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Abstract: This review discusses the Weibel instability (WI) in dusty plasmas with special emphasis on the effects introduced by
the charged dust grains. Adding dust to the plasma alters its collective behavior, resulting in the appearance of three different
modes. These are a high-frequency electromagnetic mode, which is more unstable as the relative dust density increases; a
damping mode caused by dust charge fluctuations; and an oscillatory WI mode. The dispersion relations and growth rates of
these modes are calculated on the basis of first-order perturbation theory. Also, how properties of the dust grains, like size,
charge, and density, affect the frequency and growth rate of these modes is investigated. This paper combines theoretical
concepts and earlier research findings to present a complete understanding of W1 behavior in dusty plasmas.
Keywords: Weibel instability (WI), Dusty plasmas, Dust charge fluctuations, Electromagnetic modes, Growth rate, dispersion
relations.

L. INTRODUCTION
Dusty plasma or complex plasma is plasma that consists of micron- or nanometer-sized charged dust grains along with electrons,
ions, and neutral atoms. Dust grains become charged by collecting electrons and ions from the surrounding plasma. They usually
acquire a significant negative charge due to the higher mability of electrons compared to ions.. The existence of these charged dust
grains brings forth new collective effects and alters the plasma’s behavior considerably from that of traditional (dust-free) plasmas.
One of the hallmarks of dusty plasmas is the generation of strongly coupled systems, with the potential energy of interaction
between dust particles being greater than their kinetic energy and resulting in ordered structures like plasma crystals [1]. The
systems act as model platforms to investigate condensed matter phenomena like phase transitions, waves, and transport at kinetic
scales. Dusty plasmas exist in a broad spectrum of environments ranging from astrophysical systems (e.g., interstellar clouds,
planetary rings) to industrial processes (e.g., plasma etching, semiconductor fabrication) to laboratory conditions where they may be
experimentally investigated in controlled environments [2].
The dusty plasma dynamics involve phenomena like dust acoustic waves, dust-ion acoustic instabilities, and self-organization. The
systems are also affected by electromagnetic fields, radiation pressure, and gravitational forces because of the relatively large mass
of dust grains in comparison to electrons and ions.
In addition, dusty plasmas offer a fertile ground for studying nonlinear processes, such as solitary structures, shocks, and
instabilities such as the Weibel instability, which can be induced by streaming particles or velocity distribution anisotropies [3].

1. THE PROCESS OF DUST PARTICLE CHARGING AND ITS INFLUENCE ON PLASMA WAVE DYNAMICS
Dust grains in a dusty plasma become electrically charged mainly by the accumulation of plasma particles. The principle charging
mechanism is electron and ion collection, following the Orbital Motion Limited (OML) theory. Since electrons have much lower
mass and move more easily compared to ions, they are collected more effectively by dust grains, and in turn, the grains will
normally be negatively charged. [2]

Other charging mechanisms are photoemission, electron emission caused by thermal energy (thermionic emission) particularly in

space and astrophysical plasmas with ultraviolet light or high-energy particles present [4] The existence of charged dust particles

importantly alters plasma behavior:

1) Electrostatic Waves: Dust creates new low-frequency modes like dust-acoustic waves (DAWS), which are sustained by the dust
inertia and stabilized by the electron and ion pressure [5,7] They are not present in standard electron-ion plasmas.

2) Electromagnetic Waves: Dust changes the dielectric characteristics of the plasma, impacting wave propagation. It can result in
wave dampening, enhancement of instability, or even sustain new modes, e.g., dust-lower hybrid waves and dust-modified
Alfvén waves [6]. Dust also causes anomalous dispersion and might initiate Weibel-type instabilities under streaming
conditions.
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They are of importance in laboratory and astrophysical situations, impacting energy transport, wave-particle interactions, and
plasma stability.

1. WEIBEL INSTABILITY AND ITS SIGNIFICANCE IN PLASMA PHYSICS

The Weibel instability (WI) has been the focus of extensive study and scientific interest over many years, especially in view of
laser—plasma interactions. When an intense beam traverses a dense plasma, it generates a return current to ensure charge neutrality.
This interaction generates a number of collective types of instabilities, the most prominent ones being the two-stream instability,
current filamentation, and the Weibel instability. Of these, the Weibel instability arises mainly from the present neutralization
process in beam—plasma systems and is marked by the creation and exponential build-up of electromagnetic fluctuations [8-10].
The mechanism was originally put forth by E. S. Weibel in 1959, wherein he showed that a plasma with a bi-Maxwellian electron
velocity distribution (i.e., temperature anisotropy) is unstable to transverse electromagnetic perturbations and thus gives rise to the
build-up of magnetic fields [11]. This pioneering work set the stage for later theoretical and experimental research on anisotropy-
driven instabilities. Fried [9] subsequently explained the instability in simple terms by demonstrating its equivalence to the
superposition of a number of counterstreaming electron beams, thus establishing a conceptual connection with the two- stream
instability.
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Figure 1 Schematic representation of different plasma instabilities arising from anisotropies in velocity distribution. The Weibel
instability (blue) occurs due to temperature anisotropy, leading to magnetic field generation with wave vector k perpendicular to the
beam direction. The Two-stream instability (red) develops along the beam direction, driven by electric field perturbations. The
Filamentation instability (green) arises due to counterstreaming beams, with perturbations perpendicular to the propagation axis.
[12]

Subsequent research broadened the application of WI across different plasma regimes. For example, Pokhotelov and Balikhin [10]
investigated WI in plasmas, they studied the effect of an externally applied magnetic field and found that the instability’s growth
rate is directly proportional.to the level of electron temperature anisotropy. Likewise, Ghorbanalilu [11] explored WI in strongly
magnetized, microwave-plasma environments, providing insight into its response in high-frequency electromagnetic environments.
In another important work, Li and Pei [12] investigated the stabilizing effect of strong background magnetic fields on WI in
electron-ion plasmas and demonstrated the suppression of the growth of instability by such fields.

The contribution of space charge effects to current filamentation and to magnetic field generation by WI was investigated by
Tzoufras et al. [13]. Furthermore, interpenetrating plasma flows were demonstrated to generate magnetic fields by WI, which has
been confirmed both in theoretical models and in lab experiments [14]. Of particular interest, experimental evidence of
filamentation induced by WI in counterstreaming plasmas created by laser ablation has offered strong testimony to the instability's
practical importance [15].

One of the most critical and intriguing aspects of the Weibel instability is its ability to destabilize ordinary (linearly polarized)
electromagnetic waves in the presence of temperature anisotropy. This feature has been the focus of numerous investigations [12—
18], affirming W1’s significance in both astrophysical and laboratory plasma environments.

The electromagnetic wave fluctuations become all the more interesting when carried over to dusty plasmas, in which micron-scale
charged particles dynamically couple with electrons and ions. Dahamni et al. [16] examined electromagnetic wave excitation
through WI in counterstreaming dusty plasmas with both motion and agglomeration of dust grains being taken into consideration.
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More research has explored the motion of dust Kinetic Alfvén and acoustic waves in dusty plasmas with particles following a
Lorentzian distribution [17-19], kinetic Alfvén wave instability in magnetized dusty plasmas [20], and Weibel instability in
unmagnetized dusty regimes [21].

More recently, full dispersion relations for WI have been obtained for different non-Maxwellian particle distribution functions, with
applications to space plasma conditions [22]. These theoretical developments shed greater light on how temperature anisotropies and
shapes of the velocity distribution affect the growth and nature of electromagnetic instabilities.

V. WEIBEL INSTABILITY INDUCED BY COUNTERSTREAMING ELECTRONS IN DUSTY PLASMA
In the case of dusty plasma systems, the coupling of counterstreaming electron beams—electrons moving in opposite directions—is
a key process for the excitation of the Weibel instability (W1).[29] This process is initiated because of the anisotropic momentum
distribution caused by the electron flows in opposite directions. Consequently, transverse electromagnetic perturbations increase in
amplitude, causing the formation of magnetic field structures in the plasma. A key factor affecting the development of this
instability is the proportion of negatively charged dust grains. These grains acquire a strong negative charge through their
interactions with plasma electrons, which in turn changes the dielectric properties of the plasma environment, alter the dielectric
character of the medium. The growth rate of the Weibel instability is found to increase with the relative concentration of negatively
charged dust particles by our calculation. This improvement is due to the added negative charge and changed current balance
provided by the dust content, which strengthens the current-driven anisotropy of the plasma. In addition, the orientation of the wave
vector greatly influences the growth properties of the instability. In particular, the growth rate is augmented with the perpendicular

component of the wave number kl and is reduced with the parallel component kE This is in line with the underlying nature of the

Weibel instability, which selectively excites transverse electromagnetic fluctuations due to temperature or velocity anisotropies. The
velocity of drift of the electrons, characterized by the motion of the counter-streaming beams relative to one another, also
contributes to the instability. A rise in the velocity of drift produces increased anisotropy and, thus, a larger growth rate for unstable
modes. Also, the dust grain size causes additional modulation in the instability behavior. More charged and massive dust particles
play a greater role in the total momentum exchange and current structure in the plasma and impact both the threshold condition and
amplitude growth of unstable modes. These results point out the intricate interaction among dust parameters (density and size),
electron beam physics, and wave vector direction in controlling the onset and development of Weibel instability in dusty plasmas.
These observations are crucial for the comprehension of magnetic field creation both in laboratory and astrophysical plasma settings
where dusty plasmas and counter-streaming flows are ubiquitous.[29] It is noted that Weibel instability (WI) develops in the
perpendicular wave number direction of increasing magnitude. In the work, there are two different electron populations, each
carrying the drift velocities. [29] The perturbed magnetic field applies forces (in the +x direction) on the first type of electrons and
(in the —x direction) on the second one. Thus, the electrons gain velocities in the +x directions, respectively. Because the perturbed
magnetic field is x-dependent, the resulting electron velocity field is divergence-free leading to density perturbations. These density
fluctuations are 180° out of phase for the two electron populations. When coupled with their respective drift velocities and they give
rise to current densities.

3D Surface: Growth Rate vs. kx and Zd

Growth Rate [1/s]

Figure 2. 3D Surface Plot showing the variation of Growth Rate as a function of perpendicular wavenumber and dust charge number
Z4
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The 3D surface plot illustrates how the instability growth rate varies with the perpendicular wavenumber and the dust charge
number in a dusty plasma environment. The growth rate increases with both and Zg indicating that higher spatial gradients (larger)
and more highly charged dust particles enhance the instability. This behavior reflects the stronger coupling between wave
perturbations and charged dust grains, which amplifies the destabilizing effects and contributes to faster growth of plasma
instabilities.

The entire current density in the plasma produces a magnetic field in the y-direction, which acts in turn to enhance the original
magnetic field perturbation. Thus, the perturbation increases with time by extracting energy from the kinetic motion of the counter-
streaming electrons.

In this plasma environment of dust, the plasma density is enhanced because of the synergistic effects of electron two-stream
instability and electron capturing ability of dust. Consequently, the electromagnetic waves caused by the Weibel instability become
unstable and amplify. The same observations were made in counterstreaming experiments of plasma flows by Ross et al. [23]. In
addition to this, the coupling of the growth rate and the perpendicular wave number measured with dust present is consistent with
that reported by Huntington et al. [15], though these authors did not have dust present.

The rate of growth for the unstable mode decreases with increased parallel wave number. This means that the instability weakens in
the direction of the self-formed magnetic field, as Huntington et al. [15], also observed. Along this direction, plasma ions and dust
particles get excited; nonetheless, because of their relatively high mass and immobility, they only oscillate at the same position. This
local oscillation decreases the energy to be used to sustain the electromagnetic plasma wave propagation along the direction of the
counter-streaming electrons or the self-created magnetic field.

The observed reduction in growth rate with increasing parallel wave number, alongside its rise with the perpendicular wave number,
aligns well with the experimental findings reported in [30], who also found this directional dependence of the instability's behavior.
The growth rate of the instability is determined by the presence of a large number of dust particles. As a result of their ability to trap
electrons and experience the dust charging mechanism as discussed by Barkan et al. [7], these dust grains change the manner in
which energy is transferred between the plasma wave and the dust. The impact of dust grains on plasma wave dynamics has been
observed by numerous researchers.

Fig.3 3D Surface: Growth Rate vs. Dust Grain Size and Zd

Growth Rate [1/s]

Dust Grain Size [pm] 25

Figure 3: 3D surface plot showing the variation of growth rate (in s1) as a function of dust grain size (in pm) and dust charge
number Zy The plot illustrates how the instability growth rate increases significantly with larger dust grains and higher charge
numbers in the context of dusty plasma dynamics.

The 3D surface plot (Figure 3) illustrates the dependence of the instability growth rate on dust grain size and dust charge number Z4
in a dusty plasma. It is observed that the growth rate increases significantly with both increasing grain size and charge number. This
suggests that larger and more highly charged dust grains enhance the coupling between the plasma and perturbations, thereby
intensifying the instability. The nonlinear variation indicates critical thresholds in dust parameters beyond which the instability
grows rapidly, highlighting the crucial role of dust dynamics in modifying plasma behavior. It has been observed that the unstable
mode growth rate first increases and then saturates, being constant for all values of relative amount of negatively charged particulate
matter.
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This is because as dust grains are added to the plasma—or as their size grows—the counter-streaming electrons collide more often
with the dust particles. As they do so, the surface potential of the dust grains is raised, making the average dust grain charge higher,
which in turn enhances the growth of the instability. As a result, an increase in the growth rate is found. All these results are
qualitatively in accordance with those of Sharma and Sugawa [24] as well as Prakash et al. [25-26]. The transfer of energy from
electrons moving in opposite directions, influenced by a magnetic field they generate themselves, to electromagnetic waves through
interactions with dust particles plays a crucial role in changing the instability’s growth rate. It is also observed when the size of the
dust grain is larger than about 1.5x10™ cm,[29] the growth rate is essentially constant for all values of relative amount of negatively
charged particulate matter. This phenomenon can be explained through the saturation of the mean grain charge: as the size of the
grain increases, dust particles trap enough electrons so that there is a plateau in charge accumulation. Moreover, the system moves
towards stability because the stronger self-generated magnetic field, which results from the growing instability, inhibits further
growth [27]. Also, it is seen that the growth rate first falls with rising electron velocity, dropping to a minimum before slowly
increasing to a maximum for all values of relative amount of negatively charged particulate matter. This initial reduction results
from the fact that, with rising electron velocity, the instability is less effective in transferring the kinetic energy of the electrons into
magnetic energy, thus reducing the growth of the plasma wave. Nevertheless, as magnetization of the dusty plasma increases
through the Weibel instability caused by counter-streaming electrons, electron acceleration and energy rise sharply. This re-
activation of the electrons results in a subsequent increase in the growth rate of the instability.

The growth rate has been found to depend on the relative density of negatively charged dust particles. This observation aligns
qualitatively with findings reported in previous studies within the field of dusty plasma physics [7, 31,32,34,35].This is due to the
electron-shielding effect of grains, which boosts the efficiency of counter-streaming electrons to pass their kinetic energy—obtained
by the magnetization of the dusty plasma—aonto the Weibel instability (WI).

V. CONCLUSION
This study provides a comprehensive analysis of the Weibel instability (WI) in a dusty plasma system influenced by
counterstreaming electron beams. The results highlight the complex interplay between beam-induced anisotropy, dust particle
characteristics, and wave vector orientation in determining the onset and evolution of the instability.
The introduction of negatively charged dust grains significantly modifies the plasma's dielectric response, leading to enhanced
electromagnetic fluctuations. The dust, through its charge-capturing nature and inertial contribution, alters the current distribution
and enhances the temperature anisotropy—Kkey drivers of the WI. The growth rate of the instability is found to rise with the relative
amount of negatively charged dust particles, reaching a maximum level beyond which it saturates. This saturation arises due to the
limited capacity of the dust grains to accumulate additional charge as their size increases, leading to a plateau in instability growth.
Further, the wave vector orientation plays a vital role: the instability is strengthened in the direction perpendicular to the beam (as
expected for WI) and is suppressed in the parallel direction. This directional dependence is consistent with both theoretical
expectations and experimental observations e.g., Huntington et al., [30]
The electron drift velocity is another critical factor, with the growth rate of WI first decreasing and then increasing with velocity,
indicating a non-monotonic dependence. This behavior stems from the initial inefficiency of energy transfer at moderate velocities
and the later enhancement due to stronger magnetization and re-energized electrons. Additionally, dust grain size affects the
momentum exchange processes in the plasma. Larger and more charged grains play a significant role in shaping the current
structure and facilitating energy conversion from kinetic motion to magnetic field energy. Beyond a critical grain size, however, the
growth rate tends to remain constant, pointing again to a saturation mechanism governed by charge accumulation and magnetic
feedback.[29] These findings underscore the multifaceted dynamics governing WI in dusty plasmas and emphasize the critical roles
of dust density, grain size, beam parameters, and wave vector orientation. The results have broad implications for both laboratory
plasma setups and astrophysical environments, such as in interstellar media, cometary tails, and dusty plasma experiments involving
high-power lasers. Understanding and harnessing these interactions can contribute to better control of magnetic field generation and
electromagnetic wave propagation in complex plasma systems.

VI. FUTURE PERESPECTIVES
The review unveil some promising areas for further investigation of WI behavior in dusty plasma conditions. Although the present
contribution presents valuable information on how dust properties and beam dynamics affect instability growth, there are many
aspects that are yet to be investigated in order to gain a deeper understanding of this intricate phenomenon.
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1) Extension to Non-Maxwellian Electron Distributions

Realistic astrophysical and space plasmas usually display non-thermal electron distributions. Future research needs to include
models of non-Maxwellian behavior, e.g., kappa or Lorentzian distributions, to more faithfully represent the conditions found in
natural plasmas and to give better predictions of instability evolution.

2) Inclusion of lon and Multi-Species Effects
The model is currently centered on electrons and dust particles. Adding several ion species with finite temperature and dynamics
might allow for other modes of interaction and instability, particularly in systems when the ions are not fully stationary.

3) Advanced Numerical Simulations

Detailed PIC or fluid-kinetic hybrid simulations would be capable of capturing the nonlinear growth, saturation properties, and
magnetic field topology of WI. These simulations can also investigate how dust parameters affect energy transfer and mode
coupling as a function of time.

4) Experimental Validation in Controlled Setups

Laboratory experiment design enabling controlled variation of dust density, size, and charge might offer important empirical
validation of the theoretical predictions. Such research has the potential to confirm assumptions in models and detect new physical
effects not included in simplified analytical treatments.

5) Impact of Background Magnetic Fields

The interaction between self-excited magnetic fields owing to WI and applied magnetic fields is comparatively unexplored. Future
studies might examine the influence of background magnetization on the onset and magnitude of WI, which might result in altered
instability thresholds or new modes.

6) Relativistic Beam Interactions

In energetic plasma systems, for example, in astrophysical jets or in laser-driven experiments, electron beams can attain relativistic
velocities. Investigating WI under these conditions could reveal special relativistic effects and extend the scope of the present
results.

7) Application to Astrophysical and Space Environments

The understanding obtained from dusty plasma investigations can be used to interpret magnetic field generation and filamentation in
astrophysical environments like comet tails, interstellar clouds of dust, or the universe in its early days. Models can be adapted to
these environments to explain magnetic structures and energy distributions observed.

8) Nonlinear Energy Exchange and Turbulence

Later experiments can also be directed to the nonlinear stage of instability, in which energy cascades and dust acoustic or ion wave
interactions take place. This research direction can unveil the processes of energy dissipation and turbulence in dusty plasmas.
Ultimately, continued study of the Weibel instability in dusty plasmas will shed more light on the growth of electromagnetic waves,
magnetic field production, and energy transfer in natural and laboratory plasma regimes. By integrating theoretical, computational,
and experimental methods, future research can construct an even more coherent and comprehensive picture of plasma instability
behavior.
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