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Abstract

The motion of millimeter gallium-indium (Ga-In) drops subject to intense
Neodymium-doped Yttrium Aluminum Garnet (Nd: YAG) laser blasts in air is
investigated experimentally. The drop first experiences plasma emissions and then
undergoes interfacial instabilities. The effective ablation pulse energy is quantified by
the laser-induced shockwave propagation. The laser-blast-induced concave expansion
and spanwise depression history is measured, and the data collapse on straight lines
with proper rescaling of pulse energy and time. The propulsion speed of the drop is
described by a semi-empirical model that considers the laser energy and fluence at the
threshold of ablation. The data shows that this propulsion speed scaling remains valid
to the millimeter drop ablated by the pulsed laser with beam spot much smaller than the
drop, although the original scaling was derived and verified for the indium-tin (In-Sn)
droplet of tens of micrometers impacted by a laser pulse with the focal point larger than
the droplet.
Keywords: laser ablation, drop, shock wave, interfacial instability, Ga-In, plasma

propulsion



I. Introduction

The impact of a high energy short laser pulse on an opaque material can generate a
rapid blow-off of high-temperature plasma at the target surface, which induces a
momentum against the surface of this material. Subsequently, a strong shockwave is
formed both inside' and outside? the material. Understanding the dynamics driven by
laser ablation is critical®, because this fast and complex process can be encountered in
a wide range of applications. For instance, the research of the Rayleigh-Taylor
instability (RTI) evolution in supernovae at astrophysical-scale is carried out based on
the ablative plasma produced by a large laser facility in scale-invariant conditions*. In
the direct-drive inertial confinement fusion (ICF) >, many intense laser beams focused
on spherical capsule surface produce ablation pressure to drive the deuterium-tritium-
contained capsule to implode®. The fluid dynamics driven by laser ablation also have
practical applications, such as the deformation and fragmentation of Sn microdroplet
driven by laser induced plasma in the extreme-ultraviolet (EUV) light source in
nanolithography” '°. Many studies have been devoted to the interaction of laser with
the targets. The laser ablation regime'!, ablation mechanism'?, ablation thresholds' 1#,
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ablation depth, mass ablation rate , concentration of plasma plumes'’ and the

structure of laser ablation fronts have been investigated extensively at various laser
intensities, wavelengths and durations of pulses'> %,
The laser-drop interaction is a subject of particular interest. After the ablation of a

nanosecond laser pulse, the surface of the drop is compressed '° and the drop spreads

out, sometime even into a liquid sheet’’, which later on breaks into ligaments and



smaller drops'>2!. Until now, most researchers focus on the rim breakup and the sheet
breakup after the significant deformation of the drop at tens of micrometer scale 2!
The droplet deformation and fragmentation processes have also been extensively
studied**2%. However, very few fundamental studies related to laser-ablation-induced
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surface instability of a liquid drop exist 2" %°. Although both dyed-water
liquid metal® 2" 22732 drop have been studied, we are more interested in the ablation
process of the liquid metal drop because of its relevance in important technical
applications such as ICF and EUV light source * 1°.

Here, we present an analysis of the response of liquid Ga-In drops of millimeter
scales to a 9-ns laser-pulse. The instability of the drop surface upon laser ablations is
visualized. The shockwave generated by the laser-drop interaction is similar to that
caused by a blast, hence the effective initial energy at the ablation center can be
estimated based on the Taylor blast model®*. We obtain the displacement of mass center
from image sequences of the subsequent drop deformation process and find that the
relationship between millimeter-sized drop propulsion speed and laser pulse energy is
similar to that of droplet at dozens of micrometer scale’® 3. We show that the semi-
empirical laser ablation propulsion model** derived for the ~100 pm liquid metal
droplet in the literature is also applicable to the millimeter-sized drop, despite the vast
difference in pressure distribution.

I1. Experimental Methods

The experimental setup is shown schematically in Fig.1. Drops of Ga-In alloy

(70Ga-30In of 99.999% purity with density p. = 6.33 g/cm? at 20 °C) are generated by
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FIG. 1. Schematic of the experimental setup (top view). The drop is generated from a
capillary tube connected to a reservoir of liquid metal, which is driven pneumatically. A
horizontal continuous helium-neon (HeNe) laser beam and a photodiode (PD) form a photo-
electric gate. The falling drop triggers a signal that is fed to a delay generator, which controls the
rest of the equipment synchronously. The high energy laser is Nd: YAG with a duration of 9 ns
FWHM at the wavelength of A=1064 nm. The laser beam is focused by a 250-mm focal-length
plano-convex lens into a 400 um Gaussian spot on the surface of the drop. The light sources for
imaging the drop are two Rhodamine 6G fluorescent solution pools excited by 5-ns 532 nm
pulsed laser diodes, which emit 560 nm fluorescence. The two light sources are aligned at 45°
and 90° to the Nd: YAG laser beam respectively. The light source projects shadowgraph that is
recorded by the charge coupled device (CCD) camera combined with a long-distance
microscope. A bandpass filter is used to suppress the plasma radiation and protect the imaging

SE€NSor.

pneumatically pumping the alloy through a capillary with an outer diameter of 260 um.
The drop has an equivalent spherical diameter of Do = 2.25(£0.05) mm. The released
drops pass through a horizontal focused HeNe laser beam. The change in light intensity
is detected by a photodiode that generates a step signal to trigger the Nd: YAG laser,
which produces a laser pulse at A =1064 nm wavelength with a duration of 7, =9 ns full
width at half maximum (FWHM). The Gaussian laser beam is focused to a diameter of
400 um by a plano-convex lens. The energy of the laser pulse is varied between 36 and
427 mJ. The Ga-In alloy was chosen in this work because the 70Ga-30In alloy (melting

point 16 C) is liquid at room temperature, therefore additional heating is not required.
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Moreover, 70Ga-30In is not toxic (unlike mercury) and inexpensive.

The detailed information of the drops in the first microseconds after the laser impact
is captured by the shadowgraph imaging systems, which consist of two long-distance
microscopes (each paired with a high-speed camera), and 5-ns incoherent light source,
which is based on the Rhodamine 6G fluorescent dye solution pumped by 5 ns 532 nm
pulsed laser diodes (PLD). One of these microscopes has optical axis aligned
orthogonally to the Nd: YAG laser beam to provide side-view images. The other one is
angled at 45° to the beam direction for a tilted side view. A bandpass filter is placed in
front of each microscope lens to suppress the plasma radiation. Stroboscopic time series
of different drops are recorded by increasing the time delay between the shadowgraph
systems and the Nd: YAG laser ablation. The high-speed camera (iSpeed 220) has a full
frame resolution of 1600x1600 pixels. The resolving power is 3.4 pm/pixel for both the
orthogonal and 45° shadowgraphs. The phenomena about 100 ps after the laser ablation
is captured by another high-speed camera operated at 82802 frames per second (fps)
illuminated by a continuous light source.

I11. Results and discussion

The response of the Ga-In drop to the laser ablation with different pulse energies is
shown in Fig. 2 (multimedia view). A plasma is generated at the ablation front as the
laser impacts the drop surface and maintains the pressure to propel the drop, which
happens in a scale of 7, = 10%~107s. 3* As shown in Fig. 2(b) (multimedia view), a
larger plasma is generated with a higher laser pulse energy and the plasma illumination

is captured at 11 ps, which means the plasma exists for a longer duration. A shockwave
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(b)
FIG. 2. Stroboscopic shadowgraph images of Ga-In drops taken before and after the laser

ablation in the side view at different time delays for two laser-pulse energies. (a) The dynamics
of a drop shape ablated by a 9-ns Nd: YAG laser pulse (pulse energy: 108 mJ, focal spot size:
400 pm). The bright light at the right side of the drop is plasma, which is generated as the laser
ablates the surface of the drop. The liquid surface is pushed backward by the plasma pressure
while the drop is propelled forward (multimedia view). (b) The same as (a) but with a pulse
energy of 400 mJ, which leads to a brighter and wider plasma as well as more drop deformation

(multimedia view).

forms and subsequently expands beyond the plasma. The plasma pressure pushes the
surface of the drop into a concave, the diameter and depth of which grow over time

with a rim forming at the edge of the depressed region. The deformation of the drop
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occurs on the inertial time scale 7; = Ry /U ~10™* s and slows down under the
surface tension with the capillary time scale 7, = 1, P Rg’ /o ~107%s, where Ry is the
equivalent spherical radius, U is the propulsion speed of the drop, and o is the surface
tension of Ga-In alloy. The complete response of the drop to the laser ablation involves
four distinct time scales:
T, <7, <7 <7, (D)
Figure 3 shows the comparison of the interface deformation with different laser
pulse energies captured as soon as it is visible. There are concentric circular ripples
around the laser focal point for all laser pulse energies. Both the area of the rippled

surface and the amplitude of the wave increase with higher laser pulse energy.

FIG. 3. Front-side view of the surface after laser ablation with different laser-pulse energies.

A. Shockwave expansion
Fig. 4(a) shows the spherical shockwaves with similar wave radius induced by four
different pulse energies. The shockwave expands faster with increased pulse energy,

accompanied with a larger plasma plume. The shockwave expansion is quantified by



3.00 T T T T T T T T T

275} i
250 .
> E 225 .
<
<200+ . .
Measured Predicted E,
u — 36mJ

115y . —— 108mJ|]

A — 194 mJ
1.50 |- . . —— 400 mJ|T

04 08 12 16 20 24 28 32 236

t (us)
(a) (b)
FIG. 4. (a) The shock wave with different laser-pulse energies; (b) Shockwave radius vs time.
100 T T T T T 5000 T T T T T
— 36 mJ —36mJ

— 108 mJ — 108 mJ
801 - 1oamyf] 10T ——— 194 mJ[|

—— 400 mJ
k: 60 - < 3000 - |

~ R
% st 2000 ]
20+ 1000 | -
O 0 1 1 1 1 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t (us) t(ps)
(a) (b)

FIG. 5. The pressure and temperature of the shockwave with different laser-pulse energies.

the wave front radius (), as shown in Fig. 4(a). The effective energy driving the
shockwave can be obtained by employing Taylor’s blast model*>:

E=r(t) p/t, @
where E is the effective energy, p is the density of the air in front of the shockwave and
¢ is the time after the laser pulse. This relation can be re-written in the form:

r(t)~(E/p) " t*". 3)
A single parameter fit of Eq. (3) yields decent agreement with the experimental data

[Fig. 4(b)]. We pointed out that the effective energy £ used in Eq. (3) is less than the
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injected laser pulse energy E, (Table 1). There are two possible reasons for the
difference between E and E,. The first reason is the heat absorbed by the drop surface
to cause the phase change (evaporation) of the liquid metal upon laser ablation. The
second reason is that when the plasma reaches the critical density of the pump beam,

significant reflection of the photons by the plasma occurs'!: 3

, which can help explain
that the effective energy £ decreases to 248.6 mJ rapidly when the laser pulse energy

E, is 400 mJ.

Table 1. The effective energies (E) with different laser pulse energies (Ep).

E, (mJ]) 36 108 194 400

E (ml]) 28.6 93.7 189.9 248.6

In addition, the pressure and temperature behind the shockwave can be estimated

by the classic shockwave equations®*:

V. V
Ma == _“w_ 4
a |/yRT, )
5:1+Q(Maz—1), )
P y+1
7/+1+P2

L_bBly1 R (6)

y-1R
where Ma is the Mach number, Vi, is the velocity of the shock wave, a is the speed of
sound in air, yis the specific heat ratio, R is the gas constant, P and T are the pressure
and temperature respectively; the subscripts 1 and 2 represent the air in front of and

behind the shockwave, respectively. Differential of Eq. (2) with respect to ¢ gives the
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shockwave expansion velocity:
Vv, ~ At (7)
A is a function of energy and can be obtained by fitting the experimental data. The

pressure behind the shockwave is obtained by Eq. (7) and Eq. (5):

~3/5\2
By 2r|(2BA7) | ®)
P, y+1 a

The temperature 7> is calculated by Eq. (8) and Eq. (6). The results of pressure and

temperature of the shockwave induced by laser pulses with different pulse energies are
shown as solid curves in Fig. 5. The estimated pressure and temperature of the
shockwave at =1 ps are about 10 bar and 750 K, respectively. At =5 ps, both the

pressure and temperature behind shockwave restore the values of ambient air.

B. Time evolution of the drop deformation

The overall deformation of the drop is quantified by measuring the streamwise size
of the concave ¥ and the spanwise size of the drop L [Fig. 2(a)] over time with various
pulse energies. A faster concave expansion [Fig. 6(a)] and more rapid spanwise
depression [Fig. 6(b)] of the drop occur with higher pulse energy. Because W is a direct
consequence of laser ablation and is clearly related to £, and expands with time, we
hypothesize that a length expansion scaling similar to the Taylor’s blast model [Eq. (3)]
may exist. We reorganized the data in Fig. 6(a) by plotting W against (Ep/pm)"t?>,
where pn is the density of the liquid metal. Interestingly, all data for different E,

approximately collapses to a single straight line [Fig. 6(c)], supporting the notion that

W scales with E,'>. Note that the earlier data points are more scattered, possibly due to
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the initial stage of material ejection and plasma formation. It has been reported that the
laser ablated drop behaves similar to drop impact on a flat rigid surface?’, and the
deformed drop can be described by a truncated sphere®®. In other words, W/2 and
h=(Do-L) are the radius and height of the spherical cap being removed [Fig. 2(a)]. If &
<< Dy, then h ~ W?/(4Dy), or h scales with (E,/pm)*°t*. Indeed, when Fig. 6(b) is

replotted as L vs. (Ey/pn)*t*°, again, all data for different E, approximately collapses

to a single straight line [Fig. 6(d)].
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FIG. 6. (a)(b) The streamwise size of the concave W and the spanwise size of the drop in the
center L after laser ablation with different laser-pulse energies; (c)(d) Collapse of W and L over

time for all laser-blast induced drop deformation with different laser-pulse energies.
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C. Lateral drop motion

The lateral drop motion is defined by the displacement of the mass center X of the
drop during the first few milliseconds after the laser ablation. Fig. 7(a) shows the drop
is accelerated to a constant speed U that increases with higher laser pulse energy, despite
a significant deformation of the drop. The velocity of the drop ranges from 0.028 m/s
to about 0.11 m/s with various laser pulse energy, following a power-law scaling with
E, [Fig. 7(b)]. The lateral drop motion scaling of the laser ablation with liquid metal

droplet has been extensively studied by Kurilovich et al.>?

, who developed a semi-
empirical formula:

U=B(E,—E.,) . )
where B is a proportionality constant, E.q is an offset pulse energy determined by the
laser/metal interaction, « is the power constant. Upon the laser impacting the drop
(mass M), a plasma (mass m) with a velocity of v is generated, which propels the drop
into lateral motion. The momentum conservation MU =mv and a semi-empirical

15,16

mass ablation law yield:

| 5/9 1 -4/9
o K{(lo“ W/cmzj (1 mj ZS/S}STPV”V" (10)
1)

where / is the laser-pulse intensity, A is the wavelength, Z is the average atomic number

Z = 36.4 (for 70Ga-30In); S is the area of the focal point. This relation predicts a power-
law U oc [* oc E* with a =5/9. The offset energy is determined by the laser fluence of

the onset of the plasma formation upon the laser ablating the metal F,, = p, AH KT, ,

as well as the reflectivity I of the surface®® when the inverse bremsstrahlung is not yet
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dominant as the pulse energy decreases, which gives:

Eyyo = SponAH iz, /(1-T). (11)
Here, with the latent heat of vaporization AH ~3.16 MJ-kg™ and thermal diffusivity
k~21.0mm?-s™, we obtain Ey, =41.27 mJ . The result of a single constant
fitting of Eq. (9) to the full energy range of experimental data yields decent agreement
[Fig. 7(b)], from which we obtain B = 0.00408 M-s*-mJ*° Therefore, the scaling (9)
describes all our experimental data well, which extends the applicable range of the
original propulsion speed scaling from a few tens of micrometers to the capillary length

(~ 2 mm in diameter).
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FIG. 7. (a) The drop mass center displacement X varying with time; (b) Measured propulsion
velocity of the drop as a function of the laser pulse energy Ep. The solid line represents a fit of Eq.

(9) to the concatenated data for the full range.

IV. Conclusions
We experimentally studied a millimeter-sized liquid metal drop ablated by an

intense Nd: YAG laser pulse of 36 to 400 mJ pulse energy. The rapid drop deformation
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was captured by timed delayed stroboscopic shadowgraph. The shockwave expansion
in air was visualized, and the effective energy can be obtained via Taylor’s blast model.
The laser-blast-induced drop concave expansion and spanwise depression data collapse
on straight lines with proper rescaling of pulse energy and time. The power law of
propulsion speed by laser oblation of an In-Sn droplet of tens of micrometers can be

extended to describe the laser-blast propelled motion of a millimeter-sized Ga-In drop.
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