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Modes in Optical Waveguides Formed by
Silver-Sodium Ion Exchange

A. K. GHATAK, ENAKSHI KHULAR, AND K. THYAGARAJAN

Abstract—Exact solutions of the scalar wave equation for the guided
modes of planar optical waveguides formed by silver-sodium ion ex-
change have been obtained. It has been shown that there is good agree-
ment between the exact solution and the solution obtained by using
the Wentzel-Kramer-Brillouin (WKB) approximation.

IN recent years, planar optical waveguides have been fabri-
cated by the migration of silver ions in glass [11, [2]. The

refractive index variation of the waveguide fabricated by
Stewart et al. can be accurately described (see Fig. 1) by

for x > 0

f o r x < 0 . (1)

They have carried out a Wentzel-Kramer-Brillouin (WKB) anal-
ysis for the propagation constants and have shown that the
propagation constant for the mth mode is obtained by solving
the following transcendental equation:
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Fig. 1. The refractive index profile of a planar waveguide formed by
silver-ion migration in glass [ 1 1.

= tan ' p i / —z 7T , p = 1 for TE modes

p= — for TM modes.

In this paper we show that rigorous solutions of the scalar
wave equation for planar waveguides characterized by (1) can
be obtained. We also show that agreement between the results
obtained by using the WKB analysis and the exact analysis is
good.

For TE modes propagating in the z-direction (in a guide
extending infinitely in the y-direction), if we assume the elec-
tric field to be of the form

Ey = $(x) exp -

the wave equation becomes

J ''' + [k2
on

2(x)-p2] i
dx2 = 0, for X > 0

(3)
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dx2 forx<0.

Equation (4a) can be written in the form

dE2

where
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The solutions of (5) are the parabolic cylinder functions
D,($) and Du(-.$) (see, e.g., [3]); however, the function Dy(- a)
blows up as ij -+ - and hence the solution for guided modes
would be

f o r x > 0 (7)

where A is an arbitrary constant.
In the region x < 0, the solution which goes to zero as

x -+-mis

] (8)

where B is an arbitrary constant. The continuity of $(x) and
$'(x) at the interface x = 0 yields the following transcendental
equation which determines the propagation constants of the
guided modes:

~
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where

£o = $(* (10)

If the discontinuity in the index at x = 0 is large, then the
propagation constants are obtained to a good approximation
as solutions of the equation

QAao) = 0. (11)

If the refractive index of the substrate is no, then the number
of guided TE modes is equal to the number of values of v ob-
tained as solutions of (9) or (11) in the range defined by

n,An,
2nsAns 4 2

In Table I, we have given the effective refractive index
(ne E /3/ko) obtained by the WKB method and by using (11)
and have compared these with the exact values obtained by

TABLE I
COMPARISOY OF THE EFFECTIVE REFRACTIVE INDICES OBTAINED BY USING

THE WKB AND EXACT ANALYSES

' , effeccive reiractive index (neii)
od :Exact wave analysis : Approximate soh-
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solving (10). The values of the parameters used in the calcula-
tions are

n, = 1.605, n1 = 1.0, ^ = 0.0925, no = 1.5125,

and

= 0.64. (12)

These parameters correspond to the guide fabricated by
Stewart et al. [2]. It can be seen that there is a very good
agreement between the results obtained by using the rigorous
analysis and the WKB method. The approximation given by
(11) can also be seen to be good.

Fig. 2 shows the modal patterns obtained from (7) and
(8) for the three lowest order modes for a typical value of
kod = 100. Approximate modal patterns can also be obtained
using the WKB analysis; however, around the turning points,
the WKB analysis will not be valid.

So far we have considered only TE modes. For TM modes,
if we assume H,, to be of the form

H,, = cp(x) exp [i(ot - (13)

and make the substitution p(x) = n(x) u(x), then, if the differ-
ence in the maximum and minimum index is small (i.e. terms
involving the derivatives of n2(x) can be neglected), u(x) satis-
fies the following equation:

(14)
dx2
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Fig. 2. The modal patterns for the three lowest order TE modes for a
typical value of kod = 100.

for x > 0

The boundary
equation,

exp [Vj32 - k\n\x], f o r x < 0 . (15)

conditions on </>(*) give the following eigenvalue

2

11/2

(kOd

(16)

The propagation constants of guided TM modes can be ob-
tained by numerical solution of the above equation.

We have thus obtained exact solutions of the wave equation
for guided modes in waveguides fabricated by silver-sodium
ion exchange and have shown that the results obtained using
the WKB approximation match very well with the exact
solution.

Equation (14) is the same as (4) and hence the solutions for t1!
tp(x) are

[2]

[3]
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Stark Cell Noise Reduction of a C02 Laser Beam

BINDERT S. DOUMA AND THOMAS R. GEBALLE

Abstract-A technique is demonstrated for reducing the rapid in-
tensity fluctuations in the beam of a single frequency, polarized C02

laser tuned to the P(20) transition at 10.6 Wm. The method uses a
Stark-tunable absorption line in NH2D to compensate for the fluctua-
tions of the laser output. Substantial reductions in laser beam intensity
noise have been obtained. The method may be applied to other lines
of the C02 laser and indeed to other types of lasers.
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I. INTRODUCTION

IT is well known that a laser is a noisy source of photons.
The intensity noise from a well stabilized single frequency,

CW laser has been shown to be due to spontaneous emission
in the laser cavity [ I ] , [2]. At the output of a CW C02 laser,
the intensity fluctuations averaged over 1 s can be l o - ’ of the
laser intensity. Because the output of such a laser is - I O 2 ’

photons * s - l , these fluctuations are far greater than those of
an incoherent source of the same intensity. If the laser beam
is incident on a sensitive infrared detector, the noise output
of the detector is dominated at low frequencies by laser
intensity fluctuations, even if the beam is severely attenuated.

In this paper a technique is demonstrated for compensating
for some of these laser fluctuations and, thus, for reducing the


