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Two laser beams propagating collinearly through a
semiconductor in the presence of a wiggler magnetic
field produce phase-matched sum frequency electro-
magnetic radiation. The magnetic wiggler provides the
uncompensated momentum required to make the pro-
cess a resonant one. The required wiggler wave num-
ber falls with plasma frequency and sum frequency.

PROPAGATION of electromagnetic waves through plasmas
and semiconductors is an area of significant research acti-
vity with applications in signal processing, optical switch-
ing, communication, inertial confinement fusion, material
processing etc.'™, Many interesting phenomena have been
identified and investigated, notable among them are har-
monic generation, parametric instabilities, phase conjuga-
tion, tunnel ionization, charged particle acceleration,
wave mixing, etc.”'’. Amongst these, wave mixing has
applications in coherent XUV generation, indirect inertial
confinement fusion, diagnostics, harmonic generation and
wavelength conversion. Federici’ has given an excellent
review of four-wave mixing and phase conjugation in
plasmas. In sum frequency generation process, two pho-
tons of energy /®; , and momentum h%l’z each interact to
generate a photon of sum frequency radiation of energy
fim, and momentum h}:r, where 0)1’2,%1’2 and o,, E satisfy
the linear dispersion relation for electromagnetic waves.
The energy and momentum conservation in sum fre-
quency generation process demands.

®,=® + 0y, k, =k + k. (D
These conditions are quite restrictive. Plasmas and semi-
conductors are dispersive media (which means that index
of refraction increases with frequency). Hence eq. (1) is
not satisfied, i.e. under usual conditions, one cannot have
efficient generation of sum frequencies. In plasmas, phase-
matched high order difference frequency mixing has been
achieved by varying the plasma pressure. Moore'' has
given theoretical and numerical analysis of resonant sum
frequency generation in an external cavity by varying the
input coupler reflectivity.

In this communication we propose a scheme for gener-
ating the resonant sum frequency in a semiconductor by
employing a transverse wiggler magnetic field'” to it.
Placing bar magnets of alternate polarity over the semi-
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conductor can produce the latter. The wiggler can be viewed

A =4
as a photon (0, koz) of zero energy and momentum 7k
that can compensate for the unbalanced momentum bet-
ween the generated and interacting photons,

ik, — 1k, + ky) = Tk, (2)

Consider the propagation of two laser beams,

= A

E; = xAjexp[-i(0; — k)],
= A o
B; = y(ckiwpArexpl-i(i - k2], 3

j=1,2, in an n-type semiconductor (cf. Figure 1) in the
presence of a wiggler magnetic field,

B, = $Be’", (4)

The incident and generated electromagnetic waves obey
the linear dispersion relation,

K = (01c)[eL - 0y/® (0 + iv)], (5)

where € is the lattice permittivity, ®, = (dmnoe’lm)'"? is
the plasma frequency, c is the velocity of light in vacuum,
ng is the carrier(electron) concentration, —e, m and v are
the charge, mass and collision frequency of electron res-
pectively. The wave vector k increases more than linearly
with frequency ®, hence k(®,) > k(@) + F(my).

Taking all the ks parallel to each other and employing
eqs (2) and (5), one obtains the wiggler wavenumber re-
quired for sum frequency generation as

3 1/2

k _(D+ _ (DP
o+ - |8 ———— <
¢ 0, (0, +iv)

®, 0,

|
c ®;(®; +iv)

2 2
0] )
]t ——— L . (6)
c 0, (0, +iv)

In Figure 2 we have shown the variation of normalized
required wiggler wavenumber cky,/®, with normalized
laser frequency ®,/®, and frequency ratio of the frequency
mixing waves m,/®,. The required wiggler wavenumber
decreases with the plasma frequency and the sum fre-
quency. R

On solving the equation of motion m(dv/df) = —eE —
e(¥ x E))/c — mvyv, we obtain the electron velocity due to
two waves as

CURRENT SCIENCE, VOL. 86, NO. 7, 10 APRIL 2004



RESEARCH COMMUNICATIONS

S S
S N| S N|

Semiconductor specimen

S
S S

_—>
Incident laser beams
-

—
Generated wave

>
kal
>

s
R

=12+

Figure 1. Schematic of the process.

Figure 2. Variation of normalized wiggler wavenumber with laser
frequency and frequency ratio of two incident waves.

- XeA
Goo
mi(o ; +iv)

j exp[—i(w ;1 —

k;2)l. €

Vi beat with 82 and v, with B to exert a ponderomotive
force F p+ ON electrons at (; + 0, kl + kz)

- e . - =
Fo = ——C[v1 X B, +v, X B],
producing
L L EAA, ki k,
Ve =T —+ . ®)
2m o, | 0 (@, +iv)  ®,(0) +iv)

. -

v, beat with B, to produce transverse sum frequency
. - -

ponderomotive force F,, at (®,, k, + ko) as
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= e . =
F . =——3v, xB

+ + w-
? 2c

N
Electron oscillatory velocity due to F'p, is

‘7; — )’Ei .V+Bw : e—i[(n+t—(k++k0)z] ) (9)
2c mi(®, +1iv)

The self-consistent field I?Jr exp[—i(m,r) — (k; + ko)z] also

produces electron oscillatory velocity as

o B (10)
mi(®, +iv)

Using eqs (9) and (10), the nonlinear current density at (®,,
E + })0) can be written as

Jo =—nye(@, +v.5)

noe’E., . e*AAnyB,
= — X
mi(®, +v)  4mli(o, +iv)o,
k k T
2 — 1 e ifo, r—(k, ko)Z]' (11)
0, +iv) o, +iv)

The sum frequency field is governed by the wave equa-
.13
tion

. oJ’ 9°E’
V2E+=4—72E J++€—g =
c? ot ¢* ot

(12)

Using the expression for 7+ from eq. (11) in eq. (12), one
gets,

®; B, e’ A A, k, k,

+ .
o (W, +iv)

E+ = 2 . .
dem” (@, +iv| 0, (@) +iv)

(13)

[0, —(k +ky) e —o o, /@, +iv)]

We set the real part of the denominator corresponding to
phase matching condition

wiep — (ky + ko)’c” — o = 0. (14)
Assuming v <« ®1, M, eq. (13) reduces to
1/2
E|  AB ko kY
e 2 k| e 2 (13)
A1 dem ®,0,v ®, O
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Table 1. Variation of |IE/A,l with
/M, and 7bw

/0, 7bw (cm) |E;jA||

1.5 1.47 0.12

2 1.07 0.17

2.5 0.89 0.23

3 0.76 0.29

Figure 3. Variation of |E//A,| with the frequency of the second laser
®, and wiggler field strength B,,.

For a typical case of n-type germanium with electron
density 10" cm™, g =14, v=2x10"s", m=0.3 my,
my=9.1x 10" g, second laser with power 2 x 10° W/cm®,
o, =1.8x 10" rad/s (Nd:YAG laser), B, = 10 kG, the
variation of |EJ/A|l with @, and A, (wiggler period) is
shown in the Table 1. The variation |E;/A;l with ®, and
B, is shown in Figure 3. The required wiggler wavenum-
ber falls with plasma density and sum frequency. At
higher values of plasma density the required wiggler pe-
riod attains impractically smaller values. The scheme is
useful in low-density plasmas and semiconductors where
the amplitude of the density oscillations is not large. Em-
ploying a stronger wiggler magnetic field as well as a
guide magnetic field can increase the efficiency. The esti-
mated efficiency of the process is only an upper bound as
laser propagation through plasmas and semiconductors is
affected by a variety of processes, viz. insertion losses,
parametric instabilities, diffraction, divergence and other
nonlinear effects. In the present analysis the effect of
wiggler imperfections has not been considered, which can
play an important role in the generation of harmonics',
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A recipe is proposed for solving the radial Schrodinger
equation (SE) for ground state of helium atom using
genetic algorithm. A fitness landscape is generated
and the problem of solving the radial SE is reduced to
a search for the maximum on this landscape.

THE use of genetic algorithms (GAs)"? for solving the
Schrédinger equation (SE) numerically, is of contempo-
rary origin’°. The primary motivation has been to look
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