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The current study investigates second harmonic generation of elliptical beam in thermal quantum plasma (TQP) by taking 
relativistic-ponderomotive (RP) forces together. There is change in mass of electrons due to RP force thereby producing change in 
background density profile in a direction transverse to main beam. The main beam gets self-focused. The established density 
gradients excites electron plasma wave (EPW) at pump wave frequency. The excited EPW further interacts with pump wave to 
produce second harmonic generation (SHG). The widely accepted WKB and paraxial approximations are employed for deriving 
the 2nd order ODEs for semi major and semi-minor axes of elliptical beam with normalized propagation distance and efficiency of 
second harmonics. Furthermore, the influence of varying suitable laser-plasma parameters on beam waist dynamics and efficiency 
of 2nd harmonics are also explored.  
Keywords: Elliptical Cross-section; Quantum Plasma; RP force; Electron Plasma Wave; Paraxial Theory; WKB approximation 
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1. INTRODUCTION
The laser-plasma interaction is vibrant research field as a result of its direct relevance to many applications 

including X-ray lasers, laser induced, and acceleration of plasma species [1-8]. Recent advancement in laser technology 
has made possible the production of lasers with intensities exceeding 10ଵ଼ 𝑊/𝑐𝑚ଶ. At such intensity, intense lasers 
interaction with plasmas has led to interesting nonlinear physics. Because, in this region the behavior of plasma 
electrons is highly nonlinear. The laser-plasma interaction has led to production of nonlinear phenomena including 
harmonics production, scattering instabilities, self-focusing and filamentation [9-17]. The complete knowledge of laser-
plasma interaction physics requires investigation of these instabilities. These instabilities cause great reduction in 
efficiency of laser-plasma coupling. So, these instabilities could be minimized if we are having their in-depth 
knowledge. In 1962, Askaryan initially identified phenomenon of self-focusing [18]. The other nonlinear processes are 
directly affected due to self-focusing phenomena. Self-focusing process causes in change in dielectric and optical 
properties of plasma medium. Further, there is displacement of plasma electrons towards less intense portion as a result 
of ponderomotive mechanism in collisionless plasma. This in fact results in carrier redistribution in plasma. In laser-
plasma interaction, generation of harmonics play a major role. The generation of harmonics is greatly influences 
propagation of lasers through plasma medium. The power of beam gets penetrated in the overdense portion as a result 
of production of harmonics. The harmonics production is valuable tool for retrieving information about pivotal 
parameters like expansion velocity, electron density, and opacity [19-20]. SHG helps in tracking transition of laser 
beam through plasma targets. The pulse duration of radiations of 2nd harmonics is very small. This really makes them 
suitable for plenty applications in UV spectroscopy [21-24]. The harmonics can be produced in laser produced plasmas 
through many techniques such as excitation of EPW, acceleration of photons, induced density gradients etc. [25-29]. 
The most frequently way of producing 2nd harmonics is with the help of excitation process of EPW. The production of 
density gradients in plasmas causes EPW excitation at pump wave frequency. The interaction of excited EPW with 
pump beam generates 2nd harmonics. Researchers have investigated SHG both theoretically and experimentally in the 
past [30-36]. It is quite clear from literature review that majority research on SHG has been explored in classical 
plasmas, which have less density and high temperature. Recently, a new plasma regime known as quantum plasmas has 
been explored. This regime has less temperature and high density. Researchers are highly motivated in exploring lasers 
interaction with quantum regime as a result of its applicability to plenty applications such as fusion science, 
nanotechnology, astrophysics etc. [37-42]. Further, nonlinear effects get amplified due to quantum effects. If the plasma 
temperature, Fermi temperature are denoted by 𝑇 and  𝑇ி respectively. Then, quantum contribution can be expressed 
through parameter 𝜒 = ்ಷ்.  For 𝜒 ≥ 1 , quantum effects become more pronounced. One can get overall details of 
quantum plasmas through FD-statistics. The De-Broglie wavelength 𝜆஻ differentiates quantum regime from classical 
regime. For the case of classical plasmas, 𝜆஻  has a very low value. Whereas, for quantum plasmas  λ୆ ≥interatomic distance. Most of the research on SHG is either done through classical plasmas or through cylindrical 
Gaussian beams. In current study, we are exploring for the first time SHG of elliptical laser beam through TQP under 
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combined influence of RP force. The elliptical beam introduces anisotropy in self-focusing, an unequal waists along 
two transverse axes produce non-uniform intensity and asymmetric plasma density redistribution. This modifies local 
refractive index and phase matching for SHG. In Section 2, The well-established WKB and Paraxial theory are used for 
deriving 2nd order ODE for semi-major axis and semi-minor axis of laser beam having elliptical cross-section. In 
Section 3, we derived expression for the amplitude of EPW which act as 2nd harmonic source equation. The efficiency 
of second harmonics is derived in Section 4. In Section 5, detailed discussion of the results obtained is discussed and 
finally conclusion of results obtained is discussed in Section 6. 

 
2. EVOLUTION OF SPOT SIZE OF LASER BEAM 

Consider a laser beam having elliptical cross-section be transiting along z-axis. We have taken the transition of 
elliptical laser beam in TQP along z-axis. The present study incorporates both relativistic & ponderomotive nonlinear 
effects. Field amplitude for elliptical beams is taken as  

 𝐸 = 𝐸଴𝑒𝑥𝑝 ቀ− ௫మଶ௔మ − ௬మଶ௕మቁ (1) 

In Eq. (1), 𝑎 & 𝑏 denote initial beam radii of the semi-major axis and semi-minor axis respectively. 𝐸଴ is the maximum 
field amplitude. For, isotropic plasmas i.e, 𝐽 = 0,𝜌 = 0, 𝜇 = 0 the expressions for Faraday’s law and Ampere’s law 
becomes 

 ∇ × 𝐵 = ଵ௖ డ஽డ௧  (2) 

 ∇ × 𝐸 = −ଵ௖ డ஻డ௧  (3) 

In Eqs. (2) & (3), 𝐸, 𝐵  & 𝐷 = 𝜀𝐸  correspond to electric vector, magnetic vector and electric displacement vector 
respectively. One can combine Eqs. (2) & (3) to obtain wave equation for electric vector as  

 ∇ଶ𝐸 − ∇ሺ∇ ∙ 𝐸ሻ + ఠమ௖మ 𝜀𝐸 = 0 (4) 

In Eq. (4), we can ignore the term ∇ሺ∇ ∙ 𝐸ሻ assuming that ଵ௞మ |∇ଶ𝑙𝑛 ∈| ≪ 1 with 𝑘 being propagation vector. Here, 𝜔 & 𝜀 correspond to angular frequency and dielectric function respectively. One can re-write Eq. (4) as  

 ∇ଶ𝐸 + ఠమ௖మ 𝜀𝐸 = 0 (5) 

Under the joint contribution of quantum effects, Fermi pressure, and Bohm potential, the overall dielectric function for 
TQP takes the form [42-43] 

 𝜖 = 1 −  ఠ೛మఊఠమ ൬1 − ௞మ௩೑మఠమ − ఋ௤ఊ ൰ିଵ (6) 

In Eq.(6), 𝑣௙ = ටଶ௄ಳ்೑௠  denotes Fermi speed, 𝛾 is relativistic factor expressed as 𝛾 = ሺ1 + 𝛼𝐸𝐸∗ሻଵ/ଶ, and 𝛿𝑞 = ସగర௛మ௠మఠమఒర 
respectively. If we substitute 𝑇௙−> 0 in Eq. (6), then we get 𝜖 for cold quantum plasma (CQP). Further, setting 𝑇௙−>0, ௛ଶగ−> 0 in Eq. (6), we get 𝜖 for classical relativistic plasma (CRP). Further, 𝜔௣ = ටସగ௡௘మ௠  denotes plasma frequency. 
The electron number density gets modified due to ponderomotive force. One can express this changed number density 
as [42-43] 

 𝑛 = 𝑛଴𝑒𝑥𝑝 ቀ−௠௖మ் (𝛾 − 1)ቁ (7) 

The general form for 𝜀 for TQP can be expressed as 

  𝜀 = 𝜀଴ + 𝜑(𝐸𝐸଴∗) (8) 

In Eq. (8), the linear and nonlinear parts of 𝜀 can be expressed as 𝜀଴ = 1 −  ఠ೛మఠబమ & Φ(𝐸𝐸∗) respectively. Under combined 
action of RP force, the nonlinear part Φ(𝐸𝐸∗) of the dielectric function in TQP becomes  

 𝛷(𝐸𝐸∗) = ఠ೛బమఠమ ቈ1 − ଵఊ ൬1 − ௞మ௩೑మఠమ − ఋ௤ఊ ൰ିଵ exp (−௠௖మ் (𝛾 − 1))቉ (9) 

Where 𝜔௣଴ = ටସగ௡బ௘మ௠ . 
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Following [44-45], the solution of Eq. (5) can be represented as  
 𝐸 = 𝐸଴exp [𝑖൫𝜔𝑡 − 𝑘(𝑆 + 𝑧)൯] 10) 

 𝐸଴ଶ = ாబబమ௙భ௙మ 𝑒𝑥𝑝 ቂ− ௫మ௔మ௙భమ − ௬మ௕మ௙మమቃ (11) 

 𝑆 = ௫మଶ 𝛽ଵ(𝑧) + ௬మଶ 𝛽ଶ(𝑧) + 𝛷଴(𝑧) (12) 

 𝑘 = ఠ௖ ඥ𝜀଴ (13) 

‘S’ represents eikonal for the beam with elliptical cross-section, 𝛽ଵ(𝑧) = ଵ௙భ ௗ௙భௗ௭  and 𝛽ଶ(𝑧) = ଵ௙మ ௗ௙మௗ௭  denote wavefront’s 
curvature along X & Y axes respectively, 𝛷଴(𝑧) is phase shift connected with beam, 𝑓ଵ & 𝑓ଶ denote beam widths of 
beam having elliptical cross-section and satisfy following 2nd order differential equations 

 ௗమ௙భௗఎమ = ଵ௙భయ − ቀఠ೛௔௖ ቁଶ ఈாబబమଶ௙భమ௙మ
௘௫௣ቌି೘೎మ೅೐ ቎ඨଵାഀಶబబమ೑భ೑మିଵ቏ቍ

ቆଵାഀಶబబమ೑భ೑మቇయ/మ
⎝⎜
⎛ଵି ೖమೡ೑మഘమ  ି ഃ೜ඨభశഀಶబబమ೑భ೑మ⎠⎟

⎞మ ⎣⎢⎢
⎢⎡൬1 −  ௞మ௩೑మఠమ ൰ + ௠௖మ೐் ට1 + ఈாబబమ௙భ௙మ ⎝⎜

⎛1 −  ௞మ௩೑మఠమ  −  ఋ௤ඨଵାഀಶబబమ೑భ೑మ⎠⎟
⎞
⎦⎥⎥
⎥⎤ (14) 

ௗమ௙మௗఎమ = ௔ర௕ర௙మయ − ቀఠ೛௔௖ ቁଶ ఈாబబమଶ௙మమ௙భ ቀ௔௕ቁଶ ௘௫௣ቌି೘೎మ೅೐ ቎ඨଵାഀಶబబమ೑భ೑మିଵ቏ቍ
ቆଵାഀಶబబమ೑భ೑మቇయ/మ

⎝⎜
⎛ଵି ೖమೡ೑మഘమ  ି ഃ೜ඨభశഀಶబబమ೑భ೑మ⎠⎟

⎞మ ⎣⎢⎢
⎢⎡൬1 −  ௞మ௩೑మఠమ ൰ + ௠௖మ೐் ට1 + ఈாబబమ௙భ௙మ ⎝⎜

⎛1 −  ௞మ௩೑మఠమ  −  ఋ௤ඨଵାഀಶబబమ೑భ೑మ⎠⎟
⎞
⎦⎥⎥
⎥⎤ 

(15) 

In Eqs. (14) & (15), 𝜂 = 𝑧/𝑘𝑎ଶ is dimensionless propagation distance. Here, 𝑘𝑎ଶ denotes the Rayleigh length of beam. 
The boundary conditions selected for numerical calculation of these equations are 𝑓ଵ = 𝑓ଶ = 1 and ௗ௙భௗఎ = ௗ௙మௗఎ = 0 at 𝞰 = 0. 
 

3. EXCITATION PROCESS OF EPW 
We are incorporating motion of plasma electrons only for investigating excitation mechanism of EPW. Ions are 

excluded from excitation dynamics due to their heavy and immobile nature. The relativistic-ponderomotive force causes 
density fluctuations leading to excitation process of EPW. An analysis of the EPW excitation mechanism can be carried 
out through the following well-known standard equations; 
(a) Continuity Equation 

 డே೐డ௧ + ∇ ∙ (𝑁௘𝑉) = 0 (16) 

(b) Poisson’s Equation 
 ∇ ∙ 𝐸 = 4𝜋(𝑍𝑁௢௜ − 𝑁௘)𝑒 (17) 
(c) Equation of State 

 ௉ ே೐ം = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (18) 

(d) Equation of Motion 

 𝑚ቂడ௏డ௧ + (𝑉 ∙ ∇)Vቃ = −𝑒 ቂ𝐸 + ଵ௖ 𝑉 × 𝐵ቃ − 2𝛤𝑚𝑉 − ఊே೐ ∇𝑃௘ (19) 

Through the application of standard procedures, one arrives at the following equation for EPW: 

 −𝜔଴ଶ𝑛ଵ − 𝑣௧௛ଶ ∇ଶ𝑛ଵ + 2𝜄𝛤𝜔଴𝑛ଵ + 𝜔௣ଶ ቈଵఊ ൬1 − ௞మ௩೑మఠమ − ௛మ௞రଵ଺ఊగమఠమ௠మ൰ିଵ exp (−௠௖మ் (𝛾 − 1))቉ଶ 𝑛ଵ ≅ ௘௠ (𝑛଴∇.ሬሬሬ⃗ 𝐸ሬ⃗ ) (20) 

Incorporating Eq. (11) into Eq. (20) leads to the SHG source equation 𝑛ଵ = ௘௡బ௠ ாబబඥ௙భ௙మ 𝑒𝑥𝑝 ቀ− ௫మଶ௔మ௙భమቁ 𝑒𝑥𝑝 ቀ− ௬మଶ௕మ௙మమቁ ቀ ௫௔మ௙భమ + ௬௕మ௙మమቁ ଵ
൞ఠబమି௞మ௩೟೓మ ିఠ೛మቌభം൭ଵିೖమೡ೑మഘమ ି ೓మೖరభలംഏమഘమ೘మ൱షభୣ୶୮ (ି೘೎మ೅ (ఊିଵ))ቍమൢ  (21) 
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4. YIELD OF SECOND HARMONICS 
Excited EPW interacts with main beam leading to SHG production. With Maxwell’s equations as the foundation, 

one can obtain SHG field equation 𝐸ଶ as 

 ∇ଶ𝐸ଶ + ఠమమ௖మ 𝜀ଶ(𝜔ଶ)𝐸ଶ = ఠ೛మ௖మ ௡భ௡బ 𝐸଴ (22) 

2nd harmonic radiations have frequency represented by 𝜔ଶ = 2𝜔଴ and dielectric function expressed as 𝜀ଶ. The 
expression for 𝐸ଶ can be written as  

 𝐸ଶ = ఠ೛మ௖మ ௡భ௡బ ாబబඥ௙భ௙మ 𝑒𝑥𝑝 ቀ− ௫మଶ௔మ௙భమቁ 𝑒𝑥𝑝 ቀ− ௬మଶ௕మ௙మమቁ ଵ(௞మమିସ௞మ) (23) 

Now, SHG yield can be obtained as  𝑌ଶ = ఠ೛ర௘మாబబమ௠బమ௖ర௙భ௙మ 𝑒𝑥𝑝 ቀ− ௫మ௔మ௙భమቁ 𝑒𝑥𝑝 ቀ− ௬మ௕మ௙మమቁ ቀ ௫௔మ௙భమ + ௬௕మ௙మమቁଶ ଵ൫௞మమିସ௞మ൯మ ଵ
൞ఠబమି௞మ௩೟೓మ ିఠ೛మቌభം൭ଵିೖమೡ೑మഘమ ି ೓మೖరభలംഏమഘమ೘మ൱షభୣ୶୮ (ି೘೎మ೅ (ఊିଵ))ቍమൢమ (24) 

 
5. DISCUSSION 

Since, it is not feasible to have analytical solution of Eqs. (14), (15) and (24). So, we have employed a 
numerical method. In fact, we have obtained accurate as well as stable solutions through fourth-order Runge–Kutta 
(RK4) method. In fact, RK4 is found to be best method for solving ordinary differential equations. We have 
employed established parameters for exploring the behavior of solutions as follows; 𝛼𝐸଴଴ଶ = 3.0, 4.0, 5.0 , ఠ೛మఠబమ =0.4, 0.5, 0.6, 𝑇௙ = 10଻𝐾, 10଼𝐾, 10ଽ𝐾 

The right side of Eqs. (14) and (15) contains two terms with distinct physical interpretations. In both equations, 1st 
terms belong to divergence effect thereby causing beam spreading, while 2nd terms belong to convergence effect thereby 
prompting beam focusing. During laser beam propagation inside plasma, these two terms govern overall evolution of 
beam width. When there is domination of 1st term, then beam spreading takes place leading to increase in its beam 
width. When there is domination of 2nd term, then beam focusing takes place leading to decrease in its beam width. 
When these opposing factors are exactly equal in magnitude, then we achieve self-trapping condition, where natural 
diffraction phenomenon is balanced by nonlinear focusing, maintaining a constant beam width. 

Figures 1(a) & 1(b) illustrate variation of 𝑓ଵ  & 𝑓ଶ  as function of the normalized distance 𝜂 for different laser 
intensity values 𝛼𝐸଴଴ଶ = 3.0, 4.0, 5.0  respectively. Blue, green, and red color codes are used to denote 𝛼𝐸଴଴ଶ =3.0, 4.0, and 5.0 respectively. The shifting of minimum values of 𝑓ଵ & 𝑓ଶ towards higher 𝜂 is found with increasing 𝛼𝐸଴଴ଶ  parameter. This indicates that beam focusing is delayed by higher laser intensity. In other words, beam’s focusing 
efficiency is reduced with increasing 𝛼𝐸଴଴ଶ  parameter. The observed trend is found due to diminished strength of the 
nonlinear focusing term in relation to the diffraction term as 𝛼𝐸଴଴ଶ  parameter increases.  

  
(a) (b) 

Figure 1. Variation of 𝑓ଵ & 𝑓ଶ as function of the normalized distance 𝜂 for different laser intensity values 𝛼𝐸଴଴ଶ = 3.0, 4.0, 5.0 
respectively. Blue, green, and red color codes are used to denote 𝛼𝐸଴଴ଶ = 3.0, 4.0, and 5.0 respectively 

Figures 2(a) & 2(b) illustrate variation of 𝑓ଵ & 𝑓ଶ as function of the normalized distance 𝜂 for different plasma 
density ఠ೛మఠబమ = 0.4, 0.5, 0.6  respectively. Blue, green, and red color codes are used to denote ఠ೛మఠబమ = 0.4, 0.5, and 0.6 

respectively. The shifting of minimum values of 𝑓ଵ & 𝑓ଶ towards smaller 𝜂 is found with increasing ఠ೛మఠబమ parameter. This 
indicates that beam focusing is enhanced by higher plasma density. In other words, beam’s focusing efficiency is 
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enhanced with increasing ఠ೛మఠబమ parameter. The observed trend is found due to diminished strength of the diffraction term 

in relation to the nonlinear focusing term as ఠ೛మఠబమ parameter increases.  

  
(a) (b) 

Figure 2. Variation of 𝑓ଵ  & 𝑓ଶ  as function of the normalized distance 𝜂  for different plasma density ఠ೛మఠబమ = 0.4, 0.5, 0.6 

respectively. Blue, green, and red color codes are used to denote ఠ೛మఠబమ = 0.4, 0.5, and 0.6 respectively 

Figures 3(a) & 3(b) illustrate variation of 𝑓ଵ & 𝑓ଶ as function of the normalized distance 𝜂 for different Fermi 
temperature 𝑇௙൫𝑇௙ = 10଻𝐾, 10଼𝐾, 10ଽ𝐾൯ respectively. Blue, green, and red color codes are used to denote 𝑇௙ =10଻𝐾, 10଼𝐾, 10ଽ𝐾 respectively. The shifting of minimum values of 𝑓ଵ & 𝑓ଶ towards smaller 𝜂 is found with increasing 𝑇௙  parameter. This indicates that beam focusing is enhanced by higher Fermi temperature. The higher Fermi 
temperature increases the Fermi pressure and electron degeneracy, leading to stronger plasma density redistribution. 
This enhances refractive index gradient and weakens diffraction spreading. As a result, nonlinear focusing effect 
dominates, causing the beam to self-focus more efficiently with increasing 𝑇௙.  

  
(a) (b) 

Figure 3. Variation of 𝑓ଵ  & 𝑓ଶ  as function of the normalized distance 𝜂  for different Fermi temperature 𝑇௙൫𝑇௙ =10଻𝐾, 10଼𝐾, 10ଽ𝐾൯ respectively. Blue, green, and red color codes are used to denote 𝑇௙ = 10଻𝐾, 10଼𝐾, 10ଽ𝐾 respectively 

Figures 4(a) & 4(b) illustrate variation of 𝑓ଵ & 𝑓ଶ as function of the normalized distance 𝜂 for different plasma 
regimes. Blue and red color codes are used for TQP and CRP cases. The more shifting of minimum values of 𝑓ଵ & 𝑓ଶ 
towards smaller 𝜂 is found in TQP case as compared to CRP case. This indicates that beam focusing is enhanced by 
quantum effects. In other words, beam’s focusing efficiency is enhanced with quantum contributions. Actually, 
quantum effects make the plasma respond more efficiently to intensity variations of laser beam, thereby enhancing 
nonlinear refractive index and promoting stronger self-focusing. 

Figure 5 illustrates variation of SHG yield 𝑌ଶ as function of the normalized distance 𝜂 for different laser intensity 
values 𝛼𝐸଴଴ଶ = 3.0, 5.0 respectively. Blue and red color codes are used to denote 𝛼𝐸଴଴ଶ = 3.0 and 5.0 respectively. It is 
found that the yield 𝑌ଶ gets reduced with decrease in 𝛼𝐸଴଴ଶ . This reduction is attributed to the weaker self-focusing of the 
pump beam at higher 𝛼𝐸଴଴ଶ  values. Since, magnitude of yield 𝑌ଶclosely linked with effect of self-focusing, an increase in 𝛼𝐸଴଴ଶ  leads to weaker self-focusing, thereby resulting in a reduced 𝑌ଶ value. 

Figure 6 illustrates variation of SHG yield 𝑌ଶ as function of the normalized distance 𝜂 for different plasma density ఠ೛మఠబమ = 0.4, 0.6 respectively. Blue and red color codes are used to denote ఠ೛మఠబమ = 0.4 and 0.6 respectively. It is found that 
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the yield 𝑌ଶ gets enhanced with increase in ఠ೛మఠబమ. This reduction is attributed to the stronger self-focusing of the pump 

beam at higher ఠ೛మఠబమ values. Since, magnitude of yield 𝑌ଶclosely linked with effect of self-focusing, an increase in ఠ೛మఠబమ leads 
to stronger self-focusing, thereby resulting in higher 𝑌ଶ value. 

  
(a) (b) 

Figure 4. Variation of 𝑓ଵ & 𝑓ଶ as function of the normalized distance 𝜂 for different plasma regimes. Blue and red color codes are 
used for TQP and CRP cases 

  
Figure 5. Variation of SHG yield 𝑌ଶ as function of the 
normalized distance 𝜂 for different laser intensity values 𝛼𝐸଴଴ଶ = 3.0, 5.0 respectively. Blue and red color codes 
are used to denote 𝛼𝐸଴଴ଶ = 3.0 and 5.0 respectively 

Figure 6. Variation of SHG yield 𝑌ଶ  as function of the normalized 
distance 𝜂 for different plasma density ఠ೛మఠబమ = 0.4, 0.6 respectively. Blue 

and red color codes are used to denote ఠ೛మఠబమ = 0.4 and 0.6 respectively 

  

Figure 7. Variation of SHG yield 𝑌ଶ  as function of the normalized 
distance 𝜂  for different Fermi temperature 𝑇௙൫𝑇௙ =10଻𝐾, 10ଽ𝐾൯ respectively. Blue and red color codes are used to denote 𝑇௙ = 10଻𝐾 and 10ଽ𝐾 respectively 

Figure 8. Variation of SHG yield 𝑌ଶ as function of the 
normalized distance 𝜂 for different plasma regimes. Blue 
and red color codes are used to denote TQP and CRP 
respectively 
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Figure 7 illustrates variation of SHG yield 𝑌ଶ  as function of the normalized distance 𝜂  for different Fermi 
temperature 𝑇௙൫𝑇௙ = 10଻𝐾, 10ଽ𝐾൯ respectively. Blue and red color codes are used to denote 𝑇௙ =10଻𝐾 and 10ଽ𝐾 respectively. It is found that the yield 𝑌ଶ gets enhanced with increase in 𝑇௙. This reduction is attributed 
to the stronger self-focusing of the pump beam at higher 𝑇௙ values. Since, magnitude of yield 𝑌ଶclosely linked with 
effect of self-focusing, an increase in 𝑇௙ leads to stronger self-focusing, thereby resulting in higher 𝑌ଶ value. 

Figure 8 illustrates variation of SHG yield 𝑌ଶ  as function of the normalized distance 𝜂  for different plasma 
regimes. Blue and red color codes are used to denote TQP and CRP respectively. In TQP, the value of 𝑌ଶ is significantly 
enhanced in comparison to CRP case. This enhancement is directly linked with process of self-focusing, as magnitude 
of 𝑌ଶ is strongly affected by self-focusing phenomenon. In Figures 7 & 8, beam focusing is found to be more dominant 
in TQP case followed by CRP case. Similar behavior is found for present study as well.  

6. CONCLUSIONS 
The current study explores SHG of elliptical laser beam in TQP. We have taken together relativistic and 

ponderomotive (RP) forces in current study. The results drawn from this study are mentioned below;  
(1) There is increment in tendency of beam to focus with increase in ఠ೛మఠబమ and 𝑇௙ parameters.  
(2) The increase in 𝛼𝐸଴଴ଶ  tends to reduction in beam focusing tendency.  
(3) With inclusion of quantum effects, the beam exhibits better focusing characteristics. 
(4) There is an enhancement in SHG yield 𝑌ଶ  with enhancement in plasma density, Fermi temperature and with 

lowering in beam intensity values.  
(5) The magnitude of 𝑌ଶ gets enhanced with inclusion of quantum effects.  
 
These results are extremely useful for researchers exploring laser-plasma interaction physics. 
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ГЕНЕРАЦІЯ ДРУГОЇ ГАРМОНІКИ ПОТУЖНОГО ЕЛІПТИЧНОГО ПРОМЕНЯ В ТЕПЛОВІЙ КВАНТОВІЙ ПЛАЗМІ 

Кешав Валья1, Кулкаран Сінгх1, Анудж Віджай2, Діпак Тріпаті3 
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У цьому дослідженні досліджується генерація другої гармоніки еліптичного променя в тепловій квантовій плазмі (TQP) 
шляхом об'єднання релятивістсько-пондеромоторних (RP) сил. Спостерігається зміна маси електронів через силу РП, що 
призводить до зміни профілю фонової густини в напрямку, поперечному до основного променя. Основний промінь 
самофокусується. Встановлені градієнти густини збуджують електронну плазмову хвилю (ЕПХ) на частоті хвилі 
накачування. Збуджена ЕПХ додатково взаємодіє з хвилею накачування, створюючи генерацію другої гармоніки (ГДГ). Для 
отримання звичайних диференціальних рівнянь 2-го порядку для великої та малої напівосей еліптичного променя з 
нормалізованою дальністю поширення та ефективністю других гармонік використовуються широко прийняті наближення 
ВКБ та параксіальна теорія. Крім того, також досліджується вплив зміни відповідних параметрів лазерної плазми на 
динаміку перетяжки променя та ефективність других гармонік. 
Ключові слова: еліптичний поперечний переріз; квантова плазма; сила рп; електронна плазмова хвиля; параксіальна 
теорія; наближення ВКБ 


