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Abstract

The plasma parameters of laser-ablated Zirconium (Zr) using a Langmuir probe technique
have been investigated by employing a Q-switched Nd:YAG laser (532 nm, 6 ns) at various
irradiances ranging from 8.6 to 15.5 GW/cm2. All the measurements have been performed
under an ultra-high vacuum condition while keeping the probe at a fixed distance of 4 mm
from the target. By varying the biasing voltages from 1 to 75 V, the corresponding values
of electric currents are measured by the probe on the oscilloscope. Laser-induced Zr plasma
parameters such as electron temperature, electron number density, plasma potential, Debye
length, and thermal velocity have been evaluated from I–V characteristic curves of
Langmuir probe data. It is found that both the electron temperature and thermal velocity
of Zr plasma reveal an increasing trend from 18 to 41 eV and 2.8 × 108 to 4.3 × 108 cm/s,
respectively, with increasing laser irradiance which is attributed to more energy deposition
and enhanced ablation rate. However, the electron number density of Zr plasma exhibits a
non-significant increase from 6.5 × 1014 to 6.7 × 1014 cm−3 with increasing irradiance from
8.6 to 10.9 GW/cm2. A further increase in irradiance from 12 to 15.5 GW/cm2 causes a reduc-
tion in the number density of Zr plasma from 6.1 × 1014 to 5.6 × 1014 cm−3 which is attributed
to the formation of thick sheath, ambipolar electric field, and laser-supported detonation
waves (Shock front). Scanning electron microscope analysis has been performed to reveal
the surface morphology of irradiated Zr. It reveals the formation of cracks, ridges, cones,
and grains. It was observed at high irradiances the ridges are vanished, whereas cones and
cracks are dominant features. By controlling plasma parameters, surface structuring of mate-
rials can be controlled, which has a vast range of applications in the industry and medicine.

Introduction

Laser ablation of a solid target is a technologically important, simple, and promising technique
with a vast range of applications in the field of industry, medicine, and material sciences
(Kurella and Dahotre, 2005; Phipps, 2007). The understanding of fundamental mechanisms
for the generation, growth, and expansion of laser-produced plasma is a challenging and fas-
cinating field. The plasma with known parameters of kinetic energy and degree of ionization
can be successfully employed for various applications, for example, pulse laser deposition of
thin film, ion implantation, and micro/nanostructuring of materials (Lippert et al., 1993;
Toftmann et al., 2003; Borghesi et al., 2006). The knowledge of electron temperature (Te)
and electron number density (ne) is highly significant for knowing the dynamics, evolution,
and energy deposition mechanisms of laser-generated plasmas.

There are various characterization techniques which can be employed for the evaluation of
plasma parameters. The Langmuir probe is one of the simple and promising in situ intrusive
diagnostic tool used to measure the parameters of plasma (Toftmann et al., 2000; Baraldi et al.,
2011). Basically, it consists of merely a small bare wire with well-defined dimensions, which is
inserted into the plasma. Charge carriers are collected around a probe and form a well-defined
boundary which is called “sheath”, when the applied voltage is swept from a negative to a pos-
itive potential. The dimensions of the probe are of great importance, as they play a vital role in
the collection of charged particles, that is, length and diameter (Russo et al., 2004; Merlino,
2007). By using the Langmuir probe technique, plasma parameters such as electron temper-
ature, number density, plasma potential, and Debye length can be evaluated from the I–V
characteristic curve. The Langmuir probe characterizations of laser-produced plasmas of var-
ious materials are reported by a large number of research groups (Hopkins and Graham, 1986;
Donnelly et al., 2010). Dogar et al. (2011) studied the temporal behavior of laser-induced
Cu plasma and evaluated the plasma parameters at laser irradiance ranging from 4 × 108 to
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13 × 108 W/cm2. By employing Nd:YAG (1064 nm, 10 ns), the
value of the electron temperature, plasma potential, and ion den-
sity were, respectively, 3.28 eV, 2.42 V, and 2.3 × 1012 cm−3. Chen
et al. (2014) reported the UV nanosecond laser ablation of
LaO0.4CaO0.6MnO3 in the fluence range of 0.8–1.9 J/cm2 using
both Langmuir probe and mass spectrometry. They observed
that with increasing laser fluence, the electron temperature was
increased from 0.9 to 1.0 eV and the electron number density
was varied from 4 × 1014 to 2 × 1014 m−3. Hendron et al. (1997)
used the Langmuir probe technique to calculate the plasma
potential, electron temperature, and electron number density in
the late stages within the time scale of 5 µs of a laser-irradiated
Cu plasma. Under vacuum conditions at a fluence of 2.5 J/cm2,
electron temperature and electron number density were found
to be 0.5 eV and 10−18 m−3, respectively. Nica et al. (2017) used
the Langmuir probe technique to characterize the plasma of
metallic targets produced by femtosecond laser. The highest
value of electron temperature was 14.21 eV for Al and 5.29 eV
for W target. Most recently, Nica et al. (2019) used the
Langmuir probe to measure plasma parameters of Copper and
Iron ablated by femtosecond laser irradiation. They studied the
influence of external biasing on metallic targets, which can per-
turb the ambipolar electric field generated through the charge
separation at early stages of the expansion.

The motivation of the present research work is to explore the
effect of various laser irradiances on the Zirconium (Zr) plasma
parameters at 4 mm target to probe distance that how the in-
creasing laser irradiance is translated into the kinetic energy
and ionization of Zr plasma with increasing energy deposition.
For this purpose, nanosecond Nd:YAG laser (532 nm, 6 ns) was
employed for Zr target ablation under ultra-high vacuum
(UHV) conditions at various irradiances ranging from 8.6 to
15.5 GW/cm2. Within this irradiance range, various research
groups have investigated electron temperature and number den-
sity in the range of 1.4–16 eV and 1012–1018 cm−3, respectively.
They have attributed this increase to the mass ablation rate. The
innovative aspect of the present work is the detailed exploration
of Zr plasma parameters at a small target to probe distance of
4 mm, which is scarcely reported. No one has correlated the
plasma parameter investigation by a Langmuir probe with surface
modification after laser ablation.

The effect of laser irradiance on micro/nanostructuring has
been studied using the scanning electron microscope (SEM).
According to our best knowledge, no work is reported in which
the effect of varying irradiance on the plasma parameter mea-
sured by a Langmuir probe is correlated with Zr surface structur-
ing. The surface modification of Zr can enhance its optical,
thermal, and field emission properties, as well as corrosion and
wear resistance, which can highly beneficial for material process-
ing application. The Zr plasma can be used as the best source of
electrons and ions for further applications of ion/electron implan-
tation of materials as well as tabletop accelerators.

Experimental details

A schematic of the experimental setup is shown in Figure 1a.
Squared shaped Zr samples with a purity of 99.999% were selected
as a target material with dimensions of 10 × 10 × 5 mm3. The
samples were grinded, polished, and ultrasonically cleaned for
20 min. A Q-switched Nd:YAG (Quantel 981C, France) laser
with a wavelength of 532 nm and a pulse duration of 6 ns was
employed as an irradiation source to generate Zr plasma. The

prepared Zr targets were placed on the target holder inside a vac-
uum chamber evacuated to base pressure of 10−9 Torr by using a
rotary pump followed by a turbo molecular pump. An Nd:YAG
laser beam with pulsed energies varying from 150 to 270 mJ, mea-
sured by an energy meter (NOVA-QTL; Ophir), was used. The
beam after focusing through a focusing lens of the focal length
of 50 cm hit the target at an angle of 90° with respect to the target
surface and generated the luminous Zr plasma. This plasma was
diagnosed with the help of the Langmuir probe technique. The
cylindrical Langmuir probe was used for the measurement of
plasma parameters, which was consisted of a W wire tip with a
diameter of 0.2 mm and a length of 6 mm. The W probe tip
was spot welded with a Cu rod of diameter 1.7 mm and a length
of 6.1 cm. This Cu rod was insulated with a Teflon rod of diam-
eter 9.9 mm and a length of 17 cm. The whole Teflon rod was
drilled according to the copper rod dimensions.

The I–V characteristics of plasma were recorded as a function
of laser irradiances by using a Langmuir probe. The Zr target were
exposed at seven different laser irradiances of 8.6, 9.8, 10.9, 12.0,
13.2, 14.3, and 15.5 GW/cm2 corresponding to pulse laser ener-
gies of 150, 170, 190, 210, 230, 250, and 270 mJ, respectively.
The Langmuir probe biasing voltage was varied from +1 to
+75 V, and the electronic signals were determined from the volt-
age drop across the 1-Ω resistor by means of an oscilloscope hav-
ing an impedance of 50 Ω. The biasing circuit is shown in
Figure 1b. The beam after splitting from the beam splitter entered
the photodiode that permit the oscilloscope to trigger. The surface
morphology of laser-irradiated Zr target was investigated using an
SEM (JEOLL JSM-6480 LV). Zr was exposed to 30 laser pulses at
same laser irradiances as have been employed for plasma genera-
tion of Zr. Surface modifications were explored from the center
and peripheral of ablated regions of targets. When the probe
was negatively biased, the electron flow to the probe was sup-
pressed and ions were extracted from the plasma. In our case,
at the constant distance of probe to target, that is, 4 mm when
the biasing voltage of probe was varied from −1 to −75 V, no
ions signals were detected. This might be the oversaturation of
ions at such a smaller distance. Therefore, only electron temper-
ature and electron number density of Zr plasma have been
evaluated.

Results and discussion

Langmuir probe measurements

Graphs of Figure 2a–2d reveal the temporal evolution of elec-
tronic current of Zr plasma at various laser irradiances of (a)
8.6, (b) 10.9, (c) 14.3, and (d) 15.5 GW/cm2 for fixed biasing
voltages of 14, 46, and 62 V. With the increase in laser irradiance
from 8.6 to 14.3 GW/cm2, the amplitude of electronic signal
increases, whereas the temporal delay of the electronic signal
reduces from 3 to 1 µs. At the maximum irradiance of
15.5 GW/cm2, the amplitude of the current reduces to the value
of 2.2 V, and the delay time of species increases up to 3 μs
which is also shown graphically in Figure 3 representing the com-
parison of amplitude of current and delay time of laser-ablated Zr
plasma as a function of laser irradiance at the biasing voltage of 46
V. When a nanosecond laser ablation takes place, vaporization of
the target starts immediately after the contact of the leading edge
of the laser pulse. In addition to the vaporized ionized species, the
impact of the trailing part of the laser beam further increases the
heating and ionization. The electron temperature of the plasma
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plume is increased with the increase in laser irradiance (Hafeez
et al., 2008a; Rai, 2012). As the ablation rate increases, which,
in turn, increases the internal energy of plasma, and as a result,
the electron temperature of the species are also increased.
Therefore, more energetic electrons reaching the tip of the
probe results in an increase in the amplitude of the electron

signals. At the maximum laser fluence, the decrease in the ampli-
tude of the electronic signal is attributed to more absorption of
the laser beam by the shock wave front, enhanced diffusion losses
out of focal volume due to enhanced kinetic energies after
increased collisional excitation as well as recombination losses
(Bashir et al., 2012). Similarly, the kinetic energies and velocity

Fig. 1. (a) The schematic of the experimental setup for laser-induced Zr plasma and its diagnostics by a Langmuir probe. (b) The Langmuir probe circuit diagram.

Fig. 2. Temporal evolutions of Langmuir probe signals at 4 mm probe to target distance for Zr plasma at the probe biasing of 14, 46, and 62 V at various laser
irradiances of (a) 8.6, (b) 10.9, (c) 14.3, and (d) 15.5 GW/cm2.
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of charged species of the plume are increased by increasing laser
irradiance. This will be responsible for reducing the delay time of
the electronic signal. Due to the formation of an electric shield
around the probe fast-moving electrons are able to overcome
this potential in the plasma sheath (Pilling et al., 2003). Graphs
of Figure 4a–4d show the typical electronic signal recorded for
the various biasing voltages of (a) 14, (b) 36, (c) 46, and (d)
62 V at the laser irradiances of 8.6, 10.9, 14.3, and 15.5 GW/
cm2, respectively. It is observed that with the increase of biasing
voltages from 14 to 46 V, the electronic current increases.
However, no decrease in the delay time of the electronic signal
is observed. With the increase in the applied potential, the ampli-
tude of the electronic current increases because more electrons are
collected toward the probe and flux densities collected by the tip
of the probe are increased in terms of peak intensity (Bhatti et al.,
2010; Shrestha et al., 2014).

The typical I–V characteristic curve of the Langmuir probe
obtained for Zr plasma is shown in Figure 5a. When positive bias-
ing voltage is applied to the probe, the corresponding electronic
current increases due to the collection of more electrons by the
tip of the probe. In the I–V characteristic curve, the region
where electrons are attracted by the probe is known as the electron
retarding region. The bend is referred to as the “knee” of the
curve. At this point, the voltage corresponds to the plasma poten-
tial. When the applied potential is greater than this plasma poten-
tial, electrons are responsible for the electric shielding of the probe
and this region is known as the electron saturation current.
Assuming the Maxwellian energy distribution, the current
drawn from the probe is given by the following equation (Hafez
et al., 2003):

I = I0exp
V − Vp

kTe

( )
, (1)

ln
I
I0

( )
= V − Vp

kTe
, (2)

where I is the electronic current, I0 is the electron saturation cur-
rent, Te is the electron temperature, k is the Boltzmann constant,
Vp is the plasma potential, and V is the applied voltage. In the I–V
characteristic curve, the plasma potential (Vp) is determined by
extrapolating the electron retarding and the saturation region of

the ln[Ie]/V curve (Hendron et al., 1997), as shown in
Figure 4b. The value of the plasma potential increases from
11.4 to 16.8 V with increasing laser irradiances from 8.6 to
15.5 GW/cm2.

The typical I–V characteristic curve of the Langmuir probe
obtained for Zr plasma at laser irradiances of 8.6–15.5 GW/cm2

is shown in Figure 5b. The biasing voltage is applied to the
Langmuir probe from 1 to 75 V. With an increasing biasing volt-
age up to a value of 15 V, the electronic current increases linearly.
A further increase in the biasing voltage is responsible for the sat-
uration of the electronic current. The saturation of the electronic
current terminates the exponential behavior which is the typical
characterization of a Langmuir probe. It is also observed that
the value of collected electron increases for same biasing voltages
by increasing the laser irradiance from 8.6 to 13.2 GW/cm2. With
a further increase of laser irradiance from 14.3 to 15.5 GW/cm2, a
decrease in the electronic current is observed for same biasing
voltage values. The increase in the electronic current curve with
increasing the laser irradiances is attributed to enhanced energy
deposition to the target surface with higher ablation efficiency.
Hence, more energetic species are collected on the probe. At
the maximum laser irradiance, the decrease in the electronic cur-
rent is due to the electron loss which is related to the contribu-
tions of recombination, trapping, and diffusion losses (Harilal
et al., 1998).

The electron temperature is one of the most important param-
eters of plasma and is important to understand various dissocia-
tion, ionization, and excitation processes (Lacroix et al., 1997).
The electron temperature is evaluated from Eq. (1) by using I–
V characteristic curves of the Langmuir probe at various laser irra-
diances. A graph is plotted between voltage versus current, the
slope of the straight line in the linear region is 1/kTe, where Te
gives the value of electron temperature. Figure 6a shows the var-
iation in electron temperature of Zr plasma with increasing laser
irradiance. When laser irradiance increases from 8.6 to 15.5 GW/
cm2, the electron temperature increases monotonically from 18 to
41 eV. This variation in electron temperature is explainable on
the basis of absorption of light during laser-matter interaction.
The interaction of laser pulse with the material generates a
significant magnitude of the accelerating electric field for the
charged particles. The electric field of incoming electromagnetic
radiations basically generates the space charge wave in plasma
after its interaction with target electrons (Radziemski and
Cremers, 1989). The space speed of this wave that is close to
the speed of light makes relativistic particles to be accelerated
with higher kinetic energies. This peak electric field of the incom-
ing laser beam is related to its irradiance by the relation
(Radziemski and Cremers, 1989):

E(eV/cm) = 27
������������
I(W/cm2)

√
, (3)

where E is the electric field, and I is irradiance. This electric field
increases from 2.5 to 3.3 MeV/cm for minimum to maximum
selected irradiance values. The increasing laser irradiance from
8.6 to 15.5 GW/cm2 as well as increasing electric field correspond
to increasing trend of energy deposition to the Zr target from 56
to 100 eV/atom which is significantly higher than the melting and
vaporization threshold of Zr (1 eV). This increasing trend of
energy deposition with the increase in irradiance is responsible
for the enhanced mass ablation rate of the target which is given

Fig. 3. The comparison of the amplitude of current and delay time of laser-ablated Zr
plasma measured by a Langmuir probe as a function of laser irradiance at the biasing
voltage of 46 V.
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by the relation as follows (Radziemski and Cremers, 1989):

m (kg/s cm2) = 110
wa

1014

( )
l−(4/3), (4)

where wa is the absorbed fluence, and λ is laser wavelength. In the
present case, the analytical value of the mass ablation rate of Zr
increases from 1.13 × 10−3 to 1.36 × 10−3 (kg/s cm2) with the
increase of irradiance ranging from 8.6 to 15.5 GW/cm2, respec-
tively. These considerable effects finally result in an increase of

electron temperature of Zr plasma at higher irradiances (Hafeez
et al., 2008b).

The electron thermal velocity is calculated by the following
expression (Hendron et al., 1997):

v =
������
8kTe

pme

√
, (5)

where k is the Boltzmann constant, Te is the electron temperature,
and me is the mass of an electron. Figure 6b shows the variation in

Fig. 4. Temporal evolutions of Langmuir probe signals at 4 mm probe to target distance for Zr plasma at laser irradiances of 8.6, 10.9, 14.3, and 15.5 GW/cm2 at
various biasing voltages of (a) 14, (b) 36, (c) 46, and (d) 62 V, respectively.

Fig. 5. (a) The I–V characteristic curve of the laser-induced Zr plasma with different regions obtained at the irradiance of 8.6 GW/cm2. (b) The I–V characteristic
curve of laser-induced Zr plasma at various laser irradiances of 8.6–15.5 GW/cm2.
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electron thermal velocity variation with the increasing laser irra-
diance from 8.6 to 15.5 GW/cm2. The electron velocity increases
from 2.8 × 108 to 4.3 × 108 cm/s by increasing the laser irradiances
from 8.6 to 15.5 GW/cm2. A dense plasma absorbs strongly the
trailing part of the laser pulse. The absorption of the laser radia-
tion by the plasma increases the velocity of the species. During
this process, plasma thermal energy is converted into the transla-
tion energy of the species which is responsible for the enhance-
ment of electron thermal velocity. The particle acceleration
depends upon the initial temperature and the mass of the species
produce in this expansion (Singh and Narayan, 1990; Kumari and
Khare, 2014).

The electron saturation current is proportional to electron
density (ne) and is expressed by the following relationship
(Doggett and Lunney, 2009):

I0 = 1
4
eveAne, (6)

where I0 is the electron saturation current, e is the electronic
charge, ve is the thermal velocity of electrons, A is the area of
the probe, and ne is the number density of electrons.

Figure 6c shows that initially with the increasing laser irradi-
ance from 8.6 to 10.9 GW/cm2, electron density increases from
6.5 × 1014 to 6.7 × 1014 cm−3. Initially with the increase in laser
irradiance, number density increases. This increase is attributed
to enhanced ablation rate, collisional frequency of neutrals with
ions. However, a further increase in laser irradiance from 10.9
to 15.5 GW/cm2 causes a decrease in number density, in spite
of fact electron temperature increases monotonically in this

region. This decrease in number density with the increase in
laser irradiance is explainable on the basis of the ambipolar elec-
tric field (double layer) generated in the ablated plume of Zr
plasma. The condition for the formation of the ambipolar electric
field is a≫ λD (Radziemski and Cremers, 1989), where a is beam
radius, and λD denotes Debye length. The value of the laser beam
radius is 0.96 mm, which is much higher than λD ranges from 1.2
to 2 µm. This mechanism suggests that in early times of the plume
expansion, the electron being the lighter particle as compared to
the ion moves faster, thus leaving behind the positive cloud.
According to the Gauss law, an electric potential V0 (also
known as the ambipolar electric field) is generated (Radziemski
and Cremers, 1989). This electric potential accelerates the ions
and plays the role of potential barrier for further incoming elec-
trons (Radziemski and Cremers, 1989). Only the high energy elec-
trons have the ability to cross the barrier, whereas the low energy
electrons could not reach the probe surface. Thus, the formation
of an additional electric field within a Debye length is responsible
for the decrease in number density. Moreover, the value of electric
field increases with the increase in laser irradiance. Another pos-
sible reason for the decrease in number density is the formation of
thick sheath around the Langmuir probe at higher laser irradi-
ance. When the probe is positively biased electron shielding
cloud surrounding it starts to attract the ions from plasma and
hinders the further electrons motion toward the probe (Torrisi
and Gammino, 2006). With the increase in laser irradiance, the
sheath becomes more and more thick, and as a result, a less num-
ber of electrons are able to reach the probe, thus decreasing the
number density. Moreover, the electron density is inversely propor-
tional to the square root of electron velocity as given in Eq. (6).

Fig. 6. The variations in (a) electron temperature, (b) thermal velocity, (c) electron number density, and (d) Debye length of Zr plasma as a function of laser irra-
diance ranging from 8.6 to 15.5 GW/cm2.
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With the increasing laser irradiance, electron velocity increases
and correspondingly the number density of Zr plasma decreases.
The other possible mechanism for density decrease is also
attributed to the absorption of laser beam by laser-supported
detonation waves (Shock front) (Radziemski and Cremers,
1989). These shock waves will reduce the intensity of laser
beam which reaches the target surface.

Graph of Figure 6d shows the effect of laser irradiance on the
Debye length with the increasing laser irradiance from 8.6 to
15.5 GW/cm2. The Debye length increases from 1.2 to 2.0 µm
by increasing laser irradiances from 8.6 to 15.5 GW/cm2. The
collection of the electronic current increases due to the increase
in the biasing voltage from 1 to 75 V, but at one point, the incom-
ing electrons are repelled by the probe due to the formation of
electronic cloud named as “sheath” (Lai et al., 1993). This elec-
tronic cloud will limit the penetration of the external electric
field into the plasma maintained at a distance approximately to
electron Debye length λD, which is written as follows (Bhatti
et al., 2010):

lD =
�������
10kTe

e2ne

√
, (7)

where ε0 is the permittivity of free space, k is the Boltzmann cons-
tant, Te is the electron temperature, e is the electronic charge, and
ne is the electron number density. For high-density plasma, the
sheath width is small ≤0.1 mm. Therefore, the expansion in the
sheath produces a negligible increase in the electronic current
as the probe bias is increased. If the density is lower and the
area of the probe is small, the collected current increases as the
expansion in the sheath increases, because the collection of the
particles is around the sheath area and not the area of geometry
(Merlino, 2007).

Effect of laser irradiance on the surface morphology of
laser-ablated Zr explored by SEM analysis

When a high-intensity laser is used to irradiate the sample sur-
face, the bound potential of free electrons is distorted by the elec-
tric field of the laser parallel to the surface normal. This distortion
of potential induces tunneling photoelectron ejection from the
metal surface via multiphoton absorption. Therefore, in order
to correlate the electron emission with the threshold fluence of
ablated material, simply the ionization potential and work func-
tion cannot define ablation threshold for the material, and it is
highly important to find out the ablation threshold by a

Fig. 7. SEM analysis exhibiting the surface morphology of central ablated area of laser-irradiated Zr under UHV at different laser irradiances of (a) 8.6, (b) 9.8,
(c) 10.9, (d) 12.0, (e) 13.2, (f) 14.3, and (g) 15.5 GW/cm2.
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surface-ablated area which justifies SEM analysis of laser-ablated
Zr. For this reason, SEM has been performed to reveal the surface
morphology of Zr after ablation at various laser irradiances rang-
ing from 8.6 to 15.5 GW/cm2.

The surface modifications of laser-ablated Zr were explored by
SEM analysis. The Zr targets were exposed to 30 laser shots at
same laser irradiances which have been employed for plasma gen-
eration of Zr during Langmuir characterization. The plasma
impact on the overall phenomenon of laser-matter interaction
and its particular features such as the influence of excited plasma
reradiation, back flux of energetic plasma species, and massive
material redeposition on surface quality and processing efficiency
is highly important.

SEM images of Figure 7 reveal the variation in the surface
morphology of the peripheral ablated regions of the Zr targets
under UHV conditions for various laser irradiances of (a) 8.7,
(b) 9.8, (c) 10.9, (d) 12, (e) 13.2, (f) 14.3, and (g) 15.5 GW/
cm2. Various features like periodic surface structure (ripples),
ridges, highly uplifted protruding cones, cracks, and grains are
dominant characteristics, which are observed on the surface of
irradiated Zr and are found to be dependent upon the laser irra-
diances. Figure 7a shows the diffusive ripples with the protruding

cap-like structure for the lowest irradiance of 8.6 GW/cm2. For
the irradiance of 9.8–12 GW/cm2, embedded ripples are seen in
Figure 7b–7d. In Figure 7e, at the irradiance of 13.2 GW/cm2,
the formation of ripples with diffusive ridges is observed. With
the further enhancement of irradiance up to 14.3 GW/cm2,
these ripples become more pronounced as shown in Figure 7f.
Ridges with the protruding conical structure are observed at the
maximum irradiance of 15.5 GW/cm2 in Figure 7g. Laser
Induced Periodic Structures(LIPS) are described on the basis of
theories such as the generation of surface plasmon polaritons
(Das et al., 2013), Kelvin–Helmholtz instability (Ang et al.,
1998), and capillary waves (Shen et al., 2003). The formation of
ripples in the present case is attributed to the plasma instabilities
like Kelvin–Helmholtz instabilities. According to this theory, the
ripple formation is caused by the fast heating and melting of
the surface layer and the formation of laser-induced surface
waves. The splashing, redeposition, solidification, and permanent
engraving of the ablated material in the laser-induced surface
layer finally cause the formation of micro ripples (Kawakami
and Ozawa, 2003; Barmina et al., 2009). At the maximum irradi-
ance of 15.5 GW/cm2, distinctness of ripples increases and they
become more organized due to higher values of Te as calculated

Fig. 8. SEM images revealing the surface morphology of peripheral ablated area of laser-irradiated Zr under UHV at different laser irradiances of (a) 8.6, (b) 9.8,
(c) 10.9, (d) 12.0, (e) 13.2, (f) 14.3, and (g) 15.5 GW/cm2.
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by Langmuir probe measurements. SEM images of Figure 8a
reveal the surface morphology of irradiated Zr at the lowest irra-
diance of 8.6 GW/cm2. The formation of ridges with wide base,
small heighted cones and cracks are seen at the surface. The ridges
are formed when the recoil pressure exerted by the plasma is
enhanced which causes the more splashing of material toward
the boundary (Yu and Lu, 1999), whereas the presence of thermal
stresses on the surface is the possible reason for the crack forma-
tion (Kalsoom et al., 2013). With increasing the irradiances from
8.6 to 9.8 GW/cm2 in Figure 8b, these ridges are completely van-
ished along with the appearance of distinct and uplifted cones.
The growth of such a conical structure is explainable into two
stages: in the first stage, the pressure which is exerted by the
laser irradiation on the target surface generates stresses as well
as depression which are responsible for their growth (Khalid
et al., 2016). In the next step, the relaxation of these stresses
after terminating of the laser pulse causes the evolution of the
conical structures (Khalid et al., 2016). At the irradiance of
10.9 GW/cm2 of Figure 8c, the surface morphology shows an
increase in the density of the cracks, whereas density, height,
and distinctness of the protruding cones are reduced significantly.
Figure 8d reveals that the density and size of the cracks are
decreased, and only few cones are seen as the irradiance is
increased up to 12 GW/cm2. This decrease in density and size
of cracks is due to the refilling of cracks due to splashing and
melt displacement. Further enhancement of irradiance from 12
to 13.2 GW/cm2 in Figure 8e, the distinctness and elevation of
ridges are increased. On increasing the irradiance further up to
14.3 GW/cm2 of Figure 8f, the heighted cones with wider bases
are observed that is attributed to more energy deposition to the
target surface and the more melting on the target surface. The
measured height of the cone is 2.5 to 5.2 µm. The grain growth
is also seen in the ablated regions. The reason for the generation
of the residual stresses on the target surface due to the fast heating
and cooling results in the high-temperature gradients. This local-
ized heating and cooling is the cause of the grain-like morphology
(Mahmood et al., 2010). In Figure 8g, for the highest irradiance of
15.5 GW/cm2, the unorganized cones along with cracking are also
seen on the surface. Melting and recrystallization of metal along
with maximum electron temperature deposited to lattice in the
laser-irradiated area are the possible cause for this grain-like
structure morphology (Shazia et al., 2015).

Above observations suggest that laser irradiance plays an effec-
tive role for plasma parameters as well as the surface modification
of Zr. By controlling the plasma parameters, we can control the
growth of different structures. When the energy deposition
increases, electron temperature increases and is responsible for
the growth of more pronounced ripples on the center of the
ablated region, whereas uplifted cones and ridges at the periphery
region are observed. With an increase of laser irradiance, electron
temperature increases, hence the distinctness of the ripples
increases.

Conclusions

The Langmuir probe is used as a diagnostic tool to investigate
plasma parameters after laser ablation of Zr target under the
UHV condition. Both the electron temperature and electron den-
sity of Zr plasma are strongly dependent upon the laser irradi-
ance. The electron temperature increases from 18 to 41 eV with
the increasing laser irradiance from 8.6 to 15.5 GW/cm2.
Whereas electron number density increases from 6.5 to

6.7 cm−3, with the increasing irradiance ranges from 8.6 to
10.9 GW/cm2 and then decreases from 6.1 to 5.6 cm−3. Both
the thermal velocity and Debye length increases from 2.8 × 108

to 4.3 × 108 cm/s and 1.2 to 2.0 µm, respectively. The plasma
potential is also found to increase with the electron temperature.

The significant effect of various laser irradiances on the surface
morphology of ablated Zr has been revealed by an SEM. SEM
investigation revealed the formation of various structure ripples,
cracks, grains, and cones on the center and outer boundary of
the ablated region. The growth of these features is also dependent
upon plasma parameters as well as the laser energy deposition.
The structured Zr is highly useful for the enhancement of optical,
mechanical, frictional, and field emission properties and can be
become more suitable for device fabrication and in various med-
ical and industrial applications. Therefore, the knowledge of
plasma parameters is highly important. By controlling plasma
parameters, the formation and growth of various surface struc-
tures can be controlled, for example by increasing the electron/
ion temperature, the periodic surface structure become more
organized and distinct.
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