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Study of the radiation scattering indicatrix in fibres heavily

doped with germanium oxide

M.E. Likhachev, M.M. Bubnov, S.L. Semjonov, V.F. Khopin,

M.Yu. Salganskii, A.N. Gur’yanov, E.M. Dianov

Abstract. The original setup for measuring the radiation
scattering indicatrix in a broad angular range from 1 to 179°
is developed. It is shown experimentally that total optical
losses in single-mode fibres heavily doped with germanium
oxide are determined by optical losses caused by fundamental
mechanisms and by anomalous scattering. The analysis of the
anomalous scattering indicatrix and the spectral dependence
of excess optical losses showed that anomalous scattering is
caused by scattering from fluctuations of the fibre core-—
cladding interface along the fibre length. The mechanism of
these fluctuations is proposed and substantiated.
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1. Introduction

Single-mode optical fibres heavily doped with germanium
oxide (up to molar concentration 15% —30%) are key
elements in a number of nonlinear devices [1—3]. The
increase in the molar concentration of GeO, from 3 % —
5% (standard for single-mode fibres used in communica-
tion links) up to 30 % and the corresponding decrease in
the core diameter leads to the increase in the fibre
nonlinearity by more than an order of magnitude. At the
same time, total optical losses drastically increase and it
substantially reduces the efficiency of devices based on such
fibres. Thus, optical losses at a wavelength of 1.55 um in
single-mode fibres manufactured by the MCVD method
increase from 0.2dBkm™' up to 2-5dBkm™' with
increasing the molar concentration of germanium oxide
in the fibre core from 3 % to 30 % [3, 4]. Only recently, by
optimising the refractive index profile and the fibre drawing
conditions, we have managed to reduce optical losses down
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to 1.33 dB km™! at the molar concentration of GeO, in the
fibre core equal to 29 % [5, 6].

In modern lowly doped single-mode and multimode
fibres used in optical communication systems, optical losses
are mainly determined by Rayleigh scattering [7, 8]. To
explain the nature of optical losses in heavily doped single-
mode fibres, a number of hypotheses were proposed. The
authors of some studies [2, 4, 6, 9—12] argue that optical
losses in these fibres are mainly determined by scattering. On
the other hand, the authors of other papers [13—16] explain
a high level of optical losses in heavily doped single-mode
fibres by excess absorption. The study of the scattering
indicatrix [6, 10— 12] showed the presence of additional light
scattering in heavily doped fibres, which was different from
Rayleigh scattering. This type of scattering, which was first
discovered in weakly doped fibres [9], has the asymmetrical
indicatrix whose amplitude is significant only at small angles
to the fibre axis in the propagation direction of probe
radiation. According to [11], we will call below this type of
scattering anomalous. Because the angular range of meas-
urements of the scattering radiation intensity was restricted
in each of the above-mentioned papers (20—160° [10],
10—-170° [11], and 1-16° [6, 12]), the authors have failed
to determine accurately the contribution of anomalous
scattering to the total optical losses of the fibres. Note
also that the authors of paper [11] mainly studied few-mode
fibres, which does not allow one to determine the con-
tribution of scattering to total optical losses in single-mode
fibres in the near IR range.

In this paper, we present the results of investigations
performed on a new experimental setup. We measured the
intensity of scattered light in a broad angular range and
determined quite accurately the contribution of anomalous
scattering to optical losses. Based on these data, we propose
the mechanism of this scattering.

2. Setup for measuring the angular dependence
of the scattered light intensity

The scheme of the experimental setup for measuring the
angular dependence of the scattered light intensity in
optical fibres is presented in Fig. 1. The fibre under
study was placed on a silica glass plate and covered with
a silica prism. By means of diaphragms deposited on the
plate and prism (scheme 1), all the types of irradiation were
eliminated except radiation scattered in a small (of length
~ 4 cm) emitting region of the fibre with a polymer coating
removed. Scheme 1 was used for measuring the intensity of
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radiation scattered at angles 1-30° and 150—179°. The
radiation scattered in the fibre reflected from a mirror
deposited on one of the prism surfaces, and the beams
leaving the fibre at the same angle were focused with the
lens to a point in the focal plane. The radiation propagating
from the fibre directly to the focal plane was removed in
scheme 1.

Scheme 1 Scheme 2
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of the fibre

Absorbing
plate
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Figure 1. Schemes of setups for measuring the angular distribution of the
radiation intensity scattered in a fibre.

Scheme 2 was used for measuring the distribution of the
scattered light intensity in the angular range from 60 to
120°. An absorbing plate was placed over the emitting
region of the fibre, and the intensity of radiation propagat-
ing directly from the fibre to the focal plane was measured.

The radiation intensity measured in experiments was
normalised by means of multimode fibres, where Rayleigh
scattering of light occurs in a broad angular range. The
absolute intensity of Rayleigh scattering in these fibres was
determined from the measured dependences of Rayleigh
scattering coefficients on the concentration of germanium
oxide [8, 17—19].

The output end of the fibre was placed into an
immersion liquid with the refractive index close to that
of silica glass. This procedure was necessary because
radiation reflected back from the output end distorted
somewhat the scattered light intensity indicatrix.

Measurements were performed at the wavelength
1.064 pm of a Nd: YAG laser with linearly polarised
radiation. Because the scattering intensity can be sensitive
to the direction of polarisation (in particular, in the case of
Rayleigh scattering), the measurements were performed in
two planes perpendicular and parallel to the radiation
polarisation, and then the results of measurements were
averaged. For each fibre, measurements were performed for
three different regions, and the results were also averaged.

3. Experimental results

3.1 Angular distribution of scattered radiation.
Contribution of scattering to total optical losses

To study the angular distribution of scattered radiation in
heavily doped fibres, we fabricated two fibre preforms
Nos 304 and 325. Both preforms had step-index profiles
formed by the addition of germanium oxide into the fibre
core. The refractive index difference An between the fibre
core and cladding for preforms Nos 304 and 325 was 0.040
and 0.025, respectively. Optical fibres of diameter 125 pm
were drawn from each preform in four regimes at different
temperatures and different drawing rates.

Figure 2 presents the typical dependence of the scattered
light intensity on the scattering angle in the reflecting
cladding for fibre No. 325 (An =0.025) drawn at the
temperature 1880°C at the rate 60 m min~'. The dotted
curve shows the approximation of the scattered light
intensity in the angular range where measurements were
not performed. Also, the calculated level of Rayleigh
scattering is shown by the dashed curve. The deviation
of the angular intensity distribution of Rayleigh scattering
at small angles to the fibre axis from the relation

1
Ir :Elo(l + cos’p) (1

is caused by a partial capture of scattered light by the fibre
core, which was taken into account in the calculation of the
theoretical curve (radiation entering the aperture of the
heavily doped fibre core does not escape through the side
surface of the fibre and therefore is neglected, whereas the
refraction of the rest of radiation at the fibre core—cladding
interface is taken into account).

The intensity of scattering in all fibres measured in a
broad angular range (0—70°) was noticeably higher than the
Rayleigh scattering intensity. The maximum scattering
intensity was observed at small angles to the fibre axis in

Intensity (arb. units)

40 60 80 100 120 140 160 180
Scattering angle /deg

Figure 2. Angular distribution of the scattered light intensity in a single-
mode fibre drawn at the temperature 1880 °C from preform No. 325. The
dashed curve shows the calculated level of Rayleigh scattering; the dotted
curve is the approximation of the scattering indicatrix in the angular
range where measurements were not performed.
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the propagation direction of probe radiation. The shape of
the scattering indicatrix reveals the presence of anomalous
scattering in the fibres, which was earlier observed in papers
[6, 9—-12].

Indicatrix measurements allow us to determine contri-
bution of scattering to the total losses in fibres under study.
The UV absorption was estimated as 0.45 and 0.3 dB km ™"
at 1.06 pm [2, 20] for fibres drawn from preforms Nos 304
and 325, respectively. The IR absorption in these fibres at
1.06 um was a few orders of magnitude lower than
1 dB km ' [8] and therefore was neglected. The total optical
losses at 1.06 pm were determined by the cut-back method.
Figure 3 shows the dependence of total optical losses,
obtained by summation of estimated optical losses due
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Figure 3. Dependences of optical losses on tension in fibres drawn from
preforms No. 304 (a) and No. 325 (b); circles are total optical losses (cut-
back method), triangles are the sum of optical losses caused by
fundamental mechanisms and anomalous scattering.

to scattering and absorption, on the tension upon fibre
drawing, as well as the corresponding dependence for
optical losses determined by the cut-back method. The
results of measurements are presented in Table 1. The error
of measuring optical losses by the cut-back method was
about 5% and the scatter of estimates made from the
measurements of the scattering indicatrix was about 10 %.

The results presented above show that total optical
losses due to fundamental mechanisms and anomalous
scattering coincide within the error of 10% with total
optical losses measured by the standard method. The total
optical losses in all the fibres are mainly determined by
scattering. It is interesting to note that optical losses in fibres
drawn at the same temperature but at different rates are
substantially different. At the same time, fibres drawn at
different temperatures and different rates, but with approx-
imately the same tension, have close optical losses. One can
see from Fig. 3 that, as the tension is increased during fibre
drawing, optical losses decrease monotonically, which
means that they are directly related to the tension strength.

3.2 Mechanism of anomalous scattering

We showed above that the excess (different from funda-
mental) optical losses in heavily doped single-mode fibres
are related to anomalous scattering. We have found earlier
[22] that the sources of excess optical losses in heavily
doped germanosilicate fibres are located at the core—
cladding interface. This means that the source of anom-
alous scattering of light is the fibre core—cladding interface.

In [23], a model of light scattering by spatial fluctuations
of the core—cladding interface along the fibre length was
proposed. It was shown that such scattering mainly occurs
at small angles (2—20°) to the fibre axis in the propagation
direction of probe radiation. In this case, the characteristic
size of variations in the core—cladding interface in the
azimuthal and axial directions should be comparable with
the wavelength of scattered radiation or exceed it, while in
the radial direction this size should be far smaller than this
wavelength. Later [24], this model was extended to the case
of the stochastic distribution of azimuthal and radial
fluctuations and the expression

P(0)

B k*c’a’A* [ ngcE?
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X JL(L — u)R(u) coslk(cos 0 — 1)uldu
0

Table 1. Total optical losses and scattering losses at a wavelength of 1.064 pm measured in fibres drawn from preforms Nos 304 and 325.

Parameters of the fibre drawing

Optical losses

Preform /dB e /dB p—
° -1 -1 -1 -1 55 m %ot m

number T/°C v/ms /g Ogear/dB km™' oy /dB km ag /dB km (estimate) (measurement)
304 1880 1 160 6.9 0.45 1.63 7.35 7.0

1880 0.5 86 9.64 0.45 1.92 10.1 12.2

1940 1 66 12.5 0.45 2.05 13.0 14.0

1940 0.5 34 22.9 0.45 2.37 23.4 25.0
325 1880 1 184 3 0.3 1.15 33 3.18

1880 0.5 90 4.1 0.3 1.19 4.4 4.49

1940 1 74 4.9 0.3 1.24 5.2 5.16

1940 0.5 35 7.1 0.3 1.31 7.4 7.73

Notes. Tis the heater temperature; v is the drawing rate; 7 is the average tension in grams (determined by the contactless method during fibre drawing
before the application of a polymer coating), oy is Rayleigh scattering (backward scattering method [18, 21]); ayy is UV absorption (estimated from [2,
20]); ogcqr are total losses caused by scatterings of all types (from the scattering indicatrix); oy is the estimated sum of scattering (¢, ) and absorption (ayy)

losses; o, 1s losses measured by the cut-back method.
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was obtained for calculating the radiation power scattered
into the unit angle at the angle 0 to the propagation
direction of probe radiation. Here, k is the wave number; ¢
is the root-mean-square fluctuation amplitude; « is the core
radius; A = 4n/ny is the relative refractive index of the fibre
core; ng is the refractive index of silica; ¢ is the speed of
light; E, is the electric field strength at the core—cladding
interface; L is the length in the fibre region from which
scattered radiation is collected; 7(0) is the factor taking into
account the capture of radiation in the fibre core;

R(u) = exp(—u®/LJ), 3)

S(v) = exp(—v?/ V) 4)

are the normalised autocorrelation functions of deviations
in the axial and azimuthal directions, respectively.

By using this model, we can compare the calculated and
measured angular distributions of the scattered radiation
intensity. For this purpose, we studied a Ge303sm step-
index fibre (An = 0.034). The central dip in the index profile
was virtually eliminated during preform fabrication (see
inset in Fig. 4). The cut-off wavelength for the second mode
in this fibre was 1.0 pm (the core diameter was ~ 2.5 um),
and the Ge303sm fibre was single-mode at the wavelength
1.064 pm at which measurements were performed. Figure 4
shows the measured and calculated scattering indicatrix for
the Ge303sm fibre. The curve of the scattering indicatrix is
formed by two terms corresponding to Rayleigh scattering
(1) and anomalous scattering (2). The level of Rayleigh
scattering and parameters L, and ¥V, in expressions (3) and
(4) were selected to obtain the best agreement between the
calculated and measured curves.

The calculations show good agreement between the
theoretical and experimental curves for the Ge303sm
fibre with typical sizes of fluctuations in the axial (L)
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Figure 4. Comparison of the measured and calculated scattering

indicatrices in the Ge303sm fibre. The inset shows the refractive index
profile of the fibre and the radial distribution of the mode field.

and azimuthal (V) directions equal to 0.46 pm, and 1.4 rad,
respectively. The scatter of points at small angles (0—15°) in
the measured scattering indicatrix is caused by interference
whose modulation amplitude and period decrease with
increasing the scattering angle. Some difference between
the measured (averaged) and calculated indicatrices is
observed only at small angles to the fibre axis where the
radiation scattered at the core—cladding interface is parti-
ally captured in the fibre core. This effect was neglected in
the calculation of the theoretical curve for anomalous
scattering (it was assumed that 7(0) =1 for all 0). The
scattering indicatrices of other fibres studied in the paper
had a similar shape and were also well described by the sum
of Rayleigh and anomalous scattering.

3.3 Spectral dependence of optical losses
at the core—cladding interface

The model of anomalous scattering [24] that we use here
allows us to determine the spectral dependence of optical
losses caused by scattering at the core—cladding interface.
As follows from our calculations, this dependence is close
to a power one, and the exponent of this dependence for
parameters L. and V_ describing anomalous scattering in
the Ge303sm fibre is close to —3.

The spectral dependence of optical losses at the core—
cladding interface can be also determined experimentally.
The average losses at the core—cladding interface in the few-
mode spectral region of the fibre were estimated by the
method of differential mode losses in [22]. The estimates
were performed for the Ge303sm fibre at the wavelength
632.8 nm of a helium—neon laser. As the core—cladding
interface, the region of radii 1.05 — 1.3 pm was considered.
In this region the refractive indices of the core glass at the
distance r from the fibre axis n(r) satisfies the relation
0.1An., < An(r) < 0.9An,.., where An(r) = n(r) — ny and
ng is the refractive index of silica. The choice of such region
as the core—cladding interface was conventional to a great
extent, the only important factor being that the electric field
strength of the fundamental mode in this region changed
weakly (less than by 50 %), which allowed the averaging of
optical losses in this region. The measurements showed that
average optical losses at the interface were 288 dB km ™.

The average optical losses at the interface can be also
estimated in the spectral region where the Ge303sm fibre is
single-mode. For this purpose, we subtracted optical losses
caused by fundamental mechanisms (calculated from the
results obtained in [8, 17—20]) from the spectrum of total
optical losses, determining in this way the excess optical
losses related to the core—cladding interface, as shown in
[22]. As in [22], the region of radii 1.05-1.3 um was
considered conventionally as the core—cladding interface.
By taking into account the fraction of power propagating in
this region, we calculated the average optical losses in it. The
results of this calculation for the wavelengths
1050—1600 nm and optical losses at the core—cladding
interface calculated by the method of differential mode
losses at a wavelength of 632.8 nm are shown in Fig. 5. One
can see that the experimental spectral dependence well
agrees with the dependence calculated above. Note that
these estimates cover a rather broad spectral region
(632—1600 nm), which demonstrates a high accuracy of
the results.
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Figure 5. Spectral dependence of average optical losses at the core—
cladding interface in the Ge303sm fibre; triangles are the calculation
based on the measurements of total optical losses and differential mode
losses; the solid curve is calculated by using the model [24].

4. Discussion of results

The study performed in the paper showed that a high level
of optical losses in heavily doped germanosilicate single-
mode fibres is caused by anomalous scattering with the
indicatrix that substantially differs from that of Rayleigh
scattering. Our previous results [22] allow us to conclude
that anomalous scattering appears in the fibre core—
cladding interface. Therefore, it is reasonable to assume
that this mechanism of optical losses is caused by scattering
of radiation from geometrical fluctuations of this interface
along the fibre length, as was predicted theoretically in
[23, 24]. The model developed in [23, 24] indeed well
describes both the scattering indicatrix and the spectral
dependence of optical losses at the core—cladding interface.

The question of the physical mechanism giving rise to
geometrical fluctuations of the core—cladding interface and
of variations in their amplitude along the fibre core remains
open. One can assume that these perturbations are produced
during the fabrication of fibre preforms. The distortion of
the core—cladding interface called ‘viscosity fingers’ in [25]
was indeed observed in [25, 26]. This effect appearing at the
stage of the preform collapse can be explained either by the
insufficiently high temperature of a support tube [26] or a
great difference in the viscosities of the fibre core and
cladding glasses [25]. At the same time, the assumption that
the distortions of the core—cladding interface are produced
at the stage of preform fabrication cannot explain a very
strong dependence of optical losses on the fibre drawing
conditions. As follows from our studies (see section 3.1), the
total optical losses and anomalous scattering losses can
change by more than three times upon increasing the fibre
tension during drawing from 30 to 150 g. Such a strong
correlation between the fibre drawing conditions and the
value of anomalous scattering losses suggests that fluctua-
tions of the core—cladding interface along the fibre length
appear during the fibre drawing. In this case, the initial
variations in the preform geometry can further grow during
fibre drawing. It seems that this process occurs in the neck-
down region — the region where the preform is stretched to a
fibre and the preform glass is heated up to the maximum
temperature and becomes the least viscous.

It is known that the interface of liquids with different
viscosities is unstable when an external pressure is applied
[27] and upon the movement of the interface along its
normal [25]. It is such a situation that takes place during
fibre drawing process: the viscoelastic flowing of the
softened core and cladding glasses occurs both in the radial
(the waist coefficient is 100—300) and axial (the waist
coefficient is 10* — 10%) directions. The different thermal
expansion coefficients and different softing temperatures of
the core and cladding glasses (caused by different doping
levels of the fibre core and cladding) give rise to stresses at
the core—cladding interface during glass cooling [13, 14]; in
this case, the viscosities of the fibre core and cladding also
considerably differ [28, 29]. As a result, the size and shape of
the core—cladding interface can fluctuate.

The relation of the increase in the intensity of anomalous
scattering (and, correspondingly, in the amplitude of
fluctuations of the core-cladding interface) with the diffe-
rence in the viscosities of the core and cladding glasses
during fibre drawing, as well as with their absolute viscosity
is confirmed by a number of the following experimental
facts:

(1) The increase in the concentration of germanium oxide
in the fibre core reduces the core viscosity during drawing
and, thereby increases the difference in the viscosities of the
core and cladding glasses. As shown above, the increase in
the molar concentration of GeO, in the core from 17 % to
27% (change in An from 0.025 to 0.040) results in a
considerable increase in the anomalous scattering intensity
and, hence, in variations of the transverse dimensions of the
fibre core.

(ii)) The authors of paper [29] have found that the
compensation of the difference of viscosities of the fibre
core and cladding (selection of the compositions of the
reflecting cladding and core to make their viscosities equal
during fibre drawing) reduces optical losses even in the case
of weakly doped phosphosilicate fibres.

(iii) Studies described in section 3.1 have shown that the
level of optical losses caused by anomalous scattering
depends to a great extent on the fibre drawing conditions.
In this case, optical losses due to anomalous scattering are
determined not by the temperature of a heater or the
drawing rate but by the fibre tension during its drawing.
As follows from the study of the drawing process [30], the
fibre tension is directly related with the preform glass
viscosity during drawing in the region of maximal heating.

(iv) We have shown earlier [6, 12] that total optical losses
and anomalous scattering losses in single-mode graded-
index fibres are considerably lower than those in step-index
fibres at the same concentration of germanium oxide. Fibres
of these two types differ from each other, in particular, in
that there is no a sharp jump in the viscosity at the core—
cladding in graded-index fibres during drawing.

All the facts presented above suggest that anomalous
scattering is caused by fluctuations in the size and shape of
the core—cladding interface produced due to the hydro-
dynamic instability of the interface of core and cladding
glasses with different viscosities during fibre drawing.

5. Conclusions

We have studied the radiation scattering indicatrix for
heavily doped single-mode fibres in a broad angular range
and have found that anomalous scattering makes the
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dominant contribution to the level of optical losses in these
fibres. The analysis of the scattering indicatrix shape and
spectral dependence of optical losses at the core—cladding
interface has shown that anomalous scattering is caused by
scattering from fluctuations of the core—cladding interface
along the fibre length. The mechanism of these fluctuations
has been proposed which assumes the development of the
hydrodynamic instability of the interface of core and
cladding glasses with different viscosities during fibre
drawing from a preform.
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