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Tungsten ion source under double-pulse laser ablation system
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New tungsten ion source is produced by using single and double-pulse laser ablation system. Combined collinear
Nd:YAG laser beams (266+1064 nm) are optimized to focus on the sample in air. Optimization of the experimental param-
eters is achieved to enhance the signal-to-noise ratio of the emission spectra. The velocity distribution of the emitted plasma
cloud is carefully measured. The influences of the potential difference between the bias electrodes, laser wavelength and
intensity on the current signal are also studied. The results show that the increase in the tungsten ion velocity under the
double-pulse lasers causes the output current signal to increase by about three folds. The electron density and temperature
are calculated by using the Stark-broadened line profile of tungsten line and Boltzmann plot method of the upper energy
levels, respectively. The signal intensity dependence of the tungsten ion angular distribution is also analyzed. The results
indicate that the double-pulse laser ablation configuration is more potent technique for producing more metal ion source
deposition, thin film formation, and activated plasma-facing component material.
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1. Introduction
The key roles of tungsten (W) and its alloys have been

emphasized, and tungsten is regarded as amain candidate ma-
terial to be used as a plasma-facing component (PFC) in
international thermonuclear experimental reactor (ITER) ac-
tivated phase.[1,2] Ion or high power laser instruments are
routinely utilized to produce an environment imitating ITER
plasma in order to investigate the corrosion of PFC sub-
stances. Tungsten has special properties, such as low sput-
tering yield, high energy threshold of sputtering, low ero-
sion rate, high thermal conductivity, high melting point, and
excellent thermo-mechanical properties.[3] These properties
make tungsten suitable for the technological applications in
plasma fusion. The superior performance of radiation from
tungsten ions under applying an intense electromagnetic flux
motivates plasma engineers to use it in many shapes for dif-
ferent applications. Therefore, tungsten electrodes could be
designed into boats, tubes, wires, loops, cups, and filament
coil shapes to be used in atomic absorption or emission, in-
ductively coupled plasma optical emission spectrometry (AAS
or AES or ICP-OES),[4] atomic fluorescence spectrometry,[5]

microwave plasma atomic spectrometry,[6] or laser excited
atomic fluorescence.[7] For example, the thin W-wire forms
are used in glass capillary electrical discharge, electron micro-
probes, x-ray tubes and scanning electron microscopes, due
to their high melting temperature (3680 K) and evaporation

features.[8]

Double-pulse laser ablation system (DPLAS) has been an
attractive technique of research in material science and ana-
lytical chemistry because of its rich source of UV and x-ray
radiations. It can also be used for the in situ monitoring of
deposition and erosion processes in fusion reactors.[9] The ob-
served W plasma has a wealthy ion sources which are required
in many fields such as strong ion source, high energy ion im-
planters and laser ion source.[10] Ion source with high cur-
rent is important for fusion reactors, space thrusters, lithogra-
phy, laser deposition, growth of nanostructures to modify their
properties, cluster formation, industrial polymerization, food
sterilization, and accelerator implementations.[11–13] Some of
research groups have investigated the tungsten surface dam-
age produced by the holes, bubbles and fiber-form structures
in the response of helium ion flux.[14,15] Other groups inves-
tigated the influences of the tungsten plasma parameters on
the IR, green, UV laser wavelengths.[16] The choice of the
experimental conditions plays an important role in improv-
ing the DPLAS technique. Double-pulse (DP) lasers are uti-
lized for the tungsten ablation which yields the genesis of
high-temperature and density plasma. Radiative recombina-
tion mechanism (RRM) affects the thermal equilibrium plasma
of fusion and the ionization equilibrium. Therefore, in differ-
ent tungsten ions, the cross sections of radiative recombination
play an essential role for DPLAS technique. In addition, the
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gas discharge is utilized as a buffer gas in accelerators, light
sources, plasma spraying, surface treatments, and design of
thin films by sputtering.[17–23] All of these applications de-
mand a better understanding of the outcomes of the DPLAS
technique including the creation of ion sources, velocity dis-
tributions, ion energy, and ion flux. The dynamic behaviors
of ion beams released from gold, silver, silicon, graphene, and
stainless steel plasmas at various laser pulse durations have
been reported.[24–28]

In this work, the W ion source and high current signal un-
der applied DPLAS geometry are generated for the first time.
Farid et al.[16] focused only on a single-pulse Nd:YAG laser
ablation with an energy of 300 mJ at 1064 nm, 160 mJ at
532 nm, and 85 mJ at 355 nm, separately. In our work, several
new spectral lines W(I) and W(II) from the plasma emission
are identified. The temporal distribution of the double-pulse
laser of tungsten plasma parameters in an applied potential
is studied. In addition, a Faraday cup ion probe technique
is installed to measure the tungsten ion velocities in SPLAS
and DPLAS geometries. The experimental parameters such
as laser wavelength, laser intensity, argon gas pressure, gate
delay, electrode spacing, and laser pulse energy ratios are op-
timized to improve the DPLAS technique for attaining better
quality thin film emission that could be important for opti-
cal switching, thin film devices, and pulsed laser deposition
(PLD).

2. Experimental details
2.1. SPLAS and DPLAS principle

The layout of the collinear DPLAS geometry setup for
producing a W-ion beam in partial vacuum gas pressure is
shown in Figs. 1(a) and 1(b). The experimetal details of our
DP-LIBS emission spectroscopy can be found elsewhere.[24]

High temperature (∼18000 K) plasma was produced on the
W-electrode surface under the action of applied two collinear
Nd:YAG laser pulses. The laser arrangement includes a
266 nm laser I (Continuum model NY81-30) of 7 ns pulse du-
ration and 30 Hz repetition rate utilized for ablation process. A
1064 nm laser II (Spectra Physics INDI-50) with a 6 ns pulse
width and 30 Hz repetition rate was used for the second pulse.
An energy meter was installed to measure the laser pulse en-
ergies of the 266 nm and 1064 nm laser beams that are con-
trolled to be 25 and 300 mJ laser energy by varying the flash
lamp voltage, respectively. Various pairs of nanosecond lasers
were tested to achieve better optimization and confirmed that
the integration (266+1064) nm gave a maximal signal-to-noise
ratio (S/N), i.e., a maximum contrast given by the spectrome-
ter. A fundamental IR laser (II) was triggered by UV laser (I)
signal. Both laser beams were directed toward the W-electrode
surface after being combined into collinear dual-pulsed geom-
etry and impinged on a quartz convex UV and IR lenses of

50 cm focal length at the same point.We used a combination
of 266–1064 nm Nd:YAG lasers of the DP-LA system under
the same optimization condition to enhance the signal-to-noise
ratio (SNR) in comparison with the single pulse (SP) mea-
surements, i.e., SNRDP/SNRSP. The transition maximum after
removing the background spectrum is called signal while the
standard deviation of the corresponding background is called
noise. A set of measurements was optimized to advance the
sensitivity of the UV–NIR spectra and to prolong the plasma
life time.
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Fig. 1. (color online) (a) Experimental setup used for DP-LAS measure-
ments; (b)electric discharge circuit and optics geometry.

The 266 nm laser (shorter wavelength) as the first pulse
is more efficient in achieving ionization, bond breaking pro-
cess, allowing for the formation of a controlled plasma, and
coupling to the W target because of reduced screening effects,
resulting in increased mass ablation. The use of 266 nm laser
for LAS also has shorter optical penetration depth, which of-
fers greater laser energy per unit volume for ablation. Hence,
the 1064 nm laser (longer wavelength) as the second pulse pro-
vides controllable energy addition through the mechanism of
inverse bremsstrahlung absorption and interacts with rarefied

095201-2



Chin. Phys. B Vol. 26, No. 9 (2017) 095201

ambient conditions, which further ablates the target as well as
excites or re-heats the plasma plume produced by 266 nm laser
pulse. Hence, more excited species, free electrons and ions are
produced which interact with the incoming DP laser photons
and cause more ionization and heating, which increases the ab-
sorption of more laser photons. The incident energy absorbed
by the plasma is used to increase the internal energy of the
plasma and consequently increase the extracted ion velocity
with gaining more energy from the external electric field of
DP lasers.

Thus, it is better to employ a sequence of short (266 nm)
and long (1064 nm) wavelength lasers for DP-LAS as pre-
ionization, high ablation efficiency, and reheating beams for
rewarding the W ions high kinetic energy, resulting from the
inverse bremsstrahlung, thereby giving rise to the ion velocity
in larger plasma volume and longer plasma life time.

This trend can be explained by the fact that the probabil-
ity of multiphoton ionization increases proportionally to the
photon energy coming from the DP lasers.[29–32] The intensity
distribution within each laser beam is in Gaussian profile. The
beam quality factor for each laser beam has a Gaussian fit cor-
relation ∼0.90 with an M2∼1.5, pulse-to-pulse stability ∼7%,
and an Airy disk spot diameter of the first zero rings obtained
by

dA = 2.44λ f/D,

where λ is the wavelength, D is the input beam diameter, and
f is the focal length of the lens. This gives a focal spot di-
ameter of 100 µm at 266 nm laser beam, 200 µm at 1064 nm
laser beam, and 350 µm at (266+1064) nm double laser beams.
To enhance the signal-to-noise ratio, the variation of the inter-
pulse delay (∆t) between the two laser pulses from 0 to 500 ns
indicates that ∆t = 250 ns produces the maximum ratio. In
addition, the time between the detection gate signal (start of
the recording spectrum) and the 1st excitation laser pulse (gate
delay, td = 0.3 µs) was also optimized. The DP-laser beams
were focused at different distances from the tungsten surface,
(d =−2.5 mm, −1 mm in front of the tungsten surface; d = 0,
on the tungsten surface; d = 3 mm, 4 mm behind the tungsten
surface). Finally, the delay was set using a Stanford delay gen-
erator DG535 with 1 ns timing jitter, where the fluctuations of
both laser pulse energies were less than 5%.

In this setup, a planar anode with circular shape of high
purity tungsten (W block 99.999%, Kurt J. Lesker) electrode
was utilized. The laser beam passed through a quartz win-
dows of the DPLIP hybrid vacuum chamber to impinge the W-
anode and release a photoelectric current. The W-target was
also rotated using a rotary disc with an adequate speed using
a motorized X-Y translation holder stage in order to impede
crater generation. The translation holder stage was controlled
by computer software to obtain a fresh surface for each burst of

laser shots and suppress the development of any crust. For the
cathode, a flat circular shape of mesh grid copper (Cu) with a
thickness of a few mm was used. The anode and cathode each
has a diameter of 50 mm and a surface area of 706 mm2. A
movable holder made of mica in between the electrodes was
used to vary the anode/cathode separation gap. The vacuum
discharge chamber was partially evacuated by using the oil-
sealed Varian SD rotary pump (300 Franklin Electric). The
argon (Ar) gas was used as it has high-lying metastable states
and its pressure was measured by using a Pirani gauge (APG-
M-NW25-Edwards HV INT Inc.). It will be an interesting
process of extending such studies in our laboratory to a wide
range of materials in the Periodic Table and discover some cor-
relations with either the electronic geometries or the low and
high z-value of the objective materials.

2.2. Optical emission spectra

The spectrum of W-emission was recorded in the re-
gion of 320–800 nm by using a high-resolution spectrometer
(0.5 m, SPEX) equipped with a telescope ( f1 = 54 mm, f2 =

120 mm) to collect the plasma emissions at different angles
(0◦–80◦). The plasma emission was delivered to a multimode
fiber optic head (silica, high-OH, a core diameter of 600 µm)
of 0.05 nm resolution (grating of 1200 grooves mm−1) for
further analysis. Synchronization between the gated camera
(intensified charge coupled device (ICCD), Princeton Instru-
ment) and the laser pulse has been achieved. The gate pulse
width (10 µs) was well controlled and the spectrum was per-
fectly recorded after each laser pulse. The gate delay (1 µs)
represents the time between the shutter opening pulse of ICCD
camera and the laser ignition pulse. The number of accumu-
lations was selected to be 10. The accuracy of our detection
system depends on the geometrical setup, quality of optical
fiber, and ambient conditions. Therefore, the sensitivity of the
observed spectra was improved and the sustained plasma with
long-time stabilization was also obtained. In this work, we
used a Boltzmann plot to analyze the W-spectra.

2.3. Electric discharge circuit

Gahan and Babaeva have described the electric circuit in
detail.[33,34] A DC power supply (max. 50 mA, high voltage
1200 V, Model photon) was used to charge a 10 nF capacitor
bank and applied a potential voltage of 400 V for providing
the discharge across the two planar electrodes. The cylindri-
cal Faraday-cup ion probe (FCIP) was installed in the setup
to monitor the W-plasma expansion. The brass FCIP housing
was located at an 80 mm normal distance from the anode elec-
trode surface. In addition, the FCIP has a 2 mm circular hole
diameter in the center, while an aperture (grounded electron
repeller) of the same diameter is mounted before the cathode
to avoid the secondary electron emission as shown in Fig. 1(b).
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Then the FCIP is biased with −90 V to repel the released
negative electrons and attract the generated positive ions in
the plasma. The signal is monitored from the voltage falling
across a resistance of 10 Ω by using a fast response 500 MHz
digital storage oscilloscope with 2 ns temporal resolution in
order to evaluate the ion current Ii for various discharge cur-
rents. Table 1 showsthe relation between argon pressure and
flow rate. Table 2 exhibits the physical properties of the cop-
per (Cu) and tungsten (W) electrodes. Under this condition
aDC-power supply is used to apply a DC potential, V , across
the two electrodes with a fixed resistance to monitor the cur-
rent flowing into the circuit. The results indicate that the fre-
quency and size of burst increase with increasing voltage. This
behavior could be attributed to the multiplication of electrons

by collisions with Ar-gaseous molecules.[35,36] The details of
other explanations to the current and volt variation based on
the abrupt change, self-sustained discharges, subnormal dis-
charge, normal discharge, abnormal discharge, and/oran arc
discharge can be found in Ref. [37].

Table 1. Relation between the argon gas pressure and the flow rate.

Pressure/mbar Flow rate (Lt·min−1)
1 2.1

1.4 4
1.7 4.9
2 7
4 11
6 12.5
8 17

10 18.4
12.5 19.8

Table 2. Physical properties of the electrodes.[31]

Element
Atomic Atomic Melting Boiling First ionization Specific heat Thermal conductivity Density Coefficient of thermal
number weight /point/◦C point energy/(KJ·mole−1) capacity/J·kg−1·K−1 /W·mK−1 /g·cm−3 expansion/µm·mK−1

Cathode electrode (Cu) 29 63.54 1084.9 2595 745.5 384.4 398 8.92 16.5
Anode Electrode (W) 74 183.84 3410 5700 770 132 170 19.3 3.7

2.4. Time of flight (TOF) and velocity distribution mea-
surement

The time of flight (TOF) of our system is the time
recorded at a certain level of the emitted species from the
sustained metal plasma where the kinetic energies of the re-
leased metal-ions can be measured.[38] Several critical param-
eters of the ion emission mechanisms are related to the TOF
measurement and the velocities of the released W-ions. There-
fore, numerous efforts have been made to obtain wealth infor-
mation about experimental temporal ion velocity distributions
and plasma densities.

In this work, tungsten ion current, Ii, is recorded along the
FCIP signal amplitude divided by the resistance Rf = 1 kΩ.
Therefore, the flux of W-ions Ni can be determined from[39]

Ni =
∫ [ 1

zes
Ii(t)

]
dt =

Qi

zes
, (1)

where e, z, s, and Qi are the electron charge, the ion charge or-
der, the area of the covered window on the FCIP cover, and the
total collecting charge of ions, respectively. Ni = Qi/ze if the
FCIP cover is removed from the setup. Hence, the ion velocity
distribution function F(v) can be estimated by measuring the
total number of ions N collected by FCIP

N =
∫

∞

0
dn =

∫
∞

0

Φ(t)
ze

dt, (2)

where Φ(t) = ze(DN/dt). The I(t) is the current of the W-
ions at z = 1 at a certain time of flight (t ≥ s/v), with s being
the cathode-front surface of the FCIP separation and v the ion
velocity. The velocity distribution functions (VDFs) of the W-
anode flare in the absence and presence of plasma were esti-
mated by FCIP collector.

The flux density Φ (t,v) at time t and velocity v can be
given by

Φ(t) =
∫

∞

0
Φ(t,v)dv, (3)

Φ(t,v) = Φ(v)δ
(

t − s
v

)
, (4)

where δ (t−s/υ) is the delta function at the emission time, τ =

δ (t − s/υ), and flux velocity distribution is Φ(v). By assum-
ing t > s/υ or low eccentricity, the Delta function δ (t − s/υ)

equation for ion generation is valid and then

Φ(t) =
∫

∞

0
Φ

(
s

(t − τ)

)
δ (τ)

s
(t − τ)2 dt. (5)

Taking

Φ(v) =
∫

∞

0
Φ(v)δ

(
s

(t − τ)

)
dt and

∫
∞

0
δ

(
s

(t − τ)

)
dt = 1,

then

Φ(t) = Φ

( s
t

) s
t2 = Φ(v)

v2

s
. (6)

Hence, the ion VDF is given by

F(v) =
Φ(v)

v
= Φ(t)

s
v3 . (7)

3. Results and discussion
3.1. Analyses of spectra and temporal distributions of Te

and Ne

The spectra produced by DP lasers induced tungsten
plasma are recorded in the regions 320–355 nm, 400–455 nm,
520–555 nm, and 625–800 nm as depicted in Figs. 2(a)–2(d).
Most of the observed atomic and ionic spectral lines are listed
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in Table 3 by using the spectral line database provided by
NIST.[40] Also, the results indicate that the distribution of free
electrons in the plasma is Maxwellian as they exhibit a local
thermodynamic equilibrium (LTE).[41] Thus, the spectral line
intensity can be written as follows:

I(ik,z) =
Aik,zgi,zL ·Nz

λik,zUz(T )
exp
(
−

Ei,z

kBT

)
, (8)

where Iik,z is the relative intensity due to electron moving from
a high level i to a lower level k in an atom with ionization z,
Ei,z corresponds to the upper energy level, and gi,z is its sta-
tistical weight, Aik,z is the probability of transition, λik,z is the
spectral line wavelength, Uz(T ) is the atomic partition func-
tion at temperature T , L is the characteristic plasma length,
Nz is the emitting atoms density, T is the plasma temperature,
and kB is the Boltzmann constant.[42,43] Moreover, the degree
of harmonization among single examine data is enforced by
using large sampling of the homogeneous object. The laser
pulses are averaged to stabilize the variance of spatial overlap
of laser spots on the W-target. This number of laser pulses is
increased in order to increase the precision. In this case, the
relative standard deviation (RSD) can be evaluated as[44,45]

RSD (%) = 100 (standard deviation/mean).

The same procedure was reported in material analysis.[46] The
precision varies between 2% and 4% and the RSD is 3.9%.
This approximate precision of spatial overlapping of laser
spots on the W-target depends on the attenuation of shock
wave and the numerical simulation of the overlapping process.
The overlapping rate (η) is expressed as[47]

η = ∆/2R×100%,

where R is the spot radius and ∆ is the coincidence length of
two successive laser spots. By considering symmetry proper-
ties of the distribution of laser spots, the approximate overlap-
ping rate of our experiment is found to be η = 50%.

By using the line intensity in Eq. (8), the Boltzmann plot
and the Stark broadening are employed on several W-spectral
lines to estimate the electron temperature (Te) and density (Ne)

respectively, where the spectral line intensity of atomic species
in ionization state z is reduced to[48,49]

ln

(
λik,zIik,z

Aik,z gi,z

)
=−

Ei,z

kBT
+Constant. (9)

Under applying LTE condition, the plot of the logarithmic
term versus Ei,z yields a straight line of slope equal to −1/kBT .
The parameters λ , Aik,z, gi,z, and Ei,z of W-lines in Eq. (9) are
taken from the NIST.[40]

The tungsten ion source is generated using a sequence of
short (266 nm) laser operating at 7 ns pulse duration and long
(1064 nm) laser operating at 6 ns pulse duration for DP-LAS as
high ablation efficiency and reheating beams, respectively, for
rewarding the W ions high kinetic energy. Therefore, we op-
timize our experimental condition to enhance the LAS signal
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Fig. 2. (color online) (a)–(d) Laser induced plasma spectra of the tungsten
target recorded in the UV-visible region at 1500 ns delay for the UV or IR
SP and (UV+IR) DP geometries.

intensity by removing enough quantity of material and extract-
ing enough ions with high energy by DP laser ablation with
sufficient laser intensity (≥ 7× 1010 W/cm2) approximately
inversely proportional to the laser pulse durations of 7 ns and
6 ns, respectively.
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Table 3. Various atomic W I lines used for the DP-laser-induced plasmas analysis.

State of Wavelength Transition probability Lower energy level Upper energy level Statistical Statistical
W lines λi j/nm Ai j/s−1 Ei/eV E j/eV weight gi weight g j

W I 451.73 3.50×106 2.266 5.010 5 3
W I 522.46 0.012×108 0.588 2.971 7 5
W I 525.53 2.61×106 2.787 5.145 9 7
W I 526.85 1.40×105 2.121 4.474 9 9
W I 542.39 0.003×108 2.458 4.743 10 9
W I 549.62 0.004×108 2.786 5.042 9 7
W I 551.47 7.30×105 0.412 2.66 5 3
W I 553.14 0.007×108 2.246 4.487 5 3
W I 553.77 0.002×108 2.387 4.625 11 11
W I 644.51 6.40×105 2.353 4.276 7 5

The temporal distribution of electron temperature under
applying 266 nm or 1064 nm single pulse (SP) laser and com-
bined collinear (266+1064) nm DP-lasers is shown in Fig. 3.
It can be seen that the Te for ionized spectral lines increases
at the early stages from 0 to 1.5 µs due to the more absorb-
ing of DP-laser energy by means of electrons via the inverse
Bremsstrahlung absorption process. While it slightly decays
in the domain (3–4 µs) and fast decays at the long delay time
(4–8 µs) in the cases of both SP- and DP-LAS geometries.
This decay may result from the fact that the thermal energy
is quickly converted into kinetic energy by attaining maxi-
mum expansion velocity and cooling effect of the W-plasma.
Specifically, the Te of W-plasma decreases from 13700 K to
2775 K by applying 266 nm (SP), from 15600 K to 3750 K by
applying 1064 nm (SP), and from 17400 K to 4300 K by apply-
ing (266+1064) nm (DP) as the delay increases from 0.17 µs to
8 µs, as depicted in Fig. 3. The inset in Fig. 3 shows the Boltz-
mann plots for 266 nm SP laser, 1064 nm SP laser and com-
bined (266+1064) nm DP lasers using W(I) and W(II) spectral
lines. It is worth noting that the experimental data coincide
with the approximate values of least square fit. The regres-
sion coefficients are in a range of 0.978–0.992 for both SP and
DP-LAS geometries with considering that the chosen lines are
sensitive to Te. The average of the estimated W-plasma tem-
peratures is found to be Te = 17400±450 K, which is reported
for the first time for DP-LAS. Farid et al.[16] studied the tem-
poral distributions of Te and Ne for W plasma only under the
SP geometry.

For accurate results of detection elements, the local ther-
modynamic equilibrium (LTE) must exist in optically thin
plasma. LTE is satisfied in our W plasma, which has suffi-
ciently high electron number density (Ne). Figure 4 elucidates
the variation behaviours of Ne of the W-plasma produced by
applying UV, IR SP- and (UV+IR) DP lasers each as a func-
tion of delay. Initially, the Ne is high during the plasma pro-
duction and then reduces rapidly with further delay. The Ne

varies from 1.16× 1018 cm−3 to 1.5× 1017 cm−3 in the case
of 266 nm (UV-SP), from 1.09×1018 cm−3 to 2.1×1017 cm−3

in the case of 1064 nm (IR-SP) and from 1.5× 1018 cm−3 to
2.8× 1017 cm−3 in the case of (266+1064) nm (UV+IR, DP)
as the delay time increases from 0.17 µs to 10 µs. It is worth
mentioning that the Ne in DP-LAS geometry is higher than
those computed in the SP-LAS geometry for W-material.
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Fig. 3. (color online) Variations of electron temperature (Te) of the W-
plasma with gate delay, obtained by using SP-laser running at UV, IR and
a combination of (UV+IR) DP-lasers. The inset shows the Boltzmann
plots of W(I) emission lines used to predict the Te.
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Fig. 4. (color online) Variations of Ne of W plasma with gate delay by
using UV, IR, and the combination of (UV+IR) lasers. The inset shows
the Stark-broadened profiles of the W(I) emission line at 381.76 nm used
for computing Ne.
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The Ne can be determined by[25]

∆λ1/2(A) = 2ω

(
Ne

1016

)
+3.5A

(
Ne

1016

)1/4

× x
[

1− 3
4

N−1/3
D

]
ω

(
Ne

1016

)
, (10)

where A is the ion-broadening parameter and ND is the sum of
particles in Debye sphere. Thus, the full width at half max-
imum (FWHM) ∆λFWHM (nm) in Eq. (10) will be given by

∆λFWHM(A) = 2ω

(
Ne

1016

)
, (11)

where ∆λFWHM (nm) is obtained from the W (I) spectral line
at 361.75 nm because its shape numerically fits the Lorentzian
profile, denoting that no self-absorption has been obtained
as depicted in the inset of Fig. 4; ω is the FWHM of stark
broadening at an electron density of 1017 cm−3 obtained
from Griem’s book by interpolating at the calculated plasma
temperature.[50] The obtained line width is matched truly by
withholding the instrumental line width with relative error
around 10% through using a deconvolution process, i.e.,

∆λtrue = ∆λobserved −∆λinstrument. (12)

Generally, the trends of Te and Ne behavior versus the
delay time match well with the other reported behaviours of
other metals.[51–54] The Te and Ne (plasma parameters) are
high through the first phase of plasma generation since the
ablated substances dissociate into atomic species and excited
ions. From the experimental data, it can be seen that the Te

and Ne vary markedly over time. Also, the plasma emits a
bremsstrahlung continuum of radiation during the initial pe-
riod (< 150 ns) and the continuum/line emission ratio de-
creases steadily for a longer time. At an ion velocity on the or-
der of 105 m/s by gaining energy from the laser duration pulse,
the plasma expanded isothermally.[55] The W-plasma expands
adiabatically after the ending of the laser pulse, thus, both Te

and Ne decrease rapidly over time, which may be due to col-
lisions and recombination with the background Ar gas.[56] In
addition, a free electron will be recombined with ions and give
up its excess kinetic energy in the shape of a photon. There-
fore, the values of Te and Ne reduce as plasma expands over
time.

3.2. Influences of SP- and DP-LAS on the discharge cur-
rent and plasma properties

In order to understand the physics behind the glow dis-
charge regime in tungsten plasma, we study the effects of
UV, IR as intensities of a single pulse (SP) and (UV+IR) as
double pulse (DP) lasers, on the discharge current signal of
glow discharge. Figure 5 shows the variations of discharge
current signals with relative laser intensity (W/cm2) at fixed

Ar-pressure (4 mbar), applied voltage (315 V), and distance
gap between electrodes (1.75 cm) in the case of SP and DP-
lasers irradiating W-plasma. In this experiment, the relative
laser intensities of SP-UV (266 nm), SP-IR (1064 nm), and
DP-ratios (I1064/I266) are varied from 1 × 1010 W/cm−3 to
10×1010 W/cm−3. Under this condition, the electrons are pre-
vented from escaping from the plume since the internal elec-
tric field is initiated at the metal-plasma surface and the ions
will be accelerated along the metal electrode surface ablation
layer to form the plasma sheath and the angular distribution of
the ion flux. The more ions and electrons are created by sin-
gle, double-pulse lasers and applied potential voltage, showing
the current signal increases with laser intensity increasing in a
range from 1 × 1010 W/cm−3 to 10 × 1010 W/cm−3. Thus,
the electric discharge is triggered by laser induced plasma to
produce higher current signals values especially in the case
of collinear DPLAS geometry. This could be attributed to
the significant effects of ablation efficiency and longer plasma
lifetime. The electronic current signals may be saturated at
1.75 A under the action of 266 nm laser, 2.5 A under the
action of 1064 nm laser, and 3.5 A under the action double-
pulse lasers (266+1064) nm in a laser intensity range from
8×1010 W/cm−3 to 10×1010 W/cm−3, respectively. This be-
havior may result from the space charge effect and the plasma
shielding of the laser pulse. Our result is in good agreement
with Fuchs et al.’s[57] result.
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Fig. 5. (color online) Variations of discharge current signal of the W-
plasma with laser intensity for UV, IR, and a combination of (UV+IR)
lasers, at fixed 4 mbar pressure, 315 V power supply voltage and 1 cm
distance gap between the two electrodes.

Moreover, in the DP-laser ablation process, the W-plasma
expands and the FCIP is utilized as an ion collector. The
FCIP is interfaced with an oscilloscope to measure the en-
ergy of the W-ions during the emission of sustaining glow dis-
charge plasma. The W ions are produced in glow discharge
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plasma due to multi-collisions and ionization processes dur-
ing the sputter W atoms passing through the Ar-gas discharge.
Most of the W ions reward high kinetic energy resulting from
the inverse Bremsstrahlung in glow discharge plasma beside
the plasma produced by DP-laser ablation. At a fixed 3 mA
current signal, the Paschen curves for W-anode in Ar-gas at
various separation gaps between the two electrodes (d = 1, 2,
and 3 cm) are investigated as depicted in Fig. 6. The minimum
discharge potential, breakdown voltage (VBr)min, for the anode
occur at the value of (pd)min = 4 mbar·cm. The curves each
have a minimum discharge voltage (VBr)min of 370±5 V. The
discharge exactly appears between the two electrodes. The
collision frequency is lower at a lower pressure; hence, suf-
ficient ionization is maintained only by increasing the proba-
bility of ionization at each collision and the electron velocity
should have higher value, consequently VBr must rise as pres-
sure decreases as seen in Fig. 6 at low pressure (1–4 mbar).
In addition, the mean free path of electrons is much longer
than that at the higher pressure zone, thus fewer collisions hap-
pen between electrons and neutral atoms. On the other hand,
the collision frequency between the neutral atoms and elec-
trons and the rate of energy loss are higher at higher pressure.
Hence, the breakdown voltage VBr progressively increases to
overcome the loss of energy for such a distance (d) above 4
bars as depicted on the right-hand side of Fig. 6. In addition,
the electrons must have enough energy to breakdown the dis-
charge gap between the two electrodes during the increase of
VBr.[58] By increasing the electrode separation from 1 to 3 cm,
higher voltage will be needed to preserve the discharge and
thus, the plasma can cover an extra length. The increasing of
the discharge current reveals an increase of the brightness of
the discharge and the Ar-gas discharge color is pink (Fig. 1(b))
since more energy is dissipated.
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Fig. 6. (color online) Variations of applied breakdown voltage of the W
plasma with Ar-gas pressure at various distances 1, 2, and 3 cm between
the two electrodes.

The mechanisms for ion production and material abla-
tion by longer laser pulses like single picosecond (ps) or even

single femtosecond (fs) laser-matter interaction in vacuum are
different from those obtained for single nanosecond (ns) laser
pulse interaction. In the case of fs laser, the duration of its
interaction with the surface is shorter than the time neces-
sary for the hydrodynamic and thermal mechanisms that work
during a single ns laser pulse. Hence, in fs LA system, less
dense plasma will appear and exhibits reduced spectral broad-
ening as well as reduced recombination and bremsstrahlung
background emission which leads to improving the signal-to-
background ratio of the spectral emission lines and the toler-
ances for utilizing the non-gated detectors. In addition, the de-
creasing in the spectral broadening of the spectral lines helps
us to discern the overlapped individual lines.

The single ns and ps laser pulses depend on the thermal
diffusivity of the objective material. The ablation depth can
be determined by thermal diffusion. While in fs laser pulse
ablation, the laser plume is more directly perpendicular to the
target surface than single ns ablation, causing less ion loss due
to ion divergence, and the mean free path of non-equilibrium
electrons of phonons and optical penetration depth play an
important role.[59] Whereas those hot electrons carry the en-
ergy from the optical penetration depth and heat transport to
a deeper heat affected zone behind the surface. In addition,
the plasma decays faster due to the difference in energy cou-
pling mechanism. The plasma screening effect is lower in
fs laser produced ions than in single ns laser pulse produced
ions.[60] It is interesting to compare the nanosecond double
pulse-LAS and ps& fs-LAS, which has not been reported pre-
viously. Hence we need to improve the spectral modeling and
analysis of the tungsten emission over large wavelength ranges
in ns, ps and fs LAS plasmas in our future study.

Figure 7 shows the voltage–current (V –I) characteristic
trends of the W-plasma created by UV, IR as a single pulse
and (UV+IR) as double pulse lasers in the absence and pres-
ence of glow discharge plasma, at constant electrode separa-
tion (1 cm). It is noticed that the V –I curves almost linear
with slopes depend on the applied SPLA and DPLA potential.
The curves obey Ohm’s law and the glow discharge plasma is
the resistive discharge where at a constant potential of 400 V,
the plume currents in W-plasma are increased by 7-fold, 15-
fold and 20-fold under the action of 266 nm, 1064 nm, and
(266+1064) nm DP lasers, respectively. By increasing the ap-
plied voltage, the ions obtain more energies and extra charged
particles may be generated due to the inelastic collisions be-
tween particles and the reduction of sheath thickness.[61] Thus,
the discharge current signal will increase and then the charged
anode-cathode electrodes act as a charged capacitor. Hence, if
the laser irradiates the anode electrode, this capacitance will
discharge in a nanosecond. This will also be used to evaluate
gas conduction between electrodes at different laser geome-
tries.
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Fig. 7. (color online) Volt-current curves of the W-plasma without and
with applying UV, IR, and combination (UV+IR) lasers at fixed 2 mbar
Ar-gas pressure and 1 cm distance between the two electrodes.

Figure 8 shows the dependence of the velocity distribu-
tion function F(v) on the W ion velocity under the action of
UV, IR, and (UV+IR) DPLAS fields at constant p = 0.2 mbar,
Vf = −80 V and VD = 800 V. It can be seen that apeak ve-
locity at 0.3×103 m/s is obtained without irradiation of laser
field during the variation of ion velocity from 0.15× 103 to
1× 103 m/s. Multi-peak velocities are obtained under their
radiations of UV, IR as a single pulse and (UV+IR) as dou-
ble pulse laser fields during the variation of ion velocity from
0.2×103 to 1.4×103 m/s, respectively. It is clear that the W-
ion velocity is high under applying DP-laser geometry. This
could be correlated to the atomic mass of W (183.84) as listed
in Table 2. The absorption of more energies by W-ions from
the laser irradiation leads to the rising W-ion velocity.
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Fig. 8. (color online) Variations of F(v) of the W-plasma with ion veloc-
ity recorded by FCIP, without and with applying UV, IR, and combination
(UV+IR) lasers at fixed 0.2 mbar Ar-gas pressure, 800 V discharge voltage
and −80 V FCIP voltage.

Figure 8 exhibits the trends of glow discharge plasma cre-
ated between the anode-cathode electrodes at 800 V discharge
voltage without irradiation of the laser field. When the UV,

IR as a SP-LAS and (UV+IR) as DP-LAS fields irradiate the
W-anode electrode in the presence of glow discharge plasma,
the W-ion velocities are increased by 2, 4, and 7 folds, respec-
tively. The observed multi-peaks correspond to different ve-
locities and different charge states of ions. It is observed that
the peak velocities decrease with decreasing SP and DP laser
field intensities, which results from the Coulomb collisions of
ions with the plasma.

3.3. Effects of gate delay and laser pulses energies ratio on
W emission intensity

Each substance has the special behavior of temporal evo-
lution of the DP-LAS signal intensity. Figure 9 shows the
variations of normalized signal intensity of spectral line W(I)
551.49 nm as a function of the ICCD gate delay (td) by focus-
ing the DP-laser beams at different distances from the W-target
surface (d = −2.5 mm, −1 mm in front of the tungsten sur-
face), (d = 0, on the tungsten surface), and (d = 3 mm, 4 mm
behind the surface). The td varies from 0.0 µs to 1.0 µs. It is
obvious that the emission intensities of W(I) line rise steadly
to a maximum value at about 0.3 µs delay and then decreases.
Hence, the optimum delay is selected to be 0.3 µs, and the
maximum emission intensity of the W(I) is also obtained by
focusing the DP-laser beams at D = 4 mm behind the tungsten
surface. Farid et al.[16] did not study this case.
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Fig. 9. (color online) Gate delay dependence of the normalized emission
intensities of W(I) 361.75 nm line by focusing the DP-lasers at various
distances relative to the tungsten surface (d = −2.5 mm, −1 mm front of
the surface, 0, 3 mm, and 4 mm behind the surface) recorded in air.

On the other hand, figure 10 displays the variations of the
signal intensity of the spectral line W(I) 551.49 nm with laser
pulse energy ratio at different distances from the tungsten sur-
face, (d =−2.5 mm, −1 mm in front of the surface; d = 0, on
the surface; d = 3 mm, 4 mm behind the surface). When the
2nd laser pulse energy E2 is twice the delayed 1st laser pulse
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energy E1 at d = 4 mm behind the surface, the maximum sig-
nal intensities of W(I) 551.49 nm line will occur. Thus, the
pulse energies are carefully selected to be 25 mJ and 50 mJ
for ultraviolet laser 1 at 266 nm and near infrared laser 2 at
1064 nm, respectively. In addition, the variations of signal in-
tensity of different atomic W spectral lines (W(I) 522.46 nm,
W(I) 525.53 nm, W(I) 526.85 nm, W(I) 549.62 nm, W(I)
551.47 nm, W(I) 644.51 nm) with laser pulse energy ratio are
studied and the results are shown in Fig. 11. Maximum sig-
nal intensity is registered, when E2 is twice E1. As the laser
pulse energy ratio is 2:1, the signal intensity of the spectral line
W(I) 551.47 nm is nearly enhanced by four times as compared
with the intensity registered with lasers pulse energy ratio 1:1.
The previously reported values of the enhancement factor in
the DP-geometry for Cu lines are4 to 10.[62] From the results,
it can be concluded that the DP-LAS technique is superior if
the optimum value of the E2/E1 ratio is the laser wavelength
dependent and kept at E2 ≥ 2E1.

Moreover, we conduct a comparison between the
collinear and orthogonal dual pulse lasers geometries to en-
hance the signal-to-noise ratio of the DP-LAS. Figure 12 ex-
hibits the variations of the DP-LAS signal intensity of W(I)
361.75 nm spectral line with laser pulse energy ratio for dif-
ferent collinear and orthogonal dual pulse laser geometries. It
is found that signal intensity is enhanced by about four times
for DP-LAS in the case of collinear geometry (266+1064 nm)
at ∆t = 250 ns inter-pulse delay as compared with that for DP
orthogonal geometry (1064+266 nm). In addition, the laser
pulse energy ratios for both collinear and orthogonal geome-
tries are well optimized. The results indicate that the DP-LAS
intensity of W(I) 361.75 nm spectral line reach a maximum
value for the collinear DP geometry at 266+1064 nm as com-
pared with that for the other geometries when the delayed laser
pulse energy E2 ≥ 2E1.
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Fig. 10. (color online) Variations of the DP-LIBS signal intensity of W(I)
361.75 nm line with laser pulse energy ratio E2 (1064 nm)/E1 (266 nm)
by focusing the DP-lasers at various distances relative to the W surface
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Fig. 11. (color online) Variations of signal intensity of different atomic W
spectral lines (W(I) 522.46 nm, W(I) 525.53 nm, W(I) 526.85 nm, W(I)
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Fig. 12. (color online) Variations of the DP-LAS signal intensity W(I)
361.75 nm spectral line as a function of laser pulse energy ratio at differ-
ent collinear and orthogonal dual pulse laser geometries.

Figure 13 shows the distance–time (r–t) relation of tug-
sten shockwave front parallel to the tungsten electrode surface
at various time domains (0–10 µs) which are obtained from
the incoming laser pulse. During the laser pulse firing, the
free expansion of spherical shock front increases with time in-
terval according to a power law (r ∼ t0.44). The plume front
exhibits 5% of the greatest emission intensity of the plume
body. The plume front starts to move at a speed of about
5.7×106 cm·s−1. The plume front follows a shock wave after
free propagation in air. Our experimental data are depicted in
Fig. 13 along with predictions from the “blast wave” theory.
Zeldovich and Raizer[63] showed excellent match correspond-
ing to the spherical blast wave model. This behavior is also
in agreement with that obtained by Noll et al.[64] By applying
Sedov’s theory[65] and utilizing a single fit to spherical expan-
sion x/tβ , where β = 2/5, and t is the time of expansion of the
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shockwave. Hence, the directed shockwave radius is estimated
to be 0.46. The imaging data are utilized for recording plume
lengths at various laser intensities as depicted in the inset of
Fig. 13. These results are useful for positioning the witness
plate for particle trend.
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Fig. 13. (color online) Time evolutions of the distance traveled by the
plume front in the direction parallel to the tungsten electrode at 1500 ns
delay.

3.4. SP and DP signal intensity dependence of W ion an-
gular distribution

We design a special holder attached with an optical fiber
for observing the plasma emission at different angles (20◦–
80◦) as shown in Fig. 14. Our work is mainly to study the
dependence of SP and DP signal intensities on the angle of ob-
servation in order to reduce the measurement uncertainty and
increase the light gathering efficiency. It can be noted that the
intensity of W(I) at 361.75 nm increases with the rise of angle
of observation till maximum degree at 80◦ under applying SP
(266 nm), SP (1064 nm) and DP (266+1064 nm) system. The
emission intensity of the W(I) at 361.75 nm spectral line is a
factor of about 2.1 for DP-LAS experiment higher than that
obtained by SP-LAS. The maximum intensities are observed
at an angle of 80◦ in both SP and DP configurations. The inset
in Fig. 14 shows the plasma images produced by single and
double laser pulses with using accumulation side spectra. It is
observed that the plasma emission propagates and further be-
comes larger above the W surface in the case of DP-excitation
than in the case of the SP-excitation single pulse excitation.
In addition, the plasma plume propagates to form a spherical
shape with a little hot spot in the center near the W target sur-
face. It is also observed that the ion angular distribution is
well described by the Anisimov model of expansion[66] up to
∼= 11 J/cm2 laser fluence, in exact agreement with the results
reported previously. In addition, the best angle for collecting
LAS signal depends on the excitation region used.
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Fig. 14. (color online) Variations of the LAS emission intensity W(I)
361.75 nm spectral linewith angle of observation for SP-LAS (266 nm),
SP-LAS (1064 nm) and DP-LAS (266+1064 nm) lasers.

4. Conclusions
In this study, self-developed collinear-beam DPLAS tech-

nique with proper geometry of UV followed by IR,can play a
crucial role in adjusting and optimizing various applications.
The temporal behaviors of plasma parameters like plasma den-
sity and temperature are investigated to prove that there is no
self-absorption of atomic emission lines. It is observed that
the collinear beam of DP-LAS geometry produces higher Te

and Ne values than that of SP-LAS geometry. The results are
recorded at various factors like laser intensity, argon gas pres-
sure, discharge voltage, and electrode distance. Moreover, the
thermal plasma reheating and the inverse Bremsstrahlung pro-
cesses by the collisions absorption and the discharge spark re-
veal the emission of W-ion source with high kinetic energy.
In this work, a convenient technique (Faraday-cup ion collec-
tor) is used to measure the W-ion velocity of the plasma plume
created by laser fields. The optimized DPLAS is achieved to
accelerate W-ions under the action of an electric field by using
FCIP. Acceleration of W-ions results from the increase in their
charge number, which is in good agreement with the potential
hump theory. The results confirm that the collinear beam DP-
LAS geometry is a superior technique compared with the con-
ventional SP-LIP geometry and can be used for rapidly analyz-
ing the W-plasma and production of tungsten ion sources. In
this work, the angular distribution of tungsten ion flux is char-
acterized by moving the fiber optic collector on semi-circle of
15 cm radius around the plasma spot on the electrode surface.
In order to reduce the uncertainty of LAS emission measure-
ments and enhance the light-gathering efficiency, we consider
the plasma-confining influence from various angles on emis-
sions of W plasma plumes. It is observed that the ion angu-
lar distribution is well described by the Anisimov model of
expansion up to ∼= 11 J/cm2 laser fluence, which is in exact
agreement with previous report. In addition, the best angle for
collecting LAS signal depends on the excitation region used.
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At higher observation angle, the results are more favored in DP
excitation than in SP scheme. The quantitative LAS analysis
should be achieved with careful attention paid to the observa-
tion angle and spatial plasma distribution.
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