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We investigated the spatial and temporal evolution of temperature and electron density associated
with femto- and nanosecond laser-produced plasmas (LPP) from brass under similar laser fluence
conditions. For producing plasmas, brass targets were ablated in vacuum employing pulses either
from a Ti:Sapphire ultrafast laser (40 fs, 800 nm) or from a Nd:YAG laser (6 ns, 1064 nm). Optical
emission spectroscopy is used to infer the density and temperature of the plasmas. The electron
density (n.) was estimated using Stark broadened profiles of isolated lines while the excitation
temperature (T.x.) was estimated using the Boltzmann plot method. At similar fluence levels,
continuum and ion emission are dominant in ns LPP at early times (<50ns) followed by atomic
emission, while the fs LPP provided an atomic plume throughout its visible emission lifetime.
Though both ns and fs laser-plasmas showed similar temperatures (~1¢eV), the fs LPP is found to
be significantly denser at shorter distances from the target surface as well as at early phases of its
evolution compared to ns LPP. Moreover, the spatial extension of the plume emission in the visible
region along the target normal is larger for fs LPP in comparison with ns LPP. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4764060]

. INTRODUCTION

Laser ablation (LA) and laser-produced plasmas (LPP)
have been studied extensively for more than 50 yr since the
discovery of lasers in the 1960s. Plasma formation occurs
when a high powered pulsed laser is focused onto a target
such that the energy density surpasses the ablation threshold
of the material. The laser-target interaction involves many
processes, including heating, melting, vaporization, ejection
of particles, and plasma creation and expansion.' The laser
ablation craters and plasmas produced are dependent on laser
beam parameters, such as pulse duration, energy, and wave-
length; along with the target properties and surrounding
conditions.

Many of the present applications of LPP have been
developed in the past using nanosecond pulsed lasers by
industry along with defense programs. The invention of
chirped pulse amplification (CPA) techniques and the devel-
opment of short pulse and reliable Ti-Sapphire lasers have
led to new and improved applications of LPP technology.
Prominent applications of LPP include surface smoothing,’
micromachining,** laser surgery,” generation of collimated
proton,® electron,” and neutron beams,® nanoparticle produc-
tion,g’10 ion beams'! of various charge states, laser-ablation
inductively coupled-plasma mass-spectrometry (LA-ICP-
MS),"? laser-induced breakdown spectroscopy (LIBS),"? and
pulsed laser deposition (PLD),'* etc. Plasmas produced by
ultrafast laser system have many benefits over typical ns
lasers mainly due to the duration of the laser pulse (t,) being
shorter than the electron to ion energy transfer time (z.;) and
heat conduction time (tpear) (Tei ~ thear > tp). The heat
affected zone (HAZ) of ns laser ablation is typically 100 um
to 1 mm, whereas a very small HAZ is noticed for fs laser
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ablation because of the limited penetration length of thermal
diffusion.'® With the shorter pulse duration of the femtosec-
ond laser, the laser beam does not interact with the laser-
induced plasma causing the laser energy to be fully deposited
into the target; allowing for higher efficiency of material
ablation.'® An approximate representation of laser-target and
laser-plasma coupling along with emission in the visible
region is given in Figure 1 for ns and fs LA.'”'® The benefits
of the shorter pulse are that it provides higher precision dur-
ing ablation and minimum HAZ to the target material com-
pared to nanosecond lasers.'” Femtosecond LA-ICP-MS
generates uniform aerosol size distribution and in doing so it
reduces elemental fractionation. Also, ultrafast PLD mini-
mizes the formation of droplets which are often seen with ns
PLD.?! Furthermore, fs LIBS is found to provide lower con-
tinuum compared to traditional ns LIBS.?? As detailed in
Figure 1, in the nanosecond LPP case, the leading edge of
the laser interacts with the target surface creating plasma
then the subsequent laser energy is imparted to the expand-
ing plasma for further reheating causing a laser plasma inter-
action (LPI). It should be noted that the fs pulses have
significantly lower laser ablation threshold fluence than the
ns pulse and shorter pulses produce significantly more mass
ablation at lower laser fluence levels.”> Because of these key
differences, recently many LPP applications have shifted
from using ns pulses to shorter pulses in the fs range.

Plasma temperature and electron density are two impor-
tant parameters that govern both kinetic and radiative proper-
ties of the plasma. Understanding the temperature and
electron density of ns and fs LPP is very important for opti-
mizing their parameters and conditions for various applica-
tions. These two parameters are required to develop and
understand models for many plasma processes. There exists

© 2012 American Institute of Physics
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FIG. 1. Approximate time scales of nanosecond (top) and femtosecond (bot-
tom) laser ablation and visible emission from the plasma.

several diagnostic tools for measuring the electron density
which include Langmuir probe,”* Thomson scattering,”
microwave and laser interferometer,”® and plasma spectros-
copy.”” Plasma density can also be determined using the
Stark broadening method using specific spectral lines.
Plasma spectroscopy is the simplest of these techniques and
non-intrusive. The temperature of the plasma can be deter-
mined spectroscopically in many ways, including the shape
of the continuum spectrum, the ratio of line intensity to the
continuum, and from the ratio of integrated line intensities.

In this paper, we report on the spatio-temporal evolution
of temperature and electron density of ns and fs laser ablated
plasmas from brass targets generated in vacuum under simi-
lar laser fluence conditions. Though similar laser fluence
conditions are used for the present studies, the power den-
sities differ by more than five orders in magnitude. Line
intensities of several Cu I were used to estimate the excita-
tion temperature assuming that the plasma is in local thermo-
dynamic equilibrium (LTE), while isolated Stark broadened
Zn I lines were used for measuring density.

Il. EXPERIMENTAL SETUP

The schematic of the experimental setup used in the
present investigation is shown in Figure 2. Nd:YAG ns laser
(Surelite I, Continuum lasers) provides 10 Hz, 6 ns full width
half maximum (FWHM) pulses at a wavelength of 1064 nm.
A combination of wave plate and polarizing cube were used
for attenuating the energy of the ns pulse. The fs laser con-
sists of mode-locked Ti-Sapphire oscillator (Synergy 20,
Femtolasers) which generates ~35 fs pulses at 800 nm. The
amplifier system (Pulsar, Amplitude Technologies) consists
of stretcher, regenerative amplifier, multi-pass amplifier, and
a compressor providing 10 Hz, 40 fs pulses. The pulse dura-
tion of the ns and fs lasers was measured using fast photodio-
des (rise time ~300 ps) and a home-built autocorrelator,
respectively. The energy of the fs laser output is varied using
a half wave plate-polarizer combination positioned before
the compressor gratings. For LPP generation, a brass target
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FIG. 2. Schematic of the experimental setup. The target is positioned in an
evacuated chamber at ~107> Torr. (TMP-turbomolecular pump, L-Lens,
FM-flip mirror, M-mirror, BD-beam dump, WP-Wave plate, C-cube polar-
izer; ICCD-intensified charged couple device, PTG- pulse timing generator).

was positioned in an evacuated chamber with base pressure
~107>Torr. The target is moved using an externally con-
trolled xyz translator for providing a fresh surface. The
p-polarized laser beam is focused onto the target using a
plano convex lens along the target normal at an energy vary-
ing from 1 to 6 mJ. The estimated spot size area at the target
surface was ~1 x 10% um?.

The plasma diagnostic instrumentation used include a
0.5m focal length triple grating spectrograph (Acton,
SP2500i) coupled with an intensified CCD camera (ICCD,
Princeton Instruments PI-MAX) and timing generator. The
two gratings used in the spectrograph were 150 grooves/mm
blazed at 500 nm and 1800 grooves/mm blazed at 300 nm for
determining temperature and electron density, respectively.
Two 10cm lenses were used to collimate and focus the
plasma light emission onto 100 um entrance slit for tempera-
ture measurements, while a 30 um entrance slit was used for
the density calculations for minimizing instrumental broad-
ening. A timing generator allowed for temporal analysis of
the plasma properties by varying the ICCD detector delay
times with respect to the laser pulse. Spatial and laser energy
dependence studies on temperature and density were per-
formed in a time integrated manner, while for temporal anal-
ysis, a gate width of 10% of the delay time was used. The
ICCD used for spectral measurement was also used for re-
cording 2-dimensional plume self-emission by positioning it
perpendicular to the plasma expansion direction. An objec-
tive lens (Nikon Macrolens, f=70-200 mm) was used to
image the plume region onto the camera to record the visible
radiation integrated in the wavelength range of 350-900 nm.

lll. ESTIMATION OF TEMPERATURE AND ELECTRON
DENSITY

Optical emission spectroscopy (OES) is a reasonably
accurate and non-intrusive method for measuring various
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plasma parameters. OES provides useful information,
including the temperature and density of the plume along
with plume species and its ionization and kinetics. Temper-
ature calculations are accomplished by using Boltzmann
method assuming the plasma is in LTE. According to the
Boltzmann distribution, the population of the excited state
can be written as>®
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where n,,, is the population of the mth excited level; g, the
statistical weight of the upper level of the transition; E,, the
excitation energy; k, Boltzmann’s constant; and T, the tem-
perature. The emission intensity, I,,,, of a line is related to
the population of the excited level through the following
relation:*®
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where A, is the atomic transition probability and A, is the
wavelength of the line. In the simplest form, the intensity ratio
of two lines can be used for inferring the excitation tempera-
ture of the plasma. However, a Boltzmann plot employing
several emission lines provides more accurate estimate of the
excitation temperature. For a LTE plasma, a plot of In(4/Ag)
against E for several spectral lines should be a straight line
and the slope of this plot corresponds to —1/kT. A linear fit to
experimental data not only validates the assumption of a Max-
wellian electron distribution but serves as a check for errors in
line assignment or transition probability value. The LPP tem-
perature is measured employing Boltzmann method using Cu
I lines at 427.51, 465.11, 510.55, 515.32, 521.82 nm. A typical
time integrated spectrum at 1 mm from the target with lines
selected for temperature estimate and representative Boltz-
mann plot are shown in Figure 3.

To measure the electron density of the plasma, we used
the Stark broadening method. Stark broadening of spectral
lines in plasmas is caused by collisions of charged species.
From these collisions, there is both a broadening of the line
and a shift in the peak wavelength. There is a direct correla-
tion between the electron density and the FWHM in ang-
strom (A) of a Stark broadened line emission as shown in the
following expression:*®
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where Np is the number of particles in the Debye sphere, A
is the ion bombarding parameter, W is the electron impact
parameter.”® The first term on the right side of Eq. (3) is the
electron contribution to the broadening and the second term
is the ion correction factor. For nonhydrogenic ions, Stark
broadening is dominated by electron impact and thus the ion
correction factor is negligible.?* As a consequence the Stark
broadening equation becomes
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FIG. 3. Spectrum obtained at 1 mm from the brass target using Cu I lines
from a 5.5 mJ fs pulse, displayed above. (Inset) A Boltzmann plot of the Cu
I lines used to estimated T, (excitation temperature). The upper level ener-
gies of the emission lines are plotted against In(I//Ag) where the slope of
the line provides the temperature.
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Along with Stark broadening, three more broadening mecha-
nisms may contribute to line broadening in laser ablation
plasmas which include Doppler broadening, pressure broad-
ening, and instrumental broadening. Doppler broadening is
due to different Doppler shifts in different regions of the
plume having different high velocity components. The esti-
mated Doppler width for Zn I line is ~0.001 nm>° which is
negligible compared to typical Stark broadened line width
and hence is ignored. The pressure broadening is propor-
tional to the ground state number density and transition oscil-
lator strength which is also very small and neglected.”'
Instrumental broadening has been minimized by keeping the
minimum slit width of spectrograph at 30 um. The calculated
instrumental broadening with 30 um slit was 0.025 nm. The
electron density is determined using a Stark broadened line
profile of Zn I spectral line centered at 481nm (4s5s°S;-
4s4p>P,). Stark broadened line profiles can be fitted with a
Lorentzian profile and in our studies, the line profiles fit well
with the Lorentzian profile as shown in Figure 4.

For temperature calculations, the plasma was assumed
to be in LTE. In a transient system, like laser produced
plasma, LTE is allowed if the collision time between par-
ticles is low compared to the time duration that significant
change occurs in the plasma.’> When the major processes of
excitation and de-excitation in plasma are caused by the col-
lision of electrons, the system is considered to be at LTE.
Therefore, sufficiently large particle densities and moder-
ately high temperatures will be required for LTE. Under the
assumption of LTE, the different temperatures of the plasma,
viz. excitation temperature (T.,.), the ion temperature (T)),
and the electron temperature (T,) can be considered as T, ~
Ti~ Texe. A partial requirement for LTE is to prove the va-
lidity of McWhirter criterion using®”

ne > 1.4 x 104T2(AE, ) cm 2. (5)
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FIG. 4. The Stark broadened profile of the Zn I line used for measuring the
electron density. Parameters of the Lorentz fitted profile are provided.

AE,,, is the energy difference between upper and lower
energy levels in eV, T, is the electron temperature in eV.
Using the 427.5 nm line, AE,,, = 2.9¢V, and thus the lowest
limit for n, is 4.8 x 10" cm™>. Our calculated values of 7,
are larger than this limit, therefore the LTE approximation is
assumed to be valid.

IV. RESULTS AND DISCUSSION

Understanding plasma parameters and its evolution in
space and time is important for optimizing them for various
applications. We analyzed visible emission from the plasma
for obtaining the temperature and electron density and each
was studied as a function of time, space, and laser energy for
both ns and fs laser-produced plasmas. For a direct compari-
son between ns and fs LPP, similar laser fluence levels were
maintained for spatio-temporal analysis of the plasmas
though the laser irradiance differed by several orders because
of ns and fs time durations of the laser pulse.

The physics of laser-plasma generation is different for fs
and ns LPP due to different time scales involved in laser
absorption and subsequent plasma generation. In the fs LPP
case, the laser pulse interacts with the target material by
depositing all of its energy into the target electrons. Since
the pulse duration is too short, in fs laser ablation the 7.; and
theat takes place at later times t, < Tei ~ tpeo. Hence in fs
LPP, ablation typically starts in the 1-10 ps time frame and
is shortly followed by optical emission created from the
plasma. Since the laser intensity used in the present study for
fs LPP >10" W/cm?, at the earliest times of plasma forma-
tion the target atoms should be highly ionized and radiate in
the x-ray>* and EUV spectral window. Emission in the visi-
ble range is seen to start at longer time frames (0.1-10ns). In
the ns LPP case, the laser interacts with the target initially
and immediately forms a low density plasma plume which is
subsequently heated by the incoming laser pulse and can
contain ionized species. Hence, the ablation and emission
from the plasma happens during the duration of the laser
pulse. In both ns and fs LPP, the self-emission can last up to
a few hundreds of nanoseconds. This self emission is used in
OES and occurs and decays in relatively the same time win-
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FIG. 5. Time and spectrally integrated ICCD images of ns and fs LPPs
recorded under similar laser fluence conditions. The delay and integration
times used for obtaining these images are O ns and 2 us.

dow for both LPPs. Typical spectrally and time integrated
2-dimensional images of the ns and fs LPP plumes recorded
using ICCD are shown in Figure 5 and it clearly demon-
strates the differences in hydrodynamics of ns and fs plumes.
Figure 5 shows, under similar laser fluence excitation condi-
tions, the spatial extension of the fs LPP in the plume expan-
sion direction (along the target normal) is found to be higher
compared to ns LPP.

A. Time evolution of temperature and density

Typical spectra recorded from the ns and fs LPP at
increasing delay times after plasma generation is given in
Figure 6(a). For obtaining these spectra, a 2 us gate was
incrementally delayed to avoid early time emission from the
plasma and the spectra were recorded 1 mm from the target
surface with a laser energy of 5.5 mJ. Figure 6(a) clearly
gives contrasting emission features of plasmas generated by
ns and fs laser at similar laser fluences. Figure 6(b) shows
the recorded spectra at different moments after the onset of
plasma formation using a gate width of 10% of gate delay
recorded at a distance 1 mm from the target. Measuring the
temperature and density at early times using ns LPP can be
inaccurate due to the large amount of continuum associated
with the plasma, this distorts the line to continuum ratio
which can create large errors associated with the relative
ratios. Moreover, the excited Cu I lines were not seen during
the earliest times of ns LPP evolution but appear at times
>50ns (see Figure 6(b)). Therefore, measurements of the
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FIG. 6. (a) Typical spectra recorded from the ns and fs LPP with increasing delay times after the onset of plasma formation. A 2 us gate width was incremen-
tally delayed to avoid early time emission from the plasma. (b) Time resolved spectrum with gate width of 10% of the delay time obtained from ns and fs LPP.
The spectra are scaled upwards for clarity and in the fs LPP, the spectra obtained at 60 ns is multiplied by a factor of five and spectra obtained at 100 ns is mul-
tiplied by a factor of ten to accent the lines. The lines identified are also marked in the spectra. All spectra were recorded at 1 mm from the target surface.

temperature could not be performed for the ns LPP until
times >50ns delay.27 However, the fs LPP has very little
continuum throughout the course of its lifetime which allows
for measurements at early times of plasma evolution seen in
Figure 6(b). Moreover, the fs plume mainly contained
excited atoms even at the earliest time index, whereas the ns
LPP contains larger number of ionic species. With the short
pulses of the fs LPP, the continuum emission associated with
the plasma is much weaker and lasts shorter time frames
when compared to conventional ns LPP due to the associa-
tion of free-free, free-bound transitions states that are caused
by electron-ion recombination in the plasma alone.>~

The temporal evolution of the temperature and density
is of prime importance, since many kinetic reaction rates
depend directly or indirectly on these parameters. The time
evolution of excitation temperature recorded at 1 mm from
the target surface is given in Figure 7 for both ns and fs LPP.
For these studies the gate width of the ICCD intensifier is set
at 10% of the delay time analyzed. The laser energy used in
the experiment was 5.5 mJ.

For ns LPP, an initial excitation temperature of 10 000 K
is observed at 1 mm and drops rapidly with time. A previous
report showed similar trends for ns LPP, with a rapid drop in
temperature after laser plasma generation with respect to
time.>”*® The time evolution of fs LPP shows a much differ-
ent trend, the plasma decays slowly within the first 40 ns and

then rapidly begins to drop, this profile was also reported by
Xu et al.*® showing a slow decay and then a drop at similar
times even though there was no explanation given for the un-
usual decay. Our previous studies*” as well as ICCD imaging
of fs plumes (see Figure 5) showed that plasma expansion is
more collimated in the fs LPP compared to ns LPP. This is
also supported by the fact that under similar laser fluence
conditions, the spatial extension of the plasma plume in the
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FIG. 7. Temporal evolution of the excitation temperature for ns LPP and fs
LPP, using a gate width which is 10% of the chosen time delay.
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present study is found to be higher for fs LPP compared to
ns LPP. Hence, the plasma expansion could be more cylin-
drical in fs LPP.*!

In ns LPP, the plasma expands isothermally during the
laser pulse, while in fs LPP, the plasma formation happens
~1-10 ps which is a relatively long time after the termination
of the laser beam (40 fs). Typically for ns LPP, plasma
expansion is hemi-spherical at the leading edge and conical
along its longitudinal axis during the adiabatic expansion
phase which starts after the end of the laser pulse.** During
adiabatic expansion, the thermal energy of the plasma is con-
verted into kinetic energy causing rapid cool down of the
plasma. The lifetime of the plasma emission is found to dif-
fer significantly for ns and fs LPP. Under similar fluence
conditions, the line emission for the ns LPP exists at times
up to hundreds of ns, while in the fs LPP scenario, very
weak emission intensity is noticed after 100 ns. It should be
mentioned that the observable line emission intensity
depends on the gating time of the detector. In the present
experiment, we used a gating time of 10% of the time ana-
lyzed for avoiding temporal mixing. The temperature meas-
urements shown indicate that the peak value measured for fs
LPP is higher than ns LPP though the peak value delay times
for each LPP are different. Other studies™ indicated the ns
LPP has a temperature ~2 times larger than the fs LPP but
this was measured at time indexes greater than 10ns from
the laser target interaction. The temperature of ns LPP at ear-
liest times is not measureable in the present experiments due
to the large amount of continuum. However, the fs LPP
should exhibit higher temperatures in comparison the ns LPP
at the earliest times due to significantly higher laser power
densities used, leading to generation of a highly ionized
plasma.*® In ns LPP, the leading edge of the laser initiates
the plasma and then continues to heat the plasma at high den-
sities during expansion which improves the lifetime of
plasma by imparting the majority of its energy into the
ablated material in the plume rather than the target material.

Figure 8 shows the temporal evolution of the electron
density for both ns and fs LPP recorded at 1 mm from the tar-
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FIG. 8. Temporal evolution of electron density for ns LPP (black squares)
and fs LPP (red circles) recorded at 1 mm from the target at a laser energy of
5.5 mJ. The gate width was set to 10% of the delay time and was conducted
under similar conditions for both plasma plumes at a distance from the target
of I mm.
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get surface at laser energy of 5.5 mJ. The temporal evolution
of electron density for ns and fs LPP showed a very rapid
drop due to expansion of the plume. The peak density meas-
ured for ns and fs LPPs is 1.31 £0.16 x 10'"®*cm > and
55*x0.7 x 1018cm_3, respectively. For ns LPP, the electron
density drops to half within 100 ns after the peak of the laser
pulse. Comparing this to the fs LPP, the peak density was on
the order of ~4.5 times greater than the ns LPP but drops
much more rapidly down to a third of its original value
within 30 ns. Both fs and ns LPP attain similar electron den-
sity values approximately 100ns after the onset of plasma
formation. The observation of significantly higher electron
density (factor ~4.5) for fs LPP compared to ns LPP can be
related to a larger amount of matter ablated from the target
in the case of fs LPP. Our recent studies showed that the fs
LPP produced higher kinetic energy and more mass per pulse
than ns plumes over all angles with respect to target normal
under similar laser fluence conditions.* The ion flux and ki-
netic energy studies show fs laser plasmas produce narrower
angular distribution of charged species, while ns laser plas-
mas provide narrower energy distribution.*” The decrease in
electron density with time for both ns and fs LPP is due to
the plasma expansion and three-body recombination of elec-
trons with their parent ions.>****> Unnikrishnan er al. con-
ducted studies on the electron density of copper from a ns
LPP and has found that the temporal profile follows an expo-
nential decay.”® Also, Xu er al. conducted temporal studies
using fs LPP on a Pb target and also observed exponential
electron density decay for fs LPP.** The electron density
evolution shown in Figure 8 follows the same trend of expo-
nential decay for both ns and fs LPP as seen by other authors.
However, the fs LPP density decay is found to be much
more rapid than ns LPP density decay.

B. Spatial dependence of temperature and density

Plasma formation occurs in a small volume containing a
very high pressure heated gas which will propagate outward.
This propagation depends on ambient conditions;***’ but
under vacuum conditions, the plume expansion is increased
due to very little background confinement. All LPPs have
preferential expansion of the material in the direction per-
pendicular to the target surface, irrespective of the angle of
incidence of laser beam.’

Figure 9 shows the temperature and electron density as a
function of distance from the target. These measurements
were performed in a time-integrated manner. The laser
energy used in the experiment was 5.5 mJ for both lasers.
Comparing ns to fs LPPs shows that the preferential expan-
sion of the fs plume is more focused towards the target nor-
mal than the ns plume allowing for more material to be
spread in a forward bias outward from the target.***!
Because of this, under similar fluence conditions, the spatial
extension of the fs LPP in the plume expansion direction
(along the target normal) is found to be higher compared to
ns LPP, as seen in Figure 5. Hence the emission analysis is
possible for larger distances for fs LPP (6 mm) compared to
ns LPP (3mm). The time-integrated temperature drop is
more or less similar for both ns and fs LPP even though
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FIG. 9. Spatial analysis of (a) excitation temperature and (b) electron density
for ns LPP (black squares) and fs LPP (red circles); conducted under similar
laser fluence conditions. The spectral measurements were done in a time
integrated manner.

higher temperatures are observed for ns LPP at shorter
distances. For the ns LPP, the temperature decreases from
10400K to 7700K from a distance of 1mm to 2.5 mm,
while the fs temperature decreases from 9600 K to 6400 K
over a distance of 5 mm.

Figure 9(b) shows the spatial evolution of electron den-
sity for ns and fs LPPs. In both cases, the density drops with
increasing distance from the target surface. Comparing ns
and fs LPP, the measured density is found to be higher for fs
LPP for all distances studied. With increasing distance, the
density for ns LPP falls from 1.06 +0.12x 10"®cm ™ at
Imm to 9.77 =0.14 x 10" em ™ at 3.5mm, while for fs
LPP, n. drops from 1.20+0.10 x 10'®*cm ™ at 1 mm to
1.08 £0.23 x 10" cm ™2 at 4.5 mm. Higher electron density
in the fs LPP is expected as the fs laser ablates more material
compared to the ns LPP*"**® due to efficient laser-target cou-
pling. Though fs LPP showed higher density irrespective of
the spatial position studied, the measured density drops are
minimal. However, for both ns and fs LPPs, the density val-
ues changed significantly with respect to time as shown in
Figure 8. It should be noted that temperature and density val-
ues given in Figure 9 estimated at various distances are in-
dicative of the average local conditions (time-averaged)
rather than the defining conditions at a particular stage of the
plasma’s evolution. It also indicates plasma is highly tran-
sient and hence its parameters change very rapidly in time
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especially in the first 100ns. Similarly, large variation in
density and temperature can be expected at very short distan-
ces (<1 mm) both in the axial (along the plume expansion
direction) as well as in the radial directions.*® Previous
reports showed the density reduction with distance followed
approximately 1/z law indicating the initial expansion of the
plume is one-dimensional.”® These electron densities follow
similar profiles previously reported for ns LPP, but this study
had lower temperatures due to a lower laser power density
used than the previous studies.”*>*

C. Laser energy dependence of temperature
and density

LPP characteristics depend greatly on the laser energy.
The changes in laser energy can influence both laser-target
absorption mechanisms as well as laser ablation mechanisms
though the physics of both processes differ for ns and fs
LPP. The incoming energy can affect the temperature, den-
sity, ablated mass, and ion energies.*® Figure 10 shows the
temperature and electron density of the brass plasma with
respect to laser energy at a distance of 1 mm from the target
surface. These measurements were done in a time-integrated
manner. The laser energy was varied between 1 and 6 mJ by
keeping similar laser focus spot for ns and fs laser excitation.
The emission intensity was found to be very weak for 1 mJ
ns laser ablation and hence the density and temperature
measurements were not preformed. Previous studies showed
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FIG. 10. Time integrated energy analysis of (a) excitation temperature and
(b) electron density for ns LPP (black squares) and fs LPP (red circles); con-
ducted at different energies, 1 mm from the target, and similar spot size.
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that the laser ablation threshold fluence is lower for ultra-
short pulse laser ablation compared to ns long pulse abla-
tion.”> The estimated ablation threshold fluence for Cu is
0.4J/cm? and 3 J/cm?® for 100 fs and 6ns laser pulse dura-
tions.”> The differences in ablation thresholds for ultrashort
and long pulses are due to differences in laser absorption
mechanisms as well as in changes in electron to lattice
energy exchange time. For ultrashort pulses, Tej ~ thear > tp,
while for ns long pulses t, > (Tei; thear). The temperature
measured, Figure 10(a), shows a linear increase as the laser
energy increases for both ns and fs LPPs. Previous studies
have shown a linear increase in the temperature and electron
density for ns LPP but the energy ranges used were much
greater than this study.?” The linear slope of the ns LPP is
smaller than the fs slope by ~40% indicating that the fs LPP
is more dependent on laser energy than ns in this energy
range.

Figure 10(b) shows the laser energy dependence on the
electron density for ns and fs LPP. The ns LPP’s slope is 3.5
x 10'® (cm3 mJ)_1 which is one order of magnitude lower
than that of the fs LPP at 3.6 x 10'” (cm® mJ)~!. Therefore,
there is a very strong laser energy dependence on electron
density associated with the fs plasma. The variation in den-
sity is more pronounced and can be understood considering
the laser-plasma interaction in ns LPP. In ns LPP, after
plasma generation, the rest of the energy is used for reheat-
ing and hence minimal change is density is expected. In the
fs LPP scenario, the entire energy is coupled to target and
more particles are generated.*” Hence we can expect larger
energy dependence for fs LPP as compared to ns LPP.

V. CONCLUSIONS

We investigated the temporal and spatial evolution of
excitation temperature and electron density of fs and ns
laser-produced metal plasmas. The excitation temperature
measurement was performed using the Boltzman plot
method using multiple Cu I lines, while electron density was
measured using the Stark broadened profile of Zn I line. For
systematic comparison, similar laser fluence levels were
maintained for both ns and fs plasmas, though the laser
power densities at the target surface differed by 5 orders of
magnitude.

The continuum for fs LPP is greatly reduced compared
to the ns LPP allowing for detailed analysis at the earliest
time of plume evolution, while large continuum is noticed
for ns LPP at times <50 ns. The time-resolved spectral anal-
ysis also showed that the fs LPP spectra are dominated by
excited neutrals at the initial times, while the ns LPP spectra
are dominated by ions along with continuum. The ns LPP
temporal analysis of temperature showed a sharp drop
from 10100 £ 1150K at the earliest measurement times,
while the fs temperature decreased at a slower rate from
10900 = 1300K at initial times although the time scales
measured for both were measurably different. The drop in
temperature for ns and fs LPP is due to adiabatic expansion
and three body recombination. The density analysis showed
rapid exponential decay with time also associated with adia-
batic expansion, however, the fs LPP showed higher density
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values at initial times and both ns and fs LPPs obtain similar
densities at times >100ns. The peak densities estimated for
fs and ns LPPs are 5.5+ 0.65 x 10'"®cm > and 1.3 +0.08
x 10" cm ™, respectively. The higher density observed at
earlier times for fs LPP is attributed to the larger amount of
material ablated from the target where plasma shielding is
absent.

Observing the spatial distribution of both ns and fs
LPPs, the temperature profiles had similar decays but the fs
LPP plume parameters were measurable at distances much
further up to 7mm from the target, while the ns LPP which
were only measurable up to 3 mm. This may be due to colli-
mated expansion of the fs plasma from the target. Under sim-
ilar fluence conditions, the time integrated spatial analysis of
density showed consistently higher values for fs LPP which
is associated with the larger amount of material ablated from
the target. The laser energy dependence on temperature and
electron density exhibited linear increases in both cases,
though rapid rise in both temperature and density were evi-
dent in fs LPP. The slope of the fs LPP excitation tempera-
ture with laser energy was 40% larger than that of the ns
LPP. The difference in the excitation temperature slope with
respect to laser energy is attributed to differences in laser-
target and laser-plasma coupling for ns and fs LPP. For fs
LPP, the entire energy is deposited in the target, while in the
ns LPP, a large part of energy is deposited in the plasma
plume after its generation.
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