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I 3D model details

The model used to compute the 3D energy deposition is based on the one published by

Boulais et al.1 Although it can be applied to any metal, we consider in the following that the

nanostructure is made of gold. The electromagnetic �eld E is calculated using the Helmholtz

equation (1), considering a exp(+iωt) time-harmonic dependency. The electromagnetic wave

excites oscillations of the quasi-free electrons in the gold nanostructure, causing both absorp-

tion in the particle (QEM) and redistribution of the incident �eld in a nanoscale region close

to the particle2. Owing to the very di�erent heat capacities of the quasi-free electrons and
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the gold ions, the particle is seen as being composed of a system of electrons and a lattice,

following a Two-Temperature Model (TTM)3, with temperatures Te and TNP (equations

(2,3)). The electronic conductivity Ce is assumed to vary linearly with Te and the electron-

phonon coupling factor G is taken constant4�6, even if it has been shown that for very large

intensities, the behavior of these two parameters changes greatly, due to the excitation of

d-band electrons into the conduction band7.

The extreme laser intensity close to the particle induces the ionization of a small vol-

ume of water and formation of a nanoscale plasma8, whose electronic density and energy

density are modeled via equations (4,5)). Water is assumed to behave as an amorphous

semiconductor with a 6.5 eV gap9,10, with a valence and a conduction band. Photoionization

through tunnel and multiphoton ionization11 (Sphoto) excites electrons from the former to

the latter. Excited electrons absorb energy through inverse Brehmsstrahlung10 (QEM) and

can collide with neighboring water molecules, promoting electrons in the valence band to the

conduction band through an avalanche ionization process12 (Scoll). Collisions with ions13,14

(Qei) as well as radiative losses13 (Qrad) and recombination10 (Srec) complete the possible

loss mechanisms. The transient plasma density signi�cantly alters the dielectric permittivity

εr, strongly coupling the plasma equations (4,5) with Helmholtz equation (1).

Although the TTM is widely used in simulating the irradiation of metals by ultrashort

pulses, it does not as such account for the modi�cation of the NP's optical properties during

the laser pulse15�19. As of today, fudge factors for ad hoc �tting are often used15,20 when

modeling these transient properties and authors use assumptions based on weak intensities

(considering only intraband absorption) with temperature changes of a few tens of Kelvins

at most17,20�23 that prevent from adapting their model to any irradiation conditions (pulse

and particle parameters), in particular those of high intensities than can trigger non-linear

absorption in the near-�eld. Other groups delve into the band structure details and make

extensive use of the full Boltzmann equations18,24�26, but computational costs rise accord-

ingly.
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A reliable model that includes both the transient metal optical properties and the modi-

�cation of the medium permittivity due to the excitation of quasi-free electrons close to the

surface in the context of plasmon-enhanced cavitation is not currently available. From the

results from our training set, we observed that there is between 10 and 20 times more energy

deposited around the particle as compared to in the particle, and the particle temperature

stays well below the melting threshold, in agreement with experimental measurement of

the particle breaking threshold27. Furthermore, the modi�cations of the NP properties are

mostly concentrated in the wavelength window from 450 nm to 650 nm for AuNPs15�19 (it

is the d�s or p interband transition), so irradiation at wavelengths outside of this window

are much less a�ected. We therefore chose to keep the TTM approach. Our model will thus

tend to slightly overestimate the energy deposited directly in the particle for high intensities,

which should result in bubbles slightly bigger than observed experimentally in the case of

conduction-mediated bubbles.

Both the plasma and the particle transfer heat to the water, inducing a temperature rise

that is modeled using a classical heat equation (equation (6)). The thermodynamic transition

is assumed to be isochoric, due to the pulse widths being shorter than the water molecules

collision time10. These equations are solved with the �nite-element method software Comsol

(Comsol, Inc., Burlington) in a domain of radius corresponding to the irradiation wavelength.

Perfectly Matched Layers are used to emulate an in�nite domain. Complete geometry tallies

up to '45,000 tetrahedral second order elements. A Generalized-α solver with Comsol's

default settings is used for time-stepping. The equations are presented in Table S1, the

numerous terms in these equations are detailed in Table S2.

3



Table S1 | Equations for the 3D modeling of the energy deposition following the laser pulse

E
Complex electromag-

netic �eld
∇× (∇× E)− k20εrE = 0 (1)

Te

Temperature of the

particle quasi-free

electrons

Cv,eṪe −∇ · (ke∇Te) = QEM − Γ(Te − TNP ) (2)

TNP
Temperature of the

particle

 CNPρNP ṪNP −∇ · (kNP∇TNP ) = −Γ(Te − TNP )

n · (CNP∇TNP ) = g(Tw − TNP )
(3)

ne
Plasma electronic den-

sity
ṅe +∇ · jn = Sphoto + Scoll + Srec (4)

u Plasma energy density u̇+∇ · jq = QEM −Qei −Qrad − ∆̃× Scoll (5)

Tw
Water temperature,

isochoric heating

 Cwρ∞Ṫw −∇ · (kw∇Tw) = Qei + (∆̃ + u
ne

)× Srec

n · (Cw∇Tw) = −g(Tw − TNP )
(6)

Table S2 | Parameters used for the 3D simulation of the interaction of a gold nanoparticle
and an ultrafast laser

n Normal unit vector

εr Complex permittivity, SiO2 2.1

εr Complex permittivity, gold from Johnson & Christy28

εr Complex permittivity, water

[
n2
w −

ω2
p

ω2 + ν2e

]
− i
[

ω2
pνe

ω3 + ων2e

]
nw

Water refractive index at

800(400) nm
1.328(1.343)

Elaser Incident laser electromagnetic �eld Et exp(−inwk0x)~z

Et Field amplitude

√
2I0
nwcε0

exp(−4 ln(2)(
t− 1.5 fwhm

fwhm
)2)
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fwhm
Laser pulse full width at half maxi-

mum
De�ned by user

I0 Intensity of the laser �eld
F

fwhm

√
4 ln(2)

π

F Laser �uence De�ned by user

λ Irradiation wavelength De�ned by user

ω Angular frequency 2πc
λ

c Velocity of light in vacuum 299,792.458 m/s

me Mass of the electron 9.1094 10−31 kg

kB Boltzmann constant 1.3806 10−23 J/kg

h̄ Planck constant 1.0546 10−34 J.s

e Elementary charge 1.6022 10−19 C

ε0 Vacuum permittivity 8.8542 10−12 F/m

Sphoto

Photoionization rate, from Keldysh theory11:

2ω

9π
(n0 − ne)

(√
1 + γ2

γ

meqω

h̄

)3/2

×Q(γ,
∆̃

h̄ω
)

× exp

−π
〈

∆̃

h̄ω
+ 1

〉 K

(
γ√
1+γ2

)
− E

(
γ√
1+γ2

)
E

(
1√
1+γ2

)


With 〈x〉 = integer part of x
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Q(γ, x)

√√√√ π

2K

(
1√
1+γ2

) × ∞∑
l=0

φ


√√√√√ π2(2 〈x+ 1〉 − 2x+ 1)

2E

(
1√
1+γ2

)
K

(
1√
1+γ2

)


× exp

−πlK
(

γ√
1+γ2

)
− E

(
γ√
1+γ2

)
E

(
1√
1+γ2

)


E(x) Elliptic integral of the �rst kind E(x) =

∫ 1

0

√
1− θ2x2√
1− θ2

dθ

K(x) Elliptic integral of the second kind K(x) =

∫ 1

0

dθ√
1− θ2x2

√
1− θ2

φ(x) Dawson probability integral φ(x) =

∫ x

0

exp (y2 − x2) dy

γ Keldysh parameter
ω

e

√
meq∆

|E|2

∆ Ionization potential10 6.5 eV

meq Exciton (electron-hole) mass
1

meq

=
1

me

+
1

mh

' 2

me

∆̃ E�ective ionization potential11
2

π
∆

√
1 + γ2

γ
E

(
1√

1 + γ2

)
Srec Recombination rate10 τn2

e

τ Plasma recombination constant10,29 2 10−9 cm3s−1

jn Electron current density De∇ne

De Electron density di�usion coe�cient
kBTp

me(νei + νen)

Tp Plasma temperature12
1

3

mev
2
e

kB

νei
Plasma collision frequency with

ions30
min

{√
ω2
p

6
,

nee
4Λ

3ε20
√
me(2πkBTp)3

}

νen
Plasma collision frequency with neu-

tral species12,13
min

{
naσave,

1

2
ve(

4π

3
na)

1/3

}
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na Density of neutral species
n0

2
− ne

2

n0 Valence electron density (water)10 6.68 1022 cm−3

σa
Collision cross-section with neutral

species31
2 10−19 m2

ve
Mean electron velocity (Maxwell dis-

tribution)

√
2u

mene

ωp Plasma frequency32

√
nee2

meε0

Λ Coulomb logarithm30 max

{
2,

1

2
log

(
1 +

(
bmax
bmin

)2
)}

bmax Maximal impact factor30

 nee
2

ε0kB

√
T 2
p + T 2

F

+
nee

2

ε0kBTw

−1

bmin Minimal impact factor13,30 max

{
e2

4πε0mev2e
,
πh̄

meve

}
TF Fermi temperature33

h̄

2mekB
(3π2ne)

2/3

Scoll Collision ionization rate12 neνc

νc

Collision ionization frequency12:

max

{
0, naσcve

(
(7.5β − 1)

√
β

π
exp(−1/β) + (3.75β2 − 3β + 1)(1− erf (1/

√
β))

)}
σc Collision ionization cross-section34 8.97 10−22 m2

β Normalized kinetic energy12
3

2

kBTp

∆̃

Qei Electron-ion energetic coupling13,14 3kB
me

mmolec

neνe(Tp − Tw)

mmolec Mass of one water molecule 2.99 10−26 kg

Qrad Radiative losses14
e2(kBTp)

2

πε0
√

3h̄mec3
neνe

νe Total collision frequency νei + νen

jq Energy density �ux Du∇u

Du Plasma energy di�usion coe�cient 5
3
De

QEM Electromagnetic losses32
1

2
Re {〈J · E〉}
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J Current density13,31,33 σcondE

σcond Electrical conductivity13,31,33
nee

2

meνe

1

1 + iω/νe

ρ∞ Constant water density 998.2 kg/m3

Cw
Water heat capacity at constant vol-

ume
f(Tw), from IAPWS35 and SESAME36

kw Water heat conductivity f(Tw), from IAPWS35

g
Heat transfer coe�cient at the gold-

water interface
101.2 106 W/m2/K, from optimization

ρNP Particle density (given for gold) 19,300 kg/m3

CNP
Particle heat capacity (given for

gold4)

109.579 + 0.128TNP − 3.4 10−4T 2
NP +

5.24 10−7T 3
NP − 3.93 10−10T 4

NP +

1.17 10−13T 5
NP W/kg/K for TNP<1337 K,

constant above 1337 K

kNP Particle thermal conductivity (gold)

330.6431 − 0.02536626TNP − 3.4 10−4T 2
NP +

5.24 10−7T 3
NP − 3.93 10−10T 4

NP +

1.17 10−13T 5
NP J/kg/K for TNP<1337 K,

constant above 1337 K

Γ Electron-phonon coupling24 2.5 1016 W/m3/K

ke Electron heat conductivity in gold37 2000 W/m/K

Cv,e
Electron heat capacity in

gold4�6,38,39
Te × 70 [J/m3/K2]

The energy deposition is then extracted from the previous calculations. In the particle,

the energy deposition is the integral of the electromagnetic rate of work QEM : Edep,NP =∫ ∫∫∫
NP

QEMdV dt. The energy deposited in the plasma is the sum of the energy absorbed
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through inverse Brehmsstrahlung QEM and the energy absorbed from photoionization, yield-

ing Edep,pl =
∫ ∫∫∫
water

(QEM + ∆̃× Sphoto)dV dt.

II Cavitation

The second step of our framework concerns the cavitation onset, that is to say the link

between the 1 - 10 ps energy deposition in the nanostructure-water system and the 100 ps �

100 ns bubble evolution.

In this sub-model, we calculate the energy deposited in the water-nanostructure system,

�nd the energy that dissipates in the shockwave and is therefore not transferred to the bubble

and determine the thermodynamic variables necessary for the bubble dynamics, namely the

initial bubble radius, wall velocity, bubble density, bubble energy and particle temperature.

In the particle, the energy deposition is simply the integral of the electromagnetic rate

of work Edep,NP =
∫ ∫∫∫

NP

QEMdV dt. The energy deposited in the plasma is the sum of

the energy absorbed through inverse Brehmsstrahlung QEM and the energy absorbed from

photoionization, yielding Edep,pl =
∫ ∫∫∫
water

(QEM + ∆̃× Sphoto)dV dt.

These two energy sources operate on di�erent timescales and at di�erent locations around

the particle: conduction heats a layer around the structure while plasma heats up the �uid

in the near-�eld region, which changes with the wavelength, light polarization or particle

geometry. They are therefore considered separately (Figure S1).

There are two limiting cases: when Edep,NP << Edep,pl, and when Edep,NP >> Edep,pl.

A representative modeling lies between these two regimes, symbolized by the arrows in

Figure S1a. This mathematically translates in a weighted average of the thermodynamic and

kinetic properties of the two heated volumes. In the following, we will therefore calculate

these properties in the two limiting cases and then describe how the real case is recovered

from the two limits.

9



Figure S1 | Determination of the initial thermodynamic variables. (a) Trajectories
in water phase diagram for various ratios of the energy deposition in the plasma and in the
nanoparticle. Plasma heating translates in an isochoric transition (vertical line), whereas
conduction-only heat transfer is assumed to follow the binodal. (b) Plasma-mediated iso-
choric heating. (c) Conductive heat transfer along the binodal

II.A First case: Heating from plasma relaxation (Edep,NP << Edep,pl)

In the �rst case, an isochoric heating takes place. Water temperature rises extremely fast

('1-10 ps) and very locally, generating strong stress con�nement and large amplitude shock-

waves. The characteristic variable that we consider is a critical volume Vc where the tem-

perature is above 0.9 Tc (Figure S1b), with Tc = 647.096 K the critical temperature of

water. Since the transformation is isochoric, the density ρpl in that volume is ρ∞ and its

mass mpl = ρplVc,pl. Knowing Tpl and ρpl, we can deduce the pressure ppl = f(Tpl, ρpl) from

IAPWS35 and SESAME36 equations of state. From there, Rankine-Hugoniot relations yields

the velocity of the particles in the wake of the shockwave, which is usually associated to the

initial bubble wall velocity40,41.

If ppl is the shockwave pressure and vSpl its velocity, Rankine-Hugoniot equation reads:

vSpl × (10(vSpl−cs0)/c2 − 1) =
ppl−p∞
ρ∞c1

, where cs0=1484 m/s is the velocity of the sound at

(ρ∞, p∞) and c1=5190 m/s and c2=25306 m/s are two empirical constants40,41.
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II.B Second case: Heating from conduction at the interface

(Edep,NP >> Edep,pl)

In the second case, a thin shell of water around the particle is heated along the binodal. This

energy transfer being much slower than the energy deposition in the plasma (the electronic

and lattice temperature equilibrate after '50 ps, the equilibrium with the temperature of the

water is reached after '500 ps), the initial 3D simulation can only account for the energy

absorption by the particle quasi-free-electrons. We therefore need to calculate separately

the evolution of the electronic, lattice and water temperatures in and around the particle,

respectively. The two former are computed with the very same TTM as in the 3D model

(equations (7,8)). The last equation is written for the entropy of the liquid shell Sw around

the particle. Since the water volume is on the binodal, Sw uniquely de�nes a temperature

Tw as well as a density ρw via the IAPWS equation of state35. Note that the thickness of the

shell hT as well as the g factor in equations (8,9) are parameters given by the optimization.

Table S3 | Equations for the conductive heat transfer

Te
Temperature of the gold

quasi-free electrons
CeρeṪe = −Γ(Te − TNP ) (7)

TNP Nanoparticle temperature CNPρNP ṪNP = Γ(Te − TNP +
3

RNP

g(Tw − TNP )) (8)

Sw
Water entropy, heating

along the binodal
mhTTwṠw = −4πR2

NPg
ρw
ρ∞

(Tw − TNP ) (9)

In equation (9), mhT = ρ∞Vc,NP is the mass of heated water in the shell and

Vc,NP =
4π

3
((RNP + hT )3 −R3

NP ) is the volume of the heated layer. The equation system in

Table S3 is solved with Matlab's ode45 solver, with relative and absolute tolerances of 10−4.

The initial water and gold temperature are taken as T∞, water initial density is ρ∞. The
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initial electronic temperature Te,ini is computed via
∫ Te,ini

T∞

ρeCedTe = Edep,NP . This means

that we assume that the energy deposition is much faster than the characteristic interaction

time of the electrons and the lattice.

The
ρw
ρ∞

ratio in (9) comes from the kinetic theory of gases42. It scales the energy transfer

with the density and eventually cuts it out nearly completely, a behavior observed for instance

in molecular dynamics43 or with small angle X-ray scattering44. This last comment naturally

de�nes the integration time range: the simulations stops when t = min(τg, τdiffusion), where

τg = (ρNPCNP )/3gRNP and τdiffusion = ρ∞Cw/kwh
2
T . The former is the characteristic time

of heat transfer between the particle and the surrounding water, the latter is the time it

takes for heat to di�use on a hT distance.

If Te and TNP are still di�erent, resolution of equations (7) and (8) is continued until

the equilibrium is reached, assuming no heat transfer with the water. This �nal particle

temperature serves as an initial condition for the bubble dynamics model.

Knowing the density and the temperature in the water shell, we get the velocity of the

conduction-mediated bubble vNP by going through the very same steps as in the previous

section. The energy transferred to the water can then be recovered by integration of the heat

�ux between the particle and the water layer: ENP→water =

∫
−4πR2

NP g
ρw
ρ∞

(Tw − TNP )dt.

II.C Third case: Intermediate case (Edep,NP ' Edep,pl)

In this case, energy is transferred to water by both the nanoplasma and the nanostruc-

ture. The initial values of the variables for the bubble dynamics are therefore computed as

a weighted average between the plasma and temperature variables from the two previous

sections.

• The total initial volume is simply Vini = Vc,pl +Vc,NP , the volume above 0.9 Tc plus the

volume of the shell of thickness hT . This gives an initial bubble radius of

Rini = (R3
NP +

3

4π
Vini)

1/3
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• The initial density is ρini =
mhT +mpl

Vini

• The initial bubble wall velocity is vini =
mhT vNP + ρplmplvpl

ρiniVini

• The initial bubble energy requires one last step: to account for the energy that leaves

in the pressure wave, we use a law that depends on the energy density, q:

X(q) =
1

1 + exp(4 ln(3)/∆q log10
q0
q

)
, where q0 and ∆q are determined in the optimiza-

tion process, q0 = 2.95 109 J/m3 is the in�exion point of the curve and ∆q = 1.52 is

de�ned as the logarithmic width (log10 q90− log10 q10) the distance between the points

for which X(q10) = 10% and X(q90) = 90%. The resulting curve is shown in Figure 3

of the main text. The functional form of this pressure wave was kept to a really simple

one due to the lack of available data45.

For the plasma heating, qpl = Edep,pl/Vc , and Xpl = X(qpl). Similarly for the conduc-

tion heating, q =
ENP→w

(4π/3(RNP + hT )3 −R3
NP )

and XNP as X(qNP ). Then the initial

bubble energy is EB,ini = (1−Xpl)Edep,pl + (1−XNP )ENP→w.

III Bubble Dynamics

Once the initial conditions are determined, the bubble dynamics is computed with a system

of coupled ordinary di�erential equations. The radius of the bubble is calculated using

the Gilmore equation (10). A heat and mass transfer equation is used to calculate the

evolution of the bubble energy, accounting for heat transfer at the bubble-water and NP-

water interfaces (Qinter,QNP−w) and mass transfer at the bubble-water interface (Qmass)

(equation (13)), viscous losses (Qvisc), the work of pressure (Wp) and surface tension (Qtension)

(equation (11)). Two thin layers on each side of the bubble wall are used to model the heat

transfer. The temperature gradient is assumed to be linear in these regions46, resulting

in a bubble temperature TB, a temperature at the interface Twall (equation (12)) and the

temperature far away from the bubble T∞. Only conductive heat transfer was taken into
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account at both NP-vapor and vapor-liquid interfaces. Although signi�cant in some cases,

ballistic heat transfer has been shown to be negligible for the bubbles sizes and irradiation

conditions used in this work, and was therefore not considered47.

The contribution of ballistic thermal �uxes becomes signi�cant in two cases:

1) when the bubble is of about the size of the molecules mean free path, about 80 nm

under standard atmospheric pressure. At these small sizes, the energy is not transferred

through the usual collisions between neighboring molecules, but through collisions at

the bubble wall and the particle interface only. Most of our bubbles are much larger

(0.8 � 1 µm), and so Fourier's law applies. Moreover, for most of the cases presented

in this article, the energy deposition is plasma-mediated and therefore extremely fast

and localized. Water undergoes a (kinetic) spinodal decomposition. The initial water

density is thus very close to the bulk water one, so the initial mean free path is much

shorter than the particle-bubble wall distance and ballistic transfer consequently hardly

applies.

2) for small bubbles (R < 100 nm) when the bubble rebounds multiple times. When

irradiated by a laser, a hot vapor layer quickly forms around the nanoparticle, heated

by conduction, e�ectively slowing down the conductive particle-water energy transfer.

The heated vapor layer undergoes a phase change associated to (kinetic) spinodal

decomposition and the following growth is commonly described as adiabatic. The

bubble then grows and collapses, possibly several times, but the subsequent cycles are

not adiabatic anymore and evaporation takes place at the bubble wall. In the case of

plasma-mediated bubbles, the initial bubble is much larger, but the phase change is

still explosive and the following growth is still adiabatic, so the argument still holds.

Heat transfer at the gold-vapor interface is taken into account (equation (14)). Unless

explicitly mentioned otherwise, all the terms regarding the heat and mass transfer at the

interface are taken from the work of Kreider et al. 46 .
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Table S4 | Equations for the bubble dynamics

R Radius of the bubble (1− Ṙ

C
)RR̈ + (1− Ṙ

3C
)Ṙ2 = (1 +

Ṙ

C
)H + (1− Ṙ

C
)
R

C
Ḣ (10)

EB Bubble energy ĖB = Wp +Qinter +Qmass +Qvisc +Qtension +QNP−w (11)

Twall
Liquid water tempera-

ture at the bubble wall
4πR2

[
kB
Twall − TB
αδi × δi

− kwall
T∞ − Twall
αδe × δe

]
+Qmass = 0 (12)

n
Number of water

molecules in the bubble
ṅ = φflux (13)

TNP Particle temperature CNPρNP ṪNP =
3g

R

ρB
ρ0

(TB − TNP ) (14)

Table S5 | Parameters for the bubble dynamics simulation

H Enthalpy of liquid water f(pwall, Twall), from IAPWS35

C Speed of sound at the bubble wall f(pwall, Twall), from IAPWS35

ρwall Water density at the bubble wall f(pwall, Twall), from IAPWS35

pwall
Pressure of liquid water at the bub-

ble wall
pB − αviscµ

Ṙ

R
− αtension

σ

R

ρB Density of water inside the bubble
nM

4π
3

(R3 −R3
NP )

RNP Radius of the nanoparticle de�ned by user

ρ∞
Water density far away from the

bubble
998.2 kg/m3

p∞ Pressure far away from the bubble 1 bar

T∞
Temperature far away from the bub-

ble
300 K

αvisc 3.94, from optimization

αtension 1.96, from optimization
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αδi 5.61, from optimization

αδe 0.543, from optimization

αmass 1.05, from optimization

σ Surface tension f(Twall), from IAPWS35

µ Viscosity at the bubble wall f(Twall), from IAPWS35

φflux Flux of vapor inside the bubble 4πR2 αmass√
2πMR̃Twall

(psat − pB)

TB Temperature inside the bubble f(EB, ρB), from IAPWS35

kB Water conductivity in the bubble f(TB, ρB), from IAPWS35

kwall
Liquid water conductivity at the

bubble wall
f(Twall, ρwall), from IAPWS35

δi
Thickness of the inner heat transfer

layer

√
kBR

CBρB
√
pB/ρ∞

δe
Thickness of the outer heat transfer

layer

√
kwallR

Cwallρwall
√
pwall/ρ∞

∆HLat

Latent heat of vaporization at the

bubble wall
f(Twall), from IAPWS35

CB
Heat capacity at constant pressure

inside the bubble
f(TB, ρB), from IAPWS35

Cwall
Heat capacity at constant pressure

at the bubble wall
f(Twall, ρ∞), from IAPWS35

psat Saturation pressure at Twall f(Twall), from IAPWS35

Wp Work of pressure −pwall4πR2Ṙ

Qinter Heat �ux at the bubble wall 4πR2kwall
T∞ − Twall
αδe × δe

Qmass Energy �ux caused by mass transfer ṅM∆HLat

Qvisc Viscous losses −4αviscπµRṘ
2

Qtension Work of surface tension −4αtensionπσRṘ
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QNP−w
Heat transfer at the particle inter-

face42,48
4πR2

NPg
ρB
ρ∞

(TNP − T∞)

g
Heat transfer coe�cient at the gold-

water interface
101.2 106 W/K/m2, from the optimization

ρNP Particle density (given for gold) 19,300 kg/m3

CNP
Particle heat capacity (given for

gold4)

109.579 + 0.128TNP − 3.4 10−4T 2
NP +

5.24 10−7T 3
NP − 3.93 10−10T 4

NP +

1.17 10−13T 5
NP W/kg/K for TNP<1337 K,

constant above 1337 K

M Molar mass of water 18g/mol

mmolec Mass of one water molecule 2.99 10−26 kg

R̃ Gas constant 8.3145 J/mol/K

The equation system of Table S4 is solved with an implicit Backward Di�erentiation

Formula solver with 10−4 relative and absolute tolerances. The initial conditions were deter-

mined in the previous section. The various coe�cients involved in the equations are de�ned

in Table S5.

As mentioned in main text, we do not use the enthalpy derived from the Tait equation of

state49, which assumes that the pressure is a function of the density only and independent

of temperature. Since these thermal e�ects are important in our case, we used the enthalpy

expression given by the IAPWS35 equation of state. In consequence, instead of deriving the

enthalpy like it is usually done in the context of the Gilmore equation,

(H =

∫
−∇p

ρ
dr =

∫
−dp

ρ
, with p(ρ) given by the Tait equation of state), we consider

the IAPWS functional form for the density in function of the pressure and temperature:

ρ = f(p, T ), and a pressure and temperature pro�le close to the bubble wall. The integration

is then conducted numerically. The choice of the pro�le is not obvious, since little is known
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Figure S2 | In�uence of the shape of the temperature pro�le chosen to calculate
the enthalpy. Linear, exponential and quadratic pro�les were tested and compared with
the classical enthalpy given by Tait equation of state.

of the actual thermodynamic pathways followed by liquid water close to the wall. Here,

we used a linear transition, similar to what was done in the bubble dynamics Sub-Model46

T (R(t) + r) = Twall + T∞−Twall

δ
r. We chose δ = 10 nm, in agreement with the values of δe

given by our optimization. The sensitivity of the enthalpy to δ is in addition very weak, and

this parameter is therefore not critical.

To investigate the sensitivity of the �nal bubble diameter on the temperature pro�le,

we tested a quadratic (T (R + r) = T∞ + (Twall − T∞)(1 − r/δ)2) pro�le instead of a linear

pro�le and observed how the diameter and dynamics of the bubble were impacted by this

modi�cation41,50. This did not signi�cantly change �nal bubble diameter (Figure S2). Using

an exponential pro�le (replacing the (1 − r/δ)2 by exp(−r/δ)) did not signi�cantly impact

the �nal result either. Using a linear pro�le seems thus reasonable. However, using the

IAPWS equation of state instead of Tait's signi�cantly modi�es the bubble diameter, which

demonstrates the importance of thermal e�ects on the bubble dynamics in our case.
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IV Global optimization procedure

Figure S3 | Fitness of the top 100 solutions for successive optimization steps.

We used the NLopt implementation51 of the COBYLA gradient-free optimizer52 to opti-

mize our 9 parameters, based on the minimization of the sum of squared residual relative to

the experimental data. This procedure is performed in parallel from 40 randomly selected

distinct starting points in the search space. Every 50,000 iterations, the search-space is re-

duced, based on the optimal parameters of the top 100 solution. For each step of 50,000

iterations, the top 100 solutions �tnesses are displayed on Figure S3. The best solution is

around 0.4 times the experimental standard deviation and is shown in Figure 3a of the main

text.

The resulting optimized values shown in Figure 2b,c of the article are very close to those

found in the literature. For instance, the surface tension αtensionσ/R and the linear viscous

term αviscµṘ/R are within 5% of the value commonly reported in the literature (2 and 4

respectively53). The optimal value for the layer heated by conduction hT (0.72 nm) is also in

very good agreement with previously reported results of 0.5 � 2 nm, obtained from molecular

dynamics and hydrodynamic simulations43,54. Similarly, the coe�cient of heat transfer at the

gold-water interface, mass transfer at the bubble wall, g and αmass, all lie relatively close to

their reported values. In addition, the energy predicted to be transported in the shockwave

agrees relatively well with experimental values acquired in slightly di�erent conditions45.
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V Experimental �uence thresholds for cavitation

Experimental data presented in Figure 3c are given in Table S6.

Table S6 | Experimental �uences (with corresponding errorbars, in mJ/cm2) for the cavi-
tation threshold

NP diameters (nm)

Pulse widths 81 109 123 151 175 195 213

70 fs 191 (13) 137 (5) 119 (10) 77 (7) 79 (8) 80 (11) 107 (27)

500 fs 294 (15) 157 (11) 165 (12) 103 (13) 126 (10) 113 (19) 120 (29)

1 ps 342 (15) 174 (12) 182 (12) 126 (10) 141 (11) 134 (21) 142 (21)

2 ps 368 (18) 225 (21) 217 (37) 123 (15) 126 (10) 161 (17) 174 (24)

5 ps 294 (15) 256 (23) 241 (44) 182 (12) 157 (11) 282 (12) 210 (27)

VI Surface e�ects: behavior of small particles

Figure S4 | Point cloud envelope and best �t for small bubbles for the normal
model and for the model with viscosity and surface tension arti�cially reduced
to a hundredth of their value.

As mentioned in the main text, we �nd a dαE1/3 dependency for bubbles bigger than

2 µm and a dαE1/2 one for smaller ones. In order to prove that the 1/2 coe�cient is due
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to surface e�ects, we chose to arti�cially reduce the surface terms for surface tension and

viscosity (Figure S4), by an arbitrary factor of 100. The E1/3 dependency can be recovered

when reducing the viscosity and the surface tension, which demonstrates that surface e�ects

are at the origin of the dαE1/2 relation for smaller bubbles.

VII Scattering imaging technique, numerical simulation

Figure S5 | Numerical reconstruction of the experimental probe scattering signal.
(a) The Gaussian beam of the probe laser illuminates the solution. (b) The �uence of the
pump laser is calculated at every point, leading to the calculation of the bubble dynamics and
time-dependent extinction cross-section of the bubbles. Final integration yields the transient
transmission signal, shown in (c).

We simulated the experimental probe scattering signal using a parabolic beam propaga-

tion approximation and the experimental waist (w0 = 6.5µm). Using a measured Rayleigh

length of zR = 162µm, and the expression for the Gaussian beam pro�le w(z) = w0

√
1 + (

z

zR
)2,

the �uence can be deduced: F (r, z) = 2F0(
w0

w(z)
)2 exp(− 2r2

w(z)

2

), where F0 is the average �u-

ence. This zR corresponds to the measured Rayleigh length of both pump and probe lasers.

Given the particles geometry (78 nm SiO2 core diameter � 28 nm Au shell) and the �uence,

our multiscale framework calculates the bubble dynamics for every incident �uence. Assum-

ing that the bubble is a spherical shell of refractive index 1 around the NP, we compute the ex-

tinction cross-section via Mie theory at each point (r, z) as a function of time (t). We assume

that the probe laser intensity in water (I) follows a Beer-Lambert law, with a resulting trans-

mission I(t) = I0 exp(−A(t)), where A accounts for the particle concentration and the time
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and space dependent extinction cross-section: A(t) =
1

4πR2

∫ L

−L

∫ R

0

c0 σext (r, z, t) 2πr dr dz.

L and R are taken large enough so that a small variation does not a�ect the result (we used

300 µm and 1.5 × w0). This methodology is summed up in Figure S5b and results in a

curve like the one presented in Figure S5c. Note that the experimental asymmetry in the

growth/collapse durations is recovered here. This asymmetry is due to the early participa-

tion and disappearance of the smaller, short-lived bubbles following the laser irradiation. A

concentration of 2.7 109 NS/mL is taken, equal to the concentration used in experiments.

VIII Plasma temperature and density near the cavita-

tion threshold

Figure S6 | Plasma composition for 1.04 µm bubbles. (a) Maximal plasma temper-
ature. (b) Maximal electronic density. (c) Total number of excited electrons during the
irradiation.

As illustrated in Figure S6a, the maximal temperature reached in the plasma at the

cavitation threshold is nearly almost constant independent with of the pulse width, despite

the large gap between energy deposition in the plasma for smaller and bigger particles. In

particular, the value for fs pulses lies quite near the 5/4 times the gap value hypothesized

derived by10. Furthermore, the commonly used cavitation criterion that identi�es the cavi-

tation onset with a plasma density of 1021 cm−3 seems inappropriate for cavitation around

nanoparticles10. Indeed, Figure S6b shows that the maximal density can reach up to more
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than one order of magnitude above 1021 cm−3, and that this density is not constant at all

for all pulse widths and particle diameters. Figure S6c further exampli�es the role of the

plasma for smaller particles, with more than ten times more electrons excited for particles

below 100 nm compared with particles above 150 nm.
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