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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 2" 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 2" harmonics are also explored.
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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 108 W /cm?. 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 2" 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 2"¢ 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 2" 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 T respectively. Then, quantum contribution can be expressed
through parameter y = T?F For y = 1, quantum effects become more pronounced. One can get overall details of
quantum plasmas through FD-statistics. The De-Broglie wavelength A5 differentiates quantum regime from classical
regime. For the case of classical plasmas, Az has a very low value. Whereas, for quantum plasmas Ag >

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 2" 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 2" 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 = Eqexp (—i—g) (D

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,] = 0,p = 0,u = 0 the expressions for Faraday’s law and Ampere’s law
becomes

10D

VXB_ZE (2)
10B

VXE——ZE (3)

In Egs. (2) & (3), E, B & D = ¢E 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

2
VZE—V(V-E)+‘;’—ZsE=0 4)

. . 1 . . .
In Eq. (4), we can ignore the term V(V - E') assuming that e |[V2In €| « 1 with k being propagation vector. Here, w &
€ correspond to angular frequency and dielectric function respectively. One can re-write Eq. (4) as

2 w? —
V°E + C—st—O %)

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

-1

w2 K202
—1_ % _ f_9°q
e=1-- (1 — y) (6)
4m*h?
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respectively. If we substitute Tr—> 0 in Eq. (6), then we get € for cold quantum plasma (CQP). Further, setting Ty —>

2KBTf
m

In Eq.(6), vf = denotes Fermi speed, y is relativistic factor expressed asy = (1 + aEE*)Y/?,and §q =

4mne?

m

0, % —> 0in Eq. (6), we get € for classical relativistic plasma (CRP). Further, w, = denotes plasma frequency.

The electron number density gets modified due to ponderomotive force. One can express this changed number density
as [42-43]

2
n = noexp (— 5=y — 1)) ™)
The general form for € for TQP can be expressed as
€ =g + ¢(EEq) (®)

In Eq. (8), the linear and nonlinear parts of € can be expressed as g, = 1 — Z—%’ & O(EE™) respectively. Under combined

action of RP force, the nonlinear part ®(EE™) of the dielectric function in TQP becomes

w2
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Following [44-45], the solution of Eq. (5) can be represented as

E = Egexp [i(wt — k(S + 2))] 10)
2 _ Eb A
Fo=1r exp | a2 f? bezz] (i

S =2 Ri@) + L o(2) + Bo(2) (12)

k =%\/£_0 (13)

. . _ . d d
‘S’ represents eikonal for the beam with elliptical cross-section, B,(z) = fld—j;l and B,(2) = fld_f: denote wavefront’s
1 2

curvature along X & Y axes respectively, @, (z) is phase shift connected with beam, f; & f, denote beam widths of
beam having elliptical cross-section and satisfy following 2" order differential equations
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In Egs. (14) & (15),n = z/ka? is dimensionless propagation distance. Here, ka? denotes the Rayleigh length of beam.
.. . . . d d
The boundary conditions selected for numerical calculation of these equations are f; = f, = 1 and =22 5 n=0.

dan dan -

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
AN,

=t V- NeV) =0 (16)
(b) Poisson’s Equation
V-E = 4n(ZN,; — N,)e 17
(c) Equation of State
Ly = Constant (18)
Ne
(d) Equation of Motion
m[5+ (V- V)V| = —e[E+2v x B] - 2rmv — L vp (19)
at c Ne €

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

2 2 2 2 1 kzv% h2k4 -1 mCZ 2 ~ € -
—wyny — v Veng + 200 weng + wp ;(1 -—— —) exp (—T(y -1)| n = — (noV.E) (20)
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Incorporating Eq. (11) into Eq. (20) leads to the SHG source equation
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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 E, as
V2E, + 52((02)52 wp%Eo (22)
0
2" harmonic radiations have frequency represented by w, = 2w, and dielectric function expressed as &,. The
expression for E, can be written as

_w_lz;ﬂ Ego (_ x2 ) (_ yz ) 1
Fa =2 no Vs P\ 2a22) P\ 2 g2) G-ard (23)
Now, SHG yield can be obtained as
_ wpe?Ed, S _ x % 1 1
Y= mactfifo exp ( azflz) exp ( bzfzz) (asz + bzfzz) (k§_4kz)2 Vs ) 2 29
{("g_kzvtzh_wlz’<)l/<1_kw1;f_161/:§l;42m2) €xp (_mTEz(y_l))> }
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

2
employed established parameters for exploring the behavior of solutions as follows; aEZ, = 3.0,4.0,5.0, —2 =

wy
0.4,0.5,0.6, T = 107K, 10°K, 10°K

The right side of Egs. (14) and (15) contains two terms with distinct physical interpretations. In both equations, 1%
terms belong to divergence effect thereby causing beam spreading, while 2™ 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 1% term, then beam spreading takes place leading to increase in its beam
width. When there is domination of 2™ 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 f; & f, as function of the normalized distance n for different laser
intensity values aEZ, = 3.0,4.0,5.0 respectively. Blue, green, and red color codes are used to denote aEZ, =
3.0,4.0,and 5.0 respectively. The shifting of minimum values of f; & f, towards higher 1 is found with increasing
aEZ2, parameter. This indicates that beam focusing is delayed by higher laser intensity. In other words, beam’s focusing
efficiency is reduced with increasing aE2, parameter. The observed trend is found due to diminished strength of the
nonlinear focusing term in relation to the diffraction term as aEZ, parameter increases.

Figure 1. Variation of f; & f, as function of the normalized distance 1 for different laser intensity values aEZ2, = 3.0, 4.0,5.0
respectively. Blue, green, and red color codes are used to denote aEZ, = 3.0,4.0,and 5.0 respectively

Flgures 2(a) & 2(b) illustrate variation of f; & f, as function of the normalized distance 17 for different plasma

densny = 0.4,0.5, 0.6 respectively. Blue, green, and red color codes are used to denote ~2 = 0.4,0.5,and 0.6

0

respectlvely. The shifting of minimum values of f; & f, towards smaller 7 is found with increasing F parameter. This
0

indicates that beam focusing is enhanced by higher plasma density. In other words, beam’s focusing efficiency is
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2
enhanced with increasing w—;’ parameter. The observed trend is found due to diminished strength of the diffraction term
0
2
. . . . w .
in relation to the nonlinear focusing term as w—;’ parameter increases.
0
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Figure 2. Variation of f; & f, as function of the normalized distance n for different plasma density %= 0.4,0.5,0.6
0

2
respectively. Blue, green, and red color codes are used to denote % = 0.4,0.5,and 0.6 respectively
0

Figures 3(a) & 3(b) illustrate variation of f; & f, as function of the normalized distance n for different Fermi
temperature Tf(Tf = 107K, 108K, 10°K ) respectively. Blue, green, and red color codes are used to denote Ty =
107K, 108K, 10°K respectively. The shifting of minimum values of f; & f, towards smaller 7 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 Tf.

14 14

0 0.5 1 1.5 2 25 3 ) 0.5 1 1.5 2 25 3

—

(@ (b)

Figure 3. Variation of f; & f, as function of the normalized distance n for different Fermi temperature T (Tf =
107K, 108K, 10°K ) respectively. Blue, green, and red color codes are used to denote Ty = 107K, 108K, 10°K respectively

Figures 4(a) & 4(b) illustrate variation of f; & f, as function of the normalized distance n for different plasma
regimes. Blue and red color codes are used for TQP and CRP cases. The more shifting of minimum values of f; & f,
towards smaller 77 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 Y, as function of the normalized distance 7 for different laser intensity
values aE3, = 3.0, 5.0 respectively. Blue and red color codes are used to denote aE3, = 3.0 and 5.0 respectively. It is
found that the yield Y, gets reduced with decrease in aEZ,. This reduction is attributed to the weaker self-focusing of the
pump beam at higher aEZ, values. Since, magnitude of yield Y,closely linked with effect of self-focusing, an increase in
aEZ, leads to weaker self-focusing, thereby resulting in a reduced Y, value.

Figure 6 illustrates variation of SHG yield Y, as function of the normalized distance 1 for different plasma density

2
= 0.4, 0.6 respectively. Blue and red color codes are used to denote % = 0.4 and 0.6 respectively. It is found that
0

Sl
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2
the yield Y, gets enhanced with increase in ﬂ. This reduction is attributed to the stronger self-focusing of the pump
0

beam at hlgher Values Since, magnitude of yield Y,closely linked with effect of self-focusing, an increase 1n — leads

to stronger self- focusmg, thereby resulting in higher Y, value.

11+ 111
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n n— >
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Figure 4. Variation of f; & f, as function of the normalized distance 1 for different plasma regimes. Blue and red color codes are
used for TQP and CRP cases
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Figure 7 illustrates variation of SHG yield ¥, as function of the normalized distance n for different Fermi
temperature Ty (Tf =107K,10°K ) respectively. Blue and red color codes are used to denote Ty =
107K and 10°K respectively. It is found that the yield ¥, gets enhanced with increase in Ty. This reduction is attributed
to the stronger self-focusing of the pump beam at higher Ty values. Since, magnitude of yield Y,closely linked with
effect of self-focusing, an increase in Ty leads to stronger self-focusing, thereby resulting in higher Y, value.

Figure 8 illustrates variation of SHG yield Y, as function of the normalized distance n for different plasma
regimes. Blue and red color codes are used to denote TQP and CRP respectively. In TQP, the value of Y, is significantly
enhanced in comparison to CRP case. This enhancement is directly linked with process of self-focusing, as magnitude
of Y, 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;

2
(1) There is increment in tendency of beam to focus with increase in % and Ty parameters.
0

(2) The increase in aEE, 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 ¥, with enhancement in plasma density, Fermi temperature and with
lowering in beam intensity values.

(5) The magnitude of Y, gets enhanced with inclusion of quantum effects.

These results are extremely useful for researchers exploring laser-plasma interaction physics.
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TEHEPAILIIS IPYTOi TAPMOHIKH MOTYKHOI'O EJIITAYHOI'O IIPOMEHS B TEILJIOBIA KBAHTOBIH IVTIA3MI

Kewag Baabs!, Kyakapan Cinrx', Anymk Bimkaii?, linak Tpinari’
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VY 1poMy JOCHIIKEHHI JOCHIIKYEThCS TeHepallisi APyroi rapMOHIKM eNNTHYHOTO NMPOMEHs B TEIUIOBii kBaHTOBIH ruiasmi (TQP)
LIJISIXOM 00'€THaHHS peNsTHBICTChKO-oHAepoMoTopHX (RP) cmi. Criocrepiraerbest 3MiHa Macu enekTpoHiB yepes cuiy PII, mo
NPU3BOAUTH 10 3MiHH Npodiato (OHOBOI T'yCTHMHH B HAaIPSMKY, MOIEPEYHOMY 0 OCHOBHOTO InpomeHs. OCHOBHHII NpOMiHb
camooxycyeTbes. BceTaHOBIICHI TpalieHTH TYCTHHHM 30y/UKYIOTH eneKTpoHHy IuasmoBy xBwio (EIIX) Ha wactoTi XBuii
HakauyBaHHs. 30ymkeHa EITX noaaTkoBo B3aEMOIi€ 3 XBUIICKO HAKadyBaHHs, CTBOPIOOUM reHepaitito apyroi rapmoniku (IID). dis
OTPUMAaHHS 3BHYAMHUX IU(epeHLiaIbHUX PIBHSAHb 2-TO MOPSAAKY Ul BEIMKOI Ta MaJloi HaIliBOCEH eNNTHYHOIO IPOMEHsS 3
HOPMaJIi30BAaHOIO0 JAJBHICTIO MOLIMPEHHS Ta €()EeKTHBHICTIO JPYIHX I'APMOHIK BHKOPHCTOBYIOTHCS IIMPOKO NPUIHATI HaGJIVDKCHHS
BKB Tta mapakciampHa Teopis. KpiM TOro, Takox IOCIIJDKYETHCS BIUIMB 3MiHM BIIIOBIIHHMX IapaMeTpiB Ja3epHOIl IUIa3MH Ha
JMHAMIKy TEepPeTsDKKH IPOMEHS Ta eeKTHBHICT JPYTHX TapMOHIK.
KonrodoBi cioBa: eninmuunuii nonepeunuil nepepiz; KGAHmMOo6d NAA3Ma;, CUAd PN, eleKMPOHHA NAA3MO8A XGUIsl, NAPAKCIANbHA
meopis; nabaudcenns BKB



