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INVESTIGATION OF THE MECHANISM
OF RADIATION PROPAGATION AT SIDE
ILLUMINATION OF A LIGHT GUIDE
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A design of a fiber-optic distributed-type detector of radiation sources arbitrarily located in the technological
control zone is proposed. We have elaborated a method for recording scattered and directed radiation flows
supplied to the side surface of the optical fiber based on measurement of the luminous flux diffusely scattered
by the technological microdefects of the optical fiber. It has been established that the scattered flux is con-

centrated mainly in the optical fiber cladding. The detector sensitivity to the radiation from a gas flame, a
laser diode, and background sources has been investigated.

At present, more than a hundred types of fiber-optic detectors of physical quantities have been created. Prac-
tically al of them operate at end illumination of the optica fiber. In those cases where the location of the spatidly
distributed radiation sources is known exactly or their number is rather large, as well as where it is necessary to locate
a radiation source, a large number of detectors with end illumination should be set up. To solve the above problems,
it is interesting to consider a detector using the mechanism of radiation propagation at side illumination of the optical
fiber.

To control the sparking at electric generator brushes, the appearance of an electric arc at contacts in the
power cabinet, hydrogen inflammation in leakage from the turbogenerator casing, the radiant flux density distribution
in a solar furnace, etc., a radiant flux detector recording distributed radiation sources is needed. Consider the possibil-
ity of developing a detector that alows one to record external radiation supplied to the side surface of the optica fiber
using the radiation scattering by its interna technological microdefects (charge particles, air bubbles, etc.).

In light scattering, by the term "particles’ is usually meant a small object consisting of many atoms. When
objects are small compared to the light wavelength, the electrons in their atoms move almost simultaneously and
equaly in the light field. In this case, the scattering by particles of different sizes differs only in the amplitude, which
depends on the number of electrons participating in the interaction [1]. The value of such (Rayleigh) scattering is
~)\_4, and its intensity weakly depends on the optica fiber temperature [2]. lons of some impurities can aso have a
considerable effect on the light scattering [3].

When particle sizes form an appreciable part of the light wavelength or exceed it, the reative phase shifts in
space and time between induced currents on the particle surface and inside it can cause complicated interactions be-
tween the incident and scattered light. Rigorous calculation of such scattering patterns even for relatively smple forms
and parts of the structure is very complicated [4]. In the IR range, losses due to the scattering by particles amount to
A7 [5], i.e, they weakly depend on the source wavelengths.

Figure 1a shows a photograph of a glass optical fiber 14 mm in diameter illuminated by a flash bulb. Mi-
crodefects of size ~1073 mm (light dots) are the incident radiation scattering centers. Multiple reflections on these par-
ticles and their own luminescence create homogeneous radiation. It is distinct dong the length of the optical fiber, and
the greatest brightness is observed in the microdefects.

Figure 1b shows the scheme of visual observation of the end brightness at illumination of the side surface of
the optical fiber. An optical fiber consisting of a pair of BF25-K17 glasses of diameter 1 mm and length 260 mm was
illuminated from the side by a gas flame. The flame length is ~50 mm, the flame diameter is ~6 mm, and the dis-
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Fig. 1. Scheme of experimental investigations: @) optical fiber illuminated by a
flash (light dots — microdefects); b) observation of the end brightness [1) op-
tical fiber; 2) flame cross section; 3) lens; 4) screen; 5) eye; 6) cap; 7) laser
diode]; c) measuring scheme [1, 2, 6, and 7) same as in Fig. 1b; 3) detector;
4) bush; 5) lamp; 7) multimeter; 9) daylight].

tance of the flame axis to the side surface of the optica fiber is ~100 mm. The distance from the flame axis to the
plane in which the optical fiber end is located is ~100 mm, and background illumination is absent. As the second ra-
diation source, a laser diode of power 103 W with a red light wavelength A = 0.63-0.68 um [6] was used. The beam
diameter is ~4 mm, and the distance of the diode from the optical fiber surface is 150 mm.

The scheme for investigating the metrological possibilities of two types of optical fibers is given in Fig. 1c.
The detector included an FP1-3 photoresistor (A, = 2.1 um), a bush, an optical fiber, and a black cap. On the side,
a a distance of 50 mm from the optical fiber surface a gas flame source was located, at a distance Y = 40 mm a laser
diode was set up, and at a distance of 1.5 m an electric lamp of power 100 W was placed. A photodetector was con-
nected to an Shch4313.1 multimeter. The distance X, = 100 mm. The first type is an optical fiber in a cladding
(BF25-K17), the optical fiber length is 260 mm, the outer diameter is 1.0 mm, and the numerical aperture Ag = 0.54.
The second type is a rod with no cladding of diameter 3 mm made of optical glass. The black cap excludes photode-
tector illumination through the optical fiber end. The dark photoresistance was Ry = 140 kQ.

At relatively large particle sizes compared to the wavelength the approach based on refraction and reflection
(which are considered in the approximation of geometric optics) often appears to be effective in explaining various as-
pects of the light scattering by particles. In a limited range of angles, the Fresnel approximation of the scaar diffrac-
tion theory is applicable.

The scattering of light by the optica fiber material is proportiona to its length and is one of the components
of the total loss of light in the optical fiber [1]:
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Fig. 2. Propagation of rays in the optical fiber: a) dependence of the angle of
refraction of the ray in the cladding on the angle of incidence on the core-
cladding boundary [1] [1) refraction of the ray; 2) boundary ray propagating
aong the optica fiber; 3) total internal reflection; b) results of the observations
of the end brightness [1) u = 0% 2) u<50% 3) u=507.

DA =Days * Dres + D + De + Ds.

The expression for estimating complex radiation is of the form

D=-lgt, 1=[r,fdA\/[fdA.
0 0

The component that is due to light scattering by the optical fiber material weakly depends on the spectra composition
of the radiation [7]. Here the governing factor is the integral density of the incident flux.
Consider the phenomena in the vicinity of the critical angle of the total internal reflection, which is equal to

jor =arcsin(ng/ng) .

Figure 2a shows the dependence of the refractive index of the ray in the cladding on the angle of incidence
of the ray on the core (BF25 glass)—cladding (K17 glass) interface for the incident radiation wavelength A = 0.589 pum
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Fig. 3. Dependence of the change in the optical fiber photoresistance on the
gas flame length h: 1) optica fiber of diameter 1 mm with a cladding; 2) op-
tical fiber of diameter 3 mm without cladding.

Fig. 4. Dependence of the change in the detector photoresistance (SF3-1 detec-
tor, optical fiber of diameter 1 mm) on the linear and angular coordinate on
the laser diode beam (Y = 40 mm): 1) a = 90; 2) 45; 3) 135°.

at an optical fiber length of 100 mm and a diameter of 20 um [1]. At jc <] (scheme 1') a refracted (curve 0A) and
Fresnel-reflected (curve OB) ray exists. At j. = jo the angle of refraction reaches 90°. To this case correspond points
A and B of the graph and scheme 2. Points A and B correspond to the boundary case of the total internal reflection
where there exist a reflected ray and a boundary ray propagating parallel to the optical fiber axis along the core—clad-
ding boundary. At j.>]jo (scheme 3') only a totaly internally reflected ray exist (straight line BC).

To determine which of the three considered schemes of radiation propagation dominates at side illumination
of the optical fiber, we performed experiments on visual observation of the brightness of the output end through a lens
(x5) at various angles with the optica fiber axis.

Figure 2b schematically represents the results of the visual observation (see Fig. 1b). At u = 0° against the
background of the dark core the cladding ring shines brightly (1). As u is increased to about 50° (2), one can easily
see two bright lines on the upper and lower elements of the optical fiber (along which the rays propagate), and the
cladding end and two core sectors are bright. As the angle u is increased further, only the lines on the upper and
lower elements of the optica fiber (boundary rays) remain bright (3). Thus, at side illumination of the optical fiber the
major portion of the radiation propagates through the cladding and the peripheral part of the cross section due to the
extra-aperture meridional rays and skew rays. Consequently, at side illumination the optical fiber operates according to
scheme 1' (Fig. 2a) much in the same manner as at end illumination in the case where j; <jg. Since with decreasing
illuminated area of the photosensitive layer of the photoresistor its sensitivity increases, it is expedient to set a focus-
ing quarter-wave GRIN between the optica fiber end and the radiation detector.

The greater the ratio of the core diameter to the cladding diameter and the smaller the optical fiber aperture,
the higher should, obviously, be the radiant power density passing through the cladding. Since the character of the out-
put end brightness distribution is identical to the distribution at both diffuse heat radiation of the flame and directional
monochromatic radiation of the laser diode, it may be concluded that the enormous number of microdefects create a
dtatistical average light field, whose distribution over the optical fiber cross section weakly depends on the kind of ra
diator.

Meridional rays having a value of the angle j. > ] experience tota internal reflection and propagate dong the
optical fiber core. However, their share is small, since the angular aperture of the BF25-K17 pair is only 30°. As a
result, at end visual observation the optical fiber core looks dark and the cladding — light.

The presence of the edge effect (luminescence of the core sectors) is confirmation that the microdefects are
diffuse radiators. Exactly the peripheral part of the optical fiber cross section exhibits the greatest ability to transmit
ray bundles incident at large angles with the optical fiber axis, including diffuse radiation.

The results of the visual observation of the optical fiber end 3 mm in diameter without cladding at side illu-
mination by a laser diode ray point to the fact that no radical changes in the law of radiation distribution over the
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optical fiber cross section occur. On the surface of the optical fiber end only a thin ring of nonuniforn width is lumi-
nescent. An edge effect analogous to that shown in Fig. 2b, position (2) is seen. In investigations with the use of two
types of optical fibers (see Fig. 1c), the detectors were first illuminated by daylight, and then a lamp was switched on.
The change in the photoresistance AR for the optical fiber of diameter 1 mm was 2000 Q and for the optica fiber of
diameter 3 mm — 1000 Q. In the absence of daylight and eectric light, a gas flame was initiated and the change in
the photoresistance AR was registered at various lengths of the flame. For a flame diameter of ~6 mm, the experimen-
tal results obtained (Fig. 3) point to the fact that optical fibers of diameter 3 mm without cladding are of little use in
radiation flow detectors with side illumination, and optical fibers of diameter 1 mm with cladding permit reliable
measurements of the light signal of the flame.

The change in the photoresistance at illumination of an optical fiber 1 mm in diameter by a gas flame of
length 40 mm (AR = 1000 Q) is approximately equivaent to daylight or the addition to it of electric light. The change
in the photoresistance at illumination of an optical fiber 1 mm in diameter by a flame of length 60 mm (AR = 2000
Q) is approximately equivalent to the simultaneous action of daylight and eectric light. Thus, to identify the radiation
from a small-length gas flame, it is necessary to use a measurement algorithm invariant under the background radia
tion.

In using an SF3-1 photoresistor (A, = 0.78 um) sensitive in the visible and near-IR regions of the spectrum,
dependences of the change in the photoresistance of the detector on the linear and angular coordinates of the laser
beam have been obtained (Fig. 4). The measuring scheme is given in Fig. 1c. A change in the distance from the laser
diode to the side surface of the optical fiber in the 40-1000-mm range does not change the character of the curves
[8]. Their shape is explained by the exponential dependence of the glass absorption intensity on the path length of the
ray in the optical fiber. At a <90° the radiation flow onto the photodetector increases compared to the flow at a =
90° because of the losses due to the reflection from the air—optical fiber cladding boundary. This is due to the length-
ening of the scattering path of the transverse rays in the optical fiber as well as the growth of the portion of the in-
cident flux propagating along the optica fiber. The latter factor is a consequence of the increase in the transmission
coefficient of the optical fiber with increasing skewness of the rays at the core-cladding boundary.

At an angle o >90° (the flux is directed towards the capped end), only rays scattered by the microdefects of
the glass strike the photodetector. This flux is weaker than the flux a a = 90°.

At the present time, algorithms for determining the value of the radiant power and coordinates of the radiator
by means of the proposed detector are under devel opment.

CONCLUSIONS

1. With the use of the diffuse scattering of light by random technological microdefects of the optical fiber that
are relatively uniformly distributed along its length (Fig. 1a), diffuse and directive radiators located along a controlled
path can be registered. In so doing, a panoramic view within 0-360° with the optical fiber axis is provided.

2. Without an amplifier the sensitivity of a distributed-type optical-fiber detector in the IR region (A, = 2.1
pm) as well as in the visible region (A, = 0.78 um) of the spectrum permits recording, respectively, the radiation
from a gas flame of diameter 6 x 60 mm and a laser diode of power 10"3 W. The detector is able to yield informa
tion about the linear and angular coordinate of the laser beam. The employment of an amplifier will make it possible
to increase the detector sensitivity by a few orders of magnitude.

3. The brightness distribution over the optica fiber cross section points to a diffuse scattering of radiation by
microdefects, which together with the small value of the aperture angle (30°) leads to the scattered radiation concen-
tration in the optical fiber cladding. This result agrees with the scheme of radiation propagation a end illumination
where jo <jer.

NOTATION

Ag, numerical aperture of the optical fiber; D, dimensionless optica density of the optical fiber for complex
radiation; De, dimensionless optical density of the optical fiber corresponding to the losses due to the influence of the
edge effect; Dy, dimensionless optical density of the optica fiber corresponding to the internal reflection losses; Dgpy,
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dimensionless optical density of the optical fiber corresponding to the losses due to light absorption by the optical
fiber material; Dg, dimensionless optical density of the optical fiber corresponding to the scattering losses, Dy, dimen-
sionless optica density of the optical fiber corresponding to the losses due to the Fresnel reflection from the ends;
D,, dimensionless optical density of the optical fiber for monochromatic radiation; f, spectral density of the radiant
flux, W/(mZEIm); h, flame length, mm; J,,, supplied radiant flux, W; jq, angle of refraction of the ray in the cladding,
deg; j., angle of incidence of the ray at the core—cladding boundary; —j., angle of reflection of the ray from the core-
cladding boundary, deg; jq, critica angle of incidence at which total internal reflection of the ray occurs, deg; —jr,
angle of total internal reflection of the ray, deg; n., refractive index of the optical fiber core; ny, refractive index of
the cladding; R, photoresistance, Q; Ry, dark photoresistance, Q; u, observation angle, deg; X;, distance from the point
of intersection of the optical fiber axis with the laser beam axis to the optica fiber end, mm; X,, distance from the
flame axis to the plane in which the optical fiber end is situated, mm; Y, distance of the radiator from the side surface
of the optical fiber, mm; a, angle between the incident beam axis and the optical fiber axis, deg; AR, change in pho-
toresistance, Q; A, radiation wavelength, um; An, wavelength of maximum photosensitivity of the photodetector, pm;
T, coefficient of complex radiation transmission by the optical fiber; Ty, spectral transmission coefficient of the optical
fiber. Subscripts: ¢, core; e, edge effect; r, reflected; cl, cladding; abs, absorbed; cr, critical; s, scattered; d, dark; F,
Fresnel reflection; m, maximum; w, side surface; A, monochromatic; 0, optical fiber; 1, laser diode; 2, flame.
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