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An analytical theory is developed for studying the phenomenon of generation of third harmonic radiation by the propagation of circularly polarized laser beam in homogenous underdense quantum magnetoplasma by using recently developed Quantum hydrodynamic (QHD) model. The effects of quantum Bohm potential, quantum statistical Fermi pressure and electron spin -1/2 have been taken into account. A circularly polarized laser beam propagating through quantum plasma produces density oscillations at second harmonic. The density oscillation combined with the oscillatory velocity produces third order current density, which derives third order harmonic radiation. The field amplitude of third harmonic radiation with reference to the fundamental amplitude of the incident circularly polarized radiation and the conversion efficiency for wave number-mismatch has been analyzed. It is observed that the efficiency of generated third harmonic is affected significantly due to the magnetic field strength, plasma electron density, intensity of circularly polarized laser pulse and quantum diffraction effects. 
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1. Introduction

1.1: Plasma:
In 1920, the Nobel laureate Irving Langmuir pioneered the scientific study of a glowing ionized gas, produced by electric discharge in a tube, gave the name plasma to this fourth state of matter. More than 99% of the known universe is in the plasma state. The plasma physics is one of the rapidly growing fields of science in the present era of energy crisis. It is an interdisciplinary science as it has wide potential applications in laboratory, space and astrophysical scenario. Laboratory plasmas find applications in industry and extractive metallurgy. Surface treatments such as plasma spraying, etching in microelectronics, metal cutting, welding, reduced permeation for nitriding surfaces against corrosion and abrasion are some of the industrial applications of plasma [1]. In astroplasma physics, plasma has application in understanding the formation of dust clusters and structures, molecular clouds, proto-star formation, star formation, cometary tails, nebulae and magnetospheres etc. In addition to this scientists and researchers in the field of plasma physics are making an attempt for the solution of global energy crisis with controlled thermonuclear fusion, using recent experimental device like ITER, JET, Tokomaks and NOVA, for inertial confinement and magnetic confinement of plasma for generation of power. 





In general it is not easy to say that all ionized gases are plasmas. A more rigorous definition requires three criterion to be satisfied. Firstly, its dynamics is governed by long range electromagnetic forces rather than force due to local collisions i.e. collective behavior. Secondly, the plasma oscillation frequency must be greater than collision frequency of charged particle to neutrals so that dynamics is still governed by long range force. According to the third criterion, its ability to ‘iron out’ an external electric potential i.e. sparing (shielding out) the bulk of plasma from external field which leads to quasi neutrality condition i.e.  Microscopic variation of quasi-neutrality leads to plasma electron oscillations with a frequency  where  is the electron mass), known as the plasma frequency. This characterizes plasma as an elastic medium [2-4]. The ionic mass is much greater than the electronic mass. Therefore, the ion oscillation frequency is very small as compared to that of the electrons. The ions can therefore be regarded as a stationary immobile background in the plasma system. The ions and electrons have distributions in energy usually characterized by ions temperature  and electrons temperature , which are not necessarily or usually the same. In addition, different ion and electron species can exist in the plasma with different temperatures or different distributions in energy. 
1.2: Quantum Plasma: 



















Plasma physics is commonly considered to be a purely classical field. However, in the last ten years there has been a renewed interest on plasma systems where quantum effects play crucial role due to its important applications in super dense astrophysical bodies [5] (i.e. the interior of Jupiter and massive white dwarfs, magnetars, and neutron stars), in intense laser-solid density plasma experiments [6-8], and in ultra-small electronic devices (e.g. in microelectronics, semiconductor devices [9], quantum dots, nanowires [10], carbon nanotubes [11], quantum diodes [12], bio photonics [13], ultra cold plasmas [14], and micro-plasmas [15]. Quantum mechanics becomes relevant in plasmas when the quantum nature of its particles significantly affects its macroscopic properties. Quantum plasmas composed of ions, degenerate electrons, positrons and charged nano-particles. The degeneracy of lighter plasma species appears at very high densities and relatively low temperatures when the Wigner-Seitz radius  is comparable to or smaller than the De- Broglie thermal wavelength  where  is the mass of the quantum particles (degenerate electrons, ions, nano-charged particles) and  is the thermal speed of quantum particles,  be the temperature,  be the Boltzman constant i.e.  therefore there is a significant overlap of the corresponding wave functions or when temperature  is comparable to or lower than the Fermi temperature  here  be the Fermi energy. When the plasma particles temperature approaches to  then the equilibrium distribution function changes from Maxwell Boltzmann (M. B.) to Fermi Dirac (F. D.) distribution function. Hence, it is useful to define Quantum coupling factor for electron-electron and ion-ion interactions. The electron-electron Coulomb coupling parameter is defined as the ratio of the electrostatic interaction energy  between electrons and electron Fermi energy, where  is the magnitude of electron charge and  is the mean interaction distance. We have  since for metallic plasmas , so it is interested to enquire the role of inter particle collisions on collective process in a quantum plasma. It is noted that Pauli blocking reduces the collisions rate for most practical cases. Because of Pauli blocking only electrons with a shell of thickness   about the Fermi surface suffers collisions. So the electron-electron collision is proportional to  





The new type of physically different effects comes into play, (1) particles are not localised in phase space (2) distribution function changes from M.B. to F.D. (3) some particles like electrons, protons have an intrinsic magnetic moment or spin which interact with magnetic field and affected the dynamics. A collision less quantum plasma regime is relevant for phenomena appearing on the time scale of the order of a femtosecond in a metallic plasma. In the astrophysical atmosphere such as white dwarf stars, the mean distance  between electrons become comparable to the Compton length  and accordingly the speed of an electron on the fermi surface becomes comparable to the speed of light . So one can use the relativistic view. Actually relativistic degenerate electrons are found in the core of massive stars. Since electrons are fermions, so only one electron can occupy a given quantum state (position, spin). One electron will on average occupy a volume. Then by Heisenberg’s uncertainty principle the mean momentum  If electrons are relativistic view then velocity is close to c. Now the electron pressure for simple gas is the momentum is the momentum transfer per unit area.



(momentum)(velocity)(number density)

  



Quantum effects can be measured by the thermal De-Broglie wavelength, . In classical regime, particle can be considered as point like (tends to 0) and there is no overlapping wave functions. Thus classical and quantum regime may not occur at the same time. But recent studies have revealed that it is possible to observe a phase transition between these two regimes. Quantum correction starts play a crucial role when separation between charged particles is similar or larger than inter particle distance and when temperature is lower than a critical temperature called Fermi temperature.

1.3: Harmonic Generation:
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Figure: Scheme of harmonic generation in Laser-Plasma interaction.






The interaction of high intensity laser pulse with plasma leading to harmonic generation has been active area of research for last thirty years [16]. The physical phenomenon of interaction of intense laser pulse with plasma leads to number of parametric instabilities and nonlinear effects such as laser wakefield acceleration, inertial  confinement fusion, Raman scattering, self phase modulation, ponderomotive self focusing and harmonic radiation generation. Generation of harmonic radiation in laser produced plasma and laboratory plasma is an important subject and also provides considerable potential for plasma diagnostics [17-23]. From few years a great deal of research has been focused on second and third harmonic in laser produced plasma [24-26]. In the process of harmonic generation, two photons of energy and momentum combines to produce a photon of energy  and momentum, where  are the frequency and wave vector of fundamental wave and are the frequency and wave vector of second harmonic wave which satisfy dispersion relation for electromagnetic wave. During third harmonic generation phenomenon, the fundamental laser beams generates a beam of frequency with three times of the fundamental frequency. The interaction of circularly polarized intense laser with homogenous plasma induced transverse nonlinear plasma current, resulting in generation of odd harmonics of laser frequency in forward direction [27]. Although number of high order harmonics generation [28-30] has been analyzed but third harmonic generation [31-33] has its unique place in laser plasma interaction. 


All the above work has been done for classical plasma but the plasma where the de-Broglie thermal wavelength associated with the charge carriers is comparable or larger than inter particle distance i.e.  or the temperature T is comparable with or lower than the electron Fermi temperature, degeneracy comes into the picture and plasma particles obey Fermi-Dirac distribution. Here, the quantum degeneracy effects start playing a crucial role and the study of quantum plasma becomes important. During the last decade, there has been growing interest in investigating new aspects of quantum plasma due to its important applications. The harmonic generation in quantum magnetoplasma has been studied by many authors [34-36]. While the phase matched third harmonic generation of laser pulse in high density quantum plasma in presence of wiggler magnetic field has been studied [37]. However to the best of our knowledge, till now, no attempt has been made to study the phase mismatch third harmonic generation by circularly polarized laser in strongly magnetized dense quantum plasmas with electron spin-1/2 effects. 
The aim of the present chapter is to take up an analytical study of third harmonic radiation by circularly polarized laser through high dense low temperature quantum plasma.  The study proceeds by considering the plasma to be cold so that thermal motion of electron can be neglected. The study has been undertaken in the mildly relativistic regime, using perturbative technique and recently developed QHD model. The quantum hydrodynamic model is a generalization of classical model of plasma where the transport equations are expressed in terms of conservation laws for particles, momentum and energy. The advantages of the QHD model over kinetic ones are its numerical efficiency, the direct use of macroscopic variables of interest such as momentum and energy and the easy way the boundary conditions are implemented. This allows to consider the nonlinear phenomena relatively easier and so the QHD approach is preferred for describing such phenomena in quantum plasma [38,39]. In mildly relativistic regime, the relativistic effect comes into play in higher order velocity components and higher order. This chapter is organized as follows. It is divided into four sections. Sec. 2 is devoted to nonlinear current density of third harmonic radiation generation and conversion efficiency has been analyzed in sec. 3.  Finally Sec. 4 devoted with summary and conclusion of the work.

2: Source Currents:







Let us take the propagation of a circularly polarized laser pulse of frequency  and wave number  and constant amplitude  in magnetized cold quantum plasma of uniform density  along the direction of static magnetic field  The fields of laser are  
and                                                                                                                                                                              (1)


                                                                                                                      

We assume that the plasma is cold and there is a fixed ionic background to ensure charge neutrality and fast processes to be considered in quantum plasma. Response of electron to the electromagnetic field is governed by the set of QHD equations,                                                           (2)                                                                                              

                                                                                                                                            (3)


                                                                                                                                 (4)













where,  is the rest mass of electron,  is the electron charge,  is the electron density, is the relativistic factor,  is Planck’s constant divided by   is the spin angular momentum with ,  is the Bohr magneton and  represents the Fermi velocity of electrons. On the right hand side of equation (2) the first term represents the Lorentz force, second term is the electron Fermi pressure, third term is the quantum Bohm potential produced due to density fluctuations and the last term denotes the force due to spin magnetic moment of plasma electrons and the classical case may be recovered in the limit of  
On perturbation of eqs. (2) and (4) in orders of radiation field, the first order quiver velocity and density components are found to

                                          (5)

                                  (6)


                                     (7)



                                        (8)

Spin is an important property of quantum degenerate plasma. It plays a crucial role in exposing the plasma to the external magnetic field, the effect of which can be ascertained in the perturbed spin magnetic moment for plasma electron through the spin angular momentum,

                                                                            (9)

                                                                              (10)
and

                                                                                (11)






By following similar steps for nth harmonic, the velocity, perturbed density and spin magnetic moment for electron can be obtained by substituting  from equations (5)-(11). Hence, the linear part of induced current density for nth harmonic,  can be written as,                                                                                   (12)



where, is the current density due to the spin magnetic moment and is the conventional current. The dispersion relation for nth harmonic is                                                             (13)






The laser produces oscillatory velocity of electrons and exerts a ponderomotive force  on them at  which gives rise to oscillatory velocity  which couples with density perturbation at laser frequency through equation of continuity to produce density perturbation at  and  couples with  to produce nonlinear current density at the third harmonic of frequency. The third harmonic velocity and density components are obtained as, 


                            (14)


                                           (15)


                                                                                      (16)


                                                                                             (17)


                                                                                             (18)


                                                                         (19)
where,




                           




               and        

The spin angular momenta also contributes to source current thus we need to evaluate the spin magnetic moment plasma electron at third harmonic,


                                                                                        (20)


                                                                                     (21)

                                           (22)

where,



    


and    

The third harmonic source current is 


                                                                                         (23)



where,  and  are the magnetization due to spin effect of electron and conventional current density,



and 




3: Third harmonic efficiency:


The non-linear component of the third source current  can be used with the wave equation, to analyze the growth of harmonic radiation,

                                                                                   (24)                                         






The amplitude for phase mismatched third harmonic is obtained by assuming the harmonic field to vary as  Assuming that  which means that  changes appreciably larger than the wavelength  we obtain the normalized amplitude for phase-mismatched third harmonic,                                                                         (25)   


where,  is the wave vector. The third harmonic conversion efficiency is obtained as

                                                                      (26)
where,




 and  
From eq. (26), it is found that the harmonic oscillate in magnitude due to the dephasing between pump laser and the radiation harmonics. The third harmonic radiation is proportional to the plasma electron density, propagation distance and the intensity of laser pulse. The conversion efficiency of third harmonic radiation changes dramatically.





In Figure 1, the conversion ratio of third harmonic amplitude with respesct to fundamental amplitude of pump laser assumed with intensity around  W/cm2 and frequency  is plotted as a function of  for different values of magnetic field strength.  The solid line is shows for  and the dotted line is for  The figure demonstrates that the conversion ratio of third harmonic amplitude increases with increased in the magnetic field strength.

The variation of conversion efficiency  for third harmonic is shown with normalized plasma electron density for different values of magnetic field strength in figure 2. The figure shows that for a constant magnetic field, harmonic radiation grows with increase in the plasma density until saturation. The saturation value of plasma density depends on the applied magnetic field and is more for weaker magnetic field.


Figure 3, shows the variation of second harmonic conversion efficiency as a function of intensity of the laser pulse for different values of normalized plasma density. The solid line is for while the dotted line is for.  The efficiency initially increases with the intensity of laser pulse because the increment in the intensity imparts higher oscillatory velocity to the electrons, therefore the stronger ponderomotive force will enhance the conversion efficiency process. However conversion efficiency saturates at large value of intensity of laser pulse.




The conversion efficiency of third harmonic radiation with the classical case is plotted in Fig. 4 for parameters   and . The dashed line is for presence of quantum effects and the solid line for absence of quantum effects (in the limit ). It is noted that the efficiency of third harmonic is more by about 12.5% due to presence of quantum effects in magentoplasma because quantum diffraction effects play a crucial role by modifying the efficiency of third harmonic of laser pulse.
In figure 5 the efficiency of third harmonic is shown as a function of plasma density. The dashed line is for presence of electron spin effect and the solid line for absence of electron spin effect. It is noted that the efficiency of third harmonic is more by about 10% due to presence of spin effects in magentoplasma because the electron spin modify the plasma current density and introduce correction terms in the harmonic field amplitude.

4: Summary and conclusion:
The study of third harmonic generation resulting from propagation of circularly polarized laser pulse through homogenous high density quantum magnetoplasma has been analyzed. The static magnetic field applied for magnetization is in the longitudinal direction. The interaction mechanism has been built using the recently developed quantum hydrodynamic (QHD) model. We have preceded with the self-consistent field approximation of the QHD equations. The effects of Fermi statistical pressure, the quantum Bohm potential and the spin of electron have been taken into account. The quiver and third order velocities along with electron densities and the spin angular momenta have been obtained through the perturbative expansion of QHD equations. The electron has two main quantum corrections, a quantum force produced by density fluctuations and a force considered through magnetization energy. The quantum effects and the electron spin modify the plasma current density and introduce correction terms in the harmonic field amplitude. The quantum diffraction effects contribute and enhance the nonlinear third harmonic radiation generation. It has been found that the third harmonic generation grows with the plasma density and the magnetic field up to the respective saturation values. The harmonic generation stops beyond saturation. The saturation of plasma density occurs earlier for increasing magnetic field. This is due to the polarization field effect in strongly magnetized dense plasma. It is also noticed that the efficiency of third harmonic radiation is more by about 12.5% in quantum plasma due to presence of diffraction ( Bohm potential, spin effect) effects compared to classical plasma i.e. absence of quantum diffraction effects and electron spin effects also contribute to the harmonic generation by about 10% in quantum plasma. The increase in the third harmonic efficiency can serve as a diagnostic tool for presence of clusters and measurement of their size during laser plasma interaction with gas jet in clustered plasma.
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Figure captions


Figure 1. The phase mismatch third harmonic amplitude variation as a function of   for     


                 plasma parameters 





Figure 2. Variation of conversion efficiency as a function of  for,   

                  and different value of 



Figure 3. Variation of conversion efficiency against normalized fundamental laser intensity

                 for various values of  .



Figure 4. Variation of conversion efficiency as a function of  (i) solid line in absence   
                of quantum effects and (ii) dashed line in presence of quantum effects. 




Figure 5. Variation of conversion efficiency as a function of  (i) solid line in absence 
                 of spin effect and (ii) dashed line in presence of spin effect. 
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