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Time-resolved plasma emission spectroscopy was used
to characterize the energy coupling and temperature
rise associated with single, 10-ns pulsed laser ablation
of metallic particles bound to transparent substrates.
Plasma associated with Fe(I) emission lines originating
from steel microspheres was observed to cool from
>24,000 K to ~15,000 K over ~220 ns as 1928, consistent
with radiative losses and adiabatic gas expansion of a
relatively free plasma. Simultaneous emission lines
from Si(II) associated with the plasma etching of the
SiOz substrate were observed yielding higher plasma
temperatures, ~35,000 K, relative to the Fe(I) plasma.
The difference in species temperatures is consistent
with plasma confinement at the microsphere-substrate
interface as the particle is ejected, and is directly
visualized using pump-probe shadowgraphy as a
function of pulsed laser energy.

OCIS codes: (140.3440) Lasers-induced breakdown; (140.3540) Lasers,
Q-Switched; (160.6030) Silica; (300.6365) Spectroscopy, laser-induced
breakdown; (140.3330) Laser Damage.
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Research in the area of surface laser cleaning [1] of particulate
contamination of microelectronics [2] nuclear and plasma reactors [3,4]
is driven by the need to quantify performance limitations. For example,
particulate contamination on high power laser optics generated
through optical processing and handling can lead to damage initiation
and local fracture that, if left uncorrected, can limit optic lifetime in a
pulsed laser system after a few successive shots [5-7]. Surface pitting
from particle ejection has been studied in a variety of configurations
[89]. Athigh enough plasma temperatures and pressures a cross-over
in behavior is observed whereby the surface modification and
mechanical failure at the particle-substrate interface can be observed
[10,11]. Therefore, characterization of the plasma produced during
laser ablation of metal particles on optics could serve as an important
tool in understanding contaminant-mediated, laser-induced surface

pitting. Generally, plasma characteristics depend on laser intensity,
wavelength, and pulse duration, as well as on the physical and chemical
characteristics of target material, and the surrounding atmosphere [12].
Because the charged ions and electrons can interact directly with the
solid material and possibly cause etching, it is useful to derive both
electron temperature and to evaluate the electron density through
analysis of the Stark broadening effects. While extensive literature
exists on plasma spectroscopy of monolithic solids, few studies exist
involving single event plasma generation involving particulates on optic
surfaces exposed to energetic laser pulses.

The aim of this work is to use time-resolved emission spectroscopy
to probe the early phase of the plasma formation associated with fused
silica surface-bound metal particles. The plasma temperature (Te) and
electron number density (Ne) were measured at laser intensities
between ~4 to 25 GW/cm2. We show that Fe(I)-derived temperatures
scale approximately linearly with laser energy and range from 15,000
to 25,000 K, while temperatures associated with Si(II) emission from
substrate etching appear ~2x higher. This suggests that the plasma may
be confined between the optic and the particle, leading to more effective
heating than would be anticipated through monolithic plasma
measurements. It is further shown that the contribution to the plasma
from the optical substrate and contaminant evolves over time, yielding
more substrate ions at later times. The insights gained from the analysis
presented here can ultimately be used to understand better the debris
mediated surface modification and to advance the understanding of
laser-matter coupling relevant to debris-induced laser damage.
Furthermore, although our study involves nanosecond pulsed laser-
material interaction, our methods should provide guidance to a wider
audience, for example ultrafast laser interaction with contaminant
particles [13].

A standard spectroscopy system was used [14]. Experiments were
carried out using a Q-switched, pulsed Nd:YAG laser operating at a
wavelength of 1064 nm, 10 ns (FWHM) pulses that were focused by a
lens with f=100 mm that gave a ~100 pm 1/e2 diameter spot with up
to 252 J/cm? per pulse (25.2 GW/cm? average intensity) at the exit
surface of the sample. The sample was prepared by dispersing 316L
stainless steel (SS316L) microspheres 30 um in diameter onto the exit
surface (relative to laser beam propagation) of a polished and lightly HF
etched UV-grade Corning 7980 fused silica window. The size of the
metal particles was chosen as a near upper limit for Van der Waals
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binding under practical handling conditions [1]. A CCD camera was
used to monitor particles on the substrate before and after laser
irradiation. The laser-induced plasma emission was collected by an
objective lens (10x/0.28NA Mitutoyo M Plan APO) oriented at 90
degrees relative to the beam path and then coupled into the end of a
0.22NA 19-bundle optical fiber and guided to the entrance slit of a 0.27
m Czerny-Turner spectrometer (SPEX 270M). A 1024x1024 pixel time-
gated intensified CCD was used to capture emission spectra with an
average spectral resolution of 0.04 nm using a 1200 gr/mm diffraction
grating for high spectral resolution. Gating the ICCD and varying the
delay time allowed for the emission spectra to be temporally resolved.
The gate width was varied between 10 and 100 ns. The intensities we
used are well below the air optical breakdown which is about 100
GW/cm? for 1 pm light [15]. Hence, the observed plasma is generated
due to the ablation and laser heating of metal and substrate. Two strong
Fe(I) emission lines and one Si(Il) emission line (substrate) over the
spectral range 400-440 nm were used to evaluate plasma temperature
and electron number density.
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Fig. 1. Plasma temperature as a function of gate delay for a 316L steel particle on
SiO2 substrate irradiated with single 1064 nm, ~10 GW/cm? laser pulse. The inset
shows a typical plasma spectrum used to derive plasma temperature from Fe(I)
and Si(1I) species.

maintains a relatively constant temperature thereafter [20]. The
temperature drop for an adiabatic gas cloud expansion scales as
T~1/80-1) where vy is the gas adiabatic constant [21]. The adiabatic
constant can be expressed as y = (N+2)/N where N is the atomic
degrees of freedom. Atomic ionization produces the multiple additional
degrees of freedoms and for an ionized gas the adiabatic constant is
near unity. Usually, for description of an ionized gas the y values in the
range 1.1-1.2 are used [21].The value y =1.1 is consistent with our data.
The slower rate of cooling is consistent with the behavior of a confined
plasma and can be

C I R
= = Fel 1P ey
z ® Sill; .
2 a0l ;
= L] L ) A
g * e ? = 01
F 1 = .
2 =)
e L] 57
5 PO ~ L
= i 0.01 . %
g, -5
£ 0+ [ ]
E . . [
= . 1E-3 L] o
10

L L L Laaial L L L L
5 10 15 20 25 0 7 14 21 28

Intensity (G\u\r’;‘cwn:) Intensity (GW cm’)

Fig. 2. (a) Comparison of temperatures as a function of laser intensity extracted
from plasma emission lines related to the substrate (fused silica, Si(I)) and the
ejected particle (SS316L, Fe(I)). (b) Natural log of the Boltzmann-normalized
peak intensity ratio of [Fe (I) 427.17nm]:[Si I 413.09 nm] as a function of laser
intensity at a gate delay of 220 ns. The inset shows the laser confocal microscopy
image of a typical pit formed on the substrate after a ~10 GW/cm? laser pulse
with the circle indicating the initial particle location.

We first examined the temporal dependence of the plasma
temperature associated with SS316L micro-particle ejection from the
fused silica surface as plotted in Fig. 1. The inset of Fig. 1 shows a typical
plasma emission spectrum from irradiated SS316L particles. Several
emission peaks from Fe(I) around 407 and 430 nm are observed, along
with a strong Si(I) emission at ~413 nm. We chose the line-to-
continuum (LTC) method and the Stark broadening effect in order to
assess the plasma temperature and electron number density,
respectively, over a relatively limited spectral range in which multiple
species of interest were present. Here we assume that our plasma is at
local thermodynamic equilibrium (LTE) where Texc® Te [16]. To verify
that our plasma was in LTE we estimated Texc using the Boltzmann two
line method for emission lines Fe(I) at 407.1 nm and 427.1 nm. Both
methods agreed with LTE criterion with Te differing from Tex. by ~900
K

Although the vast majority of plasma studies of laser-ablated metals
are performed over micro- to milliseconds for applications such as
pulsed laser machining [17,18], we are interested in the nanosecond
timescale over which the plasma and particle may interact. Assuminga
~0.7 reflection loss, typical for 1 pm reflection from stainless steel
spheres[15] and all the absorbed energy is converted to particle kinetic
energy, an upper limit particle velocity of ~2 km/s is obtained for a 10
GW/cm? pulse, resulting in particle moving roughly its diameter in ~15
ns. 75 individual (single shot) measurements were taken over a 50 -
215 ns range with 10 ns gating revealing temperatures near 24,000 K
(2.1 eV) at short times which decays over time to ~15,000 K (~1.3 eV).
Previous studies on laser ablation of FeNi alloys [19] yielded a t» power
dependence of p=0.22, whereas in the present case p=0.28+0.025. In
most cases the plasma temperature for stainless steel decreases rapidly
(sometimes exponentially) at early stages of plasma expansion and

explained by the energy re-deposition from the plasma recombination.
The fast decay at the early dense stage can be related to the radiative
cooling because the plasma is dense. At later times, the temperature
and electron density drops, the photon mean free path becomes longer
than plasma size and the role of the radiative cooling becomes less
dominant.

To investigate the laser energy-dependent removal of silica caused
by the laser ablation of surface bound metal particles, we used the LTC
method to evaluate simultaneously the temperature associated with
Si(IT) and Fe(I) species generated within the ~600 pm collection area of
our spectral imaging system. Figure 2a shows the temperature a
function of laser intensity plotted on a log-log scale for a gate delay of
222 +/- 8 ns. The Fe ions increase from ~15,000 K at about 5 GW/cm?
to ~29,000 K near 35 GW/cm?, increasing as ~580 KGW-1cm?2. On the
other hand, Si ion temperatures - only measurably above 10 GW/cm?
due to low 413.1 nm emission line strength - appear much hotter,
ranging from ~36,000 to ~40,000 K over 11 to 35 GW/cm? laser
intensities with a slope approximately half that for Fe (~230 KGW-
1cm?). Because the removal of Si atoms occurs over a region smaller
than the diameter of the particle, the results suggest that the plasma
within the gap between the ejected particle and substrate may be
confined and thus driven to higher temperatures than under weakly
confined conditions.

For multicomponent plasma produced at an interface over several
nanoseconds, one might expect that the temperature derived from each
ionized species to be similar. In the present case, however, the specific
geometry (metal sphere in contact with a flat, transparent surface) will
significantly affect the energy partitioning. In particular, when laser
light irradiates the metal surface after passing through the silica
interface, Fe atoms are ejected through evaporation over all of the cross
sectional area of the particle. In contrast, Si atoms are emitted only from
a small contact region, where the Si-rich plasma is confined and can
therefore be heated to higher temperatures. Thus the Fe-derived
temperatures can appear lower due to the weaker confinement of the
Fe plasma along the curved surface away from the contact area.



The simultaneous observation of Si and Fe emission spectra allows
us to estimate the relative ion concentration. Figure 2b shows the peak
intensity ratio Fe(I)/Si(l) as a function of laser intensity, after
normalizing by the Boltzmann factor, exp("E/KT )to correct (to first
order) for differences in excited state populations of the two species.
Fe(I)/Si(1I) decreases with increasing intensity as Si atom production
and energy coupling are increased. It is well-known that at low enough
laser fluence (<0.1 J/cm?, <10 MW/cm?), attached particles may be
“dry” laser cleaned from surfaces with negligible surface damage [15].
However, it is natural that at fluences sufficient to generate plasma from
attached metal particles, some energy may couple into the substrate
surface causing damage. The inset of Fig. 2b displays the pit
morphology (measured using laser-scanning confocal microscopy)
created from a stainless steel particle on fused silica substrate irradiated
by a ~10 GW/cm? pulses. This pitting was not observed on substrate
without particle at the same laser intensity. We note that the profiles are
smooth, in contrast to more typical, exit surface laser-induced damage
which tends to display significant fracture [22,23]. While smooth pitting
can be created through thermally-induced glass relaxation mechanisms
leading to densification [24], our experiments confirmed that Si atomic
species are also present in the laser-generated plasma, indicating
vaporization and ionization of material by the hot plasma as the root
cause of pitting at high fluences (> 0.1 ]/cm?, 10 MW/cm?). As shown in
the Fig. 2b inset, the increase in atomic Si production at high intensities
(~10 GW/cm2) can be correlated with surface pitting which is only
observed with the presence of SS particle. We therefore argue that this
pitting is due to plasma etching as opposed to direct laser absorption
and heating of SiOz.

Figure 3 shows two pairs of images captured using a time-resolved
microscope system described in detail elsewhere [25]. In brief, starting
from the same pump laser and experimental arrangement utilized in
this work, the microscope system was positioned orthogonal to the
laser beam propagation direction to enable side view imaging of the
sample’s surface (vertical to the surface of the substrate). The strobe
light back-illumination was provided by 532 nm, 4.5 ns (FWHM) pulses
from a frequency-doubled Nd:YAG probe laser. The temporal delay of
the probe pulses with respect to the pump pulse was adjustable, thus
allowing capturing images of the ejected particles in-flight at
predetermined delays after exposure to the pump pulse. The images
presented as case examples in the inset show the particle attached on
the exit surface of the substrate before (right; al, b1) and 10.5 ps after
(left; a2, b2) exposure to the pump pulse, respectively. Consequently,
the image component generated by the probe laser light is at a specific
delay (capturing the transient location of the particle) while the
superimposed image component of the plasma is integrated in time.
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Fig. 3. Shadowgraphs of particle trajectories and integrated plasma emission from

a ~4.1 GW/cm? pulse (al:before, a2:after) and a ~10 GW/cm? pulse (b1:before,

b2:after). Electron number density for Fe and Si as a function of laser intensity (c).
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The first pair of images shows a 36-um diameter particle (Fig. 3a1)
before and (Fig. 3a2) at 10.5 ps delay after a single shot laser exposure
to about 4.1 GW/cm?, respectively. The distance traveled during this
time is about 115 pum, corresponding to a speed of the particle of about
11 m/s. The second pair of images shows a 25 pm diameter particle
before (Fig.3b1) and after exposure to about 10 GW/cm? laser pulse
(Fig. 3b2) while it travels with an estimated speed of about 50.4 m/s.
The speed of the particles is dependent on both the size of the particle
and the laser fluence. The underlying mechanisms of this behavior will
be discussed elsewhere. However, we can observe in the present time
resolved images of Fig. 3ab micro-particle inertial effects which are
characterized by particle speed and can influence the expansion of the
generated plasma. For lower laser energy and larger particles, the
particle partially confines the plasma near the surface for a longer
period of time, and particularly at early delays when the plasma
temperature is higher. This confinement is evident in the image (Fig.
3a2) where the outer boundary of the hotter region of the plasma has
the shape of the slow moving particle that keeps it partially confined
early after energy deposition (on the order of 100 ns). On the other
hand, the plasma contour in image (Fig. 3b2) generated at higher laser
fluence is closer to hemispherical which would be expected in the case
of a free expansion of the plasma. This confined-free plasma transition
may explain the relatively weak energy dependence observed in the Ts;
data of Fig. 2a, since confinement effects should weaken with increasing
pulse energy, slowing the rise in temperature with energy.

Because the etching potential of a plasma is influenced by both
temperature (ion energy) and charged species density (dosage) [26],
we evaluated the electron number density, Ne, and compare it to the
material removal rate as a function of laser intensity. Ne was estimated
using the Stark broadening of emission lines 427.17 nm for Fe(I) and
413.08 nm for Si(Il) (See Fig. 3c). Fitting each emission line to a
Lorentzian fit we then used AA1/2 = (2WNe) /1016 where AAyy2 is the full
width half maximum and W is the electron impact parameter [27]. To
further verify that the plasma was in LTE we checked that the estimated
Ne was well above the lower limit [28]. Table I displays Ne for 5.9, 7.7
and 10 GW/cm? laser intensity, along with plasma temperature in K,
and substrate ablation depth in nm. For the measurements appearing in
the table, pump-probe shadowgraphy using pulsed, delayed 532 nm, 7
ns probe beams allowed us to measure particle ejection velocity
(complete results to be published elsewhere), and estimate the energy
partitioning plasma pressure leading to particle ejection. As discussed
earlier, when laser light irradiates the metal particles after passing
through the silica interface, Fe atoms are ejected through evaporation
over virtually all of the cross sectional area of the particle. For this
reason, we see large fluctuations for the particle electron number
density as the laser-particle irradiance may not be as uniform
compared to the laser-substrate irradiance. (See Fig. 3c). Furthermore,
recent studies on particle-plasma interactions speculate that during the
first few nanoseconds of plasma expansion one side of the particle is
subjected to a greater radiant flux and may consequently undergo a
faster rate of vaporization [29]. On the other hand, the ablation depths
increase nonlinearly as more energy is partitioned into removing SiO2
and creating a Si-rich plasma, with a rapid increase at low energy due to
efficient confinement.

Table 1. Electron number density and plasma temperature for Fe and Si

atomic species in the plasma as a function of laser irradiance along with the
final pit depth and the ejected particle kinetic energy.



Laser Electron number Plasma Ablation Particle
irradiance Density Temperature pit velocity
(GW/cm?) (x1017 cm3) (x103K) depth (nm) (m/s)

Fe Si Fe Si
59 3.55+0.08 031001  15.7+0.2 513173 35+17
7.7 421+017  054+0.003 17.5%0.2  37.4+05 1068601 48+16
10 439+030  0.53+0.003 19.9+04  36.5+0.3 12704750 68+24

In conclusion, the ejection of silica surface bound steel particles by
way of energetic laser pulses is shown to be accompanied by plasma
containing both Fe and Si atomic species. A higher plasma temperature
was extracted from the Si species relative to that of Fe, consistent with
the generation of a confined Si-rich plasma at the particle-substrate
interface. Shadowgraph-based plasma imaging and ejection velocity
measurements further support the physical picture of confinement
over the laser intensities studied, and imply an enhancement of
material removal rate and surface damage due to particle ablation.
Radiation reflection and plasma confinement effects in the region
between the escaping particle and the substrate will enhance the laser-
plasma coupling and drive the plasma to higher temperatures and
electron number densities that lead to vaporization and etching of
substrate material. These results are relevant to laser-induced surface
pitting associated with metal contaminants on high power laser optics
[30] and provide insight into the origins of pitting dependence on
pulsed laser energy.
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