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Abstract. An intense laser beam guided through a low-density plasma channel
produces second harmonic emission that leaks out in the high-density outer region,
propagating in a low-angle hollow cone with respect to channel axis. For a channel
with interior density 0.25n.., outer region density 0.64n. (n. being the critical
density), laser wavelength 1 p and channel radius ~5 pm, the angle 6 of the cone
~19°. The second harmonic power shows an oscillatory behavior with the density
of the channel. It peaks at certain densities of the plasma channel. The heights of
the peaks of second harmonic power are higher at greater densities.

1. Introduction

Harmonic generation of high-power lasers in plasma is an important nonlinear
process observed in experiments [1,2]. It acts as a valuable diagnostic in short
pulse laser—plasma interaction and has received considerable attention in recent
years. The harmonic emission takes place when the fundamental light is reflected
in a steep density profile off the critical density surface [3—-5]. Harmonic generation
in under-dense plasmas is characterized by two important features. First, the
momentum of the nth harmonic photon is larger than n times the momentum of
fundamental photon, hence, the process is non-resonant. Second, the power density
of nth harmonic goes as the nth power of the fundamental wave power density.
Engers et al. [6] have reported second harmonic generation in plasmas produced by
an intense ultra short laser pulse. A comprehensive analysis of harmonic generation
by intense lasers has been given by Isarey et al. [7]. Zepf et al. [8] have investigated
the generation of high harmonics from the interaction of ultra short intense laser
pulses with solid targets. They have demonstrated that the conversion efficiency
depends strongly on the density scale length. Mori et al. [9], Wilks et al. [10] and
Rax and Fisch [11, 12] have investigated the relativistic odd harmonic content
of an intense laser propagating in under-dense plasma and over-dense plasma. It
is observed that, in the absence of damping or density gradients, the harmonic
amplitude oscillates between zero and twice the steady-state value. Liu and Tripathi
[13] have studied the second harmonic generation of Raman backscattered light
[14] in a plasma channel. The intense short pulse laser produces a wave via Raman
backscattering. In the region of the wake, the plasma shrinks in size, and forms a
narrow plasma channel. The channel breaks into bubbles via oscillating two-stream
instability on a picosecond time scale. The Raman backscattered wave propagating
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through the channel of bubbles generates a second harmonic, observed at oblique
angles.

Stamper et al. [15] have observed second harmonic emission from filamentary
structures at densities n/ne ~ 0.03-0.10. They showed that second harmonic emis-
sion may be due to either a reflected wave or stimulated Brillouin scattering within
the filament. Young et al. [16] have observed that the second harmonic emission
is spatially correlated with the density perturbations, but is not observed for the
entire length of filament. According to them, the chief source of second harmonic
emission is filamentary focus rather than emission along the length of filament.
Brandi et al. [17], in their study of laser interaction with inhomogeneous plasma,
have reported that the second harmonic power is independent of plasma density
in the low-density limit whereas the power generated is proportional to square of
laser intensity. Malka et al. [18] have observed second harmonic emission that is
phase modulated by a co-propagating relativistic electron plasma wave produced
by forward Raman scattering. From the observation of filamentary shaped images,
they infer that relativistic and/or ponderomotive self-focusing may occur. Meyer
and Zhu [19] have reported the theory of second harmonic emission from the tight
focus of a laser arising from filamentation instability (focal radius ~Ag). None of the
above-mentioned papers deal with second harmonic emission from a plasma slab
and its leakage into the outside region. An intense laser beam guided through a low-
density plasma channel [20] produces second harmonic emission that leaks out in
the high-density outer region, propagating in a low-angle hollow cone with respect
to channel axis. The channel helps in achieving higher efficiencies of harmonic
generation by providing higher fundamental wave power density over a long length.

In this paper we study the generation of the second harmonic emission of laser
radiation in a pre-formed low-density plasma channel. In Sec. 2, we derive the
second harmonic nonlinear current density. In Sec. 3, the second harmonic power
is calculated. Section 4 contains discussions.

2. Second harmonic nonlinear current density

Consider the propagation of a laser along 2 through a plasma channel. We consider
the laser field amplitude such that the diffraction divergence is exactly balanced by
self-focusing and the laser is self-guided. The density profile ng(z) of the channel is

’I'LQ(Z‘) _ {nm |:L“ <a, (])

ng |x| > a,
and ng; < ng. The laser field can be taken as
E= nge—i(wgt—kgz).

We only consider the fundamental radial eigenmode of the laser. The equation
governing Ag in different regions are

0%A
WQO‘F]C%LAO:O ‘$|<0J
(2)
0% A
8720—063140:0 ‘J]|>G/,
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where
2 2
wg —w
2 0 pl 2 2 1/2
ki, = = — kg, wpi = (4mngie”/m) /2,
2 2
wh — Wi
2 2 0 p2 2 1/2
ay = ki, — —Q= o W= (4mnge® /m)Y/
and gives symmetric solutions for Ag:
—QoT
Agy e T > a,
Ag = Agg coskgrz  |7| < a, (3)
Apy e*o® r < —a.

Continuity of the tangential component of the electric and magnetic field at z = +a
gives the dispersion relation for the pump laser

tan(kola) = ao/kol. (4)
The laser imparts oscillatory velocity to electrons

eEO
miwo

Vo =

and exerts a vg X By force on electrons

6k‘0 ~ . €Vg GEO ~
Foo, = ———voEo2 +i——32.
2&)0 2(4)0 or
This force produces oscillatory velocity and density fluctuations at 2wy, causing
a nonlinear current density at 2wy.

2
NL _ e 2, ., . OF0
VQUJO = —W E()kaZ + ZEO%ZE (5)
I = —T0EVaL,. (6)
The wave equation for the second harmonic is
4?2 — w2) S8TIW0
~V(V-E,) + V*E, + %Ez =—— g5 (7)
taking V of this equation
87Tiu)0 NL
V-Ey, =— - d5 8
2 4(4)(2) — wg 2wo ( )
Using (8) in (7), we get
dwd — w? 871 i .
9 0 b B TIW0 (NI Tiwg L
\% EQ + C—2E2 = — 02 J2w0 + \Y _W—SV JQUJO . (9)

We solve (9) for three different regions, x| < a, x > a and z < —a.
Region I: |x| < a
We write the 2 component of the wave equation

82E22 w%lka k2
+ k2 By, =i 2
Ox? Zwme

€T A 1 QikOLZE 72ik0lr 10
4(4]0 4(4)8—(4}2 "U0| 0( +e +e )7 ( )
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where k3, = (4w3 — wgl —4k32,c?)/c?. The solution of (10) is written as

2 . .

i ] w)lkoz k% ele.riE +e ikor T
E2 I = Dlelk%z —+ 13267“623"3C +1 1 z "UO|A0 erT e (11
2 4wy 4w8 — wlz’l k%w _ 4/€(2)_|_ )

where D; and Dy are coefficients. Here we have neglected the terms only
contributing towards the space charge oscillations. Using (8) and (11), we write
the £ component of the field as

) 16mwe .
Eoor = /_22k02E2z1 de — mnoe/ko “Vau, dr (12)
or
%o ,
EQ:L’I = — A 0 (Dlezkhx — Dge_lkzzx)
2x

2
w, ka kg

. pl T
T4y 42— k—|UO|A°[
wo wo—wp] 0L

eikhz + eikgmr:|
2 2
k2z - 4k0l

2
wii oz 1 ko- . koL
]2w0 yop—: [vol Ao (k—z sin(2kg z) — i

cos(2k0ix)) . (13)
pl 0L 0z

Region I1: x > a
We write the wave equation for region II. Region III is symmetric to region 11,

so does not need to be solved:

0?Ea.n1
0x?

2 2
w2, ko k!
2 . p2Uz 2z
+ szEng =1
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The solution to (14) is written as

2 /2
ik .w)ZkOZ k
EQz[[ :D3€ iky, x ] I 2z

67204095
3 [volAo {2] : (15)

2 /! 2
2wy Awh — wpy ks + 4ag

Following the same treatment as in region I for the £ component of electric field,
we get

il
Esgii = Dge™*2e® -

2 2 —2
Qkoz wpgk'oz kéx ka | | |: e “%o® :|
- 01410

v ——3
7 2 2 2 2
o 2wy Awh —wpy @ k5, + 4ag

2

2
wp2 ka |UO‘AO ( ka
2
2wy Awh — wpy

For sin(2kg x) — i% COS(2k0L$)> o (16)

where Ds is the coefficient to be evaluated. We have the continuity condition
EQzl‘r:a == EZZH‘x:a and 521E2z1|z:a == 52HE2zH|z:a- (17)

Applying (17) at x = —a gives D1 = D5. Using (11), (13), (15) and (16) in (17)
and solving for D3, we get
_ bt A

D3 -
P2 +1q2
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where
8Kk, 20K 4K\ ko, .
P = ﬂkgj sin(kopa)e 2907 + (k,—;z — @) ko% cos(kaza) sin(2ko, a)
4Kk, 40K ko, —2
kag 2k — kag oa,
oL cos(kaga) cos(2kg a) 7 o cos(kaza)e
2K 20K’ koj_ SKk'Oz .
= <@ — E) o, cos(kaza) cos(2koa) — o sin(2ko, a),
4k . AQko. /
P2 = —2 sin(kgga) sin(ky,a) — ,0 cos(koga) cos(ky,a),
- - (18)
4k 40k
g2 = —2 sin(kgga) cos(ky,a) + —2 cos(koza) sin(ky,a),
2x 2x
w? k z k2 w2k P k2
K= p10 2 — D) [vol, K' = 1270 D) 2 D) [vol,
dwo  Awg — wy dwo  Awg — wpy
dwf — w1%2 2 2
and v = k3, — 4k2, .
3. Second harmonic power
The field amplitude of second harmonic Esy in region 11 is given by
E 2 E2 E2 _ D2 4k8z
|Ean|” = Ejpn + Equn = Dj 1+ W2 (19)

The total second harmonic power radiated in a conical annular ring at angle 8 from
a channel of length L would be

Py = 8£|E2”|2[(L sin 0a)? + 2L tan(6) /a), (20)
s

where 6 = tan™!(k}, /k2.) is the angle of second harmonic emission. We calculate
second harmonic power P, for the following parameters: A ~ 1 pym, L = 150 pm,
wp2/wo = 0.8, wy1/wy = 0.45-0.6, vo/c = 0.1 and a = 4.8,9.6 um. The relative
second harmonic power (~P,/Py) versus wy, /wo is plotted in Fig. 1. The second har-
monic power shows an oscillatory behavior with the density of the plasma channel.
It peaks at certain densities of plasma channel and the peak value increases with
the increasing density of the channel. An increase in the channel width increases
the number of densities at which the peaks occur. The maximum value of the second
harmonic power at these densities also increases with increasing channel radius. It
is also observed that the second harmonic power increases linearly with increasing
length of the plasma channel. We have

2 2
wh —w

1 p
koo = —3— — koL, (21)
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Figure 1. (a) Second harmonic conversion efficiency (~P,/P;) versus density of plasma
channel (w1 /wo) for channel radius a = 4.8 pm. (b) Second harmonic conversion efficiency
(~P,/Py) versus density of plasma channel (w1 /wo) for channel radius a = 9.6 ym.
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Figure 2. Angle of second harmonic emission (0) versus density of the plasma channel

(wp1 /wo).
where ko is given by (4) and
dwg — wi .
ky = T} — 4k3.. (22)
Awf — why .
ki, = T} — 4k3,, (23)
ko, = 2ko,. (24)

Using (23) and (24) with (4) and (21), ko, and 6, the angle at which the second
harmonic emission takes place, are obtained. The angle ¢ versus wy, Jwo is plotted
in Fig. 2 for wys/wo = 0.8, woa/c = 1040 and wy,; /wy = 0.3-0.55. It is observed
that ¢ increases linearly with w1, the density of plasma channel. At slightly lower
densities (wpl/wo ~ 0.4), the increase in the angle of second harmonic emission

greater with increasing w,;.

4. Discussion

A laser guided in a low-density plasma channel appears to produce second harmonic
emission at reasonably high efficiency. The second harmonic power leaks out into
the higher density outer region at a small angle to channel axis. The nonlinearity is
caused by the ponderomotive force. The harmonic power shows oscillatory behavior
with the density of the channel. The heights of the peaks are stronger at higher
densities. The second harmonic power peaks more frequently and the maximum
value of peak increases linearly with increasing channel radius. It increases linearly
with the length of the channel. The periodic variation of second harmonic amplitude
with channel density appears due to the fact that the second harmonic field depends
on ko, through sine and cosine functions and that ko depends on channel density.
The density of channel, in our analysis, is restricted to w,; < wp2 80 as to enable the
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guiding of the laser into the channel. If one takes w1 = w2, no laser guiding would
take place and the above analysis would not be valid for such a case. Mori et al.
[9] have observed similar features in their computer simulation of third harmonic
generation. They have reported the variation of third harmonic power for vg/c =
0.2-1.0, wy,/wo = 0.01-0.20, the density profile width 0.1c¢/w,0-300c/w, and have
observed the oscillatory behavior of third harmonic power with the density of the
plasma. Although the theory of third harmonic generation is altogether different,
the results observed are nevertheless similar. Our treatment is only valid for a self-
guided laser and not for a converging beam.
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