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Abstract In this chapter, we will review the progress of using tellurite glass non-
linear fibers for mid-infrared nonlinear applications in this chapter. First, we in-
troduce various fabrication approaches for making conventional solid core/clad
tellurite glass preforms and structured tellurite glass preforms. Second, two tech-
nical difficulties have been found during the early stage of using small-core tellu-
rite glass fiber for generating nonlinear supercontinuum into mid-infrared region.
Approaches such as glass dehydration and large-mode-area fiber have been devel-
oped for solving these problems.

1 Introduction

The mid-infrared (mid-IR) 2-5 um and 8-13 pm regions are the two atmospheric
transmission windows, where the Earth’s atmosphere is relatively transparent.
These two windows are important for using remote laser sensing for the atmos-
pheric, security and industrial applications such as detecting remote explosives,
countermeasures against heat-seeking missiles and covert communication systems
[1]. A broadband or tunable laser source with medium or high average power level
(100 mW-10 W) ranging between 2-5 um is thus highly demanded. Unfortunately,
the commonly used active laser sources, e.g., transition metal ions doped chalco-
genide crystal lasers, quantum cascade lasers, and rare earth doped fluoride fiber
lasers, are not able to completely cover the whole range. For example, the state-of-
the-art Cr(Il):ZnSe tunable laser can only cover the range of 1.97-3.35 pm [2] and
the state-of-the-art Fe(II):ZnSe tunable laser can only cover the range of 3.95-5.05
pm [3]; for quantum cascade laser, 3 pm is the short wavelength limit due to the



material limitations such as conduction band offset [4,5]; mid-IR rare-earth-doped
fluoride fiber lasers can provide relatively narrow-line emission discrete spectra in
the range of 2-4 pm, because the phonon energy (500-600 cm™) of fluoride glass
hosts is still not low enough for lasing at longer wavelengths and the emission
wavelengths because 4f-4f electron transitions of a certain type of rare earth ions
are not very sensitive to the glass host [6,7].

Instead, ¥® nonlinear crystal optical parametric oscillator (OPO) is one of the
most commonly used approaches for generating widely tunable output covering
the whole 2-5 um range [8]. But for achieving medium or high average power lev-
el (100 mW-10 W) and wide wavelength tunability, the volume of an OPO is
normally large and complicated optical configurations are required.

On the other hand, the recent progress in tailored low-dispersion highly-
nonlinear photonic crystal fibers (PCFs, also called as microstructured optical fi-
bers) [9] has shown that fiber-based % nonlinear laser sources, such as the super-
continuum [10], fiber OPO [11], or frequency comb [12] can also fulfil this task.
What is more, fiber lasers show significant advantages over other solid state lasers
as an effective approach to provide economic, compact and flexible optical com-
ponents. Also excellent beam quality can be obtained from a single mode fiber.

2-5 pm mid-IR nonlinear lasers requires a nonlinear glass with high transpar-
ence in 2-5 um to be the fiber host material. The position of the IR absorption
edge, i.e., the infrared longwave transmission limit, of an optical glass is intrinsi-
cally limited by the multiphonon absorption edge of the glass. This can be simply
explained by Hooke’s law using the two-mass spring model [13]. In general, non-
silica glasses, such as tellurite (TeO, based), fluoride (typically ZrF, or AlF;
based), and chalcogenide (chalcogen S, Se, Te based) glasses [14-16], possess ex-
cellent optical transparence in the wavelength range of 0.5-5 pm, 0.4-6 pm and 1-
16 pum respectively and thus are attractive candidates as fiber materials for mid-
infrared applications over the conventional silica. The latter shows inferior trans-
parence beyond 2 pm, due to (i) the strong fundamental vibration hydroxyl ab-
sorption at 2.7 um and (ii) high loss (>50 dB/m) starting from 3 pm due to the tail
of the multi-phonon absorption of Si-O network.

For realizing such a fiber-based compact 2-5 pm mid-IR nonlinear laser, the
conventional high-power or high-energy continuous wave (CW) or pulsed erbium,
thulium or holmium doped fiber lasers with the lasing wavelength at 1.5 pm or 2
um, are ideal as the pump source. This requires the nonlinear fiber having a zero
dispersion wavelength at 1.5 or 2 um in order to maximize the efficiency of non-
linear frequency conversion.

Tellurite glasses have been considered as one of the promising candidates of
the fiber materials for mid-infrared applications since 1980 [14]. In the very first
work using tellurite fibers for mid-IR applications, it was found that in the range
of 2-5 pm, the selected tellurite glass unclad fiber on the composition of 70TeO,-
20Zn0-10Ba0 (mol.%) showed reasonably low losses up to 40 dB/m, which was
not useful for long-haul applications at that time but still attractive enough for
short-haul applications [14].



Figure 1 illustrates the statistical relation between the linear refractive index n
and nonlinear refractive index n, of various optical glasses.

Table 1 compares the key physical and chemical properties of various optical
glasses, including silica, tellurite, fluoride and chalcogenide glasses, as the candi-
dates for mid-IR nonlinear applications.
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Fig. 1. Relation between the linear refractive index n and nonlinear refractive index n2 in various
optical glasses

Technically, tellurite glasses can be regarded as a high-index, highly nonlinear
version of fluoride glasses. Both tellurite and fluoride glasses possess (i) steep vis-
cosity curve around the fiber drawing temperature [17], (ii) the zero dispersion
wavelength of the bulk material of ~2um [18], and (iii) longwave transmission
limit (6-7 pm for the bulk). As shown in Fig.1, tellurite glasses have high refrac-
tive index n (2.0-2.2) and nonlinear refractive index n, (20-50 x 10’ m*/W), while
fluoride glasses typically have n of ~1.5 and n, of ~2 x 102" m*/W, as low as silica
glass.

Another rival for 2-5pm mid-IR nonlinear applications is chalcogenide glasses,
which is a glass family based on chalcogen elements (S, Se and Te). Chalcogenide
glasses possess high n, of 100-1000 x 102" m*/W, which is 2-3 order higher than



that of tellurite glasses and show excellent IR transmission up to 16 um, superior
to tellurite and fluoride glasses. These outstanding performances make chalco-
genide glasses a very promising host material as x*-based highly nonlinear fiber
media. However, the material zero dispersion wavelength of chalcogenide glasses
is beyond Spm.

In order to make the zero dispersion wavelength of a chalcogenide glass fiber
close to 1.5 or 2 pm, very large waveguide dispersions need to be introduced, re-
quiring the final fiber core diameter to be submicron. This is disadvantageous for
power scaling because such a small-core fiber suffers from low damage threshold
power. Hence, tellurite glasses are an ideal host material as a fiber nonlinear me-
dium for 2-5pm wavelength range.

Table 1. Comparison of various optical glasses as host materials for mid-infrared nonlinear fi-
bers [14-24]

Silica Tellurite Fluoride Chalcogenide

Refractive index n at 1.55 pm 1.46 2-2.2 ~1.5 2.3-3
Nonlinear refractive index n,

20 2 2.5 20-50 2-3 100-1000
(x 10 m /W)
Raman gain coefficient gg at
1.064um (10" cm/W) 0.93 32 1.1£0.3 280-720
Raman shift (cm™) 440 650-750 550 250-350
ko, zero dispersion wavelength of 13 9 17 =5
material (um)
IR longwave transmission limit up to 3 um 67 pm 7-8 um 12-16 um
Reported lowest loss dB/m 0.15x10° 0.0204 0.45x10°  0.023
(wavelength) (1.55 pm) (1.56 pm) (2.35um) (2.3 pm)
Thermal stability for fiber drawing excellent good poor good
Viscosity around fiber drawing flat steep steep flat
temperature
Durability in environment excellent good poor, hygro- good

scopic

Toxicity safe safe relatively  relatively

high high




In addition, as shown in Table 1, tellurite glass is chemically durable in the en-
vironment for usage and less toxic due to its oxide nature, compared with other
two families of non-oxide glasses.

In principle, broadband mid-IR supercontinuum or other nonlinear processes
such as four-wave-mixing (FWM) based nonlinear parametric generation can be
realized using a single-mode large-mode-area (LMA) tellurite fiber pumped with a
high-power CW or pulsed 2 pm thulium (Tm®") or holimium (Ho") doped fiber
laser [19]. But, due to the strong water absorption (~1400 dB/m or ~4 cm™") peak-
ing at 3.3 pm, this makes even an 8mm-long ‘wet’ tellurite glass fiber suffer a 15-
20 dB loss in light intensity around 3-4 pm and leads into very poor nonlinear
conversion efficiency in 3-5 pm region [20]. Since the tail of multiphonon absorp-
tion of tellurite glasses starts from ~5 um, dehydration is the key approach to ex-
tend the high transmission window (i.e., absorption coefficient <0.1 cm™) of a tel-
lurite glass fiber into the range of 3-5 pm.

In this chapter, we first introduce various fabrication approaches for making
preforms for solid core/cladding fiber and microstructured photonic crystal fibers,
the selection of the glass compositions for the host materials of the fibers, and the
dehydration of the tellurite glass for having low loss in the mid-IR region. From
the early works on using small-core, dispersion-tailored tellurite fibers for generat-
ing mid-IR supercontinuum, the power scaling and the huge water induced impuri-
ty attenuation at 3-4 um band are found to be the two major technical difficulties.
To overcome these two problems, further works on using (i) dehydrated small-
core and (ii) large-mode-area (LMA) tellurite photonic crystal fibers have then
been carried out.

2 Fabrication

Making fiber preform is the most important process to realize the targeted fiber
with decent attenuation.

Casting method has been previously developed for making all-solid fiber with
core/cladding structure [25-29]. On the other hand, for making non-silica glass
microstructured preform for photonic crystal fiber, extrusion, ultrasonic drilling
and capillary stacking are the typical approached [30]. Since the ultrasonic drilling
and capillary stacking tend to introduce surface defects and/or water impurity onto
the holes of the fabricated preforms during the processing, here we mainly focus
on the casting method and the extrusion method.



2.1 Preform fabrication

Built-in casting method is a traditional method for making solid core/cladding pre-
form, which was developed initially for making low-loss fluoride glass fiber pre-
form in the early 1980s [25]. First, a cladding glass tube is obtained by casting the
cladding glass in a preheated metal mould. The mould is then overturned immedi-
ately and the unsolidified melt in the center of the mould flows out. Casting the
core glass into the cladding tube, the core/cladding preform is then obtained. The
great advantage of this method is the good optical quality of the core/clad inter-
face. Fluoride fibers with low losses of 1 dB/km have been drawn from preforms
prepared by this method [26]. However, long length fibers with a uniform core di-
ameter along the fiber are difficult to be achieved, because the preform typically
shows tapered core dimensions along the length.

A modified build-in casting technique has then been proposed [27]. A hole is
made in the bottom plate of the mould. The cladding glass melt is first cast into a
pre-heated metal mould. The core glass melt is then cast onto the cladding glass
tube, before the central part of the cladding glass gets solidified. The mould is then
moved to make the central part of molten glass flowing down through the hole in
the bottom plate. The core glass melt takes place at the central part of the cladding
glass, to form the core/cladding structure (see Fig.2). Generally, the core/clad di-
ameter ratio is in a narrow range between 0.5 and 0.6 [27].
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Fig. 2. Schematic of modified built-in casting method

Rotational casting method is another approach to make core/cladding struc-
tured preform [28]. The cladding tube is prepared by pouring the cladding melt in-
to a cylindrical mould. The mould is then immediately rotated at a speed ranging
above 1000 rpm for a few seconds. Using this technique, the inner diameter of the
cladding tube can be easily controlled by adjusting the volume of glass melt for a



given mould. Fiber drawn from preform prepared by this method gives transmis-
sion losses of about 1 dB/km in fluoride glass fibers [29].
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Fig. 3. (a) Optical photograph of a fabricated tellurite glass multimode fiber from a core/cladding
preform made by modified built-in casting method; (b) Measured loss spectrum using cutback
method with cutback length of 0.70 m.

Fig.3 (a) shows the photograph of one of our fabricated tellurite glass multi-
mode fiber from a core/cladding preform made by modified built-in casting meth-
od. The fiber has a core diameter of 90 um and an OD of 190 pm. The numerical
aperture (NA) of the fiber is ~0.25. The fiber is based on the composition of
75Te0,-20Zn0-5Na,0 (mol.%). As one can see in Fig.3(b), the loss of the multi-
mode fiber drawn from the preform is measured to be between 0.4-1.5 dB/m in the
range of 1.0-2.6 um. The loss of the fiber increases dramatically beyond 2.7 um
due to the absorption of water impurity inside the glass.



2.2 Fabrication of structured preforms for tellurite photonic
crystal fibers

The extrusion technique is a traditional method for making glass workpiece with
simple or complex geometry [31]. As shown schematically in Fig.4, the solid glass
billet is first loaded inside a metal sleeve. The glass is then heated above the glass
softening temperature and high pressure is applied onto the glass billet through a
metal ram, forcing the viscous glass flow passing through the channels inside ex-
trusion die. The glass flow forms a preform with the structure opposite to the
structure on the die. This technique is especially suitable for making glass work-
pieces based on those glasses with a short operating range (known as short glass-
es) or glasses with high tendency for crystallization [31].

Fig.5 (a)-(c) illustrate optical photographs of some extruded tellurite glass pre-
forms. The tellurite glass is with the composition of 75Te0,-20Zn0O-5Na,O
(mol.%). It is seen that the extrusion method is indeed a powerful tool for making
preforms with simple geometry such as rods and tubes, as well as preforms with
complex structure such as multiple holey structures or air-suspended core. In par-
ticular, from Fig.5(c), one can see that the supporting glass spokes have the thick-
ness of 30 um and the length of 1.7 mm, which are obviously very difficult fea-
tures to be made by any other known approaches.

Structured
preform

Fig. 4. Schematic plot of making structured preform using glass extrusion method



284 micron core dia

Fig. 5. Optical photographs of some extruded tellurite glass preforms. The tellurite glass has
composition 75Te0,-20Zn0O-5Na,0 (mol.%). (a) Side view of an extruded tube with OD of 10.0
mm and inner diameter (ID) of 2.0 mm. (b) Cross-sectional view of an extruded structured pre-
form with multiple holes around a solid core. (c) Cross-sectional view of an extruded preform
with a suspended core. The preform has a diameter of 9.7 mm. A suspended core is supported by
three thin and long glass spokes. The spokes have the length of 1.7 mm. The core diameter and
the thickness of the supporting spokes on the preform is 284 pm and 28 pm.



2.3 Fiber fabrication

glass billet
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(a) (structured preform & jacket tube)
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Fig. 6. Flow chart of fabricating (a) small-core and (b) large-core tellurite PCF, starting from ex-
trusion



Fiber fabrication is the procedure to reduce the size of preforms from tens of
millimeters down to hundreds of microns. The reduction ratio is the key parameter
that a fabricator must consider in the fiber drawing. If the reduction ratio from the
outer diameter (OD) of the preform to the OD the fiber is much larger than the ra-
tio between the core diameter on the preform and the core diameter on the fiber, a
second step of the fiber drawing will be necessary. For example, for a preform
with an OD of 12.5 mm and a core diameter of 1.0 mm, one step of fiber drawing
is enough to obtain a fiber with a core diameter of 10 pm. But if the targeted core
diameter is 1.0 um, another step of fiber drawing is then required.

Fig.6 (a) shows the flow chart of making a small-core tellurite PCF, using the
extrusion method. First, the cylindrical glass billets with a diameter of 29 mm and
a height of ~35 mm are made by conventional melting-casting method. The purity
of the raw chemicals was at least 4N (99.99%). The preform with a suspended
core is then extruded. The structured preform is then elongated to a small cane.
The cane is then inserted inside an extruded jacket tube with an inner diameter
slightly larger than the outer diameter of the cane. The set of cane and tube is fi-
nally drawn into the fiber. Given the reduction ratio at the last step of fiber draw-
ing is in the range of 100-200, the final core diameter will be between 1 and 2 um.
The yield of a fiber draw is typically more than a hundred of meters in length.

Fig.6 (b) shows the flow chart of making large-core tellurite PCF, using the ex-
trusion method. After extrusion, the structured preform can be directly drawn into
fiber, since the reduction ratio from the preform to the fiber is less than 100.

3. Selection of glass compositions as fiber host

After the pioneering systematical works of J. E. Stanworth [32] on tellurite glass-
es, it has been noticed that TeO,-ZnO and TeO,-WOj; are the two glasses candi-
dates with the large glass forming area amongst all tellurite glass compositions
[33]. Large glass forming area indicates that (i) it is easy to find a few glass com-
positions with good thermal stability in the forming area and (ii) it is relatively
easy to find one pair of glass compositions with acceptable thermal mismatch and
good thermal stability as the core and cladding. This is the reason why, in the later
works on tellurite glass fibers, TeO,-ZnO-Na,O [23], TeO,-ZnO-BaO [14] and
TeO0,-WO0s-La,05 [34, 35] are the most preferable compositions.

The thermal stability of a fiber host glass is important for the fabrication, in
particular when multiple steps of thermal processing (i.e., extrusion, caning and
fiber drawing) are required. Fig.7 illustrates the measured differential thermal
analysis (DTA) curve and the measured glass viscosity curve of selected glass
composition of 75Te0,-20Zn0O-5Na,0 glass (mol.%), in which T, and Ty are the
temperatures of glass transition and the onset of crystallization, respectively. Since
the usable viscosity ranges for preform-extruding and fiber-drawing are 10°-107°
poise and 10%°-10* poise, respectively, crystallization will not occur even when



the glass is processed at the upper limit of working temperature, corresponding to
the lower viscosity limit for fiber-drawing. This indicates the excellent thermal
stability of this glass for fiber fabrication.
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Fig. 7. DTA curve and viscosity curve of selected 75Te0,-20ZnO-5Na,0 glass (mol.%)

In this chapter, we mainly focus on two tellurite glass compositions, 75TeO,-
20Zn0-5Na,0 glass (mol.%) and 70Te0,-20ZnO-10Ba0 (mol.%) as the host ma-
terials of fibers. Table 2 summarizes the major thermal properties of these two
glass compositions. It is seen that both compositions have large difference be-
tween T, and Ty, indicating excellent thermal stability for glass extrusion and fiber
drawing.

Table 2. Thermal properties of 75Te0,-20ZnO-5Na,O glass (mol.%) and 70Te0,-20ZnO-
10BaO (mol.%)

Glass composition (mol.%) Tg (°C) Tx (°C) AT(=Tx - T,) (°C)
75Te0,-20ZnO-5Na,O 305 465 160
70Te0,-20Zn0O-10BaO 320 / 0

The typical impurities in an optical glass are transition metal ions, rare-earth
ions, and hydroxyl groups (the OH groups). Because the purity of the raw chemi-
cals for melting tellurite glasses here is 4-5N (99.99%-99.999%), the total impuri-
ties in the final glass ought to be at 10-100ppm.



4. Impurities in tellurite glasses and glass dehydration

Transition metal ions, rare earth ions and hydroxyl groups are the three major cat-
egories of impurities having big impact on increasing attenuation of optical glass-
es in the wide range from visible wavelengths to mid-infrared region.

Based on the data given in Ref. [36], Fig. 8 shows the measured transmission
spectra of bulk tellurite glasses (base: 75Te0,-20Zn0-5Na,O, mol.%) doped with
the impurities including the representative transition metal ion Ni**, the repre-
sentative rare earth ion Nd**, and the hydroxyl group OH . It is seen that the fun-
damental vibration of the hydroxyl group OH is the most harmful impurity for
blocking the transmission of a tellurite glass in 2—5 pm region, in terms of the

wide absorption range (3—4 pm) and the high peak absorption coefficient (10
dB/m/ppm).
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Fig. 8. Comparison of absorption coefficients of some selected impurities in a conventional tellu-
rite glass (composition: 75Te0,-20Zn0-5Na,0, mol.%) (summarized from results in Reference

[361)

Water, commonly existing in many optical materials as the hydroxyl group
OH . Although water is the most important substance on the earth for all the living
creatures, actually it is a trouble maker in optical area. It causes high attenuation in
optical materials from visible to mid-infrared regions. As one of the most common

impurities in optical materials, hydroxyl groups OH™ are very hard to be eliminat-
ed.



The absorption spectrum of the OH fundamental vibration is located around 3 um
and varies with the glass composition. For pure silica glass, the fundamental vibration
of OH band is located at 2.70 (= 0.02) pm and with an extinction coefficient of 10
dB/m/ppm (in weight) [37], while in a ZrF,-based fluoride glass, it is located at
2.87 um with an extinction coefficient of 5 dB/m/ppm (in weight) [38]. For a tel-
lurite glass, the fundamental vibration of OH band has an extinction coefficient of
~1 dB/m/ppm (in mole) or ~10 dB/m/ppm (in weight) [39], and ranges from 3 to 4
pum, much wider than the above two glasses. This is because the wavelength of the
fundamental OH vibration reflects the strength of OH bonding with the surround-
ing molecules. The large variety of deformed [TeOy4] and [TeOs] units in tellurite
glass network causes very different sites of OH groups and consequently the bond
strength of OH groups shows much larger variation [39]. This is very different
from the situation of pure silica glass, in which the [SiO4] tetrahedra units are very
much identical in the short range leading to the fundamental OH absorption as
narrow as ~150 nm (~200 cm™ ") [37].

Because the nonlinearity n, of tellurite glasses is one order of magnitude higher
than those of silica and fluoride glasses, less than a meter length of tellurite non-
linear fiber is acceptable for many nonlinear optical applications, indicating that an
acceptable OH peak absorption loss is no more than the level of 10 dB/m. In other
words, the OH impurity in a usable tellurite glass fiber should be no more than the lev-
el of 1 ppm in weight. It must be pointed out that, without any dehydration process,
the tellurite glass, which was prepared in the open atmosphere, has a high water
absorption coefficient of ~1400 dB/m peaking at 3.4 um [39]. Therefore, even an
8 mm-long non-dehydrated tellurite glass fiber, will suffer a 15-20 dB loss in the
range of 3—4 pm [40]. Since the tail of multiphonon absorption of tellurite glasses
starts from ~5 um, a proper dehydration process is the key to extend the high
transmission window (i.e., absorption coefficient < 0.1 cm™") of a tellurite glass fi-
ber to 5 um.

Reactive atmosphere processing (RAP) has been proved to be an effective ap-
proach for dehydrating fluoride and silica glasses [41, 42]. In the case of dehydrat-
ing fluoride glasses, during the melting of fluoride glass, dry reactive halogen gas
(such as NF;, HF, SFg, and CCly) is purged into the melt to react with the OH
groups inside the glass [41]. The hydroxyl groups bonded with the glass network
via hydrogen bonding are converted into the volatile compounds HF or HCI,
which can be removed from the melt naturally at high temperature. Chlorine dry-
ing is also a common method in the fabrication of silica glass preforms to reduce
the OH peaks at 1.38um (the first overtone) [41]. For dehydrating tellurite glasses,
in order to avoid using highly toxic and reactive halogen gases, halogen-
containing solid compounds are preferable. Previously, fluorotellurite glass, ob-
tained by introducing fluorine into the oxide tellurite glass matrix, has been pro-
posed to remove the OH groups with the assistance of fluorine, and also to extend
the mid-IR transmission [43]. However, the oxyfluoride glass has strong tendency
to be crystallized easily during the heating process and hence is not a thermally
stable host material for fiber drawing. Also the introduction of fluorides causes the



glass hygroscopic. In addition, introducing fluorides into tellurite glasses leads in-
to significant decrease of both the refractive index and the nonlinear refractive in-
dex [43].

Solid-state chloride compounds, such as NaCl and BaCl,, were then added for
dehydrating tellurite glasses [44]. Pyrohydrolysis reaction, OH+ClI=HCI+O*
OH~ + CI~ = HCl T +0%, occurs during the glass melting for reducing the OH
content in the glass. The compositions of the studied halo-tellurite glasses include:
75Te0,-20Zn0-5Na,0 (TZN), 75Te0,-20Zn0-4Na,0-2NaCl (TZNX1), 70TeO,-
20Zn0O-10BaO (TZB), 70Te0,-20Zn0-9BaO-1BaCl, (TZBX1) and 70TeO,-
20Zn0-10BaCl, (TZBX10) (mol.%). Commercial chemicals with purity better
than 99.999% were used as raw materials for the glass melting. For each composi-
tion, a batch of 70 g was mixed well and then melted in a gold crucible inside a
furnace in the glovebox at 700-900 °C for 2 hours. Increasing the melting time in
dry atmosphere was found helpful to reduce the OH content in the glass. But it al-
so caused the deviation of the final glass composition from the targeted one when
the melting time is longer than 3 hours, since significant evaporation could be ob-
served from tellurite glass melt. The melt was then cast in a preheated metal mold,
and a bubble-free glass rod with an outer diameter (OD) of 16 mm and length be-
tween 45-65 mm was obtained. Each rod was drawn into an unclad fiber with an
OD of 180 pm, with the yield >50 m. A bulk sample was then obtained from the
preform remainder with two parallel ends polished.

The transmission spectrum of each bulk was measured by a Varian 670-IR FT-
IR spectrometer. The absorption coefficient (in the unit of cm™) of the residual
OH impurity in the bulk glass was calculated according to the Beer—Lambert law
and converted to the bulk attenuation in dB/m. The losses of the unclad fibers
were measured by the cutback method, using a tunable 1064 nm nanosecond laser
pumped periodically lithium niobate (MgO:PPLN) (Covesion Ltd) as the laser
source [44, 45]. Essentially, the unclad fiber drawn from a dehydrated TZNX1
glass (i.e., using 2 mol.% of NaCl to replace 1 mol.% of Na,O in TZN glass) rod
showed a largely reduced loss of 45 dB/m at 3.3 um [44, 45], compared with the
loss of ~1400 dB/m at 3.3 pm in a TZN glass melted in the open atmosphere [39]
and the loss of 100 dB/m of a TZN glass melted in a dry atmosphere filled glove-
box [46].
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Fig. 9. Losses of dehydrated TZBX glass and fibers in mid-IR region

As shown in Table 2 in this chapter, the TZB glass shows better thermal stabil-
ity than the TZN glass, indicating it also a good fiber host material. Fig. 9 shows
our latest improvement on measured mid-IR losses from dehydrated TZBX glass
fibers. It is seen that the losses of the dehydrated TZBX10 unclad fiber at 3.3-3.4
um is reduced down to 5 dB/m, about one order of magnitude lower than those of
the dehydrated TZBX1 unclad fiber at the same wavelengths. The OH impurity
level here is estimated to be 0.5 wt. ppm. In a TZBX10 based multimode fiber
with a core diameter 60 pm and an NA of 0.14, the losses in the same wavelength
region are still below 10dB/m. The interface imperfections between the core and
the cladding in the multimode fiber are responsible for the loss increase above the
unclad fiber. Further improvement on the preform fabrication should be able to
solve this problem. It is seen that the loss curves of the unclad TZBX10 fiber and
TZBX10 bulk show the good agreement beyond 4.2 um, where the multiphonon
absorption edge starts playing the dominant role on the loss enhancement. Be-
tween 4.35-4.65 pm, the loss of a TZBX10 glass fiber is between 50-100 dB/m.
Therefore, this region should be a longwave limit for generating 10-dB bandwidth
supercontinuum from a TZBX10 nonlinear fiber with a length between 10-20 cm.



5 Experimental results on mid-infrared generation in tellurite
glass fibers

5.1 Early work on small-core tellurite glass fiber for mid-infrared
nonlinear optics

With the rapid development of silica photonic crystal fibers (PCF), also called mi-
crostructured optical fibers, broadband x* based Kerr nonlinear optical processes,
such as supercontinuum generation [47, 48] and optical parametric generation
[49], have been experimentally realized using highly nonlinear, dispersion tailored
silica PCFs. In order to extend these nonlinear optical processes into wavelength
ranges that silica fiber cannot cover effectively, that is, the ultraviolet (UV, <400
nm) and mid-infrared regimes (>2 pum), non-silica glass highly nonlinear, disper-
sion tailored PCFs have been considered [50, 51].

Although a tellurite PCF with a mode area of 21.2 um’ has been reported as
the world’s first tellurite PCF in 2003 [51], the first work on using tellurite PCFs
for mid-infrared nonlinear optics appeared in 2006 [52], using a single-mode,
highly nonlinear tellurite PCF with an effective mode area of 2.6 pm? [53]. Fig.10
(a) shows scanning electron microscope (SEM) images of the cross-section of this
small-core tellurite PCF. A triangular core with a diameter of ~2.6 um is isolated
from the outer jacket by three 7.4+0.2 um long and 180+£20 nm thin struts. Since
the three thin supporting struts have a width that is much smaller and a length that
is much larger than the wavelength of light, the core can be considered essentially
as an air-suspended high-index glass rod.

The calculated group velocity dispersion curve of such an air-suspended-core
(ASC) fiber and the material dispersion of the base glass (75Te0,-20Zn0O-5Na,0,
mol.%) are illustrated in Fig.10 (b). Due to the strong waveguide dispersion intro-
duced by the small core and the high index contrast between the glass and the air
surrounding the glass core, the zero dispersion wavelength (ZDW) of the ASC fi-
ber is located at 1.46 um, and thus is shifted considerably towards shorter wave-
lengths compared to the ZDW of 2.15 um in the bulk glass.
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Fig. 10. (a) SEM photos of fiber cross-sectional structure of the ASC fiber. The arrow shows the
direction of the fast axis of the fiber. (b) Dispersion curves of the ASC fiber and the bulk materi-
al. (c) Output supercontinuum spectra with 30 mW output power generated from a 22 cm length
of this fiber, pumped at 1.56 pm wavelength on the fast and slow polarization axes, respectively.
The vertical dashed line at 1.46 um indicates the ZDW of the fiber.

Experimental observations as well as corresponding numerical simulations in-
dicated that the fiber was effectively single-moded beyond 1 pum wavelength [53].
A small effective mode area A of 2.6 umz was calculated from the simulation re-
sult. Using the Boskovic method [54, 55], the fiber nonlinearity y =2mn,/(A- A.g),
where n; is the nonlinear refractive index of the fiber core material, A the operation
wavelength and A the effective mode area of the fiber core, respectively, was
measured to be 280 = 30 W'km™ at 1.55 pum, which is ~280 times higher than that
of standard single mode silica optical fiber (Corning SMF28). Using the cutback
method, the fiber attenuation was measured to be 2.0 dB/m at 1.55 pm.

Using a 1.56 pm femtosecond laser generated from a tunable optical paramet-
ric oscillator (OPO) as the pump source, broadband supercontinuum was observed
from the tellurite ASC fiber [52]. The pulse duration of the OPO output was



measured to be 200 fs. The average output power from the OPO was ~160 mW,
corresponding to a peak power of ~11.7 kW at 1.56 um or equivalently to 2.1 nJ
energy per pulse, with a spectral width (full width at half maximum (FWHM)) of
~15 nm. The pump wavelength was thus chosen in the anomalous dispersion re-
gion of the fiber but close to the ZDW, which is the standard arrangement for
broadband supercontinuum generation [56]. As the laser pulses propagate along
the fiber, they undergo sudden spectral broadening by soliton fission, followed by
further generation of long-wavelength components via Raman-induced soliton
self-frequency shifting. At the same time these solitons also create phase-matched
dispersive waves at short wavelengths below the ZDW. Fig.10 (c) illustrates the
observed broadband supercontinuum with an output power of 30 mW generated in
this experiment with a tellurite ASC fiber of 22 cm length. Slightly different spec-
tra were obtained when launching the pump light with different polarizations into
fiber, in particular with polarizations parallel and perpendicular to the fast axis of
the fiber (as shown in Fig. 10 (a)), suggesting a weak birefringence arising from
the triangular fiber core. All in all, broadband supercontinuum from 0.9-2.5 pm
was observed and it was the first report of generating mid-IR supercontinuum
from a non-silica glass fiber.

In 2008, Domachuk et al. [40] used a similar ASC tellurite fiber and obtained a
record 4000 nm bandwidth supercontinuum. This fiber was made of 75TeO,-
12Zn0O-5PbO-3PbF,-5Nb,05 and had a hexagonal air-suspended core with a di-
ameter of 2.5 um and a ZDW of 1380 nm. An OPO generating pulses at 1550 nm
wavelength with 110 fs width at a repetition rate of 80 MHz was used to launch
150 mW of power at the fiber input. The supercontinuum measured at -45 dBm
extended from 789 nm to 4870 nm, demonstrating the significant potential of tel-
lurite glass fibers for applications all across the atmospheric transmission window
up to 5 um wavelength. However, because of the large water-induced absorption
in the tellurite material of this fiber, a very short length of 8 mm of fiber was em-
ployed in the experiment, making the experimental alignment difficult while still
leading to a significant slope towards lower power spectral density at the long
wavelength edge.

5.2 Dehydrated small-core tellurite glass fiber

In order to improve on these early results on mid-infrared supercontinuum genera-
tion in tellurite fibers, two modifications to the fiber should be considered. (i) Us-
ing dehydrated glass, as described in Section 4 of this chapter, will significantly
reduce absorption beyond 3 um wavelength and will thus allow for the use of
longer lengths of fiber and the generation of supercontinuum spectra with flatter
power spectral densities. (ii)) The near-symmetric cores of the fibers employed in
the experiments described above limit the range of dispersion profiles that can be
achieved. In particular, while the ZDW can be shifted continuously towards short-
er wavelengths, it is generally not possible to also achieve a flat dispersion curve



over a broad wavelength range, that is, a low dispersion slope, which would fur-
ther benefit efficient supercontinuum generation.

16.8mm OD 200um

Fig. 11. (a) Photograph of extruded dehydrated TZBX1 preform and (b) SEM image of elongat-
ed cane for fiber drawing

To address these issues, a dehydrated TZBX1 glass-based PCF (70TeO,-
20Zn0-9Ba0-BaCl, mol.%) with an elliptical air-suspended-core was fabricated
[57]. A preform with one air-suspended core (see Fig.11 (a)) was made by extrud-
ing a dehydrated TZBX1 billet. A cane with a long axis diameter of 1.62 mm (see
Fig.11 (b)) was then elongated from this structured preform. Next, the cane was
inserted into an extruded jacket tube and this ensemble was then drawn into an
ASC fiber with an elliptical core (see Fig.12 (a) & (b)). The elliptical core has a
height (h) of 1.8 pm and a width (w) of 7.8 um. The core exhibits strong birefrin-
gence, as shown by the calculated dispersion curves of the fundamental TE and
TM polarized modes in Fig. 12 (c). The ZDW of the fundamental TE mode is lo-
cated at 1.48 um. Comparing the dispersion profile of this mode with that of Fig.
10 (b) for a symmetric-core ASC fiber, one notices that lower dispersion values
are achieved over a broad bandwidth with this elliptical core fiber.

Supercontinuum generation with 90 fs, 1500 nm wavelength pump pulses of up
to 1.12 nJ energy, similar to above, was investigated experimentally [57]. With 15
cm of fiber spectral broadening to ~3 pm was observed, but further broadening
was limited by the available pump power.

With the same fiber, nonlinear broadening with a mid-infrared pump at 2.4 pm
was also demonstrated. A linearly polarized OPO with a pulse duration of ~90 fs,
a repetition rate of 80 MHz and a maximum average power of 290 mW at 2.4 um
was used as the pump source. The pump pulses were launched into a 3 cm long
TZBX1 ASC fiber. For this fiber, the pump is therefore located deep inside the
anomalous dispersion region, resulting in the generation of low order solitons by
the pump pulses, which are then moving to longer wavelengths by Raman-induced
self-frequency shifting, as can be seen clearly in Fig.13. The maximum launched
average power was 48.6 mW, which corresponds to a peak power of 6.8 kW and a



pulse energy of 0.61 nJ. Even at these low, sub-nJ pulse energies, spectral broad-
ening beyond 3.0 pm is readily observed with this dehydrated tellurite fiber.
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Fig. 12. (a) & (b) SEM images of the cross-section of fabricated TZBX1 elliptical ASC fiber. (c)
Corresponding calculated dispersion profiles.

Further broadening of the mid-IR supercontinuum can be expected in fibers
fabricated from the latest low-loss dehydrated TZBX10 glass, which will reduce
losses in the 3-4 pm wavelength region by another factor of 10, see Section 4
above. Moreover, the dispersion profile can be further optimized using the design
degrees of freedom offered by the elliptical core ASC geometry [57]. Work in this
area is still ongoing at the time of writing.
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Fig. 13. Measured mid-infrared soliton dynamics in a 3 cm length of the ASC fiber of Fig. 12
pumped at 2.4 pm.

5.3 Power limitations in small-core tellurite glass fibers

Power scaling is a highly desirable performance characteristic of a fiber laser, and
for many applications the achievable output power of the generated supercontinu-
um is more important than, for example, the spectral bandwidth. However, in all
the small-core dispersion-tailored tellurite glass fiber experiments discussed
above, the demonstrated mid-IR supercontinuum output power remained below
100 mW. This was partially limited by the attenuation located at 3-4 um due to the
water impurity of the material, but more importantly by the small size of the fiber
core which leads to a low damage threshold for the fiber facet and thus limits the
maximum pulse peak power and energy that can be launched into the fiber without
destroying it.

For the tellurite ASC fiber discussed above in Section 5.1, the damage thresh-
old was established using a 1.06 um Yb-doped all-fiber master oscillator power
amplifier (MOPA) with pulse duration of 20 ps and repetition rate of 14.4 MHz.
Damage of the ASC fiber facet was observed under a launched average power of
140 mW, corresponding to a peak power of 390 W [58]. Fig. 14 shows optical mi-



croscope images of the tellurite ASC fiber before and after the facet was damaged.
It is seen that the fiber core disappeared after the launched power exceeded the
threshold, while the three supporting glass spokes still survived. The damage in-
tensity is estimated to be 18.7 GW/cm®. This is consistent with the reported sur-
face damage threshold of tellurite bulk glasses, 15-20 GW/cm” using a Nd:YAG
laser at 1.064 pm with a similar pulse duration of 25 ps [59]. As a comparison,
under similar conditions the surface damage threshold of bulk silica glass is above
300 GW/cm® [60]. In order to significantly increase the achievable mid-IR super-
continuum power, tellurite fibers with much larger core sizes must therefore be
employed.

Fig. 14. Optical microscope images of the input facet of the tellurite ASC fiber before (left) and
after (right) the damage caused by exceeding the laser power damage threshold.

5.4 Supercontinuum generation in large-mode-area tellurite glass
fiber

Power scaling of common fiber lasers, such as rare-earth-doped fiber lasers or
Raman fiber lasers, is routinely realized by using single-mode large-mode-area
(LMA) fibers. The same concept also provides a feasible solution for achieving
power scaling of broadband supercontinuum laser sources. Because the laser dam-
age thresholds of non-silica glasses, such as tellurite glasses, fluoride glasses and
chalcogenide glasses, are much lower than that of silica, it is especially important
to develop non-silica glass LMA fibers for achieving medium- or high-level out-
put power [61].

Figure 5(b) already showed a tellurite preform with three rings of holes sur-
rounding a solid core that was made by extrusion. The preform has an outer diam-
eter (OD) of 15.9 mm, a hole diameter of 1.0 mm, and hole-separation of 2.2 mm.
The preform was directly drawn into fiber with 410+10 um OD. Fig.15 (a) shows



an SEM image of the cross-section of this tellurite fiber with ~80 um core diame-
ter. The fiber has a uniform hole spacing A of 53 um. Due to effects such as tem-
perature gradients in the radial direction, surface tension and residual air-pressure
inside the holes during the fiber-drawing process, the average hole diameter d;
(where i is the ring number counted from the core outwards, i=1 to 3) was reduced
from d,=28.1 um for the inner ring to d,=23.3 um for the middle ring and d;=13.8
pum for the outer ring of holes, corresponding to di/A ratios of 0.53, 0.44 and 0.26
respectively. Note that for all three rings the di/A ratios deviated from the initial
value of 0.454 within the preform.

Fig. 15. (a) SEM image of the cross-section of the tellurite LMA PCF; (b) simulated mode pro-
file of the fundamental mode (LPy) at 1.55 um; (c) the observed near-field mode profile at 1.55
um from the fabricated tellurite LMA PCEF. All three plots are on the same scale.

It is well known from theoretical investigations that a PCF supports only the
fundamental fiber mode at all wavelengths if it has an infinite cladding containing
an infinite number of rings of triangularly arranged holes with a ratio of hole di-
ameter to hole spacing, d/A, of less than 0.40-0.45. This is often referred to as
endlessly single-mode behavior [62], one of the unique optical properties of PCFs.
For a practical PCF with a finite holey cladding and a finite number of air-filled
holes, higher-order modes are more likely to be observed, especially in short fiber
lengths [63]. Increasing the discrimination between the confinement losses (CLs)
of the fundamental mode LPy, and the first higher order mode LP;; becomes the
practical criterion for realizing single-mode operation in a PCF.

That the above tellurite LMA PCF was effectively single-moded was first con-
firmed by numerical simulations. The simulations predicted that the fundamental
mode (LPy;) (as shown in Fig.15 (b)) and the first higher-order mode (LP;,) have a
CL of ~10* dB/m and >3 dB/m at 1.55 pm, respectively. The ratio of the con-
finement losses of the fundamental mode to the first higher order mode at 1.55 um
is ~107, indicating that only the fundamental mode LPy, can be observed at 1.55
pm if the fiber is sufficiently long. Further numerical simulations of this LMA
PCF show that the ratio of the CL of the LPy; mode to that of the LP;; mode is
~10"* in the whole range of 1-3 um, while the CL of the LP;; mode is more than
1dB/m. This indicates that this LMA PCF has a broad bandwidth of more than



one octave for single-mode operation, while conventional single-mode optical fi-
bers only operate over one octave of bandwidth [61], namely at normalized fre-

quencies V ranging between 1.2 and 2.4 where V=_2za\n’ —n’. /A,

where a is the fiber core radius, A the wavelength of light, and n.. and ng,q the
core and cladding refractive index, respectively.

Robust guidance with a hexagonally symmetric mode profile was observed at
1.55 um (see Fig.15(c)) in a 1.50 m long tellurite PCF. During this measurement
the fiber was kept effectively straight, i.e., with an estimated bending radius of ~2
m, to minimize the influence of bending loss on the fundamental mode. The ob-
served mode profile was in good agreement with the simulated fundamental (LPy)
mode (see Fig.15 (b)). The beam quality factor M” was measured as 1.3+£0.1 at
1.55 pm. Both experimental and simulation results indicated the effective single-
mode operation of the fiber [61].

From the simulations an effective mode area A of 3000+200 umz was calcu-
lated for the fundamental mode [61]. This is the largest mode area reported so far
in a single mode non-silica glass fiber, and is comparable to the effective mode ar-
ea in silica glass LMA PCFs, for example, the 3160 pm?’ reported in Ref. [64]. The
propagation attenuation of this tellurite LMA PCF was measured as 2.9+0.1 dB/m
at 1.55 um using the cutback method. The effective fiber nonlinearity y of the
LMA PCF was calculated to be 0.23 W'km™ at 1.55 um. Because of the large
core size the dispersion profile is effectively the same as its material dispersion, as
illustrated in Fig.10 (b), with a zero-dispersion-wavelength and a relatively flat
dispersion slope at 2.15 pm.

Experimental work on generating broadband mid-IR supercontinuum from the
tellurite LMA PCF was carried out using a tunable femtosecond pulsed optical
parametric amplifier (OPA) with a repetition rate of 1 kHz and a pulse duration of
~120 fs [61]. The idler beam from the OPA at 2.15 pm was launched into a
straight piece of the fiber of 9 cm length using a microscope objective with an NA
of 0.1. This pump wavelength was chosen because it coincides with the fiber
ZDW. Supercontinuum generation was then investigated at average pump powers
of 2.4 mW to 15.2 mW, measured before the launch into the fiber. The measured
output spectra showed significant broadening towards shorter wavelengths down
to about 1 um. Unfortunately this experiment did not record the spectrum above
2.5 um because of the long-wavelength limit of the used detector, a cooled ex-
tended InGaAs photodiode, and thus the full extent of the supercontinuum into the
mid-IR region is unknown. However, the supercontinuum output power was
measured at the end of the LMA fiber of 6.0+0.2 mW for an incident pump power
of 15.2 mW, showing high conversion efficiency from the pump to the supercon-
tinuum [61].

Most importantly, while the average power used in this experiment was rela-
tively modest, the low laser repetition rate compared to the experiments discussed
above in the small-core fibers (1 kHz here compared to 80 MHz) means that the
individual pulses launched into the LMA fiber had peak powers and pulse energies
several orders of magnitude higher than what could be used in the small-core ASC



fibers because of their low damage threshold. In particular, at the maximum inci-
dent pump average power of 15.2 mW, the pulse energy reached 15.2 pJ and the
peak power was 127 MW. No facet damage of the tellurite LMA fiber was ob-
served during these experiments, demonstrating the potential for power scaling of
mid-IR supercontinuum generation in tellurite fibers by moving towards large-
core low-NA fiber structures.

6 Outlook

Table 3. Summary of using tellurite PCFs for generating mid-IR supercontinuum. The long
wavelength cutoff in the experiments marked with + was not properly resolved because of detec-
tor limitations.

fiber Effective water- Fiber Launched Launched  Spectral  Ref.
mode area induced at- length Pulse Peak span (pum)
(um?) tenuation at (cm) energy power (20 dB
water peak (@) (W) width)
(at 3.3 pm)
ASCPCF with 2.6  ~1400 22 21x10°  11.7x10°  0.9-2.57  [52]
triangular core
ASC PCF with 1.7 ~1400 08  1x10” 8.5x10° 0.79-4.87 [40]
hexagonal core
ASC PCF with 39  ~70 3 0.61x10°  6.8x10° 2.2-3.1 [57]
elliptical core
LMA PCF 3000 ~1400 9 15.2x10°  127x10° 1.0-257  [61]

Table 3 summarizes the results that we have discussed in this chapter on using tel-
lurite glass nonlinear PCFs for generating mid-IR supercontinuum. Supercontinu-
um generation in a small-core tellurite fiber was first demonstrated in 2006 [52].
Spectral broadening up to nearly 5 um has been observed in a similar fiber struc-
ture [40], but only impractically short fiber lengths could be used because of water
absorption. A small-core fiber made from dehydrated tellurite glass has also been
demonstrated [57] with a novel elliptical core geometry allowing for better disper-
sion control. In all these small-core fibers the maximum pulse energy and peak
power were limited by the fiber damage threshold to about 1 nJ and 10 kW, re-
spectively. A large mode area tellurite fiber [61] was demonstrated that could sup-
port 3-4 orders of magnitude higher powers.

Based on these results, it is expected that using 0.1-1 m lengths of dehydrated
LMA tellurite fibers with a water-induced loss of less than 10 dB/m at 3.3 pm will
allow for the generation of flat 2-5 pm supercontinuum spectra with peak output
powers of 100 MW.
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