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2. 00

210000
0000000000000000000000000000000000000000
000@OD0D00000C0 rgd0000000@ODODOOOOOOOON000
0@DO00000000000000000000000 (H) 00000000000
0000000000000000000000000000000000000000
000000000000000
0@O000000000000000000000000000 (S) 000000000
00 4.2 00000 Pump &Probemethad 0000000000000 000000
0000000000000

000@)I(UOC0O000000000D0D0N0OO0OO

ocOUOOoOOoOoOOODO

O00000000000O0ONdYAGODOOODOOOO (Aup=532nmp 00000000
oopoooooooooogn 1wBns(FwHMPOOOO e=5mmiO00000O0O0O0O0O F
000 5.0x10'01.5<10°mJ/cnt0 0 000000000000 Table21. 100000000
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oobooobooobOooooooooonDo0nD PpumplaseDOODOOODO

Table 2.1.1 Specifications of Nd:YAG laser

Product Name Continuum Powerlite 7000
Output Wavelength 532 nm

Pulsewidth 13 ns (FWHM)

Divergence (full angle for 86 % of energy) 0.45 mrads

Beam Pointing Stability 100prads

Energy Stability (shot-to-shot for 99.9% of pulses) 3.5%

Power Drift (from average for 8 hours WilffT ., | £ 5.0%

< +3K)

Beam Spacial Profile (fit to Gaussian) (perfect fit would have a coefficient of 1
Near Field (<1m) 0.70
Far Field ¢) 0.95

cUuuuouooooon
00000000 Pump lasel O0D00O0ODOOOO0OOOODOOOOOODOOODOOOO
0000000000000 0D0ODO0000 HeaddODOOODODOODODOODODOOODOD
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Table 2.1.2 Specifications of Laser Power/Energy Monitor
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» Main Body
Product Name Ophir Optronics LTD. NOVA
Input Ranges 15nA-1.5mA

Electrical Accuracy

* 0.1% +20pA: new
+ 0.3% +50pA: after 1 year

Electrical Input Noise Level

500nV or 1.5pA + 0.0015% of input range @3Hz

Analog Output 0-1V with 11-bit (0.05% resolution)

Anaog Output Accuracy 1+ 0.2% £+ 1mV relative to display
* Head Part

Product Name Ophir Optronics LTD. 30A-P

Max Power 30W

Max Averaged Power Density 50W/cm?

Absorber Type P type, volume absorber
o000

gboobobooboobooooobbooboobooboboboobooboobon
obobobobobobobobobobobobobooooooognDn 1.5GHzO
SPNOOOOOODOOODOOOO0ODOOODOO skor3possor3-oabnouonoooood
0000000 0sampling rate: (RGSas D0 0O OOOOOTable21.30000000

oboobgoobgooog

Table 2.1.3 Specifications of Si PIN Photodiode

Product Name S5973 S5973-01

Window Type borosilicate glass lens type borosilicate
Effective Area of Sensor 0.12 mm?

Available Wavelength Range 320 nm-1000 nm

Cutoff Frequency 1.5GHz

ocQoooonO

gboobobooboobooooobbooboobooboboboobooboobon
gbobobobobopvDFODOOOOOOOODLOOOOOOOOOOOODOOOOOO
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obobobobobobobobobobobobobobobobobobobonbog
PYDFOOOOODOOO Table2240 000

Table 2.1.4 Specifications of PVDF Pressure Transducer

Product Name IMOTEC GmbH PV DF-Nadelhydrophon (80-0.5-4.0)
Sensitivity 0.365 pC/bar
Capacity 239 pF
Risetime < 50ns
oDOOO

00000000 0DOO000O0O000O00D0OCO00ODO00DOPump laser0O0O 5mm0O 0O
oooboboboboboobobobooboboobooooooogn 100mm x 100mm x
mommO0000000O00O0ODOO0OLOODOOOOOOOOOOOBKYDOO ADOOO
0000 532nmO0000000000 (Anti-Reflected Coat) OO0 DOOO0DOOOOOOO
goboogbobooboobboobuoobbooboobooon

goboogboboobooboobobooboooboooboobbooboon
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Fig. 22.1 Schematic layout of experimental apparatus for nanosecond
pulsed laser heating of Mercury.
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Fig. 22.2 Mercury surface behavior within a relatively long period in the case of
heating with F = 1.4x10°mJ/cm? taken by high-speed video camera [shutter speed:
100ps]. Mercury layer thickness AHg = 10mm and water layer thickness 4AH,O =

50mm.
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Fig. 2.2.3 Detail aspects of bubble collapse on the mercury surface in the
case of heating with F = 1.4x10*mJ/cm? (same condition as shown in Fig.
2.2.2) taken by high-speed camera with a frame speed of 10,000fps

[exposure time: 190ng].
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2.2.2 and Fig. 2.2.3).
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Fig. 2.2.6 Bubble formation and shock wave generation/propagation in heating with (i) F =
1.4x10°mJ/cm? (on the left hand side) and (ii) F = 2.0x10°mJ/cny? (on the right) taken with frame
speeds of (a) 40,000fps [exposure time: 150ng], (b) 1,000,000fps [150ns] and (c) 4,000,000fps
[100ng] in the system of AHg = 10mm and 4H,0 = 50mm. All photographs were taken with a
little depression angle.
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Fig. 2210 Solid copper surface heating in water with F = 1.4x10°mJcm? taken with frame
speeds of (a) 40,000fps [exposure time: 150ns] and (b) 1,000,000fps [150ng].
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Fig. 22.11 Mercury surface heating with (i) in air (on the left hand side), comparing with the
case of (ii) in water (on the right) taken with frame speeds of () 10,000fps [exposure time: 150ns]
and (b) 2,000,000fps [150ns]. Pump laser fluence F = 1.4x10*mJcm? for both cases.



25

23 00000000

2310000

000000000000 00oo00oDo000ooo0DoooooDoo0oooOn
0000000oooooooo@@S)oooooo00oooooooooooooooon
000000000000000000000 Pump& Probemethod] 000 ‘1.2.2’ 000
00000000ooooo00oooooooood

000000000 Fig. 2300000000000 (Time-Resolved Reflectance sigrrl
TRR signa) D0 0000000 Probe lased DO OOOOOPump lasel 0 OOOO0O p
00000000 He-Ne O 0O 00 Aygpe = 632.8nml o= ImniDivergence (full angle for 86 %
of energy): 0.79mrad&] 0 =7mW(TEM,)[D OO0 OO Pumplased OO0 OO0 O OO Probe
laserd 00000000 21’ 0O0OO0OOOODOO0O (Photo detector for Probe laser: [
‘Probe detector)U D0 0DD 00000000000 0OOOOOOOOODOODOOOProbe
laser0 00000 1000000000 COO00O000OODODOOOOOOOOODODOOD
000000 D0OO0O0O0o00d (Yavasetal.1994b)10 0 OProbe lasedd D OO O 5mwW0O Pump
laser0 000 000000OProbelasel OO 0000000 D0OOOOOO00OOODODOD
Probe detectad D 0 OO0 000000 O0OOOO0OOS50nmO000OO00OOO0O sharp-cut
flter OO0 O0SIODODOODO Pump lasel 00000000000 DOOCOOOOOOO
OO0O0O0O0ood (Photo detector for Pump lasert [0 ‘Pump detector)l O O O Pump laser
00000000MO0000000o0o0O Probelasel 00000000 O0O0000OO
oooo

000000000000000ooooooo 10,000,000fps 20,000,000fps O O O O
20n4] 10,000,000fp&] O O OO O 10n4] 20,000,000fps] O OO0 0O 0O OO O Pump laset] O
00000000000 00000000000000000000DOD000O0O000
0000000000000 0000000000000D0D000OO0O00 Delay generator
0000000000000 0000000000000000000000O00O0O0O
PVWDFOODOOOOOOO0OOOODODOODOOOO0O0O SIDO0OOSIODO0DDOO0O 300KO
ooog

2320000

oJO0OOOODO

000000000000 0000000000000000000000O 0000OPump
laser0 0000000 SiIOOOO0OO0O0O000OOOOOFRg. 2.3.20 F=2.010mJd/cnt0 0 O

O000(OoOoO0D00ooooooo@ooooDoooo0o0oOoooonD siooooooon

000000000000 0000000D000O0000000D0O0O00O siooooo

0 0.6mmO OO OO O O (a) 10,000,000fps [exposure time: 20ns] 0 O O O0O(b) 20,000,000fps



26

[lond0 0000000000000 000(MO0000000@IN00N0N0N0N0N00O
0000000000000000000000000000000000 15x10%ms O
0000000000000000000000000000 Pumplasr 00000000
0000000000 000000000000000000000000000000
000000000000 SO000000000000000000000000000
00000000000000000(G)-(O00000000000000000000
000000G)D0000000000000@IOO0N0N0NN0NNONONONonononon
0000000000000000000000000000000000000 3x102ms
0000000000000000000000000000000000000000
Pump lssr 00 0000000000000 000000000C00000000 FO
Pump laser 0000000000 O000000 Fig. 233 000000000000 Fig.
233()000000000000000@G)D000000000 Pumplasss 000 O00OOF
=38x10mYecm?0 0 00 (@0 0000000 7.1x1mY¥em?0 000 (000000000
(0OOODODOOOOOPmplaser 0000000000000 00000000OOOCO
00000000000000000000000@G)«@0(@)-()000000000000
0000000000000000000000000000Fg. 2320000000 F
00000000000000000000000G)00000000000F 0000
000 Fg 2320000000000000 SO00000000COO0000000O
(i)-(@0ii)-()0 D000 0 000000000000000000000000 Pump laser
0000000 Profiled 0000000 Oi)-(b)F = 7.1x10°mIcn?0 0 000 0S 0000
00000 3x1GsO00000000000000000000000 SO0000000
00000000000000000000000000000000000Fg. 2.3.3(i)-
(2000000000

0000000000000000000000000000000000000000
0000000000 FOOOOOOOOOOODOO00000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000

coooooOooOon

gboobobooboobooobooobooboobobobobooboobOoobon
gooooboobooogoboobobooo sbobobspooobpoboooobooooo
Pumplaser 00000000 t=000 F=51x1m¥ecm*0 000000 Pumplaser 00 O
Uob000 Fe.23400000000000000O00O0DLOO0OODO0OODOO Pump laser O
U0 FOODOODODODODODODODOODOODOobOOoDOOoOOoDOobOO0obDonDOn



27

0000000000000 00000D0DOD0O0O0000 sSOCoooooooo sooo
O00ooooooo

00000000000 000000000000000000000000 0 Pump laser
O0000000000000000000 20ns0000000000 Ins, 000000
0000000 Jlisonetal. (19860 000000 00000OOOODOOOOOO0OOOO
0000000000000 0D0000000000000000000DoOO0oDO0S
0000000000000 000000D000O0000000D0O0O00 sOoOoOooo
00000 SO0000000000000o0oooo000ooooooooooooon
000000000000 0000000D000O0000000000000000000
000000000000 00000 FOOOOOOODO FODODDODODODOOOOOOOO
OFOODDODOOOO FOODODOOOOOOODDOOOOOOOOODOOOOOOO
233 0000000000000000000Pump lasell 00000 F > 810PmJ/cnt
00000000000 000000D0000 Inty,, 0000000000000 sioo
O000000000000000F <8&1mlecmtO 0000000000000 0O0O0O
000000000000 00000000000000D00000DODO000oOoOoO0O0
000000000000 000000D0D000O000 si0oooooooooOoooo
O0000oooooooooog

000000000000 0ooo00oDoo000oDoo0oDoOo0oooDoo0oOoOoOon
ooooo In,y 00000000000000000000000000000000O
O000msOOO0O I, 00000000000 00000D00O0000O00O000ODO
000000000000 0000000D000000 si0oooooooooOoooo
0000000000000 000000D000O0000000D0O00O sioooooo
000 R=Ayae 2m=R,c,J 0000Nn,0000000000000000000O000O
0 OO O Mie scattering (Siegel and Howell 1972)0 000000 OO O O (Yavaset al. 1994,
Yavasetal. 199710 00 0000000000000 O0ODOO SiDOO00OD0OO0OO0O0
00000000000 000000000000000D00000DODoO00oOoOo000
00000o0sSidoooooo0ooooooo0oooooooooooooooon
00000000000 000000000000000D00000ODO000oDOoO0O00
000000 Miescatteringd 0000000000000 O000O0OFg.2.3.200 Fig. 2.3.3
00000000000 000000000000000000000O00000Fg. 2.3.4
00000000000 000000000000000D00O000ODO000oOoOO000
00000000000 000000000000000D00O000ODO000oOoOO000
go0si0oo00dooooooo00oooooooU0oooooOoooooooooon
O00000000Pumplasel 0 FOOOOOODODOODOOODOODODOODOOOOOOO
000000000000 0000000D000 FOOOOOOODODODOOOOO00O0O
00000000000 OProbelasel 0000000000000 DDOODOOOOOO F



28

>51x1mIJec?0 00000000000 SO0D000000000000000000
utobboooooboooboooobooobog In,ooooooooobooooooo
gooogo

233 00

o00000000000000CO
00000000000000000000000000000Fg.2350 Fig.23400
000000000000000000000 Probelasr 00000000 SOO0OOO
000000000000000Iny>In,,00000000000000000000
00000000 SO00000000000000 offset 0 O Intyyy = 1Nt = Nt 0 0 0 0
ooooo
0000000000000 0 OPumpdetector 0 0 0 Pumplaser 00 00 0 1006 O O toC
0000000000000000000000000000000000000000
00000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000 Pump& Probemethod 00 0000000000000 0 Pumplaser 00
0 FOOOOO0ODOD0000000O00C0OOO00000000000
0000000000000 000000000000000 t00000000000
00000000000000000000000 R2Ry,.=80nmO000000000
000 Probe laser 0 O 0 0 Mie scatteringd 000 t,,, 0 00000000000 0Pump &
Probemethod 00 000000000 CCO0O00000000000CO000000000
0000 te Ot 000000000000

oJO0OODOODO

000000000000 00000000Pumplaser 0000000000 O0O000OOO
000000000000 0000000000000000000DODO000oOoOoOoO0O0
Fig.236@U 0000000000000 00O0DOOODOOOOODN OPumplaser 00O Probe
lesr D000 O0000D0DODODODOOOOOOODODODOOOOOO

000 Pumplaser 00 Pumpdetector 0 0000000000000 00O0O t=t,00000
00 Pumplaser 0 0 Pumpdetector 0 000000000 SOD0O0D0OOOOO0OOOOO
O0ta=d,/cO000000 Probelaser 00 S OO0OO Probedetector 0 0000000 tg=d,
/cOO000OODOO d,0d,00000 Pumpdetectord] Sid OO OODOS OO O Probe detector
O000000cO00000OPumpdetector 0 beamsplitter 0000000000000t



29

=t,0 Pumplaser OO0 O DODO00O0O0OOOOOODOOOODOOPump detector O O Probe detector
000000000000 00000000000D000D00000DooOoOO0OooDooOOg
4,00 4000000 Pmplasr 0000000 SOOD00O0ODOOODOOOOOOO
O0n0000000000000000000D000O00000L0000000000
O0000FQE 23600 00000OFE.2350000 t,000000000000000O
00000000000 00D000000000 tie=@Ct+tg) +(4s-4)+(n+)000
0000000 (t.+tzx)000 0,00 d,0000000000D0O0000O0O00O00O00000O
000 (Ls-4)00FQ.236@0DOD0000000000000 200 beam splitter 0 00 0O
000 Pumpleser 0000000000000 D0O0OOOO0OOODOOOOO2 00 beam
spliter 00 000000000000 ODOOO

000000000000 (n+n) 0000000 timelag=(4g-4y) + (ta+1tg) OO OFig.
2350000 SO0000000 tyeDtey O Pump laser 0000000000 Fg. 2370
00000000t 000000 timellag(=(4s-4)+(ta+te) 0000000000000
0000000000000000000000 t4ed Pumplaser 0000 SOOOODODO
00000000000000000000 (tex-tie)d Pumplaser 0000 SiOO00OO
OosonmO0000000000000000D000O0000000000O000000
O000000OProbelaser 00000000000 Pumplaser D000 O0O0OO0O0O0OODO
000000000000000000(R+ Rp)0000000000000000000
O000ooooooo

0000000 B2 000000000000000000000O sSio00o0o0ooaosi
000000000000000000000000 Ty,w=576KO0000000 tww*OO
0000041 00000000000000000Pump lasefl 00 F < 1x10°mJ/cnt 0]
000000000 T,.,0000000D000o0o0oo sonmd 000000000000
000 (tya-tie) O F>1x10fmient0 000000 ¢, *0000000O000 SIiODODO
00 TwO0OOOO F<Ix1IPmJ/cmt.OO O OO Probe lasel DO OO 0O0O0OOO0OO0O
0000 sibooooo0ooooooo T,.wWoOoOooooooooooooooooo
0000000000000000000000000000 (te-tie)JO0OO0O0O0O
00000000000 sioco0000oooooooo0ooooooooooooon
00000000000 000000000000000D00000ODoO00oOoOo00O0n
00000000000 000000000000000D00000ODoO00oOoOo00O0n
0000000000000 00000000000000000DODODODOO00000
0000041 0000000000000 0D00000 t=t,*O0O00O0OO000ooooo
00000004d*0 Fig.23.80 00 0000000000000 D0O0OOOOOOOODODO
oooooobooooo (e.g., van Stralen and Cole 1979, Carey 1921 0000000
000000000000 00000000000000D00000DODO000oOoOoO0O0
000000000000000 t=t, 000000 nmO0O0O0ODOOOOOOO0O0O0O



30

gbooobgoobobbooboobobobooboooboobobooboobOoobon
OoooOb0mO0000000 Probelaser DO DO OO Miescattering DO O ODOOODO
thresholdd Ry;e=80nm OO O UOOO0OOODOOOODOOO

oProbelassr OO OODOOO Pumplassr OO0 FOODOOOODO
OO000OFQ23500000Pumplassr DO OUODODO Probelaser DO OOODOOO Aint O
Uooooboo0oooooddn Pumpé&probemethod D D OO OO OOOOOODOOODO
oobooobooooooooooboobbooouoobooDogndint O Probe laser
gobobobobobobobobobobobobobbooboobooooooognnt
oobooobooobooobooob0bo0o0bb0OUbFg 239(@U FOODDOOODOOO
000000000000000 Pumplaser 00 00 OF = 1.0x10°mJem?0 3.6x10?mJ/cm?(]
9.7x10mJe* 00D 00D 0D0OO0O0D0O0AND FOOODODODOODODODODODOOODOODOO
nulmarksd OO O00O000000D00O solidmarksl O Fig. 239000 000D0OOODO0O
00000 Fe.2370000000000000000 (tew-te)dOOOMOOOO0O
gbobobobobobobobobobobobobobobobobo
oobb@LOoObObO00obDooobooooooobLb00 FOOODOOOOOODOOD
obobobobobobobobUob0o FOOODODODODODODODODOD
gboobgoobgoboboobooboboboobooobooboboboobooboobon
oobooboooooooooboooos oooooooboooboobooobooo
gboobgoobgoboboobooboboboobooobooboboboobooboobon
gbooobgoobobobooboobobboobooobooboboobooboobon
oobobobobobob 200000000000 00O0DOO0ODOODODOOO0ODOO0
gboobgoobobooboobobbooboooboobobobooobooboobon
gboobgoobobooboobobbooboooboobobobooobooboobon
obobobobdmioobobobDobobDoboobobooboooboobonDon
gboobgoobgoboboobooboboboobooobooboboboobooboobon
gbooobgobgobobooboobobobooooobooboboobooboobon
gbooobgobgobobooboobobobooooobooboboobooboobon
gbooobgobgobobooboobobobooooobooboboobooboobon
gbooobgobgobobooboobobobooooobooboboobooboobon
boobgoobobooboobobobooobooobooboboboobooboobon
gbobobobobobobo
goboopmobbooobooooboooobooobooobboobant ODOO0DOoOO0OOOO0DO
Ant000000000000000 F=33x1miJem=F0000000000000
O000(tew-tie)dOO0O00000000000000000O0 Probelaser DO OOODO
ooooooobooooooooobobooobdbo@uboobboooobboooDooo



31

gbobobobobobobobobobobmobobob0obU0 R=Rye ODOO
oobooobo0muuobooobooobouoDbOog Probeleser OO OOODOOODO
gboobgoobobbooboobobboobooobooboboobooboobon
O0Pumplaser DO OOOOO0OOOOOOOODOODOODOOOOOODOODOOODO
gboobgoobobobooboobooboboobooobooboboobooboobon
gbobobobobobobobobob
gboobobooboobooooboboobooboboboboobooboobon
obobobobobob0obOobFOOO0OOO0OO0OO0OO0OO0O0O0O0O0OFR<F ODODO
UD00OR=Ry. O OOODOOOODOOOLOODOODODODODODODODOFOODO
UbobF>F 00000D00DO0DOO0DOO0ODOO0ODODOO0ODODOODOODODODbDOOR=
Rwe DOUO0OO0OODOO FOOODOOOODODOORg 2370000000 F>F 00O
000000000 (tew-te)dOOO0OOOtt, OD0DOO0OO0O0O00O0O0000O00O0O0
UO0OF>F ODO0D00D00000 F=F O000OD0O0O0ODOODOODOODOODOODOO0OO0
gbooobgoobobobooboobobbobooobooboboobooboobon
gbooobgoobobobooboobobbobooobooboboobooboobon
gobobooboooo

o0Ooonon

0000000 SO00000000000000000 PO Pumplassr D00 FOOD
0 Fg. 23100000000 P OOPumplaser OO0 OOOOO 9mmO 000 PYDFO
00000000000 000000000000000D00000DODO00oOOO000n
O00000000000000000000000000 F<3x1myem*O0 00000
0000000000000 0000000O0 PVDFOOOODOOOODOOOOOOOO
000000000000000000D00000 mirageeffect 000000000000
000000000 FOOOOOOOOODODDODODOOOOOOODODODOOOOOooOoOoo
000000000 30Fg A-3200000000000 Fg.2370Fg.23.80 000 Probe
laser 0000000 (tew—tie) ] 00000000SIOOO0O0D0O0000000DOOOO
00000t *0000000000000000t=t,,wwOOOoooooooooooo
0000000000000 0000D0O000D00O0O000DODOO000oDoOoOO00O0n
OO0o0odo(e.g. van Stralen and Cole 1979, Carey 192)0 D 0D 00000 O0D0OOODOO
00000000000 00000000000000000(Yavaset al. 19970 000
‘4 000000)Yo0000o0ooooooo000o0o0ooooo0o0ooooonn nsO
000000000000 nmOO0000000000000000D0D0O0O0O0O000O0O0O
0000 42 00000000000000000 si0O0DDoDoooO000o00 P,00O
00000000000 00000000000000000O0O0O0000ooDooOoD 4.2
ooooog



Oscilloscope

32

Pump
L\ - Laser
. [e]e)e)
Mirror
Pump Detector D / /
Probe
Probe Detector Laser
Polarizer - Quartz
& Sharp cut filter Window
G ~
\ ?G
High-speed Liaht
i Water Test 19
Observation System gyl Material

Fig. 2.3.1 Schematic layout of experimental apparatus for nanosecond

pulsed laser heating of Si. For the sake of

brevity the pressure

transducer and delay generator which triggers al component of this

system are omitted in the figure.
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Fig. 2.3.2 Shock wave generation/propagation in heating of Si with F = 2.0x10°mJcnm? in the
case of (i) in water (on the left hand side) and (ii) in air (on the right) taken with frame speeds of
(a) 10,000,000 fps [exposure time: 20ns] (on the top), (b) 20,000,000fps [10ns] (on the bottom).
All photographs were taken with an angle parallel to the Si surface. Thickness of Si workpiece

is0.6mm.
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Fig. 2.3.3 Shock wave generation/propagation and Si vaporization in
heating of Si in the case of (i) in water (on the left hand side) and (ii) in air (on
the right) with the pump laser fluence F = (a)3.8x10°mJ/cm? (on the top) and
(0)7.1x10°mJcm? (middle) taken with frame speeds of 20,000,000fps
[exposure time:10ns]. Arrows in (i)-(@) and (i)-(b) indicate the generated
shock wave and thosein (ii)-(a) and (ii)-(b) indicate the Si vapor. In (ii)-(b2)
the later stage of induced phenomenon in the same case of (ii)-(b)Si-air
system is shown. Arrow indicates the shock wave. All photographs were
taken with an angle paralld to the heated Si surface.
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Fig. 234 Timeresolved reflectance (TRR) signals (top and middle) of
probe laser in the case of heating with F = 5.1x10°mJcm?. Top curve and
the middle indicate the cases of Si-air system and of Si-water system,
respectively.  The bottom shows the pump laser light profile.
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Fig. 23.5 Detail of reflectance signals in the same case of Fig. 2.3.4.
Note that TRR signal detected in the Si-air system is offset to coincide with
the preceding intensity in the Si-water system for the sake of convenience
for comparison.
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Fig. 23.6 (@) Schematic of time-lags due to light travels along the paths of pump laser and
probe laser and those due to photo detectors. 4, and 45 indicate time-lags involved in pump
detector and probe detector, respectively.  (b) Estimation of time-lags involved in the measuring
system. t, (=d, /c) and tg (=d, /c) are equivalent to flight time along d, and d,, respectively.
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Fig. 23.7 Variations of t;s (time when TRR signal rises), t, (time
when TRR signal reaches maximum), t,., - tis and time-lag (4g - 4,) + (ta
+ tg) lied in the measuring system as shown in Fig. 2.3.6 in Si-water
system. Solid line indicates the numerical results of time when Si surface
temperature reaches T, of water, which is described in Chap. 4.
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Fig. 2.3.8 Numerical result of superheated layer thickness g* in water
region when Si surface temperature T, reaches T,y. In the figure
numerical result of time, t,,*, when T, = T, which is shown in Fig. 2.3.7,
is also plotted.
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Fig. 2.3.9 (&) TRR signa increasing rate depending upon the pump laser
fluence F in the case of Si-water system. In increasing of F, certain
hysteresis lies in the dependency of TRR signa intensity increasing rate
upon F. (b) TRR signal intensity increment, 4int, distribution versus the
laser fluence F detected in Si-water system and Si-air system.
Experimental results of time of ( t,e - tiie ) fOr both cases are also plotted.
Null marks and solid ones indicate the results in Si-water system and in Si-
air system, respectively. Almost the same tendency is observed in those
distributions versus F.
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Fig. 2310 Experimental results of pressure values which are
extrapolated equivaent to be measured at the heated surface P, and
numerical result of generated pressure Py, obtained from physical model
which is described in Chap. 4 in detail. Experimental results of (tpey -
tie) @nd numerical nucleation time t,*, as shown in Fig. 2.3.7 and Fig.
2.3.8 are dso shown. In addition, numerical result of superheated
layer thickness of water at surface temperature reaches Ty, of water, g*,
isindicated.

38



39

3. 00b00b0obobobobobo

gboobobooboobooooobbooboobooboboboobooboobon
gboboboooobobobobobobooobob22 b0 23 0000000
gbooobgoobobobooboobobboobooobooboboboobooboobon
gboobgooboboboobooboobboooboboboboboobooboobon
gooog

3.1 Fourier's law] O Fourierd O ( Non-Fourier effect )
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q(r,t) ==A0T(r,t) (3.1.2)
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Fig. 3.2.1 (a@Schematic of the system for numerical calculations of 1-
D heat conduction problem. (b)Pump laser intensity profile measured
by Pump detector (black line) and assumed laser intensity profile for
numerical model (red). Pulse duration is assumed 13ns FWHM.
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Fig. 3.2.2 Numerical results of 1-D heat conduction problem, in heating

with F = 1.5x10°mJcn?, consisted of Fourier's law (Parabolic heat
conduction eq.), Hyperbolic heat conduction eg. and Two-step model in
Au-water system. Position= 0 is equivalent to the interface of Au and
water. (a) Temperature distributions tat 50 ps. (b) Temperature
distributions at 50ps, 5ns and 10ns.
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Fig. 3.23 Numerical results of the time when Au surface temperature
reaches the homogeneous nucleation temperature Ty, of water under the
atmospheric pressure.  Noted that the results in the cases of Fourier's law
and of Hyperbolic heat conduction eq. are almost equivalent.
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a sound velocity of water [m/s]

c specific heat [Jkg K]

Py latent heat of vaporization [Jkg K]
I location of shock wave front [m]

p pressure [Pa)

q heat flux = -A(dT/ax) [W/m?]

Q total heat [W]

t time (s

T temperature [K]

Tun homogeneous nucleation temperature of liquid [K]
Tt saturation temperature [K]

u velocity of compressed liquid [m/g]
X position [m]

Greeks:

q* superheated layer thickness in water[m]
o} vapor layer thickness [m]

A thermal conductivity [W/m K]

0 density [kg/m?]

T thermal relaxation time[ g

w heat source] W/m?]

Subscripts:

Air air region

I liquid phase of water

S silicon region

v vapor phase of water

Wr water region

00 bulk (ambient region)
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(b)
(i) Si-water system

(b)
(ii) Si-air system

Fig. A-2.1 Photographs of Pump laser heating areaon Si surface (i)in water and (ii)in air in the

case of heating with (a)F = 1.5x10°mJcm? and (b)F = 5.1x10°’mJ/cm?, respectively, taken by

35mm SLR camera. Shutter speed is B(bulb) and 1SO 1600 film is used. The film is

sensitized in developing.
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Fig. A-3.1 Schematic layout of experimental apparatus for detecting the
pressure propagation by use of ‘mirage effect’. Probe laser light path is
set to be parallel to the Si surface and the angle of Probe detector is fixed.
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Fig. A-3.2 Mirage effect on the pressure propagation in water. Top and
middle curves are the profiles of He-Ne laser intensity detected by photo
detectors located at (i)d = d, = 1.2mm from the Si surface and at (ii)d =
do+4.0mm, respectively. The bottoms show the pump laser profiles of
each Pump laser intensity F.
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