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Mechanisms of ultrafast GHz burst fs laser ablation

Minok Park™?3, Yueran Gu'3, Xianglei Mao', Costas P. Grigoropoulos?>*, Vassilia Zorba

Gigahertz (GHz) femtosecond (fs) lasers have opened possibilities for enhancing and controlling the laser ma-
chining quality to engineer the physicochemical properties of materials. However, fundamental understanding
of laser-material interactions by GHz fs laser has remained unsolved due to the complexity of associated abla-
tion dynamics. Here, we study the ablation dynamics of copper (Cu) by GHz fs bursts using in situ multimodal
diagnostics, time-resolved scattering imaging, emission imaging, and emission spectroscopy. A combination of
probing techniques reveals that GHz fs bursts rapidly remove molten Cu from the irradiated spot due to the
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recoil pressure exerted by following fs pulses. Material ejection essentially stops right after the burst irradiation
due to the limited amount of remnant matter, combined with the suppressed heat conduction into the target
material. Our work provides insights into the complex ablation mechanisms incurred by GHz fs bursts, which are
critical in selecting optimal laser conditions in cross-cutting processing, micro/nano-fabrication, and spectro-

scopy applications.

INTRODUCTION

Laser ablation, the process of material removal from a surface
through its interaction with a high power laser, plays a pivotal
role in many research areas and applications, including energy har-
vesting and storage (I, 2), biomedicine (3, 4), photonics (5-7), op-
toelectronics (8), and spectroscopy (9, 10). These capabilities are
enabled by unique laser attributes offering a direct, one-step, and
chemical-free pathway for material machining, processing, fabrica-
tion, and ablation sampling (11, 12). Of particular interest is ultra-
fast femtosecond (fs) laser ablation wherein deposition of the
incident energy occurs extremely fast, leading to rapid phase
change of the target material (13-15). Compared to longer pulses,
one of the main advantages of fs laser ablation is the heat-affected
zone suppression that helps achieve precise control of the ablation
features (I, 6, 7, 16).

Recently, the ability to generate bursts of fs laser pulses at giga-
hertz (GHz) frequencies has opened new possibilities for enhancing
and controlling the laser machining quality. Ablation with GHz
bursts of fs laser can lead to a mode that has been coined “ablation
cooling,” wherein the material removal is accompanied by limited
heat accumulation (17). Characterization of the laser processed sur-
faces showed well-defined ablation features, suggesting diminished
thermal effects in conjunction with augmented ablation efficiency
(defined as the ablated volume per cumulative irradiated energy) by
up to an order of magnitude. All of these are promising findings
with potentially useful implications from the applications point
of view.

The mechanisms of GHz fs laser ablation and ablation cooling
remain to this date a topic of debate. Demonstrations have been
largely limited to ex situ characterization of crater morphology
and size (18, 19) and numerical simulations (17, 20), often with con-
flicting or incomplete findings. It has been proposed that the major
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driving force behind ablation cooling could be either evaporative
removal or hydrodynamic motion of melt. Furthermore, the in-
creased ablation efficiency has been ascribed to the rapid removal
of preheated surface matter from the laser-matter interaction area
by subsequent pulses in the GHz burst. However, the associated ab-
lation dynamics must be experimentally validated. In situ character-
ization and diagnostic tools are required to directly probe the
complex physicochemical dynamics and reactions (11, 12) and
thereby elucidate the ablation mechanisms by GHz fs laser bursts.

In this work, a suite of multimodal diagnostics (scattering
imaging, emission imaging, and optical emission spectroscopy)
was used to probe in real time the ablation dynamics. Ablation of
copper (Cu) was examined under GHz fs laser pulse bursts and di-
rectly compared to single fs pulse ablation. The combination of in
situ probing techniques in conjunction with ex situ surface mor-
phology characterization revealed that GHz fs laser bursts result
in fast removal of molten liquid material due to the recoil pressure
exerted by the pulse train. As a result of the melt depletion, material
removal stops after the burst irradiation. In contrast, single-pulse fs
laser irradiation under the same total fluence, albeit at much higher
peak power, leads to material ejection after its expiration due to per-
sisting hydrodynamic instability effects. These findings provide
direct insights into the dynamics and dominant mechanisms of
GHz bust ablation with fs pulses.

RESULTS

Fig. 1A shows the optical system used to study the ablation mech-
anisms of Cu by single fs laser pulse (500-fs duration at 1030 nm)
and GHz fs bursts (50 and 200 pulses at 1.28-GHz repetition rate)
under atmospheric pressure. GHz pulse train profiles are shown in
fig. S1. Time-resolved scattering and emission imaging were used to
in situ probe particles, ejecta streaks, and plasma plumes using a
continuous-wave (CW) probing laser, allowing visualization of
both light-emitting and nonemitting species (inset, Fig. 1A). Fur-
thermore, optical emission spectra were acquired to correlate the
ejection dynamics with plasma chemistry. A detailed description
of the experimental system is given in Materials and Method,
while information on the Mie theory modeling (21) used to
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Fig. 1. Experimental system and morphological comparison of craters. (A)
Optical setup for time-resolved scattering and emission imaging of GHz burst ab-
lation dynamics with the ICCD camera. The 500-fs laser at 1030 nm was focused on
the sample in the normal direction. A 532-nm CW probe laser was used for scat-
tering imaging. Plasma-induced self-emission was used for imaging in the 500- to
930-nm spectral range without the probe laser. Ablation features at a total fluence
of 18.7 J/cm? characterized by WLI (top) and SEM (bottom) for (B) single-pulse fs
laser, (C) GHz burst with 50 pulses, and (D) GHz burst with 200 pulses, respectively.
Black scale bars, 5 pm.

design the scattering imaging system is included in figs. S2 and S3
(22, 23).

A constant laser fluence was used to directly compare the dy-
namics of fs GHz burst and single-pulse ablation. We used three
total fluences (3.7, 18.7, and 29.8 J/cm?) as summarized in table
S1. Results at a total fluence of 18.7 J/cm? are shown in the main
manuscript, while the rest are presented in the Supplementary
Materials.

Figure 1 (B to D), fig. $4, and table S2 show ex situ ablation crater
morphology characterization by white light interferometry (WLI)
and scanning electron microscopy (SEM), for single fs pulse, GHz
burst of 50 pulses, and GHz burst of 200 pulses, for the same total
fluence of 18.7 J/cm?. For single-pulse irradiation (Fig. 1B), the pris-
tine Cu surface was ablated to a maximum depth of 500 nm (57.5-
um” ablated volume). Irregular resolidified structures appeared on
the irradiated spot. However, GHz bursts of 50 pulses (0.37 J/cm?
per pulse) and 200 pulses (0.09 J/cm® per pulse) produced
maximum crater recesses of 2 um (172.1 um®) and 4.5 um (582.6
um?) below the original specimen surface (Fig. 1, C and D).
Hence, the ablation efficiency by GHz bursts is improved by 3 to
10 times compared to single-pulse irradiation under the same
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total fluence. Protruding rims marked the edge of the craters and
droplet fingers shot in the outward radial direction.

Shown in Fig. 2 are time-resolved emission images, emission
spectra, and scattering images that capture the ablation dynamics
by a single-pulse fs laser at 18.7 J/cm®. Emission and scattering
images for single-pulse ablation under different laser fluences (3.7
and 29.8 J/cm®) are presented in figs. S5 to S7. After single-pulse
irradiation, Cu plasmas are observed for approximately 30 ns
(Fig. 2A). Figure 2B shows time-resolved emission spectra in the
early stages of the laser-matter interaction, where the prominent
atomic Cu lines (24) at 510.55, 515.32, and 521.82 nm are resolved.
Note that emission near 515 nm at 0-ns delay is due to second-har-
monic generation of the fundamental wavelength (1030 nm) from
the Cu surface (25).

Scattering images reveal two different particle types ejected from
the substrate: (i) particles released from 0- to 200-ns delay and (ii)
particles ejected between 300-ns to 4-ps delay, as marked in Fig. 2C.
The first type of particles has a 350-m/s ejection velocity (calculated
from the green bars in Fig. 2C) in a vertical direction. Moreover, on
the basis of Mie theory modeling in fig. S3 (21), particle sizes can be
estimated because the relative intensity of the side-scattered light
becomes weaker as the particle diameter decreases. Considering
that a particle probed in the scattering image (yellow box,
Fig. 2C) has a 2 um diameter, ejected particles that make up the
streak lines and silhouettes with weaker scattered light intensities
are likely of the order of hundreds of nanometers in size. Hence,
we assigned them as particles “A."

Previous work reported vertical ejection of nanoparticles (NPs)
with velocities of 200 m/s under single-pulse fs laser irradiation and
suggested that they would be generated via spallation due to ultra-
fast thermodynamic phase changes (23, 26, 27). Likewise, taking in
account (i) the ablation depth of 500 nm (Fig. 1B), (ii) rapid ejection
speed of 350 m/s, (iii) size of <1 pm, and (iv) direction of flight,
particles A are likely expelled from the top surface of the bulk Cu
via spallation.

Particles “B"” were observed for higher laser fluences of 18.7 and
29.8 J/cm? in the scattering images (pink arrows in Fig. 2C and fig.
S7). Their speeds are in the range of 27 to 180 m/s without a con-
sistent directionality of flight. Particles B continued to be ejected
over 4 ps (Fig. 2C and fig. S7D), while they were rarely detected
under lower laser fluence of 3.7 J/cm? (fig. S6).

Although the incident light is deposited instantaneously,
melting is formed at later times due to the coupling of the absorbed
energy to the lattice system and the heat conduction into the bulk.
Moreover, hydrodynamic instabilities on the liquid phase can be de-
veloped due to transient disturbances by evaporation and plasma
expansion, leading to the ejection of droplets and liquid jets (11,
12). The scattering images (Fig. 2C and red boxes in fig. S7) revealed
that the expulsion of B particles is triggered by such mechanisms.
This is consistent with the appearance of resolidified remnant mor-
phology on the irradiated spot (Fig. 1B and fig. S4A).

Figure 3 shows time-resolved emission imaging and spectro-
scopy, along with scattering images of ablated plumes induced by
GHz bursts composed of 50 pulses (38-ns dwell time) at a total
laser fluence of 18.7 (0.37 J/cm® per pulse). Emission and scattering
images for different total laser fluences (3.7 and 29.8 J/ cm?) are pre-
sented in figs. S8 to S10.

Figure 3A shows spherically shaped Cu plasmas for a period of
30 ns. The corresponding emission signals for the early stages of

20of 7

€202 ‘7T YoIeN U0 Ko[djiog eIuIofife)) Jo AJISIoAru) e §10°00usros mmm//:sdijy woiy papeojumoy



SCIENCE ADVANCES | RESEARCH ARTICLE

- A Emission imaging
I Gate width: 5 ns

| 4

| ¥ v \

| . | | ¥ } A 7 L ;.
| —5ns 0ns 5ns 10ns I Ons 100ns 200ns 300ns 400ns 500 ns
: : : Gate width: 200 ns 136 mis

| 1 . \

| I 180 m/s Ygomis |

! | | 3 Particle "B" .

I 15ns 20ns 25ns 30ns !| Ons 200ns 400ns 600ns 800ns 1.0ps

r B Emission spectra
Cu Cu

Il ons
|

Intensity (a.u.)

508 512 516 520 524 I

|
|
|
|
|
|
|
|
|
' Wavelength (nm) _! '

_____ ~1r C Scattering imaging
Il Gate width: 100 ns 4

- |
l Gate width: 1.0 ys
L]

0.5ps  1.0ps 1.5ps

2.0ps

1.0us

20ps 3.0ps

Fig. 2. Single-pulse fs laser irradiation. Time-resolved (A) emission imaging, (B) optical emission spectroscopy, and (C) scattering imaging showing the ablation dy-
namics at a fluence of 18.7 J/cm?, across different time scales. a.u., arbitrary units. Scattering images were acquired for varying ICCD gate widths of 100 ns, 200 ns, 500 ns,
and 1 ps, respectively. The blue lines in these images represent the Cu target surface, and images below the lines are mirror reflections from the polished Cu surface. White

scale bars, 50 um; blue scale bars, 10 um.

expansion are shown in Fig. 3B. After the initial expansion of the
plasma plumes, particles were released within 200 ns at a grazing
angle with a speed of 130 m/s (calculated from green arrows,
Fig. 3C). Their sizes are estimated to be in the order of hundreds
of nanometers, using the methodology discussed in Fig. 2.

Unexpectedly, we were not able to detect ejecta at the center of
the laser-matter interaction zone after 200 ns, and the target surface
was not further ablated throughout the temporal range studied, up
to 5-ps delay (pink arrows, Fig. 3C). Similar observations were made
at a higher fluence of 29.8 J/em? (0.6 J/cm? per pulse; fig. S10). Note
that particles whose streak line trajectories are visible in the scatter-
ing images of Fig. 3C were already released before the 200-ns delay
as the intensified charged coupled device (ICCD) gate opens at that
time and till 300 ns. This ablation behavior is distinctly different
from the single-pulse ablation images in Fig. 2.

On the basis of these observations, we anticipate two coupled
contributing mechanisms for the observed material ejection: (i) va-
porization of materials at the center region and (ii) ejection of liquid
from the molten pool edge driven by fast radially outward fluidic
motion. This flow is due to the recoil pressure exerted by vaporiza-
tion [i.e., (i)]. Whereas Cu NPs are expelled from the edge of the
molten pool with 130-m/s speed [i.e., (ii)], a limited amount of
liquid is left to freeze on the crater surface, as verified by the
cross-sectional SEM image (fig. S4B).

Moreover, in Fig. 1C, we did not observe evidence of irregularly
resolidified surface morphologies on the irradiated spot akin to
those formed upon single-pulse irradiation (Fig. 1B). Accordingly,
there was no visual evidence of hydrodynamically induced material
ejection in scattering images up to 5-us delay for GHz burst of 50
pulses (Fig. 3C). This is in stark contrast to the images shown
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Fig. 2C for single fs pulse irradiation and the typical ablation behav-
ior by ns laser (28) where the heat conducted to the target supports a
deep melt pool and is therefore a major contributor to the contin-
uing material ejection at much later times than the duration of the
irradiated pulse. Last, materials that do not have sufficient momen-
tum to escape are resolidified in the form of rims and droplet
fingers (Fig. 1C).

Figure 4 shows time-resolved emission imaging, emission spec-
troscopy, and scattering imaging of ablation driven by GHz fs laser
bursts of 200 pulses (155-ns dwell time) at a total fluence of 18.7 J/
cm? (0.09 J/cm? per pulse). Emission and scattering images for dif-
ferent laser fluences (3.7 and 29.8 J/cm?) are given in figs. S11 and
S12. Figure 4 (A and B) shows faint plasma formation at the center
of the laser-target interaction zone, as each pulse fluence in this ex-
perimental run is four times lower than in the 50 pulse GHz bursts.
Ejecta were released within 300 ns into oblique directions with a
100-m/s ejection velocity (calculated from green bars, Fig. 4C).
Similar to GHz burst with 50 pulses in Fig. 3, there was no evidence
of particulate ejection at the center region from 300-ns to 5-ys gate
delay. Ejecta shown in scattering images later than 300 ns were re-
leased from the surface before that time, suggesting that the irradi-
ated spot cooled down to inhibit material removal as discussed in
Fig. 3. The protruded rims shown in Fig. 1D are already visible
around 300-ns gate delay (Fig. 4C and fig. S13).

A line of particles separated by 3 um and an ejecta column of 3
pum in diameter could be distinguished at 1-ps gate delay (red box,
Fig. 4C). Similar observations were made at a higher fluence of 29.8
J/em? (0.15 J/cm? per pulse; fig. S12). Such formations were exper-
imentally probed when the liquid-phase expulsion via recoil
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Fig. 3. GHz fs burst ablation with 50 pulses. Time-resolved (A) emission imaging, (B) optical emission spectroscopy, and (C) scattering imaging showing ablation
dynamics and mechanisms at a fluence of 18.7 J/cm? (0.37 J/cm? per pulse, 38-ns dwell time). Scattering images were acquired for 100 ns, 200 ns, 500 ns, and 1 s,

respectively. The blue lines show the target Cu surface. White scale bars, 50 um.

pressure contributed to the material removal in the case of liquid
aluminum ablation under quasi-CW illumination (22).

Furthermore, two experimental conditions (0.07 J/cm? per pulse
for 50 pulses versus 0.09 J/cm? per pulse for 200 pulses) were com-
pared. In the first case (fig. S9), NPs were not produced but droplets
of 5 um in diameter were often ejected from the target surface.
However, NPs and ejecta streaks were expelled from the surface
for the latter case (Fig. 4C). Since the individual pulse fluence is
similar for both cases, we can deduce that the first 50 pulses contrib-
ute to melting the Cu target because of heat accumulation, while the
following 150 pulses trigger a succession of rapid liquid phase ex-
pulsion events in response to the exerted recoil forces. Material ejec-
tion was not observed after 300 ns because of the limited amount of
liquid Cu remaining on the surface, given that molten traces on the
surface were barely observed in the cross-sectional image (fig. S4C).

To further study the early ablation dynamics of Cu driven by
GHz bursts of 50 and 200 pulses, we decreased the gate width to
50 ns and increased the image resolution using a higher magnifica-
tion lens (20x), as shown in Fig. 5. GHz burst with 50 pulses (38-ns
dwell time) caused the release of NPs at a grazing angle from the
target surface (50-ns delay; Fig. 5A). However, as indicated with a
yellow dome (100-ns delay; Fig. 5A), we were not able to probe
ejecta within 12 um in a radial direction. Since the ICCD gate
opened from 100 to 150 ns, the absence of ejecta within this
dome suggests that material ejection stopped within 100 ns from
the beginning of the burst irradiation. Last, no ablation could be de-
tected at later times (Figs. 5A and 3).

Conversely, the GHz burst with 200 pulses (155-ns irradiation
time) drove different ablation dynamics compared to the GHz
burst with 50 pulses (38-ns dwell time), as presented in Fig. 5. At
150-ns delay, ablated matter was ejected in a vertical direction
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(green arrows) with 100-m/s speed in short-lived (~100 ns) vertical
columns with rippled surfaces (red boxes, Fig. 5B). Such disturbanc-
es were observed in laser-induced melting of metals due to hydro-
dynamic instabilities (22), which further supports the argument
that ablation by GHz bursts with 200 pulses involves fluidic trans-
port. In addition, the GHz burst with 200 pulses resulted in a longer
ejection duration (<300 ns) from the surface than the GHz burst
with 50 pulses (<100 ns). This is because it takes more time for
the melt to escape due to the exerted lower pulse fluence and cor-
respondingly weaker recoil pressure, in conjunction with a longer
dwell time (i.e., deeper melting and enhanced mass
removal; Fig. 1D). ,

The dimensionless Weber number (We = %) describes the
competition between kinetic energy and surface tension (29, 30).
Here, p is the density of liquid Cu (7900 kg/m3) (31), Vis the ejec-
tion speed (100 m/s), r is the radius of the streak (1.2 pm), and o is
the surface tension of liquid Cu (1.2 N/m) (32). The corresponding
We number is 79 (>>4), indicating that the kinetic energy is suffi-
cient to overcome the liquid Cu surface tension. Hence, vertically
ejected liquid columns detached from the surface and then frag-
mented into particles (300 ns in Fig. 5B), as discussed in Fig. 4.
Liquid matter lacking sufficient momentum resolidified to a cup-
shaped surface.

Figure 6A shows the combined distance-time (R-t) plots of
ejected material by single fs pulse (top trace) and GHz fs laser
bursts under 50 and 200 pulses for the same total fluence (18.7 J/
cm?). For single-pulse irradiation, particles A were released with a
velocity of 350 m/s, while particles B were ejected with random
speeds <200 m/s. For a GHz burst with 50 pulses, NPs were expelled
under 130-m/s ejection speed, while NPs and ejecta streaks were
removed at 100-m/s velocity for a GHz burst with 200 pulses.
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Fig. 4. GHz fs burst ablation with 200 pulses. Time-resolved (A) emission imaging, (B) optical emission spectroscopy, and (C) scattering imaging to investigate ablation
dynamics by GHz fs laser with 200 pulses at a fluence of 18.7 J/cm? (0.09 J/cm? per pulse, 155 ns total irradiation time), across different time scales. Scattering images were
captured for 100 ns, 200 ns, 500 ns, and 1 us, respectively. The blue lines represent the target Cu surface. White scale bars, 50 um; blue scale bars, 10 pm.

Figure 6 (B and C) summarizes the ablation dynamics of Cu by
single-pulse fs laser and GHz fs laser bursts, based on the experi-
mental results discussed in Figs. 2 to 5. Under single-pulse irradia-
tion (Fig. 6B), particles A are produced due to spallation of the top
skin-depth layer. Subsequent melting of underlying material gener-
ated particles B (>300 ns) via hydrodynamic instabilities. In cases of
GHz bursts, preheated surface material by preceding pulses is
rapidly removed from the surface by subsequent pulses (Fig. 6C).
Accordingly, longer time ablation is prevented after burst irradia-
tion due to the limited amount of remnant matter, combined
with suppression of heat conduction into the target material.

This work provides direct confirmation of the different ablation
mechanisms with GHz bursts compared to single-pulse irradiation
under the same total fluence. We find that a higher fraction of the
incident laser energy is carried away by the ejecta, while more ma-
terial is ablated, and less heat is transported by conduction to the
bulk of the target in the case of GHz bursts. The number of GHz
burst pulses and pulse fluence determines the form of the ejecta
and the duration of the ablation event. Per our observation, the
mechanism of GHz burst ablation for the range of total fluence
and number of pulses examined in this work is mainly driven by
the action of recoil pressure on melt via subsequent laser pulses.

DISCUSSION

The ablation dynamics of Cu by single fs laser pulses and GHz
bursts with 50 pulses and 200 pulses were investigated via in situ
multimodal probing techniques. Single-pulse fs laser irradiation
generated two types of particles with different ejection speeds at dif-
ferent time scales. GHz fs laser bursts incurred a succession of rapid
ablation events ejecting NPs and ejecta streaks due to recoil pressure
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forces exerted on the molten pool by subsequent pulses, while
farther material ejection at longer times could not be sustained
due to the rapid cooling of the shallow remnant liquid phase. Ab-
lation dynamics induced by GHz bursts depend on the tunable
burst parameters, including the number of burst pulses, irradiation
time, and pulse fluence. In all GHz ablation cases, plasma plumes
were observed within 30 ns after the pulse. These findings contrib-
ute toward comprehensive understanding of ablation mechanisms
by GHz fs bursts, which is critical in the selection of optimal GHz
burst conditions for a variety of applications in laser processing, ma-
chining, printing, and laser plasma generation for spectroscopic
diagnostics.

MATERIALS AND METHODS

Materials

Cu substrates of 0.5 mm thickness (one-side polished; purity,
99.99%; roughness, <10 nm; MTI Corporation) were used as
target specimens. To ensure consistency and reproducibility, each
measurement was performed on a fresh sample location.

Single-pulse fs laser and GHz bursts fs laser

A femtosecond laser (Tangor, Amplitude) that operates in single
pulse or GHz burst modes (50 pulses and 200 pulses for a 1.28-
GHz repetition rate) was used for this study. The corresponding
GHz pulse train profiles measured with a fast photodiode
(DETO08C, Thorlabs) and an oscilloscope (MSO64, Tektronix) are
presented in fig. S1. Fs laser pulses (500-fs pulse duration and
1030-nm wavelength) were focused via a 5x near-infrared objective
lens (Mitutoyo) on the sample in the normal direction, yielding a
16-um beam diameter.
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Time-resolved scattering imaging, emission imaging, and
optical emission spectroscopy

Mie theory modeling provides information on the angular distribu-
tion of scattered light away from a spherical particle as a function of
the particle diameter and the spectrally dependent complex refrac-
tive index (21). Since particles ejected from the target surface are
likely to be in liquid state within a 5-ps temporal window after the
initial release (see derivation in fig. S2), the complex refractive index
of liquid Cu (n = 0.94 and k = 2.94 at 532 nm) (33) can be used for
modeling purposes. As shown in fig. S3, collection of side scattering
is preferable to avoid enhanced forward scattering by larger parti-
cles and the directly transmitted probing laser light. Hence, the CW
probe laser was focused by a convex lens (f = 50 mm) at 90°, which
is perpendicular to the detection angle, as depicted in Fig. 1A.

Moreover, the time-resolved scattering imaging system was es-
tablished with 10x and 20x objective lenses (Mitutoyo), a 12x
zoom lens (Navitar), an ICCD camera (PI-MAX2, Princeton Instru-
ments), and a 532-nm CW probe laser (Laserglow Technologies).
The 532-nm probing wavelength is selected upon examining the
spectral dependence of the predicted angular scattering distribu-
tions shown in fig. S3. The optical power of the probe laser was
fixed at 1.0 W to prevent ICCD pixel saturation.

Time-resolved emission imaging was accomplished on the same
setup without the probing laser to analyze the plasma-induced
optical emission from Cu in the 500- to 930-nm spectral range
and was filtered by a bandpass filter (FESH0950, Thorlabs).

Park et al., Sci. Adv. 9, eadf6397 (2023) 22 March 2023

Optical emission spectra were acquired to correlate ejection dynam-
ics with plasma chemistry. Spectral optical emission was collected
by two convex lenses and focused into an optical fiber coupled to
a spectrometer (IsoPlane, Princeton Instruments) equipped with a
separate ICCD camera (PI-MAX3, Princeton Instruments). The
gate delay indicates the elapsed time from the beginning of the
GHz pulse train till the commencement of the ICCD camera acqui-
sition and the gate width represents the duration of the image
acquisition.

Surface morphology characterization
Following laser irradiation, the sample surface morphology was
characterized using WLI (NewView 6000, Zygo) and SEM.

Supplementary Materials
This PDF file includes:

Figs. S1to S13

Tables S1 and S2
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