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Numerical Study of Nanosecond Pulsed Laser Impact on a Water Droplet
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An integrated hydrodynamic model that involves a laser heat source, surface evaporation, and interfa-
cial driving forces is developed to simulate the complex physical process of a nanosecond pulsed laser
impacting on a water droplet. Droplet deformation tracked by the coupled level set and volume of fluid
method is contrasted with the experimental results, and it is shown that the coupled model can be used
to simulate the droplet expansion dynamics. From the simulation of droplet deformation, it can be found
that, with increasing laser energy, the droplet becomes thinner. With the highest laser energy, the jet on
the opposite side to laser impact is interpreted as the flow of high-speed fluid near the axis, which is also
confirmed by the velocity field. The simulated temperature reaches or even exceeds the critical value, and
the recoil pressure does not completely cover the whole hemispherical surface of the droplet. The liquid-
removal depth, which represents the distance that the liquid-phase interface retreats during evaporation, is
much shallower than the absorption depth. It can be concluded that propulsion is gained from the intense

evaporation of the superheated layer.

DOI: 10.1103/PhysRevApplied.16.014042

I. INTRODUCTION

Upon pulsed laser ablation on a droplet, energy is
deposited on a thin layer of the surface. The focused energy
will cause a dramatic temperature rise, followed by vio-
lent vaporization, explosive boiling, and even plasma for
liquid metal, which could result in a strong recoil pres-
sure that propels the droplet to expand, deform, and even
fragment [1].

The droplet dynamics under the impact of a pulsed laser
beam are of great significance to the laser-produced plasma
light source in extreme ultraviolet (EUV) lithography.
EUV lithography is considered as a promising technology
to ensure high resolution below 10 nm for next-generation
semiconductor manufacturing. A liquid-tin droplet as a
target is first irradiated by a prepulse laser to become a
thin sheet and then by a main pulse laser to emit in the
extreme ultraviolet region [2,3]. The dynamics of defor-
mation and instability of the droplet need to be studied for
precise control, so that the conversion efficiency (CE) is
maximal [4,5].

The EUV light source is produced by a metal droplet
irradiated with a pulsed laser and emits extreme ultravio-
let light. The mechanism of interaction between the laser
and liquid-metal droplet is very complex, especially when

*eduzhao@mail.dlut.edu.cn
fwzhongli@dlut.edu.cn

2331-7019/21/16(1)/014042(10)

014042-1

the pulse duration of the laser is shortened to picosec-
onds and even femtoseconds [6]. In fundamental research,
it is necessary to choose a relatively simple case, that is,
nanosecond pulsed laser interaction on a water droplet,
which has not been investigated completely, and the mech-
anism needs to be much deeper understood. In the water-
droplet case, there is no need to consider non-Fourier heat
conduction and plasma formation. However, it is still a
great challenge to understand the mechanism thoroughly.

Pulsed laser-induced propulsion and strong deforma-
tion of water droplets are studied experimentally [7]. The
droplets are dyed, which ensures that the laser energy is
limited to a superficial layer of the drop and leads to
a more violent response [8]. A liquid indium-tin micro-
droplet impacted by the propulsion of a nanosecond pulse
laser is also investigated experimentally [9]. Laser abla-
tions of water droplets and liquid-metal droplets represent
two experimental systems. The differences in propulsion
mechanisms between the two systems are extensively
investigated [10].

If the pulse width of the laser is shortened to picosec-
onds or femtoseconds, the physical mechanisms become
more complex. The study of droplet deformation with fem-
tosecond and picosecond pulsed lasers demonstrate that
liquid compressibility should be taken into account prac-
tically [11]. In the regime where the Mach number is
much greater than one, more complex mechanisms will be
involved, such as shock waves, cavitation, nonlinear vis-
cous damping, and rapid interface acceleration, which lead
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to linear-model breakdown. It is also reported that cav-
itation results in the droplet center when it is irradiated
by an ultrashort pulsed laser due to the shock wave and
rarefaction wave [12]. Additionally, explosions brought
by x-ray free-electron lasers on water drops and jets are
modeled, and liquid and vapor dynamics are investigated
[13,14]. The ultrafast (duration 30 fs) deposition of high
energy densities (photon energy of several keV) can make
matter under extreme conditions.

Simulations of laser impact on materials are widely
studied, such as in pulsed laser deposition, laser welding,
and laser drilling [15,16]. Sawyer et al. [17] presented laser
thermal ablation modeling that combined optical coupling,
heat flow, melt flow due to recoil pressure, evaporation,
and gas dynamics in a coupled multiphysics model. Ai
et al. [18] proposed three-dimensional numerical simula-
tion modeling to investigate keyhole profile characteristics
and the effect of keyhole evolution on the molten pool dur-
ing laser welding. Zhang et al. [19] developed a modified
level-set method to simulate the laser drilling process on
an aluminum slab.

There are plenty of numerical simulations to study laser
ablation on a planar surface, as mentioned above, but there
are few studies on a droplet. The mechanism of laser
impact on a droplet is not fully understood. Gelderblom
et al. [20] applied a Gaussian-shaped pressure bound-
ary condition on the droplet surface for simplicity with a
boundary integral (BI) simulation. Because the evapora-
tion process is not considered, the total process is analyzed
with the help of the time-scaling law. Using a pressure
boundary condition to simulate droplet deformation can-
not reflect the influence of laser energy and heat and
mass transfer on temperature and pressure distributions
and droplet deformation. As laser ablation of materials
is a multiphysics coupling process, an integrated model
will lead to a more accurate description than a method in
which only pressure boundary conditions are applied on
the droplet’s surface.

The laser heat-source model and modeling of heat and
mass transfer are the keys to studying laser ablation mate-
rials by numerical simulation. The laser heat-source model
can be classified into surface heat source [21] and volu-
metric heat source [22,23]. During evaporation, the liquid
phase changes into the gas phase, which causes mass
transfer, and the evaporated particles take away heat,
which leads to a decrease of the liquid-phase tempera-
ture. The Rankine-Hugoniot jump condition and Schrage
model limit mass transfer at the interface, whereas the Lee
model allows for phase changes both along the interface
and within the saturated phase [24].

Here, a coupled numerical model, including the laser
heat source, surface evaporation, and interfacial driving
force models, is developed to study nanosecond pulsed
laser impact on a water droplet. The laser intensity is in
the range that can cause strong evaporation on the droplet

surface but does not generate plasma. A volumetric heat
source that describes laser deposition at a penetration depth
on the illuminated side of the droplet is proposed and val-
idated through a comparison of surface temperatures on
the droplet between simulated and analytical results. Heat
loss due to evaporation is taken into account. The surface
tension and recoil pressure are considered as interfacial
driving forces. The coupled level set and volume of fluid
(CLSVOF) method is employed for interface tracking,
and the simulation results are compared with experimen-
tal images. The mechanism of a jet phenomenon at the
droplet surface is mainly discussed. Spatial temperature
and pressure evolution are analyzed in detail. Finally, the
liquid-removal depth is defined and computed in the sim-
ulation, with the aim of revealing the mechanism of heat
and mass transfer during laser ablation of a water droplet.

II. MATHEMATICAL MODEL

A. Governing equations

A two-phase flow that is assumed to be incompress-
ible and laminar, the liquid phase and the gas phase,
is adopted to simulate laser-induced water-droplet defor-
mation in ambient air. To reduce the complexity of the
problem, assumptions are made for simplicity. Gravity is
ignored and heat radiation is not considered. Evaporation
that occurs at the interface is not treated as the Knudsen
layer.

The governing equations for the conservation of mass
(continuity), momentum, and energy are as follows:

ap _
m + V(pU) =0, (D)
@ + V(pUU) = —Vp + V[u(VU + VU’)]
+ FO’ + Frecoil’ (2)
pCp |:8;_7t") + U - V)T] = V(kVT) + S, 3)
S = I/Vlas - anp: (4)

where p is the density, U is the velocity vector, p is the
pressure, 4 is the dynamic viscosity, C, is the specific heat,
k is the thermal conductivity, S is the heat source, F,, is the
surface-tension force and Fecoj is the recoil pressure. W,
and W,,, are the laser heat source and heat loss through
evaporation, respectively. In this study, evaporation occurs
only at the droplet surface irradiated by the laser and results
in a recoil pressure on the droplet surface.

B. Tracking of droplet interface

The level-set method, as well as the volume of fluid
(VOF) method, is a popular interface-tracking method for
computing two-phase flows. Both methods can be used
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to track the interfacial deformation in laser ablation of
materials.

The level-set function, ¢, is defined as a set distance to
the interface. Accordingly, the interface is the zero level
set, and the level-set function, ¢, can be expressed as [25]

+|d| in the primary phase,
¢(x,H)= 0 at the interface, (5)
—|d| in the secondary phase,

where d is the distance from the interface.
The evolution of the level-set function is solved by

) _
5, TV Ue) =0. (6)

In the VOF method, a color function between zero and
one, known as the volume fraction is used to distinguish
between two different fluids. The volume fraction, f, in a
control volume is defined as [26]

f=1 filled with the primary phase,
=0 filled with the secondary phase, (7)
0<f <1 at the interface.

Because the level-set function is smooth and continuous,
interface curvature and the surface-tension force can be
accurately calculated. However, the level-set method is
found to lack volume conservation [27]. The VOF method
is naturally volume conserving, while the VOF function is
discontinuous across the interface [25]. To overcome the
deficiencies of the level-set method and the VOF method,
the CLSVOF method is employed.

To maintain the level-set function as a set distance func-
tion, a reinitialization process is required for each time step
[28]. The values of the VOF and the level-set function are
both used to reconstruct the interface. In other words, the
VOF method is used to capture the interface, and the gra-
dient of the level-set function determines the curvature and
the normal of the interface [29]. The VOF function is also
solved by

of .
5 TVrH =0, ()

where f* is the volume fraction.

C. Laser heat-source model

Laser absorption at the target obeys the Beer-Lambert
law [30]. The problem is solved in polar coordinates
because the circular surface is then transformed into
rectangular coordinates. Because laser radiation can be
absorbed only in the local normal direction, the laser
intensity should multiply the cosine of the incident angle,

@s3s)  (b)

(-0.1,0)

(0.9,0) S

FIG. 1. (a) Computational domain; (b) meshing.

which equals the central angle corresponding to the droplet
center. The source term of laser heat is expressed as

Wias = alpcos Oexp {—oz |:R0 —/ (x = Rp)? _}_yziH ,

€

where « is the absorption coefficient, /, is the laser inten-
sity, Ry = 0.9 mm is the droplet radius, and

R()—X

V Ry — x)? +y2’

The schematic of the coordinates is depicted in Fig. 1. Con-
sidering heat loss taken by vaporization at the interface, the
evaporation energy source term is

cos 6 =

(10)

anp = mvapLV, (1 1)
where n1y,y, is the evaporation mass rate (kg/sm?) and L, is
the latent heat of evaporation (J/kg).

The parameters of a laser beam are shown in Table I, and
the laser intensities for case 1—case 4 are listed in Table II,
which corresponds to the actually absorbed laser energies
in the experiment [7].

D. Surface-evaporation model

Pg, 1s the temperature-dependent saturation vapor pres-
sure, which is derived from the integration of the Clausius-
Clapeyron equation, and is expressed as follows:

L, (1 1 (12)
=pexp|—=—|=——=]]1,
Psat = Po€Xp R \T, T
TABLE I. Laser-beam parameters.
Wavelength Pulse duration Spot size
Nd-YAG laser (nm) (ns) (mm)
Symbol A Tlaser D
532 10 3.6
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TABLE II. Laser intensity in the simulation and energy in the experiment.
Case 1 Case 2 Case 3 Case 4
Laser intensity 7o (W/m?) 8.14 x 10! 1.36 x 10!2 1.85 x 10'2 2.96 x 10'2
Energy (mlJ) 6.6 11 15 24

where pg is the ambient pressure, 7} is the boiling tem-
perature, and R =8.314 J/mol K is the universal gas con-
stant. The flow rate of mass transfer through the interface
(kg/s m?) is defined as [31]

. [ My
Myap = Psat W: (13)

where m, =3 x 1072° kg is the molecular mass of water
and kz =1.38 x 1072 J/K is the Boltzmann constant.
Therefore, mass transfer caused by evaporation takes place
at the interface of the liquid and gas phases.

The mass flow rate derived from the Hertz-Knudsen
equation is the flow rate per unit area, and if it is multi-
plied by the interfacial area density, the flow rate per unit
volume will be obtained (kg/s m?):

vy, (14)

Myap = mvapA = Psat 27TkBT

where A4 is the interfacial area density, which is defined as
the interfacial area between two phases per unit mixture
volume (m™!). This is an important parameter for predict-
ing mass and energy transfer through the interface. Mass
transfer at the interface per unit area should be converted
into volumetric mass flux through the volume-fraction
gradient of the gas phase, which requires a preexisting
interface.

E. Interfacial-driving-force model

The main interfacial forces are surface tension and
recoil pressure. The surface-tension force in the CLSVOF
method is given by

Fy = ok8()n, (15)

where o is the surface-tension coefficient, 7 is local inter-
face normal, « is the local mean-interface curvature,

.V
=", 16
"7 Vel (16)
Vo
=V——, 17
T Vel (1n
and
5(¢) = 0 6] > a,
6(¢>=1+%2”¢/“) ol<a, 0P

where a is the thickness of the interface.

If the evaporated particles’ return to the liquid phase is
considered, a coefficient should be multiplied for intense
evaporation, and the recoil pressure is [32]

L, (1 1
recoil — 0.55 sat — 0.55 _ — - = . 19
Precoil Dsat Doexp [R (Tb T>i| (19)

The interfacial recoil pressure is

Jrecoil = precoilfl- (20)

This interfacial force should be converted into volumetric
force using the divergence theorem by multiplying it by a
delta function A,

Frecoil zﬁecoilAe (21)
where
2p
A =|Vf] , (22)
o1+ 02
and
o =fip1 + 202, (23)

is the volume-averaged density, where p; and p, are the
densities of the liquid and gas phases, respectively.

F. Liquid-removal-depth model

The coupled level set and VOF method is specifically
designed for two-phase flows, where no mass transfer is
involved, so a liquid-removal depth caused by evapora-
tion is proposed. Interfacial mass transfer determined by
Eq. (13) is used only to calculate heat loss due to evapora-
tion. Because of material removal of the liquid phase, the
interface will recede towards the liquid phase. The liquid-
removal depth represents the interface recession that is not
influenced by recoil pressure. The recession velocity can
be expressed as

Myap _ Psat Mgy

o1 o\ 2wksT’

Urec =

24)

The liquid-removal depth, d, is the time integral of the
recession velocity during the process of evaporation:

fb/
d= / et (h<t<Ty), (25

b

where 7, and 7, are the times when evaporation starts and
ends, respectively.
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TABLE III. Physical properties of materials in the simulation.
Parameter Water Air
Density p (kg/m3) 998 1.225
Boiling temperature 7} (K) 373 —
Critical temperature 7, (K) 647 —
Critical pressure P, (MPa) 22.1 —
Specific heat C, (J/kgK) 4190 1006
Thermal conductivity k£ (W/mK) 0.6 0.025
Latent heat of vaporization L, (J/kg) 2.256 x 10° —
Molecular weight M (g/mol) 18 29
S E—(b+biDp _
Dynamic viscosit 33] (N's/m? =woB|(@a+a + (@ —a 2+ 1.22 x 107°
y y 1 [33]( ) H = Ko [( 1Dp + (a2 —a3Tp RT—0—(ctalp)

Surface tension coefficient o [34] (N/m)

Absorption coefficient o (m™")

L

T, — T\ . T,—T
T. T.

1x10° _

G. Numerical method

The computational domain is axisymmetric and rectan-
gular with a size of 3.5 x 3.5 mm?, as shown in Fig. 1(a),
and boundary conditions are all pressure outlets except for
the axis. It is also a multiscale problem because the droplet
radius is 0.9 mm, while the energy-deposition depth is
10 um. The meshes are refined near the droplet surface
where it is irradiated by a laser, as illustrated in Fig. 1(b),
to solve this problem.

Here, the governing equations are discretized by the
finite-volume method and solved numerically in ANSYS
FLUENT 16.0. The momentum and heat-source terms are
implemented through user-defined functions. The physical
properties of materials are listed in Table III.

III. RESULTS AND DISCUSSION

A. Surface-temperature validation

Temperature is a key parameter that determines the
physical process and is dependent on the laser heat source.
To verify the correctness of the numerical method, espe-
cially for the fineness of the grids, a one-dimensional
theoretical model is proposed to help us better under-
stand the laser-deposition mechanism and find out the
relationships between the laser-beam profile and surface
temperature.

If not considering heat loss due to evaporation and con-
ductivity, laser energy deposited at the surface is all for
increasing the internal energy of the liquid as follows:

X
cpprT: Elaser = Tlaser/ aloeiaxdxa (26)
0

Taserlo (1 — e™*F Tlaser](
AT|x:() — lim laser O( € ) — O Taserd0 ) (27)
x—0 Cp PX Cpp

The analytical solution of temperature at the end of the
pulse at the surface where x = 0 is obtained:

Ts = AT|x=() + TO> (28)

where T is the maximum temperature of the droplet sur-
face at (0,0) and 7, =300 K is the initial temperature.
To testify that the laser heat-source model is accurate,
the simulated surface temperature without an evaporation-
energy source term is compared with the analytical result,
as shown in Fig. 2. 1o =3.7 x 10'' W/m? is the evapora-
tion threshold, which corresponds to the absorbed energy
of 3.3 mJ measured in the experiment. It can be seen
that the simulation results are in good agreement with the
analytical solutions.

Laser energies are determined by heating the superficial
layer to boiling temperature but without vaporizing all of it
[7]. From both the analytical and simulation results, it can
be found that the surface temperature far exceeds the boil-
ing point and even reaches or exceeds the critical point of
water because the characteristics of laser-deposition depth
are considered in our model.

1000

900 e==@== Simulation

800 Analytical

£ 700

Temperature (K)

2600 | o
500 | /

400 /

300

2x10'2 3x10"2

Laser intensity (W/m?)

0 102 4x10'?

FIG. 2. Analytical and simulation results of maximum temper-
ature at the surface.
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B. Droplet deformation

Droplet deformation obtained by the simulation is
depicted in Fig. 3. Because of the high laser energy close
to the axis, the droplets become curved finally. As can be
seen from the simulation results, the greater the power is,
the thinner the droplets become under the recoil pressure.
In case 4, the droplet is deformed into a curved thin sheet,
which is the same as observed in the experiment. In the
early stage, a crater is formed in the center of the droplet
surface which cannot be seen in the experimental images

(@) 0.07ms 0.35 ms 0.85 ms 1.75 ms

0.175 ms

®
o
A
L 4
-

Case 1

1.75 ms

0.175 ms

(b) 0.07ms 0.35 ms 0.85 ms

®
v
2 4
>
o

Case 2

1.75 ms

0.175 ms

(C) 0.07 ms 0.35 ms 0.85 ms

®
A 4

’ )A’

Case 3

1.75 ms

0.175 ms

(d) 0.07 ms 0.35 ms 0.85 ms

> > ) } )
Case 4
FIG. 3. Comparisons of water-droplet deformation in simula-

tions (upper row) with experimental images (lower row).

3
¢ Experiment
2 2r Simulation v
E
2
2
5 ®
=1k
»
*
0 : — ' .
0 102 2x10'? 3x10'? 4x10"

Laser intensity (W/m?)

FIG. 4. Axial speed of water droplet as a function of laser
intensity in experiment and simulations.

in case 2—case 4. At a later time, the crater will merge into
the droplet during deformation.

The axial droplet speed and radial expansion are com-
pared with experimental results [7] in Figs. 4 and 5. In the
studied laser intensities, the propulsion speed of droplets is
proportional to the laser energy. With an increase of laser
energy, the radial expansion of droplets becomes larger, up
to fragmentation of the droplet’s edge, as in case 4. The
radial expansion of the droplet in the simulation results is
consistent with experimental measurements. However, it
can be found that the simulated values of droplet radial
expansion are smaller than the experimental values. For
the laser energy absorbed by the droplet, due to errors
in the experimental measurements, the value measured
by the energy meter is lower than that of energy actu-
ally absorbed. In addition, there are also some errors in
the numerical iterations. These are possible reasons why
the simulated values of radial expansion are smaller than
the experimental values.

The jetting phenomenon opposite to the illuminated side
can be observed in simulation results in case 4. It starts at
0.35 ms, but happens earlier in the experiment at 0.175 ms.

4.0

® Case 4 experiment
=== Case 4 simulation [ ]
< | A Case3experiment °
= | ==te=Case 3 simulation
+ Case 2 experiment °
simulation

301 m e 1 experiment
=== Case | simulation
[ ]

.

R J— ——
 m—1 24

—

—

1.0
0.000 0.175 0.350 0.525 0.700 0.875 1.050 1.230 1.400

Time (ms)

FIG. 5. Radial expansion of water droplets in experiment and
simulations.
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(b)

0.35 ms

FIG. 6. Velocity fields of deformed droplet in case 4.

It develops until 0.85 ms and retracts at a later time due
to the surface-tension effect. As we can see from Fig. 3,
the deformed droplet becomes thinner with higher laser
intensity, owing to increased recoil pressure. Due to the
high power density in the center of the laser beam, the
recoil pressure is also significantly greater than that in the
adjacent area, which causes a crater to be formed at the
axis where the fluid velocity along the axis is also much
faster. With a higher laser intensity, the high-speed fluid
has a greater opportunity to rush out from the droplet’s
surface until the liquid sheet is thin enough to form a
jet. The velocity vectors of the deformed droplet at 0.175
and 0.35 ms are demonstrated in Fig. 6, which indicates

1000

900 | Case 4
Case 3
800 Case 2
. ——Case |
M
> 700 Evaporation starts
!
£
g
£ 600
o
=
500
400
300
00 01 02 03 04 05 06 07 08 09
x (mm)
FIG. 7. Temperature profiles when evaporation starts and at

the end of the pulse for each case.

10°

Case 4

108 Case 3

Case 2
107k

——Case |

— Evaporation starts

Pressure (Pa)
2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
x (mm)

FIG. 8. Pressure profiles with logarithmic scale when evapo-
ration starts and at the end of the pulse for each case.

higher particle velocity in the jet formation and proves the
above explanation of the mechanism. It can be seen that
this model not only describes the droplet expansion well,
but also yields a jet at the droplet’s surface with high laser
energy, compared with the BI simulation.

C. Spatial profiles of temperature and pressure

During the laser pulse, the spatial profiles of tempera-
ture and pressure along the circumference of the droplet
surface at the end of the pulse are shown in Figs. 7 and 8,
in which the bottom curves represent the time when evap-
oration starts, at 4.5, 2.7, 2, and 1.2 ns in case l—case 4
respectively.

The distributions of temperature and pressure gradually
decrease from the center to the edge of the droplet sur-
face with increasing central angle. With an increase in laser
intensity, the fluctuation in temperature becomes larger,
which indicates that the interface deforms more signif-
icantly under the effect of recoil pressure. The pressure

1000

900 F = @ = Without evaporation ’

e==ge==With evaporation
800

700 |

600

Surface temperature (K)

500

400

2x10'?
Laser intensity (W/m?)

0 102 3x10" 4x10"

FIG. 9. Droplet-surface maximum temperature with and with-
out considering heat taken by evaporation.
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value drops sharply at a certain position, which can be con-
sidered as the turning point. With an increase in the central
angle, the laser intensity decreases, and when it is lower
than the threshold of evaporation, there will be no recoil
pressure. Therefore, the recoil pressure does not affect
the entire hemispherical surface of the droplet. Accord-
ing to the position of the turning point, the maximum

(a) 4.5ns 8 ns 10 ns 0.1 us

Case 1

(b) 2.7 ns 6 ns 10 ns 0.1 us

Case 2

(c) 2 ns 5ns 10 ns 0.1 us

Case 3

(d) 1.2 ns 4.5 ns 10 ns 0.1 us

Case 4

1 us

central angles covered by recoil pressure can be obtained
as follows: 65°, 75°, 79°, and 83° in case l-case 4,
respectively.

The maximum temperature at the droplet surface in
the simulation and analytical solution without consider-
ing evaporation is compared in Fig. 9. As we can see, the
simulation temperature considering evaporation is lower:

FIG. 10. Contours of pressure
evolution inside water droplets
during recoil impact.
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FIG. 11. Liquid-removal depths versus laser intensities.

it reaches the critical value in case 3 and exceeds it in
case 4. If the liquid phase approaches the critical tem-
perature, explosive boiling within the volume will occur,
that is, phase explosion [35,36]. Although it produces a
greater recoil pressure in the phase-explosion regime, the
recoil pressure still becomes larger with increasing laser
intensity, so it is acceptable to calculate the recoil pressure
approximately with Eq. (19) when the critical tempera-
ture is exceeded. More detailed modeling in the phase-
explosion regime needs to be developed and the effect on
droplet deformation should be investigated in detail for
future work.

The contours of pressure inside the water droplets are
depicted in Fig. 10. During the impact of recoil pressure,
the pressure profile propagates from left to right, and after
the pulse, the pressure gradually weakens until it vanishes
in 1-1.8 us; this can be regarded as evaporation ending.
As the laser energy increases, the recoil pressure becomes
stronger, it will travel deeper inside the droplet, and thus,
drive the droplet to become thinner.

D. Liquid-removal depth and influence of interface
recession

The liquid-removal depths on the axis for different laser
intensities are depicted in Fig. 11. Because the thermal-
diffusion coefficient of water is small, energy will not be
conducted into a deeper layer of the droplet. The liquid-
removal depth is much shallower than the absorption
depth, and the effect of interface recession on droplet defor-
mation and expansion can be neglected. Although laser
energy is deposited in a thin layer, it does not vaporize all
liquid of this layer, but forms a superheated zone in the
superficial layer, which makes surface evaporation more
intense and produces a stronger recoil pressure.

IV. CONCLUSIONS

A comprehensive hydrodynamic model is established
to simulate nanosecond pulsed laser ablation on a water

droplet. The mechanism of droplet deformation and heat
and mass transfer is mainly revealed by numerical simula-
tions.

Droplet deformations in the simulation are consistent
with experimental observations of both morphology and
measured data, such as axial speed and radial expansion of
the droplet. In the early stage, a crater is formed near the
axis at a higher recoil pressure, which cannot be seen in the
side-view images taken in the experiment. With the high-
est laser intensity, the droplet is propelled into a curved
thin sheet and a jet flow is also simulated that is viewed
similarly in the experiment. The laser energy near the axis
is high, which causes the fluid to move faster from there.
When the deformed droplet becomes thin enough under
the impact of recoil pressure, the high-speed fluid near the
axis rushes out from the opposite side to that irradiated by
the laser and forms a jet. The vector fields in the deformed
droplet prove the explanation of the mechanism.

It can be found from the simulation results that the
surface temperature reaches and even exceeds the critical
temperature with higher laser intensity. With an increase
of laser energy, the central angle covered by recoil pres-
sure becomes larger. Even with the highest laser energy,
the recoil pressure does not completely cover the whole
hemispherical surface of the droplet.

The liquid-removal depth is far shallower than the laser-
deposition depth, and this implies that intense evaporation
of this thin layer leads to deformation of the droplet under
strong recoil pressure.
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