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ABSTRACT 
 

Mid Infrared (MIR) fiber optics has gained a great deal of interest over the past several decades. Applications range from 
passive transport to fiber lasers and nonlinear applications. These fibers have found use in a wide array of fields such as 
sensing, military countermeasures, scientific instrumentation, medical instrumentation, and in research laboratories. As 
with all fiber development there is a continual urge to seek better performance characteristics including transparency 
over a wide wavelength range, corrosion resistance, high power handling and low loss. We report on development of 
tellurite glass fibers displaying exceptionally high performance for various applications including wide band, low loss 
passive transport for mid IR, high efficiency, wide wavelength range and high power supercontinuum generation from 
visible to MIR wavelengths >4.5um, and active doping in fibers for use in laser cooling. High performance in each of 
these areas of interest has been brought about by development of a stable glass formulation and advanced processing 
techniques to remove impurities ions, entrapped hydroxyl, and scatter centers which allow fibers to be made with 
exceptionally low losses ~0.2dB/m.  
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1 INTRODUCTION 
 

Many different glass types for use in the mid infrared (MIR) portion of the electromagnetic spectrum have been 
developed over the past several decades1-5. These include chalcogenides based on Ge/As/Se/Te/S, halides such as 
ZBLAN, and heavy metal oxides of Pb/Bi/Ga/Te. Each type offers specific advantages and disadvantages pertaining to 
wavelength range, physical strength, use temperature, and corrosion resistance. Of these various types, chalcogenides 
offer the widest wavelength coverage transmitting from the near IR (NIR) to greater than ten microns. Recent advances 
have proven chalcogenides to be viable candidates for certain applications in the MIR6. Chalcogenides however 
generally suffer due to low physical strength, impurity absorptions at specific wavelengths and low melting temperatures 
(<250C). Halides, of which those based on fluorides are most common, offer relatively wide transparency range and 
have gained popularity as hosts for active doping application due to their intrinsically low phonon energy and high laser 
efficiency. Fluorides, however, are physically weak compared to silica, suffer from reduced corrosion and laser surface 
damage resistance6 and are difficult to splice to common silica pump sources due to very steep temperature viscosity 
curve, low glass transition ~260C and large coefficient of thermal expansion. Heavy metal oxide glasses due to their low 
bond strengths and high reduced mass have also yielded useful glasses for MIR application particularly those based on 
Lead (Pb), Bismuth (Bi) and Tellurium (Te) oxides. These glasses (Pb/Bi) can also possess low melting points <300C 
and low corrosion resistance but can transmit to >7um in thin samples. Tellurites offer a potential compromise 
possessing reasonably wide transmission of 0.4-6.5 microns, moderate melting temperatures (>350C), high rare earth 
solubility and corrosion resistance intermediate to fluorides and silica. Research has been conducted by several groups 
toward producing tellurite glass and fiber with low loss with modest results7-12. With this in mind, NP Photonics set out 
to develop tellurite glass capable of transmitting with low loss from 2-5 microns that could be made into fiber exhibiting 
total fiber losses <0.3dB/m. In order to do this, a base glass composition was developed which displayed exceptional 
stability against crystallization. Processing techniques were developed which have led to the almost complete elimination 
of hydroxyl ions from the glass. Hydroxyl ions in glass lead to unwanted broad absorption at ~3.3um and ~4.3 um. 
Elimination of hydroxyl has led to a reduction of loss at these key wavelengths and produced glasses with loss minimum 
located near the theoretical position of ~3.02um. As recently as 2012, the Navy has sought to improve chalcogenide fiber 
strength to >20kpsi in order to decrease the probability of failure due to fiber breakage. NP Photonics tellurite fiber now 
displays strength values >60 kpsi. Fiber can therefore be easily formed into cabling without breakage for use in real 
world applications. In the following sections we will describe several fiber designs produced using this new tellurite 
fiber.  
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2 FIBER TYPES 

 
2.1 Multimode Transport Fiber 
Many MIR applications require transmission of light of low peak power, low brightness and low to moderate average 
power (watts to tens of watts). For these types of application large core multimode fibers are generally required. These 
fibers consist of a central core normally 10 to ~100 microns diameter surrounded by a single cladding. Because these 
fibers are required to be several meters to ten meters in length, they must possess losses low enough that a significant 
portion of initial power is transmitted through the distal end of the fiber. Thus fiber exhibiting loss of less than 0.3dB/m 
are required in order to avoid losing more than 50% of the initial input power for a ten meter length. In the past, efforts to 
produce such fibers have resulted in fibers with losses of 1 - 10dB/m in the MIR and substantially higher 5-1200dB/m at 
the hydroxyl peak near 3.4um 7-12. In addition these fibers have in the past relied on high concentration of halide for 
hydroxyl removal or to improve transmission near their IR edge. Fibers thus produced will exhibit reduced physical 
strength and particularly reduced corrosion resistance and laser damage thresholds. NP Photonics has developed a 
tellurite base glass and processing techniques that produce glass with exceptional resistance to crystallization during 
fiber drawing. Resistance to crystallization during the fiber draw process is essential to produce fibers with very low 
scatter loss. We have reduced unwanted absorption by eliminating any glass constituents such as Tungsten (W) and 
Niobium (Nb), commonly used to produce stable glasses, but which possess phonon energies greater than tellurium 
oxide. Other potential absorbing species such as transition metals have been reduced to << 1ppm. Employing this new 
glass, NP Photonics has been able to produce multimode fiber with total loss of 0.2dB/m @ 1310nm. Transmission 
spectra for a 1mm thick sample of this glass shown in Figure 1 along with fiber loss data, and indicate that NP tellurite 
glass is capable of low loss transmission over the same MIR range as ZBLAN glass but in a more robust all-oxide 
matrix. 
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Figure 1.Transmission spectra of NP tellurite glass 1mm thick (insert shows loss measured in fiber) 

  
Elimination of hydroxyl has led to a reduction of the broad loss normally centered at ~3.4um for high hydroxyl glass. A 
9cm thick sample of the improved glass has its loss minimum located near the theoretical position of ~3.02um (Figure 2) 
when measured using a Perkin Elmer Spectrum One FTIR spectrometer. 
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Figure 2. Absorption spectra showing loss minimum near 3um 

  
Figure 3 is a micrograph of a cleaved 70μm/170μm (core/clad diameter) multimode fiber with NA=0.22. As can be seen, 
good guidance in the core, excellent cleaved surface quality and circularity/concentricity is achieved. Good surface 
quality, as obtained here by cleaving, has also been achieved using standard water-based polishing methods. This is 
important to allow for termination of the fiber facets into connectors, such as commonly required for cable applications. 
Tellurite glass and fiber is insensitive to moisture or water immersion. This is not the case in fluoride glass fibers, such 
as ZBLAN, where immersion in water or exposure to moisture can damage the material. Tellurite glass and fiber is also 
chemically resistant to organic solvents such as dichloromethane. 
 
 

 
     

Figure 3. Cleaved 70μm/170μm (core/clad diameter) NP tellurite fiber showing excellent circularity and concentricity 
 
Loss for this fiber is determined by a fiber cutback measurement using a 1310nm diode laser source and seven meter 
fiber length. Cladding modes are stripped in order to determine core-only loss of ~0.2dB/m. Figure 4 shows the results of 
the cutback measurement with slope representing the loss per unit length.  
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Figure 4. Loss measurement by fiber cutback method using 7m fiber length. Laser wavelength is 1310nm. Slope of the curve 

represents the loss per unit length in cm. Propagation loss for light propagating in the core of the fiber is 0.002 dB/cm 
  
Uncoated fiber has been wrapped around a mandrel with diameter 1.5 inches showing the remarkable fracture resistance 
of this new fiber. Figure 5 shows picture of the configuration. The fact that the fiber has no polymer coating makes this 
test particularly demanding on the fiber strength.  

 

 
     

Figure 5 Uncoated fiber wrapped around 1.5inch diameter mandrel 
 

 
2.2 Zero Dispersion Shifted Supercontinuum Fiber 
Current MIR military countermeasure systems rely on lasers to jam incoming missile threats through the use of bulky 
and inefficient OPO systems, and/or wavelength limited quantum cascade lasers for producing discrete wavelengths 
between 2-5um. These systems can in some cases be defeated by use of wavelength hopping missile guidance 
techniques. There exist a need for mid infrared countermeasures capable of simultaneous and very broad wavelength 
coverage between 2-5um. All-fiber-based supercontinuum (SC) sources offer the potential for efficient, robust and high 
brightness sources for this purpose. One challenge in making such systems is finding highly nonlinear fiber with zero 
dispersion near the wavelength of an efficient and practical pump source. Tellurite glass possesses high non-linearity 
approximately 40-60X that of silica and exhibits wide transparency from UV through the MIR region to > 4.5 um. NP 
Photonics has developed fiber splicing technology allowing tellurite fibers to be directly spliced to silica pump fibers 
thus making tellurite fiber a potential candidate for efficient all-fiber-based SC generation. Tellurite glass, however, has 
its material zero dispersion that is located at wavelengths >2.3μm, which is much longer than commonly available high 

Proc. of SPIE Vol. 8898  88980D-4



 

 

peak power pump sources. In order to overcome this, one can manipulate the fiber dispersion characteristics through 
waveguide dispersion so that the sum of waveguide and material dispersion yields a fiber zero dispersion at the 
wavelength of choice. To accomplish this we have fabricated solid-core tellurite fibers with a W-type index profile for 
high optical confinement. The fiber is designed to shift the zero-dispersion wavelength (ZDW) very close to a pump 
wavelength at 1.92 um, and to have dispersion flattening, and highly confined single mode guidance over a wide 
wavelength range with SM cut-off near the pump wavelength. Because of the high damage threshold of the tellurite glass 
system (1-5 GW/cm), there is a clear path forward for both peak and average power scaling of the supercontinuum. In 
short, NP Photonics tellurite glass and fiber capabilities allows for the design and fabrication of a highly differentiated, 
special purpose, and high value nonlinear optical fiber.  
 

 
Figure 6. Dispersion managed W type fiber with ZDW near 1.9 um and SM cutoff <1.9um 

 
Figure 7 shows the spatial mode for the output SC beam in various spectral bands. Single mode operation is confirmed 
above 2.2μm, 2.6μm, 3.6μm and 4.6μm. We have demonstrated high efficiency conversion (>50%), high integrated 
power (~1.2 W) and ultra-wide supercontinuum generation spanning from 0.5μm to 5μm in a ultra-low loss tellurite 
optical fiber using 2W of pump power from a short pulse fiber laser centered at 1920nm. As can be seen in Figure 7 and 
8, very wide and flat SC generation has been achieved with excellent confinement and mode structure. The total coupled 
pump power in the core of the nonlinear fiber is 2W, resulting in a pump to mid IR conversion efficiency greater than 
50%. Importantly, the emission in the 4μm to 5μm band is greater than 30 mW, and with a power spectral density at 
4.1μm of 0.2mW/nm. This power spectral density in between 4 μm to 5 um μm wavelength band is several orders of 
magnitude larger than achieved with 10.5W of ZBLAN-based supercontinuum sources13.  
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     Figure 7. Spatial mode profile of SCG beam for wavelengths above 2.2 μm, 2.6 μm, 3.6 μm , and 4.6 μm. Single mode operation is    
confirmed above 2 micron wavelength. 
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     Figure 8. (Left) Supercontinuum generation in W-type proprietary tellurite fiber pumped by 3W of ~20 ps pulses from a 32 MHz 
repetition rate amplified mode locked laser at 1.92 μm. (note: dotted line is the transmission loss as measured in 10 mm thick tellurite 
glass sample which is used to fabricate the nonlinear tellurite fiber for SCG) 
 
2.3 Fiber for Laser Cooling 
Optical cooling in Tm-doped glass fibers is potentially attractive in many device applications due to its light weight, 
compactness, vibration-free and micro-scale design. Fiber based cooling allows designers to transfer heat to a remote 
location via fiber thus separating sensitive instrumentation from potential heat and vibration sources, which are important 
for potential applications such as in space environments. An all fiber design eliminates potential loss mechanisms and 
misalignment possible in free space designs. Particular consideration has to be given to parasitic heat generated from 
impurities or scatter in the glass and so ultra low loss in the fiber is critical to successful cooling. NP Photonics tellurite 
fiber achieves loss levels low enough to eliminate most of these parasitic heat generation issues. The metal impurities 
have been reduced significantly from standard tellurite glasses in our previous work14, in particular Fe2+, and Cu2+

 has 
been reduced from > 8ppm to 0.6ppm, and from >2ppm to 0.2ppm, respectively. Fe2+and Cu2+ have absorption bands 
extending to the 1.9 micron region, potentially having a significant negative impact on the optical cooling processes in 
Tm-doped systems. Total loss due to metal impurities absorption in our glass is <0.2 dB/m at the 1.9 micron spectral 
region where optical cooling processes occur. Another goal for this work is to fabricate Tm-doped tellurite glasses with 
very low loss due to OH-absorption. It is important to stress here that even though the OH-absorption peak is near 3.3 
microns, its impact on optical cooling (~2 micron) is very important. The reasons for that are: (i) energy transfer from 
Tm-ions in excited levels to OH proceeds via a non-radiative multiphonon decay coupled to the glass matrix, which 
generates heat in the system, and (ii) contributions to the fiber loss in general (absorption and scattering, for example) 
can also generate heat.  
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Figure 9. Cooling power density of the fiber (solid squares) obtained from experimentally measured temperature changes as a function 
of the pump laser irradiance.  The (red) curve is the prediction from a 4-level model of the Tm ion assuming negligible degradations of 
the cooling power from non-radiative decay of the Tm ions and background parasitic absorption. 
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We have achieved the first demonstration of net cooling in a Tm-doped tellurite glass fiber cooler pumped by a Tm-
doped fiber laser. Our experimental results show that the temperature of the fiber drops about 30° C from room 
temperature with a pump power of about 2.5W and 1.2W for 1949nm and 1943nm fiber lasers, respectively. The 
experimental results are consistent with our theoretical calculations, which estimate the cooling power density to be 
approximately 5 W/cm3 at a pump power of 2 W. This laser cooling application is highly dependent on the successfully 
achieved purity of the tellurite glass fiber. 
 

3 CONCLUSIONS 
 

The ability to reduce losses to very low levels ~0.2dB/m in tellurite glass has enabled a host of new potential 
applications in the mid infrared region between 2-5um in a robust all-oxide fiber system. This new fiber system 
addresses the shortcomings of other mid IR fiber materials by improving on such properties as strength, higher 
temperature capability, wide transparency without absorption peaks at key wavelengths, high moisture and chemical 
resistance, and high laser damage threshold. Wide range of refractive index allows for powerful dispersion compensation 
and laser mode confinement techniques through waveguide design. High non-linear coefficient allows for efficient and 
compact high power and wide wavelength range supercontinuum generation. Reduction of hydroxyl losses at ~3um to 
near zero reduces greatly multi-phonon relaxation rates and concentration quenching effects for rare earth dopants such 
as Tm3+. The attractive properties and capabilities of the tellurite glass fiber developed at NP Photonics enables a host of 
existing and emerging MIR applications.   
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