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Laser ablation in liquids attracts a broad interest
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Interest: one step
of colloids process, particles
with surface free of
fs, ps, ns

101 - 1022 W/cm? ligands, versatile...
- cm

Interest: Geological exploration (oil industry) p

Recognition of archeological materials...

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

@ Particular GmbH



Laser ablation in liquids attracts a broad interest
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These de Laurent Weiss, Contribution au développement
d’un procédé de découpe laser haute-énergie/ jet d’eau
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-induced breakdown in liquids
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Bibliography: Alfred Vogel (Univ. Liibeck) , Werner Lauterborn (Univ. Gottingen)

a e, : o BT 5, 8 k 3 A | Plasma, shock wave, and
b Gh 2 PG QAR ' cavitation bubble produced
T “ S by Nd:YAG laser pulses of
.\ | different duration and
 energy:

(a) 30 ps, 50 w;
| (b) 30 ps, 1mJ;
Ry (c) 6ns, 1mlJ;
(d) 6ns,10 mJ.
All pictures were taken 44 ns
after the optical breakdown.

100 um



http://dx.doi.org/10.1121/1.415878
http://dx.doi.org/10.1121/1.415878
http://dx.doi.org/10.1121/1.415878

Laser ablation in liquids
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Shadowgraph imaging using a fast camera (210 000 fps)

Gold target in water




Characteristic time scales
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400 ns

500 ns

: - Shockwave front

Alumina target Plasma
5 ns pulses
1010- 1012 Characteristic time Laser pulse
W/cm? of phase transition duration
cm

|

Laser / target RESNERIOT=C0lllek

Shadowgraph imaging using an iCCD

sass Pl

: : Rebounds and
interaction plasma warming el RS ekt Vapor bubble collapse (not showng
I — e :
100ps  1ns 10 ns 100ns 1 pus 10ps  100us | 1ms time
N L - ~First collapse
- Y Y
First picture (framed red) Shown kinetics
Laser : 355 nm, . S ,

|

1t R r

5 ns pulse duration,

liquidf
45 md/pulse, :

B

i i HiEs T i

Shadograph imaging with fast camera

Amans et al., J.

Colloid. Interface Sci. 489, 114-125 (2017).



Characteristic time scales
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; 300 ns 400 ns 500 ns .
: G _— Shockwave front _
S “: / / Nl
Liquid & 1
Alumina target Plasma
5 ns pulses - - - -
1010- 1012 Characteristic time Laser pulse Shadowgraph imaging using an iCCD
of phase transition duration
W/cm? |
Laser / target REENNERCL=Calllek : : Rebounds and
interaction plasma warming Cjplielly e et Velgeirlstizale collapse (not showng
........ I I e

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

Original condition:

* High pressure / Laser shock peening
* Fast cooling ( a few ps vs. a few tens of s in air)
* New category of plasma (T, N,)

* Plasma-liquid interaction



In-situ characterizationJ
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b
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Pump-probe microscopy (24-2%) (charac. ti
g-/phonon, heat diffusion, phase transitio

Ap P e
! i

 @Kanitz2019

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

o
<€ >

X-ray beam

Lens focussing
laser

small angle X-ray scattering (1:18) (particles diameter larger than few nm)

« >

Water supply
target and exhaust

@Ibrahimkutty2015 Shadowgraph(?122) and Schlieren imaging!?3® (shock waves)

< >

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

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

< > < >

Plasma spectroscopy(14-16) (species, T, electron density ...)

< » <« »

@Néyeﬁc;is o Light induced fluorescence (species)

Rebounds and

collapse (not shown)
—

I I e
100 ps 1ns 10 ns 100 ns 1 us 10 us 100 us 1ms

Laser / target JHERUERIe = allaek
interaction plasma warming

Optically active plasma Vapor bubble

time



In-situ characterization
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Ask me !
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Bubble dynamics
A few words on laser generation of colloids
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CARRIER EXCITATION a Multiphoton

\““_WMW-—} .
\ca/ “E ® / absorption.
] . N b Free-carrier
! 4\ TR - absorption.
a| b c Impact ionization.

/

VB

™

THERMALIZATION

o o . e Carrier—carrier
d Carrier Q ,.rr/ \ / \ \ scattering
——WM. o R '
distribution before - - v f Carrier—phonon
scattering. ﬂf’JuB SN Elf e { W scattering.
CARRIER REMOVAL o
o - g Radiative reomb.
\ / \ ] Ve h Auger recomb.
L\ - i i Diffusion of
~ A : ;
o " o " excited carriers
THERMAL AND STRUCGTURAL EFFECTS "{# A4 Tfj‘
ﬁ‘"% j Thermal diffusion
') I ?ﬁ\ K k Ablation...

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



Characteristic time scales in laser ablation
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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
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Ag target, 400ps, 600 mJ/cm?, box size 50 nm x 50 nm
Molten Ag (blue) / Vapor-p

v’ Early appearance of the nanoparticles (first few ns). ™
v' Bimodal size distribution: Two mechanisms of ]
nanoparticle generation in laser ablation in liquids.
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Jetting of the molten metal (Richtmyer—Meshkov
instability) from the layer roughened by Rayleigh—
Taylor instability
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See bibliography of C.-Y. Shih & L. V. Zhigilei @ University of Virginia
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» Shock waves kinetics and pressure measurement
» Fabbro & Berthe’s model

> Surface waves and elastic modulus measurement



Shock waves
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Laser pulse Large
(5ns, > 1010 Pressure
W/cm?2)

Pulsed Laser
10Hz, 5ns, 366nm

Diaphragm

iCCD Camera

Gating 5ns

Total time 500 ns
4 4 P om0za3 o3



Shock waves

>

Shock front kinematics

0.4 X
_ A : ¢ 1GW/em? no ablation } f
Water ; P ¢ 3.1 GW/em? E}
oo ' a & e 5 Eii {i
; 0.3 1] ¢ 27.76wW/em ;3
Alumina - - sound velmg‘ty :

100 150 200
—Ztime (ns)

Over-pressure



Shock waves
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Conservation of momentum
at a shock front;:

Ps — Poo = UsUpPo

u, : particles velocity

Hugoniot curve from Rice and Walsh:
Us—¢Co
up, = c\10 < —1)

c; = 5190 m/s; c, = 25306 m/s
Valid up to 25 GPa

20 — —
HH gold target
10 H+ alumina target —_—— i
© I
(' i
SR %
= .
5 2 ——
o i
1t 5 ]
i A. Chemin, submitted to Appl. Surf. Sci (2021)
04 —

“10 | 100

laser pulse intensity (GW/cm?)



. 28
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 impedence
I the laser intensity [W/cm?]
a fraction of pulse energy involved in the thermal energy

20 — —
HH gold target
10 H+ alumina target
[ |——Model
o) [
% |
)]
el I
v
o 2]
S
o
1F ® ]
i A. Chemin, submitted to Appl. Surf. Sci (2021)
04—

.1 | 10 | .'”“1'00
laser pulse intensity (GW/cm?)



Shock waves
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Origin the observed shock waves ?

Due to scattered light Direct Blast
heating the target’s surface




I Shock waves
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Shock waves in the target & couplings

— Due to Shock-waves in the target ?




] Shock waves
.é.f :-: j -

Shock waves in the target & couplings

£ -
Peanir s

el S SN o %4 “wave (c,) Leaky-Rayleigh "

e

— Due to Shock-waves in the target ? Yes for the L-wave
— Surface waves at the interface between the liquid and the target: Scholte-wave (not

observed) and the leaky-Rayleigh wave



L Shock waves
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Measurement of elastic modulus (E, v)

ey

Measurement e
. Cp ;
sin(0g) = o
sin(0,) = — -
Cr, i€
steel 403L

Co sound velocity

Rayleigh’s approx. Wave velocities vs elastic modulus

In vacuum: For isotropic materials:

[ o 1 E o 1-v E
Y 210429 = 20+v)p Lo la+vy@a-2v)p
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Shock waves
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LEWV

Measurement of elastic modulus (E, v)

Measurement

. Co

sin(@g) = —
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 waves
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Measurement of elastic modulus (E, v)

450 0.50
(c) (d)
400 Al2O e
0.40
350
© 0.35 1 '
2 o 0.30 |
T YAG 5 GGG Al
S 250 § 0.25 '
v
o YIG £
o , (I 0.20
g 200 LiNBO3 GGG >
m 0.15 5
150 ¥
0.10
50 ' 0.00
50 150 250 350 450 0.00 0.10 0.20 0.30 0.40 0.50
E tabulated (GPa) v tabulated

Comment : using an exact method provides same results given the measurement errors.
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Plasma spectroscopy

> Plasma classification

» Density
» Temperatures

> LIBS underwater ?



Plasma spectroscopy
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Adapted from Alfred Grill, New York: IEEE Press (1994)

5
10 Proposed
therTonucIear
; 104 reactors
Q 4 ;I'hermonuclear
> 1 0 euxsﬁgnments ?
% 1 02 [ ]
Solar Magnetron
LICJ Corona Sp-.?ttering High_Shockwave
= 10 N regore We can expect:
O ow . .
— Discharges Low
E 1 J pressure arcs ngh denSIty
m o, | e Low temperatures
10" Ponosphere MHD energy
conversion
1072

10* 10° 10® 10" 10'™ 10™ 10" 10'® 10%°
Electron Density (cm™)

Necessary condition regarding the o gmar (AEN? (KT \ "7 AE
local Thermodynamic Equilibrium Ne 2 6.5x 107> 7= (E_H) ( A ) P (kT )
1 1 elec

Emin
for the electronic states H. Drawin, Zeitschrift fur Physik, 1969, 228, 99.




Plasma spectroscopy
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thermodynamic parameters

e Plasma species and time evolution of the chemical

composition Spectroscopy

atomic / ionic / molecular lines indexation
e Plasma temperatures
diatomic molecules : Trotatlonali waratlonal ' |IC]UIdS

Electronic temperature of atoms, ions molecules : T,
(electrons (kinetics) : T.) Target

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



I Plasma spectroscopy: Ro-vibrational spectroscopyJ
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canonical ensemble Temperatures:

" Atoms:E =T, ﬁ Telec
= Diatomic molecules: E =T, + G,(v) + F,(J) ﬁ Tatec » Tuibr Trot

Telec Tvib Trot
Electronic levels Vibrational levels Rotational levels v

v'= = /
v'=3 E I
v -2 ——=—— s
— i

e v=0 =

hv=AE

v=4 ——
v=3 —_— I
v=2 ——
v=1 _

e v=(

Electron : Kinetic temperature T,



E‘ L Plasma spectroscopy: Ro-vibrational spectroscopy
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E =Ty +Galv) + Fo(J) - but F,(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

.
e,
.
L T

P v o J ",v’ J’ r — .
In” ,U” g = = hc - Vn,-rﬁp J.r,r A o J Ny ! 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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) ] L L | 1
+ +
AIO(B25*) — AIO(X25+)
visible light (~ 500 nm)
6 —
v =4
v =3
v =2 7
.. e .
n vi=10 ;’ﬂ 7
il
AL = hi
v =4
! Vn 2
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
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@) | a0

RN
o N

o o
o
T T

1

Av=— .

Exemple on Al,O,

o o
N b~
L L

]

Av=->12

target

Intensity [Arb. Unit]

o
o

" Av=0 Av=1 ™

380 400 420 440 460 480 500 520
Wavelength [nm]

Filter Dichroic Plasma spectroscopy
Miror |

5ns, 10 Hz
~ 40 m] / pulse Mono - Intensified
chromator
YAG:Nd |X3 cDb
External | Temporal diameter focal
~ | trigger |resolution : 5 ns 20 mm 150 mm

£
£
o
m
o
N

XY moving 4'




Plasma spectroscopy: Electron densityJ
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Atomic Al emission

Iai0

[\ |
AVO\‘H:V\\T}\-

380 \ 400 420 440 460 480 500 520

Intensity [Arb. units]

[ —— 200 ns |
10 | Stark effect ! —— 400 ns ]
[ _, y —— 600 ns ]
[ A/ = dN, -
08 | —> ’

_IIIII'II'II'II'[I'II'II'II'II'[IIITIIIIIlTITI_

396 398

Wavelength [nm]

1E19 —

mﬁ‘_"\

€ i

[®]

L

=

= 1F18 | } }

C "

[} B

T _

T Loy

0

b -

(@] =

Q

w } }
1E17 | . | . | . | | . | . |

200 300 400 500 600 700 800
Time (ns)

J. Lam et al., Phys.Chem.Chem.Phys. 16, 963 (2014)
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Plasma spectroscopy: Electron densityJ

S

1E20 -

1E19

1E18

electron density (cm™)

1E17

Ve hd
TETV gvevey,
[ J

>

BG : Background emission
Stark : Stark shift/broadening

A

m B a-|-BO-BG
® a-Ill-Al203 - Stark
A a-lll - Graphite - BG
v a-1V-Al-Stark
® a-V-Ti-Stark
< a-VI-Cu- Stark If continuous emission is
» a-Vll-Ag-BG

dominated by radiative
electron-ion recombination.

T. Sakka et al., J. Chem. Phys. 112, 8645 (2000)

¢ @ ne (o)

ne(t) = 14+ (t—ty)/T

0

I
200

— T T T T=(an(t0))_1:decaytime
400 600 800 1000 1200 € back. emi

time (nanoseconds) 10-12 cm3.s-1

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



Plasma spectroscopy: Electron densityJ
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:

Adapted from Alfred Grill, New York: IEEE Press (1994)

10°
Proposed
< 10° termonuclear
>
‘9' 3 ;I'hermonuclear
P 1 0 et’;csﬁg'rllments
% 102
Solar Magnetron

u:J Corona Spm?nering High_ShGCkwa"e
c 10 ressure
O Glow
= Discharges Low
Q 1 pressure arcs
Llij Flames

10" onosphere MHD energy

conversion
1072

10* 10° 10° 10™ 10™ 10™ 10" 10" 10%°

Electron Density (cm™) \_YJ

Here... good news for what concerns
the local thermodynamic equilibrium
for the electronic states




Plasma spectroscopy
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; 300 ns 400 ns 500 ns .
: G _— Shockwave front _
S ; / / e
Liquid & :
Alumina target Plasma
5 ns pulses Shadowgraph imaging using an iCCD
10°- 101 Characteristic time Laser pulse grap ging g
¢ |of phase transition duration
W/cm? l

Rebounds and

Laser / target REERNERIOL=Cullek : :
interaction plasma warming Cjplielly e et Velgeirlstizale collapse (not showng
........ | | — _
100ps  1ns 10 ns 100 ns\ \ 1 us 10ps  100us  1ms time
Carbon target -> C, swan band Al,O, target -> AlO molecules
1,0_ I I I , I 4 NNy |_r """"" L _'I """"" Trrrrrrrre Trrrrrrrre
| ( 0-0 ‘1 1 ;2-2
= 09 5ns ’ ' )
S =
3 08¢ S o.s 200ns
% 07} g r
3 0,6} 2 16k 500ns
2 s L
£ 05¢ - k= .
,,,,,,,,,,,,,,,,,,, 50ns 0.4k 2200ns |
312 313 514 515 516 517 483 484 485 486 487 488 489 490

Wavelength [nm] Wavelength [nm]

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



Plasma spectroscopy: Temperatures
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Atomic AlO emission
=, ol @ . / 1alo

£ o02f

tensity [Arb. Unit]
o o o
o H O

AlO molecules emission
380 400 420 440 460 489/ 500 ;201.6}(106 LI L R A B

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)



Plasma spectroscopy: Ro-vibrational spectroscopy
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AlO(B22+) — AlO(X23*)
visible light (~ 500 nm)
Emission spectroscopy:

Population of the excited state
... from “freshly” produced molecules

{:4 {j-.- .dn- {ju .dn-
Il
Lol [ o
e |

stickin coolin
Al+ 0 — AlO* —— AlIO(B2X)

desorption 1

AE = hv Quenching collision

|
o | oo |

¥ .  Population of the ground state certainly
"= map the kinetic temperature.
n” ( To access the population of the ground

< < |< |< |<
|

=
L |

Electronic Levels Vibrational Levels Rotational Levels electronic state... LIF is needed



Plasma spectroscopy: Temperatures
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Probing ALO(X): LIF Spectroscopy

J Miror 4 D - Delay
Camera Generator “\,\‘n
= ;
E Mirar 3
o
vl
o
-
=]
E Band
Filter Shuter
] OPQ
\ .E 20Hz, Sns |
ﬁ ﬁemﬂvahle
o Mirar
= Beam
iCCD Translation XY sampler  shuter
Camera Pulsed Laser
20Hz, 5ns, 256nm |__~




Plasma spectroscopy: Temperatures
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60 T T T T III.{ T I‘:' T T T —I:
(a) 5 (b)
_JZ_____:'"__________::” _____________ J
0 F R branch - Rbranch  : |
ranch - M=AK=+1 &
AJ=AK = +1 = P branch . &Fj_b;(nth J
40 - A=AK=-1 % s e 4
= 30 | : -
20 '_J]_ R S
10 - -
O | :‘:‘: | | | |l||IIJ'JI¢ Fpa— | + | |
483 484 485 486 487 508 509 510 511 512 513 514

1 wavelength (nm)

1 Excitation

H }

4 Emissions picks

.. ~485.4 nm

) %y
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(@ | | A =484.80 nm | l
l 4 Emissions picks l

|
U k‘u I l*. | J* | b

Mesured spectrum
Similated LIF

BNt sf L AT E VA ' . .--‘.-.i.l
w, e PR ™SSR MM it s bt s A o bt

Intensity (Arb. unit)

90% of emission from 10% LIF Direct LIF
- thermalisation \
J Provides the temperature of

l j l AlO(X) molecules
_ l .

|
L a ” An | | |

508 510 512 514 516 518 520
Emission {(nm)

Delay  |TrotAIO(B) |TAIO(X)
m 3845 + 75K 3702 + 61K
m 3130+ 75K 3153 + 64 K

Ablation in air




Plasma spectroscopy

ILI

INSTITUT LUMIERE MATIERE j
:

10°
< 107
E’ 3
- 10
(@)
o 2
Q 10 Solar
LICJ Corona
S 10 Glow
= 1 Discharges
(@)
(]
m Flames

107" onosphere

Adapted from Alfred Grill, New York: IEEE Press (1994)

Proposed

thermonuclear
reactors

Thermonuclear

fusion
experiments

Magnetron Shockwave
Sputtering High-

ressure
rcs

Low Laser

Ablation
pressure arcs i Lo

MHD energy
conversion

10* 10° 10° 10" 10" 10'™ 10'® 10" 10%°
Electron Density (cm™)

[review] A Kanitz et al., Plasma Sources Sci. Technol. 28, 103001 (2019)
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From gas to liquid

/
/7@/?
895 Lower electronic temperature ' o
Shorter lifetime liquids
Molecul r earl
olecules appear early Target
105 Proposed
i ; ; < 10* F fagtguctear
For analytical technigue (LIBS like) > Thermonucloar
o . . ; 103 B IauxSigrr]lments
+ high electron density — LTE for the electronic states 5 102 b oo g i o
2 o Sk Shockwave
max (AEN (KT \™ AE T Sputels __ Hong
Ne > 6.5 x 10'€ x - ) @ 5 10 [ co sl
8min E 1 E 1 kT’eL'EC '§ 1 Discharges lﬁ?evgsure arcs ﬁbll.?éil?igs
H. Drawin, Zeitschrift fur Physik, 1969, 228, 99. w ok Flamis \HD ener
L conversiong Y
1 -2 [ ] [ | [} [ | [} [ ] [}

10* 10° 10® 10" 102 10™ 10" 10" 10%°

- Low temperatures — partial information, i.e. some Electron Density (cm™)

species are not excited (H, ions, OH...).:

Next step: Delayed

double-pulse excitation
See bibliography of A. De Giacomo @ Univ. of Bari
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» Imaging of laser-generated bubbles in solvents of low viscosity

> Rayleigh-Plesset equation
» Gilmore model

» Bubbles in highly viscous liquids
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Dichroic

5ns, 10 Hz 0.D. Miror
~40 m] / pulse

YAG:Nd (X3

External [Temporal diameter focal
trigger |resolution : 5 ns 20 mm < 150 mm
=
o
o m
" g
| N S
Ultra-fas XY moving 4'
camera

L]

Camera Phantom v711 from
Vision Research

Zoom 6000 from Navitar
Frame rate 210000 fps

] Light source
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S

Radius [mm]

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

2 | | L B T rrrrprreTe E:':.
i Mua.:;::&:;:&A A|203 ta rget
eait LN
[ Ryax % AW
1.5 [ 'MAX oo *Q‘{ T _ 5ns, 40 mJ/pulse
A @ 300 _
"\:* E' [ l ] l
] S Eoem m [l
L “ )\ :(l}
: = 200!
[ 1 Water %N - Ethanol Water Iso.
0.5 }i Isopropanol --------- Vap -
k Ethanol - - - - b _ .
1 o t‘ Rayleigh collapse time:
O | 1 1 P T I T | P I TR T T T | |TB¢T| !.I 1 ?T 1 p
0 50 100 150 200 250 300 Trer = 1,83 Ryax |
Time [pus] L

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

‘AI203 target

2 17 R R o fluid surface tension
p liquid mass density
n dynamic viscosity

. 3., 1 20 4R
RR+2R*=>|Pg(t)—p - 2 _ 71

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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0 50 100 150 200 250 300

T 100 | | | ]
= F Water l
O [ Ethanol - - - - g o
2 10E Isopropanol --------- S
n ; P E
O - R
a T
o T SETT T oo oIt :
O
Q0
>
D 01 , , , | .
=
g [
T
NS08 ]
® S [ i
ESo6f ]
O o - .
Z g_ [
o044 L
-~ 0 50 100 150 200 250 300

Time [us]
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Isentropic process ! Model prediction ===
Literature value =—=

Radius R [mm] 1.3
5 £ . 1 1.5 312 .
4 100 *511 1
41 Co L -
Pp(t) = = =10
— 3| m
@ J10o ot -
=l v Eth. Water Iso.
() 2 Number of
£ 11 3 lecul
O 1018, vapor molecules
0 growth =, and shrinking = in water - To= 514K 647K 500K]
[ growth 4, and shrinking 2 in ethanol E 1 171 I I ]
1 growth ¢, and shrinking ¢ in isopropanol 10 l | :
3 -2 1 0 1 2 100 1
In(R3) [mm3] ||
Adiabatic ? 10" Abl Eth. Wa_ Iso
R=1 mm,thOOW/mZ/K,TCzGSOK e Y ' J
b = hAT(ﬂ-R + 2R ) ~0,33 W Vapor mainly composed of solvent

ﬂ 0’1 mJ molecules (25% pulse energy)
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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) d_}? p and p are the density and pressure

H:
p.. P within the liquid

K the ratio of the specific heat
fo 20 . Pisuniform in the bubble.
) "R R 7 Ry equilibrium 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 PAOA40 oil
Kinematic viscosity v ~ 1280 m?%s

Au in PAO6 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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Ablation in viscous liquids : poly-alpha-olefin (PAO)

" 200 us S
- . - il - .
100 us 133 us 166 us 233 us 266 us
. . i -

9.5 us 95.0 us 133 us ' S 90 us 266

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

(a) time

collapse

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
1.2 e iﬁ‘m% 1.2 =
_ 1 XMMMW "“*’3‘% - 1 ﬁy %
i 77 o NN\ VIR 17 o e NN
S 0.6 o o - e, N \\\ j 0.6 2 M% '
oa L LA L L L s [ % A 0 I F 7 et S R
oo Ll SGEEE £ 77 TN R A0 05 LA uh L
SRR e : Sal T e
—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 :
1.4 Ly PAOG - collapse 14 PAOAQ % ollapse
1.2 2] %%ﬁh 1.2
o T e ) P i N
= s P P e NN = s P e e N
SIS 770 kNS L N R I T 7 N Y
T SO oo [
oo Ll & ALEAL L Z oSS AR Y 0 (N1 |
UL A TR

1.5

0 0
—1.5 -1 —0.5 0 0.5 1 1.5 —1.5 -1
X [mm]

M. Koch et al., Comput. Fluids 126, 71 (2016) Suppression of the Jet
C. Lechner et al., Phys. Rev. Fluids, 2020, 5, 093604.
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Fast cooling 10 K/ns

Shockwave induced leatiotP

10% phase transition NucClcaliyys
A E o Tuib , Sakka et al. 2002 Plasma temperatugés ;
é [ £ Trot, Saito et al. 2003 . .***A? I o *° . Shado ra h
g " v Black body , Sakka et al. 2000 . v e warap
5 »Black body , De Giacomo et al. 2013 1 . Image
S " 1 Trot, OUr work iy
£ 103
GEJ E \Water critical temperature Spread of the vapor temperatures
[ 25l —~——— " g~

300 [ 1 1 ] ] ] ] ]

1010

. Shockwave Energy release :
L ('__J‘*~\\ New shockwave
o108} (GPa] \\"‘*«. ~ < . _known, > Spread of the
@ 4| 20 _ - T —— - g vapor pressures
B 10" } 3C-Diamond S
Pt 10 z
i -
O 406 b o= Craphite/— 111000k
01 2 3 4 6
10° Pl [ I
asma screening. . .
Y Optically active plasma
| | | ”
100 ps 1ns 10 ns 100 ns 1us 10 us 100 us 1ms time

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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L Laser generation of colloids

Publication count

100

10

. B

1985 1990 1995 2000 2005 2010 2015 2020

Various Alloy c¢-BN, Co ZnO, TiO2

Metals and Alloys, Doped oxides,

diamond metals Au-Ag  SnO2 CeO2, GaAs Semiconductors, carbon particles,
| | | | l | | I | | === Core-shell, Chalcogenides,
: Complex stoichiometries,
Material Brass Au, Ni C3N4 ZnSe LiCoO2 hano-hybrids and
Ce0. C70 CdS  Hf2S conjugation with biomolecules
Euo03

Versatility of the method + new approach: Laser Ablation in Liquids (LAL), Laser
Melting in liquids (LML), Laser Fragmentation in Liquids (LFL).



Laser generation of colloids
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Continuous flow setup

Mirror
E! .' I . i WA I, | 2 mJ/pU|Se, 1 kHz ( \

e 500 ps, 1064 nm

_-
_-
e
.-
g .
_____

Solution Collection
container

Productivity 15 — 40 mg/hour



Laser generation of colloids
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500 Watt galvanometric metal target 5 — . 1 . : .
3ps laser beam mirror in flow
: chamber [
(a) 3 lloid | I < 4
- —a S
\\ colloi aser pulse >
N5 27 liquid flow o3
— >
©
5 2
fast axis b
) o
| -
o I a 1
‘_“ * slow axis
avaion — O'Bt Ay A Al Cu T
T bubble
f-Thetalens  water Element

R. Streubel et al.,, Opt. Lett. 41, 1486-1489 (2016). / R Streubel et al., Nanotechnology 27, 205602 (2016).
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Excitation
355 nm

Low emission intensity High emission intensity

A. R. Ziefuss et al., Advanced Materials (2021), https://doi.org/10.1002/adma.202101549
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40
. e NaF
335 1 ¢ NaCl
1 * NaBr
< 301.1 | 4 Nal
29 PR :
= £ 04 v v v
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g_—’ L
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V. Merk et al., Langmuir 30, 4213 (2014).
C. Pfeiffer et al,, J. R. Soc. Interface. 11, 20130931 (2014).

900

chaotropic anions:

cosmotropic anions:

. DI

densely hydrated

no electrostatic stabilization

Ligand Free !



] Laser generation of colloids

Size control using ligands

-
@)}

‘i
Kéi
%

Bridging

bidentate /

o :
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Normalized distribution
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2 4 6 8 10 12 14
particle diameter [nm]

D. Amans et al., J. Phys. Chem. C 115, 5131-5139 (2011)
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Laser generation of colloids

Main drawback of ligand-free nanoparticles

> Binomial size distribution

» Shape

1.2

Weight Distribution (a.u.)
o O O -
ELN » co o

S
N

O
o

50

Diameter (nm)

100
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ETRW Reactant & Surfactant-free pure 2 Bk
!';—'l A Nanoparticles via Laser Ablation Fustomsed watern

metals - inorganics - organometallics - catalysis « ligands - eustom synthesis - ¢GMP facilities - manomaterials

What is Laser Ablation?

Py
T

from YMRA

Pioneering Ultrafast Fiber Laser Technology

Laser ablation is a physical process used to generate nanoparticles. It

A ;! : =T — s g @l
involves the use of short pulses of laser energy focused on a target in & ' —
solvent. The target absorbs the energy from the laser pulse and Is vaporized, & (3 @
The vaporized material then condenses a3 nanopartides. ‘ﬁ: ¢ =t >
Basiz praczm 2l g o I
span

Whv LaSEr Ablatiun? 2! purs. o pical bier sblaia s b G e, des i riteated of

Laser ablation generates nanoparticle dispersions that are free of any | hoeeesebm sl Fo price, bainle s blatin dunie |
contaminants, such as unreacted starting materials.

* Gold nanoparticles < 20nm,

* In water at 500mg/L (0O.D.5)

e Surfactant and reactant-free,
Stabilized with < 0.01
mmol/| of citrate

Gold nanoparticles 20nm

R i Qg"fﬁ

-
‘o. ®
. [ ]
25ml €600.00 Available on 15-Jul-2017
.D. Volume Price

50 mL $325
100 mL $400

100ml €1,000.00 Available on 15-Jul-2017

uun o

X 1,5 Chemically
synthesized
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CONFERENCE

Advanced Nanoparticle Generation and Excitation by Lasers in Liquids

http://angel-conference.org/
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