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The influence of ambient pressure on the spectral emission features and expansion dynamics of a
plasma plume generated on a metal target has been investigated. The plasma plumes were
generated by irradiating Cu targets using 6 ns, 1064 nm pulses from a Q-switched Nd:YAG laser.
The emission and expansion dynamics of the plasma plumes were studied by varying air ambient
pressure levels ranging from vacuum to atmospheric pressure. The ambient pressure levels were
found to affect both the line intensities and broadening along with the signal to background and
signal to noise ratios and the optimum pressure conditions for analytical applications were
evaluated. The characteristic plume parameters were estimated using emission spectroscopy means
and noticed that the excitation temperature peaked ~300 Torr, while the electron density showed a
maximum ~100 Torr. Fast-gated images showed a complex interaction between the plume and
background air leading to changes in the plume geometry with pressure as well as time. Surface
morphology of irradiated surface showed that the pressure of the ambient gas affects the laser-

target coupling significantly. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862167]

I. INTRODUCTION

Laser-produced plasma (LPP) is a rich source of ions,
electrons, neutrals, and excited particles and emits strongly
in the visible, ultraviolet (UV), extreme UV, and x-ray
regions of the electromagnetic spectrum. Some of the promi-
nent applications of LPP include Pulsed laser deposition
(PLD),' laser-ablation inductively coupled-plasma mass
spectrometry (LA-ICP-MS),? laser-induced breakdown spec-
troscopy (LIBS),’ nano-particles generation,” ion source,’
and table top shorter wavelength light sources for lithogra-
phy and microscopy.®’ Typically LPPs expand adiabatically
and freely into vacuum; however, the presence of an ambient
atmosphere modifies the entire process of plasma generation
and hydrodynamic expansion. For example, the nature and
pressure of an ambient gas greatly influence the energy cou-
pling to the target, the laser-plasma coupling, and determine
the hydrodynamic expansion features, cooling, and charac-
teristic parameters (electron density, temperature) of the
plume.® For most of LPP applications, a background gas
with a certain pressure is typically added for a specific role
in each application, e.g., an ambient gas is used to moderate
the ions in PLD,” for controlling the debris in EUVL light
source,'® for rapid cooling of ablation plumes which leads to
aerosol formation and flushes the aerosols to ICP torch in
LA-ICP-MS,11 and to confine the plume which enhances the
optical emission in LIBS."?

The interaction of a nanosecond laser ablation plume
with an ambient gas has been studied extensively in the
past.”'1218 However, in spite of large number of reports
available in the literature, studies of LPP interaction with
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ambient gas have not yielded conclusive results and this is
due to various complex interaction taking place at different
pressure levels between the expanding plume species and
background gas species. Compared to vacuum, the interac-
tion of LPP with a background gas becomes complicated
because of involvement of new processes, such as reduction
in ablation, formation of shock waves and clustering, plume
splitting and sharpening, deceleration and confinement of
ablated species, thermalization of the ablated species, diffu-
sion, etc.'”*> Background pressure levels also play an im-
portant role on the morphology of the laser irradiated region
and evolution of LPP.® In nanosecond laser ablation, plasma
shielding is one of the most important factors that control the
ablation as well as the emission, and the nature and pressure
of ambient gas have a definite role in controlling the shield-
ing effect.?®?’ Hence, the observed plasma emission inten-
sity dependence on background pressure is extremely
complicated because of the changes in laser-target and laser-
plasma coupling in the presence of an ambient.?® It has been
reported that at particular pressures, the plasma plumes emit
profoundly in the presence of Ar compared to He or air.?
The excitation temperature of the plasma plume has also a
strong dependence on nature and pressure of the ambient
gas.'>?" In general, the emission intensity and plasma life-
time decreases with reduction in ambient pressure levels due
to decrease in collisional excitation and ambient confine-
ment, and the signal to background ratio is improved due to
the reduced continuum radiation.*' The presence of ambient
gas also leads to generation of ambient plasma, and it has
been noticed previously that the laser plasma from the irradi-
ated target preceded by partially ionized ambient plasma.>?
Characterization of laser ablation and behavior of result-
ing plasma formation under different background pressures
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is significantly important for most of the applications. In this
article, we report a comprehensive view on the background
pressure effects on laser ablation, emission and expansion
dynamics, temperature and density, morphology of the laser
treated area, and analytical metrics. We used a multitude of
diagnostic tools for this study, which include time resolved
optical emission spectroscopy, plume imaging, ion analysis
using Faraday cup, and crater surface morphology analysis.

Il. EXPERIMENTAL SETUP

The details of the experimental set up is given else-
where.*>** Briefly, an Nd:YAG laser operating at 1064 nm,
with a pulse duration of 6 ns at full width at half-maximum
(FWHM), was used for laser ablation and plasma formation.
High purity copper (99.995%) target was used for generating
plasma. The target was mounted on an XY translational
stage, which provided fresh surface for each laser shot.
Whole experiments were performed in a high vacuum cham-
ber with a base pressure ~10 °Torr. The laser beam was
passed through a quartz window of the chamber and focused
normal to the target surface using a plano-convex lens with a
focal length of 40cm. Laser energy was attenuated to
100 mJ on the target surface by using a combination of half
wave plate and cube polarizer and the estimated spot radius
at the target surface was 300 um. This configuration gives a
power density of 5.9 x 10° Wem ™2 at the target plane.

For time resolved optical emission studies, a 0.75 m tri-
ple grating (3600, 1800, and 150 lines/mm) spectrograph
was used. The spectrograph was coupled to an intensified
CCD (ICCD) camera, which collected the wavelength dis-
persed spectral features of the plasma at the detector plane.
For fast-gated imaging, the integrated visible emission from
the expanding plasma was collected normal to the direction
of expansion using a combination of a telephoto objective
lens and an ICCD camera. The timing between the incident
laser pulse and detector system was controlled by a program-
mable timing generator. The ion emission from the laser
plasma were collected using a Faraday cup (FC) positioned
at 16cm from the target surface and at an angle 12° with
respect to the target normal. A scanning electron microscope
(SEM) was used to characterize the laser-generated craters at
various pressure levels.
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lll. RESULTS AND DISCUSSION
A. Ambient gas effects on plume spectral features

Visible emission spectroscopic analysis has been car-
ried out at various pressure levels for investigating the role
of ambient gas on excitation of the plasma species. Typical
time-resolved and time-integrated spectra recorded at vari-
ous pressure levels of air are given in Fig. 1. In Fig. 1(a),
the time resolved emission spectra from laser-produced Cu
plasma in vacuum (1 x 107> Torr) and at atmospheric pres-
sure (760 Torr) are shown. A 10% of the gate delay was
used as the integration time (gate width) for collecting the
spectrum. The spectral features show that a significant con-
tinuum emission especially at early times for plasmas gen-
erated both in vacuum and air ambient and its persistence
decreases considerably with delay time. However, the inten-
sity and persistence of the continuum emission are signifi-
cantly enhanced in the presence of air ambient. Also at
shorter time delays, ionic species are predominant, but for
shorter time delays exceeding 150ns, excited atomic emis-
sions are evident along with ions in vacuum. Three charac-
teristic lines of Cu I at 510.55nm, 515.32nm, and at
521.82nm with strong emission intensities are clearly
observed at later times. The distinct features of ns laser
ablation spectra compared to ultrafast laser ablation plume
spectra are the presence of ionic lines along with intense
continuum at early times of plume generation (<100 ns).>*
In ns LPP, the leading edge of the laser pulse ablate the tar-
get and produce a vapor plume which contains electrons,
ions, and excited neutrals, but the rest of the laser pulse is
then utilized for heating and further ionizing of the plume
leading to intense continuum generation at the earliest
times. Along with continuum, the emission intensity from
the all lines is increased significantly at atmospheric pres-
sure compared with expansion into vacuum environment as
shown in Fig. 1(a). Typical time integrated laser produced
Cu spectra at different pressure levels are given in Fig.
1(b). An integration time of 1 us with a delay of 100 ns was
used to acquire the spectra, and all the measurements were
done at a distance of 1mm. Highest background was
observed at 760 Torr, while this background intensity
decreased with the reduction in ambient pressure levels.
At higher pressures, the presence of ionic (444.7nm,
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FIG. 1. (a) Time resolved emission
features of laser-produced Cu plasmas
in vacuum and at atmospheric pres-
sure. A gate width of 10% of the delay
time was used for the time resolved
study. (b) Representative emission
spectra of Cu plasmas at different
background pressures are given. The
spectra were acquired at a distance
1 mm from the target and with an inte-
gration time of 1 us after 100 ns delay.
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462.13nm, 500.14 nm) and neutral (535.6nm) lines of am-
bient gas (nitrogen) can also be clearly seen in the ns LPP.

Fig. 2 represents the peak intensity (line intensity plus
background continuum) variation of a characteristic Cu I
line at 510.5 nm (4p2P3/2-4szD5/2) recorded at 1 mm from the
target at various ambient air pressures. The plasma plume
expands adiabatically in vacuum and undergoes free expan-
sion. Hence line intensities are lower at vacuum conditions.
However, line intensities grow with increasing pressure and
attain a maximum value near to atmospheric pressure levels,
and then decrease again with further increase in pressure. By
increasing the pressure from 10> to 600 Torr, more than 20
times signal enhancement was noted in the peak intensity for
the Cu I line at 510.5 nm. Although ~100-600 Torr pressure
levels are necessary to get the maximum signal intensity, it
has to be mentioned that along with line intensities the back-
ground continuum also enhanced with increasing pressure
(Fig. 1(b)). The reduction in line intensity at higher pressure
can be explained by considering energy dissipation of plume
by non-radiative ways, i.e., enhancement in collision of
plasma species with the ambient gas resulting into increase
of the extent of background continuum radiation. It is similar
to that we have observed in ionization of ambient gas
enhanced with increasing the background pressure, as shown
in the Fig. 1(b).

Along with line signal intensity and continuum enhance-
ment, the ambient pressure levels also affect the broadening
of all spectral lines in the plume. The broadening, profile
shapes, and line shifts of the spectral lines provide important
information related to the emitter (atoms or ions) as well as
the density of the plume. As showed in Fig. 2(b), the back-
ground pressure levels significantly influenced the shape and
broadening of the emission line. Typical mechanisms that
lead to broadening of a line are Doppler, Stark, and instru-
mental broadening.*® The Doppler broadening produced due
to the random thermal motion of the emitter and can be esti-

mated by>°
[2kTIn2
A}v]/z - 2)\, Tcz, (l)

where A (nm) is the wavelength of transition line, 7' (K) is
the excitation temperature the transition, m (kg) is the atomic
mass, and ¢ is the speed of light. For the Cu I line at
510.5 nm, the estimated width was ~0.003 nm and hence the
contribution from Doppler effect can be safely neglected.
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The emitting species (atoms or ions) in the plasma are under
the influence of an electric field by fast moving electrons and
relatively slow moving ions. This perturbing electric field
can act on atom or ions by shifting their energy levels which
can broaden the emission lines, known as Stark broaden-
ing.% The Stark broadened line width without ionic contri-
bution is given by>’

N,
Ay = 2W (W) , ®)

where N, (cm ) is the electron density and W (nm) is the
electron impact width parameter. The line profiles contrib-
uted by Doppler and Stark effects are typically given by
Gaussian and Lorentzian profiles, respectively. The spectro-
graphs also contribute the broadening of a spectral line called
instrumental broadening. Since instrumental broadening also
exhibits Lorentz shape, the instrumental broadening can sim-
ply be subtracted by deconvolution process®’

A)kvtark = A;Lwt - A}vinsr (3)

Typically the Stark effect is the main contributor for line
broadening in the laser plasmas which is given by a
Lorentzian profiles. For recording the spectral broadening
caused by the ambient gas effects, we operated the spectro-
graph at its highest resolution (~0.015 nm) by keeping mini-
mal slit width and by selecting 36001/mm grating. The
Lorentzian fitted profiles are also given in Fig. 2(b) along
with recorded spectra. In general, an increase in broadening
was observed with increasing ambient pressure caused by
the Stark effect. This suggests that the density of the plume
is related to the ambient pressure levels, which may be influ-
enced by confinement effects, the laser-target coupling, and
plasma shielding.

B. SNR and SBR estimate

Addition of ambient gas provides collisional excitation
to all plume species, and hence it leads to enhancement in
signal intensity from all emission lines. However, along with
line intensity, both the background (continuum) as well other
noise levels are also increasing. So it is very important to
know signal to noise (S/N) and signal to background (S/B)
ratios especially using laser ablation plumes for analytical
applications. S/B and S/N ratios have been calculated using
the peak intensity, I, of the 510.5nm Cu I line, the averaged
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background intensity, I, on the higher and lower wavelength
sides of the line, and the times the standard deviation (30) in
a 1nm region of spectrum where there is no emission line
according to the following equations:>®

S 11,
2 _ph 4
5= )
S I,
2 _ 5
N 30 ©)

The estimated S/N and S/B ratios are given in Figure 3
for various delay times. As expected, both S/N and S/B ratios
are changing with pressure. Even though the maximum peak
intensity is observed at ~600 Torr (Fig. 2(a)), the optimum
S/N and S/B ratios are noticed at lower pressure levels.
Similar to line intensity changes with pressure, both S/N and
S/B increases steadily with increase in pressure from
107> Torr and attain its maximum value ~10-30 Torr and
then decreases with further increase in pressure. The
observed S/N and S/B ratios are also strongly depended on
gate delay with respect to the onset of plasma formation, and
optimum values are obtained at 100 ns delay. The best S/B
was found for a delay time of 100 ns at pressure of 30 Torr.
However, the optimum S/B ratio for 150 and 200 ns delays
were observed at 15 Torr. In comparison, at atmospheric
pressure, about 1.9 x enhancement in S/B was obtained with
200 ns delay as compared to 100 ns delay and about 1.2 x to
that of 150 ns delay. In contrast, the best S/B was observed at
100 ns delay in vacuum. This is due to low background emis-
sion (continuum) even at early times. The line intensities as
well as continuum background intensities enhanced with an
increase of background pressure. For example, for the case
of 100ns delay, the line emission was relatively higher
~100 Torr than ~30 Torr, but the large background contin-
uum at ~100Torr in effect decreased S/B value than at
~30Torr pressure levels. Yalcin er al.* have studied the
influence ambient air pressure on the optical emission from
LPP using 130 fs laser pulses at 800 nm. At all investigated
gate delays, they found the optimum values of S/B and S/N
ratios at 4 Torr. The enhancement in S/N and S/B at low
pressure was attributed to plasma cooling by background
gas.

The optimum S/N and S/B ratios were obtained at a
pressure of 30 Torr. A lower S/B ratio at atmospheric pres-
sure levels (760 Torr) is due to the higher value of continuum
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caused by plasma confinement. So even though the highest
peak intensity is seen from the plasma at higher pressures
(Fig. 2(a)), the presence of greater continuum suppressed the
S/B values at higher pressures. The enhanced emission as
well as continuum emission will have direct correlation with
characteristic plume parameters (temperature and density).
Hence, we estimated the excitation temperature (T.) and
electron density (N.) of the plume using spectroscopic means
at various pressure levels.

C. Influence of pressure on T, and N,

The variations of temperature and electron density with
pressure are given in Fig. 4. Both the characteristic parame-
ters of the plasma were measured at a distance 1 mm from
the target with an integration time of 1 us. Electron density
was determined using the Stark broadening of Cu I line at
510.5nm while the temperature was measured by
Boltzmann’s plot method using Cu I lines at 427.5, 465.1,
510.5, 515.32, and 521.82nm. According to Fig. 4, as the
pressure decreases from atmosphere, the temperature
increases and then attain a maximum value at ~400 Torr and
then decreases with further decrease in pressure. The varia-
tion of density with pressure is peaked at ~100 Torr and
dropped either sides of this pressure level.

The increase in temperature of the plume from vacuum
level to 400 Torr can be related to plasma heating by ambient
confinement and enhanced laser-plasma coupling. When a
nanosecond laser with high pulse energy interacts with a tar-
get, the entire laser pulse energy is not directly coupled with
the target surface because of shielding effect. The effective
coupling of the laser-target and laser-plasma depends
strongly on the properties of incident laser (pulse duration,
wavelength)>** and also has a strong dependence on the
ambient conditions (nature and pressure). The initially
ejected material has low degree of ionization and continues
to absorb energy (by the inverse Bremsstrahlung (IB) or mul-
tiphoton ionization) from the remaining laser pulse, resulting
into shielding of the sample surface from the laser pulse.*' In
the 1B, the free electrons absorb the photon from the incom-
ing laser, which in turn increases the electron temperature
and promotes ionization and excitation through collisions
with the excited and the ground state neutrals. The IB coeffi-
cient oyp (cmfl) via free electron depends on the laser wave-
length and given as*?
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FIG. 4. The influence of background air pressure on electron density and
temperature of Cu plasma. Temperature was measured by Boltzmann’s plot
using 427, 465, 510, 515, and 521 nm lines. The Stark broadened profile of
Cu I at 510.5nm was used to determine the density. Cu plasma was pro-
duced with a 100 mJ pulse energy and emission was acquired using a 1 us
gate width and 100 ns delay.

Xjp = 137 X 10735 ;LSNEZT;%7 (6)

where J(um) is the wavelength of incident laser, N, (cm73 )
and T, (K) are the electron density and electron temperature,
respectively. It is clear that IB is dominated at longer wave-
length, as in our case (1064 nm). The second mechanism is
photoionization (PI) of excited species by direct absorption
of photons which become prominent with the shorter wave-
lengths lasers. The IB process also has a strong dependence
on plasma density (N.?) and weak dependence on tempera-
ture. The addition of ambient gas leads to plume confinement
and increase in density (Fig. 4), which in turn enhance the
laser-plasma coupling through IB.

The shielding and confinement of plasma by background
gas was dominated at higher pressure, resulting in an
increase in energy gain in plasma from the incident laser
pulse and hence generating hotter plasma. The energy that is
coupled into the plasma through IB is directly proportional
to the electron density, and hence at higher pressure, the
amount of ablated mass could be less due to strong shielding.
On the other hand, at higher pressures, the hot plasma loses
its energy by collision and form shock waves into the back-
ground atmosphere. In short times, the rate of loss of electron
energy to the background is mainly dominated by the elastic
collision, given as*
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; (M

QAt = 57— 0¢dllB

2m, SkT,]2
Mp

e

where ng and My are the density and mass of the background
gas, respectively, and o, represents elastic scattering cross
section of the electrons. It means that the cooling is directly
proportional to the density of background gas. Therefore, at
higher pressures heating caused by the confinement and
enhanced laser-plasma coupling can be compensated by the
energy loss due to enhanced collisions.

D. Ambient gas effects on laser ablation craters

Since the ambient conditions affect both laser-target and
laser-plasma coupling, it can influence the properties of
laser-produced craters. Fig. 5 shows laser treated Cu surface
with 20 laser shots in vacuum and at an atmospheric air pres-
sure under similar conditions that was used for the optical
spectroscopy. The energy density used in this study
(32J/cm?) was significantly higher than the melting damage
threshold (3.3 J/sz)44 and hence the ablation and crater for-
mation was observed even after the first pulse. However, to
improve the accuracy to make a clear distinction in craters
produced in vacuum and under ambient pressure, 20 laser
pulses were accumulated. Both in vacuum and at atmos-
pheric pressure, the laser treated area can be divided into
central intense melting region and a region around it where
the melting material re-solidified in the form of microstruc-
tures. The common features at atmosphere and in vacuum
are the re-solidification of molten material in the form of
whirlpools or concentric vertical ridge, turbulence, droplets,
nanopores, and re-deposition of particles. As the laser inten-
sity is maximum at center and decreased towards periphery
because of Gaussian distribution in the laser beam, it gener-
ates a temperature gradient which causes liquid material
movement mainly along the radial direction resulting into
formation of regular ridge (ripples) which spread up to the
periphery of laser spot. Significant difference in the crater
depth along with substantial splashing of molten material is
prominent on the crater produced at atmospheric pressure
than in vacuum. As mentioned earlier, at higher pressures,
the plasma shielding becomes dominant which not only
reduces the mass ablation but also absorbs the energy from
the incoming laser resulting into higher temperature plasma
in front of the target surface. This hot plasma may enhance

FIG. 5. SEM Micrographs revealing
the Cu surface characteristics after
irradiating by a 20 laser pulses with an
energy of 100 mJ at 1064nm wave-
length in vacuum (left) and atmos-
pheric pressure (right).
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the pressure on the molten surface, which may cause the
splashing and enhances the material movement from center
to periphery of treated area, and this effect can be clearly
seen in Fig. 5 (right). At higher pressures, plasma confine-
ment is also taking place. This will increase the temperature
of the plasma and hence the radiation heating of the target by
the plasma which may affect the crater dimension and prop-
erties. It means the temperature of plasma produced in front
of irradiated surface leaves the vital effect on the surface
morphology.

SEM images also showed the more material removal at
low pressure as compared to atmospheric pressure. However,
the spectroscopic results provided smaller values of electron
density at lower pressures compared to plasma generated in
1 atmosphere. In vacuum, the initially ejected material
expands freely and the density drops rapidly.*® It allows the
incoming laser pulse to reach the target surface and enhance
the material ablation resulting into higher crater depth in
vacuum. Present results are also in consistence with the
reported studies on ambient pressure dependence ablation
rate where it was found that ablation efficiency strongly
depended on the nature and pressure of background gas and
enhances at lower pressure.?’

E. Ambient gas effects on plume hydrodynamics

Optical emission spectroscopy data suggest that peak in-
tensity increases with pressure and maximum was observed
at 600 Torr (Fig. 2(a)), while the best S/B was observed at
30 Torr. The estimated electron density and temperature
peaked at 100 Torr and 400 Torr, respectively. In general,
plasma temperature and electron density influence the line
and continuum emission and surface structures of laser gen-
erated craters. The pressure of ambient gas does influence
the hydrodynamics of plume expansion greatly, and hence
we performed fast imaging of laser-ablated plumes under
various ambient pressure conditions. Fast imaging of LPP
plume is one of the simplest diagnostic techniques that pro-
vide the comprehensive details of hydrodynamic expansion
as well as internal structures. Hydrodynamics expansion of
LPP at different pressures ranging from vacuum to atmos-
phere was investigated by gated imaging employing ICCD
camera. Images of the temporal evolution of plasma are
taken at different air pressures ranging from 107> to
760 Torr. Typical ICCD images of the expanding plume at
different times after the onset of the laser are given in Fig. 6
at different air pressures. All the images are spectrally inte-
grated in the 350-900 nm region that contain the emission
from the various species (i.e., excited neutrals and ions) and
are normalized to maximum intensity of each image for a
clear view. In vacuum, plume expands freely with cylindrical
shape and followed an adiabatic expansion that has been pre-
dicted by the numerical simulation.*® The interaction
between the plasma and background gas is found to be mini-
mal until 107> Torr considering the mean free path of the
ambient gas species is significantly higher which limits the
probability of collisions with expanding plume species.
However, the plume gets brighter with increasing
pressure >10 mTorr because of enhancement in collisions
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50 ns 100 ns

10 Torr

FIG. 6. Spectrally integrated and time resolved images of ns laser ablation
of Cu obtained using an ICCD camera. All the images are captured using a
gate width that corresponds to 10% of delay time and normalized to its max-
imum intensity.

with the background gas. When the pressure is increased to
100 mTorr, the plume breaks away from the target surface
~50ns after the laser onset, forming a faster moving compo-
nent and a slow component near the target surface. Such a
clear boundary separating plume and ambient medium has
been noticed previously by several authors.*”*® At this pres-
sure, the plume expansion is more spherical in nature.

The plasma plume is found to be getting brighter with
increasing pressure because of enhanced collisions with am-
bient species. At a pressure of ~500 mTorr and for up to
200ns delay times, the plume propagation seems to be quite
similar to that at 100 mTorr. However, the plume front, which
is spherical in nature at early times (~<200ns), becomes
sharpened as time evolves. Plume sharpening behavior are
based on the fact that higher kinetic energy particles and ions
with higher charge states dominate in the direction normal to
the target, their concentration falls sharply away from the
normal, and excited neutrals have the most angular spread.*’
At 1 Torr and up to 200ns, the plume geometry was similar
to that of 100 and 500 mTorr. However, at later times, the
plume front shows some instabilities between the two
mediums, and this phenomena is more evident at 10 Torr
pressure levels. The confinement of the plume is found to be
much rapid when the pressure increases from 1 Torr, and this
leads to enhancement in collisions within the plume resulting
increased density and recombination which in turn increase
the persistence of all species in the plume.

At 10 Torr pressure levels, the pressure exerted by the
background gas particles is higher and the ambient gas drag
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the plume both in the radial and in the axial directions. Also
at these pressure levels, along with deceleration the turbu-
lence also appears in the expanding plume. The instabilities
at the interface of two fluids (i.e., plasma and ambient gas)
are probably caused by the Rayleigh-Taylor instability.
Similar turbulence has been observed by previously by sev-
eral authors.”~° Interestingly, the highest S/N and S/B ratios
were noticed at these pressure levels. However, it has to be
mentioned that all the spectral measurements were made at a
distance 1 mm from the target surface where intensity stria-
tions are minimal according to ICCD images. At higher-
pressure levels (>100 Torr), the plume is compressed by the
background gas both in the radial as well as in the forward
direction, the energetic species in the plume tend to succeed
the confined region through a diffusion-like propagation
which can be seen clearly at 100ns at 100 Torr pressure. At
this pressure levels, the turbulence are enhanced and the
instability are start to manifest even at early times. At still
higher pressures (~>100 Torr), a greater confinement of the
plasma takes place and the effective length of the plume is
reduced to a few millimeters. The recorded plume tempera-
tures and densities were found to be maximum at these pres-
sure levels (100-300 Torr).

Several previous studies have been reported on the expan-
sion and dynamics of LPP plume in background gas and
observed that the dynamics of plume is greatly affected by the
background pressure. Amruso et al.’' investigated excimer
laser ablation of a LaMnO5 and studied the effect of reactive
background gas (oxygen) pressure on the expansion dynamics
of the plasma and its interaction with background to form
oxides. The expansion dynamics of the plume front is
explored by theoretical model and shock-wave propagation in
dimensionless variables. Similarly, Lafane et al ¥ studied the
expansion dynamics of Sm,0O3, Nd,O3, and NiO in oxygen
atmosphere using KrF laser at a pressure ranging from vac-
uum to 50 millibars and observed the double plume splitting,
plume sharpening, and plume stopping. A comparison of reac-
tive and non-reactive gases suggests that shock-velocity,
strength, and its structure are strongly dependent on nature of
ambient gas and its pressure. Shock with higher velocity was
produced in helium than argon.’> We used plume images to
create the position-time (R-t) plots in order to explore more
about the expansion dynamics of LPP at different pressures,
and results are given in Fig. 7. The symbols represent the ex-
perimental data points and the curves represent fitting to dif-
ferent expansion models. In vacuum, the plume expands
freely and follows the R o t as given by a straight-line fit in
Fig. 7. The plume expansion at 0.5 Torr is represented by a
shock model, which is given by R =£, (Eo/p)"> t**, where
£, is a constant and dependent on the value of specific heat,
E, is the amount of energy released during the shock to the
background having p, density. At higher pressures, the plume
expansion is better described by a drag model, which is given
by R =R, (1-exp (—ft)), where R is the stopping distance of
the plume and f is the deceleration coefficient (R, =v,,). The
deceleration coefficient changed from 0.0031 to 0.0041ns ™",
as the pressure increases from 1 to 300 Torr.

Plume images are representative of emitting species,
and it is not necessary that all species in the plasma are
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FIG. 7. Plume front-time (R- f) plots for the laser-produced Cu plasma
plume at different background air pressures measured from ICCD images.
Experimental data points are represented by the symbols while the curves
represent different expansion models. The straight solid line represents the
free expansion in vacuum, which follow the R « t. The dashed curves repre-
sent the shock wave model (i.e., R ot 0'4) for 0.5 and 1Torr. The solid
curves show the drag model fit with #=0.0031 for 1Torr, 0.0036ns " for
10 Torr, 0.0039ns ™" for 100 Torr, and 0.0041 ns™" for 300 Torr.

emitting in the visible region. So we recorded ion kinetic
energy profiles using a Faraday cup and compared with
results obtained from ICCD imaging at vacuum conditions.
The FC was placed at angle of 10° to target normal and
16 cm from the target surface. A bias voltage of —30V was
applied to the FC to repel the electrons and accelerate the
ions. Typical ion signal along with KE profile obtained from
the FC ion signal is given in Fig. 8. The estimated maximum
probable KE from the FC signal is ~1.76 KeV. The maxi-
mum velocity of ions measured from FC was
7.3+0.7 x 10°cms ™", which was higher than the velocity
(42%0.18 x 10°cms™") of plume in vacuum estimated by
the ICCD images. It implies that the fast moving ions in the
plasma plume are not emitting in the visible region of the
electromagnetic spectrum.

Modeling or simulation approaches has also been car-
ried out in order to investigate the interaction LPP with the
background gas; a model based on the spherical expansion
of plume has been used to study the hydrodynamics expan-
sion of plasma from low to higher pressure.’® This model
based on the laws of mass, momentum, and energy conserva-
tion, formation and movement of internal and external shock
wave, and prediction describe very well the experimental
results. It was observed that at the first stage, plume expands
freely as in vacuum, generation of internal and external
shock waves causing the heating and deceleration of plume
at intermediate stage, and finally, the stopping of plume.
Recently, another model based on the gas-dynamical
approach of Predtechensky and Mayorov (PM) provides a
relatively simple description of complicated hydrodynamics
of LPP plume.>* They concluded that after stopping the
plume in background gas, the initial kinetic energy of the
plume is dissipated to background gas. This suggests that
LPP releases a part of its energy, which could dissociate,
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FIG. 8. (a) Typical ion TOF signal for
Cu obtained from FC. FC was posi-
- tioned at 16 cm from the target surface
and at an angle of 10° to the target nor-
mal. (b) The KE profile of ions which
N gives 1.76 KeV as maximum probable
KE of ions.
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excite, and ionize the background gas resulting into enhance-
ment of continuum background.

We also compared the experimentally measured plume
length in different air pressures using the adiabatic expansion
model. According to the adiabatic expansion model, plume
expansion is stopped after a certain delay times when the
plasma and background gas pressure equilibrate. Then, the
stopping distance or length of plume is given by’

L=A[(y— 1>E]1/3>‘P71/3v Vi("r'—l)/37’ (8)
where E is the laser energy, 7y is ratio of specific heats, P is
the background pressure, and V; is the initial volume of the
plume at the end of the laser pulse given by V; = r,ta, where
v,, T, and a are the initial velocity of plume, laser pulse
width, and area of laser spot at the surface of target, respec-
tively, and A is a geometrical factor, which depends on the
expansion angle 0. For a plume with conical expansion, A is

given by
tan 0 + 1 3tan 0
A= ( tan 0 ><n+2ntan9>' ©)

The experimentally measured maximum plume length and
estimated values of plume length at different pressures are
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FIG. 9. The estimate plume length vs pressure is given. The symbols repre-
sent the experimental measured values of plume length from ICCD images,
the solid curve represents the plume length variation with pressure using adi-
abatic expansion model.
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given the Fig. 9. The trend of decreasing plume length with
increasing pressure approximately agrees well with adiabatic
expansion model especially at moderate to high-pressure val-
ues as shown in Figure 9.

IV. CONCLUSIONS

We investigated the effect of background pressure on
expanding nanosecond laser-produced Cu plasma. Optical
emission properties, plasma characteristic parameters, hydro-
dynamics of plume expansion, and surface morphology of
laser irradiated area were studied under various pressure lev-
els ranging from vacuum to atmospheric conditions.
Background pressure levels significantly control the laser-
target and laser-plasma coupling along with hydrodynamics
of the resulting plume. Spectral studies showed that contin-
uum background increases with increasing pressure, while
the broadening and line intensities increased up to ~100 Torr
and then decreased with further increase in pressure. The op-
timum pressure conditions for analytical applications are
noted ~15-30 Torr where the best S/B and S/N was meas-
ured. The characteristic plasma parameters were estimated
using spectroscopy means and noticed that the excitation
temperature peaks at ~300 Torr, while the electron density
was maximum ~100 Torr pressure levels. Plasma shielding
effect is found to depend on the background pressure, which
significantly change the ablation, line and background emis-
sion, and S/B.

Surface morphology of irradiated surface showed that
the pressure of the ambient gas affects the laser-target cou-
pling significantly because of shielding effect. At higher
pressures, the plasma shielding becomes dominant which not
only reduce the mass ablation but also absorbs the energy
from the incoming laser resulting into higher temperature
plasma in front of the target surface. The temperature of
plasma produced in front of irradiated surface affects the sur-
face morphology. Evaluation of laser ablated craters sug-
gested that higher melting and splashing at atmospheric
pressure levels while the higher material ablation at lower
pressure ambient levels. Fast gated images of LPP at a differ-
ent pressures showed a complex interaction between the
plume and ambient leading to changes in the emission and
plasma parameters (electron density and temperature) with
pressure as well as time. It was observed that the trend of
decreasing plume length with pressure approximately was
same as predicted by the adiabatic expansion model.
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Recently, we reported the role of ambient gas pressure on
the expansion and the emission features during ultrafast laser
ablation of metal target.56 Similar to ns LA, the ambient pres-
sure levels were found to affect both the line intensities and
broadening along with S/N and S/B ratios and the optimum
pressure condition for analytical applications was found to be
~20-100 Torr. However, comparing with the present results,
it can be concluded that the pressure of the ambient gas
impacted the ns plume more significantly than the fs LA
plume. In fs LA, the ambient gas affected only collisional ex-
citation and confinement, while for ns LA, the background
pressure influenced the laser-target and laser-plasma couplings
as well as the plume de-excitation mechanisms.
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