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ABSTRACT: This paper investigates the distribution of the electric field around a circular segmented diverter strip designed for lightning
protection. This is accomplished by performing parametric analysis on various geometry parameters of the circular-shaped segmented
lightning diverter strip and numerically calculating the electric field and crossover voltage using full-wave simulation. The results demon-
strate that as the spacing between the segments decreases, there is a significant increase in electric field strength, reaching a maximum
value of 438.22 MV m ™, while the crossover voltage decreases from 2990.59 V to 744.35 V. An increase in the diameter of the segments
is associated with a stronger electric field, with the maximum field strength reaching 300.36 MV m~*, while in this case, the crossover
voltage decreases from 1493.36 V to 1462.36 V. In contrast, the electric field increases as the segment height decreases, with no signif-
icant change in the crossover voltage. The study also analyzes the impact of curvature and different substrate materials on the electric
field distribution and crossover voltage. Additionally, simulation results on the electric field distribution and capacitance calculations for
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various segments of the diverter are utilized to predict the probable location of the lightning attachment.

1. INTRODUCTION

Lightning Protection System (LPS) is designed to protect
Aairplanes, rotorcraft, and wind turbines from the damag-
ing effects of lightning strikes by safely directing electrical en-
ergy to the ground [1,2]. Before the development of modern
LPS, metallic skins were used in aircraft, and metallic rods were
utilized for wind turbines to offer protection against lightning
strikes [3,4]. However, the heavy weight of these structures
rendered them unsuitable for protecting aircraft and wind tur-
bines from lightning strikes. Also, they significantly attenuated
the electromagnetic signals when being used around the com-
munication systems of an airplane [5]. These structures are also
prone to corrosion and temperature sensitivity. Subsequent ad-
vancements in materials technology enabled the use of metal-
lic layers, sprays, and metal-coated fibers for protection against
lightning [6, 7]. Recent advances in identifying specific areas of
aircraft and wind turbines that are vulnerable to lightning strikes
have enabled engineers to design lightning diverters strategi-
cally placed in these locations to provide effective protection
from lightning strikes [8, 9].

Lightning diverters are metallic strips designed to safely redi-
rect high-voltage lightning currents away from critical com-
ponents of aircraft and wind turbines by providing a low re-
sistance, controlled pathway toward the ground [10]. Gener-
ally, two types of lightning diverters are used in LPS: solid and
segmented. Solid diverters are continuous metal strips provid-
ing an uninterrupted path to discharge lightning current to the
ground [11]. In contrast, the segmented diverters comprise a
series of metal segments placed on an insulating material. Dur-

* Corresponding author: Hrishikesh Shashikant Sonalikar (hrishikeshs@goa.
bits-pilani.ac.in).

doi:10.2528/PIERC25030802

49

ing lightning strikes, the intense electric field (E£-field) ionizes
the air gaps between the metal segments. This ionization forms
a plasma channel above the air gaps, providing a low-resistance
path for the lightning current, which is then safely directed to
the ground [12]. Segmented diverters are commonly utilized in
wind turbines due to their lightweight design and ease of mount-
ing on the turbine blades [13]. Segmented diverters are also
preferred for protecting aircraft radomes from lightning due to
their minimal impact on antenna radiation pattern [14].

The research on segmented diverters for lightning protection
systems has evolved through critical research contributions.
Ref. [15] presents the optimization of the length and number of
diverters required to shield the radome-enclosed antenna from
lightning discharge. Similarly, the optimization of the layout of
the diverter strips for aircraft radomes is documented in [16].
This article shows that segmented diverters have less influence
on antenna gain (< 0.5 dB) than solid diverters (4.5 dB). Sub-
sequently, the impact of the spacing between the metallic seg-
ments of the diverter strip on antenna radiation patterns is an-
alyzed in [17] and [18]. It is demonstrated that diverter strips
with increased separation between segments lead to less signifi-
cant interference with the antenna’s near-field. The article in [5]
contributes to the design and testing of a full-scale SATCOM
radome prototype with an optimized arrangement of solid and
segmented diverter strips for lightning protection. The research
in [19] and [20] further predicts that larger metallic segments
with smaller air gaps are preferable for LPS. Additionally, it
was established that the conductive properties of the panel to
which the segmented strip is attached can reduce the peak F-
field in the gaps. From these works, it can be observed that the
design and analysis of the lightning protection system involves
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both simulation and experimental validation. Although exper-
imental studies, such as those reported in [21] and [22], are re-
quired before the deployment of LPS, they are often expensive
and time-consuming. In contrast, simulation-based studies pro-
vide a low-cost, versatile design approach for visualizing com-
plex 3-D field interactions that are hard to replicate experimen-
tally [23, 24].

The protection against lightning strikes offered by segmented
diverters depends upon the distribution of the E-field around
the segments. Also, understanding the F-field dynamics is cru-
cial for optimizing the geometrical design of these diverters to
enhance their lightning protection capabilities. In the literature,
only a few works present a detailed parametric study of the seg-
mented diverters showing the E-field distribution.

This article offers insights into the FE-field distribution
around a circular segmented diverter strip for lightning
protection. Section 2 describes the modeling of the diverter
geometry. The influence of different geometrical parameters,
such as diameter, spacing, and height of the metal segments,
on the distribution of the F-field and crossover voltage is
analyzed in Section 3. Also, the probable location of lightning
attachment is identified using electrostatic simulations and
computation of the capacitance of different segments of the
diverter. Finally, Section 5 concludes the paper with remarks.

2. MODELING OF SEGMENTED DIVERTER STRIP

The diverter strip consists of circular metallic segments placed
over a planar dielectric slab, as shown in Fig. 1. The seg-
ments typically have shapes such as circle, square, oval, or
diamond. A circular shape is used in this work as it is very
common in segmented diverters [25]. The inset of the fig-
ure illustrates the height (H), diameter (D) of each segment,
and spacing (S) between the segments. The material used for
segments is Aluminum [16,26], having electrical conductiv-
ity of 3.56 x 107 Sm~'. Pyroceram 9606 (¢, = 5.515 and
tand = 0.0003, measured at room temperature) is used as the
dielectric substrate. Pyroceram 9606 is selected for its ability to
withstand high E-field during a lightning strike without break-
ing down.

FIGURE 1. Diverter strip with circular segments placed in an ambi-
ent F-field. The inset illustrates the geometry parameters used in the
parametric study.

To study the distribution of the E-field on the diverter strip
geometry, it is placed in a rectangular simulation volume. Two
opposite surfaces of the simulation volume are plates of per-
fect electric conductors (PECs) used to generate an ambient
E-field directed along the negative Z-direction, as shown in
Fig. 1. Segment 1 is connected to the ground plate. To elimi-
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nate fringing fields, PMC (perfect magnetic conductor) bound-
ary conditions are applied to the four remaining surfaces of the
simulation volume. The dimensions of the dielectric substrate
are thickness (z) = 2mm, length (z) = 209 mm, and width
(y) = 5mm. The diameter (D) and height (H) of the segments
are 5 mm and 2 mm, respectively, with a spacing (S) of 0.5 mm
between them. The diverter strip consists of N = 30 segments
placed on the dielectric substrate.

The PEC plates are excited with the standard voltage wave-
form B as shown in Fig. 2 [27], as it best represents the F-field
associated with lightning reattachment to the object under test
[28]. T; represents the time to rise from 10% to 90% of the
crest (Vpeak), and Ty represents the time to decay to half the
crest (Vsgo,) amplitude. The standard analytical expression of
the B-waveform is [29]

V = 1050 e~ t/T08) _ e—(t/0~4ﬂs)} kV. (1)

The peak value of the electric potential achieved using this
waveform is 1 MV.

Vieak
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FIGURE 2. Standard voltage waveform B to represent the E-field as-
sociated with a lightning strike.

The LF-TDS (Low-Frequency Time Domain Solver) of the
CST MWS (Computer Simulation Technology Microwave Stu-
dio) [30] is used to analyze the system by computing the poten-
tial difference and the E-field distribution around the segments
of the diverter strip.

3. RESULTS

Although air is generally a good insulator, it may become par-
tially conductive when being exposed to a strong E-field. The
dielectric strength of dry air at standard temperature and pres-
sure (STP) is 3MV m~!. When the ambient E-field crosses
this threshold, the air breaks down and becomes conductive,
thus creating a channel for lightning [31]. The crossover volt-
age, Verossover (V), 18 the difference in potential between two
consecutive segments when the E-field crosses this threshold
value [32].

The results presented in this section are evaluated at the peak
of the B-waveform, which occurs at 2.1 us, representing the
point at which the E-field reaches its maximum value. Numer-
ical results are presented at the midpoint of gaps no. 1, 15, and
29, which are located at the start, middle, and end of the diverter
strip, respectively. Graphical results of E-field distribution are
presented for gap no. 15 as an example.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 156, 49-57, 2025

PIER C

TABLE 1. Magnitude of E-field components at different gap positions.

Gap No. | Ex| |Ey| |E,|
MV m™1)
1 6.13 15.60 206.06
15 474  0.78 44.72
29 227  0.02 30.11

To obtain the initial idea about the E-field and potential dis-
tribution in the vicinity of segmented diverters, the electric po-
tential is calculated along the straight line curves at two posi-
tions as shown in Fig. 3. Both the curves start at the grounded
segment | and end at the last segment 30 of the diverter strip. At
Pos. 1, the curve encounters the top flat surface of the circular
segments. Pos. 2 is 2 mm above the surfaces of the segments.
It can be observed that the potential increases as the field point
is moved from segment 1 to segment 30 at Pos. 2. Also, the
potential at Pos. 1 shows steps due to the equipotential surfaces
of the circular segments. Potential increases in the gap between
the segments at Pos. 1. The insets in the figure show the electric
potential calculated at gaps 1 and 29 of the segmented diverter.
The corresponding E-field is determined to be 206.06 MV m~!
at gap 1 and 30.11 MV m~* at gap 29.
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FIGURE 3. Electric potential (kV) over the segmented diverter strip
with distance from the ground (mm) for segments having diameter
D = 5mm, height H = 2mm, and spacing S = 0.5mm. Pos. 1
indicates the variation of potential along the surface of the segments,
while Pos. 2 shows its variation 2 mm above the surface.

The components of the E-field vector are calculated at the
mid-points of different gap positions of the diverter strip and
tabulated in Table 1. It can be observed that the magnitude of
the Z-component of the E-field is significantly higher than that
of the X- and Y'-components at each gap position.

Figure 4 shows the E-field distribution across the gap be-
tween the segments of the diverter strip as the spacing between
the segments is changed from 0.25 mm to 1 mm while main-
taining D = 5mm and H = 2mm. It can be seen that the
strength of the E-field is inversely proportional to the spacing
between the segments. The same observation can be made from
the values of E-field presented in Table 2. | E| is the magnitude
of the total F-field computed at each of the gap centers. The
crossover voltage is presented only for Gap-15 since its value
is the same in different gaps. The FE-field becomes weak as
the spacing between the segments is increased from 0.25 mm
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TABLE 2. | E| and Vrossover for different spacings, S.

Spacing (S) |E| MV m ™) atgapno.  Vewossover (V)
(mm) 1 15 29 at gap no. 15
0.25 43822 88.64 54.67 744.35
0.50 206.54 4497 30.19 1491.23
1.00 93.15 2427 17.64 2990.59

to 1 mm across all gap positions. Also, it is observed that the
E-field strength is higher at gap-1 (near the ground plane) and
lower as the point of observation moves toward gaps 15 and 29.
The crossover voltage increases with an increase in spacing be-
tween the segments.

Figure 5 shows the E-field distribution across the gaps for
different diameters of the circular segments. The diameter is
changed from 4 mm to 6 mm while maintaining S = 0.5 mm
and H = 2mm. It can be seen that the strength of the E-field
is directly proportional to the diameter of the segments. This
is further supported by the data shown in Table 3. It can be
seen that the F-field becomes stronger as the diameter of the
segments is increased across all gap positions. The crossover
voltage shows a reduction as the diameter is increased.

It is evident from the above observations that larger seg-
ments with less spacing contribute to a stronger F-field. When
the spacing between segments is reduced, the E-field becomes
stronger because minimizing the distance between the conduct-
ing surfaces concentrates the potential difference over a smaller
area. Asthe diameter of the segments increases, the total charge
that each segment can store also increases since the surface area
expands with the square of the radius. A larger conductor typ-
ically produces a stronger F-field at its surface due to the in-
creased total charge [15, 19].

Figure 6 shows the E-field distribution across the gap as the
height of the segments is changed from 2 mm to 0.5 mm while
maintaining S = 0.5mm and D = 5mm. The graphical re-
sults do not indicate a significant change in the E-field with
variations in the segment height. However, the data presented
in Table 4 indicate that the E-field increases with a decrease
in the height of the segments. Also, the height of the segment
does not have a significant impact on the crossover voltage.

The other parameter that affects the geometry of the diverter
strip is the curvature. Until now, the computations were per-
formed on a planar diverter strip. In reality, however, in appli-
cations such as a streamlined radome placed over an airborne
antenna, the diverters are attached to a curved substrate. In this
context, the curvature of the diverter for a typical tangent-ogive
radome is considered. The standard equation for determining
the radius of curvature R for a tangent-ogive radome is:

_ D? 412

R
4D 7

2
where L and D represent the length and diameter of the tangent-
ogive radome, respectively. For a typical radome with a length
of L = 250 mm and a diameter of D = 125 mm, the radius
R is 531.25mm. Fig. 7 illustrates the distribution of the F-
field across gap-15 for different curvatures of the diverter strip.
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FIGURE 4. Distribution of the F-field around gap-15 for different segment spacings, S: (a) side view and (b) top view.
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FIGURE 5. Distribution of the E-field around gap-15 for different segment diameters, D: (a) side view and (b) top view.

TABLE 3. | E'| and Vrossover for different diameters, D. TABLE 4. |E| and Vrossover Tor different heights, H.
Diameter (D) |E| (MVm™ ') at gapno.  Verossover (V) Height (H) |E|(MVm ™ Y)atgapno.  Veossover (V)
(mm) 1 15 29 at gap no. 15 (mm) 1 15 29 at gap no. 15
4 126.09 4034  26.56 1493.36 2.0 206.54 44.86  30.19 1491.23
5 206.54 4497  30.19 1491.23 1.0 220.17 4497 30.88 1484.58
6 300.36  53.41  36.28 1462.36 0.5 22643 46.12  31.07 1491.21
Here, R, 0.5R, and 0.2R represent the increasing degrees of (bending) of the strip. Graphical results show that as curvature
curvature of the diverter strip. Specifically, as the value de- increases, there is no significant change in the E-field distribu-
creases from R to 0.2R, it indicates an increase in curvature tion. However, Table 5 shows that there is a reduction in |E)|
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FIGURE 6. Distribution of the E-field around gap-15 for different segment heights, H: (a) side view and (b) top view.
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FIGURE 7. Distribution of the F-field around gap-15 for different curvatures of the diverter strip: (a) side view and (b) top view.
TABLE 5. |E| and Vrossover at Gap-15 for different curvatures. TABLE 6. | E/| and Vrossover at Gap-15 for different substrate materials.
Curvature |E| (MV m™ ') Veossover (V) Substrate Material €, tan ¢ |E| Vrossover
Planar 28.43 2959.19 MVm™) V)
R 28.39 2960.09 Pyroceram 9606 5.5 0.0003 28.01 2887.62
0.5R 27.99 2986.77 Fused Silica 3.8 0.0020 28.27 2985.92
0.2R 25.95 3108.97 Duroid 2.2 0.0009 28.36 2985.87
Teflon 2.1 0.0002 28.35 2985.86
from 28.43MV m~! to 25.95 MV m~! when the curvature of Different applications may use different dielectric materials
the substrate increases. Increased curvature also results in an for the installation of segmented diverters for lightning protec-
increase in the crossover voltage of the gaps from 2959.19'V to tion. Therefore, the effect of different dielectric material prop-
3108.97 V. erties is analyzed and shown in Table 6. It can be observed that
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FIGURE 8. Setup for computation of capacitance for different segments
to determine the segment with the least time constant for lightning con-
duction.

the E-field strength increases as the value of €,. decreases, with
the crossover voltage remaining nearly constant.

The capacitance between the segments of a diverter strip and
the ground is a key factor in identifying the probable initial
point of lightning attachment. In [32], the mechanism of light-
ning flashover of a segmented diverter strip attached to the sur-
face of an aircraft radome is described using an equivalent RC
circuit. In this model, each conductive segment of the strip is
treated as having its own capacitance (C') relative to the ground,
while the underlying dielectric substrate functions as a resistor
(R). It has been established that the segment with the lowest ca-
pacitance will exhibit the shortest RC time constant, allowing
it to respond more rapidly to external electric fields. Conse-
quently, this segment becomes the most probable initial point
of lightning attachment.

Figure 8 shows the simulation setup used to verify the afore-
mentioned theory. In this setup, the diverter strip consists of N
conductive segments, with each segment forming some capac-
itance with the ground. These are denoted as C1, Cs, Cs ...
C, respectively. The capacitance (C') of each segment can be
obtained by applying a voltage (V') of 1 V to the segment of in-
terest and numerically computing the total charge (Q)) present
on the segment (using the relation @) = C'V'). The geometry pa-
rameters of the diverters used in this computation are diameter
(D) = 5mm, height (H) = 2 mm, and spacing (S) = 0.5 mm.

Table 7 presents the computed capacitance values for three
representative segments: Segments 1, 15, and 30. Since seg-
ment 1 is closest to the ground, it shows a higher value of
10.06 pF than the capacitance values of segments 15 and 30. In

TABLE 7. Capacitance between different segments and the ground
plane.

Segment No.  Capacitance (pF)
1 10.06
15 0.43
30 0.37
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FIGURE 9. Simulation result showing the possible lightning attach-
ment point. The segment with the maximum FE-field distribution cor-
responds to the primary point of lightning attachment.

contrast, Segment 30 exhibits the lowest capacitance of 0.37 pF,
which implies a shorter RC time. This suggests that segment 30
is the most probable point for the initial attachment of lightning.

This is further verified by calculating the E-field using the
electrostatic (E-static) solver of CST MWS. The simulation re-
sults obtained are shown in Fig. 9. The simulation uses the
same setup described in Section 2. The figure shows the F-
field distribution when a constant potential difference of 1 MV
is applied between the PEC plates. It can be observed that the
E-field is maximum for the segment closer to the top PEC plate,
and it gradually decreases towards the grounded PEC plate.
Thus, the segment closer to the ambient E-field might be the
probable point of lightning attachment. Both the above obser-
vations corroborate with the results presented in [29] and [32],
which demonstrated that the tri-junction — the point where the
diverter, substrate, and air meet — is the primary location for
lightning attachment.

4. DISCUSSION

Analysing the impact of geometrical parameters on the distri-
bution of E-field strength is essential for optimizing the design
of segmented diverters. Fig. 10 shows the variation of E-field
with (a) spacing, (b) diameter, (c) height, (d) curvature, and
(e) dielectric constant of the segmented diverter. It can be ob-
served that reducing the spacing between segments increases
the E-field intensity exponentially. Larger diameters cause a
linear increase in field strength. Increasing the segment height
results in a linear decrease in E-field strength. The increase in
curvature and dielectric constant reduces E-field strength ex-
ponentially, but the reduction is relatively small.
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TABLE 8. Comparison of our work with the works done in the literature.

Reference Major Contributions Remarks
This work combines simulation and experimental
' thW dr : m lm hl uth ! & ¢ XIt)h.n:l The results indicate that the electric field at the base
methods to analyze how the diameter, thickness, _ R
[15] Y measures 517 MV m™*, which is higher than the

and spacing of segments affect the electric field at
both the tip and base of a hemispherical radome.

477MV m~! recorded at the tip.

This simulation work examines how segmented diverter

segments, impact the surface electric field of an ogive radome.

strips, varying in shape, size, and spacing between metallic

The results indicate that the surface electric field
increases with larger segment sizes and reduced
spacing between the segments.

This simulation and experimental work investigates

The E-field increases with increased diameter and reduced
spacing between the segments. The maximum FE-field
observed for a diameter of D = 3.17 mm was

[19] the effects of the size and spacing between segments 417MV m™*, while for D = 1.52mm,
of a diverter on the electric field for a planar radome. it was 208 MV m~'. Additionally, the maximum
E-field at a spacing of S = 0.2 mm reached 500 MV m ™!,
compared to 250 MV m™* for S = 1 mm.
This work presents an experimental and numerical
[20] transient 2D Multiphysics model to predict The results show that the breakdown voltage increases
the location of lightning attachment and linearly with the spacing between the segments.
explores the factors affecting breakdown voltage.
This experimental work presents the design and The results indicate that larger segments have lower
[22] testing of lightning protection for an aircraft radome breakdown voltages, but smaller segments can
subjected to direct lightning strikes. better withstand high current loads.
In this experimental work, high-voltage initial leader attachment It was found that intensified electric fields are essential for
[28] tests were conducted f)n a full'—scalé UAV SATCOM rafiome igniting the segmented diverters, and there
prototype. Th.ese tests aimed to 1.denF1fy tl.w optimal locatlorhls for is a significant voltage drop along the ignited diverter.
segmented diverters and potential lightning attachment points.
It was shown that when the antenna was positioned very close
This experimental work aimed to gather data on the to the radome wall (1.5 cm away), a minimum spacing of
[32] flashover characteristics of segmented diverters to ensure 30 cm between the diverters was necessary to prevent dielectric
optimal protection for the enclosed antenna. breakdown. However, when the antenna was placed further away
(15 cm), the diverters could be safely spaced 60 cm apart.
Numerical analysis demonstrates that segments with larger
The simulation work shows the effect of spacing, diameters and reduced spacing yield an intensified E-field.
Our work diameter, height, curvature, and substrate material E-field strength increases as height decreases and strengthens

on the E-field for a planar segmented diverter.

as the dielectric constant decreases. An increase in curvature
results in E-field strength reduction.

Segmented diverters are used to protect aircraft radomes and
wind turbine blades from lightning strikes. In aircraft, reduc-
ing the spacing or increasing the diameter of the segments en-
hances the electric field in the gaps, which leads to the cre-
ation of a plasma channel for the conduction of lightning cur-
rent. However, when the segments are closely spaced, it re-
duces the RF transparency of the radome. Therefore, choosing
the optimal spacing requires a balance between lightning pro-
tection and signal transmission. Also, reduced spacing and in-
creased diameter of segments will cause proportionate increase
in the weight of the radome or wind turbine blade. Reducing
the height of the segments increases the strength of the electric
field in the gaps. But it will also create plasma channel close
to the surface of the radome or wind turbine blade. Increased
height of the segments may also affect aerodynamic properties
of radome or wind turbine blade. Our results show that there

55

is relatively small change in the E-field due to the curvature of
the substrate. As a result, segmented diverters can be conve-
niently installed on curved surfaces of radomes and wind tur-
bine blades. Lastly, the dielectric constant has relatively small
impact on the E-field strength. Therefore, the design engineer
has a fair amount of choice in the selection of the substrate ma-
terial based on the type of application. These findings support
tailored design strategies for effective lightning protection in
both aerospace and wind energy applications.

Table 8 shows the comparison between our work with those
available in the existing literature. It can be observed that our
work is in good agreement with the work done in various lit-
erature related to segmented diverters. Also, our work does a
comprehensive analysis on the impact of geometry parameters
on the E-field and crossover voltage.
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FIGURE 10. Variation of E-field with (a) spacing, (b) diameter, (c)
height, (d) curvature, and (e) dielectric constant of the segmented di-
verter.

5. CONCLUSION

This study elucidates the influence of geometrical parameters
on the E-field distribution in circular segmented diverters for
LPS. It can be observed that reducing the spacing between
segments increases FE-field intensity exponentially. Larger
diameters cause a linear increase in field strength. Increas-
ing the segment height results in a linear decrease in E-field
strength. The increase in curvature and dielectric constant re-
duces E-field strength exponentially, but the reduction is rela-
tively small. The results further show that as the spacing be-
tween the segments increases, the crossover voltage also in-
creases. However, as the diameter of the segments gets larger,
the crossover voltage decreases. There is no significant change
in the crossover voltage with changes in height or substrate ma-
terial. The investigation into the capacitance further provides
information regarding the segment having the least time con-
stant for lightning attachment. It is estimated that the segment
closer to the direction of the ambient E-field might be the pri-
mary point for lightning attachment. The E-field distribution
obtained using the E-static solver of CST MWS provides fur-
ther confirmation of the lightning attachment point. This re-
search provides valuable insights into the E-field character-
istics of circular segmented diverters, aiding in the improved
design and optimization of diverter strips for lightning protec-
tion systems. Understanding the behavior of the F-field in seg-
mented diverters could greatly enhance the reliability and safety
of aerial and renewable energy systems in areas prone to light-
ning strikes. However, it is important to note that the actual be-
havior of lightning diverter involves complex phenomena such
as plasma formation and needs experimental validation.
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