DOI 10.1007/s10946-019-09823-2
Journal of Russian Laser Research, Volume 40, Number 5, September, 2019

HARMONIC GENERATION
BY RELATIVISTIC PLASMA RESONANCE

I. I. Metelskii,"?* V. F. Kovalev,"?? and V. Yu. Bychenkov!?

! Lebedev Physical Institute, Russian Academy of Sciences
Leninskir Prospect 53, Moscow 119991, Russia

2 All-Russia Research Institute of Automatics (VNIIA), Rosatom
Sushchevskaya Str. 22, Moscow 127055, Russia

3 Keldysh Institute of Applied Mathematics, Russian Academy of Sciences
Miusskaya Square 4, Moscow 125047, Russia

*Corresponding author e-mail: metelski @ lebedev.ru

Abstract

We present a theory on harmonic generation by relativistic plasma resonance mechanism in an inho-
mogeneous laser plasma. We find a transverse component of the resonance—enhanced electric field and
electron velocities near the plasma critical density and calculate the nonlinear current as the source
of the harmonic generation in vacuum. We obtain the power-law spectra of the radiation field and
discuss their characteristics depending on the laser-plasma parameters.
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differential equation.

1. Introduction

Harmonic generation in an inhomogeneous plasma is interesting as a method for obtaining high-
frequency secondary radiation and as a laser-produced plasma diagnostic method. The harmonic gen-
eration of a low-intensity radiation propagating in an inhomogeneous plasma was investigated in [1, 2],
in view of perturbation theory. The plasma resonance effect [3], which is the resonant enhancement of
the potential electric field near the plasma critical density, where the laser frequency wg coincides with
the plasma frequency wy, was considered as the mechanism of generation. Within that framework, an
exponential decrease in the harmonic amplitude with increase in the harmonic number was obtained. The
authors of [4] went beyond the perturbation theory by taking into account the nonlinearity of electron
motion, but neglecting the relativistic effects. By applying the renormalization group transformation
approach [5], they calculated the amplitudes of harmonics of the electromagnetic wave incident on a
inhomogeneous plasma. They also found that the intensity of harmonics decreases much more slowly
with increasing harmonic number than was predicted by the weakly nonlinear theory. An adequate gen-
eralization of the nonlinear theory on the harmonic generation at high laser intensities, when relativistic
effects near the plasma resonance becomes essential, is still lacking. In [6] it was shown that the resonance
plasma field amplification can lead to an electric field strength up to the relativistic values even if the
laser field intensity is lower than the relativistic one. Such a strong nonlinear resonance qualitatively
changes the harmonic generation process, significantly reinforcing the higher harmonics.
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In this study, we present the theory of harmonic generation by relativistic plasma resonance in an
inhomogeneous plasma. A stationary analytical solution of the nonlinear equations governing the spa-
tiotemporal structure of the transverse components of the electric field and electron velocity in the vicinity
of the plasma resonance are calculated [3] via the renormgroup symmetry method. Application of the
formalism of renormalization group transformations allowed us to take into account the nonlinearity
of electron motion, including the relativistic effects, near plasma critical density. Then the harmonic
amplitudes in vacuum are calculated.

2. Basic Equations and Their Solution

We consider a p-polarized electromagnetic wave described by the electric and magnetic field E, B with
frequency wg that is incident on the inhomogeneous plasma with linear density profile at angle 6,

1
E = §{E0x(:1:), Eoy(x),0} exp (tkyy — iwot) + c.c.,

1
B = 5{0, 0, Bo(z)} exp (ikyy — iwot) + c.c., (1)

mwo 2

ky = (wo/c)sin b, no(z) = (1 4+ z/L)n., e =5

where L is the characteristic inhomogeneity scale length of the smooth woL/c > 1 linear plasma density
profile. To describe harmonic generation process, we use the following basic system of cold relativistic
electron plasma collisionless hydrodynamics equations and Maxwell equations:

1
op+ (vor)p=e (E + C[VB}) , One + div(nev) =0,
1 1 47 .
rotE = ——0;B, rot B = —~0;E + —enev, divE = 47 (ene + ein;), (2)
c c c
divB =0, my

Pp=mvy= —x-——.
K V1—=v2/c?

Here m and e are the electron mass and charge, n., v, and p are the density, velocity, and momentum
of plasma electrons, respectively, E and B are the electric and magnetic fields in the plasma, and ¢
is the speed of light in vacuum. Immobile ions of given density n; correspond to the electron plasma
approximation used in this work.

Through the expansion of fields and velocities (2) in series of the incident wave harmonics (1) and
assuming a hierarchy of the electromagnetic field and electron velocities near plasma resonance region [4],
we obtain the following equations for magnetic field harmonics with nonlinear current J as a source of
harmonic generation:

Ozen nwo \ 2 . 9 4T ( a -
_ZzEn _ — >
Opa R, - O Ry, + ( - > (an sin 0) R, . {477 rot Jn}z , n>2,
. 2 . 2
- _ %o _ Yo, _ %o _ Yo, _
Jp = {v@xP - 00z (V) , (v = Vv, ud, P - 00y (yu) . (v — D, 0}, (3)

{v, u, P, Q, R} = Z {v, u, P, Q, R}n exp[—in(wot — kyy)].
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Here a = —2e|B1(0)|sin /mw3L is a dimensionless constant proportional to the magnetic field amplitude
|B1(0)| at the plasma resonance point x = 0 in the linear approximation, B (0) = |B1(0)| exp(i arg B1(0))
is the complex amplitude of the first Fourier component of the magnetic field at the point x = 0 in the
linear approximation v = vy /a, u = vy /a are the normalized values of the electron velocity components,
v = 1/3/1—(a%2/cA)(v2 +u?), P = eEy/ma, Q = eE,/ma, R = eB,/ma are the normalized values
of the electric (Ey, E,) and (B,) magnetic field components, respectively, ¢, = 1 — (w?)/(n’w3) is a
plasma complex dielectric permittivity at the frequency nwy, and wy, = wr,(z) = (47|ee;|n;/m)*/? is the
Langmuir frequency. In the limit of a weakly inhomogeneous plasma in which the region of localization
of the plasma resonance field is much smaller than the characteristic plasma inhomogeneity scale length
L, we set wy, = wp. From Eq. (3) it follows that to calculate the nth harmonic of the magnetic field in
vacuum, it is necessary to know the structure of the electric field and the electron velocity in the plasma

resonance region.

It was previously shown [6] that the longitudinal component of the electric field and electron velocity
near relativistic plasma resonance are described by the following pair of first-order partial nonlinear
differential equations

Ov + avdyv = P(1 — Bv2)3/2, 0P + avdy P = —wp’v, (4)
which has a solution in the form
A A A
Po:—1+l2(lcosx+sinx), voz—m(lsinx—cosx), xgzl—km(lcosx—i—sinx),

1 1 1/2 B 9
v =y 1—(1+b2v(2)/2)2] : T=><-< 4+1+Z2EK¢;k)—\/mF(so;k)—so)-
(5)

Here 7o = z/A, v = (a/wpA)v and Py = (a/wiA)P are normalized functions,

. lcosx +siny [ B/(1+12) 9,9 al? woA
% arcsin T , I+ B/01R) 153 , 5 p

and A is the plasma resonance width, wich is determined by either the electron thermal motion with
velocity Vr or a low collision frequency v between plasma particles,

A = max {vL/wp; (3V7%L/w8)1/3}. (6)

Following the reasoning presented in [6], we define the equations for the transverse component of the
electric field ) and electron velocities u as follows:

Ou + avd,u — Q = 0, w0, Q + kyO P = 0. (7)

To find the solution of the system (7), we use the renormgroup symmetry method and follow the scheme
outlined in [6]; omitting details, we give the solution

1 b%e? sin? 0

ug = Absin 6 [2 In <e451n(1 + 12)) cos y — arccot (1) sinx] ,
b2e?s sin? 0

Q():AbsiHG[—;ln< 1

(1+ l2)> sin x — arccot () cos X} ,
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where ug = (a/woA)u, Qo = (a/wiA)Q, and ¢ = 0.5772156 is the Euler constant. Note that the nonlinear
dependence of the electric field P, () and velocity v, u on the coordinate x and “time” 7 = wyt is implicitly
determined through the parametric variables x and [, while the electric field P and velocity v play the
role of parametric variables in the expression for 7. Dimensionless parameters A and b corresponds to
contributions of the electron nonrelativistic and relativistic nonlinearities, respectievly [6].

Figure 1 shows the time dependences of the transverse components of the plasma electric field and
electron velocity at the resonance point x = 0 for the incidence angle 8 = 11°, for different values of the
dimensionless amplitude A, and fixed b = 1. As we can see, plasma-oscillation wave breaking occurs when
the amplitude of the plasma wave exceeds a certain threshold value. This is evident from the figure for
A =0.73. The growth of the amplitude leads to the stationary plasma wave profile steepening up to the
threshold value, when the derivative 9, becomes infinite, and the hydrodynamic model fails. Knowing
the structure of the electric field and the electron velocity of the plasma resonance, which are defined by
the nonlinear current J as the radiation source and solving Eq. (3), we can calculate the amplitudes of
the magnetic field harmonics in vacuum.

The solution of the inhomogeneous equation (3) is constructed in a standard way via fundamen-
tal solutions of the homogeneous equation. Assuming that the magnetic field has the form B, =

W . . . . .
C,, exp —z—o(x + 00) cos 0} at © — —oo, we write the magnetic field harmonic amplitude in vacuum
c

with number n, k,(x) = @\/sn(:v) — sin? 0, as follows:
c

0
imeA%wd exp (m argR1(0) — inmw + z/ k() dx)

- _ ’1:471,3[/(,00 2 2\3 _ .
_ 00 LRIy L ) 1 /2 I It
Cn drec(cos? § — 1/n2)1/2(1 — 1/n2)1/2 cosl/2 6 {exp{ 3c (cos”6 = 1/n7) } n n} )
00 2
IF = / dl/dxexp [in7(x,l) +inbxo(x,1)y/cos? 6 — 1/n2}
—o0 0

X { [8X <P0 - ;’ym)@ﬂ -0 (Po - :Lyvl)f)xv' - (alTﬁxxg — 819008XT) (v — 1)] v1 sin 6
++/cos? 0 — 1/n? [(anxpo - ;Ulax('yuo))aﬂ' - <u031P0 - zvlal(’yuo))axT

—(alraxazo - 8Z:U08X7‘) (v — 1)u0] } ) (10)

3. Radiation Field Spectra

To investigate the spectral composition of radiation, let us make the transition to the physical pa-
rameters of the laser-plasma system: laser radiation incidence angle 6, laser intensity go, W/cm?, and
inhomogeneity scale length L[] (choosing laser wavelength A = 1.06 um) of the plasma with temperature
T, keV. Then the dimensionless parameter a is determined by the expression that connects the magnetic
field amplitude in the plasma resonance point with the incident wave amplitude through the reflection
coefficient R; in the linear theory [7],

cBZe? | cosd| 1/2

_ 2
= | D 1-RY)| . (11)
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Fig. 1. Time dependences of the electric field (a) and electron velocity (b) transverse components at point z = 0
for b = 1 and different values of the parameter A.

Figure 2 shows the dependences of the harmonic intensities g, on the number n at fixed incidence angle
0 = 11° and plasma temperature T' = 2 keV for different laser intensities ¢g, for two plasma inhomogeneity
scales L = 100\ (a) and L = 20\ (b). The value g = 107 W/cm? is close to the limiting one at which
the wave breaking near plasma resonance occurs for given values 0, L, and T. Curves 1, 2, and 3 in
Fig. 2 a correspond to the cases shown in Fig. 1. Comparison of the spectra shows that, with pump field
amplitude growth, there are two effects in the spectrum structure changes that can be distinguished —
flattening the spectral curve and modulating it, which reaches a maximum near wave breaking of the
resonance plasma field. The predominance of an effect depends on the laser—plasma system parameters.
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Fig. 2. Magnetic field spectra distributions calculated for different laser fluxes: ¢o = 10'® W/cm? (1),
5-106 W/ecm? (2), and 10'7 W/em? (3) for T = 2 keV at L = 100\ (a) and L = 20\ (b).

Comparing the spectral curves near wave breaking (curve 3) for different plasma inhomogeneity scales,
we see that, in the case of a sharper gradient (L = 20), nonlinearity leads to a change in the slope of
the curve, but, for a smoother gradient (L = 100), along with slight flattening, significant modulation
are noticeable. We emphasize that these effects are direct consequences of plasma-oscillation modulation
near the critical density, which was demonstrated in [6]. Figure 2b also demonstrates that, in the case
of sharper gradients near the plasma wave breaking threshold, the emission spectra are characterized by
a power law that decreases with increasing number n but faster than 1/n.
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4. Summary

We constructed an analytical solution to the system of equations that describe the harmonic gener-
ation process through the relativistic plasma resonance mechanism. Using the renormgroup symmetry
algorithm [6], we calculated the transverse components of the electric field and electron velocity in the
vicinity of the critical plasma density. The nonlinear current as the source of the harmonic generation in
vacuum and the harmonic amplitudes are found. The relativistic nonlinearity of the plasma wave leads
to phase modulation of the electron oscillations, which leads to flattening of the spectral curve and its
modulation. Also we showed that with fixed pump field intensity the efficiency of the higher harmonic
generation increases with decreasing plasma inhomogeneity scale. This property is demonstrated for the
plasma inhomogeneity scale L = 20\ close to the limit laser intensity, at which wave breaking in the
plasma resonance occurs when smooth power-law emission spectra can be generated.
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