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Abstract 

Compared to other laser platforms, fiber lasers have the advantages of 

outstanding heat dissipating capability, high power scalability, excellent beam 

quality, inherent simplicity and compactness, robust manufacturing and 

maintenance, and hermetically guided laser beams. Fiber lasers have seen 

significant progress in various aspects of laser performance, including high 

power/energy, short pulse duration, narrow spectral linewidths, and improved 

efficiency during the past sixty years. It is worth noting that most of these 

achievements were accomplished with silica fibers. Different from silica fibers 

usually producing lasers only at the 1 m, 1.55 m, and 2 m wavelength regions, 

fluoride fibers are of great interest for generating lasers from ultraviolet to mid-

infrared due to their low phonon energy and the ultra-wide transparency window 

of fluoride glass. In this dissertation, dysprosium (Dy3+) doped fluoride fiber 

lasers at 3 m and holmium (Ho3+) doped fluoride fiber lasers at 1.2 m were 

investigated. 

To date, research activity on 3 m fiber lasers has been focused on erbium 

(Er3+), Ho3+ and Dy3+ doped fluoride fiber lasers. Compared to Er3+ and Ho3+ doped 

fluoride fiber lasers that generally produce lasers below 3 m, Dy3+-doped 

fluoride fiber lasers have attracted significant attention recently because Dy3+ has 

a much broader emission spectral bandwidth in the 3 m wavelength region and 

is able to produce laser radiation up to 3.4 m. However, most Dy3+-doped fiber 

lasers have been pumped with fiber lasers or solid-state lasers at the absorption 
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peaks of Dy3+ at 1.1 m, 1.3 m, 1.7 m, and 2.8 m, where commercial high-

power laser diodes are unavailable. We proposed to solve this problem by using 

Er3+ synthesized Dy3+-doped fluoride fibers, which allow us to develop compact 

3.4 m fiber lasers pumped with low-cost high-efficiency diodes at 980 nm. In my 

Ph.D research, spectroscopic studies on Er3+-, Dy3+-, and Dy3+/ Er3+ -doped 

fluoride glasses was first conducted to confirm efficient energy transfer from Er3+ 

to Dy3+ in the Er3+/Dy3+ co-doped system when pumped at 980 nm. Then a custom 

Dy3+/Er3+-doped fluoride fiber was designed and fabricated and Dy3+/Er3+-doped 

fluoride fiber lasers beyond 3 m were demonstrated with low-cost high 

efficiency diode laser pumps at 980 nm. Moreover, a diode-pumped wavelength 

tunable fiber laser with a tuning range from 2.71 to 3.37 m was demonstrated. 

In addition to 2 and 3 m fiber lasers, Ho3+-doped fluoride fibers have been 

demonstrated as high efficiency gain media for 1.2 µm lasers. In this dissertation, 

a diode-pumped mode-locked Ho3+-doped fluoride fiber laser at 1.2 μm was 

demonstrated with a ring-cavity laser incorporated with a carbon-nanotube 

saturable absorber. Stable mode-locked pulses with an average power of 1 mW 

at a repetition rate of 18.47 MHz were obtained at a pump power of 348 mW. The 

pulse energy and peak power of this mode-locked laser oscillator were estimated 

to be about 54 pJ and 12.6 W. The pulse duration was measured to be 4.3 ps by 

an autocorrelator. 
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Chapter 1. Introduction and Background. 

1.1. Fiber lasers. 

“Laser” is an acronym for “Light Amplification by Stimulated Emission of 

Radiation”, created in 1957 by Gordon Gould, although the conceptual foundation 

for the laser was Albert Einstein’s proposal that photons could create stimulated 

emission of identical photons from excited atoms [1]. The term is nowadays 

mostly used for laser oscillator related devices generating light based on laser 

principles. The world's first laser was demonstrated in 1960 by Theodore H. 

Maiman [2,3]; a flash lamp was used to pump the ruby crystal to achieve a solid-

state laser. Nearly in the same year, the first gas laser was made [4]. Since then, 

many different types of lasers, such as gas lasers, liquid lasers and solid-state 

lasers have been developed.  

Typical gas lasers include CO2 lasers [5-6], helium-neon lasers [7], excimer 

lasers [8] and argon ions lasers [9]. The CO2 laser is a molecular gas laser with 

emission in the long-wavelength infrared spectral region (10.6 μm) and mostly 

used for processing machines and marking applications. The helium-neon laser 

is a type of gas laser whose gain medium consists of a mixture of helium and neon 

gases and mostly used in measurement systems with a low output. Ultraviolet 

lasers, excimer lasers and argon ions lasers are predominantly used in 

semiconductor exposure equipment. 
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Compared to other types of lasers, solid-state lasers are currently the most 

preferred for factors relating principally to their performance, reliability and 

minimal required maintenance. The solid-state laser efficiency is generally higher 

than that of the gas lasers we mentioned above. The solid-state laser output 

power can vary from milliwatts to kilowatts for different applications. Both 

continuous-wave and pulsed outputs can be readily achieved by solid state lasers. 

A fiber laser is a kind of solid-state laser which uses doped optical fiber as 

the gain medium. A basic all-fiber configuration of a fiber laser is shown in Figure 

1.1.1 (a); it consists of a doped fiber performing as the gain medium and a pair of 

fiber Bragg gratings (FBGs) forming the oscillation cavity. Optical fiber is a  

cylindrical waveguide that has a core with high refractive index and a cladding 

with low refractive index as shown in Figure 1.1.1 (b). It exhibits outstanding 

thermal performance due to its high surface to volume ratio which provides for 

rapid heat dissipation. The spatial distribution of the optical mode in the fiber is 

well-confined which ensures low cavity optical loss and good beam quality.  The 

broad gain linewidth of rare earth doped fiber enables ultrashort pulse operation 

and wide wavelength tunability. An all-fiber laser system also benefits from 

significantly improved compactness and reduced alignment difficulty during 

laser operation. 
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Fig. 1.1.1. (a) Basic configuration of a fiber laser. (b) Basic structure of 
single cladding step-index optical fiber. 

The first fiber laser was demonstrated in 1964 [10], and intense research 

interest has been focused on fiber lasers since the work of Payne in 1985 [11,12]. 

Sixty years of development in fiber lasers has resulted in greatly improved laser 

performance and a broad range of applications. At present, the emission 

wavelengths of fiber lasers cover from the ultraviolet to the visible, infrared, and 

even to the mid-infrared region [13-19]. In 1994, micro-watt scale lasing around 

381 nm has been observed in neodymium-doped fluoride glass fibers at room 

temperature [13]. Other than conventional laser pumping schemes to achieve 

lasers operating in the visible wavelength region [14], other promising 

techniques such as second harmonic generation and up-conversion lasing [15] 

have also been applied to the production of visible coherent radiation. Fiber 

lasers operating at infrared and mid-infrared region [16-19] also attract intense 

research interest due to their application to molecular spectroscopy, medical 
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treatment, oxygen remote sensing, noninvasive medicine and biomedical 

diagnostics [20-24].  

In the next section, we will introduce some laser fundamentals that will help 

us understand both the physical mechanisms and important parameters for 

lasers in general. 

1.2. Laser fundamental. 

1.2.1. Absorption, spontaneous emission, and stimulated emission. 

Particles in a quantum mechanical system can only take on certain discrete values 

of energy, known as energy levels. In this section, we will discuss absorption, 

spontaneous emission and stimulated emission based on energy level diagrams. 

Absorption is the process where the optical energy of a photon is converted 

to the internal energy of electrons. As illustrated in Figure 1.2.1, when a photon 

with some specific frequency ν is absorbed, the photon energy (hν) causes an 

electron in the ground state (E1) to go to a higher energy level (E2). As specific 

atoms have certain energy level gaps, only photons with a certain frequency can 

be absorbed to raise the electrons out of the ground state, which leads directly to 

the observation of an absorption spectrum, where transmission is reduced at 

those optical frequencies corresponding to a difference in energy between the 

ground state and a given excited state. 
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Fig. 1.2.1. Partial energy level diagram illustrating absorption of a 
photon. 

Spontaneous emission is an energy conversion process where the excited 

electron in a higher energy level decays to a lower energy level without 

interactions with other photons and emits a photon with certain frequency as 

shown in Figure 1.2.2 with E2 - E1 = hν  The average decay time by spontaneous 

emission is called the spontaneous emission lifetime. The spontaneous lifetime 

varies from material to material, with the process usually occuring within 

nanoseconds, while it can take as long as seconds in some kinds of materials. 

Energy is conserved during the decay process; there are radiative decay channels 

where the energy is converted to an electromagnetic wave (photons) and non-

radiative decay channels where the energy is converted to heat or molecular 

vibrations. Black body radiation is also a kind of spontaneous emission.  
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Fig. 1.2.2. Partial energy level diagram illustrating spontaneous emission 
of a photon. 

Stimulated emission is an energy conversion process where the excited 

electron in a higher energy level decays to a proper lower energy level through 

interactions with other photons and emits a photon at a certain frequency as 

shown in Figure 1.2.3. The stimulated emission photon will have the same 

frequency, direction, phase, and electromagnetic polarization as the incoming 

photon which initiated the process. 

 

Fig. 1.2.3. Partial energy level diagram illustrating stimulated emission. 

In laser physics, transition cross sections are used to quantify the probability 

of optically induced events. We will briefly introduce two kinds of transition cross 
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sections here, the absorption cross section and the emission cross section. We can 

measure the absorption of the material to calculate its absorption cross section 

and measure the fluorescence of the material to calculate its emission cross 

section. The absorption and emission cross sections of holmium doped ZBLAN 

glass is illustrated in Figure 1.2.4.  In most cases, there is a McCumber relation 

[25] that relates the absorption and emission cross sections. 

 

Fig. 1.2.4. Absorption and emission cross sections of holmium-doped 
ZBLAN glass. 
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1.2.2. Rate equations and population inversion. 

We have discussed absorption, spontaneous emission, and stimulated emission 

processes in the last section, and we are going to discuss what factors determine 

the rate of these processes in this section. 

As shown in Figure 1.2.4, assume two energy levels are involved, the lower 

state (E1) is the ground state and the upper state is the excited state (E2). The 

number of electrons per unit volume in the ground state is denoted as N1 and the 

number of electrons per unit volume in the excited state is denoted as N2. 

 

Fig. 1.2.4. Partial energy level diagram for analyzing rate equations. 

The rate of the absorption process can be represented as Equation 1.1, where 

B is known as the Einstein B coefficient and u is related to the spectral energy 

density per unit bandwidth; we will discuss the process for specific cases in 

Chapter 2 where the coefficient R is defined.  Absorption can only occur when 
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there are electrons in the ground state and it is proportional to the number of 

electrons in the ground state.  Moreover, the absorption rate also depends on 

the number of incoming photons. 

𝑑𝑁ଵ

𝑑𝑡
ฬ

௔௕௦
= −𝐵ଵଶ𝑁ଵ𝑢 = −𝑅ଵଶ𝑁ଵ                                            (𝑒𝑞. 1.1) 

The rate of the spontaneous emission process can be represented by 

Equation 1.2; it clearly depends on the number of electrons in the excited state. 

The constant A is called the Einstein A coefficient, which is related to the lifetime 

of an electron in the energy level. 

𝑑𝑁ଵ

𝑑𝑡
ฬ

௦௣௢௡ି௘௠௜
= 𝐴ଶଵ𝑁ଶ                                                            (𝑒𝑞. 1.2) 

The rate of the stimulated emission process can be represented as in 

Equation 1.3, it is dependent on the number of electrons in the excited state. As 

stimulated emission requires incoming photons, the spectral energy density per 

unit bandwidth also influence the process rate. We are going to discuss specific 

cases in Chapter 2 where the coefficient W will be defined and used. 

𝑑𝑁ଵ

𝑑𝑡
ฬ

௦௧௜ି௘௠௜
= 𝐵ଶଵ𝑁ଶ𝑢 = 𝑊ଶଵ𝑁ଶ                                          (𝑒𝑞. 1.3) 

According to equations from eq. 1.1 to eq. 1.3, we can see that the process 

rate is related to the number of electrons in each energy level and the input 

photon densities. When a photon with a certain frequency is absorbed and the 

electrons are excited to a higher energy level, the number density of electrons in 
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the ground state decreases and the number density of the electrons in the excited 

state increases. After photons are emitted from the excited state, the number 

density of the electrons in the higher energy level decreases and the number 

density of the electrons in the ground state increases. Equation 1.4 represents the 

time rate of change of the number density of electrons in the ground state, which 

should ultimately be zero when the system is at steady state. 

  
ௗேభ

ௗ௧
= −𝐵ଵଶ𝑁ଵ𝑢 + 𝐴ଶଵ𝑁ଶ + 𝐵ଶଵ𝑁ଶ𝑢 = 0                              (𝑒𝑞. 1.4)      

Laser amplification can only be achieved when more than 50% of the atoms 

maintain electrons in the excited state; this is called population inversion. We are 

going to discuss rate equations with specific cases in Chapter 2 and numerical 

results will be analyzed there. 

1.3. Fluoride fiber. 

One way to increase the efficiency of a fiber laser is to increase the rare-earth 

doping concentration of the fiber. However, rare-earth clusters can take place at 

high dopant concentrations which lead to concentration quenching and photon 

darkening. Using fiber fabricated from special materials other than silicate glass 

is one method to enhance the limited doping concentration. Phosphate, 

germanate, chalcogenide and fluoride fibers can all serve as the host material that 

primarily constitutes the fiber. In this section, we will discuss the main properties 

of glass fibers fabricated from these different materials.  
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Silicate glasses are the most common hosts for rare-earth ions due to their 

low loss, high tunability and strength. Phosphate glasses allow very high doping 

concentrations of rare-earth ions and are primarily used for high gain fibers. The 

high gain coefficient of phosphate fiber enables an efficient fiber laser with a short 

oscillation cavity that delivers single frequency output [26,27]. Fluoride and 

chalcogenide glasses have also attracted great attention as they were found to 

have low phonon energy and excellent mid-infrared transparency. These glasses 

can perform as the rare-earth ion host for lasers operating at visible and mid-

infrared region, where the emission wavelength is difficult to obtain from silicate 

and phosphate fiber. In the field of laser development, fluoride glasses are more 

popular than chalcogenide glasses as fluoride glasses have high doping 

concentration limits (~10 mol.%), relatively high strength and low background 

loss (<0.05 dB/m). Chalcogenide glasses have good performance in nonlinear 

frequency generation due to their high nonlinearity [28,29] although long term 

efforts are needed for chalcogenide fiber lasers to advance due to their low rare-

earth ion doping limit (~0.1 mol.%) and large background loss (0.5-1 dB/m). In 

this section, we will focus mainly on fluoride glasses and fluoride fibers. 

Ohsawa reported the first ZBLAN glass (ZrF4-BaF2-LaF3-AlF3- NaF) in 1981  

[30] and a molar composition of 53% ZrF4, 20% BaF2, 4% LaF3, 3% AlF3 and 20% 

NaF was considered the most stable glass for optical fiber application. Fluoride 

glass is more difficult to fabricate than silicate glass because of the strict 

requirements for the purity of starting materials. During all synthesis processes 

for fluoride fiber, the absence of water and contamination prevention should be 
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strictly satisfied. Moreover, ZBLAN glasses can easily crystallize as the glass 

transition temperature and the melting point are quite close. It is important to 

note that the composition of ZBLAN glass can vary, as small quantities of similar 

materials can be added or substituted to slightly modify the glass properties and 

optical properties.  

Compared to silica glass, ZBLAN glasses have lower bond strengths, which 

leads to differences in key properties. The infrared absorption edge of ZBLAN 

glass is at a much longer wavelength than that of silica glass, but the stability and 

hardness of ZBLAN glass is much lower than that of silica glass, which increases 

the difficulty of working with the ZBLAN fibers. Attenuation is another important 

parameter for fiber optic materials; the minimum loss coefficient for ZBLAN glass 

is predicted to be 0.01 dB/km at 2.5 μm [31] and an attenuation coefficient of less 

than 1dB/km has been demonstrated in ZBLAN fibers [32]. However, the 

background loss of all commercially available ZBLAN fibers (10-100 dB/km) is 

much higher than that of commercial silica fiber (0.2 dB/km), which is due to the 

impurities introduced during the fabrication process. A detailed comparison of 

the basic properties of silica and ZBLAN glasses is given in Table 1.3.1. 
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Table 1.3.1. Comparison of basic properties between silica and ZBLAN glasses [114].

 

 

Compared to silica fiber, fluoride fiber exhibits higher optical transmission 

in the mid-infrared wavelength region (beyond 2m) because the heavy glass 

constituents lead to low phonon-energy (~600 cm-1). Among the energy levels of 

rare-earth dopants, some transitions that is not presented in silicate materials are 

enabled because of the low phonon-energy.  Some energy levels of rare-earth 

dopant ions in fluoride glasses also exhibit long lifetimes compared with those in 

silicate fiber, allowing the realization of fiber lasers in the mid-infrared region. 

We will discuss continuous wave laser operation based on fluoride fiber more 

specifically in Chapter 3.  
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Fig. 1.3.1. Transmission of silica fiber and fluoride fiber. (From Thorlabs 
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=7062
#ad-image-0) 

1.4. Pulsed fiber lasers. 

Pulsed laser operation can generally be achieved by Q-switching and mode-

locking techniques. Due to the broad gain bandwidth of rare-earth ion doped 

glass, rare-earth doped fibers have attracted great interest for laser pulse 

generation. Ultrafast fiber lasers with high-power output have been applied to 

industrial processes such as micromachining, including microscale cladding, 

surface texturing, welding, cutting, and drilling [33–36]. Because of the high peak 

power output of a pulsed laser, pulsed lasers perform as an ideal source for 

nonlinear photonics effects and associated applications such as optical 
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parametric oscillators[37-41], supercontinuum generation[42-43] and terahertz 

generation[44-45]. In this section, we give a brief introduction to Q-switching and 

mode-locking techniques. 

Q-switching and mode-locking are two laser technology approaches fo 

achieveing pulsed lasers. Q-switching is a technique to achieve pulsed lasers by 

adjusting the intracavity losses and the Q-factor of the cavity. The pulses achieved 

by Q-switching are typically in nanosecond scale. A basic schematic of how Q-

switching or mode-locking components are inserted into a laser system is 

illustrated in Figure 1.4.1. Various Q-switches components have been 

demonstrated for achieving Q-switched laser over the past decades. Q-switched 

fiber lasers have been demonstrated through the use of bulk or fiber coupled 

acoustic-optic modulators (AOM) and electro-optic modulators (EOM) [46-48], 

saturable absorbers [49-51], the gain switching method [52] and other Q-

switched techniques [53-55].   

 

Fig. 1.4.1. Schematic of Q-switching/mode locking components in a 
laser system. 
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Fig. 1.4.2. Nanosecond scale pulse trains from a Q-switched laser. 

 

Fig. 1.4.3. Picosecond scale pulse trains from a mode-locked laser. 

By locking multiple axial modes in a laser cavity, mode-locked lasers capable 

of producing ultrafast laser pulses (femtosecond or picosecond pulses) with peak 
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powers many orders of magnitude higher than in the CW mode are of great 

interest. The schematic of mode-locked laser is similar with that of Q-switched 

laser. Mode locking components such as modulators, saturable absorbers or 

polarization dependent structures are usually placed in the laser cavity and lead 

to the formation of the ultrafast pulses. The pulses achieved by mode-locking are 

typically in the picosecond or femtoseconds regime[56-59]. Pulse trains from a 

Q-switched laser and mode-locked laser are shown in Figure 1.4.2 and Figure 

1.4.3. 

Besides pulsed laser in near-infrared and infrared region, various methods 

to achieve Q-switched lasers [60-67] and mode-locked lasers [68-77] at 3 m are 

focusing on the rare-earth dopants such as erbium and holmium.  

We will discuss the pulsed laser operation based on fluoride fiber more 

specifically in Chapter 4.  

1.5 Outline of the dissertation. 

Fluoride fiber lasers are of great interest for a wide range of scientific and 

technological applications including spectroscopy, medical surgery, free space 

communication, remote sensing, and material processing. In this dissertation, I 

report on the spectroscopic study of fluoride glasses and mid-infrared laser 

development based on these materials. 

In Chapter 2, a spectroscopic study of rare-earth doped fluoride materials is 

presented. Both fluorescence spectra and lifetime of these materials have been 
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measured by a custom-built experimental setup and the energy transfer 

processes have been analyzed. 

In Chapter 3, we discuss the development of mid-infrared fluoride fiber 

lasers based on the co-doped rare earth materials. The performance of the 

continuous wave operation mid-infrared laser has been analyzed and a laser 

tunable over a 700 nm range has been demonstrated and the results analyzed. 

In Chapter 4, a diode-laser pumped carbon nanotube mode-locked Ho3+-

doped fluoride fiber laser at 1.2 μm is demonstrated.  Stable mode-locked pulses 

with an average power of 1 mW at a repetition rate of 18.47 MHz were obtained 

at a pump power of 348 mW. The pulse energy and peak power of this mode-

locked laser oscillator were about 54 pJ and 12.6 W, and increased to 2.41 nJ and 

0.54 kW, respectively, for a 15-cm long Ho3+-doped fluoride fiber amplifier. The 

pulse duration was measured to be 4.3 ps by an autocorrelator. 
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Chapter 2. Spectroscopic study of rare-
earth-doped fluoride glass 
 

Rare-earth doped fluoride glasses have attracted great interest for serving as a 

gain medium because of their specific emission wavelengths and energy levels 

with low phonon energy, which enable efficient emission at wavelengths that are 

not available in rare-earth doped silicate glasses due principally to non-radiative 

decay and transmission loss. In this chapter, we are going to discuss rate 

equations for erbium (Er3+), holmium (Ho3+) and dysprosium (Dy3+) doped 

fluoride glasses. Spectroscopic properties of Er3+, Ho3+ and Dy3+ singly doped 

fluoride glasses will be discussed, with both fluorescence and lifetime 

measurements accomplished by custom built experimental setups. According to 

the spectroscopic properties of singly doped fluoride glasses, co-doped fluoride 

glasses will also be investigated, and the related rate equations will be analyzed 

based both on simulation results and experiment results, forming a theoretical 

basis for the mid-infrared co-doped fluoride glass fiber laser in the next chapter. 

2.1. Er3+, Ho3+, and Dy3+ singly–doped fluoride glass. 

Rare-earth doped fluoride glasses with a composition of ZrF4-BaF2-LaF3-AlF3-NaF 

(ZBLAN) as the host glass were fabricated by FiberLabs Inc. using the 

conventional melting-quenching technique. 2 mol% Er3+-doped, 1 mol% Ho3+-

doped and 1 mol% Dy3+-doped glasses were prepared. Singly doped ZBLAN glass 

samples with a thickness of about 1 cm were cut and polished for transmission 
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spectrum measurements. Glass samples with a thickness of 1 mm were cut and 

their two large-area surfaces and one small-area surface were polished to optical 

quality for the fluorescence and lifetime measurements.  

2.1.1. Energy-level diagrams and rate equations. 

The partial energy-level diagram for Er3+ and the transitions related to ground 

state absorption and mid-IR emission are shown in Figure 2.1.1. Er3+ ions in the 

ground state can be excited to the 4I11/2 (4I15/2→4I11/2) level by absorbing near-IR 

light at 976 nm. The radiative transition from level 4I11/2 to level 4I13/2 generates 

emission in the 3 m wavelength region and that from level 4I13/2 to the ground 

level generates light in the 1.5 m wavelength region.  

 

Fig. 2.1.1. Partial energy-level diagram of Er3+ and the transitions related 
to emission in the infrared region. 
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The steady state rate equations for Er3+ doped fluoride glass samples can be 

written as follows (eq. 2.1 ~eq. 2.4): 

𝑑𝑁ଷ

𝑑𝑡
= 𝑅ଵଷ𝑁ଵ − 𝐴ଷଵ𝑁ଷ − 𝐴ଷଶ𝑁ଷ = 0                          (𝑒𝑞. 2.1) 

𝑑𝑁ଶ

𝑑𝑡
= 𝐴ଷଶ𝑁ଷ − 𝐴ଶଵ𝑁ଶ = 0                                           (𝑒𝑞. 2.2) 

𝑑𝑁ଵ

𝑑𝑡
= −𝑅ଵଷ𝑁ଵ + 𝐴ଷଵ𝑁ଷ + 𝐴ଶଵ𝑁ଶ = 0                       (𝑒𝑞. 2.3) 

𝑁௘௥ = 𝑁ଵ + 𝑁ଶ + 𝑁ଷ                                                       (𝑒𝑞. 2.4) 

where, Ni is the population on the corresponding energy level of Er3+ in 

Figure 2.1.1. R13=(absPp)/(hpAeff) is the pump rate, σabs is the absorption cross-

section of Er3+, Pp is the laser pump power, Aeff is the effective area of the pump 

spot, h is the Plank constant, and ν is the frequency of the pump; Aij is the 

transition rate of the spontaneous emission from level i to level j and the values 

of Aij can be achieved according to their lifetimes and branching ratios. To have 

a numerical understanding of the rate equation, we need to measure the 

transmission of the glass sample to acquire σabs, measure the lifetime of each 

energy level to acquire Aij and the population density Ni of each energy level 

will be represented by the fluorescence intensity. 

In our experiment, the transmission spectra of the glass samples from 300-

3300 nm were measured with a Cary 5000 spectrometer. Figure 2.1.2 shows the 

transmission of the 1.1 cm-thick 2 mol% Er3+-doped ZBLAN sample. Applying 

equations 2.5 and 2.6, the absorption cross-section (σabs) of Er3+ is calculated to 
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be 2×10-25 m2 at 976 nm. Here, T is the transmission of the bulk sample at a 

specific wavelength (i.e., 976 nm), L is the length of the bulk sample, α is the 

absorption coefficient at the measurement wavelength and the N is the doping 

concentration. 

𝑇 = exp(−𝛼𝐿)                                             (𝑒𝑞. 2.5) 

𝛼 = 𝜎௔௕௦𝑁                                                      (𝑒𝑞. 2.6) 

 

Fig. 2.1.2. Measured transmission spectra of 1.1 cm-thick 2 mol% Er3+-
doped ZBLAN glass samples.  

Ho3+ ions have a near-IR absorption band at 1150 nm and the ground state 

absorption (5I8→5I6) at this wavelength can populate the upper laser level 5I6 for  

3 m emission (5I6 → 5I7). The radiative transition from level 5I7 to the ground 

state level 5I8 generates light in the 2 m wavelength region. The partial energy-

level diagram for Ho3+ and the transitions related to ground state absorption and 

mid-IR emission are shown in Figure 2.1.3.   
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Fig. 2.1.3. Partial energy-level diagram for Ho3+ and the transitions 
related to emission in the infrared region. 

The steady state rate equations of Ho3+ doped fluoride glass can be written 

as follows (eq. 2.7 ~eq. 2.10): 

𝑑𝑁଺

𝑑𝑡
= 𝑅ସ଺𝑁ସ − 𝐴଺ସ𝑁଺ − 𝐴଺ହ𝑁଺ = 0                          (𝑒𝑞. 2.7) 

𝑑𝑁ହ

𝑑𝑡
= 𝐴଺ସ𝑁଺ − 𝐴ହସ𝑁ହ = 0                                           (𝑒𝑞. 2.8) 

𝑑𝑁ସ

𝑑𝑡
= −𝑅ସ଺𝑁ସ + 𝐴଺ସ𝑁଺ + 𝐴ହସ𝑁ହ = 0                       (𝑒𝑞. 2.9) 

𝑁௛௢ = 𝑁ସ + 𝑁ହ + 𝑁଺                                                       (𝑒𝑞. 2.10) 

Figure 2.1.4 shows the transmission of a 0.75 cm-thick 1 mol% Ho3+-

doped ZBLAN sample from which the absorption cross-section can also be 

calculated. 
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Fig. 2.1.4. Measured transmission spectra of 0.75 cm-thick 1 mol% Ho3+-
doped ZBLAN sample 

Dy3+ ions have three near-IR absorption bands at 1090 nm, 1300 nm, and 

1700 nm. The 3 m emission can be produced by the radiative transition from 

level 6H13/2 to level 6H15/2. The partial energy-level diagrams of Dy3+ and the 

transitions related to the ground state absorption and mid-IR emission are shown 

in Figure 2.1.5.   
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Fig. 2.1.5. Partial energy-level diagram of Dy3+ and the transitions related 
to emission in the infrared region. 

The steady state rate equations (steady states) of Dy3+ doped fluoride glass 

samples can be written as follows (eq. 2.11~eq. 2.13): 

𝑑𝑁଼

𝑑𝑡
= 𝑅଻ଽ𝑁଻ − 𝐴଼଻𝑁଼ = 0                                              (𝑒𝑞. 2.11) 

𝑑𝑁଻

𝑑𝑡
= −𝑅଻ଽ𝑁଻ + 𝐴଼଻𝑁଼ = 0                                           (𝑒𝑞. 2.12) 

𝑁ௗ௬ = 𝑁଻ + 𝑁଼                                                                    (𝑒𝑞. 2.13) 

Figure 2.1.6 shows the transmission of a 1 cm-thick 1 mol% Dy3+-doped 

ZBLAN glass sample; the absorption cross-section can also be calculated. 
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Fig. 2.1.6. Measured transmission spectrum of a 1 cm-thick 1 mol% Dy3+-
doped ZBLAN sample 

2.1.2. Fluorescence measurement  

Fluorescence is emitted when the rare-earth ion doped material is pumped with 

light at at specific wavelengths. For rare-earth ion doped material, the electrons 

of the dopant ions will be excited from the ground state to excited states when 

the material is pumped at wavelengths with large absorption cross-sections. For 

electrons in excited states, radiative decay occurs and spontaneous emission will 

be observed which is known as fluorescence. The intensity of the fluorescence is 

related to the population density on the excited state energy level and the 

emission wavelength is generally dependent on difference in energy between the 

excited state and the ground state; fluorescence can also occur between two 

excited state energy levels. The study of the fluorescence helps us to determine 

the emission wavelength of lasers based on the material. In this section, a 
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conventional method to measure the fluorescence of rare-earth doped materials 

will be introduced and the experimental setup will be applied to measure the 

infrared fluorescence of Er3+, Ho3+and Dy3+ doped ZBLAN glasses. 

A conventional measurement technique with the experimental setup is 

depicted in Figure 2.1.7.  A well-polished glass sample was fixed by a tweezer 

with the mechanic stage, the pump source was launched into the glass sample at 

a small region close to the edge of the polished surface. Once the electrons in the 

ground state were raised to excited states, spontaneous emission occurs and 

fluorescence emission results. The fluorescence emitting from the glass sample 

was collected by a collimating lens at 90 degrees to the direction of the pump light. 

The continuous wave fluorescence was modulated by a mechanical chopper at A 

low frequency (typically a few hundred Hertz), after which another focusing lens 

was applied after the chopper to collect the light into the monochromator (ORIEL 

Instruments, Model 77702). The fluorescence intensity was measured by the 

lock-in detection technique with a lock-in amplifier (Princeton Applied Research, 

Model 5209) to detect the modulated signal received by the detector of the 

monochromator. LabVIEW software was used to control the monochromator and 

record the fluorescence spectrum. 

Near-infrared continuous-wave laser sources at absorption peaks were used 

as the pumps to excite Er3+, Ho3+, and Dy3+.  To ensure a system compatible with 

both infrared and mid-infrared emission, a black diamond aspheric lens 

(Thorlabs C036TME-E) was selected to work as the collimation lens and a CaF2 

plano-convex lens (Thorlabs LA5370) was selected to work as the focusing lens.  
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Scattered pump light sometimes influenced the fluorescence measurement 

results while the pump is focused on the test samples. To filter the scattered 

pump light and fluorescence of no interest, long-pass filters with cut-off 

wavelengths at 2500 nm (Spectrogon LP-2500nm) and 1250 nm (Thorlabs 

FEL1250) were used for the fluorescence measurement in the 3 m and near-IR 

wavelength regions, respectively. 

 

Fig. 2.1.7. Fluorescence measurement setup. 

Energy level diagrams of Er3+, Ho3+ and Dy3+ doped ZBLAN glass samples 

have been discussed in Section 2.1.1 and we can determine the optimum pump 

wavelength for these three glasses, respectively. A 976 nm source was used as the 

pump for Er3+, a 1150 nm source as the pump for Ho3+ and a 1090 nm source as 

the pump for Dy3+. The fluorescence spectra of singly Er3+-, Ho3+-, and Dy3+-doped 

ZBLAN glass in the 3 m wavelength region were measured and are shown in Fig. 

2.1.8.  
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Fig. 2.1.8. Measured fluorescence spectra of the 2 mol% Er3+-, 1 mol% 
Ho3+-, and 1 mol% Dy3+-doped ZBLAN glasses in the 3 m wavelength 
region. 

The Er3+-doped ZBLAN sample was pumped by a 976 nm source and has a 

fluorescence emission ranging from 2500 nm to 3000 nm with a peak at 2740 nm. 

Small dips around 2740 nm are due to the absorption of the water vapor in the 

measurement setup. The Ho3+-doped ZBLAN sample was pumped by a 1150 nm 

source and the fluorescence has a peak at 2850 nm with the long wavelength 

emission extending to 3100 nm. The Dy3+-doped ZBLAN sample was pumped by 

a 1090 nm source and has a very broad fluorescence ranging from 2600 nm to 

3400 nm. 

2.1.3. Lifetime measurement  

In addtion to a material's fluorescence spectrum, excited state lifetime is also an 

important factor that will influence laser performance. The lifetime refers to how 
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long the electrons can stay a given excited state, with longer lifetime making it 

easier to achieve population inversion. For rare-earth materials, lifetimes can be 

as short as a few microseconds, or as long as a few milliseconds. In this section, 

we introduce the experimental setup we used to measure the lifetime and 

investigate the lifetime of Er3+, Ho3+and Dy3+ doped ZBLAN glasses. 

The lifetime measurement setup is shown in Figure 2.1.9.  A nanosecond 

pulse optical parametric oscillator (OPO) source with a pulse duration of 10 ns at 

a repetition rate of 10 Hz (Continuum Surelite) was used as the pump source. Like 

the fluorescence spectrum measurement setup, the fluorescence emitting from 

the glass sample was collected and focused onto a detector (Thorlab PDA 20H) by 

two aspheric black diamond lenses (Thorlab C036TME-E). An oscilloscope 

(Tektronics TDS 1012) was connected to the detector to record the fluorescence 

decay curve. A set of filters were used to obtain the fluorescence only 

corresponding to the transition of interest from a specific energy level.  The 

lifetime of an energy level was determined by fitting the fluorescence decay curve 

with an exponential decay function. The lifetimes of level 4I11/2,  level 5I6, and 

level 6H13/2 of singly Er3+-, Ho3+-, and Dy3+-doped ZBLAN glass in the 3 m 

wavelength region were measured to be 6.9 ms, 3.76 ms, and 0.512 ms, 

respectively, as shown in Fig. 2.1.10. 
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Fig. 2.1.9. Lifetime measurement setup. 

 

Fig. 2.1.10. Measured 3 m fluorescence decay curves and fitting curves 
of (a) 2 mol% Er3+-doped, (b) 1 mol% Ho3+-doped, and (c) 1 mol% Dy3+-
doped ZBLAN glasses. 

2.2. Er3+/Dy3+ and Ho3+/Dy3+ co-doped fluoride glass. 

In Section 2.1, we have discussed the fluorescence spectrum, lifetime and the 

associated measurement systems required. The fluorescence spectrum and 

lifetime of singly Er3+, Ho3+ and Dy3+ doped ZBLAN glasses have been studied and 

analyzed. In this section, co-doped ZBLAN glasses will be studied and energy 

transfer process among the doping ions will be investigated and analyzed.  

2 mol% Er3+/1 mol% Ho3+ co-doped, and 2 mol% Er3+/1 mol% Dy3+ co-doped 

ZBLAN glasses were prepared using the conventional melt-quenching technique. 

The partial energy diagrams of the co-doped ZBLAN samples are shown in Figure 



 

48 

 

2.2.1. According to the energy diagram, we assumed that energy transfer (ET) 

processes from Er3+ to Ho3+ (ET2-5, ET3-6) and from Er3+ to Dy3+ (ET2-8, ET3-9) will 

occur. We will use fluorescence and lifetime measurement results to verify our 

assumption here. 

 

Fig. 2.2.1. Partial energy-level diagrams of Er3+, Ho3+, and Dy3+ and the 
transitions and energy transfer processes related to emission in the mid-
IR.  

The fluorescence spectra of the 2 mol% Er3+,  2 mol% Er3+/1 mol% Dy3+,  

and 2 mol% Er3+/1 mol% Ho3+ doped ZBLAN glass samples pumped with a 976 

nm diode laser at a power level of 316 mW were measured from 1400 to 2200 

nm and from 2500 to 3500 nm; the spectra are shown in Figure 2.2.2. Figure 

2.2.2(a) and (b) show the fluorescence spectra of the singly Er3+-doped ZBLAN 

glass with peaks at 1540 nm and 2740 nm, corresponding to the transitions 

4I13/2→4I15/2 and 4I11/2→4I13/2, respectively. The fluorescence spectra of the 

Er3+/Ho3+ co-doped ZBLAN glass in the near-IR and the 3 m wavelength regions 

are shown in Figure 2.2.2(c) and (d), respectively. Besides the fluorescence of Er3+ 

in the 1.5 m wavelength region, the Er3+/Ho3+ co-doped ZBLAN glass has 

fluorescence emission with a peak at 1950 nm, corresponding to the Ho3+ 
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transition from 5I7 to 5I8. Moreover, the fluorescence of the Er3+/Ho3+ co-doped 

ZBLAN glass in the 3 m wavelength region exhibits the combined features of the 

fluorescence of singly Er3+- and Ho3+-doped ZBLAN samples. Because Ho3+ ions 

don’t have absorption at 976 nm, these results clearly prove that energy transfer 

from level 4I13/2 of Er3+ to level 5I6 of Ho3+ occurs in ZBLAN as illustrated by the 

ET3-6 process in Figure 2.2.1. The fluorescence spectra of the Er3+/Dy3+ co-doped 

ZBLAN glass in the 1.5 m and 3 m wavelength regions are shown in Figure 

2.2.2(e) and (f), respectively. The fluorescence spectrum of the Er3+/Dy3+ co-

doped ZBLAN at 3 m is almost the same as that of the singly Dy3+-doped ZBLAN, 

showing that very efficient energy transfer from level 4I11/2 of Er3+ to level 6F9/2 of 

Dy3+ occurs as illustrated by the ET3-9 process in Figure 2.2.1. The fluorescence of 

the Er3+/Dy3+ co-doped ZBLAN at 1.54 m, however, is much smaller than that of 

the singly Er3+ doped ZBLAN, also indicating most energy is transferred from Er3+ 

to Dy3+.     
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Fig. 2.2.2. Fluorescence spectra of the 2 mol% Er3+-doped, 2 mol% Er3+/1 
mol% Ho3+ co-doped, and 2 mol% Er3+/1 mol% Dy3+ co-doped ZBLAN 
glass samples measured at 1400-2200 nm and 2500-3500 nm when they 
were pumped at 976 nm. 

We have established the proposed energy transfer processes via the 

fluorescence results. The co-doped ZBLAN samples only absorb the 976 nm pump 

light, located at the one of absorption peaks of Er3+, while exhibiting the emission 

fluorescence properties of Ho3+ and Dy3+. We now further verify these energy 

transfer processes through lifetime measurements.  

The energy transfer from Er3+ to Ho3+ and Dy3+ was also confirmed by 

measuring the 3 m fluorescence decay from level 4I11/2 of Er3+ in the co-doped 

glass samples using the lifetime measurement setup shown in Figure 2.1.9. The 

glass samples were pumped with a 10 ns second pulsed laser at 976 nm. The 

fluorescence decay curves of the 3 m fluorescence of Er3+/Ho3+ and Er3+/Dy3+ co-
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doped ZBLAN samples were measured by using filters to remove the light below 

2.5 m and are shown in Fig. 2.2.3(a) and (b), respectively. The decay time of the 

3 m fluorescence of the 2 mol% Er3+/1 mol% Ho3+ co-doped ZBLAN sample is 

6.15 ms, which is smaller than that of the singly Er3+-doped ZBLAN, indicating 

that energy transfer from Er3+ to Ho3+ occurs. The decay time of the 3 m 

fluorescence of the 2 mol% Er3+/ 1 mol% Dy3+ co-doped ZBLAN sample is only 

0.84 ms, which is significantly reduced due to the efficient energy transfer from 

Er3+ to Dy3+. It is worth noting that the fluorescence decay times are consistent 

with the measured fluorescence spectra. In the Er3+/Ho3+ co-doped ZBLAN, the 

energy transfer from Er3+ to Ho3+ is not significant, so the fluorescence decay time 

is close to the lifetime of level 4I11/2 of Er3+ and the fluorescence spectrum exhibits 

the combined features of the fluorescence of Er3+ and Ho3+. The energy transfer 

from Er3+ to Dy3+ is very efficient in the Er3+/Dy3+ co-doped ZBLAN, so the 

fluorescence decay time is close to the lifetime of level 6H13/2 of Dy3+ and the 

fluorescence spectrum is almost the same as that of the singly Dy3+-doped ZBLAN. 

 

Fig. 2.2.3. Measured 3 m fluorescence decay curves and fitting curves 
of (a) 2 mol% Er3+/1 mol% Ho3+ co-doped and (b) 2 mol% Er3+/1 mol% 
Dy3+ co-doped ZBLAN glasses in the 3 m wavelength region. 
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In addition to the energy transfer processes from level 4I11/2 of Er3+ to Ho3+ 

and Dy3+(ET3-6 and ET3-9 processes shown in Figure 2.2.1), the energy transfer 

processes from level 4I13/2 of Er3+ to level 5I7 of Ho3+ (ET2-5) and level 6H11/2 of Dy3+ 

(ET2-8) also occur in the co-doped ZBLANs and were confirmed by the measured 

fluorescence spectra and the reduced lifetime of level 4I13/2 of Er3+ when they were 

pumped at 1480 nm.  The fluorescence of Er3+/Ho3+ co-doped ZBLAN sample 

pumped by a 1480 nm diode laser was measured and is shown in Figure 2.2.4(a).  

Besides the fluorescence of Er3+ at the 1.55 m wavelength region, the 

fluorescence of Ho3+ with a peak at 1950 nm was also measured although Ho3+ 

ions don’t have any absorption at 1480 nm, indicating that energy transfer from 

4I13/2 of Er3+ to level 5I7 of Ho3+ occurs. Figure 2.2.4(b) shows the fluorescence of 

Er3+/Dy3+ co-doped ZBLAN sample pumped by a 1480 nm diode laser.  Besides 

the fluorescence of Er3+ at the 1.55 m wavelength region, the fluorescence of 

Dy3+ with a peak at 2850 nm was also measured, confirming the energy transfer 

from level 4I13/2 of Er3+ to level 6H11/2 of Dy3+. The 1.55 m fluorescence decay 

curves of the three ZBLAN glass samples pumped at 1480 nm were also measured 

and are shown in Figure. 2.2.5. The lifetime of level 4I13/2 of the Er3+/Ho3+ co-

doped ZBLAN was calculated to be 3.18 ms and that of the Er3+/Dy3+ co-doped 

ZBLAN was calculated to 0.462 ms. Both lifetimes are much smaller than that of 

the singly Er3+-doped ZBLAN (10.92 ms), again proving the efficient energy 

transfer from level 4I13/2 of Er3+ to level 5I7 of Ho3+ and level 6H11/2 of Dy3+, 

respectively.   



 

53 

 

 

Fig. 2.2.4. Measured fluorescence spectra of (a) Er3+/Ho3+ and (b) 
Er3+/Dy3+ co-doped ZBLAN samples pumped at 1480 nm.  

 

Fig. 2.2.5. Measured 1.55 m fluorescence decay curves and fitting 
curves of (a) 2 mol% Er3+-doped, (b) 2 mol% Er3+/1 mol% Ho3+ co-
doped, and (c) 2 mol% Er3+/1 mol% Dy3+ co-doped ZBLAN glasses 
pumped at 1480 nm. 

The backward energy transfer from Dy3+ and Ho3+ to Er3+ was also 

investigated in our experiment. The fluorescence spectrum of the Er3+/Ho3+ co-

doped ZBLAN sample pumped at 1150 nm was measured at 1400-2200 nm and 

is shown in Figure 2.2.6(a). In addition to the 2 m emission from Ho3+, a very 

weak fluorescence at 1.55 m from Er3+ was measured and is shown in Figure 

2.2.6(a), indicating that the backward energy transfer from Ho3+ to Er3+ occurs 

but the energy transfer probability is very low.  The fluorescence spectrum of 

the Er3+/Dy3+ co-doped ZBLAN sample pumped at 1090 nm was measured at 
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1000-2000 nm and is shown in Figure 2.2.6(b). The fluorescence at 1.55 m from 

Er3+ was not measured, indicating that the backward energy transfer from Dy3+ 

to Er3+ is negligible.   

 

Fig. 2.2.6. (a) Fluorescence spectrum of 2 mol% Er3+/1 mol% Ho3+ co-
doped ZBLAN pumped at 1150 nm measured at 1400-2200 nm and (b) 
Fluorescence spectrum of 2 mol% Er3+/1 mol% Dy3+ co-doped ZBLAN 
pumped at 1090 nm measured at 1000-2000 nm. 

In this section, we have proved the energy transfer process between Er3+, 

Ho3+ and Dy3+ according to their fluorescence and lifetime results. In the next 

section, we are going to complete the numerical analysis by rate equations and 

determine the energy transfer coefficient. 

2.3 Rate equations for Er3+/Dy3+ and Er3+/Ho3+ co-doped 

systems. 

The parameters of energy transfer processes (k25, k36, k28, k39) can be obtained by 

solving the rate equations for Er3+/Dy3+ and Er3+/Ho3+ co-doped ZBLAN samples 

to calculate the populations on the corresponding energy levels and fitting the 
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measured fluorescence spectra. The rate equations for Er3+/Ho3+ co-doped 

ZBLAN pumped at 976 nm can be written as follows: 

𝑑𝑁ଷ

𝑑𝑡
= 𝑅ଵଷ𝑁ଵ − 𝐴ଷଵ𝑁ଷ − 𝐴ଷଶ𝑁ଷ − 𝑘ଷ଺𝑁ଷ𝑁ସ = 0                            (𝑒𝑞. 2.14) 

𝑑𝑁ଶ

𝑑𝑡
= 𝐴ଷଶ𝑁ଷ − 𝐴ଶଵ𝑁ଶ − 𝑘ଶହ𝑁ଶ𝑁ସ = 0                                              (𝑒𝑞. 2.15) 

𝑑𝑁ଵ

𝑑𝑡
= −𝑅ଵଷ𝑁ଵ + 𝐴ଷଵ𝑁ଷ + 𝐴ଶଵ𝑁ଶ + 𝑘ଶହ𝑁ଶ𝑁ସ + 𝑘ଷ଺𝑁ଷ𝑁ସ = 0    (𝑒𝑞. 2.16) 

𝑁ଵ + 𝑁ଶ + 𝑁ଷ − 𝑁ா௥ = 0                                                                         (𝑒𝑞. 2.17) 

 

𝑑𝑁଺

𝑑𝑡
= 𝑘ଷ଺𝑁ଷ𝑁ସ − 𝐴଺ସ𝑁଺ − 𝐴଺ସ𝑁଺ = 0                                               (𝑒𝑞. 2.18) 

𝑑𝑁ହ

𝑑𝑡
= 𝑘ଶହ𝑁ଶ𝑁ସ + 𝐴଺ହ𝑁଺ − 𝐴ହସ𝑁ହ = 0                                               (𝑒𝑞. 2.19) 

𝑑𝑁ସ

𝑑𝑡
= 𝑘ଶହ𝑁ଶ𝑁ସ − 𝑘ଷ଺𝑁ଷ𝑁ସ + 𝐴଺ସ𝑁଺ + 𝐴ହସ𝑁ହ = 0                          (𝑒𝑞. 2.20) 

𝑁ସ + 𝑁ହ + 𝑁଺ − 𝑁ு௢ = 0                                                                         (𝑒𝑞. 2.21) 

Where, Ni is the population on the corresponding energy level of Er3+ and 

Ho3+ shown in Figure 2.2.1; R13=(absPp)/(hpAeff) is the pump rate, σabs is the 

absorption cross-section of Er3+ , which is 2×10-25 m2 at 976 nm, Pp is the laser 

pump power, Aeff is the effective area of the pump spot, h is the plank constant, 

and ν is the frequency of the pump; Aij is the transition rate of the spontaneous 

emission from level i to level j and the values of Aijs can be achieved according to 

their lifetimes and branch ratios; and kij is the parameter for the energy transfer 

process from level i to level j between Er3+ and Ho3+. 
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Figure 2.3.1(a) shows the measured 3 μm fluorescence spectra of the 

Er3+/Ho3+ co-doped ZBLANs pumped by the 976 nm diode laser at 120 mW and 

316 mW and their fitting curves.  The parameters k36 and k25 were calculated to 

be 6.24×10-19 cm3/s and 1.03×10-18 cm3/s, respectively, by fitting the fluorescence 

spectra of the Er3+/Ho3+ co-doped ZBLANs with the fluorescence spectra of the 

singly Er3+- and Ho3+-doped ZBLANs. Clearly, the energy transfer rate from level 

4I11/2 of Er3+ to level 5I6 of Ho3+ is smaller than that from level 4I13/2 of Er3+ to level 

5I7 of Ho3+.  It should be noted that, the parameter k25 can be also obtained by 

fitting the fluorescence spectrum of the Er3+/Ho3+ co-doped ZBLAN pumped at 

1480 nm that is shown in Fig. 2.3.1(a). 

The rate equations for Er3+/Dy3+ co-doped ZBLAN pumped at 976 nm can be 

written as follows.  

𝑑𝑁ଷ

𝑑𝑡
= 𝑅ଵଷ𝑁ଵ − 𝐴ଷଵ𝑁ଷ − 𝐴ଷଶ𝑁ଷ − 𝑘ଷଽ𝑁ଷ𝑁଻ = 0                            (𝑒𝑞. 2.22) 

𝑑𝑁ଶ

𝑑𝑡
= 𝐴ଷଶ𝑁ଷ − 𝐴ଶଵ𝑁ଶ − 𝑘ଶ଼𝑁ଶ𝑁଻ = 0                                              (𝑒𝑞. 2.23) 

𝑑𝑁ଵ

𝑑𝑡
= −𝑅ଵଷ𝑁ଵ + 𝐴ଷଵ𝑁ଷ + 𝐴ଶଵ𝑁ଶ + 𝑘ଶ଼𝑁ଶ𝑁଻ + 𝑘ଷଽ𝑁ଷ𝑁଻ = 0    (𝑒𝑞. 2.24) 

𝑁ଵ + 𝑁ଶ + 𝑁ଷ − 𝑁ா௥ = 0                                                                         (𝑒𝑞. 2.25) 

 

𝑑𝑁଼

𝑑𝑡
= 𝑘ଷଽ𝑁ଷ𝑁଻ + 𝑘ଶ଼𝑁ଶ𝑁଻ − 𝐴଼଻ = 0                                               (𝑒𝑞. 2.26) 

𝑁଻ + 𝑁଼ − 𝑁஽௬ = 0                                                                                    (𝑒𝑞. 2.27) 
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The 3 m fluorescence spectra of the Er3+/Dy3+ co-doped ZBLAN pumped 

with the 976 nm diode laser at 120 mW and 316 mW and their fitting curves are 

shown in Figure 2.3.1(b). The parameters k28 and k39 were calculated to be 

2.24×10-20cm3/s and 2.86×10-18 cm3/s, respectively, by fitting the fluorescence 

spectra of the Er3+/Dy3+ co-doped ZBLANs with the fluorescence spectra of the 

singly Er3+- and Dy3+-doped ZBLANs. Clearly, the energy transfer rates from Er3+ 

to Dy3+ are much larger than that from Er3+ to Ho3+. This is consistent with the 

fluorescence and lifetime measurement results.  The parameter k28 of 2.24×10-

20 cm3/s was also obtained by fitting the fluorescence spectrum of the Er3+/Dy3+ 

co-doped ZBLAN pumped at 1480 nm shown in Figure. 2.3.1(b). 

 

Fig. 2.3.1. Measured 3 m fluorescence spectra and their fitting curves 
for (a) Er3+/Ho3+ co-doped ZBLAN and (b) Er3+/Dy3+ co-doped ZBLAN 
pumped with 120 mW and 316 mW 976 nm laser. 

Spectroscopic properties of Er3+-, Ho3+-, Dy3+-, Er3+/Ho3+-, and Er3+/Dy3+-

doped ZBLAN glasses were studied and energy transfer from Er3+ to Ho3+ and Dy3+ 

ions in ZBLAN were confirmed with the experimental results. The parameters for 

energy transfer processes from level 4I13/2 of Er3+ to level 5I7 of Ho3+ and level 6I13/2 

of Dy3+ were estimated to be 6.24×10-19 cm3/s and 2.86×10-18 cm3/s, respectively.  
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This discovery opens a new path to design and develop high power diode-

pumped Ho3+- and Dy3+-doped fiber lasers at 3 m. 

2.4. Chapter summary. 

In this chapter, we applied energy level diagram, fluorescence, and lifetime 

measurement to analyze to rare-earth singly doped fluoride glass samples and 

co-doped fluoride glass samples. Both setups for fluorescence and lifetime 

measurement were introduced. The efficient energy transfer process between 

Er3+, Ho3+ and Dy3+ doped fluoride glasses was verified and analyzed, which builds 

the theoretical foundation for mid-infrared co-doped fiber laser we are going to 

discuss in the next chapter. 
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Chapter 3. 3 m Er/Dy co-doped ZBLAN 
fiber lasers. 
 

3.1 3 m fiber lasers. 

Lasers in the mid-infrared (mid-IR) spectral region are of great interest for a wide 

range of scientific and technological applications including spectroscopy, medical 

surgery, free space communication, remote sensing, and material processing [78-

82]. Compared to other laser platforms, optical fiber lasers have many well-

known advantages such as excellent beam quality, high power scalability, 

outstanding heat dissipation capability, simplicity, and compactness. ZBLAN 

(ZrF4-BaF2-LaF3-AlF3-NaF) fibers have been widely used as the host media for 

rare-earth ions for mid-IR fiber lasers and the nonlinear media for high-efficiency 

ultra-broad band supercontinuum generation due to their low intrinsic loss, wide 

transparency window, and small phonon energy [83]. Rare-earth (Er3+, Ho3+, and 

Dy3+) doped ZBLAN fiber lasers operating in the 3 m wavelength region have 

attracted considerable interest because their emissions cover the fundamental 

rovibrational absorption lines of molecules containing C-H, N-H, and O-H 

chemical bonds, and they can be used for a lot of practical applications, such as 

medical diagnosis and surgery, remote sensing for gas and vapor, and material 

processing [84-87].  
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The first demonstration of rare-earth-doped ZBLAN fiber laser at 3 m can 

be dated back to 1988 [88] and thereafter considerable investigations on Er3+-

doped ZBLAN fiber lasers have been completed due to the readily available diode 

lasers at the 790 nm and 980 nm absorption peaks of Er3+[89,90]. Several watt-

level Er3+-doped ZBLAN fiber lasers have been reported in late 1990s [89-91]. In 

2007, Zhu and Jain reported the first 10-W-level 3 m fiber laser, which was 

demonstrated with a 4-m 6 mol% Er3+-doped double-clad ZBLAN fiber and a high-

power diode pump laser at 976 nm [92]. A slope efficiency of 21.3% was obtained 

by taking the advantage of energy transfer up-conversion process between Er3+ 

and Er3+ ions [92].  Since then, several 10-watt-level Er3+-doped ZBLAN fiber 

lasers with higher output powers have been reported [93-95]. In 2015, a 30-W 

Er3+-doped all-fiber laser operating at 2938 nm was demonstrated by using 

ZBLAN fiber Bragg gratings to form the all-fiber laser cavity and combining 

several high-power laser diodes near 980 nm to provide a total pump power of 

188 W [96].   

Compared to Er3+-doped ZBLAN fiber lasers, Ho3+- and Dy3+-doped ZBLAN 

fiber lasers can operate at a wavelength beyond 3 m and even at 3.380 m [97], 

where compact diode-pumped high power laser sources are in great demand for 

most of the applications mentioned above. However, high efficiency high power 

(10s-watt or even > 100 watts) diode lasers at the near-infrared (near-IR) 

absorption peaks of Ho3+ (885 nm and 1150 nm) and Dy3+ (1090 nm, 1300 nm, 

and 1700 nm) are still not available. So far, the maximum output power of a Ho3+-

doped ZBLAN fiber laser at 3 m was 2.5 W, which was pumped with a 1100 nm 
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Yb3+-doped silica fiber laser [98]. The maximum output power of a Dy3+-doped 

ZBLAN fiber laser pumped at near-IR was 180 mW [99]. Most recently, in-band 

pumping of the Dy3+-doped ZBLAN fiber lasers with a Er3+-doped ZBLAN fiber 

laser at 2.8 m was proposed and an efficiency as high as 73% was obtained [100]. 

A 10-W Dy3+-doped ZBLAN fiber laser in all-fiber configuration was also 

demonstrated recently by in-band pumping with an Er3+-doped all-fiber laser at 

2.83 m [101]. All these demonstrations motivate us to design and fabricate Er3+ 

incorporated Ho3+- and Dy3+-doped ZBLAN fibers that can be used to develop 

compact all-fiber lasers above 3 m directly pumped with readily available high 

power, high efficiency diode lasers near 980 nm.   

The fluorescence spectra of 1 mol.% Dy3+-doped and 1mol.% Er-doped 

ZBLAN in the 3 m wavelength region were measured and are shown in Figure 

3.1.1.  It is clear that Dy3+-doped ZBLAN has a much broader emission band and 

much longer wavelength emission, extending to 3.4 m.  Dy3+-doped ZBLAN 

fiber lasers at 2.96 m, 3.15 m, and 3.24 m have already been demonstrated 

[99-101].  The ultra-broadband emission also allows us to develop a tunable 

fiber laser with wide tuning range and ultrashort pulse fiber lasers [102] [103].  
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Fig. 3.1.1.  Measured fluorescence spectra of 1 mol.% Dy3+-doped and 1 
mol.% Er3+-doped ZBLAN samples in the 3 m wavelength region. 

However, most Dy3+-doped fiber lasers have been pumped with fiber lasers 

or solid-state lasers at the pump absorption peaks of Dy3+. The partial energy-

level diagram of Dy3+ is shown in Figure 3.1.2. The 3 m laser is produced through 

the transition from the first excited state 6H13/2 to the ground state 6H15/2. The 

Dy3+-doped ZBLAN has near-IR and mid-IR absorption bands at 1.1 m, 1.3 m, 

1.7 m, and 2.8 m and fiber lasers have also been demonstrated with different 

pump sources at the four absorption bands. Compared to other pump 

wavelengths, Dy3+-doped ZBLAN fiber lasers pumped at 2.8 m have exhibited 

high efficiency and power scalability.  A 10-watt Dy3+-doped ZBLAN fiber laser 

pumped by an Er3+-doped ZBLAN fiber at 2.83 m was reported recently [101]. A 

slope efficiency of 58% was obtained. Although a fiber laser pumped at 2.8 m 

can be developed in an all-fiber configuration, the output power is still limited by 

the available pump power of an Er3+-doped ZBLAN fiber laser. There is great 

interest in developing diode-pumped Dy3+-doped fiber lasers at 3 m so that a 
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more compact and robust laser source can be developed. However, high power 

diode lasers at the four wavelengths are still not available. This matter can be 

addressed by co-doping Dy3+ with other rare-earth ions that have strong 

absorption peaks at the wavelengths of commercially available high power diode 

pumps. In 2019, a Dy3+/Tm3+ co-doped ZBLAN fiber laser pumped with a laser 

diode at the Tm3+ 800 nm absorption peak of was demonstrated and an output 

power of 12 mW at 3.23 m was obtained at a pump power of 6.3 W [104]. In this 

chapter, we report the demonstration of Dy3+/Er3+ co-doped ZBLAN fiber lasers 

pumped at the Er3+ 976 nm absorption peak , where low-cost high-power high-

efficiency pump diodes are readily available. An output power of 260 mW was 

obtained with a 3.6-m Dy3+/Er3+ co-doped ZBLAN fiber at a pump power of 7.5 W.  

 

Fig. 3.1.2. Partial energy-level diagrams of Er3+ and Dy3+ and the 
transitions and energy transfer processes related to the laser emission 
at 3 m. 

Pumping Ho3+- and Dy3+-doped ZBLAN at the absorption bands of Er3+ via 

energy transfer processes was proposed and has already been recently 

demonstrated with comprehensive spectroscopic studies and numerical 
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simulations of Ho3+/Er3+ and Dy3+/Er3+ co-doped ZBLAN glasses [105].  The 

partial energy level diagrams of Er3+ and Dy3+ and the transitions related to 

energy transfer processes are shown in Figure 3.1.2.  Er3+ ions can be excited 

from the ground state (4I15/2) to the excited state (4I11/2) by 976 pump light. 

Efficient energy transfer from Er3+ to Dy3+ occurs because the lifetime of state 

6F9/2 of Dy3+ (6 ns) is much smaller than that of state 4I11/2 of Er3+ (6.9 ms) and 

their energy levels are close.  As a result, Dy3+ ions are excited to state 6F9/2 and 

populate state 6H13/2 via rapid nonradiative decays.  Therefore, it is possible to 

develop a Dy3+/Er3+ co-doped ZBLAN fiber laser at 3 m pumped with 976 nm 

pump diodes. Compared to the Dy3+/Tm3+ co-doped fiber laser pumped at 800 

nm, an Dy3+/Er3+ co-doped fiber laser pumped at 976 nm could have higher 

efficiency due to the larger Stokes efficiency. Moreover, the output power and 

efficiency of current fiber-coupled commercial diodes at 976 nm are higher than 

at 800 nm, while the cost is much lower. It should be noted that, a Dy3+/Er3+ co-

doped fiber laser can also be pumped at 1.5 m via the energy transfer process 

between state 4I13/2 of Er3+ and state 6H11/2 of Dy3+ [105], resulting in a Stokes 

efficiency as high as 50%. In this research, we focused on Dy3+/Er3+ codoped fiber 

lasers pumped at 976 nm, where high power laser diodes are readily available 

and are much more efficient than 1.5 m diodes. 
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3.2 Er3+/Dy3+ co-doped fluoride fiber design. 

To design a Dy3+/Er3+ co-doped fiber that can perform as the gain medium to 

achieve 3 m fiber lasing when pumped by a 976 nm diode, we have studied the 

spectroscopic properties of some rare-earth fluoride glasses in Chapter 2 and 

verified that the energy transfer process between Er3+ and Dy3+ would happen. In 

this section, we are going to determine the gain medium for the co-doped fiber 

laser. 

3.2.1 Fiber geometry. 

Optical fibers are a type of cylindrical optical waveguide and in most cases are 

made of glass; most fibers used in laser development maintain a fiber core with 

higher index than the surrounding cladding materials. The refractive index 

difference between the core and the cladding is related to the numerical aperture 

(NA) as defined in equation 3.1. The NA determines how well the light is guided 

in the fiber and how much light will be coupled into the fiber. 

𝑁𝐴 = ට𝑛௖௢௥௘
ଶ − 𝑛௖௟௔ௗௗ௜௡௚

ଶ                       (𝑒𝑞. 3.1) 

There are several types of the host materials for fabricating optical fiber, with 

most fibers fabricated for telecommunication for operation at 1550 nm where 

silicate glasses are an excellent choice. In this Chapter, as we are going to discuss 

fiber lasers in the mid-infrared region, where fluoride fiber is our choice as low 

phonon energy is an advantage of fluoride glasses. 
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Single cladding fiber and double cladding fiber are shown in Figure 3.2.1 

corresponding to the two primary pumping methods (core pump and cladding 

pump). In fiber laser technology, a light source is always needed for pumping the 

gain fiber. For single cladding fiber, the refractive index of the core is higher than 

that of the cladding, the pump source is guided in the core because of the total 

internal reflection (TIR) and the effective area of the pump light is illustrated with 

the red dash circle in Figure 3.2.1. For double cladding fiber, the refractive index 

of the core is still higher than that of the first cladding, which is higher than the 

second cladding, while the pump source is guided in the first cladding due to the 

TIR between the first cladding and the second cladding. Typically, the output 

power of single-mode laser diodes is restricted to 1W. In order to maintain higher 

pump power, multimode laser diodes are applied. However, the coupling 

efficiency from a multimode laser diode to single cladding fiber is quite low due 

to the huge difference in mode size. Heat dissipation can also be an issue when 

coupling a high power pump into the single cladding fiber. Under this 

circumstance, the double cladding fiber is more suitable for a high power pump. 

Sometimes, we can also increase the interaction between the pump light and the 

fiber core by specially designed fiber such as D-shaped fiber in Figure 3.2.1. The 

D-shape design reduce the skew rays in the first cladding and leads to 

improvements in laser efficiency. 
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Fig. 3.2.1 Single cladding fiber (left); Double cladding fiber (middle); D-
shaped fiber (right). 

There are also some disadvantages to double cladding fiber, as the overlap 

between the pump mode distribution and the core of the double cladding fiber is 

much lower than that for a single cladding fiber, which leads to low absorption 

efficiency. Consequently, greater double cladding fiber length is generally needed 

to achieve the same gain as for a single cladding fiber of a given length. To increase 

the absorption efficiency, many types of double cladding fiber have been designed, 

such as off-centered core fiber, D-shaped inner cladding fiber, elliptical inner 

cladding fiber and hexagonal inner cladding fiber.  

3.2.2 Rare-earth dopant concentrations. 

In order to achieve a Dy3+/Er3+ co-doped fiber we need to decide not only on the 

structure of the fiber, but also on the doping concentrations. The doping 

concentration refers to how many Dy3+ and Er3+ ions are doped into the fluoride 

fiber per unit volume and spectroscopic studies are needed as well. As we did in 

Chapter 2, we have studied the spectroscopic properties of 1-mm thick singly 

Dy3+-doped and Dy3+/Er3+ co-doped ZBLAN glass samples at different 

concentrations. 
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Measured with the setup shown in Figure 2.1.9, the lifetimes of state 6H13/2 (3 

m transition) of Dy3+-doped ZBLAN with different doping concentration (0.25 

mol.%, 0.5 mol.%, 1 mol.%, and 2 mol.%) were obtained by measuring the 

fluorescence decay and are shown in Fig. 3.2.2. The lifetime of state 6H13/2 

decreases from 0.63 ms to 0.5 ms as the Dy3+ concentration increases from 0.25 

mol.% to 2 mol.%. This phenomenon is because of concentration quenching, as 

sometimes the doping ions will form clusters at high concentrations. The clusters 

allow undesirable energy transfer between doping ions and decrease the power 

efficiency. Different host materials have different maximum doping 

concentrations without clustering. 

The fluorescence spectra of the four singly Dy3+-doped ZBLAN glass samples 

pumped with a 1090 nm laser at the same pump power were measured by the 

setup in Figure 2.1.9. The fluorescence spectra normalized by the Dy3+ 

concentration are shown in Figure 3.2.3. It is clear that fluorescence emission 

efficiency decreases with increasing Dy3+ doping level, which is another 

manifestation of concentration quenching. Therefore, lower Dy3+ concentration 

could result in more efficient laser emission at 3 m and we need to keep the 

doping concentration of Dy3+ no higher than 0.25 mol.%.   
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Fig. 3.2.2. Measured lifetimes of level 6H13/2 for 1-mm thick Dy3+-doped 
ZBLAN glass samples of various concentrations.    

 

Fig. 3.2.3. Measured fluorescence spectra of 1-mm thick different 
concentration Dy3+-doped ZBLAN glass samples normalized to the Dy3+ 
concentrations. 
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We also completed a similar spectroscopic study on singly doped Er3+ ZBLAN 

glass samples and no quenching effects were observed as long as the doping 

concentration of Er3+ was less than 6 mol.%. Furthermore, we need to study the 

doping concentration dependence of co-doped samples and determine the 

optimum doping concentration for developing lasers. 

The fluorescence spectra of 0.25 mol.% Dy3+-doped ZBLAN co-doped with 2 

mol.%, 4 mol.%, and 8 mol.% Er3+ ions were measured with a monochromator 

and are shown in Figure 2.1.9. As a comparison, the fluorescence spectrum of 2 

mol.% Er-doped ZBLAN is also plotted (black curve).  A 976 nm multimode 

diode laser was applied to pump the samples and the four ZBLAN glass samples 

were pumped with a 976 nm diode laser at the same pump power. The 

fluorescence results are illustrated in Figure 3.2.4. We have proved that energy 

transfer occurs in Dy3+/Er3+ co-doped ZBLAN glass samples. It is clear that 

Dy3+/Er3+ co-doped ZBLAN glass samples emit ultra-broad band fluorescence 

extending to 3.4 m due to efficient energy transfer from Er3+ to Dy3+. In Figure 

3.2.4 (a), the fluorescence intensity of the glass sample synthesized with 4 mol.% 

Er3+ is much larger than that of the glass sample synthesized with 2 mol.% Er3+. 

However, the fluorescence intensity of the glass sample synthesized with 8 mol.% 

Er3+ is comparable to that of the glass sample synthesized with 4 mol.% Er3+, 

although the absorbed pump power is doubled. Moreover, the fluorescence of the 

glass synthesized with 8 mol.% Er3+ at 2.7-2.8 m is even smaller than that of the 

glass sample synthesized with 4 mol.% Er3+ due to Er3+ concentration quenching.  
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According to the results in Figure 3.2.4(a), we determine the optimum Er3+ 

doping concentration to be 4 mol.%. We are going to decide the best Dy3+ doping 

concentration as the next step. The fluorescence spectra of 0.1 mol.%, 0.25 mol.% 

and 0.5 mol.% Dy3+-doped ZBLAN synthesized with 4 mol.% Er3+ ions were also 

measured at the same pump power at 976 nm and are shown in Figure 3.2.4(b).  

The fluorescence of the 0.1 mol.% Dy3+/4 mol.% Er3+ co-doped glass sample 

exhibits high intensity at 2.7-2.8 m, indicating that energy transfer from Er3+ to 

Dy3+ does not take place efficiently due to the relatively low concentration ratio 

between Dy3+ and Er3+. As the Dy3+ concentration increases to 0.25 mol.%, the 

fluorescence intensity at 2.7-2.8 m decreases significantly while the 

fluorescence intensity beyond 2.9 m increases.  As the Dy3+ concentration 

increases to 0.5 mol.%, the fluorescence intensity at 2.7-2.8 m further decreases 

with a large magnitude but the fluorescence intensity beyond 2.9 m does not 

increase due to Dy3+ ion concentration quenching.  
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Fig. 3.2.4. Measured fluorescence spectra of (a) 2 mol% singly Er3+-
doped ZBLAN and 0.25 mol% Dy3+-doped ZBLAN synthesized with 
different Er3+ concentrations and (b) 4 mol.% Er3+-doped ZBLAN 
synthesized with different Dy3+ concentrations.   

The fluorescence results shown in Fig. 3.2.4 tell us that low Dy3+ 

concentration could lead to low energy transfer efficiency while high Dy3+ 

concentration could lead to strong quenching effects. Therefore, a good 

compromise between energy transfer and concentration quenching needs to be 

engaged in the fiber design for an efficient Dy3+/Er3+ co-doped ZBLAN fiber laser.  

Based on the spectroscopic study, we selected 0.25 mol.% Dy3+/4 mol.% Er3+ as 

the dopant concentrations of the first gain fiber for our laser demonstration in 

the next section.  
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3.3 Er3+/Dy3+ co-doped fluoride fiber laser construction. 

In Section 3.2, we have analyzed the fiber structure and the doping concentration 

we need for a mid-infrared fiber laser. In this section, we are going to develop the 

mid-infrared fiber laser using the parameter we determined. 

3.3.1 Laser gain medium: fluoride fiber. 

A custom designed 0.25 mol.% Dy3+/4 mol.% Er3+ co-doped double-clad 

ZBLAN fiber was fabricated by FiberLabs Inc. A microscopic image of this fiber 

end-facet is shown in Figure 3.3.1. The Dy3+/Er3+ co-doped fiber core has a 

diameter of 18 m and numerical aperture (NA) of 0.14. The cutoff wavelength 

can found by calculating the V parameter, which determines whether the fiber 

operation is single mode (V<2.405), and dependes on the operating wavelength, 

fiber radius and the numerical aperture according to 

𝑉 =
2𝜋

𝜆
 𝑎𝑁𝐴                                  (𝑒𝑞. 3.1) 

Based on our parameters, a cutoff wavelength of 3.29 m can be calculated, 

which means single mode operation can be achieved if the laser wavelength is 

longer than 3.29 m.  
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Fig. 3.3.1. Microscopic image of the gain fiber end facet.  

As for the cladding, the fiber has a D-shaped inner cladding with a cross 

section of 250 m × 200 m and an NA of 0.5. As we discussed in Section 3.1, the 

double cladding structure will benefit when we couple high power pump light 

into the fiber from a multimode diode laser. The D-shaped inner cladding design  

has increased pump absorption compared to the circular inner cladding of a 

regular double-clad fiber. The pump absorption was measured to be about 2.67 

dB/m by a cutback experiment. The background loss of this fiber at 3 m is about 

0.1 dB/m. 

3.3.2 Laser cavity: dichroic mirror. 

In order to build a mid-infrared fluoride fiber laser, we need the doped fluoride 

fiber as the gain medium and we also need to build an oscillation cavity for the 
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laser operating at 3 m. For cavity mirrors, we need one reflector and one output 

coupler. The reflector should have high reflection (>95%) around 3 m and the 

output coupler should have a partial reflection (25%~80%) around 3 m. Both 

output coupler and reflector need high transmission at 976 nm as we don’t want 

residual pump light, whose wavelength is at the absorption peak of Er3+ ions, 

trapped in our cavity. We chose to apply dichroic mirrors as our cavity mirrors 

here, and we have measured the transmissions of the dichroic mirrors by a Cary 

5000 spectrometer. 

Many dichroic mirrors were tested and the transmission spectra of four of 

them (DC0 to DC3) are shown in Figure 3.3.2 and Figure 3.3.3. 

 

Fig. 3.3.2. Transmission spectra of dichroic mirrors in the near-infrared 
region (0.8~1.2 m). 
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Fig. 3.3.3. Transmission spectra of dichroic mirrors in the mid-infrared 
region (2.5~3.3 m). 

If we need to choose an output coupler for the 3 m mid-infrared fiber laser, 

DC 1 would be a good choice, since the transmission at 3 m is 25% (reflection is 

nearly 75%) and the transmission at 976 nm is larger than 95%. For the cavity 

mirror, DC2 would be a good choice with high reflection at 3 m and high 

transmission at 976 nm.   

3.3.3 Laser setup. 

The schematic of the 3-m Dy3+/Er3+ co-doped ZBLAN fiber laser is shown in Fig. 

3.3.4. A commercial 976 nm multimode diode laser was used as the pump source. 

A CaF2 lens was used to collimate the pump light and another CaF2 lens was used 

to couple the pump light into the D-shaped inner cladding of the Dy3+/Er3+ co-
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doped ZBLAN fiber. The reason that we choose CaF2 here is that the CaF2 lens has 

a high transmission covering wavelengths from visible light to 3 m.  

Both ends of the gain fiber were flat cleaved. A dichroic mirror with a 

reflectivity of 70% at 3 m and transmission of 85% above 976 nm was butt-

coupled to the front end of the gain fiber to act as an output coupler.  Another 

dichroic mirror with a reflectivity of 95% above 3 m and 55% at 976 nm was 

butt-coupled to the rear end of the gain fiber to act as the cavity mirror, thereby 

constituting the oscillator cavity for the 3 m laser.   

 

Fig.3.3.4. Schematic of the 3-m Er3+/Dy3+ co-doped ZBLAN fiber laser 
pumped by a 976 nm laser diode. 

A dichroic mirror with high reflection at 3 m and high transmission at 976 

nm was oriented at 45 degrees to axis of the laser oscillator and placed between 

the collimating lens and the focusing lens to deliver the laser beam to the detector. 

An 1850 nm long pass filter was placed before the detector to make sure that only 

the 3 m laser was detected. A thermal detector (Thorlabs S415C) and an optical 
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spectrum analyzer (Yokogawa, AQ6376) were used to measure the output power 

and optical spectrum. 

3.3.4 Laser results. 

In our experiment, fiber lasers with gain fiber lengths of 2 m, 3.6 m, and 9 m 

were investigated. The output power as a function of the launched pump power 

was measured for the three fiber lasers and shown in Figure 3.3.5.  The 

threshold and slope efficiency of the 3.6-m fiber laser are about 3.24 W and 5.73%, 

respectively. An output power of 260 mW was obtained with the 3.6-m fiber laser 

at a maximum launched power of 7.5 W. Further increase of the pump power 

could result in fluctuation of the output power or even fiber damage due to the 

fiber holder being heated by uncoupled pump light. The output power of this laser 

can be further increased by improving the pump coupling efficiency, employing 

effective thermal management, or building the laser in an all-fiber configuration 

using ZBLAN fiber Bragg gratings. For the 2-m fiber laser, only 158 mW output 

power was obtained at a launched power 7.5 W. The threshold and slope 

efficiency of this laser are about 3.1 W and 3.57%, respectively. As the gain fiber 

length increased to 9 m, the threshold of the fiber laser increased to 3.59 W while 

the slope efficiency decreased to 1.7% due to the increased propagation loss of 

the fiber cavity.  An output power of 66 mw was obtained at the maximum 

launched power. 
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Fig. 3.3.5. Total output power as a function of the 976 nm pump power 
for the 2-m, 3.6-m, and 9-m Dy3+/Er3+ co-doped fiber lasers. 

Since there is no wavelength selective element inside the fiber laser cavity, 

the operating wavelength of the Dy3+/Er3+ co-doped ZBLAN fiber lasers was not 

stable and the optical spectrum generally exhibited multiple peaks.  Figure. 3.3.6 

shows a typical optical spectrum of the 9-m fiber laser at a pump power of 4.4 W.  

In addition to a laser peak at 3.34 m, broadband amplified stimulated emission 

(ASE) at 2.5-3.2 m was also observed on the optical spectrum analyzer at a 

resolution of 2 nm. The optical spectra of the 2-m, 3.6-m, and 9-m fiber lasers 

were measured at a pump power of 7.5 W and are shown in Fig. 3.3.7. When the 

gain fiber length is 2 m, the laser peak is at 3.23 m.  As the gain fiber length 

increases to 3.6 m, the laser peak shifts to about 3.27 m. The laser peak further 

shifts to 3.35 m as the gain fiber length is 9 m. Due to signal re-absorption, a red 
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shift of the laser peak with increasing gain fiber length is observed, which is a 

general aspect of fiber lasers having broadband gain. 

 

Fig. 3.3.6. Optical spectrum of the 9-m Dy3+/Er3+ co-doped fiber laser 
measured over a wavelength range of 2400-3400 nm. 

 

Fig. 3.3.7. Optical spectra of the 2-m, 3.6-m and 9-m Dy3+/Er3+ co-doped 
fiber lasers measured at a pump power of 7.5 W. 
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It should be noted that the efficiencies of the three Dy3+/Er3+ co-doped 

ZBLAN fiber lasers are lower than those of singly Dy3+-doped ZBLAN fiber lasers 

pumped at 1.1 m because 0.25 mol.% Dy3+ and 4 mol.% Er3+ may not be the 

optimal doping levels for the Dy3+/Er3+ co-doped ZBLAN fiber laser. Much higher 

efficiency for a Dy3+/Er3+ co-doped ZBLAN fiber laser can be obtained by further 

optimizing the concentrations of both dopants to reduce concentration 

quenching and improve the energy transfer. The green up-conversion light 

during the experiment like shown in Figure 3.3.8 may also be a reason, i.e., the 

energy upconversion process in highly Er3+-doped ZBLAN [87].  

 

Fig. 3.3.8. Picture of experimental setup of the 3-m Er3+/Dy3+ co-doped 
ZBLAN fiber laser (up-conversion). 

In this section, Dy3+/Er3+ co-doped ZBLAN fiber lasers pumped at the 980 nm 

absorption band of Er3+ were demonstrated. A maximum output power of 260 

mW at 3.27 m with a slope efficiency of 5.73% was obtained with a 3.6-m 0.25 

mol.% Dy3+/ 4mol.% Er3+ co-doped fiber directly pumped by a 976 nm laser diode. 
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The ASE of the co-doped fiber is quite broad as shown in Figure 3.3.6, so it may 

have the potential to be the gain medium of the tunable laser, which will be 

discussed in the next section. 

3.4 Wavelength tunable Er3+/Dy3+ co-doped fluoride fiber 

laser. 

In this section, wavelength tunable dysprosium-erbium (Dy3+/Er3+) co-doped 

ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) fiber lasers pumped at 980 nm were 

developed with a bulk grating blazed at 3.1 µm in the Littrow configuration and 

their performances were investigated. A wavelength tunable range of 674.4 nm 

(2709.2 nm -3373.6 nm) was achieved with a 4.5-m 0.25 mol.% Dy3+/ 4 mol.% 

Er3+ co-doped ZBLAN fiber. Our experiments demonstrated that either Er3+ or 

Dy3+ can be lasing individually in a Dy3+/Er3+ co-doped ZBLAN fiber and that a 

fiber laser with a wavelength tunable range from 2.7 μm to 3.4 μm or longer 

wavelengths can be achieved with proper fiber and cavity design. 

3.4.1 3 m wavelength tunable fiber lasers. 

Wavelength tunable lasers have been developed with almost all types of 

current laser technologies because of their extensive practical applications in 

spectroscopy, optical communications, frequency metrology, hyperspectral 

imaging, device characterization, and remote sensing, among other areas. 

Wavelength tunable lasers in the mid-infrared (MIR) have attracted significant 

interest because most molecules have intense fundamental vibrational 



 

83 

 

absorptions in this region, which are more than 3-orders of magnitude stronger 

than those in the near-infrared, offering tremendously improved molecule 

detection sensitivity and accuracy. Nonlinear wavelength convertors such as 

optical parametric oscillators (OPOs) and difference-frequency generators (DFGs) 

have been widely used to achieve wavelength tunable mid-IR lasers [106-109]. 

However, OPOs and DFGs always have low efficiency and require complex 

manufacturing and frequent maintenance. Direct mid-IR laser generation based 

on rare-earth or transition-metal doped materials and semiconductor materials 

provides a simple and high-efficiency approach to achieve wavelength tunable 

mid-IR lasers. For example, Cr2+:ZnSe and Fe2+:ZnSe crystals have been used to 

develop wavelength tunable lasers with tuning ranges of 2.1-2.8 m and 3.7-5 m, 

respectively [110-111]. Recently, advances in quantum cascade lasers (QCLs) and 

interband cascade lasers (ICLs) have enabled very compact and high-efficiency 

wavelength tunable laser sources covering 3-12 m or even longer wavelengths 

[112-113]. However, the output power levels of crystal and semiconductor lasers 

are generally limited by thermal management issues. Due to outstanding heat 

dissipation capability and excellent output beam quality, rare-earth doped 

fluoride fiber lasers are promising platforms for wavelength tunable lasers at 3 

m, where erbium (Er3+), holmium (Ho3+), and dysprosium (Dy3+) have efficient 

emissions while ICLs still have low efficiency and low output power [114].   

The first wavelength tunable fiber laser at 3 m was demonstrated with a 2 

mol. % Er3+-doped ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) fiber in 2000 [115].  A 

wavelength tunable range of 2.71-2.83 μm with output power < 5 mW was 
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achieved. In 2007, a watt-level wavelength tunable fiber laser was demonstrated 

with highly Er3+-doped and Er3+/Pr3+ co-doped ZBLAN fibers [116]. Due to the 

improved laser efficiency of highly Er3+-doped ZBLAN, a 10-watt-level 

wavelength tunable fiber laser with tuning range of 170 nm (2.71-2.82 μm) was 

demonstrated [117]. Since Ho3+ has a transition with an emission wavelength 

greater than Er3+ in the 3 m wavelength region, a Ho3+/Pr3+ co-doped ZBLAN 

fiber laser with wavelength tuning range from 2.83 μm to 2.9 μm was 

demonstrated in 2011 [118]. A 42 nm wavelength tuning (2923 ∼ 2965 nm) from 

the Ho3+ doped self-Q-switched all-fiber laser is achieved by applying a novel loss-

adjusting technique [119]. Compared to Er3+- and Ho3+-doped ZBLAN fiber lasers, 

Dy3+-doped ZBLAN fiber lasers have recently attracted more attention as a 

wavelength tunable laser source because the 6H13/2 6H15/2 transition in Dy3+ has 

a very broad emission band (2.6-3.4 m). In 2016, a Dy3+-doped ZBLAN fiber laser 

with wavelength tunable range of 2.95 - 3.35 μm was demonstrated by in-band 

pumping at 2.8 m [120]. By changing the pump source to a 1.7 μm Raman fiber 

laser, the wavelength tunable range of the Dy3+-doped ZBLAN fiber laser was 

increased to nearly 600 nm (2.8-3.38 μm) [121]. In this section, we report the 

study of wavelength tunable Dy3+/Er3+ co-doped ZBLAN fiber lasers using a 

grating blazed at 3.1 m in the Littrow configuration. A wide wavelength tunable 

range of 674.4 nm (2709.2 nm -3373.6 nm) was achieved with a 4.5-m 0.25 mol.% 

Dy3+/4 mol.% Er3+ co-doped ZBLAN fiber exhibiting laser operation of both Dy3+ 

and Er3+ ions in the co-doped system.  
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Fig. 3.4.1. Partial energy-level diagrams of Er3+ and Dy3+ and 
transitions/energy transfer processes related to the laser emission at 3 
μm.  

Dy3+/Er3+ co-doped ZBLAN was originally proposed for lasers at 3 m that 

could be pumped at Er3+ absorption bands, where commercial high-power high-

efficiency diodes are readily available [105].  When Dy3+/Er3+ co-doped ZBLAN 

is pumped at 980 nm, Er3+ ions are excited from the ground state (4I15/2) to the 

excited state (4I11/2).  Because the energy of the 6F9/2 state of Dy3+ is close to that 

of the 4I11/2 state of Er3+, which has a long lifetime (6.9 ms) in ZBLAN, efficient 

energy transfer from Er3+ to Dy3+ can occur. This has been verified by both 

spectroscopic study and fiber laser demonstration [105, 122]. A Dy3+/Er3+ co-

doped ZBLAN fiber laser at 3.27 m pumped by a 980 nm diode has recently been 

successfully demonstrated [122]. In addition to the energy transfer, the electrons 

in the 4I11/2 state of Er3+ are also depleted via light emission at 2.7 m through 

transitions from 4I11/2 to 4I13/2, resulting in very broad emission due to the 

contributions of both Er3+ and Dy3+ emissions.  Figure 3.4.2 shows the 3 μm 

fluorescence spectra of a 1 mol.% Er3+-doped ZBLAN glass pumped at 980 nm, a 
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1 mol.% Dy3+-doped pumped at 1090 nm, and a 0.25 mol.% Dy3+/4 mol.% Er3+ co-

doped ZBLAN glass pumped at 980 nm. It is clear that the emission bandwidth of 

the Dy3+/Er3+ co-doped ZBLAN is enhanced compared to that of singly Dy3+-doped 

or Er3+-doped ZBLAN. Although Dy3+-doped ZBLAN has broad fluorescence 

spanning from 2.6 μm to 3.4 μm, it is difficult to obtain laser operation below 2.8 

m because the emission cross-section of Dy3+ is smaller than the absorption 

cross-section in this band. Because emission from the 4I11/2 - 4I13/2 transition is still 

very strong in 0.25 mol.% Dy3+/ 4 mol.% Er3+ co-doped ZBLAN, laser operation 

below 2.8 m can still be achieved by forcing Er3+ ions to lase. The amplified 

spontaneous emission (ASE) spectrum of a 4.5-m 0.25 mol.% Dy3+/4 mol. % Er3+ 

co-doped ZBLAN fiber pumped at 980 nm was measured and is shown in Figure 

3.4.3. As a comparison, the ASE spectrum of singly Dy3+-doped ZBLAN fiber 

pumped at 1090 nm and singly Er3+-doped ZBLAN fiber pumped at 980 nm were 

also measured and are shown in Fig. 3.4.3. Much broader ASE covering 2.5-3.6 μm 

was measured with the Dy3+/ Er3+ co-doped fiber. The ASE from Er3+ in Dy3+/ Er3+ 

co-doped fiber at 2.7-2.8 m is 5 dB higher than that of Dy3+ at 3 m, showing the 

potential for laser operation based on Er3+ transitions at 2.7-2.8 m in the co-

doped system and allowing us to achieve a wide wavelength tunable fiber laser 

with a tuning range of 2.7-3.4 m. 
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Fig. 3.4.2. Measured fluorescence spectra of 1 mol.% Dy3+-doped, 1 
mol.% Er3+-doped, 0.25 mol.% Dy3+/ 4 mol.% Er3+ co-doped ZBLAN 
samples in the 3 μm wavelength region 

.  

Fig. 3.4.3. Measured ASE spectra of Dy3+/ Er3+ co-doped, singly Er3+-

doped, and singly Dy3+-doped ZBLAN fibers. 

In this section, we used the 0.25 mol.% Dy3+/ 4 mol.% Er3+ co-doped ZBLAN 

fiber to demonstrate widely wavelength tunable Dy3+/Er3+ ZBLAN fiber lasers and 

investigate their performance. Continuous wavelength tunable emission from 
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2.71 μm to 3.38 μm was obtained due to the laser operation of both Er3+ and Dy3+ 

ions in the co-doped system.   

3.4.2 Experimental setup. 

 

Fig. 3.4.4. Schematic of tunable 3-μm Dy3+/ Er3+ co-doped ZBLAN fiber 
laser pumped by a 980 nm laser diode. 

The schematic of the wavelength tunable Dy3+/ Er3+ co-doped ZBLAN fiber laser 

is shown in Figure 3.4.4. The core of the Dy3+/Er3+ co-doped fiber has a diameter 

of 18 m and numerical aperture (NA) of 0.14. Its inner cladding has a D-shaped 

cross section of 250 m × 200 m and an NA of 0.5, which enhances the pump 

absorption by deflecting the skew rays through the fiber core. A commercial 980 

nm laser diode was used as the pump source, and a pair of CaF2 lenses with a focal 

length of 2.54 cm were used to collimate the pump light and couple the pump into 

the D-shape inner cladding of Dy3+/Er3+ co-doped ZBLAN fiber. A dichroic mirror 

(Dichroic Mirror 2) with reflectivity of 70% at 3 μm and high transmission at 980 

nm was butt-coupled to the flat cleaved front end of the gain fiber and used as an 

output coupler. Another CaF2 lens was placed after the angle cleaved rear end of 

the gain fiber to collimate the 3 μm emission light. A blazed grating (Thorlabs 

GR1325-45031) was placed at 3 cm after the collimating CaF2 lens to reflect the 
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diffracted beam at a specific wavelength back into the core of the gain fiber, 

working as the wavelength selective cavity mirror. Another dichroic mirror 

(Dichroic Mirror 1) with high reflection around 3 μm and high transmission at 

980 nm was placed between the collimating lens and focusing lens at 45o to the 

laser beam to deliver the 3 μm laser beam to the detector. An 1850 nm long pass 

filter was placed before the detector to make sure that only the 3 μm laser was 

detected. A thermal detector (Thorlabs S415C) and an optical spectrum analyzer 

(Yokogawa, AQ6376) were used to measure the output power and optical 

spectrum, respectively. 

3.4.3 Experimental results and discussion 

In our experiment, the performance of wavelength tunable Dy3+/Er3+ co-doped 

ZBLAN fiber lasers with different gain fibers was investigated. Figure 3.4.5 shows 

the optical spectra of the wavelength tunable fiber laser with 3.5-m gain fiber 

operating at different wavelengths. Wavelength tunable laser operation from 

2708 nm to 3296.8 nm was achieved. It should be noted that the wavelength 

tunable range of the 3.5-m fiber laser was limited by the onset of parasitic lasing 

at 2930 nm, which can be suppressed by using optical components with highly 

anti-reflective coatings to reduce the reflections inside the cavity. Using long gain 

fiber is an alternative approach to conquer the parasitic lasing at 2930 nm and 

extend the laser operating wavelength because a longer gain fiber can usually 

produce higher gain at long wavelength, where the emission cross-section of the 

gain medium is small. To extend the tunable wavelength range of a Dy3+/Er3+ co-
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doped ZBLAN fiber laser beyond 3.3 m, 4.5 m and 6 m gain fibers were then used 

in our experiment. The optical spectra of the 4.5-m Dy3+/Er3+ co-doped ZBLAN 

fiber laser operating at different wavelengths are shown in Figure 3.4.6.  A 

wavelength tuning range of 2709.2-3373.6 nm was achieved. Figure 3.4.7 shows 

the optical spectra of the 6-m Dy3+/Er3+ co-doped ZBLAN fiber laser operating at 

different wavelengths beyond 3.2 m. The longest operation wavelength 

achieved with the 6-m gain fiber was 3.38 m. Further tuning the blazed grating 

didn’t result in laser operation at a longer wavelength but rather onset of 

parasitic lasing at 3240 m. Because the ASE of a Dy3+/Er3+ co-doped ZBLAN fiber 

can extend to 3.6 m as shown in Figure 3.4.3, it is very possible to achieve laser 

operation beyond 3.4 m if the parasitic lasing is suppressed and a longer gain 

fiber is used.    

 

Fig. 3.4.5. Measured optical spectra of wavelength tunable Dy3+/Er3+ co-
doped ZBLAN fiber laser with gain fiber length of 3.5 m operating at 
different wavelengths. 
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Fig. 3.4.6. Measured optical spectra of wavelength tunable Dy3+/Er3+ co-
doped ZBLAN fiber laser with gain fiber length of 4.5 m operating at 
different wavelengths. 

 

Fig. 3.4.7. Measured optical spectra of wavelength tunable Dy3+/Er3+ co-
doped ZBLAN fiber laser with gain fiber length of 6 m operating at 
different wavelengths. 

The spectral bandwidth of the wavelength tunable fiber laser was measured 

by an optical spectrum analyzer with a resolution of 0.1 nm. Figures 3.4.8(a) and 
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(b) show the typical optical spectrum of the wavelength tunable fiber laser 

operating at 2.89 m in logarithmic and linear scales, respectively. The spectral 

bandwidth was about 0.32 nm, which is determined by the distance between the 

collimating lens and the blazed grating, the groove density of the blaze grating, 

and the fiber core diameter of the gain fiber. The spectral linewidth of the 

wavelength tunable laser can be reduced by increasing the distance between the 

collimating lens and the blazed grating and using a grating with larger groove 

number.

 

Fig. 3.4.8. Measured optical spectrum of the wavelength tunable 
Dy3+/Er3+ co-doped ZBLAN fiber laser operating at 2889 nm with 
intensity plotted in (a) logarithmic scale, and (b) linear scale. 

The output power as a function of the launched pump power for the 

wavelength tunable 4.5-m Dy3+/Er3+ co-doped ZBLAN fiber laser operating at 

different wavelengths was measured and is shown in Figure 3.4.9. It is clear that 

the wavelength tunable laser has different pump thresholds and slope efficiencies 

as it operates at different wavelengths. The slope efficiencies and pump 

thresholds are summarized in Table 3.4.1. The 3 m laser has the highest 

efficiency because the 4.5-m Dy3+/Er3+ co-doped ZBLAN fiber has the largest gain 
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around 3 m as shown by the ASE spectrum. The 2.785 μm laser produced by Er3+ 

has the lowest efficiency of 0.56%, which is even much less than that of a single 

Er3+-doped ZBLAN fiber laser, because it suffers from high loss caused by the 

energy transfer from Er3+ to Dy3+ and the strong absorption of Dy3+ at this 

wavelength. When the laser wavelength was tuned to 2.85 μm, the laser efficiency 

increased to 1.52% because the laser emission was produced by Dy3+.  The laser 

efficiency increased with increasing operating wavelength until reaching a 

maximum of 3.28% at 3 μm and then decreased with increasing operating 

wavelength due to the reduced gain at long wavelengths. A slope efficiency of 

1.23 % was measured for the wavelength tunable fiber laser operating at 3.2 μm. 

The pump threshold of the 4.5-m Dy3+/Er3+ co-doped ZBLAN fiber laser, however, 

decreased as the operating wavelength increased from 2.85 μm to 3.1 μm. The 

pump threshold of the wavelength tunable laser operating at 2.85 m was 12 W 

and decreased to a minimum value of 5.77 W at 3.1 μm, where the blazed grating 

has the maximum reflection. Further increasing the laser wavelength led to an 

increase of the pump threshold due to the decreasing emission cross-section. 

Because the laser emission below 2.8 μm result only from the 4I11/2 -4I13/2 

transition of Er3+, the pump threshold of the 2.785 m laser was 8.2 W, which is 

smaller than that of the 2.85 m laser that is produced by the 6H13/2 - 6H15/2 

transition of Dy3+. 
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Fig. 3.4.9. The output power as a function of launched pump power for 
the 4.5-m wavelength tunable Er3+/Dy3+ co-doped fiber laser operating 
at different wavelengths. 

 

Table 3.4.1. Slope efficiencies and thresholds of the 4.5-m wavelength tunable 
Er3+/Dy3+ co-doped ZBLAN fiber laser operating at different wavelengths. 

Wavelength (nm) Slope Efficiency (%) Threshold (W) 

2785 0.56 8.20 

2850 1.52 12.03 

2900 2.26 10.28 

3000 3.28 8.02 

3100 2.53 5.77 

3200 1.23 8.28 

 

The output power at different wavelengths of the 4.5-m wavelength tunable 

Dy3+/Er3+ co-doped ZBLAN fiber laser was measured at pump powers of 15.4 W 

and 18.5 W, respectively, and is shown in Figure 3.4.10. The output power 

increases with increasing operating wavelength until it reaches a maximum at 3 
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m and then decreases with increasing operating wavelength above that. A 

maximum output power of 168 mW at 3 m was obtained at a pump power of 

18.5 W. Higher output power can be obtained with higher pump power, but 

increases the likelihood of fiber damage due to the thermal management issues 

at the pumping end. It is also worth noting that the wavelength tunable 4.5-m 

Dy3+/Er3+ co-doped ZBLAN fiber laser cannot operate at 2740 nm or a shorter 

wavelength at the two pump power levels due to the reduced gain of singly Er3+-

doped ZBLAN fiber laser. The output power of the laser at 2740 nm at different 

pump power levels was measured and is shown in Figure 3.4.11. It is clear that 

the output increased with the increasing pump power until reaching a maximum 

value of 10 mW at a pump power of 11.32 W. Further increase of the pump power 

led to a rapid decrease of the output power and the 2740 nm lasing vanished as 

the pump power exceeded 13 W. Nevertheless, the operating wavelength of the 

4.5-m Dy3+/Er3+ co-doped ZBLAN fiber laser can be tuned to 2709 nm at low 

pump power. The Dy3+/Er3+ co-doped ZBLAN fiber laser has wavelength tuning 

behavior similar to that of a single Er3+-doped ZBLAN fiber laser, confirming that 

Er3+ in the co-doped system can be forced to lase individually.  However, the 

efficiency of the Dy3+/Er3+ co-doped ZBLAN fiber laser is much smaller than that 

of that of singly Er3+-doped fiber lasers because Dy3+ has large absorption in the 

2700nm region. The efficiency of a wavelength tunable Dy3+/Er3+ co-doped 

ZBLAN fiber laser can be further improved by optimizing the doping levels of Dy3+ 

and Er3+. 
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Fig. 3.4.10. Output power of the 4.5-m wavelength tunable Dy3+/Er3+ co-
doped fiber laser operating at different wavelengths pumped at 15.4 W 
and 18.5 W. 

 

Fig. 3.4.11. Output power as a function of launched pump power for the 
4.5-m wavelength tunable Dy3+/Er3+ co-doped fiber lasers operating at 
2740 nm. 
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3.5 Chapter summary. 

In conclusion, we have demonstrated widely wavelength tunable Dy3+/Er3+ co-

doped fiber lasers using 0.25 mol.% Dy3+/ 4 mol.% Er3+ co-doped ZBLAN fiber. A 

continuous wavelength tunable range of nearly 700 nm was achieved. The 

efficiency and wavelength tunable range of Dy3+/Er3+ co-doped fiber lasers can be 

further improved by optimizing the doping levels of Dy3+ and Er3+. A more 

powerful wavelength-tunable laser in the 2.7-3.4 m can be obtained by using 

higher pump power with improved thermal management or by using fiber 

amplifiers. 
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Chapter 4. Compact CNT Mode-locked 
Ho3+-doped Fluoride Fiber Laser at 1.2 
μm 

In previous chapters, we have discussed fluoride fiber lasers operating in the mid-

infrared region. However, fluoride fiber lasers also have significant performance 

in the infrared region. In this chapter, we are going to introduce a mode-locked 

fiber laser operating at 1.2 μm. A diode laser pumped carbon nanotube mode-

locked Ho3+-doped fluoride fiber laser at 1.2 μm is demonstrated in this chapter. 

Stable mode-locked pulses with an average power of 1 mW at a repetition rate of 

18.47 MHz were obtained at a pump power of 348 mW. The pulse energy and 

peak power of this mode-locked laser oscillator were about 54 pJ and 12.6 W, and 

increased to 2.41 nJ and 0.54 kW, respectively, by using a 15-cm Ho3+-doped 

fluoride fiber amplifier. The pulse duration was measured to be 4.3 ps with an 

autocorrelator.  

4.1 Introduction and background. 

Laser sources operating in the 1.2 µm wavelength region have attracted 

increasing interest for a variety of applications including molecular spectroscopy, 

medical treatment, oxygen remote sensing, noninvasive medicine and biomedical 

diagnostics [123-126]. In recent years, fiber lasers have become excellent laser 

platforms due to their advantages including low manufacturing and maintenance 

cost, high reliability and compactness, excellent beam quality, high power 

scalability and heat dissipation capability. Several fiber lasers in this wavelength 



 

99 

 

region have been demonstrated by use of Raman scattering of silica fiber and 

radiative emission of bismuth ions [128-131]. However, long fibers (10s-100s 

meter) had to be used in these demonstrations due to the low unit gains of Raman 

fibers and bismuth-doped fibers. It is well known that ZBLAN (ZrF4-BaF2-LaF3-

AlF3-NaF) glass is the most stable heavy metal fluoride glass allowing high 

concentration doping of rare-earth ions and thus high unit gains can be obtained 

with highly doped ZBLAN fibers. On the other hand, rare-earth ions doped in 

ZBLAN allow a number of laser transitions that are non-radiative in silica glass 

because of the low phonon energy of ZBLAN and their long radiative lifetimes 

[127]. Holmium (Ho3+) doped ZBLAN can emit efficiently at 1.2 m through the 

transition from the upper level 5I6 to the lower level 5I8 besides other radiative 

transitions yielding mid-infrared emissions at 2 m and 3 m [132]. Most 

recently, several Ho3+-doped ZBLAN fiber lasers at 1.2 m have been 

demonstrated with either continuous-wave (CW) or Q-switched laser output 

[127, 133-136].  

Owing to the high unit gain of highly Ho3+-doped ZBLAN fiber, a single 

frequency distributed Bragg reflector all-fiber laser at 1.2 µm with a spectral line 

width less than 100 kHz has been demonstrated [133] and a 2.4-W CW fiber laser 

with a slope efficiency of 42% at 1.19 m has been recently achieved with only a 

10 cm gain fiber [134]. Q-switched operation of Ho3+-doped fiber lasers has also 

been successfully demonstrated with graphene and semiconductor saturable 

absorbers [135, 136], however, the shortest pulse obtained so far is 800 ns. Much 

shorter pulses and higher peak power are in great demand for various 
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applications. Therefore, mode-locked Ho3+-doped ZBLAN fiber lasers are 

attractive for achieving ultrashort pulses at 1.2 m. Mode-locked operation of 

Ho3+-doped ZBLAN fiber laser at 1.2 μm was first demonstrated with a nonlinear 

polarization rotation (NPR) technique [137] and 47 ps pulses at a repetition rate 

of 1.77 MHz were obtained. However, the NPR technique is generally sensitive to 

environment and small perturbations. In contrast, a saturable absorber 

exhibiting high transmission at high power density can usually provide reliable 

and robust mode-locked laser performance. Carbon nanotubes (CNTs) have been 

used as excellent saturable absorbers for the mode-locked operation of a variety 

of lasers [138-141] due to their advantages including ultrafast recovery time 

(~100 fs), broad absorption bandwidth, chemical stability and ease of 

incorporating with fibers. Various CNT mode-locked fiber lasers in the 1.55 μm 

and 2μm region have also been reported [139, 142-145]. In this chapter, we 

report a CNT mode-locked Ho3+-doped ZBLAN fiber laser at 1.2 μm. Sub-5 ps 

pulses in the 1.2 m region were obtained for the first time, to the best of our 

knowledge. This laser provides us an excellent platform to study the mode-

locking of a fiber laser with small net dispersion in the normal region. 

The absorption and emission cross-sections of Ho3+ ions corresponding to 

the 1.2 μm transitions were obtained by measuring the absorption and the 

fluorescence of Ho3+-doped ZBLAN glass and are shown in Figure 4.1.1. Ho3+ has 

an absorption band around 1150 nm, which is very close to the desired laser 

wavelength 1.2 μm. In addition, an 1150 nm pump can easily be achieved with 
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semiconductor lasers or Raman fiber lasers. Therefore, 1150 nm lasers are the 

ideal pump sources for 1.2 μm lasers.  

The energy-level diagram of Ho3+ is shown in the inset of Figure 4.1.1. 

Electrons in the ground state 5I8 are pumped by 1150 nm to the excited state 5I6. 

The 1.2 μm emission is generated through the transition from the excited state 5I6 

to the ground state 5I8. In a low-concentration Ho3+-doped ZBLAN glass, the 

lifetime of the 5I6  state is about 3.5 ms, which is much shorter than the 12 ms 

lifetime of the 5I7 state. Therefore, the competitive 2.9 μm emission is usually self-

terminated due to population accumulation in the 5I7 state. In addition, the 

branching ratio of 9∶1 between the two transitions 5I6 → 5I8 and 5I6 → 5I7 is also 

advantageous for 1.2 μm emission. Therefore, Ho3+-doped ZBLAN is a promising 

high-efficiency gain medium for the 1.2 um fiber lasers. 

 

Fig. 4.1.1. (Color online) Absorption and emission cross-sections of Ho3+ 
ions in ZBLAN glass. (Inset: energy level diagram and transitions related 
to the 1.2 μm emission) [146]. 
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4.2 Experimental setup. 

The schematic of the experimental setup for the CNT mode-locked fiber ring-

cavity laser is shown in Figure 4.2.1. A 10-cm long 3 mol.% Ho3+-doped ZBLAN 

fiber was used as the gain fiber, which has a core diameter of 5.3 m and cladding 

diameter of 125 m. The numerical aperture of the fiber core is 0.14. A Vytran 

splicer was used to fabricate the gain chain by splicing a Ho3+-doped ZBLAN fiber 

to two pieces of Hi1060 silica fibers. The Ho3+-doped ZBLAN fiber chain was 

pumped by two polarization-combined 1150 nm semiconductor lasers via a 

filter-based wavelength division multiplexer (WDM1). A fused-taper-based WDM 

(WDM2) was used to remove the residual 1150 nm pump laser and served as a 

spectral filter for the mode-locked operation in the normal dispersion region as 

well. The 1190 nm port of WDM2 was spliced to a fiber-optic carbon nanotube 

(CNT) saturable absorber, which has a linear transmission of about 40%. A fused 

fiber coupler with a coupling ratio of 30/70 was used as the output coupler. An 

optical isolator (Isolator 2) was connected to the 30% output port of the 30/70 

coupler to avoid the any reflection back to the ring cavity. Another isolator 

(Isolator1) was connected to the 70% port of the 30/70 coupler and the signal 

port of WDM1 to form the ring cavity and ensure unidirectional propagation of 

the laser. Pulse trains of the mode-locked laser were detected by an InGaAs 

avalanche photodetector (Thorlabs, APD130C) and measured by an oscilloscope 

(Tektronix, TDS1012) and a radio-frequency (RF) spectrum analyzer 

(ADVANTEST, R3131A). The output spectrum was measured with an optical 

spectrum analyzer (ANDO, AQ6317). 
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Fig. 4.2.1. Schematic of the experimental setup for a CNT mode-locked 
Ho3+-doped ZBLAN fiber laser at 1.2 m 

Saturable absorbers with proper absorption and modulation are crucial for 

the self-starting and stable mode-locked operation of a laser system. We have 

selected single-walled CNT particles with a diameter of 1.4 nm ± 0.1 nm and a 

length of 0.5-0.6 µm to make the saturable absorbers. Firstly, 5 milligrams of CNT 

powder was poured into 10 ml 0.1% sodium dodecyl sulfate aqueous solution. 

After ultrasonic processing, 5 ml of upper strata CNT solution was extracted. Then 

the upper strata CNT solution was mixed with polyvinyl alcohol (PVA) aqueous 

solution (2 mg/10ml) in different proportions. The CNT/PVA solutions with 

different proportions were poured into cuvettes to form films. The CNT/PVA 

films were cut into 1 mm  1 mm pieces and put between two surfaces of fiber 

connectors to make a fiber-based CNT saturable absorbers. CNT saturable 

absorbers with linear transmissions from 20% to 80% were fabricated. Figure 

4.2.2(a) shows the transmission of a CNT with a linear transmission of about 40% 
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at 1190 nm, which was selected for the development of a mode-locked laser 

system in the 1.2 m region. The nonlinear transmission of this CNT saturable 

absorber was tested with the Ho3+-doped ZBLAN fiber laser at 1.2 m reported 

here. Figure 4.2.2(b) shows the measured transmission of this CNT saturable 

absorber as a function of the laser fluence. The saturated transmission of the CNT 

saturable absorber is about 73% at a laser fluence of 1.8 mJ/cm2. The modulation 

depth of the CNT saturable absorber is 33%, which was found to be enough to 

mode-lock the Ho3+-doped fiber laser very easily. 

 

Fig. 4.2.2. (a) Linear transmission of a CNT saturable absorber vs 
wavelength.(b) Nonlinear transmission of a CNT saturable absorber 
measured at 1190nm . 
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4.3 Experimental results  

Stable mode-locked operation of the ring cavity fiber laser started at a pump 

power of 335 mW and was maintained until the pump power reached 441 mW, 

with stable pulses disappearing when the pump power was higher than that. 

When the pump power was 348 mW, the laser output power was 1 mW. The pulse 

train of the CNT mode-locked Ho3+-doped ZBLAN fiber laser was measured by an 

oscilloscope and is shown in Figure 4.3.1. The output spectrum of the laser is 

shown in Figure 4.3.2 The central wavelength of the laser is 1192 nm and the 3-

dB bandwidth of the laser is about 0.48 nm. Due to the small total dispersion of 

the fiber cavity (0.12ps2), the spectrum of this normal dispersion mode-locked 

laser exhibits different features from mode-locked Yb3+ fiber lasers in the 1 m 

region. There are two side peaks beside the main laser peak, which doesn’t have 

a flat top, being more similar to that of an anomalous dispersion mode-locked 

fiber laser. RF spectra of this laser measured over a frequency range of 300 MHz 

and 50 kHz (centered on 18.47 MHz) are shown in Figure 4.3.3 (a) and (b), 

respectively. The repetition rate of the mode-locked laser is 18.47 MHz, which is 

consistent with a ring cavity length of 10.8 m. Over 70 dB signal-to-noise ratio 

and very narrow bandwidth of the RF spectrum confirms the stable mode-locked 

operation of this fiber laser. The pulse energy of the mode-locked laser is about 

54 pJ. 
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Fig. 4.3.1. Pulse trains of a CNT mode-locked Ho3+-doped ZBLAN fiber 
laser. 

 

 

Fig. 4.3.2. Optical spectrum of a CNT mode-locked Ho3+-doped ZBLAN 
fiber laser. 
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Fig. 4.3.3. Radio-frequency spectra of a CNT mode-locked Ho3+-doped 
ZBLAN fiber laser measured over (a) a frequency range of 300 MHz  
and (b) a small frequency range of 40 kHz centered at 18.47 MHz. 

 

An autocorrelator (Femtochrome, FR-103XL) was employed to measure the 

pulse width. In order to measure the pulse width with high signal-to-noise ratio, 
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a 15-cm Ho3+-doped ZBLAN fiber amplifier pumped by a 1150 nm Raman fiber 

laser was used to increase the average power of the mode-locked laser to 44.5 

mW.  The peak power of the amplified pulses is about 540 W. The nonlinear 

distortion of the mode-locked pulse was assumed to be negligible due to the 

short-length of the fiber amplifier. The autocorrelator trace was recorded with an 

oscilloscope and is shown in Figure 4.3.4. The full-width at half maximum (FWHM) 

of the autocorrelator trace is 6.72 ps, corresponding to a pulse width of 4.3 ps 

assuming the pulse is Gaussian. The time-bandwidth product of this laser is 

0.4358, which is very close to the time-bandwidth-product (TBP) of a transform 

limited pulse, so we conclude that pulses of this compact CNT mode-locked Ho3+-

doped fluoride fiber laser were transform limited. 

 

Fig. 4.3.4. Autocorrelation trace of the mode-locked fiber laser. 



 

109 

 

In conclusion, we have successfully developed a diode-pumped CNT mode-

locked Ho3+-doped ZBLAN fiber laser at 1192 nm. Fundamental mode-locking of 

this laser was obtained at a pump power of 348 mW. The pulse width was 

measured to be 4.3 ps, which is the shortest pulse width ever obtained for a fiber 

laser in the 1.2 m region. 
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