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Abstract

Spatial confinement effects on plasma parameters and surface morphology of laser-ablated Mg are studied by introducing
a metallic blocker as well as argon (Ar) gas at different pressures. Nd: YAG laser at various fluences ranging from 7 to
28 J/cm? was employed to generate Mg plasma. Confinement effects offered by metallic blocker are investigated by
placing the blocker at different distances of 6, 8, and 10 mm from the target surface; whereas spatial confinement
offered by environmental gas is explored under four different pressures of 5, 10, 20, and 50 Torr. Laser-induced
breakdown spectroscopy analysis revealed that both plasma parameters, that is, excitation temperature and electron
number density initially are strongly dependent upon both pressures of environmental gases and distances of blockers.
The maximum electron temperature of Mg plasma is achieved at Ar gas pressure of 20 Torr, whereas maximum
electron number density is achieved at 50 Torr. It is also observed that spatial confinement offered by metallic blocker is
responsible for the significant enhancement of both electron temperature and electron number density of Mg plasma.
Maximum values of electron temperature and electron number density without blocker are 8335 K and 2.4 X 10" em™3,
respectively, whereas these values are enhanced to 12,200 K and 4 x 10" cm™ in the presence of blocker. Physical
mechanisms responsible for the enhancement of Mg plasma parameters are plasma compression, confinement and
pronounced collisional excitations due to reflection of shock waves. Scanning electron microscope analysis was
performed to explore the surface morphology of laser-ablated Mg. It reveals the formation of ripples and channels that
become more distinct in the presence of blocker due to plasma confinement. The optimum combination of blocker
distance, fluence and Ar pressure can identify the suitable conditions for defining the role of plasma parameters for
surface structuring.

Keywords: Electron number density; Electron temperature; Laser-induced breakdown spectroscopy; Spatial confinement;
Spectral emissions

1. INTRODUCTION aspects of this popular technique. Therefore, LIBS is widely
applicable in different areas of research, manufacturing in-
dustry, medicine, and space sciences (Zhong et al., 2016).
In this technique, a highly focused pulsed laser beam is em-
ployed as an excitation source to generate a high-temperature
and high-density plasma (Scaffidi er al., 2003; Khumaeni
et al., 2016). The elemental composition as well as the elec-
tron temperature and electron number density of laser-
assisted plasma is evaluated by the analysis of the selective

i atomic and molecular emissions from excited plasma (Harilal
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Laser-induced breakdown spectroscopy (LIBS) is a rapidly
developing and emerging technique for spectrochemical
analysis of materials and plasma diagnostics (Cremer & Rad-
ziemski, 2006; Khumaeni et al., 2016). Multi-elemental
analysis of almost all kinds of samples including solids, lig-
uids and gases with minimum sample preparation, capability
of micro-area analysis, and real-time detection are promising
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sensitivity. Different techniques have been adopted by vari-
ous research groups to enhance the detection efficiency and
to improve the surface structuring, for example, by optimiz-
ing the laser parameters and by enhancing the plasma con-
finement effects (Liu er al., 2015). The increased ablation
rate, longer plasma duration, and higher plasma temperature
are responsible for the enhancement of line emission intensi-
ty, improved detection capability, and surface structuring of
irradiated targets.

Among these methods, the most common approach for the
enhancement of LIBS sensitivity and ablation efficiency is
control over nature and pressure of environmental gases. It
introduces the spatial confinement effects on plasma plume
expansion. The presence of environmental gases restricts
the free expansion of plasma species resulting in significant
confinement effects on plasma parameters. Farid er al
(2014) studied the effect of ambient gas pressure from
vacuum to 760 Torr on copper plasma parameters and at-
tained the maximum electron temperature at 300 Torr due
to maximum decrease in plume length. Our group
(Dawood et al., 2015) also investigated the effect of nature
and pressures of ambient gases (He, Ne, Ar) on electron tem-
perature and electron number density of laser-induced Mg
alloy plasma. The highest values of emission intensity, electron
temperature, electron number density, and material micro-
hardness were observed in the presence of Ar environment as
compared with He and Ne. More recently, Shakeel et al.
(2016) investigated the effect of ambient pressures and laser ir-
radiance of Nd: YAG laser at 1064 nm on germanium plasma
parameters and found the improved analytical performance of
LIBS through the variation of ambient pressure from 8 to
250 mbar and laser irradiance from 9 to 33 GW cm 2.

Spatial confinement is another suitable suggested tech-
nique for increasing the detection efficiency of LIBS and ab-
lation mechanisms. It plays an effective role for increasing
plasma shock wave pressure (Harilal er al., 2014). There
are various experimental techniques which can be employed
for the compression and confinement of plasma, for example,
environmental gas and their pressures (Dawood & Margot,
2014), presence of electric and magnetic field (Fried et al.,
1992), plasma plume collisions with obstructing surfaces
(Gao et al., 2015), double pulse discharge enhancement
(Chen et al., 2015), drilling and irregular configurations of
target surface, etc. (Fu et al, 2016). All these methods
have shown a strong influence upon incident laser-target cou-
pling, expanding plume dynamics and plume interaction with
target surface (Khalil & Gondal, 2012; Harilal ez al., 2014).

The spatial confinement offered by obstructing surface in
LIBS technique has attained a lot of attention from research-
ers (Huang et al., 2015). It has found to be effective for the
significant enhancement of emission intensity, electron tem-
perature, and number density. In the presence of a small ob-
structing surface placed across the plume expansion path, a
propagated shock wave during plasma expansion is reflected
back from this immobile obstructing surface and is responsible
to modify the plasma shape, size, lifetime, and dynamics (Fu
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et al., 2016). This arrangement results in additional process
such as enhanced emissions and enhanced recombination
rates at collisional surface that finally leads to a large gradient
in electron temperature and electron number density. For such
type of plasma confinement, a number of scientific groups
have adopted different configurations of obstructing surface
(Huang et al., 2015). Gao et al. (2015) used pair of parallel
aluminum (Al) plates as confining surfaces for Cu plasma
and found 10 mm best distance for enhancement of electron
temperature and electron number density. More recently, Fu
et al. (2016) explored physical effects of cavity on enhance-
ment of LIBS spectra of Brass target on the basis of reflected
shock wave compression effects.

The aim of present work is to investigate the spatial con-
finement effects on Mg plasma parameters (electron temper-
ature and electron number density) and surface morphology.
The variation in electron temperature and number density has
been evaluated by LIBS analysis, whereas surface modifica-
tion of irradiated Mg has been analyzed using scanning elec-
tron microscope (SEM).

To the best of our knowledge, no comparative study of
LIBS and surface modification of Mg at various fluences, Ar
pressures and blocker distances has yet been reported. Two
techniques are employed for the spatial confinement of Mg
plasma. One is by introducing Ar gas at different pressures
ranging from 5 to 50 Torr. The second technique employed
for the spatial confinement of Mg plasma is introducing an Al-
metallic blocker which is placed at three different distances of 6,
8, and 10 mm from the target surface. The electron temperature
and electron number density are evaluated for all pressures in
the absence and presence of blocker at different distances of 6,
8, and 10 mm at laser fluence ranging from 7 to 28 J/cm?. The
aim is to investigate the most suitable and optimum combina-
tion of laser fluence, Ar gas pressure and Al blocker distance
for the enhancement of kinetic energy and charge density of
ablated species of Mg which in turn are responsible for the sur-
face modification of Mg. The optimum control over plasma
parameters with pronounced spatial confinement effects
makes plasma more suitable for thin-film deposition, ion
implantation as well as micro/nano-structuring of materials.

2. EXPERIMENTAL DETAILS

The schematic of experimental setup used for laser-assisted
ablation and plasma generation of Mg is illustrated in
Figure 1. Circular-shaped disc of Mg (99.99, Alpha Aesar)
with diameter of 33 mm, and thickness of 8 mm were select-
ed as target material. The mechanically polished and ultra-
sonically cleaned Mg targets were placed at a distance of
3 mm before the focus in order to minimize the breakdown
of ambient gas. The laser beam was focused on to the Mg sur-
face at normal incidence by a 50 cm focal length lens. The es-
timated area of the laser spot on target was 7 x 10~ cm?,
which was measured by SEM analysis. Samples were mount-
ed on a motorized rotating stage for the analysis of fresh
sample surface for each exposure in order to improve the
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Fig. 1. The schematic of experimental setup for laser-induced breakdown
spectroscopy of Mg plasma. Al plate was used as a reflector (blocker) of
shock waves for spatial confinement of plasma.

reproducibility and accuracy of the spectral emission lines. A
Q-switched Nd: YAG laser (CFR 200 Big Sky Laser Technol-
ogies Quantel France) with wavelength of 1064 nm, pulse du-
ration of 10 ns, pulse energy of 25-200 mlJ, with repetition rate
of 1-10 Hz was employed for ablation and plasma formation.
The emissions from Mg plasma were collected by LIBS 2500
plus spectrometer system (Ocean Optics Inc, USA) consisting
of LIBS fiber bundle with seven linear silicon CCD (charge-
coupled device) array detectors for a broad band 200-980 nm
analysis. The optical resolution of LIBS system was 0.1 nm.
All the measurements were performed with a time window (in-
tegration time) of the order of 2.1 ms and delay time 2.01 ps.

In order to introduce spatial confinement effects to Mg
plasma, an experimental setup was designed and fabricated.
It consists of a square Al plate of dimensions 5 X8 X
0.1 cm® that was inserted as a blocker between the target
and the laser beam. The blocker was placed on the holder
which was attached to a micro-positioner to control the dis-
tance of the plate from target surface. A small hole of diam-
eter 4 mm was drilled in the center of Al plate to allow laser
beam to pass and to interact normally with the target surface
to produce plasma. For appropriate alignment with laser and
target surface, both the target holder and blocker holder were
placed on the same base.

In order to investigate the effect of laser fluence and spatial
confinement on LIBS and surface morphology of ablated
Mg, following three sets of experiments were performed.

(1) The first set of experiment was performed for LIBS
analysis of Mg plasma. For this purpose, the targets
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were exposed to a single laser shot of Nd: YAG
laser at four various Ar pressures of 5, 10, 20, and
50 Torr, which were accurately measured by a pres-
sure gauge of mbar precision. The laser fluence was
varied by varying the laser energy from 50 to
200 mJ for each pressure value by simply changing
the delay time between flash lamps and Q-switch
that corresponds to laser fluence ranging from 7 to
28 J/cm?, respectively. Mg plasma was generated in
a vacuum chamber.

(2) Inthe second set of experiment, samples were exposed
under the same experimental conditions as have been
employed for the first set of experiment except addi-
tional introduction of metallic blocker that was
placed at three various distances of 6, 8, and 10 mm.
We also performed the same set of experiment for
blocker distance of 2 and 4 mm but no emission en-
hancement was found to be observed. The experi-
ments were also performed for Ar pressure of value
greater than 50 Torr. No significant enhancement in
emission signals was observed even at higher energies
with different blocker distances for the pressure
>50 Torr. Therefore the data presented in results and
discussion part deals with the Mg plasma generated
in Ar gas at pressure of 5, 10, 20, and 50 Torr. The re-
sults at higher pressures are not presented. Similarly,
the results related to blocker distance of <6 mm are
also not reported in the present paper.

(3) In order to correlate the electron temperature and elec-
tron number density explored by LIBS analysis with
surface modifications, SEM analysis of laser-
irradiated Mg was performed. The surface morpholo-
gy of irradiated Mg samples was explored by using
SEM (JEOL JSM-6480 LV).

For the SEM analysis, freshly polished and ultrasonically
cleaned targets were exposed to laser pulses of Nd: YAG
laser at only one fluence. The choice of this fluence value
is based on the evaluation of electron temperature of Mg
plasma by Boltzmann plot method (Section 3.1.1). This
higher value of fluence is chosen where the maximum
value of electron temperature is obtained for Mg plasma.

3. RESULTS AND DISCUSSION

3.1. LIBS analysis for Mg plasma parameters

The emission spectra of Mg illustrated in Figure 2 reveals the
effects on emission intensity in the absence (Fig. 2a, 2b) and
in the presence of metallic blocker at a distance of 6 mm
(Fig. 2¢) and at a distance of 8 mm (Fig. 2d) obtained under
Arpressure of 20 Torrat a laser fluence of 18 J/cm?. The com-
parison of Figure 2a—2d clearly indicates that plasma intensi-
ties are significantly enhanced in the presence of metal
blocker that is used as a confining and reflecting surface for ex-
panding shock waves and plasma plume. In order to study the
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Fig. 2. The emission spectra of laser- induced Mg plasma (a-b) without blocker and with Al blocker at a distance of (c) 6 mm and (d) 8§ mm
under Ar gas pressure of 20 Torr at a laser fluence of 18 J/cm? identified by LIBS spectrometer system.

effects of laser fluence and blocker distance on excitation tem-
perature and electron number density of Mg plasma, with and
without blocker, the five spectral lines of Mg (I) 383.53, Mg (I)
470.30, Mg (IT) 543.40, Mg (I) 550.95, and Mg (I) 552.84 nm
were selected and are labeled in Figure 2a and in its inset
(Chorlis et al., 1980). LIBS spectra of laser-ablated Mg
plasma were obtained with the help of LIBS2500 spectrometer
having spectral range from 200 to 900 nm. The laser fluence
was varied from 7 to 28 J/ cm? at four different Ar pressures
of 5, 10, 20, and 50 Torr. All the measurements were taken
in the absence and presence of metallic blocker.

3.1.1. Electron temperature

The electron temperature and electron number density are
two important plasma parameters which are essential for con-
sideration of dissociation, excitation and ionization processes
of plasma. The obtained emission spectra are used to calcu-
late electron temperature and density of laser-induced Mg
plasma. Electron temperature is calculated with the help of
well-known Boltzmann plot method (Hayat et al., 2016),

Auade)  Ewm | (NCD)
1n(gmAm)‘ kTe““(U(T))’ ()

where 1., Amn, Amn, &m» and E,, are the intensity,
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wavelength, transition probability, statistical weight, and
energy of upper state m, respectively. U(T'), N(T), k, and T,
are the partition function, total number density, Boltzmann
constant, and electron temperature, respectively. For a given
spectrum, a Boltzmann plot of the logarithmic term (A,
Inn/ gmAmn) Versus E, yields a straight line whose slope is
equal to —1/kT.. The intensities of five various selected Mg
lines are used for Boltzmann distribution. The relevant spec-
troscopic data for these is listed in Table 1 (Chorlis et al.,
1980).

Table 1. Relevant spectroscopic data of laser-ablated Mg plasma
taken from literature (Chorlis et al., 1980).

Energy of

upper Transition
Wavelength level, E, Statistical probabilities
(nm) Transitions (em™) weight (g) (10887h
383.53 3s3p—3s3d 47957 15 1.68
470.30 3s3p—3s5d 56308 5 0.255
543.40 2p7d-2paf 112197 4 0.00245
550.95 3s8p—3sds 59342 5 1.785 e5
552.84 3s4d-3s3p 53134 5 0.104
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3.1.2. Electron number density

For the evaluation of electron density of Mg plasma, most
widely utilized spectroscopic technique is stark width broaden-
ing. However, by considering local thermal equilibrium (LTE)
condition, a Lorentzian function was used to evaluate the full
width at half maximum (FWHM) of stark-broadened lines for
the plasma number density calculations (Zhong et al., 2016).
Doppler broadening mechanism is completely negligible in
comparison with broadening caused by the charged particle
(Stark broadening). This line broadening is more important
for the determination of electron density. The electron density
related to the FWHM of stark broadened line AX;,, nm, is
given by the following relation (Harilal ef al., 2016),

Ne N\ —1/3
Adyjr = 2w<m> - 3.5A(1016> [1-1285"]
N,
X w(—l 0;), )

where N, is the electron number density (cm73), w is the elec-
tron impact width parameter, and A is the ion-broadening pa-
rameter. Both w and A are weak functions of temperature and
can be interpolated at different temperatures by using quadratic
relation. The first term in Eq. (2) refers to the electron broaden-
ing and second term is the contribution from the ion broaden-
ing, which is very small (in our case) and can be neglected
and Eq. (2) reduces to (Chen et al., 2015),

N, = <ﬂ> x 106 cm™3. 3)
2w

Using Eq. (3), electron density is calculated by Stark broaden-
ing of Mg I at 470.30 nm, which is well isolated, and fulfills the
criteria of minimum self-absorption. For the validity of this
method, plasma is assumed to be consisting of single-electron
temperature under LTE condition. It is well known that

a)
z10 T T T T
—_— = 7Jcm?®
‘e 9| * 11Jem?
- A— 14 Jem- . i
x ¥ 18 Jem? *
@ 8| e 210cm? 4 —_—
5 < 25Jem? — ’
= b 28Jem? I
e '
.

E 64 7 !/ .
5 F 4
[l i

i : .
& = / (%
'E " [ . 4

- &
2 =
L

3

0 5 10 15 20 25 30 35 40 45 50 55
Ar Pressure (Torr)

317

McWhirter criteria is a necessary but insufficient condition
often used for the verification of existence of LTE condition
and exists if (Shakeel et al., 2016),

Ne > 1.6 x 102 T/2AE® em ™. 4

According to which the minimum electron number density has
been estimated to be 10'> cm™>. Our minimum calculated
values of electron number density for all measurements are
10"® cm ™2 that are much greater than that required by McWhirt-
er criterion for LTE.

3.1.3. Effect of ambient nature and its pressure on the plasma
parameters

The effect of Ar gas pressure on Mg plasma parameters at
seven different laser fluences ranging from 7 to 28 J/cm? is
revealed in graphs of Figure 3 (without blocker), Figure 4 (at
blocker distance of 6 mm), Figure 5 (at blocker distance of
8 mm) and Figure 6 (at blocker distance of 8 mm). The
graphs of Figures 3a, 4a, 5a, and 6a represent the variation
in electron temperature of Mg plasma with Ar gas pressure,
whereas Figures 3b, 4b, 5b, and 6b represent the variation
in electron number density of Mg plasma. It is clear from
these figures that both electron temperature and electron
number density are characterized by initial rise with increas-
ing Ar pressure for all fluence values. The maximum value of
electron temperature is achieved at a pressure of 20 Torr and
it decreases at maximum pressure of 50 Torr for all measure-
ments. On the other hand, electron number density increases
with increasing Ar gas pressure up to a maximum value of
50 Torr. The statistical errors for determination of excitation
temperature and electron number density are <5%. This in-
crease in both plasma parameters, that is, electron tempera-
ture and electron number density with increasing
background pressure is attributed to enhanced ablation rate
and confinement effects (Harilal et al., 2014). The decrease
in electron temperature at maximum value of Ar pressure is
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Fig. 3. The variation in (a) excitation temperature and (b) electron number density of laser-induced Mg plasma without blocker at various
Ar gas pressures ranging from 5-50 Torr at laser fluences ranging from 7 to 28 J/cm?.
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https://doi.org/10.1017/50263034617000210 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034617000210

Spatial confinement effects employed by metallic blocker and Ar gas pressures 319

attributed to shielding effect and energy losses through colli-
sional process.

It is a well-known fact that expansion of laser-induced
plasma in the presence of ambient gas is strongly dependent
upon plume energy, atomic mass, and number density of ambi-
ent gas. The presence of an ambient gas enhances the emissions
from all plasma species depending upon its nature and pressure
as well as on excitation energy of electronic transitions (Harilal
etal., 1998). The lifetime of all these transitions which lies of the
order of a few nanosecond, is enhanced to few tens of nanosec-
ond in the presence of ambient gas. This increase in transition
lifetime is due to enhanced collisional processes (Verhoff
etal.,2012). Initially when nanosecond laser interacts with ma-
terial, the maximum amount of laser energy is absorbed by the
target. The plasma species generated by leading edge of beam
near the target surface expand with high velocity of
~10"-10° m/s for nanosecond laser and absorb the incoming
energy through inverse bremsstrahlung (IB) and multiphoton
ionization. The laser—plasma interactions (shielding effect) at
trailing edge of laser pulse enhances the cascade-growth of
plasma due to more energy absorption by free electrons through
IB, which in turn increases the electron temperature and electron
number density of nascent plasma.

These plasma parameters are strongly dependent upon IB
coefficient oc g given as (Farid et al., 2014),

ocrp = 1.37 x 1074302 1,71/, 5)

where A (nm) is the wavelength of incident laser, 7, (cm73 )
and T, (K) are the electron density and electron temperature,
respectively. At higher ambient pressure, the shielding and
confinement of plasma through background gas become
more dominant which results in hotter plasma generation
due to more energy absorption by plasma through IB. At
this stage, the plasma becomes more confined near to the
target surface resulting in increase in frequency of effective
electron collisions with more momentum transfer. Therefore
the maximum value of electron temperature is obtained at
pressure 20 Torr. The maximum value of electron number
density obtained at pressure of 50 Torr is attributed to IB pro-
cess, which has strong dependence upon plasma density (n2)
as compared with temperature (T.) ! /2 from Eq. (5). At this
higher pressure of 50 Torr, the IB process becomes more fa-
vorable for enhancement of plasma density due to more laser
energy coupling into the plasma, whereas decrease in elec-
tron temperature is related to the shielding effect which in
turn reduce the laser absorption through target itself at
higher value of Ar pressure. At higher Ar pressure of
50 Torr, strong shielding effect reduces the mass ablation
rate and loss of electron energy into background atmosphere
becomes dominant through elastic collisions given by fol-
lowing relation (Rumsby & Paul,1974),

2me 5KT,
= 6ea s 6
Onr Mg ng (6)

T,
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where “m.” and “Mpg” are the masses of electron and
background gas atoms, respectively. “6.,” is scattering
cross-section of elastic collision of electrons, and “ng” is
the density of background gas atoms. It is clear that cooling
is dependent upon density of ambient gas. Therefore, at high
pressure of 50 Torr of Ar, heat generated by confinement and
laser-induced Mg plasma coupling is lost by higher collision-
al rate among plasma species and distribution of same
amount of energy among larger number of particles finally
reduces the localized plasma plume temperature.

3.1.4. Effect of metal blocker and its distance on plasma
parameters

The target ablation and plasma formation in the presence
of an immovable obstacle (metal blocker) can results in sig-
nificant additional processes such as plasma shock wave
pressure, enhanced emission at collisional surface and hydro-
dynamic interaction of expanding plasma plume with target.
The obstacle surfaces are usually located at some distance
from the target and are oriented parallel to it. The physical
nature of spatial confinement effect through these surfaces
is based on the theme that reflected shock waves from
metal blocker compress the expanding plasma while increas-
ing the collisional rate of particles.

The most direct way to evaluate the enhancement effect of
electron temperature and electron number density is to com-
pare these values in both presence and absence of blocker.
For this purpose, spatial confinement effects on emission
spectra of laser-induced Mg plasma are examined by placing
the blocker at three different distances of 6, 8, and 10 mm
from the target. Figures 3-6 represent the comparison of
electron temperature and electron number density trends ob-
served at different fluences under four various Ar pressures
of 5, 10, 20, and 50 Torr without and with blocker at a dis-
tance of 6, 8, and 10 mm. It is observed that the Mg
plasma temperature shows increasing trend with increasing
pressure, attain their maxima at pressure 20 Torr and finally
decreases at maximum pressure of 50 Torr for all measure-
ments; whereas electron number density continuous to in-
crease till the maximum pressure of 50 Torr for all
measurements. These trends remain same for both cases
either in the presence or absence of blocker. However, it is
clearly seen that both plasma parameters are significantly en-
hanced in the presence of metallic blocker as compared with
its absence. The values of these plasma parameters are also
strongly dependent upon blocker distances.

The maximum value of electron temperature without block
is 8335 K under Ar gas pressure of 20 Torr. This value shows
the significant enhancement in the presence of blocker at all
distances of 6, 8, and 10 mm and comes out to be 12,200,
10,854, and 9276 K, respectively. Similarly, the maximum
value of electron number density without block is 2.4 X
10'® cm ™ under Ar pressure of 20 Torr. The value of elec-
tron number density is enhanced to 4 X 1016, 3.1x10' and
3.3 % 10'® cm ™3 for blocker distance of 6, 8, and 10 mm, re-
spectively. The higher electron temperature and electron
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number density values in presence of metallic block are ex-
plained on the basis of shock waves reflection from that me-
tallic surface which after reflection, physically modifies the
plasma plume into smaller space while providing additional
energy to the vapor plume as compared with freely expand-
ing plasma. This confinement leads to more condensed
plasma core area with enhanced collisional rate, excitation/
de-excitation and plasma emissions. It is reported (Gao
et al., 2015) that the plasma core position develops into the
more spatially stable form after reflection from metallic sur-
face placed at moderate distance. This causes the core part to
become more homogeneous and results into high-
temperature and high-density plasma. The presence of block-
er also produces a significant effect on shock-affected area
around ablated spot. The shock-affected region has clearly
been observed in SEM micrographs and has been calculated
(“SEM analysis” in Section 3.2).

In order to explain the results regarding the effect of blocker
distance on Mg plasma parameters, the analysis is divided into

a)

50 pm

S8 Mm

20 Torr
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two regimes. One regime deals with the lower pressures of Ar,
that is, 5 and 10 Torr; whereas the second regime corresponds
to higher Ar pressures, that is, 20 and 50 Torr. While compar-
ing the distances of the blockers placed at 6, 8, and 10 mm from
the target surface at lower pressure values of 5 and 10 Torr (first
regime), maximum enhancement of electron temperature and
electron number density is obtained for blocker distance of
8 mm, then for 10 mm, and minimum for 6 mm. This can be
attributed to change in plume shape due to presence of blockers
at these distances. For the blocker distance of 6 mm, shock
waves reflect back from the closer surface immediately, while
bouncing back they exert a higher pressure than blocker at
higher distance of 8§ and 10 mm. These reflected shock
waves move towards the plasma plume with higher force and
after compression and confinement they deform the plasma.
Final shape of plasma becomes narrower and more elongated.
Therefore, 6 mm blocker distance produces less significant
effects on enhancement of plasma parameters because of its
higher pressure and de-shaping the plume resulting in lesser

b)
10 Torr

50 Torr

Fig. 7. SEM micrographs revealing the surface morphology of central ablated regions of Mg exposed to 50 laser shots at fluence of 18
J/em? without blocker at various pressures of (a) 5 Torr, (b) 10 Torr, (c) 20 Torr, and (d) 50 Torr.

https://doi.org/10.1017/50263034617000210 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034617000210

Spatial confinement effects employed by metallic blocker and Ar gas pressures

involvement of plasma patrticles in collisional excitation in the
central region of plasma (Gao et al., 2015). While comparing
the blocker distance of 8 and 10 mm, the reason for maximum
values of plasma parameters obtained for the blocker distance
of 8 mm is explained as the propagating shock waves require
less time to encounter and reflect back earlier from the blocker
placed at closer distance, while confines the plasma plume ef-
ficiently and results in enhanced electron temperature and elec-
tron number density.

For second regime dealing with higher pressures of 20 and
50 Torr, the best confinement results with highest temperature
and number density plasma are obtained with blocker distance
of 6 mm as compared with 8 and 10 mm. The reason is explain-
able on the basis of fact that at higher pressures, the plume length
becomes shorter due to confinement effect offered by Ar gas.
Therefor, 6 mm becomes appropriate distance for offering the
best confinement effect through combination of shock waves
and gas confinement as compared with 8 and 10 mm. At
higher pressures of 20 and 50 Torr, the pressure of shock
waves on plasma plume is comparatively less effective as

a)

20 Torr
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compared with the pressure offered at lower pressures of 5
and 10 Torr. As plasma already significantly compressed and
confined due to high Ar pressure, therefore shock waves
cannot deform the plume shape. Hence, the small blocker dis-
tances are found to be more suitable for providing the better con-
finement effects at higher ambient pressures.

Moreover, the experiments are also performed for the Ar
pressure of more than 50 Torr and for blocker distance
<6 mm. No significant enhancement of plasma parameters
has been observed. The effects of spatial confinement offered
by blocker are not observed for the blocker distance <6 mm
and for the pressure of Ar >50 Torr and therefore these re-
sults are not presented.

3.2. SEM analysis

3.2.1. Effect of Ar gas pressure on surface morphology of
laser-irradiated Mg

In order to correlate the surface modifications of laser-
ablated Mg with plasma parameters, one fluence value is

b)
10 Torr

SBKm

S8 M

Fig. 8. SEM micrographs revealing the surface morphology of central ablated regions of Mg exposed to 50 laser shots at fluence of 18 J/
cm? with blocker at distance of 6 mm at various pressures of (a) 5 Torr, (b) 10 Torr, (c) 20 Torr, and (d) 50 Torr.
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b)
10 Torr

Fig. 9. SEM micrographs revealing the surface morphology of central ablated regions of Mg exposed to 50 laser shots at fluence of 18 J/
cm? with blocker at distance of 8 mm at various pressures of (a) 5 Torr, (b) 10 Torr, (c) 20 Torr, and (d) 50 Torr.

selected that corresponds to the maximum excitation tem-
perature of Mg plasma and the SEM micrographs corre-
sponding to this fluence are presented in Figures 7—10 at
various pressures ranging from 5 to 50 Torr. All SEM re-
sults of Figures 7-10 reveal the surface modification
after laser ablation of Mg in the absence and in the presence
of blockers at various distances of 6, 8, and 10 mm, respec-
tively at Ar pressure of (a) 5 Torr, (b) 10 Torr, (c) 20 Torr,
and (d) 50 Torr. These figures depict that pressure variation
significantly influences the surface structuring of irradiated
Mg. It is clearly seen from these figures at higher fluence of
18 J/cm?, there is large-scale melt expulsion towards
boundaries resulting in formation of ripples, channels,
and wavy patterns.

When laser interacts with material surface, non-uniform
energy deposition and absorption take place due to voids, in-
homogeneities, material impurities, and surface roughness
(Bashir et al., 2009). The surface modification of laser-ablated
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Mg can be well correlated with plasma temperature and elec-
tron number density. At high laser fluence of 18 J/cm?, the
ablation rate increases with more energy deposition resulting
in higher electron temperature and number density ranging
from 6146 to 1193K and 1.2x10' to 3.5x10"cm™>
which causes the large-scale melting and vaporization. The
melt flow becomes more turbulent, whereas ripples and chan-
nels become more diffusive at higher pressure of 50 Torr as
shown in Figures 7a—7d and 10a—10d. This variation in struc-
tural features with increasing pressure is explainable on the
basis of plasma parameters. When Ar pressure increases
from 5 to 20 Torr, electron temperature and electron number
density are also increased due to plasma confinement through
ambient pressure. The increasing values of electron tempera-
ture and electron number density with increasing pressure pro-
duce more heating and melting on target surface due to more
energy deposition to the lattice resulting in turbulent flow from
center toward the boundaries. Therefore, channels and ripples


https://doi.org/10.1017/S0263034617000210

Spatial confinement effects employed by metallic blocker and Ar gas pressures

a)

323

50 Torr

Fig. 10. SEM micrographs revealing the surface morphology of central ablated regions of Mg exposed to 50 laser shots at fluence of 18 J/
cm? with blocker at distance of 10 mm at various pressures of (a) 5 Torr, (b) 10 Torr, (c) 20 Torr, and (d) 50 Torr.

become more diffusive at target surface at higher pressures. It
is reported (Igbal er al., 2012) that the high-temperature
plasma exerts a pressure up to GPa on the target surface and
plays a crucial role on surface morphology. This consideration
emphasizes that both plasma pressure and shock waves derive
the turbulent flow of the molten material by enhancing the
melting effect finally suppressing the surface features.

3.2.2. Effect of metal blocker and its distance on surface
morphology of laser-irradiated Mg

In order to explore the effect of spatial confinement of-
fered by blocker placed at various distances on the surface
modification of laser-ablated Mg, the results are summarized
in SEM micrographs of Figures 7-10, (Fig. 7) in the absence
of blocker and at the blocker distance of (Fig. 8) 6, (Fig. 9) 8,
and (Fig. 10) 10 mm. It is clear from these figures that not
only the presence of blocker, but also its distance from the
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target produces a significant effect on surface morphology
of Mg. The observations of the SEM images reveal that
that there is pronounced formation of ripples and channels
in the presence of blocker. These ripples become more orga-
nized and well defined at a distance of 8 mm (Fig. 9a) as
compared with 6 and 10 mm blocker distance. This is valid
for lower pressures of 5 and 10 Torr. When the pressures is
increased to 20, the blocker distance of 6 mm offers more
pronounced spatial confinement as compared with 8 and
10 mm and results in comparatively distinct organized rip-
ples formation (Fig. 8c). It implies that there is a unique com-
bination of pressure and blocker distance for each fluence,
which is responsible for the maximum electron temperature
and number density of Mg plasma due to maximum com-
pression and confinement. The periodicity of ripples
formed at both pressures of 5 and 10 Torr at 8 mm blocker
distance is calculated as 27 and 17.4 pm, respectively, and
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Shock affected

Heat affected
area Laser ablated

“%200 pm

Fig. 11. SEM micrograph representing the laser-irradiated spot area and
shock affected area of Mg exposed to 50 shots at laser fluence of 18 J/cm?
with blocker at a distance of 8 mm under fixed Ar pressure of 20 Torr.

is attributed to maximum electron temperature and electron
number density.

Both the laser fluence and presence of blocker also plays a
significant role on laser-ablated spot area also called laser-
irradiated area and shock-affected area. When laser interacts
with materials, three kinds of regions are formed as (i) laser-
ablated area at which the ablation and plasma formation
occur, (ii) heat-affected area which is region over which ma-
terial changes its properties as a result of heat conduction
during and after the laser pulse, and (iii) the third one is
shock-affected region which is formed due to energy deposi-
tion through shock waves (Bauerle, 2011). The laser-ablated
and shock-affected regions of laser-ablated Mg are shown in
Figure 11. These areas are measured by SEM analysis and are
listed in Table 2 for both without and with blocker cases.
From Table 2, it is clear that the laser-ablated area decreases,
whereas the heat-affected area increases in the presence of
blocker for all measurements. This is attributed to enhanced

A. Hayat et al.

confinement effect offered by blocker that finally reduces
the laser spot area and increases the shock-affected
areas. These reduced laser-irradiated areas in turn produce
high-temperature and high-density plasma in localized
region and is responsible for distinct surface morphological
features.

4. CONCLUSIONS

The effect of spatial confinement offered by Ar pressure and
metallic blocker on plasma parameters and surface modifica-
tions of Mg is investigated. LIBS analysis reveals that both elec-
tron temperature and electron number density are strongly
dependent upon ambient pressure. Electron temperature in-
creases with increasing pressure, attain its maxima at the pres-
sure of 20 Torr, then decreases at maximum pressure of
50 Torr; whereas electron number density continuously increas-
es up to maximum value of Ar pressure. SEM investigations
reveal the ripples and channel formation. The presence of
blocker and its distance significantly affect the electron temper-
ature and electron number density, surface morphology and
shock-affected regions around laser spot area. At lower pres-
sures of 5 and 10 Torr, 8 mm blocker distance is found to be
optimum for maximum enhancement of electron temperature
and electron number density and cleaner ablation with distinct
ripple formation. At higher pressures of 20 and 50 Torr, 6 mm
blocker distance produces a significant role for enhancing
electron temperature and electron number density. The en-
hancement in plasma parameters and surface morphological
development is attributed to confinement effect through
shock waves that hinders the free expansion plasma. The
more collisions, excitations and de-excitations among
plasma in confined region finally results in higher electron
temperature and electron number density with more distinct
as well as well-defined surface features in the presence of block-
er. The optimum combination of laser fluence along with Ar
pressure and spatial confinement offered by blocker distance
can make Mg plasma more suitable and beneficial for ion
implantation, thin-film deposition and micro/nano-structuring
of materials.

Table 2. Average values of laser irradiated spot areas and shock affected areas calculated from SEM analysis under various Ar pressures
ranging from 5-50 Torr at laser fluence 18 J/ cm? ( corresponding to maximum electron temperature).

Pressure (Torr)

Higher laser fluence, 18 J/ cm?

Without blocker

With blocker at 6 mm

With blocker at 8 mm With blocker at 10 mm

5 Laser-ablated area (x10™* cm?) 193
Shock-affected area (x10™* cm?) 1831
10 Laser-ablated area (><10_4 cmz) 185
Shock-affected area (x10™* cm?) 1699
20 Laser-ablated area (x10™* cm?) 128
Shock-affected area (x10™* cm?) 1589
50 Laser-ablated area (x10™* cm?) 124
Shock-affected area (x10™* cm?) 1385

189 184 187
2157 1519 2038
177 182 180
1900 1854 1704
125 112 155
1449 1766 1618
120 109 148
2640 2613 2344
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