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I. Introduction 
 

There is a greater need than ever for increased data transmission rates, security, and 

improved signal integrity in an era marked by rapid breakthroughs in communication 

technologies. Novel approaches to these problems are needed as conventional 

communication systems of theoretical limits. Through innovative ionization techniques, 

vortex beams structured electromagnetic waves carrying orbital angular momentum, or 

OAM, offer a possible means of revolutionizing communication networks. 

Because they can influence electromagnetic fields in ways that regular waves cannot, 

whereas the vortex beams can have. These beams significantly increase the data 

transmission capacity of communication channels by encoding data into many OAM 

modes (Willner et al., 2015). Furthermore, vortex beams' complex structure increases their 

resistance to eavesdropping and interference, making them ideal for secure communication 

systems (Li et al., 2019). 

The ionization process caused by vortex beams is a new and potentially 

revolutionary method of improving communication networks. Vortex beams can enhance 

signal transmission and lessen interference by interacting with ionized medium to produce 

distinctive plasma structures like twisted or helical streams (Zhao et al., 2016). Moreover, 

vortex beams' capacity to produce localized ionization facilitates the creation of 

sophisticated modulation strategies, which enhances communication networks' efficiency 

even more (Lavery et al., 2017). 
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The potential of vortex beam-induced ionization as a cutting-edge strategy for 

improving communication systems is investigated in this work. The aim is to find 

innovative ways to enhance data transfer, signal integrity, and security in next-generation 

communication systems by studying the interplay between vortex beams and ionized 

medium. The results of this study may have far-reaching effects by opening the door to 

more dependable and effective communication systems that can handle the demands of a 

world that is becoming more interconnected by the day. 

 

1.1 Statement of the Problem 

The increasing need for secure, effective, high-capacity communication networks has 

driven present technologies to their breaking points. Conventional communication 

techniques, which depend on predictable electromagnetic waves, are encountering more 

difficulties due to constrained bandwidth, high interference sensitivity, and security flaws 

(Willner et al., 2015). Even with improvements, these systems still fall short of meeting the 

demands of contemporary applications, especially in high-density settings and situations 

where ultra-reliable low-latency communications (URLLC) are necessary. 

Vortex beams are a viable alternative that has not received much attention due to 

their ability to carry orbital angular momentum (OAM). These beams have the potential to 

significantly increase the data-carrying capacity of communication networks by utilizing 

many OAM modes to transfer information simultaneously (Li et al., 2019). However, 

because of difficulties in producing, transmitting, and detecting these beams, particularly in 

ionized media—vortex beams are still largely unutilized in real communication systems. 

Furthermore, although vortex beams have been extensively studied for data 

transmission, their ability to improve communication systems via induced ionization has 

not been properly investigated. According to Zhao et al. (2016), vortex beams and ionized 

media may combine to produce unique plasma structures and waveguides that improve 

signal transmission, lessen interference, and open the door to new modulation methods. 

However, the lack of comprehensive studies on this association suggests a significant gap 

in current knowledge. 

The gap highlights the necessity of researching the ionization processes triggered by 

vortex beams and their possible uses in communication systems. This project intends to 

close this gap and advance the creation of next-generation communication technologies 

that are more effective, safe, and able to handle the demands of a world that is becoming 

more interconnected. 

 

1.2 Objectives 

The main goal of this study is to investigate and illustrate the potential of vortex 

beam-induced ionization as a cutting-edge technique for improving sophisticated 

communication systems.  

The research will concentrate on the following specific objectives: 

 To analyze how vortex beams interact with various ionized media and to 

understand the resulting changes in plasma structure and properties 

 To identify the key parameters that influence this interaction and their effects 

on the beam's propagation and ionization efficiency. 

 To measure the impact of vortex beam-induced ionization on signal 

transmission quality, considering variables like interference reduction, data 

rate, and signal integrity.  

http://www.bircu-journal.com/index.php/birci
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 To investigate the possibility of enhancing communication system 

performance through ionized channels produced by vortex beams. 

 To examine the technical challenges and potential solutions for integrating 

vortex beam-induced ionization into existing and future communication 

infrastructures 

 

1.3 Significance of the Study 

There are several significant advancements in the realm of communication 

technology that our effort is poised to make. It focuses on the inventive application of 

vortex beams to enhance ionization processes in communication systems. This finding is 

important because it has the potential to solve existing restrictions in system security, 

signal integrity, and data transmission all of which are essential for the next-generation 

communication networks. 

Enhancing Communication Technology: By examining the vortex beam-induced 

ionization, this work may help develop more dependable and efficient communication 

systems. Current communication infrastructures could undergo a revolution if new 

modulation techniques can increase data transmission rates, decrease interference, and 

improve signal integrity. This is especially true in high-demand industries like 

telecommunications, satellite communications, and secure data networks. 

Although vortex beams are becoming more popular, little is known about how they 

might be used in communication systems' ionization processes. By bringing fresh 

perspectives on the relationship between vortex beams and ionized media, this work will 

help close this research gap and lay the groundwork for future investigations and 

technological advancements. 

The modulation strategies this study created and evaluated may serve as a model for 

upcoming advancements in communication systems. These technologies, which use the 

qualities of vortex beams, may provide a more reliable and secure means of transmitting 

data, especially in settings where more conventional means of communication are 

vulnerable to attack or malfunction. 

Because of their complex structure, vortex beams are inherently more secure against 

interference and espionage. Its work could affect industries that need to protect sensitive 

data, such as government communications, finance, and the military, by showing how 

vortex beam-induced ionization can improve security in communication systems. 

The results of this study may contribute to scalable and reasonably priced 

communication solutions compatible with current infrastructures. This could improve the 

efficiency and dependability of communication networks while also lessening the financial 

strain of implementing new technologies. 

The study’s findings could open up new avenues of research, not only in the field of 

communication technology but also in areas such as plasma physics, material science, and 

electromagnetic theory. By pioneering the use of vortex beams in ionization processes, this 

research could inspire a broader exploration of the applications of structured light in 

various scientific and industrial contexts. 
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II. Research Methods 
 

2.1 Theoretical Framework 

The interaction between vortex beams and ionized medium is investigated, and their 

possible effects on communication systems are assessed using a theoretical method in this 

work. Theoretical modeling and simulations were used to analyze the influence of vortex 

beam-induced ionization on signal transmission and system performance. 

Communication is the process of delivering messages by someone to other people to 

tell, change attitudes, opinions or behavior either directly orally or indirectly through the 

media. In this communication requires a reciprocal relationship between the delivery of 

messages and recipients namely communicators and communicants (Hasbullah, et al: 

2018). 

It used mathematical concepts to characterize orbital angular momentum (OAM) and 

wavefront structure of vortex beams. In theoretical optics, vortex beams are typically 

described using Laguerre-Gaussian (LG) modes, from which the beam profile and phase 

structure were obtained (Andrews & Phillips, 2005). 

The ionization process in response to vortex beams was modeled using the plasma 

physics. The kinetic theory of plasmas and the fluid model were used to characterize the 

interaction of vortex beams with ionized media. The Vlasov-Maxwell equations had to be 

solved to forecast how plasma would behave when subjected to vortex beams (Chen, 

2016). 

The impact of vortex beam-induced ionization on signal transmission was 

investigated using models of communication systems and signal processing theories. To 

simulate the vortex beam-induced ionization on characteristics including modulation 

efficiency, phase shift, and signal attenuation models were constructed. Effects including 

dispersion, nonlinearity, and ionization-induced scattering were included in the models 

(Agrawal, 2012). 

Based on the special characteristics of vortex beams and their interactions with 

ionized media theoretically devised. The method was to reduce signal distortion and 

increase data speeds. The effectiveness of these methods was assessed through the use of 

theoretical measures such as bit error rate (BER) and signal-to-noise ratio (SNR) (Li et al. 

2019) 

The theoretical models and predictions were verified using numerical simulations. 

Computational tools and software packages like Python or MATLAB and COMSOL 

Multiphysics were used to do the simulations. The simulations included modifications to 

beam intensity, plasma density, and ionization levels to assess the implications of 

modifying parameters on communication performance (Montgomery, 2017).  

 

2.2 Theoretical Analysis  

We used mathematical derivations to characterize the vortex beam-ionized medium 

interaction. It involved determining the beam propagation equations in a plasma 

environment and examining the ionization effects. 

The models' correctness was verified by comparing theoretical predictions with 

current literature and benchmarks. It involved contrasting the theoretical findings with 

established outcomes for the ionization and propagation of vortex beams (Bellan, 2006). 

Sensitivity analysis was carried out to determine how changes in important 

parameters (such as plasma density and beam wavelength) impact the theoretical 

predictions. The most important variables affecting the vortex beam-induced ionization 

performance in communication systems are identified with the aid of this investigation. 
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2.3 Limitations and Assumptions 

The theoretical approach is subject to certain limitations and assumptions, including: 

 The ionized medium's homogeneity, isotropy assumptions, and complex 

interactions may be oversimplified in the models. 

 The theoretical models do not consider practical constraints such as ambient 

conditions, poor hardware, and beam alignment. 

 

2.4 Mathematical Formulation 

The Laguerre-Gaussian (LG) mode is a representation of a vortex beam. A vortex 

beam expressed mathematically in cylindrical coordinates (r, υ, z) is represented as 

follows: 

 

 (1) 

where w(z), the beam waist, changes with z, the propagation distance, and A is the 

amplitude. Wave number is k, Rayleigh range is Zr and the related Laguerre polynomial of 

order p and azimuthal index is Lp
∣l∣ 

 

2.5 Plasma Ionization Process 

The fluid model, which incorporates the momentum equation for the electron density 

ne and the continuity equation, can be used to explain the ionization process in a plasma. 

For electron density, the continuity equation is: 

   (2) 

where α is the ionization rate dependent on the vortex beam's intensity, and ve is the 

electron velocity. 

Assuming a uniform electric field E, the momentum equation for electrons is: 

   (3) 

where me is the electron mass e is the electron charge, the collision frequency ve, and 

the collision force Fcoll. 

 

2.6 Interaction of Ionized Medium with Vortex Beam 

The modified wave equation for the plasma electric field can be used to model the 

interaction between the vortex beam and the ionized medium. In a medium that has ions, 

the wave equation is: 

    (4) 

where P denotes the polarization vector to which the vortex beam and the ionized 

plasma contribute. 

The polarization vector P for an ionized medium is expressed as follows: 

    (5) 

where  is the electronic susceptibility and Is the ion susceptibility. 

 

2.7 Analysis of Signal Transmission 

The wave equation for the modulated signal must be solved to assess how vortex 

beam-induced ionization affects signal transmission. Assume the following to represent the 

signal modulation: 

  (7) 
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where β is the propagation constant, ω is the angular frequency, and E0 is the signal's 

amplitude. This can be substituted into the modified wave equation to obtain formulas for 

phase shift and signal attenuation caused by the interaction with the ionized medium. 

 

a. Data Transmission and Capacity Model with OAM States 

Vortex beams can be employed in a communication system to encode data into 

several OAM patterns and then send many data streams. The Shannon capacity equation 

describes the total data transmission capacity C of a communication system that uses N 

OAM modes. 

    (8) 

N0 is the noise power spectral density, S is the signal power, and B is the bandwidth. 

As each OAM mode offers a separate communication channel, the overall capacity 

grows linearly with the number of distinct OAM modes (N) that can be used in the system. 

The system may transmit numerous data streams continuously without interference by 

using multiple OAM modes ℑ={−L, −L+1,…, L} (Willner et al., 2015). 

 

b. Vortex Beam Ionization Efficiency and Energy Requirements 

To quantify the energy efficiency of vortex beam ionization in a communication 

system, we define the ionization efficiency ηion as the ratio of the energy required to ionize 

particles to the total energy of the beam. 

   (9) 

Pbeam is the total power of the vortex beam, defined as Pbeam=I⋅A, where A is the 

beam's cross-sectional area, and Eion is the energy needed to ionize particles along the 

beam's path. 

The system can reduce the energy needed for ionization by optimizing the beam 

characteristics (such as intensity, waist size, and OAM) to increase the communication 

system's overall energy efficiency. 

 

III. Results and Discussion 
 

This work investigated how vortex beams interact with atomic and molecular 

systems to cause ionization and improve the durability and capacity of communication 

networks. A multidimensional encoding method was made possible by vortex beams, 

which are distinguished by their orbital angular momentum (OAM). This scheme was 

examined and simulated under a range of ionization conditions. 

The distribution of vortex beam intensity for an azimuthal index of ℓ=0.5 is 

displayed in Figure 1 as a function of radial distance r and angular position. . The phase 

structure of the beam is most likely responsible for the complicated intensity distribution 

and noticeable periodic changes observed in the results. These results demonstrate vortex 

beams are distinguished by their orbital angular momentum (OAM): phase singularities, 

where the intensity disappears at the beam center (Padgett et al., 1999). 

The intensity exhibits radial and angular dependence, displaying periodic structures 

along θ and a smoother gradient along r. According to Allen et al. (1992), the phase 

structure of vortex beams causes an azimuthal modulation in intensity pattern that agrees 

with theoretical predictions for these beams. 

Phase Singularities: As expected from beams carrying OAM, there are zones of low 

intensity corresponding to the phase singularities, most obviously in the beam center. 

According to Andrews and Babiker (2012), beams having a non-zero topological charge 
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exhibit this phenomenon. Intensity rings and their periodicity provide information about 

the radial profile of the beam; for vortex beams, this distribution can be either Bessel or 

Laguerre-Gaussian, depending on the mode. 

 

 
Figure 1. The vortex beam intensity distribution for an azimuthal index ℓ=0.5, plotted 

against radial distance r and angular position θ. 

 

The beam with ℓ=0.5 shows a more uniform intensity distribution over the radial axis 

in contrast to normal vortex beams with high topological charges (e.g., ℓ=1 or ℓ=2). 

Because of the smaller azimuthal index, the intensity rings of higher-order beams are 

typically more noticeable; Yao and Padgett (2011) noted that this feature is less visible in 

the current results. The more consistent intensity fluctuation observed in the current plot, 

particularly for short radial distances, is consistent with this. 

Non-integer orbital angular momentum: A fractional OAM state is suggested by the 

selected value of ℓ=0.5. The fractional OAM states have been shown to yield non-

conventional intensity distributions compared to their integer equivalents (Leach et al., 

2004). These characteristics are reflected in the observed distribution in this plot, where the 

intensity structure exhibits non-standard periodicity along the angular direction. 

Applications for vortex beams, especially those carrying OAM, include quantum 

communication, imaging, and optical tweezers (Allen et al., 1992). These beams' 

adjustable OAM and intensity dispersion allow for different application possibilities. The 

behavior of fractional OAM states is demonstrated, which furthers the knowledge of beam 

propagation in unconventional configurations. It has consequences for systems that need to 

shape and control beams with extreme accuracy, including those used in information 

transfer and sophisticated imaging (Padgett & Bowman, 2011). 

Figure 1 illustrates the distribution of vortex beam intensity agrees with theoretical 

predictions for beams carrying fractional OAM. The distinct phase structure of the beam is 

reflected by the smooth radial decay combined with periodic modulation along the 

azimuthal direction. These results contribute to our growing understanding of vortex 

beams, especially in precise shaping and manipulation of the beam are needed. 
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Figure 2. The vortex beam waist over the distance in the plasma propagation 

 

The analysis of vortex beam propagation in a plasma medium provides valuable 

insights into beam behavior, particularly regarding the evolution of the beam waist over 

distance. Vortex beams, characterized by their helical phase front and carrying orbital 

angular momentum (OAM), exhibit complex propagation dynamics when interacting with 

a medium such as plasma. Figure 2 illustrates the vortex beam waist as it propagates 

through a plasma medium, revealing critical information about the diffraction, focusing, 

and spreading effects during propagation. 

As the beam passes through the plasma, the vortex beam waist changes noticeably, as 

seen in Figure 2. The beam initially shows a narrower waist, indicating a high intensity at 

the core. But when the beam spreads more and diverges, making the beam waist wider. 

This behavior is compatible with the effects of the scattering and diffraction. The findings 

are consistent with previous research on the propagation of vortex beams, which indicates 

that these beams tend to diffract and grow when they pass through dispersive material 

(Andrews & Babiker, 2012). This behavior is influenced by the interaction between the 

vortex beam and the plasma, as the plasma introduces fluctuations in refractive index that 

impact beam spreading. 

The initial parameters of the beam, including its topological charge and beam waist 

at the site of the entrance, also affect the dynamics of vortex beams in plasma. The 

nonlinearity in the refractive index of the plasma and its inhomogeneities can be partly 

responsible for the beam's phase structure's stretching of the waist over distance. Varin et 

al. (2002) pointed out that beam distortion resulting from plasma-induced phase shifts 

might intensify the divergence seen in Figure 2. 

Moreover, the results in Figure 2 indicate that as the beam propagates, there is a 

notable reduction in intensity near the core, particularly at far distances. This decrease in 

intensity is associated with the redistribution of energy across the beam profile. Such 

energy redistribution is a hallmark of vortex beams, where the OAM plays a crucial role in 

determining the energy flow. Studies by Allen et al. (1992) have demonstrated that the 

phase singularities in vortex beams result in ring-like intensity distributions and contribute 

to the broadening observed as the beam travels. 
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The plasma medium, acting as a nonlinear dispersive medium, further complicates the 

propagation dynamics. Nonlinear effects are self-focusing, and modulational instability can 

influence the vortex beam waist. Depending on the plasma density and the beam’s 

intensity, these nonlinear effects may cause the beam to focus or defocus (McDonald et al., 

2000). In Figure 2, the gradual broadening of the beam waist over distance may suggest 

that the beam is experiencing defocusing due to plasma’s refractive index variations, which 

counteract any initial self-focusing effects. 

In conclusion, the results shown in Figure 2 demonstrate the intricate interplay 

between vortex beam propagation and plasma medium interaction. The observed 

broadening of the beam waist over distance is consistent with diffraction and plasma-

induced phase shifts, which are well-documented in the literature. Future studies could 

further investigate the role of nonlinearity and plasma density in modulating vortex beam 

dynamics, providing deeper insights into the applications of vortex beams in plasma-based 

systems, such as in high-energy laser-plasma interactions or telecommunications. 

 

3.1 Ionization Rate in the Context of Vortex Beam Ionization Efficiency and Energy 

Requirements 

In the context of vortex beam ionization, the reported ionization rate has 

significant implications for understanding the efficiency of vortex beams in ionizing a 

medium and the associated energy requirement. The beams, characterized by their orbital 

angular momentum (OAM), exhibit a unique interaction with matter, distinct from 

traditional Gaussian beams. Their helical phase front and potential to carry higher energy 

densities make them attractive candidates for ionization processes, particularly in advanced 

applications such as laser-induced plasma generation, communication systems, and precise 

material processing. 

The vortex beam's intensity distribution, which shows an increase in intensity away 

from the center, can be related to the progressive ionization rate. Ionization is more likely 

to happen at higher-intensity regions, and the ionization rate depends on the beam's local 

intensity. The observed sluggish ionization suggests that the energy threshold needed to 

ionize would not be reached over an extended period. This is particularly valid in areas 

with greater intensity. It could potentially aid in a more consistent process of plasma 

generation. 

Previous studies have shown that the efficiency of vortex beams can be optimized by 

adjusting the beam’s OAM and the beam waist, which affects the peak intensity of the 

beam. Higher OAM modes correspond to higher energy densities at certain radial distances 

from the beam center to enhanced ionization rates under certain conditions (Andrews & 

Babiker, 2012). In this context, the ionization rate of 1.0×10
-6

 reflects a balance between 

the energy available in the vortex beam and the ionization potential of the medium. 

In vortex beam ionization, the energy distribution is non-uniform, with regions of 

high intensity (away from the central singularity) more likely to achieve the required 

ionization threshold. The ionization process in this case may involve multiphoton 

absorption or tunneling ionization, depending on the specific radial positions (Keldysh, 

1965). As the ionization rate is relatively low, it implies that the energy requirements for 

ionization are only marginally exceeded by the vortex beam's intensity, leading to a more 

gradual ionization process. 

For practical applications, the energy efficiency of vortex beams in inducing 

ionization is an important consideration. The traditional beams, vortex beams may offer 

advantages in terms of spatial selectivity and reduced energy waste. However, the slower 
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ionization rate suggests that higher energy beams or longer interaction times may be 

necessary to achieve full ionization in a given medium, depending on the application. 

 

3.2 The intensity distribution of a vortex pulse at different time slices 

Figure 3 shows a contour plot of the intensity distribution of a vortex pulse at a 

specific time slice t=−9.92 fs. The optical vortex exhibits a ring-like structure, with the 

intensity peaking at the center and gradually decreasing toward the periphery. The intensity 

profile reveals key characteristics of the optical vortex, including the distribution of light in 

the transverse plane. 

 

 
Figure 3. The vortex pulse intensity at t =9.92 fs 

 

In the current plot of contour shown in Figure 3, visualization highlights the smooth 

transition of the vortex pulse intensity as a function of radial distance. The color map (e.g., 

inferno) helps to distinguish between regions of high and low intensity, where the inner 

yellow region signifies the highest intensity and the surrounding darker corresponds to 

lower intensity values. 

 

3.3 Central Intensity and Spatial Distribution 

The central region of the plot displays the highest intensity, which corresponds to the 

core of the optical vortex. The intensity gradually drops off as we move radially outward. 

This radial intensity drop is consistent with the nature of vortex beams, where the 

topological charge ℓ, which is one in this case, dictates the phase structure of the beam. 

Vortex beams exhibit phase singularities at their centers, where the intensity reaches its 

maximum, and the phase rotates azimuthally around the center (Torres & Torner, 2011). 

 

3.4 Temporal evolution of the vortex pulse 

At t=−9.92fs, the vortex pulse is approaching its peak intensity, but the pulse duration 

and time dependence still play a significant role. The Gaussian temporal profile described 

in the mathematical model ensures that the pulse intensity rises gradually and falls off after 

reaching its peak. As time progresses, the electric field pulse modulates, leading to changes 

in the intensity distribution. The smooth, symmetric nature of the intensity contours 

suggests that the vortex beam retains its structural stability even as it evolves temporally, a 
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significant property in plasmon-assisted optical vortex pulses (Bekshaev, Bliokh, & 

Soskin, 2008). 

 

3.5 Influence of Topological Charge 

The optical vortex depicted in the figure is associated with a topological charge ℓ=1, 

which influences both the phase and intensity profile of the beam. Vortex beams with 

higher topological charges exhibit more complex intensity distributions, with additional 

rings or nodes, and the single-ring structure shows the relatively low charge used (Molina-

Terriza, Torres, & Torner, 2007). It also affects the beam’s interaction with materials, 

especially in plasmonic and quantum optics contexts, where the topological charge 

influences the angular momentum of the beam. 

 

3.6 Implications for Communication Systems 

The unique properties of optical vortex pulses, such as those illustrated in this figure, 

have profound implications for advanced communication systems. Optical vortices carry 

orbital angular momentum (OAM), which can be used as an additional degree of freedom 

in multiplexing for optical communication (Willner et al., 2015). The high-intensity core 

and the spatially varying phase structure allow these pulses to encode more information 

than conventional beams. Additionally, the temporal and spatial control over the intensity 

distribution enables precise manipulation of light-matter interactions and enhances signal 

processing and data transmission in plasmon-assisted communication platforms. 

 

 
Figure 4. The vortex intensity at t =0.10 fs 

 

The contour trace of a vortex pulse's intensity distribution at t = 0.10 fs is displayed in 

Figure 4. As the vortex pulse gets closer to its maximum strength, this time point 

represents a crucial stage in its temporal growth. The intensity profile clearly shows the 

spatial distribution and the temporal dynamics of the pulse, which is typical of optical 

vortex beams. 

The center of Figure 4 shows the optical vortex's core, which continues to be the most 

intense. The intensity profile shifts from the center to the periphery and is very smooth. 

Similar to the preceding time slice, the highest intensity is shown by stronger hues (yellow 

and white) in the inner region and decreases toward the plot's margins. This behavior is 

representative of the characteristics of vortex beams, in which the topological charge ℓ=1-

related underlying phase singularity shapes the intensity profile (Torres & Torner, 2011). 
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Figure 5. The vortex pulse intensity at t =10.12 fs 

 

The vortex pulse intensity distribution at t = 10.12 fs is displayed in Figure 5. This 

time point represents a further growth in the intensity profile of the vortex pulse as it 

propagates, completing the study of its temporal evolution. 

The vortex pulse shows a slightly lower peak strength at t = 10.12 fs than at t = 0.10 

fs in the preceding time slice. The fact that the center region is still light suggests that the 

localized energy concentration is still there. The intensity profile continues to exhibit the 

typical circular symmetry of a vortex beam, indicating that the core structure is constant 

throughout its evolution. 

The intensity distribution is less pronounced than in the earlier snapshot, indicating 

that the vortex pulse has likely spread out over time. It is consistent with the expected 

behavior of vortex beams, which undergo spatial and temporal dispersion as they 

propagate. The gradual decline in intensity towards the periphery emphasizes the pulse's 

ability to maintain a coherent structure while dispersing energy outward. 

 

3.7 Comparative Discussion of Vortex Pulse Intensity Evolution 

The intensity distributions presented across Figures 4 and 5 illustrate the temporal 

evolution of a vortex pulse, providing insights into the dynamics of vortex beams and their 

practical implications in optical applications. This comparative analysis examines the 

intensity profiles at three distinct time points: t = 0.10 fs, t = 10.12 fs, and a third 

unmentioned point, highlighting the key characteristics and changes observed in the pulse 

intensity over time. 

 

3.8 Intensity Characteristics at Initial Time Point 

At t = 0.10 fs, the vortex pulse exhibits a high peak intensity centered at the origin, 

suggesting a localization of energy (Figure 4). The intensity profile demonstrates a vivid 

circular symmetry typical of optical vortices. The outer regions gradually decrease in 

intensity, indicating effective energy concentration within the core (Berkhout et al., 2010). 

This initial configuration is critical for applications in optical manipulation, as the high 

intensity suggests the potential for precise control over particles or beams of light (Willner 

et al., 2015). 
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3.9 Temporal Evolution and Dispersion 

As the pulse evolves to t = 10.12 fs, a noticeable decline in peak intensity occurs 

(Figure 5). This reduction shows the pulse's natural dispersion as it propagates, leading to a 

broader spatial energy distribution. While the intensity remains circularly symmetric, the 

overall peak intensity is significantly lower than at the earlier time point. This behavior 

aligns with the expected dynamics of vortex beams, which can lose energy over distance 

due to diffraction and scattering (Molina-Terriza et al., 2007). 

 

3.10 Intensity Stability and Structural Integrity 

In both time points examined, the intensity distributions maintain a consistent core 

structure, suggesting that the vortex pulse's integrity is preserved despite the decrease in 

peak intensity. This stability is essential for practical applications, especially in optical 

communication systems where maintaining signal quality is paramount (Torres & Torner, 

2011). Vortex pulses can undergo intensity decay, but their unique structure can still be 

used for efficient energy transmission and information encoding, as seen in Figures 4, 5, 

and 6. 

 

3.11 Implications of Topological Charge 

The observed intensity profiles in Figures 3, 4, and 5 reinforce the significance of 

topological charge in the behavior of vortex beams. The ability of these beams to carry 

orbital angular momentum can be harnessed for advanced communication technologies and 

quantum information processing (Molina-Terriza et al., 2007). The structured intensity 

patterns reveal how vortex pulses can encode information in both phase and amplitude, 

presenting opportunities for enhanced data transmission rates and improved optical 

systems (Berkhout et al., 2010; Willner et al., 2015). 

In conclusion, the comparative analysis of vortex pulse intensity at various time 

points reveals essential characteristics of optical vortex behavior. While the peak intensity 

diminishes over time, the core structure highlights the potential for utilizing these beams in 

practical applications. The insights gained from this analysis underline the relevance of 

vortex pulses in modern optical technologies and the importance of further exploring their 

dynamic properties. 

 
Figure 6. The electric and magnetic field due to the vortex beam 

 

Figure 6 shows the results of an electric field component Ex (left) and a magnetic 

field component Bz (right) generated in a vortex beam configuration. Vortex beams, 
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characterized by their helical wavefronts and orbital angular momentum (OAM), induce 

specific patterns in the electromagnetic fields that are visible in the images. 

 

a. Electric Field Ex  
The plot of the electric field Ex displays a highly structured, symmetric pattern. It 

shows the intricate field distributions in vortex beams due to the superposition of various 

modes carrying OAM. The symmetrical nature of the pattern, with alternating regions of 

positive and negative field strength, suggests interference affects the vortex beam 

propagation. The high symmetry could be due to the alignment of multiple phase vortices, 

where each point represents a position of destructive or constructive interference in the 

field. 

The intensity fluctuations in Ex also demonstrate the ability of vortex beams to 

confine energy in distinct regions, a characteristic that can be leveraged in optical trapping 

and manipulation. Studies have shown that such beams can be utilized in different 

applications, from optical tweezers to quantum communication, due to their unique field 

configurations (Willner et al., 2015). The color scale indicates field strengths ranging from 

-0.96 to 0.96, confirming the oscillatory nature of the electric field. 

 

b. Magnetic Field Bz  

The magnetic field Bz distribution appears less structured related to the electric field, 

with more homogeneous regions. This behavior is consistent with the fact that the 

magnetic field in electromagnetic waves generated by vortex beams often exhibits spatial 

variations than the electric field. The scale of the magnetic field is much smaller, ranging 

between -2.0 and 2.0 ×10
-8

 T, which further supports the idea that the electric field 

dominates in terms of field strength in vortex beams. 

The less pronounced features in the magnetic field could be due to the specific 

polarization of the beam or the chosen vortex mode. In some configurations, the magnetic 

field component remains comparatively smoother, as seen in this case. These results agree 

with theoretical predictions where the electric field intensity typically dominates the 

magnetic field in tightly focused beams (Allen et al., 1999). 

 

3.12 Implications of Vortex Beam Characteristics 

The distinct electric and magnetic field patterns seen in the figure are characteristic of 

vortex beams, where the orbital angular momentum significantly influences the spatial 

distribution of the fields. Vortex beams with OAM provide unique opportunities for high-

dimensional encoding in quantum communication and have been proposed as potential 

tools for increasing data transfer rates (Molina-Terriza, Torres, & Torner, 2007). 

Furthermore, vortex beams have been investigated for their ability to exert 

mechanical forces on particles due to their angular momentum, opening possibilities in 

optical manipulation. The electric and magnetic field profiles observed in the figure 

reinforce the potential for these beams in applications that require precise control over 

electromagnetic fields. 

Figure 6 illustrates the distributions of electric and magnetic fields produced by a 

vortex beam. These field patterns are complex and originate from the orbital angular 

momentum of the beam. The high symmetry in the electric field Ex and the comparatively 

smoother magnetic field Bz are consistent with theoretical models of vortex beams. These 

results suggest significant applications in optical manipulation, quantum communication, 

and high-resolution imaging technologies, as supported by recent literature. 
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IV. Conclusion 

 

The study of vortex beam ionization in ionized media has revealed significant insights 

into the interaction between structured electromagnetic fields and plasma. By examining 

the behavior of vortex beams in a circularly polarized regime and analyzing the spatial 

distribution of intensity and orbital angular momentum (OAM), we have been able to 

assess how vortex beams propagate through a medium. The results from our simulations, 

including the analysis of vortex beam waist over distances and the ionization rate, suggest 

the following key points: 

Vortex Beam Propagation: The vortex beam waist is influenced significantly by the 

medium's ionization properties. As the vortex beam propagates through an ionized 

medium, the intensity evolves over distance, with a noticeable dispersion effect. This result 

emphasizes the importance of carefully considering the medium's characteristics when 

designing and applying vortex beams for practical applications. 

Ionization Efficiency: The calculated ionization rate of approximately 1.0×10
-6

 under 

the influence of vortex beams indicates that ionization occurs, but the efficiency is 

relatively low at the energy levels considered. The interaction between the vortex beam 

and the ionized medium leads to energy transfer that ionizes the medium, and the rate 

suggests that higher intensities or pulse modifications might be required for more efficient 

ionization in practical applications like plasma-assisted communication or particle 

manipulation. 

Field Decomposition: The decomposition of the electromagnetic fields into external 

and induced components has allowed for a deeper understanding of how vortex beams 

influence and are influenced by the surrounding medium. The external fields propagate 

largely unaffected in a vacuum, while the induced fields encapsulate the medium’s 

response to the beam, including scattering and ionization effects. This decomposition 

approach is useful for analyzing energy transfer processes and the dynamics of 

electromagnetic fields in complex environments. 

Polarization and Plasma Dynamics: The interaction of the circularly polarized pulse 

with the spiral structure within the ionized medium demonstrates complex behavior. As the 

electric field interacts with the medium, the induced polarization creates perturbations that 

feedback into the vortex beam’s structure. This interaction suggests that in highly ionized 

media, polarization effects could significantly alter the beam's propagation, potentially 

leading to energy loss or scattering effects that must be mitigated. 

 

Recommendations 

Enhancing Ionization Efficiency: Given the low ionization rate observed, further 

investigation into methods to enhance ionization is necessary. Approaches could include 

increasing the intensity of the vortex beams, modifying the pulse shapes, or using more 

complex polarization states to optimize energy transfer to the medium. Studies could also 

explore multiphoton ionization effects, which may be more efficient at higher intensities. 

Medium Characterization for Improved Propagation: The ionized medium’s 

characteristics, such as electron density and plasma frequency, play a critical role in vortex 

beam propagation. To improve the performance of vortex beams in ionized media, we 

recommend conducting experiments to understand how different plasma parameters affect 

beam evolution. This could lead to more targeted applications, such as plasma diagnostics 

or communication technologies. 

Optimizing Vortex Beam Applications: The unique properties of vortex beams, 

particularly their ability to carry OAM, make them highly promising for advanced 
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communication systems, particle trapping, and plasma manipulation. Future work should 

focus on beam parameters optimization (waist size, intensity, OAM modes) to achieve 

specific application goals. In particular, applying vortex beams to plasma-assisted 

communication could benefit from further refinement of the beam's interaction with 

ionized media. 

Modeling Complex Environments of electromagnetic fields into external and induced 

components has proven for understanding vortex beam behavior in ionized media. We 

recommend further development of computational models that include more detailed 

descriptions of the medium’s response, including nonlinear effects, ionization dynamics, 

and plasma instabilities. These models could significantly improve our ability to predict 

and control beam propagation in complex environments. 
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