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Effect of distribution of electromagnetic Held
inside optical fibres on their luminous flux
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A method for calculation of luminous flux emitted by the front surface of a fibre was proposed.
A step-index fibre was considered. Calculations were based upon known electromagnetic field
distribution inside the core represented by analytical equations. Particular modes were shown as
the superposition of linear polarized plane waves. Light refraction on the fibre front surface was
also taken into consideration. It was found that spatial distribution of the luminous flux of a
particular fibre depended on its normalized frequency.
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1. Introduction

Knowledge of spatial distribution of radiant power emitted by the front surface of
optical fibres is not necessary in telecommunication applications of optical fibers.
However, the increasing use of optical fibers in light engineering makes it necessary
to know their luminous flux. This work proposes a method of reckoning fibre’s
luminous flux, based on distribution of electromagnetic field inside the fibre core. We
assumed the following:

1 A step-index optical fibre is considered. The core radius is denoted by a, the
refractive index of core is nlt and the refractive index cladding n2.

2. The fibre is long enough so that transient effects inside the core can be omitted,
and at the same time short enough to ignore absorption of luminous flux. The front
surface of the core is plane.

3. Monochromatic radiation at angular frequency ais guided inside the core.

4. The point light source with constant luminous intensity distribution is placed at
the core axis.

5. Radiation propagating in the fibre cladding was ignored.

2. Electromagnetic field distribution inside the fibre core

Distributions of electric and magnetic fields inside the fibre core can be calculated
using Maxwell’s equations in cylindrical coordinates (r, €, z). The r, (pand z coordinate
of electric and magnetic fields must satisfy the following formulas [1]—3]:


mailto:kpo@vela.pb.bialystok.pl

206 A. Nikoiajew, J. Dorosz

Ez = AEIm(ur) QXvU(m <P-ft)], (1)
Hz = A, ymwr)exp[/(m<p-j3z)], 2)
e= i N N A
' _”|r2 +’\o 3 rr ©)
If ndE dH\
(4)

Ew (- A +aVio3*)

1 dE. dH.\
( coe} n ©)

1fRdE dH\
= Ird? +COE (6)

where: m - integer number, AE,AH- integration constants, - propagation constant
of the mode in the z-direction, u - solution of Hondros-Debye’s equation [1], [2],
Jm(ur) - m-th order Bessel’s function of the first kind, /Zg- permeability of free space,
e{- permittivity of the fiber core.

Known distributions of electric and magnetic fields do not enable direct calculation
of luminous flux, emitted by the front surface of the fibre.

3. Optical fibre modes as superposition
of linearly polarizedplane waves

Propagation constants (3of particular modes are different. Their values are less than
the propagation constant kxof electromagnetic waves moving inside a dielectric with
a refractive index nv This means that the actual waves move at an angle 6 in relation
to the core axis, and

cos0 = @)
k\

Electromagnetic field, corresponding to the mode guided inside the fibre core, will
be replaced by superposition of linearly polarized plane waves. The following
conditions must be satisfied at every point of the core:

- resultant values of electric and magnetic fields of component waves must be
equal to values given by formulas (1)-(6);

- total power of component waves must be equal to the power of the mode.

The coordinates Erand He will be replaced by superposition of four plane linearly
polarized waves, moving at an angle of 6 with respect to the fibre axis. Two of them
move along the axial section plane of the fibre (Fig. 1). Their electric field vectors are
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Fig. 1. Linearly polarized flat waves creating electromagnetic field inside the fiber’s core.

denoted by Eor, and magnetic field vectors by Hap Vectors HQpare at angle S with

respect to versor 0. Two of the remaining waves move along the plane, perpendicular

to the axial section plane of the fiber (Fig. 1). Their electric and magnetic field vectors

are Eprand Hp(p respectively. The angle between vector Epr and versor rOequals <
The values of Eor and Epr can be obtained from equations:

Er = 2Eorcos6cos8+2Eprcoss, (8)
He = 2HQ(pcos8+2H p(pcos6cos8. 9
Since:
foe - % (10)
H =7
Pz (] (1)
3= = (12)
-

the solutions are:

Eor = (13)
2U cos8
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Similarly, the components Ee and Hrwill also be replaced by superposition of four
plane linearly polarized waves, moving at an angle of Oto the core axis . Two of them
move along the axial section plate. Their electric and magnetic vectors are EQpand
Hor The angle between vector E Qpand versor gDequals 8. The remaining waves move
perpendicularly to the axial section plane, and their electric and magnetic vectors are
Epjpand Hpr The angle between vector Hprand versor rOequals 8. The values Eajand
Eppcan be calculated according to the following equations:

Ee = 2Epecos6cos8+2E0pcos8, (15)

Hr = 2Hprcos8+2Horcos0cos8, (16)
E

Hpr = m%. 0?)

«or = (18)

The solutions are as follows:

fo™ % (K&H,-0EV), (19)
2u”cos8

ST — ( \Ee ~fiZxHr). (20)
qp /Z\UZCOSO

The coordinate Ez is replaced by superposition of four similar waves, moving as
above. Their electric and magnetic field vectors are Eand H,z

=—E
s 4ur @h

The coordinate Hzis described in a similar way, but the electric and magnetic field
vectors are denoted E,zand HIZ

K 22

The density of radiant power 5, taken by all the plane waves, at any point of the
core equals

» E|+E@fr+EQp+EQAp+2E&Z +2E]I

(23)
6" Z, '

The density of radiant power, guided by all the waves along the z-axis equals

Sz = ScosQ. (24)
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At the other side, density of radiant power Sz is the z coordinate of Poynting
vector

5Z= Re(ErHe-E 9HT). (25)

Comparing Egs. (24) and (25) makes it possible to obtain the value of the angle 8.

COSS = \i<rO + KrO + K<pO +K<po) ™ e (26)
215z- 2 (4 +4 ) cosb

where EorQ, E Eaf0 and EpgD denote the values of Eon Epn EQp and Ep(p for
5=0.

4. Luminous flux emitted by the front surface of the fibre

Plane linearly polarized waves, arriving at the front surface of the fibre, are refracted
according to Snell’s law. They move at an angle y with respect to the end surface of
the fibre core, whereas

n!sin0= siny. (27)

In order to calculate radiant power density, emitted by the front surface of the fibre,
every wave, the electric field vectors of which are Eon Epn Egpand Ep{p, will be divided
into two waves. The electric field vector of one of them (marked with index t) is tangent
to the front surface. The second wave, marked with index s, has its magnetic field
vector tangent to the front surface. These vector components equal:

Ears = EorCOs8, (28)
Eort = £ orsin<s, (29)
Eps=EpM 8, (30)
Eprt = EptCOsS, (31)
Eoes = £oessins5, (32)
Eoet = EceCCE5 (33)
Epirs = EpefQS&i (34)
EPet = Epipsin<s. (35

Waves marked with the index t, while crossing the border surface, have equal
radiant power density get, according to Fresnel’s formulas,

%' 270k (36)
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0" type wave 0’ type wave

Fig. 2. Points of the fiber’s front surface emitting the radiant power into direction g.

In the same case, radiant power density of waves marked with s is given by

Coefficients Csand Ct can be obtained from the following formulas:

L\

" naka-uZ+?

Cs = -m*E*—o
JK]-u+p2

where kO is the propagation constant in the air, and Z0is given by

Table Dependence of fibre’s luminous flux on emission angle y.

Mode jSfoinT1]) o[°] y[°] 0

HEN 16.7243 3.47 5.14 0.9647
hel2 16.6000 7.80 11.59 0.9732
TEQ 16.6781 5.49 8.15 0.9679
TMOL 16.6777 5.51 8.17 0.9679
heZl 16.6778 5.51 8.17 0.9679
hedl 16.6181 7.33 10.89 0.9721
EHnN 16.6185 7.32 10.87 0.9719
hedl 16.5483 9.01 13.40 0.9772

eh2l 16.5492 8.99 13.38 0.9772

(37)

(38)

(39)
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where £qis permittivity of free space.

Radiant power density coefficient qey, emitted in any direction V/, is the sum of
radiation emitted by points 1, 2, 3 and 4 (Fig. 2). In order to obtain coefficient ger it
is necessary to add waves emitted by points 1and 3 into the axis section plane of the
core, and the energy emitted by points 2 and 4 into the perpendicular plane

= j-LEC,(Eﬁrs+ E2 s+ Edvs +

+ C,(Ed +Epn + Eoqt + Bpqxt + 2Etz)]- (41)

The whole radiant power, emitted by the front surface of the core is therefore
expressed by

Pey = 2n$qey rdr, (42)
0
and luminous flux
Oy=KmVa)Pey (43)

where Km= 680 Im/W and V(A) - relative sensitivity of human eye at wavelength A
The Table shows the results of luminous flux calculation for the fibre with the
following parameters: n{= 1.48, n2- 1.46, a =2 pm, A= 555 nm.

5. Conclusions

The model of linearly polarized plane waves enables calculation of luminous flux
emitted by the front surface of a fibre. The distribution of a light beam leaving the
fibre has a rotational symmetry. Luminous flux is emitted at specified angles. Their
quantity and values depend on the fibre parameters and the wavelength of light. The
monochromatic light is emitted in the form of parallel beams. Values of luminous flux
emitted in a defined direction depend on power transmitted into the fibre, therefore,
on the position and spatial distribution of light source. Angles of light distribution are
slightly different for the modes creating linearly polarized modes, so that the weakly
guided modes approximation can be used in calculations.
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