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SPECIAL TOPIC — Laser and plasma assisted synthesis of advanced nanoparticles in liquids

Quantitative evaluation of LAL productivity of colloidal
nanomaterials: Which laser pulse width is more

productive, ergonomic, and economic?
Alena Nastulyavichus†, Nikita Smirnov, and Sergey Kudryashov

P. N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia

(Received 16 November 2021; revised manuscript received 13 February 2022; accepted manuscript online 17 February 2022)

Near-IR (wavelength ≈ 1 µm) laser ablation of bulk, chemically-inert gold in water was compared for different laser
pulse width in broad the range of 300 fs–100 ns, comparing a number of key ablation characteristics: mass loss, single-
shot crater volume and extinction coefficient of the generated colloidal solutions taken in the spectral ranges of interband
transitions and localized plasmon resonance. Comparing to related air-based ablation results, at the given fluences laser
ablation in the liquid resulted in the maximum ablation yield per unit energy and maximum NP yield per pulse and per unit
energy for the picosecond lasers, occurring at subcritical peak pulse powers for laser self-focusing. The self-focusing effect
was demonstrated to yield in incomplete, effectively weaker focusing in the water filaments of ultrashort laser pulses with
supercritical peak powers, comparing to linear (geometrical) focusing at sub-critical peak powers. At the other, nanosecond-
pulse extreme the high ablation yield per pulse, but low ablation yield per unit energy and low NP yield per pulse and per
unit energy were related to strong ablation plasma screening, providing mass removal according to the well-established
scaling relationships for plasma. Illustrative comparison of the ablation and nanoparticle generation efficiency versus the
broad fs–ns laser pulse width range was enabled in terms of productivity, economicity, and ergonomicity, using the proposed
universal quantitative criteria.

Keywords: laser ablation of gold in liquid, ablated mass, critical power for self-focusing, filamentation

PACS: 78.67.Bf, 52.38.Mf, 52.38.Hb DOI: 10.1088/1674-1056/ac5602

1. Introduction
Laser ablation in liquids (LAL) is the well-established

high-throughput (g/hour) nanofabrication method of
colloidal nanoparticles[1–3] and potentially promising,
though well-understood yet approach for advanced sur-
face micromachining.[4–6] Different — CW,[7] short-
pulse (ns–ms durations)[8–15] and ultrashort-pulse (fs–ps
durations)[1,2,8,16–21] were extensively used for colloidal
nanoparticle generation, but the optimal, potentially case-
dependent pulsewidth range was not identified, despite these
numerous efforts.[1–3,7–25] Specifically, absolute possible pro-
ductivity in mass per time equivalent (in units g/s) and laser-
power specific productivity (in units g/J) are of interest, en-
abling scalability of NP production as a function of laser
power, while considering the economic aspects too.[8] The use
of a liquid as a medium changes the position of the focus of
the laser radiation due to the transition of the air-water inter-
face. So in the works[26,27] the study of the ablation efficiency
was carried out depending on the position of the focus relative
to the target surface. It was shown in the works that the max-
imum ablation efficiency was achieved when the focusing of
the laser beam was slightly higher than the target surface.

Also, in a number of works, LAL efficiency was investi-
gated as a function of laser pulse repetition rate. It was shown

that, at high frequencies, laser radiation is scattered by cavi-
tation bubbles, which leads to a decrease in the efficiency of
target ablation. The nanosecond laser generation of gold NPs
was investigated in Ref. [27], with the maximum nanoparticle
concentration of 0.1 mmol/l and the highest nanoparticle pro-
ductivity achieved, when the pulse repetition rate was equal
to 10 kHz and maximal energy was about 900 µJ. The target
geometry and behavior of the cavitation bubble, which has a
major influence on the silver NP productivity up to 550 mg/h
at n-laser ablation, was explored in Ref. [28]. NP produc-
tivity of 4 g/h was recently shown for a 500-W ps-laser sys-
tem that additionally utilized a polygon scanner.[29] Ablation
rate of 1.3 g/h was achieved for ablation time of 30 min with
Al2O3 pressed bulk targets.[1] During one-hour ablation syn-
thesis in a liquid flow setup with a high-power and high rep-
etition rate laser, NPs productivities of up to 4 g/h for gold
and platinum could be reached. For picosecond laser pulses
the maximum productivity of 8.6 ≈ µg/s was achieved at a
pulse energy of 110 µJ and repetition rate of 50 kHz (10 ps,
1064 nm), while the silver nanoparticle productivity, with ps-
laser is higher compared to fs-lasers (378-mW laser power,
1-kHz repetition rate, 120 fs).[30] The maximal productivity of
27.5 µg/min was demonstrated for fs-laser generation of Au
NPs.[31]
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Counterintuitively, in many circumstances the increase of
laser pulse energy (fluence, intensity), peak or total power may
result in corresponding sublinear increase or even diminishing
of NP yield, being regulated by intrinsic features of the un-
derlying laser–matter (plume, plasma, etc.)[32] or laser–liquid
(filamentation, boiling, redeposition) interactions,[33–36] con-
sidered below in this article.

Currently, nanosecond LAL is known to proceed via
surface phase explosion and plasma formation,[3,8–14] once
confining fluid prevents intense surface vaporization during
the laser pulse, while liquid vapor bubble emerges on mi-
crosecond timescale.[37,38] Dense vapor/droplet plume dur-
ing threshold-like phase explosion facilitates its optical break-
down and plasma formation,[39] with the resulting opaque ab-
lative plasma regulating the basic parameters of the laser–
target interaction[40] — plasma pressure, driving the vapor
bubble

Pa = 0.6
Ψ 9/16I3/4

A1/8λ 1/4τ1/8 (1)

in unit Pa, plasma-regulated ablation rate

M = 2.66×10−6 Ψ 9/8I1/2

A1/4λ 1/2τ1/4 (2)

in units g/cm2·s, as a functions of laser intensity I (in
units W/cm2), wavelength λ (in unit cm), and pulse width
τ (in unit s), and of material-dependent atomic mass
A and average ion charge Z, with the parameter Ψ =

0.5A
[
Z2 (Z +1)

]−1/3.[40] Direct comparison to the litera-
ture record results, 1.7 ng/pulse–3 ng/pulse,[8] is in semi-
quantitative agreement with the theoretical prediction for the
vacuum plasma-mediated ablation of gold, ∼ 10 ng/pulse, at
the typical values I ∼ 109 W/cm2, wavelength λ ∼ 10−4 cm,
and pulsewidth τ ∼ 10−7 s over the 100-micron wide laser fo-
cal spot. These highly meaningful scaling relationships estab-
lished for ns-laser plasma in vacuum and low-pressure buffer
gases since 70 s,[40–43] accounting for the finite intensity-
dependent size of the ablation spot,[39] were recently jus-
tified for LAL conditions in contact ultrasonic studies[32]

and NP yield.[11,44–46] However, in this regime there are de-
layed post-pulse plasma effects,[46–52] dramatically chang-
ing the LAL characteristics. Deep local heating and melt-
ing of materials underneath the hot ablative plasma by its
bremsstrahlung and recombination radiation,[49,51] and pres-
surization/confining the melt by the expanding plasma (plasma
“piston”) case, yield in expulsion of micron-scale droplets
and total removal up to incredible ≈ 10 µm.[49,52] Surpris-
ingly, these bulk expulsion effect limiting the NP fraction
in the ablated products, was observed both in in air[47–52]

and liquids.[46] Hence, in the context of sublinear intensity-
dependent ablation rate and its transition to melt expulsion at

higher intensities, there are obvious intrinsic limitations on NP
yield in terms of laser intensity, making favorable upscaling of
ablation spot at the fixed optimal laser intensity.

In contrast, in the case of ultrashort-pulse laser abla-
tion, high-fluence (∼ 1 J/cm2) ablation in ambient air oc-
curs more intensively for shorter fs-pulses, than for longer
ps-laser pulses,[5,53,54] exhibiting almost one order of magni-
tude (∼ 0.1 µm–1 µm) decrease in the pulsewidth range of
0.1 ps–20 ps. The possible reasons are: (i) nonlinear optical
absorption of higher-intensity fs-laser pulses,[55,56] (ii) partial
acoustic unloading of the warm dense matter during ps-laser
pulses, reducing their expulsive kinetic energy,[57] (iii) deeper
laser energy deposition via hot-carrier transport.[5,58] Besides
this uncertainty, ultrashort-pulse LAL is affected by laser self-
focusing and filamentation in the liquid ambient,[33–35,59] the
confinement liquid effect on even shorter material removal
step,[60–62] transient bubble formation,[6,36] etc. As a result,
optimal conditions (fluences, pulsewidths) for ultrashort-pulse
LAL were not identified yet, despite a number of focused
studies.[1,2,8,15–25] Moreover, there were no so far systematic
studies of NP yield in ultrashort-pulse LAL, apparently, be-
cause of the many above mentioned incoming circumstances.
Furthermore, despite the impressive progress in modeling
ultrashort-pulse LAL, there is still intense ongoing theoreti-
cal research, involving molecular dynamics[60–62] and molec-
ular hydrodynamics[63] simulations, to catch main features
of ultrashort-pulse LAL. Meanwhile, basic qualitative un-
derstanding and related quantitative description in ultrashort-
pulse LAL are still missing, making necessary novel profound
enlightening insights in both experimental studies and theoret-
ical modeling.

More general problem is the absence of universal and
economically-justified performance criteria for different laser
systems regarding NP productivity, enabling quantitative com-
parison of their total throughput (e.g., g/s) and power specific
productivity (g/W·s) in dry weight form.[8] Similar character-
istics are usually considered for ablation performance — rate
(depth per pulse, ns/pulse) and ablation efficiency (depth per
fluence, cm3/J).[53,54] However, in many experimental cases
drying of colloidal solutions or mass-loss studies for the ab-
lated target are ambiguous because of, e.g., chemical mod-
ification (oxidation, adsorption, etc.) of colloidal NPs dur-
ing drying or of ablated products in solutions. Moreover, for
up- or down-scaling LAL productivity in different applica-
tions physicochemical intensive (mass specific — concentra-
tion, optical density, etc.), rather than extensive characteristics
would be more convenient for fast evaluation of productivity,
for efficient development and harnessing of LAL technology.

In this study, comparative studies of short- and ultrashort-
pulse near-IR LAL of bulk and thin-film samples of
chemically-inert gold in water were performed in terms of ab-
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lated mass and NP yield versus laser energy, pulse width, and
exposure per spot. These studies were focused to identify opti-
mal laser parameters for maximal total NP yield and its power
specific throughput, using the product of spectrally-dependent
extinction coefficient of colloidal solutions and their volume
as a convenient productivity parameter, characterizing both ab-
lated mass and NP yield.

2. Experimental setup and details
In this experiment, a fiber laser Satsuma (amplitude sys-

tems, central wavelength 1030 nm, pulse energy E = 0 µJ–
10 µJ, repetition rate f = 0MHz–2 MHz) was used for laser
ablation of gold (in purity 99.99%) plate. The full-width at the
half-maximum (FWHM) duration of the ultrashort laser pulses
was varied via their chirping by an output compressor in the
interval τL = 0.3 ps–10 ps and measured by a scanning in-
terferometric autocorrelator AA-20DD (Avesta Project). The
1030-nm laser pulse energy in the TEM00 mode was smoothly
varied, using a thin-film reflective attenuator. The laser pulses
were focused onto the sample surface through a microscope
objective (numerical aperture NA = 0.65) into a spot with
a 1/e-radius σ1/e ≈ 1 µm (peak fluence range ≈8 J/cm2–
64 J/cm2). The single-shot laser ablation of fresh spots of a
polished plate of gold was performed in ambient air and dis-
tilled water, where the thickness of the liquid layer above the
sample surface was≈ 1 mm. The gold sample was arranged on
a three-dimensional motorized stage and moved in 10-micron
steps from the shot to shot until the production of 5 craters
per each incident pulse energy for each laser pulsewidth and
environment. Energy was measured as it exited the lens. Re-
flection from the water surface was not taken into account. The
topology of the ablated surfaces was visualized, using a scan-
ning electron microscope (SEM) JEOL 7001F (JEOL). The

profiles of the resulting craters were characterized in a contact
mode by a scanning probe microscope (Certus Standard V).
The AFM scanning lateral resolution is ≈ 80 nm.

For nanoparticles generation by method of laser ablation
in liquid are used: fiber laser Satsuma and nanosecond Yb-
doped fiber laser HTF MARK (Bulat) (λ = 1064 nm, FWHM
pulse width of 100 ns, maximum pulse energy Emax = 1 mJ,
and pulse repetition rate f ≤ 80 kHz. The laser beam was
focused by a galvanoscanner with an objective focal length
≈ 100 mm onto Au target placed on the bottom of a cuvette
and immersed in 3 ml of deionized water (height above the
target ≈ 1 mm). Several ablation regimes with different effec-
tive number of pulses at the point N = 0.5–80 pulses and pulse
energy (E = 2.5µJ–6.5 µJ for fs/ps-laser pulses, f = 20 kHz,
and 0.3 mJ–0.6 mJ for ns-laser pulses, f = 20 kHz) were
investigated. Pulse repetition rate was fixed and equal to
20 kHz. The minimum size of the focusing spot (1/e-diameter)
2σ1/e ≈ 20 µm for fs/ps-laser pulses and≈ 50 µm for ns-laser
pulses. The size of the scanning area was 10 mm×20 mm.

Transmission spectra of the colloidal solutions were
recorded by means of a UV-IR spectrometer (SF-2000, OKB
Spectr) in the range of 190nm–1100 nm. Scanning electron
microscopy (SEM) visualization of the produced nanoparti-
cles was performed using a JEOL 7001F microscope (JEOL,
Japan), equipped by an energy-dispersion x-ray spectroscopy
(EDX) module INCA (Oxford Instruments, England) (Oxford
Instruments) for chemical microanalysis of Au nanoparticles
at 10-keV kinetic electron energy. Nanoparticle size distribu-
tions were analyzed by means of a dynamic light scattering
analyzer Photocor Compact. Weight loss was measured us-
ing a microbalance AND BM-20. The experimental setup is
shown in Fig. 1.

Laser

1030 nm

0.3 ps–10 ps

EM

BS

BS

BS

Flip mirror 

Flip mirror 

Mirror

AC

Camera

Mirror

X Y

Laser
1064 nm
100 ns

Z XYZ

NA 0.65

Galvanometer
system

WL

2–0.25 μJ 

Colloidal Au NPs

(a)

(b)

(c)

Fig. 1. (a) Layout of experimental setup for single-shot high-NA ablation in air and water, and multi-shot low-NA LAL in water. (b) Top-view SEM image
of single-shot crater son the gold surface. (c) Colloidal NPs of gold in water.

077803-3



Chin. Phys. B 31, 077803 (2022)

3. Experimental results
3.1. Record Au-LAL: single-shot fs- and ps-LAL efficiency

Our methodological research was started from 0.3- and
10-ps single-shot LAL of bulk gold in water versus laser flu-
ence (Fig. 2). For more consistent analysis, we compare flu-
ence dependences not for the single-shot (SS) crater depths
(ablation rates) (Fig. 2(b)), but for the corresponding ablated
(removed) volume VS (Fig. 2(a)). This approach allows ac-
counting for potential beam distortions due to self-focusing
and filamentation in water, and lateral melt expulsion at high-
NA focusing, also affected by the water confinement.

The employed fluence range and typical smooth
submicron-deep, melt-flow decorated crater topographies indi-
cate the supercritical “phase-explosion” (PE) regime,[58] pro-
viding efficient fluence-dependent increase of ablated mass as
compared to fluence-independent shallow ”spallative” abla-
tion∼ 10 nm/pulse–20 nm/pulse.[59] This is strongly contrast-
ing to shallow spallative craters, decorated for the reason of
weak mass removal by laser-induced periodical surface struc-
tures in Ref. [8] (similarly in Ref. [23]), where the maximal ab-
lated mass mspal ≈ 320 pg/pulse was achieved, being a record
value to the date.
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Fig. 2. SS-ablated volume/mass (a) and maximal-ablated depth (b) versus laser fluence (energy) at 0.3–ps pulsewidths and 10-ps pulsewidths and different
ambient media: air (pink symbols) and water (violet symbols). Left and right columns: Top-view SEM images of SS craters for air (c) and water (d). Scale
bar: 1 µm.

In Fig. 2 for the SS air-based ultrashort-pulse laser abla-
tion one can find the common monotonic increase of the ab-
lated volume versus laser fluence in the PE regime,[64] but si-
multaneous two- or three-fold decrease versus the increasing
pulsewidth (0.3 ps–10 ps) at comparable fluences. Particularly,
the ablated volume magnitude starts to decrease explicitly for
τ > 1 ps (Fig. 3(a)) by 2–3 times, being more pronounced at
higher pulse energies (fluences), representing the phase explo-
sion, rather than fluence- and pulsewidth-independent spalla-
tion regime.[5,65] This is consistent with previous studies for
other materials (e.g., copper[66]). There are a few plausible
explanations of the pulsewidth-dependent downcoming trend,
related to (i) stronger nonlinear absorption in transition met-
als at higher laser intensities provided by shorter pulses,[55,56],
(ii) ultrafast hot-carrier transport during shorter pulses until
electron-lattice thermalization[5,52], and (iii) partial unloading
of GPa-level internal pressure during longer pulses, reducing
expulsion of supercritical fluid.[57] Surprisingly, during our SS

wet ablation in water (LAL) the ablated volume increases for
longer pulses at comparable laser fluences (Figs. 2 and 3), the
trend, previously also observed for silicon.[5]

Specifically, for the SS LAL of gold in water the ab-
lated volume and mass changes similarly to the air-based ab-
lation at lower pulse energies (fluences) < 1.6µJ (Fig. 3(b)),
while considerably increases at the intermediate pulsewidths
of 1 ps–7 ps at higher pulse energies, finally slightly decreas-
ing for longer pulses. Comparing to the maximal ablated mass
mspal ∼ 320 pg/pulse per 1030-nm, 97-µJ, 3-ps pulse reported
in for shallow, spallative ablation,[8] the observed SS ablated
mass mpe ≈ 60 pg/pulse per 1030-nm, 2-µJ, 4-ps pulse in
Fig. 3(b) appears five-fold lower. However, in the ergonomic
(energetic) sense, ablation efficiency (energy-specific ablated
mass, m/E) ∼ 20 µg/J (pg/µJ) in Fig. 3(d) (4-ps, 1030-nm
pulses) by one order of magnitude exceeds that one ∼ 3 µg/J
(3-ps, 1030-nm pulses) in Ref. [8].
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Fig. 3. Pulsewidth dependences at different pulse energies for SS-ablated mass (panels (a) and (b)) and energy-specific SS-ablated mass (panels (c) and (d))
in air (panels (a) and (c)) and water (panels (b) and (d)).

3.2. Realistic Au-LAL: Multi-shot fs-, ps-, and ns-LAL ef-
ficiency

In real mass-production multi-shot (MS), raster-scanning
LAL regimes, one cannot avoid vibration, displacement, and
energy instabilities in managing precisely focusing and other
auxiliary effects, like in single-shot experiments (Figs. 2 and
3), with both ablation productivity and ablation efficiency
(energy-specific ablation productivity) becoming generally

lower. This is exactly what we observe for MS (exposure N ∼
1–10 shots/spot) scanning-mode LAL, producing the overall
sample mass loss ∆ M and colloidal nanoparticles in water.
Owing to the rather inert (non-oxidizing at normal ambient
conditions) character of gold, the overall mass loss normal-
ized to the gold density ρAu ≈ 20 g/cm3 and the overall num-
ber of shots to provide the ablated volume VM = (∆ M/ρ)N
(Fig. 4(a)), could be directly compared to VS and ablated mass
per pulse in Fig. 3(b).
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In this work, for the same pulse energy, though at dif-
ferent – 0.65-NA (SS) and 0.05-NA (MS) — focusing, one
can see the one order of magnitude higher ablation yield
in the high-NA SS-regime (Fig. 3(b)), comparing to 0.05-
NA MS-ablation (Fig. 4(a)). Specifically, the maximal value
of 60 pg/pulse for 4-ps, 0.65-NA SS LAL (Fig. 3(b)) is
much higher, than 3 pg/pulse for 1-ps, 0.05-NA MS LAL
(Fig. 4(a)), while keeping the same PE LAL regime (Fig. 5).
Here, one can guess that potentially higher fluence (with the
weaker filamentation effects at lower peak powers) in the for-

mer case supports more efficient removal in the confining

medium, as supposed in Ref. [60]. Moreover, transient absorb-

ing NP-colloid[11] and/or scattering vapor-bubble[2,67] screen-

ing effects in the MS-LAL scanning mode could also reduce

the laser-surface coupling and ablation, besides possible sec-

ondary re-deposition effect.[36] Importantly, ns-LAL demon-

strates a few times higher MS-ablated volume and ablated

mass in Fig. 4(a), provided in the plasma-mediated regime at

the two-orders of magnitude higher incident pulse energies.

(b)(a)

Fig. 5. SEM images of micron-deep surface relief produced by MS fs- (a) and ps-laser (b) gold ablation.

The observed correlation between the ablation charac-
teristics VS, VM, and NP generation parameter κIBTν/N in
Figs. 3 and 4 provides a unique facile opportunity to envi-
sion ultrashort-pulse LAL of gold in water from the differ-
ent sides and to obtain enlightening insights in still poorly un-
veiled LAL processes – removal in spallation and phase ex-
plosion regimes, redeposition, cumulative optical and hydro-
dynamic effects during LAL, dispersion/sedimentation of ab-
lation products in water.

Above we demonstrated that extinction coefficients of
colloidal gold solutions correlate well with other basic ablation
characteristics, such as, for example, single-shot or multi-shot
ablated volume (Figs. 2–4). Here, we use the extensive param-
eter “extinction volume” (EV)- product of the extinction coef-
ficient κ of Au–NP colloidal solutions and the solution volume
ν , κ × ν [in unit cm2], to characterize and compare absolute
productivity of colloidal gold solutions for different laser sys-
tems and ablation regimes per the extensive parameter of pulse
energy, both in terms of gold content (EV value κIBT×ν , ab-
lated mass per pulse mcoll = {ρAu × ν} × {κIBT/κIBT,0}/N,
where κIBT,0 ≈ 6× 105 cm−1 is the absorption coefficient of
bulk gold at 400 nm[68] and its dispersion in the solutions
(κLPR× ν). Below, in Fig. 6 we use EV to compare system-
atically, for the first time, gold NP generation by fs-, ps-, and
ns-laser pulses.

The corresponding EV values measured at quite similar
focusing conditions, but for different 1-µm laser fluences, rep-
etition rates and scanning speeds typical for these laser sys-
tems, enable their facile comparison in terms of “colloidal”

ablated mass mcoll and colloidal ablation efficiency mcoll/E
(Fig. 6). Specifically, indicate the rapid decrease vs laser ex-
posure for N > 1 (Figs. 6(a)–6(c)), consistent with our and
other previous observations.[2,10,16,67] Surprisingly, in the case
of fs-LAL despite the high starting EV values∼ 10−4 cm2, the
cumulative N-dependent decrease occurs no-linearly as 1/N2

(Fig. 6(a)), while in the ps-LAL and ns-LAL regimes the cu-
mulative decrease from the starting EV magnitudes ∼10−5

cm2 varies as 1/N (Fig. 6(b)) or even slower (Fig. 6(c)), re-
spectively. Meanwhile, in all these case the strong pulse-
energy dependence of EV implies the potential EV scalabil-
ity in terms of total laser energy accumulated during the sam-
ple ablation at the same exposure per spot (no spatial cu-
mulative effects) and the obvious necessity of flow reactors
for NP- generation with continuously refreshing wire-like or
band-like ablation target, as it is currently used in the advanced
reactors.[69,70]

In this context, for more correct comparison of ablation
and NP generation efficiencies provided by the different laser
systems we also derived energy-specific volume extinction
κIBT× ν/(E ×N), resembling power-specific productivity in
Ref. [8] or power-specific ablation rate in general. In rela-
tion to this parameter, in the given exposure range N = 1–
100 the employed near-IR ultrashort-pulse laser (pulsewidths
≈ 0.3 ps–10 ps) and short-pulse laser (pulsewidth ≈ 100 ns)
demonstrate the more advantageous ultrashort-pulse LAL with
∼ 10−4 cm2/J–0.1 cm2/J (Figs. 6(d) and 6(e)), which is more
than order of magnitude more efficient per unit energy, com-
paring to ns-LAL (Fig. 6(f)).
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Fig. 6. (a)–(c) Exposure dependences of extinction volume per pulse κIBTν/N (cm2/pulse)/colloidal ablated mass mcoll (pg/pulse), and (d)–(f) energy-
specific EV κIBTν /(EN) (cm2/J)/colloidal ablation efficiency mcoll/E (µg/J) for gold-NP colloidal solutions at different pulsewidths and energies.

Furthermore, using the EV characteristic of ablated mass
in the gold NP solutions of the same volume ν , we consid-
ered a normalized extinction coefficient κLPR/κIBT to evaluate
dispersion of the material, where the higher ratio value indi-
cates the higher dispersion of the same mass over NPs in dif-
ferent ablation regimes and for different laser systems (Fig. 7).
One can find higher dispersion κLPR/κIBT ≈1–4, in the case

of fs-LAL (Fig. 7(a)), while ps-LAL and ns-LAL exhibit much

lower dispersion (Figs. 7(b) and 7(c)). In the ps-LAL regime

such effect could indicate expulsion of larger particles, while

in the case of ns-LAL one can expect expulsion of even micro-

droplets,[46] apart from the accompanying small-size plasma-

mediated dissociation/recondensation products.[71]
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Indeed, our DLS analyses demonstrated both nanoscale

(10 nm–100 nm) and sub-micron (100 nm–1000 nm) particles

in the fs-LAL regime (Fig. 8(a)), while mostly sub-micron

particles (100 nm–1000 nm) were predominating in the ps-

LAL regime (Fig. 8(b)), in contrast with ultra-small (10 nm–

100 nm) particles formed through dissociation/recondensation
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in ns-LAL plumes (Fig. 8(c)). The observed NP abundances
consistently represent the known general ablation features of
these LAL regimes.[8–14,44–46] In addition, for the 0.3-ps dura-
tion a narrow distribution is observed within 70 nm–100 nm;
there are no changes with the increasing energy, as in the case
of ns-laser ablation. For the 10-ps pulse duration, the distribu-
tion is wide and the particle size varies from 20 nm to 500 nm.
With an increase in energy, a decrease in particle size is ob-
served. With increasing pulse duration for fs-ps laser ablation,
a slight increase in particle size is observed, but for ns-laser ab-
lation, in general, particle sizes are smaller. As the scan speed
increases, there is an increase in sizes for all pulse durations.

3.3. How the fs/ps-width affects the LAL efficiency?

Above we qualitatively mentioned the downcoming peak
pulse power-dependent trend in LAL regarding the ablated

volume and IBT-related extinction coefficient of the resulting
colloidal solutions. Specifically, one can find that the most sig-
nificant and highly nonlinear increase of these quantities occur
at peak pulse powers (Fig. 9), well below the known critical
power for self-focusing in water at the 1030-nm wavelength,
Pcr ≈ 1.5 MW,[5,23,27,28], i.e., mostly as fluence (peak inten-
sity) dependences of the ablation parameters. Furthermore,
this potentially indicates the onset of filamentation and its in-
fluence on the ablation (Figs. 9(a) and 9(b)) and NP genera-
tion in water (see Fig. 9(c)) at supercritical-power propagation
conditions. Indeed, in contrast at supercritical peak powers,
achieved in this work for 0.3-ps laser pulses, both the ablated
volume (see Figs. 9(a) and Fig. 9(b)) and the NP yield (see
Fig. 9(c)) demonstrate either saturation, or much slower in-
crease versus P.
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Fig. 9. Peak pulse power dependences of single-shot (a) and multi-shot (b) ablated volume per pulse, and (c) extinction coefficient in the volume ν per pulse
κIBT×ν/N during water-based LAL.

In this context, we performed transverse Y ,Z-scan pro-
filing of local beam size in the focal region of 0.3- and 10-
ps laser pulses in water, using a 30-nm thick gold film as a
photosensitive target for tracking of ablation spots (Figs. 10(a)
and 10(b)). The precise focal positions could be identified as
minimal circles (Fig. 10(b)), free from the astigmatic aberra-
tion, making beam more extended in the x direction prior focus
and in the y direction after the focus.[72] For the reason of the
non-circular (elliptical) shapes of the ablation spot prior and
beyond the focus, we chose, as a quantitative focusing char-
acteristic, the through hole square — the product of ellipse
radii a and b, S = π × a× b, with its minimum at the focal
point during geometrical focusing (Figs. 10(c)–10(e)). For the
Gaussian fluence distribution

F(r,z) =
E

πσ2
1/e(z)

exp

(
− r2

σ2
1/e(z)

)
(3)

with the local beam radius σ1/e(z)

σ
2
1/e(z) = σ

2
1/e(0)

(
1+

λ 2z2

π2n2σ4
1/e(0)

)
, (4)

one can directly relate the size of the ablated spots with the

local with the radius σ1/e(z) at the arbitrary point z as

R2
abl(z) = σ

2
1/e(z)

(
lnE− ln[πσ

2
1/e(z)Fabl ]

)
∝ σ

2
1/e(z)[lnE−C]. (5)

The corresponding squares in Figs. 10(c)–10(e) reasonably
represent the squared characteristic 1/e-intensity radius σ1/e,
i.e., for the fixed pulse energy and the constant ablation thresh-
old (Rabl(z)� heat diffusion length) — near-waist focusing in
water.

Experimentally, at the several incident pulse energies for
the 0.3-ps and 10-ps pulses and focusing with an objective fo-
cal length ≈ 100 mm for ns-laser pulses we observed the geo-
metrical focusing for the longer pulses (Figs. 10(c)–10(e)) and
the onset of nonlinear focusing (self-focusing) and filamenta-
tion for the shorter pulses, with the clamped above-threshold
beam square in the filaments. Specifically, for the supercriti-
cal 0.3-ps laser pulses at all these pulse energies one can ob-
serve the onset of the nonlinear focus at z ≈ −500 µm, with
the accompanying expected clamping[59,73] of the ablated spot
(laser beam?) square at the level, twice higher than the min-
imal one in the geometrical focal point. However, near the
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geometrical focal point there are global minima of the ablated
spot square for the 0.3-ps laser pulses, approaching almost the
same minimal values, as for the linear focus of the 10-ps laser
pulses (Figs. 10(c)–10(e)). These novel findings indicate that
despite the proceeding self-focusing of the super-critical 0.3-
ps laser pulses in water (mostly, in its central intense part),

their minimal focal size is still dictated by the external focus-
ing power,[74,75] apparently, for the low-intensity laser beam
periphery. In any case, the maximal laser intensity (fluence) in
the focal region for the supercritical peak laser powers appears
to be considerably lower, resulting in much weaker ablation
and NP generation (Fig. 9).
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Fig. 10. (a) Layout of Y , Z-scanning measurements of squares of water-based ablated spots in the 30-nm gold film. (b) Optical images of the Y , Z-scanned
gold film (inset-SEM image of focal position). (c)–(e) Z-dependences of S at the 4.5- (c), 5.5- (d), and 6.5- (e) µJ energies of 0.3- (dark circles) and 10-ps
(red circles) pulses, and their smoothed curves of the corresponding colors, showing the zero (focal position), the expected beam square πσ2

1/e lnE, and
filament length/position shown by the blue rectangle. The red arrows show the laser beam propagation direction.

3.4. Discussion

Our current and previously reported experiments[44–46]

indicate that at the above-threshold conditions plasma-
mediated ns-LAL exhibits the almost linear yield vs intensity
I (the product of the square-root intensity dependence of abla-
tion rate corrected for the above-threshold ablation spot). This
fact enables focal/ablation spot-upscaling vs pulse energy E
at the fixed above-threshold intensity, once energy-dependent
vapor-bubble dimensions are neglected in terms of surface
screening. Meanwhile, in this study we demonstrate that ns-
LAL dramatically gives up regarding energy-specific abla-
tion and NP-generation efficiencies (Figs. 6(d)–6(f)) because
of parasitic plasma screening, typical for ns-laser ablation.
Simultaneously, the ns-laser intensity range, where ns-LAL
could proceed via phase explosion without plasma screening,
is rather narrow (e.g., ≤ 0.1 GW/cm2 above the phase explo-
sion threshold[39]). Moreover, at the above-threshold ns-laser
intensities NP yield saturates because of the accompanying
microdroplet expulsion (unfavorable for NP generation), both
in air[47–52] and in solutions.[16,46]

In contrast, in the case of gold targets ps-LAL in the phase
explosion regime appears to be most efficient and pulse-energy

scalable, being almost as efficient, as air-based fs-laser ab-
lation, while fs-LAL considerably suffers from self-focusing
and filamentation in water (Figs. 9(b) and 9(c)), occurring at
the 1030-nm laser wavelength for peak pulse powers, exceed-
ing 1 MW–2 MW[5,23,27,28] (sub-µJ pulse energies for sub-ps
laser pulses). Moreover, even in these regimes the ablation
efficiency and NP productivity upscaling becomes possible at
higher pulse energies and multi-critical peak pulse powers, if
advanced temporal[73,76,77] or spatiotemporal[78–81] focusing
arrangements are employed. The first approach utilizes lin-
ear focusing of pre-chirped picosecond laser pulses with sub-
critical pulse powers, becoming compressed in the focal region
upon their propagation in a liquid with normal dispersion, once
were initially negatively pre-chirped.[64] The second, more
sophisticated approach is based on spatio-spectral transfor-
mation of ultrashort laser pulses.[81] Specifically, the spectral
components of the incident ultrashort laser pulse are spatially
separated, resulting in a rainbow-like collimated beam, while
spatially reducing the local bandwidth and increasing the pulse
duration. Downstream from the focusing optics, the previ-
ously separated spectral components start to overlap, with the
gradual recovery of the entire bandwidth and initial ultrashort
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pulse duration within the focal volume. In addition to the min-
imization of nonlinear effects, the intensity in front of the fo-
cus is reduced owing not only to the geometrical change of the
beam diameter but also to the change of the pulse duration.
Consequently, the nonlinear laser–material interaction is more
strongly confined to the focal volume than for conventional
focusing.[81]

Regarding NP generation during LAL, direct compari-
son of ablation efficiency and NP productivity for different
laser systems and experimental conditions becomes conve-
niently possible, utilizing the informative criteria of “extinc-
tion volume” per pulse (EV, κ × ν/N [in unit cm2]) or “col-
loidal” ablated mass (mcoll = {ρAu× ν}× {κIBT/κIBT,0}/N,
[in unit g]) (Figs. 6 and 9), and energy-specific extinction vol-
ume per pulse (κIBT × ν/(E ×N) [in units cm2/J]) or “col-
loidal” ablation efficiency (mcoll/E, [in units g/J]), proposed
in this study. Similarly to NP-generation productivity,[8,16] the
EV values acquired in the interband-transition spectral range,
characterize the amount of suspended ablated matter in the
given solution volume, while similar parameter acquired in
the localized plasmon resonance of gold nanoparticles, shows
the ablated material dispersion over different nanoparticles.
DLS analyses demonstrated both nanoscale (10 nm–100 nm)
and sub-micron (100 nm–1000 nm) particles in the fs-LAL
regime, while mostly sub-micron particles (100 nm–1000 nm)
were predominating in the ps-LAL regime, in contrast with
ultra-small (10 nm–100 nm) particles formed through dissoci-
ation/recondensation in ns-LAL plumes. Given per pulse, ex-
tensive EV values can be upscaled by increasing extensive pa-
rameter of pulse energy in high-power pulsed lasers, still more
readily feasible for ns-lasers. However, as energy-specific EV
gives a clue of ergonomic and operational costs during LAL
and NP generation by the given laser system, alike to power-
specific productivity in Ref. [8], ps-LAL, alike to air-based fs-
laser ablation, exhibit the highest productivity in terms of this
quantity in NP production at high (multi-MHz) pulse repeti-
tion rates,[82,83] scalable vs pulse energy (Figs. 9(b) and 9(c)).
Still, more comprehensive analysis could include other eval-
uation factors.[84] To note, even though in our study we have
intentionally limited ourself by near-IR laser pulses of the dif-
ferent durations, in general, similar studies could be extended
to other laser wavelengths and pulse durations (till CW).

4. Conclusion
In this study, near-IR (wavelength ≈ 1 µm) laser ablation

of bulk gold in water in phase-explosion regime was compared
for different laser pulsewidths in the broad range of 300 fs–
100 ns, comparing a number of key ablation characteristics:
mass loss, single-shot crater depth, and optical density of the
generated colloidal solutions in the spectral ranges of inter-
band transitions and localized plasmon resonance. Comparing

to related air-based ablation results, at the given fluences such
wet ablation resulted in the maximum ablation yield for the pi-
cosecond laser pulses, occurring at subcritical peak pulse pow-
ers to avoid laser-beam self-focusing. This effect was demon-
strated to yield in incomplete, weaker and “fractional” focus-
ing in the water filaments of laser pulses with supercritical
peak powers, thus resulting in less intense ablation and NP
generation. At the other, nanosecond-pulse extreme the low
ablation yield was related to strong ablation plasma screen-
ing, providing mass removal according to the well-established
scaling relationships for plasma. Illustrative comparison of
the ablation and nanoparticle generation efficiency versus the
broad femto-pico-nanosecond laser pulsewidth range was en-
abled, using the proposed extinction volume, colloidal ablated
mass, colloidal ablation efficiency as novel universal quanti-
tative productivity and ergonomicity criteria, for potential up-
scaling of laser production of nanoparticles in liquids.
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[35] Doñate-Buendı́a C, Mı́nguez-Vega G, Lancis J and Fernández-Alonso
M 2019 Photonics Res. 7 1249

[36] Kudryashov S I, Nguyen L V, Kirilenko D A, Brunkov P N, Rudenko
A A, Busleev N I, Shakhmin A L, Semencha A V, Khmelnitsky R A,
Melnik N N, Saraeva I N, Nastulyavichus A A, Ionin A A, Tolordava E
R and Romanova Y M 2018 ACS Appl. Nano Mater. 1 2461

[37] Lam J, Lombard J, Dujardin C, Ledoux G, Merabia S and Amans D
2016 Appl. Phys. Lett. 108 074104

[38] Ibrahimkutty S, Wagener P, Menzel A, Plech A and Barcikowski S
2012 Appl. Phys. Lett. 101 103104

[39] Ionin A A, Kudryashov S I and Seleznev L V 2010 Phys. Rev. E 82
016404

[40] Jr C R P, Turner T P, Harrison R F, York G W, Osborne W Z, Anderson
G K, Corlis X F, Haynes L C, Steele H S, Spicochi K C and King T R
1998 J. Appl. Phys. 64 1083

[41] Gregg D W and Thomas S J J. Appl. Phys. 37 2787
[42] Caruso A, Bertotti B and Giupponi P 1966 Nuovo Cim. B 45 176
[43] Nemchinov I 1967 J. Appl. Math. Mech. 31 320
[44] Basov N, Gribkov V, Krokhin O and Sklizkov G 1968 Sov. Phys. JETP

27 575
[45] Nastulyavichus A A, Kudryashov S I, Smirnov N A, Rudenko A A,

Kharin A Y, Zayarny D A bertovich and Ionin A A 2019 Opt. Laser
Technol. 111 75

[46] Kudryashov S I, Nastulyavichus A A, Ivanova A K, Smirnov N A,
Khmelnitskiy R A, Rudenko A A, Saraeva I N, Tolordava E R, Yu.
Kharin A, Zavestovskaya I N, Romanova Y M, Zayarny D A and Ionin
A A 2019 Appl. Surf. Sci. 470 825

[47] Yoo J H, Jeong S H, Greif R and Russo R E 2000 J. Appl. Phys. 88
1638

[48] Yoo J H, Jeong S H, Mao X L, Greif R and Russo R E 2000 Appl. Phys.
Lett. 76 783

[49] Paul S, Kudryashov S I, Lyon K and Allen S D 2007 Appl. Phys. 101
043106

[50] Kudryashov S I, Paul S, Lyon K and Allen S D 2011 Appl. Phys. Lett.
98 254102

[51] Bulgakova N M, Evtushenko A B, Shukhov Y G, Kudryashov S I and
Bulgakov A V 2011 Appl. Surf. Sci. 257 10876

[52] Kudryashov S I, Tikhov A A and Zvorykin V D 2010 Appl. Phys. A
102 493

[53] Neuenschwander B, Jaeggi B, Schmid M and Hennig G 2014 Phys.
Procedia 56 1047

[54] Smirnov N A, Kudryashov S I, Danilov P A, Rudenko A A, Ionin A A
and Nastulyavichus A A 2018 JETP Lett. 108 368

[55] Boyd R W, Shi Z and De Leon I 2014 Opt. Commun. 326 74
[56] Smirnov N A, Kudryashov S I, Danilov P A, Rudenko A A, Gakovic
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