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Initial field and energy flux in absorbing optical waveguides.
II. Implications
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We present here numerical estimates of the density and flux of energy based on physical parameters associated with
the absorption properties of certain types of absorbing optical waveguides. These results are based on a theoretical
formalism established previously for the initial field incident upon the entrance pupil of an absorbing optical
waveguide. Based on these results, the mechanisms of confined energy transmission and possible cross talk
between neighboring waveguides are discussed. Some comments on the behavior of Bessel functions with complex
arguments are also included in the discussion.

1. INTRODUCTION

In an earlier paper we presented the theoretical framework
for the analysis of the initial field and energy flow in cylin-
drical optical waveguides with absorbing properties.' In
that paper we treated both monomode and multimode (two
sets of modes) waveguides. A major primary source of at-
tenuation in optical fibers, such as those used in telecom-
munication or image transmission, besides the strong effect
owing to scattering, is the presence of materials with non-
negligible extinction (or absorption) coefficients. In some
cases, the absorption is due to the presence of metallic ion
impurities (Fe2+, Fe3 +, Cr3+, etc.) in the dielectric material
(silicon or germanium) used in the fabrication of the wave-
guide.2 In other cases, the absorption might be due to the
effect of irradiation of the silicon by heavy particles such as
thermal neutrons. This would induce color centers in the
material, with the resultant nonnegligible absorption coeffi-
cient.3 In all these cases, the absorption edges can be locat-
ed at different regions of the optical spectrum, ranging from
the ultraviolet to the infrared, depending on the absorption
spectrum of the material. Photochromic glasses, which are
used in the manufacture of planar optical waveguides, have
different absorptions for different regions of the visible opti-
cal spectrum owing to their photochemical properties. 4

In addition to the above-mentioned induced (and some
times undesirable) absorbing properties, in certain biologi-
cal situations we must consider organic materials containing
certain types of molecules that present nonnegligible ab-
sorption properties. We refer, in particular, to retinal pho-
toreceptors that act as optical waveguides.5 Here, owing to
the presence of the pigment molecules in photoreceptors, we
must deal with nonnegligible absorption properties. 6 Final-
ly, it has been found that plant tissues act as optical fibers.
Molecular pigments such as phytochrome, located inside
each cell, react with the light incident upon the cell and
absorb in the red part of the spectrum. This light is then
transmitted through plant tissues under strict confinement
conditions. 7

Because of all these possibilities for real absorbing wave-
guides, we have carried out some numerical calculations
based on the theoretical formalism.' In this paper we

present results for the fraction of energy flow and density of
energy in absorbing waveguides with a nonnegligible extinc-
tion coefficient. In Section 2, in addition to the background
on the necessary theoretical results, we also comment on the
behavior of Bessel functions with complex arguments. A
number of different experimental parameters that provide
information on absorption properties can be used in any
discussion of absorbing materials, and these are discussed in
Section 3. Our intention is to give the reader a better under-
standing of these parameters and their interrelationships.
Some comparisons are established in Section 4 with respect
to nonabsorbing dielectric optical waveguides. Section 5
includes some results for multimode behavior. Here, we
consider a waveguide supporting the fundamental mode and
the first excited mode. The energy density in a weakly
guiding waveguide and the effect of the oscillatory term in
the expression for the total fraction of confined power is
studied. We conclude with a summary in Section 6.

2. BACKGROUND: FRACTION OF POWER
CONFINED WITHIN MONOMODE ABSORBING
WAVEGUIDES

The fraction of power X confined within a monomode ab-
sorbing waveguide with a core radius R can be established as
the ratio'

no = po Flptot,
10 0 0 (1)

where

paF = 27rlC<(0)12 exp(-2 ImOZ) Re[o | IrdrIQo 1xo ) ]

(2)

flo is the complex wave vector (Re Ro + i Im 0o), and Xo'
denotes the complex modal parameter (Re Xo' + i Im %o').
Note that for a given Re ko', Im ko', and R, the final result for
the poF contribution is a function of Z, where Z is the length
of the finite waveguide. This Z dependence comes from the
damping term exp(-2 Im 70Z).

Also,
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potot = 2wr exp(-2 Im O0 Z) Re{1o[IC<(0)12 I: rdrlJO(*o0'xI)1 2

+ IC>(0)12 J rdr/HO(iUolx)12] } (3)

where *o is the complex modal parameter and *0 = Re *o + i
Im ko. Both *o and ko' are related by the expression

ko'2 + ko2 = (w/c)(s - eC), (4)

where e is the complex dielectric permittivity of the wave-
guide core and c, represents the real dielectric permittivity
of the cladding. The V parameter can be expressed as

V0
2 = 6o 2 + Wt2, (5)

where 0 ro = ko'R and Wo = koR. The quantities C<(O) and
C>(°) are numerical coefficients that are determined by the
boundary conditions. The reader may consult Ref. 1 for
more details.

The integral in Eq. (2),
rR rR

I = : Z rdr;j:(:::11):2 = 7 rdrJ0(o0'r)J0(*0'*r), (6)

can be directly evaluated by virtue of the properties of Bes-
sel functions, assuming that Xo'* = Re Xo' - i Im Xo' is acting
as a second variable, 8 and I can be shown to be

I = [R/(X0
2 - *o02*)] [k*'Jj(k*'R)J0(*O*R)

- ko'*Jo(*o'R)J,(jo'*R)I, (7)

with
v,2 - '2* = 4i Re Xo' Im Xo'- (8)

It is interesting to compare this result with the one corre-
sponding to a dielectric waveguide with nonabsorbing prop-
erties.

By performing suitable manipulations, we can arrive at
the following expression for I:

I = R(1/2 Re Xo' Im Xo') Im ko'[Jorj r + JoiJli]

+ Re k 0 '[J0 rJjL - JoiJr]. (9)

This is the general expression for any Xo'. Note that this
expression is real, as would be expected for an energy contri-
bution.

For numerical purposes, we will have to estimate the fol-
lowing functions: Jor(ko0 R), Joi(koR), Jlr(koR), and
Ji(ko'R). The superscript r denotes the real part, and the
superscript i denotes the imaginary part, for both Jo and J,.
It is important that even for cases with weak absorption, no
approximations are allowed, even with the assumption that
R is small (as is usually the case in monomode waveguides).
This fact, which will be discussed below in Section 4, is due
mainly to the fact that Re Xo' >> Im ko', which makes ltk'IR
nonnegligible. Expansion for small arguments is therefore
not allowed.

Also, the general property for Bessel functions with com-
plex argument,

Jc(Rh'olexp(i)arg p nc ) = exp(i)n arg (simp lfy te

which could, in principle, considerably simplify the expres-

sion for the fraction of the confined power in monomode
waveguides, is not applicable. In fact, let us write Jn(a) =

Jjfefexp(i arg a)], with a = *n'R. The property that allows
us to express Jn(a) as exp i[n arg &]Jn(Iai) implies that arg a

= m'r (where m is an integer), which is not true in general for
real values of Re $n' and Im Vn' More details on values for n
= 0 and n = 1 are given in the following sections.

3. ABSORPTION PROPERTIES AND PHYSICAL
PARAMETERS FOR A MONOMODE
WAVEGUIDE

As was discussed in the introduction, the absorption proper-
ties of materials that are used in the fabrication of optical
waveguides are in general due to the presence of metallic
ions and/or hydroxyl groups resulting from the intrusion of
water into the structure of the silicon or the germanium
during the melting process. As a result of these transition-
metal impurities, there is a resultant attenuation in the
transmitted signal (as we are neglecting attenuation that is
due to scattering).9 In both vertebrate and invertebrate
optical photoreceptors, the absorption properties depend on
the pigment concentration in their structure.'0 In all cases
there exists a dependence on the wavelength of the incident
radiation, and, when the finite length of the waveguide is
considered, it becomes necessary to establish some disper-
sion relations also.1"

To estimate values for the absorption properties in a ma-
terial, several parameters can be used. In order to establish
the possible relations among these parameters, we shall
specify the ones most commonly used in the literature.

A. Extinction Coefficient
In an absorbing material the complex refractive index can be
defined as12

nj = n(1 + iK), (10)

where K is the extinction coefficient. In general, values of
this parameter are obtained theoretically, based on the mo-
lar extinction coefficient.6 As an example, for a typical
vertebrate photoreceptor pigment, K 1.35 X 10-3, which
implies that light intensity in such a medium will fall to 37%
of its initial value within a length of -30 tm. Note that K <<

1.

B. Absorption Coefficient
The absorption coefficient is related to the attenuation of
the density of energy and can be defined in terms of the
extinction coefficient as

a = [(47r)/X]K. (11)

For example, for a fixed wavelength, X = 0.550 Am, K = 1.35 X
10-3 (from above), and a = 3 X 10- 2/cm. Some authors also
refer to values of the absorption coefficient in terms of per-
cent absorption per unit length. For vertebrate photorecep-
tors, a value of a of about 3%/,m has been reported.' 3

C. Absorptance

Absorptanco represents the percentage of the energy that is
absorbed in a medium that has only transmission and ab-
sorption properties. It is defined as'4
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IA = (1 -jt/IJi) = (I1- 100D) (12)

The ratio It/Ii is called the transmittance (some authors
refer to this as the transmittivity) and depends on the ampli-
tude transmission coefficients5 defined as

t = 2/(n' + 1), (13)

with n' = n/no, where no is the refractive index of the materi-
al in front of the entrance pupil of the waveguide. Also,

IYP = (n/no)(cos Ot/cos Oi)t2 , - (14)

for which Oi is the angle of incidence of the incoming radia-
tion and Ot is the transmission angle that must satisfy the
condition at > 90° for total internal reflection within the
waveguide. In Eq. (12), OD is the optical density, defined as

OD = loglo(IVII). (15)

The optical density is proportional to the product of the
molar extinction coefficient, the molar concentration, and
the path length of light in the absorbing medium. Some
authors refer to this parameter as absorbance or simply as
density.

D. Bulk Loss Coefficient
The bulk loss coefficient has been introduced by some au-
thors'1617 to calculate the power absorbed in an absorbing
waveguide. It is proportional to the attenuated power or the
power-attenuation coefficient and the fraction of the con-
fined power of a mode propagating within an optical wave-
guide. Its values do not coincide with the absorption spec-
trum, and it gives some information on the influence of the
absorption properties in cross talk between waveguides. It
is defined as

a(X) = 2wnK/(1 - K2
)1/2, (16)

in terms of the angular frequency X = (27r/X)c (where c is the
speed of light in vacuum and X is the wavelength of the
incoming radiation), the real part of the complex refractive
index n, and the extinction coefficient.

The absorption spectrum can be obtained directly
through optical density values experimentally measured in a
conventional spectrophotometer. Absorption spectropho-
tometry operates on the basic premise that the light missing
from the test beam has been absorbed by the medium under
consideration. The difficulties in the comparison of differ-
ent experimental values obtained from different sources
arise because of the diversity of the physical conditions of
the measuring apparatus. The variables involved include
(1) optical properties of the apparatus, e.g., reflection and
transmission coefficients of compound lenses and the pres-
ence of chromatic aberration; (2) characteristics of the pho-
tocounter, e.g., dark current; and (3) waveguide properties of
the materials being compared. Other experimental meth-
ods are based on calorimetric and photothermal techniques,
which provide values of the absorption coefficient.'> 20

E. Parameters Used in the Analysis
For the numerical estimates, we have chosen the extinction
coefficient as the representative parameter for the absorbing
waveguide. K is taken to be approximately equal to 1.35 X
10-3. Other parameters introduced in the analysis are n =
1.6, the real part of the complex refractive index of the core;

n2 = 1.5, the refractive index of the cladding; and X = 0.9 ,m,
wavelength of the incoming radiation (with a corresponding
wave number k = 7.0 ,m'1).

With the above parameters the range for the complex
wave number within the waveguide is

10.5 < Re to < 11.2,

0 <Im to < 0.015.

The modal parameters 0O and Wo are now complex values
defined by

C0
2 = R 2[k2n 2(1 -K 2 ) + 2ikn 2

- Io 2] = *0'
2R 2 , (17)

f2 = R -2[2- k2n2
2] = 2R. (18)

From Eq. (17) we obtain the following system:

(Re *o') - (Im *o') = k2n2(1 - K2) - (Re p0)2

+ (Im I~o)2 Re *o' Im *0' = -Re 4O Im /4o + k2 n2 K. (19)

Solution of the system of equations above for fixed Re 4oy
Im f0, n, K, and k provides values for Re ko' and Im *o'. We
have chosen from the range of do the following values: Re /%
= 10.8 Am-' and Im ,o = 0.08 MAmn1; then

Re *o' = 2.8 Am-', Im *o' = 0.03 Am-'.

With these values the condition I*o612 << k2 for weak wave-
guides holds for both transmission and absorption proper-
ties.

The waveguide operates in a single-mode regime for all X
< 0.9 Am. Let us assume that the operating wavelength is Xc
= 0.9 ,m. For fixed K, n, and n2 we check values of R for
which V < 2.405 (monomode cutoff condition). According
to the definition of the waveguide parameter, V = KRn sin 0,
= KR(n 2 - n2 2)1/2. For R = 0.6 m, we obtain V 2.33 <
2.405. This is an appropriate value of the core radius for the
purpose of our study. For example, optical photoreceptors
exhibit an average diameter of 1.0 ,m. With these partic-
ular values, we can get the critical angle for incoming radia-
tion as sin 0, = V/KRn c 20°.

4. THE FRACTION OF CONFINED POWER IN
AN ABSORBING MONOMODE WAVEGUIDE

With the physical parameters given above, we have estimat-
ed Eq. (2) and Eqs. (7)-(9). For the Bessel functions JOr, Joi,
J 1r, and Jji, use of the polynomial expansion for Bessel func-
tions of zero and first order21 has been made.

We were particularly interested in the distribution PoF/I

(M = 7rR2 is the area of the circular cross section of the
waveguide) to obtain information on the flow of energy per
unit area, which is proportional to the confined density of
energy. In the polynomial expansion we have kept a second-
order approximation, since we are dealing with small absorp-
tion and hence a small extinction coefficient (see Appendix
A). The radial distribution for the real and imaginary parts
of Jo(*o'R) and J,(*o'R) and the cross products (broken
lines) are displayed in Fig. 1. As expected for small absorp-
tion, we see the correct behavior for both JOr and j 1r and the
small contributions coming from Joi and Ji. In Fig. 2, the
same functions are displayed with respect to the dimension-
less parameter a = Re *o'R. The scalar product JorJlr +
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R(pum)

Fig. 1. Radial distribution of the real and imaginary parts of
Jo(ko'R) and J,(ko'R) (solid lines). Also shown are J0rJlr + JoiJli
(- - - -), and J0rJii-J 0iJlr (- .-.-.-). These terms contribute to
the fraction of the confined power of an absorbing monomode wave-
guide. [See. Eqs. (2), (6), and (9).]
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- 1.3 L
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[(R)(Re x:)=a U . o

Fig. 2. Variation of Jor and J1r versus the dimensionless parameter
a = Re xo'R. K = 1.35 X 10-3; IC<(0)12 = 1.0. Dashed line represents
JorJlr + JoiJli.

JoiJi exhibits divergent behavior for points close to a 3.0,
so that for values of a 2 3.0, a third-order approximation
would be required. The variation of the dimensionless pa-
rameter b = Im *o'R versus the parameter a is shown in Fig.
3. It is found that there is attenuation of the b parameter
such that for values of a > 0.3 the b parameter takes on
values close to zero. The variation of energy density as a
function of the a parameter is shown in Fig. 4. The value of
the coefficient IC<(0)12 is fixed at 1.0. Two distances for the
penetration of the field have been considered: Zo = O ,m,
which gives the distribution at the entrance pupil of the
waveguide, and Zo = 20 Am. For the second case an attenua-
tion in the central peak of -70% is observed. For fixed C<(°)

LLj

(IC<(0)12 = 1.0) and fixed R (R = 0.6 Mrm) we have studied the
attenuation of the fraction of confined power with the dis-
tance of the penetration of the field (Fig. 5). For a distance
of penetration of the field, Z > 60 Am, almost all the energy is
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R-Re xZ

Fig. 3. Distribution of the dimensionless parameter b = Im *o'R
versus a = Re *o'R. For a > 3.0, b is almost negligible.

1.0 2.0 3.0 4.0 5.0 6.0 70 8.0

R Re x'

Fig. 4. Fraction of the confined power per area (Q = 7rR2) within a
monomode absorbing waveguide versus the a parameter. The fol-
lowing values have been considered (K = 1.35 X 10-3; IC<(0)12 = 1.0):
_, Z_ = 0 Am (gives the distribution at the entrance pupil of the
waveguide); - - - * - - -, Zo = 20 ,um (shows the attenuation). Other
parameters are R = 0.6 tm (radius of the core) and a = 1.7.
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Z ( pm)
Fig. 5. Attenuation of the fraction of the confined power in a
monomode absorbing waveguide versus the distance Z of the pene-
tration of the field. Variables: … IC<(0)12 = 1.0; -*

IC<( )12 = 0.25. Other parameters are R = 0.6 Am and X = 0.9 Mm.

F
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practically independent of the value of the extinction coeffi-
cient, which is equivalent to saying that the most important
influence on such a distribution comes from the transmis-
sion properties, that is, the values of the real part of the
complex refractive index nj. The attenuation effect pro-
duces a decrease in the confined energy with a rapid loss as
exp(-2 Im FoZ) decreases.

Interesting results can be also obtained by studying the
effect of two neighboring waveguides, separated by a dis-
tance of the order of the wavelength. If we suppose that
they are separated by a distance of the order of a wavelength
(a situation found, for example, in photoreceptors forming
the retinal mosaic in the eye), we can observe the effect of the
overlapping of both energy distributions (Fig. 7). As we are
dealing with the intensity functions, we can assume an inco-
herent superposition of both distributions: j 1Tj2 = 1,iI2 +
1kt212, with ItqI2 and 11212 being the energy confined in the first
and second waveguides, respectively. Note that these re-
sults are derived from the condition that the fraction of
confined power in the finite radius of the waveguide PoF be a
measure of energy (given in terms of the square modulus of
Jo), so that we give information solely in terms of the per-
centage of energy remaining outside the waveguides in a
region close to their boundaries where the overlapping takes
place. For the case of larger separation between neighbor-
ing waveguides, this description would be irrelevant. It is
important to remark as well that the percentage of remain-
ing energy outside the core is a pure effect of addition of
energy. In this particular case a surplus of energy reaching a
minimum of 20% remains in the intermediate region be-
tween the two neighboring waveguides. Recall that we are
considering monomode waveguides; no cross-talk phenome-
na can be described by this method for obvious reasons.

. _
I I I I I I I I

1.0 2.0 3.0 4.0

XA R

5.0 6.0 7.0 8.0

Fig. 6. Fraction of the confined power per unit area, P 0 F/Q versus

ko'R. Here, ko' is a real parameter, since K = 0 (zero absorption).
IC<(o)l2 = 1.0.

completely absorbed by the waveguide with a resultant loss
of signal. We notice the important effect of the axial distri-
bution even for a small extinction coefficient. To compare
these results with a situation corresponding to an absorp-
tionless dielectric waveguide, we have estimated PoF/1 with
a null extinction coefficient (K = 0; Fig. 6). We observe the
same distribution as in the K = 0 case, with some slight
variation up to a > 3.0. It is important to remark that the
shape for the distribution of the density of the energy is

1.0 2.0 3.0 4.0 5.0 6.0
l l l

7 Al7.0 8.0 a= R e xo

Q6 1.07 1.43 R (gm)

Fig. 7. Effect of two neighboring absorbing waveguides in the frac-
tion of the confined power per unit area, PoF/C. The waveguides are
separated by a distance of the order of one wavelength. The bars
denote the region in which the energy of both waveguides is coopera-
tive. Physical parameters: K = 1.35 X 10-3, Zo =0 jm (entrance
pupil), IC<(0)12 = 1.0.
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0 0.2 0.4 0.6

r (,

0.8 1.0 1.2 1.4

Fig. 8. Flow of the transmitted energy in a monomode waveguide:
----- , R, = 0.45 Mm; ------- , R2 = 0.75 Am. IC<(0)12 = 1.0.
Note the formation of efficient waveguides with larger radii, as
predicted by the theory.

The effect shown comes solely from an incoherent superpo-
sition of both intensity distributions. Finally, we have stud-
ied the radial distribution of the flow of the transmitted
energy (Fig. 8). Here, two different values of the core radius
are considered: R, = 0.45 Am and R2 = 0.75 Am. It is found
that 70% of the energy is still confined within the waveguide
boundary for both cases, and this value seems to be indepen-
dent of the core radius. Some percentage of the transmitted
energy also flows into the cladding, producing an efficient
waveguide with a radius of the order of 0.75 Am in the first
case and of about 0.95 Am in the second one. This effect,
together with the incoherent superposition described above,
implies a mechanism wherein, as light propagates along the
waveguide, there is a two-way transverse distribution of en-
ergy from both sides of the waveguide boundary, thus pro-
viding a continuous energy flow while avoiding complete
attenuation of the transmitted signal.22

5. WAVEGUIDE SUPPORTING TWO SETS OF
CONFINED MODES

As described in the theoretical formalism,' the fraction of
the confined power within an absorbing waveguide support-
ing two sets of confined modes, namely, the fundamental
and the first excited one, can be decomposed into two contri-
butions: (1) pollF, representing the fraction of power for the
two set of modes incoherently superimposed and affected by
damping terms of the form exp(-2 Im i,,Z) (n = 0, 1), and
(2) p0 12F, which is a second contribution, representing the
interference term that can produce cross-talk phenomena

for a fixed phase shift between both modes. We are espe-
cially interested in the numerical behavior of this term for
specific values of the optical properties of the waveguides
and the cutoff condition. For the purpose of this numerical
study we shall rewrite Eq. (28) of Ref. 1 as

p 0 1 2F = Re[0jK2 (Z)F(0j)I + 0JK2 *(Z)F*(0j)I*], (20)

with
IR

I = L rdrJo(x0'r)Jj(x,'r) (21)

as the integral containing the cross product between the
Bessel functions of zero and first order. We note that the
importance of this term is related to the specific behavior of
74K2 and poK2* [F(Ol) acts always as a constant factor].

The condition for two mode groups propagating inside the
waveguide is 2.405 < V, < 3.832. If we assume a core radius
R = 0.6 Am and a critical angle 0, S- 20°, we obtain for the
upper limit of V, a wave number K = V/Rn sin 0, = 11.67
Pm-' (corresponding wavelength Xi = 0.538,Mm). We have
chosen K, < 11.67,4m- 1 . Assuming, for example, that K1 =
11.1 ,m l (corresponding to Xi = 0.566 Mm), we obtain V 1

3.644. With these values we obtain the following range for
01:

16.6 < Re 4, < 17.7,

0.0 < Im ij < 0.024.

For the numerical estimates we have chosen Re f3, = 17.15
Pm'1 and Im f3, = 0.012 Am'1.

By proceeding as for the monomode case and resolving a
system of equations similar to Eqs. (19), we get the values for
Re kl' and Im X,'. For the present case we have obtained
Re kl' = 4.3ynm-1 and Im xl' = 0.07yimn-. The numerical
behavior of the real and imaginary parts of 4,K2 and 4oK2*
versus the penetration distance of the field Z is shown in Fig.
9. We observe that Re(4iK2) and Re(40 K2*) are both terms
tending monotonically to zero after reaching a maximum at
50 gm. The contributions from Im(fK 2 ) and Im0%K2*) are
less important, as is expected for a weak absorption material;
Im[IOK2*] exhibits negative values for the whole interval
under consideration. The relative maximum of Im[4,Kd] is
only 9% of that obtained for Re[4,K,].

350 | ||. , .

250 /-\ 1

200 -//e¢oK+ ,

-50 Im(2tK2 

-100 IL .
0 50 100 150 200 250 300

Z ( //m)

Fig. 9. Numerical estimate of the axial distribution of the real and
imaginary parts of the coefficients MCK 2 and AoK2* affecting the
interference term in the fraction of power confined within a multi-
mode absorbing waveguide supporting two sets of bound modes.
Symbols: --- -, flK2; -* --,fK2*
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20R

Fig. 10. Total fraction of the confined power per unit area, p01F1Q,

in the two sets of confined modes. Symbols: 0, contribution of the
set of the fundamental modes; 0, contribution of the first set of
excited modes; &, the total fraction of power. The shaded region
represents the interval where there is only the contribution of the
fundamental modes [z = 0 zm (entrance pupil), K = 0].

In order to interpret the implications of these results, we
have also studied the density of energy for the multimode
behavior in a fashion similar to that described in Section 4
(see Figs. 4 and 6). Figure 10 shows the radial distribution
for the density of energy at Z = 0 Am, that is, at the entrance
pupil of the waveguide. We have considered here the case of
a weakly guiding waveguide with weak absorption. Even
though A(XR) = Re xo'R - Rej,'R = 0.9, for simplicity we
have assumed it to be approximately 1.0. The function poF/

Q (filled circles) represents the contribution of the set of
fundamental modes. The function p 1F/1 (open circles) is
the contribution that is due to the first set, and P01F/Q is the
total function for the multimode waveguide. Both poF and
PJF are superimposed with a shift; therefore their superposi-
tion in the region Xo' R < 1.0 is noncooperative, the maxi-
mum of PO1 F obtained at the origin coincides with one associ-
ated with the monomode case, and the total p 01F/Q is slightly
modulated by the pjF/ 1 function. From Fig. 9 we see that
for Zo = 0 ,um the effect of the oscillating term is null over

p01F/Ie Nevertheless, at Zo = 50Mm the function poF will be
affected by exp(-2 Im Ao50), and the total result for the
density of energy will be an attenuation in that function; the
same effect will occur for PjF1Q (open circles), so the final
result would be an attenuation of the density of energy. But
as po1 2F now has a maximum, an increment of the total
density of energy takes place, consequently diminishing the
effect of the attenuation. For Z > 50 Am this process does
not take place any more; then, at certain fixed distances on
the axial direction of the waveguide, some percentage of the
energy can flow transversally to the axis, giving rise to inter-
ference phenomena, which will take place in the cladding
region within the efficient diameter of the efficient wave-
guide.

6. SUMMARY AND CONCLUSIONS

From a theoretical formalism' for the initial field penetrat-
ing an absorbing optical waveguide, we have estimated the
distribution of the fraction of energy and the density of

energy in both monomode and multimode waveguides. The
influence of the nonzero extinction coefficient on the cutoff
conditions requires a new formulation of the modal parame-
ters. For fixed X, n1, and n2, these parameters have been
estimated numerically for a monomode (Vo-parameter)
waveguide and a multimode (V,-parameter) waveguide.
Since these parameters are now defined by complex values,
we must deal with solutions for the modal field in terms of
Bessel functions with complex arguments, whose behavior
has also been studied. Interesting results have been ob-
tained for the effect of two neighboring waveguides. A cer-
tain percentage of the confined energy acts cooperatively in
the cladding region, together with a flow of the transmitted
energy from the core to the cladding through the waveguide
boundary. The shape of the radial distribution for the den-
sity of energy is independent of the absorption properties of
the waveguide. For a multimode case, the effect of the
second term, which contributes to the total fraction of con-
fined power as an oscillatory term, has been also investigat-
ed, together with the radial distribution of the density of
energy. It is concluded that for specific values of the modal
parameters, some energy can escape in a direction transverse
to the waveguide axis, at specific points of the boundary, for
which the interference term exhibits maxima. This energy
is confined to the cladding, specifically inside the efficient
diameter, making possible the presence of cross-talk phe-
nomena. This particular mechanism seems to avoid the
complete attenuation of the transmitted signal. The above
results are in agreement with earlier results obtained by
Sammut and Snyder,2 3 who concluded that only a portion of
light interacting at the aperture pupil of an ideal waveguide
remains trapped for the entire length of the waveguide. The
rest of the energy escapes as a radiation field. Our results
are complementary to their results. We conclude also that
bound modes contribute to the existence of the remaining
energy outside the core of the waveguide. Our results were
obtained through the exact formulation of the initial field at
the entrance pupil of the absorbing waveguide.

APPENDIX A

To compute the numerical behavior of J0 and J, with com-
plex arguments, we made use of the polynomial expansion
for Jo and J1.24 In the special case considered here, we can

write

-3 < x < +3, with IW = lkO'Rl - [(= ff)2 + (=0 i)21"2R

By assuming weak absorption and transmission conditions,
we have kept a second order of approximation. Separating
out the real and imaginary parts, we can write

Jor(!) = 1 - 0.25[(kOr)2 -(VY ]R2, IXoIR S 3,

Joi(!) = -0.5(k 0tr. - R2), 1k0'IR S 3,

and similarly, for J1,

Jjr(j) = ko'RI0.5 - 0.0625R2 [(k0 ,r)2 - 3(koi)2]}

Jj0'IR S 3,

Jli(x) = koxRIO.5 - 0.0625R2 [3(x 0 ,r)2 - (kofi)2 ]1,

k&0 '1R S 3.

--- -F I I I I I I I I I II I I I I I

t8 MR) = 1.0,

+ oF(Zo R)

, -
F

I - - . -
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The stability of these functions is ensured for points close to
3.0. For x > 3.0 it would be necessary to use third (and
higher) orders of approximation, resulting in tedious calcu-
lations for deriving explicit expressions for the real and
imaginary parts of the functions under consideration.
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