Diagnostics des plasmas produits par ablation
laser a une interface liquide-solide.
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Laser ablation in liquids attracts a broad interest
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LIBS underwater

Interest: Geological exploration (oil industry)
Recognition of archeological materials...

M. Lépez-Claros et al., J. Cultural Heritage 29,
75-81 (2018)




Laser ablation in liquids attracts a broad interest
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haute-pression couplés. Application d la découpe https://www.sugino.com/site/water-jet-
d’alliages métalliques. Univ. Lorraine 5 juillet 2013 and-laser-machine-e/



Laser ablation in liquids attracts a broad interest

Interest: one step process, particles
with surface free of ligands, versatile...

Iﬁ; Ps, nNs 500 Watt galvanometric metal target
1010 1932 W;’cmz 3ps laser beam mirror in flow
chamber
(a)

— colloid

~ -~ liquid flow

polygon
scanner

f-Theta lens water

Productivity > 1g/hour
(Pt, Au, Ag, Al, Cu, Ti)

b 4 I 00:0393 i
R. Streubel et al.,, Opt. Lett. 41, 1486-1489 (2016).
@ Particular GmbH R Streubel et al., Nanotechnology 27, 205602 (2016).



Laser generation of colloids
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Continuous flow setup

Mirror

2 md/pulse, 1 kHz
500 ps, 1064 nm

4

-
PE s
="
______

Fluidic cell

Solution Collection
container

Productivity 15 — 40 mg/hour

Equipe Luminescence @ ILM
https://ilm.univ-lyon1.fr/luminescence
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Laser ablation in liquids
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Shadowgraph imaging using a fast camera (210 000 fps)
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Characteristic time scales
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b Ghiapactaristicting [ussr ool Shadowgraph imaging usmg a SIMX camera
" |of phase transition  duration (16 iCCD, Gate 5ns).

Laser / target RERUERCECUCE

, : Rebounds and
interaction plasma warming Sl el e e vaper bR collapse (not showng
IEEEEEEN I I ry I EEEEN ,
100 ps 1ns 10 ns 100 ns 1us 10 us 100 us 1ms time
- R - First collapse
" "
First picture (framed red) Shown kinetics
Laser: 355 nm, : e P LS
5 ns pulse duration, ‘iquid - |l - .‘-?-‘-'

45 md/pulse,
68 J.om=2 Carbon

%ﬁ =

Shadograph imaging with fast camera

Amans et al., J. Colloid. Interface Sci. 489, 114-125 (2017).



Characteristic time scales
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Characteristic time Laser pulse
of phase transition duration

! !
Rebounds and

Laser / target JRESUERIOLUIok : _
interaction plasma warming Optically active plasma Vapor bubble
ITEEEEEN I I I o

collapse (not showng

100ps  1ns 10 ns 100ns  1us 10us 100 us T 1 ms time
105 Original condition:
Eroposed |

< 10 F reactors. oo e High pressure / Laser shock peening
Q 3 Thermonuclear .
> 10° SO ments * Fast cooling ( a few us vs. a few tens of ps
© 2 = Sol M ..
2 107 T & Uohoing gy hockwave in air)
c 10 F | Bresore
= Siotharges Low Laser * New category of plasma (T,, N,)
8 1 = : pressure arcs i‘l\_'bll?é'&gs
o, | Femes e Plasma-liquid interaction ?

10™" Plonosphere MHD energy

conversion
102 I N S T S T e Original Cavitation (high Re, We and Ca)
10* 10% 10® 10" 10" 10" 10'® 10'® 10%°
. a3 T
Electron Density (cm™) \ P

A. Kanitz et al., Plasma Sources Sci. Technol. 28, 103001 (2019).



L In-situ characterizatiOIL

Pump-probe microscopy (24-2%) (charac. time
g—/phonon, heat diffusion, phase transitipn)

Rayleigh-Mie scattering1213) (density, growth kinetics),
Raman(1?) (crystal structure)

<

o
»

X-ray beam

Lens ocussing®l SMall angle X-ray scattering (18 (particles diameter larger than few nm)

laser

<

Water supply

@lbrahimkutty2015 o Shadowgraph(222) and Schlieren imaging®® (shock waves)

<

1 mm
| |

1,2 ps

acoustic signals®11) (shock waves release, cavitation lifetime)

Plasma Imagery 3->17) and shadowgraph fast imaging (26920 (p, V...)

L

< > <

Plasma spectroscopy(1214-16) (species, T, electron density ...)

>

<

v

@Nguyen2013 < Light induced fluorescence (species, T)

Laser / target JENuEEIEE s : ; Rebounds and
interaction plasma warming Uplieallyaclive plasimg apir BioRls collapse (not shown!
INEEENEN I I I EEEEN time

100 ps 1ns 10 ns 100 ns 1us 10 us 100 pus 1ms




In-situ characterization
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Non-exhaustive list !

Ask me !




Characteristic time scales in laser ablationJ
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CARRIER Absorption of photons

EXCITATION Impact ionization

Carrier—carrier scattering

THERMALIZATION
Carrier—phonon scattering
Auger recombination
CARRIER - _
REMOVAL Radiative recombination
Carrier diffusion
Ablation and evaporation
THERMAL AND Thermal diffusion
STRUCTURAL EFFECTS

Resolidification

10-6  10-15 101 10-13 1012 101 10-10 10-9 10-8 10-7 106 10-5

fs ps ns LS

S. K. Sundaram et al., nature materials 1, 217 (2002)



Characteristic time scales in laser ablation

Ag target, 400ps, 600 mJ/cm?, box size 50 nm x 50 nm
Molten Ag (blue) /Vapor phase Ag atoms (red)

v’ Early appearance of the nanoparticles (first few ns). -
v' Bimodal size distribution: Two mechanisms of
nanoparticle generation in laser ablation in liquids.

450 —

ultrashort ablation
pulse

s

h

=
|

L

Jetting of the molten metal (Richtmyer—Meshkov
instability) from the layer roughened by Rayleigh—
Taylor instability 150

Distance from the initial surface, nm
=
(=]
1

See bibliography of C.-Y. Shih & L. V. Zhigilei @ University of Virginia



Characteristic time scales in laser ablationJ
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Basic question: Why do we observe multimodal size distribution even in flow chamber?
| |
No post-processes

Several growth processes ? Nano-Gd,0,

“Big” particles: Phase
transition of the target
(lift-off) ?

“Small” particles: Nucleation
and growth from the plasma ?
2 JUm
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» Shock waves kinetics and pressure measurement
» Fabbro & Berthe’s model

> Surface waves and elastic modulus measurement



Laser-induced breakdown in liquids
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Bibliography: Alfred Vogel (Univ. Liibeck) , Werner Lauterborn (Univ. Gottingen)

Plasma, shock wave, and
cavitation bubble produced
by Nd:YAG laser pulses of
different duration and
energy:

(a) 30 ps, 50 w;

(b) 30 ps, 1mJ;

(c) 6ns, 1mJ;

(d) 6ns,10 mJ.

All pictures were taken 44 ns
after the optical breakdown.

A. Vogel, S. Busch, U. Parlitz, Shock wave emission and cavitation bubble generation by
picosecond and nanosecond optical breakdown in water, J. Acoust. Soc. Am. 100, 148 (1996).




Shock waves
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Laser pulse eI
(5ns, > 1010 Pressure
W/cm?2)
Pulsed Laser . v - ) ': 14 B 3
10Hz, 5ns, 366nm . R . - LHSQI' Puhe;r'-..-; -

Diaphragm

iCCD Camera

Gating 5ns

e P i

Total time 500 n
Gating 5 ns

# ‘ 4 b oo0E2 o9



Shock waves
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Shock front kinematics

0.4
E 1 Gchm2 no ablation Ef
¢ 3.1 GW/em? - 43 }
03 L ¢ 27.7c6w/em? 'z *3 H
- sound velmg‘ty '

100 150 200
—Ztime (ns)

Over-pressure

A. Chemin et al., Appl. Surf. Sci 574, 151592 (2022)



Shock waves

o

Conservation of momentum Hugoniot curve from Rice and Walsh:

. Us—¢o
at a shock front: u, =c,(10 @ — 1)
— = uu
Ps ™ Peo o fp(_’ ¢, = 5190 m/s; ¢, = 25 306 m/s
u, : particles velocity Valid up to 25 GPa
20 —
HH gold target
10 H+ alumina target —_—— i
©
o
< 4 —8—
v —&— —&—
= S
A 2 ——
Q i!
S
1t 5 1
: A. Chemin et al., Appl. Surf. Sci 574, 151592 (2022)
04 —;

1 | 10 | 100
laser pulse intensity (GW/cm?)



Shock waves
Relates the initial pressure to the pulse energy : ps(MPa) = 10J2a 3 Z1

R. Fabbro et al. J. Appl. Phys. 68, 775 (1990)

Z the reduced acoustic impedance
I the laser intensity [W/cm?]
a fraction of pulse energy involved in the thermal energy

20 —
HH gold target
10 4 alumina target
[ |[——Model
s |
% I
< 3
Q
h o
2
o 2]
S
o
Tt & :
1 A. Chemin et al., Appl. Surf. Sci 574, 151592 (2022) 1
0.4 M| s N P R N s N PR

1 10 100
laser pulse intensity (GW/cm?)



Shock waves
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“Mach” cone induced by:

—> Critically refracted longitudinal (LCR) wave
— Surface waves at the interface between the
liquid and the target: the leaky-Rayleigh wave

11

Origin the observed shock waves ?

L A A i
L I r

Rayleigh Wave
I THTE
I

A S T S
T T




Shock waves
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Measurement of elastic modulus (E, v)

Leaky v

wave B
N\ sin(0g) = -

CR

in(0,) = =

sin = —

// C,

Co sound velocity

Rayleigh’s approx. Wave velocities vs elastic modulus

In vacuum: For isotropic materials:
. . [ 28v + 22 1 E 1—v E
o — _— C == _—m Cr = _
Y 210+ 29 T 21+v)p L 1+v)A-2v)p

A. chemin, M. Fawaz, T. Vidril et D. Amans : « Procédé de mesure d’un module d’élasticité par génération laser d’ondes de
surface a une interface matériau/liquide », demande de brevet francais n° 2105079 déposée le 14 mai 2021.



Shock waves
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Measurement of elastic modulus (E, v)

Measurement

. Co

sin(0g) = —
CR

: Co

sin(), ) = o

Determination of v

i
steel 403L

sin(,) 2_ 1—2v x?Su—I—ZQ
sin(0g)) 2(1—v)  21r+29

—)

Depends only on the angles!

A. chemin, M. Fawaz, T. Vidril et D. Amans : « Procédé de mesure d’un module d’élasticité par génération laser d’ondes de

Determination of E/p

E_{1+u)(1—2y)( o\’
o 1— v sin( ))

surface a une interface matériau/liquide », demande de brevet francais n® 2105079 déposée le 14 mai 2021.



Shock-bag @ ESRF (July 2023)

Shadowgraph imaging using a SIMX camera
(16 iCCD, Gate 5ns).

Bubble formation

700

_. %

600

Distance from the initial surface, nm

Cheng-Yu Shih et al., Nanoscale, 2018, 10, 6900
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» Temperatures

> LIF measurement



E L Plasma spectroscopy
i : f J

thermodynamic parameters

composition

e Plasma species and time evolution of the chemical
I _ _ Spectroscopy
atomic / ionic / diatomic molecules

e Plasma temperatures
diatomic molecules : T

rotational’ Tvibrational ' “C]UidS

Electronic temperature of atoms, ions molecules : T,

(electrons (kinetics) : T.)

e Electron density (n,):
Electronic field => Stark effects (broadening and shift)




Plasma spectroscopy
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300 ns 400 ns 500 ns

g — Shockwave front
g “ // N7l
Liquid 2

&

Alumina target Plasma

5 ns pulses o Shadowgraph imaging using an iCCD
1010- 1012 Characteristic time Laser pulse
' |of phase transition duration
W/cm?

|

Optically active plasma Vapor bubble

Rebounds and
collapse (not showng

Laser / target [EESNEROCUllE
interaction  EESESMERELNIIT

| | I .
100ps  1ns 10 ns 100 ns\ \ 1 us 10pus  100pus  1ms time
Carbon target -> C, swan band Al,O, target -> AlO molecules
10y { ] R o ; 11 S | 22
= 09/ 5ns ’ )
S =
2 08¢ s 08l 200ns
8, 07| g
! <
2 > |
@ 0,6} = 06k 500ns |
3 s I
£ 05+ . i= .
Y| Ons N ' 0.4h 2200ns
512 513 514 515 516 517 483 484 485 486 487 488 489 490
Wavelength [nm] Wavelength [nm]

Molecules appear early (with respect to what is observed in gas or vacuum) -> problem for LIBS



Plasma spectroscopy: Electron densityJ
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5
10 Proposed
. = 10* ragatpguctear
BG : Background emission > 10" i
. . = Thermonuclear
Stark : Stark shift/broadening = 10% F fusion e
O
[l > L
1E20+ . M a-1-BO-BG e 107 T &5 Naghotion | Shoskwae
A ® a-ll-A203-Stark -~ 10 | | Bres™
- - ite - Gl
= A a-lll - Graphite - BG g Digg‘r”arges Low
¥ Vv a-IV-Al-Stark o 1 F , : pressure arcs
& . @O Flames
L 4e194 A € a-V-Ti-Stark W g
2 R « a-VI-Cu- Stark [Tonosphere MHD energy
c A » a-Vil-Ag-BG 102 R TR TR TR TR T
L
° ve ® o 10* 10° 10® 10" 10" 10™ 10'® 10" 10%°
v v .
% 1E18 - 1 | : Vv Electron Density (cm™)
2 > °
® ° \_Y_I
e Here... good news for what concerns
0 200 400 600 800 1000 1200 the local thermodynamic equilibrium
time (nanoseconds) for the electronic states

3 0.5
gmcu AE kTo100 AE
Ne = 6.5 % 10'6 % (—) ( ) D, (
Emin E‘F E‘IH kT 1o

[Review] A. Kanitz et al., Plasma Sources Sci. Technol. (2019) H. Drawin, Zeitschrift fur Physik, 1969, 228, 99.
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Plasma spectroscopy

Exemple on Al,O,

target

1.2

1.0F
0.8}
0.6}
0.4}
0.2}
0.0

Intensity [Arb. Unit]

(a)

|

Av=-1

laio

‘*NAﬁ/‘:zjK’\\
Av=0 Av—l

380

440 460 480 500
Wavelength [nm]

5ns, 10 Hz
~ 40 m] / pulse

YAG:Nd | X3

External | Temporal
trigger |[resolution: 5 ns 20 mm

diameter

J.Lametal,,

Phys.Chem.Chem.Phys. 16, 963 (2014)

Filter

Dichroic

Miror

focal
150 mm

XY moving

=

Plasma spectroscopy

Mono -
chromator

Intensified
CDD

520
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Plasma spectroscopy: Ro-vibrational spectroscopy

S

Temperatures:
= Atoms: T,

lec

= Diatomic molecules : T,

lec ?

T

ib ? Trot y

canonical ensemble

Telec Tvib Trot
Electronic levels Vibrational levels Rotational levels ]
v =4
V)
v =2 +~—7 =3
v 1
n v =10
AE = hi
v’ =4 Electron : Kinetic
v’i=13 temperature T,
AL : — =2
. V” e ]_ °
nn V” — [-J o.}. s & e_

Electronic Levels

Vibrational Levels

X

Rotational Levels



! Plasma spectroscopy: Ro-vibrational spectroscopyJ
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E =Ty +Galv) + Fo(J) - but E,(J) Depend on the Hund’s case (S, L, N and their projection)
Istvan Kovacs (1969)

2 3
1 1 1 "
Gr(v) = w, (T + 2) — Wele ('U + 2) + WY, (’i‘ + 2) + ... (em™1).
2 ~- Tabulated

Fy(J) = By-J(J+1)— D, (J(J+1)) C HULKS ALY (em™h

5
LN
.
e

P wn o J ",v’ J’ r — .
In” ,U” g = = he - Vn,-rvp J.r,r A o J A‘n’ ! J7 (VL -m 3)' |nten5|ty
band strength
!
Probability of spontaneous transition(s) A“,,U””TJ” — A" ” g AJ’H /
; ; ]_ 647[-4 — ,’U J !; !

3 1, U 2
Finstein Coefficient A = 1m20 3h(2 — o) (25" 1 1) (100 - Ui i g )™ = Syt gy - (@0€)

S, e HbIn-London’s coefficient ' Z Sin = (2= 0oa) (25" + 1) (2] + 1)
2] + 1 | _sub—rot states ..

Normalisation, Istvan Kovacs (1969)

cap| — he'F, (J') exp| — he-G i (v')
kg-Trot kB Tuiy Population density of

Qrot ’ ,( T'ot) . me ( mb) the EXCitEd state

Llju —

1
j\'rn-‘!vfjjf = an . 3 (‘)JI + 1)




Plasma spectroscopy: Ro-vibrational spectroscopy
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b) 3 | 1
+ +
AIO(B25*) — AIO(X25+)
visible light (~ 500 nm)
6 —
v =4
v =3
v =2 7
.. e -
n vi=10 ;’6 i
il
AL = hi
v'i=4
S N
v —9 il P
v — 1
n’ J;;'.- v = (0
Electronic Levels Vibrational Levels Rotational Levels
U_

T T T T T T
3.0 35 4.0 4.5 5.0 5.5

AlO Internuclear distance (bohr)



Plasma spectroscopy: Temperatures
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Atomic AlO emission

Intensity [Arb. Unit]
o
[}

0.2}

AlO molecules emission

Av=1 ™
380 400 420 440 460 488/ 500 520 1 6X106

Experimental data

— Fitted data

6 [ 4
1.4x10 FWHM=0.061nm

Ladotr T... = 6000K + 1000K )

\"

1.0x10° |- T... = 3400K+ 500K -

8.0x10° |-

6.0x10° |

Intensity [Arb. Unit]

4.0x10° |

2.0x10° |

00 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1
484 485 486 487 488 489

J. Lam et al., Phys.Chem.Chem.Phys. 16, 963 (2014) Wavelength [nm]



Plasma spectroscopy: Temperatures
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/Texc A b-1ll-BO - Tyan
b - IV - Graphite - T,;
8000+ i x b-V- Gr;apphl{ee Tv,bb
planck 4 b-VI-Ti-Toane
7000 - B b-VIE-Ti-T o
: wb ® b-Vill-Cu- T

— 6000 + % b - IX- Graphite - T,

X _ ,,: ® b-X-Ti- T

W 5000_ @ b-Xl-Cu-Tee

2 “o

© 40001 p ?

o - Aeo
3000 L% .

5 | % T Fast cooling, but
20007 & what are we really
R measuring ?

oL
0 500 1000
Delay [ns]

[Review] A. Kanitz et al., Plasma Sources Sci. Technol. (2019)



L Plasma imaging
i E j o’

Aluminium Aluminium monoxide Aluminium Aluminium monoxide

3905 nm filter 488+5 nm filter 390%5 nm filter 4885 nm filter
At=28.8ps

What are we really
measuring ?

Emission from
“newly” produced
molecules ?

J. Lam et al., Spectrochimica Acta Part B 101
(2014) 86—-92




Light-induced Fluorescence (LIF)
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Optical fibre
bundle

Monochromator

ANDOR SR 500i

iCCD

Camera

Mirror

Controller

Power

N
S—
N
=h

Translation Z

Shutter

Shortpass

filter FI%SOSOO

Pulsed Laser
20Hz, 5ns, 266nm

Shutter

Delay

Translation XY

Generator

Wavemeter
WaveMasterTM

OPO
20Hz, 3.2ns

J

A. Chemin et al., Spectrochimica Acta Part B: Atomic Spectroscopy 205 (2023) 106685




Light-induced Fluorescence (LIF)
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/1

(a) 60 T T .:-0 T T 1 T T = T T T T

_ R branch - R branch - N

o | AJ=AN=+1 _-"_ _____ AJ= AN= +1 S e

L 50py.] K 3 -

L R - P branch s P branch .
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3 Ry s .2 R, ? .

2 40 L :. R2 e :- R oo a

0 : Py . ;2
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o 30F s %, : . -
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Fo 5 .::o// [ oo

o 20F 2 1

8 S (- [ -t H

g JP’ o

@ 10l . = | Excitation (Av = 0) Emission (Av = -1) 1

2 5 lv=0-v=0 V=0 — v'"=1

© T s
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0 1 .: L L L II .: L V”:O
483 484 485 486 487 508 509 510 511 512 513 514  Schematic drawing
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A. Chemin et al., Spectrochimica Acta Part B: Atomic Spectroscopy 205 (2023) 106685



Light-induced Fluorescence (LIF)
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(d)

520

y 518 W 518
> >
S : g
5 Intensity 5
= 516 [arb. unit] P
£ 14
= N s
@ 514 8 2 514
[0} [0
[J) 7 (3]
© ©
2 512 J =512
S Se e
2 48 B
€ 510 3 € 510
w w
2
508 L 508
0 1
484 486 488 490 492 494 496 484 486 488 490 492 494 496
Excitation wavelength [nm] for Av =0 Excitation wavelength [nm] for Av =0

A. Chemin et al., Spectrochimica Acta Part B: Atomic Spectroscopy 205 (2023) 106685
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Light-induced Fluorescence (LIF)

MATIERE
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LIF Plasma emission

@30ps : Ty2y+ = 3150 K (SD = 552 K)
Temperature interval for a confidence T“’t + = 3130 + 100 K (70%).

level of 70% (two-sided) is +67 K. v
S.

@5ps : Ty2y+ = 3700 K (SD = 5302 K)
Temperature interval for a confidence Trzz+ = 3850 + 100 K (70%)
level of 70% (two-sided) is +64 K.

A. Chemin et al., Spectrochimica Acta Part B: Atomic Spectroscopy 205 (2023) 106685
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5ns, 10 Hz O.D. Miror
~40 m] / pulse
YAG:Nd [ X3

External |Temporal diameter
trigger |resolution : 5 ns 20 mm 150 mm

20 - 30 mm

ad.‘

Ultra-fas XY movi ng d : '

camera

|

Camera Phantom v711 from
Vision Research

Zoom 6000 from Navitar
Frame rate 210000 fps

| Light source




Bubble dynamics

INSTITUT LUMIERE MATIERE

S

Radius [mm]

Let me focus on the first oscillation.
The bubble radius appears symmetric
with respect to time !

2 AN B B B L B B B B B B R B B EL B B B BB B
I Il‘“ HM‘:
ot “’“”‘o‘;::::‘“
' R s A
15 | 'max % . i
i E 300 | 5ns, 40 mJ/puIse.
s .1 1 L A
1] ] £ 250| | l l
. 2 [
Y £ 500
| Water % i - Ethanol Water Iso.
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2 " L Rayleigh collapse time:
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J. Lam et al., Appl. Phys. Lett. 108, 074104 (2016)
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Rayleigh-Plesset (RP) equation
Derive from Navier—Stokes equations in spherical coordinates,
assuming a Newtonian fluid, incompressible

. 3., 1 20  4nR
RR + ER — P Pp(t) — b — R R o fluid surface tension
f | p liquid mass density

n dynamic viscosity

Relative contribution of each term :

R~=1mm, t~300 s, o,~0,1N/m,p,~1g/cm3 n, =103 Pa.s
Weber number WE — pRQR/J ~ 1 X 102 The surface motion of
= the bubble is driven

Reynolds number Re — /JPB/’W ~ 3 % 103 by inertial forces

Simplified Rayleigh-Plesset (RP) equation for purely inertial dynamics

p(RE + 592) = Pg(t) — P,
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Isentropic process !

Radius R [mm]

5 0;5 ‘! 1.'5. |
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-1 0 1
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But the Rayleigh-Plesset (RP) model can’t explain the damping of the bubble oscillation ...
we need to account the compressibility = Gilmore model

Computes: R(t), Pg(t) and the pressure distribution in
the surrounding liquid.

— Gilmore |

Considers: liquid compressibility, viscosity and surface
tension.

Assumes: a constant gas content of the bubble,
neglecting evaporation, condensation, gas diffusion
through the bubble wall, and heat conduction.

Gas content variation during the collapse is arbitrary
added

State equation: Tait’s equation

=|—|  Water: B =314 MPa, n=7 Delay (us)

p..+8B N -. pﬂ)

S. Barcikowski et al., MRS BULLETIN 44, 382 (2019)
A. Vogel et al., J. Acoust. Soc. Am. 100, 148 (1996).
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But the Rayleigh-Plesset (RP) model can’t explain the damping of the bubble oscillation ...
we need to account the compressibility = Gilmore model

= {—)H R bubble radius, U=dR/dt is the bubble wall velocity,

3/ uy . |
——‘1——:ﬁﬂ+(bkﬁ
21 3¢ .G C speed of sound in the liquid at the bubble wall,

77\ 1-1 Henthalpy difference between the liquid at pressure
+ = ( 1— —)R ] [R( 1— )] P(R) at the bubble wall and at hydrostatic pressure p,

P(R)dp  pand p are the pressure and the

H:
p.. P density within the liquid

K the ratio of the specific heat
fo 20 . Pisuniform in the bubble.
) "R R 7 Ryequilibrium radius (P = Pryqro)
R,, "measure" of the gas content

CZ(E%-HH— 1)H)2,

Assuming Tait’s equation é . n(p..+B)

(n—1)pg

The pressure P
at the bubble P= (px
wall is given by

f P+B Vviim—1)/n
(.,px+B,) _1]

A. Vogel et al., J. Acoust. Soc. Am. 100, 148 (1996).
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Ablation in viscous liquids : poly-alpha-olefin (PAO)

Au in PAO40 oil
Kinematic viscosity v ~ 1280 m?%s

Au in PAOG6 oil
Kinematic viscosity v = 77 m?%s

vV
Huge capillary number Ca =2 . ct > 100, the contribution of the viscous forces to

the friction drastically increases. The Rayleigh-Plesset and Gilmore are no more appropriate

T. Hupfeld et al., J. Appl. Phys. 127, 044306 (2020)
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Direct resolution of the continuity and Navier-Stokes equations
(Finite volume method, OpenFOAM open source software @ https://www.openfoam.com/)

1.6 | 1.6
1.4 PAOG collapse 1.4 PAO40 Y DANSIon
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i 77 o NN\ VIR 17 o e NN
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ool SOBEE £ 77 T R K AARNT 05 LA uh L
TR TR e D . NP 7
—1.5 —1 —0.5 0 0.5 1 1.5 —15 -1 —0.5 0 0.5 1 1.5
X [mm)| X [mm)|
1.6 : 1.6 :
14 L1 PAOG I collapse 14 PAQA40 % ollapse
1.2 2] %%ﬁ%ﬁ 1.2
] L b T P o et S P e
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oo Ll & ALEAL L Z oSS AR Y 0 S ) e U A
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X [mm]

M. Koch et al., Comput. Fluids 126, 71 (2016)  >UPPression of the jet '
C. Lechner et al., Phys. Rev. Fluids, 2020, 5, 093604. C. Lechner @ TU Wien

X [mm)|
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Thermodynamic parameters

Fast cooling 10 K/ns

Shockwave induced leatiofVd

104 phase transition nucleation i
=z - Tuib , Sakka et al. 2002 Plasma temperatupés
= I T, Saito etal. 2003 ol TR 4 gsh e & sk
© [ vBlackbody, Sakka et al. 2000 : '3 : grap
= *Black body , De Giacomo et al. 2013 ¥¥1 Image
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g 10%L
(O] C
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. Shockwave Energy release :
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D. Amans et al., Origin of the nano-carbon allotropes in pulsed laser ablation in liquids synthesis, J. Colloid Inter. Sci. 489, 114-125 (2017).
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