTELSFASNZIEREREE

RICE—=27HEICHERT %, Fig. 213 ICEEMICET 2 0 =0° Jii, © =90° FIDHE
NE—=2fi%RT, ©—7fHE 3 BIOFHIFEROFIGHETH D, 7T 7 ISR % [FR
IR, 72720, GHIEROAREAICLD 10 fFoxPL v X, 12.3 mJ DEHIKTR O 24 2 [4]
@ﬁﬁ%%@?%@%i@%ﬁﬁ%@%%.é?@%ﬁﬁ@—mﬁm’m&f®—mvﬁ
MO —7EHBE, 7, V=9 —BREHAICN L TRERMICE T % %% 500E (0
:ﬂm,®:ﬂm)?u,%LwEﬁB—ﬁﬁﬁ%%mkmgﬁiﬁ Z 15 1% Sankin et al
(2008) DI R & FRRDOKI R TH 5. K&z L TAHAZ L, GG E—7
EDOAIIRESCELR S, 2050 v A2 TL—Y =28 L EETIE, 0=0°
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Fig. 2.11 Time history of shock pressure at ® = 0° and ® = 90° measured by each hydrophone.

JE ©=90° HID Y — 7 I HENEWEZ RT3, 5,10 50 L v ATk, 0=
0° A E ©@=90° HHDE—V7HDAIIEHETHS, L—HV—Z32NF—2FHTHICD
nC, FHAIAICE A E— 7 HDOEIZRELS KRS, 22T, &TDO=90° /i & 20 f5D
O=0° HHIIBWTE, ZFLF—2EHTHICO0NTE—7MHIZEL %55, 5,10 5D
O=0° T, ZTRLVF—HPRAREZDICHELLT, E—7fHIIRRZ LS RV,
COREHOICT B0, FEIIEZE RO L 72,

FEX1 0% P, EEREI% p, Rl L T2 L,

t=4.5us
P= f pdt .............................................................. (25)

t=2.5us

tEIxhz, 220, MOKMIXFig 2.12 TRL7Z 25us 25 45us £ L7, Fig. 2.14
WSS, BB EELEREZRT, 2L, 77 7R TH IO 3 o
AR R OEHETH Y, EEFEAEZFARICORT, 10 oL v X, L—¥—2 %)L
¥— 123 m] OFRZRVT, 2 TOMBTENIED O =0° AL 0 =90° HiHTIEIZ
HUfEx &>, Tbb, =0 AL ©=90° FlATIX, "M Fa7 4 IcFHEL K
JENDOMMADEL W E2ERT 5, FEAREROBEEIIZIEIZER TH % (cf. Vogel et al
(1996a)) 73, FFEEWFEAEIED S T -5 (S VA —%—) TiE, —hH, WPNLE
REDLENTELLIIKAZ S, WRERAFECIIIRIERBRTH ) ¥, HE
WFE BV & & 2 BEH NS CIEEN A BRAEOEER E L TRA2HRICTOVT,
2.6 i CEAMICERGR T 5. EHNE— 27 OBPHEIZRLE 203, B2 x V¥ —RIFEFEL W
ED 5, 5 1050V v X HWZGEICIE Fig. 215 108 & ) REBOWHZ D
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Fig. 2.12 Shock pressure waveforms measured by two hydrophones installed at ® = 0° and ®
= 90° in each condition. A red line shows shock pressure measured at ® = 0°. Time
history of shock pressure ranges from 2.5 us to 4.5 us. A blue line shows shock
pressure measured at ® = 90°. We use three different objective lenses; 5x, 10x, 20x
and set three levels of laser energy; 2.6 mJ, 6.9 mJ, 12.3 mJ.

SEMBERTEING, 0 =0 S TREROBEEITE A Fa 71 02 Xk )il &
N, ©=90° fFIATIFEROE LN 1 DIcELRD, Nkt ELIoNS,

233 EEEERTICSLIFRROARLERESIURERR

RIZ, N Ra 7+ VI3RS Yy RO 79 72 OB EEEREICED
- SRR O MRS R OB &2 TR T 5. 72, B FRICEE I 50
HHL, fEEEEDERICOWTHEET S,

BaME L v X 5x, 10, 20x, L—Y—ZF)LF¥F—:2.6mJ,6.9ml, 123 ml) THAE
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7.0

[\l Pressure peak at © = 90°

il Pressure peak at © = 0°

6.0

5.0

4.0

3.0 | I
20 ] ! 1 s i .

1.0 I 1 1

Peak Pressure, MPa

0.0

5%, 2.6m) 5x,6.9ml 5x,12.3ml 10x, 2.6 mJ 10x, 6.9 mJ 10x, 12.3 mJ 20x, 2.6 mJ 20x, 6.9 mJ 20x, 12.3 mJ

Fig. 2.13 Peak pressure of a laser-induced underwater shock wave measured at ® = 0° and
® = 90° in each condition. Each pressure peak was obtained by averaging three
measurements, error bars show standard deviation from three measurements.

L= —FRANEE R > v B 27 73k L EBEREIC X o RGNS
LU #8558 % Fig. 2.16 225 218 1T/ §, BEHIE L — ¥ — IRHER 10500 & FIRFIC T84
T5 (t=04us). KhzKE2RoFFERHEL, " P74+ ICEHET S (¢ =3.6us).
20 DXL v R & o THAE S HEW (Fig. 2.18) 13 ©=0,90° FAZNZFN 1 DD
W ZET 2. —H, 5%, 10fE0oRYL v XTiE, 0=0° A TIIEROEHEIE
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Fig. 2.14 Peak impulse of a laser-induced shock wave measured at ® = 0° and ® = 90° in
each condition. Integration range is from 2.5 us to 4.5 us. Each impulse pressure
was obtained by averaging three measurements, error bars show standard deviation
from three measurements.

2T, L —HRHEZOKIEERICEH T 5. 20 oYL v A2 HeTL —¥—
BEELGA, B-0KEMNHAET 2 (Fig. 2.18) 25, 5 5Tl O KIEns I #z -
THAT % (Fig. 2.16). 10 f5Ti3 1 DDOREICEWERIEEL Tw 3 X 9 I2HL A %728 (Fig.
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Fig. 2.15 Shock structure predicted from measurement results by hydrophones.
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Fig. 2.16 The spatiotemporal evolution of the laser-induced shock wave visualized by shad-
owgraphy after the laser pulse beam being fired. The shock wave generated by
focusing (a)2.6 mJ, (b)6.9 mJ or (c) 12.3 mJ of a laser pulse through 5x objective
lens. The images also show the growth of the laser-induced bubble.
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Fig. 2.17 The spatiotemporal evolution of the laser-induced shock wave visualized by shad-
owgraphy after the laser pulse beam being fired. The shock wave generated by
focusing (a)2.6 mJ, (b)6.9 mJ or (c) 12.3 mJ of a laser pulse through 10x objective
lens. The images also show the growth of the laser-induced bubble.
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Fig. 2.18 The spatiotemporal evolution of the laser-induced shock wave visualized by shad-
owgraphy after the laser pulse beam being fired. The shock wave generated by
focusing (a)2.6 mJ, (b)6.9 mJ or (c) 12.3 mJ of a laser pulse through 20x objective
lens. The images also show the growth of the laser-induced bubble.
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Fig. 2.19 Consistency between (a)hydrophone measurements at ® = 0°, (b)visualized shock
fronts by shadowgraphy and (c) generated bubbles right after laser plus beam being
fired in the condition of 5x objective lens and 6.9 mJ of laser energy.

Multiple bubble

Fig. 2.20 Shock structure predicted from measurement results by hydrophones and an ultra
high-speed imaging. We consider generated multiple bubbles compared to Fig. 2.15.
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Fig. 2.21 75 Fig. 2.23 12 %5 L >~ R: 5x, 10x, 20x, L =¥ —Z 2L ¥ —: 2.6 m],
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T —F—TRE LD, ERMFICEOTURBE2EEZ YA IV 7 INDE T E
ECTELDol, 22T, 77 ACOMOREINRAL 7% 2R (Fig. 2.21 75 Fig. 2.23
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ox objective lens

) Laser energy: 2.6 mJ

b) Laser energy: 6.9 mJ

(c) Laser energy: 12.3 mJ

Fig. 2.21 Temporal evolution of laser-induced plasmas obtained from ultra high-speed imag-
ing every 5 ns. The plasmas generated by focusing (a)2.6 mJ, (b)6.9 mJ or (c) 12.3
mJ of a laser pulse through 5x objective lens. 6th image is not obtained due to failure
of an ultra high-speed video camera.
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(c) Laser energy: 12.3 mJ
ing every 5 ns. The plasmas generated by focusing (a)2.6 mJ, (b)6.9 mJ or (c) 12.3

10x objective lens
) Laser energy: 2.6 mJ
b) Laser energy: 6.9 mJ
Fig. 2.22 Temporal evolution of laser-induced plasmas obtained from ultra high-speed imag-
mJ of a laser pulse through 10x objective lens. 6th image is not obtained due to
failure of an ultra high-speed video camera.
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20x objective lens

) Laser energy: 2.6 mJ
b) Laser energy: 6.9 mJ
(c) Laser energy: 12.3 mJ

Fig. 2.23 Temporal evolution of laser-induced plasmas obtained from ultra high-speed imag-
ing every 5 ns. The plasmas generated by focusing (a)2.6 mJ, (b)6.9 mJ or (c) 12.3
mJ of a laser pulse through 20x objective lens. 6th image is not obtained due to
failure of an ultra high-speed video camera.
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Laser energy
26 mJ 6.9 mJ 123 ml

Magnification of objective lens

0.3 mm

Fig. 2.24 Plasma of each condition for comparison of the each shock wave.
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DHEENTRELTED, 10506 L v AT, 77 XA-BIEEREL TCws LEbR
ZDEWN, 77 A<BOEHIEC 1 2ORW T I Xe HELTRATLE)., oD
fEAE 2.3.3 TR L2 RIEROMEN & —BT 2. Dol &hs, 77 X<#RAL
T ZNENOMEITCRIENFHEEL, ZORIWEPRAIEKRT 5 2 LIk o> CTHEBEEIFE L
E#EzZohns, 22T, Fig. 219 R L7plic, 772 A~-DfR ez, 777 A0
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Fig. 2.25 Consistency between (a)hydrophone measurements at ® = 0°, (b)visualized shock
fronts, (c) bubbles and (d) plasmas in the condition of 5x objective lens and 6.9 mJ
of laser energy. .
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Multiple plasma

Fig. 2.26 Shock structure predicted from measurement results by hydrophones and ultra high-
speed imaging. We consider generated multiple plasmas compared to Fig. 2.20.
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Fig. 2.27 Converted waveforms of shock pressure, bubble shape and luminosity value of
plasma in condition of 5x objective lens. Energy of a laser pulse is (a) 2.6 mlJ,
(b) 6.9 mJ, or (c) 12.3 mJ. Correlation coeflicient between them is shown at right
side.
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Fig. 2.28 Converted waveforms of shock pressure, bubble shape and luminosity value of
plasma in condition of 10x objective lens. Energy of a laser pulse is (a) 2.6 mlJ,

(b) 6.9 mJ, or (c) 12.3 mJ. Correlation coeflicient between them is shown at right
side.
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Fig. 2.29 Converted waveforms of shock pressure, bubble shape and luminosity value of
plasma in condition of 20x objective lens. Energy of a laser pulse is (a) 2.6 mlJ,
(b) 6.9 mJ, or (c) 12.3 mJ. Correlation coeflicient between them is shown at right
side.
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25 WHYLUX, L= —IRIF—IcL2EREEE

HEW DL EMBEDOERNTH % 77 A~ DIV Cikam§ 5. Fig. 2.30(0) IR 7 &
I, TRTCDEMHETT 7 RADFENEL TH I LDMERTE S, F7z, Fig. 2.300i) 1% 5 £,
1 0% 20f5Z2NFNORYL v R8T D, L= —Z 2L X—%,87 A =% LK
DL —F =W GED 75 R BRET 2HBOREI2ET. NYL v AR L ST,
L= —Z 32V F—=2E % b L, 77X RETIHTIELS RS, £, WYLV X
DIERDINIWIZE, 77X RET IR %%, iU, L—¥—E—20DMi
AEEICEVNT, L= —Z XA F—PRES LD EZOHEENTT 7 A4 L, 77
AYDRIVELA LD EEERT S, AERE, BET2AHELL V-2 LX)
79 X DRI KIFET B Vogel et al (1996a) D EEHFER & HRETH 5.
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Fig. 2.30 (i) Plasma formation under all experimental conditions (Magnification of objective
lens: 5%, 10x, 20x. Laser energy: 2.6, 6.9, and 12.3 mJ). The plasma shape is the
most elongated with an input energy of 12.3 mJ and the 5x objective lens, whereas
it is rather spherical with an input energy of 2.6 mJ and the 20x objective lens. (ii)
Length of plasma as a function of the laser energy. The circle plot and error bar
show respectively the mean and the standard deviation in 5 trials. Red, blue and
green color bar represent the microscope objective of 5%, 10x and 20X, respec-
tively.(Tagawa et al (2016) FIGURE 7)
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BW7 7 X< miROEED 77 A3 LT 2 L3 EHTH L, HED T 7 A<D
TERUE BRI LW OAMY), L —F—Z 3 VX =12k BbDTH S EEZ S N7 (Vogel
etal (1996a,b)). 77 XA~ DIEKIE, LHTHItIC X 2 BHADERE 2 A A vk & Bk
B X 2FHNGA A LD 20D A AR A0S 2. AWEIC BT 2 6z (75
R DR) DAH=ALIE, 77 ReBFAET BMEPRL D 2 L0, Rlins2umE
ENBHILRE->TELZEFRN A A VUEEEZONS, LEL, Aiicks 77
R DRI, FERIELRINE S S OBRICHRI D H 5. b L, RO % WiiKD
BEICT 7 AR EL DS LD THIUE, FIIEIEEIE (777 X2 DIE) DK
ThHHIEEEKRT S, 22T, Fig 231 FFAUEHT (AL v X, MU L—¥—
I3NF =) BT RIECHEROMRE R T, 77 X2 DOIE L IR %’
BBHZEDMERTED, 77 AWED A S = R LTI & B BUEDIE R 72 A
F oAb chiuR, RUELZEB IR L —F—Z 2L X —12B VT, 2R 77 A=
TERPBEINLIETTH 5.

Fig. 2.31 Snapshots of laser-induced bubbles and shock waves with 5x, 10X, 6.9 mJ, t = 50 ns.
These results are obtained under the same condition.(Tagawa et al (2016) FIGURE
8)
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Fig. 2.32 Number of bubbles of as a function of the laser energy. Each color bar represents a
result of one pulsed laser. Red, blue and green color bar represent the microscope
objective of 5%, 10x and 20X, respectively (Tagawa et al (2016) FIGURE 9)
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Fig. 2.33 The histogram of the distances between bubble centers. Vertical axis is number of
times that a certain distance emerges for all experiments. (a), (b) and (c) show the
histogram of the microscope objective of 5x, 10x and 20X, respectively. The color
of bar represents the energy of a pulsed laser. The blue, green and red bar mean 2.6,
6.9 and 12.3 mJ.(Tagawa et al (2016) FIGURE 10)

LFEINB (Vogel et al (1996a)). T 2T, po \FEEEWIC X o TIHEAME S N2 RTD KD HJE,
co IFAKFTOHERH, ¢ =5,190m/s, ¢, =25305m/s, po (FEKETH S, FEREL D
L —H =S U CRE T OMER O 1%, Fig. 2.34(c) DEBHTH 5. At
ZEDFEFTIE, Vogel et al (1996a); Noack and Vogel (1998) 23R L 72 7" 7 X< DI { D
W DOHEIME LML L \WEE 72572, Vogel etal (1996a) 25/ L7z, L 2L ¥ —DHEEIHEK
BERE DI E— 7 I 2 2 Eh o, FMENOEENO 2L X -0k, K
JENOEER LD REZEPRINS, LeL, ERRTEHOED L, KT OEE
X D EENOEERE D F DTS, AREER & F USRS Schoeffmann et al (1988);
Vogel et al (1996a) 1T & - T#5E I 41T\ %, Schoeffmann et al (1988); Vogel et al (1996a)
, BN AEWIIACIE, BN OWPIBIRI 2L L3 2 IR T4 <, PO

Eijiaiﬁ, FEAMIEL {fBo e\ EHEZE L 72, BAx OREIEE 7TV TlE, EERIEEmEIT
BBOEERPEREGDI 2 LICLD, WEROPIVIRDI B E 1235 HEIZIRT
%<, fliE ﬁﬁ@wﬂ(:_f‘? FEADIELKfRo v ERlOARENEZ /R T 2 LR TE 5,

BRI FAEPRMEICB W, BRI 2L — oIk E CIEIEHRSR TH 2 2 L3
BfIhTn3 (Vogel et al (1996a)). MEEEP AT TIIIFRIELRBIRTH D 2236
B FE AT 6 b 2 REHEN I CIIMEN L ERAbEEHR L L T2 2 ERIC
W, BT E 2, ZonBEZERT 5.

Schoeffmann et al (1988) IZFISEFIRD 7°F X< 6, FAEFWA OB 1Z L — 5 —H
FI ISR LT 90° A1 (@ =90°) DEEIKI R b EH D36 RGNS 5 2 & 23R
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L. So%é, HREMPOMER O 2L X —0iohlx, 0° Frickkx<, HBEGHO
JEJID3E 90° HRIDFHPREWEEZ 6415 (cf. Vogel et al (1996a)). DL EDZ L2 5,
TE B AR BV B NG 0 Bk, JEEVR S @R T 5 2 & T2 DR
DMER S 4, FAEED O BN 7SR CHE IR D SE DS D Lo 7o WREER B 2 6 B,
78, Vogeletal (1996a) 12X % &, ALZLL—Y—Z2)LX =210 m] DA, JEHIE
FEIR 12 I O BB IEEEDS 200 um FLE £ TOMBE R T (REBRICBUI 5L —¥—1 %
VX —I3iRK 123 m)), BRI O 2 L2, A DPREL ABIPNAERAEDbEE T IV,
L= —Z 2V X =L —F—DENS LRI A =5 L LT X TOEBRBR L RS
BT ot LEaddoT, AR CIRE L &SRR ET 7V, SUEHESICE ) 5
BW ORI NS EZERANICHHTE 2KE L LTREL 2. KTFILE, SIEHEER
CBIRENNEZIEH LA 70Y 2y bREAEA D =X L OBRICEETD,

140 (!)

L i

e 4500 s 10 —— —
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" -1.2
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Fig. 2.34 (i) The distance between plasma and a shock front vs. the elapsed time. (ii) The
velocity of the shock wave vs. the elapsed time. (iii) The pressure of the shock wave
vs. the distance between plasma and a shock front. The inserted numbers indicate
the local slope of the corresponding curve. (Tagawa et al (2016) FIGURE 10)

2.7 L—Y-FEGBRROEERBE

BT 24 Fa 7 5 S TERIL, BEJH, 508, 77 A~otkTz 2 GOl
HMEREIC L > T2 L7z, ZO/HE, 5%, 10500 L v X2 HvBgic, ~A4F
07 ko THBOBREE I E— 7 2355l S i, 7, BEsERYIC K >THE
BRI, [iE, 77 AEENPBEINL, 20 5oL v TR, 1 D OERIEIT
he—7, WK, 50d, 77 AvESMERAI N, WEKRENOE— 7 O8IL, MR
M, 5JE, 77 A~HoL K L7, ERNLEFHGEZ T 2 7% D ICHEEIT S, KUK,
77 A~ DM ZNZNE2PBICEULEEZ L o7 L 25, RFMFITEVT, |mv
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HEBIRICH o 7. #-> T, 565, 10 50N v R &V 8a, MBI % Hi
WEFD, ZOLEMEOWIIIELFAET IR, 77 A TH D I EWRBI NI,
Thbt, L—F—WHNER, #EO 77 XN AEL, 75 X< iEnsged L iz
NENZEPHEET 2. ZOEBOKIED BHEKIC & > THEOBRIEH BRI NS &
EZo6N5, 206528V TE, 12077 A<l s H—0&REs®wA L, 1 >OE%mH
ZHLOMEREEZOND. 565, 1065, 20 5oL v R X 2 G OE %
£ DX % Fig. 23513, oL v Xtk ->T, L—¥—DENDtiHn%R
%5, L= —DENDHESTDBOBHET Z 77 ARORMICHELZEZ T EEZ
5N5, SEDOMYL v AT, L—¥ -8R ETReLICELL, 77 XFEL D
BDHEEIIAS %, —H, 10 {5 T, SR TELDMETIZATHY 77 Xv ¥tk
L9 2L, 20 f5 IS o IciisE kv, FHEL I 2HENIRL L0, 7IX<
MIOMEE, BIORET L7 IAHOBDBELRLIDEEZOND, ZNEL—Y—T %
WX =% RELLLLE, ERINPT O (Fig. 2.24). LT 25 77 X~ DEECH T %
5 EDOHBEMEGIEVCERE SN EEZISND,

“Bx

Muitiple
Bubbles &
Plasmas
Multiple shock fronts ¢ £

'

Fig. 2.35 Variation of structure of a laser-induced shock wave due to different magnification
of objective lens. With 5x and 10x objective lens, shock waves which have multiple
shock structure is generated. The shock waves with 5x objective lens are observed
as overlapped since distance between generated plasmas is small. (c)With 20x ob-
jective lens, the shock wave which has single shock front is generated.

Z 2T, EERENEICED 2 ETIME RN E A7) AT, IREL L EBEEMGEE T 2
iy 5,

Sankin et al (2008) 1, L —4 —HRURN/TIANCRE R HICE T, L —3 — RGNS %
EEEW DI A2 MR L, L —V BT ROMEICE T, BRI 01 2 il L
7o, ZOIERNTRZIEI AR, BIESINMER LT 7 ARV ERZ EEHEL T3
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73, FE 70 iAR 1 7 TV 2eVe, Vogel et al (1996a); Noack and Vogel (1998) 1%, Docchio
et al (1988) IC & % moving-breakdown € 7V % F\>C, L —¥ =& /iR D 90° Jiafl]n
B 77 ARDIFNX —EENEL, ZOIRIF —EEIE WD & FET 2 M
EPROECENZE T2 EHEL VS, 2L, ERNICHERL-bIF TR, $7
IARIREE N E =270 R %2 € T L L Twiz\, 78, Docchio et al (1988) T
/N & 4172 moving-breakdown € TV L 1L, 77 R WFHEAET L T 2L X —DEN & HHE
I, BfEE 2 7D S RIS 7 7 AR ET A 2R LEETAVTH S, 272
L, 77 A< LEREIEN ORI OV TERIZ S TR R,

77 R E & E R B TR RS 2 T T UL L 22 WER IS £ TR C, A
TRELLETADHOTCTH S, SfIFRBENE -7 HORGHICEALTEY, &
RD XN NRIER LEdliz e v, Zcldwf 70l zy POFEAN=X
LT 270, EOHBICEH L TET MUY 280803 H 57, 22T, ELLET
N % 7 D ISEfTIgE D 5 AR 7OV 2 MR %, Sankin et al (2008) I3EEFEET 5
TIRAB LI OEREEEZBELTED, IERNFAREREETE ) E— 7 lPHERIN T 5,
NG DFRERIGTA DR EFRERL MU TH 5, 2L, ENNIEOFEEEHEREI T
WRWAS, YR VOMIBEBIC B T 2 EFRILTH L T L s, Tk IEE L 70
I B 2 EEEPEHGE € 7L CTHBITE 5, Vogel et al (1996a); Noack and Vogel (1998)
DR L - @I A D IEBRIE 7 775 X< IR B X OERILITE O RS AT FILT
EEHHT 2 Z L TEiw, 26 ficm Lk )i, ERIEFEETIICE T 2 B8 TES
DEGYR, FEPTC OIEHED S ERHEL Tw 2 ETRIS N, b 5B
SHENZAIE T, ENIBEOEFEBR Y o7z eEZ 6N, iz, BB WT
1E, FEEWOE < DIERIEEDSHIR & 0, FEWRMIINC B W THARERFHGIRD X 9 I EH B
DEESTHEDIR O Lo T BEED S 5. 58, EFEHNZLR &2 I o I0ED 2 033D 5,

28 F&H

L — P HE KR E RO NEEZHET 22010, BERERE LEHR 2
TEATHIR 2R L 72, RO FINE 0 B (L —y—WgHm) &9 0EHMICZ
NZEhNA Fa 71 v ZHCTEHIL, 79 X< DR & EEE D FA I 2 OOl s
AR RAOCTHRICHRY L, ROEBEHEAI L E LT, WREOHE IO DHIZIA
FERGEAE N oBRFR (M) Th Y, —K, HAE— 7GRN (51 THh s
LERRL, 2Ol s, LY —FRAPEHEREEOLSEBEE T LVEREL L., Ih
&, L= —FEK R REIEROF AR (BHARy b S IR FHNT Y 7)
Do L RIVEEROEE N TH L I L2EKT 2, LEMEIIL -V —DFIcL>T
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HET 277 A2DIGIRIKGET 2 2 EBHL D E o7,

FEEPE D O WL L — I — K P B O HE ) IR OSSRk 4 s I & o
THEHELMAL 22, L2, BB EO S IZESHEH R ORGHI BT 25
WHHEEICEBRL 9 5. £7, WL v ADOEERPL —F -0z 2 V¥ —%2fllld 2 L
T, BESHE I AEEZ, WRETEHORGEEZa v bu—L L, B R
WHTE ZAREED D 5,
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Background-orineted
schlieren(BOS) ;&M FE

Background-oriented schlieren(BOS) 5% L — ¥ — i /K Fp i B2 % 1 5L c & CHE i L
TEFHERTH 5. AT TIE, BOSEDFEH, @RI TEZIBR7H &, BOS LD /K fliE
W~ TTRENE % AT 5 72 14T 5 7 9288 & OMRHT T % 3019 2. BOS HEAvKiH
MEPIEMA T E 20 HGEEY 5 720, AEULICBIL Tid, FZEATHEBLZ> Yy Y77
TIEDRER EHM L 72, ZORER, > v P77 I 73k E B8 L 2 AIBUERS R DS S 1,
KPETEEPE D BOS DI X 2 AHUIZIEII L 72, £7, @RLICBIL T, ~A Fa7x
VAT & B EERE S OFHIIR R & B L 72, BOS 1 X > THUR T E 2 2RI IFRA D
H Y, RIEETH O ZRHMRE X, BERIAOIESS 60 pm, EHRCHS 17 GPa/m T
DEEPIEHAIRETH > 7. £, ERMRE, EHEBRDO Py FOREE, PIV O
BORESICL > THEDNYLEI NS T EMBHS2ITARD, WY %5 T BOS H2#M
NES HICHRVENARICE W THEH A TH 5 2 ERRI N, Bk, KREOHNED
—#B1%, Yamamoto S, Tagawa Y, and Kameda M (2015) Application of background-oriented
schlieren (BOS) technique to a laser-induced underwater shock wave. Experiments in Fluids
56(5):93 & L CTH#RL 7.
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3% KpfE ] ~ D Background-orineted schlieren(BOS) % H

3.1 BER

L — —GFEK P i B & CBHEIA SRS TR D (Bell and Landt (1967); Vogel
et al (1996a); Noack and Vogel (1998); Sankin et al (2008); Lauterborn and Vogel (2013)),
Kk % 70 £ 4015 B 128 ] & 41 C & 7 (Hirano et al (2002); Tominaga et al (2006); Sankin et al
(2005, 2008)). Tagawa et al (2012) (&, L — —afd/Kh &2 MM L, £RBROBE
HWeA vy zy baRBESE, WENEHZROBH AIAEN: 2R L 7 (Tagawa et al (2013)).
o, BEHeA 702y PREDY T 2L — a3 VEEHR (Turangan (2013)) 2206 b, <
A7 0 ENOBEEWRRY = v FREDRTH S 2 EWRRINTWV 5,

L — —EE KB g AL, (BREEIEDS 1,500 m/s & IEFICHE S, AR
S, WHTH L, 2070, KON 5HIRITE 2P « R E 72 77 FRE 2320 21
272 %,

JT4FE, Background-oriented schlieren (BOS) 238 L WHIEMEFEE L TIEH I N TE
7= (Dalziel et al (2000); Richard and Raffel (2001); Meier (2002)). BOS %I BIHIxf SR D%
DRuEME G5 mFERR TR T 2 2 L TE S, Fik, IAHEHOBIMRICE T
220267 %, BOS EIXER N MHER O o % # )i (Venkatakrishnan and Meier
(2004)) %, B CHUE P EAZL 2 T REEGR L L THH L2 RE R AT — )V OEELA
(Hargather and Settles (2010); Hargather (2013); Mizukaki et al (2014)) %>, Z25Hicyg4: &
HINZ R =0V D75 A b IEDIFEKE (Suriyanarayanan et al (2012); Venkatakrishnan
etal (2013)) 72 EREA ZRRPUCTEF SN TE 72, £72, BOSEIC k> TE N EHINZRM
HER D oS EIROEE AL % ART 52 =R L, “XIuOEES 2 5§
% Z LI L7 (Otaetal (2011)). ML b & 912 BOS #Edbk% e A7 — v, v F 21—
Yoa VIHEIERER C DR SN, S HICIRERNAEREZIIG 5 2 LASTE SN
gL FETH 5. 22T, Mo REUL - ERLTE & BT 5. KT EEE O AR AT
LFEE LT Y P77, v a)—LyERESEFoNs, v v FU 7o 730k
B, ARXTDHR BB ICERTHREINS, JLOEEZ LiF570lc, FA 71y
ZHOTEHEESMOWED 2y F 7 X 2 EF i ULFER Y 2 —L v iETH 5. 2
o DA AIBULTIE R, B 2 RO HEE 2 H TRl 2 o AT, E&fhicid
Bow, ERNABERES ZENTELHHULTIEL LT, vy =Y = V¥ THEP
TR 777 4 PHESET 6050, HHETLORMBEDNERNIEL 72, BOS i,
T R 77 7IRIEES O RS S 120 O RER % N Z 728 5 72 628 TRERL X
N5, Y FUTI 7Py aY— Ly RRD, BEARIC X 3 EITROZNMZE R
WaRfmReE L TR EDTE, vy =Yz V¥ Tk ru s 7740 FHIELDIZS
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ISR B NERTRRNE NG, 7, M Fu 74 v R EICXBENDORGHIERR D,
BESLIEN 25 E L T2 2 LDHAHETH 3.

BOS #1385 % 622 T, AL & FRICE & L CERILATE 2N 4 FikTh 5
73, T3 E T BOS & K EEI ~EH L 2B TR 2, 4 1k BOS TR DK b i
WD % WO TR, ZOWMAATRENEIC O WTIAT 2. 4 F T BOS Hix Al
Lo B/ E LT, P HRTK I, BEREARREE DY 1,500 m/s B 1 & <
(225138 340 my/s), REDEEZADIERFITNI LI EBFETF NS, 22T, HEH
A RXT, L= =N, WREE» S % 2 EEEERY BOS v AT L& MET 2, B
BRY T AFLa XY NOEHER DL % particle image velocimetry (PIV) (& b, H]
T E 72 T £ 2 Murphy and Adrian (2011) I X D RE SN T 57280, BOS iEIZ & 57K
PRSI OGN AIREZS LR SN B,

3.2 BOS &
3.2.1 BOS EDFE

Fig. 3.1 12 BOS D F O 2R T, EAMRERIZA X 7 EEREHRTHYH, A X
I, BINS, SREGROIEICRET 2, € MIBIRTIRA L, FREICEbES
TEICHET S, L, MEKDBEERELEEZES LoT, BHRICHEY P3G &
T B,

BOS R IFHEARIC X > THEL 2EITROENE 2 DOHREHRD Ny s OBHEIC
FoTHET 3. 9, BUHRICEEARSE L Tua WA RmG2 ST % (Fig.
3.0 B, RICEBEARPEL Tw3 & O RMGRZIET 5 (Fig. 3.1 KR,
D2 OO % Particle Image Velocimetry (PIV) TH\> & 41 2 #H B AHEIE 2> & R AT
iz (RFENE) 25ET 2. CORIEMNRD & BEARZ AL & O
#T3.

Fig. 32 BRIC L > TAL BR[O EEZLZ BOS IEIC X h gl L 7-#1TH %, Fig.
3.2(a) EEEAROEE L 2 WG O R, Fig. 3.2(b) BHEARVEET 2560
SRR TH 2, 2 oMz HEAHBEZ R LR a2 5 L%, Fig 3.2(c) &
%%, RMAMRIHEEAREBERLTED, v a2 —L ik ARCHEEAR O L
MR & 72 %,
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Background

—

Lens Image Plane
(Camera)

-
"-----..,__._
-

Zi

Fig. 3.1 Schematic of BOS technique. A black dash line shows a ray from a background
image without density gradients between the background plane and the image plane.
A red solid line shows a ray with density gradients.

(a) (b) (c)

Fig. 3.2 Background images (a) without density gradients and (b) with density gradients due
to a flame. (c) The image shows the difference between (a) and (b) using a PIV-
type cross-correlation algorithm. Yellow vectors show the local displacements of
the background.

3.22 BOSEIKELBENGZDEELFE

BOS #:131G 6 L £ &z il T, B ROITE G2 R/ 2 2 L RETH
. K3.IORT & ICHEEFE B xfil, y @iz & D, HERFIICEEIC @2 LS. b
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BAFHN O JRTAN & u (x@ifam) v (g m) LRI n ORI, SRR S 8
HIX R £ COWRE Zp, RS X5 £ TCONRE Zg, 7 X7 OHELEHZ Z, KT
DRI ng, BHMIROLIR AZ, T 5 &,

Z 1 Zp+AZp 6

U= Zpf 1 f e (3.1)
Zp ny Jz,-rz, Ox
Z 1 Zp+AZp a

v = Zpf f R (3.2)
Zg no Jz,-az, 0y

ERING, KFERTHE, ZpZ5mm &L, Zg BLYZ IEREROBRIEZ 2L 2
7O 2 Y RET 5, ZZMIFREEDY 8.4 um/pixel D & & Zg, Z; & Z 1241 360 mm, 120
mm, ZZRIRRIEDY 14.5 um/pixel D & & Zp, Z; 13Z 124250 mm, 120 mm & L7z, JET
Fp LB p ORERIE Gladstone-Dale D X D,

ERENS, 7277L, K IF Gladstone-Dale ZEHTH 5.

22T, Fig. 3.1 1T T X 912, BOSIEIZ X D186 N7 RN &I 2 T~ ORE T —
FThHhDHIEIERTS., -oT, BoNAZMNELZHMKRT 20513 H 5. HELT %
Fik1%, algebraic reconstruction technique (ART) ?:‘E%’ filtered back projection (FBP) 7743 &
CHWHND, FHE T 2B/, BiRR TR WA ICIZZ Har oiE L, AEEORY
T =8 2 WG T 2 6503H % Otaetal (2011). L —F — /KL D X 5 2l Fr 72 5
WTHHEEE, T NVERIZ KD 1 DORE T — Y S HRT 2 2 LA TH 5.

TR L 72 x, y Ao ZNim% ', v & (N (B3) &0, EEp BT 287V v iR
=35 &,

6,0 0%p 1 + Kpg ou o

53 + £ Y 2AZDK(AZD +ZD)( " + By)’ ................................. (3.4)
s, XBHDORTY VvHBAZM ZLICLD, BHNROBEL 155, BEESD
Sy, T2 2N ZhoRA»r oG TE 5, ENG2/F25010F, BELET

DEARATH % Tait DX (Richardson et al (1947))

p+B [p ¢ (3.5)
po+B \po)’ '
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ZHWHAL, BESPOENGBRESL, 2L, B, a 3PEICI>THREZERTDH 3.
22T, REBTH W% Table 3.2.2 12”7, KFTOFEBTH 57, PHAHIZAK
DiEZM5, 72721, Kiild20°C TH 5.
Table 3.1 Physical property of water.
Density po 998 kg/m?
Gladstone-Dale constant K | 0.334 x1073 m3/kg (cf: Rosen (1947))
Tait equation constant B 314 MPa

Tait equation constant & 7
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3.3 XBRBIE

BOS BRI EEARIC & 2 JRITR D2 2 HRME O R AR I X > Ta#kE X OE
mtd%. LaL, KPTIEEELI/ NI W20 BOS EOHEHPIREE SN TE, 2
IT, HRPTOEMTIED 223, ZEHGIEZECT5 2 1K D BOS EOREENE
ol 2 E DR LTV % (Goldhahn and Seume (2007)). % Z TAffZETIX, BOS %
KPR E T ATRE D A T O RUCE H Ll T 5.

3 A7 — DRI ER R O AL

o HMIEANICBIRT 2 ERNE T — & OHUFS
o TEEEIIE 112 X 2 56 P i o FR A

o ZE[EIfRAR EE A A1

o WREIRD Ny FDKE X DU

o PIV IZB T 2MARDKNE I DKL

ABMLICBIL T3 v o 72 7iEE, E@RLICBL TEnNA Fa 7 s i &k 2EEN
L L, BOS ¥ED K il B~ o s S SR O Gl 2 17 )

Fig. 3.3 ICHEBREEOMMEN 2R d ., T OFEFEEIX, Fig 2.1 Tn L 7l 2 3
BT LDICHOTEEMY AT 406 77 AvigHOBRERELE T4 A X 7 %2R E,
BOS HEICHHE e ERMBEZREL b DTH 5. WREEIZIZTY ¥ —TFy ZH
L7 7 4 Va2 T2, HlHE A 27 EIER L EICREL T D, 2RI
TREGPHEIN TS, EWHA 7o a2 EE LTiE, SEEREZ2 T 5%
DI NEEZMR T 2H6HBDH 706 THS, Fy b4y Iy zy b Y vs—
THIR L7z b DD, KISRTEMWATLE). 22T, HROGRELeNYT—72H
WTEEKICMN LWL ) RET 2, ARTHNUL, L—F -7V vy -2zl Ly
Hxlw,

Er, LY —RHITH (O =0° /7)) DILEICH 514 Fa 74 %2 0 =270° /i
L, MEEEAEEND S Smm ONMEICKET 5. 2 OREO G IFEEEMEE? L — 5 — ]
B HICHENFRCH 2 2 L 2O 270 TH D, 7z, HliLHEETH 2 BRFRICET:
L — Y —FEEEN 255 01, 20 fFOR L v X (SLMPLN20x magnification: 20 X,
N.A. 0.25, Olympus co., Japan) % i\ > TS 2 HAE I 5.

HHEHZ RS 720, L—F—2 3L F—% 1.9, 3.0,6.0, 12.4, 159 mJ] ® 5 BFEICEH
ET 5, ZHHREOENE— 7B ER X % 1,2,3,4,5MPa £ 425 X ) ICZ )L ¥ —
i % 3% 7E L 7. Goldhahn and Seume (2007) I3BI5R % X D S\ 2B EBERE Tk 2179 2 &
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2k > T, BOSHEDKEDM L2 L2l L, I TFg 341287 X9, ¥
IR D Z2[EIfR(R % % 8.4 um/pixel, 14.5 um/pixel D 2 5fF, WREHED Fy F DK EF X b [HkE
2255, ERIMRIER 8.4 um/pixel IFAVEY R TR T 2 KD MIfRRIE T
HYH, NEOFy FOBEREGRIIEHL 27 v 9 —DRKEEETH 5. £, BOS &
T PIV Ik 2T 2FH L CERN R EHRZ UG 2 3.2 ff)), 22T, @Ykt z2iH
957, PIVOHAMEEZHO2BOUHOMEROKRE I % 4 BEICT 5. I
ORBERDORKE ZIE Ry P27 AL BN IS 12 32x32 pixel ZHEHEIC, fho 3
DDOFMERE LTz, RIENAMEBROKRE ZIZEDFMAICE VT 4x4 pixel TH 5. #%
E L7 4DPIVOSEEZMTITRT.

o 64x64 pixel = 32x32 pixel = 16x16 pixel = 8x8 pixel = 4x4 pixel
e 32x32 pixel = 16x16 pixel — 88 pixel — 4x4 pixel

e 16x16 pixel — 8x8 pixel — 4x4 pixel

o 8x8 pixel = 4x4 pixel

TIT, NI R—F—L LTIR> 7S % Table 3.3 1ICF LD 5,

Table 3.2 Experimental condition for verifying application of BOS technique to an underwater

shock wave.
Laser energy [mJ] 1.9,3.0,6.0,12.4,15.9
Magnification of objective lens 20x
Spatial resolution [um/pixel] 8.4,14.5
Dot size of a background small, large
Initial widow size of interrogation [pixel] 8,16, 32, 64

3.3.1 BOS EDKPEZRERAERDFHIETE

AIRILICET % BOS iZ& Vv RT3 7EDLBFE

BOS 13, ¥ ¥ FU 279 780y 2 — L vk L EBRICEELRIC X 3 JRITRoE{L%
W2 2HENEULTECH 5. Lddo T, ARPEEEICE W TSH BOS i@k &
WiffI N3, 2L, OB ) ELHiREZE >y Py 777902 —L vk
LD, BOS EIZEHERD Ny b oWwa3AE %2 EG L i L%/ %, BOS kzK
AR L 72 plid 72 <, BREBO Ny FOEARZBEYICHRET 2L TES
DR T HREBH D, 22T, ¥ P77 5 7ikE BOS Ex L, BOS LD /K
BISHETTE T 20 MERT 5. ERNLIHIZ T 57912, BOSHEEY ¥ NV 75 7k
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Mirror

Oscillo
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Objective lens Hydrophone
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| Kirana ﬁ

Ultra high-speed
video camera '
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Fig. 3.3 Experimental setup for verifying application of BOS technique to an underwater
shock wave.
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Spatial resolution: 14.5 um/pixel

Small dot

Large dot

Fig. 3.4 Four photographing conditions. We change spatial resolution and dot size of a back-
ground.
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Fig. 3.5 Procedure of converting shock pressure measured by a hydrophone to displacement
like data obtained from BOS technique. (a) Conversion of shock pressure to dis-
placements related to density gradients. (b) Construction of converted displacement
to assume an axisymmetric shock structure. (c) Projection of constructed displace-
ment field.
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Fig. 3.6 Displacement u field in the x-axis direction obtained from BOS technique at the left
side. Right graph shows the values averaged out displacement u« field at the left side
surrounded by black line.
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FRICEHT 5. Fig. 3.7(b) ZEEALOMNEZ R T ERNE T —F ThH 5, BHEAR
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t=06ps t=12ps t=18ps t=24ps

Fig. 3.7 The spatiotemporal evolution of the laser-induced shock wave after the laser pulse
beam being fired. The laser pulse beam is illuminated from the top of these im-
ages. (a)-(e) are shown at the same timing. The region of a bubble is masked with
brown elliptic area in (b)-(d). (a) Original images obtained from the ultra-high-speed
recording system. (b) Displacement field obtained by BOS technique. The displace-
ments are shown as yellow vectors. The displacement corresponds to the density
gradient. (c) Magnitude of the density-gradient field. (d) The second-order differ-
ential value of density calculated from the displacement values (b). (e) The shock
wave visualized by shadowgraph. A dark streak pattern due to shock wave shows
the second-order differential value of density. This figure is sited from Yamamoto
et al (2015) Fig. 6
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Fig. 3.8 Propagation of the shock front plotted as a function of time. The solid line presents
the fitting curve of Eq. (3.6).
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Fig. 3.9 Shock velocity as a function of time. The curve is obtained from Eq. (3.7).
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Fig. 3.10 Shock pressure as a function of the propagation distance. The curve is obtained from
Eq. (3.8).
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Fig. 3.11 Laser-induced underwater shock wave visualized by BOS technique. The images
display magnitude of density gradient field |Vp|. We use a background with larger
dots and record with lower spatial resolution. We set five levels of laser energy; 1.9
mlJ, 3.0 mJ, 6.0 mJ, 12.4 mJ, and 15.9 mJ.
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Fig. 3.12 Laser-induced underwater shock wave visualized by BOS technique. The images
display magnitude of density gradient field |Vp|. We use a background with smaller
dots and record with lower spatial resolution. We set five levels of laser energy; 1.9

mlJ, 3.0 mJ, 6.0 mJ, 12.4 mJ, and 15.9 mJ.
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Fig. 3.13 Laser-induced underwater shock wave visualized by BOS technique. The images
display magnitude of density gradient field |Vp|. We use a background with larger
dots and record with higher spatial resolution. We set five levels of laser energy; 1.9
mJ, 3.0mJ, 6.0 mJ, 12.4 mJ, and 15.9 mJ.
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Fig. 3.14 Laser-induced underwater shock wave visualized by BOS technique. The images
display magnitude of density gradient field |Vp|. We use a background with smaller
dots and record with higher spatial resolution. We set five levels of laser energy; 1.9
mJ, 3.0mJ, 6.0 mJ, 12.4 mJ, and 15.9 mJ.
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Fig. 3.15 Time history of shock pressure at ® = 90° and ® = 270° measured by each hy-
drophone.
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Fig. 3.16 Shock pressure waveforms measured by two hydrophones installed at ® = 90° and
® = 270° in each condition. We shows results at only ® = 90° because waveform at
® = 270° is same as that at ® = 90°. A blue line is shock pressure measured at ® =
90°. Time history of shock pressure ranges from 3.0 us to 5.0 us. We set five levels
of laser energy; 1.9 mJ, 3.0 mJ, 6.0 mJ, 12.4 mJ, and 15.9 mJ.
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[ tram results
—— Displacement obtained from BOS technique
Shock pressure measured by hydrophone
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Displacement,um
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Fig. 3.17 Example of comparison of displacement in a condition (laser energy: 1.9mJ, spatial
resolution: 8.4 um/pixel, dot size: small, initial window size of PIV: 32 pixel). (a)
Displacement field u in the x-axis direction obtained from BOS technique. (b) Com-
parison of displacement obtained from between BOS technique and hydrophone.
Comparing area is (a) surrounded by a yellow line.
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— Constructed and projected hydrophone result
—— Raw hydrophone result
4} - - -BOS technique result ]

Displacement,pum

Distance,mm

Fig. 3.18 Comparison of displacement calculated using hydrophone results. Red line shows
displacement calculated using constructed and projected results just like BOS tech-
nique. Green line shows displacement calculated using raw results. Displacement
obtained from BOS technique (black dot line) is shown as reference.
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Fig. 3.19 Comparison of displacement in all conditions.
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Table 3.3 Comparison of displacement between obtained from BOS technique and that from
hydrophone measurements in the condition of each laser energy

Laser energy [mJ] || Hydrophone [um] | BOS [um] | Ratio of BOS to Hydrophone [%]
1.9 33 29 87
3.0 7.0 1.8 26
6.0 11.9 2.0 17
12.4 14.4 32 22
15.9 19.0 2.9 15

Laser energy
1.9 mJ 3.0mJ 15.9 mJ

Hydrophone

Laser pulse

e
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Bubble

; 5 T ]
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Fig. 3.20 Comparison of displacement by changing shock pressure peak in a condition (spatial
resolution: 8.4 um/pixel, dot size: small, initial window size of PIV: 32 pixel).

MR X > TREIRDIKRE (B2 %, N Fu 7+ VORSRENIKT 2 &, ZZMRERED
RDEEIT AT, ZEEBREDNE DY BOS R & - THUS L 2 & id A Fa 7 1
Y ORI EZ RS, BEBEIESES AL a7 1 ¥ DIEDK) 80%, MHERIE
MEDEBATIER 50% TH o7z, T 2 THREBMBREINZ WA ICEN B 5 FIFLE
LIS NG oo hBEET L. N4 P74 v oG fEkos s L) R 6
B L858, B0 E ED) DIEIZK 50 um TH - 72, Z2RIEREIED 14.5 um/pixel
ENZ WS, LH EDY) DlEIL 4 pixel LT TH D, EHEWRDTE L23) KON %
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Table 3.4 Influence of spatial resolution and dot size of the background on the maximum value
of the displacement.

Conditions BOS [um] | Hydrophone [um] | Ratio of BOS to Hydrophone [%]
14.5 um/pixel, small dot 1.5 3.2 46
8.4 um/pixel, small dot 2.9 3.3 87
14.5 pm/pixel, large dot 1.9 39 50
8.4 um/pixel, large dot 2.8 34 80

TGN A R ZM R E L CHR T 2D+ 0 B RENFoNTORbo EEZ LN
%5, iz, ZERHPMREE 8.4 um/pixel A TH 6 pixel BETH 570, A Fu 74 itk
LN RE DFFR EERIC—HT 2R IEEo NG o7, LaLl, EEBGREZET
2LICKD, KREONDIRZIEMERITGED S ZEDVHS DR 7,

Ry b DR & B3E O IZZRIMRIEIZ EDFECIZ R S N0, BEROL T rIclES
N3, ZHEBGEIEVEAICELTE, KREV Ry oW SE®RZ O RHE A
Fa 74 v DMED 80%, NI Fy b OB SIERZ H7ZREANA Fr 7+ OfEd 86%
Lot ZREBGIEMROEAICB LTI, BoBENEsNTED, KEVWEFy Fo
S % RIS R a7 1 Y OfED 50%, /NS Fy O SEGRE AR
AR 74 DMED 46% x>l ZHUIHEMBEREICLD, @LAZFy PO A X0H
52 LRRRT D,

DLEORER X D, BOS EId 2 MIMAEIE, HWREHD Ny FOKREIICE > THEDOWRE
DUHETH 5 2 LRI T, EERREEZE T2 LIk Y EEDPR N0, K
FERD EMRRIETIIRZ 2 2 L TERD o7 1 MPa X ) EWEE— 7 % b DK fl
B ICBWTYH, EHMGEZEC TUE, ERNAEREZ EMHICEE T2 2 L23TE 5
ETHIING., fit>7T, BOS I3 L 72 2GR, WREERD Py FORE I Z2ERI,
KR E B A~ O FH AT R HEPH 2SS % 5 LB 6D,

PIVICETZ2NEADREBORZSICLZEMEDE(L

BOS 13 2 iR % PIV ICHW S a M AMBIEZMA L <, ZiiEz28E T 5,
HAHBEZFH T 2BORYICHRE T 2MAROREIICL 2 EMBOECZ AL .
Fig. 3.22 ICHIOMERDORKE I % 4 BEEREL, 20200 PIV I X > TR SNk
ZERRIZOWTORRZ R T, B EORAMHEICE L T, RYIOMEZED 32 pixel 7%
64 pixel D & ZFINA PR 7 4 VIC K ZEMBORKED 87% L7220, bWtz L 3.
WOBRERZ/NZ T L0, P74y OEMEDRAEICHNT 2 BOS i X - &
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Fig. 3.21 Comparison of displacement by changing spatial resolution and dot size of back-
grounds in a condition of same laser energy (1.9 mJ) and same initial window size
of PIV (32 pixel).

SNEMNEOEIEIZZNS LD, 77 7 DBIRIZFEEIT 2, K, BREOBERDOK
& X% 8 pixel DAL 32 pixel ICHART, HEKHOEI IHEVEEZTRT, BOKES %
M LEARBERARRIEL SBT3 2 ERTPRENID, ZOKIA/ A ANB%L,
CENBROBKMELNE K rote, 2 TTRERTIE, " Fr 74 v offonZiE
DIARMEITER DLV ERDRKE X 32 pixel ZHW, L L, 8pixel D77 7 DIEIRH
BT 2205, RUORERDKE S 32pixel £ T2 ENRBETH S LIFEAR,
Sk, REBEBIER Ny PORZIICNT 2#Y 2MERORE I Z2MET 20ELH 5.
AL T, REMEBRDOKE X3 4 pixel TH 2725, BRREDOGETHLHERE DS |k
D) DE XL 3 pixel L%\, HHBREZ I SIC LTS, FREIRERORE I 2/
ELTHILICED, BOSTHEIL k> THRONZEMBDKE SN DHRHET 201 H 5.
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Fig. 3.22 Comparison of displacement by changing initial window size of PIV in a condition
(laser energy: 1.9 mJ, spatial resolution: 8.4 um/pixel, dot size: small).

BOS iEDKPEE R DEHRSR

BOS %D K EE A~ DB RFUC O WGl T 5. AWFZER S5 Hayasaka et al (2016)
76 BOS DK EEIE DR, HBITIC K 2 HITEOLIDOKE Z & BOS #ED2E
BRI L 2 2 ERWS o, 22T, WEMEBREL L -V -2 2L ¥ — %221k
S FEFER D S, BOS EOKRPEERE ADBEHRIICOWTHHET 5. BOS iEDi#EH]
BROLE, @I & o TA L 2R ITERAER D2 % 2R I IEREIC 2 5 1 2 i
PTHD., DI EDS, BOS EOKPEEROWHRAZ,
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ERT. 22T, wldX G0) TRINZWIEDOLAIC K > TEL 280605, Ax (Z22H#E
BREE (SRR, Cp ZHEMBAZRTERTH L. Cy 2HENT 272012, BOS ¥
ENA Fa 74 v DHEERERD S 0u/dx-Ax %KD K559 % Tabel.3.4.3 12739, BOS #ED
FERIE~04 THD I E0S, Cp lF04RELEEZ NS, N1 Fa7x yOfiRE, L—
P2 AF—ZE LT L, BHEEIML 222 LIk TRITROZEIZKE L
%D, u/dx DIEWBRKEL ol L HEZ6N5, —J7 BOS ORI, M<K 2 ET
RO DOKE S ERMBEIEIC X 2BABD 5720, BUETHEHITLOMRLE B>/
265, EL, RO P71 v ofiREFEL —F—Z 2L X — 1.9 m], ZZRIE
BRIE 8.4 um/pixel DEEMTIE, Fig.3.20 ® Fig321 LRI Nb L), nf Fa7t vt
BOS £ 6 N HITEMROFREB LS —H L LEZ NS,

KAEFRD S, BOS LD K~ R & 2RSS, BITRoZ o REI L
DRIRE AL, BAUMEEZE L 72, #SHRAORGRA (X (3.9) 26, HITEOZE{LoX
E WK EEB AT 2850, ROERRBREZBO N2 R 2RET S LT, W
TELHEMED D . 4 O EMMRIE BOS i (Z2[MIERIE 0.68 um/pixel) (ZHEHT 2 &,
BE X% 8MPa £ TOMEWICHMT 2 2 LOURETH 5. EREEE BOS L TOEIME
FESHZ, ISR AMPa iRl HAIPHN & iSRS B,

Table 3.5 Comparison between BOS technique and hydrophone for estimating limit of appli-
cation of BOS technique to underwater shock wave

Ou/0x- Ax, um/pixel

Spatial resolution: 8.4 um/pixel | Spatial resolution: 14.5 um/pixel
Laser energy || BOS Hydrophone BOS Hydrophone
1.9m] 0.39 0.55 0.33 1.21
3.0mJ 0.28 1.52 0.19 3.19
6.0 mJ 0.22 1.81 0.40 3.24
124 m] 0.27 3.09 0.31 4.51
159 mJ] 0.29 3.17 0.31 4.61
35 FEHERE

AREETIZ, BOS % HOTL =¥ —Fl b @l 2 b2 2 Ll L. &
SNTAERIZT v P77 72O EHEEO WM E K-8z, £/, €&
fLICBIL Tid, ARFEEBRDRKD IR (8.4 um/pixel) ICE T, BEE OIS LAY D K
DIEJIABLE 17 GPa/m, iF 60pum DO/KHEERIET T2 2 LN TE %, INA TR
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B, HREEOFy FOKREEZ, PIVICET2UMOBRERORSIZLHT LI LICK

DENR S Nz, FRCHMBEE LS T2 2 LIk DROBEDOROREENE S Nk,
> T, FVERBEREICL, HHEGHRD PIV OB OSEZEYIORIRT 22 Lick D,
S S IHENAR D E K P EEEIERATRECH 2 2 LRR I Nk, KEREMEohT
BOS 12 & 2 BRI RO NA P a7 4 VISED - &M, WRERINS 2Ry
k% M T 8.4 um/pixe D\ 22 HIHG L CHsZ L, 32 pixel DPIHIMERDOKE I 2L -
T PIV AL L -4 CHhH - 7.

Yamamoto et al (2014) (& L — 4 — 3K rh &2 1 BOS 2@/ L 72 /54, Fig. 3.23 I
R$ & 9 I Sankin et al (2008) (1.4) & 1ZWDIE %27, J3UIEH 2 3 Cikin L /- H5
WD L% FEREGEDOFER & AT TR 72 BOS ¥ 08 I O f5 2> 5 FiH2AY> <. Yamamoto
etal (2014) 13 10 5OV v X & TSR 25 S 72, iE> T, L—F =ik
B 3L EMEZ RS, 0=0° AL @ =90° K TREREOENE—2E X OES
WIGIE R 5. 0 =0 HRICIEEORET ©— 7 OROEEIEE R PTER S 1, 0 =
90° HIANZIFHENE — 7 DFEw 1 DOEBEHIZK S5, BOS i, HEHE—7 DK
Vv, TRbBIENARONE WEERIC B TIREMNE & L CERN R % EE B
T35 LIFTE LY, HOARDEEEKRE CIRIEHICHE T2 2 EdTE R, its
T Fig. 3.23 12T X 91g, ©=0° AHTRIEMEI GOSN, 0=90° HIATIE) £ LM
BEELIENTERDPo, FLTBOSHICk-THENAENELSTENZEFIEL
7-®, Sankin et al (2008) & 24 2fERBBoNLFEZ NS,

(b)

100
5
! 50
3
2 0
1
- i : “O\ipa
Magnitude of density gradient <1 koM’

Pressure distribution

Fig. 3.23 Angular variation of (a) displacement and (b) pressure of a laser-induced shock wave
obtained from BOS technique (Yamamoto et al (2014)).
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schlieren(BOS) iZDERA E VY70
1y b EEERDOREFRODERRN

% B

YA 7Yy FOREICE T B L —F —FHEK T E B O 5 2 FEERATICH] S 2§
L7, 3?4 7 nENDL —F —FRAKPEE 2 BOS HEIC X D gl - E8fbL 7. %
o, »A470u¥xzy FO@EERY LA 7 nBND L —F —FEK P EE~D BOS %
DEMH ZFARICE ke, L —FHKNEEROE NI E A 7nY 2y F OBE
DRz EEICH] & 9 s L 7z,

%8, REDOHNED % Yamamoto S, Tagawa Y, and Kameda M (2018) Non-contact
pressure measurement of underwater shock wave in a microtube using Background-Oriented
Schlieren technique. 19th International Symposia on Applications of Laser Techniques to Fluid
Mechanics (Lisbon, Portugal) & L THE L 7.
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41 B=R

UTAE, Tagawa et al (2012) 13 EHAD56M D IR Gty 8t um) ORRNR~4 2
0y FOEBITEIN LT, Zo=A470Yxy bZEESE (MEETEH S Tagawa et al
(2013)) R LEDYH (v 7Yz v b) ~OJEHBREI NS, w470y 2y M, R
Btz LizeA 70 A7 —)VENICL —HF — LR (R 532 mm) 28606722 LiIck-
THET S, L —F -2 L T, FEREPHRAEL, EHEREPENOEHL
TR EREICEBIE T2 2 LIk > TEMEI NS L& Z 517 (Tagawa et al (2012)), L —
P —FHE K P EE I3 2 5% S 1 TE D (Rice and Walsh (1957); Cole (1965); Bell and
Landt (1967); Lauterborn and Vogel (2013)), ¥T4F Tagawa et al (2016) 3L — " —iFkd K
P DL BHE L N Z OBERICOWTHS T L,

24 r7nYy b EHEEEOBRIZOWT, Peters et al (2013) 2SEUEMNTIC X D, <A
ruYzy bOMEIZES NIRRT S 2 L&A L, 7, Turangan (2013) IZENT
FE L @B RIERIIED 2 2 Ik )P oy PWERI NS 2 & B BRI
X D52 L7z, Hayasaka et al (2017) (¥ DIEN T E A 70y = v b OHED
FEBIBAfRICH 5 2 L ZEBRINISRR L7z, L LAaDs, v f7udzy FOXELEN
DI OBIR % EEIICH S 22 L 2flid e, ¥R s <A4 7027 —LERNDKT
EER O AULSNEETH D, FENOMERIT 2 EHEHNT 2 FRALWOTH
5. 22T, A IEEY, EAGoREE, ERIEH AR BOS % (Meier (1998))
ZHWT, BHNOBBEHROEREIUFT 2 2 & 2ilA 5, BOS B X E BN 4 & O®EL
Iz i Z i vl - ERILCTE 2 FHETH S, FAMRIEAX 7 EEREGRE S Y TV
T, fONANAIGULTFIE (FEkD > 2V — L V&) ICHRTIEF % Tdh % (Dalziel
et al (2000); Richard and Raffel (2001); Meier (2002)). Z D78, tx 7 27 — )L OEHIx}
RIZHHIEETH % (Hargather and Settles (2010); Hargather (2013); Mizukaki et al (2014);
Suriyanarayanan et al (2012); Venkatakrishnan et al (2013)). BOS % & 7K Hhfiif 3% ~ o 3t
i, EEEE O KPTORBEEED 1,500m/s & IEFICH L, M2 TKOBEEZAIEF I
NS EPSNEEE SN T, BEEERE LY 2% g, YmEeREICXD
Yamamoto et al (2015) 3L — 4 —gFE/K bl 825 ~ o J T nl e 2 9% TR L, Hayasaka
et al (2016) %% Optical Flow % fi\>7z BOS #kiC &k b, IV A7 =)L D L —F —F K
BoFENGEERMTE I LWL, L L, 94 78 A7 —) LKl 12w
L7l 7e <, REEDSETE 2 BOS 2 & - C, JERICHRRINEECH 5. AWFSEIE, um
F—=F—DFy % —ERER L SRGEIREICE 2 BOS iz HlwTwA 70 R7—
NVDENOKPEER 2 AgHUL - ERT 22 L2kA b, ZhickD, w4 7uEFND
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L — Y — B 2 HEICH S T 5, £, LY RBENT 2L ORET
24 7uvey FEREAICEETA I LICED, w4 7uvzy L —HF—Fidkd
B DEAfR %2 EEIVICIH S 22T 5,

4.2 SRERBIE

A 7 aBENDOL —F—FKPHEK LA 70P 2y F2FABICHET 27200
FEREEE O EX % Fig. 4.1 1I”7F, 7L AL —+— (Nd: YAG laser Nano S PIV, Litron
Lasers % J%: 532 nm, »S)V RE: 6 ns) v A 70 X7 — )L OEIFE N (inner size: 500 um,
outer size: 1,000 um) DEEMKITHYIL > X (SLMPLN20X, Olympus, f53: 20 fi%, NA fE
0.25) ZHWWTHENT 22 LICk D, KPEERITvAf 70y zy P2IFEIES, K
Rl DIRIBOT %, EREE CMOS 4 X 7 (EOS Kiss X5, Canon, 2[R E: 0.68
um/pixel, FFERIE: 6,000 x 4,000 pixs) & L —H —JEJi (SI-LUX 640,Specialized Imaging
Ltd., %5 640 nm, 7SV AliF: 20 ns) ZFH VT, A PR TS, SREHIRX 7 L —
P— KISV AL —F =L T4 LAY 2L —% (Model 575, BNC) 12 & > TR L,
Wy A4 v 72T 2, £, 4702y FOFREZHBEEEN X5 (SAX2) &
L —%—JJi (CW Laser, % 200nm) %\, @iy 3%, @EEEAI X 7L L —
P—HFRBFARICT A LA P 2R L —F—FH TNV AL ==L, ¥y 1 I
7HRRAEHT . HROWEEDOL —F =% 570, ZNEFNDH X FITENA AT 4L
F—, B—NA7 4 VY —%HRET 5. BHNREA 70 R T —VTH LD, HEED
EICHLE S 2 SRk, MEMS £z HOTEEL 77 v L Ry b8 ¥ — v 2fi
T2 (FIETMREIZ 8 x 8um), SILVAL —H—3N—7 37— FELRTL—Fn—
7 27—, OptoSigma, iZi#H: 50%) 2z H\ToML, TF)LF¥—RX—%— (EnergyMax-RS
J-10MB-HE, Coherent, USA, GHIFTREHIFH: 12 wJ - 20 mJ) Z T L —F — DG = 7)1
¥—%5HT 2%, AT VAL —HF—DIZRFALF—13H03-1m] TH 5.

421 YAVART—=ILOBERWFRAD BOS EDHBERAAE

<A 7 REND L —F —Fil/KEE R~ BOS k283 % 729, 3 % (Yamamoto et al
(2015)) £ 0, FHUOZEEWARERE (FREELIEEAIX ) 20 LI ¥ 208355, 3
HETBA X 912, BOS D KFTHEIE~DEHD Z 6 742 3 WHHEH & LT, YRERE
DH_EHEEF 545 (Yamamoto et al (2015); Hayasaka et al (2016)). % Z°C, fRREDE\
FfHREE CMOS A X 7 %28 L, v~ 7B 2K THREET % (Fig. 4.2). £7, =47
QR —=NVIZEbE Py b3 A Ao REGZ R T 2 08053H 5. 22T, MEMS £
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High-speed camera

(50,000 fps)
CW laser
Band-pass filter. (462 nm)

Water filled square microtube

High-resolution
CMOS camera

High-pass filter

Background

ﬂ\"

Pulse laser ik
“(640 nm, 20 ns)| V 14

20x -
objective S— Half mirror ‘
/ i} \Msrmr
| 1] } s
g Delay generator Energy meter

| Pulse laser
(532 nm, 6 ns)

Fig. 4.1 Schematic of measurement system combined a high-resolution imaging and a high-
speed imaging

MizMML, BBFMBGEIEZ8Xx8um DT ¥ L Ry k8% — oK 5 &SGR 2 /ER
T % (Fig. 43). ZD#EH, Fig. 44 1R T X911, firwv Py P34 X2 @5 oy
52 EDHRE L I B, ARIERR TOWGEMELLIX, 0.68 um/pixel TH D, Yamamoto et al
(2015) D 8.4 pm/pixel IZHARTZMIMMRILIZRE <, #EHAREMEIZ T TH 5.

BOS EDJFHIE 3.2 fillCFEM 2 FlHE Th 5. AEBR TR S N FERIZLL T D X 9 g
Wi, L7 2 oOmig (Fig.4.5 (): ARPEEREE U Co2 W0 R, Gi): K
EEE AR R O I Slff) % Paricle Image Velocimetry(PIV) DM AMBIED &, JRATZEL
BEEMT 2 (Figd.5 (iii)). BOS i2 & - TH & NP R (Fig.4.5 (iil)) % z fili/5 i
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Close-up ri
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Canon Co.
EOS Kiss X5
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-
Fig. 4.2 Setup of camera for high-resolution photography
) ' :
ey -
Step 1: Deposit M 3 ;
(100 nm thick Cr) Q Yy " Step 4: Cr Etching

Step 2: Resist coating g -

|
% Step 5: Resist stripping

Fig. 4.3 Manufacturing process of background by Micro Electro Mechanical Systems

(MEMS)

IR SNIAETH Y, ARIEERITCHMR 21T ) D D 2703, EEIL DSl DI IHD

Az 70, ZRITEK 2 Th %

(HIEECH 272, Rk FEISHETH

%), REFAEAE (EE) OfSEME% £ 10pixel DHIFATHD H L, Z0FHfE%z R
b5, ZORFTEMNERIENEICELT 5 (Hydrophone @ X 9 Z2EHEIE) R &
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v

rvE dot size: 8 X 8 pm

Fig. 4.4 Background consisting of micro-dot pattern produced by MEMS

FHEAROBR (X 3.1) »6, BWEEZ2ENTS, oL, HRSEMFIIEREO ST X
D SEDMEEZ B py ERET B, BRBIC Tait OR (R (3.5) 2T, HERTE L
T 5. EHIRNE, BEREHOESICE ) 2 L2 T 5.

AkThiu, 3XIGHMRZT O, BoNRIEEL S EEICET X7 Y v ik
XEMRE, BEGPLENG2RMT 5, 2L, KAFEBERCHEHL <A 7 0 3R T
HY, HMNROBEEAEETH 5. 16, BN RIEMENZIERYT—5 Tk
W, SRR SRR oD B 3R T S I BRAE L CikaR T 5.

422 IA4u70Y v DYy MEERHAGE

BOS ik LFRfIC A 7uy =y P RAEDKRTZBEBILA X 7 TR L, 200G E
oA ruY ey FOMERGHIT 2, KRR % SR L 26 % Fig 4.6(a) 12
RY. LY S, SEBERE (X =2hR) BEBL, IOELEBIROY = v 3k
SN DRTFDMHRTE S, OISR Z b LIS, SRR O A7IE O IR JE 1 5>
bvAzuyzy FOY ey FEEORFERE 2B TS (Fig. 4.6(b)). ¥ = v F#EIX
Bl L 2 AWBERESERT 2 Ik, Yoy FEE (fAofin) pSEEEEIC A
D, ZOBRFIITVRINEY =y PORARNICE D P =y FHEPHHEI N, H5—E
DML T 5. AT, Y=y MERROREHREICEHL, BOSIEILL > TR
SN HEIITES L OBIREHET 2.
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(i) Non-disturbed image

(ii) Disturbed image due to the shock wave

/ Laser-induced bubble

(iii) Displacement field

Fig. 4.5 ((i) Non-disturbed background image. (ii) Disturbed image due to the underwater

shock wave. (iii) Displacement field obtained from two images (i) and (ii) using
PIV analysis. (iv) Divergence field of the displacements. These images show shock
wave when laser pulse being irradiated at t = 0.5 us.
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Fig. 4.6 (a) Jet generation after a laser pulse is generated. The subsequent images are taken
0.06 ms apart and (b) jet velocity as a function of time after the laser pulse is gen-
erated. The velocity is obtained from the sequent images of the jet generation in

(a)
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4.3 HERER
431 TAYVOBNDL—H—FRKPEZEAD BOS EBAEE

AIRILHER

v A AR = VOHIENZ LR T 5 L —F =ik &% % BOS i L - Tl
fBL R E2RT, EREPKFZEEL, v 7 0BEOEEECKE L T2 R TE
5. ZOXEEIDCA 7 uENOHEE D T 2L — a ViER (Turangan (2013)) £ +
B2 75 73 X 2 AEHERE R & & < —3§ % (Fig. 4.7). #\v, BOSEIE<A 7 nEHND
L — W —GHEKh B O AU ICEI TE 2 L W R B,

(i) BOS (ii) Shadowgraphy

1mm t=0.2 [us]

t=1.4 [us]

t=26 [ps]

t=3.8 [ps]

Fig. 4.7 Comparison of visualized underwater shock wave in microtube between (i)by BOS
and (ii) by shadowgraphy.
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BOS i k> CTE o N WANE, 8L OBEMEME» GBI L HEN - KRk
WOV T 5, BATE VAL —HF—DIZ 2N F—%203-1m] LI
A, BOS IS ko TR SN RENBOR A% Fig. 48 IR T, L—F—Z 2L ¥—
DT 312250 T, BOS IS X o TR SN RFTENMBORAMEAEML TWw»5 2 &n
b5, RFZEMEIZR 3.1,3.2) IR T X918, BIrRoZts X OEEARICBIT 5 MHE
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