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Abstract: We report on novel observations of directed re-deposition of ablation debris during the
ultrafast laser micro-structuring of stainless steel in the air with multi-beams in close proximity on
the surface. This interesting phenomenon is observed with both 10 ps and 600 fs NIR laser pulses at
5 kHz repetition rate. Ablation spot geometries could be altered with the use of beam splitting optics
or a phase-only Spatial Light modulator. At low fluence (F ~ 1.0 ] cm2) and pulse exposure of a
few hundred pulses, the debris appears as concentrated narrow “filaments” connecting the ablation
spots, while at higher fluence, (F ~ 5.0] cmfz) energetic jets of material emanated symmetrically
along the axes of symmetry, depositing debris well beyond the typical re-deposition radius with a
single spot. Patterns of backward re-deposition of debris to the surface are likely connected with the
colliding shock waves and plasma plumes with the ambient air causing stagnation when the spots
are in close proximity. The 2D surface debris patterns are indicative of the complex 3D interactions
involved over wide timescales during ablation from picoseconds to microseconds.

Keywords: laser ablation; ultrafast; re-deposition

1. Introduction

The interaction of intense ultrafast laser radiation with atoms, gases and solid materials
has led to remarkable scientific advances such as High Harmonic Generation for attosecond
spectroscopy [1,2], the use of filamentation for atmospheric probing [3,4], two-photon
microscopy [5,6] and intraocular fs-LASIK in eye surgery [7]. In particular, laser ablation
(LA) of materials with ps and sub-ps temporal pulse length has advanced materials analysis
in areas such as Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS)
[6-10] and Laser-Induced Breakdown Spectroscopy (LIBS) [11,12]. With temporal pulse
lengths <10 ps in ultrafast laser ablation, the instantaneous energy deposition reduces
plasma absorption while minimizing melt and thermal diffusion during the pulse and
yield high precision material removal [13,14]. This allows for easy generation of plasmonic,
interferometric and hierarchical microstructures on, for example, stainless steel [15-17].
In metals, which have absorption coefficients typically « ~ 10° cm™!, a thin layer with
thickness d ~ 10-30 nm is converted to a plasma at a solid density which expands well
after the pulse is absorbed [18,19].

In vacuo, laser ablation can be described as a free expansion [20-23] while the laser
plume which develops in the presence of an environmental gas is physically much more
complex involving timescales from picosecond to nanosecond and microsecond. After
electron heating during the pulse, the lattice heats typically over a few picoseconds due
to e-phonon coupling, raising the surface temperature well above the evaporation point.
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This results in fast surface electron emission due to thermionic [24] or multi-photon ab-
sorption [25,26] and a remarkable early stage “air plasma” can develop during the first
150 ps [27,28], with electron density ne ~ 10? cm~3 and a transient electric field developing
above the surface [29].

On the nanosecond timescale in air, the plasma plume expands rapidly and initially
longitudinally (at speed v ~ 10° cm s™1), colliding with the high density of surrounding
gas molecules, (N1atm ~ 2.6 X 10 em™3), confining the plasma to the surface region while
creating a blast (shock) wave which moves ahead of the plume [30-34]. As the longitu-
dinal expansion decelerates rapidly, the plasma expands laterally after a few x100 ns
(Viat ~ 10° ecm s™1) and can form a vortex structure with plasma plume concentrated at
the ablation spot edge [35]. Transient electron temperatures in the plasma can reach
Te >> 10* K [24], then plasma cooling (over a few hundreds of ns to us) occurs due to
plasma expansion, electron-ion recombination and collisions with the background gas
molecules. When thermal equilibrium is achieved in the plasma (~100 ns), this is the regime
for LIBS and material analysis with fluorescence from highly excited atoms/ions [33,34].
As the plasma cools further, molecular species are formed at later times (~2-50 ps) due to
atomic collisions, recombination and oxidation occur after the shock wave collapses [36].
Aerosols and nanoclusters are generated during a nucleation-condensation process with
nanoparticle agglomerates re-deposited symmetrically by backward flux around a single
spot [35,37]. While time-resolved spectral information using gated ICCDs can help eluci-
date the plasma dynamics, time-resolved scattering can detect nanoparticle formation and
re-deposition on the microsecond timescale [35].

Debris re-deposition was first investigated during UV, excimer micro-structuring of
polymers (e.g., Polyimide, PI), responsible for the developing cone structure with debris
field dependent on spot shape, inferring strong horizontal forces close to the substrate
surface [38]. Apparent field rotations with non-spherical spots were numerically modelled
as a purely gas dynamic effect [39]. The debris radius was also shown to follow blast
wave theory during excimer ablation of polyimide in air and inert gases [40]. Time-
delayed (20-80 s delay) weak emission detected at the plume periphery consisted mainly
of continuum radiation consistent with thermal radiation from solid particles [20]. The
difference in ablation geometries observed with a linear array of closely spaced ablation
spots inferred stronger plume interactions in the middle [41]. Monte Carlo simulation
of the expansion of a copper plasma in the presence of a background gas (Ar) shows
compression of the ambient gas atoms by the plume (snowplough effect) for pressures
>50 Pa and narrowing of the plume with increasing pressure while predicting backward
plume motion and vortical flow at the plume periphery [42]. In the case of excimer ablation
of stainless steel in air, (F = 10 ] cm~2/308 nm/25 ns) time-resolved ICCD images of
the ablation plume up to 10 ps delay show this developing vortical structure after 1 us
and fully developed at 10 us delay with a high density of nanoparticles deposited at the
periphery [35]. Time-resolved light scattering during ablation also demonstrated that
debris re-deposition occurred over a time delay of 1-60 us after the pulse.

Polymers (such as PI, a photoresist) have strong absorption coefficients o > 10* cm ™~
in the UV leading to electronic excitation and “cold” ablation via direct bond breaking [43].
In the air, a plasma plume, carbonization (thermal component) and re-deposition around
the ablation spot occurs but can be minimized using, for example, H; as a reactive, ambient
gas [44]. Low ablation thresholds Fy, <50 m ] cm 2 and precise etch rates from 25 nm/pulse
are observed [45]. On steel, UV (248 nm/25 ns) ablation re-deposition generates iron oxide
nanoparticles with a wide distribution ¢ = 2-20 nm while at 500 fs /248 nm, this narrows
to @ =3 £ 2 nm [46]. The use of NIR, ns pulses result in the incorporation of nitrogen, as
well into the re-deposited layer [47].

More recently, there has been an emphasis on temporal plume expansion with bursts
of ultrashort pulses [48], and with a very high repetition rate USP Lasers [49,50] driven by
the requirement to increase material ablation rates through a better understanding of the
plume expansion and plasma absorption by the following pulses.
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The interaction dynamics of shock waves during fs laser multi-spot ablation at a
water/air interface were recently observed using transient reflection creating colliding
supersonic airflows [51,52]. The authors point to the potential for producing focussed
ablation plumes relevant to pulsed laser thin film deposition [53,54]. This idea has been
investigated here using the observed backward re-deposition patterns from multi-spot
ultrafast laser ablation on stainless steel as a novel approach highlighting the resulting
plasma plume and shock wave interactions. Symmetric jets, with debris ejected at right
angles to the spot axis are reported for the first time, and we present a tentative explanation
of the physics behind these observations. The results may well impact the crucial area of
Laser-Induced Forward Transfer of nanoparticle thin films at ambient pressure [55,56].

2. Materials and Methods

Experiments were carried out with two separate laser and optical systems based at
the Universities of Liverpool and Mittweida where the temporal pulse lengths available
were 10 ps and 600 fs, respectively. Figure 1 shows a schematic of the optical system in Liv-
erpool. The output from a Nd:VAN seeded Regenerative amplifier (High-Q IC-355-800 ps,
10 ps/1064 nm Photonic Solutions Ltd., Edinburgh, UK) was attenuated, expanded (x3),
then directed at low AQI to a phase-only Spatial Light Modulator (SLM, Hamamatsu-10468-
03, Hamamatsu Photonics, Hamamatsu, Japan) for generating multi-spot patterns and
focussed to a sample mounted on a three-axis stage able to bring the substrate surface to the
focal plane. Computer Generated Holograms (CGHs) controlling spot numbers and separa-
tion on the substrate were generated using Inverse Fourier Transforms in the Hamamatsu
software, while a pick-off optic (not shown) could direct spot patterns to a CCD camera
prior to multi-spot ablation. This allows precise electronic control of spot separation with
no mechanical movements. A 4f optical system (f; = f; = 400 mm) relayed the modulated
beam from the SLM (addressed with CGHs) to the input aperture of a galvo system which
directed the beams to the target surface, focussed by an f-theta lens (f = 100 mm). A fast-
mechanical shutter (Thorlabs SHO5, Thorlabs Ltd., Ely, UK) allowed the pulse number on
target to be varied, synchronised to the scanning software (SCAPS GmbH). The expanding
plumes were imaged to a time-resolved spectrometer (Andor Shamrock, model SR303i
with intensified CCD, iStar 734, 2 ns gate width, Andor Technology Ltd., Belfast, UK) and
synchronised from the 5 kHz Regenerative amplifier.
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on SLM
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Andor 303i

Figure 1. Optical set-up for 10 ps/5 kHz multi-spot ablation of stainless steel in the air. An attenuated
and expanded beam from a Nd:Van Regen amplifier is directed to the phase-only SLM at low AOI
then imaged via a 4f optical system (f = 400 mm) to the galvo input aperture. Appropriate phase-only
CGH'’s could create arbitrary spot geometries and separations at the steel surface. A time-resolved
spectrometer with triggered ICCD (synchronised to Regen amplifier) allowed measurement of the
spectral plasma dynamics by focusing the plasma emission on a fibre coupler.
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Figure 2 shows a schematic of the optical system for 600 fs/5 kHz double spot ablation
(Mittweida). The pump laser (FX-Series, edgewave GmbH, 1030 nm /600 fs, Wiirselen,
Germany) output was attenuated by HWP/polarising beam splitter BS. Afterwards, a
second HWP/PBS combination produce two optical lines (1,2) with adjustable power
distribution. Line 1 path length was altered by translating mirrors M (1.1) and M (1.2) to
synchronise the ablation spots temporally. This synchronisation is proven by the ablation
interference patterns with Line 2 at the sample surface. The ablation spot separation
was adjusted by slightly tilting mirror M (1.4). Both lines were focussed onto the sample
surface by an f = 100 mm optic L2. At the focal plane, the laser spot radii are wgs = 15 um.
A spot monitor (CCD) on the level of the material surface to enable a precise temporal
and geometrical adjustment. A probe laser (Cavilux, Fa. Cavitar Ltd., 688 nm/13 ns,
Tampere, Finland) electronically synchronised to the pump laser allowed pump-probe
shadowgraphy of expanding plasma plumes. The shadowgraphs were recorded with a
14-bit cooled CCD camera (pco.1600, PCO AG, Kelheim, Germany).

polarization
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Figure 2. Scheme of the optical set-up for double spot ablation with simultaneous shadowgraphy
of stainless steel in the air. The pump laser, probe laser and axis and shadowgraph capture were
electrically synchronised. The attenuated and split pump beams are focussed and temporally
overlapped at the sample surface by one optic lens L2. The temporal (by moving M (1.1) and
M (1.2)) and geometrical adjustment (by tilting M (1.4)) can be monitored with a spot monitor in the
focal plane.

3. Results
3.1. 2-Spot Ablation with 10 ps Pulses at 1064 nm/5 kHz Repetition Rate

The substrate used was ANSI 304 stainless steel and optically polished to a roughness
Ra ~50 nm. The focussed single beam diameter was measured from the observed ablation
crater diameters with increasing pulse energy [57] and found to be ¢ =22.2 + 0.2 pm. No
significant variation with multi-spot geometry was found. Single-pulse ablation threshold
(N = 1) was measured to be Fy, = 0.29 4 0.01 ] cm 2 decreasing with pulse number, and
incubation coefficient measured to be S = 0.85 £ 0.01 in excellent agreement with the
literature [58]. Figure 3 shows the re-deposition patterns observed during two spot ablation
with 10 ps laser ablation of stainless steel in air while varying separation and pulse number
at fluence F = 0.90 ] cm~2, (a) 200 pulses, (b) 400 pulses (c), 800 pulses, all 75 um separation,
(d)—(f) 95 pm separation, (g)—(i) and 145 um separation, respectively. It required multi-
hundred pulse exposure to observe debris for good optical contrast. The ablation debris is
concentrated between the spots at d = 75 um separation with a width comparable to the
ablation spot diameter, while at 95 um separation this narrows to around a 10 pm wide
“filament”. The concentration of this directed re-deposition, observed at low fluence, is
an interesting phenomenon, indicating transient forces during the plume expansion and
collisions with the air, resulting in some ablation debris acquiring momentum components
preferentially directed along the axis between the spots. There is evidence also that at the
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(a)

(g)

200 pulses

midplane, some debris is expanding normal to the axis. As spot separation increased to
145 pm at this fluence, there was negligible interaction between the plumes. The debris
radius near spots Rq ~ 30 um.

400 pulses 800 pulses 0.90+0.03 J/cm?
per spot

(b)

75 pm

(f)

100 pm
(h) ‘ (i
- ‘ 145
e o . @ it . 2
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Figure 3. Optical images of observed two spot re-deposition during 10 ps laser ablation of stainless steel in air while varying

spot separation and pulse number at F = 0.90 ] cm~2, (a) 200 pulses, (b) 400 pulses, (c) 800 pulses, all 75 um separation,

(d—f) 95 um separation, (g—i) 145 um separation respectively. Debris is concentrated in a filament between the spots at

75 um, thinning to a line about 10 um wide at 95 pm spot separation. No interaction between the spots is observed at

145 um separation at this low fluence.

The effect on debris re-deposition of increasing fluence to F = 4.51 ] cm~2 on stainless

steel is shown in the optical images of Figure 4a—i. At this higher fluence in Figure 4a—c,
we observe diverging debris jets ejected normal to the spot axis. This extends to a radial
distance of Rje; ~200 pm, well beyond that around each spot Ry ~ 30 um, inferring that
an energetic process may be involved. In Figure 4b,c, with increased exposure, removal
of debris from the surface between the spots (in the form of two slightly curved lines)
supports the view that strong shock wave interactions between the colliding plumes during
ablation may be responsible, clear in Figure 4c,f. These effects essentially disappear at the
highest, 145 um separation with a return to the concentration of material between the spots
Figure 4g—i, similar to the patterns at low fluence (Figure 3). The tiny ablation spots along
the axis are due to low energy ghost beams appearing during multi-pulse exposure, while
the top spot is the remaining zero order. Their presence here helps detect local physical
effects of shock wave and air movements affecting the debris motion.



Materials 2021, 14, 2243

6 of 19

200 pulses

(a)

400 pulses 800 pulses 4.51+0.15 J/cm?
L N | . R
(b) = o) s i ”‘ per spot
S R, 75 um
.......... 75 um
(e) : () .
: : 95 um
i
100 pm
| aesiemse | w
. Y .
145 pm
- .- - 9 - : :
: 150 pm

Figure 4. Optical images of observed two spot re-deposition during 10 ps laser ablation of stainless steel in air while varying

spot separation and pulse number at fluence F = 4.51 J cm 2, (a) 200 pulses, (b) 400 pulses (c) 800 pulses, all 75 pm spot

separation, (d—f) 95 um separation, (g—i) 145 um separation. At this higher fluence in (a—c), we observe diverging debris jets

ejected normal to the spot axis while in (c,f), removal of surface debris by shock waves is apparent. These effects essentially

disappear at the highest separation with a return to the concentration of material between the spots (g-i). The tiny ablation

spots along the axis are due to low energy ghost beams while the top spot remains zero order.

3.2. Ablation Rates and Debris Radii (10 ps Pulses)

The measured ablation volume/pulse of single and two spot geometries with pulse
number N is shown in Figure 5a for a fluence F =2.9] cm 2 (Ep = 6 WJ/pulse). These
results confirm that ablation rates are essentially independent of spot geometry and spot
separation when N > 200, whether single or double spot, within experimental error.
Hence, the proximity of the spots does not affect ablation rates significantly. The ablation
volume/pulse V ~ 5.7 um?/pulse corresponding to a mass ablation M ~ 0.05 ng/pulse.
Crater volumes and geometries were measured with a white light interferometer, Wyko
NT3300. The single spot debris radius and jet radius with pulse energy and exposure
are shown in Figure 5b on an Ln-Ln plot. This confirms that the debris radii follow a
power-law R « E%¥ for a single spot while the much higher Jet debris radii, Riet o E041,
This relationship approximates that predicted by blast wave theory [59], however, higher
than the expected R « E!/3 which has also been observed by other authors [60].
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Figure 5. (a) Measured ablation volume versus pulse number for single and double spot ablation at d = 75 um, 95 pm and
145 pm separation with fluence F=2.97] cm 2/ spot (Ep = 6 uJ/spot). Spot geometry does not affect ablation volume for
N > 200, within experimental error, (b) Observed single spot debris radius and jet radius with pulse energy and exposure
on an Ln-Ln plot. The radii follow a power-law R o E®47 for debris and Rjet o E%4! respectively.

3.3. SEM Imaging of the Debris Fields, Two Spot Patterns

Figure 6a—d shows a series of SEM images of ablation debris from two spot ablation of
stainless steel in the air with 10 ps pulses at low fluence F = 0.9 ] cm 2, N = 800 pulses and
spot separation d = 75 pum. The concentration of debris between spots is clear in Figure 6a,
with evidence of some material ejected normal to the spot axis in the centre. At low
fluence, there are two main components to the debris—particle agglomerates appear on the
collision plane (and around the spots), while solid spherical nanoparticles with diameters
50-150 nm appear at the spot edge, Figure 6b. These are likely formed during collisions
of the expanding plumes and condensed from the stagnation region at the midplane.
Figure 6¢ (2000 x) shows the particle agglomerates near the centre at higher magnification
while Figure 6d (35,000x) confirms that the particle agglomerate consists of both solid
np’s and agglomerated chains of fine np’s. There is a significant change in the nature of
the debris generated at higher fluence, F = 4.8 ] cm 2, as shown in the SEM images of
Figure 6e-h. Deposition now produces a thick deposit near the ablation spots while the
shock waves lift material from the surface between the spots Figure 6e and deposit well
away from the spots, Figure 6f. Figure 6g,h, with increasing magnification show that this
jet debris consists of np chain agglomerates and is almost devoid of solid nanoparticles.
This is consistent with higher surface temperature achieved during ablation, well above the
evaporation temperature, Tey = 2861 K. The high concentration of the np chain agglomerate
debris supports the assertion that this material is formed during strong stagnation of the
plume collisions in the midplane.
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Figure 6. SEM images of the ablation debris from two spot ablation of stainless steel at low fluence
(F=0.9]cm 2 (a-d) and high fluence F=4.8] cm 2 (e-h), N = 800 pulses, spot separation d =75 pum.
(a) image of the whole debris field, (b) 50-150 nm diameter np’s observed at spot periphery in (a) red
ring, (c) particle agglomerate at the centre, (d) high magnification image of (c) showing round np’s
and np agglomerate, (e) High fluence re-deposition pattern showing material lifted directly from
the surface by the energetic colliding plumes and shock waves, (f) jet debris ejected normal to spots,
(g) high magnification image of jet np chain agglomerate, (h) highest, 100,000 x magnification of jet
np chain agglomerate which still shows little structure.
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(a)

3.4. Time-Resolved Plasma Emission Spectra

Figure 7 shows the two spots (E = 20 puJ/spot, d = 75 um) time-resolved (0-95 ns)
plasma emission spectrum of stainless steel in air over AA = 395 nm—415 nm. Gate width
was set at 5 ns, gate delay interval 2 ns and data accumulated over 50 spectra. The substrate
was scanned at 2 mm/s while an f = 125 mm bi-convex lens imaged the whole plasma
emission to a fibre coupler (NA ~0.2, Figure 1) then to the spectrometer (Andor Shamrock
303i, 50 pm slit, 1800 L/mm grating) and cooled ICCD camera. The ICCD was triggered
externally from the Laser Regenerative amplifier. Continuum dominated the spectra at
early times, likely black body radiation from the hot plasma near the surface [21], while
spectral line intensities rise sharply, then decrease along with the background continuum as
the ablation plasma cools. Spectral line widths also decrease with time as electron density
decreases, reducing Stark broadening [61]. The spectral lines in this region have been
identified as due mainly to excited neutral atoms of Fe I, Cr I and Mn I: Fe I: 395.667 nm,
CrI: 396.368 nm, Cr I: 396.974 nm, Mn I: 397.708 nm, Fe I: 398.396 nm, Mn I: 399.161 nm,
Fe I/Fe Il blended line: 403.130 nm, Mn I: 403.307 nm, Fe I: 404.581 nm, Fe I: 406.359 nm,
Fe I: 407.581 nm (centre), Fe I: 411.854 nm, Fe I: 413.290 nm, Fe I/Fe II/Fe 11l blended line:
414.26 nm. Single spot (20 uJ/pulse) spectra were very similar with lower intensities [62].

(b) —=— single spot
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Figure 7. (a) Two spots (E =

steel over time delay 0-95

410 412 414 418 i
Delay Time (ns)

20 yJ/spot, d =75 um,) time-resolved plasma emission spectrum (AA = 395-415 nm) of stainless
ns. Continuum dominates at early times while atomic lines appear as the plasma cools. The

three intense lines near the centre are due to Fe I: 404.581 nm, Fe I: 406.359 nm, Fe I: 407.581 nm, (b) Integrated intensity
(AA = 395 nm—415 nm) with time for single and double spot (d = 75 um) showing exponential decrease with plasma lifetimes

T1/e ~ 9.2 + 0.5 ns (single) and 13.9 £ 0.7 ns (double) respectively. The fits are exponential.

Figure 7b shows the time-integrated plasma emission (AA = 395-415 nm) for single
and double spot (d = 75 pm) confirming that the plasma lifetimes 1/, ~ 9.2 = 1.0 ns and
13.9 £ 0.7 ns, respectively, hence double spot plasma lifetime increasing over the single
spot. These lifetimes are similar to those observed with 20 pJ, 150 fs laser ablation of Al in
the air [21]. The short plasma lifetimes are a consequence of both the low pulse energies
and rapid collisional cooling of the dense ambient air.

Plasma excitation temperature for single spot ablation (E = 20 pJ) has been estimated
by the well-known Boltzmann method [11] from the Fe I line intensities Iy, transition
probabilities (gAmn, g degeneracy) and upper energy levels, E,. A plot of Ln(Almn/gAmn)
versus E, yielded a linear plot inferring T ~7500 K for single spot near 40 ns delay
time. We also estimated the electron density from the Stark broadening of the Fe I line at
A = 404.58 nm yielding Ne ~ 1018 cm 3.

By removing the ICCD from the spectrometer and placing this at the image plane
of the focus lens, (f =75 mm, M ~ 4), the time-resolved plasma plumes were observed,
Figure 8. Gate width here is 5 ns, energy/spot = 20 uJ and spot separation d = 75 pm. With
spots normal to the optic axis, we can observe plasma expansion, collision and stagnation
after 15 ns. When the plumes are imaged parallel to the optic axis and 10-15 ns delay, we
see some interesting structure at right angles to the spot axis which may be connected to

the jets. The lateral plume expansion velocity can be estimated to be v ~3.5 x 10° ms~!,
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(a) Normal

(b) Parallel

decelerating after 15 ns, while the elliptical plume shape which develops supports lateral
plasma expansion [35,63].

Figure 8. Time-resolved imaging of single and double spot ablation plume emission (20 uJ/spot, d = 75 um) of stainless
steel with time delays 5-20 ns. ICCD gate width was 5 ns (a) 2-spot normal to optic axis showing plume collisions and
stagnation at 20 ns delay (b) two spots parallel to optic axis with an indication of jet structure 15-20 ns.

3.5. Two Spot Ablation with 600 fs/5 kHz Temporal Pulses at 1030 nm

The effect of increasing peak intensity by over 1 order of magnitude was investi-
gated with the experimental system of Figure 2, while maintaining the same repetition
rate of 5 kHz. Results are shown in Figure 9 for pulse numbers 200, 500 and 1000 at
fluence F = 1.41 ] cm 2 (peak intensity I = 2.4 x 10'> W cm~2). Again, we observe sym-
metric debris ejection or jets at right angles out to a radius of Rjet ~ 150 um with spot
separation d = 75 um. As spot separation increases, we return to the directed, filamentary
re-deposition (4 = 100 um) between the spots, and just apparent at d = 150 um, N = 1000),
similar to patterns observed with 10 ps pulses, Figure 3a—f.

The results of high fluence two spot ablation with fluence F = 5.7 ] em~2 (20 uJ/ spot,
1=9.6 x 102 W cm~?2) are shown in Figure 10. where plume interactions create strongly
diverging jets at spot separation d = 75 pm. At d = 100 um separation, jets are more
collimated with re-deposition jet radius Ryt > 300 pm. There is a slight tilt in the spot axis
here relative to the horizontal. With N = 500 and 1000 at d = 100 um, shock wave and
plume interactions also remove debris from the surface (compare Figure 4c,f), evidence
of the quasi-stationary shock waves [51,52]. Atd = 150 um material is again concentrated
between the spots as interactions weaken. Peak intensity therefore appears to play a minor
role in the debris re-deposition during the plume interactions from 600 fs to 10 ps pulse
length on stainless steel in the air.

Figure 11a,b show SEM images of the diverging symmetric jet debris from 600 fs
double spot (d = 100 um) ablation of stainless steel in air (20 uJ/spot, F = 4.5] cm~2,
N =1000). This material likely consists of np chain and is concentrated at the jet ends,
almost 400 um from the spots.
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Figure 9. Resulting debris re-deposition and jet formation after 600 fs laser double pulse ablation
with fluence Fy = 1.41 J em ™2 (Ep = 5 pJ/ pulse). Optical images of stainless steel surfaces after
applying for various pulse numbers (200, 500, 1000) at different spot separations (50 um, 100 pm
and 150 pum). Debris jets are visible at 75 um at the investigated N. At larger separations, the debris
is concentrated in a filament between the spots (d = 100 pm) and becomes apparent at 4 = 150 um
separation, N = 1000. Fluence here is 1.5 times higher than with 10 ps pulses (Figure 3).
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Figure 10. Resulting debris re-deposition and jet formation after 600 fs laser double spot ablation with
fluence Fy = 5.7 ] em™2 (Ep = 20 uJ/ pulse). Within the investigated pulse numbers N (200, 500, 1000)
and pulse separations d of 50 um, 100 um and 150 um, the optical images reveal an interaction
between the two spots. Strongly diverging debris jets at 75 um and collimated jets at 4 = 100 um are
visible. At the largest separation d = 150 um, where the interactions are weaker, the material is again
concentrated between spots.
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Figure 11. Tilted SEM images of the jets after double spot femtosecond ablation of s. steel in the air (Ep = 20 puJ/pulse,
N =1000, d = 100 pm). (a) shows the symmetric diverging debris jets (np chain agglomerates) with an accretion of material
at the jet ends, almost 400 um from the double spot centre. (b) higher magnification of concentrated jet debris near the jet
end. The debris radii near the spots and jet radii are indicated (Ryep and Rjet respectively).

The debris and jet radii generated with 600 fs pulses are shown in Figure 12. For
comparison, the data from 10 ps two spot ablation. Logarithmic fits are included, and the
exponents vary from n = 0.33 to 0.47. The fs and ps debris radii are close exponent while the
fs jet radii appear to have the lowest, n = 0.33. The higher radii for given energy with 10 ps
pulses is due to the smaller spot separation of 75 pm, while this was 100 um with 600 fs
pulses. There may also be differences due to uncertainties in the estimation of the radii.

—— ps debris radius
—— ps jet radius

7 - i :
—— fs debris radius
—— fs jet radius
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6 y= 0.41x+4.97
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Figure 12. Ln-Ln plots of the two spots debris and jet radii ([R] = pm) measured for 600 fs and 10 ps
ablation. The logarithmic fits ([Ep] = pJ) are shown to be reasonably close in exponent except for
femtosecond ablation which is lower. The spot separations were 100 pm (600 fs) and 75 pm (10 ps),
respectively. Error bars represent 1 o.

The reproducibility of the results reported is supported by the excellent observed fits to
the Ln-Ln plots with indicated errors. Ultrafast laser ablation minimises thermal diffusion
and melt leading to a deterministic evaporation process [19]. The observed nanoparticle
agglomerated jets can be deflected with a significant airflow over the substrate. However,
when the surrounding ambient air is stable, the jets emanate at right angles and have the
same length, Figure 11a.
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3.6. Time-Resolved Shadowgraphy (600 fs/5 kHz).

Ablation plumes and their development after ablation were imaged with the pump-
probe experimental set-up shown in Figure 2. The probe beam (A = 688 nm, 11y = 13 ns) was
electronically synchronised to the pump beam (A = 1030 nm). Time-resolved measurements
are often carried out with a single pulse exposure-but here, after simultaneous multi-
pulse, multi-spot exposure, we can see the developing plumes and their interactions. The
connection axis of two spots is aligned perpendicular to the imaging plane. The total delay
time regarding the arrival of the first pulse pair with 5 kHz repetition rate is T = 1002 ps,
hence a delay time of 2 ps after the last, N = 6th pulse, Figure 13. There is a strong plasma
plume overlap confined to the surface at d = 100 um separation with diverging plume
above the spots containing solid (dark) micron size particles, strongly absorbing /scattering.
The previous pulses have formed these. These also appear at 150 um spot separation but
disappear entirely at d = 200 um, where the plasma plumes near the surface are distinct
and plume absorption much more uniform. This particle is likely the np chain agglomerate
observed on the surface, shown in the SEM images of Figure 11. which appear in the
jets due to the strong plume interactions. Note in the shadowgraphs a visible expanding
spherical shock wave from the last pulse pair overlaps the material previously ejected.
The shock wave speed, from the time delay, vs ~375 m/s just above the speed of sound
while the lateral plasma expansion has slowed significantly to around v < 50 m/s after
2 ps delay.

Figure 13. Time-resolved shadowgraphs of the interacting plumes with two spot ablation in the air after N = 6 and delay
time of T =2 ps after ablation and Tt (total) = 1002 ps. These images demonstrate that large condensed absorbing particles
are apparent in the debris above the spots when the separation is smallest and where the plume collisions are strongest,
(a) d =100 um, (b) d = 150 pum, (c) d = 200 um where these particles have all but disappeared. Note that the spherical shock
waves from the last pulse overlap the material ejected beforehand.

4. Discussion

Laser ablation on metal in the ambient atmosphere can be likened to a mechanical
detonation, creating an ablation plume expanding supersonically against the background
gas, causing a shock wave. As the plume does work by expanding against atmospheric
pressure, the expansion velocity decreases with time, and the shock wave radius is given
by Taylor’s blast wave theory [59],

R = S(7)(E/po)"/°t/ @)

where 5(7) ~1 is a function only of the air specific heat 7y (~1.4), E is the energy released,
0o is the undisturbed background gas density and t is the time after ablation. The effect
is to force most of the air within the shock front into a thin shell just inside the front,
compressing and heating the air. The initial pressure driving the front pmax > po, (1 atm).
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When pmax ~ po, the self-similar solution of Equation (1) is no longer valid. In this case, the
radius for this upper limit is given by [20],

R = (E/p0)1/3 )

The ablation plasma plume follows behind the shock front and a contact discontinuity
can be observed inside the shock front [33]. For the range 2 pJ < E < 20 yJ, single
spot debris radii range from 40-120 pm while R calculated from Equation (2) yields
270 um < R <580 pm. The debris radius can be related to the shock radius through
Rp ~ fR where f < 1 and here, f ~ 0.15-0.2, similar to that observed by other authors [60].
From the time-resolved plasma emission (10 ps), backward re-deposition with single spot
ablation likely starts about ~100 ns after ablation and from the pump-probe observations,
(600 fs) continues over 10 us and longer. The debris power laws yield Ryep, o E%3-9 for
both single spot and jets but the much larger jet radii if applied to Rp ~ R yields f ~ 0.7-0.8
using Equation (2) inferring that an additional energetic process is involved during the
plasma plume interactions.

Multi-spot ablation in vacuum between two independent and closely spaced seed
plasmas collide due to the lateral plasma expansion. With a low density and high relative
velocity, plasmas tend to interpenetrate, relevant in collisionless astrophysical plasmas,
leading to ion reflection and particle acceleration [64]. However, with higher density and
a low relative velocity, the plasmas rapidly decelerate at the collision plane, forming a
stagnation layer (SL). Accretion and compression of the material within the SL leads to a
local increase in density and temperature. The degree of stagnation can be described by a
collisionality parameter ¢ = d/A;;, where d is the distance between the two plasmas and A;;
is the ion-other ion mean free path, given by, [65,66]

2,24
4”50’”1' Ul

Aii (1-2) = g*Z%n;In(Aq_7)

®)

where ¢ is the permittivity of free space, m; is the ion mass, vy, is the relative ion flow
velocity (prior to impact), g is the elementary charge, Z is the average ionisation state, 1;
is the plasma density at the collision plane and In (A;_,) is the Coulomb Logarithm, a
slowly varying function, with a value O (10-20) [67]. The parameter ¢ is very sensitive to
the relative plasma velocity term v1,* while only linearly dependent on separation d. If
used in ambient air, this description is more complex than in vacuum due to the presence
of shock waves and rapid plasma deceleration due to collisions with the air. From time-
resolved plasma emission at 15 ns, Figure 8. We estimated thatv; ~3.5 x 103 m s~ 1 so that
v1p=20, ~7 x 103 ms~ L Inserting this value into Equation (3), we find A; ~ 3.1 um so
that the plasma collision region is limited to the micron scale with collisionality parameter
¢=d/A;=75um/3.1 pm ~ 24.

In a plasma, the Debye length is the characteristic length over which electrons and
ions can be separated, and in an ideal plasma (e.g., astrophysical) has many particles per

Debye sphere Np given by

Np = Ne<4"))\3,3 > 1 4)

3

The classical plasma parameter g = 1/N,Ap> << 1 so that collective effects dominate
the plasma. In laser ablation, we can calculate g for each plasma plume knowing N, and
Ap which is given by [67] Ap = 743 (Te)/2 (N,)~1/2 where the electron temperature Te is in
eV while N, is in cm 3. At delay time T = 50 ns, we measured T, (10 ps, Ep =20 ) from a
Boltzmann plot to be ~7500 K (1 eV = 11,600 K) hence plasma temperature Te ~ 0.65 eV
while N, ~ N; ~ 10'8 cm 3 from measured Stark broadening of the Fe I line at A = 404.58 nm.
The Debye length in each plasma plume is then Ap ~ 6.0 x 10~/ cm (6 nm) while the
particle number in a Debye sphere is, from Equation (4), Np = 0.92. The collision parameter
g = 1/N,Ap® = 4.6 hence the plasma plumes are each highly collisional as expected. We
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can also estimate the Coulomb Logarithm [67], LnA = 9Np/Z = 8.3 assuming Z ~ 1 is the
average ionisation state, supported by the time-resolved spectroscopy, Figure 7a.

Recently, the interaction of two colliding Al plasmas (in the air) and their shock waves
were observed in two spot nanosecond laser ablation using shadowgraphy, schlieren images
and interferometry [68]. From refractive index profiles, expanding shock fronts and their re-
flections were observed after collision along with compression and stagnation and of the air
behind the shock fronts. With pulse fluence F ~ 27 ] cm~2, focus intensity I ~ 1.6 GWem ™2
and 1 mm spot separation, compressed air density reached 19 ~ 5 x 102 cm~3 behind the
interacting shocks while plasma density n; ~ 5.10'8 cm 3. The stagnation was described as
“soft” [69] with a plasma hill developing over times scales from 0.7-3 ps.

More recently, stationary transient straight shockwaves (on a 10 ns timescale) were
detected during multi-spot fs ablation of water in the air creating supersonic air flows
which collided [51,52]. Fluence per spot F ~ 18] cm 2 with peak intensities I ~ 10 W em—2
and spot separations from d ~ 14-20 pm. The length of the shock waves was related to
the local flow velocity at a given radial position from the spots and observed when the
relative speed of shock wave propagation exceeded the velocity of sound in the air. The
symmetric geometry of the observed two spot transient shock waves is highly reminiscent
of the observed patterns of debris removed between double spot ablation in this work
at higher fluence (Figures 4, 6 and 11) with ps and fs pulse lengths. This indicates that
material removal between spots during ablation at high fluence may be evidence of shock
wave interactions.

5. Conclusions

The jets appearing at higher fluence (and small spot separation) could be created as
follows using a simplified 2D approach. When the high-pressure shock waves meet at the
collision plane, the pressure due to each shock wave pmax = 0.155 E/ R3 (v =1.4) [59]. If we
set E ~ By =20 yJ and R = 50 um, pmax = 2.48 x 107 Pa ~248 atm. The air between these
shocks will be highly compressed by this “piston” as they meet and the curved expanding
shocks could compress, accelerate and expel the air symmetrically in a diverging jet in
both directions normal to the axis, Figure 14a. The plasmas following then stagnate and
ion Coulomb repulsion off-axis at low impact parameters converts their axial momentum
to transverse momentum assuming elastic collisions. The observed material lifted from
the surface leaves patterns very similar to the transient stationary shock waves observed
during multi-spot induced supersonic air flows at a water/air interface [51,52].

Atlow fluence and larger separations, shock wave pressures are much reduced, plasma
density decreases, reducing stagnation to “soft”, hence allowing plasma interpenetration
between the spots. Weak shock waves pass through each other and likely reflect back
along the axis from the plasmas. Multiple collisions can decelerate ions and a degree of ion
reflection may occur [64] so that particles acquire momentum directed along the spot axis
then arrive at the surface through backward flux, Figure 14b.

Two colliding air breakdown plasmas created with high energy, nanosecond laser
pulses demonstrated reflection and transmission of expanding shock waves depending on
pulse energy and plasma seed separations [70]. One might ask if oxidation during ultrafast
laser ablation is significant here, but we have also observed the Jets in pure Nitrogen at
1 atm (10 ps, not reported here) with the aid of a gas cell. We estimate that oxidation of Fe
atoms to Fe3O4 could at most add 10% additional energy, not nearly enough to explain the
phenomena here.

Time-resolved plasma emission yielded important plasma parameters such as lifetime
and temperatures, and plasma collisions between spots show plume stagnation, resulting in
bi-directional jets. The effects of quasi-stationary shock waves are very clear, compressing
the air and lifting debris from the surface between the spots. Time-resolved shadowgraphy
with 600 fs pulses showed micron size particles (which constitute the jets) only when
the ablation spots were in close proximity. In fact, the re-deposited jet debris consists of
agglomerated nano-particle chains.
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Figure 14. Schematic diagrams summarising current view of two spot ablation at high and low
ablation (a) at high fluence, the air between the shocks is compressed by a “piston” as they meet and
the curved shocks will accelerate and expel the air symmetrically in a diverging jet in both directions
normal to the axis. The plasmas then stagnate and Coulomb interactions off-axis at low impact
parameters convert their axial momentum to transverse momentum, (b) at low fluence and larger
separations, shock wave pressures are much reduced, plasma density decreases, reducing stagnation
to “soft”, hence allowing plasma interpenetration and directed deposition between the spots.

Our observations of the directed deposition at low fluence and jets during high-
fluence, multi-spot ultrafast laser ablation of stainless steel in air constitute a potentially
interesting new area of research, providing a basis for further investigations to build a
thorough understanding of these complex phenomena. Our study and its findings are
considered important for a deeper understanding of the interaction of multi-spot arrays in
laser patterning [71,72] and enhanced laser deposition of thin films [53,55]. The phenomena
of plasma collisions and shocks observed and explored here should also be relevant to
astrophysics and physics research, such as in magnetic re-connection [73] and phenomena
such as bi-directional jet formation and particle acceleration [74,75] observed at ultrahigh
laser intensities (10'4-10'> W cm~2) in two spot ablation with high transient B fields.

Author Contributions: Conceptualization, G.D., U.L. and W.P,, methodology, W.P, J.S. and S.E.;
validation, T.Z. and S.K.; formal analysis, W.P,, T.Z. and S.K,; investigation, T.Z. and S.K.; resources,
G.D. and U.L,; data curation, T.Z. and S.K,; writing—original draft preparation, W.P.; writing—review
and editing, all authors; visualisation, ].S., S.E.; supervision, G.D. and U.L.; project administration,
G.D,,S.E, ].S. and U.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to express their thanks to Andy Snaylam (Laser group,
Liverpool University) and the SEM SRF Albert Crewe Centre for Electron Microscopy (Liverpool) for
their support & assistance in this research.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Krausz, F; Stockman, M.I. Attosecond metrology: From electron capture to future signal processing. Nat. Photonics 2014, 8,

205-213. [CrossRef]

2. Austin, D.R;; Johnson, A.S.; McGrath, E; Wood, D.; Miseikis, L.; Siegel, T.; Hawkins, P.; Harvey, A.; Masin, Z.; Patchkovskii, S.
Extracting sub-cycle electronic and nuclear dynamics from high harmonic spectra. Sci. Rep. 2021, 11, 1-8. [CrossRef] [PubMed]


http://doi.org/10.1038/nphoton.2014.28
http://doi.org/10.1038/s41598-021-82232-1
http://www.ncbi.nlm.nih.gov/pubmed/33510363

Materials 2021, 14, 2243 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

Wille, H.; Rodriguez, M.; Kasparian, J.; Mondelain, D.; Yu, J.; Mysyrowicz, A.; Sauerbrey, R.; Wolf, J.-P.; Woeste, L. Teramobile: A
mobile femtosecond-terawatt laser and detection system. EP] Appl. Phys. 2002, 20, 183-190. [CrossRef]

Tochitsky, S.; Welch, E.; Panagiotopoulos, P.; Polyanskiy, M.; Pogorelsky, I.; Kolesik, M.; Koch, S.W.; Moloney, J.V.; Joshi, C.
Filamentation of long-wave infrared pulses in the atmosphere. JOSA B 2019, 36, G40—-G51. [CrossRef]

So, P.T.; Dong, C.Y.; Masters, B.R.; Berland, K.M. Two-photon excitation fluorescence microscopy. Annu. Rev. Biomed. Eng. 2000, 2,
399-429. [CrossRef]

Varnavski, O.; Goodson, T., III. Two-photon fluorescence microscopy at extremely low excitation intensity: The power of quantum
correlations. J. Am. Chem. Soc. 2020, 142, 12966-12975. [CrossRef]

Abouzeid, H.; Ferrini, W. Femtosecond-laser assisted cataract surgery: A review. Acta Ophthalmol. 2014, 92, 597-603. [CrossRef]
Russo, R.E.; Mao, X.; Gonzalez, ].J.; Mao, S.S. Femtosecond laser ablation ICP-MS. |. Anal. At. Spectrom. 2002, 17, 1072-1075.
[CrossRef]

Diwakar, PK,; Harilal, S.S.; LaHaye, N.L.; Hassanein, A.; Kulkarni, P. The influence of laser pulse duration and energy on ICP-MS
signal intensity, elemental fractionation, and particle size distribution in NIR fs-LA-ICP-MS. J. Anal. At. Spectrom. 2013, 28,
1420-1429. [CrossRef] [PubMed]

Pozebon, D.; Scheffler, G.; Dressler, V. Recent applications of laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) for biological sample analysis: A follow-up review. J. Anal. At. Spectrom. 2017, 32, 890-919. [CrossRef]

Le Drogoff, B.; Margot, J.; Chaker, M.; Sabsabi, M.; Barthelemy, O.; Johnston, T.; Laville, S.; Vidal, F.; Von Kaenel, Y. Temporal
characterization of femtosecond laser pulses induced plasma for spectrochemical analysis of aluminum alloys. Spectrochim. Acta B
2001, 56, 987-1002. [CrossRef]

Zhu, Y.; Zhou, P-W.; Zhong, S.-C.; Peng, Q.-X.; Zhu, L.-G. A multi-spot laser induced breakdown spectroscopy system based on
diffraction beam splitter. Rev. Sci. Instrum. 2019, 90, 123105. [CrossRef] [PubMed]

Ihlemann, J.; Wolff, B.; Simon, P. Nanosecond and femtosecond excimer laser ablation of fused silica. Appl. Phys. A 1992, 54,
363-368. [CrossRef]

Allahyari, E.; Nivas, ].].; Avallone, G.; Valadan, M.; Singh, M.; Granata, V.; Cirillo, C.; Vecchione, A.; Bruzzese, R.; Altucci, C.
Femtosecond laser surface irradiation of silicon in air: Pulse repetition rate influence on crater features and surface texture. Opt.
Laser Technol. 2020, 126, 106073. [CrossRef]

Rajab, FH.; Liauw, C.M.; Benson, P.S.; Li, L.; Whitehead, K.A. Picosecond laser treatment production of hierarchical structured
stainless steel to reduce bacterial fouling. Food Bioprod. Process. 2018, 109, 29—40. [CrossRef]

Xu, S,; Ding, R.; Yao, C.; Liu, H.; Wan, Y.; Wang, J.; Ye, Y.; Yuan, X. Effects of pulse durations and environments on femtosecond
laser ablation of stainless steel. Appl. Phys. A 2018, 124, 1-8. [CrossRef]

Hauschwitz, P.; Jochcova, D.; Jagdheesh, R.; Cimrman, M.; Brajer, J.; Rostohar, D.; Mocek, T.; Kopecek, J.; Lucianetti, A.; Smrz, M.
Large-beam picosecond interference patterning of metallic substrates. Materials 2020, 13, 4676. [CrossRef] [PubMed]

Kautek, W.; Kriiger, J. Femtosecond Pulse Laser Ablation of Metallic, Semiconducting, Ceramic, and Biological Materials. In Laser
Materials Processing: Industrial and Microelectronics Applications; Springer: Berlin/Heidelberg, Germany, 1994; pp. 600-611.
Schille, J.; Schneider, L.; Kraft, S.; Hartwig, L.; Loeschner, U. Experimental study on double-pulse laser ablation of steel upon
multiple parallel-polarized ultrashort-pulse irradiations. Appl. Phys. A 2016, 122, 1-11. [CrossRef]

Dyer, P,; Sidhu, J. Spectroscopic and fast photographic studies of excimer laser polymer ablation. Int. J. Appl. Phys. 1988, 64,
4657-4663. [CrossRef]

Yalgin, $.; Tsui, Y.Y.; Fedosejevs, R. Pressure dependence of emission intensity in femtosecond laser-induced breakdown
spectroscopy. J. Anal. At. Spectrom. 2004, 19, 1295-1301. [CrossRef]

Yalgin, S.; Tsui, Y.Y.; Fedosejevs, R. Images of femtosecond laser plasma plume expansion into background air. IEEE Trans. Plasma
Sci. 2005, 33, 482-483. [CrossRef]

Farid, N.; Harilal, S.; Ding, H.; Hassanein, A. Dynamics of ultrafast laser plasma expansion in the presence of an ambient. Appl.
Phys. Lett. 2013, 103, 191112. [CrossRef]

Lichtman, D.; Ready, ]. Laser beam induced electron emission. Phys. Rev. Lett. 1963, 10, 342. [CrossRef]

Bechtel, J.; Smith, W.L.; Bloembergen, N. Two-photon photoemission from metals induced by picosecond laser pulses. Phys. Rev.
B 1977, 15, 4557. [CrossRef]

Mao, S.S.; Mao, X.-L.; Greif, R.; Russo, R.E. Simulation of infrared picosecond laser-induced electron emission from semiconduc-
tors. Appl. Surf. Sci. 1998, 127, 206-211. [CrossRef]

Russo, R.; Mao, X.; Liu, H.; Yoo, J.; Mao, S. Time-resolved plasma diagnostics and mass removal during single-pulse laser ablation.
Appl. Phys. A 1999, 69, S887-5894. [CrossRef]

Mao, 5.S.; Mao, X.; Greif, R.; Russo, R.E. Initiation of an early-stage plasma during picosecond laser ablation of solids. Appl. Phys.
Lett. 2000, 77, 2464-2466. [CrossRef]

Mao, S.S.; Mao, X.; Greif, R.; Russo, R.E. Simulation of a picosecond laser ablation plasma. Appl. Phys. Lett. 2000, 76, 3370-3372.
[CrossRef]

Zeng, X.; Mao, X.; Greif, R.; Russo, R. Experimental investigation of ablation efficiency and plasma expansion during femtosecond
and nanosecond laser ablation of silicon. Appl. Phys. A 2005, 80, 237-241. [CrossRef]

Nica, P; Gurlui, S.; Osiac, M.; Agop, M.; Ziskind, M.; Focsa, C. Investigation of femtosecond laser-produced plasma from various
metallic targets using the Langmuir probe characteristic. Phys. Plasmas 2017, 24, 103119. [CrossRef]


http://doi.org/10.1051/epjap:2002090
http://doi.org/10.1364/JOSAB.36.000G40
http://doi.org/10.1146/annurev.bioeng.2.1.399
http://doi.org/10.1021/jacs.0c01153
http://doi.org/10.1111/aos.12416
http://doi.org/10.1039/B202044K
http://doi.org/10.1039/c3ja50088h
http://www.ncbi.nlm.nih.gov/pubmed/26664120
http://doi.org/10.1039/C7JA00026J
http://doi.org/10.1016/S0584-8547(01)00187-2
http://doi.org/10.1063/1.5120604
http://www.ncbi.nlm.nih.gov/pubmed/31893805
http://doi.org/10.1007/BF00324203
http://doi.org/10.1016/j.optlastec.2020.106073
http://doi.org/10.1016/j.fbp.2018.02.009
http://doi.org/10.1007/s00339-018-1714-2
http://doi.org/10.3390/ma13204676
http://www.ncbi.nlm.nih.gov/pubmed/33092278
http://doi.org/10.1007/s00339-016-0169-6
http://doi.org/10.1063/1.341247
http://doi.org/10.1039/B404132A
http://doi.org/10.1109/TPS.2005.845359
http://doi.org/10.1063/1.4829487
http://doi.org/10.1103/PhysRevLett.10.342
http://doi.org/10.1103/PhysRevB.15.4557
http://doi.org/10.1016/S0169-4332(97)00633-8
http://doi.org/10.1007/s003390051553
http://doi.org/10.1063/1.1318239
http://doi.org/10.1063/1.126651
http://doi.org/10.1007/s00339-004-2963-9
http://doi.org/10.1063/1.5006076

Materials 2021, 14, 2243 18 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

Wen, S.-B.; Mao, X.; Greif, R.; Russo, R.E. Expansion of the laser ablation vapor plume into a background gas. I. analysis. Int. ].
Appl. Phys. 2007, 101, 023114. [CrossRef]

Wu, J.; Wei, W.; Li, X.; Jia, S.; Qiu, A. Infrared nanosecond laser-metal ablation in atmosphere: Initial plasma during laser pulse
and further expansion. Appl. Phys. Lett. 2013, 102, 164104. [CrossRef]

Harilal, S.; Farid, N.; Freeman, ].; Diwakar, P.; LaHaye, N.; Hassanein, A. Background gas collisional effects on expanding fs and
ns laser ablation plumes. Appl. Phys. A 2014, 117, 319-326. [CrossRef]

Pereira, A.; Delaporte, P.; Sentis, M.; Marine, W.; Thomann, A.L.; Boulmer-Leborgne, C. Optical and morphological investigation
of backward-deposited layer induced by laser ablation of steel in ambient air. Int. J. Appl. Phys. 2005, 98, 064902. [CrossRef]
Harilal, S.S.; Brumfield, B.E.; Cannon, B.D.; Phillips, M.C. Shock wave mediated plume chemistry for molecular formation in
laser ablation plasmas. Anal. Chem. 2016, 88, 2296-2302. [CrossRef]

Bulgakova, N.M.; Panchenko, A.N.; Zhukov, V.P; Kudryashov, S.I; Pereira, A.; Marine, W.; Mocek, T.; Bulgakov, A.V. Impacts
of ambient and ablation plasmas on short-and ultrashort-pulse laser processing of surfaces. Micromachines 2014, 5, 1344-1372.
[CrossRef]

Taylor, R.; Leopold, K.; Singleton, D.; Paraskevopoulos, G.; Irwin, R. The effect of debris formation on the morphology of excimer
laser ablated polymers. Int. J. Appl. Phys. 1988, 64, 2815-2818. [CrossRef]

Miotello, A.; Kelly, R.; Braren, B.; Otis, C.E. Novel geometrical effects observed in debris when polymers are laser sputtered. Appl.
Phys. Lett. 1992, 61, 2784-2786. [CrossRef]

Kiiper, S.; Brannon, J. Ambient gas effects on debris formed during KrF laser ablation of polyimide. Appl. Phys. Lett. 1992, 60,
1633-1635. [CrossRef]

Burghardt, B.; Scheede, S.; Senczuk, R.; Kahlert, H.-J. Ablation plume effects on high precision excimer laser-based micromachin-
ing. Appl. Phys. A 1999, 69, S137-5140. [CrossRef]

Garrelie, F.; Champeaux, C.; Catherinot, A. Study by a Monte Carlo simulation of the influence of a background gas on the
expansion dynamics of a laser-induced plasma plume. Appl. Phys. A 1999, 69, 45-50. [CrossRef]

Ravi-Kumar, S.; Lies, B.; Zhang, X.; Lyu, H.; Qin, H. Laser ablation of polymers: A review. Polym. Int. 2019, 68, 1391-1401.
[CrossRef]

Jacob, J.; Shanmugavelu, P; Balasubramaniam, R. Investigation of the performance of 248 nm excimer laser assisted photoresist
removal process in gaseous media by response surface methodology and artificial neural network. J. Manuf. Process. 2019, 38,
516-529. [CrossRef]

Elaboudji, I.; Lazare, S.; Belin, C.; Talaga, D.; Labrugere, C. Underwater excimer laser ablation of polymers. Appl. Phys. A 2008, 92,
743-748. [CrossRef]

Péreira, A.; Cros, A.; Delaporte, P; Itina, T.; Sentis, M.; Marine, W.; Thomann, A.; Boulmer-Leborgne, C. Formation of Iron Oxide
Nanoparticles by Pulsed Laser Ablation. In Proceedings of Atomic and Molecular Pulsed Lasers VI; SPIE: Bellingham, WA, USA, 2006;
p- 62630Q.

Pereira, A.; Delaporte, P; Sentis, M.; Cros, A.; Marine, W.; Basillais, A.; Thomann, A.; Leborgne, C.; Semmar, N.; Andreazza, P.
Laser treatment of a steel surface in ambient air. Thin Solid Films 2004, 453, 16-21. [CrossRef]

Forster, D.J.; Faas, S.; Groninger, S.; Bauer, F.; Michalowski, A.; Weber, R.; Graf, T. Shielding effects and re-deposition of material
during processing of metals with bursts of ultra-short laser pulses. Appl. Surf. Sci. 2018, 440, 926-931. [CrossRef]

Kraft, S.; Schille, J.; Mauersberger, S.; Schneider, L.; Loeschner, U. Time-resolved visualization of high-repetition ultrashort pulse
laser ablation. Appl. Opt. 2020, 59, 452-458. [CrossRef]

Kraft, S.; Schille, J.; Mauersberger, S.; Schneider, L.; Loeschner, U. Pump-Probe Imaging for Process Control and Optimization in
High-Speed Laser Micro Machining. In Laser-Based Micro-and Nanoprocessing XIV; SPIE: Bellingham, WA, USA, 2020; p. 112681H.
Vreugdenhil, M.; Van Oosten, D.; Hernandez-Rueda, J. Dynamics of femtosecond laser-induced shockwaves at a water/air
interface using multiple excitation beams. Opt. Lett. 2018, 43, 4899-4902. [CrossRef]

Baasanjav, D.; Hernandez-Rueda, J.; Mosk, A.P.; Van Oosten, D. Optical method for micrometer-scale tracerless visualization of
ultrafast laser induced gas flow at a water/air interface. Appl. Opt. 2020, 59, 5205-5209. [CrossRef]

Gupta, S.L.; Thareja, R K. ZnO thin film deposition using colliding plasma plumes and single plasma plume: Structural and
optical properties. Int. J. Appl. Phys. 2013, 114, 224903. [CrossRef]

Pandey, PK.; Thareja, R K.; Singh, R.P; Costello, J.T. Deposition of nanocomposite Cu-TiO, using heterogeneous colliding
plasmas. Appl. Phys. B 2018, 124, 1-8. [CrossRef]

Donnelly, T.; O’Connell, G.; Lunney, J.G. Metal nanoparticle film deposition by femtosecond laser ablation at atmospheric
pressure. Nanomaterials 2020, 10, 2118. [CrossRef]

Serra, P; Piqué, A. Laser-induced forward transfer: Fundamentals and applications. Adv. Mater. Technol. 2019, 4, 1800099.
[CrossRef]

Liu, J. Simple technique for measurements of pulsed Gaussian-beam spot sizes. Opt. Lett. 1982, 7, 196-198. [CrossRef]

Zhao, W.; Wang, W.; Jiang, G.; Li, B.Q.; Mei, X. Ablation and morphological evolution of micro-holes in stainless steel with
picosecond laser pulses. Int. |. Adv. Manuf. Technol. 2015, 80, 1713-1720. [CrossRef]

Taylor, G.I. The formation of a blast wave by a very intense explosion I. Theoretical discussion. Proc. R. Soc. Lond. 1950, 201,
159-174.


http://doi.org/10.1063/1.2431080
http://doi.org/10.1063/1.4803044
http://doi.org/10.1007/s00339-014-8268-8
http://doi.org/10.1063/1.2058193
http://doi.org/10.1021/acs.analchem.5b04136
http://doi.org/10.3390/mi5041344
http://doi.org/10.1063/1.341590
http://doi.org/10.1063/1.108090
http://doi.org/10.1063/1.107223
http://doi.org/10.1007/s003390051369
http://doi.org/10.1007/s003390050969
http://doi.org/10.1002/pi.5834
http://doi.org/10.1016/j.jmapro.2019.01.002
http://doi.org/10.1007/s00339-008-4567-2
http://doi.org/10.1016/j.tsf.2003.11.072
http://doi.org/10.1016/j.apsusc.2018.01.297
http://doi.org/10.1364/AO.59.000452
http://doi.org/10.1364/OL.43.004899
http://doi.org/10.1364/AO.389542
http://doi.org/10.1063/1.4846115
http://doi.org/10.1007/s00340-018-6919-8
http://doi.org/10.3390/nano10112118
http://doi.org/10.1002/admt.201800099
http://doi.org/10.1364/OL.7.000196
http://doi.org/10.1007/s00170-015-7145-8

Materials 2021, 14, 2243 19 of 19

60.

61.

62.
63.

64.

65.

66.

67.
68.

69.
70.

71.

72.

73.

74.
75.

Singh, S.; Argument, M.; Tsui, Y.; Fedosejevs, R. Effect of ambient air pressure on debris redeposition during laser ablation of
glass. Int. ]. Appl. Phys. 2005, 98, 113520. [CrossRef]

Liu, H.; Mao, X.; Yoo, J.; Russo, R. Early phase laser induced plasma diagnostics and mass removal during single-pulse laser
ablation of silicon. Spectrochim. Acta B 1999, 54, 1607-1624. [CrossRef]

Kramida, A.; Ralchenko, Y.; Reader, J. NIST Atomic Spectra Database (ver. 5.3); NIST: Gaithersburg, MA, USA, 2015.

Harilal, S.; Bindhu, C.; Tillack, M.; Najmabadi, F.; Gaeris, A. Internal structure and expansion dynamics of laser ablation plumes
into ambient gases. Int. J. Appl. Phys. 2003, 93, 2380-2388. [CrossRef]

Cargill, P.; Goodrich, C.; Papadopoulos, K. Interaction of two collisionless shocks. Phys. Rev. Lett. 1986, 56, 1988. [CrossRef]
[PubMed]

Fallon, C.; Hayden, P; Walsh, N.; Kennedy, E.; Costello, J. The effect of wedge angle on the evolution of a stagnation layer in a
colliding plasma experiment. J. Phys. Conf. Ser. 2014, 548, 12036. [CrossRef]

Fallon, C.; Hayden, P.; Walsh, N.; Kennedy, E.; Costello, J. Target geometrical effects on the stagnation layer formed by colliding a
pair of laser produced copper plasmas. Phys. Plasmas 2015, 22, 93506. [CrossRef]

Gibbon, P. Introduction to plasma physics. arXiv 2020, arXiv:2007.04783.

Yang, Z.; Wei, W,; Han, J.; Wu, J.; Li, X; Jia, S. Experimental study of the behavior of two laser produced plasmas in air. Phys.
Plasmas 2015, 22, 073511. [CrossRef]

Rambo, P; Denavit, J. Interpenetration and ion separation in colliding plasmas. Phys. Plasmas 1994, 1, 4050-4060. [CrossRef]
Guthikonda, N.; Manikanta, E.; Chelikani, L.; Sai Shiva, S.; Sree Harsha, S.; Ikkurthi, V.; Prem Kiran, P. Interaction of two
counterpropagating laser induced plasmas and shock waves in air. Phys. Plasmas 2020, 27, 23107. [CrossRef]

Jin, Y.; Perrie, W.; Harris, P.; Allegre, O.; Abrams, K.; Dearden, G. Patterning of Aluminium thin film on polyethylene terephthalate
by multi-beam picosecond laser. Opt. Lasers Eng. Opt. Laser Eng. 2015, 74, 67-74. [CrossRef]

Tang, Y.; Perrie, W.; Rico Sierra, D.; Li, Q.; Liu, D.; Edwardson, S.P.; Dearden, G. Laser—material interactions of high-quality
ultrashort pulsed vector vortex beams. Micromachines 2021, 12, 376. [CrossRef]

Taylor, J. Relaxation and magnetic reconnection in plasmas. Rev. Mod. Phys. 1986, 58, 741. [CrossRef]

Totorica, S.; Abel, T.; Fiuza, E. Particle acceleration in laser-driven magnetic reconnection. Phys. Plasmas 2017, 24, 41408. [CrossRef]
Nilson, P.; Willingale, L.; Kaluza, M.; Kamperidis, C.; Minardj, S.; Wei, M.; Fernandes, P; Notley, M.; Bandyopadhyay, S.; Sherlock,
M. Bidirectional jet formation during driven magnetic reconnection in two-beam laser-plasma interactions. Phys. Plasmas 2008,
15, 92701. [CrossRef]


http://doi.org/10.1063/1.2138800
http://doi.org/10.1016/S0584-8547(99)00092-0
http://doi.org/10.1063/1.1544070
http://doi.org/10.1103/PhysRevLett.56.1988
http://www.ncbi.nlm.nih.gov/pubmed/10032828
http://doi.org/10.1088/1742-6596/548/1/012036
http://doi.org/10.1063/1.4930204
http://doi.org/10.1063/1.4927587
http://doi.org/10.1063/1.870875
http://doi.org/10.1063/1.5108866
http://doi.org/10.1016/j.optlaseng.2015.04.006
http://doi.org/10.3390/mi12040376
http://doi.org/10.1103/RevModPhys.58.741
http://doi.org/10.1063/1.4978627
http://doi.org/10.1063/1.2966115

	Introduction 
	Materials and Methods 
	Results 
	2-Spot Ablation with 10 ps Pulses at 1064 nm/5 kHz Repetition Rate 
	Ablation Rates and Debris Radii (10 ps Pulses) 
	SEM Imaging of the Debris Fields, Two Spot Patterns 
	Time-Resolved Plasma Emission Spectra 
	Two Spot Ablation with 600 fs/5 kHz Temporal Pulses at 1030 nm 
	Time-Resolved Shadowgraphy (600 fs/5 kHz). 

	Discussion 
	Conclusions 
	References

