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Fig. 1. Number of filaments generated by different laser input powers and ellipticity: (a) For the same ellipticity h = 1.3, the rela-

tionship between the maximum filament number Nmax and the laser input power P/P.m for elliptical LG laser beams with dif-

ferent topological charge numbers m , where the dashed line indicates the 2z, = z¢ boundary; (b) when the laser input power

P = 4P, , the relationship between the maximum filament number Nmax and ellipticity h for different topological charge num-

bers m . Other simulations parameters are wg = 10 pm, nep = 0.2ne, A =1 um.
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Fig. 2. Evolution of elliptical vortex beams into vortex Hermite Gaussian beams when the laser incident power is below the self-fo-
cusing critical power, with comparative plots of the corresponding vortex Hermite Gaussian beams: (a)—(f) The mode conversion of
elliptical vortex beams, (a), (d) correspond to ellipticity h = 1.1, (b), (¢) to h = 1.6, and (c), (f) to h =5; (g)—(i) the initial spot
of the vortex Hermite Gaussian beam with different ellipticity h = 1.1, 1.6, 5; other simulations parameters are P = 0.5F.pp ,
wo = 10 pm, ney = 0.2nc, A = 1 um, m = 3 ; the unit of light intensity for a spot is I = 108 W/cm? .
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Fig. 3. Schematic diagram of elliptical LG beam propagation in low-density plasma when incident power is slightly higher than self-

focusing power: (a)—(c) Topological charge number m =1, (d)—(f) topological charge number m = 2, (g)—(i) topological charge

number m = 3; other simulations parameters are P = 1.1Pymn, wo = 10 um, ney =0.2ne, A=1um, h =1.3, dmax = 0.05;

the unit of light intensity for a spot is I = 108 W/cm? .
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Fig. 4. Comparison of filamentation patterns for elliptical LG vortex beams and vortex beams across different regions: (a)-

(¢) h=1;(d)—(f) h=1.3 in Region II; (g)—(i) h = 1.8 in Region | ; other simulations parameters are P = 4Py, wo = 10 pm,
Neo = 0.2n¢, A=1pum, m =3, Smax = 0.05; the unit of light intensity for a spot is I = 1018 W/cm? .
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Fig. 5. Comparison of plasma density and refractive index gradient distributions for vortex beams and elliptical vortex beams at
self-focusing distances: (a) The LG beam; (b) elliptical LG beam with h = 1.8 ; the intensity map represents normalized plasma
density meo = 0.2n¢; the arrow represents the distribution of the refractive index gradient; other simulations parameters are
P=4P.un, wo=10pum, A=1pm, m =3, dmax = 0.05.
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Fig. 6. Different filamentation patterns of elliptical LG vortex beams with varying ellipticity and topological charge numbers in Re-
gion II: (a)—(¢) m=1, h=1.1,12, 13, (d)-(f) m=2, h=1.1, 1.2, 1.3; (g)—(i) m =3, h=1.1, 1.2, 1.3; other simula-

tions parameters are P = 4Py, wo = 10 pm, ne = 0.2n¢, A =1pum, dmax = 0.05; the unit of light intensity for a spot is
I =10 W/cm?.
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Filamentation instability of relativistic elliptical
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Abstract

In recent years, Laguerre-Gaussian (LG) laser beams have gained significant attention in plasma physics
due to their unique vortex characteristics. However, laser spots generated in experimental settings often deviate
from a perfectly circular profile. Based on the nonlinear Schrodinger equation (NLSE) governing laser
propagation in underdense plasmas, this study investigates the influence of spot ellipticity on the filamentation
instability of LG beams. By solving the NLSE using the split-step Fourier method (SSFM), we characterize the
propagation properties of elliptical LG beams under various parameters in underdense plasmas. Numerical
simulations show that when the incident power is below the critical power for self-focusing, the spot rotates by
a certain angle depending on the sign of the topological charge of the vortex beam. It then gradually evolves
into the neighboring ground state of the Helmholtz equation, a vortex Hermite-Gaussian (VHG) beam. This
evolution occurs over a distance approximately equal to the elliptical Rayleigh length. When the incident power
exceeds the critical power, the elliptical spot with broken symmetry causes the plasma refractive index gradient
to be directed toward the sides of the major axis, leading to the lateral migration of self-focused energy along
this axis. Consequently, filaments mainly distribute along the major axis, forming earlier than in other regions
and potentially exhibiting merging phenomena. At powers slightly above the critical power, only two filaments
form. Furthermore, filamentation is classified into two cases based on the relationship between the self-focusing
distance and the evolution distance. We also refine the azimuthal modulation instability theory and derive a
modified expression for the critical power of elliptical LG beams. When the self-focusing distance is smaller than
the evolution distance, the number of filaments obtained from simulations is consistent with theoretical
predictions. These findings highlight the significant differences in propagation characteristics between elliptical
and ideal LG beams due to symmetry breaking, providing crucial insights for the theoretical application and

experimental study of ultra-intense laser beams.
Keywords: elliptical Laguerre-Gaussian vortex beam, underdense plasma, filamention instability
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