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Dispersion and guidance characteristics of microstructured
68TeO,-22WO0O;-8La,0;-2Bi,0; glass fibres for supercontinuum

generation
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Abstract. We report the preparation of a high-purity optical-quality
four-component glass of composition 68TeQ,—-22WQO;-8La,03—
2Bi, 03, containing (2.7 £0.5)x 10> mol % OH groups. Its refrac-
tive index has been determined in the range 0.9-5.45 um using
interference refractometry. The data are used to assess the disper-
sion and guidance characteristics of microstructured optical fibres
potentially attractive for supercontinuum generation in the range
1-5 pm.

Keywords: tellurite glasses, microstructured optical fibres, super-
continuum generation.

1. Introduction

In recent years, a great deal of attention has been paid to the
mid-IR spectral region, primarily because mid-IR radiation
has many potential applications in analytical spectroscopy
since most chemical compounds have absorption bands in
this range. Intense research effort is underway to create both
efficient laser sources and advanced, low-loss optical materi-
als. Significant progress has been made in the development of
low-melting-point multicomponent (chalcogenide, fluoride
and tellurite) glasses containing heavy metals and having low
phonon energy and low mid-IR optical loss. Among the wide
diversity of such glasses, considerable potential for optical
fibre fabrication is offered by tellurite glasses, which have the
advantages of stable composition, broadband transmission
(0.35—-6 um) and large linear (n = 1.98-2.1) and nonlinear
(n, = (2.5-14.8)x 1071 m?> W) refractive indices [1—10].

One of the most interesting applications for optical fibres
fabricated from highly nonlinear tellurite glasses is mid-IR
supercontinuum generation. Fibres for this application should
as a rule have a sufficiently flat dispersion profile in their
anomalous region and a dispersion zero sufficiently close
(typically within 100 nm) to the pump wavelength.
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The material dispersion zero of tellurite glasses (Ao ~ 2.2 pm)
is rather far away from the output wavelengths of available
femtosecond IR lasers, such as erbium (A = 1.55 um) or thu-
lium (A ~ 2 um) lasers. To use such systems as pump sources
for supercontinuum generation, microstructured fibre geom-
etries are needed. The waveguide dispersion of microstruc-
tured fibres allows one to tune the shape of the dispersion
curve in a wide range, in particular to shift the zero-dispersion
point to shorter wavelengths.

Because the viscosity of tellurite glasses is a stronger func-
tion of temperature in comparison with silica-based glasses,
the fabrication of microstructured tellurite fibres with complex
structures presents more serious technical problems. Micro-
structured fibres made of tellurite glasses typically have only
one ring of air holes. Only very recently have Liao et al. [8]
demonstrated a tellurite fibre having four rings of holes.
In the vast majority of studies microstructured fibres have
been used for supercontinuum generation at a pump wave-
length of 1.55 um. The structure of fibres intended for pump-
ing in the spectral range of the thulium laser (near 2 um),
which are potentially suitable for supercontinuum generation
at longer wavelengths, has not yet been studied in sufficient
detail.

Domachuk et al. [5] reported microstructured fibre made of
TeO,—-ZnO-PbO-PbF,—-Nb,Ostellurite glass. The 1.750-um
loss in the fibre was 8 x 10> dB km™!. Nevertheless, the strong
nonlinearity of the glass (nonlinear waveguide coefficient
y = 596 W km!) the use of femtosecond pump pulses
(Trwum = 110 fs) enabled supercontinuum generation in
the range 0.789-4.870 um at a fibre length under 1 cm. Lin
et al. [6] used 80TeO,—10ZnO—10Na,O glass. Optimising the
glass composition and using a multistage dehydration pro-
cess, they were able to reduce the concentration of OH groups
and produce fibre with an optical loss of 240—700 dB km™' at
1.550 um.

A major problem in the preparation of tellurite glasses
is purification of the raw materials, in particular, the removal
of OH groups — the main impurities absorbing in the range
2.5-5um [11].

In this paper, we report the preparation of a high-purity
four-component glass of composition 68TeO,-22WO;—
8La,03;-2Bi,O; with a record low level of OH groups,
(2.7£0.5)x10°mol%, and a 45dBkm ' absorption at
1.975 um. The refractive index of the glass has been deter-
mined throughout its transmission window (0.9-5.45 um)
using interference refractometry, and dispersion and guid-
ance characteristics have been numerically simulated for two
microstructured fibre geometries attractive for supercon-
tinuum generation in the range 1-5 um.
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2. Preparation of high-purity tellurite glass

68TeO,-22W0O;-8La,0,-2Bi,0; glass was prepared by
melting a mixture of high-purity constituent oxides in a plati-
num crucible at 800 °C under flowing purified oxygen in a
hermetically sealed fused-silica reactor. The starting chemi-
cals used were tellurium dioxide and tungsten trioxide pre-
pared at the Institute of Chemistry of High-Purity Substances,
Russian Academy of Sciences (3d transition metal impurities
each within 0.1 ppm by weight) and commercially available
ultrapure lanthanum and bismuth oxides (3d transition
metals within 1 ppm by weight).

The content of hydrocarbon impurities in the oxygen
was below the detection limit of gas chromatography (below
0.01-0.05 mppm), and the water vapour content was within
0.5 mppm (dew point temperature from —90 to —80 °C).

After homogenisation, the melt was cast into preheated
cylindrical quartz moulds 17 mm in inner diameter. The solid-
ified material was annealed at the glass transition temperature
and then slowly cooled. Next, the glass sample was withdrawn
from the mould and subjected to mechanical processing. The
OH content (Cop) was determined by IR spectroscopy using
the absorption band near 3 um. The absorption coefficient of
the glass was determined to be 0.001-0.0075 cm™! (Fig. 1),
which is three orders of magnitude below that of other tellu-
rite glasses with roughly the same TeO, content [12, 13].
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Figure 1. Absorption band of OH groups near 3 um for tellurite glasses
prepared by drying and melting the batch under flowing dry oxygen
(solid curve) and using a chemical reagent (dashed curve).

Visual and polarised-light inspection showed that the
glass was free of large striae. Microscopic examination
revealed no inhomogeneities or scattering centres. The con-
tent of regulated 3d transition metal impurities (Cr, Cu, Mn,
Fe, Ni, Co and V) was within the detection limits of direct
atomic emission analysis and mass spectrometry (0.1-0.5 ppm
by weight), except for Fe, which was present at a level of
0.3 ppm by weight. Platinum, originating from the crucible
material, was present at a level of 1-10 ppm by weight.
Phosphorus, an anion impurity, was detected by mass spec-
trometry at a level of 0.4 ppm by weight.

The volume absorption coefficient of the glass was mea-
sured at two wavelengths (1.560 and 1.975 um) by laser calo-
rimetry [14, 15] and was determined to be 76 and 45 dB km™!,
respectively.

3. Wavelength-dependent refractive index
measurements

The refractive index of the glass was measured as a function
of wavelength using a modified interference refractometry
technique [16]. To this end, we prepared plane-parallel plates
of three thicknesses (about 0.6, 1 and 1.5 um), with optically
polished faces. The sample thickness was measured with an
accuracy of 0.05-0.1 um using a DG-30 length gauge.

Interference transmission spectra of the samples were
measured on a Bruker IFS-113v Fourier transform spec-
trometer in the range 1000—12000 cm™' (0.8—10 pum) with a
0.1-cm™! resolution. We also measured the transmission spectra
of the samples in the range 0.35-3.3 um on a PerkinElmer
Lambda 900 spectrophotometer with a 4-nm resolution and
determined the transmittance at 2.012, 1.340 and 1.090 um.
From the measured transmission spectra of the plates, we
determined the frequency of interference peaks, v,,, which
were then used to determine the refractive index as

”i(Vm) = ﬁ, (1)

where 7;(v,,) is the refractive index of sample i at frequency
V,.; h; 1s the thickness of sample i; and m is the order of the
peak corresponding to frequency v,,. The order of the peaks
was determined as

ny /11 _
m const. (2)

The spectral dependence of the refractive index is pre-
sented in Fig. 2. The points represent the refractive index cal-
culated from the absolute transmittances at 2.012, 1.340 and
1.090 um, which were used as input approximations for calcu-
lating the refractive index from the position of the interfer-
ence peaks. According to our estimates, the uncertainty in the
refractive index obtained is 3x 10~4. The refractive indices cal-
culated by Eqn (1) (more than 70000 values) were fitted to a
generalised Cauchy dispersion formula of the eighth degree,
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Figure 2. Spectral dependence of the refractive index for the tellurite
glass.
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Table 1. Best fit coefficients in (3).

Coefficient Value

C 2.07416

A, ~2.66140 x 1073
B, 2.36742 %102
Ay ~1.14815 %107
B, 1.09489 x 103
Ag 6.70703 x10°8
By -9.14458 x10°°
Ay ~3.49691 x 10~
By 5.73297 x 103

over the entire range where the interference curve had been
measured, 0.9 to 5.45 um (coefficients 4;, B; and C are given
in Table 1).

The rms deviation of n(1) from the data points over the
entire spectrum was 1x107. The spectral dependences of
the material dispersion and its slope for the tellurite glass
studied were determined by differentiating (3). The zero mate-
rial dispersion wavelength was found to be 1o = 2.22 um.

4. Calculation of microstructured fibre
parameters

The refractive index of the tellurite glass measured through-
out its transmission window can be used to assess the guid-
ance and dispersion characteristics of fibre for supercontin-
uum generation. We studied the characteristics of two simple
microstructured tellurite fibre designs for supercontinuum
generation under laser pumping near 2 um. One of them
(Fig. 3) has two rings of hexagonally arranged holes with a
large hole diameter to pitch ratio: d; ,/A = 0.9. The other has
four rings of holes, with a relatively small &, ; 3/A (under 0.5) in
the three inner rings and d4/A = 0.9 in the fourth ring (Fig. 6).
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Figure 3. Dispersion profiles of two-ring microstructured 68TeO,—
22WO;-8La,0;-2Bi,0; fibres with d),/A = 0.9 and different hole
pitches.

Their dispersion characteristics were calculated by the
finite element method using the standard pack MATLAB 7.0—
FEMLAB 3.1. To estimate the waveguiding loss, perfectly
matched layers were introduced as boundary conditions. The
effective refractive index of the fundamental mode was calcu-
lated using the spectral dependence of the refractive index (3)
obtained in this study for the glass under consideration. In
optimising the fibre geometry, the basic criteria were

—a zero dispersion wavelength in the range 1.8—2 um and

— the minimum possible dispersion slope, effective mode
area and waveguiding loss.

One obvious advantage of microstructured fibres with
large d/A is the low waveguiding loss at a small number of
rings. The dispersion characteristics of such fibres can be
tuned in a wide range by varying the length scale of the struc-
ture. Figure 3 shows the dispersion curves calculated for two-
ring fibres with d;,/A = 0.9 in both rings. The dispersion
characteristic of the microstructured fibres considerably shifts
to longer wavelengths with an increase in the length scale
of the structure (proportional increase in d and A, with d/A
unchanged). To bring the dispersion zero from the range
1.4—1.5 um, which is commonly used for supercontinuum
generation under erbium laser pumping, to 2 um, the length
scale of the structure should be increased by a factor of 3. This
is accompanied by an increase in the effective area of the fun-
damental mode, Ay, reducing the nonlinearity coefficient
y = 27n,/(Ade). At A= 2 pm, the zero dispersion wavelength
is Ag = 1.39 um and the effective mode area is 4. = 2.5 um?
(Fig. 4). At A= 6 um, we have 1y = 1.94 um and A ~ 20 um>,
and y is a factor of 8 smaller than that with zero dispersion in
the range 1.4—1.5 um. At the same time, the dispersion slope
near Ag =2 pum (S = 0.14 ps nm > km!) is smaller than that in
the range 1.4—1.5 um. In particular, S = 0.53 ps nm 2 km ' at
Ao = 1.39 um. At a zero dispersion wavelength near 2 um, the
effect of fibre diameter on the dispersion curve is also weaker.
Figure 5 demonstrates that a change in fibre diameter by
+ 5% shifts the dispersion zero by no more than ~40 nm at
Ao = 1.95 um (A = 6 um) and by 106 nm at 4, = 1.39 um
(A=2um).
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Figure 4. Effective mode area A.; as a function of wavelength for
microstructured tellurite glass fibres with d; ,/A = 0.9 and different hole
pitches.

The dispersion characteristic of microstructured fibres
with dy ,3/A =0.4 in the first three rings of holes may have
two (or more) zeros in the range 1.5-4 um (Fig. 6). In com-
parison with the above two-ring fibre structure, the zero dis-
persion wavelength reaches 2 wm at a smaller length scale of
the structure. The maximum dispersion in the entire spectral
range is also lower. As seen in Fig. 6, the dispersion curve at
A =2 um has two zeros (1o = 1.7 and 3.7 um), with the stron-
gest anomalous dispersion of 56 ps nm™' km™'. At A =3 um,
the dispersion has one zero (4, = 1.9 um), like in the case of
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Figure 5. Shift of the dispersion zero in response to a change in hole
pitch by + 5% for two-ring microstructured fibres (d]YZ/A =0.9) with a
dispersion zero near 1.5 and 2 um.
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Figure 7. Effective mode area A as a function of wavelength for four-
ring microstructured tellurite fibres with different hole pitches.

two rings of holes, but the slope of the curve near the disper-
sion zero is lower: S = 0.07 ps nm~2 km™'. A specific feature of
such fibres is a stronger influence of wavelength on the effec-
tive mode area and optical loss. Figure 7 demonstrates that,
at A = 2 um, increasing the wavelength from 1 to 4.9 um
increases Ay from 5.9 to 29 um?. This is accompanied by a
marked increase in loss (to above 1 dB m™') at wavelengths
above 4 um (Fig. 8), which reduces the advantages related to
the larger nonlinear optical coefficient y near 2 um in com-
parison with the two-ring fibre.
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Figure 6. Dispersion profiles of microstructured 68TeO,—22WO;—
8La,03;-2Bi,05 fibres having four hexagonal rings of air holes with
dy23/A=0.4,d,/A =09 and different hole pitches.

One important advantage of the four-ring fibre structure,
crucial for supercontinuum generation, is the possibility to
obtain a flat dispersion profile with two zeros in the range
1.5-4 um by adjusting the d, 5 3/A ratio. In particular, recent
work [17-19] has shown that, if there are two dispersion zeros,
the supercontinuum generation band can be markedly extended
owing to the generation of dispersive waves in the normal dis-
persion region near the zeros. The mechanism of dispersive
wave generation in microstructured fibres has been studied in
sufficient detail. Under pumping with femtosecond pulses at
a wavelength from the anomalous dispersion region near the
first zero, supercontinuum generation begins with the forma-

tion of a higher order soliton. Because of the disturbances
associated with higher order nonlinearities (self-steepening
and Raman scattering effects), the soliton breaks up into fun-
damental solitons, which propagate through the fibre with
different group velocities and experience a shift to longer
wavelengths. Moreover, the higher order dispersion causes
the soliton spectrum to break up into a soliton part and dis-
persive waves. The spectral position of a dispersive wave can
be found from the phase matching condition [15]

88 = Blon) ~Bloow) = 3wy —wry =0, (@)

n=2

where f(wp) and f(wpw) are the propagation constants at the
angular frequencies of the pump source (wp) and dispersive
wave (wpw), respectively, and 8, (wp) are the coefficients of
the Taylor expansion of the propagation constant 3 about wp.
The number of wpw solutions to Eqn (4) corresponds to
the number of zeros in the second-order dispersion curve, and
solutions exist at any pump wavelength from the anomalous
dispersion region between the zeros. If there is one dispersion
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Figure 8. Waveguiding loss as a function of wavelength for four-ring
microstructured tellurite fibres with different hole pitches.
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zero, an estimate from condition (4) is only possible for the
short-wavelength edge of the supercontinuum. The long-
wavelength edge is then determined by the Raman shift and
soliton damping due to losses in the fibre and, to estimate it,
a complete solution to the Schrodinger equation with particu-
lar pump pulse parameters is needed. When there are two dis-
persion zeros, condition (4) for a particular wavelength can be
used to estimate the maximum supercontinuum bandwidth,
which is governed by the generation of dispersive waves in
the normal dispersion regime. Note, however, that effective
energy transfer from the pump wave to dispersive waves (and,
accordingly, amplification of these latter) can only take place
when there is a significant overlap of the soliton spectrum
with a dispersive wave, so the actual supercontinuum band-
width depends on the pump pulse power and duration.

Figure 9 illustrates the effect of pump wavelength, Ap, on
the wavelength of dispersive waves, Apw, calculated from
condition (4) for regions near the first and second dispersion
zeros of a fibre with d; ,3/A=0.4, d;/A=0.9 and A =2 um
[curves (7, 2)]. In the calculation, we used the first 15 coeffi-
cients of the Taylor expansion of the propagation constant 3.
At a pump wavelength of 1.95 um, near the shorter wave-
length dispersion zero (A, = 1.7 um), dispersive waves are
amplified at Apw; = 1.38 um. Owing to the Raman shift of
the soliton in the fibre, the pump energy is transferred to the
region of the second zero (A, = 3.7 um), where, at a soliton
wavelength Ap = 3.25 um, the dispersive wave is amplified at
Apw2 = 4.92 um. The estimated maximum possible supercon-
tinuum bandwidth for this fibre is 3.5 um. It is worth noting
that, because dispersive wave calculations were made only
within the spectral range 0.9-5.45 um, where the refractive
index had been measured, the experimentally determined
supercontinuum bandwidth may be greater. Curve (3) in Fig.
9 represents the estimated short-wavelength edge of the super-
continuum for a two-ring fibre having one dispersion zero
(Ag=1.93 um). At a pump wavelength Ap = 1.95 um, the phase
matching condition is fulfilled at Apw; = 1.9 um. Increasing
the soliton wavelength to 2.65 um shifts the short-wavelength
edge of the supercontinuum to Apw; = 1.06 um.
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Figure 9. Effect of pump wavelength, Ap, on the wavelength of disper-
sive waves, Apw, calculated from the phase matching condition (4) for
(1, 2) a four-ring microstructured fibre having two dispersion zeros and
(3) a two-ring fibre having one dispersion zero in the range 1-4 um.

5. Conclusions

High-purity tellurite glass of composition 68TeO,—22WO;—
8La,0;—-2Bi,0; with a net content of regulated 3d transi-
tion metal impurities (Fe, Ni, Co, Cu, Mn, Cr and V) within
0.8 ppm by weight has been prepared for the first time. The
volume absorption coefficient of the glass at 1.975 um is
45 dB km!. The addition of a chemical reagent to the molten
glass batch made it possible to substantially reduce the con-
centration of OH groups in the glass and to obtain an absorp-
tion coefficient at ~3 pm as low as ~0.001 cm™'. To our
knowledge, this is the lowest absorption coefficient reported
to date for OH groups in tellurite glasses.

Precision refractive index measurements throughout the
transmission window of the glass (0.9-5.45 um) enabled a
comparative analysis of the dispersion and guidance proper-
ties of microstructured fibres of this glass for two fibre geom-
etries attractive for supercontinuum generation at a pump
wavelength in the 2-um range. Both geometries enable the
dispersion zero to be shifted to the range 1.7—2 um. The fibre
having two rings of air holes with a large relative diameter
offers the advantages of simpler design, low waveguiding
losses and weaker wavelength dependence of the effective
mode area. At the same time, the fibre with four rings of holes
has the potential of lower dispersion values and dispersion
slopes throughout the range 1-5 um. At a pump wavelength
near 2 um, the supercontinuum bandwidth in such fibres may
reach at least 3.5 um.
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