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ABSTRACT 

 

Extremely compact high-power fiber lasers operating at eye-safe telecom wavelength 

of 1.5 µm have been achieved by systematic experimental studies. Heavily Er3+-Yb3+-

codoped phosphate glasses have been chosen as the host glass for our fibers and 1.5 µm 

lasers have been realized when pumped with 975 nm laser diodes. 

  The first short-length cladding-pumped fiber laser with watt-level CW output power 

has been demonstrated by an 11-cm-long doped step-index phosphate fiber. Without 

active cooling, 1.5 W output power at 1535 nm has been obtained.  

Thermoelectric cooler has been used for heavily doped phosphate step-index fibers. A 

dual-end-pumped actively cooled fiber laser has generated more than 11 W CW output 

power at 1535 nm from an 11.9 cm long active fiber. A fully 3-dimensional thermal 

analysis has been performed to calculate the internal temperature distribution of the short-

length fiber laser and the simulated results have been experimentally verified. 

Phosphate glass microstructured optical fibers (MOFs) with large active cores have 

been fabricated. The first demonstrated short phosphate MOF laser has generated > 3 W 

single-mode CW output power from an 11-cm-long fiber. The impacts of depressed-core-

index and annealing upon MOF’s modal property have been systematically investigated. 

Extremely compact high-power fiber laser is demonstrated by a heavily doped MOF laser 

and > 4.5 W single-mode CW output power is delivered from a 3.5 cm long fiber. 

Finally, a high-power single-frequency fiber laser is realized by splicing a FBG with a 3.8 

cm long MOF, which achieves > 2 W single-frequency output power. 
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CHAPTER 1 

 

INTRODUCTION 

     

1. 1 Fiber laser fundamentals 

 

Optical fibers have played an essential role in the development of modern 

telecommunication systems. The great era of optical fiber communications would never 

have been possible without the appearance of low-loss optical fibers. The propagation 

loss of early fibers had been high (∼1000 dB/km) at the telecom wavelength of 1.5 µm 

[N. S. Kapany 1967], but it was drastically reduced to 20 dB/km in early 70s [F. P. 

Kapron et al. 1970] and was soon reduced to 0.2 dB/km [T. Miya et al. 1979]. Fibers for 

long-distance optical signal transmission were ready and long haul optical networks 

became practical, therefore started the revolution in the field of telecommunications.  

An optical fiber, in its simplest form as shown in Fig. 1.1, consists of a cylindrical 

core (radius Rcore: a few to several tens of micrometers) that is surrounded by a cladding 

(radius Rclad: a few tens to several hundreds of micrometers). The refractive index of the 

core (ncore) is slightly higher than that of the cladding (nclad), which satisfies the condition 

for total internal reflection (TIR) at the core-cladding interface. Therefore, ideally, light 

can be confined inside the core without any propagation loss. For a step-index fiber, the 

index distribution along its radial direction is:  
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where r is the radial coordinate. The numerical aperture (NA) of the fiber, which 

represents the maximal acceptance angle (NA = Sin θi) within which the TIR condition 

can be satisfied, may be expressed by: 

2 2 2core clad coreNA n n n= − ≈ ∆                                          (1.2) 

where ∆ = (ncore-nclad)/ncore and  ncore ≈ nclad is assumed for weakly guiding fibers. 

 

 
Cladding Cladding 

θi 

 

 

Core 

Fig. 1.1. Illustration of an optical fiber with single layer of cladding. 
 

Fibers were initially designed solely for purpose of light transmission; however, their 

unique light guiding property quickly attracted them to other applications. One important 

application is to fabricate compact light amplification and lasing devices by doping the 

fiber cores with rare-earth ions. Since the active cores are also where the light is trapped, 

i.e. the gain media are filled with high optical power densities, active fibers become an 

ideal candidate to fabricate compact low-threshold high-gain amplifiers and lasers. 

Optical fiber used as laser gain medium was first demonstrated in 1964 [C. J. Koester and 

E. Snitzer 1964], shortly after the first laser appeared [T. H. Maiman 1960], and the first 
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fiber lasers were realized in 70s in both pulsed [J. Stone and C. A. Burrus 1973] and 

continuous-wave (CW) [J. Stone and C. A. Burrus 1974] forms.  

 Input 
coupler 

Output 
coupler 

 
Doped fiber 

Laser 
output 

Pump 
power 

 

 

 

Fig. 1.2. Schematic drawing of a fiber laser of Fabry-Perot resonator. 

The most common laser cavity used by fiber laser is the Fabry-Perot resonator, as 

shown in Fig. 1.2. It is typically constructed by placing a piece of active fiber butted 

against two planar dielectric mirrors, one serves as the input coupler and the other as the 

output coupler. Both ends of the fiber are either perpendicularly cleaved or polished flat. 

Dielectric coatings can also be directly deposited on the fiber facets to replace the bulk 

mirrors and serve as the input and output couplers. Pump power is directly focused into 

the fiber by pump launching optics through the input coupler, which is transparent to the 

pump light and highly reflective to the signal light. The signal leaves the laser cavity 

through the output coupler, which can maximize the laser efficiency from dual aspects: 

its high reflectivity at the pump wavelength can send any unabsorbed pump light back 

into the cavity and its reflectivity at the signal wavelength can be optimized to maximize 

the output power. 
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1.2 High-power cladding-pumped near infrared fiber lasers 

 

Rare-earth ions, e.g., neodymium (Nd3+), ytterbium (Yb3+), erbium (Er3+), thulium 

(Tm3+), holmium (Ho3+), samarium (Sm3+), and praseodymium (Pr3+) have long been 

used for optical applications at the near infrared spectral range. Nd3+ is the first rare-earth 

ion introduced into fibers that demonstrated high gain [C. J. Koester and E. Snitzer 1964] 

and laser operation [J. Stone and C. A. Burrus 1974] at near infrared; Yb3+-doped fibers 

emit a broad spectral range from 970 to 1200 nm [H. W. Etzel et al. 1962; P. J. Suni et al. 

1989; H. M. Pask et al. 1995]; Er3+-doped fibers emit at the important telecom 

wavelength of 1.5 µm [R. J. Mears et al. 1986; L. Reekie et al. 1986]; while Tm3+- and 

Ho3+-doped fibers operate at the relative long wavelength around 2 µm [D. C. Hanna et 

al. 1988A/B]. Fig. 1.3 illustrates the wavelength ranges demonstrated in rare-earth doped 

silica fiber lasers up to late 90s [M. J. F. Digonnet 2001]. 

 

Fig. 1.3. Wavelengths demonstrated in CW rare-earth-doped silica fiber lasers. 
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Since the introduction of fiber lasers in 60s and 70s, drastic improvement in laser 

performance and efficiency was achieved in 80s with the realization of low-loss rare-

earth-doped silica fibers [S. B. Poole et al. 1985; R. J. Mears et al. 1985], the application 

of semiconductor laser diodes as pump sources, and novel designs of fibers and pumping 

schemes. The early fiber lasers and amplifiers had only one effective waveguiding 

component: the core. Since both the signal and pump light are guided in the core, for the 

fiber lasers to achieve efficient and robust laser operation, the pump light emitted from 

laser diodes needs to be coupled into the small core area with high efficiency and 

stability. This requires the laser diodes to be single-mode and have high brightness. 

However, high-power single-mode laser diodes remain to be a technique challenge up to 

date and the output powers from the core-pumped fiber lasers are still limited to ∼1 W 

due to the pump power availability. 

To break this stringent pump source requirement and take advantage of the available 

high-power multimode laser diodes of relative low brightness, cladding-pumped fiber 

devices were introduced in late 80s [E. Snitzer et al. 1988A]. Double-cladding fibers are 

designed for the cladding-pumping scheme, as shown in Fig. 1.4, a second (outer) 

cladding with lower index than that of the first (inner) cladding is added. The pump light 

is injected into the inner cladding and is confined there, because the TIR condition is 

satisfied at the inner-outer cladding interface. At the same time, since only the core is 

doped and the signal light is generated and confined inside the core, the signal will still 

have a high brightness regardless of the properties of the pump light.  
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Fig. 1.4. Schematic drawing of a double-cladding fiber. 
 

Another major advantage of the cladding-pumping scheme is that these fiber lasers 

have high thermal tolerance for high-power CW laser operation. Though the pump power 

fills out the inner cladding during its propagation along the fiber, only the core region 

absorbs the pump light. The pump absorption coefficient of the fiber is thus proportional 

to the ratio of core area over the inner cladding area, if the pump power is evenly 

distributed across the cross-section of the inner cladding. Therefore, one can always 

lower the core doping level and increase the inner cladding size to effectively reduce the 

pump absorption coefficient, at the same time, elongate the fiber length to ensure 

sufficient pump absorption.  Another thermal concern is that as laser diode arrays of very 

high CW power are available, the output power of the fiber laser can be limited by the 

breakdown of the active core region, due to the high optical power density at the single-

mode core center. To reduce the intensity at the core center, large and slightly multimode 

cores can be used instead of the small single-mode cores. Though large cores may allow a 

few transverse modes, careful designs and special techniques, such as bending, can be 

used to strip out the high order modes so that the large cores can still be under 

fundamental mode operation. Large core size will also help overcome yet another power 
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scaling limitation factor: the nonlinear effects such as stimulated Raman and Brillouin 

scatterings. Since the threshold powers of these nonlinear effects are proportional to the 

effective modal area, large cores will enhance the threshold powers and postpone the 

output power rollover caused by nonlinear effects to a later stage in power scaling. 

By applying these technologies and careful engineering, up to date, the power scaling 

of rare-earth doped infrared fiber lasers is only limited by available pump power, 

particularly for Nd3+-doped fiber lasers (NDFLs) and Yb3+-doped fiber lasers (YDFLs). 

Both NDFLs and YDFLs have high quantum efficiencies: NDFL has a quantum 

efficiency of ∼75% (lasing at 1.06 µm and pumped at ∼808 nm) and the YDFL efficiency 

is even higher at ∼90% (lasing at 1.1 µm and pumped at ∼980 nm). The double-cladding 

NDFL pumped by laser diode array was pioneered in late 80s [H. Po et al. 1989], and it 

quickly broke the CW watt-level output barrier in 1993 [H. Po et al. 1993], increased its 

output power to ~10 W [H. Zellmer et al. 1995] and 30 W [V. Reichel et al. 1998] several 

years later, eventually reached kilowatt CW output level with a fiber-embedded disk 

design [K. Ueda et al. 2002]. Cladding-pumped YDFL was developed slightly later, but it 

has advanced with a faster pace. With its first demonstration in early 90s [V. P. 

Gapontsev et al. 1991], its CW output power climbed to >1 W [H. M. Pask et al. 1995], 

>10 W [S. G. Kosinski and D. Inniss 1998], >100 W [V. Dominic et al. 1999], ~500 W 

[J. Limpert et al. 2003A], >800 W [C. H. Liu et al. 2004], and eventually >1 kW [Y. 

Jeong et al. 2004B/C] from a single piece of active fiber with an accelerating pace. 

Er3+-doped fiber lasers (EDFLs) [E. Snitzer et al. 1988B], as well as Er3+-Yb3+-

codoped fiber lasers (EYDFLs) [E. Snitzer 1989], operate at the eye-safe telecom 



 20

wavelength of 1.5 µm. When pumped at ∼980 nm, the excited state absorption free 

wavelength [R. I. Laming et al. 1988], the quantum efficiency of EDFL and EYDFL is 

limited to ∼63% because the pump wavelength is farther away from the signal 

wavelength comparing with NDFL and YDFL. The 980 nm pumped EYDFL has a much 

higher laser efficiency [M. Shimizu et al. 1990] than that of EDFL. This is because Yb3+ 

has a much larger, almost an order of magnitude, absorption cross-section at 980 nm than 

that of Er3+ and the absorbed pump energy can be highly efficiently transferred to Er3+ for 

1.5 µm lasing. The CW output powers of EYDFLs have been rapidly growing from a few 

watts [P. K. Cheo and G. G. King 2001] to >10 W [J. Nilsson et al. 2003A/B], several 

tens of watts (low-noise narrow-linewidth) [Y. Jeong et al. 2004A], and >100 W [J. K. 

Sahu et al. 2003] within a very short time span.  

The high level of output powers and reduced risk of thermal damages make cladding-

pumped rare-earth-doped near infrared fiber lasers excellent candidates to replace 

conventional bulk solid-state lasers for many applications, such as remote sensing, 

LIDAR, medicine, material processing, and industrial machining. 

 

1.3 Motivation of this study 

 

Regardless of the difference in operating wavelengths, cladding-pumped fiber lasers 

share the common property of being quite lengthy in size. Active fibers as long as several 

tens of meters are usual and 1 to 2 meters of active fibers are considered as compact size. 

The long length is required because of the rather low pump absorption coefficient in the 



 21

cladding-pumping scheme. Theoretically, the absorption rate is determined by two main 

factors: the doping level of the absorbing ions and the ratio of the doped core area to the 

pump-confining undoped cladding area, which is typically much smaller than 0.01. Even 

for EYDFL with greatly enhanced pump absorption due to Yb3+, active fiber lengths in 

excess of 1 meter were used to reach watt-level CW output power [P. K. Cheo and G. G. 

King 2001]. In a recent report about an EYDFL only several centimeters long, the single-

mode output power was limited to about 200 mW and it was core-pumped by a single-

mode pump source [C. Spiegelberg et al. 2004]. The power scaling limitation of fiber 

lasers is ultimately set by nonlinear effects such as stimulated Raman and Brillouin 

scatterings, whose threshold powers are inversely proportional to the fiber lengths in the 

first order approximation [G. P. Agrawal 1997]. Thus fiber lasers as short as several 

centimeters have the advantage of maximally suppressing these nonlinear scatterings. 

Besides, since these fiber devices are extremely compact in size, they result in space 

saving, material cost reduction, and beneficial for device integration. Anther advantage is 

that with the cavity length greatly reduced, it is possible to generate single-frequency 

high-power fiber laser output with the assistance of narrow linewidth fiber elements, such 

as fiber Bragg gratings (FBGs). 

With all these benefits foreseen, short-length high-power fiber laser is becoming an 

important and interesting research subject with great application potentials. We will 

systematically study this topic, mainly experimentally, in this dissertation.  
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1.4 Outline of this dissertation 

 

This dissertation is organized as following. Chapter 2 studies the spectroscopic 

properties of Er3+-Yb3+-codoped phosphate glasses, which serve as the host material for 

our fibers. Chapter 3 presents the experimental results of cladding-pumped EYDFLs that 

are passively cooled, including moderately doped multimode EYDFL and heavily doped 

single-mode EYDFL. Chapter 4 provides both experimental and theoretical studies upon 

actively cooled high-power EYDFLs. A TEC-cooled EYDFL has generated more than 11 

W output power from a fiber laser cavity only 11.9 cm long. A 3-dimentional thermal 

analysis has been performed on the short EYDFL and the simulation results have been 

verified experimentally. Chapter 5 reports novel phosphate glass microstructured optical 

fibers (MOFs) for compact high-power fiber laser applications. The core of the MOF is 

Er3+-Yb3+-codoped and the passive cladding is patterned with air holes. More than 4.5 W 

single-mode CW output power has been demonstrated from a heavily doped phosphate 

MOF laser that is as short as 3.5 cm, and more than 2 W single-frequency output power 

has been obtained from a short-length MOF laser that is fusion spliced with a narrow-

linewidth FBG. Chapter 6 concludes the study on compact high-power phosphate 

EYDFLs and discusses potential future work. 
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CHAPTER 2 

 

OPTICACL PROPERTIES OF ER3+-YB3+-CODOPED PHOSPHATE GLASS 

 

2.1 Introduction 

 

Rare-earth ion Er3+ has been extensively utilized for its laser transition at the eye-safe 

telecom wavelength of 1.5 µm. Yb3+ is commonly chosen as a codopant to improve the 

pump absorption and laser efficiency. Phosphate glass is identified as an excellent 

candidate to host both ions. This chapter discusses basic optical properties of Er3+-Yb3+-

codoped phosphate glasses. Energy levels of Er3+ and Yb3+ ions in glasses are introduced 

in section 2.2. The 1.5 µm lasing principle of Er3+ and the 980 nm pump sensitization by 

Yb3+ are introduced in section 2.3, together with the benefits of choosing phosphate glass 

as the host. The absorption and emission spectra of doped glass are reported in Section 

2.4. In section 2.5, the Er3+ lifetime at 4I13/2 energy level in phosphate glass is measured 

and analyzed.  

 

2.2 Energy levels of Er3+ and Yb3+ ions 

 

 The distribution of energy levels of Er3+ and Yb3+ ions in the host determines the basic 

spectroscopic properties of the doped material as well as its potential applications. Both 

Er and Yb belong to the group of lanthanides that cover atomic numbers from 57 to 71. 
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Er atom (atomic number 68) has an electronic structure of (Xe)4f126s2, where (Xe) 

represents the electronic structure of xenon (atomic number 54), and Yb atom (atomic 

number 70) has an structure of (Xe)4f146s2. When Er and Yb atoms are ionized, they first 

lose two loosely bounded 6s2 electrons and then one 4f electron. So Er3+ and Yb3+ ions 

have electronic structures of (Xe)4f11 and (Xe)4f13, respectively. Since (Xe) is a very 

stable structure, the energy levels of these trivalent ions are dominated by the properties 

of the 4f electron shells. The energy levels of Er3+ and Yb3+ in glasses are shown in Fig. 

2.1.  
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Fig. 2.1 Distributions of energy levels of Er3+ and Yb3+ ions in glass. 
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Note that each energy level in Fig. 2.1 is not a single line, but a manifold of broadened 

linewidth that is decided by both the homogeneous and inhomogeneous broadening 

mechanisms in solid hosts [P. C. Becker et al. 1999].  

 

2.3 Laser transition at 1.5 µm and phosphate glass as host 

 

The main laser transition of interest in Er3+ is the 4I13/2 to 4I15/2 transition centered 

around 1.5 µm. This is essentially a three level laser system: 4I15/2 ground state serves as 

the lower lasing level and 4I13/2 is the upper lasing level that is filled by ions from 4I11/2 

level through fast decay. The key to the success of this laser transition is that 4I13/2 level is 

separated by a large energy gap from the 4I15/2 ground state, so that its lifetime is long and 

mostly radiative. The average lifetime is about 10 ms, depending on the host material and 

Er3+ concentration, and this long lifetime allows population inversion to be induced by a 

relatively weak pump power density. Possible pumping wavelength for the 1.5 µm laser 

transition can be at 1480 nm, 980 nm, 800 nm, and even in the visible such as 651 nm, 

545 nm and 520 nm. Pumping at 980 nm is a very appealing choice: it is free of excited 

state absorption and high-power 980 nm laser diodes are commercially available. For 

Er3+-doped silica fibers, one of the highest reported gain [M. Shimizu et al. 1990] as well 

as one of the highest demonstrated laser slope efficiency [W. L. Barnes et al. 1989] were 

all pumped at ~980 nm.  

Yb3+ has long been known as an excellent codopant for Er3+-doped fibers to improve 

the 980 nm pump absorption [E. Snitzer and R.F. Woodcock 1965]. The criterion to 
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select the proper codopant is obvious: it should absorb the pump light much stronger than 

the laser ion and the absorbed energy can be efficiently transferred to the latter. Fig. 2.2 

illustrates how the 980nm-pumped Yb3+-sensitized Er3+ 1.5 µm laser operates in 

principle: Yb3+ ions absorb pump photons and are excited from 2F7/2 ground state to 2F5/2 

state, then they efficiently transfer the absorbed energy to excite Er3+ ions to 4I11/2 level, 

and Er3+ ions eventually arrive at 4I13/2 level by fast nonradiative decay.  
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Fig. 2.2. Principle of Er3+ 1.5 µm laser transition and Yb3+ 980 nm pump sensitization. 
 

One critical factor for the above laser transition is the back energy transfer rate from 

Er3+ to Yb3+. It should be minimized and can be done by increasing the nonradiative 

decay rate from Er3+ 4I11/2 to 4I13/2 level so that there will be less possibility for the back 

energy transfer to take place. Since the nonradiative decay in glass is assisted by 

multiphonon processes, choosing a host glass with larger phonon energy will certainly 

increase the decay rate. An excellent candidate for this purpose is the phosphate glass, 
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which has a larger phonon energy of ~1200 cm-1 [R. Reisfeld 1987] compared with 

~1100 cm-1 of silica glass [C. B. Layne et al. 1977]. Furthermore, the Er3+ doping level in 

silica glass is limited by an effect known as concentration quenching caused by ion 

clusters [R. S. Quimby et al. 1994], while phosphate glass can be doped with higher 

solubility without quenching [Y. C. Yan et al. 1997; S. Jiang et al. 1998]. Since its first 

introduction in 60s [E. Snitzer et al.1968], high-quality Er3+-Yb3+-codoped phosphate 

glass has been gradually developed to have high doping concentrations with low back 

energy transfer rate [V. P. Gapontsev et al. 1982] and high energy transfer rate [E. F. 

Artemev and A. G. Murzin 1981], with the highest reported energy transfer rate being 

95% [B. Hwang et al. 2000]. With all these superior properties, Er3+-Yb3+-codoped 

phosphate glass has been extensively investigated for its application in 1.5 µm amplifiers 

and lasers [S. Jiang et al. 2000; M. J. Myers et al. 2001].  

 

2.4 Absorption and emission spectra 

 

A series of Er3+-Yb3+-codoped phosphate glasses have been developed at NP 

Photonics, Inc., Tucson, Arizona and at the College of Optical Sciences. The glass former 

used for both the core and cladding glasses is P2O5, while Er2O3 and Yb2O3 are added to 

form the active glasses. In our doped glasses, Er3+ concentration ranges from 0.6% to 3% 

and Yb3+ concentration varies from 2% to 15%. Thin samples (thickness < 0.5 mm) made 

from the doped glasses, with both sides polished, are used for the absorption and 

emission spectra measurement. 
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Absorption measurement is performed on a Cary 5G Spectrophotometer, which covers 

the spectral range from ultraviolet to near infrared. A typical absorption spectrum in the 

near infrared from 750–1650 nm is shown in Fig. 2.3, with transitions identified at each 

absorption peak.  
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Fig. 2.3. Er3+-Yb3+-codoped phosphate glass absorption spectrum at near infrared. 

 Note that in the range from 900 to 1100 nm, the absorption is mainly due to Yb3+ ion, 

because it has an absorption cross-section almost an order of magnitude higher than that 

of Er3+ ion. The Yb3+ absorption band is very wide (~200 nm), but it has a high peak 

centered at ~975 nm with a narrow bandwidth (~5 nm). It thus enables a wide pump 

wavelength range, but only a limited bandwidth for most efficient pump absorption at 
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975 nm. All other absorption peaks are from Er3+ transitions. The broadening of the 

transition bandwidth in the glass host is evident. 

The absorption spectrum in the visible is shown in Fig. 2.4, with transitions (all Er3+ 

transitions) identified at each peak. Please note the high optical quality of the phosphate 

glass: at the blue end of the visible where there is no electronic transition, the absorption 

curve is flat, meaning high transparency with minimal Rayleigh scattering.         
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Fig. 2.4. Er3+-Yb3+-codoped phosphate glass absorption spectrum in the visible. 

The emission around 1.5 µm is measured by exciting the glass sample with a single-

mode 975 nm laser diode. The fluorescence is collected by a microscope objective, 

filtered by a thick silicon wafer to block any unabsorbed pump light, focused into a 



 30

monochromator (SPEX 270M), and detected by an amplified InGaAs photo detector. To 

enhance the signal/noise ratio, the fluorescence is chopped so that the signal is also 

amplified by a lock-in amplifier (EG&G Princeton Applied Research). A typical emission 

spectrum at the 1.5 µm band is shown in Fig. 2.5. 
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Fig. 2.5. Er3+-Yb3+-codoped phosphate glass emission spectrum in the 1.5 µm band. 

From the measured absorption and emission spectra, the absorption and emission 

cross-sections can be calculated. The absorption cross-section (σabs) can be directly 

obtained from the absorption spectrum: 

 σabs (υ)= αabs(υ)/N                                                            (2.1) 

where υ represents the frequency, αabs(υ) is the absorption coefficient, and N is the 

volumetric density of the ion. 

 The emission cross-section (σemi) can be either measured, or calculated from 

absorption cross-section using McCumber theory [D. E. McCumber 1964]. In the specific 

case of Er3+-doped glass, the McCumber theory has been refined [W. J. Miniscalco and 
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R. S. Quimby 1991] to give the emission and absorption cross-sections relationship for 

the Er3+ 4I13/2 to 4I15/2 transition:  

σemi (υ) = σabs(υ)exp[(ε-hυ)/ KBT]                                          (2.2) 

where ε is the net free transition energy to excite one Er3+ ion at temperature T, h is the 

Planck constant, and KB is the Boltzmann constant. The emission and absorption cross-

sections are equal only at frequency υ0 = ε/h, and they are offset at other frequency 

components: absorption shift to higher frequency and emission to lower frequency. Fig. 

2.6 shows the absorption and emission cross-sections of Er3+ ions in phosphate glass at 

the 1.5 µm band [S. Jiang et al. 1998], with the emission cross-section calculated from the 

absorption spectrum using McCumber theory.   

 

Fig. 2.6. Er3+ 1.5 µm band absorption and emission cross-sections in phosphate glass. 
 

Besides the emission at our targeted laser transition band, emission in the visible is 

also obtained. The visible emission is measured by a Hamamatsu H957-01 photo 

multiplier tube through a monochromator and the spectrum is shown in Fig. 2.7 with 

transitions at each peak identified. These visible emissions are due to Er3+ cooperative 

upconversion processes, which allow energy to be transferred to excited Er3+ ions so that 
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they can be promoted to even higher energy levels. Upconversion processes are 

detrimental to the 1.5 µm lasing because they depopulate ions at the 4I13/2 level, however, 

they can be useful for other applications. For example, visible upconversion lasers are 

possible with proper choices of glass host and codopant; another application is for 

temperature sensing by analyzing the spectral shape of the dual-peak green emissions [M. 

D. Shinn et al. 1983], which will be discussed in detail in Chapter 4.  
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Fig. 2.7. Er3+ visible emission spectrum in phosphate glass. 

 

2.5 Lifetime of Er3+ at 4I13/2 energy level 

 

 The lifetime of the upper lasing level, the Er3+ 4I13/2 level, is an important criterion to 

judge the probability for laser transition. Since there is a large energy gap (>6000 cm-1) 



 33

from the upper lasing level to the lower level, which is much larger than the maximal 

phonon energy in the host glass, the lifetime is long (~10 ms) and mostly radiative. The 

lifetime also depends on the host glass and Er3+ concentration; at high concentrations, 

concentration quenching can occur to dramatically shorten the lifetime [W. J. Miniscalco 

1991]. Though generally our phosphate glass has high solubility for Er3+ ions, at very 

high doping levels the probability for cooperative upconversion increases drastically. In 

order to characterize this detrimental effect, lifetime measurement has been performed on 

our doped glass samples. 
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Fig. 2.8. Er3+ lifetime obtained by exponentially fitting the fluorescence decay curve.  

The same setup to collect the emission spectrum is used for the lifetime measurement, 

with the current source driving the pump laser diode modulated with a square wave. The 

signal from the photo detector is sent to an oscilloscope to observe the time evolution of 
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the fluorescence (Er3+ energy level 4I13/2 to 4I15/2). The fluorescence decay curve is 

recorded and exponentially fitted to obtain the lifetime, as shown in Fig. 2.8.  

The Er3+ lifetimes have been measured under different pump power densities. Glass 

samples with different Er3+ doping levels have been tested to find out how the lifetime is 

affected by Er3+ concentrations, as shown in Fig. 2.9.   
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Fig. 2.9. Effect of cooperative upconversion on the lifetime of Er3+ upper lasing level in 
Er3+-Yb3+-codoped phosphate glass pumped at 975nm.  

From Fig. 2.9, we see that the upconversion reduces the lifetime of the upper lasing 

level at high pump power densities, which will decrease the laser efficiency. The figure 

also demonstrates that this effect has an increasing effect at heavier Er3+ concentration, as 

shown by the fast drop of the lifetime in the Er3+ 3 wt.% glass. This is the reason why 

higher Er3+ doping level isn’t pursued for the laser application as it has been for the 

amplifier [Y. Hu et al. 2001]. For our laser application fibers, we choose active fibers 
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with Er3+ doped no more than 1.5 wt.% to prevent the occurrence of the drastic lifetime 

reduction.   
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CHAPTER 3 

 

COMPACT CLADDING-PUMPED PHOSPHATE EYDFL 

 

3.1 Introduction 

 

Cladding-pumped fiber lasers, whether Nd3+ or Yb3+ doped for 1.0-1.1 µm operation 

or Er3+ doped for 1.5 µm application, share the common characteristic of being quite 

lengthy in size: active fibers are usually meters long or even longer. Er3+ doped fibers are 

commonly codoped with Yb3+ ions, because there are several advantages for Yb3+ 

sensitization [M. J. F. Digonnet 2001]. First of all, Yb3+ absorption at 980nm is an order 

of magnitude larger than that of Er3+. Second, since Yb3+ ions can be heavily doped, it 

allows very strong pump power absorption so that the required active fiber length can be 

greatly reduced. Third, a high Yb3+ concentration reduces the mean distance between ions 

and thus facilitates energy transfer between them. Fourth, the Yb3+ absorption band is 

very broad, which provides a wide range of possible pump wavelength. Finally, Yb3+ will 

likely improve the output power stability in regard to temperature. This is also due to the 

broad absorption band of Yb3+, which can be relatively insensitive to the temperature 

change of pump laser diode, thus relax the otherwise stringent temperature tolerance.  

However, even for Er3+-Yb3+-codoped fiber laser (EYDFL) with pump absorption 

greatly enhanced by addition of Yb3+, active fibers longer than 1 meter are still required 

to reach watt-level CW output power [P. K. Cheo and G. G. King 2001; J. Nilsson et al. 
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2003A]. To produce cladding-pumped watt-level CW output fiber laser while reducing 

the active fiber length to a few centimeters, high doping concentration, large core area, 

and optimized cavity reflectivity are essential. In this chapter, we report the first 

experimental results on watt-level-output cladding-pumped phosphate EYDFL of very 

short length. Up to 1.5 W multimode CW laser power is obtained from an 11-cm-long 

active fiber with moderate doping concentrations and optimized input/output couplers, 

when pumped by a 15 W diode laser at 975 nm [L. Li et al. 2004]. With heavier doping 

concentrations and dielectric coatings directly deposited on the fiber facet, an 11.5-cm-

long cladding-pumped single-mode EYDFL generates 3.3 W CW laser power when 18.6 

W 975 nm pump power is injected. The fiber lasers are all passively cooled and there is 

no specific heat removal management. The fiber lasers are all demonstrated at 1535 nm 

with a linewidth < 1.2 nm. In section 3.2, we discuss the choice for fiber cross-section, 

i.e., the shape of the cladding and the location of the core. In section 3.3, the pump 

absorption and scattering loss of active fibers drawn in-house are measured. The 

fabrication and testing of the compact cladding-pumped multimode EYDFLs are reported 

in section 3.4, with the optimization of laser cavity output coupler presented in section 

3.5. The heavily doped single-mode EYDFL is reported in section 3.6.  

 

3.2 Choice of fiber cross-sectional geometry 

 

The simplest geometry of a double-cladding fiber has been shown in Fig. 1.4, with a 

circular inner cladding and a centered core. However, in the cladding-pumping scheme, 
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this geometry can lead to inefficient pump absorption because there can be poor overlap 

between the centered core and a number of high order pump modes in the cladding. This 

can be explained by the first order optics that some of the skew ray trajectories of the 

pump light follow a regular pattern and can never make it through the center position, as 

shown in Fig. 3.1(a). Though the pump absorption can be improved by bending the fibers 

to scramble the pump modes [A. Liu and K. Ueda 1996], this apparently is not a good 

choice for short-length phosphate fiber laser that is only a few centimeters long. The 

other drawback of bending the fiber is that it may reduce the laser efficiency, because the 

signal loss is also increased by bending.  

The high order cladding modes miss the center position because of the circular 

symmetry of the inner cladding [D. Kouznetsov et al. 2001]. By introducing a non-

circular inner cladding to break this symmetry [D. Kouznetsov and J. V. Moloney 2002], 

pump light can achieve chaotic propagation resulting in an even distribution of pump 

power across the cladding cross-section [P. Leproux et al. 2001; V. Doya 2001]. As a 

point of view from ray optics, the skew ray trajectory follows a complex and irregular 

pattern, as shown in Fig. 3.1(b)-(d) [P. Leproux et al. 2001], that intends to explore the 

whole domain of the cross-section along its propagation. Different cladding shapes have 

been both theoretically [P. Leproux et al. 2001; V. Doya 2001] and experimentally 

investigated [A. Liu and K. Ueda 1996]. While an optimal cladding shape may exist, 

practically all non-circular cladding shapes can be effective.  
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Fig. 3.1. Skew ray trajectories in four different cladding cross-sections: (a) circular; (b) 
D-shape; (c) rectangular; (d) rectangular with a cut. 
 

The pump absorption can also be increased by placing the doped core at an off-center 

position, even in a circular cladding [A. Liu and K. Ueda 1996]. It also has been shown 

that in the cladding-pumping scheme the effective absorption coefficient is stronger for 

short fibers while it decreases for increasing fiber lengths [S. Bedö et al. 1993]. Since our 

targeted fiber length is only a few centimeters, the cladding shape may not be a decisive 

factor and the off-center core geometry can be solely responsible for sufficient pump 

absorption.  

For EYDFLs fabricated and tested in this chapter, the active fibers all have off-center 

cores and circular claddings. The fibers have only a primary cladding and the air-cladding 

interface provides confinement to the pump light, which is directly launched into the 

cladding. 
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3.3 Fiber pump absorption and scattering loss measurement  

 

A series of active fibers have been drawn at the College of Optical Sciences, all of 

which have doped cores of diameter 19±1 µm. The Er3+ doping level is 1 wt.% and the 

Yb3+ doping level is either 2 wt% or 8 wt.%. The undoped cladding is either circular or 

D-shaped, whose diameters are all 125±5 µm. With low pump power (< 1 W) launched 

into the cladding, standard cutback experiments have been performed to obtain the 

effective pump absorption coefficient (α). The results of three different active fibers are 

shown in Fig. 3.2, with the transmission expressed in logarithmic scale.  
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Fig. 3.2. Pump power transmission of three Er3+-Yb3+-codoped phosphate fibers. 
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To obtain α by fitting the curves in Fig. 3.2, we first assume the pump light 

propagating inside the cladding follows an exponential decay law:  

T(Z) = ηcexp(-αZ) + TRES                                                         (3.1) 

where T is the transmission of pump power, ηc is the pump coupling coefficient, Z is the 

fiber length, and TRES represents the residual pump power (the part of the pump light that 

fails to reach the core position). From the linear fittings we have: ηc= 0.85 for all three 

fibers; for circular cladding fibers: TRES = 1.4%, α = 0.044 cm-1 (core: Er3+ 1 wt%-Yb3+ 2 

wt.%), α = 0.085 cm-1 (core: Er3+ 1 wt.%-Yb3+ 8 wt.%); for D-shape cladding fiber: TRES 

= 0.2%, α = 0.095 cm-1 (core: Er3+ 1 wt.%-Yb3+ 8 wt.%). 

It is clear that higher Yb3+ concentration drastically improves the pump absorption. 

The majority of the pump power is absorbed within the first 10 cm length of the heavily 

doped fibers (Yb3+ 8 wt.%). The cladding shape doesn’t seem to have a huge effect upon 

the pump absorption, though the D-shaped cladding fiber seems to absorb a little stronger 

and has less residual pump power. However, in the cutback experiment, the pump 

scattering loss is indistinguishable from the true pump absorption. The seemingly larger 

absorption could be caused by a larger scattering loss due to the irregular cladding shape, 

which we will test later in this section. For the moderately doped fiber (Yb3+ 2 wt.%), the 

transmission after 10 cm long fiber is < 50%, so the pump absorption is sufficient for 

laser operation. Furthermore, a properly chosen output coupler that reflects the 

unabsorbed pump power back into the fiber can be added to greatly improve the laser 

performance, which will be demonstrated in section 3.5.  
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 In order to separate the true pump absorption coefficient from the scattering loss, the 

next experiment is designed solely to obtain the pump power scattering loss. A certain 

length (L cm) of active fiber is cleaved at both ends, one end is cladding-pumped by low 

pump power (< 1 W) and the other end is inserted into an integrating sphere. A silicon 

detector is placed at the exit of the sphere after a baffle. The sphere collects both the light 

exited from the fiber facet and scattered from the side. The detector collects the signal 

averaged by the integrating sphere with the baffle preventing the detector from seeing the 

traveling light directly. The fiber is moved in and out of the sphere through a motion 

controller, and the signal change sensed by the detector is used to analyze and extract the 

scattering loss coefficient (αSCT). The setup is shown in Fig. 3.3. 

 

 

 
Fig. 3.3. Experimental setup to measure the pump power side scattering loss. 

 
To obtain αSCT from measured data, we first separate the effective pump absorption 

coefficient α into two terms:  

α = αABS + αSCT                                                            (3.2) 
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where αABS is the true absorption coefficient. Assume ηSPH is the collecting efficiency of 

the integrating sphere, S(0) and S(∆l) are the detected signals when there are 0 and ∆l cm 

long fibers inside the sphere, respectively:  

S(0) = ηSPHηcexp(-αL)                                                         (3.3) 

                                    S(∆l) = ηSPHηc{exp(-αL)+ Ks[-α(L-∆l)]}                            (3.4) 

                                           Ks = [1-exp(-α∆l)](αSCT/α) 

Assuming α∆l << 1, at first order approximation, we have:  

S(∆l)/S(0) ≅ 1 + αSCT∆l                                                        (3.5) 

Measurements have been performed on both the circular and D-shape cladding fibers, 

the resulting S(∆l)/S(0) vs. ∆l plot is shown in Fig. 3.4.   
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Fig. 3.4. Relative increase of scattered pump power vs. fiber length.  
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As shown in Fig. 3.4, there is a linear relationship between the signal variation and the 

fiber length, demonstrating the validity of the first order approximation. As we suggested 

before, αSCT of the D-shape cladding fiber is about twice as large as that of the circular 

cladding fiber. If we subtract αSCT from α, for the heavily doped (Er3+ 1 wt.%-Yb3+ 8 

wt.%) phosphate fibers, αABS = 0.07 cm-1 for both the circular and D-shape cladding 

fibers, which confirms that there is essentially no absorption difference between the two 

fibers after short transmission length. 

 

3.4 Construction of compact cladding-pumped EYDFL 

 

Active fibers have been drawn from heavily Er3+-Yb3+-codoped phosphate glasses for 

applications of short-length high-gain amplifiers [B. Hwang et al. 2001; Y. Hu et al. 

2001]. Unlike amplifier fibers preferring doping concentrations as high as possible, laser 

application fibers can only be doped up to the level that the upper lasing level lifetime is 

not drastically reduced by the Er3+ cooperative upconversion in the phosphate glass. The 

active fibers chosen for the first EYDFL experiment have doping levels of Er3+ 1 wt.% 

and Yb3+ 2 wt.%. Choosing a fixed doping level of 1 wt.% Er2O3 and increasing the 

Yb2O3 doping beyond 2 wt.% can further improve the pump absorption and laser 

efficiency without significantly affecting the upper lasing level lifetime. However, more 

heat is generated in this case and at high pump levels the air-cooled free-running 

configuration is not sufficient to handle the excessive thermal load. As result of this 

effect, we have observed the breakdown of quite a few fiber lasers with the same Er3+ but 
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higher Yb3+ concentrations. It thus requires specific heat removal arrangement to 

overcome the thermal problem, which will be investigated in detail in the next chapter.  

The fiber in the first fabricated EYDFL has a 19±1 µm diameter doped core and a 

125±5 µm diameter circular cladding. The core is placed offset the center of the cladding 

to increase the pump absorption. The core-cladding NA is adjusted to 0.17 at 1.5 µm by 

adding proper modifiers and stabilizers to both glasses. The V number of the fiber, which 

defines the single-mode cutoff condition, is: 

2 coreRV NAπ
λ

=                                                               (3.1) 

where λ is the wavelength measured in vacuum. The V number is 6.6 for this fiber and it 

is beyond the single-mode cutoff (V = 2.405), meaning that our first EYDFL is 

multimode at 1.5 µm. 

In the EYDFL experiment setup, an 11-cm long active fiber is inserted into a heavy-

wall borosilicate capillary tubing with an inner diameter slightly larger than the diameter 

of the cladding. This tubing not only mechanically protects the fiber but also helps 

transfer the generated heat by direct contact. The two perpendicularly cleaved facets of 

the active fiber are directly butted against two dielectric mirrors serving as input coupler 

(IC) and output coupler (OC), respectively. The pump power is delivered through the 

core of a multimode fiber (AFS105/125Y, core diameter 105 µm, NA 0.22) directly 

butted against the other side of the IC. The output beam is collimated by an anti-

reflection coated lens and filtered by a silicon wafer to block any residual pump. The 

signal is then sent to either a power meter or an optical spectrum analyzer (OSA). As the 
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pump source, a semiconductor multi-emitter laser diode module (QPhotonics, L.L.C.) is 

used that delivers up to 15 W CW power into the pump fiber. The central wavelength is 

stabilized around 975 nm by controlling the temperature, and the linewidth is about 7 nm. 

The constructed EYDFL assembly is shown in Fig. 3.5. 

        

Fig. 3.5. Running fiber laser in the glass tubing. 
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Fig. 3.6. Effect of optimized IC and OC on the output for the 11 cm long EYDFL. The 
squares are the outputs from laser cavity formed only by two cleaved fiber ends without 
IC/OC; the triangles are with IC only; the diamonds are with both IC and OC added.   
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Our EYDFL is able to lase solely with the two cleaved fiber facets forming the cavity, 

and the output plot is shown in Fig. 3.6. In order to maximize the laser performance both 

IC and OC have been added and optimized. All couplers are fabricated in house by 

depositing alternating layers of SiO2 and Ta2O5. To minimize the pump coupling loss, the 

IC is deposited on a thin glass substrate (thickness 150 µm). For optimized lasing, an IC 

with high reflectivity (99.9%) at 1.5 µm is fabricated that exhibits high transmission 

(94.7%) at 975nm. Fig. 3.6 shows that the sole addition of this IC more than doubles the 

output power. 

 

3.5 Output coupler optimization for EYDFL  

 

Clearly, any optimized OC should have 100% reflectivity at the pump wavelength in 

order to send any residual pump back into the fiber, which is close to the reflectivity of 

the OC we used. The optimal signal wavelength reflectivity, however, depends on 

multiple factors such as pump power, fiber length, and scattering loss [I. Kelson and A. 

Hardy 1999]. Applying a previously reported model [M. Karasek 1997] we calculate the 

dependence of output power on this reflectivity and measure it with a series of couplers.  

The measured data and the theoretical curve are shown in Fig. 3.7. All measurements are 

performed with the optimized IC in place and at a launched pump power of 15 W. It is 

demonstrated that the output power is not very sensitive in the low reflectivity region 

with a relatively flat maximum around 10% reflectivity. Considering that the only 

assumed fiber laser parameters in the simulation is a signal scattering loss coefficient of 
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0.015 cm-1, which is set equal to the measured pump scattering loss coefficient, the 

prediction and the measurement are in good agreement. 
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Fig. 3.7. Signal reflectivity optimization of the OC for the 11 cm long EYDFL. The solid 
curve is calculated and the dots are measured. All OCs have ∼99% reflectivity at pump 
wavelength (simulation assumes 100%). 
 

With the application of the optimized OC (R1535nm= 11.1%, R975nm=99.6%), the output 

power of the EYDFL has increased by another 50%, as shown in Fig. 3.6. Thus, for this 

EYDFL the cavity optimization results in tripling the output compared with that of the 

cleaved-facet-only cavity. The linear dependence of output power upon the launched 

pump power is well maintained up to the highest pump and the overall optical-to-optical 

conversion efficiency is 10%. Considering the pump coupling loss (estimated to be 

>20%) and pump scattering loss (∼30% for a round trip in the cavity), the slope 

efficiency is ∼20% against the absorbed pump power. The pump coupling loss estimation 

comes partly from the cutback measurement, a pump coupling efficiency of 85% 

obtained without IC (fibers butt-coupled without index matching fluid, which cannot be 
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applied when pump power is over watt-level), plus the insertion of an IC (94.7% 

transmission at pump wavelength), the pump coupling efficiency is ∼80% at the best. We 

think the actual coupling loss is even higher considering the finite thickness of the IC. In 

order to reduce this thickness and also eliminate a 4% Fresnel reflection loss, we will 

directly deposit the dielectric mirror on the fiber facets and test them in the next section. 

The EYDFL output is not single frequency and the spectrum is centered at 1535 nm 

with a linewidth < 1.2 nm, when measured at 1.5 W output power. However, the 

linewidth can be dramatically narrowed by simply applying a proper FBG as the OC. The 

spatial beam quality is measured using a real-time beam profiler BeamMAP (DataRay 

Inc.). The M2 value is measured to be 2.75 at the highest output power, indicating good 

beam quality with few transverse modes. The M2 value is stable in the whole output 

range from 20 mW to 1.5 W, even though no specific heat removal arrangement is 

applied. Single transverse mode operation at high output power will be reported in the 

following section. 

 

3.6 Single-mode facet-coated EYDFL 

 

 The EYDFLs tested in the previous sections are slightly multimode with a few 

transverse modes coexisting in the output beam. The beam quality is good (M2 < 3) but 

not diffraction-limited. Single-mode beams are preferable for many applications and we 

proceed to fabricate phosphate EYDFL of diffraction-limited beam quality in this section. 
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 The most straightforward method to make the core single-mode is to reduce the core 

size and the core-cladding NA. An Er3+-Yb3+-codoped phosphate glass fiber is drawn 

which has an OD of 125 µm and a core diameter of 14±1 µm. The core-cladding NA is 

0.07 so that the V number is 2.1 (< 2.405) and the core is single-mode. The active core is 

doped with 1 wt.% Er3+ and 8 wt.% Yb3+, which has four times Yb3+ concentration than 

that of the multimode fiber we tested in the previous two sections. As we have stated in 

section 3.4, an increase in Yb3+ concentration will not affect the upper lasing level 

lifetime significantly but it will greatly enhance the pump power absorption resulting in 

improved laser efficiency. Though higher pump absorption may lead to possible thermal 

issue, the active core area of the single-mode fiber is only about half of the core area of 

the multimode fiber, which alleviates the thermal concern. The fiber-in-tube passive 

cooling method is proved to be adequate to handle the generated heat during our single-

mode fiber laser operation.  

The EYDFL is constructed the same way as described in section 3.4. The single-mode 

fiber is 11.5 cm long and single–end pumped with 975 nm pump power injected into the 

cladding through the multimode pump fiber. One major difference in this EYDFL 

construction from the previous one is that the IC of the laser cavity is directly coated on 

the cleaved phosphate fiber facet. Fig. 3.8 shows the coated phosphate fiber facet in good 

quality. The uncoated pump delivery fiber end is butt coupled to the EYDFL. The laser 

efficiency and output power stability can certainly be improved because of the reduced 

cavity loss and elimination of one alignment uncertainty. The cleaved facet of the 

phosphate fiber serves as the OC to complete the laser cavity.   
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Fig. 3.8. Directly coated phosphate fiber facet. 
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Fig. 3.9.  Signal vs. launched pump power plot of the single-mode EYDFL.  

The signal vs. launched pump power plot of the EYDFL is shown in Fig. 3.9. The 

EYDFL generates 3.3 W single-mode CW output power at 1535 nm when pumped with 

18.6 W 975 nm power. The lasing threshold is < 1 W and the slope efficiency is ~18% 

against the launched pump power. The M2 value of the output beam is measured to be 

1.05±0.05 and truly is diffraction-limited. Both the phosphate fiber itself and the 

dielectric mirror coated on the facet are undamaged after operation, which demonstrates 

the good quality of the fiber and the coatings, as well as the heat removal capability of the 

fiber-in-tube setup for heavily doped fibers.  
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CHAPTER 4 

 

ACTIVE COOLING AND THERMAL ANALYSIS OF HIGH-POWER EYDFL 

     

4.1 Introduction 

 

Thermal problems have been of little concern to high-power cladding-pumped fiber 

lasers, especially the silica YDFLs at ~1.1 µm. Many factors contribute to the reduced 

importance of the thermal issue in this case: fibers have inherently large surface-to-

volume ratios; thermal loads are usually spread over meters or tens of meters of fibers; 

cladding-pumping schemes effectively reduce the pump absorption coefficient; YDFLs at 

~1.1 µm have high quantum efficiencies (up to 90% if pumped at ~980 nm); and silica 

has a high transition temperature (> 1000ºC). YDFLs have been predicted [Y. Wang 

2004A/B] and demonstrated [Y. Jeong et al. 2004B/C] to generate CW optical power 

beyond 1 kW from a single fiber. The reported kW fiber laser had an average thermal 

load of ~35 W/m and operated without special cooling arrangements [Y. Jeong et al. 

2004B/C]. While heat hasn’t been an issue for YDFLs at ~1.1 µm, it is an issue for 

EDFLs and EYDFLs at the important eye-safe telecom wavelength of ~1.5 µm. The 

quantum efficiency of these fiber lasers is limited to ~60% if pumped at ~980 nm. This 

results in more heat generation compared with that of the YDFLs. Cladding-pumped 

EYDFLs, which are the most common fiber sources to generate high-power 1.5 µm 

signals, usually require meter-long active fibers to generate over watt-level CW output 
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powers [P. K. Cheo and G. G. King 2001; J. Nilsson et al. 2003A/B]. For the highest 

reported output power of ~100 W from a single EYDFL, the average thermal load was 

~20 W/m and the fiber wasn’t actively cooled except at the pump power launching end 

[J. K. Sahu et al. 2003].  

Heat becomes a serious concern when high power 1.5 µm signal is generated from a 

very short fiber cavity, such as the recently reported short EYDFLs with watt-level CW 

output powers from active fibers only a few centimeters long [C. Spiegelberg et al. 2004; 

L. Li et al. 2004; T. Qiu et al. 2004]. With an average thermal load approaching ~200 

W/m, passive cooling is insufficient to remove the excessive heat and active (forced) 

cooling becomes a necessity, e.g., the short EYDFLs capable of delivering ~9 W CW 

output power became possible only after they were actively cooled by water [T. Qiu et al. 

2004]. Considering the heavy thermal load of short EYDFLs, plus the fact that these 

fibers are made of phosphate glasses with a much lower transition temperature (Tg  = 

~600ºC) than that of silica, the heat removal capability may become the limiting factor 

for power scaling. Although the water-cooling scheme has been proven to be effective, it 

is preferable to cool the EYDFL in a solid-state method, e.g., by a thermoelectric cooler 

(TEC), for the benefits of compact device integration, simplified fabrication process, and 

ease of operation.  

Thermal analysis is an extremely important issue for these short high-power fiber 

lasers. To calculate the internal temperature distribution of fiber lasers, analytical 

solutions have been obtained for fibers with simple cylindrical symmetry [D. C. Hanna et 

al. 1989; L. Zenteno et al. 1993; D. C. Brown and H. J.  Hoffman 2001], while numerical 
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methods have been applied to the more complicated microstructured and multicore fibers 

[J. Limpert et al. 2003B; Y. Huo and P. K. Cheo 2004]. These numerical calculations 

have all been performed in a 2-D frame, ignoring any longitudinal variation by averaging 

the thermal load over the fiber length. The averaged 2-D simulations for long fibers with 

small pump absorption coefficients constitute reasonable approximation to reality. 

However, this is not the case for end-pumped short EYDFLs, where the thermal load has 

a strong longitudinal dependence. On the other hand, the much shorter length of the 

active fibers, e.g., a few centimeters, made a full-length 3-D simulation feasible. Thus a 

3-D thermal analysis is both necessary and possible for a short high-power fiber laser. 

Furthermore, although it is essential to verify the simulated fiber laser temperature, it is 

practically difficult to measure the internal temperature of a running fiber laser, which 

results in a noticeable lack of experimental verification for the fiber laser thermal 

simulation in literature.  

In this chapter, we report thermal analysis and practical construction of compact fiber 

laser assemblies that enable thermoelectric cooling. In section 4.2, a single-end pumped 

TEC-cooled EYDFL is fabricated and tested, which generates 7.5 W CW output power at 

1535 nm with 29.2 W 975 nm pump power launched. In section 4.3, the core temperature 

of the EYDFL at the pump launching end is measured by analyzing the green 

upconversion emission spectral shapes, which is, to the best of our knowledge, the first 

experimental attempt to obtain the internal temperature of a high-power fiber laser under 

operation [L. Li et al. 2005B]. In section 4.4, a fully 3-D finite element method (FEM) 

model [Finite element software ANSYS 6.1] is built for the entire assembly to calculate 
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its internal temperature distribution. To the best of our knowledge, going beyond standard 

cylindrical symmetry, this is the first comprehensive 3-D thermal analysis for fiber lasers 

with complex geometry (off-center core and D-shape cladding) [L. Li et al. 2005B]. The 

thermal modeling is compared with the experimentally measured core temperature and 

excellent agreement is achieved between them. In section 4.5, a dual-end pumped 

EYDFL, only 11.9 cm long, has been built and 11.1 W 1535 nm CW output power is 

obtained with 50.9 W combined 975 nm pump power launched. In section 4.6, the 

thermal modeling is further employed to optimize the design of the active fiber and 

cooling setup, predicting that optimized TEC-cooled short EYDFLs have the capability to 

handle a thermal load up to ~1 kW/m. 

 

4.2 Single-end-pumped TEC-cooled EYDFL 

 

The TEC-cooled EYDFL assembly is shown in Fig. 4.1(a). The active fiber has a D-

shape cladding 125 µm across and an off-center core 19 µm in diameter, which is doped 

with 1 wt.% Er3+ and 8 wt.% Yb3+. A piece of the active fiber, with both ends cleaved, is 

inserted into a borosilicate glass tubing whose inner diameter is slightly larger than the 

fiber. The glass tubing is cut exactly to the length of the fiber and the tubing is buried 

inside an aluminum (Al) block, which is attached to a TEC with 72 W heat removal 

capacity. An enlarged drawing of the fiber cross-section inside the tubing is shown in Fig. 

4.1(b). The EYDFL assembly can be pumped through either end.  
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To demonstrate the feasibility of a TEC-cooling scheme under high power operation, 

we start with a relatively simple case of a single-end-pumped EYDFL in this section. We 

use the assembly outlined above, measure the core temperature during laser operation, 

and simulate the temperature distribution of the assembly using 3-D FEM modeling. 

 
 

           
 

(a) (b) 
 

Fig. 4.1. The drawings of a TEC-cooled short-length EYDFL assembly: (a) the side view 
(fiber size not in proportion); (b) an enlarged end view with FEM meshes. Inset of (b): a 
microscopic photo of the real fiber in tubing.  

 
In the experiment, a 10.2-cm-long EYDFL is constructed and end-pumped through a 

multimode fiber, whose end is coated transparent to the pump light and highly reflective 

to the signal. The coated pump end is butt-coupled to the active fiber end so that the 

coating serves as the high reflector of the laser cavity. The other end of the active fiber is 

the output end. As the pump source, fiber-coupled multiple semiconductor laser diodes 

are used [QPhotonics, L.L.C.; Apollo Instruments, Inc.] and their central wavelength is 

tuned to 975 nm, the Yb3+ absorption peak, by temperature control. The signal vs. 

absorbed pump power plot of the EYDFL is shown in Fig. 4.2. The EYDFL generates 7.5 

W output power at 17.5 W absorbed pump power, corresponding to a 29.2 W launched 
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pump power. To determine the absorbed pump power, we experimentally measure the 

pump coupling loss, scattering loss, and the pump leakage. The pump leakage is ~5% at 

low pump power and ~15% at high pump power. The laser slope efficiency with respect 

to the absorbed pump power (SEABS) is ~47%. The slope efficiency with respect to the 

launched pump power is ~25% over the full operation range and is only slightly affected 

by absorption saturation at the highest pump power.  
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Fig. 4.2. The signal vs. absorbed pump power plot of a 10.2-cm long, single-end pumped 
EYDFL, the squares are measured data and the solid line is a linear fit. 
 
 
4.3 Core temperature measurement at pump launching end 

To measure the active core temperature, a piece of multimode fiber (core diameter of 

100 µm) is brought to the close vicinity of the pump end to collect the Er3+ green 

upconversion fluorescence (UPF). The UPF collecting fiber is placed right at the pump 

power launching end and is oriented perpendicularly to the EYDFL axis. Thus only the 

UPF emitted from within a tiny cylindrical volume (< 100 µm from the pump end along 
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the fiber axis and 19 µm in diameter) is collected. The core temperature measured by this 

geometry is actually a volumetric average value, but it stands in good approximation to 

the highest temperature inside the core, as will be shown later by comparison with the 

simulation. The green UPF spectral shape has been known as a good temperature 

indicator for Er3+-doped material [M. D. Shinn et al. 1983; H. Berthou and C. K. 

Jörgensen 1990]. The Er3+ UPF has two emission peaks located at ~523 and ~547 nm, 

resulting from 2H11/2→4I15/2 (IH) and 4S3/2→4I15/2 (IS) transitions, respectively. Assuming 

that 2H11/2 and 4S3/2 energy levels are in thermal equilibrium, the two emission intensities 

satisfy the following relation [M. D. Shinn et al. 1983]: 

exp(- )HSH
T

S B

EI C
I K T

∆
=                                                       (4.1) 

where ∆EHS is the energy gap between the two levels, KB is the Boltzmann constant, T is 

the temperature of the emitting material, and CT is a constant that is determined by 

calibration. The green UPF is detected by a Hamamatsu H957-01 photo multiplier tube 

through a SPEX 270M monochromator. The normalized fluorescence spectra at different 

pump powers are shown in Fig. 4.3. The change in relative emission intensity is clearly 

observed and the deduced core temperatures (the diamonds) are plotted with respect to 

the launched pump power in Fig. 4.4. We observe a nonlinear dependence of the 

temperature upon pump power increase, which will be explained later by a nonlinear 

pump absorption coefficient. Please note that such a real-time temperature monitoring of 

running high-power fiber lasers hasn’t been reported in literature, and its realization 

certainly will provide important thermal information that otherwise could only be 

approached by simulation [L. Li et al. 2005B]. 
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Fig. 4.3. Normalized spectra of Er3+ green UPF at different pump levels. 
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Fig. 4.4. Left Y-axis: the pump absorption coefficient α at different pump levels, the dots 
are measured and the line is fitted by α = αSCT + α0

ABS /(1+P/PS). Right Y-axis: the 
highest core temperature at the EYDFL pump launching end, the diamonds are measured 
and the curve is the simulated result.  
 



 60

4.4 3-Dimensional thermal analysis 

To calculate the internal temperature distribution of the short EYDFL under forced 

cooling, we first establish the 3-D steady-state heat conduction equation inside the 

assembly: 

[ ( , ) ( )] ( )k r T T r q r∇ ∇ = −i                                                     (4.2) 

where r = r(X, Y, Z) is the 3-D position vector, k(r, T) is the temperature-dependent local 

thermal conductivity, T(r) is the local temperature, ∇ T(r) is the temperature gradient, 

and q(r) is the volumetric heat generation rate. Because conduction is the dominant heat 

transfer process under forced cooling in our setup, we neglect all other transfer processes 

such as convection and radiation in our calculation. The internal temperature distribution 

T(r) can be obtained by solving equation (4.2), accounting for heat fluxes in both radial 

(r) and axial (Z) directions. The boundary condition of equation (4.2) is decided by the 

method of cooling (TEC-cooling in our case). 

To numerically solve equation (4.2), a 3-D FEM model for the EYDFL assembly is 

built, which includes 3-D models of the active fiber and the cooling components. 

SOLID90 [Finite element software ANSYS 6.1], a second order 3-D 20-node thermal 

element, is used to mesh the entire fiber laser assembly. A 2-D finite element mesh is 

generated first for the cross-section of the assembly, and then extrudes in Z direction to 

build the fully 3-D finite element mesh. Various mesh sizes are used at different positions 

of the assembly, with smaller mesh sizes used at the pump launching end. Because of the 

high heat flux over this region, especially at the radial direction (the forced cooling 

direction), the minimal node spacing used along the radial direction is less than 2 µm. 
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The node spacing used along Z direction is 200 µm. The much smaller heat flux and 

temperature variation along Z make it unnecessary to further divide the mesh, and it will 

also be beyond the computational capacity of our FEM software if we use a µm-level 

division along the extended Z direction (~10 cm). An enlarged 2-D drawing of the cross-

section of our FEM model is shown in Fig. 4.1(b). It highlights the position of the active 

fiber and its core inside the tubing, and also shows the arrangement of the FEM meshes. 

A minimal air gap is left between the fiber and the tubing inner wall due to the size 

mismatch. The air gap is necessary to allow for fiber insertion, but is found to be one of 

the critical factors limiting efficient heat dissipation.  

The thermal conductivities of Al, borosilicate glass, and phosphate glass are chosen to 

be 190 [J. P. Holman 1986], 1.14 [J. P. Holman 1986], and 0.85 W/(m·K) [S. Jiang et al. 

1998], respectively, and are assumed temperature independent. The thermal conductivity 

of air has a strong temperature dependence, which cannot be ignored, with values chosen 

from Ref. [J. P. Holman 1986]. The temperature of the Al block is monitored during laser 

operation by a thermal couple embedded inside. Both the measurement and simulation 

show that the maximal temperature difference across the Al block is less than 2oC. In our 

calculation, this difference is neglected and the measured temperature is used as the 

thermal boundary condition at the Al surface attached to the TEC. Adiabatic thermal 

boundary condition is applied to other part of the Al surface, due to the dominance of the 

TEC-forced cooling compared with any natural heat transfer processes.  

An essential part in the thermal analysis is to correctly formulate the heat source. 

Instead of averaging the absorbed pump power (i.e. the thermal load) over the length, the 
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heat source inside the active core is formulated under detailed study of the pump power 

propagation inside the core. Since our pump light is highly multimode, we assume it has 

a flattop intensity distribution across the core area (no radial dependence). Thus the 

propagating pump power only has an exponentially decaying Z dependence inside the 

active core:  

-
0( ) Z

CP Z P e αη=                                                    (4.3) 

where P(Z) is the pump power at position Z, assuming that the initial pump power P0 is 

coupled into the active fiber at Z = 0 with a coupling efficiency ηC = 85%. α is the 

effective pump absorption coefficient, which has a pump power dependence. α is 

experimentally measured at different pump powers and fitted by the following formula: 

0 /(1 )SCT ABS SCT ABS
S

P
P

α α α α α= + = + +                             (4.4) 

Here αSCT = 0.02 cm–1 is the pump scattering coefficient, assumed to be power 

independent; α0
ABS = 0.24 cm–1 is the small-signal pump absorption coefficient. All ηC, 

αSCT, and α0
ABS are experimentally obtained by cutback measurements. PS = 36.0 W is the 

saturation pump power obtained from curve fitting in Fig. 4.4.  

With the internal pump power distribution established, the heat (dQ) generated inside 

core at position Z with infinitesimal incremental length dZ can be formulated as: 

( ) ( )HEAT ABSdQ Z P Z dZη α=                                          (4.5) 

Assuming that all absorbed pump power is converted either to signal power or heat, the 

heat conversion efficiency ηHEAT is given by ηHEAT = 1 − SEABS, where SEABS can be 

calculated from the signal vs. absorbed pump power plot, e.g., SEABS = 47% in Fig. 4.2. 
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The volumetric heat generation rate q(r) in equation (4.2) can finally be determined from 

equation (4.5). Assume that q(r) is zero everywhere except inside the active core. We 

also assume that q(r) is constant across the core, reflecting the pump light intensity 

distribution. q(r) is then given by: 

1( ) ( ) dQq r q Z
A dZ

= =                                                   (4.6)                         

where A is the active core area. 

Combining the heat source, thermal boundary conditions, material thermal properties, 

with the geometry and meshing shown in Fig. 4.1(b), the 3-D FEM model is established 

and solved to obtain the temperature distribution inside the whole EYDFL assembly. The 

simulated highest temperatures (Tmax) are plotted at different pump powers as the solid 

curve in Fig. 4.4. Tmax is located near the center of the core at longitudinal position Z = 0. 

The 3-D simulation shows that at all pump power levels, the temperature variation across 

the core area is less than 20oC. The longitudinal temperature variation is even smaller. At 

the same transversal coordinates, the temperature difference between positions at Z = 0 

and Z = 200 µm (the second node along Z from Z = 0) is less than 2oC. Because the 

measured temperature is a volumetric average along and across the first 100 µm of the 

active core pumped, we conclude that the measured temperature should be within 10oC 

below the actual maximum temperature. Comparing the solid curve with the diamonds, 

we notice that the agreement between the measurement and simulation is very good. 

Please also note that our simulation and measurement have used completely independent 

approaches to obtain the temperature; the coincidence of their line shapes is excellent, 

which strongly confirms the validity of our 3-D thermal modeling. The thermal behavior 
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of the emitting core is well explained by the nonlinear pump absorption coefficient curve 

in the same figure.  

 

4.5 Dual-end-pumped TEC-cooled EYDFL 

 

The previous experiment demonstrates that our 3-D thermal modeling provides a good 

description of the internal temperature of the EYDFL assembly. As the next step, we 

build and analyze an advanced dual-end-pumped EYDFL. The dual-end-pumping scheme 

not only eases the thermal problem by splitting the pump power between both ends [Y. 

Wang 2004A/B], but also provides more uniform gain along the fiber length.  

Comparing to the previous EYDFL, a second pump source is added onto the other 

fiber end and the active fiber is increased to 11.9 cm. Our thermal modeling predicts that 

it will be thermally safe at ~50 W pump power. Thus a 50.9 W combined pump power, 

(18.6 W at Z = 0 and 32.3 W at Z = 11.9 cm) is launched and 11.1 W CW output power 

is obtained. The signal vs. launched pump power plot is shown in Fig. 4.5. To the best of 

our knowledge, this is the first 1.5 µm fiber laser capable of delivering beyond 10W CW 

output power with the length scale of a few centimeters [L. Li et al. 2005B]. No sign of 

signal saturation is seen and the output power is only limited by the available pump 

power. Since the same active fiber has been used [T. Qiu et al. 2004], the laser 

characteristics are similar. The spectrum is centered at 1535 nm with a 2-nm linewidth, 

and the measured M2 value is < 4.0. There is no thermal damage at the two fiber ends up 
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to the highest pump level, demonstrating that the TEC-cooled assembly adequately 

handles an average thermal load of ~180 W/m.  
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Fig. 4.5. The signal vs. launched pump power plot of the dual-end pumped EYDFL. 
 
 

4.6 Optimization of fiber design and cooling setup  

 

To simulate the dual-end pumped EYDFL, the pump power propagating inside the 

core should be reformulated to include pump lights propagating along both +Z and –Z 

directions: 

      -
0 0( ) - ( - )Z L Z
L CL R CRP Z P e P eαη η= + α                                (4.7) 

Here the left fiber end is placed at Z = 0; L is the fiber length; P0Land P0R are the 

launched pump powers on both ends, respectively; ηCL and ηCR are the pump coupling 

coefficients at the two fiber ends; α is treated the same way as in equation (4.4). 
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In our 3-D FEM simulation, we place the active fiber at the same position as in Fig. 

4.1(b). The simulations for the tested design are plotted as the solid curves in Fig. 4.6, 

with (a) showing the core temperature along the fiber length and (b) showing the 

temperature profile across the fiber facet at the stronger pump launching end. Although 

the calculated highest temperature (Tmax = ~400ºC) reaches a substantial fraction of the 

phosphate glass transition temperature (Tg  = ~600ºC), the laser is still operational, as 

proven by the experiment. For comparison, the same calculation is done for a single-end-

pumped EYDFL (32.3 W pump power launched on one end) and the results are plotted as 

the dotted curves in Fig. 4.6. We notice that Tmax of the dual-end-pumped EYDFL is only 

32ºC higher than that of the single-end-pumped one. Adding a second pump increases the 

output by ~50% but the Tmax by only ~10%, a clear demonstration of the thermal 

advantage of dual-end pumping. We also calculate the temperature distribution for a 

dual-end-pumped EYDFL with the active core in the circular center of D-shape cladding. 

The results are plotted as the dashed curves in Fig. 4.6. At the highest pump power, Tmax 

increases by 24oC, compared with the off-center-core fiber under identical conditions. 

This demonstrates the thermal benefit of the off-center core that can be placed closer to 

the heat sink.  

Although our fiber laser assembly enables operation up to ~50 W of pump power, it 

does not leave much room for further power scaling. As a next step, we use the 3-D FEM 

modeling as a powerful tool to guide further improvement in the thermal management of 

our short EYDFL assembly. Obviously the air gap is the largest obstacle to efficient heat 

dissipation. A double–cladding fiber structure with the same off-center core, D-shape 
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inner cladding, and a second (outer) circular cladding 200 µm in diameter is considered, 

which allows direct contact between the fiber and a metal tubing (e.g. an Al tubing). Our 

calculation shows a significant temperature drop, as shown by the dash-dot curves in Fig. 

4.6. At the highest pump power, Tmax drops by more than 250oC to reach 145oC. This 

calculation demonstrates that the heat problem can be solved even for a heavy thermal 

load within a small volume by optimizing fiber design and cooling setup. Our simulation 

shows that a short TEC-cooled fiber laser can handle a combined pump power of 200 W 

equally split to two fiber ends, which corresponds to a thermal load of ~1 kW/m. 
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Fig. 4.6. Temperature distributions in short TEC-cooled dual-end-pumped (except the 
dotted curve) EYDFLs: (a) core temperature along the fiber length; (b) temperature 
profile across the fiber facet at the stronger pump end.  
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CHAPTER 5 

 

NOVEL PHOSPHATE GLASS MICROSTRUCTURED FIBERS FOR EYDFL 

     

5.1 Introduction 

 

One of the most interesting properties of the recently developed microstructured 

optical fibers (MOFs) [J. C. Knight et al. 1996; P. Russell 2003], also known as photonic 

crystal or holey fibers, is their endless single-mode (SM) behavior [T. A. Birks et 

al.1997; N. A. Mortensen et al. 2003A; N. A. Mortensen and J. R. Folkenberg 2003]. 

These MOFs have air holes that are arranged in a two-dimensional triangular pattern and 

run through the whole fiber length. Typically, one hole in the center of the periodic 

structure is intentionally ignored, which forms a solid core area surrounded by the 

patterned cladding. The optical characteristics of these MOFs are influenced by two 

relative length scales:  d/Λ, where d is the hole diameter and Λ is the pitch (the center-to-

center spacing of neighboring holes); and Λ/λ, with λ being the wavelength. It has been 

shown that MOFs provide SM guiding if the d/Λ ratio is below a certain limit (~0.45) [T. 

A. Birks et al.1997; N. A. Mortensen et al. 2003A], regardless of the Λ/λ value. This 

fiber design thus provides a natural solution to one critical problem faced by high-power 

short-length fiber lasers: how to achieve SM operation with sufficiently large mode area 

(LMA) [L. Li et al. 2004; T. Qiu et al. 2004]?  
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Short LMA fiber lasers, with active fibers as short as only a few centimeters, besides 

the obvious advantage of enabling very compact devices, also suppress nonlinear effects 

to allow for power scaling and provide the possibility of single-frequency operation when 

assisted with narrow-linewidth elements such as FBG [C. Spiegelberg et al. 2004]. For a 

conventional SM step-index fiber (SIF), however, due to the achievable precision in 

refractive index control, it is extremely difficult to expand the core area beyond 400 µm2 

without additional mode filtering techniques. On the other hand, for an endless SM MOF, 

the whole fiber cross-section can be scaled up while preserving the modal property. In 

addition, MOFs provide large flexibility in fiber design, e.g., the core area can be further 

increased by leaving out multiple holes in the center [N. A. Mortensen et al. 2003B; J. 

Limpert et al. 2003C; J. Limpert et al. 2004]. 

In this chapter we present MOFs fabricated of phosphate glass and their applications 

for extremely compact high-power SM and single-frequency fiber lasers. In section 5.2, 

we report the first short-length phosphate MOF laser delivering more than 3 W CW 

output power at 1.5 µm [L. Li et al. 2005A]. In section 5.3, we systematically investigate 

how negative core-cladding index difference affects the modal properties of 7-missing-

hole MOFs. In section 5.4, we explain how a fine annealing process affects the MOF 

modal property. In section 5.5, an extremely compact high-power SM fiber laser made of 

a heavily doped phosphate MOF is reported, with > 4.5 W CW output power generated 

from a 3.5 cm short active MOF. Finally, in section 5.6, we report a single-frequency 

fiber laser, based on a short piece of MOF spliced with a narrow-linewidth FBG, that 

generates more than 2 W single-frequency output power at 1534 nm. 
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5.2 Compact phosphate MOF lasers with large mode areas 

 

MOFs are most commonly made of silica, however, non-silica fibers have been 

investigated recently for their unique properties such as high nonlinearity and high 

refractive index [T. M. Monro et al. 2000; X. Feng et al. 2004]. Phosphate glass is of 

particular interest due to its high solubility of Er3+ and Yb3+ ions [E. Snitzer et al. 1968] 

as well as its large phonon energy to assist Er3+ 4I11/2 to 4I13/2 relaxation [E. F. Artemev 

and A. G. Murzin 1981], which makes it a superior host glass for ~1.5 µm amplifier and 

laser applications. High-power phosphate SM-SIF laser with core area of 150 µm2 has 

been reported [T. Qiu et al. 2004], and by applying the MOF approach to phospahte fiber, 

we gain the potential to boost the output power by expanding the core area considerably 

while preserving the beam quality. In order to study the impact of fiber design parameters 

upon beam quality, we have drawn and tested MOFs of either one or seven central holes 

missing, with the doped core glass having a slightly lower refractive index than the 

cladding glass. Based on these MOFs, cladding-pumped fiber lasers are fabricated of only 

a few centimeters in length, which are at least an order of magnitude shorter than other 

recently realized MOF lasers [J. Limpert et al. 2003C; W. J. Wadsworth et al. 2000; W. J. 

Wadsworth et al. 2003] that use several meters of Yb3+-doped silica fibers. 

We use P2O5 as the glass former and the phosphate glasses are made by NP 

Photonics Inc., Tucson, AZ. The fibers are drawn at the College of Optical Sciences 

using the stack-and-draw technique. Two different phosphate glass preforms are made, 

one is undoped with a hole drilled in the center and the other is Er3+-Yb3+-codoped 
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without a hole. Both preforms are drawn to stacking cells, which are stacked together 

with the core cell(s) placed in the center, and the whole stack is inserted into a tube made 

of another undoped phosphate glass. The tube glass has a lower index to confine the 

pump light inside the patterned cladding. The stacked tube is drawn to obtain the MOF. 

Fig. 5.1(a) illustrates the stacked tube and Fig. 5.1(b) shows the drawn MOF with seven 

core cells. By adjusting the drawing temperature, MOFs are fabricated with identical 

outer diameter (OD) and pitch Λ, but different d/Λ ratios. 

            

                                         (a)                                                      (b) 

Fig. 5.1. (a) Illustration of the stacking scheme and (b) photo of MOF7 (OD 125 µm). 
 

The MOF cores are doped at levels of 1.1×1026 Er3+ ions/m3 and 2.2×1026 Yb3+ 

ions/m3. Doping the core inevitably introduces an index difference (∆n = ncore - nclad). 

Considering that (i) a positive core-cladding ∆n will bring the MOF back to the SIF fiber 

limitation and (ii) the accuracy of our index measurement is ±5×10-4, we choose the core 

and cladding glasses with ∆n = -7×10-4, nominally. We have verified experimentally that 

our MOFs have depressed-index cores because the cores show anti-guiding property until 

the holes open up to a certain size.  
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In the fiber laser experiments, we have constructed lasers using 11cm long MOFs with 

both ends cleaved. The fiber lasers are cooled by a TEC to remove the generated heat. Up 

to 31 W of 975 nm pump light is delivered through a multimode fiber (AFS105/125Y, 

core diameter of 105 µm) whose output facet is coated. The coating is transparent at 975 

nm and highly reflective at 1.5 µm. The coated pump fiber end is butt-coupled against the 

MOF so that the pump light is effectively injected into the MOF cladding, and the coating 

serves as a high reflector for the laser cavity. The Fresnel reflection at the other end of the 

MOF serves as the output coupler. The output beam is monitored by a real-time beam 

profiler (BeamMAPTM, DataRay Inc.) for the M2 value measurement.  
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Fig. 5.2. The M2 value vs. d/Λ ratio for MOF1 lasers. The dots are data measured at 10 W 
pump power. The dashed curve shows the calculated M2 value of the fundamental mode 
of MOF1, assuming ∆n = -7×10-4 and Λ/λ = 6. 
 

Six different MOFs of one hole missing (MOF1) are drawn with d/Λ varying from 

0.14 to 0.46, and their OD and Λ are kept at 125 and 9 µm, respectively. We have 

obtained SM outputs from all six MOF1 lasers, as expected from design parameters. 
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However, since the fundamental mode of MOF1 differed considerably from a TEM00 

Gaussian mode [J. C. Knight et al. 1996], both our modeling and experiment show that its 

M2 value can be considerably larger than 1, the value of a TEM00 mode. The M2 value 

increases with the reduced d/Λ ratio (Fig. 5.2), because of the less modal confinement 

caused by smaller holes, and the modeling agrees well with the measured data. The 

output powers of MOF1 lasers are fairly low because of the small core areas of ~60 µm2. 
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Fig. 5.3. Signal output vs. pump power of two MOF7 lasers. The dots correspond to 
MOF7 of d/Λ=0.19 and the triangles represent MOF7 of d/Λ=0.50. 
 

The power performance is boosted for MOFs with seven holes missing (MOF7) due to 

the large increase in active core area. With the same OD and Λ as MOF1, MOF7 has a 

core area of ~430 µm2. Our 11-cm-long MOF7 laser is able to generate 3.1 W of CW 

laser power at 1.53 µm, with 31 W of 975 nm pump light launched. Fig. 5.3 shows the 

signal vs. pump power plot for two MOF7 lasers with d/Λ of 0.50 and 0.19, respectively. 
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Both fiber lasers produce almost identical output power characteristics. The output 

spectrum is centered at 1535 nm with a width of ~4 nm. The lasing threshold is < 3 W 

and the slope efficiency is ~11% against the launched pump power. The pump absorption 

coefficient and the propagation loss coefficient are measured to be 0.20 and 0.05 cm-1, 

and the output-end pump leakage is < 5%. Thus, there is only negligible benefit of 

working with longer MOF7. Note, however, that we start with relatively low doping 

levels to focus on the MOF design and fabrication. The output power and slope efficiency 

can be dramatically increased if the cores are doped heavier and the propagation loss is 

reduced by improved fiber drawing process, as we will show in section 5.5.  
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Fig. 5.4 The M2 value vs. d/Λ ratio for MOF7 lasers. The dots are experimental data and 
the solid curve is for visual assistance only. The two dashed curves are calculated M2 
values for the fundamental mode and 2nd & 3rd order modes of MOF7, respectively. 
 

For the MOF7 lasers, the measured M2 value decreases steadily when d/Λ shrinks 

(Fig. 5.4), which is in striking contrast to the behavior of MOF1 (Fig. 5.2). At the 
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smallest d/Λ = 0.19, we observe M2 < 1.5. To interpret our experimental results, we 

calculate the M2 value of the fundamental mode as well as those of the degenerated 2nd 

and 3rd order modes that can propagate in MOF7, shown as the dashed curves in Fig. 5.4. 

A comparison of the modeling and experimental data indicates that MOF7 with larger 

d/Λ support several modes while SM behavior can be approached for d ≤ 0.2Λ. This 

presumption is supported by the observed far-field pattern, which has a bright central spot 

surrounded by six much dimmer spots seated at the hexagon vertices. This pattern is 

similar to that of the previously reported one-hole-missing MOF [J. C. Knight et al. 

1996], thus provides indication of fundamental mode operation of the MOF7. Note, that 

the improved beam quality for MOF7 laser with smaller d/Λ does not result in any 

penalty with respect to output power, as demonstrated in Fig. 5.3. The plotted M2 values 

are measured at 4 W pump power, and we observe a moderate M2 increase at high power 

operation, e.g., for MOF7 with d/Λ=0.19, the M2 increase to ~2.0 at the highest pump 

level. Our results clearly indicate that SM behavior and good beam quality can be 

preserved in the LMA MOF7, even though its core area is seven times as large as that of 

MOF1. We expect to further improve the beam quality by fine adjustment of d/Λ and ∆n. 

An investigation of the impact of ∆n upon the beam quality will be discussed in the next 

section. 
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5.3 Effect of depressed-core-index upon MOF modal property 

  

Endless SM core guidance has been observed in MOFs whose cores are formed by 

filling one air hole [T. A. Birks et al.1997], while SM operations have been realized on 

MOFs with extended core areas, e.g., cores formed by filling three [N. A. Mortensen et 

al. 2003B] or seven [J. Limpert et al. 2004] air holes. The 7-missing-hole MOF 

effectively provides SM-LMA guidance that usually cannot be achieved by SIF; at the 

same time, since only a small number of air hole shells are required to confine the modes, 

its OD can be kept compatible with standard fibers (OD of 125 µm). For comparison, in 

order to obtain the same core area and modal confinement, a 1-missing-hole MOF needs 

to expand its OD about three times larger, as shown in Fig. 5.5, which results in increased 

material cost and physical incompatibility with commercial fibers, e.g., the fiber sizes 

mismatch will cause technical difficulty for fusion splice.  

 

Fig. 5.5. A 7-missing-hole MOF has the same core area as that of a 1-missing-hole MOF, 
while the latter has to expand its OD almost three times larger.  
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A common assumption for fabrication and analysis of SM-MOF is zero index 

difference (∆n = ncore - nclad) between the index of core material (ncore) and index of 

cladding material (nclad), a condition that is naturally satisfied by passive MOFs made 

entirely from the same material. However, for active MOFs with doped cores, this 

condition requires attention. The addition of rare-earth ions inevitably changes ncore, and 

other dopants can, in principal, be added to tailor both ncore and nclad. Although this index 

tailoring constitutes a fabrication challenge, it also adds flexibility to the fiber design 

process. While several Yb3+-doped silica LMA-MOFs have been reported under SM 

operation with slightly positive ∆n [J. Limpert et al. 2004; W. J. Wadsworth et al. 2001; 

J. Limpert et al. 2003C], there is a lack of systematic study on how ∆n influences the 

MOF’s modal property. In particular, there are no studies on the interesting case where 

∆n is negative (core index depressed: ncore < nclad). Such a condition results in anti-

guiding for SIFs, but we will demonstrate that stable guidance and SM lasing are possible 

for MOFs due to the existence of the air holes, which effectively suppresses nclad. 

In this section we report, to the best of our knowledge, the first systematic study on 

how negative core-cladding ∆n affects the modal properties of 7-missing-hole MOFs. We 

have fabricated these MOFs with various ∆n and structural parameters, and measured 

their modal qualities. SM operations have been achieved for MOFs with proper choices 

of ∆n and structure. We have also simulated the beam qualities of guiding modes at 

different orders and extended the effective V parameter calculation from 1-missing-hole 

MOF [T. A. Birks et al. 1997] to 7-missing-hole MOF. The calculated results agree well 

with experimental data. Our study has been focused on phosphate MOFs with Er3+-Yb3+-
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codoped cores; however, the results can be applied to fibers of any host glass. We show 

that with depressed core index, the technical difficulty to pursue extremely small ∆n for 

LMA-MOFs can be waived, resulting in relaxed tolerance and more flexibility in fiber 

design and fabrication.  

Active MOFs have been extensively utilized for fiber amplifiers and lasers, e.g., Yb3+-

doped silica MOFs at ~1.1 µm and Er3+-doped [K. Furusawa et al. 2005] or Er3+-Yb3+-

codoped [L. Li et al. 2005A] non-silica MOFs at ~1.5 µm. A Yb3+-doped 7-missing-hole 

MOF with a SM core area of ~103 µm2 has been reported [J. Limpert et al. 2004], with a 

close-to-zero positive ∆n (~10-5). However, with such a superior index control technique, 

there does not seem to be an advantage of using MOF design: a SIF of the same ∆n can 

have a SM core as large as ~1.5×104 µm2. Furthermore, besides the technical challenge to 

achieve and control such a small index difference, this value is beyond the resolution of 

typical index measurements (e.g., commercial prism-coupling instruments usually have a 

resolution of 5×10-4). In order to take full advantage of MOFs’ unique modal properties 

and relax the tight tolerance in index control, we study an alternative approach of 

introducing a negative ∆n. The core index is depressed and the core is leaky until the air 

holes in the cladding open up to a certain size. The modal quality can be controlled by 

properly choosing ∆n and air hole size. In this section, we investigate the impact of 

negative ∆n as well as air hole diameter (d) upon the modal behavior of 7-missing-hole 

MOFs, both experimentally and theoretically.   

  The MOFs under study are made of phosphate glasses and they have been used to 

fabricate short-length MOF lasers [L. Li et al. 2005A]. Our 7-missing-hole MOFs have 
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active core areas of ~430 µm2 and they have been drawn with various air hole sizes. 

Other fiber dimensions are kept constant: a 125 µm OD and a 9 µm pitch (Λ). It has been 

well known that the MOF modal properties are decided by two relative parameters [T. A. 

Birks et al. 1997]: Λ/λ and d/Λ. The Λ/λ is fixed at ~6 for λ = 1.5 µm and we will 

investigate the effect of d/Λ only. Fabricated MOFs have different d values, starting with 

closed air holes (d = 0) to maximal d = ∼0.5 Λ. Our MOF cores are doped with 1 wt.% 

Er3+ and 2 wt.% Yb3+ ions, and other codopants are added to selectively tailor the core 

and cladding glasses index difference. Three negative ∆n values are introduced: -15×10-4, 

-7×10-4, and -5×10-4 < ∆n < 0, respectively. The indices are measured using a prism 

coupler and the uncertainty in that last ∆n value is due to the measurement accuracy.  
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Fig. 5.6. Measured M2 vs. d/Λ of 7-missing-hole MOFs. Inset: effect of annealing on 
MOFs initially having ∆n=-7×10-4, with the stars representing the annealed fibers. 
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Short fiber lasers at 1.5 µm are made from our MOFs, which are ~11 cm long with 

both ends cleaved. The fiber lasers are single-end pumped, with 975 nm pump light 

injected into the MOF cladding by a multimode fiber (AFS105/125Y). The pump fiber, 

whose facet is coated with dielectric layers, is butt-coupled to the MOF and the coating 

serves as the high reflector (at 1.5 µm) of the laser cavity. A real-time beam profiler 

(BeamMAPTM) collects the output beam from the MOF’s output end to measure the M2 

value, which is used as the beam quality criterion. The measured M2 values, all taken at 

~3.5 W pump power, are plotted vs. d/Λ in Fig. 5.6. MOFs of three ∆n values and various 

d/Λ ratios are plotted in the same figure.  

In Fig. 5.6, we notice that all three M2 curves have similar shapes: they start with 

relatively large M2 values with small air holes, followed by a sharp drop to a minimum, 

then increase again, gradually. The anti-guiding behavior with small holes confirms that 

all our MOFs have depressed-index cores. Fundamental guiding mode laser operation 

begins when d/Λ reaches a threshold, and it is a sudden transition from anti-guiding to 

guiding, as shown by the steep M2 drops in Fig. 5.6. The value of the threshold is decided 

by ∆n: the larger the magnitude of ∆n, the higher the threshold. Thus the leftmost curve 

represents the MOF with a minimal ∆n [-5×10-4, 0], while the rightmost has the largest 

∆n [-15×10-4]. Fundamental mode operation is confirmed by the observation of the far-

field patterns, though we notice that the measured M2 values are between 1.5 and 2, not 

diffraction limited. The higher M2 values are due to two reasons: first of all, the MOF’s 

fundamental mode shape deviates from a Gaussian mode [T. A. Birks et al.1997; L. Li et 

al. 2005A]; and secondly, the MOF has large internal stress originated from its stack-and-
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draw dual-drawing fabrication process, which might deteriorate the beam quality. A fine 

annealing process is performed on the MOFs of ∆n = -7×10-4 to release the stress and we 

find that the tested modal quality does improve, as the M2 value of the fundamental mode 

drops to < 1.5 (shown as the inset of Fig. 5.6). The annealing also has deepened the ∆n 

value, as the annealed M2 curve is seemingly shifted to the right of the original curve and 

the annealed fibers become leaky for small air holes. Details of how annealing affects the 

MOF’s modal behavior will be discussed in section 5.4. After the M2 curves pass the SM 

regime, higher order modes sequentially appear as d/Λ increases, and the beam quality 

deteriorates gradually with increasing M2 values.  

In order to explain the experimental results, we have developed a theoretical model to 

calculate the MOF’s modal behavior [A. Mafi and J. V. Moloney 2005]. As an example, 

the calculated modal quality (M2 value) of a 7-missing-hole MOF of ∆n = -7×10-4 is 

plotted in the lower part of Fig. 5.7, along with the measured data. The simulation shows 

that while the fundamental mode always provides high quality beams with M2 < 2, the 

modal quality rapidly decreases for high order modes. Note also, that the modal quality of 

all modes, particularly the high order modes, decreases drastically for smaller air holes 

due to weaker confinements. Besides the modal quality simulation, it is also important to 

find the modal cutoff of MOFs. As introduced by Birks et al. in 1997, an effective V 

parameter can be defined for MOF, equivalent to the V parameter for SIF: 

22
eff core FSM

RV n n 2π
λ

= −                                               (1) 
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Here nFSM is the effective index of the fundamental space-filling mode (FSM), and R is 

the core radius that has different definitions for the 1-missing-hole MOFs in literature [T. 

A. Birks et al.1997; N. A. Mortensen et al. 2003A; M. Koshiba and K. Saitoh 2004]. 

However, R has never been defined for the case of 7-hole-missing MOFs; therefore, we 

extend the Veff concept by selecting R as the radius of a circle having the same area as 

that formed by 7 hexagonal core cells, which is the most natural choice. The calculated 

Veff for MOFs with three ∆n values, closely matched to our fabricated fibers, are plotted 

in the upper part of Fig. 5.7.  
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Fig. 5.7. Upper: Calculated Veff of 7-missing-hole MOFs with three ∆n values; Lower: 
simulated (lines) and measured (dots) beam qualities for MOFs with ∆n = -7×10-4. 

 
Using the criterion for SIF, Veff = 2.405 is the SM cutoff and the core is considered 

leaky below Veff = 1, when less than 20% of the fundamental mode is confined in the 
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core. Thus, for MOFs of ∆n = -7×10-4, the SM range should be within Veff = [1, 2.4], 

corresponding to d/Λ = [0.1, 0.2]. As seen from the lower part of Fig. 5.7, the theory 

agrees well with the experimental data.  

Fig. 5.7 also shows that MOFs of different ∆n have similar modal behaviors, but with 

different d/Λ ranges. When ∆n is about zero or very small (e.g., -1×10-4), the SM regime 

stays within the tiny air hole region (d/Λ < 0.1). In addition, the beam is generally not of 

best quality, as seen in Fig. 5.6. As ∆n increases (-7×10-4), the SM regime becomes 

broader and modal quality improves. Further increase of ∆n (-15×10-4) again narrows the 

SM region. Thus we can conclude that there exists an optimal ∆n, about -7×10-4 in our 

case, that has a reasonable SM operation range and is relatively easy to manufacture 

within rather large tolerance. The depressed-core-index 7-missing-hole MOF can provide 

SM operation but only within a certain d/Λ range, which is determined by the depth of 

∆n. This is in sharp contrast to the endless SM property of 1-missing-hole MOF. The 

reduced SM regime of the 7-missing-hole MOFs is not a surprise, since this tendency has 

been shown from the 3-missing-hole MOFs [N. A. Mortensen et al. 2003B]. For some 

applications, this feature might offset the gain in mode area, while for others, such as 

high-power fiber lasers, the gain in active core area in a 7-hole-missing MOF should 

clearly compensate for the limits in structural design parameters. 

 

 

 

 



 84

5.4 Effect of fine annealing upon MOF modal property 

     

MOFs are usually fabricated by the stack-and-draw technique, a dual-drawing process. 

Both the mechanical stacking and the extra drawing process can cause an undesirably 

large internal stress thus resulting in deteriorated beam quality. To improve the MOF 

beam quality, it is preferable to release this internal stress. A post-drawing fine annealing 

process has been performed on our phosphate MOFs, with the annealing temperature 

close to phosphate glass transition temperature (Tg = ~600oC).  The beam qualities of the 

annealed MOFs have been tested and the results are plotted in Fig. 5.8.  
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Fig. 5.8. Measured M2 values for MOFs before annealing (squares) and after annealing 
(triangles). Two MOFs with different ∆n values are tested. 
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Two important observations exist for the annealed MOFs. The first is that annealing 

does improve the beam quality. The M2 value decreases at each d/Λ ratio after annealing, 

with physically the same fiber, and a best M2 value of < 1.5 is achieved. The second 

observation is that annealing may have deepened the negative ∆n value, because the M2 

curves of the two annealed MOFs are all shifted to the right. This additional ∆n change 

can be explained by the photoelasticity theory, which states that the change of index is 

linearly proportional to the stress applied [J. W. Dally and W. F. Riley 1965]: δn = n1- n0 

= cσ, where n1 is the index under stress, n0 is the index in stress-free state, c is the stress-

optical coefficient, and σ is the stress component. After a fiber is drawn, the outer part of 

the fiber is generally under tensile stress while the inner part is under compression, with 

the largest compressive stress in the core [Y. Mohanna et al. 1990]. As c is negative for 

most glasses and σ is negative for compressive stress [A. N. Miliou et al. 1991], δn is a 

positive value larger in the core and smaller in the cladding. When the stress is released 

by annealing, the core index loses a larger positive part thus resulting in a deepened 

negative ∆n for our MOFs. Taken typical value of c for phosphate glasses (~3×10-12 

m2/N) [K. Matusita et al. 1985] and internal stress σ for SM fibers (~-108 N/m2) [Y. 

Mohanna et al. 1990], δn is estimated to be ~3×10-4. It is close to the observed ∆n shift 

(about -5×10-4) in Fig. 5.8. Note that, such a tiny ∆n variation actually has a significant 

impact on fiber modal properties, as seen in Fig. 5.8, the annealing can be applied as an 

alternative way to further tailor ∆n of both MOF and SIF.     
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5.5 Extremely compact high-power MOF lasers  

 

 The demonstration of phosphate glass LMA-SM MOF laser and the investigation of 

modal properties of MOF with depressed-index core have paved way for heavily doped 

phosphate MOF to be developed to fabricate extremely compact high-power MOF laser. 

Such a MOF, whose core is doped with 1.5 wt.% Er3+ and 8.0 wt.% Yb3+, is drawn in 

house. The fiber has similar cross-section as MOF7 in section 5.2, but it has four layers 

of air holes surrounding the active core for better modal quality control, as shown in Fig. 

5.9. The index for the core glass is depressed by ∆n = –17×10-4, and SM operation is 

achieved when the d/Λ ratio reaches ~0.4. The structural parameters of this MOF are 

similar to those of MOF7: an OD of ~120 µm, a pitch Λ of ~9 µm, and an equivalent core 

diameter of ~23.5 µm corresponding to an area of 430 µm2. At the chosen structural 

parameter (d/Λ = ~0.4), the SM beam has an M2 value as small as 1.2, almost diffraction-

limited. 

 

Fig. 5.9. Heavily doped phosphate MOF with four layers of air holes surrounding the 
index-depressed large active core. 
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 One critical condition to operate the heavily doped MOF laser is to efficiently remove 

the generated heat, because we have heavier Yb3+ concentrations and larger core area 

than the doped phosphate SIFs in chapter 4. To improve the heat removal efficiency, the 

MOF is laid and clamped inside a U-shape groove that is ~150 µm wide and 75 µm deep. 

The U-grooves are cut by a dicing saw upon a thin silicon wafer that is attached to a 

TEC. Direct contact between the fiber and the groove ensures efficient heat transfer, 

while the pump light will not leak at the contact because our MOF is a double-cladding 

fiber and the pump light is confined inside the patterned inner cladding. 

 MOF laser is fabricated and pumped the same way as described in section 5.2. A 10-

cm-long single-end pumped MOF laser has generated 7.8 W CW output power under 

34.2 W 975 nm pump power with no output roll over observed at the highest pump level, 

as shown in Fig. 5.10. The lasing threshold is < 2 W and the slope efficiency is ~25% 

with respect to the launched pump power, which more than doubles the laser efficiency in 

section 5.2. To pursue high-power fiber lasers with shorter length, another MOF laser is 

fabricated with its length reduced to 5 cm and this MOF laser generates ~5 W CW output 

power with ~27 W 975 nm pump power launched, under the same fabrication and 

pumping conditions. The lasing threshold of the 5-cm-long MOF laser is < 1.1 W and the 

slope efficiency is ~20% with respect to the launched pump power. The signal vs. 

launched pump power plot of this 5-cm-long MOF lase is also shown in Fig. 5.10.  
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Fig. 5.10. Signal vs. pump power plots of a 10-cm-long and a 5-cm-long heavily doped 
phosphate MOF lasers.  
 

From the above figure, it is observed that the output of the 5-cm-long MOF laser starts 

to saturate at ~5 W of signal power under ~30 W of pump power, while saturation 

behavior has not been observed for the longer (e.g. 10 cm) MOF lasers. There are two 

major reasons for the EYDFL output power saturation at high pump levels. First, as 

demonstrated in Chapter 4, the pump absorption coefficient α of the active fiber has a 

nonlinear dependence on the pump power, as shown by Eq. (4.4) and Fig. 4.4. As α 

decreases with increasing pump level, more portion of the pump power leaves the output 

end of the fiber unabsorbed resulting in a reduced laser slope efficiency. The second 

reason is that at sufficiently high pump level, as the pump replenishes the Yb3+ excited 

state faster than the forward energy transfer rate from Yb3+ to Er3+ ions, this so-called 

energy transfer “bottleneck” effect sets a limit upon the output power [E. Yahel and A. 

Hardy 2003]. Both mechanisms are directly related to the number of available active ions 
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in the cavity as well as the forward energy transfer rate. The start of the output power 

saturation can thus be postponed by either increasing the quantity of active ions, e.g., 

with higher doping concentration, larger core area and longer fiber length, or enhancing 

the Yb3+ to Er3+ energy transfer rate with optimized host material, codopant and 

Yb3+/Er3+ concentration ratio.  
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Fig. 5.11. Signal vs. pump power plots of a 3.5-cm–long heavily doped and an 11-cm-
long moderately doped MOF lasers. 

 
The length of the active MOF can be further shortened for high-power laser operation 

by optimizing the laser cavity. A piece of 3.5-cm-long MOF is used with the addition of 

an optimized OC. The OC is a dielectric mirror coated on a microscope slide that has 

optimal reflectivities (R1535nm= 11.1%, R975nm=99.6%) to both recycle the unabsorbed 

pump power and maximize the output power. More than 4.5 W CW output power is 

obtained from the 3.5 cm short MOF laser under 21 W of 975 nm pump power. The 
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lasing threshold is < 0.4 W and the slope efficiency is ~20% with respect to the launched 

pump power. The signal vs. pump power plot of this extremely compact MOF laser is 

shown in Fig. 5.11. The output power is observed to saturate at an earlier stage of pump 

level (~25 W), comparing with the 5-cm-long MOF laser, because the shorter fiber length 

causes a further reduction in the active ion quantity. 

For comparison, the signal vs. pump power plot of the MOF laser reported in section 

5.2 is also included in Fig. 5.11. Note that by increasing the doping concentration and 

optimizing the cavity reflectivity, the output power of the latter MOF laser increases by 

~50% while its active length is shortened to only one third of the earlier version. In other 

words, the output power per unit length is quadrupled for our optimized MOF laser.  

 

5.6 High-power single-frequency MOF laser 

 

High-power linear-cavity single-frequency fiber laser has been a challenge since the 

first single-longitudinal-mode fiber laser was demonstrated in the late 80s [I. M. Jauncey 

et al. 1988]. FBG was used in this first demonstration and it has become the standard 

linewidth-narrowing fiber element ever since. With centimeter-scale active fibers 

combined with appropriate FBG, single-frequency laser outputs have been successfully 

obtained ranging from a few mW [J. T. Kringlebotn et al. 1993; L. Dong et al. 1997; W. 

H. Loh et al. 1998] to more than 200 mW [C. Spiegelberg et al. 2004]. The sub-watt-level 

outputs from these core-pumped single-frequency fiber lasers are limited by unavailable 

high-power SM pump laser diodes, the small core area, and the short fiber length. 
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Although it is possible to boost the output powers from single-frequency seed lasers by 

power amplifiers to several tens of watt [C. Alegria et al. 2004] or even hundreds of watt 

[Y. Jeong et al. 2005], it is still desirable to have a beyond watt-level single-frequency 

fiber laser because of its superior signal-to-noise ratio. Single-longitudinal-mode 

cladding-pumped fiber laser with more than 1 W CW output power has been 

demonstrated from a SM Er3+-Yb3+-codoped phosphate SIF laser [T. Qiu et al. 2005], 

which utilizes the same active fiber reported in section 3.6 except that the doped core is 

centered inside the cladding to facilitate fusion splice with FBG. However, the output 

power of this single-longitudinal-mode fiber laser is still limited by its relatively small 

core size (core area of ~150 µm2), meanwhile, it has a pair of degenerated polarization 

modes that cannot be distinguished because of the circular symmetry of the core. The 

output power can certainly be enhanced if the active fiber is replaced by our novel SM-

LMA heavily doped phosphate MOF (core area of ~430  µm2), in addition, polarization 

mode discrimination may be introduced because of the noncircular MOF core.     

Our experimental single-frequency MOF laser is constructed utilizing the same MOF 

tested in the last section. A piece of MOF, 3.8 cm in length, is cleaved at both ends. One 

end of the MOF is first spliced to a slice of phosphate SIF (< 1 mm), and then spliced to a 

silica FBG. The phosphate SIF has a 125 µm OD and a 25 µm diameter doped core with a 

NA of 0.16. The core is doped with 1.0 wt.% Er3+ and 8.0 wt.% Yb3+. This phosphate SIF 

serves as a buffer layer to ease the fusion splice between the silica FBG and the soft 

phosphate fiber so that the air holes in the MOF cladding can be preserved at the joint 

section. All the fusion splices are done on a Vytran filament fusion splicing system (FFS-
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2000). The FBG is made of a large core SM silica fiber (Nufern PS-GDF-20/400), which 

has a 400 µm OD and a 20 µm diameter core with a NA of 0.06. The V number of this 

fiber is 2.4 so that it is SM at 1.55 µm. The outer diameter of this large silica fiber is 

etched down to 125 µm by hydrogen fluoride and it can be spliced to the phosphate SIF 

without size mismatch. The fabricated fiber laser is illustrated in Fig. 5.12, with the pump 

light launched from right hand side and the signal light collected from left.  

 

Fig. 5.12. The construction of a linear-cavity single-frequency fiber laser: a piece of short 
phosphate MOF spliced with a narrow linewidth FBG through a buffer.  
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Fig. 5.13. The reflection spectrum of the narrow-linewidth FBG.  
 



 93

The FBG is made in house by exposing fibers with 244 nm ultraviolet laser beam 

through a 2.5-cm-long mask. The FBG reflection peak is located at 1533.99 nm, with a 

peak reflectivity of ~17% and a 3-dB bandwidth of ~0.03 nm (~3.75 GHz in frequency 

space). The reflection spectrum of the FBG is shown in Fig. 5.13. The other end of the 

FBG, i.e. the output end of the fiber laser, is angle cleaved to prevent other wavelengths 

from lasing. The FBG-spliced MOF is single-end pumped by 975 nm pump light through 

a butt-coupled multimode pump delivery fiber, which has broadband high reflector (at 

signal wavelength) coated on its facet. The pump power is injected and confined inside 

the patterned MOF inner cladding.  
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Fig. 5.14. (a) Signal vs. launched pump power plot; (b) signal spectrum. 
 

The FBG-spliced MOF laser starts lasing with < 1.2 W pump power launched, and we 

have obtained 2.3 W output power under ~20 W 975 nm pump power. The slope 

efficiency of this MOF laser is ~12% against the launched pump power, as shown in Fig. 

5.14(a), which more than doubles the slope efficiency (~5%) of the previously reported 

single-longitudinal-mode phosphate SIF laser [T. Qiu et al. 2005]. 
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The signal spectrum is first measured by an OSA, as shown in Fig. 5.14(b). There is 

only one signal peak located solely at 1533.86 nm while further details are unsolvable 

because of the limited OSA resolution (0.07 nm). The measured signal wavelength 

deviates from the FBG reflection peak by 0.13 nm and this deviation is due to both the 

thermal effect and possible calibration difference between the two optical spectrum 

analyzers utilized. 

To further resolve the signal spectrum in frequency space, standard heterodyne 

technique has been applied. A single-frequency laser signal from a high-accuracy 

(wavelength resolution of 0.1 pm) tunable diode laser (Agilent 8164A) is used to beat 

with our fiber laser signal through a 2×2 fiber coupler (E-TEK). The beat signal is sent to 

a Radio Frequency (RF) spectrum analyzer (Hewlett-Packard ESA-E E4402B). A typical 

RF spectrum collected during laser operation is shown in Fig. 5.15(a), and only one 

frequency component is observed in the whole 3 GHz span (not all shown in the figure) 

when we tune the reference laser wavelength and scan the whole span.  
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Fig. 5.15. RF spectrum of the beat signal: (a) at < 2 W output; (b) at > 2 W output. 
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Fig. 5.15(a) confirms that the short FBG-spliced MOF laser is truly a single-frequency 

laser, and there is no observation of the degenerated polarization mode belonging to the 

same longitudinal mode commonly seen in the circular core SIF (T. Qiu et al. 2005). This 

is because the core of our MOF is composed of seven hexagonal units (Fig. 5.1) and it 

doesn’t have the circular symmetry for the polarization state degeneracy, which clearly 

demonstrates the advantage of active LMA-MOF. The single-frequency operation is very 

stable, almost free of mode hopping, when the output is at 1 W level and higher. By 

narrowing the frequency span, the linewidth of the RF signal is measured to be ~2 MHz. 

But it is not decided that this linewidth belongs to the fiber laser signal because the beat 

signal also mixes the linewidth of the reference laser, and only a homodyne measurement 

can decide the true signal linewidth. As the output power reaches 2 W, the single-

frequency operation is not as stable as at the lower output power though it remains one 

peak most of the time. Other frequency components appear occasionally, as shown in Fig. 

5.15(b), a second longitudinal mode appears as well as a higher order transverse mode. 

The free spectral range is measured to be 1.7 GHz, corresponding to a cavity length of 

5.8 cm. The extra 2.0 cm length in addition to the 3.8 cm MOF length comes from the 

FBG penetration depth. However, the non-robust single-frequency operation at high 

output level is caused by lack of mechanical stability for the fiber laser alignment (butt-

coupling) and accurate temperature control for the fiber components [C. Spiegelberg et 

al. 2004]. The single-frequency laser operation can be firmly maintained at high output 

level (> 2 W) by accurately controlling the temperature and improving the mechanical 

stability (using fusion splice instead of butt coupling). 
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CHAPTER 6 

 

CONCLUSION AND OUTLOOK 

 

This dissertation performs a systematic experimental study on extremely compact 

high-power fiber lasers operating at the important eye-safe telecom wavelength of ~1.5 

µm. The step-by-step methodology utilized in this dissertation reveals a practical 

approach to obtain beyond watt-level multimode and single-mode CW laser powers at 

~1.5 µm from active fibers of very short length. Instead of the usual length scale of 

meters, fibers as short as several centimeters have been demonstrated to achieve over 

watt-level CW output power. Several important conclusions can be drawn from the 

studies in this dissertation:  

The first conclusion is that cladding-pumped EYDFL of very short length is capable of 

delivering watt-level CW laser power at ~1.5 µm by appropriate choices of host glass 

(phosphate glass in this dissertation), doping concentrations, fiber cross-sectional 

geometry, and laser cavity reflectivity. The short EYDFL operates well under passive 

cooling at watt-level output.  

The next conclusion is that TEC-cooled short-length EYDFL can withstand high-

power operation, with > 11 W CW 1.5 µm laser power generated under ~50 W pump 

power launched. Both a 3-D thermal analysis and core temperature measurement confirm 

that TEC-cooled EYDFL can handle a thermal load of ~200 W/m. Dual-end-pumped 
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EYDFL has been demonstrated to be more efficient both for laser power generation and 

thermal management.  

The final conclusion is that novel phosphate glass MOFs can be an effective approach 

for extremely compact high-power fiber lasers with large single-mode output beams. 

Single-mode laser operation has been achieved from phosphate MOFs with appropriate 

index profile (the core index depressed) and geometrical structure (expanded core area 

constructed by neglecting seven central air holes). With a laser cavity only 3.5 cm short, 

which is made from a heavily doped phosphate MOF, more than 4.5 W CW laser power 

at 1.5 µm has been obtained. Furthermore, when a narrow-linewidth FBG is fusion 

spliced to a 3.8 cm long MOF, more than 2 W single-frequency output power is 

demonstrated.  

The achievements of the phosphate MOF lasers in the dissertation indicate possibility 

for further power scaling as well as more compact and stable high-power single-

frequency laser operation. One possible solution for power scaling is by constructing a 

multi-core MOF and phase locking the output beams from each individual core. As for 

the single-frequency fiber laser, by core-pumping the heavily doped MOF with high-

power single-mode laser diode, the fiber length can still be largely reduced, the laser 

efficiency can be improved, and the single-frequency operation can be more robust.  
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