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1. Introduction

Thunderstorms, lightning, and various electrical phenomena
can be seen everywhere in our life. The exploration of these elec-
trical phenomena has never stopped, and some phenomena, like
the generation, propagation, and adhesion processes of light-
ning, and the compact in-cloud discharge phenomenon can
be explained by the generation, transmission, and interaction
of high-energy particles in the atmosphere with air atoms form-
ing low-energy electrons and ions!'. Femtosecond laser fila-
mentation in air can be used to study a series of physical
phenomena such as discharge or spectroscopy>*. Among
many electrical phenomena, ball lightning, a peculiar physical
phenomenon that is rarely observed, has attracted much atten-
tion'**!. Ball lightning is a symbiotic structure of a spherical
membrane of compressed air and conventional white light cir-
culating in the membrane in all possible directions'®”). Many
researchers have published theoretical models of ball lightning,
such as models using assumptions about oscillation of electrons
and ions™®”), models involving resonant electromagnetic (EM)
structures!'®, and the magnetic-knot model" '), in an attempt
to explain its formation mechanism, light emission, lifetime, and
some other unusual characteristics. Subsequently, based on
these theories, numerous experimental attempts to generate ball
lightning in the laboratory have sprung up"*'*. Among these
theoretical models of ball lightning, the one that interests us
most is Wu’s extension!'”! of the Dawson-Jones model'®’, that
is, before the final step of lightning striking the ground, a
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Ball lightning is widely concerning because it is hard to detect, predict, and reproduce. The dependences of electromagnetic
(EM) solitons, which are considered expectant ball lightning, forming at the wavelength of the incident light are investigated
with two-dimensional particle-in-cell simulations. It shows that both the long wavelength microwave and the short wave-
length laser are not suitable for producing the observed ball-lightning-like EM solitons. A strong field terahertz wave is
proposed to inject and generate EM solitons. This paper can provide some references for researchers studying ball
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collimated electron bunch containing up to 10'* electrons could
emerge. A concentrated relativistic electron bunch like that
would emit an intense EM pulse when it strikes the ground
or other media, which have greatly different dielectric properties
from air. When EM pulses encounter plasma, a bubble where a
region of low-density plasma surrounded by higher-density
plasma could be formed. There are many characteristics between
EM solitons and ball lightning. First, the size of the reported ball
lightning is consistent with that of the EM solitons in the
micron-scale laser plasma simulation. EM solitons are plasma
bubbles containing half-cycle standing wave modes, whose
wavelengths can reach several tens of centimeters in halfa period
when it comes to microwaves, which is similar to ball lightning.
Besides, hundreds of joules of microwaves could keep a bubble’s
plasma shell alive for several seconds, which imitates the forma-
tion of post-solitons''”) and is similar to the typical ball lightning
lifetime of 1-5 s!'®). In addition, ball lightning is spherical in
shape, which is similar to the EM soliton created in laser plasma
experiments. Thus, the EM solitons in the laser—plasma interac-
tion can be considered as an expectant ball lightning object. The
phenomenon of self-sustaining standing waves similar to soli-
tons can be predicted under numerical simulation of appropri-
ate density plasma and amplitude EM pulses''”), which provides
guidance for our experimentally generated expectant ball light-
ning. In this article, the expectant ball lightning EM solitons gen-
eration distribution in intensity and density domain at different
wavelengths of the incident EM wave are simulated with two-
dimensional particle-in-cell (PIC) simulations. Our simulation
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shows that the phenomenon of expectant ball lightning EM sol-
itons can be observed regardless of the incident wavelength. The
energy of the pulse from Wu’s estimation is concentrated in the
microwave region; however, the largest microwave-pulse facility
currently!*’ still cannot reach the energy to generate an expect-
ant ball lightning EM soliton. This requires the medium to be
preionized in order to produce sufficient density plasma during
the experiment, which is too demanding for the experimental
conditions. Meanwhile, using short wavelength EM waves such
as X rays is also difficult to observe experimentally, according to
our simulation results. Therefore, we make a proposal to gener-
ate expectant ball lightning EM solitons (“solitons” for short in
the following article) through the interaction of strong field tera-
hertz (THz) waves with gas plasma. Our proposal makes it pos-
sible to generate simulated ball lightning under laboratory
conditions, thus laying the foundation for its systematic study.

2. Simulations

Simulations were carried out with the code extendable PIC open
collaboration (EPOCH, a plasma physics simulation code that
uses the PIC method) with relativistic electrons and immobile
ions since the generation of post-solitons was not considered.
The transverse width and the longitudinal duration of the inci-
dent laser pulse both had a Gaussian envelope with full width at
half-maximum (FWHM) sizes of 24 and 2T, respectively. The
cell size was 0.02 X 0.024%, where 1 was the wavelength of the
incident laser, and each cell contained 10 ions and 10 electrons.
The density and laser intensity were normalized over #. and
ay = eE/(m,wc), where c,m,, and e were the speed of light in
vacuum, the mass, and the charge of the electron, respectively.
Moreover, T and @ were the period and circular frequency of the
incident laser. Generally speaking, a steeper vacuum-plasma
interface will result in weaker solitons. In our simulations, how-
ever, a steep vacuum-plasma interface was set in order to reduce
the influence of interface gradient. The stability of EM solitons
could be observed in simulations when moderate parameters
for laser and plasmas were selected. Figure 1 portrays the tem-
poral evolution of the electric field in the center of the EM sol-
iton and the magnetic field in the soliton off center, owing to the
magnetic field being annular around the center, when a linearly
s-polarized laser propagates through the plasma with the density
n, = 0.5n, from 30 T to 50 T. The component of the magnetic
field in the direction of laser propagation is shown in Fig. 1(b)
to facilitate the extraction of the data. The normalized value of
the laser was a = 1, corresponding to the electric field intensity
of 1.07 X 10'? V/m, while the wavelength was 3 pm. The vibra-
tion of the electric field precedes that of the magnetic field for a
quarter of the oscillation period because, when the electric field
reaches its maximum, the size of the electron cavity is maxi-
mized, and the corresponding current is zero in the solitons>),
In addition, the frequency of the component of the electric field
was about 0.55w [Fig. 1(c)], which was a little bit smaller than
the localized Langmuir frequency around the soliton. The elec-
tron density profile along the direction of the laser propagation
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is depicted in Fig. 1(d), where a valley represents the soliton. It is
noticeable that the density of the localized electrons is a little
higher than the background density and exceeds 0.6n,, which
means that the Langmuir frequency is over 0.77w. Hence, EM
waves can be captured stably and efficiently.

Figure 2 schematically displays the spatial distribution of elec-
trons with two different initial number densities at different
moments of time. The soliton in Fig. 2(a) with an initial density
of 1.3n, is closer to the vacuum-plasma interface than that in
Fig. 2(b), where the initial density is 0.25x1,. When the initial
density is just slightly higher than the critical density, the laser
can still penetrate into the plasma. The leading edge of the laser
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Fig. 1. Temporal evolution of (a) electric field and (b) magnetic field. The elec-
tric and magnetic fields are oscillated periodically, and the magnetic field lags
quarter of an oscillation period behind the electric field. Panel (c) shows the
Fourier transformation of the electric field from 0 Tto 60 T, i.e., the spectrum
of the soliton. There is a monoenergetic peak in frequency domain referring to
the soliton frequency. Panel (d) is the lineout of longitudinal density of the
electrons. The vacuum-plasma interface is at —4A, and the density valley
around 11 is where the soliton position is. The localized density on either side
of the valley is slightly higher than the background density.
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Fig. 2. Distributions of electrons in the cases of (a) density close to upper limit
and (b) lower limit of soliton generation for a=1. The units of density, time, and
length are critical plasma density, laser period, and wavelength, respectively.
The soliton in panel (a) stays stationary near the interface, while the soliton in
panel (b) stays at some distance away from the interface. The periodic density
hump between vacuum-plasma interface and the soliton in panel (b) is the
trail of the laser wakefield. It is obvious that the size of the two solitons is
different.

compresses the electron surface into a concave, which in turn
reflects the laser frontier. Because of the immobile ions, the elec-
trons oscillate near the interface due to electrostatic forces, and
the speed of the electrons is slower than the speed of light in vac-
uum. Consequently, the electrons will follow the laser frontier.
Once the process is repeated and accumulated to a certain
extent, subsequent EM waves will be captured by the plasma.
In this case, the frequency of the solitons is not much lower than
that of the laser due to less photon energy loss. When the initial
plasma is underdense, the laser can propagate through the
plasma and generate a wakefield behind the laser due to the pon-
deromotive force. The wakefield continuously gains energy from
the laser, resulting in the downshift of the laser frequency. Once
the frequency of the EM waves is less than the localized
Langmuir frequency, the EM soliton is generated, as shown in
Fig. 2(b), namely, the depth of penetration determined by the
redshift rate, which depends on plasma density, laser pulse dura-
tion, and intensity!*!!. The trail of the wakefield is distinctly
shown in the figure, indicating that solitons generated in this
case are related to the wakefields. Moreover, the plasma cavity
in Fig. 2(a) is apparently bigger than that in Fig. 2(b), because
the size of the solitons is of the order of d, = ¢/ a)pem], where
d, is the electron skin depth, and @, is the Langmuir frequency.
The distribution of electrons when the laser wavelength was dif-
ferent had also been investigated, and we found that the size of
the plasma cavities has almost no difference to the case above.

Note that the position of the solitons is related to the density
of plasmas, and thus simulations of the relationship between the
two were performed. From Fig. 3, we can infer that solitons tend
to be generated close to the interface as the density increases.
It is also found that the greater the density is, the smaller the
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Fig. 3. Relationship between plasma density and the distance from the posi-
tion of the solitons to the vacuum-plasma interface is drawn. For a fixed nor-
malized value a =1, the distance from the interface of the solitons decreases
with an increase in the number density of electrons. The red solid curve is
more consistent with the simulation results than the gray dotted curve.

position change is. Researches on the position of solitons related
to the plasma density had been mentioned by numerous
authors”>**), In all these works, a unanimous assumption of
the laser pulse depletion had been adopted with the form of
laepth = I (0 /@,)*, where I} is the duration of the incident laser
pulse. However, the results provided from this formula could
lead to obvious error in simulations because Raman scattering
was not concerned. We discovered from the simulations that
the dependence of the solitons’ position on plasma density
can be explained as I, = A(n./n,)?, where I is the distance from
the position of the solitons to the vacuum-plasma interface. The
curve drawn by this formula in Fig. 3 shows that the formula fits
the simulations very well, especially when the relative plasma
density is lower than 0.5. Combined with Fig. 2, the generation
of solitons far away from the interface is inseparable from the
wakefield. The laser has to propagate for a long distance to loose
enough energy so that the frequency of the EM waves can
become lower than the local Langmuir frequency. On the con-
trary, if the frequency of the plasma is higher than that of laser in
the beginning, the incident laser does not need to travel too
much before the solitons can be quickly formed. As the density
continues to increase above or decrease below the threshold, sol-
itons cease to exist. The threshold of the existence of the solitons
is therefore yet to be determined.

As the normalized value a increases, so does the existence
range of solitons, which is shown in Fig. 4(a), when the incident
laser wavelength is 3 pm. The lower limit of the normalized
intensity that can generate visible solitons in simulations is
between 0.4 and 0.5, which is not shown in Fig. 4(a). The shaded
areas in Fig. 4(b) approximately mark the range of the existence
of the EM solitons in the exponential coordinate system.
Although the desired incident laser intensity is different for dif-
ferent wavelengths, the parameter windows will be almost the
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Fig. 4. Panel (a) shows the upper and lower density limits of the existence of
solitons at the wavelength of 3 microns. Panel (b) is the existence of solitons
at different wavelengths. The abscissa is the intensity of the incident laser,
and the ordinate is the density of the plasma. Brown, blue, and black represent
the existence criteria of EM solitons when the wavelength of the incident laser
is 30 mm, 300 um, and 3 pm, respectively.

same if the intensity, density, length, and time are in the units of
normalized intensity, critical density, laser wavelength, and laser
period, respectively, as shown in Fig. 4(a). In other words, the
existence of solitons in different wavebands can be predicted
according to the assumption that the parameter windows of dif-
ferent wavebands are all the same in the unit of normalized
intensity and critical density. For example, for the light of
20 nm, when the corresponding dimensionless amplitude a = 1
(that is the intensity of the electric field is E=1.61 x 10'* V/m
and the intensity of incident light is I = 3.42 X 10*! W/cm?), the
range of plasma density for solitons is 0.18 —1.3n. (that is
5.03 X 10 — 3.63 x 10** m~3). What we should emphasize is
that we are only interested in the formation of solitons in
100 T, and the normalized intensity is around one so that the
solitons can be observed obviously while saving computational
resources. On the one hand, the formation time over 100 T
means extremely low plasma density, where the size of the sol-
itons is many orders of magnitude greater than the laser period.
On the other hand, the fact that the higher normalized intensity
would lead to the greater plasma density implies that the size of
solitons is much smaller than the laser period.

Note the fact that the physical parameters such as length,
time, intensity of incident light, and plasma density are all linear
with the incident wavelength, which satisfies the invariability
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Fig. 5. Composition of the proposed experiment to induce expectant ball
lightning EM solitons with high-field THz.

principle of magnification and reduction in the self-similar
model. As a result, similar phenomena can be observed regard-
less of incident wavelength. When the frequency of the incident
laser is close to that of the X-ray or even y-ray level, the size of
solitons will get to the nanometer scale, so that the solitons are
too small to conduct the observation in the experiment.
However, when it comes to the long wavelength, a visible soliton
will be formed, theoretically speaking, from our simulation
results. Nevertheless, from a practical experimental point of
view, the largest microwave-pulse facility currently™®! still can-
not reach the energy, which is 10'® W/cm? at least, to generate
expectant ball lightning EM solitons. This requires preionization
of the medium to produce plasma with sufficient density, which
is difficult to achieve experimentally.

Because of this, we made a proposal to generate expectant ball
lightning EM solitons. The proposal is a design of a simulated
ball lightning experiment, which uses a strong field THz source
as an injected EM wave to interact with the gas and form a gas
plasma at the same time, generating an expectant ball lightning
EM soliton by controlling the field intensity and the gas plasma
density, as seen in Fig. 5. The required THz radiation can be gen-
erated by an ultra-intense THz source set up by a femtosecond
laser beam, which has been experimentally measured with a
21 MV/m field amplitude at the center frequency of 0.3 THz
and a bandwidth of 0.26 THz***”). When the injected EM wave
is in the THz band, it can not only meet the requirement of a
sufficiently strong THz wave source to ionize the gas to generate
gas plasma, but also generate large and observable solitons due
to its long wavelength.

3. Conclusion

Ball lightning is a physical phenomenon that many people wit-
ness but is extremely difficult to observe with instrument.
Although many theories have been analyzed about ball light-
ning, few of them have the overlapping characteristics about
it. Thus, creating a structure like ball lightening in a laboratory
is vital for researchers to predict and regenerate ball lightning,
and it also provides reference for preventing possible damage
caused by ball lightning. In this paper, the dependences of
expectant ball lightning EM soliton formation on the wavelength
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of the incident light are investigated with two-dimensional PIC
simulations. The EM solitons produced by laser-plasma inter-
actions can exist stably for a long time. The electric and magnetic
fields can also oscillate constantly at frequencies lower than the
localized Langmuir frequency. When the initial density is
slightly higher than the critical density, the laser can penetrate
a finite length of the plasma and will eventually be trapped to
generate solitons due to electron oscillation near the interface.
The frequency of the solitons is comparable to that of a laser
because photon energy is barely lost. When the initial density
is underdense, the laser keeps transferring energy to the plasma
until the laser frequency is lower than the localized Langmuir
frequency, and the soliton is generated. The difference between
the two is whether the laser frequency is higher than the 1
Langmuir frequency. Moreover, the relationship between the
soliton position and plasma density is studied, and a more suit-
able formula has been proposed. The areas where solitons can
exist are shown in the shaded figure so that one can figure 1
out the conditions under which solitons can be generated in dif-
ferent wavebands and make appropriate parameters in experi-
ments. In the end, we make a proposal that uses a strong field
THz source to inject and interact with gas plasma and produce
expectant ball lightning EM solitons, where we observe the
resulting phenomena. This proposed experiment has important
reference significance for studying ball lightning.
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