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Abstract

Stimulated Raman Scattering (SRS) is a fascinating physical phenomenon that arises from the inter-
action between a plasma medium and high-energy laser radiation. It involves the transfer of laser energy
to plasma waves, resulting in the generation of new waves and the scattering of the incident laser beam.
SRS is an important phenomenon in laser plasma interaction, with various applications in fields such
as laser fusion, particle acceleration, and high-energy-density physics. The SRS process begins when a
high-intensity laser beam interacts with a plasma medium. The laser energy excites plasma waves, which
can be longitudinal or transverse depending on the direction of the laser polarization. These waves then
undergo a resonance process, where they interact with the plasma ions and transfer energy to them. As
a result, new waves are generated, and the incident laser beam is scattered in a different direction. One
of the most significant features of SRS is its threshold behavior. SRS only occurs when the laser inten-
sity exceeds a certain threshold value. Below this value, the plasma waves cannot reach the resonance
condition and do not transfer energy to the plasma ions. Above the threshold value, however, the plasma
waves grow exponentially, leading to a rapid increase in the scattered light intensity. SRS has various ap-
plications in laser plasma interaction. In laser fusion, SRS can be a significant obstacle as it leads to the
loss of laser energy and can damage the laser system. Researchers have developed various methods to
mitigate SRS, such as using frequency conversion techniques, plasma shaping, and polarization smooth-
ing. In particle acceleration, SRS can be used to generate high-energy electron beams. By controlling the
laser intensity and plasma conditions, researchers can create plasma wakefields that accelerate charged
particles to high energies.

Plasma density diagnostics are crucial to understanding the laser plasma interaction process. One
diagnostic method involves using a probe laser to measure the plasma density through the interaction
with the plasma electrons. Other diagnostic methods include interferometry, Thomson scattering, and
Langmuir probes. Raman scattering diagnostics are a powerful tool for measuring the plasma density in
a wide range of applications. This technique relies on the inelastic scattering of light from the plasma,
which results in a shift in the frequency of the scattered light. By measuring the frequency shift, re-
searchers can determine the plasma density and gain insight into the plasma’s behavior. Overall, Raman
scattering diagnostics are a powerful tool for measuring plasma density in a wide range of applica-
tions. These techniques can provide valuable insight into the plasma’s behavior and are essential for the
development of advanced plasma technologies. Ongoing research continues to improve the sensitivity
and accuracy of Raman scattering diagnostics, ensuring that these techniques remain at the forefront of
plasma research.

Plasma dipole oscillations are a type of collective motion that can occur in a plasma medium when
it is excited by an external electromagnetic field. These oscillations result from the motion of the plasma
electrons in response to the electromagnetic field, creating a dipole moment that oscillates at a char-

acteristic frequency. Plasma dipole oscillations are an important phenomenon in plasma physics and



have various applications, including as a radiation source for plasma diagnostics. Plasma dipole oscilla-
tions can also act as a radiation source for plasma diagnostics. When the dipole moment of the plasma
oscillates, it generates electromagnetic radiation at the same frequency. This radiation can be in the THz-
band depending on the plasma parameters. This characteristics create new diagnostic method for plasma
density. More easily usage of PDO method, we shot the laser pulse obliquely.

The magnetization of the PDO induces the formation of three modes in gyrating electrons: the upper
hybrid (H) mode, the right circular mode (R), and the left circular mode (L). The H-mode acts as a reso-
nance point that prevents transmission to the vacuum, whereas X-modes can be transmitted through the
plasma. The H-mode diminishes as the magnetic field increases, while X-modes become more promi-
nent. This results in more energy being extracted from the PDO in the form of radiation. This effect is
demonstrated by the effective flow, where in the weak field regime, electrons are well organized, result-
ing in effective longitudinal flow, while in the strong field regime, electron phases are randomized, and

circular flows prevail, forming X-modes instead of H-mode.
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I Plasma Raman Instability in the Laser Plasmas

1.1 Introduction

Laser plasma research incorporates plasma physics, optics, high-energy physics, and laser technology.
It is fascinated by the complicated interactions that take place when intense laser beams collide with
plasmas, which are ionized gases composed of free electrons and ions. The primary objective of laser
plasma research is to understand the fundamental physics behind laser-plasma interactions. Complex
physical processes such as laser light absorption [1,2], particle acceleration [3,4], plasma heating [5, 6],
and the formation of intense electromagnetic fields [7, 8] are examples of these interactions. By studying
these phenomena, researchers hope to understand more about the fundamental physics principles and
complicated dynamics that occur in laser-produced plasmas.

One captivating phenomenon observed during the propagation of a high-intensity laser through a
plasma is self-focusing [9]. The physical process of self-focusing is determined by the competition of
two dimensionless components. The first value indicates the charge-displacement nonlinearity’s contri-
bution to the relative strength of the diffraction in proportion to the relativistic electron mass nonlinearity,
and the second parameter represents the laser intensity in relativistic units. An optical beam can expand
into spikes of unlimited amplitude over a finite propagation distance. This is referred to as wave col-
lapse (blow-up) [10], giving rise to self-sustaining regions of remarkably high laser intensity known as
laser filaments [11]. These filaments exhibit extraordinary propagation characteristics, enabling them to
traverse significant distances within the plasma medium or even the air.

Laser-driven particle acceleration represents another focal point within the laser plasma field. Through
the generation of powerful electric fields, laser-plasma interactions propel charged particles, such as elec-
trons or ions, to attain high energies. Notably, techniques like laser wakefield acceleration (LWFA) [12]
and direct laser acceleration (DLA) [13] hold immense promise for achieving compact and high-energy
particle accelerators, thereby revolutionizing the field of particle acceleration.

Moreover, the synthesis of high harmonics is being actively researched utilizing the principal mech-
anism, an oscillating mirror activated by a laser pulse. The plasma-vacuum contact that occurs at the
surface of the solid target is the nonlinear medium underpinning the harmonic generating process. Har-
monics are produced by electron mobility in the laser beam at the plasma-vacuum interface. Consider
the contact between the critical-density surface of the plasma and the vacuum to be an oscillating mirror,
with the mirror oscillation caused by the laser field acting on the mirror’s electrons. The two primary
driving factors are the laser’s electric field and the ponderomotive force or light pressure, which results in
the creation of both odd and even harmonics [14]. This groundbreaking technique enables the generation
of coherent and short-wavelength X-ray or extreme ultraviolet (EUV) radiation [15].

Furthermore, in the pursuit of fusion energy experiments, laser plasma interactions play a crucial
role, particularly in the domain of inertial confinement fusion (ICF) [16]. ICF employs intense lasers to
compress and heat a plasma, with the aim of initiating and sustaining a controlled fusion reaction. As the

plasma absorbs the laser energy, it gives rise to a highly energetic and dense plasma environment that is



conducive to efficient fusion processes.

Finally, at high intensities, lasers have the ability to induce the breakdown of gases, leading to the
creation of plasma channels or filaments. These plasma channels serve as effective waveguides [17] for
subsequent laser pulses, enabling precise control and manipulation of laser beams over considerable
distances.

As a main focus of this chapter in the field of laser plasmas, stimulated Raman scattering (SRS) [18]
takes center stage. When a high-intensity laser beam interacts with a plasma, a nonlinear optical process
occurs, resulting in coherent Raman scattered light. When light interacts with plasmas, it experiences
a frequency shift [19], which is known as Raman scattering. The incident laser beam transfers some of
its energy to plasma waves during SRS. These waves are produced by the interaction of the laser with
charged particles, namely plasma electrons. The energy transfer method is based on the principles of
stimulated scattering, in which the presence of the incident laser beam causes the scattered light to be
amplified. When incoming laser photons contact with the plasma, they scatter into two new photons:
a Stokes-shifted photon with a downshifted frequency and an anti-Stokes-shifted photon with an up-
shifted frequency. The magnitude of the frequency shift is determined by the energy exchange between
the laser and the plasma waves.

I’1l go over the laser plasma convention briefly before getting into the SRS. Incident electromagnetic
(EM) waves can interact with electrons in plasmas and give rise to various interesting phenomena such as
plasma grating [20,21] and plasma mirror [22]. Plasma acts as linear and nonlinear media depending on
the external field intensity [23]. Field intensity classifies dynamical regimes, once the perturbation is en-
hanced, nonlinear current is generated. Various feedback interaction makes very complex phenomenon,
which cannot be described by analytic equations resulting in a difficulty to interpret them [24, 25]. In-
stead of these complex things, I will start the basic equation of motion in the presence of the plane EM
wave.

dvg
= _¢E 1
mdt e ()

where, m is electron mass, v, is quiver velocity [26], e is elementary charge and E is electric field.

Electric field can be represented by vector potential for EM wave. With the cgs unit,

1A
c ot

2

where, c is speed of light and A is vector potential. In the laser plasma field, vector potential is usually

normalized for the simplicity.
eA

w =ap 3)

Substitute all things into the equation of motion, quiver velocity can be obtained

Vo

= =g @)

C

This representation is crude for describing many body problems with the analytic derivations [27]; how-

ever, it does give practical usage. Because laser plasma is commonly believed to be in a cold fluid [28],



Debye length becomes very tiny, allowing the long-range Columb interaction between particles to be

ignored [29]. I convert it into practical parameters including the laser intensity.
a3 =73 x 10724 (um)2I(W /em?) 6))

Final form of parameter is
? = 8.85 % 107104 (um) /(W /em?) )

For the CO, laser, when the intensity is 10'W /cm?, oscillating velocity becomes comparable to the
speed of light. Over the laser intensity 10'W /cm?, relativistic treatments need to be considered.
Normalized laser intensity over the 1 means relativistic plasma waves can occur. It was shown by
Dawson that wave breaking in a cold plasma [30] occurs when elements of the plasma electron fluid that
started out in different positions overtake each other while moving back and forth during the passage of
the wave. For both non-relativistic and relativistic plasmas,this overtaking happens when the peak fluid
velocity equals the phase speed of the plasma wave. A direct consequence of this is that a large fraction

of the plasma electrons get trapped in and accelerated by the plasma wave.

m(J)pC

Epax > (N

where @, = 4/ i—"&?, ng is background density and & is vacuum permitivity. Relativistic threshold is also
obtained by the Akhiezer and Polovin [31].

Epax > \/2(y—1) ®

L and By is normalized phase velocity by speed of light.

Bl

In the non-relativistic regime, considering a plane wave, the amplitude of the pump is required to

,where y=

satisfy the condition:

ap < 1 ©))

In an un-magnetized plasma, the hydrodynamic equations describe the presence of three waves: the
electron plasma wave (EPW), the ion acoustic wave (IAW), and the electromagnetic wave (EMW) [32].
However, studying each wave individually in a homogeneous plasma provides limited insight into their
interactions with one another. A second-order analysis is required to understand non-linear interac-
tions [33], which involves considering the product of two oscillating quantities. This approach can help
explain the lowest-order example of non-linear interaction, known as a three-wave instability. A three-
wave instability is a non-linear interaction between three waves that results in the transfer of energy
between them. This phenomenon has important implications for plasma-based applications, such as in-
ertial confinement fusion [34], plasma heating and current drive [35], and particle acceleration [36]. The
transfer of energy can lead to the generation of new waves, such as sidebands or harmonics, and can
significantly modify the behavior of the original waves. In the context of a plasma wave driven by a
high-amplitude laser, the laser interacts with an EPW, generating scattered light [37] that is Doppler-

shifted due to the electrons’ longitudinal collective motion in the wave. The scattered light wave beats



with the laser light, creating a beat-wave whose envelope reinforces the original EPW via the pondero-
motive force [38]. This force is proportional to the gradient of the energy density of the beat EMW.
This process is known as the Raman scattering process and has important implications for laser-plasma
interactions and the generation of high-energy particles.

To introduce the theory of three coupled waves, we can start by considering the case of three coupled
oscillators, as described by Nishikawa in 1968 [39]. In this scenario, each wave has a locally linear
dispersion relation characterized by angular frequency and wave-number (®,k). A small non-linear
coupling between the waves allows us to conclude that each of the three waves can be described by
a set of coupled non-linear differential equations, which can be solved using perturbation theory. By
solving these equations, we can understand how the perturbations associated with one wave might affect
one or more of the other waves present in the plasma. The non-linear interaction of the EPW, IAW,
and EMW in a plasma is investigated, with the necessity of fulfilling the frequency and wave-number
matching constraints, which guarantees that the energy and momentum conservation rules are met. It
demands, specifically, that the total of the interacting waves’ wave vectors (wave numbers) be zero and
that their frequencies fulfill a precise connection. This condition guarantees that the waves’ energy and
momentum are balanced, allowing for effective energy exchange. In particular, the real components of

the frequencies and wave-numbers must be matched for each wave, which may be represented as

Wy = 1 + O
ko =k +k;

(10)

The matching conditions discussed above are crucial in the context of resonant energy exchange between
waves. This occurs when three waves interact: a large-amplitude laser wave with frequency @y and wave
number ko, a plasma wave with frequency @; and wave number ki, and a scattered light wave with
frequency @, and wave number k;. By fulfilling the matching conditions, resonant energy exchange can
occur between the waves, leading to efficient transfer of energy and influencing each wave’s behavior
through nonlinear processes.

The plasma under consideration is assumed to be infinite in extent and spatially homogeneous, mean-
ing that its properties, such as density and temperature, do not vary significantly across the plasma.
Additionally, it is assumed that there is no pump depletion, which means that the energy of the large-
amplitude laser wave is conserved during the interaction. To analyze the nonlinear interaction of the
large-amplitude laser wave, plasma wave, and scattered light wave in this simplified scenario, a further
simplification is made by modeling these waves as three oscillators. Each oscillator is described by the
equation for a damped harmonic oscillator, which takes the form:

d? d

where X; represents the amplitude of the oscillation for wave i (with i corresponding to the laser, plasma
wave, or scattered light wave), ¥; is the damping coefficient, @; is the natural frequency. Since wave 0

(the laser) has large amplitude and is not significantly damped, and we assume no pump depletion, the



lowest order coupling of these waves gives the coupled system.

[dz + wg} Xo(t) =0

dt?
d? d )
el +270 ¥ + o [ X (1) =2aXo(t)X,(1) (12)
d? d »
ﬁ‘FZ%E—Fa)S Xl(I)ZZﬁXO(I)Xl(l‘)

where a and f are constants and coupling factors. 1 is plasma wave and s is scattered wave respectively.
When the coupling factors ¢ or f3 is large, the laser wave can efficiently transfer energy to the plasma
wave or scattered wave, leading to significant amplitude modulation and modification of the each wave’s

behaviors. The solution of simple harmonic oscillator is

Xo(t) = Xo(1)e ™ (13)

X () will be standing waves cos(w;t) or there are @ + @y components. Taking the Fourier transform of

other damped equations

[a)z +2iy10 — wlz] X1 (@) + aXo [Xs(w — ) + Xs(0+ wo)} =0

(14)
[a)z +2iy,0 — wf} X, (@) + BXoXi(w+ap) =0
Defining Dy(®) = @* +2iy,0 — ®Z, solution for @ must satisfy
Di(0) = aBXZ[ ! + ! ] (15)
: O | Dy(w+awy)  Ds(w— )

Consider the real and imaginary parts of @ = @, + iy separately. The exponential growth rate is given

by:
2 2
It <2A“’> ] _ (16)

r [y
(r+T)(r+Iy) .

where 7 is the coupling constant given by:

Y() OCB
Y= o
1 Wy

17

Examining the limiting cases of the dispersion relation gives the following key results for the growth
of a three-wave parametric instability in an infinite, homogeneous plasma. Firstly, when the frequency
mismatch (A®w = @y — () + @)) and damping rates of both daughter waves are zero, the instability has
a maximum growth rate given by the coupling constant Jy. Secondly, when Aw = 0 but both waves have

finite non-zero damping, the growth rate is given by:

I,-Ty\?> T +T,
Y=70\/1+< 2}’01> - 12 (18)

This indicates that there is a threshold amplitude induced by damping; if the amplitude of the pump

laser goes below the threshold, the damping effect takes over, and the instability cannot expand. In other



words, the energy transmitted from the pump laser to the plasma wave and dispersed light wave becomes

inadequate to overcome the dissipation processes, causing the instability to be suppressed.
1> Ipreshold < I'1 L' (19)

The final comment on this idealized solution is that we assumed X, X; < Xy in order to begin solving
for w. However, the analysis presented above shows that X, X; will grow exponentially for I > Ipresholds
which will soon make this assumption invalid. When we consider more realistic situations such as pump
depletion, finite plasma length, and plasma density gradients, things become much more intractable.
When I consider more realistic situations, such as pump depletion, finite plasma length, and plasma
density gradients, the dynamics of the system become much more complex and challenging to analyze.
Pump depletion occurs when the energy of the pump laser is gradually transferred to the plasma waves
and scattered light, leading to a reduction in the pump laser’s amplitude over time. This depletion causes
further nonlinear effects and changes the genesis and interaction of waves. Furthermore, the limited
length of the plasma introduces boundary effects that can have a significant impact on wave dynamics.
The presence of density gradients inside the plasma further complicates the research by causing geo-
graphic variances in plasma properties and wave quality. My Raman study, on the other hand, aims to
provide a straightforward technique for plasma diagnostics. This level of complexity is not necessary for

the procedure. As a result, I disregard this part.

EM dispersion curve

Alncident wave

Scattered wave A

Plasma wave
Ion acoustic wave dispersion curve

Figure 1: Dispersion curves of electromagnetic and ion acoustic wave, arrows represent dispersion rela-

tion of scattered wave and plasma wave respectively.

1.2 Raman Instability

Parametric plasma instability [40] refers to a phenomenon in which the plasma exhibits an unstable
behavior due to the nonlinear coupling [41] between different wave modes or frequencies. This instabil-
ity arises from the exchange of energy between interacting waves, leading to the growth or amplification

of wave modes. The interaction between waves occurs through a nonlinear process known as parametric



amplification [42,43]. This process involves the transfer of energy between waves with different frequen-
cies and wave numbers, typically satisfying certain resonance conditions. The interaction occurs when
the frequency and wave number differences between the waves satisfy specific relationships determined
by the plasma’s properties.

Depending on the kind of interacting waves, parametric conditions are different and name is also
different. Parametric Decay Instability (PDI) [44] occurs when a high-frequency pump wave decays into
a lower-frequency daughter wave and a sideband wave. The decay process involves the conservation of
energy and momentum, and the resonance conditions are determined by the frequency and wave number
differences between the pump, daughter, and sideband waves.

W0 = Odaughter + Wsige
(20)

ko = Kaaughter + Kside

Stimulated Brillouin Scattering (SBS) [45] is another type of parametric instability that occurs when a
high-frequency pump wave interacts with a low-frequency ion acoustic wave in a plasma. The pump
wave transfers energy to the ion acoustic wave, leading to the scattering of the pump wave and the

generation of a scattered wave with a frequency upshift (anti-Stokes-shifted wave).

Wy + O + Wjpn
2D
ko = ks + kion

Among the various parametric instabilities that can occur in plasmas, the Raman instability involves
the interaction of two electromagnetic plasma waves and one electrostatic plasma wave, resulting in
complex dynamics and wave-wave interactions within the plasma system. The dispersion relations as-
sociated with each wave play a crucial role in determining the parametric conditions necessary for the
occurrence of the Raman instability. The Raman instability arises due to a resonant coupling between
the three waves involved. This resonant interaction occurs when the frequencies and wave vectors of the
interacting waves satisfy specific conditions dictated by their dispersion relations. The dispersion rela-
tion of a wave describes the relationship between its frequency and wave vector, encapsulating important
information about its propagation characteristics and behavior within the plasma medium. To understand
the parametric conditions for the Raman instability, we need to examine the dispersion relations of the
electromagnetic and electrostatic plasma waves involved. The dispersion relation of an electromagnetic
plasma wave describes the relationship between the wave’s frequency and wave number in a plasma
medium. In general, the dispersion relation for an electromagnetic wave propagating through a plasma
can be derived by considering the Maxwell’s equations and the equation of motion for the charged par-
ticles in the plasma. To derive the dispersion relation of an electromagnetic plasma wave, we start by
considering Maxwell’s equations in a plasma and the equation of motion for charged particles. We as-

sume a linear, homogeneous, and unmagnetized plasma for simplicity. Maxwell’s equations in a plasma



are given by

v.E=P
&
V.B=0
- 0B (22)
VXE=——
% dt
. oE .
VXB:IJOEO§+#OJ

Where E is the electric field, B is the magnetic field, p is the charge density, J is the current density, and
Uo is the vacuum permeability. I assume a plane wave solution of the form:
E — Eoei(k*rf(l)l‘)
. (23)
B — Boet(k-rfa)t)
Where Ej and By are the amplitudes of the electric and magnetic fields, k is the wave vector, r is the
position vector, m is the angular frequency, and t is time. Substituting plane wave solutions into Maxwell

equations, I obtain:

(24)
ikx E =ioB

ik x B = logyiwE + poJ

From equation 22, we find that k and B are perpendicular to each other, which implies that the wave is
transverse. Taking the curl of equation and substituting equation, I get dispersion relation of electromag-

netic plasma wave and electrostatic plasma wave.

o =K+ @, (25)

0= 0, (26)

Momentum and energy conservation regulate the resonance conditions of Raman instability. These
fundamental conservation laws play a crucial role in determining the wave number of the plasma waves
involved in the instability. Momentum conservation ensures that the total momentum of the interact-
ing waves and the plasma remains conserved throughout the instability process. This conservation law
imposes constraints on the wave vectors of the waves participating in the Raman instability. The interac-
tion between the waves leads to a transfer of momentum, which must be balanced to satisfy momentum
conservation.

Similarly, energy conservation governs the exchange and redistribution of energy between the par-

ticipating waves and the plasma medium. Energy transfer occurs as a result of the resonant interaction,
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Figure 2: Spectrum of scattering between incident electromagnetic waves and plasmas

where the energy from one wave is transferred to the other waves involved in the instability. The conser-
vation of energy provides further restrictions on the frequencies of the waves.

To satisfy both momentum and energy conservation, the wave numbers of the plasma waves are
typically set to the plasma wave number, denoted as @, /c, where w), is the plasma frequency and c is
the speed of light. The plasma wave number represents the characteristic spatial scale associated with
the collective oscillations of the plasma particles. By setting the wave number of the plasma waves to
o, /c, the resonance conditions for the Raman instability can be satisfied, ensuring the conservation of
momentum and energy. This choice of wave number facilitates efficient energy transfer and allows for

the resonant coupling between the waves, leading to the growth and amplification of the instabilities.

1.3 Spectrum of SRS

Several scattering mechanisms can occur when a laser pulse interacts with plasma, including Rayleigh
scattering, Brillouin scattering, and Raman scattering. Each of these scattering processes has unique
properties, notably in terms of frequency changes in the scattered light spectrum. Consider the quasi-
neutral plasma as an example. Ions are significantly heavier than electrons, which are assumed to be fixed
in the femto-second scale. I'll concentrate on the electron’s reaction to an incoming electromagnetic
wave because it scatters significantly more energy than the proton. I can approximate the electron’s
equation of motion by re-polarizing the wave electric field in the x-direction.

d’x > .
Me— s = —m,yx — eEysin(or). 27
The second component on the right represents the perturbing force caused by the electromagnetic wave,
whereas the first term represents the (linearized) electrostatic attraction between the electron and the
proton. In actuality, I'm illustrating the hydrogen atom as a simple harmonic oscillator with a natural
frequency of wy. Following a momentary interruption, the typical frequency of electromagnetic radiation
emitted by the atom is @y. In other words, omegag should indicate the frequency of one of the hydrogen

spectral lines in this model. In general, if I give the frequency of a spectral line to @y, I may apply the
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Figure 3: Rayleigh scattering diagram, (a) incident wave stimulates dipoles in plasma, (b) after incident

wave passes through plasma, surviving dipole emits radiation.

aforementioned model to nearly any sort of atom. The solution of equation 27 is

eEy .
X=————sin(®t). 28
As a result, the electron’s dipole moment takes the form p = — pg sin(®?)%, where
2
e Ey
= 29

By similarity with the preceding section’s study, the differential and total scattering cross-sections of our

model atom assume the form

do o* _
10" mre sin“ 6, (30)
and .
[0)
0= mcﬂ (31)

respectively. This form of scattering is known as Rayleigh scattering. There are two features of Rayleigh
scattering that should be discussed. First, it is far weaker than Thompson scattering (since omegallomegay).
Second, unlike Thompson scattering, it is very frequency dependent. Indeed, the preceding calculations
show that high frequency (short wave-length) radiation is significantly more efficiently dispersed than
low frequency (long wave-length) radiation. Rayleigh scattering has no energy gain or loss when there
is no frequency change in the scattered light’s spectrum. It happens as a result of the interaction between
the incident laser light and the plasma electrons, which causes the light to re-emit at the same frequency
as the incident light.

Brillouin scattering involves the interaction between the laser light and plasma acoustic waves,
known as sound waves. Brillouin scattering can be described by the equation set consist of fluid and
Maxwell equations with Coulomb gauge. This equation set gives three wave equations for electromag-

netic wave, plasma wave and ion sound wave.

2 8 n
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The vector potential of the incident wave is Ag, while the perturbed electron density is .. The incident

wave damping rate, Y. The other wave equations for electron and ion are
%n, on, 3 5T, 9*n, ) e2ny

- _n)\ = ——— 2 .
dt? te ot 3m, 0x? pe(e = 1) 2m§’c2V (Ao -Ao) (33)

821’1,‘ 7} 82nl~
2 ow +or(ni—n.) =0 (34)

The three wave equations under consideration exhibit a similar form to the coupled equations introduced

in the previous section. The resemblance lies in their underlying mathematical structure, which enables
us to analyze the interactions between different waves in a plasma medium. In this section, I discussed
the equations governing the interactions between the electron plasma wave (EPW), ion acoustic wave
(IAW), and electromagnetic wave (EMW) in a homogeneous plasma. These interactions were character-
ized by the coupling of oscillating quantities, allowing for the exchange of energy between the waves. In
the section on stimulated Raman scattering (SRS), I will explain the essential parameters for the plasma
diagnostic approach without deriving the coupled equation for stimulated Raman scattering.

The stability of these equations is tested using harmonic perturbations. The zeroth order density
perturbation takes precedence. The first order £1 wave must be included in this case. Equations are

recast here by fitting the order.

9° J 2 22 w; "
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1

Ignoring pump depletion Y = 0 (weak coupling regime), equation 35 gives the dispersion relation a)g =
a)ge + czk(z). Applying harmonic approximation to the Eq. 36 - 38, dispersion relation of scattering can

be obtained.

Xe(1+2%i) 2 > 1 1

&g=—"—F7"""k 39
0 2 Y0 (I)E—wge—czkz,—'_(b}r—a)ge—c%i %

2 2

® — 07

pe pi
_ = 7 40
Xe =3 k22 Xi @2 — 3k? (40)

,where @+ = 0+ wy +iyy,k++ =k=Eky and ® = w — i7Y,. Pump wave does not significantly modify
the dispersion relation of electrostatic wave in the weak coupling regime. ® = @; + A®. AW < @.

When scattering increase is balanced with Landau damping, instability arises at a threshold power when

wy = /c(k—ko)2+ a)[% + @, and k ~ 2kg. the threshold condition is

2 ;- (1)2
0 gle =B @1)
2o p @2,
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2
Y- is vei%’g, where V,; is the electron ion collision frequency and ¥, is the Landau damping rate due to

electrons and ion. Near threshold, growth rate is

k2V2 2
Imo ~ — (woa?o wpi—27—7e> /(Yet+7-) (42)

S

Similarly, Raman scattering involves the interaction between the laser light and plasma density fluc-
tuations. The scattered light in Raman scattering also consists of Stokes and Anti-Stokes components,
but the frequency shifts are determined by different mechanisms compared to Brillouin scattering. The
Raman shift is typically equal to the plasma frequency and is directly related to the plasma density.
By analyzing the frequency shifts in Raman scattering, information about the plasma density profile and
variations can be obtained, making it a valuable diagnostic tool for plasma characterization. When a laser
pulse exceeds the threshold and propagates into a plasma, it can trigger parametric instability, leading to
Raman scattering through the grating of electron plasma. When considering a magnetized plasma wave,
its behavior becomes somewhat electromagnetic rather than solely electrostatic. In such cases, the wave
can generate X-modes [46], which are characterized by the presence of right circular (R) and left circular
(L) modes. These modes play a crucial role in the energy exchange between the incident and scattered
waves. The R-mode corresponds to a wave propagating in the same direction as the ambient magnetic
field, while the L-mode propagates in the opposite direction. These modes are circularly polarized and
exhibit distinct dispersion characteristics in magnetized plasmas. The interaction of these modes with
the incident and scattered waves can lead to various interesting phenomena. The pump wave is charac-
terized by Eoe"(ko"*“’ol ), and the backward scattered wave and plasma wave have the forms Eoe*"(kb”“’b’ )

i(ka+Cl)Ll‘)

and Ere” , respectively. The following conditions apply:

),
Wy ~ @y — @, kszo—i—?b%Zko (43)

For forward scattering, there are two types of scattered waves: Stokes and anti-Stokes waves [47]. These

waves can be described by E fei(kfx_“’f’ ), with the following matching conditions:

® ®
oF = wy+ oy, dky kg — L P (44)
C C

Backward and forward Raman scattering are denoted by the subscripts b and f, respectively, whereas the
Langmuir or plasma wave is denoted by the subscript L. According to the equation, the phase velocity
of the plasma wave in backward scattering is vy = Z%Lo < ¢, where y is the frequency of the slow wave
with a large wavenumber (~ 2kg), which is quite close to the upper-hybrid frequency shown by the X-

and @, = emﬁ
e

e2ng
me&y
in forward scattering, on the other hand, is a fast wave with vy ~ ¢, generating @, = @,, as seen by the

mode dispersion curves in Fig.4. @, = are used here. The plasma wave involved
cross-point of the @ ~ ck line and the X-mode curve in Fig.4.

It is required to determine both the plasma density and the magnetic field while examining mag-
netized plasma systems. This is accomplished by measuring the forward and reverse scattering signals
produced by an electromagnetic pulse traveling through the plasma. The backward scattered signal con-

tains information about both the plasma density and the magnetic field, whereas the forward scattered
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Figure 4: Curves of X-mode dispersion in a magnetized plasma.

signal simply contains density information. However, several variables can affect the precision of mea-
surements acquired from forward and backward scattering signals. These include plasma temperature,
probing electromagnetic wave wavelength, and scattering angle [48].

In a non-magnetized plasma, the Raman shift amounts of forward scattering (scattered light in the
same direction as the incident light) and backward scattering (scattered light opposite to the incident
direction) are typically equal. This symmetry arises from the isotropic nature of the plasma and the
absence of a preferential direction due to magnetic fields. As a result, the Raman scattering process
in non-magnetized plasmas is characterized by a single Raman shift, which corresponds to the plasma
frequency and provides information about the plasma density. However, in magnetized plasmas, the
presence of a magnetic field introduces an anisotropy that affects the Raman scattering process. The
Raman shift amounts of forward and backward scattering can differ due to the influence of the magnetic
field.

This asymmetry arises from the interaction of the scattered light with the magnetic field and the re-
sulting modified dispersion relations of the plasma waves. The discrepancy in the Raman shift amounts
between forward and backward scattering in magnetized plasmas opens up an opportunity for simulta-
neous measurements of plasma density and magnetic field. By analyzing the difference in the Raman
shifts, it is possible to extract information about both the plasma density and the magnetic field strength.
To measure the plasma density and magnetic field simultaneously, one can utilize the differential Raman
shift between forward and backward scattering as a diagnostic tool. By precisely measuring the Raman
shifts in both directions and accounting for the known relationship between the shift asymmetry and the
plasma parameters, it becomes possible to extract quantitative information about the plasma density and
the magnetic field strength.

The shift amounts of forward scattering and backward scattering in a plasma can exhibit different
behaviors. In some cases, the shift amounts of the two scattering processes are equal, implying that the

spectral shifts observed in both forward and backward directions are symmetrical. This symmetry can
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Figure 5: Spectrum of forward and backward scattering

provide valuable information about the plasma properties, such as density and magnetic field, without
the need for additional measurements. However, it is also possible for the shift amounts of forward
scattering and backward scattering to be different. In such scenarios, the spectral shifts observed in the
forward and backward directions do not exhibit symmetrical behavior. This discrepancy can arise due to
various factors, including the influence of magnetic fields or plasma density gradients.

Remarkably the differences in forward and backward scattering shift values may be utilized to de-
termine plasma density and magnetic field at the same time. By carefully observing spectrum changes
and comparing them to theoretical models or known plasma characteristics, it is possible to obtain in-
formation regarding plasma density and magnetic field strength. A valuable diagnostic technique is the
simultaneous measurement of plasma density and magnetic field in a magnetized plasma using different

shift amounts.

1.4 Growth Rate of SRS in Magnetized Plasma

Irradiating plasma with a short, linearly polarized laser pulse propagating in the x direction with an
electric field of Ey = Ep(x,t)cos(kox — wyt), where the external magnetic field is in the x direction
parallel to the laser pulse magnetic field. Ions are treated as a stationary background due to their much
higher frequency compared to electrons. The growth rate of the RBS and RFS modes can be determined
through a detailed analysis of the dispersion relation and the coupling between the interacting waves. The
dispersion relation describes the relationship between the wave frequency and wave number for a given
wave mode. In the presence of wave mixing, the dispersion relation is modified due to the interaction
between the waves. To obtain the specific expressions for the growth rates of the RBS and RFS modes,
a detailed analysis of the dispersion relation and the wave coupling equations is required. The growth
rates are determined by solving the relevant equations, taking into account the specific parameters and

conditions of the plasma and the laser pulse. With the three wave mixing which is described in the
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Figure 6: Gaussian beam width

parametric instability session, growth rate of RBS [49] and RFS [50] can be obtained:

2 oy’ (45)
¥ = /Ka(x)? — (Aw)?,

where a(x) is a vector potential of the pump pulse that has been normalized and its transverse variation

follows a Gaussian beam. The intensity distribution of a Gaussian beam follows a Gaussian function in
both the transverse (perpendicular to the beam propagation direction) and longitudinal directions. In the
transverse direction, the intensity of the beam is highest at the center and decreases gradually towards the
edges, forming a symmetric bell-shaped curve. In the longitudinal direction, the intensity also follows a
Gaussian distribution, with the maximum intensity typically located at the beam waist, and the intensity
decreasing as the beam propagates away from the waist. The shape and properties of a Gaussian beam
are determined by several parameters. The key parameters include the beam waist, which represents the
region of minimum beam size and maximum intensity, and the beam divergence, which describes how
rapidly the beam spreads out as it propagates. The beam waist and divergence are related to the beam’s
wavelength and the characteristics of the laser resonator. x is the position relative to the focal point.

r2
Amplitude of laser pulse is approximately constant within the Rayleigh length Zp = %,

ao

alx) = — (46)

I+

where ag is the pump pulse’s amplitude at the focal, r( the spot radius, A the laser wavelength. The
Stokes and anti-Stokes wave coupling coefficients, denoted as K; and K_ respectively, play a crucial
role in understanding the phenomenon of stimulated Raman scattering (SRS) in a plasma. In SRS, when
a high-intensity laser interacts with a plasma, energy is transferred between the incident laser wave, the
plasma wave, and the scattered waves. The coupling coefficients K, and K_ quantify the strength of
this energy transfer process. The coupling coefficients depend on various factors, including the plasma
parameters, the laser intensity, and the wave frequencies involved. In particular, they are influenced by
the nonlinear nature of the plasma response to the incident laser field. As the laser intensity increases, the

nonlinear effects become more pronounced, leading to enhanced energy transfer and a stronger coupling

15



Rayleigh Length

A

&

Laser Intensity low

weakly occurs

Laser Intensity high
Raman scattering
strongly occurs

Laser Intensity low
Raman scattering
weakly occurs

Raman scattering |

Figure 7: Laser intensity of Gaussian beam induces inhomogenous Raman growing

between the waves. The intensity-dependent frequency shift is another important characteristic of SRS.
It refers to the change in frequency experienced by the scattered waves compared to the incident laser
wave. This frequency shift is determined by the energy transfer process and is typically proportional to

the intensity of the incident laser.

k k
Ko= 5 [ Optots | Ko®r Ky “
2m, \| 260+ |0 — @, Wy — O
and Ao is described by
Kzaz
Ao = —9 48
25, (48)
002 o
e 1+2w (s — @,)? ’
+ zi c 1 (49)
Kc* o < a)c>_
dy(ks,001) =1— -—1-—=
i( + i) i C()i s

The subscripts —, 0, and + are utilized to represent the Stokes, pump, and anti-Stokes waves, respec-
tively. Group velocity is normalized by speed of light. The velocities of scattered waves are denoted
by uy, pump pulse’s is marked by subscript 0. Dispersion function of the stokes and anti-stokes are
dy (ks,04). In this work, I investigate the cumulative spectra of Raman scattered signals originating

from in-homogeneous plasmas characterized by non-uniform density and a magnetic field.

1.5 Laser focusing effect

The growth rate of Raman waves exhibits a direct proportionality to the amplitude of the interacting
laser. This means that a stronger interacting laser can lead to more efficient generation and amplification
of Raman waves within the plasma medium.

Gaussian beam focusing refers to the phenomenon of concentrating the energy and intensity of a
Gaussian-shaped laser beam to a small spot or region. A Gaussian beam is characterized by its bell-
shaped intensity profile, where the beam is most intense at its center and gradually decreases towards
the edges. The focusing of a Gaussian beam leads to an increased peak intensity at the focal point.

The intensity enhancement is a result of the beam’s energy being concentrated into a smaller area.
The beam’s power remains conserved, but the smaller spot size leads to a higher power density, resulting

in a higher intensity.
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Figure 8: Plasma density and magnetic field profile. Focal points are depicted at the three points.

A tightly focused laser beam enhances the intensity in the focal region, leading to a more pronounced
Raman scattering response. In contrast, a less-focused region may produce non-growing Raman signals
that are faint and generally insignificant. The targeted area dominates the contribution of Raman signals

to the total spectrum.

1.6 Plasma density and magnetic field variation

The parabolic density profile has been used in a number of laser plasma applications, and it is easily
created experimentally utilizing a powerful laser and a gas jet. A parabolic plasma density channel is
utilized for electron self-injection and acceleration [51]. These profiles, with a total length of 1600 Zg
(where Zg represents the Rayleigh length), capture the essential characteristics of the plasma under in-
vestigation. The magnetic field profile is also parabolic, which is unnatural, but my goal is to demonstrate
that the laser focusing effect works.

To investigate laser focusing effect, the power spectrum are analytically calculated for both forward-
scattered (RFS) and backward-scattered (RBS) signals at three distinct focal points. Three distinct focal
positions are the front, center, and back focal points. Gaussian beam is adopted. Its pulse duration,
denoted as 7. 7ry, takes on values of 9 and 15 for the different cases considered.

For the short pulse cases, the spectral shape is relatively broad, which makes it challenging to pre-
cisely identify the exact positions of the frequency shifts corresponding to the plasma (RFS) or upper
hybrid (RBS) frequencies at the three focal points. Due to the broadening effect, the position of the
peak is unclear, making precise determination difficult. Consequently, the determination of plasma den-
sity and magnetic fields becomes more challenging in these cases. However, in the long pulse case, the
spectral shape becomes more sharp, enabling us to accurately determine their position.

When pump pulse interact with plasma, scattered wave is growing according to the equation.

dAp

ar = %Ap (50)

The pulse duration determines the effective interaction time; within that period, the laser amplitude is
sufficient to induce Raman scattering.
Ay :AOeYbTeff &2}
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where Ay, Ao, 7, and 7, are the amplitude of the backward scattered signal, initial value from which the
backscattering grows (usually a noise level), growth rates of RBS and effective duration of the growing
defined by the pump pulse duration.

In the absence of damping, the RFS signal must travel a sufficient distance, generally Rayleigh
length, through a uniform, cold, and collisionless plasma. The frequency of the RFS, however, varies as
the pump pulse propagates through the non-uniform plasma. If the Rayleigh length is comparable to the
characteristic length and the plasma and magnetic fields do not change much, the RFS signal may have

the same form as the RBS with L, f f corresponding to the characteristic length.
Ap= Agelrters/e, (52)

To analyze the scattered wave and extract useful information, we employed the Fourier Transform
technique on the accumulated scattered wave signals that had grown during the effective interaction
time. The accumulated scattered wave signals encompassed the entire interaction duration, capturing
the complete spectral information of the scattered waves. The FT output displayed peaks at specific
frequencies, representing the spectral amplitudes at shifted frequencies. By comparing the observed peak
positions with theoretical predictions, we were able to extract information about the plasma density and
magnetic fields. Fourier Transformed form of scattered wave induced by Gaussian beam is

1.'2 .
Ao(x)etrLers/e== [o=oul® (53)

where @y, is the Raman shifted frequency of forward and backward scatterings generated in the focused

region.
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1.7 Spectral bandwidth of integrated signals of scattered waves

To accurately assess the relationship between the spectral peak shift and the focal location of the
pump pulse, I performed numerical calculations to obtain the cumulative spectra. This process involved
considering dispersed waves emanating from every point within the plasma medium as wavelets. Each
wavelet had an effective duration, 7.¢, which matched the duration of the pump pulse. By treating the
dispersed waves as wavelets, I aimed to capture the full spectral information and understand how it
varied with changes in the focal location of the pump pulse.

To achieve this, I applied Fourier analysis to each wavelet, transforming them into the frequency
domain. This allowed me to obtain the spectral representation of the dispersed waves at different loca-
tions within the plasma. The numerical calculations provided valuable insights into the behavior of the
spectral peak shift as a function of the pump pulse’s focal position. By comparing the cumulative spec-
tra obtained from different focal locations, I could observe how the peak positions shifted and identify
any corresponding changes in the plasma density or magnetic fields. Figure 10 provides a schematic
representation of the approach used for these numerical calculations. It illustrates the wavelets emitted
from various points within the plasma and their subsequent transformation through Fourier analysis.
This visualization helps to convey the concept of capturing the dispersed waves’ spectral information
and examining how it relates to the focal location of the pump pulse.

In the context of laser-plasma interactions, the laser pulses used are typically monochromatic, mean-
ing they have a single, well-defined frequency. The magnetic field in the plasma is assumed to be con-
stant, providing a stable environment for the interaction to occur. On the other hand, the plasma density
exhibits a small gradient, with a characteristic length comparable to the duration of the laser pulse. Under
these conditions, the growth rate of the scattered light, such as in Raman scattering, follows the envelope
of the laser pulse. This means that the intensity profile of the laser pulse determines the growth of the
scattered wavelets.

In particular, the scattered wavelets experience a growth that is influenced by the shape of the laser
pulse. For instance, if the laser pulse has a Gaussian-shaped intensity profile, the scattered wavelets will
also exhibit a similar Gaussian growth pattern. This is because the Gaussian-shaped laser pulse serves
as the driving force for the scattering process, and the scattered wavelets "inherit" the characteristics of
the laser pulse. The growth of these wavelets is directly related to the intensity profile of the laser pulse,
with the maximum growth occurring where the laser intensity is highest.

It is important to note that the growth of the scattered wavelets follows the envelope of the laser
pulse, rather than the instantaneous intensity. This means that the growth rate is determined by the

overall shape of the laser pulse, rather than instantaneous fluctuations in intensity.

Ap = AoeVbT"ffe_(t_’°>2/(73ff')e*"wb(’fto) (54)

RBS, as well as
Ay :AOeTfLeff/Ce*(f*IO)Z/ngffe—i@f(f—fo) (55)

The cumulative scattered signal from the plasma for the forward scattered (RFS) component can
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Figure 10: Schematic representation of cumulative wavelet, Amplitude of wavelet generated from the

focused spot is highest.

be expressed as the integral of the product of the scattered wave amplitude A, ; and the differential
distance dx along the plasma length. This integral represents the accumulation of the scattered signal as
the laser pulse interacts with the plasma. Mathematically, it can be written as: f);f / Ap ydx Here, x; and x
represent the starting and ending coordinates of the plasma, respectively. The integral encompasses the

entire plasma region of interest. When this is Fourier transformed in terms of time, the result is

2

I p(@) = / ! dx, Agetslessle= G o= o OF (56)

where L.ry — cT.ry for RBS.

To ensure that the peak shift in the integrated power spectrum is distinguishable, it is important to
consider the relationship between the maximum shift and the bandwidth of the spectrum. The maximum
shift, denoted as @j(x) for RBS or w,(x) for RFS, represents the maximum frequency change expe-
rienced by the scattered waves due to the plasma density or magnetic field variations. In order for this
peak shift to be identifiable in the spectrum, it should be larger than the bandwidth of the spectrum itself.
The bandwidth is determined by various factors such as the pulse duration, the spectral characteristics of
the laser pulse, and the scattering process. The effectiveness of identifying the peak shift also depends
on the focal location of the pump pulse. If the pump pulse is focused precisely on the peak density (and
magnetic field) of the plasma, and the scattering predominantly occurs within the Rayleigh length of the
focused spot, then the integrated signals can be approximated as follows.

The integral equation can be simplified by stretching the integrand up to O(x?) as

Mo Lers /= (@) HO—00, ()P 1 nLesr/e—(25) Ao—ou(P o || 4
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(57)
where the subscript m of y and ® indicate that they are evaluated at the point where @, (RBS) or ®,
(RFS) reaches its maximum. As a result, @y, = 7,, = 0. I obtain by integrating from —Zy to Zg using

the estimated integrand and setting the focal is located at the center. The Rayleigh range is used because
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scattering is primarily dominant across that range.

2 ZVijef( _
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with A® = ® — @y and B(Aw) = ket | %n2®% py)lwidth half-maximum (FWHM) is commonly

used spectral deviation for the spectroscopy. To calculate FWHM, I construct the equation
1/2= ef(rezﬁ)/Zsz[1+B(Aw)Z,%]2 (59)
from which I obtain )
T
—In2~ —%Aaﬁ +B(A®)Z3 (60)

Since B(A®) is a linear function of A, the final form of the equation is a straightforward quadratic.

The spectral peak’s FWHM is the difference between the two roots of the equation.
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When the plasma scale length is greater than the Rayleigh length, i.e. ®},Z3 ~ ¥ Z% < 1, A®rwrm ~
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. To be able to discern the spectral peak position,
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The detection of the Raman instability and the subsequent scattered light outside the plasma require a
sufficient growth of the instability, which typically takes a few plasma oscillations. While the growth rate
is indeed an important factor for the Raman instability, the observed spectrum of the scattered signals, as
evidenced by the integrated signals, is primarily influenced by the pulse duration rather than the growth
rates.

In Fig.11, the numerical computation of the Fourier-transformed amplitude for RBS and RFS is pre-
sented. This computation is dependent on the effective duration of the pump pulse, denoted as 7. rr, and
is performed when the pump pulse is concentrated on the location that yields the highest frequency shift,
represented by wy,. The figure illustrates how the spectrum of the scattered signals varies with differ-
ent pulse durations. It shows that the shape and characteristics of the spectrum are more prominently
influenced by the pulse duration rather than the specific growth rates of the Raman instability.

The pulse duration, 7,¢r, determines the effective interaction time between the laser and the plasma,
and therefore plays a crucial role in shaping the resulting spectrum. By carefully selecting the pulse
duration and optimizing the interaction conditions, it is possible to manipulate the spectral characteristics
of the scattered signals and enhance the detectability of the Raman instability. This enables the extraction
of valuable information about the plasma properties, such as the density and magnetic field distributions,
through spectral analysis.

The relationship between the effective pulse duration, 7.rr, and the bandwidth of the cumulative
scattered wave is inversely proportional. As depicted in Fig.12, it is evident that as the effective pulse
duration, 7,sr @y, increases, the bandwidth of the scattered wave decreases. Specifically, when 7, ¢ @y

exceeds a value of 15, the bandwidth becomes less than 20% of the maximum peak shift.
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Figure 11: (a) Amplitude of RFS and (b) amplitude of RBS are plotted against the normalized frequency
of the scattered wave, which is shifted by the maximum frequency at the focal point of the pump pulse

with varying effective durations.
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Figure 12: Bandwidth of the integrated signals of scattered waves vs effective pulse duration.

This observation is of significant importance in terms of achieving spectral accuracy in the diagnostic
method based on Raman scattering. A narrower bandwidth allows for a more precise determination of
the spectral peak shift, which in turn provides a more accurate measurement of the plasma properties.
The advantage of longer pulses, characterized by a higher effective pulse duration, lies in their ability to
reduce the bandwidth of the scattered wave. By extending the interaction time between the laser and the
plasma, longer pulses facilitate the growth of the Raman instability and allow for a more precise capture
of the exact values of the spectral peaks.

Therefore, when aiming for spectral accuracy and precise measurement of plasma parameters, it is
beneficial to utilize longer pulses with higher effective pulse duration. This choice ensures a reduced
bandwidth, resulting in a narrower spectral distribution that allows for a more reliable determination of

the peak shifts and, subsequently, the plasma properties of interest.

1.8 Simulation results

After obtaining analytical results from the theoretical framework, it was discovered that Raman scat-
tering can be employed as a diagnostic method to determine plasma density and magnetic field parame-
ters. To validate the feasibility of this diagnostic approach, numerical simulations were conducted. For
these simulations, a particle-in-cell (PIC) code was employed, coupled with a numerical dispersion-free
along the x-direction (NDFX) field solver scheme [52].

The utilization of the NDFX scheme in modeling stimulated Raman scattering offers several advan-
tages. Firstly, it eliminates the need for absorption boundaries, ensuring that the simulation accurately
captures the dynamics of the scattering process without any artificial limitations. Additionally, the NDFX
scheme has a null reflection rate, minimizing any unwanted reflections that could interfere with the accu-

rate assessment of the scattered waves. Another notable advantage of the NDFX scheme is its ability to
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Figure 13: The SRS simulation model comprises of five sections. The laser pulse parameters for each
section are determined using the Gaussian beam formula, which sets the section size to cover the pulse
adequately. The scattered waves are represented by yellow triangles whose opacity corresponds to the
intensity of scattered waves. Constant magnetic fields are present in each section, but there are variations

along the sections.

separate the left- and right-going parts of the field, facilitating the monitoring of the backward scattered
waves. This feature enhances the diagnostic capabilities and enables a comprehensive analysis of the
scattering phenomenon in the simulated plasma system.

While an ideal approach would involve modeling the entire system, the computational demands as-
sociated with such simulations often impose limitations. To overcome these challenges, separated sim-
ulations were conducted to simulate jointed sections strategically positioned around the focal points of
interest, taking into account the presence of inhomogeneous plasmas and magnetic fields. By selecting
specific regions of interest, the simulations could capture the essential dynamics and interactions within
those areas. Additionally, to facilitate a comprehensive analysis of the signal strength across different lo-
cations, certain sections were deliberately placed away from the focal point. This enabled a comparative
study of the signal properties and their variations in different regions of the plasma.

The size of each section was carefully determined to be five times the pulse length corresponding
to the Rayleigh length, ensuring that an adequate spatial extent was considered to capture the relevant
phenomena and minimize any edge effects. This advantageous feature enables the reliable detection and
analysis of the Raman scattered signals, there is no significant difference observed between launching
new laser pulses in each discrete section or launching a single laser pulse across the entire simulated
domain.

It is worth noting that the chosen modeling approach strikes a balance between computational fea-
sibility and capturing the essential dynamics of the system. While some simplifications and approxima-
tions are made to accommodate computational limitations, the approach remains effective in providing

meaningful results and a realistic representation of the phenomena under investigation.
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In the virtual experimental setup, a CO, laser pulse was employed, featuring a focused spot size of
100 um and a pulse duration of 10 ps. The parameter ag was determined to be 0.2, which characterizes
the laser’s peak normalized vector potential. Utilizing these specific parameters, important quantities
such as Twy ~ 1000 (tawy, = 30) and Zr = 3.14 mm were calculated. The value of Ty denotes the laser
pulse length in units of the laser’s characteristic period, providing an indication of the pulse’s duration
relative to its oscillation time.

In this case, the calculated value of T@wy ~ 1000 suggests that the laser pulse is significantly longer
than one oscillation cycle. Similarly, Tay, characterizes the pulse length in relation to the plasma’s
characteristic period. With a value of 30, it implies that the laser pulse duration is comparable to or
slightly shorter than the plasma’s oscillation time, indicating a potential for strong interactions between
the laser and the plasma. The parameter Zg represents the Rayleigh range, which is a measure of the
distance over which the laser beam remains approximately focused. The calculated value of Zg = 3.14
mm indicates that the laser beam retains a relatively tight focus within this range. The maximum plasma
density employed in the experiment is 10'® cm™3. This density corresponds to a frequency ratio of
o,/ ~ 0.3, where ), represents the plasma frequency. The chosen plasma density ensures that the
plasma effects are significant and play a crucial role in the interaction with the laser.

The choice of a CO; laser pulse for stimulated Raman scattering (SRS) in low-density and small-
length plasmas is driven by its wavelength characteristics and interaction properties. The wavelength of
the CO, laser is well-matched to the plasma wavelength in such conditions, allowing for efficient energy
exchange and growth of scattered waves. This makes it a suitable candidate for probing and diagnosing
these plasma systems. However, when considering the application of SRS to Tokamak plasmas, which
are significantly larger in size, certain limitations arise.

Tokamaks typically exhibit much lower plasma densities compared to the smaller-scale plasmas
where the CO, laser is effective. The plasma density in Tokamaks can drop by several orders of magni-
tude, posing challenges for the successful implementation of SRS. One crucial factor to consider is the
maximum growing length achievable before encountering pump depletion. In the case of the CO; laser,
the growing length is limited to the order of meters in Tokamak plasmas. This constraint significantly
restricts the diagnostic capabilities of the CO, laser in such large-scale plasma systems.

As a result, alternative electromagnetic sources, such as terahertz pulses, may be more advanta-
geous for diagnosing Tokamak-sized plasmas. Terahertz pulses offer shorter wavelengths and higher
frequencies, enabling interactions with the larger plasma volumes and lower densities characteristic of
Tokamaks. By employing terahertz pulses, it becomes possible to overcome the limitations associated
with the use of the CO; laser and achieve more effective diagnostics in Tokamak plasma environments.

To obtain time-varying signals and investigate different cases, virtual probes were strategically
placed on the left side of the simulation domain. These probes recorded the accumulated scattered waves,
allowing for the analysis of their characteristics.

The simulations were performed for multiple sections, and in each section, various parameters and
conditions were considered. To analyze the recorded signals, the Fast Fourier Transform (FFT) tech-

nique was applied. This mathematical algorithm converts the time-domain signals into the frequency
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domain, providing valuable spectral information. By performing FFT on the data stored in the probes,
the spectrum of the stimulated Raman scattering (SRS) could be obtained. A comparison was then made
between the theoretical spectral shift and the maximum peak position in the obtained spectrum.

This comparison served as a means to identify and extract information about the plasma density and
magnetic field. By analyzing the spectral shift and its correlation with the known theoretical values, it
was possible to infer the properties of the plasma medium, such as its density and the strength of the
magnetic field.

This approach of comparing the theoretical spectral shift and maximum peak position served as a
diagnostic method for extracting plasma parameters from the SRS spectrum. By accurately determining
the plasma density and magnetic field information through this analysis, a deeper understanding of the
plasma dynamics and characteristics could be achieved.

The inclusion of Raman backscattering (RBS) data in the analysis stems from the challenges asso-
ciated with distinguishing Raman forward scattering (RFS) signals from amplified noise. This difficulty
arises primarily due to the significantly slower growth rate of RFS compared to RBS. Additionally, the
use of a high macro-particle-to-real-particle ratio in the simulations leads to higher plasma noise levels
than what would typically be encountered in real plasma systems.

Consequently, detecting a discernible RFS signal requires certain adjustments and considerations. To
improve the detectability of the RFS signal, it becomes necessary to allow the pump pulse to propagate
through a more uniform and longer plasma region. By increasing the length of the plasma and achieving
a more homogeneous distribution, the RFS signal can be enhanced.

Similarly, increasing the number of simulated particles, if feasible within the available computational
resources, can also contribute to reducing the noise level and improving the detectability of the RFS sig-
nal. While these adjustments were feasible in the previous one-dimensional analysis, the computational
limitations prevented their full realization in the two-dimensional simulations.

Nonetheless, despite these limitations, the effectiveness of local measurements performed using a
focused pump pulse is still demonstrated well in the context of RBS scenarios. The RBS data obtained
from the simulations provide valuable insights into the scattering processes and contribute to a better
understanding of the overall dynamics of the plasma system under investigation.

By subjecting the on-axis signal from each segment to Fourier transformation and collating the
results, I generated Figure 9, which displays the data obtained from three distinct focal positions. This
approach allowed me to examine the spectral characteristics of the scattered waves at different locations
along the focal axis.

The analysis involved measuring the spectral bandwidth using the full-width at half-maximum (FWHM)
criterion, denoted as A®pwpm/ @y, Where @y, represents the maximum frequency present in the spec-
trum. The measurements were performed at the front, center, and rear focal points of the simulation.
The obtained values of A@rwpm /@y were 0.2, 0.27, and 0.16 for the front, center, and rear focal points,
respectively.

These values indicate that the spectral width of the scattered waves was relatively narrow across the

different focal positions. The narrow spectral width is beneficial as it allows for the clear differentiation
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Figure 14: RBS intensity spectrum depending on the focus points. Frequencies difference between laser

frequency and plasma frequency are depicted by the lines

of peak shifts across the focal positions. This characteristic is crucial for accurately identifying and
analyzing the plasma density and magnetic field information contained within the spectral shifts.

The distinct values of Awpwym /@y at different focal points indicate that the interaction between the
laser pulse and the plasma medium varies across the focal axis, leading to observable differences in the
scattered wave spectra. By examining the spectral width at different focal positions, we gain valuable
insights into the spatial distribution of the plasma parameters. The variations in the spectral width can
be attributed to the local plasma conditions, such as density gradients and magnetic field variations, that
influence the growth of the scattered waves. Analyzing these variations and their relationship to the focal
position provides valuable information for diagnosing and understanding the plasma properties.

The investigation of the Raman spectral peak shift in relation to the corresponding wj, values, which
are derived from the plasma density and magnetic field at each focal location, revealed a strong corre-
lation. This correlation demonstrates the sensitivity of the scattered wave spectrum to the underlying
plasma parameters and validates the diagnostic potential of stimulated Raman scattering (SRS). In or-
der to explore the effects of a highly magnetized plasma, we conducted additional investigations with
a magnetic field strength of B = 50 T, resulting in a cyclotron frequency-to-plasma frequency ratio of
0./, = 1.78. This elevated magnetic field intensity is often encountered in scenarios involving the
interaction of high-density lasers with plasmas. While the back-focusing scenario was not as prominent
as in previous experiments, the observed peak shifts in the spectrum still exhibited alignment with the
estimated values. Figure 15 visually presents the comparison between the measured peak shifts and the
corresponding @, values in the highly magnetized plasma scenario.

The alignment of the observed peak shifts with the estimated values in the presence of a high mag-
netic field not only demonstrates the robustness and reliability of the diagnostic method based on Raman
spectral analysis but also underscores the effectiveness of this technique in extracting valuable informa-

tion about the plasma density and magnetic field. The presence of a high magnetic field introduces
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additional complexities to the plasma dynamics and wave interactions. The interplay between the mag-
netic field and the plasma particles can significantly affect the scattering processes and the behavior of
the scattered waves. Despite these complexities, the diagnostic technique based on Raman spectral anal-
ysis remains effective in capturing and characterizing the underlying plasma parameters. The alignment
between the observed peak shifts and the estimated values in the highly magnetized plasma scenario
highlights the capability of the diagnostic method to accurately extract information about the plasma
density and magnetic field. This alignment suggests that the Raman scattering process is influenced by
the interplay between the laser pulse, the plasma, and the magnetic field, and it provides a reliable means
of probing and studying these interactions. The ability to diagnose plasma density and magnetic field in
the presence of a high magnetic field is of great significance in various research areas. For example, in
fusion energy research, where high magnetic fields are used to confine and control the plasma, accurate
knowledge of the plasma parameters is crucial for optimizing the performance and stability of fusion
devices. Similarly, in astrophysics, where highly magnetized plasmas are prevalent in various astrophys-
ical objects such as neutron stars and accretion disks, understanding the plasma properties is essential
for unraveling the complex astrophysical phenomena.

In my simulations, I made the assumption of a cold plasma for simplicity. However, it is important
to explore the possibility of a heated plasma and evaluate the impact of thermal noise on the scattered
signals. In various plasma systems, such as tokamaks or high-density laser-plasma interactions, plasmas
can reach temperatures in the range of hundreds of keV, which is well-documented in the field. When
considering a heated plasma, it is necessary to assess the intensity of the thermal field and compare it to
the scattered signals. In my case, for an assumed electron density of n, = 10'® cm~3, the thermal field is
expected to be much lower than GV m~!. This is due to the relatively low thermal energy compared to
the energy associated with the scattered waves. However, as observed in figures 14 and 15, the intensity
of the scattered field is on the order of GV m~!, indicating that Raman scattering, despite being a
minor effect in the plasma, can generate signals that are strong enough compared to thermal noise. This
highlights the sensitivity and selectivity of the Raman scattering diagnostic method in the presence of
thermal effects. The ability of Raman scattering to produce detectable signals even in the presence of
thermal noise is of significant importance. It allows for the extraction of valuable information about the
plasma parameters, such as density and magnetic field, even in plasma systems with high temperatures.
This demonstrates the robustness and reliability of the Raman scattering diagnostic technique, making
it a promising tool for plasma diagnostics in various high-temperature plasma environments. It is worth
noting that in realistic scenarios, additional noise sources, such as shot noise or electronic noise, may
also be present. These noise sources should be carefully considered and their effects evaluated to ensure
accurate interpretation of the scattered signals. However, the fact that the scattered signals can still be
distinguished from the thermal noise suggests that the Raman scattering method has the potential to
provide valuable diagnostic information even in the presence of various noise sources.

In addition to the investigations conducted in our simulations, we explored scenarios where the cy-
eB

clotron frequency @, = %~ is comparable to the plasma frequency ®,. This situation can be realized in a

wide range of plasma systems, including magnetically confined plasmas such as tokamaks. For example,
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the KSTAR Tokamak, which operates at a core density of 26 x 10'%cm ™3 and a magnetic field of 23T,
exhibits a ratio of @./w, of the order of unity. This demonstrates that the conditions for the interaction
between the plasma and the magnetic field are comparable, and the effects of the magnetic field can-
not be neglected. Similarly, in high-density laser-plasma interactions, where electron densities exceed
10'8cm™3, a relativistic electron current can generate a large transient magnetic field. In such cases,
the interplay between the plasma density and the magnetic field becomes significant, and the coupling
between electromagnetic waves and plasma waves is influenced by the magnetic field dynamics. Con-
sidering these scenarios with comparable values of @, and ®,, the analysis and diagnostic techniques
based on Raman scattering provide valuable insights into the plasma behavior. By analyzing the spectral
shifts and comparing them with the estimated values based on plasma density and magnetic field pa-
rameters, we can gain a deeper understanding of the plasma dynamics in magnetically confined plasmas
and high-density laser-plasma interactions. The Rayleigh length is a fundamental parameter that plays
a critical role in determining the focal spot size of a pump laser pulse. It represents the distance over
which the beam diameter increases by a factor of /2 and is determined by the wavelength of the laser.
For a typical laser wavelength of 1 um, the Rayleigh length is usually on the order of a few microns to
tens of microns. The small size of the focal spot is advantageous in many plasma applications, such as
laser wakefield acceleration (LWFA) or laser-plasma radiation sources, where precise control and ma-
nipulation of the laser interaction with the plasma is crucial. The focused laser pulse can create strong
electric and magnetic fields, initiate plasma waves, and drive various plasma phenomena.

In the context of this study, the proposed Raman forward scattering (RFS) diagnostic method is par-
ticularly well-suited for plasma diagnostics in different length scales. It can effectively diagnose plasmas
ranging from a few centimeters to several centimeters in length, which are commonly encountered in
LWFA experiments. This diagnostic method takes advantage of the interaction between the pump laser
and the plasma to extract valuable information about the plasma parameters, including density and mag-
netic field. The compact size of the focal spot allows for precise localization of the diagnostic region
within the plasma, enabling detailed characterization of plasma properties at specific locations. This is
especially important in LWFA, where the plasma undergoes dynamic changes during the acceleration
process. By utilizing the Raman diagnostic method, researchers can gain insights into the plasma behav-
ior, track its evolution, and optimize the acceleration process. It relies on the scattering of the pump laser
by plasma waves, without significantly altering the plasma dynamics. In conclusion, the proposed Ra-
man diagnostic method based on the small focal spot size of the pump laser offers significant advantages
for plasma diagnostics in various length scales. Its applicability to plasmas ranging from a few centime-
ters to several centimeters in length, such as those encountered in LWFA, makes it a versatile tool for
in-depth plasma characterization. By leveraging the interaction between the pump laser and the plasma,
researchers can obtain valuable insights into plasma properties, leading to improved understanding and

optimization of plasma-based applications.
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1.9 Conclusion

In my comprehensive research study [53], I embarked on a thorough investigation into the excit-
ing potential of utilizing Raman scattering as an effective diagnostic tool for accurately measuring the
local density and magnetic field of inhomogeneous plasmas. This research aimed to push the bound-
aries of plasma diagnostics and contribute to the development of advanced techniques for understanding
and characterizing complex plasma systems. The focal point of my research was centered around the
utilization of a focused laser pulse and its interaction with the inhomogeneous plasma. By carefully
examining the Raman scattering phenomenon, I aimed to harness its unique capabilities in extracting
valuable information about the plasma density and magnetic field. To achieve this, I employed a metic-
ulous experimental setup that involved directing a precisely focused laser pulse onto the plasma sample
of interest. By carefully analyzing the scattered light resulting from the interaction between the laser
and the plasma, I sought to extract crucial insights into the local plasma properties. Throughout my re-
search, I extensively investigated various aspects that play a pivotal role in the accuracy and reliability of
the diagnostic method. This encompassed studying the effects of pulse duration, pulse amplitude, laser
wavelength, and spot size on the spectral characteristics of the scattered light. By systematically varying
these parameters, I aimed to identify optimal conditions that would yield the most precise and reliable
measurements of the plasma density and magnetic field. Furthermore, I conducted in-depth theoretical
analyses and numerical simulations to complement and validate the experimental findings. These com-
putational investigations allowed for a more comprehensive understanding of the underlying physical
mechanisms governing Raman scattering in inhomogeneous plasmas and provided valuable insights into
the interplay between the laser pulse characteristics and the resulting spectral shifts. The results of my
research, as presented in [53], demonstrated the feasibility and potential of utilizing Raman scattering as
an effective diagnostic technique for determining the local density and magnetic field of inhomogeneous
plasmas.

Through a meticulous theoretical estimation and analysis of the spectral bandwidth of the scat-
tered signal, a noteworthy finding emerged in my research. It became evident that the duration of the
pump pulse, a fundamental parameter in the experimental setup, played a pivotal role in determining the
achievable bandwidth of the scattered signal. This particular aspect proved to be of paramount impor-
tance in accurately distinguishing between the different frequency shifts associated with various focal
positions within the plasma. By carefully considering the interaction between the pump pulse and the
plasma, I quantitatively assessed the relationship between the pulse duration and the resulting spectral
bandwidth. Through theoretical calculations and simulations, I systematically varied the pulse duration
while keeping other parameters constant, such as the pump pulse amplitude, laser wavelength, and spot
size. This allowed me to isolate the impact of the pulse duration on the bandwidth of the scattered sig-
nal. The results of my analysis demonstrated a clear inverse relationship between the pulse duration and
the spectral bandwidth. As the pulse duration increased, the bandwidth of the scattered signal decreased,
thus enabling a more accurate distinction between the different frequency shifts associated with different

focal positions. This finding was particularly significant as it highlighted the importance of employing
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longer pulse duration in order to achieve a narrower bandwidth and consequently enhance the precision
of the diagnostic method. The narrower bandwidth obtained with longer pulse duration offered several
advantages. Firstly, it allowed for a more precise determination of the exact frequency shifts correspond-
ing to specific focal positions within the plasma. This enabled a more accurate characterization of the
local plasma density and magnetic field. Secondly, the reduced spectral overlap between adjacent fre-
quency components resulted in improved spectral resolution, facilitating a more detailed analysis of the
scattered signal and enhancing the reliability of the diagnostic method.

The fundamental premise underlying the viability of my proposed approach lies in the requirement
that the scale length of the plasma non-uniformity exceeds the Rayleigh length. Extensive theoretical
analyses, coupled with Particle-in-Cell (PIC) simulations, have consistently demonstrated the remark-
able alignment between the peak shift of the Raman spectrum and the corresponding values of @, or
y, at the focal site. This remarkable convergence is achieved when the pulse duration of the pump laser
matches the specific condition dictated by the system. The robustness and applicability of this diag-
nostic method extend across a wide range of plasma densities, encompassing diverse plasma regimes
from magnetically restricted fusion to high-density laser-plasmas. This versatility opens up a myriad
of potential applications in various fields, spanning fundamental plasma physics research to practical
technological advancements. By leveraging the insights garnered from this research, we can embark on
a transformative journey towards a deeper understanding of plasma physics and its intricate dynamics.
The ability to simultaneously measure plasma density and magnetic fields in a non-intrusive manner
holds immense promise for unraveling the complexities of plasma behavior and elucidating the underly-
ing physical mechanisms governing plasma phenomena. In the realm of magnetically restricted fusion,
where precise knowledge of plasma density and magnetic field distributions is of paramount importance,
this diagnostic technique offers a valuable tool for in-depth plasma characterization and optimization of
fusion confinement devices. The ability to accurately determine the spatial distribution of plasma density
and magnetic fields within the fusion plasma enables scientists and engineers to fine-tune experimental
parameters and design more efficient and stable fusion devices. Furthermore, in the context of high-
density laser-plasma interactions, where ultra-intense lasers are employed to generate extreme plasma
conditions, the proposed approach presents an invaluable means of diagnosing and understanding the
complex interplay between laser and plasma dynamics. By obtaining precise measurements of plasma
density and magnetic fields at various focal positions, researchers can gain critical insights into the intri-
cate processes underlying laser-plasma interactions. This, in turn, can pave the way for advancements in
laser-driven particle acceleration, plasma-based radiation sources, and other cutting-edge applications.
In conclusion, my research, which culminated in the development of a diagnostic method based on Ra-
man scattering, holds immense promise for a wide range of plasma systems. By accurately determining
plasma density and magnetic fields simultaneously, we can transcend the boundaries of our current un-
derstanding and unlock new frontiers in plasma physics. The potential applications span diverse fields,
from fusion energy research to laser-driven plasma physics, with the ultimate goal of advancing our

scientific knowledge and fueling technological progress.
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Plasma oscillation Plasma dipole oscillation

Figure 16: plasma oscillation (continuously distributed) vs plasma dipole oscillation (spatially local-
ized).

II Plasma dipole oscillation

2.1 Introduction

Plasma oscillation, also known as plasma waves or collective modes, refers to the collective motion of
charged particles in a plasma. A plasma is a state of matter consisting of a gas-like mixture of positively
and negatively charged particles, such as ions and electrons. These charged particles interact with each
other through electromagnetic forces, giving rise to collective behaviors that can be described by wave-
like phenomena. Plasma oscillations occur when the charged particles in a plasma collectively respond
to an external perturbation or disturbance.

The motion of the charged particles can be visualized as oscillations around their equilibrium posi-
tions, similar to the way particles in a solid undergo vibrational motion. However, in a plasma, the col-
lective nature of the motion leads to coherent oscillations that propagate through the plasma as waves.
The fundamental plasma oscillation, known as the plasma frequency, is a characteristic frequency that
depends on the plasma’s properties, such as its density and the mass of the charged particles.

The plasma frequency can be derived from basic principles of plasma physics and is given by:

nee?
me&)

W, = where ), is the plasma frequency, n, is the electron density, e is the elementary charge,
me is the electron mass, and & is the vacuum permittivity. When an external perturbation, such as an
electromagnetic wave or an electric field, interacts with a plasma, it can excite plasma oscillations. The
plasma oscillations manifest as waves propagating through the plasma, carrying energy and momentum.
The properties of these waves, such as their frequency, and propagation speed, are determined by the
characteristics of the plasma, including its density, temperature, and magnetic field.

Plasma oscillations in laser plasmas are of particular interest in the field of laser-plasma interactions.
When an intense laser pulse interacts with a plasma, it can drive strong oscillations of the plasma’s
charged particles. These oscillations are known as laser-induced plasma oscillations or laser-driven
plasma waves. During the interaction, the laser pulse exerts a strong electric field on the plasma electrons,
causing them to be displaced from their equilibrium positions. This displacement leads to a restoration

force that pulls the electrons back towards their equilibrium, resulting in collective oscillatory motion.

The wake field in laser plasma refers to the phenomenon where an intense laser pulse propagating
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through a plasma creates a trailing wake of electromagnetic fields and accelerated charged particles.
This wake field is generated due to the interaction between the laser pulse and the plasma, leading to
the transfer of energy from the laser to the plasma. When a high-intensity laser pulse enters a plasma,
it ionizes the atoms or molecules, creating a plasma medium consisting of free electrons and positively
charged ions.

The laser pulse exerts a strong electromagnetic force on the free electrons, causing them to be dis-
placed from their equilibrium positions. As the laser pulse passes through the plasma, it pushes the free
electrons forward, creating a region of depleted electron density behind the laser pulse and a region of
enhanced electron density in front of it. This variation in electron density sets up a strong electric field,
known as the wake field, which trails behind the laser pulse. The wake field can be thought of as a wake
generated by a boat moving through water, where the boat displaces the water and creates a trailing
wave.

Similarly, the laser pulse displaces the plasma electrons and creates a trailing electric field. The
wake field has several important characteristics. Firstly, it can be highly nonlinear, with the electric field
amplitude reaching orders of magnitude higher than the electric field of the incident laser pulse. This
provides an opportunity to accelerate charged particles, such as electrons or ions, to high energies within
the wake field. Secondly, the wake field can support plasma waves, such as electron plasma waves or ion
acoustic waves, which can couple with the laser pulse and affect its propagation properties.

If electrons in a plasma deviate from a uniform distribution of ions, electric fields are generated to
reestablish plasma neutrality by attracting the electrons back to their original positions [54]. However,
due to their inertia, the electrons will oscillate at a high frequency, known as the plasma frequency,
around their equilibrium positions. The massive ions are unable to respond to the rapidly oscillating field
and can be treated as stationary. The charge bunching created from this oscillation results in a spatially
periodic electric field that aims to restore the electrons to their neutral positions. That is the plasma
oscillation. Plasma oscillation has a periodic structure. On the other hand, plasma dipole oscillation has
a localized charge separation.

Non-trapping plasma dipole oscillation (PDO) has emerged as a promising technique for generating
strong THz radiation. By utilizing the near-resonant beat wave excitation of an electron plasma wave
(EPW), researchers have been able to generate trains of few-femtosecond electromagnetic (EM) pulses
in rarefied plasmas. The unique characteristic of this approach is that the current generated by the EPW
is sustained for a considerable duration even after the driving laser pulses have passed. The excitation of
the EPW leads to the formation of a comoving index grating within the plasma. This grating induces a
phase modulation in the laser pulses at the difference frequency, resulting in the generation of the desired
electromagnetic pulses. These pulses exhibit a few-femtosecond duration and are characterized by their

high intensity in the THz frequency range.
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2.2 Trapping PDO

When exposed to a high-intensity laser driver, the behavior of charged particles in a plasma can
undergo significant changes, particularly when they reach relativistic velocities. At such velocities, the
particles become less responsive to the rapid oscillations of the driver’s phase and tend to break away
from the driver’s path. Instead of following the oscillatory motion of the driver, these particles experience
a net force known as the ponderomotive force, which pushes them away from the intense regions of the
laser field. This phenomenon is commonly referred to as particle trapping in the ponderomotive potential.

However, the dynamics of a plasma system can become even more intricate when multiple laser
pulses collide. In the case of pulse collisions, the interplay between the individual pulses adds an extra
layer of complexity to the particle dynamics. The interaction between the pulses can lead to various
effects, such as interference patterns, energy exchange, and even the creation of new plasma structures.
The collision of laser pulses introduces additional degrees of freedom and can result in intricate particle
trajectories and energy redistribution. The complex interplay of the pulses’ electric and magnetic fields,
as well as the collective response of the plasma, contributes to the overall dynamics of the system. This
can include phenomena such as wave breaking, self-focusing, and the formation of localized structures.

Electromagnetic fields play a crucial role in shaping the behavior of charged particles, and under-
standing wave-particle interactions is essential for studying the dynamics of these particles in such fields.
Let’s delve into the behavior of electrons in the presence of an electric field generated by a sinusoidal
traveling wave. Consider an electric field given by the equation E = E'sin(kx — wt), where E represents
the electric field strength, £ is the amplitude of the field, k is the wave number, x denotes the spatial
coordinate, @ is the angular frequency, and ¢ represents time. In this case, we assume that the wave is
traveling in the positive x direction.

When an electron is subjected to this electric field, it experiences a force given by the equation
F = qE, where F is the force on the electron and ¢ is the charge of the electron. In this scenario, the force
acting on the electron is directly proportional to the strength of the electric field. As the electron moves
within the field, its motion is influenced by the varying strength and direction of the force it experiences.
The motion of the electron can be described by the equation of motion, which takes into account the force
acting on the electron, as well as other factors such as its initial conditions and any external influences.
The behavior of the electron in the electric field depends on various factors, including the amplitude of
the field (£), the wave number (k), and the angular frequency (®). These factors determine the strength,
spatial extent, and temporal variation of the electric field, which in turn influence the motion of the
electron.

Assuming a constant field amplitude £ and neglecting the self-consistency considerations of E (x,t),
the equation of motion for an electron in this electric field can be described by the following equation:
d?xo(t)

dr?
where m represents the mass of the electron, x is the position of the electron along the spatial coordinate

k + %E sinfkxo(r)] = 0 61)

x, t denotes time, ¢ is the charge of the electron, E is the amplitude of the electric field, k is the wave

number, and @ is the angular frequency.
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This equation of motion describes the acceleration experienced by the electron due to the electric
field. The term on the right-hand side represents the force acting on the electron, which is given by
gE sin(kx — ot). Here, gF represents the magnitude of the force, and the sinusoidal term sin(kx — ot)
accounts for the spatial and temporal variation of the electric field. Solving this equation of motion
allows us to determine the trajectory and behavior of the electron in the given electric field. However,
it’s important to note that this simplified equation assumes a constant field amplitude and disregards the
self-consistency considerations, which means that the equation does not take into account the feedback
between the electron’s motion and the electric field it generates.

However, when the field amplitude is finite, the displacement of the electron relative to the wave
frame becomes a crucial factor in analyzing wave-particle interactions. To account for this, the concept
of trapping time scale, denoted as 7;, or bounce frequency @g, is introduced. The trapping time scale
represents the frequency at which electrons bounce back and forth between the potential well created by
the wave. The trapping time scale is determined by the time it takes for an electron to become trapped
in the wave or escape from its influence.

It depends on various factors such as the field amplitude, the electron’s initial conditions, and the
wave characteristics. When the electron’s motion is in resonance with the wave, meaning its natural
frequency matches the frequency of the wave, it becomes more likely to be trapped and experience
significant energy exchange with the wave. During the trapping process, the electron undergoes oscil-
latory motion within the potential well created by the wave. As the electron moves towards the regions
of higher electric field, it gains energy and accelerates, reaching maximum displacement before being
decelerated and moving back towards regions of lower field.

This oscillatory behavior leads to the concept of the bounce frequency g, which characterizes the
frequency at which electrons bounce back and forth within the wave potential. The trapping time scale
T, is related to the bounce frequency wp through the equation wp = %’f It represents the characteristic
time scale at which electrons interact with the wave, exchanging energy and momentum. Understanding
the trapping time scale is crucial in studying phenomena such as electron acceleration, particle trapping,

and energy transfer in plasma and laser physics.

o (m 1/2
Tr=05 = F (62)

The trapping of electrons in the potential well created by the wave leads to their periodic motion

within the wave frame. As the electron reflects off the potential well boundaries, it undergoes oscillatory
motion. This trapping behavior is characterized by a range of energies in which the electron can be
trapped. Specifically, the range of trapping for electrons is bounded by —eE /k < W < eE /k, where
W represents the electron’s energy. When an electron becomes trapped, it continuously reflects off the
potential well boundaries and undergoes periodic motion.

This behavior gives rise to nonlinear orbits, which arise due to the finite amplitude of the wave.
These nonlinear orbits are not accounted for in conventional treatments of Landau damping, which are

based on linearized Vlasov-Poisson equations. Thus, considering the nonlinear effects is important for a
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comprehensive understanding of wave-particle interactions. In the case where the electron’s initial posi-
tion satisfies kxg ~ 0, £27, ... and its energy is approximately W ~ —eE /k, the angular frequency of the
periodic motion is given by wp = (ekE / m) 1/ ?. This frequency represents the characteristic frequency at
which the trapped electron oscillates within the potential well. It is important to note that this frequency
depends on the amplitude of the electric field £, the wave vector k, and the mass of the electron .

An untrapped electron with an energy W > eE /k experiences a different behavior when compared
to a trapped electron. As the untrapped electron traverses the potential created by the wave, it under-
goes acceleration and deceleration. However, unlike the trapped electron, its initial direction of motion

is not reversed. When the field amplitude £ is slowly varying in time, the particle orbits can still be

2
determined using the equation 5 (%) —e@(xp) = const, which remains valid for multiple bounce pe-

riods. This equation describes the conservation of mechanical energy for the untrapped electron. The

2
term % <%) represents the kinetic energy, and e¢ (xo) corresponds to the electric potential energy. For

particles that are trapped near the bottom of the potential well of the wave, the condition for the validity

of the aforementioned equation can be expressed as:

1 dEy

63
Ey dt <« O ( )

This condition ensures that the field amplitude £ changes slowly enough for the equation to accurately
describe the particle orbits over many bounce periods. It implies that the time variation of the field
amplitude should be much slower than the inverse of the bounce frequency wg /2.

In the case where laser pulses are used to generate Plasma Dipole Oscillation (PDO), the condition
for the validity of the equation describing the particle motion may be modified due to the presence of
frequency detuning between the pulses. When two laser pulses with frequency detuning are overlapped,
they no longer form standing waves, but rather create a beating pattern in the electric field.The electric
field generated by the detuned laser pulses can be described by a modified equation, taking into account
the frequency detuning A®:

E = Esin(Akx) cos(Awt) (64)

where E is the field amplitudes of the respective pulses, Aw and Ak are beat frequency and wave-number.
Then equation of motion is
dx Iy, sin(Akx) cos(Awr) =0 (65)
[ —_— x =
dt>  m

I set the solution of this equation as following
X = xgcos Awt (66)

Insert equation of motion, envelop equation is obtained.

d*x

5 Ao’ + %EO sin(Akxocos Awr) = 0 67)

For the coherent oscillation, |Akxo cos(Awt)| needs to be small. |xo| < 4. Then equation becomes

d 2)C()

it (e/mEAkcos Awt — Aw*) xg =0 (68)
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Figure 17: Result of particle paths driven by external electromagnetic waves. Upper limit value is 0.7

(a.u.). Phase velocities of beat waves are 0.089 (Trapped) and 0.716 (Non-trapped) respectively.

xo is the envelop of the electron oscillation path. If the xg becomes large, particle escapes from the

driving fields. The condition for particle trapping in the collision of laser pulses becomes
e/mEAk —Aw* >0 (69)

Applying Ak = |k — (—k)| = 2k and normalization of electric field with phase velocity of beat wave
Vbear = A®/Ak. The beat wave condition, which is based on the detuning of two laser pulses, for particle

trapping is

ay > 2ﬁl§eat (70)

When electrons are exposed to a beat wave, resulting from the interference of two laser pulses with
a frequency detuning, they experience oscillations that can lead to the phenomenon of particle trapping
within the plasma wave. The conditions for particle trapping in the beat wave differ from those associ-
ated with relativistic particle trapping, making it a distinct mechanism with its own set of characteristics.
Fig. 17 presents numerical results that demonstrate the beat wave condition and its influence on elec-
tron oscillations within the plasma wave. In this context, the parameter Bj., plays a crucial role as it
determines the phase speed of the beat wave. Typically, Bye,, assumes a small value, causing 2[356 a [0
gradually decrease below 1. This indicates that the required pulse amplitudes to achieve particle trap-
ping in the plasma wave are relatively smaller compared to other trapping conditions such as relativistic
particle trapping.

One of the fascinating aspects of the beat wave trapping mechanism is the strong dependence on
the detuning of the two laser pulses. The frequency difference between the two pulses plays a crucial
role in determining the strength and characteristics of the generated beat wave. To achieve efficient
particle trapping in the plasma wave, the detuning must be precisely controlled within a specific range.
By carefully adjusting the detuning, researchers can tailor the properties of the beat wave to meet their
experimental requirements. A detuning that is too small may result in weak beat wave interactions,

leading to ineffective particle trapping. On the other hand, a detuning that is too large can hinder the
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formation of a coherent beat wave, diminishing the trapping efficiency. In addition to detuning, the
amplitude of the laser pulses is another important parameter to consider. Optimizing the pulse amplitude
is crucial to ensure efficient particle trapping without causing undesirable effects in the plasma. The
amplitude should be chosen such that it provides sufficient energy to induce significant oscillations and
trapping of the particles, while avoiding excessive perturbations or disruptions to the plasma.

Once the laser pulses collide and pass through each other, the resulting beat waves start propagating
in a particular direction, determined by the sign of the detuning difference. As the beat wave travels, it
exerts ponderomotive forces on the trapped particles, causing them to be dragged along with the wave
motion. This phenomenon of particle trapping and dragging by the beat wave can lead to intriguing
dynamics and fascinating effects. One noteworthy aspect of this process is the mixing of particle phases
during the dragging processes. As the particles are trapped and dragged by the beat wave, their individual
phases become entangled and intertwined.

The mixing of phases occurs due to the complex interplay between the particle motion, the beat wave
dynamics, and the collective electromagnetic fields generated by the trapped particles themselves. This
phase mixing phenomenon has significant implications for the behavior and interactions of the trapped
particles. It can lead to the emergence of collective behaviors and cooperative effects among the trapped
particles. The mixing of particle phases can result in synchronization phenomena, where the particles
oscillate in unison or exhibit coordinated motion.

This synchronization can give rise to enhanced particle acceleration, improved energy transfer, and
the formation of highly structured particle distributions. The phase mixing also contributes to the effi-
cient energy exchange between the beat wave and the trapped particles. The particles gain energy from
the beat wave through the ponderomotive forces, while at the same time, their motion influences the
dynamics of the beat wave itself. This intricate interplay between the particles and the wave leads to the
transfer of energy back and forth, ultimately contributing to the sustained trapping and dragging of the
particles by the beat wave.

The figure 18 presented in the study illustrates the electron motion during different stages of the
laser pulse interaction. The upper row of plots focuses on the electron motion while the laser pulses are
overlapping, whereas the lower row depicts the electron motion after the pulses have passed through
each other. By examining these plots, it becomes possible to analyze and compare the behavior of the
electrons under these different conditions. The results displayed in the figure were obtained through a
two-dimensional Particle-in-Cell (PIC) simulation.

Various parameters were considered in the simulation, including the laser pulse parameters (ag, 7,
o, A1, and A;) and the plasma density (ng). These parameters play a crucial role in determining the
characteristics of the electron motion and the dynamics of the plasma system. In the upper row of plots,
which corresponds to the overlap of the laser pulses, the electron motion is influenced by the combined
fields generated by the pulses. The plots provide insights into the electron’s behavior, such as its velocity
components in the x and y directions represented by yv,/c and yv,/c, respectively.

These plots are presented as phase portraits, where the electron’s relativistic gamma factor 7y is mul-

tiplied by its velocity components and normalized to the speed of light (c). The electron’s motion is
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Figure 18: Electron distributions in the phase space during the formation of plasma dipole block

observed within a specific region near the dipole center at x = 400 um. Moving to the lower row of
plots, which represents the electron motion after the pulses have passed through each other, different
characteristics emerge. The electron dynamics undergo a transition due to the changes in the electro-
magnetic fields as the pulses separate.

This transition in the electron motion can reveal valuable information about the interplay between
the laser pulses and the plasma. Notably, the length of the dipole, representing the region where the
electron motion is influenced by the overlapping laser pulses, is comparable to the pulse width. This
suggests that the electron motion is closely connected to the temporal profile and spatial extent of the
laser pulses. By considering the details of the electron motion within this confined region, researchers

can gain insights into the intricate dynamics and the interplay between the particles and the laser fields.

2.3 Radiation Mechanism

The oscillation of the localized plasma block causes radiation emission from PDO. For electromag-
netic waves, this radiation is linearly polarized, and its frequency is equal to the frequency of the plasma
block. The plasma oscillation involves all of the charged particles in the plasma, whereas the bunched
electrons near the collisional site relevant to dipole field.

The dispersion relation of plasma oscillation shows that there is no cross point with the dispersion
relation of vacuum light, indicating that plasma oscillation does not emit radiation. One characteristic of
plasma is its ability to act as a frequency-dependent medium, blocking or attenuating external radiation
at frequencies close to its plasma frequency. This phenomenon, known as the cut-off. However, PDO is

an exception to this rule. It has been observed that PDO can emit radiation. This can be demonstrated by
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Figure 19: Schematic diagram of interference of radiation from plasma oscillation and PDO. Angular

intensity of PDO’s radiation also provided, which is calculated by PIC data.

the interference of radiation from each oscillator in the PDO.

Plasma waves are often considered to consist of an infinite number of oscillators, all oscillating
at the same frequency. At points outside the plasma wave, when integrating the radiation from each
individual oscillator, the interference effects lead to a net-zero result. This interference arises due to the
phase differences and cancellations between the radiation emitted by different oscillators, resulting in a
suppression of the overall radiation.

This interference-based explanation aligns with the conclusion that there is no crossing point in the
dispersion relation. The absence of a crossing point signifies that the plasma wave and electromagnetic
waves do not exhibit resonance or overlap at the plasma frequency. As a result, the propagation of
radiation at this frequency range is significantly hindered or completely blocked.

However, it is important to note that the PDO does not consist of an infinite number of oscillators
uniformly distributed throughout space. Instead, it can be localized within a specific region or exhibit
spatially varying characteristics. In such cases, the integration of radiation from individual oscillators
does not lead to complete cancellation or a net-zero result.

The localized nature of the plasma wave allows for the radiation to interact with a limited number of
oscillators, leading to non-zero contributions from specific regions. As a result, the behavior of radiation
inside the plasma, particularly when the source of radiation is located within the plasma, can deviate from
the traditional cut-off phenomenon. Instead of complete attenuation, the radiation may exhibit modified
propagation characteristics, such as dispersion, refraction, or resonant interactions with localized plasma

structures.
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Figure 20: PDO spectra data and theoretical spectra curve with various plasma and laser parameters.

PDO spectrum displays a prominent peak at the plasma frequency (@), which coincides with the
frequency of plasma oscillation. The spectral peak of the PDO can be primarily attributed to the bunching
of electrons within the beat ponderomotive potential [55]. This beat wave leads to the formation of
electron bunches, where groups of electrons cluster together within the PDO structure.

The formation of these bunches is a consequence of the phase mixing between the individual elec-
tron. The electron bunching within the PDO results in the spectral peak at the plasma frequency @,. The
bunches of electrons collectively contribute to the emission of radiation at this frequency. The emitted
radiation carries the imprint of the PDQO’s oscillatory motion and exhibits the same frequency as that
of the underlying oscillator. To comprehensively explore the spectral characteristics of Plasma Dipole
Oscillation (PDO), Particle-in-Cell (PIC) code is employed.

The simulation results consistently demonstrated that the PDO spectrum exhibits a prominent peak
precisely at the plasma frequency @,, which aligns with the theoretical expectations. This agreement
between theory and simulation confirms the robustness and accuracy of the modeling techniques em-
ployed. The observed peak at @, indicates the dominant oscillatory behavior of the PDO, with the
plasma frequency serving as a natural resonance frequency for the collective plasma motion.

In addition to investigating the PDO spectrum, the simulations also focused on the radiation emitted
from the PDO itself. Remarkably, the analysis of the emitted radiation revealed that its spectral charac-
teristics matched those of the PDO, with a dominant frequency at @,. This observation provided further
evidence of the close relationship between the PDO and its radiation emission.

Efficient energy conversion is a critical factor in assessing the performance of Plasma Dipole Oscil-
lation (PDO) as a radiation source. To gain insights into the energy conversion process, one-dimensional

(1D) theoretical analyses are performed. By employing this approach, the performance of the PDO is
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optimized as a efficient radiation emitter. In the theoretical framework, several assumptions are made
to simplify the analysis. First, it is assumed that the release point of the dipole coincides with the peak
of the driving ponderomotive force. This positioning ensures that the dipole field reaches its maximum
strength for the given intensity of the laser pulses. By maximizing the dipole field, the potential for effi-
cient energy conversion is enhanced. Next, the slope of the dipole growth is determined by considering
the amplitude and duration of the driving laser pulses. These parameters play a crucial role in shaping
the temporal evolution of the dipole field.

At the release point, a delicate balance between the electric force exerted on an electron by the
dipole field (Ey4;) and the ponderomotive force is achieved. This balance ensures that the two forces
counteract each other, resulting in the theoretical maximum efficiency of energy conversion. This point
of equilibrium represents an optimal condition for achieving efficient energy transfer from the driving

laser pulses to the PDO and subsequent radiation emission.

2
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where 3y = V%’ = %, Ey; = eE4;/(mc®) (i.e.the normalized velocity of the ponderomotive potential

train), « is the fraction of the trapped electrons and 7 is the ensemble-average factor. In the cases where
the dimensionless laser pulse parameter a is less than or equal to 1, the energy conversion efficiency of
the Plasma Dipole Oscillation (PDO) can be quantified. By considering the energy of the driving pulse
per unit transverse area, denoted as a(z)cr, and the dipole field energy per unit transverse area, represented
by Ffﬁc’r, researchers can analyze the efficiency of energy conversion.

The energy conversion efficiency, denoted by {, represents the rate at which the dipole field energy

Uy; is converted into radiation energy U,,y. It is defined as the ratio of the radiation energy to the dipole
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field energy. Mathematically, it can be expressed as:

C _ Urad
Uai

(73)

The energy of the driving pulse per unit transverse area, agcr, represents the initial energy available for

the system. On the other hand, the dipole field energy per unit transverse area, Ezﬁcr, represents the
energy stored in the dipole field.

The energy conversion efficiency, {, quantifies the fraction of the dipole field energy that is effec-
tively converted into radiation energy. The value of { depends on various factors, including the char-
acteristics of the driving laser pulse, the properties of the plasma, and the specific conditions of the
experimental setup. By carefully designing and optimizing these parameters, researchers can enhance
the energy conversion efficiency and maximize the radiation output from the PDO. Then the final form

of energy conversion efficiency from the laser to radiation is

=2
£— gUdi _ EdiCT
Ulaser Q%CT

= Pa’n’a} (74)

Eliminating a% using Eq. 72 yields
2

o
e=on-—>Pyt (75)

[0
When the detuning is not very large (i.e. low Aw), the fraction of trapping is almost unity (¢ ~ 1).
The conversion rate of Uy; to U, is approximately 0.5. The ensemble average factor is approximately

0.3. With the additional phenomenological reduction factor R = 0.6, Eq. 75 can be expressed as:

wz
~0.1-2 76
£ P Byt (76)

According to Eq.75, increasing the velocity of the ponderomotive potential train () can significantly
improve the conversion efficiency.

Eq.75 suggest that the efficiency can be greatly increased by using a large conversion rate {. How-
ever, in practical applications, it is difficult to achieve { values larger than 0.1. For example, with a
wavelength of A ~ 300 THz (Ax = 1 um), a conversion rate of { ~ 0.05, and typical 30-fs driving
pulses (7 = 30 fs), the efficiency to generate 20 THz radiation is only around 10~3. To further enhance
the efficiency of energy conversion in Plasma Dipole Oscillation (PDO), one approach is to increase the
pulse duration, 7. By utilizing longer pulses, a larger amount of energy can be delivered to the system,
potentially leading to higher energy conversion efficiency. However, using very long pulses in exactly
head-on collisions of laser pulses presents practical challenges.

One issue arises from the fact that the dipole length, which is comparable to the pulse width, be-
comes too large when using very long pulses. This can result in the breaking of the coherent block-like
motion of the electrons within the dipole. To overcome this limitation, a solution lies in employing
oblique collisions of laser pulses. By colliding laser pulses at an oblique angle, the dipole length can be

effectively controlled and maintained at a smaller size, even when using very long pulses.
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Figure 22: Dispersion curves of plasma dipole field

This control is achieved by adjusting both the collision angle and the spot size of the pulses. The
oblique collision geometry ensures that the dipole length remains within a manageable range, preserv-
ing the coherent motion of electrons and preventing the degradation of the energy conversion efficiency.
This approach offers several advantages. Firstly, it allows for the utilization of longer pulses, thereby
increasing the energy available for conversion. Longer pulses can carry a larger amount of energy, en-
hancing the overall efficiency of energy transfer. Secondly, by maintaining a small dipole length, the
coherent block-like motion of electrons is preserved, ensuring the sustained generation of the PDO. This
contributes to the stability and reliability of the radiation source.

Potential problems that can arise in using long laser pulses include various instabilities [56] orig-
inating from the prolonged interaction between the laser and plasma, as well as ion motion, which is
neglected in our analysis of the PDO. To avoid laser-plasma instabilities that may disturb the formation
of the dipole, the laser path inside the plasma should be made as short as possible by controlling the
launching angle of the laser pulses and the plasma profile. Thus, the time scale of ion motion may be
the only limiting factor in increasing 7. Assuming a single-ionized argon plasma [57], the ratio of ion
and electron plasma frequencies, ®,./®p; = 270. This means that the ions remain stationary during a
few hundred cycles of the electron oscillation. For the 20 THz case, this amounts to tens of picoseconds.
Assuming a much shorter pulse duration than that, for example, T = 3000 fs, the conversion efficiency
can reach approximately 0.1, which is unprecedentedly high in the millijoule-order, tens-of-THz regime.

The process of plasma block formation is indeed a fascinating phenomenon with various stages and
dynamics. Initially, when particles in the plasma have random phases, there is significant heat generation
due to the rapid interactions between particles. However, as the beat wave dragging stage progresses, the
particles in the plasma become coherently organized. They start oscillating in a synchronized manner,
driven by the ponderomotive forces exerted by the beat wave.

This coherent motion of the particles leads to a explosive emission of radiation from the plasma.
The emitted radiation rapidly decays after a few cycles, indicating a decrease in the energy radiated by

the plasma block. At this stage, the plasma block undergoes a transition, transforming from an intense
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radiation-emitting state to a thermalized state.

The heat generated initially through the phase-randomized motion of particles starts to diffuse and
spread throughout the plasma. The diffusion process follows the characteristics of Bohm and Gross
waves, which describe the propagation of heat in plasmas. The transition from a coherent plasma block
to a thermalized state is significant, as it represents the conversion of the initially concentrated energy

into a more distributed and diffused form.

2.4 Comparison of PDO generation methods

Laser frequency detuning plays a crucial role in classifying different generation schemes within cer-
tain experimental setups. When the detuning parameter, denoted as Aw, is less than the plasma fre-
quency, a phenomenon known as beat wave can effectively drag trapped particles. In this scenario,

where Aw < @), the beat wave effectively drags trapped particles with the phase velocity.

Aw

= — 77
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where k| and k, are wave numbers of each laser pulses.

On the other hand, when the detuning parameter is equal to the plasma frequency (Aw = ®,), a
different phenomenon emerges. In this case, the phase velocity of the beat wave matches the velocity
of the trapped particles, and they are no longer dragged by beat wave. Instead, a resonant interaction
occurs, leading to the generation of nonlinear currents.

Different generation schemes exhibit varying efficiencies in terms of radiation emission. The radia-
tion emission efficiency can be quantified by the scaling laws associated with each scheme. In the case
of the nonlinear current scheme, the scaling law is given by a 4th power dependence on the laser input,
while the particle trapping scheme follows a 2nd power dependence. The exact form of the radiation
relation for the nonlinear current scheme is expressed as:
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Here, o represents the laser spot size, @, is the characteristic frequency, @, is the plasma frequency, k
is the wave number, ay is the laser amplitude, and T denotes the pulse duration. On the other hand, the

exact form of the radiation relation for the particle trapping scheme is given by:

eEyqq
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In this equation, o represents the trapping rate. When considering plasma diagnostics, it is advantageous

=0.2lad} (79)

to have a low laser amplitude to minimize the perturbation of the plasma state. Additionally, higher
radiation intensity is preferable for better detection capabilities. Comparing the two schemes, we find
that for a laser amplitude of ag = 1072, the radiation amplitude for the nonlinear current scheme is
ag = 1078, while for the particle trapping scheme, it is a3 = 107%.

Therefore, the radiation from the particle trapping scheme is larger than that from the nonlinear

current scheme. Consequently, the particle trapping scheme is more appropriate for plasma diagnostics,
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Figure 23: Nonlinear current scheme and particle trapping scheme

as it provides higher radiation intensity while maintaining a lower laser amplitude, thus minimizing the

perturbations to the plasma state.

III PDO Application

3.1 Plasma Diagnostics
Overview of Plasma Diagnostics

Plasma parameters play a crucial role in determining the behavior of plasmas in various applications.
The density of charge carriers, for example, determines the level of ionization and the plasma frequency.
Plasma frequency, in turn, influences the absorption of electromagnetic radiation by the plasma. Plasma
density also affects the plasma Debye length, which is important in determining the spatial extent of
electric fields in plasmas. These parameters are critical in understanding the behavior of plasmas in
fusion reactors [58], plasma thrusters [59], and plasma-based material processing [60].

Laser plasma interaction is another important area where plasma parameters are crucial. When a
high-intensity laser pulse is focused on a solid target [61], a plasma is formed due to ionization of
the target material. The plasma produced in this process absorbs and scatters the laser light, leading to
various nonlinear effects such as harmonic generation [62], self-focusing [63], and self-phase modula-
tion [64]. The plasma parameters such as density, temperature, and electron density distribution play a
crucial role in determining the extent and nature of these nonlinear effects. Understanding these effects
is crucial for developing laser-based material processing techniques, such as laser ablation, welding, and

cutting.

Conventional Plasma Diagnostics

Interferometry [65] is a widely used technique in plasma diagnostics to study the behavior of plasma
waves and their interactions with surrounding materials. It involves the measurement of the interference
patterns produced by the superposition of two or more waves in a plasma. By analyzing these patterns,
we can determine the plasma density, electron temperature, and other properties of the plasma. Interfer-
ometry is particularly useful in studying high-density plasmas such as those used in fusion research and
semiconductor manufacturing.

Abel inversion [66], tomographic techniques [67], and reflectometry [68] are commonly used plasma
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diagnostic techniques. Abel inversion is a mathematical method that retrieves the plasma density profile
along a radial direction by measuring the refractive index or phase shift of light passing through the
plasma. However, Abel inversion has limitations in cases where the plasma is not axially symmetric or
where the refractive index gradient is steep. Additionally, Abel inversion requires a well-defined radial
profile of the refractive index, which may be difficult to obtain experimentally.

Tomographic techniques [69], on the other hand, provide a more complete picture of the plasma
density by measuring the line-integrated density along many viewing directions. Tomography algorithms
reconstruct the 2D or 3D plasma density distribution from these measurements. This technique can
be used to diagnose non-axisymmetric plasmas and plasmas with steep density gradients. However,
tomography requires multiple lines of sight, and the accuracy of the reconstruction depends on the
number and distribution of the lines of sight.

Reflectometry is a technique that measures the reflection of microwaves from a plasma. This method
can provide information on the plasma density profile by measuring the frequency shift of the reflected
wave. Reflectometry can be used to diagnose high-density plasmas, such as those found in fusion exper-
iments. However, the accuracy of the technique depends on the wavelength of the microwaves and the
smoothness of the density profile. Additionally, the technique is sensitive to the shape and position of
the plasma relative to the probe, which can make it difficult to obtain accurate measurements.

Langmuir probe [70] is a diagnostic tool used to measure the plasma properties in a plasma reactor
or a fusion device. It consists of a small electrode that is inserted into the plasma, and a voltage is
applied between the electrode and the surrounding plasma. By measuring the current that flows between
the electrode and the plasma, the electron temperature, density, and potential can be determined. The
Langmuir probe is a simple and effective method to measure the plasma properties and is widely used
in plasma research and industrial plasma processing.

Thomson scattering method is a diagnostic tool used to measure the temperature and density of
a plasma. It involves shining a laser beam into the plasma and measuring the scattered light that is
produced. The scattered light provides information about the plasma’s temperature and density. The
Thomson scattering method is non-intrusive and can be used to measure the properties of a plasma in
real-time. It is widely used in fusion research and plasma processing industries to monitor and control
plasma properties.

Polarimetry [71] is a diagnostic technique used to measure the polarization properties of electro-
magnetic radiation. It involves measuring the changes in the polarization state of a beam of light as it
passes through a plasma or a magnetic field. Polarimetry can be used to measure the magnetic field
strength and direction in a plasma or to measure the properties of a plasma, such as its temperature and
density. Polarimetry is a versatile and powerful diagnostic tool that is widely used in plasma research
and astrophysics.

Raman scattering [72] is a spectroscopic technique that provides information about the vibrational
modes of molecules. It involves shining a monochromatic light source on a sample, and analyzing the
in-elastically scattered light. Raman scattering is widely used in the study of condensed matter, including

the properties of solids, liquids, and gases. In plasma physics, Raman scattering is used to measure the
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temperature and density of plasmas, and to study plasma wave phenomena, such as Langmuir waves and
ion acoustic waves.

Stark broadening [73] is a spectroscopic effect that results from the interaction of a spectral line with
an electric field. When a spectral line is broadened due to Stark effect, the electric field induces a splitting
of the energy levels of the atoms or ions that emit the line. This splitting leads to a broadening of the
spectral line, which can be measured and used to infer properties of the plasma, such as its temperature
and density. Stark broadening is an important diagnostic tool in plasma physics and is used to study
a wide range of phenomena, including plasma turbulence, laser-plasma interactions, and astrophysical
plasmas.

Another important plasma diagnostic tool is the PDO. PDO is a collective behavior of electrons in
plasmas that results in a dipole-like oscillation of the plasma. It is driven by the beat-wave ponderomotive
force that arises when two counter-propagating laser beams interact with a plasma. PDO has important
applications in magnetic field diagnostics and the generation of intense radiation. By studying the prop-
erties of PDO, we can gain insights into the behavior of plasmas under high-energy laser irradiation and

develop new techniques for manipulating and controlling plasmas for a variety of applications.

3.2 Reconstruction of in-homogeneous plasma density
Reconstruction steps

The reconstruction of plasma density involves a two-step process that utilizes plasma dipole oscilla-
tion (PDO) and external probes to extract density information. In the first step, PDO is generated within
the plasma, and as a result, radiation is emitted. This radiation carries valuable information about the
plasma density profile. In the second step, external probes are strategically positioned to collect the
emitted signals. These probes analyze the collected signals and extract density information by identify-
ing peaks in the spectra.

By repeating these operations and scanning the plasma with laser beams, it becomes possible to
reconstruct the plasma density profile. To validate this approach and assess its accuracy in capturing
inhomogeneous plasma densities, three-dimensional Particle-in-Cell (PIC) simulations are considered
the most reliable method. However, due to computational constraints, two-dimensional PIC simulations
were utilized in this particular study.

The choice of two dimensions was made to accommodate the requirement of numerous simulation
shots, which were necessary for laser scanning. Although the two-dimensional simulations do not cap-
ture the full complexity of three-dimensional behavior, they still provide valuable insights and serve as a
practical compromise in the context of this study. The laser parameters used in the simulations were se-
lected based on the typical wavelengths of Ti:sapphire lasers, which are commonly used in experimental
setups. Specifically, wavelengths of 800 nm and 780 nm were employed, slightly detuned to generate
the beat wave required for PDO generation.

The laser intensity, characterized by the parameter ag, was set between 0.1 and 0.3. It is worth noting

that below a certain intensity threshold, as defined by the condition for trapping, the main mechanism
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for dipole generation shifts from particle trapping to the nonlinear current mechanism. In such cases, the
beat ponderomotive potential generates a non-zero density perturbation associated with the second-order
current. This leads to the formation of large and localized electrostatic oscillations, known as PDO.

The particle trapping technique has proven to be advantageous in achieving a high signal-to-noise
ratio in the generation of plasma dipole oscillation (PDO). Compared to other methods such as the
nonlinear current approach, the particle trapping method exhibits significantly higher radiation intensity.
The radiation intensity of PDO generated through particle trapping is on the order of 1073, whereas the
nonlinear current method yields radiation intensity on the order of 10~4.

To conduct simulations and study the characteristics of PDO, a simulation domain with dimensions
of 400um x 400um is typically employed. This domain size allows for the examination of the behavior
and properties of PDO over a sufficiently large spatial region. In order to ensure accurate simulations,
the Courant—Friedrichs—Lewy (CFL) criterion, which governs the stability of numerical methods, is
minimally satisfied. Adhering to this criterion guarantees that the time step used in the simulations is
small enough to accurately capture the dynamics of the system.

In the simulation setup, the mesh size is an essential consideration. In this case, a mesh size of
Ax = 0.05um and Ay = 0.2um is employed, with the x-direction mesh having better resolution. This
choice is motivated by the fact that the laser pulse primarily propagates in the x-direction. By utilizing
a highly anisotropic mesh, numerical dispersion, which can introduce inaccuracies in the simulation
results, is minimized. The mesh resolution and its anisotropic nature contribute to obtaining more precise
and reliable data regarding the characteristics of PDO.

To validate the effectiveness of the new diagnostic method, both linear and nonlinear plasma density
profiles are adopted. By comparing the simulation results obtained using these profiles with known
analytical solutions or experimental data, the accuracy and reliability of the diagnostic method can be
established. This validation process helps to ensure that the simulated PDO behaviors and radiation

characteristics are consistent with theoretical expectations and experimental observations.

Linear density

In this paper, a novel method is proposed for reconstructing the original linear density profiles of a
plasma by employing intersecting laser pulses and analyzing the emitted radiation. A simulation frame-
work is developed to validate this process and investigate its feasibility. The simulation setup involves
directing laser pulses obliquely from two sides of the plasma, causing them to collide at a specific spot.
The interaction of these pulses leads to the generation of a dipole within the plasma, which subsequently
emits radiation.

To gather relevant data, two virtual probes are strategically placed within the simulation domain. One
probe is positioned at the center of the dipole, while the other is located in the vacuum region. These
probes are responsible for measuring the electric field component E, and the magnetic field component
B; as a function of time. The obtained results from the simulation highlight some key findings. It is

observed that the dipole field exhibits non-zero curl electric field components, which play a crucial role
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Figure 24: (a) Plasma density profile with a gradient along the x axis. The normalized density rises
linearly from zero at y = 100 um to n/ng = 1 at y = 400 um, with ny equal to 4.96 x 10'® cm~3.
Magnetic field snapshot (b) Dipole field measured in the probe at the collisional point. (c¢) Radiation

field measured in the probe at the vacuum. (d) FFT of signals observed in two probes.
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in the radiation generation process.

The emitted radiation is found to possess a frequency that corresponds to the dipole’s oscillation fre-
quency. By intersecting laser pulses and analyzing the radiation emitted by the resulting dipole, the pro-
posed method offers a promising avenue for recovering the original linear density profiles of a plasma.
This approach leverages the unique characteristics of the dipole field and its associated radiation to in-
fer information about the plasma density distribution. The simulation-based validation presented in this
paper lays the foundation for further experimental investigations and potential applications in plasma
diagnostics and characterization.

The proposed method of measuring local density in a linear plasma, as supported by the obtained
results, holds great promise for reconstructing the plasma density profile. By employing laser pulse
collisions and analyzing the emitted radiation, it becomes possible to replicate the density distribution
throughout the plasma. This opens up avenues for scanning the laser pulse collision point and probing
the radiation to reconstruct the plasma density profile. In the simulation setup, two laser pulses were pro-
jected obliquely from two sides, precisely at coordinates (X, y) = (Omum, 340mum) and (x, y) = (400mum,
340mum). These pulses were directed to collide at a predetermined location along the x-axis, specifically
at 250mum. This configuration allows for the utilization of two virtual probes strategically positioned to
measure the radiation emitted by the dipole generated from the pulse collision. Through careful analysis
of the radiation collected by the virtual probes, valuable information about the plasma density can be
extracted. The peak frequency observed in the emitted radiation corresponds to the plasma frequency,
which in turn is related to the local plasma density. By accurately translating the peak frequency of the
radiation into density values, the density profile of the plasma can be replicated.

To further validate the proposed method, detailed measurements of E, and B, were performed at
Probe 1 as a function of time. These measurements aimed to demonstrate that the dipole field contains
non-zero curl electric field components that are responsible for the emitted radiation. The temporal evo-
lution of E, and B, was captured, allowing for a comprehensive analysis of the field dynamics during the
collision and subsequent dipole oscillation. The plot of E, or B, as a function of time at Probe 1 revealed
interesting behavior. It showed that the laser pulses reached the focal point at a specific time, precisely
atr = 7.31 ps. This observation provides valuable insight into the temporal synchronization of the laser
pulses, ensuring that their collision occurs at the desired location within the plasma. The arrival time
of the pulses at the focal point serves as a critical reference for understanding the subsequent dynamics
of the system. To gain a deeper understanding of the dipole field and its relationship to the emitted ra-
diation, measurements of the amplitude and phase of the normalized electric and magnetic fields were
conducted using Probe 2. These measurements were carried out to compare and correlate the resulting
fields with the radiation field. The obtained data demonstrated a remarkable agreement between the ob-
served fields and the radiation field, validating the presence of the dipole field and its role in generating
the emitted radiation. In order to analyze the frequency characteristics of the signals collected by Probe
2, a Fast Fourier Transform (FFT) was employed. The frequency distributions obtained from the FFT
provided valuable insights into the spectral content of the signals. Remarkably, it was discovered that

the frequency of the emitted radiation matched the dipole’s oscillation frequency. This correspondence
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Figure 25: (a) This schematic diagram illustrates the experimental setup used to produce radiation with
obliquely propagating lasers. (b) The density profile reconstruction is shown for two different collision
angles: 15° and 30°. (c) By sweeping the shooting angles of the pulses at fixed launching points located
far from the plasma, the density reconstruction of three distinct gradients was achieved. The greatest
density at y = 400um is represented as n,,,, in the legend. The vertical axes in (b) and (c) show the
density normalized by ng = 4.96 x 10'8¢m=> while the horizontal axes reflect the y-position along the
gradient. The wavelengths of the laser are A; = 800nm, A, = 780nm, and the normalized peak amplitude

is ag = 0.3.
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confirms the fundamental connection between the dipole’s motion and the radiation emitted from the
plasma. It underscores the ability to extract density information from the radiation and utilize it to re-
construct the plasma density profile. The comprehensive measurements performed at Probe 1 and Probe
2, along with the analysis of the temporal and frequency characteristics, provide compelling evidence
for the efficacy of the proposed method. The agreement between the observed fields, the radiation field,
and the dipole’s oscillation frequency further strengthens the confidence in the accuracy and reliability
of the density reconstruction approach.

To enable the reconstruction of the plasma profile, the laser pulse collision point was systematically
scanned. This scanning process involved employing counter-propagating laser pulses that collided at
multiple locations along a linear density variation profile, similar to the configuration depicted in Fig.
24. By varying the collision point, it became possible to gather density information at different spatial
locations within the plasma. The scanning of the collision point allowed for a comprehensive analysis of
the plasma density profile. At each collision point, the radiation emitted from the dipole generated by the
laser pulses was carefully measured and analyzed. The emitted radiation carried valuable information
about the local density variations within the plasma. By probing the radiation and extracting relevant
spectral features, researchers could extract density information associated with each collision point. The
obtained density information, combined with the precise knowledge of the collision locations, formed
the basis for rebuilding the plasma profile. The collected data points, representing density measurements
at different positions along the linear density variation profile, were used to interpolate and reconstruct
the complete plasma density profile. This reconstruction process involved employing advanced mathe-
matical algorithms and interpolation techniques to accurately capture the variations in plasma density.
By systematically scanning the laser pulse collision point and repeating the radiation measurement and
analysis process, a detailed and comprehensive map of the plasma density profile could be obtained.
This map provided valuable insights into the spatial distribution of plasma density, revealing regions of
high and low density, as well as any gradients or irregularities in the plasma structure.

The virtual probes placed outside the plasma played a crucial role in measuring the radiation emitted
from the dipole formed by the collision of the laser pulses. The collected data provided valuable insights
into the spectral characteristics of the emitted radiation. In particular, the spectra exhibited distinct peaks
whose positions were influenced by the specific collision location of the laser pulses. By analyzing
the spectra and identifying the positions of the peaks, researchers could extract important information
related to the density variations within the plasma. The peak frequency observed in the spectra was
directly related to the plasma frequency ), which is determined by the density of the plasma. The
plasma frequency is given by the equation @, = %’(’), where e is the elementary charge, » is the plasma
density, m is the mass of the particles in the plasma, and & is the vacuum permittivity. Using the known
relationship between the plasma frequency and density, researchers were able to convert the observed
peak frequencies in the spectra to corresponding density values. This allowed for the reconstruction of
the plasma density profile. By mapping the peak frequencies to their corresponding density values, a
detailed and accurate representation of the plasma density variations could be obtained. The conversion

of peak frequencies to density values enabled the creation of a density profile that accurately reflected
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the underlying density distribution within the plasma. This information provided valuable insights into
the spatial variations of plasma density, allowing researchers to study and understand the behavior of the
plasma in greater detail.

In practical scenarios, it may not always be possible to adjust the precise entrance point of laser
pulses in real-world plasma systems. However, there are alternative strategies that can be employed to
effectively modify the collision position and achieve control over the resulting plasma dynamics. Collid-
ing laser pulses obliquely offers a versatile approach to manipulating the interaction dynamics between
the pulses and the plasma. By adjusting the launching angles of the laser pulses, researchers can influ-
ence not only the collision position but also the efficiency of energy transfer and the detection of local
density variations. When the laser pulses are directed obliquely into the plasma, the interaction region
and collision point are shifted compared to the case of head-on collisions. This provides researchers with
the ability to explore different regions of the plasma and investigate the resulting effects on the emit-
ted radiation and density profiles. By carefully selecting the launching angles, specific areas within the
plasma can be targeted, allowing for the gathering of valuable information about their density variations.
One advantage of oblique laser pulse collisions is the enhanced efficiency of converting the driving pulse
energy to radiation energy. The oblique angle introduces an additional degree of freedom in controlling
the energy transfer process. Depending on the specific geometry and characteristics of the plasma, the
oblique collision can promote more efficient energy deposition and enhance the radiation emission. This
can lead to a higher signal-to-noise ratio in the measurements, enabling more accurate detection and
characterization of the plasma properties. Moreover, oblique collisions offer the opportunity to detect
local densities within the plasma. By analyzing the radiation emitted during the oblique collision, re-
searchers can extract information about the density variations in specific regions of interest. The emitted
radiation carries signatures of the plasma properties, including the local density, and by carefully ana-
lyzing the radiation spectra, researchers can infer the density distribution within the plasma.

Although the oblique collision of laser beams offers advantages in terms of energy transfer and local-
ized dipole formation, it is important to consider potential drawbacks that may arise when the collision
angle exceeds a certain threshold. One such drawback is the induction of longitudinal and transverse
motion of electrons within the plasma. When the laser pulses collide obliquely, the interaction dynamics
between the laser fields and the plasma become more complex. The oblique angle introduces a compo-
nent of force that can induce not only oscillatory motion but also a net momentum transfer to the elec-
trons. This can lead to longitudinal motion along the direction of laser propagation as well as transverse
motion perpendicular to the laser propagation direction. The induced longitudinal motion can result in
a displacement of the electrons along the laser axis, potentially causing changes in the plasma density
distribution. This displacement can affect the overall dynamics of the plasma and influence the accuracy
of density measurements. Additionally, the induced transverse motion can lead to particle diffusion or
even plasma expansion in the transverse direction, which may impact the stability and confinement of
the plasma. The extent of these electron motions depends on various factors, including the collision an-
gle, laser parameters, and plasma conditions. It is crucial to carefully consider and control these factors

to minimize any undesirable effects on the plasma and the accuracy of density measurements. Mitigation

56



strategies can be employed to address these potential drawbacks. For example, adjusting the laser pulse
parameters, such as pulse duration and intensity, can help optimize the energy transfer efficiency while
minimizing electron motion. Additionally, employing advanced plasma confinement techniques, such as
magnetic fields or tailored plasma geometries, can aid in reducing transverse expansion and improving
the stability of the plasma during oblique collisions.

Indeed, the impact angle of the laser pulses in the oblique collision configuration can introduce an el-
ement of unpredictability in determining the exact location of the dipole formation. This unpredictability
arises from the combined effects of the collision angle, laser intensity, plasma properties, and the overall
dynamics of the interaction. When conducting measurements to evaluate local densities in plasmas using
this method, it becomes crucial to carefully examine and control the impact angle. The angle should be
selected based on the desired objectives and the specific characteristics of the plasma being studied. A
thorough understanding of the plasma properties and the expected behavior of the laser-plasma interac-
tion is necessary to optimize the angle and minimize any potential uncertainties in the dipole location. In
the experimental setup depicted in Fig.24(a), where the laser entrance window is stationary and located
far away from the plasma, it provides a reference point for establishing a consistent and well-defined col-
lision geometry. By keeping the laser entrance window fixed and ensuring that it is sufficiently distant
from the plasma region, one can minimize any unintended variations or disturbances in the laser pulse
trajectories. However, it is important to note that the actual impact position of the laser pulses within the
plasma can still be influenced by factors such as laser beam quality, plasma density gradients, and the
presence of instabilities. These factors can introduce some level of uncertainty in determining the precise
location of the dipole formation. To mitigate these uncertainties, advanced diagnostic techniques, such
as interferometry or time-resolved imaging, can be employed to visualize and track the evolution of the
plasma density during the laser pulse collision. These techniques can provide valuable insights into the
dynamics of the dipole formation and help validate the accuracy of the density measurements.

In order to ensure accurate replication of the original density profile, careful selection of the laser
launching point is essential. As shown in Fig.24(b), the crossing angle of the laser pulses was limited
to less than 15° to minimize any potential uncertainties in the dipole formation and the subsequent
measurement of local densities. By maintaining a relatively small crossing angle, the laser pulses interact
within a well-defined region, allowing for a more controlled and predictable collision process. This
ensures that the resulting dipole formation and the emitted radiation are influenced predominantly by the
specific density distribution of the plasma. By utilizing this method and restricting the crossing angle,
you were able to successfully replicate the original density profiles of various linear density gradients.
This demonstrates the effectiveness of the approach in accurately capturing the density variations within

the plasma.

Non-linear density

In the study of plasma systems, it is important to consider not only linear density profiles but also non-

linear density gradients that are commonly observed in both confined and unbounded plasmas. While the
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Figure 26: Density profiles including cosine and exponential. Exact forms of profiles are n/ny = cos[(y —
400) /640] and n/ng = exp[(y —400)/100] with ng = 4.96 x 10'® cm~3, which are represented by dashed

and solid lines, respectively. Laser pulses were collided at modest angles (< 15°) with the same settings

as Fig.25. Data points are based on the simulation dataset where laser pulses are obliquely fired.
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Particle-in-Cell (PIC) simulation method coupled with the dipole technique has demonstrated success in
accurately reproducing linear density profiles, it is also theoretically applicable to nonlinear profiles. To
assess the effectiveness of the dipole technique in capturing nonlinear density gradients, the researcher
in this study created two test cases: a trigonometric function and an exponential function. These func-
tions were chosen due to their prevalence in plasma systems and their ability to represent different types
of density distributions. The results, as depicted in Fig.26, demonstrate that the dipole technique can
accurately reproduce the original density profiles for both the trigonometric and exponential functions.
The reconstructed profiles exhibit minimal error bars, indicating a high level of fidelity in capturing the
underlying density variations.

The observed discrepancy between the predicted and actual results in the low-density zone of the
exponential density profile can be attributed to various numerical and physical factors. One possible
factor is the limited number of simulation particles employed in the study. At low densities, the number
of particles representing the plasma becomes insufficient, leading to higher numerical inaccuracies and
potentially affecting the accuracy of the density reconstruction. Another factor that could contribute to
the discrepancy is the size of the dipole compared to the wavelength of the dipole radiation. If the dipole
size is significantly smaller than the wavelength, it can result in distortions in the dipole’s oscillation fre-
quency, which in turn can affect the accuracy of the density measurements. This aspect requires further
investigation and validation to assess its impact on the density reconstruction process. Additionally, it
is important to consider the limitations of the PDO method itself. The method may not be suitable for
monitoring deep density troughs, as the radiation emitted by the PDOs within such troughs may have
a frequency lower than the cutoff frequency of the denser regions in the surrounding plasma. This can
make it challenging to accurately measure and reconstruct the density variations in these regions using
the dipole technique.

In the presented study (Fig. 22), a monotonic density profile with a density trough spanning from
200um to 300um in the y-direction was successfully generated, and the density reconstruction using
the dipole technique exhibited high precision within the monotonic segments of the profile (100um <
y < 200um and 300um < y < 400um). However, the accuracy of the density measurements within
the trough region was compromised. The observed discrepancy in the error bars within the density
trough can be attributed to the presence of a density bump on the left side of the trough. The density
bump acts as an obstacle for the emitted waves, selectively allowing only spectral components with
frequencies higher than the plasma frequency at y = 200um (referred to as @,,200um) to pass through
it. Consequently, the density values derived from the emitted radiation frequencies tend to converge near
the density peak of the bump, which corresponds to y = 200um. This behavior highlights a limitation of
the dipole technique in accurately measuring the density within regions obstructed by density variations.
The presence of sharp density gradients or localized features, such as the density bump in this case,
can significantly affect the emitted radiation and introduce complexities in the density reconstruction
process. Further investigations and refinements are necessary to mitigate these challenges and improve
the accuracy of density measurements in regions with density troughs and other non-monotonic density

profiles.
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Figure 27: Reconstruction of density profiles that do not increase monotonically. The vertical axis shows
the reconstructed value normalized by the maximal value ng = 4.96 x 10'8cm 3. The laser field’s nor-
malized peak amplitude is ap = 0.3. Figures 3 and 4 show the simulation domain with the same dimen-
sions. The laser pulses have wavelengths of 800 and 780nm, a pulse duration of 30fs, and a spot size of

Sum.

The observed low radiation intensity within the density trough can be attributed to the high absorp-
tion of radiation energy by the ambient plasma cut-off. This absorption phenomenon causes a reduction
in the overall radiation intensity originating within the density trough compared to other locations in the
plasma. Additionally, the spectral power of the emitted radiation decreases with increasing frequency,
leading to a lower intensity of radiation passing through the density bump. The peak in the radiation
spectrum at the plasma frequency @, in 200um further complicates the density measurement within the
trough. This peak results in a relatively flat density measurement across the trough at y = 200um, as the
radiation passing through the density bump primarily carries information about the density peak rather

than the actual density decline within the trough.
3.3 Discussion

Scaling parameters

The ratio of dipole size to radiation wavelength is a critical statistic in the scope of the PDO method.
This ratio is crucial in establishing the features of the dipole-like radiation emitted. Investigating the scal-

ing nature of this ratio might provide important insights into the PDO method’s applicability across other
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plasma parameter regimes. Scaling estimates enable dipole and radiation behavior to be generalized to
larger or smaller systems without requiring massive amounts of computer resources or lengthy simu-
lations. By identifying the essential components that determine dipole size and radiation wavelength,
scaling rules are established that provide a simple yet effective technique for predicting the behavior of
the PDO method in varied plasma systems. Scaling concepts might be extended to other plasma regimes,
such as Tokamaks, to substantially reduce processing requirements and accelerate the evaluation of lo-
cal density profiles. These scaling estimates provide for a better understanding of the PDO technique’s
projected behavior in various plasma configurations, allowing for more informed judgments concerning
experimental settings and data processing.
l

R=~ (80)

where 1 is dipole displacement and A is radiation wavelength. Another parameter is the product of pulse
amplitude and duration (D).
D=Eyt (8 1)

R parameter

The displacement of the dipole in the PDO method is determined by the phenomenon known as beat
wave dragging. The beat wave, which is created by the collision of the laser pulses, propagates through
the plasma at a phase velocity denoted by vy. This phase velocity can be calculated as the ratio of the
frequency difference A to the wavenumber difference Ak, i.e., vy = Aw/Ak. In typical scenarios, the
frequency difference A is set to be approximately within the range of the plasma frequency ®,, and
the wavenumber difference Ak can be approximated as twice the wavevector magnitude, which is equal
to 2k = 2/c, where ® is the laser frequency and c is the speed of light. The dragging time, which
determines the displacement of the dipole, is approximately proportional to the duration of the laser
pulse. Incorporating these factors, the dipole displacement can be expressed as vy T ~ ®,/2mcT, where
T represents the pulse duration. The radiation wavelength associated with the dipole emission can be
calculated as ), /27c, where @), is the plasma frequency. To characterize the radiation intensity relative
to the plasma density, pulse duration, and wavelength, a scaling parameter denoted by R is introduced.
The scaling parameter is given by R ~ a)[% /4mT. It serves as an index for the radiation intensity and
reflects the interplay between the plasma density, laser pulse duration, and wavelength. In the case of
low-density plasmas, it is necessary to adjust the laser frequency to a lower value to match the plasma

properties. Additionally, longer pulse durations are preferred to achieve optimal results.

D parameter

The parameter D plays a significant role in determining the electron trapping threshold and regulating
the energy deposition by external electromagnetic (EM) sources into the plasma. By adjusting the am-
plitude and duration of the laser pulse, or a combination of both, we can manipulate the value of D to

match the requirements of different plasma systems. In normalized form, the parameter D is defined as
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follows:

D= ayor (82)

This parameter represents the ratio of the electric field energy to the electron rest mass energy, multiplied
by the square root of the ratio of the electron mass to twice the vacuum permittivity. It provides a measure
of the intensity of the external EM fields relative to the electron dynamics in the plasma. By manipulating
the pulse amplitude, duration, or both, we can control the value of D. Increasing the pulse amplitude or
duration leads to a higher value of D, indicating a stronger interaction between the laser pulse and
the plasma electrons. This can result in enhanced electron trapping and increased energy deposition.
Conversely, decreasing the pulse amplitude or duration reduces the value of D, resulting in a weaker
interaction between the laser pulse and the plasma electrons. This can be advantageous in scenarios
where a more gentle energy deposition or a lower electron trapping threshold is desired. Assuming that
the spot size of the laser beam is smaller than the diffraction threshold (o ~ A), the laser intensity can
be related to the laser power. The amplitude (/) of a laser beam is defined as the power (P) per unit area
(A) and can be expressed as:

I= 1 (83)

The power of the laser beam is a measure of the total amount of energy delivered per unit time. It
represents the rate at which energy is transferred to the target or the surrounding medium. On the other
hand, the area of the laser beam corresponds to the spatial extent over which the power is distributed. In
situations where the spot size of the laser beam is smaller than the diffraction limit, we can approximate
the area by considering the cross-sectional area of the laser beam. This area is roughly proportional to
the square of the spot size. Thus, the laser intensity, which is defined as the power per unit area, can be
expressed using this relationship.

Te— (84)

where o represents the spot size of the laser beam, and P denotes the laser power. This relationship
implies that as the laser power increases while keeping the spot size constant, the laser intensity will
also increase. Conversely, reducing the laser power while maintaining the same spot size will result in a

decrease in laser intensity. Finally, relation between laser amplitude and power is

PW]

3x10° 85)

ag ~

Application scaling parameters for each plasma system

In order to tailor our simulations for fusion plasma in a Tokamak, such as in the case of a Tokamak
fusion reactor, adjustments would be necessary for the values of parameters R and D. These parameters
play a crucial role in determining the characteristics of the laser pulses used in our diagnostic technique.
Based on predicted values derived from R and D, we can estimate the required duration and power for

probing a plasma with a density of 10"*cm™3 and a wavelength of 10um. In this scenario, the estimated
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duration is around 10 picoseconds (ps), and the power required is in the range of megawatts (MW). Re-
markably, these values can be readily achieved using CO; lasers, which makes our diagnostic technique
well-suited for practical application in fusion research.

In the realm of plasma physics, the properties and behavior of plasmas can vary significantly de-
pending on their density. High-density plasmas, characterized by a large number of charged particles per
unit volume, often require intense pulse power to initiate and sustain their unique state. However, when
dealing with lower density plasmas, the pulse power requirements are generally relaxed. One common
method for generating low-temperature plasmas (LTP) involves the application of a voltage differential
between two electrodes immersed in a gas or liquid medium. This technique, known as electrode dis-
charge, effectively induces ionization and creates a plasma. By adjusting the parameters of this setup,
particularly the distance between the electrodes (referred to as D), researchers can achieve the desired
plasma density and other relevant properties. One notable advantage of working with lower density
plasmas is the reduced pulse power necessary for their production and maintenance. Compared to high-
density plasmas, which often demand substantial energy inputs, low-density plasmas can be sustained
with lower levels of pulse power. By properly optimizing the value of D, it becomes possible to reach the
critical threshold for electron trapping, a phenomenon crucial for plasma formation, with significantly

reduced pulse power.

Collision Impact on PDO in low density plasma

The sustained operation of plasma discharge oscillators (PDOs) is of utmost importance for their prac-
tical applications. However, like other cross-beam methods such as plasma photonic crystal and plasma
holography, PDOs can be susceptible to disruption due to collisional events. These collisions hinder the
sustainability and effectiveness of PDOs in fulfilling their intended functions. Collisional events in PDOs
primarily involve interactions between electrons and neutrals, as well as interactions between electrons
and ions. These collisions can impede the smooth operation of PDOs and hinder their stability. Under-
standing and mitigating these collisional effects is crucial for optimizing the performance and longevity
of PDO-based systems. One specific type of collision that occurs in PDOs is electron-neutral collisions.
In plasmas, the frequency of these collisions is often assumed to follow a Maxwellian distribution. The
Maxwellian distribution describes the statistical behavior of particles within the plasma and provides
insights into their collisional interactions. By considering the Maxwellian distribution, researchers can
analyze and model the collisional effects in PDOs, aiding in the development of strategies to mitigate
their impact. In addition to electron-neutral collisions, collisions between electrons and ions also play
a significant role in the disruption of PDO operation. These collisions can result in energy transfer,
momentum exchange, and changes in the overall plasma dynamics. Managing and controlling these col-
lisions are crucial for maintaining the stability and sustained operation of PDOs. The challenges posed
by collisional events are not unique to PDOs but are also encountered in other cross-beam methods such
as plasma photonic crystal and plasma holography. These techniques, despite their unique characteris-

tics and potential applications, share the common hurdle of collision-induced disruptions. Researchers
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in these fields are actively investigating methods to overcome these challenges and improve the sustain-

ability and performance of their respective technologies.
Ven|s 1] ~ 2% 107 n, [em™3)(T,[eV])'/? (86)

When considering low-temperature plasmas (LTP), such as inductive coupled plasmas (ICPs), the
collision frequency is often negligible compared to the plasma frequency. In the case of ICPs, which
typically operate within a pressure range of 0.3 to 1000 mTorr, the collision frequency can be estimated
based on the neutral density (n,) and the electron temperature range. For instance, assuming a neutral
density of 10'3 cm™3 and an electron temperature spanning from 1.8 eV to 11 eV, the maximum colli-
sion frequency can be calculated. However, it is important to note that collision frequencies vary with
the specific conditions of the plasma and the interaction cross-sections between particles. Considering
the given parameters, the collision frequency can be estimated to be approximately 1 MHz. Meanwhile,
the plasma frequency, which characterizes the collective oscillations of charged particles in the plasma,
typically covers a range from a few to several hundred GHz for plasma densities on the order of 10'!
to 10'2 cm—3. The significant disparity between the collision frequency and the plasma frequency high-
lights the dominance of collective plasma phenomena over collisional events in LTPs. This implies that,
in many cases, the effects of individual particle collisions can be overshadowed by the overall behavior
of the plasma, driven by collective interactions and wave phenomena. Expanding on this concept can
help in understanding the dynamics and properties of LTPs, as well as designing plasma-based systems
and technologies. By focusing on the collective behavior of the plasma, researchers can exploit phenom-
ena such as plasma waves, resonances, and mode coupling, which play critical roles in many plasma
applications.

The operational conditions for plasma discharge oscillators (PDOs) appear to be favorable in the
scrape-off layer (SOL) or edge plasma of a Tokamak fusion reactor. In this region, characterized by
a temperature of approximately 1 keV, the neutral density is relatively low. Even in regions close to
the divertor target, where the neutral density reaches a maximum value of 10'* cm™3, the frequency
of electron-neutral collisions remains lower than the plasma frequency, which typically lies around 1
GHz. Consequently, the impact of electron-neutral collisions on the emission of PDOs in various plasma
sources, including Tokamaks, may not be significant. The SOL, located at the periphery of a Tokamak
plasma, serves as a transition region between the confined plasma in the core and the material surfaces
of the reactor vessel. With a temperature of approximately 1 keV, the SOL provides conditions con-
ducive to PDO operation. The relatively high electron temperature promotes ionization and sustains the
plasma state necessary for PDO emission. Although the neutral density in the SOL is low, even near
the divertor target where the neutral density is at its highest, it remains below 10'* cm~3. Consequently,
the frequency of electron-neutral collisions in this region remains lower than the plasma frequency. As
a result, the impact of these collisions on the emission of PDOs is expected to be negligible. This favor-
able scenario in the SOL or edge plasma of Tokamaks implies that PDOs can effectively operate without
significant disruption caused by electron-neutral collisions. It allows for the exploration and utilization

of PDO-based techniques for various applications within Tokamaks, including plasma diagnostics, heat-
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ing, and control. It is worth noting that while electron-neutral collisions may not significantly affect PDO
emission in most plasma sources, other factors such as electron-electron collisions, plasma instabilities,
and wave-particle interactions can still influence the performance of PDOs. Therefore, a comprehensive
understanding of the plasma environment and its associated phenomena is crucial for optimizing the

design and implementation of PDO-based systems in Tokamaks and other plasma devices.

Collision Impact on PDO in high density plasma

In fully ionized and high-density plasmas, often generated by lasers, the oscillation of plasma dis-
charge oscillators (PDOs) can be susceptible to disruption caused by electron-ion collisions. Unlike the
previously mentioned low-temperature plasmas, where electron-neutral collisions were of primary con-
cern, in high-density plasmas, electron-ion collisions play a significant role in affecting the behavior of
PDOs. The frequency of electron-ion collisions can be estimated based on the properties of the plasma.
However, it is important to note that the collision frequency depends on various factors, including the
plasma density, electron temperature, and ion species present in the plasma. To further delve into the
details, a thorough understanding of the electron-ion collision frequency is necessary. This frequency
quantifies the rate at which electrons and ions collide within the plasma. Its precise determination re-
quires consideration of factors such as the interaction cross-sections, the energy distribution of particles,
and the species-dependent collision frequencies. In high-density plasmas produced by lasers, the plasma
is often fully ionized, meaning that the vast majority of atoms are ionized, leaving only free electrons
and ions. In such scenarios, electron-ion collisions can significantly impact the behavior of PDO os-
cillations. The collision frequency resulting from electron-ion collisions can influence various aspects
of PDO operation, such as the energy transfer between particles, momentum exchange, and the overall
plasma dynamics. These collisions can modify the electron distribution function and affect the plasma’s
ability to sustain the necessary conditions for PDO emission. While electron-ion collisions can introduce
disruptions to PDO oscillations, researchers and engineers strive to mitigate their adverse effects through
careful experimental design and optimization. This includes considering the plasma parameters, such as
density and temperature, as well as the choice of ion species and their corresponding cross-sections for
collisional interactions.

2

Veils 71 ~ 3 x 10*5necm*3T[3/ (87)

According to the frequency analysis, in order to ensure that the collision frequency between electrons
and ions (v,;) remains less than 10% of the plasma frequency (f,) in a high-density plasma with n, ~
10'8cm ™3 (as used in this study), the electron temperature (7,) needs to be greater than 1-2 eV [74].
Fortunately, many laser-plasma interactions satisfy this requirement by having electron temperatures
exceeding the specified threshold. Furthermore, in the context of plasma dipoles, the electron bunch
inherent in the dipole structure tends to have a high temperature. This arises due to the formation of the
plasma dipole through trapped electrons in the ponderomotive potential train, which is caused by phase-
mixing processes. These processes often lead to electron heating, resulting in a hot electron bunch. The

thermal velocity of the electron bunch within the plasma dipole is on the order of f =v/c ~ 0.01,
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corresponding to an electron temperature of approximately 50 eV. This temperature is sufficiently high
to render the collision frequency between electrons and ions (v,;) insignificant. Thus, even though the
particle-in-cell (PIC) code used in the study does not incorporate collisional processes, the results remain
accurate because electron-ion collisions do not significantly impact the disruption of PDOs at such high
temperatures. The absence of electron-ion collisions as a disruptive factor in PDO operation at high
temperatures simplifies the analysis and interpretation of the results obtained from the PIC simulations.
By focusing on the dominant processes and effects driving the PDO behavior, researchers can confidently

rely on the accuracy and reliability of the simulation outcomes.

PDO radiation emission

The intensity of plasma discharge oscillator (PDO) emission plays a crucial role in the detectability of
the emitted signal. It directly influences the number of photons emitted per unit time, thereby impacting
the signal-to-noise ratio of the detector. A higher intensity of emission translates to a stronger signal,
improving the detectability and overall quality of the measurement. The intensity of PDO emission is
directly proportional to the square of the amplitude of the dipole oscillation. As discussed earlier, the am-
plitude is determined by the parameters R and D, which characterize the dimensions and properties of the
plasma dipole. By controlling these parameters, researchers can manipulate the intensity of the emitted
radiation. The field strength of PDO radiation can be approximated using the expression E = Ey0;/r,
where E represents the electric field strength, Eg is a constant, 6, denotes the dipole cross-section,
and r is the distance from the source. This approximation provides an understanding of the relationship
between the emitted field strength and the relevant parameters. By adjusting the parameters R and D,
researchers can effectively modulate the intensity of PDO emission. Increasing the dipole dimensions or
altering the characteristics of the plasma dipole can lead to a higher amplitude of oscillation and, conse-
quently, a stronger emitted signal. This has significant implications for the detectability and sensitivity
of PDO-based detection systems.

To assess the detectability of plasma discharge oscillator (PDO) emission, power calculations can be
performed, taking into account the transverse width of the dipole (0y;) and the field strength at its trans-
verse position (Ep). In laser-produced plasmas, which are often employed in PDO studies, the typical
spot size of the laser pulse (o) is comparable to the plasma wavelength (4, = 27¢/®,), where ®, is the
plasma frequency. At a distance r from the emission source, which is typically chosen as r ~ NA,, with
N ~ 100, the field strength E can be approximated as Ep/N. This consideration allows us to estimate
the field strength at a measurable location based on the known parameters. For the plasma conditions
considered in this study, the field strength at the dipole transverse position, Ey, is estimated to be ap-
proximately 1 GV/m. Consequently, at the measuring location, the field strength E is on the order of
10 MV/m, which is a significant and powerful signal. Such a field strength is well above the detection
threshold of many measurement techniques commonly used in experimental setups. It is typically eas-
ily detectable by various detection systems, including probes, antennas, or other suitable receivers. The

strong field strength enhances the likelihood of capturing and measuring the emitted signal accurately,
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further contributing to the reliability of PDO-based measurements. Furthermore, the selected distance
(r ~ NA,) takes advantage of the favorable properties of plasma waves and radiation propagation. By
positioning the measuring location at a multiple of the plasma wavelength, the emitted radiation ex-
periences constructive interference and optimal signal transmission. This positioning ensures that the
measured field strength is maximized, further aiding in its detectability.

In the context of nuclear fusion or low-temperature plasmas, the plasma wavelength (4,) tends to
be larger compared to laser-produced plasmas. For instance, at a density of n, ~ 10'* cm™3, the plasma
wavelength can be approximately 1 mm. In such scenarios, it may be advantageous to position the
detection equipment at a distance of 1 m, using N ~ 1000 as a suitable multiple of the plasma wavelength.
Considering a field strength Ej that is proportional to the plasma density (n,.) and assuming Ey to be on
the order of 10° V/m, the calculated field strength at 1 m from the dipole would be of the order of a few
hundred V/m. Despite being smaller than in laser-produced plasmas, this field strength remains quite
strong and easily measurable. A few hundred V/m is well above the noise floor of typical detection
systems used in nuclear fusion or low-temperature plasma experiments. Measurement techniques such
as probes, antennas, or other appropriate receivers can effectively capture and measure signals of this
magnitude. Furthermore, it is important to note that the specific field strength values provided here are
approximate and depend on various factors, including the plasma density, dipole parameters, and the
specific experimental setup. These values serve as examples to demonstrate the detectability of PDO

emission in different plasma conditions.

Temperature effect on the formation of PDO

In high-temperature plasmas, such as those found in fusion research devices like Tokamaks, the for-
mation and detection of dipoles can be significantly influenced by the plasma’s elevated temperature. In
these hot plasmas, ensuring a high signal-to-noise ratio (SNR) is of paramount importance for accurate
measurements, as the desired signal arises from the dipole field while the noise originates from thermal
fluctuations within the plasma. The SNR is a crucial factor in any measurement or detection system, rep-
resenting the ratio of the desired signal to the background noise. In the context of PDOs, it is essential
to maximize the SNR to extract meaningful information from the dipole field and minimize the impact
of thermal noise on the measurement accuracy. Hot plasmas pose challenges to achieving a high SNR
due to the elevated thermal energy levels within the system. Thermal fluctuations in the plasma generate
random noise that can obscure the dipole signal, making it more difficult to discern the desired signal
amidst the background noise. Therefore, careful consideration and design of measurement techniques
are necessary to optimize the SNR in these high-temperature plasma environments.

To investigate the influence of electron temperature (7;) on dipole formation, a series of 1D simula-
tions were conducted, employing standard parameters as used in this study. The simulations were per-
formed for different 7, values, and the results obtained for 7, values of 1 keV and 10 keV are presented in
Figure 28. The simulations, based on particle-in-cell (PIC) techniques, provide valuable insights into the

behavior of the plasma system under varying 7, conditions. Remarkably, the results reveal that even at a
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relatively high 7, of 10 keV, dipole oscillations can still be observed. This finding suggests that the dipole
approach holds promise for measuring the density of the core plasma in fusion research devices, includ-
ing Tokamaks. The ability to observe dipole oscillations at elevated 7, values is significant for fusion
research, as it indicates that the dipole method remains viable in capturing important plasma characteris-
tics, such as core plasma density. This capability opens up possibilities for utilizing the dipole approach
in Tokamaks and other fusion devices, where accurately measuring the density of the core plasma is of
utmost importance.

It is worth noting that the simulations presented in the study may underestimate the signal-to-noise
ratio (SNR) due to the inherent thermal noise present in the system. In these simulations, thermal noise
can be amplified due to Poisson sampling, and the particles in the simulation represent macro-particles.
However, by increasing the number of simulation particles, the numerical-thermal noise is significantly
reduced, resulting in a more accurate representation of the dipole oscillation and making it easier to
detect. In Fig. 28(b), the red line represents the dipole oscillation obtained with a higher number of
simulation particles, showcasing a more pronounced and easily detectable signal. This demonstrates the
importance of utilizing a sufficiently large number of particles in the simulations to minimize the im-
pact of numerical-thermal noise and obtain reliable results. Furthermore, the dipole oscillation becomes
even more evident at higher driving pulse intensities, as shown by the blue line in Fig. 28(b). This indi-
cates that increasing the intensity of the driving pulse can enhance the detectability of the dipole signal,
further emphasizing the need to carefully consider the experimental parameters to optimize the SNR.
For future research focusing on 2D radiation simulations, it is essential to incorporate a large number of
simulation particles to accurately capture the noise level and reproduce realistic experimental conditions.
However, it is important to acknowledge that utilizing a larger number of particles requires significant
computational resources, highlighting the computational challenges associated with such simulations.

The nature of the dipole oscillation in plasma optical dipole emission (PDO) is distinct, as it is pri-
marily an intrinsic oscillation rather than a propagating wave. At the generation points, electrons within
the PDO exhibit a high level of thermal energy, leading to the generation of Langmuir waves that follow
the Bohm-Gross dispersion relation. However, during the radiation emission process, the influence of
Langmuir waves can be disregarded due to the relatively short time period involved. Consequently, the
PDO field remains unaffected by thermal noise and retains its integrity. Therefore, whether the plas-
mas are initially thermal or cold does not significantly impact the behavior of the PDO. The large field
strength of the PDO ensures its stability and insensitivity to thermal noise, making it a reliable diagnos-
tic tool for various plasma conditions. In contrast, the presence of a magnetic field has a considerable
influence on the frequency and direction of the dipole oscillation. Magnetic fields can significantly al-
ter the dynamics of the PDO and introduce additional complexities to its behavior. The dipole method’s
sensitivity to magnetic fields presents an exciting opportunity for measuring the strength and direction of
highly magnetized plasmas, commonly encountered in fusion experiments and other magnetized plasma
systems. By exploiting the sensitivity of the dipole method to magnetic fields, researchers can gain
valuable insights into the characteristics of magnetized plasmas, including their strength and directional

properties. This feature makes the dipole method a promising tool for studying and understanding the
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Figure 28: Thermal effect on the PDO formation at (a) 1 keV and (b) 10 keV. Field intensities are ag =
0.1 for 1keV and ag = 0.1 and 0.2 for 10keV. By increasing the number of particles, simulations were

monitored to suppress the noise.

behavior of highly magnetized plasmas in fusion experiments and other relevant research endeavors.

In the course of my investigation, I have focused on studying the size of plasma optical dipole
emission (PDO), which is determined by the parameters of the driving pulse. The pulse spot radius,
denoted by o, along with its duration, characterized by c7, play crucial roles in defining the dimensions
of the PDO. It is important to note that these dimensions are typically smaller than the density gradient of
the plasma, represented by Ly,.q = n/Vn. The small size of the PDO relative to the density gradient holds
significant implications for plasma diagnostics. In such a scenario, the quasi-narrowband spectra of the
PDO radiation can serve as a powerful tool for accurately pinpointing the local density of the plasma. By
analyzing the characteristics of the emitted radiation, researchers can extract valuable information about
the density distribution within the plasma. The ability to accurately determine local density through
PDO radiation is of great importance in various plasma research applications. It provides insights into
the spatial variation of plasma density, which is crucial for understanding plasma dynamics, identifying
instabilities, and optimizing plasma parameters for desired outcomes. The quasi-narrowband spectra
of the PDO radiation enable precise mapping of density variations, allowing for detailed analysis and
control of plasma behavior.

The ability to obtain localized density measurements through plasma optical dipole emission (PDO)
and its quasi-narrowband spectra offers researchers valuable tools for diagnosing plasma properties and
gaining a deeper understanding of plasma phenomena. This capability has the potential to revolutionize
plasma research, particularly in the context of fusion experiments, where achieving stable and efficient
plasma confinement is of utmost importance. In fusion experiments, such as those conducted in Toka-
maks, precise knowledge of the plasma density distribution is crucial for maintaining the desired plasma
conditions. The ability to accurately diagnose and map the density variations within the plasma en-
ables researchers to optimize the plasma confinement and stability. By analyzing the quasi-narrowband
spectra of PDO radiation, researchers can obtain localized density measurements, which provide criti-
cal information for controlling and adjusting plasma parameters to enhance performance and mitigate
instabilities. The application of PDO in fusion research extends beyond density diagnostics. The local-

ized density measurements obtained through PDO can be utilized to study plasma turbulence, particle
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transport, and the interaction between the plasma and magnetic fields. Understanding these fundamen-
tal processes is vital for improving the efficiency and sustainability of fusion reactions. Moreover, the
precise characterization of plasma density through PDO opens up new avenues for advanced plasma con-
trol techniques. By utilizing the localized density information, researchers can develop feedback control
systems to actively adjust plasma parameters in real-time, ensuring stable and optimized plasma condi-
tions. This dynamic control capability has the potential to enhance plasma confinement, increase fusion
reaction rates, and improve overall experimental outcomes. Furthermore, the application of PDO and its
quasi-narrowband spectra is not limited to fusion experiments alone. It finds relevance in various plasma
research areas, such as astrophysics, plasma diagnostics in industrial applications, and laboratory plasma
experiments. The ability to accurately diagnose and map plasma density variations provides valuable in-
sights into the behavior of plasmas in diverse settings, facilitating the development of improved plasma
sources, plasma-based technologies, and advanced plasma processing techniques.

When the plasma density gradient aligns with the necessary conditions, it enables the density within
the laser spot, where the induced plasma optical dipole oscillation (PDO) occurs, to become quasi-
homogeneous. In this scenario, the plasma density exhibits relatively uniform characteristics within
the laser spot region, facilitating efficient dipole oscillation in a homogeneous plasma environment. This
quasi-homogeneity is essential for maintaining a well-defined oscillation mode and achieving monochro-
matic radiation from the PDO. However, when the plasma density exhibits significant variations com-
pared to the size of the laser spot or the pulse duration, the situation becomes more complex. In such
cases, the local density variations within the laser spot can lead to the generation of multiple oscillation
modes that may overlap or interact with each other. This mixing of oscillation modes can result in uncer-
tainties in the PDO’s oscillation frequency and a reduction in radiation monochromaticity. The presence
of significant density variations within the plasma introduces additional complexity to the dynamics of
the PDO. Different regions of the laser spot experience different local densities, which can lead to the
generation of multiple oscillation modes associated with the respective local densities. These oscilla-
tion modes can interfere with each other, causing frequency mixing and broadening of the radiation
spectrum. The uncertainty in the PDO’s oscillation frequency arises from the superposition of different
oscillation modes with distinct frequencies originating from the local density variations within the laser
spot. The resulting radiation spectrum becomes broader, encompassing a range of frequencies rather
than a single well-defined frequency. This reduction in radiation monochromaticity poses challenges
for precise frequency characterization and can affect the accuracy of density measurements based on
the PDO. To mitigate the effects of density variations on the PDO’s oscillation frequency and radiation
monochromaticity, efforts can be made to minimize the density gradients within the plasma or tailor the
laser parameters to match the plasma density profile. By optimizing the experimental setup and adjusting
the laser parameters, it is possible to achieve a better balance between the plasma density variations and
the size/duration of the laser spot, thereby enhancing the monochromaticity of the emitted radiation.

In the context of plasma diagnostics using plasma optical dipole emission (PDO), the tolerance of
the dipole oscillation to high-density gradients is a critical factor in determining the highest measurable

density gradient. This investigation is crucial for understanding the limitations and optimizing the diag-
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nostic utility of the PDO approach. One key parameter that affects the dipole oscillation’s tolerance to
density gradients is the size of the laser spot, characterized by the spot radius o. When the density gra-
dient across the dipole dimension becomes significant, with fluctuations exceeding 10% of the average
density, the spectral broadening of the PDO emission becomes prominent. This broadening can greatly
diminish the diagnostic utility of the PDO approach, as it leads to an overlap of different oscillation
modes and reduces the ability to precisely measure the density distribution. Additionally, the pulse dura-
tion c¢7 of the laser pulse plays a crucial role in determining the dipole oscillation’s tolerance to density
gradients. The ratio of ¢7 to the density gradient length scale L, serves as an indicator of the rela-
tive importance of the pulse duration compared to the density variation. When ¢7/L,,qq exceeds 0.1, it
signifies a significant density fluctuation across the dipole dimension. In such cases, the spectral broad-
ening of the PDO emission becomes especially significant, further diminishing the diagnostic accuracy.
To determine the highest measurable density gradient and derive a precise expression for it, a thorough
investigation is required. This investigation involves conducting detailed simulations and experimental
studies to explore the behavior of the dipole oscillation under different density gradient conditions. By
systematically varying the density gradient, laser spot size, and pulse duration, researchers can analyze
the resulting PDO emission spectra and quantify the spectral broadening effects. The outcome of this
investigation will provide insights into the dipole oscillation’s tolerance to high-density gradients and
help determine the maximum measurable density gradient within the constraints of maintaining accept-
able spectral broadening. The precise expression derived from this study will serve as a valuable tool for
plasma researchers and diagnostic practitioners, guiding them in optimizing the experimental parameters
to achieve the most accurate and reliable density measurements using PDO.

In the context of PDO, it is important to note that the approach may encounter limitations when ap-
plied to plasma density profiles characterized by density bumps or convex shapes, as depicted in Figure
28. In such cases, the radiation generated by the PDO approach tends to experience cutoff effects in front
of the convex region or in the center of the density bump. This can significantly impact the accuracy and
reliability of the density measurements obtained using the PDO technique. One possible alternative to
address this issue is the exploration of second harmonics in the PDO emission. It has been observed
that second harmonics, which have higher frequencies, may have better penetration capabilities through
density bumps or convex profiles compared to the fundamental harmonic. This suggests that by inducing
nonlinear PDO oscillations and generating second harmonics, it may be possible to partially mitigate the
limitations posed by density bumps or convex density profiles. To generate second harmonics in the PDO
emission, stronger laser pulses are typically required. Nonlinear PDO oscillations can be induced by in-
creasing the intensity of the laser pulses, thereby promoting nonlinear interactions within the plasma and
facilitating the production of second harmonics. Several simulations have demonstrated the occurrence
of second harmonic generation in the PDO emission. The mechanisms underlying this phenomenon are
still the subject of ongoing research. One proposed explanation for second harmonic production involves
the reversal of two plasmons decay, where the nonlinear interactions within the plasma lead to the con-
version of energy from the fundamental harmonic to the second harmonic. Another possibility is the

generation of a nonlinear current through the overlapping of non-symmetric laser pulses, resulting in the
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production of higher harmonics in the PDO emission. However, the specific mechanisms responsible
for second harmonic generation in PDO emission are still not fully understood and require further in-
vestigation. In summary, the PDO approach may encounter limitations when applied to density profiles
characterized by bumps or convex shapes. The radiation generated by PDO can experience cutoff effects
in front of convex regions or within density bumps. One potential solution to partially address this is-
sue is to explore the generation of second harmonics in the PDO emission. By inducing nonlinear PDO
oscillations and promoting the production of higher harmonics, it may be possible to mitigate the limi-
tations posed by density bumps or convex density profiles. However, the mechanisms underlying second
harmonic generation in PDO emission are still under investigation, and further research is needed to

fully understand and exploit this phenomenon.

3.4 Summary

In my previous research, presented in a study by Kylychbekov et al. [75], I introduced an innova-
tive diagnostic technique aimed at sensing local plasma densities and reconstructing irregular density
profiles using simulations. This technique leverages the unique properties of the local Plasma Density
Oscillation (PDO) and its emission of electromagnetic (EM) radiation at frequencies close to the plasma
frequency. The proposed approach involves the collision of two detuned electromagnetic pulses within
the plasma. These pulses can be launched at various angles and positions, either in a head-on configu-
ration or obliquely. The collision of these pulses generates the local PDO, which can be observed and
studied in simulations. By carefully varying the launching angle and collision position of the pulses, it
becomes possible to reconstruct non-uniform density profiles in two-dimensional Particle-in-Cell (PIC)
simulations. This technique has primarily been applied to laser-produced plasmas, as documented in the
work by Harilal et al. [76]. However, it holds the potential for extension to low-temperature, collisional
plasmas used in plasma processing applications, as well as fusion plasma monitoring. Furthermore,
through one-dimensional simulations, I have observed that the dipole oscillation of the PDO remains
stable even in very hot plasmas. This finding suggests that the proposed diagnostic approach can also be
applied to high-temperature plasma diagnostics, such as those encountered in fusion research. Overall,
the technique introduced in my research offers a promising avenue for accurately sensing local plasma
densities and reconstructing irregular density profiles. By utilizing the local PDO and its associated
emission of EM radiation, this approach can provide valuable insights into plasma properties, making
it applicable to a range of plasma systems, including laser-produced plasmas, low-temperature plasmas,

and high-temperature fusion plasmas.

IV Magnetic effect on PDO

4.1 Introduction

Plasma dipole oscillation is indeed a novel diagnostic method that holds significant potential for study-

ing density profiles of plasmas in laser plasma experiments. This unique diagnostic technique provides
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valuable insights into the behavior and characteristics of plasmas by observing the dipole oscillation
mode.

In a plasma dipole oscillation, the plasma density exhibits an oscillatory behavior akin to the dipole
moment of a physical dipole. This oscillation is typically induced by an external perturbation or an
intrinsic instability within the plasma. By analyzing the properties of the dipole oscillation, researchers
can gain valuable information about the density distribution and profile of the plasma.

One of the advantages of plasma dipole oscillation as a diagnostic method is its sensitivity to changes
in plasma density. By measuring the frequency of the radiation from the dipole oscillation, researchers
can obtain information about the spatial variations in plasma density. This is particularly useful for
studying density gradients, plasma boundaries, and the effects of plasma instabilities on the density
profile.

The application of the plasma dipole oscillation method extends beyond laser plasmas to Tokamaks,
which are magnetic fusion devices used for creating and confining high-temperature plasmas. The unique
diagnostic capabilities of the plasma dipole oscillation method can provide valuable insights into the
behavior and characteristics of plasmas within Tokamaks. In a Tokamak, the plasma dipole oscillation
method can be employed to study the density profiles and fluctuations within the confined plasma. By
observing and analyzing the dipole oscillation mode in the Tokamak, researchers can gain valuable
information about the spatial distribution of plasma density, which is crucial for understanding plasma
stability, confinement, and performance.

The plasma dipole oscillation method can be particularly useful in Tokamaks for characterizing
the edge plasma region. The edge plasma, which is located near the plasma boundary, plays a crucial
role in the overall plasma behavior and confinement. By studying the density profiles in the edge plasma
using the dipole oscillation method, researchers can gain insights into phenomena such as edge localized
modes (ELMs), plasma instabilities, and plasma-material interactions.

The diagnostic technique involves detecting and analyzing the dipole oscillation in the Tokamak
plasma using various diagnostic tools and techniques. This can include magnetic probes, Langmuir
probes, or other diagnostic instruments capable of measuring the perturbations in plasma density. Ad-
vanced data analysis methods are employed to extract the relevant parameters and deduce information
about the plasma density profiles.

Overall, the magnetic properties associated with the plasma dipole oscillation offer exciting prospects

for the creation of new diagnostic methods. Expanding our understanding of the PDO and its relation-
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Figure 29: The electric field probed at three different positions inside the dipole
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ship with magnetic fields could open up opportunities for more comprehensive and insightful plasma
diagnostics. Understanding the magnetic properties of the PDO can pave the way for the development
of new diagnostic methods in plasma physics. By leveraging the magnetic properties associated with the
PDO, researchers can explore additional avenues for characterizing and studying plasmas in different
settings.

One potential direction is to develop a magnetic field diagnostic based on the PDO. Traditional
magnetic field measurements in plasmas often rely on techniques such as magnetic probes or Faraday
rotation.

Magnetic probes, also known as magnetic field probes or magnetic sensors, are devices used to
measure the strength and direction of magnetic fields. They play a crucial role in studying and charac-
terizing magnetic fields in various scientific and technological applications, including plasma physics,
magnetohydrodynamics (MHD), electrical engineering, and materials science.

The basic principle behind magnetic probes involves exploiting the interaction between a magnetic
field and a sensing element to generate an electrical signal that can be measured and analyzed. There
are different types of magnetic probes, each utilizing specific sensing principles to detect and quantify

magnetic fields. Here are a few common types:

» Hall Effect Probes: Hall effect probes are based on the Hall effect, which is the generation of
a voltage difference across a conductor when it is subjected to a perpendicular magnetic field
and an electric current. Hall effect probes typically consist of a semiconductor material with a
current-carrying conductor and a voltage-measuring element. The applied magnetic field causes a
deflection of charge carriers, resulting in a measurable voltage that is proportional to the magnetic

field strength.

* Fluxgate Probes: Fluxgate probes utilize the magnetic core saturation principle. They consist of
a ferromagnetic core that undergoes cyclic magnetic saturation when exposed to an alternating
current. The core’s saturation level is influenced by the external magnetic field being measured.
By measuring the changes in the core’s magnetic properties, such as permeability or inductance,

the magnetic field strength can be determined.

* Magnetoresistive Probes: Magnetoresistive probes employ the magnetoresistive effect, which is
the change in the electrical resistance of a material in response to an applied magnetic field. Mag-
netoresistive materials exhibit a resistance that depends on the orientation and strength of the
external magnetic field. These probes typically use materials like permalloy or giant magnetore-
sistive (GMR) materials, and they measure the change in resistance to determine the magnetic

field strength.

* SQUID Probes: Superconducting Quantum Interference Device (SQUID) probes are highly sen-
sitive magnetic field detectors. They operate based on the superconducting properties of certain
materials at very low temperatures. SQUIDs can detect extremely weak magnetic fields by uti-

lizing the quantum interference between two superconducting loops. The minute changes in the
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magnetic field induce changes in the SQUID’s electrical properties, allowing for highly sensitive

measurements.

Magnetic probes can vary in terms of their sensitivity, measurement range, frequency response,
and spatial resolution, depending on the specific application requirements. They are commonly used
in scientific research, industrial applications, medical imaging (e.g., magnetic resonance imaging), and
various other fields where precise magnetic field measurements are essential.

In plasma physics, magnetic probes are crucial for characterizing and studying the magnetic fields
in plasma confinement devices like Tokamaks or stellarators. They enable researchers to analyze the
behavior, stability, and dynamics of the magnetic fields within the plasma, helping to understand and
optimize plasma performance.

Faraday rotation is a phenomenon in which the plane of polarization of an electromagnetic wave
changes as it passes through a medium in the presence of a magnetic field. It is named after Michael
Faraday, who first observed and described this effect. When an electromagnetic wave, such as light or
radio waves, interacts with a medium that contains free charged particles (e.g., electrons) and a magnetic
field, the wave’s polarization plane rotates. The amount of rotation is proportional to the strength of the
magnetic field, the frequency of the wave, and the number of charged particles in the medium.

The rotation occurs because the charged particles in the medium, under the influence of the magnetic
field, experience a force that causes them to spiral around the field lines. As the wave propagates through
the medium, the spiraling motion of the charged particles affects the wave’s polarization. The rotation
is in the same direction as the magnetic field for one polarization, and in the opposite direction for the
other polarization. Faraday rotation is a fundamental phenomenon that provides valuable insights into
the interaction between light and magnetic fields.

However, these methods may have limitations in certain environments or when dealing with complex
plasma structures. By exploiting the magnetic response of the PDO, it may be possible to design a novel
diagnostic tool that provides complementary information about the magnetic field properties within the
plasma.

It is important to note that the development of a magnetic field diagnostic based on the PDO would
require careful experimental design, theoretical modeling, and validation. Researchers would need to
understand the relationship between the PDO characteristics and the magnetic field properties in differ-
ent plasma environments. Additionally, efforts would be required to optimize the sensitivity, accuracy,
and spatial resolution of the diagnostic technique.

The plasma frequency represents the natural frequency at which electrons in a plasma can collec-
tively oscillate back and forth. At frequencies below the plasma frequency, electromagnetic waves cannot
propagate through the plasma as free oscillations are quickly damped. However, at frequencies above the
plasma frequency, the plasma becomes transparent to the electromagnetic waves, and they can propagate
through it.

Radio bursts, on the other hand, are brief and intense bursts of radio waves that are observed in var-

ious astrophysical contexts. They can originate from a variety of sources, including pulsars, magnetars,
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active galactic nuclei, and fast radio bursts (FRBs). The exact mechanisms responsible for generating
radio bursts are still a subject of ongoing research.

In relation to the plasma frequency, radio bursts often occur at frequencies below the plasma fre-
quency of the surrounding plasma medium. This is because radio waves with frequencies lower than the
plasma frequency cannot penetrate the plasma but are reflected or absorbed by it. However, there can be
exceptions or modifications to this general behavior depending on the specific properties and dynamics
of the plasma and the source of the radio burst.

For example, some radio bursts may involve mechanisms such as electron cyclotron maser instability
or plasma instabilities, which can generate radio waves within the plasma itself or at frequencies above
the plasma frequency. In these cases, specific interactions between particles and fields in the plasma
result in the emission of coherent or incoherent radiation at radio frequencies.

High brightness radio bursts and coherent plasma behavior are interconnected phenomena that in-
volve the emission of intense and coherent radio waves from plasma systems.

High brightness radio bursts refer to bursts of radio waves with exceptionally high intensity or bright-
ness. These bursts are often observed in astrophysical sources such as pulsars, magnetars, and fast radio
bursts (FRBs). They are characterized by their short duration, typically lasting milliseconds, and their
high peak luminosities, which can be orders of magnitude greater than the average radio emission from
these sources.

The coherent plasma behavior is a key factor in the generation of high brightness radio bursts. Coher-
ence in this context refers to the synchronization and collective behavior of charged particles in a plasma,
which leads to the emission of coherent radiation. Coherent plasma behavior can arise due to a variety
of physical processes, including plasma instabilities, plasma waves, and electromagnetic interactions.

One prominent mechanism that can produce coherent plasma behavior and contribute to high bright-
ness radio bursts is the electron cyclotron maser instability (ECMI). In this process, energetic electrons
in a plasma interact with a magnetic field that has a frequency close to the electron cyclotron frequency.
The interaction leads to the amplification and coherent emission of electromagnetic waves at the cy-
clotron frequency or its harmonics. This can result in intense radio emission that is highly directional
and coherent.

Another mechanism that can contribute to high brightness radio bursts is plasma turbulence. In
regions of plasma turbulence, interactions between particles and waves can produce coherent plasma
structures and enhance the emission of intense radio waves. These turbulent plasma regions can occur in
various astrophysical environments, such as magnetized plasmas surrounding compact objects or in the
vicinity of shock waves.

Understanding the connection between high brightness radio bursts and coherent plasma behavior
requires detailed observations, theoretical modeling, and simulations. Researchers study the properties
and characteristics of these bursts to unravel the physical processes responsible for their generation. By
examining the coherence, polarization, temporal structure, and frequency properties of the radio emis-
sion, valuable insights into the underlying plasma dynamics and emission mechanisms can be gained.

In the field of laser plasma interactions, numerous experiments have been conducted to study radio
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bursts and their generation mechanisms. These experiments aim to understand the fundamental physics
of plasma dynamics, high-energy particle acceleration, and the emission of electromagnetic waves in the

radio frequency range. Here are a few examples of such experiments:

* Coherent Radiation Emission: The enhanced electron beams, in the presence of a magnetic field,
can undergo various instabilities and generate coherent radiation. These emissions may manifest
as radio bursts and provide insights into the interplay between the magnetic field, plasma dynam-

ics, and high-energy particle acceleration.

* Plasma Instabilities and Emission: The instabilities present in laser-produced plasmas can generate
coherent plasma waves, electron beams, and plasma turbulence. These in turn can emit intense

radio waves through processes like gyroresonance emission or plasma wave interactions.

* Radio Burst Characterization: Experimental setups involving antennas, spectrometers, and ampli-
fiers are utilized to measure and analyze the emitted radio waves. The observed characteristics
of the radio bursts help understand the properties of plasma turbulence and the associated wave-

particle interactions.

The conversion of electromagnetic waves from a coherent plasma structure is a complex and intricate
process that involves the transformation of plasma oscillations into detectable electromagnetic radiation.
It encompasses a range of physical phenomena and mechanisms that arise from the collective behavior
of charged particles in a plasma environment.

One of the key processes in this conversion is the generation of Langmuir waves. Langmuir waves
are collective oscillations of electrons in a plasma that occur when the electrons are perturbed from
their equilibrium positions. These waves can interact with energetic particles, such as high-energy elec-
trons, resulting in wave-particle interactions. Through these interactions, energy and momentum are
transferred between the Langmuir waves and the particles, leading to the generation of electromagnetic
waves. Additionally, nonlinear effects such as wave breaking or wave decay can further contribute to
the conversion of Langmuir waves into electromagnetic waves. These nonlinear processes redistribute
the energy of the Langmuir waves, resulting in the emission of radiation at harmonics or in different
frequency ranges.

The coherent structures of Langmuir waves play a crucial role in the generation of high brightness
temperature radiation in plasma environments. Langmuir waves, which are collective oscillations of
electrons in a plasma, can exhibit coherent behavior and form localized structures within the plasma.
These coherent structures can arise from various plasma instabilities or wave-wave interactions and are
characterized by their distinct spatial and temporal properties.

The presence of coherent Langmuir wave structures is essential for the efficient conversion of plasma
energy into high brightness temperature radiation. The coherent nature of these structures allows for
the constructive interference of the emitted radiation, resulting in enhanced intensity and brightness.

This is particularly important in understanding astrophysical phenomena such as radio bursts, where

77



observations often reveal extremely high brightness temperatures that cannot be easily explained by
incoherent emission mechanisms alone.

In regions of the plasma where the Langmuir waves are highly organized and coherent, the electron
density and electric field fluctuations are concentrated within these structures. As a result, the accelera-
tion and oscillation of electrons occur in a synchronized manner, leading to enhanced radiation emission.
The coherence of Langmuir waves ensures that the emitted radiation is concentrated within a narrow an-
gular range, further contributing to the high brightness temperature observed.

The generation of high brightness temperature radiation from coherent Langmuir wave structures is
facilitated by the interplay between the plasma dynamics, wave-particle interactions, and the surround-
ing plasma environment. The plasma parameters, such as electron density, temperature, and magnetic
field strength, influence the formation and stability of the coherent structures. The presence of other
plasma waves, instabilities, or turbulence can also affect the properties and evolution of these structures,
ultimately influencing the characteristics of the emitted radiation.

While the generation of high brightness temperature radiation from coherent Langmuir wave struc-
tures is an intriguing phenomenon, it is important to acknowledge certain limitations associated with this
process. These limitations arise from various factors that can affect the efficiency and characteristics of
the radiation emission.

The generation of coherent Langmuir wave structures and their subsequent conversion into high
brightness temperature radiation strongly depends on the plasma conditions. Inhomogeneities in plasma
parameters, such as electron density, temperature, and magnetic field strength, can affect the forma-
tion and stability of these structures. Non-uniform plasma conditions can lead to mode coupling, wave
dispersion, and energy dissipation, reducing the coherence and efficiency of the radiation generation
process.

The interaction between Langmuir waves and particles within the plasma can influence the conver-
sion efficiency and properties of the emitted radiation. Wave-particle interactions, such as scattering,
Landau damping, and wave-breaking, can dissipate energy from the coherent Langmuir waves, reducing
the overall intensity and coherence of the generated radiation.

Nonlinear processes can significantly impact the generation of high brightness temperature radiation
from coherent Langmuir wave structures. Nonlinear wave-wave interactions, such as harmonic gener-
ation or wave steepening, can redistribute the energy of the Langmuir waves, leading to the emission
of radiation at different frequencies or harmonics. While nonlinear effects can enhance the complexity
and richness of the radiation spectrum, they can also reduce the coherence and intensity of the emitted
radiation.

The generation of high brightness temperature radiation from coherent Langmuir wave structures
is typically confined to specific frequency ranges. The coherent radiation is often observed in the radio
or microwave frequency regimes. Generating coherent radiation at higher frequencies, such as visible
or X-rays, faces additional challenges due to the shorter wavelength and the need for more stringent
coherence requirements.

Plasma instabilities and turbulence can disrupt the coherence of Langmuir wave structures and affect
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the generation of high brightness temperature radiation. In regions of plasma turbulence, wave-particle
interactions become more chaotic and incoherent, leading to the incoherent emission of electromagnetic
waves. Plasma instabilities can introduce additional modes and fluctuations, complicating the coherence
and intensity of the emitted radiation.

Langmuir wave collapse refers to the phenomenon where Langmuir waves, which are coherent
plasma oscillations driven by electron density perturbations, undergo a rapid and dramatic energy lo-
calization leading to intense electric fields and particle acceleration. This collapse occurs when the non-
linear effects within the plasma become dominant, causing the wave to become highly focused and
localized in space. This localized process may lead to plasma dipole oscillation.

However, the specific connection between Langmuir wave collapse and plasma dipole oscillation
has not been extensively studied or established in the scientific literature. While both phenomena involve
plasma oscillations, their relationship and potential interplay have not been thoroughly investigated or
documented.

Langmuir wave collapse itself is a complex phenomenon that occurs when the nonlinear effects
within the plasma become significant. The intense electric fields generated during collapse can lead to
particle acceleration and the production of high-energy radiation. The process of collapse results in the
localization of energy and can have important implications for plasma physics, such as in the study of
laser-produced plasmas or astrophysical environments.

On the other hand, plasma dipole oscillation refers to the collective oscillation of the plasma density,
exhibiting a dipole-like behavior with alternating regions of high and low density. This phenomenon is
distinct from Langmuir wave collapse and involves different aspects of plasma behavior and dynamics.

While there might not be a specific study on the direct connection between Langmuir wave collapse
and plasma dipole oscillation, it is important to note that plasma physics is a vast and evolving field of
research. New studies and discoveries continually expand our understanding of plasma phenomena, and
it is possible that future investigations may uncover potential relationships or correlations between these
phenomena.

To explore the potential connection between Langmuir wave collapse and plasma dipole oscillation,
further simulation and theoretical studies would be required. These studies could involve detailed ob-
servations and measurements of plasma behavior, numerical simulations, and theoretical modeling. By
delving into these areas of research, scientists may gain valuable insights into the complex dynamics of
plasmas and potentially reveal new connections between different plasma oscillations and instabilities.

Before embarking on the study of the potential connection between Langmuir wave collapse and
plasma dipole oscillation, it is crucial to establish that the Plasma Dipole Oscillation (PDO) is indeed
generated in astrophysical plasmas. The PDO is a penitential candidate for a strong radiator in vari-
ous astrophysical contexts, including but not limited to solar flares, magnetospheric phenomena, and
stellar atmospheres. Such interconnectedness provides a rich landscape for investigating the potential
implications and interests of exploring the connection between these phenomena.

The primary interest of this paper is to unravel the underlying physics and mechanisms governing

plasma dipole oscillation in astrophysical plasmas characterized by the presence of a strong magnetic
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field. In astrophysical environments, such as magnetars, pulsars, or magnetospheres, the magnetic field
plays a crucial role in shaping the behavior and dynamics of plasmas. Therefore, understanding how
plasma dipole oscillations manifest and interact within the context of strong magnetic fields is of signif-
icant interest and importance.

One of the central objectives is to investigate how the presence of a strong magnetic field influ-
ences the generation of plasma dipole oscillations. The magnetic field, with its associated forces and
constraints, can impose additional effects and constraints on the behavior of plasmas. It is crucial to
comprehend how these magnetic field-induced modifications impact the characteristics and dynamics of
plasma dipole oscillations, such as their amplitude, frequency, and spatial distribution.

Another key focus is to explore the coupling between plasma dipole oscillations and the magnetic
field itself. The strong magnetic field can exert a profound influence on plasma behavior. Investigating
how plasma dipole oscillations interact and couple with the magnetic field can provide insights into the
interplay between plasma dynamics and magnetic forces, contributing to our understanding of astro-
physical plasma phenomena.

Furthermore, the study aims to elucidate the consequences and implications of plasma dipole os-
cillations in the presence of a strong magnetic field. The interplay between plasma oscillations and the
magnetic field can give rise to various effects, including the generation of intense electromagnetic radia-
tion and the formation of localized plasma structures. Exploring these consequences can shed light on the
role of plasma dipole oscillations in astrophysical processes such as magnetar flares, pulsar emissions,
or the dynamics of magnetospheric plasmas.

To investigate these phenomena, a combination of theoretical modeling and numerical simulations
is employed. Theoretical frameworks are developed to describe the behavior of plasmas under the influ-
ence of strong magnetic fields and to formulate equations governing plasma dipole oscillations in these
environments. Numerical simulations provide a means to explore the complex interactions and dynamics

of plasma dipole oscillations within realistic astrophysical scenarios.

4.2 Displacement of plasma block

In the case of a non-magnetic field configuration, build-up process of dipole field was investigated.
Under these conditions, the dragging phase occurs, where the plasma block experiences a linear dis-
placement with the phase velocity of the beat wave, denoted as vy. The rapid oscillation observed at the
bounce frequency @, = 2mag during the linear growth phase confirms that the field growth is primarily
caused by trapped electrons, which generate an electrostatic dipole. Subsequently, following the colli-
sion of pulses, the dipole block enters a relaxation-oscillation phase at the plasma frequency (observed
for ¢t > 0.75 in Fig.29). During this relaxation-oscillation period, the micro-bunches of electrons within
the dipole block merge together to form a single super-bunch, exhibiting collective behavior.

On the other hand, in the case of a homogeneous magnetic field, the dynamics of the dipole block
show notable differences. The presence of the magnetic field introduces additional constraints and influ-

ences on the motion of the electrons. The dipole block now exhibits a more complex behavior, with the
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Figure 30: The electric fields probed at the dipole center (a) magnetic field is 120T and (b) is OT respec-
tively.

electron trajectories being modified by the Lorentz force. This leads to a deviation from the previously
observed linear displacement and results in a curved trajectory for the dipole block.

Moreover, the magnetic field affects the relaxation-oscillation process of the dipole block. The merg-
ing of micro-bunches to form a super-bunch is still observed, but the presence of the magnetic field alters
the dynamics of this process. Dragging phase in the magnetic field becomes different due to the magnetic
force. Magnetic force bends linear averaged path of plasma block. (a) in Fig.30 depicts the dipole field
variation in the presence of a magnetic field. As expected, the magnetic force causes the dipole block to
deviate from its linear path, resulting in a bent trajectory. This bending effect alters the dynamics of the
dipole block and leads to a modified relaxation-oscillation behavior compared to the non-magnetic field
case.

Based on the detailed observation of the dipole field variation, an interesting interpretation emerges
regarding the motion of the plasma block. In the absence of a magnetic field, the plasma block undergoes
a linear displacement during the dragging phase, with a velocity proportional to the beat wave phase
velocity (vy). However, when a magnetic field is introduced, the motion of the plasma block transforms
from a linear trajectory to a rotational motion. This intriguing behavior is depicted in Figure 31, where
the different motion patterns are illustrated.

When the plasma block is displaced from its original position due to the bending effect caused by
the magnetic field, a charge separation occurs within the block. This charge separation leads to the ap-
plication of restoring forces on the plasma block, causing it to undergo a reverse displacement following
the previous bending path. To capture this behavior, I propose a model where the displacement of the
plasma block can be described as a circular displacement, denoted as r¢, where r represents the radial
distance and ¢ represents the angular position.

By considering the circular displacement, we can construct a harmonic oscillator equation to de-
scribe the dynamics of the plasma block. This equation incorporates the restoring forces that act on
the block due to the charge separation and the influence of the magnetic field. The harmonic oscillator
equation allows us to analyze the periodic oscillations and determine the amplitude and frequency of the

motion.
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aatz5(r¢)+w§6(r¢) =0 (88)

If the system’s axis follows the r¢ direction, resulting in a reduction in the degree of freedom,
the frequency of the PDO aligns with the plasma frequency. In this simplified scenario, the motion is
confined to a single path, and the PDO primarily occur along the r¢ direction. As a result, the frequency
of the PDO coincides with the plasma frequency.

However, in situations where the system exhibits full freedom in all three dimensions, the frequencies
associated with PDO can deviate from the plasma frequency. This is due to the additional degrees of
freedom departing r¢ by the motion in the radial r and azimuths angle ¢ directions. In such cases, the
PDO can manifest at frequencies different from the plasma frequency, as the oscillations involve a more
complex interplay between the different spatial dimensions.

By adopting these approaches, experimenters can effectively handle signals in three dimensions and
discern the diverse frequencies associated with plasma dipole oscillations. This allows for a compre-
hensive understanding of the complex dynamics and behavior of plasmas, leading to insights into the
underlying physics, energy transfer mechanisms, and potential applications in various astrophysical and
laboratory plasma settings.

Applying time derivative to equation of motion, I obtain the following equation.
8780 428189 +8r8¢ + w;5(r¢) =0 (89)

The derived equation of motion incorporates terms influenced by the magnetic force, restoring forces
due to charge separation, and inertial forces acting on the plasma block. However, accurately determin-

ing the constraint of angular motion poses challenges due to the plasma block not being a perfect rigid

dé(r¢)
dt

representation in this case. To address this complexity, I introduce an unknown factor to account for the

body. Consequently, the form of the current, typically expressed as p

, 1s not a straightforward

specific characteristics of the plasma block and its angular motion. In order to further explore the rota-
tional dynamics of the plasma block, I propose an ad-hoc relation between the angular factor and known
parameters. This relation aims to capture the interdependence between the angular displacement and
other variables involved in the equation of motion. While this introduces some level of approximation,
it allows for a more comprehensive understanding of the system and its behavior. By incorporating this
unknown factor and establishing a relation with relevant parameters, we can better analyze and predict
the rotational motion of the plasma block. This approach enables us to account for the inherent complex-
ities arising from the plasma block’s non-rigid nature and provides a means to refine our understanding
of its angular dynamics.

In the context of determining the constraint of angular motion in the rotational dynamics of the
plasma block, an ad-hoc relation can be inferred based on the magnetization properties. The magnetiza-
tion of the plasma block plays a crucial role in the interaction with the magnetic field and the resulting
rotational behavior. By considering the magnetization effects, we can establish a relation between the
angular factor and the known parameters, thereby enhancing our understanding of the system’s angular

dynamics.
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To account for these magnetization effects and incorporate them into the equation of motion, an
ad-hoc relation is proposed. This relation establishes a connection between the unknown factor repre-
senting the angular motion and the relevant parameters, considering the magnetization properties of the
plasma block. By including this relation, we can gain insights into how the magnetization influences the
rotational behavior and further refine our understanding of the system. I model angular factor y by ®,

and ., representing electric and magnetic forces respectively.

8¢ ~ =+ = +y(@p,,®:)6¢ 1)

By inserting 8¢ into the equation, I obtain a modified expression that explicitly includes the time
derivative of the angular displacement. Rearranging the terms in this equation allows me to isolate and

analyze the contributions of the angular factor to the overall rotational dynamics of the plasma block.

87+ 27(wp, 0c) 57+ (@) — Y (wp, ) 87 =0 (92)

It is important to note that the ad-hoc relation based on magnetization is an approximation and
may require further validation through experimental studies and numerical simulations. By conducting
detailed measurements and modeling efforts, we can assess the accuracy and limitations of the proposed
relation and gain a more comprehensive understanding of the intricate interplay between magnetization
and the rotational dynamics of the plasma block. Applying harmonics to Eq.92, auxiliary equation can

be obtained.

o* +2iy(w,, )0+ (@) — (0, 0)) =0 (93)

The use of harmonics in the analysis of the auxiliary equation allows us to identify dominant modes
of oscillation and examine their contributions to the overall radial motion. This analysis aids in under-
standing the behavior of the plasma block over time and provides a framework for predicting and con-
trolling its radial dynamics. The solution of this auxiliary equation shows the frequency of magnetized

plasma dipole oscillation.
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Figure 32: Spectral peaks of magnetized PDO, dashed lines represent H-mode and X-modes, red lines

are calculated by theory and point data is obtained from the simulations
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I investigate spectrum of magnetized PDO using the PIC code. This computational approach al-

O =xiy+

lowed me to fit the ad-hoc relation. By performing numerical simulations, I obtained the spectrum of the
magnetized PDOs. This spectrum shows the regime of the mode variation depending on the magnetic
fields.

The fitting results for the circular factors, as determined from the analysis, indeed exhibit a notable
similarity, differing only in one parameter in exponent. For the right circular factor, denoted as R, the
equation is:

1 i 1 )
1 _}_6732():71) 21 —|—e*32()‘*1)

Similarly, for the left circular factor, denoted as L, the equation takes the form:

=1 w, (95)
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By incorporating these circular factors into the frequency equation and eliminating the imaginary

(96)

component, I conducted an extended analysis that yielded the curves illustrated in Figure 32. Notably,
even after applying this approach, certain data points persist in the H-mode. Consequently, the unex-
plained characteristics of the bending path model remain unresolved. The H-mode phenomenon contin-
ues to present challenges and complexities that require further investigation and understanding.

The analysis of the spectral peaks curve reveals an intriguing feature: the H-mode splits into X-
modes at a specific point, approximately around @, ~ @,. This critical point signifies the transition
to fully magnetized electron plasma. I classify the regimes of magnetized PDO by this critical points.

0. K o), is weak field regime and @. > ), is strong field regime.
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Figure 33: Spectrum of PDO in the magnetic fields, 1T and 150T

4.3 Interpretation of spectral characteristics of the plasma block motion in the dipole
field

In the preceding section, an intriguing observation was made regarding the behavior of the H-mode
and X-modes in relation to the critical magnetic field point. Despite exceeding the critical point, the
H-mode persists while the presence of X-modes becomes apparent in the spectrum of the PDO. Based
on the variation in spectral peak amplitudes, it can be argued that the H-mode appears to split into X-
modes. The black lines depicted in Figure 33 represent the frequency positions of both the H-mode and
X-modes.

In the case of a 1T magnetic field, only a single peak corresponding to the H-mode is observed.
However, in the 150T case, three peaks are evident, representing the H-mode and the two X-modes.
A notable difference between the amplitudes of the spectral peaks in the H-mode is observed when
comparing the 1T and 150T cases. The peak amplitude in the 1T case is significantly higher than that
in the 150T case. In contrast, the X-modes in the 150T case exhibit larger amplitudes compared to the
H-mode.

This intriguing phenomenon suggests that as the magnetic field strength increases beyond the critical
point, there is a redistribution of the spectral energy between the H-mode and the newly emerged X-
modes. The reduced amplitude of the H-mode peak in the 150T case indicates a decrease in the energy
associated with the traditional H-mode behavior. Meanwhile, the amplification of the X-mode peaks
suggests an enhanced presence and energy allocation to these modes in the 150T case.

H-mode is known that longitudinal mode of plasma wave. During the PDO formation, initial stage of
beat wave dragging enforces the longitudinal motion to generate H-mode. However, after disappearance
of beat wave, rotational motion becomes dominant with the main drivers are restoring force and magnetic
force. Averaged motions of electrons in dipole field are calculated for the nonmagnetic and magnetic
cases.

The H-mode is widely recognized as a longitudinal mode of plasma wave, characterized by specific
behaviors and dynamics. During the formation of the PDO, the initial stage involves the beat wave

dragging, which enforces the longitudinal motion and gives rise to the H-mode. However, as the beat
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Figure 34: Averaged motion of electrons in the dipole field with magnetic fields, OT and 120T

wave dissipates, the dominant motion transitions to a rotational nature, with the main drivers being the
restoring force and the magnetic force.

To gain further insights into the average motions of electrons in dipole fields, calculations are per-
formed for both nonmagnetic and magnetic cases. In the nonmagnetic case, the trajectory of electrons
in a dipole field exhibits a notable characteristic: linear motion is conserved after their release. Once set
in motion, the electrons continue along a straight path, maintaining their initial velocity and direction.
This linear motion is a consequence of the absence of magnetic forces that could alter the trajectory of
the electrons. As a result, they undergo unhindered motion, following a straight line in the dipole field.

In contrast, the presence of a magnetic field introduces a significant change in the behavior of elec-
trons. When PDO is released in a beat wave, the trajectory of electrons undergoes a transition from linear
to rotational motion. This shift occurs due to the disappearance of PM force of beat wave and interaction
between the magnetic field and the charged particles. The magnetic force causes the electrons to follow
a curved or rotational path.

In order to investigate the mode transition from H-mode to X-modes more closely, wavelet trans-
forms were applied using various wavelet functions such as the Mexican hat, Gaussian, and Morlet. The
choice of wavelet function plays a crucial role in determining the spectral resolution of the analysis.
However, despite employing different wavelet functions, it proved challenging to resolve the spectral

transition from the H-mode to the X-modes in a clear and distinct manner.

4.4 Radiation characteristics from the magnetized PDO

In weak field regimes, the behavior of the dipole field spectrum is predominantly characterized by the
H-mode, whereas the radiation spectral peaks appear at the X-modes (See Fig. 35). The absence of the
H-mode in the radiation spectrum can be understood by considering its nature as a resonance mode.

The H-mode refers to a specific mode of oscillation in the plasma that occurs when the driving
frequency matches the natural frequency of the plasma column. It is essentially a resonant response of
the plasma to the applied field. In weak field regimes, where the influence of external magnetic fields
is not as pronounced, the dominant mode of oscillation is the H-mode. Consequently, the dipole field

spectrum primarily exhibits the H-mode.
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Figure 35: (a) Radiation spectrum, (b) Averaged Radiation power from the magnetized PDO

On the other hand, when radiation is emitted from the plasma, the spectral peaks appear at the
X-modes. The X-mode refers to a mode of oscillation in which the electromagnetic waves propagate.
Unlike the H-mode, the X-mode does not rely on a resonance condition. It is a more general mode of
wave propagation in plasmas and is capable of carrying energy away from the plasma.

The existence of X-modes dominates the behavior of the dipole field spectrum in the strong field
domain, which is characterized by a large effect of the external magnetic field. X-modes become the
dominating mode of oscillation in the plasma, contributing a significant amount of the spectral intensity
in the dipole field spectrum. This pattern is consistent with the discovery that the radiation’s spectral
peaks also show at the X-modes.

This behavior can be understood by considering the characteristics of the X-mode compared to other
modes. Unlike the H-mode, which relies on resonance with the plasma’s natural frequency, the X-mode
is not limited by resonance conditions. It can propagate across the magnetic field lines and effectively
carry energy away from the plasma even in the presence of strong external magnetic fields. Therefore, in
the strong field regime, where the external magnetic field plays a significant role, the X-mode becomes
the dominant mode for both the dipole field spectrum and the radiation spectral peaks.

It is important to note that the absence of the H-mode in the radiation spectrum does not imply
the absence of radiation altogether. Rather, it signifies that the resonant mode of oscillation associated
with the H-mode does not contribute significantly to the energy radiated from the plasma. Instead, the
X-modes, which are not resonance modes, become more prominent in carrying away the energy in the
form of radiation.

X-modes, which are observed in the strong field regime, encompass two distinct components: right
circular and left circular modes. These modes arise due to the alternating rotational motion of plasma
particles within the magnetic field. These dynamic plasma motions give rise to characteristic changes in
the spatial distribution of electromagnetic fields, leading to an alteration in the radiation pattern from the
typical dipole radiation to a more complex structure consisting of two crossed tilted figure eight shapes.

The right circular mode corresponds to the case where the plasma particles rotate in a clockwise
direction when viewed along the direction of propagation, while the left circular mode corresponds to
counterclockwise rotation. The rotation of plasma particles in these modes introduces a new character-
istic to the radiation pattern, resulting in distinct changes in the spatial distribution of electromagnetic
fields.
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Figure 36: (a) Radiation distribution of PDO, (b) Radiation distribution of magnetized PDO, (c) angular

distribution of radiation from PDO and (d) angular distribution of radiation from magnetized PDO

The alternating rotational motion of plasma particles and the resulting right and left circular modes
have a profound impact on the radiation pattern emitted from the plasma. Instead of the simple dipole
radiation pattern observed in weaker field regimes, the X-modes give rise to two crossed tilted figure
eight shapes in the radiation pattern. These crossed tilted figure eight shapes represent the distribution
of the electric and magnetic fields in space. The rotation of plasma particles in the right and left circular
modes introduces an asymmetry in the radiation pattern, leading to the crossing of the figure eight
shapes. The tilt of these shapes arises from the angle diversions caused by the rotational motion of
plasma particles. Angular distributions of radiation are calculated fields on the dashed circle depicted in
Fig. 36 (b). Virtual probes on the circle is used for calculating radiation power in Fig. 35 (b).

In summary, the presence of a magnetic field plays a significant role in changing the characteristics
of PDO. The magnetic field interacts with the plasma, resulting in the bending of the PDO displace-
ment and causing characteristic changes. The intensity of the magnetic field determines the rotational
characteristics of the plasma block, influencing the modes of oscillation observed.

In the weak field regime, where the magnetic field influence is less pronounced, a magnetized PDO
exhibits the upper-hybrid mode. This mode arises due to the interaction between the magnetic field and
the plasma, leading to the formation of oscillations at frequencies corresponding to the upper-hybrid
resonance.

In the strong field regime, the magnetic field intensity becomes significant, impacting the plasma
dynamics and resulting in the presence of both upper-hybrid and X-modes in the magnetized PDO. The
upper-hybrid mode persists, while the X-mode, which corresponds to the propagation of waves across
the magnetic field lines, becomes more prominent. The strong magnetic field influences the rotational
motion of plasma particles and facilitates the efficient transfer of energy via X-modes, ultimately leading

to changes in the dipole field spectrum and the appearance of spectral peaks in the radiation at X-modes.
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YV PDO mechanism for the radio bursts

5.1 Brief overview of radio bursts in astrophysics

Radio bursts play a pivotal role in astrophysical research, offering profound insights into the work-
ings of the universe [77]. These bursts, characterized by intense emissions of radio waves [78], provide a
unique window into various celestial phenomena, spanning a wide range of cosmic sources and environ-
ments. Their significance lies in the wealth of information they provide about the physical mechanisms,
dynamics, and properties of astrophysical systems.

One key aspect of radio bursts is their ability to unveil the underlying physical processes occurring
within celestial objects. By studying the emission of radio waves, scientists can delve into the dynamics
of energetic events such as solar flares [79] and coronal mass ejections [80]. Solar radio bursts, originat-
ing from the Sun, provide invaluable information about the Sun’s magnetic activity, plasma instabilities,
and magnetic reconnection processes [81]. These bursts allow us to probe the Sun’s dynamic atmosphere
and gain insights into the mechanisms responsible for releasing vast amounts of energy into space.

In addition to solar radio bursts, other types of radio bursts contribute to our understanding of cos-
mic phenomena. Fast Radio Bursts (FRBs) are an enigmatic class of bursts originating from extragalactic
sources [82]. The study of FRBs has the potential to revolutionize our understanding of the Universe.
These millisecond-duration bursts, with their intense and coherent radio emission [83], carry information
about extreme astrophysical environments, such as neutron stars, magnetars, and possibly even cosmo-
logical events such as compact object mergers. The detection and analysis of FRBs provide a unique
opportunity to probe the interstellar and intergalactic medium, offering insights into the distribution of
matter and magnetic fields on cosmological scales.

the importance of radio bursts extends beyond individual objects. The study of radio bursts provides
insights into fundamental physical processes such as synchrotron radiation, plasma instabilities, and
magnetic reconnection. These processes are common in astrophysical plasmas and occur in various con-
texts, including accretion disks around black holes, active galactic nuclei, and pulsar magnetospheres. By
analyzing radio bursts, researchers can test and refine theoretical models, advancing our understanding
of the underlying physical mechanisms that govern the behavior of cosmic objects.

Furthermore, radio bursts offer a unique opportunity for multi-wavelength studies. By correlating
radio observations with data from other wavelengths, such as X-rays, gamma rays, and optical, scientists
can gain a comprehensive view of astrophysical phenomena. The synergy between different wavelengths
allows for a more complete understanding of the physical processes, energy transfer mechanisms, and
interactions between different components of astrophysical systems.

To fully exploit the potential of radio bursts, ongoing technological advancements are essential. The
development of sensitive radio telescopes, array configurations, and sophisticated data analysis tech-
niques has greatly enhanced our ability to detect and characterize these bursts. The increased sensitivity
and higher time and frequency resolution enable researchers to explore a broader parameter space, un-

covering previously unknown phenomena and improving our understanding of known sources.
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5.2 Solar Radio Bursts

Eruptions on the Sun, such as solar flares and coronal mass ejections (CMEs), are known to generate
intense radio emission, giving rise to solar radio bursts. These bursts are of significant importance in
astrophysics as they provide valuable insights into the dynamic and energetic processes occurring in the
Sun’s atmosphere.

Solar flares are sudden releases of magnetic energy stored in the Sun’s atmosphere. When the mag-
netic field lines in the solar atmosphere become twisted and distorted, they can undergo a process called
magnetic reconnection. This process leads to the rapid release of a tremendous amount of energy, causing
the eruption of plasma and the emission of high-energy particles, electromagnetic radiation, and radio
waves. The accelerated particles, particularly electrons, interact with the plasma and magnetic fields in
the solar corona, producing intense radio emissions across a broad range of frequencies.

The energy released during a solar flare is equivalent to millions of atomic bombs exploding simul-
taneously. The majority of the energy is emitted in the form of X-rays and extreme ultraviolet (EUV)
radiation, although flares also emit significant amounts of gamma rays, visible light, and radio waves.
X-rays and EUV radiation are absorbed in Earth’s atmosphere and can affect the ionosphere, causing
disturbances in the propagation of radio waves.

Solar flares are classified based on their X-ray emission, with the classification ranging from A-class
(weakest) to X-class (strongest). X-class flares are the most powerful, and their effects can be significant.
The energy released during a flare can heat the surrounding plasma to tens of millions of degrees Cel-
sius, accelerating charged particles, particularly electrons, to near the speed of light. These high-energy
particles can escape the Sun’s gravitational pull and travel through space, sometimes reaching Earth and
causing space weather effects.

One of the notable consequences of solar flares is the generation of coronal mass ejections (CMEs).
CMEs are massive eruptions of plasma and magnetic fields from the Sun’s corona. When a flare occurs,
it can trigger a CME by rapidly expelling a large amount of magnetized plasma into space. These CMEs
can travel at speeds ranging from a few hundred to several thousand kilometers per second and have the
potential to cause geomagnetic storms when they interact with Earth’s magnetic field.

Understanding coronal mass ejections (CMEs) and unraveling the intricate triggers behind their
initiation is of utmost importance in solar physics and space weather research. CMEs, which are colossal
eruptions of plasma and magnetic fields from the Sun’s corona, represent some of the most energetic and
dynamic events in the Sun-Earth system. Despite extensive study, the precise mechanisms responsible
for initiating CMEs continue to be a subject of ongoing scientific investigation and debate.

Various theories have been proposed to explain the trigger mechanisms for CME initiation. One
prominent hypothesis suggests that CMEs result from the sudden release of stored magnetic energy in
the Sun’s corona. Magnetic instabilities, such as the kink instability or the torus instability, can cause
the magnetic field lines to become highly twisted and stressed [84]. When the magnetic energy exceeds
a critical threshold, a CME may be initiated, leading to the expulsion of a significant amount of plasma

and magnetic flux into the interplanetary space.
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Another potential trigger mechanism involves the destabilization of filament structures [85] within
the Sun’s atmosphere. Filaments, also known as prominences, are dense and cool plasma structures that
are suspended in the Sun’s magnetic field. When the equilibrium of a filament becomes disrupted, either
through magnetic forces or external disturbances, it can rapidly erupt, giving rise to a CME.

Additionally, the interaction between different magnetic structures, such as magnetic reconnection,
has been proposed as a trigger mechanism for CME initiation. Magnetic reconnection occurs when
opposing magnetic field lines come into contact, allowing the magnetic energy to be rapidly converted
into kinetic energy and thermal energy. This process can lead to the destabilization and eruption of the
overlying magnetic field, initiating a CME.

Advancing our understanding of the triggers for CME initiation is crucial for several reasons. First,
CMEs are capable of releasing vast amounts of energy and matter into space, influencing the space
weather conditions in the heliosphere and affecting the near-Earth environment. CMEs can produce
intense geomagnetic storms, which can disrupt satellite communications, power grids, and navigation
systems, highlighting the need for accurate forecasting and prediction.

Furthermore, CMEs play a significant role in shaping the structure and dynamics of the solar wind, a
stream of charged particles emitted by the Sun. As CMEs propagate through the interplanetary medium,
they interact with the ambient plasma and magnetic field, modifying their configurations and introducing
disturbances. Understanding the triggers behind CME initiation helps in elucidating the fundamental
processes governing the dynamics of the solar wind and the interplanetary magnetic field (IMF) in the
vicinity of Earth.

Coronal mass ejections (CMEs) and solar radio bursts are intimately linked phenomena that occur
in the Sun’s atmosphere. Solar radio bursts are sudden increases in radio emission observed across a
wide range of frequencies, ranging from a few megahertz to several gigahertz. These bursts are often
associated with the eruption and expansion of CME:s.

During a CME event, the release of immense amounts of energy and magnetic fields from the Sun’s
corona generates shock waves and accelerates charged particles. These energetic particles can interact
with the ambient plasma and magnetic field in the solar atmosphere, giving rise to radio emissions. The
acceleration of electrons in the CME-driven shock fronts and the subsequent interaction of these elec-
trons with the ambient plasma produce radio waves through a process called gyrosynchrotron radiation.

Radiation from an accelerated charge is described by the relativistic Larmor formula, which provides

insights into the power emitted by the charge. The formula is given as:

24° 24°
P= gy“(ai +aj) = gy%zi (97)

In this equation, P represents the power radiated, ¢ is the charge of the particle, c is the speed of light,
Y is the relativistic factor, and a, and a| represent the perpendicular and parallel components of accel-
eration, respectively. Gyromagnetic radiation specifically occurs due to the acceleration experienced by
an electron as it gyrates in a magnetic field, influenced by the Lorentz force. The power radiated in this

scenario can be expressed as:
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Here, wp represents the gyrofrequency, which is equal to the cyclotron frequency (@.) divided by
the relativistic factor (). The perpendicular velocity of the electron is denoted by v . When considering
the motion of a relativistic particle in a magnetic field, the angle it experiences due to the field during a
short period is proportional to % However, taking into account time delays, the time length observed in

the laboratory frame can be approximated as:

At

o< s (99)

Due to the relativistic nature of the particle, the power spectrum becomes sharply peaked, leading
to pulsed radiation. The classification of gyromagnetic radiation types is dependent on the relativistic
factor (7). For non-relativistic or thermal conditions where ¥ < 2, the radiation is referred to as gyro-
resonance or cyclotron radiation. In the mildly relativistic range where ¥ o< 2 — 6, the radiation is known
as gyrosynchrotron radiation. For ultra-relativistic conditions where y > 1, the radiation is classified as
synchrotron radiation. The spectral width of thermal gyroresonance radiation is exceptionally narrow
and can be approximated by:

i:/ A~ :ZZ; (100)

In this equation, Av represents the spectral width, v, is the cyclotron frequency, kp is the Boltzmann
constant, T is the temperature, and m, is the electron mass. The harmonic number s (e.g., s =1,2,3,...) is
also taken into account. On the other hand, in the case of ultra-relativistic conditions, adjacent spikes in
the radiation spectrum are separated in frequency by Av = V—}; Fluctuations in electron energy, magnetic
field strength, or pitch angle contribute to broadening the spikes, resulting in a continuous spectrum.

Solar radio bursts can be classified into different types based on their spectral characteristics, dura-
tion, and associated phenomena. These classifications provide valuable information about the underlying
physical processes and dynamics occurring in the Sun’s atmosphere. Here, we will discuss some of the
common types of solar radio bursts.

Type I radio bursts, also known as solar noise storms, are electromagnetic emissions observed at
radio frequencies originating from the Sun. They are characterized by their narrowband, short-duration
bursts of intense radio waves. These bursts occur primarily in the decimeter and meter wavelength range,
corresponding to frequencies of a few tens to a few hundred megahertz. Type I radio bursts are associated
with energetic processes in the solar atmosphere, particularly in the regions of the Sun’s corona.

The underlying mechanism responsible for Type I radio bursts is the plasma emission process.
Plasma waves are excited in the Sun’s corona, where high-energy electrons interact with the magnetic
field. As these electrons move along the magnetic field lines, they emit radio waves at specific harmonics
of the electron gyrofrequency. The fundamental harmonic produces the Type I radio bursts, and higher

harmonics are also observed in some cases.
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Type I radio bursts can occur as isolated bursts or as a series of bursts. They typically exhibit rapid
frequency drifts, starting from higher frequencies and drifting towards lower frequencies over time.
The frequency drifts are attributed to the dispersion of plasma waves in the solar corona. The electron
density along the path of the radio waves causes a frequency-dependent delay, resulting in the observed
drift pattern.

These bursts are associated with solar flares and coronal mass ejections (CMEs), which are powerful
eruptions of magnetic energy from the Sun. Solar flares release enormous amounts of energy across the
electromagnetic spectrum, including radio waves. The Type I radio bursts provide valuable information
about the acceleration and propagation of energetic electrons during solar flares and CME:s.

Observing and studying Type I radio bursts is essential for understanding the dynamic processes
occurring in the Sun’s atmosphere. They help in investigating the generation and propagation of solar
energetic particles and the mechanisms responsible for energy release during solar flares. By analyzing
the properties of these bursts, scientists can gain insights into the structure and dynamics of the Sun’s
corona and improve our knowledge of space weather phenomena that impact Earth and our technological
infrastructure.

Type 1II radio bursts are another type of solar radio emission that provides valuable insights into
solar eruptive events and their effects on space weather. These bursts are characterized by their wide-
band, long-duration spectral features and are typically observed at frequencies ranging from a few tens
of megahertz to a few hundred kilohertz. Type II bursts are associated with shock waves propagating
through the solar corona and interplanetary space.

The generation of Type Il radio bursts is closely tied to coronal mass ejections (CMEs), which are
massive eruptions of plasma and magnetic fields from the Sun. As a CME travels outward from the Sun,
it drives a shock wave through the surrounding solar corona and interplanetary medium. This shock
wave, often referred to as a shock front, can accelerate electrons to high energies, producing intense
radio emissions.

The emission mechanism responsible for Type II radio bursts is known as electron cyclotron maser
instability (CMI). When the shock wave interacts with the ambient plasma, it causes the electrons to
gyrate around the magnetic field lines. Under certain conditions, the interaction between the shock wave
and the electron population can lead to the amplification of radio waves through the CMI process. This
amplification results in the observed Type II burst signals.

Type II radio bursts exhibit a characteristic feature known as a frequency drift. Unlike Type I bursts,
which drift from high to low frequencies, Type II bursts show a drift from low to high frequencies
over time. This drift pattern is a consequence of the shock wave’s outward propagation through the
interplanetary medium, compressing and accelerating the plasma and causing a decrease in the plasma
frequency. As a result, the observed radio waves experience a frequency increase as they move away
from the Sun.

Studying Type II radio bursts is crucial for understanding the dynamics of solar eruptive events
and their influence on space weather. These bursts provide information about the properties of CMEs,

such as their speed, acceleration, and kinematics. By analyzing the frequency drift rates of Type II

93



bursts, scientists can estimate the shock wave’s speed and the density gradient of the ambient plasma.
This information is essential for predicting the arrival time and potential impact of CMEs on Earth’s
magnetosphere, ionosphere, and technological systems.

Furthermore, Type II radio bursts can serve as a diagnostic tool for characterizing the ambient solar
wind and interplanetary medium. By examining the properties of these bursts, such as their spectral
profiles and polarization characteristics, researchers can infer important parameters of the solar wind,
such as its density, magnetic field strength, and electron density. This knowledge contributes to our
understanding of space weather conditions and aids in the development of improved forecasting models
to mitigate potential adverse effects on space-based assets and terrestrial infrastructure.

Type III radio bursts are a distinct class of solar radio emissions that provide valuable information
about the release and propagation of high-energy electrons in the Sun’s atmosphere. These bursts are
characterized by their rapidly drifting spectral features and are observed at frequencies ranging from a
few hundred megahertz to a few kilohertz. Type III bursts are closely associated with solar flares and are
considered one of the most common types of solar radio bursts.

The underlying mechanism responsible for Type III radio bursts is the electron beam emission pro-
cess. During a solar flare, energetic electrons are accelerated and injected into the Sun’s corona along
magnetic field lines. As these high-energy electrons propagate away from the flare site, they emit radio
waves through a process called coherent plasma emission. The emitted radio waves are observed as Type
III bursts.

One of the distinguishing features of Type III radio bursts is their frequency drift pattern. These
bursts exhibit a rapid and continuous decrease in frequency over time. The drift pattern is a consequence
of the decreasing density of electrons along the magnetic field lines as the electrons move away from the
Sun. The lower electron density causes a reduction in the plasma frequency, resulting in the observed
frequency drift.

Type 111 bursts are often observed as a series of discrete frequency bands, known as lanes or striae,
that drift in parallel. The number of lanes and their separation provide information about the charac-
teristics of the electron beam, such as its energy spectrum and the magnetic field configuration through
which it propagates. By analyzing the drift rates and other properties of these lanes, scientists can in-
fer the conditions of the solar flare, including the location and strength of the magnetic field and the
distribution of the accelerated electrons.

Studying Type III radio bursts plays a crucial role in understanding the dynamics of solar flares
and the processes involved in the acceleration of high-energy particles. These bursts help scientists in-
vestigate the interaction between energetic electrons and the ambient plasma in the solar corona. By
analyzing the properties of Type III bursts, researchers can determine the energy content and distribu-
tion of the accelerated electrons, which provides valuable insights into the physical processes occurring
during solar flares.

Type IV radio bursts are a class of solar radio emissions that are characterized by their long-duration
and continuous spectral features. These bursts occur across a wide range of frequencies, from a few

hundred megahertz to a few kilohertz, and are associated with intense eruptive events on the Sun, such
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as coronal mass ejections (CMESs) and flares. Type IV bursts are considered the longest-lasting type of
solar radio bursts and can persist for hours or even days.

The generation mechanism for Type IV radio bursts is related to the interaction between accelerated
electrons and plasma in the solar corona. During eruptive events, energetic particles, particularly elec-
trons, are accelerated to high energies. These high-energy electrons interact with the ambient plasma
and emit radio waves through various mechanisms, including gyrosynchrotron radiation and plasma
emission processes.

Type IV bursts are typically observed as slowly varying or drifting emissions in the radio spectrum.
The spectral features of these bursts can exhibit both frequency drifts and intensity variations over time.
The frequency drifts are often associated with the movement of the source region of the burst in the solar
corona. As the eruptive event evolves and the associated magnetic structures reconfigure, the emission
region can move, causing the observed drift in frequency.

These bursts are commonly associated with significant solar phenomena, such as flares and CMEs.
They provide important insights into the release and propagation of energetic particles during these
events. The characteristics of Type IV bursts, such as their duration, spectral shape, and intensity profile,
can be used to study the properties of the accelerated particle populations and the magnetic structures
associated with the eruptive processes.

Type IV radio bursts are of particular interest for space weather forecasting and the prediction of po-
tential impacts on Earth’s magnetosphere and technological systems. The energetic particles associated
with these bursts can have adverse effects on satellites, spacecraft, and even terrestrial communication
systems. Monitoring and analyzing Type IV bursts contribute to our understanding of space weather
dynamics and help in developing predictive models to mitigate the potential risks associated with solar
activity.

Type V radio bursts are a class of solar radio emissions that are characterized by their short-duration,
broadband, and highly dynamic spectral features. They occur across a wide frequency range, from a few
hundred kilohertz to a few kilohertz, and are associated with intense solar flares and eruptive events.
Type V bursts are among the most powerful and intense types of solar radio bursts.

The generation mechanism of Type V radio bursts is related to the acceleration and interaction of
energetic electrons with the solar corona and interplanetary medium. During solar flares, a large amount
of energy is released, resulting in the acceleration of electrons to high energies. These energetic electrons
interact with the ambient plasma and emit radio waves through various processes, including plasma
emission and coherent emission mechanisms.

Type V bursts exhibit a highly dynamic behavior in both frequency and intensity. They can occur as
a single burst or as a series of bursts with irregular temporal patterns. The spectral features of Type V
bursts can show rapid frequency variations, intensity spikes, and even fine structures within the burst.
These dynamic characteristics are a result of the complex and rapidly changing conditions in the solar
corona during the flare and eruptive processes.

The analysis of Type V radio bursts provides valuable insights into the acceleration and propagation

of high-energy electrons during solar flares. These bursts offer information about the energy release and
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transport processes involved in the flare dynamics. By studying the properties of Type V bursts, such as
their spectral shapes, intensity profiles, and fine structures, scientists can infer the characteristics of the
accelerated electron populations and the underlying physical processes at play.

Type V radio bursts are also of great importance for space weather forecasting and the prediction of
potential impacts on Earth’s space environment. The high-energy particles associated with these bursts
can affect the Earth’s magnetosphere, ionosphere, and radiation belts, posing risks to satellites, space-
craft, and even astronauts. Monitoring and studying Type V bursts contribute to our understanding of
space weather phenomena and aid in the development of models to mitigate potential hazards.

Solar flares and coronal mass ejections (CMESs) are known to produce intense radiation, and the pri-
mary emitters of this radiation are the accelerated electron beams. The most widely accepted mechanism
for the production of radiation in these events is gyrosynchrotron emission, which occurs when energetic
electrons spiral in the strong magnetic fields present in the solar atmosphere.

The conventional mechanism of solar radio bursts, which involves the gyrosynchrotron radiation,
plasma emission, and electron-cyclotron maser emission processes, has been successful in explaining a
wide range of observed phenomena. However, there are certain limitations to this conventional mecha-
nism that warrant further investigation and refinement.

Fine Structure and Substructures: Solar radio bursts often exhibit fine structures and substructures
within their overall spectral and temporal profiles. These features include narrowband bursts, split-band
bursts, and zebra patterns, among others. The conventional mechanism struggles to explain the origin
and detailed characteristics of these fine structures, indicating the need for additional physical processes
or interactions that contribute to their formation.

Polarization Properties: The polarization properties of solar radio bursts, such as the degree and po-
sition angle of polarization, provide valuable information about the magnetic field configurations and
emission mechanisms involved. While the conventional mechanism can account for certain polariza-
tion characteristics, there are cases where the observed polarization properties are not fully consistent
with the expected predictions, suggesting the presence of additional mechanisms or complex plasma
interactions that contribute to the observed polarization signatures.

Low-Frequency Radio Bursts: The conventional mechanism primarily focuses on explaining the
emission processes at higher radio frequencies. However, recent observations have revealed the presence
of low-frequency radio bursts associated with solar flares. These bursts exhibit unique characteristics that
challenge the conventional mechanism’s ability to explain the emission mechanisms and properties at
these lower frequencies.

High Brightness Temperature: One of the challenges faced by the conventional mechanism is ex-
plaining the exceptionally high brightness temperatures observed in some solar radio bursts. While co-
herent emission processes such as electron-cyclotron maser (ECM) emission can account for intense
bursts, the reported brightness temperatures in the range of 10° to 10'3 Kelvin suggest the presence of
highly localized and energetic emission sources that may require additional or alternative mechanisms
to be fully understood.

Among the many unsolved limitation of conventional theory, The high brightness temperature ob-
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served in some solar radio bursts remains an intriguing and unsolved problem within the conventional
theory. The reported brightness temperatures ranging from 10° to 10'* Kelvin raise questions about the
underlying mechanisms responsible for such intense emission.

The ECM emission can be highly directional and produce focused bursts of radio waves. The emitted
radiation can be concentrated within a relatively narrow beam, which gives the appearance of localiza-
tion. This beam-like emission is often observed in the form of coherent radio bursts associated with
intense solar flares.

Gyro-synchrotron radiation and electron-cyclotron maser are two distinct processes involved in the
generation of radio emission by energetic electrons in the presence of a magnetic field. While both
processes are related to the interaction between electrons and magnetic fields, there are key differences
in their underlying mechanisms and characteristics.

Key features of gyro-synchrotron radiation include:

* Broadband emission: Gyro-synchrotron radiation covers a wide range of frequencies, typically

spanning from radio to X-ray wavelengths.

* Continuous spectrum: The emitted radiation forms a smooth continuum with no distinct spectral

features.

* Isotropic emission: The radiation is emitted in all directions perpendicular to the magnetic field

lines, resulting in a generally isotropic distribution of radiation.
Key features of electron-cyclotron maser emission include:

* Narrowband emission: ECM emission is often characterized by narrowband bursts of radio waves,

exhibiting a distinct spectral structure.

* Highly directional emission: The emitted radiation is highly directional and can form well-collimated

beams of radiation.

* Coherent emission: The radiation is emitted coherently, meaning that the waves are in phase,

resulting in high-intensity bursts of radiation.

* Resonant interaction: The emission occurs when the gyrofrequency of the electrons matches the

frequency of the plasma waves, leading to resonant amplification.

The ECMI (Electron Cyclotron Masers Instability) model has been found to be applicable to sponta-
neous magnetic reconnection, providing insights into the electromagnetic radiation emitted by electron
holes in this process. This model is now being applied to the study of reconnection in strong current-
aligned magnetic guide fields. These guide fields play a passive role in reconnection, as the actual re-
connection occurs in the antiparallel components on either side of the guide field-aligned current sheets,
with the current carried by kinetic Alfvén waves.

During reconnection in the presence of strong guide fields, electron exhaust regions are generated at

the X point of the reconnection site. These exhaust regions extend perpendicular to both the current and
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the guide fields, spanning a considerable distance of hundreds of electron inertial scales. Within these
exhausts, a distinct population of hot electrons with significantly reduced density is observed. These
exhaust regions exhibit properties similar to electron holes, which are localized plasma structures with
specific characteristics.

The momentum space distributions of electrons within these exhaust regions are highly deformed,
displaying steep gradients transverse to both the reconnecting and guide fields. These properties suggest
that the ECMI mechanism, with its fundamental ECMI X-mode emission, may be applicable in localized
source regions beneath the nonrelativistic guide field cyclotron frequency. In these regions, the ECMI
process may amplify and emit coherent radio waves.

However, it is important to note that not all ECM emission sources exhibit the same degree of
localization. The extent of localization can vary depending on several factors, including the properties
of the accelerated electron population, the strength and configuration of the magnetic field, and the
plasma conditions in the surrounding environment.

In certain scenarios, the ECM emission can exhibit broader spatial distributions, resulting in a more
diffuse or extended source of radio emission. This can occur when the conditions for beam-like emis-
sion are not met, or when the electron distribution is more spatially dispersed. In such cases, the ECM
emission may not appear as highly localized as in the beam-like bursts.

The Langmuir wave collapse hypothesis is a proposed mechanism for explaining certain characteris-
tics of solar radio bursts, particularly the short duration and high intensity of bursts associated with type
III and type V bursts. This hypothesis suggests that the collapse of Langmuir waves, which are plasma
waves involving electron density fluctuations, plays a crucial role in the generation of these bursts.

The Langmuir waves are excited in the solar corona by the accelerated electron beams resulting
from processes such as magnetic reconnection or plasma instabilities during solar flares. These waves
propagate through the plasma and can experience a phenomenon known as wave collapse. Wave collapse
occurs when the Langmuir waves reach a critical amplitude and interact non-linearly with the ambient
plasma.

During wave collapse, the Langmuir waves transfer their energy to other plasma waves, such as
ion acoustic waves or electromagnetic waves, through various nonlinear processes. This energy transfer
leads to the conversion of Langmuir waves into intense radio emission at the plasma frequency or its
harmonics. The emitted radio waves are then observed as solar radio bursts.

The Langmuir wave collapse hypothesis provides an explanation for the short duration and high
intensity of type III and type V solar radio bursts. The collapse of Langmuir waves results in a rapid
and efficient conversion of wave energy into radio emission, leading to the observed intense bursts of
radiation. The short duration of these bursts is attributed to the rapid collapse and subsequent decay of
the Langmuir waves.

While the Langmuir wave collapse hypothesis offers a plausible mechanism for certain characteris-
tics of solar radio bursts, it is important to note that it is not the only explanation and may not account
for all observed phenomena. Solar radio bursts are complex events influenced by a variety of factors,

including plasma conditions, magnetic field configurations, and the dynamics of accelerated particles.
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Figure 37: PDO generation schemes considering astrophysical aspect

Additional research and observations are needed to further validate and refine the Langmuir wave col-
lapse hypothesis and to gain a comprehensive understanding of the underlying physics driving solar
radio bursts.

The other possible complement to the conventional models is the PDO model. The PDO model
suggests that the high brightness temperatures in solar radio bursts can be attributed to the excitation of
dipole oscillations in the plasma. In this model, the intense radio emission is produced by the collective
motion of charged particles in the plasma, which results in enhanced radiation at specific frequencies.

The PDO model offers an alternative perspective on the generation of high brightness temperatures
by emphasizing the role of collective plasma motion. It suggests that the intense emission arises from
the coordinated behavior of charged particles within the plasma, rather than solely relying on individual
electron interactions. The dipole-like oscillations of the plasma enhance the radiation efficiency and
contribute to the high observed brightness temperatures.

While the PDO model provides a complementary explanation for the high brightness temperatures,
further research, especially relativistic PDO and also investigate the possibility of coherent radia-
tion emissions by the multiple PDO. observational evidence are needed to validate its applicability in
specific solar radio burst events. Exploring the interplay between the conventional mechanisms, such
as gyrosynchrotron radiation and plasma emission, and the PDO model can shed light on the complex
nature of solar radio bursts and help elucidate the physical processes responsible for the observed phe-

nomena.

5.3 PDO astrophysics

How to generate PDO in the corona or plenatary plasma have not been studied until now. The most
similar phenomenon is the particle bunching generated by the cyclotron maser instability, which is pos-
sible to argue that PDO is naturally generated and becomes one candidate for radio burst mechanism.
Laser based PDO generation scheme is to use colliding two detuned lasers in the stationary plasma strip.
To model the PDO in the beam, idealized configuration is considered. Plasma strip has constant velocity
and two beams are identical except for the directions. This one is physically equivalent to the previous
scheme. Difference is the frame. If the frame is stick to the plasma, each electromagnetic waves undergo
Doppler shift kv, where k is @, /v. This one naturally produces the frequency detuning. The simulation

results indicate that the PDO is stably generated.
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Figure 39: Electric fields when the laser pulses pass
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The electron distribution in Phase space and radiation pattern are the same as in the preceding
scheme’s PDO. The drift velocity is the difference between particle bunches in CME and bunches in
PDO. CME bunch displacement is perpendicular to beam velocity, whereas PDO is parallel. If the PDO
becomes relativistic and on the plasma beam with constant velocity, then what behavior will appear? I
should firstly consider the dipole formation process in advance, but I assume the PDO is stably formed

and relativistic in the plasma beam. Then the Lagrangian of it in the beam frame is like that.

2
w
L:—mczx/l—ﬁz—m7px2 (101)

Obtaining equation of motion by the Lagrangian in lab frame is complex. I will obtain the equation of

motion in the beam frame. Through the Lorentz transform, lab frame solution can be obtained.
dp’
mczygﬁlﬁ—i-wgﬁlxl =0 (102)
” represent beam frame. Acceleration is the

dp’ a)[%x’
@ " e (109)

Solving this equations to get a velocity

0252\ 2
B =1/1—(Ey— =L (104)
2mc3

where E is the initial energy of the PDO. Position and velocity in beam frame need to be also Lorentz

transformed.

X =7 (x+vt) (105)

Putting X instead of x + v¢, velocity in beam frame becomes

2,272\ 2
ﬁ’z\/l— (Eo—w”%f > (106)
2mc
B’ —v
V1=

where v is the beam velocity normalized by the speed of light.

2,252\ 2
\/1—<E0—“’5,fc’§) —v
B= (108)

w212x2\ 2
\/1_ (EO_ émc3 ) v

When beam velocity is non-zero, unstable point appear in the trajectory of PDO in phase space.

B = (107)

More the beam velocity is faster, displacement is shorten and unstable point is closed. That means drift

PDO is unstable and hard to exist in space plasmas.
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