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Abstract

This research investigates the properties and behaviour of magnesium (Mg) and
magnesium/carbon (Mg/C) plasmas generated using the electric explosion strips
technique, a method noted for producing large quantities of nanomaterials and
generating plasma in confined environments. Plasma was created by passing high
current densities through a metal stripe immersed in distilled, deionized water,
leading to rapid ionization. Optical Emission Spectroscopy (OES) was employed to
analyse the plasma properties, as it preserves the original state of the plasma and
allows for detailed characterization based on emitted optical spectra. Key
parameters, including electron temperature (T,) and electron density (ne), were
determined using the Boltzmann diagram and Stark broadening method,
respectively. The study observed that increasing exploding current, ranging from
25 to 125 A, enhanced the ionization processes, leading to higher electron
temperatures and densities. T, increases from 0.71 to 0.97 eV and n, increases from
21.41 x 10 to 25.37 x 10" cm™ for magnesium plasma. At the same current
value, T, climbed from 0.92 to 1.10 eV, and the electron density increased from
11.5x10" to 19.7x10* cm™ when the magnesium bar detonated together with the
carbon rod. The findings highlight the significant effect of detonation current on
plasma properties, which is attributed to enhanced heating mechanisms and
increased ionization, contributing to higher electron densities and temperatures.

1. Introduction
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The electrical explosive wire (EEW) method has become quite popular recently

since it can synthesize different nanomaterials in large quantities [1] and can generate
and confine plasma [2]. Plasma is generated by passing a high current density through a
metal stripe in contact with a metal stripe. The entire assembly is immersed inside a
liquid, where the explosion occurs. Immediately after the explosion, the part of the tape
in contact with the metal stripe turns into a plasma state, and a mixture of liquid and
vapor quickly forms the explosive material [1]. Optical emission spectroscopy is
considered one of the most important experimental methods used to determine and
diagnose the properties of the generated plasma [3]. There are many techniques for
plasma generation, for example laser deposition, DC sputtering, and Rf sputtering [4-6].
To investigate and comprehend the effects of various physical processes and ascertain
their influence, one must be aware of the properties of the plasma being studied [7].
Spectroscopy is a technique that, when applied, leaves the plasma in its original state
and structure because it uses the identification of the optical beam that the plasma under
study emits and the description of its properties using that beam [8, 9]. To do a
spectrum analysis, you need a spectrograph and a detector to resolve and find plasma
light. The resulting plasma spectrum can be used to determine element composition and
other quantitative and qualitative information [10]. The electron density (n.) and plasma
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temperature (Te) can be determined using the lengths, shapes, and variations of the
emission lines in the plasma spectrum [11]. Two additional features of plasma, the
relative energy level populations and the particle speed distribution, can also be
explained and predicted using the primary thermodynamic parameter, plasma
temperature [12, 13].

The Boltzmann diagram can be used to calculate T, [14-16]:

_ (Ex-Ey)
Te - kln(hMAzgz) (1)
(I222A181)

where: A;g; and A,g; are the transition strengths for the first and second wavelengths,
respectively, and k is Boltzmann's constant. The intensity of the first wavelength peak in
the plasma spectrum is represented by Iy, the intensity of the second wavelength peak by
I,, and the energies of the first and second wavelength peaks in the plasma spectrum are
represented by E; and E,, respectively [17]. The following formula is used to obtain the
electron density ne in (cm™) as a result of Stark broadening [18]:

(E1—E2-Xz)
ne = %6.04 x 1021(T,)%%e  ® 2)
where
IZ)\Z
;= 3)
2 824, (

During the ionization stage, the species ionization energy is denoted as E with a
unit of eV, X, means energy difference between level 2 and level 1, and Z stands for the
species ionization phase. The shielding confers quasi-neutrality, a unique characteristic
of plasma. To compute a distance (Ap), also called the Debye length, the following
formula is used [19, 20]:

__ (€oKkTe 1/2 _ Te 1/2
Ao = (25¢) 7 =742 x (32) (4)

nee? Ne

where: e is the electron charge, and g, is the permittivity of free space. The following
equation yields the number of particles (Np) inside the Debye sphere [21-23]:

in
Np = —ncAj (5)

While plasma frequency (f,) is calculated from the equation [24]:

f, ~ 8.98,/n.(Hz) (6)

Frequency is one of the fundamental properties of plasma [25]. This frequency,
which depends only on the plasma density, is one of the fundamental parameters of
plasma. Because of the smallness of m, the plasma frequency is usually very high [26].

This work aims to diagnose two types of plasma (Mg and Mg/C plasma)
generated using the explosive tape technique at five values of the detonation current,
calculate their parameters by analyzing the optical spectra of both types and compare
the two types of plasma parameters with each other.
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The novelty of this study lies in using the EEW method to generate Mg and C
nanoparticles. This method allows for the generation of large quantities of
nanomaterials. It confines the plasma within a liquid medium, resulting in distinct
plasma properties that have not been extensively studied before. Also, the novelty of
this work lies in the detailed characterization of Mg and Mg/C plasmas using optical
emission spectroscopy (OES) at varying detonation currents, providing new insights
into the relationship between current density and plasma parameters. In addition, this
study contributes to the understanding of the mechanisms of ionization and enhanced
heating in confined plasma environments, a topic that remains relatively unexplored in
the current literature.

2. Experimental Work

The system used in this work consisted of a power supply (type Edon MMA-
250S, manufactured in China) generating direct current with a voltage of 82 V. The
system was powered by a high current within the range of (0 - 250) A, and a beaker
containing 100 ml of Double-Distilled Deionized Water (DDDW). The pH of the water
was 6.5, and its conductivity was about 0.5 microsiemens. A magnesium plate (99.99%
purity) with 2 cm width and 3 cm length was immersed inside the distilled water in the
beaker to generate magnesium plasma. A magnesium plate connected to the power
supply's positive end was the first electrode, and the second electrode was a magnesium
stripe, connected to the power supply's negative end. Magnesium plasma is generated
when the magnesium stripe comes into contact with the plate, pushing huge amounts of
energy through the stripe. The energy entering the system exceeds the evaporation
energy of the stripe material. The time taken for the current to propagate through the
stripe is less than the time for power input. Consequently, the tape melts and evaporates,
and ionization and agitation processes for the atoms of the medium occur, resulting in
magnesium plasma.

The system used to generate carbon/magnesium plasma consisted of a vertical
carbon rod (99.98% purity) 6 cm long and 1 cm in diameter representing the positive
electrode. It was installed vertically in a beaker containing DDDW. The negative
electrode was the magnesium strip. When contact occurs between the two electrodes,
very high energy flows, causing the substance to melt, evaporate, and transform into a
plasma state. The carbon and magnesium plasma spectrum were recorded at five blast
current values 25, 50, 75, 100, and 125 A. Optical emission spectroscopy is an effective
method for plasma diagnosis. The spectra were captured utilizing an S3000-UVNIR
spectrometer manufactured in China. This spectrometer has essential components
including SubMiniature Version A fiber (SMA fiber), charge-coupled device (CCD),
and an optical system. It measured the properties of Mg and C/Mg plasma produced
using explosive wires in distilled water. The data was examined and matched with the
National Institute of Standards and Technology NIST data [27]. The wire explosion
system's schematic diagram is displayed in Fig. 1.

3. Results and Discussion

Fig. 2 displays the optical emission spectra (OES) of carbon-containing
magnesium plasma at five different currents. Numerous peaks for different elemental
atoms and ions can be seen in the spectrum; however, the two most significant peaks for
magnesium atoms and ions are located at 435.19 and 546.00 nm. A few peaks emerged,
corresponding to hydrogen, oxygen, magnesium, and carbon. The breakdown of two
water molecules is the source of the hydrogen atom peak. The spectra were recorded in
the range 350-1000 nm. It is evident from the spectra that when the current density
rises, the peak intensities do as well [28].
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Figure 1: Schematic Diagram of the wire-exploding device.
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Figure 2: Mg/C plasma emission spectrum for different values of electrical currents 25, 50,

75, 100 and 125 A.

Fig. 2 displays the OES of the plasma produced between 350 and 1000 nm when
magnesium nanowires are shot at various DC currents of 25, 50, 75, 100, and 125 A.
Strong atomic and ionic emission lines can be seen in the spectra (Mgll, Mgl, HI, OllI
and OI) [9]. A small peak corresponding to the magnesium atoms is seen at 453.19 nm
and the Mgll, ion at 564.00 nm. Due to the dissociation of water molecules, tiny peaks
arise at approximately 656.27 nm, corresponding to the hydrogen atoms' Ha line, and at
645.36 nm, corresponding to oxygen atoms. The spectra show that an increase in
current density causes the peaks' intensity to rise. This result is consistent with previous

studies [2, 8].
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It is evident from all of the spectra displayed in Figs. 2 and 3 that raising the
current density have caused the peak intensities to rise. The increase in current density
increases the energy provided to the atoms, which in turn causes an increase in the
ionization process or an increase in ne. Figs. 4 and 5 of the magnesium atoms spectrums
have peak line profiles of 435.190 nm for Mg/C and Mg plasma, respectively. The full
width at half maximum (FWHM) was used to calculate the electron density for the
Mg/C plasma and the variable current Mg plasma using the Lorentzian fitting and the
Stark effect, based on the usual expansion values for this line. It is evident that FWHM
narrowed as the current dropped, indicating a drop in electron density [14, 17].
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Figure 3: Mg plasma emission spectra for different values of electrical currents 25, 50, 75,
100, and 125 A.
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Figure 4: Broadening of the 435.4628 nm M, peak and its Lorentzian structure for My/C with
different currents 25, 50, 75, 100, and 125 A.
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Figure 5: Broadening of the 435.9057 nm M, peak and its Lorentzian structure for My/C with
different currents 25, 50, 75, 100, and 125 A.

The plasma was assumed to be in a state of local thermodynamic equilibrium
(LTE) with many excited atoms to compute the plasma's parameters. The Boltzmann
plot's best linear slope was used to calculate the electron temperatures. The atomic
species and ionization stage from which the peaks in a Boltzmann plot originate must be
the same. The energy of upper levels, statistical weights, and transition probabilities of
each element were taken from the NIST database and used in the experimental plots.
The reciprocal of the fitting line's slope is the electron temperature, as Fig. 6 illustrates.
R? a statistical measure of linear fit, ranges from 0 to 1, with a value around 1
representing the best fit. The values of different parameters for Mg/C plasma are shown
in Tables 1 and 2). These parameters include T., FWHM, n, fe, Ap, and Np for different
current values 25, 50, 75, 100, 125 A. Figs. 6 and 7, it is noted that T, in Mg/C plasma
increased from 0.92 to 1.10 eV, and the electron density increased from 11.5 x 10*" to
19.7x 10*" cm™ with increasing current; For Mg plasma, T increased from 0.71 to 0.97
eV and n. increases from 21.41x10% to 25.37 x 10*® cm™. As the current value
increased, both the electron temperature and density increased. The graphs and tables
show that the increase in electron temperature and density brought on by the increase in
electrical current results from plasma particles absorbing energy. This result is
consistent with previous studies [14, 20].
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Figure 6: Boltzmann- plot of magnesium emmited lines, generated at different

currents by EEW.
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Figs. 8 and 9 represent the change in electron temperature T, and the electron
density n. For Mg/C plasma and Mg plasma, respectively. The change in plasma
parameters as the detonation current changes is shown in Tables 1 and 2. When the
detonation current increases in this process, several factors contribute to the rise in T,
and ne. The increased energy from the high current can enhance the heating mechanisms
within the plasma. These mechanisms include Joule heating (heating due to electrical
resistance), collision heating (heating due to collisions between charged particles), and
radiative heating (heating due to the emission and absorption of photons). Also, a higher
detonation current means delivering more energy to the conductive tape, which leads to
a more intense explosion and, thus, more vaporized materials. Increasing the energy
input leads to higher temperatures inside the plasma. An increase in current causes an
increase in the free electrons density. High currents increase the ionization of the
evaporated substance and, thus, increase the process of liberating electrons from atoms.
This means that the center of the plasma becomes rich in free electrons. The shock wave
resulting from the explosion also causes pressure inside the plasma and, thus, a rapid
expansion of the vaporized substance, which increases the numerical density of ions and
electrons. The Mg/C plasma has a higher electron temperature and electron density
value than the Mg plasma. With the increase of the current, T, for Mg/C plasma
increases from 0.92 to 1.10 eV, while for Mg plasma, Te increases from 0.71 to 0.97
eV. Also, as the current increases, ne for Mg/C plasma increases from 11.5x10' to
19.7x10"" cm™ and n, for Mg/C plasma increases from 21.41x10% to 25.37x10 cm™
in the case of magnesium plasma. These higher values in Mg/C plasma are due to the
presence of carbon, which enhances ionization and heating mechanisms, resulting in
more energy absorption, higher electron temperature, and greater electron density.
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Figure 8: Variation of T, and n, with current for Mg/C plasma.
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Table 1: Parameters of Mg/C plasma for the various current values.

Current | T, n.x10" | £,x10" | a5 x10° | Np
(A) €v) | (m?) | (Hz) | (cm)
25 0.92 115 21.41 1.890 4074
50 1.05 12.7 21.48 2.010 4936
75 1.07 14.05 21.55 2.015 5007
100 1.09 16 23.20 1.896 4832
125 1.10 19.7 23.30 1.891 4832
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Table 2: Mg plasma parameters at various current values.

Current | T, n.x10'° | £,x10" | Apx10° | Np
(A) (eV) (cm?) (Hz) | (cm)
25 0.71 21.41 26.15 1.353 2232
50 0.91 21.56 26.24 1.532 3263
75 0.94 21.71 26.33 1.549 3395
100 0.95 25.14 28.34 1.448 3216
125 0.97 25.37 28.47 1.452 3271

4. Conclusions

In this work, the properties of Mg and Mg/C plasmas generated by the electrically

explosive tape method were diagnosed and studied. The results of optical emission
spectroscopy demonstrated that T, and ne increased with increasing detonation current.
The increase in temperature and electron density is due to the enhanced heating
mechanisms within the plasma medium, including radiation heating, collision heating,
and joule heating. High detonation currents also led to increased ionization of the
vaporized material, increasing the density of free electrons inside the plasma. The rapid
expansion of the explosive material also contributed to the effects of pressure inside the
plasma, increasing the density of electrons and ions.
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