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ABSTRACT  

Mid-infrared sources are a key enabling technology for various applications such as remote chemical sensing, defense 
communications and countermeasures, and bio-photonic diagnostics and therapeutics. Conventional mid-IR sources 
include optical parametric amplifiers, quantum cascade lasers, synchrotron and free electron lasers. An all-fiber approach 
to generate a high power, single mode beam with extremely wide (1µm-5µm) and simultaneous wavelength coverage 
has significant advantages in terms of reliability (no moving parts or alignment), room temperature operation, size, 
weight, and power efficiency. Here, we report single mode, high power extended wavelength coverage (1µm to 5µm) 
supercontinuum generation using a tellurite-based dispersion managed nonlinear fiber and an all-fiber based short pulse 
(20 ps), single mode pump source. We have developed this mid IR supercontinuum source based on highly purified 
solid-core tellurite glass fibers that are waveguide engineered for dispersion-zero matching with Tm-doped pulsed fiber 
laser pumps. The conversion efficiency from 1922nm pump to mid IR (2μm-5μm) supercontinuum is greater than 30%, 
and approaching 60% for the full spectrum. We have achieved > 1.2W covering from 1μm to 5μm with 2W of pump. In 
particular, the wavelength region above 4μm has been difficult to cover with supercontinuum sources based on ZBLAN 
or chalcogenide fibers. In contrast to that, our nonlinear tellurite fibers have a wider transparency window free of 
unwanted absorption, and are highly suited for extending the long wavelength emission above 4μm. We achieve spectral 
power density at 4.1μm already exceeding 0.2mW/nm and with potential for higher by scaling of pump power. 

Keywords: Supercontinuum laser; mid infrared source; fiber laser; white-light generation; tellurite glass; tellurite fiber 

 
1. INTRODUCTION 

Mid-infrared sources are a key enabling technology for various applications such as remote chemical and bio-sensing, 
defense communications and countermeasures, and bio-photonic diagnostics and therapeutics. Conventional mid-IR 
sources include optical parametric amplifiers, quantum cascade lasers, synchrotron and free electron lasers [1-4]. An all-
fiber approach to generate a high power, single mode beam with extremely wide (0.5μm-5μm) and simultaneous 
wavelength coverage has significant advantages in terms of reliability (no moving parts or alignment), room temperature 
operation, size, weight, and power efficiency. Early work of supercontinuum generation (SCG) in silica optical fibers 
has limited wavelength coverage to less than 3μm due to intrinsic absorption [5]. This has motivated work in other 
systems such as fluoride [6] or chalcogenide fibers [7] that can extend the transparency window to longer wavelength 
coverage and enhance the nonlinearity and Raman effect for more efficient conversion of pump light at one wavelength 
band to a SCG over a much broader band. 

Several excellent reports are in the literature [8, 9] with supercontinuum coverage to 3.5μm, but the longer wavelengths 
continue to be problematic in terms of producing high power spectral density which is critical for many application, such 
as in the case of ZBLAN fiber-based supercontinuum sources due to intrinsic absorption. Although promising, these 
fibers are difficult to work with in terms of splicing and environmental sensitivity and have shown to exhibit re-
crystallization during splicing and fiber drawing, both of which raises their effective loss. Fluorides are physically weak 
compared to silica, suffer from reduced corrosion and laser surface damage resistance and are difficult to splice to 
common silica pump sources due to very steep temperature viscosity curve, low glass transition ~260°C and large 
coefficient of thermal expansion. Chalcogenides generally suffer due to low physical strength, impurity absorptions at 
specific wavelengths and low melting temperatures (<250°C). Tellurites offer a potential compromise possessing 
reasonably wide transmission over 0.4-6.5μm, moderate melting temperatures (>350°C), high rare earth solubility and 
corrosion resistance intermediate to fluorides and silica. Their high nonlinearity and oxide glass properties make them 
attractive for fiber-based supercontinuum generation applications. 
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2. TELLURITE GLASS AND FIBER 
 

Tellurium oxide based glasses are attractive for glass and fiber applications, because of their stability, strength, and 
chemical durability as well as their high optical nonlinearity (n2 = 2.5x10-19m2/W). However, up to now, it has been 
difficult to remove deleterious OH- from the glass and fiber, and only short fiber lengths (cm) have been practically 
investigated for low power supercontinuum generation [10]. Hydroxide incorporation leads to high absorption at 3.3μm, 
and severely limits the ability of the fiber to extend emission to its multi-phonon edge close to 5μm. In addition, the zero 
dispersion of the glass is at 2.5μm, and finding practical pump sources is not straightforward. 

Tellurites possess reasonably wide transmission over 0.4-6.5μm, moderate melting temperatures (>350°C), 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 results. With this in mind, NP Photonics set 
out to develop tellurite glass capable of transmitting with low loss from 2-5μm 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 ~3.3μm and 
~4.3μm. 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 ~3.02μm. As recently as 2012, 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 >60kpsi. Fiber can therefore be easily formed into cabling without breakage 
for use in real world applications.  

We have undertaken a fundamental study of the tellurium oxide glass system, selected glass compositions that have no 
absorption in the mid-IR band and have successfully produced glass and fiber with substantially no OH-. Tellurite glass 
possess both high nonlinearity approximately forty to sixty times that of silica fiber, broad transparency from UV to 
6.5μm, glass transition temperatures above 350°C and are mechanically more robust than fluorides or chalcogenides. For 
these reasons, NP Photonics embarked on a campaign to develop a tellurite based glass system most suitable for 
supercontinuum generation and transport. In order to do so, a systematic investigation was undertaken to remove all 
absorptions below 6μm. Major contributors fall into two groups. The first group consists of molecular species retained in 
the glass due to raw materials and processing conditions. This group includes species such as CO2, SO4, transition metals 
and especially hydroxyl (OH-) groups from moisture. The second group consists of glass components with high phonon 
energy. In order to remove those species in the first group we chose very high purity raw materials of 99.999% purity. In 
addition we developed proprietary processing techniques which eliminate nearly all molecular species particularly 
hydroxyl ions which possess strong absorption between 3μm and 5μm. We were able to reduce losses from hydroxyl 
ions from initial values of ~75dB/m to ~0.25dB/m. Other researchers have achieved similar results using large halide 
additions up to 30 mole % which is retained to a large extent in the final glass [11-14]. Retained fluoride causes a 
breakage of Te-O-Te bonds leading to an increase of non-binding oxygen atoms and therefore weakens the glass 
structure. We have accomplished substantial hydroxyl reduction without similar halide additions thus retaining the 
inherent strength of an all-oxide system while enabling low loss transmission throughout the mid IR region. In order to 
remove unwanted loss due to species of the second group, we systematically developed a glass removing all atomic 
species with higher phonon energy than the tellurium ion at ~650cm-1. The IR edge or resulting glass is thus limited by 
the tellurium itself. Resulting glasses exhibit good transmission starting from UV through the multi-phonon edge 
beginning at 4.5μm and ending at ~6.1μm with high absorption. Additionally these glasses exhibit excellent resistance to 
crystallization allowing for low loss fibers to be drawn. Resultant fibers possess all the necessary properties of high 
nonlinearity, low loss through the mid IR, and mechanical robustness. The overall transmission through the wavelength 
range from 600nm to 4500nm is measured to be less than 0.5 dB/m. 

Figure 1 shows the glass transmission from two typical core glasses, one with no dehydration process and one with the 
dehydration. The transmission is increased significantly in the 3.3μm band with flat transmission beyond 4μm. The 
Fresnel loss from air to glass interfaces is 10% per surface and accounts for the 20% loss. We have also engineered this 
glass to be compatible with a rod-in-tube fiber preform method, and a fiber drawing process – such that we are able to 
achieve low propagation losses (< 0.2 dB/m) over the transparency window of the fiber.  
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Figure 1. Transmission spectra of tellurite glass with (black dot) and without (blue circle) OH-; thickness is 10mm 
 

Tellurite glass has its material zero dispersion located at wavelengths close to 2.5μm, which is much longer than 
commonly available high peak power pump sources for practical supercontinuum generation. 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 1.92μm, and to have dispersion flattening, and 
highly confined single mode guidance over a wide wavelength range with SM cut-off near the pump wavelength. All of 
these careful considerations are key factors to obtain high efficiency supercontinuum generation, and are also a testament 
to the material quality, purity, and fiber waveguide flexibility available in the NP Photonics tellurite glass and fiber. 
Figure 2 shows cross sectional view of the nonlinear tellurite fiber fabricated for this supercontinuum generation 
application. 
 

 
 

Figure 2. Dispersion managed W type fiber with ZDW near 1.9μm and SM cutoff <1.9μm 
 

3. MID-IR SUPERCONTINUUM GENERATION 

Current mid-IR 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 2-5μm. These systems can in some cases be defeated by use of wavelength hopping missile guidance 
techniques. There exists a need for mid infrared countermeasures capable of simultaneous and very broad wavelength 
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coverage between 2-5μm. 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. In section 1, we described the tellurite fiber 
and its favorable transmission, dispersion, and nonlinear properties. In addition to the fiber itself, 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.  
 
Based on low loss, dispersion shifted W-type tellurite fiber, we have successfully produced an ultra-wide 
supercontinuum spectrum when pumping with a 1.92μm high power picosecond laser. The optical engine used to pump 
the nonlinear fiber contains several important innovations. The optical engine, which consists of a picosecond mode-
locked laser oscillator, a pulse stretcher, and optical amplifiers, is all-fiber based and offers scalable peak and average 
power suitable for generating supercontinuum in the tellurite fiber.  

The picosecond laser oscillator is an all-fiber mode-locked laser based on a Carbon Nanotube (CNT) saturable absorber. 
Figure 3 shows a schematic representation of the mode locked laser configuration. The CW pump laser at 1572nm is 
coupled into a ring laser cavity by a 1570nm/1900nm fused WDM. A Tm-Ho co-doped fiber is used as the gain medium. 
With this simple design, a stable self–starting mode-locked laser is realized. The output power measured right after the 
laser cavity is ~10mW. The repetition rate of the pulse train is 32MHz. Pulse width of ~1ps is measured using 
Femtochrome autocorrelator. The ultrashort fiber laser centered at wavelength of 1922 nm is used as the optical seed for 
subsequent power scaling. Figure 3 also shows the spectral profile of the mode-locked laser. The main power is centered 
at 1922nm in this case. A spool of fiber is used to temporally stretch the pulse width to approximately 20ps. The optical 
pulse train is inserted into two stages of fiber amplification before it is coupled into the nonlinear tellurite fiber.  

 

 
Figure 3. (Left) Schematic of all-fiber based mode-locked fiber laser oscillator. Tm-Ho doped fiber is used as a gain medium and 
Carbon Nano-tube (CNT) is used as a saturable absorbing mode-locker. (Right) Mode-locked laser spectral profile. 
 

Figure 4 shows the schematic of the optical engine and the supercontinuum generation architecture. The implementation 
consists of passively mode-locked Tm-doped fiber oscillator based on carbon nanotube saturable absorber in a ring 
cavity configuration, a fiber amplifier system, and the specialty nonlinear tellurite fiber for SCG. The light after the 
mode-locked laser is stretched and then amplified twice to reach the power level up to 10W.  
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Figure 4. Schematic of the experimental setup used for supercontinuum generation. Cross-section of the W-type tellurite fiber is 
shown in the inset. (Iso=Isolator, WDM=Wavelength Division Multiplexer, Tm=Thulium) 

 

Figure 5 shows the autocorrelation trace after the second amplifier, 
which acts as the input to the supercontinuum fiber, and after the 
supercontinuum fiber. Pulse width after the second amplifier with all 
the stretching and amplification increases to 26ps. Pulse quality is still 
maintained at this stage, and there is no wavelength shifting or change 
in spectrum in the amplified pulse train compared to the oscillator. The 
operating wavelength of the pump source from the second amplifier is 
within 20nm of the expected dispersion-zero position of the tellurite 
fiber on the normal side of the dispersion. Finally, we couple the light 
into the supercontinuum fiber using either a free space optical setup 
with coupling lens – or a recently developed all-fiber taper coupler 
based on tellurite fiber. Using the tellurite taper coupling fiber, we 
have developed splicing programs to connect the 15μm core diameter 
silica fiber from the second amplifier to the supercontinuum fiber 
using the taper coupler as a transition and coupling fiber. With the 
appropriate design of this fiber, we have been able to couple 85% of 
the pump light into the smaller core tellurite fiber.  

The highly non-linear, dispersion flattened W-type tellurite fiber plays a central role in the generation of ultra-wide and 
high power supercontinuum. The physics of the supercontinuum generation process involves the interplay of many 
nonlinear mechanisms as the pump pulse propagates and interacts with the nonlinear fiber. As the power in the 
supercontinuum fiber is slowly increased, the excess power not needed for the formation of the fundamental soliton is 
stripped off and becomes dispersion broadened. After the self-frequency shifting, two pulses with different optical 
frequency travel at different speed inside the fiber. Therefore, we detect double pulses in the spectrally filtered 
autocorrelation (Fig. 5). Further increase in power lets the satellite shift away from the central peak. Frequency of 
separation between the two spectral features depends strongly upon the power after the second amplifier.  This is clear 
indication of a continuous shift in the optical frequency of a soliton as it travels down the fiber. The effect is caused by a 
Raman self-pumping of the soliton, by which energy is transferred from the higher energy spectrum to the lower parts of 
its spectrum. A more detailed study of the underlying physics is needed to fully quantify the supercontinuum generation 
process occurring in our fiber. 

Figure 6 shows the supercontinuum spectrum at the output of approximately 1m length of nonlinear tellurite fiber. The 
long wavelength part of the spectra, which is otherwise inaccessible by standard OSA, is measured with a high 
performance TE-cooled, 256-element PbS/PbSe array commercial spectrometer. Lock-in amplifier and filters are used to 
increase the sensitivity of the measurement. The total average power generated above the 2μm pump wavelength is 
approximately 600mW from 2μm to 5μm. Similar amount of power is generated from 1μm to 2μm. The total coupled 

Figure 5. Autocorrelation spectra of the pump before 
(blue circle) and after (black star) the 
supercontinuum fiber. 
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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 the 4μm to 5μm wavelength band is several orders of magnitude 
larger than achieved with 10.5W of ZBLAN-based supercontinuum sources [8]. At this time, we believe that the 
formation of the anti-Stokes component and its broadening due to SPM is responsible for the short wavelength portion of 
the generated supercontinuum. The SC generation in the long wavelength portion as the power is increased is attributed 
to generation of Raman soliton due to self-frequency Raman shift. 
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Figure 6. Supercontinuum generation in W-type proprietary tellurite fiber pumped by 3W of ~20ps pulses from a 32MHz repetition 
rate amplified mode locked laser at 1.92μm. (Note: dotted line is the transmission loss as measured in 10mm thick tellurite glass 
sample which is used to fabricate the nonlinear tellurite fiber for SCG) 
 

Figure 7 shows the spatial mode profile for the output SC beam in various spectral bands. Single mode operation is 
confirmed above 2.2μm, 2.6μm, 3.6μm and 4.6μm. The integrated output power is highly stable with peak-to-peak 
power variations of less than 5% over 1.5 hour measurement time. Order of magnitude scaling of pump peak and 
average power are imminently possible using existing fiber laser and amplifier technology. At these power levels, we 
have not encountered thermal or damage limitations. We also have developed fusion splice capabilities connecting 
tellurite and silica fibers. We have achieved supercontinuum power in various bands similar to that in Figure 6 using a 
fully fiber-based all-spliced pump and supercontinuum generation system architecture. 
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Figure 7. Spatial mode profile of SCG beam for wavelengths above 2.2μm, 2.6μm, 3.6μm , and 4.6μm. Single mode operation is    
confirmed above 2μm wavelength. 
 

 
CONCLUSIONS 

We have successfully developed a single mode, high power, extended wavelength coverage (1µm to 5µm) 
supercontinuum generation source using a tellurite-based dispersion managed nonlinear fiber and an all-fiber based short 
pulse (20 ps), single mode pump source. This mid IR supercontinuum source is based on a highly purified solid-core 
tellurite glass fiber that is waveguide engineered for dispersion-zero matching with Tm-doped pulsed fiber laser pumps. 
The conversion efficiency from 1922nm pump to mid IR (2μm-5μm) supercontinuum is greater than 30%, and 
approaching 60% for the full spectrum. We have achieved > 1.2W covering from 1μm to 5μm with 2W of coupled 
pump. In particular, the wavelength region above 4μm has been difficult to cover with supercontinuum sources based on 
ZBLAN or chalcogenide fibers. In contrast to that, our nonlinear tellurite fibers have a wider transparency window free 
of unwanted absorption, and are highly suited for extending the long wavelength emission above 4μm. We achieve 
spectral power density at 4.1μm already exceeding 0.2mW/nm and with potential for higher by scaling of pump power. 
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