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Abstract

From development of the very first 100-Watt laser to today’s 100 petawatts lasers, e.g.,
Texas Petawatt laser, Vulcan laser, etc., scientists have enabled us to achieve ultrahigh and
ultrashort lasers, and this has opened many domains to research such as higher harmonic
generation (HHG), laser wake-field acceleration (LWFA), multiphoton imaging, material
processing, ultrafast optical fiber communications, optical manipulations and so on. When an ultra-
intense laser passes through a plasma medium, it leads to different nonlinear phenomena, such as
Stimulated Raman Scattering (SRS), self-focusing, self-compression, frequency shifting,
filamentations, two-plasmon decay, Rayleigh-Taylor instability and so on. Different nonlinearities,
like relativistic, ponderomotive, and collisional nonlinearities, are responsible, depending on the
time scale, plasma density and laser intensity, for these phenomena to occur in the laser-plasma
interaction. Relativistic nonlinearity appears instantaneously (T < wz;el) when the electron
oscillation velocity is of relativistic order. This causes the electron mass to increase. Again, when
the laser has an intensity gradient, the plasma particles experience a ponderomotive force in the

outward direction from a higher intensity to a lower intensity region. The characteristic time scale

-1

for this nonlinearity is w;el < T < wy; , Whereas collisional nonlinearity appears at 7 ~ a);l-l. The

nonuniform heating of the plasma electrons leads to temperature inhomogeneity in the medium,
and the hotter electrons lose their energy through collisions with the neutral particles. Relativistic
mass increase and plasma density modification due to ponderomotive and collisional nonlinearity
result in a change in the refractive index and, consequently, the dielectric constant. This causes
nonlinear phenomena like self-focusing, defocusing, compression, and stretching to occur.
Additionally, the increase in relativistic mass leads to the phenomenon of relativistic self-phase

modulation, which in turn causes frequency shifting of the laser. Stimulated Raman Scattering is

observed when the plasma density is less than the %. Numerous techniques for examining

nonlinear dynamics in a medium are found in the literature, including numerical and molecular
simulations. Though the self-focusing phenomenon has a lot of applications starting from high
intensity concentration, laser machining, longer propagation distance, plasma generation and
filamentation to optical tweezers and micro manipulation, there are several drawbacks such as it

can damage the optical components, and induction of thermal effects in the medium can also lead
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to unwanted refractive index changes or material deformation, which can hinder precision
applications. Therefore, understanding and managing self-focusing is essential for optimizing laser
systems in scientific, industrial, and technological applications.

Orbital angular momentum (OAM), which is a form of angular momentum carried by a
monochromatic electromagnetic beam, is found to be of central interest to recent researchers
because it has given a new degree of freedom in the investigation of the above-mentioned
phenomena. It was discovered that electromagnetic beams can have OAM along with the spin
angular momentum (SAM) if the phase fronts are helical in nature. Laguerre-Gaussian beams
(LGp l), which have helical phase fronts exp(ilg), consist of two indices: 1 and p, where the radial
index (p) specifies that when OAM (1) is zero, they exhibit p number of rings around the central
dot and for non-zero OAM there are (p + 1) number of concentric rings. ¢ is the azimuthal angle
that shows self-healing properties as a Bessel-Gaussian beam does under similar conditions but
propagates further than them.

Numerous studies exist in literature regarding the above phenomena. However, the
majority of them are associated with lasers that do not contain OAM, such as Gaussian, super-
Gaussian, and q-Gaussian lasers. The super-Gaussian laser beams have been found to suffer more
diffraction divergence than the Gaussian beams in tunnel ionized gases. The literature also
indicates that some research has addressed Bessel-Gaussian beams and Laguerre-Gaussian beams.
It has been observed that the Laguerre-Gaussian beams can propagate further than the Bessel
beams and show more robustness under similar initial conditions. However, these studies primarily
focus on spatial evolution and consider only one type of nonlinearity. Also, the spatio-temporal
evolution of the LG laser has not been discussed, which gives an inner view of the pulse intensity

and phase variation as it propagates through the plasma medium.

In this thesis we have investigated the propagation characteristics of the spatio-temporal
evolution of laser carrying orbital angular momentum in underdense plasma and explained the
effects of OAM of the laser on the self-focusing and self-compression of the pulse. Effects of the
simultaneous presence of relativistic and ponderomotive nonlinearities on the evolution of the
spatial profile of LG laser are studied in the initial part of the work. Then, we investigated the
spatio-temporal evolution of the LG laser considering only relativistic nonlinearity. Finally, we
focused on the relativistic frequency shifting of the LG laser in unmagnetized and magnetized

plasmas, respectively. As mathematical model here we have considered the WKB approach to
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solve the wave equation then using slowly varying envelope (SVE) approximation and
eikonalisation, we have derived the differential equations for the laser beam width and pulse
duration. We have also derived the condition where the different nonlinearities cancel each other,
and the laser pulse maintains its shape while propagating through the medium. Then the differential
equations are solved numerically using Runge-Kutta 4th order method employing MATLAB
software. The results are plotted for different numerical parameters and studied variations in the

behaviour of curves.
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NI

U 100-4TC A9R & fd®T I AHR 31161 & 100 UTTAIE TAoRl, oY fob CHI UerdTe Tol,
I Ao 31, AFMHD! 7 7R 3ifd 3= 3R 31 7Y AoR! &I B1RId B | Werd ST |,
Y ST & B8 T &8 Gl 5, O [ I BTHIMD IMG (HHG), TOR - 1es @vul
(LWFA), §g-TIei- Ufaeaur, Tar TR, 3ifd diig USRI dg WaR, UerRig Afga=s
3MTTS | 578 U S1fd Tt o WiTodT H1ed ¥ oRdl &, d I8 fafid TR-YW 1T ge13] &1 HRUI
1 8, oI foh URT I U0 (SRS), W-dh5, W-HUISH, ST RIFIARU, dqa, fg-
TGE &, ¥ TR SRR 3n1fe | AoR-werreH 3fd: foman & g gensit & ufed g1 & forg
WITSHT 9 SR WoR digal W AR Frcll €1 Aueamard! sRRI% dabTd e gl §
(1 < wyl) OId SAGH GIe I HTUEATITE SH BT BIdl & | 3T Saide I SouHH | gfeg gt
g1 Y A, 9 AR A figdr ugurar gt 8, O WISHT U1 3= digdl ¥ HH digdl ardt &5 |
et fomn o U iSRIIfed §a HT 3Hd FRd § | 30 3RFAwar & fae fafkr o dom
wpd < T < w5} B STaf THG Heith SRIGDN © ~ w3} W fawETs St 8 | WIoH geiae il &
SRTHM A9 H1eqH H 99 # SRIHMT M1l §, 3R T 3adei- ded BN & 1Y ThHId
& HIHH T 3T ol Gl od ¢ | AUEH GHAM Jhg 3R TiSRIHICd qdT Tavig dadt
3RRIH AT & HRUN WIGH I-cd H IR & TRUTHRGRY 3fUadds Jadhie § URdd- gidl g
3R URUMHREaEY, WRTdedd RRi® & 1t uRad= 8IdT 81 $U% HRUT W-H5-, SIHIH R,
Tuite SR ffarg St eRfass gemd ufed gt €1 39 sifafkaa, wmfée somE o afg
TOf& W-TRUT HISIARM Bt 9T Bl oFF Gl 5, off Jadl J ToR Bt gl H Saand &l
HRUT T 8 | ST THF o101 qF ST STl § I F WIeHT I n,,. /4 A HH gidl o | foaft
e § IR TR @ S H & [T 5 dd-id diied | 15 Kt &, o d
=TS 3R 3MUIfadh R MAE &1 el W-dhad gl § 3 digdT igd, doR
TR, Teft TR g, WIS SdTe SR dR®HRUT I AR THIRIG AT 3R & g
dH B3 ATIAN €, AT IUH g AT g o [P Tg YHIAP Uch| B THUM Ugdl Gl
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&, 3R 1y T dTo WHTa! & IR 9 Saifed Suaded Jadbid uRad- a1 gard fawguor off
8 Fobdl 8, S Tl TN H U7 I PR bl ¢ IHMNY, A, i 3R
THATD! SART T doR RIeH &1 SHIad H & [ W-heo Pl AT 3R yafda

BT STTISP g |

Heflg ST 1 (0AM), ST T Thaull faggd-giad i fh ol gRT 98- &I oA aTel! HIvid
Tfa &1 T U 8, BT & edbdrsl o o SHeig w1 fawa uran man § wifes g9m Suded
geAel 1 S | A5 WeAdl Bt Hife 4 g1 I8 udl Ie & faggd Fre favon & ool
DI (T (SAM) & 1Y 0AM T BT TohdlT § Tl IRUMY Up Tl & Faferd g | TRER-TIira=
fhRO1 (LG,,,), ForaH FSferd TRUM exp(ilg) BId 8, T & felc=1iob 81d 3: 1 3R p, el Ay
fd=ries (p) FTEY B 3 fob STa 0AM (1) L BT B, Al d Haild fofg & aRT 3R p G&T |
R T fRid #d § 3R TR-J[F 0AM & fT (p + 1) T # obfed R 8Id €1 ¢ 98 fviziig
HI0N S O W-IUIR 0N Y [T § O b Uh STy fos=or o ufefRufaat & e
& AT I 31fIep R b TR g 2|

I B 37 gersll & AR T Bg & Hiolg ¢ | graiidh, 39 9 fwixr doR! I 9 €
fSFH 0AM &Y BT 8, S {3 TTRraH, YuR-TREA 3R g 7REA AeR | G31 3mafd A1
H TR fopr &t o B GoR-TRE Ao febor § i faad- foerem o mar 3 | aife
7g W cxfdr & o oo iy = S¥d-TRIT fhr01 3R SHR-ITRIg fbvur 1 Waifid fpan 1
Tg <1 T ¢ 6 SHQR-Rg= fsvor, 9¥d fhR0r &t gam & S T Tohd § SR w9
TRt fRufdl & ded i Hele! fewrd 81 gTalies, U 3199 §B1 U A R [dbr
R G Bigd B & 3R Had Th UYHR Bl IRIFFHd R 3R Hd &1 39& 3@, LG
AOR P RITHS-THY (spatio-temporal) FIBT TR T 781 &1 713 §, S WWIoHT HIegH ¥ thed &
SR We P dtgdl 3R IR0T fisIdT &1 T 3Mider T2 UeH HRdT g |

9 QMY Uy T g4 HF T99 WIeH H H&g DI 1fd o S dled dok & RTAdb-q9g
faeprg &) TR faQvarait o1 i &1 g 3R Wi W-hg 3R W-Hied IR AR I 0AM &
TUTEl &1 RSN B! &1 Y3 H LG ToR & WS TUET & fddbr W Areamard! 3R
OreRIHIfed RIS B U W1y IuRRUTT & TuTal BT 3reag foar T g1 fir, 89 oAt
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TOEATATE! RISl TR faaR X §U LG ToR & RATHSH-90Y {9 &1 ofid $i | Sid:
T PR IR-JIBT 3R JTD 1T WISHT H LG AR P JTAEATaTd! gl RIFIAR UR e
Ffgd far mforda Aisd & U A, 5T g7 a0 JHIBUT 61 8 B & fold WKB eI
R faaR forar g, fhr eR-¢R Fgad 3MeRu Gfade (SVE) 3R SHHAZWRH BT SuTnT
TR GH TIoR [T Bt ATeTs 3R W Aty & farg ofk im0l el €| g9 a8 fRufd
1 e 1 @ et fafie SRIRIFATE U GER BT g B il 6, SR AoR T A1 § TIRd
B9 & R S(UAT 3THR I8 AT 8 | R MATLAB TR AR &1 UGN HRh T1-HeT 49
%H (Runge-Kutta 4th order) fafel BT I Hxeh iR THIHRUIN &I WSTHD &4 I g fobar
STl € | IIRoTHT 1 fafis SReareres Amucs! & o Smafed fd T § iR ashl & adgR o
frera 1 srema fopan T g |
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FIG. 4.2. (a) py? vs. a2 and (b) wy2ty? vs. a3 for different values of [ =1, 2, 3,4, and 5 forb =
0 (unchirped laser). (c) py 2 vs. a3 and (d) wy?ty? vs. a3 for different chirping conditions, b = —
0.3 (negatively chirped), O (unchirped), and 0.3 (positively chirped) for LGy, laser at T = — (1/2)
* FWHM (front of the pulse). Given: w, = 0.6 wy and w, = 0.1 wy, s =50, 7o = 100 fs.
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FIG. 4.3. Variation of laser (a) spot size, f, (b) pulse width, g, and (c) group velocity, v,, for
different chirping conditions with chirping parameter b = —0.3 (negatively chirped) (solid blue
curve), b= 0 (unchirped) (dashed red curve) and b = 0.3 (positively chirped) (dotted yellow curve).
Given, Q = 1 + b tanh (7/s) with s = 50, w,/wy, = 0.6, w./we = 0.1, 75 = 100 fs, az = 10,
[ =1, rywye/c = 10.

FIG. 4.4. Variation of laser (a) spot size (f), and (b) pulse width (g), () €35, (d) €54, and (¢)
group velocity v, throughout the pulse, and (f) spatio-temporal profile of the LG laser at z =
141.67 um, for different laser topological charge [ = 1, 2, 3, 4 and 5. Given the laser pulse is
chirped with Q = 1 + b tanh (7/s), where s = 50, chirping parameter b = 0.3 (positively
chirped), w,/wo = 0.6, w./wy = 0.1, 7y = 100 fs, af = 10, row,/c = 10.

FIG. 4.5. Variation of laser (a) spot size (f), (b) pulse width (g), and (c) Group velocity (v,)
throughout pulse, and (d) spatio-temporal profile of the LG laser at z = 120 um, for different laser
intensity ag = 4, 6,8,and 10. Given the laser pulse is chirped with Q = 1 + b tanh (t/s), where
s = 50, chirping parameter b = 0.3 (positively chirped), w,/wo = 0.6, w./wy = 0.1, 79 =
100 fs, a2 = 10,1= 1, rywy/c = 10.

FIG. 4.6. Variation of laser (a) spot size, f and (b) pulse width, g, (c) spatio-temporal profile of
the LG laser at z = 78.84 um, and (d) spatio-temporal profile of the LG laser for minimum g, for
different laser pulse width 7y = 50 f5,100 fs,and 150 fs. Given the laser topological charge [
= 1 with initial intensity ag = 10, chirped frequency Q = 1 + b tanh (t/s), where s = 50,
chirping parameter b = 0.3 (positively chirped), w,/w, = 0.6, w./wy, = 0.1, a>=10,1=1,

Towo/c = 10.

FIG. 5.1. Frequency shifting with distance of propagation for different intensities of the laser
(LGoy), a3 =5, 7, and 10.

FIG. 5.2. Frequency shifting with distance of propagation for laser with different OAM, [ =
1, 2, 3, 4and 5. Given, a3 = 10, wp/wo = 0.6, owy/c =10, 79 = 100fs.

FIG. 5.3. Frequency shifting with distance of propagation for lasers with different pulse duration,
7o = 50 fs, 100 fs, and 150 fs.
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FIG. 6.1. Geometry of right- and left-handed circularly polarized waves propagating along
Magnetic field.

FIG. 6.2. Spatio-temporal Variation of spot size and pulse duration for w, = 0.1w, 0.2w and 0.3
w. Polarization: RCP, | = 1, aZ = 10, p = 10.

FIG. 6.3. Variation of beam width (f) and pulse duration (g) parameters at laser frontside (T =

—1.0) with propagation distance for different magnetic field % = 0.1,0.2 and 0.3.

0

FIG. 6.4. Frequency shifting for different w, = 0.1w,, 0.2w, and 0.3 w,. Polarization: RCP,
| = 1,af =10, p =10, w, = 0.6w,, wy = 3 X 10*Hz, 75 = 100fs.

FIG. 6.5. Frequency shifting at different locations z = 50 um, 100um, and 150 um for both RCP
and LCP type polarization. [ = 1, a2 =10, p =10, w, = 0.1w,, wp, = 0.6wy, wy =
3 x 10™Hz, 1, = 100fs.
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List of Symbols

TR TN

oI

: Complex amplitude of electric field amplitude of laser
: Magnetic field of laser
: Electric field of laser

: Ponderomotive force

: Electrostatic force due to charge separation

L : Finite plasma size/characteristic length of plasma

Te

€o

€2

: Temperature of electrons

: Normalized electric field amplitude

: Speed of light

: Sound/acoustic speed

: Electronic charge

: Linear part of dielectric constant

: Nonlinear part of dielectric constant

€2y and €, : Nonlinear part of dielectric constant

f:
g:

v

l:

: Dielectric constant of plasma

Beam width parameter of the laser
Pulse duration parameter of the laser
Relativistic factor or Lorentz factor

Orbital angular momentum of laser

Ap : Debye length
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m, : Mass of clectrons

ne. : Critical density of plasma electrons
neg, 0rng : Electron density in plasma/background density of electrons
v : Collisional frequency

w, : Plasma frequency

p : Radial index of Laguerre Gaussian laser
¢ : Electric potential

¢, : Ponderomotive potential

¢, : Space charge potential

r : Radial coordinate

1o : Beam waist of the laser

vy : Group velocity of laser

x : Distance

¢ : Normalized distance

z : Space coordinate
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