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Abstract

An intense laser radiation{, k) propagating through a plasma at an angle to the density ripphg) (produces
current and density perturbation ad;,(+ ko). The density perturbation combines with the oscillatory velocity

at (w,k) to produce nonlinear current at a2k + ko)), driving a secondarmonic electromagnetic radiation.

For a specific ripple wave numbé&g = ko, the phase-matching conditions for the second harmonic process are
satisfied, leading to resonant enhancement in the energy conversion efficiency. The efficiency of the proce
is sensitive to the angle between the density ripple and the incident laser and beam energy.
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1. Introduction

Harmonic and subharmonic generation in plasmas has been an area of considerable interest
more than four decades f[]. It acts as a valuable diagnostics in short pulse laser—plasma
interaction experiments and in frequency up-conversion devices. In this process, two (or mor
photons of energfiw, and momentunfik, combine to produce a photon of second (or higher)
harmonic radiation of enerdy, and momenturiik,, where (w,, k) and(w,, k) satisfy the linear
dispersion codection for electromagnetic waves. The energy and momentum conservation i
second harmonic process is subject to the following conditions

@2 2‘."1} @
k = 2k

In an overdense or inhomogeneous plasma, second harmonic can be generated by excitin
electron plasma wave either by linear mode conversion near the critical layer or by decay instat
ity [7], [8]. The density oscillations arising from the Langmuir wave combines with the oscillatory
velocity caused by the laser to produce a second harmonic, giving rise to second harmol
radiation. At higher laser intensities, relativistic effects contribute to harmonic generation as tf
electron oscillatory velocity contains all the harmonics. Rarkl [3] present an account of
relativistic third harmonic generation by linearly and circularly polarized light. Esdraly[4]
deal with the effects of diffraction and phase detuning on relativistic harmonic generation b
intense laser beams. Wilkes$ al [5] describe odd harmonic generation by an ultraintense laser
beam incident upon sharp vacuum—overdense plasrhai et al [6] have observed third har-
monic generation from a hydrogen gas with a range of laser intensities.
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In an underdense plasma, no significant density oscillation is induced by the laser that cot
beat with the oscillatory electron velocity due to the laser to produce a second harmonic. Furth
condition (1) does not hold in a dispersive medium like a plasma, and the process is nonreson
as the momenturik, of second harmonic photon is larger than twice the momentum of a funda:
mental photon, and thus is low in efficiency. The process can be resonant if an additional mome
tumhk, = hk, — 2hk; is provided. Rax and Fisch [9] studied resonant third harmonic generation by
an intense laser in a plasma based on a resonant density-modulation scheme. Shibu and Triy
[10] have developed a nonlocal theory for the above process. Ageaaia[11] have studied
resonant second harmonic generation of a millimeter wave in a plasma filled waveguide in tf
presence of a helical magnetic wiggler. Weissmaal [12] have studied second harmonic
generation in Bragg-resonant quasi-phase-matched periodically segmented waveguidss. Ding
al. [13] have developed a theory for quasi-phase-matched backward second and third harmo
generation in a periodically doped semiconductor.

In this paper, we propose a mechanism of providing the momentum by a density ripple, whi
acts as a virtual photon of quantum energy 0 and momehiginvherek, is the wave vector of
the density ripple. The physics of the process could be understood as follows: The laser indut
oscillatory velocity;(wy, k) of electrons which beat with the density ripp0, k) to produce a
currentng, and a density perturbation(w., k+k). n, beats withy,(w., k) to produce a nonlinear
transverse current d, 2k +k), giving rise to second-harmonic radiation. For resonant excita-
tion, the second-harmonic field must satisfy the electromagnetic dispersion relatian?/
y+kic?, wherew, is the plasma frequency apdthe relativistic factor. Using, = 2w, k3 =

[2k+kof?, andw? = (w3/y)+kic? in the dispersion relation, one obtains the valug afquired for

the phase matchind =%[- 4k,cosd + 16k cos 6 + 122 [(ye?) |, whered is the angle betwedg
andk, (c. f. Fig.1). Figure 2 displays the behaviokgfvith w, for different values of andy.

2. Nonlinear current density

Consider the propagation of an intense laser in a plasma of dan3ihe fields of the laser are
given as,

= RE e @D,
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Fic. 1. Schematic of the process.
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(a) ‘ (b)

Fic. 2. Variation of normalized density ripple wave numbkyw, with normalized plasma frequeney/w, and
angle between incident laser and density rigper (a)y = 1.2 and (b)y = 1.4.

wherek, = (cullc)[l—w,f/(ycul2 v wj = (dnn€/m)*? is the plasma frequencg,andm are the

electroniccharge and rest mass, respectively. ¥ will be defined later.
The plasma also contains a density ripple such that
N = Neexp(ko.X), ©)]

whose wave vector k, makes an angle @ with the z-axis. The equation of motion for electron
momentump, dp/dt = — eE—(e/dv, x B, can be resolved intoandz components as,

do_ _eEd

dt o gt —ka), @)
and

% =-ekv,E, coswit -k 2z)/w,. ®)

From eqn (4), we get,
P =— ek sinit — ki2)/w,. 6)

Equation for electron energynic) is

mc* % =-eEY, = -e\,E, cost —k2), ?
where
y2= 1+(p2 + pd)/(nPcd). ©

yisalso 1/,/1-v?/c? .

Multiplying egn (5) byw./k; and substracting from (7), we get
1
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mey — (w./k,)p, = constant My, — (w1/K:)Poz ©

wherepy, is the initial value of, and y,, the initial value of y; y3 = 1+p§,/(mec?). Using eqns (6) and
(9) in (7) and on simplification one obtains y as

[ ng +y1+(1- no)aO] (10)

1 ’70
wherea3= (eE/mw,C)? andz,= ck/w, are the plasma refractive indices.

The x andz components of electron velocity can be written as

=P €E e

Vix my miwy ' (1)
and
p, _ (v-D
Vv, =2 =nc
my Ty (12)

respectively. In solving the above equations, we have assumed electron collision frequency,
v <<@;.

v1, in conjunction with the density ripphe, produces a density perturbatigns ngle -+,
This is obtained by solving the equation of continditydt + CIng, = 0,

nl_(koV)no

200, '’ 13
. U R PO,
where we have used the |dentFtybAReB=§ Re[AB+ AB [,
v, andB, also exert a ponderomotive force on the electrons,
F=-CSyux
P T oo B.. (14)
The oscillatory velocity, of electrons due tg) is
\—é Dieklv_l'Ezi e—i(zaavZklZ). (15)

Amiw;

The nonlinear component of the second harmonic current defsity, e 2 (%+)3 due to
beating ofy, with n, andw, with ny is,
jNL - 1

T e
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< BV, Dk, | 5k
4miw? %( y 22 E (16)
The linear component of the second harmonic current density due to self-consistent electric fie

E, = E,e 2 %+)4 i3 given by,

0,2
L= _Nee E,
2miye, 17
Using (16) and (17) in the Poisson equation, one obtains the second harmonic density pertur

tlon n2 - nze*i[Zwll*(ZR1+E0).)A<] :

104,
eliw’

(8)

n,

wherej, = J: +J)*.
3. Second harmonic field
The wave equation for the second harmonic field is written as:
2

0%, -0(0E,) = —%Tiwljz —% E,. (19)
From the Poisson equation we get,

0.E, = -47en,

~ moezElle 2 +@+1 g

2maye, %1 y 2 k‘”klg (20)

whereg, = 1-w3/w? .
Using (20) in (19), and replacing? by — (2k +ky)?, we obtain

2
mye Eyv,, E
1

E=21
"D, me, 1)

whereD, = 4w} - w}/y — (2k+k)?c?, and

=_ ¢ Mo ke, kK B i By ok kox | 5k
F-am%g+y+2%(2kl+ko)g+2%y+zzg

Equation (21) is valid wheB, is not exactly zero, and the length of the plasma is greater than
1/~ (2k+k;)|. WhenD,= 0, one may write the harmonic field Bs= A, (z)e"?%™? . Then eqn
(21) takes the form

- o
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. O0A_ 8riw, .. A=
2k, —=—-———2J3"" or
% 9z c?

= —%J NLZ
c*2ik,

The second harmonic Poynting vector can be written as

|

C e o O (2ki+ky) MGE'EN
= = F
a2 Tar wp? miaf . )
Using eqgn (2), we get the Poynting vector for the fundamental wave as
S _co g o CKE
R g B X =g 23)
From (22) and (23) we get,
I52 1 P Ny Vay ~
_2] ~ = xXOG
R 32%%%%@ 300 @)
D, =2 g Fle @k +k)
whereDy =—,6=
20 wlz wlz k1‘Dzo‘2
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Fig. 3. Variation of efficiency of the procesl%Q/Pﬂ with w./w, for different values of). The parameters are;=
1.06x 10" radk, n°/nd=3%, and (ay = 1.2 and (b} = 1.4.
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Figure 3 shows the variation thz/P1|with w4lw,, for different values of and y. The maximum
efficiency of the process is 9% at w./w, =4, 0 =45, y = 1.2 anch’ / n§ ~3%.

4. Discussion

A density ripple in a plasma could be properly employed for resonant second harmonic genel
tion. The process is efficient even in the underdense region. The density ripple could be excit
by an acoustic wave launched externally or produced internally via parametric instability of th
laser [14]. Typically, the pulse length is smaller than the ion acoustic wavelength, so the dens
modulation can be considered as static on the time scale of laser pulse dynamics. Alternative
a density ripple can also be produced by laser irradiation of a periodically doped semiconduct
[13]. An efficiency of ~ 9% can be achieved for using a &.86:YAG laser of intensity ~ £OW/

cn? in a plasma of density ~@n3with a density ripple of 3%. Laser propagation in a plasma
is influenced by a number of nonlinear effects, e.g. self-focusing, parametric instabilities an
charged particle acceleration. Hence, the estimate of harmonic generation is only an upper bol
on it. The above analysis is valid when the length of the plasma is greateiktha(2k + k).
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