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ABSTRACT 

Upconversion coefficients in a new high-concentration erbium-doped tellurite glass 

were obtained a schematic study of experiments and modeling. The upconversion 

coefficient for *Ii3/2+ *Ii3«">%/2+ *Ii5/2 is found to be 2.74x10"'* cmVs and for *Ii i/2+*Ii \a 

*Ii5/2+^F7/2 is 1.09 xlff" cmVs. 

The performance of high concentration Et''̂ -Yb '̂*'-codoped phosphate fiber 

amplifiers and the performance of a high-power Er '̂̂ -Yb '̂*'-codoped phosphate fiber laser 

were presented. From a 3.6cm-long fiber, 18 dB intemal gain Le. S dB/cm, for small 

signal input at 1S3S nm, was achieved. With a cleaved focet as the output mirror, a fiber 

laser has been demonstrated from the same fiber with an output power of 33.8 mW at 

1549.92 nm. A high slope efficiency of 40.2% was observed. 

Modeling results of gain and noise figure of four phosphate EDFAs with different 

lengths were presented with previous measured results. 34% erbium ions were found to 

be paired in our 3.Swt% erbium-doped phosphate fiber amplifiers. The onset of erbium 

concentration for pair induced quenching is suggested to be around 3wt% in phosphate 

fiber amplifiers. 
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CHAPTER 1 

INTRODUCTION 

1.1 A brief history of communication 

In ancient China, soldiers set a huge fire on top of the Great Wall just to send a few 

bytes of oiformation: the enemy was coming, be alerted! Samuel Morse revolutionized 

the communication with the invention of telegraph in 1837. It could transfer a few bytes 

per second. This record was maintained for about half of century when Alexander 

Graham Bell invented the telephone in 1878. In the same year, James C. Maxwell 

declared the 'Maxwell's Equations'. Ten years later, Hemrich Hertz demonstrated long 

radio waves and in 1895 Guglielmo Marconi demonstrated radio communkation based 

on electromagnetic waves. Since then, higher-fisquency carrier waves with 

proportionally increased modulation bandwidths have been sought to nnplement better 

and faster communication technobgies. Albert Einstein in 1917 showed that the process 

of stimulated emission must exist, but it was not until 1960 that Theodore Maiman first 

demonstrated laser action at optkral frequencies in ruby [T. Maiman, I960]. The advent 

of laser enabled huge bandwidths for transmission systems. But optical conununication 

did not emerge right away partly because attenuation in silica glass fiber was still too 

high to be feasible for optical communication at that time. Enormous efforts by several 

research groups to lower the losses culminated m the 1970 achievement by the Coming 



Glass Works of tosses below 20 dB/km, whkh was regarded at the time as the threshoU 

for communications applications. To tower the tosses remains an important scientific and 

technotogical goal until today and the tosses have been towered toward the clarity limit, 

whkh is about 0.2 dB/km at 1550 nm [D. B. Keck et aL, 1973; G. A. Thomas et aL 

2000]. Optical communication became a reality after the tosses in fibers were towed and 

it has experienced tremendous growth since it emerged. 

1.2 Optical amplifiers 

When signal light propagates atong optical fibers for a certain distance, measures 

have to be taken to counter the tosses that the signal light has experienced. In other 

words, amplification of the signal light must be done in certain stages. Prtor to the advent 

of optical ampli&rs, electronks regenerators were periodically spaced atong the line to 

cope with the attenuation of Ught signals. When electronk; regenerators are used, optkal 

signal is converted into an electrical signal and then the electrical signal is converted back 

mto an optical signaL This process implies that the bit-rate of telecommunication 

networks is limited by how fast the electrontos can reach. Another drawback of electrons 

regeneration is that wavelength division multiplexing is very difikult and costly. Just 

when conventional optical communicatton systems based on electronic regenerators had 

reached their peak performance, in 1985 a research group at the University of 

Southampton demonstrated that gain at wavelengths near 1.55 couU be realized by 

doping fiber with rare earth erbium and pumping the fiber with tow powers of visible 



light. The first applicable fiber amplifiers were demonstrated in 1987 [R. J. Mears et aL 

1987]. Since then, tremendous efforts have been poured into the development of optical 

ampliffers. Besides rare-earth-doped amplifiers, other parallel techniques of optical 

amplifiers have been developed. Among them are semiconductor optical amplifiers 

(SOA) [M. J. CMahony, 1988; B. Mersali et al. 1990] and Raman amplifiers [A. J. 

Stentz 1997]. Semiconductor optical amplifiers have several advantages. They include 

electrical pumping, small size, large gains over a large bandwidth, and integration with 

other semiconductor devices. But their drawbacics are distortion and crosstalk between 

channek, large noise factor, large coupling losses, polarization-dependent gains, and 

temperature sensitive. Raman amplifiers are based on a third-order nonlinear process. 

They exhibit a low noise ctose to the quantum limit, which can be advantageous m long-

haul applications. Raman amplifiers have received great attention recently. 3.08 Tb/s (77 

X 42.7 Gb/s) transmission over 1200 km of non-zero dispersion-shifted fiber with 100-km 

spans usmg C- and L-band distributed Raman amplification has been demonstrated [B. 

Zhu et aL 2001]. However, Raman amplifiers need long fibers (several kflometers) and 

exhibit large crosstalk between different wavelength signals in the saturation region. In 

contrast, erbium-doped fiber amplifiers can achieve all the advantages at once: 

polarization insensitivity, temperature stability, quantum-limited noise figure, and 

immunity to interchannel crosstalk even at saturation region [E. Desurvire 1994]. But 

rare-earth doped fiber amplifiers do have some disadvantages. In the opposite of SOAs, 

they have to be pumped optically, bi addition, the gain flatness of erbium-doped fiber 

amplifier is not as good as that of SOAs. 
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1.3 Optical amplifiers for broadband transmission and integrated optics 

To meet the ever-increasing demand for transmission capacity in the optkai 

communicatk)n driven by the Internet traffic, amplifier bandwidths have to be increased. 

The conventional or C-band (~1S30 - 1570 nm) limits the number of WDM signal 

channels. Several approaches have been used to realize broadband optical amplifiers. One 

^proach is to combine several pumps at different wavelengths in Raman amplifiers to 

realize a broad flat gain [K. Rotwitt et aL 1998; Y. Emori et aL 1999; M. D. Mermelstein 

et aL 2001]. Another approach is to expand the amplification band of the l.SS-^m band 

EDFA by attaching a bng-period grating to silica-based EDFA [P. Wysocki et aL 1997]. 

A third approach is to combme both l.SS-^m and l.S8-^m band EDFAs [M. Yamada et 

aL 1997] or both EDFAs and Raman amplifiers in parallel configuration [H. Masuda et 

aL 1997]. A fourth approach is to replace erbium ion host with tellurite glass [A. Mori et 

aL 1997A] or Bismuth-based oxide glasses [N. Sugimoto et aL 1999]. Beskles erbium, 

other rare-earth ions can be used to exploit amplification windows other than the C- and 

L-band. In the 1310-1350 nm range, amplification in praseodymium or Pr-doped fluoride 

[Y. Ohisbi et aL 1991] and chalcogenide glasses [D. W. Hewak et aL 1993] has been 

demonstrated. In the 1450-1530 nm range, amplification in thulium or Tm-doped fluoride 

glasses has been demonstrated [T. Komukai et aL 1992; T. Kasamatsu et aL 1999]. 

Compared with EDFA, these amplifiers are usuaUy much less efficient and theff spectral 

windows fidl m more lossy regions of the transmission window of silica fiber. However, 



conversion efficiency of thulium-doped fiber amplifiers (TDFAs) as high as 48% has 

been reported recently [S. Aozasa et aL 2001; F. Roy et aL 2001], ofTering system 

designers S-band alternatives. 

It is well known that integrated efectionic circuitries have revolutionized life styles of 

people all over the world by integratmg more functions with more powerful performances 

into one single chip. Integrated optics is meant to do things optically in a similar ^hion. 

Integrated optics devices have received great attentran recently to function as enablers of 

modem all-optical communication systems. The advantages of integrated optKS devices 

over their electronic counterparts are snnple: they arc fast; they have large bandwidth 

(Le., multiplexing capability); they have low loss; they have small size and light weight 

and etc. The development of short optical amplifiers suitable for integration of active and 

passive devices on a single substrate is quite challenging. The applications of short 

optical amplifiers are varrous. They include integrated compact power boosters, 

preamplifiers, and the lossless splitter for fiber-to-the-home (FTTH) and fiber-to-the-curb 

(FTTC) networks [A.M. J. Koonen et aL I99S]. As examples, ion-exchanged lossless 

splitters [P. Camy et aL 1996], mtegrated-optks four-wavelength amplifying combiner 

[D. Barbier et aL 1997], and combiner/splitter planar integrated module [Y. Jaouen et aL 

1999] have been demonstrated, using erbium-doped amplifiers. 

In order to realize a compact erbium-doped amplffier m a scale of a few centimeters, 

very high erbium concentratnn (~lwt% EriOs) is required to be doped. Erbium host 

material must be carefully chosen because severe ion-ion interactions at high 

concentration can diminish the performance of the amplifiers when impropriate host 



material has been used. Various materials have been investigated as potential hosts for 

rare-earth-doped integrated optical devices [T. Ohtsuki, 1996]. These materials include 

glasses, such as: tellurite [J. S. Wang et aL 1994; Y. Ding et aL 2000, Y. Hu et aL 

2001B]; phosphate [K. J. Mabne 1994; D. Barbier 1995; B. C. Hwang et aL 1999]; 

silicate [J. Shmutovich et aL 1992; E. Snoeks et aL 1993; P. Camy et aL 1996]; fluoride 

[E. Fogret et aL 1996], and crystalline hosts, such as: LiNbOs [H. Suche et aL 1995]; Si 

[T. Kitagawa et aL 1991; M. Nakazawa et aL 1992]; Al^Oj [G. N. Van den Hoven et aL 

1993]; CaFa [E. Daran et aL 1994]; and Ti02 [A. Bahtat et aL 1994], With the increase of 

erbium concentration in erbium-doped amplifiers, several loss channels will possibly 

become significant They include ion clustering, cooperative up-conversion, pump-level 

excited state absorption, signal-level excited state absorption and so on [P. F. Wysocki et 

aL 1992; R. S. Quimby et aL 1993]. How they affect the overall performance of these 

amplifiers and to what degree in remains an interestmg question to be answered m some 

rarc-carth host materials such as tellurite glasses. 

Different techniques have also been used to make erbium-doped waveguide 

amplifiers for applkations of integrated optks. These techniques include sputter 

deposition [J. Shmulovich et aL 1993; J. Shmulovich et aL 1999; Y. C. Yan et aL 1997], 

»n exchange [P. Camy et aL 19%; D. Barbier et aL 1998], flame hydrolysis deposition 

[T. Kitagawa et aL 1991; T. Kitagawa et aL 1992], Ti-indiflusion [R. Brmkmann 

et aL 1994; H. Suche et aL 1993; H. Suche et aL 1995], plasma enhanced chemical vapor 

deposition (PECVD) [K. Shuto et aL 1993], erbium k>n implantation [G. N. Van den 

Hoven et aL 1996], and sol-gel processes [C. Y. Li et aL 1995; X. Orignac et al. 1999]. 
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These techniques have different advantages and disadvantages for different applications. 

For example, ion exchange has the advantage of low costs and very simple fabrication 

processes. But the ion-exchange process is difficult to control precisely and a good mode 

confinement is not easy to achieve. 

Compared with waveguide amplifiers made firom various approaches described 

above, short erbium-doped fiber amplifiers have several advantages. They include 

polarization insensitivity, good mode matching, easy fabrication, and good Er '̂*' 

confinement. Most EDFAs available on the market are rather advanced photonic modules 

by themselves. They have doped fibers, pump lasers, detectors and several optical passive 

components, including multiplexers, taps and isolators, with lot of fiber pigtails spliced. 

Such EDFAs are expensive in most cases. Integrated optics could be expected to bring 

the cost of EDFAs down. With the advance of V-groove technique on silicon or glass 

substrates, short erbium-doped fibers can be integrated with other optical passive or 

active components. Figure 1.1 shows the schematic diagram of a 16-channel lossless 

Figure 1.1 Schematic diagram of a 16-channel lossless splitter. 
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splitter. In this diagram, the erbium-doped fiber is mtegrated by using the V-groove 

technique. A lot of efforts have been made to develop such short erbium-doped fiber 

amplifiers by other research groups in the world as well as our research group [T. Nishi et 

aL 1992; M. R. X. de Barros et aL 1996; P. Myslinski et al. 1999; B. C. Hwang et aL 

1999; B. C. Hwang et aL 2001]. However, gain per unit length is stOl limited to about 3 

dB/cm [B. C. Hwang et aL 2001]. In our recent research effort, we have demonstrated the 

highest gain per unit length ever reported, which is S dB/cm, by co-doping the fiber with 

Ep*/Yh\ 

1.4 This dissertation 

Li this dissertation, spectroscopic properties of Er^-doped tellurite glasses are 

examined. Performance of short Er^Wb '̂̂ -codoped phosphate fiber amplifiers and lasers 

arc presented. Effects of pair-induced quenching and homogenous cooperative 

upconversion on the performance of fiber amplifiers arc investigated and discussed. 

Qapter 2 addresses issues ranging from erbium ion properties to fundamental 

performance issues of erbium-doped fiber amplifiers (EDFAs). Energy levels of Er^ ion 

m solids, transition cross sections and McCumber theory, lifetimes and Judd-Ofelt 

anafysis, k)n-ion interactions, rate equations of Er '̂̂ -doped and Er '̂̂ -Yb^^-codoped 

systems, gam and noise figure, and basic modeling of EDFAs are presented. 

bi chapter 3, a model for population dynamics of Er^^ in tellurite glasses with 

high erbium concentrations is proposed. Luminescence decay curves from transitions of 



and ^83/2"^ ^Iis/2 were measured experimentally. Upconversion coefficients 

were obtained by numerkally solving the rate equations of the model to fit the population 

dynamics of the and ^83/2 levels. The model provides a good basis for explaining tlie 

experiment data as it shows a high sensitivity to the input fitting parameters. This model 

can be used to analyze transition properties of ions in glass hosts where various 

energy levels of Er '̂*' and transitions between them cannot be neglected. A discussion of 

upconversion coefficients in tellurite glass in comparison with those in silica, silicate and 

phosphate glasses is presented with a explanation of the origin of the differences from the 

perspective of different glass structures. 

Giapter 4 presents the performance of high concentration Er '̂̂ -Yb^^-codoped 

phosphate fiber amplifiers m a co-pumpuig configuration and the performance of a high-

power Er'̂ -Yb^-codoped phosphate fiber laser. Gain, noise figure, and output signal 

saturation power of fiber amplifiers with different lengths are reported. From a 3.6cm-

long fiber, 18 dB internal gam Le. S dB/cm, for small signal input at 1S3S nm, was 

achieved. A grating-based, erbium-ytterbium-codoped, single-frequency phosphate fiber 

laser was demonstrated. The fength of the phosphate fiber is 4.4 COL With a cleaved &cet 

as the output mirror, the fiber laser has an output power of 33.8 mW at 1S49.92 nm. A 

high slope efficiency of 40.2% was observed. 

Qiapter 5 discusses modeling results of gain and noise figure of four phosphate 

EDFAs with different lengths. The degree of pair induced quenching in phosphate glass 

is an nnportant issue. The onset of erbium concentration for pair induced quenching is 
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suggested m phosphate fiber amplifiers. The homogenous cooperative up-conversion 

coefficKnt is found in these fiber amplifiers from the modeling results. 

Chapter 6 is the conclusion and the outlook of this dissertation study. 
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CHAPTER 2 

FUNDAMENTALS OF ERBIUM-DOPED FIBER AMPLIFIERS 

2.1 Introduction 

This chapter addresses issues ranging from erbium ion properties to fundamental 

performance issues of erbium-doped fiber amplifiers (EDFAs). In section 2.2, energy 

levels of Er^^ ion in solids are introduced. Section 2.3 covers transition cross sections and 

McCumber theory. McCumber theory accurately relates absorption cross-section 

spectrum to emission cross-section spectrum with a very simple relation. In section 2.4 

lifetimes and Judd-Ofelt analysis are discussed. The Judd-Ofelt analysis connects the 

radiative transition strength and cross sections with simple equations. Section 2.5 

presents ion-ion interactions. Ion-ion interactions become important especially when 

erbium concentration is high. Detrimental ion-ion interactions such as homogenous 

cooperative upconversion and pair-induced quenching must be seriously considered in 

high concentration erbium-doped fiber amplifiers. Rate equations of Er^-doped and Er^-

Yb^-codoped systems are introduced in section 2.6. Those rate equations are based on 

the pumping schemes that are generally used for 1.S ^m amplifier and laser applications. 

Gain and noise figure ate two important issues for EDFAs and they are presented in 

section 2.7. Finally, basic modeling of EDFAs is described in section 2.8. 
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2.2 Energy levels of Er  ̂ion in solids 

The energy levels of erbium ions determine the basic spectroscopic properties and 

applications of erbium-doped materials. Erbium atom itself has an electronic structure of 

[Xe]4f'"6s\ where the [Xe] represents the electronic structure of xenon. With an atomic 

number of 68, erbium atom belongs to the group of lanthanides with atomic numbers 57 

through 71. The majority of rare earth doped fibers have been doped with lanthanide 

elements such as neodymium, erbium and thulium. This attributes to the unique atomic 

characteristics of the 4f electrons of these rare earth ions. As we know, an atom consists a 

nucleus surrounded by shells of electrons. Usually the successive shells have increasing 

radii. However at the atomic number of 57, contraction occurs. What happens is that 5s 

and 5p shells are full and 4f is gradually filled. Instead of having a larger radius, the 4f 

shell contracts and is bounded by 5s and 5p shells. The radius of 4f shell decreases slowly 

as the atomic number increases along the lanthanide series [S. Hufner 1978]. The 

shielding of the 4f electron shell from its environmental by the outmost 5s and 5p shells 

gives the rare earth ions rich optical spectrum and the many laser transitions that have 

been observed. The corresponding electronic configuration of Er^ is [Xe]4f". The 

energy level structure for the 4f electrons of the free Er'"*^ ion and Er'̂  in solids is shown 

in Hgure 2.1. The energy levels are labeled using Russell-Saunders '̂LJ symbols, where 

L and S are orbital angular and spin angular momentum of the 4f electrons, and J is the 

total angular momentum. The wavelength scale corresponds to the wavelength of the 

transition from a given energy level to the ground state. As shown in the figure, fi%e Er^ 
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ion has degenerate energy levels while for Er^ in solids the degeneracy has lifted to 

some extent. 

FreeEr^ 

Hii/2 

S3/2 

F9/2 

I9/2 

I11/2 

I13/2 

*1.5/2 

Wavelength (nm) 

Er^ in solids • 

—520 
—550 

-650 

-800 

— 980 

- 1535 

Figure 2.1. Energy level of Er^^. The wavelength scale corresponds to the wavelength of 
the transition from a given energy level to the ground state. 

To explain the energy levels of free Er^* and Er'* in solids and their differences, we 

need to look into the Hamiltonian operator for the 4f electrons. The Hamiltonian operator 

for an individual Er'^ ion can be written into two parts as follows; [P. C. Becker et al. 

19991 

^ ~ ̂ free-ion •*" ^cnsiat-fieU' (2.1) 
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where 

^in^ion = ^ +smaller terms. (2.2) 
t=| is| 'f i<j fjj 1=1 

N is the number of 4f electrons and Z*e is the effect nuclear charge which includes the 

nucleus and the electrons lying between the nucleus and the 4f electrons, and /, are 

the spin and orbit angular momentum respectively. ^(/;) is the spin-orbit coupling 

efficiency. The first two terms of equation 2.2 represent the kinetic energy and the 

Coulomb interaction of the nucleus with the 4f electrons. These two terms are spherically 

symmetric and they do not lift the degeneracy of the 4f'^ electron configurations. The 

third and fourth term represent the mutual Coulomb repulsion and spin-orbit interaction 

of the 4f electrons and they are responsible for the spread of the energy level structure of 

the free Er^"^ ions. The further lifting of the degeneracy with respect to Jz that has not been 

broken by Hfree-ion comes from Vcrysui ficid- The charge surrounding the Er^ ion in solids is 

non-spherically distributed, resulting in a non-spherically symmetric crystal field. This 

results into the further splitting of the energy levels of Er^^ ion in solids as shown in 

figure 2.1. The width of the multiplets shows the extent of the splitting. For 4f electrons, 

the crystal-field Hamiltonian is 100 times smaller in magnitude compared to the 

electrostatic and spin-orbit interactions because of the shield of the Ss and 5p electrons 

[P. C. Becker et al. 1999]. The crystal-field splitting is generally referred as the Stark 

splitting, and the resulting states are called Stark components. 
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It can be noticed that all the 4f'^ electron configurations have the same parity and 

therefore electric-dipole intra transitions are prohibited. However, electric-dipole 

intra 4f^ transitions become allowed due to the admixture into the configuration of a 

small amount of excited opposite parity configurations. 

23 Transition cross sections and McCiunber theory 

When there is incoming electromagnetic field and when ion-ion interaction is taken 

into account, two more terms should be added to equation 2.1. The complete Hamiltonian 

operator is written as follows [W. J. Miniscalco 1993]: 

^ ^ frtt-ion ^^ivn-ion (2-3) 

where Vem is the Hamiltonian that treats the interaction of the ion with the 

electromagnetic field and Vion-ion presents the interaction between two Er^*^ ions, which 

will be discussed in detail in section 2.5. 

There are two basic processes in the interaction of an Er^ ion with the incoming 

electromagnetic field when the wavelength of the incoming light is in resonance or near 

resonance with transitions between various Er^^ ion energy levels. They are absorption 

and stimulated emission. Absorption and emission cross sections are two important 

quantities. Accurate cross sections are essential to the quantitative understanding of 

devices such as amplifiers and lasers as well as identification of improved active media. 

For Er^-doped fiber amplifiers, absorption and emission cross sections for the 1.5-|im 



'*It3/2^'*Iis/2 transition band will determine the gain spectrum and bandwidth of the 

EDFAs. bi general, it is not straightforward to measure both absorption and emission 

cross sections. In most cases, absorption cross sections can be obtained directly by 

measuring transmission spectrum of a bulk sample based on the length of the sample and 

the doped concentration while emission spectrum can be calculated from the measured 

absorption cross sections and fluorescence spectrum. In some cases, however, absorption 

cross sections are complex and difHcult to measure. Emission cross sections are 

measured directly instead and absorption cross sections are calculated thereafter [C. G. 

Atkins et al. 1989; E. Desurvire and J. R. Simpson 1989; M. P. Singh et al. 1990; W. J. 

Miniscalco et al. 1989]. In both cases, the relationship between absorption and emission 

cross sections need to be accurately known. In early studies, Einstein Theory was used to 

calculate one from the other by the following relationship [P. C. Becker et al. 1999]: 

where gi is the degeneracy of level <, v is the photon firequency, and da and (Te are the 

absorption and emission cross sections. Relationship 2.4 was used in early studies [E. 

Desurvire and J. R. Simpson 1989; W. J. Miniscalco et al. 1989; W. J. Miniscalco et al. 

1990]. However, the calculated emission cross sections from relationship 2.4 can yield an 

overestimates by 25% [W. J. Miniscalco and R. S. Quimby 1991], especially in silica 

fibers (P. R. Morkel et al. 1989; W. L. Barnes et al. 1990]. This problem arises from the 

assumption that equation 2.4 has been based on. It assumes that all the excited 4f^ 

(2.4) 



electron configurations were efTectively degenerate and that all the Staric levels within a 

manifold were equally populated. However, in the real case, the populations in each 

manifold are determined by the Boltzmann distribution. Depending on the width of the 

manifold, a Boltzmann distribution could differ signiflcantly from the equally populated 

estimation. At room temperature, the average thermal energy kT is about 200 cm ' while 

the manifold widths of the and ''lisyi energy levels are ~ 300-400 cm ' [N. E. 

Alekseev et al. 1983; E. Desurvire and J. R. Simpson 1990; S. Zemon et al. 1991]. This 

results in significant differences among the thermal populations of the different sublevels 

in the same manifold. The assumption that the Staric levels are equally populated will 

then be invalid. 

The problem of inaccurate application of equation 2.4 to the case of 

transition cross sections has been solved by the proposal of McCumber theory [D. E. 

McCumber 1964] and the development of a general procedure for the analysis of Er^ 

cross sections [W. J. Miniscaico and R. S. Quimby 1991] based on the McCumber 

theory. The only assumption in McCumber theory is that the time required to establish a 

thermal distribution within each manifold is short compared to the lifetime of that 

manifold. This assumption is adequately met in case of 1. S ^m transition for erbium ions 

because of the long lifetime of the level. Taken into account detailed balance, the 

absorption and emission cross sections are then related by [D. E. McCumber 1964]: 

(2.5) 
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where e is the temperature-dependent excitation energy, which has the physical 

interpretation of the net free energy required to excite one Er'* ion from ''I15/2 to '*Ii3/2 

level at temperature T. As mentioned previously, the manifold widths exceed kT. This 

offsets the absorption to higher frequency and the emission to lower frequency according 

to equation 2.5. As also can be seen from equation 2.S, the cross sections are equal only 

at the crossing frequency Vc=£/h. Equation 2.5 also reveals that the only unknown 

parameter to relate the absorption and emission cross sections is £. To find out e, a useful 

deHnition is used [D. E. McCumber 1964]; 

^ = exp(f/fcr) (2.6) 

where Nj is the equilibrium population of the i th level at temperature T in the absence of 

optical pumping. If the position of all the Stark components are known, £ can be 

calculated by relating equation 2.6 and the following equation [D. E. McCumber 1964]: 
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\ kT , 

+exp|^-(y,+l/2)^j l+expf-^ 
\ kT 

(2.7) 

where AE,, is the separation between the lowest component of manifold 1 and manifold 

2 (AEji is positive when manifold 2 is a higher level), Ejj is the difference in energy 

between the jth and the lowest component of level i, SE^ is the spacing between adjacent 

components in an assumed equally spaced manifold i. For the '*Ii3/2<-^''lis/2 transition, 

there would be 14 unknowns according to the first part of equation 2.7. It is usually very 

difficult to obtain all the detailed electronic structures. The equal spacing assumption 

reduces the number of unknowns fi'om 14 to 3, namely AE,,, , and . This 

assumption leads to a phenomenological procedure that yields a good estimate of £ for 

most of the glasses examined [W. J. Mtniscalco and R. S. Quimby 1991]. The three 

unknowns can be obtained from the absorption and emission spectra. It was found out 

that the peaks of the two spectra are almost always within S cm ' (Inm) of each other in 

room-temperature measurements. It has been confirmed in low-temperature 

measurements that this wavelength corresponds to transitions between the lowest 

component of each manifold [N. E. Alekseev et al. 1983; E. Desurvire and J. R. Simpson 

1990]. AEji can then have the value of the average of the absorption and emission peaks. 

Since the peak has been identified as the transition between the lowest component of the 

each manifold, 7^, would be the low-energy half-width of die room-temperature 
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emission spectrum and 6^2 would be its high-energy half-width [W. J. Miniscalco and 

R. S. Quimby 1991]. This phenomenological procedure has yielded a very easy but 

accurate way to generate either the absolute absorption or the emission aoss section 

spectrum from the measurement of the other. 

2.4 Lifetimes and Judd-Ofelt analysis 

The lifetimes of the excited states in flgure 2.1 are very important properties of erbium 

ions in solids. They affect the available practical pumping schemes, efficiency of 

pumping and level of difficulty to achieve population inversion for both amplifiers and 

lasers. The lifetimes of some or all of the excited states presented in figure 2.1 should be 

known to give an accurate and quantitative prediction of the performance of erbium-

doped amplifiers or lasers. As a definition, the lifetime of an energy level is the inverse of 

the transition rate from that energy level. Transitions can be categorized into either 

radiative or non-radiative transitions. Radiative transitions are involved with either 

absorption or emission of photons while non-radiative transitions interact with phonons. 

With energy trapping and ion-ion interactions, the lifetime of an energy level can be 

considered in two main parts: 

i=-+— (2.8) 
T T T • nr 
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where T is the total lifetime, TR is the radiative lifetime and TNR is the non-radiative 

lifetime. Non-radiative transition rate has been well studied. At temperature T, it can be 

written as the following [C. B. Layne et al. 1977; R. Reisfeld and C. K. Jorgensen 1987]: 

^nr 
= Bexp(-fl5a^[l-exp(-Tifi>/A:7^]'" (2.9) 

T 

where B and a are two positive phenomenoiogical parameters, AE is the energy gap, 

is the phonon energy and n=A£/hVn, is the number of phonons needed to bridge the 

gap (hVm is the maximum phonon energy that can couple to the ion). Table 2.1 

summarizes the values of B, a and x\0) for different hosts [C. B. Layne et al. 1977; R. 

Reisfeld 1987; R. Reisfeld and C. K. Jorgensen 1987]. 

Table 2.1 Non-radiative transition parameters for different glass hosts. 

Glass Host B(s-') a (cm) T\CD (cm"') 

Silicate 1.4x10'- 4.7x10-' 1100 

Phosphate 5.4x10'^ 4.7x10-' 1280 

Tellurite 6.3xl0'° 4.7x10-' 700 

Borate 2.9x10'- 3.8x10-' 1400 

Germanate 3.4x10'^ 4.9x10' 900 

Fluoride 9.33x10^ 5.19x10' 500 

Sulfide 126x10® 2.9x10' 350 
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Non-radiative decay rates can be calculated based on the values in table 2.1. The 

results can be used to choose the right glass host for different applications. For example, 

due to the large phonon energy in the borate glasses, the radiative transition from '*Ii3/2 in 

Er^ is quenched. Because of that, borate glasses are not considered as good glass hosts 

for erbium ions. Tellurite glass, to the opposite, has low phonon energy, resulting in a 

long lifetime of level in Er^^. This makes 980-nm pumping inefficient for an 

erbium-doped tellurite fiber amplifier. 

Radiative transition rates can be calculated from the Judd-Ofelt analysis [B. R. Judd 

1962; G. S. Ofelt 1962]. Judd-Ofelt analysis is a semi-empirical technique for calculating 

the strength of rare-earth transitions. The Judd-Ofelt analysis is based on using the line 

strengths of alt the observable absorption transitions from the ground state to excited 

states to estimate line strengths of transitions between pairs of excited states. The 

assumption is that the energy range of those multiplets is small compared to the 

separation between these two sets of energy states. The oscillator strength of an electric 

dipole transition between an initial state \a) and a final state |^) is then given by the 

following [W. J. Miniscalco 1993]: 

4=2.4.6 

3Acn(27„+l) If , 
= 4«Po , 3- —\<r^(v)dv 
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where De is the electric dipole operator, £2t(ks2, 4, 6) are the three Judd-Ofelt 

parameters which are host-dependent, are reduced tensor operator components 

reflecting the intermediate coupling approximation [W. F. Krupke 1971; R. R. Jacobs and 

M. J. Weber 1976], and z is the local field correction. are almost host-independent 

and their values have been tabulated [W. F. Krupke 1971; M. J. Weber 1967; W. T. 

Camall et al., 1968]. The general procedure to obtain the host dependent Judd-Ofelt 

parameters S2^ is to perform a least-square fit of equation 2.10 to the integrated 

absorption bands obtained from a measured spectrum. The Judd-Ofelt analysis has 

yielded accuracy about 10-15%. The method is particularly valuable for obtaining 

strengths of transitions for which direct measurements are difficult or impossible. 

2 J Ion-ion interactions 

The last term in equation 2.3 is the ion-ion interaction. Ion-ion interaction 

between two erbium ions is mostly responsible for the reduced amplifier performance 

when erbium concentration is increased. The effect becomes stronger when dopant 

concentrations are increased [J. C. Wright 1976]. However, ion-ion interaction can also 

be beneficial. For example, Yb-sensitization has been used since the earliest days of solid 

state lasers to improve the pumping efficiency of devices [E. Snitzer and R. Woodcock 

1965]. 

In case of oxide glasses, electric dipole ion-ion interaction is dominant [N. Krasutsky 

and H. W. Moos 1973]. The transition probability per unit time between two Er^ ions in 
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proximity by such electric dipole - dipole interaction can be described by the following 

[D. L. Dexter et al. 1969]: 

where Qa is the integrated absorption cross section of the acceptor ions, R is the 

separation between the donor and acceptor, n is the refractive index of medium, ^ is the 

radiative lifetime of the donor, fj(E) is the normalized emission line-shape of the donor, 

and fa(E) are the normalized absorption line-shape of the acceptor. It can be seen from 

equation 2.11 that ion-ion interaction depends on the overlap between the emission 

spectrum of the donor and the absorption spectrum of the acceptor. Its dependence on ion 

concentration is also manifested in the equation to be inversely proportional to the sixth 

power of R, the separation between the donor and the acceptor. 

There are several types of ion-ion interactions [L. A. Riseberg and M. J. Weber 1976]. 

The simplest form of such an interaction is energy migration (see figure 2.2), where an 

excited ion transfers its energy to a nearby ion in ground state and promotes the acceptor 

to the excited state. This results in diffusion of the excitation and a final loss of the 

(2.11) 
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Donor Acceptor 

Figure 2.2 Energy migration. 

excitation if the energy is coupled into a defect such as a hydroxyl group [Y. Yan et al. 

1995]. 

Another kind of ion-ion interaction is called cooperative upconversion (see figure 2.3). 

Cooperative upconversion is a process that two excited erbium ions interact with each 

other. During the process, one erbium ion transfers its energy to the other, leaving itself 

in the ground state and the other ion a higher excited state. The acceptor may then relax 

to the ground state via radiative decay or to the original excited state via radiative or non-

radiative decays. This net effect of this process is to convert one excitation to heat. When 

pumping power is increased and more ions are in the excited state, this process would be 

prominent and it limits the performance of erbium-doped amplifiers [P. Blixt et al. 1991; 

G. Nykolak et al. 1993; and J. Nilsson et al. 1993]. Cooperative upconversion process can 

be very efOdent when two (or more) ions form a pair (or a cluster), resulting in almost 
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Donor Acceptor 

Figure 2.3 Cooperative upconversion process. 

immediate ion-ion interaction once they are both (or all) excited. This process in referred 

to as pair-induced quenching (PIQ) [E. Delevaque et al. 1993]. Without being paired or 

clustered, the process is instead called homogeneous cooperative upconversion (HUC). 

The difference between PIQ and HUC is that PIQ happens almost instantly compared to 

the finite time that HUC takes after ions are excited. 

Sensitization is one type of ion-ion interaction that takes place between two different 

types of ions. Sensitization with Er^^ as the acceptor has been demonstrated in the Yb^-

Er^ and Tm^-Er^ pairs [E. Snitzer et al. 1965; R. Reisfeld et al. 1973; J. G. Edwards et 

al. 1974]. Figure 2.4 illustrates the sensitization process between one Er^ ion in the 

ground state and one Yb^*^ ion on the excited state. The excited Yb^ ion gives its energy 

to the Er^ ion, promoting the Er^ to the '^lu/i excited state and leaving itself to the 
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ground state. This process increases the pumping efficiency because of the large 

absorption cross-section of Yb^. 

-FsP. 

-F7/2 

\yn. 

''I13/2 

I15/2 

Yb^ (donor> Er^^ (acceptor) 

Figure 2.4 Sensitization process between and Yb'^. 

2.6 Rate equations of Er  ̂and Er^-Yb  ̂

All the preceding discussions have concerned with basic features and physical 

properties of Er^ in solids. These properties must be well characterized in order to 

predict the performance of EDFAs. For the remaining of this chapter, topics will be 

focused on how you can actually model the performance of the EDFAs based on their 

geometrical, optical and spectroscopic characteristics, namely core and cladding radii and 

refractive indexes, erbium concentrations, lifetimes and cross sections, cooperative up-

conversion coefficients, as well as amplifier characteristics, such as fiber length, pumping 
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geometry (forward, backward, and bi-directional pumping), signal wavelength and input 

power level. 

Rate equations are needed to solve population distributions on different Er^ energy 

levels. With HUC considered, figure 2.5 shows the energy levels and transitions for 

erbium-doped fiber amplifiers. The rate equations for Er^^ under 980-nm or 1480-nm 

pumping are 

dN 
= +A2,Ar, +C2,iV,^ 

dt 

dt 
— = -^21 ̂ 2 - A.1 A^2 + ̂ 32^3 -

~ ̂ \i^l ^32^3 •^'^43^4 

^ = +C^Nl 

dt 

Nf*^N2 + N3 + N4-N (2.12) 
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Figure 2.5 Energy levels and transitions for EDFA under 980 nm or 1480 nm 
pumping. 
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and 

-W^2N^ +W,^N,+A,^N•, 
dt 

dN 

dt 

^^ = -A N +A N 
dt 

^ M N-- n43'*4 TI,22'*2 

Ni+N2+Ni + N^ = N (2.13) 

respectively, where N is the total Er^ concentration in the samples, AT/, N2, A/j and N4 are 

Er'* populations in the energy levels '*Ii3/2, **111/2, and \ti respectively as shown in 

figure 2.5, R13 and Rn are the pumping rates for the 980-nm and l480-nm pump 

respectively, R21 is the stimulated emission for the 1480-nm pump, Wn and W21 are the 

absorption and stimulated emission rates for the signal and amplified spontaneous 

emission (ASE), A,y is the decay rate from level i to j including both radiative and non-

radiative transitions, and C22 is the homogeneous cooperative upconversion coefficient. 

Equation sets 2.12 and 2.13 have analytical solutions. If more non-linear terms such as 

CiiiV/ and CMN4 are considered in some high concentration erbium-doped materials, 

numerical method has to be used to solve these rate equations [M. V. D. Vermelho et al. 

2000]. In some cases, however, the rate equations can be more simplified. For example, 

because of the small energy gaps between ''ln/i and ^Ii3a> and between \a and ''lu/i, and 
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because of the large phonon energy of the phosphate glass host, decay from levels %a 

and '*Iii/2 is dominated by fast non-radiative transitions, which are 3.6x10^ and 3.5 xlO^ s' 

respectively [T. Ohtsuki et al. 1997]. Because of the fast non-radiative transitions, the 

populations at both levels are negligible. It has been calculated that the maximum 

populations in the levels ''lu/2 and are less than 0.2% and 10"^% of the Er^^ 

concentration for a high Er^^ concentration sample of phosphate glass with 100 mW 980-

nm pump power [B. C. Hwang et al. 2000]. Under this circumstance, a two-level system 

can be adopted and the rate equations under 980-nm pump would become as follows: 

dN dN 
= -̂  = -C^N; 

(2.14) 

Care should be taken when determining which levels and transitions should be included 

and how much impact they would be on overall amplifier performance. It is related with 

host types and it is also concentration-dependent. 

For erbium-ytterbium-codoped systems, Yb^ energy levels and transitions should be 

added. Figure 2.6 shows the energy levels and transitions for Er^-Yb^*-codoped fiber 

ampliOers. There are many other transitions that are not included in this figure but may 

influence the amplifier behavior. Among them are erbium-to-ytterbium back energy 

transfer [V. P. Gapontsev et al. 1982], cumulative energy transfer [V. P. Gapontsev et al. 

1982], and excited state absorptions [B. Pedersen et al. 1992; W. J. Miniscalco et al. 

1993]. However if appropriate glass host such as phosphate is used and the erbium 
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Figure 2.6 Energy levels and transitions for Er^*-Yb^^-codoped fiber amplifiers. 

concentration is kept under a certain limit, these processes can be neglected [V. P. 

Gapontsev et al. 1982; S. Taccheo et al. 1999]. Based on figure 2.6, the rate equations for 

Er^'*"-\V'^-codoped system are as the following: 

dM dN 
——=i ^m^Ki ~^r2i^Yi ~^r2i^Y2 ~^F^E\^YI 

at at 

dN dN, 

—^E\3^El'^^En^E\ ^E2\^E2 ^E2\^E2'^  ̂ E\^Y2 ^71^E2 

+ iVgj ~ ̂ E 

N f l  +  N y 2  =  N y  

(2.15) 

where subscripts E and Y stands for erbium and ytterbium respectively, Kf is the forward 

energy transfer coefficient from Yb^* to Er^ ions, Nyi and Nn are Yb^ populations in 

the energy level 'F7/2 and ~Fs/2, Ryn and Ry2i are the pump absorption and stimulated 
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emission rates of ions, Wrn and Wy2i are absorption and stimulated emission rates 

ofASEofYb'^.andAre/ is the spontaneous radiative rate from level 'Fsn to level 'F^rz^ 

erbium-ytterbium-codoped systems, a very important issue is to achieve highly 

effective forward energy transfer from Yb^"*" to Er'^ ions and to reduce backward energy 

transfer from Er^ to Yb^ ions as much as possible. To achieve this, the population at 

Er^ \\a level should be as small as possible. Relatively large phonon energy will help 

to depopulate that level via non-radiative transition to\jn.- That is why phosphate glass 

has a decisive advantage over other glasses such as silicate and germanate as the host for 

erbium-ytterbium co doping [V. P. Gapontsev et al. 1982]. 

2.7 Gain and noise figure 

Gain and noise figure are two important figures for EDFAs. Gain is the ampHHcation 

that the signal experiences by propagating through the EDFAs. Noise figure is a measure 

of how much signal-to-noise ratio degradation the signal has suffered. The gain of an 

EDPA for an input sipal depends directly on the overall average population inversion of 

Er^"^ along the fiber. The noise figure depends not only on the level of average population 

inversion of Er^ but also on how it distributes along the fiber. 

Gain 
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Consider a small section of fiber at position z with length of dz of an EDFA, the signal 

gain over this section dG would be 

dG=cxp[iN,iz)a,-N,UWr,ck] (2.16) 

where ffe and (Ta are emission and absorption cross section of Er^^ at the signal 

wavelength respectively, and /] is the transverse mode overlap factor for the signal 

wavelength [C. R. Giles et al. 1991]. The overlap factor is defined as follows 

(2.17) 
0 ^ 

where Is(r) is the normalized transverse mode intensity profile for signal such that 

m 

2xjl,ir)rdr = l (2.18) 
0 

n(r) is the erbium ion distribution, and N is the averaged erbium ion concentration such 

that 

= 2jcjn(r)rdr = i 
0 

(2.19) 
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where R is the radius of the core of the fiber. If erbium ions are doped uniformly in the 

nCr\ 
core, would be I in the core region and zero outside. The overall amplifier gain is 

just integration over the whole fiber as the following 

G= exp[J(Ar,(z)(r,-iV,(z)«r„)r,t/z] 

= exp[(N2(T^ -Nx(T, )r,Ll (2.20) 

where L is the fiber length, and Ni are the population in level i averaged over the fiber 

length L which are defined as the following 

— I '• 
Nx=-\N^{z)dz (2.21) 

^ 0 

Ni=-\N^{z)dz (2.22) 

It should be noted that the mode overlap factor Fs used is based on the assumption that 

the population inversion along the fiber is independent of the sipal power. For an 

accurate prediction, both pump and signal transverse mode profile should be considered. 

Nme Figure 
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The definition of noise figure (iVF) is the ratio of the signal to noise ratio (SNR) at the 

input to that at the output as shown below. 

C^D 
(2.23) 

Before embarking into the discussion on noise, the basic conversion of light intensity into 

electrical signal should be known. At the end of any lightwave communication system 

that employs EDFAs, the optical signal is converted into an electrical signal, whereby 

photons are converted into electrons. Amplified spontaneous emission (ASE) existing in 

the optical amplifier will be converted into electrical signals that contain no useful 

information. Although the ASE can be restricted by a spectral filter placed in front of the 

detector, there will still be some ASE present in the bandwidth corresponding to the 

signal that is allowed by the filter. The sources of the optical noise can be detailed by 

looking into the total electrical field arriving at the detector. The total electrical field 

consists of the signal and the ASE noise part as follows 

^uitttl ~ ^signal ^ASE (2.24) 

The detector corresponds only to the intensity (i) of the light, which is 
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^*|^f<i(a/| ~|^riisiia/| '̂ ^^lignal'̂ ASE '̂ ^signal '̂ ASE^ (2.25) 

The first term corresponds to the signal intensity. The other terms are noise. The second 

term is called the spontaneous-spontaneous (sp-sp) beat noise. This noise can be 

significantly reduced by placing an optical filter before the detector because the total 

number of possible beating pairs decreases as the optical bandwidth decreases p. M. 

Baney 1998]. The last two terms are referred as the signal-spontaneous (s-sp) beat noise. 

Besides sp-sp and s-sp beat noise, there are still two other intensity noise types: shot 

noise and interference noise [D. M. Baney 1998]. Shot noise originates from the 

uncertainty of the time of arrival of electrons or photons at a detector. When shot noise is 

donunant, it is called shot-noise-limited or quantum-limited. Interference noise comes 

from optical reflections within the optical amplifier. The reflected light will cause an 

interferometric conversion of phase noise into Intensity noise. The converted noise is 

known as multipath interference noise or MPI. This MPI noise can be suppressed when 

measures are taken to reduce reflections in the system. 

To understand quantitatively how noise figure is measured, we need to know how 

ASE evolves and the final expression of it from beam propagation along the fiber. The 

expression can be derived semiclassically by using the Einstein coefficients [P. C. Becker 

et al. 1999]. The semiclassically derived overall beam propagation equation is 

d^(V, z)- [ (Nz<tAV) -NiaJV)) ̂ V. zh mN2(Te(v)] dz (2.26) 
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where ^is the total (both signal and ASE) photon number per unit volume at frequency v, 

m is the number of modes that can be allowed by the fiber geometry. The equation can be 

rewritten as 

= iN^(y^-N^<Tjdz (2.27) 

where 

= — (2.28) 

Now assume that the fiber length L is very small so that Ni and Ni can be considered as 

constants. Integrate both side of equation 2.27 from 0 to L gives rise to 

0(L)+mn,„ 
^ 2-=exp[(Ar,<T,-N,a,)L]=G (2.29) 
(^0)+mn^ 

where the definition of gain G is the same with that firom equation 2.20. The output 

photon number density is then 

(̂L)=Ĝ O)+mn̂ (G-l) (2.30) 
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where the first term on the right side corresponds to the amplified signal while the second 

term is the ASE output. The output ASE power in the bandwidth Ji'is then 

PASE = mn,fJ[G-l)hvAv (231) 

For a single mode fiber, m is equal to 2, corresponding to two independent polarization 

states. Once the output signal power and ASE power are known, their electrical field 

amplitudes are readily available. Then the s-sp and sp-sp noise can be calculated based on 

equation 2.25 and the assumption that ASE noise has random phases. Assuming that the 

input signal is shot noise limited and the dominating noise from the amplifier is s-sp beat 

noise and shot noise, the noise figure (NF) is [P. C. Becker et al. 1999]: 

The first term corresponds to the signal-spontaneous beat noise and the second term is 

from shot noise. It is sometimes referred as signal-spontaneous beat-noise-limited noise 

figure or quantum-beat-noise-limited noise figure because the s-sp beat noise is the 

dominant term. Equation 2.32 can be simplified by using equation 2.31 to 

(2.32) 

(2.33) 
hvAvG G 



This expression is useful because of the ease to be implemented by measurements. From 

equation 2.32, it can be seen that large gain G yields NF~2nsp, where rtj^l according to 

equation 2.28. If the population inversion is high, n,p will be close to 1, which 

corresponds to a minimum 3-dB noise figure. This is usually quoted as the 3-dB noise 

figure limit for EDFAs. But it can also be seen from equation 2.32 that when the EDFA is 

fully inverted (n^p^l) but gain is relatively small (say G=2), the noise figure can be below 

the 3-dB limit iNF=il.5<2 for G=2). This could happen when the EDFA is pumped as a 

three-level system while the noise figure would always be greater than 3 dB if it is 

pumped as a two-level system [E. Desurvire 1994]. The physical origin of the 3-dB limit 

noise figure in high gain EDFAs comes from the fact that the noise generated by the 

amplifier is amplified in both the in-phase and quadrature phase components [D. M. 

Baney 1998] and the existence of such a limit can be demonstrated from a rigorous 

quantum mechanical treatment [H. A. Haus et al. 1962]. 

2.8 Modeling of EDFAs 

The previous sections have provided necessary information of how an EDFA works 

and why it works. This section will integrate that information with a modeling of beam 

propagation in the fiber. 980 nm pumping will be assumed throughout this section and 

only erbium-doped cases will be examined for the sake of simplicity in discussions. Step-
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index fiber and uniform erbium doping in the core region are also assumed. Examples 

will be given based on the parameters from real measurements. 

Pump absorption 

When pump is launched into the EDFA, it will continuously get absorbed to create the 

how much pump is needed to reach certain gain and how much remaining pump power 

should be taken care of. The pump absorption is described by the following equation 

where 0^(z) is the pump photon flux at fiber position z, is the absorption cross-

section for the pump, is the background propagation loss for the pump, yr^{r,d) is 

the transverse mode profile for the pump in the fiber, and as usual Nt is the total erbium 

ions in the ground state. If the fiber is multimode at the pump wavelength or double-

cladding fiber is used for the pump, an exact model should consider the absorption of 

each mode individually and take into account the mixing of modes. However, this kind of 

approach is not practical. In reality, if the fundamental mode of the pump is dominant in 

the fiber, usually only this mode will be considered for calculation. Further more, for the 

population inversion of Er^. Monitoring how the pump is absorbed can help to decide 

{jiV, (z, r, d)<Jpyf̂  (r, 9)rdrdd+j® ̂ (z) (2.34) 
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ease of calculation, the lowest-order HEu mode intensity profile can be represented by a 

Gaussian approximation: 

= 0-35) 
na' 

where a; is the spot size that can be calculated as a function of the core radius R and the V 

number [D. Marcuse 1977]: 

R 1.619 2.879, 
f l ;  =  - 7 = ( 0 . 6 5 + ^ : ^ + — ( 2 . 3 6 )  

V2 • V 

where the V number is defined as 

0-") 

where ticore and ndad are the indices of the core and the cladding of the fiber at the pump 

wavelength. 

Sig l̂ propagation 

The propagation of signal can be described by the following equation: 
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^^^^ = {pl^^z.r,ff)(r,a)-N,(z.r.e)a^^)\ir,(r.9)rdrde-a,^,(z.X)i.2.3i) 

where ^,(r,0) is the transverse mode profile of the signal in the fiber, ^s(z.A) is the signal 

photon flux at wavelength A, and position z, and Oj is the background propagation loss of 

the signal. Instead of applying this complete calculation over the transverse mode 

profiles, a lot of models in literature as well as those adopted by many companies use the 

so called overlap factor F, as defined in equation 2.7. The overlap factor is used for the 

pump as well. The usage of overlap factor will simplify the calculation a lot However, 

when the signal is small, the transverse erbium population inversion profile depends on 

the pump power which presents strong variations between the center and the edge of the 

core of a single-mode fiber. For this reason, equation 2.38 should be kept without further 

simpliflcation unless enough justification has been made. 

Amplified spontaneous emission 

ASE is a little more compUcated than the pump and the signals. It is not only because 

ASE extends over the whole emission spectrum of erbium but also because ASE has both 

forward and backward propagating directions due to the directionless of the spontaneous 

emission. Generally, the whole ASE spectrum is broken down to 'slices' with a certain 

bandwidth AX. For a single 'slice', the ASE propagation equation at wavelength A is: 
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dz \^tnN^{r,9)cM) J 

' ¥ASE ('•' ^)RDRDE ? £ifl> (z, A) (2.39) 

where + and - denote the forward and backward propagating ASE respectively, 

(z,^) is the photon flux of the forward (+) or bacicward (-) ASE at wavelength X 

with bandwidth AX, and ^sE(r,6lX) is the transverse mode profile of the ASE which can 

be approximately replaced by the signal profile. Again, m is equal to 2 for a single mode 

fiber. Equation 2.39 clearly has two parts. One part is the amplification of the already 

existing ASE; the other part is the new-generated ASE. The underlying principle of 

quantum mechanics is that the spontaneous emission rate into a given mode is the same 

as the stimulated emission rate into that mode with one photon already present in that 

mode [K. Shimoda et al. 1957; A. E. Siegman 1986]. The total ASE power can be 

obtained by integrate (z,X) over the whole ASE spectrum. 

Equation 2.34,2.38,2.39 and corresponding rate equations in section 2.6 are coupled 

together. At every fiber position z, the population inversion depends on the pump power, 

sipal power and total ASE power. Vice versa, the magnitude of absorption or 

amplification of pump, signal or ASE depends on the population inversion level. Those 

coupled equations have to be solved numerically in most cases. For waveguide 

amplifiers, the situation will be even more complicated as mode profiles are usually not 

spherically symmetrical. A commonly used numerical approach to solve these equations 
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is a combination of the finite element method with a Runge-Kutta algorithm [F. Di 

Pasquale et al. 1993; F. Di Pasquale et al. 1994A]. 

To understand the beam propagation of signal and ASE in more details, basic 

simulations of an EDFA are presented in the remaining of this chapter. Assume that the 

length of the erbium-doped fiber is 15 cm. The glass host is phosphate. The absorption 

and emission cross sections at 1.5-^m band are shown in figure 2.7. The lifetime of level 

1450 1475 1500 1525 1550 1575 1600 1625 1650 
0.7 0.7 

0.6-1 0.6 

g 

I 0.3 
[8 p 
U 0.2 

0.1 

0.0 
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0.0 
1450 1475 1500 1525 1550 1575 1600 1625 1650 

Wavelength (nm) 

Figure 2.7 Absorption and emission cross sections of Er^ 1.5 (im band transition in 
phosphate glass. 
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'*Ii3/2 is taken to be 6 ms. 0.3 dB/cm background propagation loss is assumed for all 

wavelengths. The rest of the fiber parameters that are used in the modeling are listed in 

table 2.2. Assume a co-propagating pumping geometry and that a two-level Er^ system 

is sufficient for the calculation. The input signal power is set at -20 dBm. Equation 2.14, 

- - Noise Figure 

Figure 2.8 Simulated gain and noise figure at IS34 nm versus 980 nm pump power. 



58 

Table 2.2 Fiber properties for the modeling. 

Op(980 nm) NA(1.5 Jim) C22 Core 
Diameter 

Erbium 
Concentration 

2.08x10^° 
cm^ 

0.21 5.0x10*'® cmVs 5 ^m 2.0x10"° ion/cm^ 

|p£ 

OCOOOOCOOCOOCOOO< 

"^<^00000^ 

0 OmW 
O 25mW 
X 50mW 

75 mW 
100 mW 

; •r' J 

Figure 2.9 Simulated gain spectra at different 980 nm pump power. 

2.34, 2.38, and 2.39 are solved numerically and iteratively. Figure 2.8 to 2.12 show the 

modeling results. Figure 2.8 shows the gain and noise figure versus the 980-nm pump 
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power. At the high pump power of ISO mW, very high gain (3S.3 dB) and low noise 

figure (3.68 dB) are resulted. Equation 2.33 is used for noise figure calculation. Figure 

2.9 shows the gain spectra at different pump power. Notice the gain difference between 

two consecutive curves becomes smaller when the pump increases. This results from the 

decreasing available Er^ ions in the ground state. Figure 2.10 shows the output of the 

Figure 2.10 Output ASE spectrum and signal at 1534 nm for 150 mW 980 nm pump. 

ASE spectrum and the signal at 1534 nm for 150 mW 980 nm pump. When the 

population inversion is high, the ASE spectrum resembles the emission spectrum in 
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figure 2.7. Figure 2.11 shows the forward ASE power, backward ASE power and the total 

ASE power along the fiber. As can be seen from the figure, the backward ASE at is 

stronger than the forward ASE at z-L, This is because under co-propagating pumping the 

beginning section of the fiber is more inverted than the end section as shown in figure 

2.12. The population inversion shown in figure 2.12 is defined as the following: 

• ASE+ 
- ASE-

— Total ASE 

Figure 2.11 ASE power propagation along the fiber. 
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(2.40) 

As can be noted from figure 2.12, the population inversion at the beginning section of the 

fiber, where the pump is the strongest, actually is not the highest. This is because of the 

strong presence of the backward ASE. 

Figure 2.12 Er^"^ population inversion along the flber. 
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Chapter 3 

COOPERATIVE UPCONVERSION IN A NEW HIGH Er'^-DOPED TELLURITE 
GLASS 

3.1 Introduction 

As the demand for transmission capacity of wavelength-division-multiplexing (WDM) 

networks grows, Er-doped tellurite-glasses and tellurite-based fiber amplifiers have 

attracted significant attention for broadband application to increase the transmission 

capacity [J. S. Wang et al. 1994; A. Mori et al. 1997A; Y. Ohishi et al. 1998; L. Le 

Neindre et al. 1999; Y. Ding et al. 2000]. As shown in figure 3.1, tellurite glasses exhibit 

not only a broader bandwidth at the 1.5-^m telecommunication window than both 

phosphate and silicate glasses, they also have larger cross sections. Gain-flattened 

tellurite-based EDFA has been demonstrated in both C-band and L-band [M. Yamada et 

al. 1998; A. Mori et al. 2000]. Short-length optical amplifiers are very interesting because 

of their great advantages in integrated optics [T. Ohtsuld et al. 1995; Y. C. Yan et al. 

1997]. Tellurite glasses and phosphate glasses are known for their high solubility of rare-

earth ions [J. S. Wang et al. 1994; S. Jiang et al. 1998; V. P. Gapontsev et al. 1982], 

which means a high erbium concentration could be doped. However, when the doping 

concentration is increased the upconversion processes will become a serious energy loss 

channel, limiting the gain performance. As shown in figure 3.2, up-conversions are 

energy-transfer processes between two excited erbium ions in close proximity. One 
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Figure 3.1 Absorption cross sections for tellurite, phosphate, and silicate glasses. 

Tellurite 

Phosphate 
- Silicate 

excited erbium ion transfers energy to the other excited ion, causing the acceptor to be 

promoted to a higher energy state and the donor to be de-excited to the ground state 

nonradiatively. In high Er-doped phosphate glasses, the upconverion process ('*Ii3/2-i' 

%3/2"^ %/2+ "*115/2) has been investigated [T. Ohtsuki et al. 1997; B. C. Hwang et al. 2000; 

S. Taccheo et al. 1999]. But, to the best of our knowledge, no measurements of 

upconversion coefficients in high Er-doped tellurite glasses have been reported to date. 
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Figure 3.2 Schematic diagram of energy levels and transitions of Er''^ in tellurite glass. 
R31. Rt3 and R36 are for 980nm pump only. Correspondingly, R12 and Rit are for 1480nm 
pump only. 

Due to the low phonon energy of tellurite glasses (the highest phonon energy is around 

800 cm*') [A. Mori et al. 1997B], Er^ in tellurite glasses exhibits relatively longer 

lifetime at level '*Iii/2(~300 ^s) than that in silicate glasses (~10 ^s) [Y. G. Choi et al. 

1999]. This gives rise to another important upconversion process between two excited 

Er^ ions at the pump level: (''lu/2+'*Iii/2 besides the well known 

upconversion process of two excited Er^ ions at the %3/2 metastable level 

C^i3/2+'*Ii3/2"^%/2+'li5y2) [Y. G. Choi et al. 1999]. In addition^ under 980 nm excitation, 

the high population of the level causes the excited state absorption (ESA) of the 
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pump. For this reason, 1480nm pumping is used for tellurite EDFAs [M. Yamada et al. 

1998; A.Morietal.2000]. 

3 Jt Theory 

The schematic diagram of energy levels and transitions of Er^*^ are shown in figure 3.2. 

The energy levels \sn, '*113/2.^111/2/19/2/83/2 and for sake of simplicity, are also 

labeled with the numbers from I to 6 and their populations are indicated with Ni, N2, N3, 

N4, Ns and Ng respectively. The energy levels "Hi 1/2 and act as intermediate states in 

the decay process since no significant peaks corresponding to radiative transitions from 

these levels were detected in the emission measurement. Therefore, populations at these 

levels are neglected in the simplified rate equation analyses. 

The transitions are indicated with an arrow and grouped from left to right (refer to 

figure 3.2) for different cases; 980 nm excitation; 1480 nm pumping; absorption and 

stimulated emission at 1.5 ^m; spontaneous radiative and non-radiative decays; and 

finally the upconversion processes. All through the paper, the subscripts of the various 

transition quantities indicate the levels involved. 

In the absence of any signal, the re-absorption at 1.5 |im and stimulated emission can 

be neglected [B. C. Hwang et al. 2000]. In the present work, effort has been made to 

avoid any reflection or trapping effect for the sipal photons by focusing the pump beam 

to the edge of the glass. Therefore, stimulated enussion and absorption are not taken in 

account in the rate equations. 
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A.1480nm Pump 

Under 1480nm excitation, the level scheme introduced in figure 3.2 leads to the 

following rate equations for Er^'*' in tellurite glasses (neglecting any signal [B. C. Hwang 

etal.2000]): 

dN I o "5 
—r-=-R\2^l +R2l^2+A2iNi+A2\N2 
at 

dN 
- ^  =  / J „ A r , - 2 C ^ N \  

-Ay,N,*A„N, -2C„N; 

^=-A„N,-A^N.-A„N,*A^N,* C^N] 

-^^ = —A51JV5 —A^Nj —A^N^ ~AJ^N^ 

N,+N2+N,+N,*N,+N^=N,.  (3.1)  

No is the Er^^concentration in the glass. N|, N2, N3, N4, Ns and Ne are Er'^ populations in 

energy levels ''I15/2, \\n^ %/2. *Sy2 and *¥7/2 respectively. Ra, R21, are pump 

absorption and pump stimulated emission transition rates respectively. Aij is the total 

decay rate, including non-radiative decay rate and spontaneous radiative rate, from level i 

to level j (Aij=A%+A^ij). C22 is the homogeneous upconversion coefficient for the cross 
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relaxation of \m^\znr^%r&\5n. and C33 is the homogeneous upcoaversion 

coefficient for the cross relaxation '*Iii/2+'*Iii/2"^ The excited state absorption 

(ESA) for pumping at 1480 nm is negligible because this wavelength does not match with 

the transition ''li3/2"^''l9/2 that lies near 1670nm [J. R. Armitage et al. 1989]. It should be 

noted that in this paper Ass includes direct transition from to and indirect 

transition (from to ''SjaO through "H11/2. For the sake of simplicity, as shown in 

figure 3.2, As^ also includes several transitions. 

B. 980iim Pump 

Also shown in figure 3.2, the rate equations for Er^^ under 980nm excitation are: 

+ A 2 1 N 2  + A 4 | A ^ 4  +  A ^ i N ^  + C j j N j  

dN 
^ = +A42A^4 -2C^Nl 

dt 

dN 
"^36^3 "^31^3 "^32^3 "''^43^4 "^^3^5 

dN 
+A^N, ̂ C^Nl 

dN 
-As,NS-A^NS 

dt 

N^+N^+Nj+N^-i-Ns+N^^No.  (3.2)  



Ri3 and R31 are the rates of980nm pump absorption and stimulated emission respectively. 

R36 is the excited state absorption rate from \\n to "¥7/2. The ESA cross-section 

spectrum at 980nm band is of the same order of magnitude in strength as the 980nm 

ground state absorption [R. C. Stoneman et al. 1990; R. S. Quimby et al. 1992; R. S. 

Quimby et al. 1993]. For silica, silicate or phosphate glasses, this ESA can be neglected 

because of short lifetime of''ln/2 level in these glasses. However, this approximation will 

not be justified in tellurite or fluoride glasses because of their long lifetime of ^In/2 level. 

For the same reason, stimulated emission at the 980nm pump wavelength should also be 

properly accounted as included in rate equation set (2) by the term R31. The rest of the 

parameters used in rate equation set 3.2 are the same as those in rate equation set 3.1. 

C. Determination of the upconversion coefficients 

The evolution of the populations of the six energy levels can be determined by using a 

Runge-Kutta method to numerically solve the rate equation sets 3.1 and 3.2 for 1480 nm 

and 980 nm pumping respectively [S. Taccheo et al. 1999]. The values of most 

parameters used in the rate equations are obtained by direct measurements or Judd-Ofelt 

analyses [B. R. Judd 1962; G. S. Ofelt 1962]. Other parameters in particular the two 

upconversion coefficients C22 and C33, the decay rates A21, A43, As4 and Aes (i.e. the 

processes involving non radiative transition) and the 980-nm excited state absorption can 

be determined through a best-flt procedure in order to have an agreement between and the 

solution of the rate equation and the experimentally measured fluorescence decay curves 



using the strategy below described. First, A21 is determined by fitting the last portion (S 

ms after the pump is shut down) of the 1.5-|un decay curve where all other transitions are 

weak enough to be neglected. Then, C22 can be retrieved by fitting the intermediate 

portion (1 ms-Sms) of the l.S-^m decay curve. Similarly, As4 is determined by fitting the 

last portion (600 ^s after the pump is shut down) of the SS6-nm decay curve while C33 

can be retrieved by fitting the intermediate portion (100 ^s-6(X) ^s after the pump is shut 

down) of the S56nm decay curve. A43 and A6s can be determined by fitting the remaining 

earliest portion of both l.S-^m and 5S6-nm decay curves. Also the 980-nm excited state 

absorption is estimated from literature and slightly modified during the fitting procedure. 

The whole procedure is repeated to get the best agreement with experimental results and 

the determination of the above seven parameters is quite accurate. Moreover, an insight 

into different transition dynamics in tellurite glasses can be obtained through this model. 

3 J Experimental results and discussion 

The Er^"^ concentration of the tellurite glass in this work is 3.4x1 O^^ions/cm'. 

Radiative transition rates in this glass can be calculated by Judd-Ofelt analyses [B. R. 

Judd 1962; G. S. Ofelt 1962]. Absorption spectrum was measured firom 4(X)nm to 

3000nm as shown in figure 3.3 and Judd-Ofelt parameters were calculated, obtaining the 
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Figure 3.3 Absorption spectrum of the tellurite glass. 

following three intensity parameters £22=8. 35 (lO -° cm-), 04=2.71 (lO"^" cm") and 

£26=1-40 (10'-° cm*). Theoretical radiative transition rates were calculated to be 

A5i'^=2693s*', A52'^=984s*', A53'^=87s-', A54'^= 172 s', fim^=455s\ A42^=147 s' and 

A31*^=398 s ' by using reduced matrix elements as described in [M. J. Weber 1967]. The 

lifetime oflevel (13) was directly measured to be 240 ^s from 984 nm decay curve 

under 980nm excitation. A32 was then calculated to be 3769 s'^ from equation A32=l/t3-

A3{. The transition finm \n level to "^11/2 level (A43) is dominated by fast non-radiative 
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transitions. Similarly, the transition from level to '*83/2 level (Ags) directly or via 

~Hii/2 is dominantly fast non-radiative Therefore both A43 and decays need to 

consider the non-radiative contribution and were optimized to give the best Htting with 

the experimental results as described in section 3.2. 
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Figure 3.4 Absorption and emission cross-section spectra of Er^^ for the 1 .S-^m band in 
the tellurite glass. 

To measure the fluorescence decay curves, two pump laser sources were used. One 

was 1488nm CW diode laser. The other was a pulsed laser tuned to lase at 980nm. Figure 

3.4 shows the absorption cross-section spectrum and emission cross-section spectrum for 
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13^m transition band. The emission cross-section spectrum was calculated from the 

absorption cross-section spectrum and emission spectrum by McCumber theory [D. E. 

McCumber 1964; W. J. Miniscalco et al. 1991]. The absorption cross-section and 

emission cross-section at 1488nm were found to be 7.53xl0*"'cm" and 3.30xl0*"'cm" 
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Figure 3.5 Absorption cross-section spectra of Er^ for 980nm band in the tellurite glass. 

respectively (see also Figure 3.4). Figure 3.S shows the absorption spectrum at 980nm 

transition band. Absorption cross-section at 980nm was found to be 4.48xl0'^'cm~. 

Emission cross-section at 980nm is estimated to be 2JxlO'^'cm^ according to [M. P. 
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Hehlen et al. 1997]. It should be pointed out that the above parameter is roughly 

estimated (the glass host used in ref. 26 is different); however, the model is not very 

sensitive to this parameter since it does not play a critical role in our case. The input ESA 
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Figure 3.6 Schematic diagram of the setup for fluorescence decay measurement under 
1488-nm pumping. 

cross-section for 980nm pump (035) is originally estimated to be 7.04xl0'^'cm^ by taking 

the same ratio of OESA/OCSA from [R. Burlot-Loison et al. 1999] and further optimized 

through fitting. 
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The setup used to measure fluorescence decay curves at 1.S ^m under 1488nm 

excitation is shown in figure 3.6. The pump laser diode driver was modulated by a 

function generator with a square-pulse duration of 10ms and a repetition rate of lOHz. 

The spot size of the I488nm laser beam at the sample was measured to be 15 ^m. The 

fall time of the pump pulse (10%-90%) was measured to be approximately IS ^s. The 

900-980 nm 
Monochrometer 

O Sample Detector 

Nd:YAG 
532 nm 

Dye Laser 

Computer 

Digital Oscilloscope 

Figure 3.7 Schematic diagram of the setup for fluorescence decay measurement under 
980-nm pumping. 

fluorescence signal at 1.S ^m was side collected and the decay dynamic was measured 

with an InGaAs detector. The signal from the detector was sent to a digital oscilloscope 

and averaged 2048 times for each measurement to increase the signal to noise ratio. An 



identical setup is described in more detail in [B. C. Hwang et al. 2000]. Figure 3.7 shows 

the setup that was used to side collect the green light fluorescence under the 980-nm 

pumping. The excitation source is a dye laser pumped by a second harmonic (S32 nm) of 

pulsed Nd:YAG laser (Spcetron Laser Sys. SL4000). The dye is LDS92S, which has 

scanning range of 900-980 nm. The wavelength of the dye laser output was read by a 

wavelength meter (New Focus 7711). The typical line width of the dye laser output is 

about 0.1 cm ' at S80 nm. The 980nm laser was operated with a pulse duration of 6ns at a 

repetition rate of 12 pulses/s. The laser beam was focused inside the sample with a size 

equivalent to an area of 0.Smmxl.5mm. The pulse energy can be up to 5 mJ. The sample 

was cooled in a liquid helium flow cryostat and measurements were performed at the 

temperature range of 10-300 K. The fluorescence from the crystal following the 

excitation was collected perpendicular to the incident laser beam. Suitable Alters were 

used to eliminate a noise due to the scattered laser radiation. The fluorescence was 

dispersed by a 75 cm monochromator (Acton Research Corp. Pro-750) and observed with 

an InGaAs detector (Acton Research corp. ID-441-C). The response time of the InOaAs 

detector is shorter than 10 ^s. The signal fn)m the InGaAs detector was fed into a digital 

oscilloscope (LeCroy 9310) and then the data was stored in a personal computer. 
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Figure 3.8 Normalized fluorescence decay curves of transition '*Ii3/2 "*115/2 under 
1488nm excitation with different upconversion coefficient C22 values. Dotted: 
experiment; line; modeling. 

Figure 3.8 shows both experimental and fitting curves of 1.5 ^m fluorescence. The 

1488nm pump power used in this measurement was 45 mw, a typical pump level for 

EDFA. Fitting curve in flgure 3.8 (a) was calculated with the best fitting parameters. 

Fitting curve in flgure 3.8 (b) was fltted with C22 twice the value of that in flgure 3.8 (a) 

while fltting curve in flgure 3.8 (c) was fltted with C22 half the value of that in curve (b). 

It could be seen from the fltting curve in 3.8 (a) that theoretical calculation agreed with 

experimental results very well. Figure 3.8 (b) and (c) shows the sensitivity of the model 

to the input fltting parameters. 
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Figure 3.9 shows both experimental and fitting curves of SS6nm fluorescence resulted 

from transition ^83/2"^ \sa under 980 nm pumping. The output power of the 980nm laser 

X Measurement 

- Fitting 

1 1 1 1 1 1 I 1 1 
-0.0002 0.0000 0.0002 0.0004 0.0006 0.0008 

time (s) 

Figure 3.9 Normalized fluorescence decay curves of transition ''Sa/a ''lis/i under 
980nm excitation with different upconversion coefficient C33 and excited state 
absorption cross-section Ga® values, (a) €33= 0.0 cmVs, O36=6.8xl0'"'cm ;̂ (b) €33= 5.45 
xlO*'' cmVs, <736= 6.8 X I0""'cm ;̂ (c) €33= 1.09 xlO"'* cmVs, (y36=6.8xlO"̂ 'cni"; (d) 
C33= 2.18 xlO'® cmVs, a36=6.8xl0*̂ 'cm"; (e) C33= 1-09 xlO*'' cmVs, a36=0.0 cm\ 

was measured to be ImJ/pulse. Fitting curve (c) was calculated with the best fitting 

parameters and was drawn with a thick line. Curve (a) was fitted without C33. Curve (b) 



was fitted with C33 half the value of that in curve (c). Curve (d) was fitted with C33 twice 

the value as that in curve (c). And finally, curve (e) was fitted without ESA of 980nm. It 

can be seen fi'om these fitting curves that ESA (R36) and up-conversion (C33) together 

make the characteristic build-up and decay of the S56nm fluorescence decay curve. They 

also showed the sensitivity of the model to the input fitting parameters. Curve (c) 

illustrated that the fitting was very successful. 

Table 3.1 summarizes the various parameter values used in this model to give the best 

fitting with experimental results. Low transition rates A31 and A32 together with high 

value of 936 suggest that 980nm pump would not be a good pumping source for Er^^ in 

tellurite EDFA. Alternatively, 1480nm would be an ideal pumping source [M. Yamada et 

al. 1998; A. Mori et al. 2000]. Table 3.2 is a summary of the upconversion coefficients 

obtained both from this work and earlier experiments. Because of the lack of 

experimental data for C33 in silica, silicate and phosphate glasses, a comparison of C33 in 

different glass hosts cannot be made. However, the value of C22 in our tellurite glass is 

close to the lowest upconversion coefficients reported in phosphate and silicate glasses [T. 

Ohtsuki et al. 1997; B. C. Hwang et al. 2000; M. P. Hehlen et al. 1997; E. Snoeks et al. 

1995]. A much higher cooperative upconversion coefficient of -10"'® cmVs was reported 

in silica fibers with much lower erbium concentration [P.Bixtetal. 1991]. 
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Table 3.1 Summary of values of parameters used in the upconversion model. 

Measured/Calculated Used in the model 
A65 - 39237 s' 

Asi 2693 s' 2693 S-' 

A52 984 s' 984 s' 

A53 87 s-' 87 s-' 
A54 172 s' (radiative only) 2256 s-' 
Aji 455 s-' 455 s' 

A42 147 s' 147 s' 

A43 - 10219 s' 
A3, 398 s' 398 s' 

A32 3769 s' 3769 s' 

A2, - 304 s-' 
C33 - 1.09x10'" cm'/s 
C22 - 2.74x10"' cm'/s 

Measured/EsUmated 
<Jl2 7.53xI0-'cm- 7.53xlO--'cm^ 

®21 3.3xlO-^'cm- 3.3xlO-^'cm-

ffl3 4.48xI0--'cm- 4.48xlO-^'cm-

ff31 2.2xl0-2'cm- 2.2xlO-^'cm-

(^36 7.04xl0--'cm- 6.8xlO-^'cm-

Table 3.2 Summary of values of upconversion coefficients (C22) in tellurite, phosphate, 
silicate and silica glasses. 

Er^ concentration C 22 (cmVs) Glass host Reference 
3.4 X10'° (ions/cm^) 2.74x10-'* Tellurite This work 

I X 10"® (ions/cm^) 9.3x 10-" Phosphate T. Ohtsuki et al. 1997 

2x10"-
4 X 10'° (ions/cm') 

8x10'"- l.lx 
10-'® 

Phosphate B. C. Hwang et al. 
2000 

7x10"-4x10^ 
(ions/cm^) 

5xl0-"-2x 
10-18 

Alumino 
Silicate 

M. P. Hehlen et al. 
1997 

0.2-at.% 3.2x10-" Soda-lime 
Silicate 

E. Snoeks et al. 1995 

70~840 ppm by weight -10'*' Silica P. Bixtetal. 1991 
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The different values of upconversion coefficients of Er can be explained firom its 

different environments related with the host glass structures and rare earth solubility in 

silica, silicate, phosphate, and tellurite glasses. How well erbium ions are incorporated in 

the glass network and how uniform they are incorporated affect the ion-to-ion distances 

and ion-to-ion interactions. As shown in figure 3.10, in silica glass, each silicon atom is 

tightly covalent-bonded to four oxygen atoms that are arranged tetrahedrally around the 

Figure 3.10 Silica glass structure. 

silicon atom. This well-known rigid network structure makes incorporation of rare-earth 

ions very difficult. When rare-earth ions are introduced into a silica glass, it is difficult 

for them to break the covalently bonded glass structure and distribute uniformly. 
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However, this rigid glass network is broken in silicate glasses by introducing network 

modifiers such as alkali or alkaline earths into silica as shown in figure 3.11. This results 

0 ItodWirian 

0 ow 
• Sicon 

Figure 3.11 Silicate glass structure. 

in a looser network structure, facilitating the incorporation of Er^^ tons. Another feature 

of silicate glasses that is different from silica glasses is that some of the silicon-oxygen 

bridging bonds will have been broken thus increasing the number of non-bridging 

oxygens present, and the spare negative charges on the oxygen ions are used to 

compensate for the positive charge of the rare-earth ions. It was confirmed that Er^^ is 

placed in the cage of the three-dimensional silicate network on the vicinity of 

nonbridging oxygen [E. Snitzer 1973]. Although phosphate glass system is also based on 

tetrahedral struture, with four oxygen atoms being bonded to each phosphorus atom as 
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shown in figure 3.12, phosphorus has a valency of S instead of 4 for silicon. This results 

in a double bond between the phosphorus and oxygen atom. It significantly increases the 

MO 

Figure 3.12 Phosphate glass structure. M: modifier. 

number of non-bridging oxygens and a flexible two-dimensional network chain structure 

tends to be formed. Phosphate glasses have been reported to have excellent spectroscopic 

characteristics including a large emission cross-section and a weak interaction among 

rare-earth ions as consequences of the two-dimensional chain structure [T. Izumitani et al. 

1982]. The tellurite glass structures are shown in figure 3.13. In tellurite glass, the Te-0 

bond in tellurite glass is much weaker than Si-0 bond. Thus, the atomic network in 

tellurite glass is easier to be broken. Furthermore, Te has a much larger atomic/ionic 
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Figure 3.13 Tellurite glass structures. Qm": m is the number of all oxygen atoms and n 
is the number of non-bridging oxygen atoms. 

diameter than Si, as a consequence, the atomic network is more open in tellurite glass. 

The weak and open atomic network in tellurite glasses can accommodate rare earth ions 

such as Er more flexibly and more uniformly than that in silica glasses. As a result, 

tellurite glass has been reported to have excellent rare earth solubility [J. S. Wang et al. 

1994]. Because tellurite glasses are made from relatively heavy atoms, the multiphonon 

decay rates of rare earth ions are smaller than in other oxide glasses. Therefore, tellurite 

glasses intrinsically could have higher quantum efHciencies than silica-based glasses and 

phosphate glasses [J. S. Wang et al. 1994]. Further more, tellurite glasses could provide 

higher fluorescent emissions and broader emission bandwidth [J. S. Wang et al. 1994; Y. 
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Ding et ai. 2000]. The low value of C22 reported in this paper allows large erbium 

concetration without appreciable degradation of the overall performance of devices. It 

can be expected that tellurite glasses will take a more and more important role in 

applications of rare earth doped active devices. 

3.4 Conclusion 

Fluorescence decay curves at 1.5^m and 556nm were experimentally characterized for 

a tellurite glass with a high Er^ concentration of 3.4xlO'°ions/cm^. A numerical method 

was implemented to retrieve the up-conversion coefficients for cross relaxations of 

'*Iii/2+''lii/2 and '*Ii3/2+'*Ii3/2"^%/2+''li5/2- The upconversion coefficient for 

'*Ii3/2+''li3/2"^%/2+*Iis/2 is found to be 2.74x10"'® cmVs and the upconversion coefficient 

for "^Iii/2+%i/2 "'lis/a+'F?/! is 1.09x10"" cmVs. The numerical model shows a high 

sensitivity of dependence on input fitting parameters. The small upconversion 

coefficients indicate that tellurite glasses are excellent candidates for rare earth doped 

active devices. 



86 

CHAPTER4 

PERFORMANCE OF HIGH-CONCENTRATION Er^-Yb^-CODOPED 

PHOSPHATE FIBER AMPLIFIERS AND LASERS 

4.1 Introduction 

Recently, high-concentration Er'^-doped fiber and waveguide amplifiers with high 

gain per unit length have been demonstrated [Y. C. Yan et al. 1997; A. Shooshtari et al. 

1998; S. Jiang et al. 2000; B. C. Hwang et al. 2001]. Such short amplifiers have 

advantages over coiled erbium doped fiber amplifiers for integration and have the 

potential of reducing the size and cost of l.SS-^m amplifiers and lasers [B. C. Hwang et 

al. 2001; A. Shooshtari et al. 1998]. However, the peak gain per unit length of our 

previously reported fiber amplifiers is still limited to ~ 3 dB/cm [B. C. Hwang et al. 

2001], while theoretical calculation predicts a gain twice as large. This smaller observed 

gain compared with the theoretical limit indicates that the inversion level of Er^^ is 

limited by cooperative up-conversion, pair-induced quenching [E. Delevaque et al. 1993] 

and small absorption cross section at 980 nm pumping band compared with that of Yb^ 

[B. C. Hwang et al. 2000]. This suggests that lower Er^"*" concentration and Yb^ 

sensitization may be considered. 

For Yb^ sensitization, phosphate glasses have decisive advantages over other glass 

types such as silicate because of low back energy transfer rates and low accumulative 
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energy transfer rates in phosphate glasses [V. P. Gapontsev et al. 1982]. Furthermore, the 

energy transfer efficiency from Yb^ to can be as high as 95% because of the large 

spectral overlap between Yb^* emission spectrum 'F7/2) and Er^ absorption 

spectrum '*In/2) [B. C. Hwang et al. 2000]. An obvious advantage of using Yb^^ 

sensitization is that it makes selection of pumping wavelength less critical because 

ytterbium ions exhibit not only a large absorption cross section but also a broad 

absorption band between 800 and 1100 nm [B. C. Hwang et al. 2000; X. Zhou et al. 

1995]. It has been shown theoretically that Yb^"^ to Er^ energy transfer by cross 

relaxation provides an attractive indirect pumping mechanism that can strongly reduce 

the negative effects due to Er^^ concentration quenching, especially for high Er^"^ 

concentration amplifiers [F. Di Pasquale et al. 1994B]. 

Erbium-Ytterbium-codoped fiber lasers are attractive candidates for compact low-

noise 1.5 ^m laser sources for optical telecommunications. Compared with 

semiconductor laser, fiber lasers not only are easier to make but also have wavelength 

insensitivity to temperature, which is at least an order of magnitude better than 

semiconductor. The sensitization of erbium system with ytterbium is a well-established 

technique to increase the choice of pump wavelengths [W. L. Barnes et al. 1989]. It has 

been shown that Er'^-Yb'"^ energy transfer process can act as a low-frequency filter; 

buffering Er^'^-Yb^ lasers against pump power fluctuation [S. Taccheo et al. 1996]. High 

Er^ concentration is often used to achieve short single-frequency fiber lasers with 

reasonable output power. 



We report here the performance of high concentration Er^*-Yb^-codoped 

phosphate fiber amplifiers and laser pumped at 980 nm. The amplifiers were pumped in a 

co-propagating scheme. Gain, noise figure, and output signal saturation power have been 

measured for a series of fiber lengths and pump powers. We show that the gain per unit 

length can be improved by Yb^ sensitization and slightly reducing Er^^ concentration. A 

grating-based, erbium-ytterbium-codoped, single-frequency phosphate fiber laser was 

demonstrated. The length of the phosphate fiber is 4.4 cm. With a cleaved facet as the 

output mirror, the fiber laser has an output power of 33.8 mW at 1549.92 nm. A high 

slope efficiency of 40.2% was observed. 

4.2 Er^-Yb^-codoped phosphate fiber 

Before the fiber drawing, both the core glass and the cladding glass were fabricated 

from chemicals with high purity. The mixed chemicals were first melted in an electrical 

furnace using a high quality platinum crucible and were then cooled down and cast. The 

glasses were then annealed for about 16 hours. The measured absorption cross section 

and calculated emission cross section of Er^ 1.5 ^un band transition in the Er^^-Yb^^-

codoped phosphate core glass were shown in figure 4.1. After the glasses were made, the 
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Fi^re 4.1 Absorption and emission cross sections of Er^ 13 band transition in the 
Er^-Yb'^-codoped phosphate glass. 

Er^-Yb^-codoped phosphate fibers were fabricated by a two-step rod-in-tube technique 

at Laboratoite des Verres & C^ramiques, University de Rennes 1, France. The rod-in-

tube technique is shown in figure 4.2. Before the fiber drawing process, glass rod was 

polished and both inside and outside surfaces of the glass tube made from the cladding 



90 

He 

preform t: 

coating 
polymer 

tension 
measurer 

preform 
descent 

furnace 

diameter 
measurer 

fiber 

pulley 
drum 

Drawing tower 

1" drawing 
step 

insertion of 
the rod in 
the tube 

2"''drawing 
step 

fiber 

Figure 4.2 Rod-in-tube fiber drawing process. 
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glass were polished. As shown in figure 4.2, at the first step, core rod and the first 

cladding tube were drawn into a rod. Then, this new rod was used for the second drawing 

step. No polymer coating was used for this phosphate flber. The fiber drawing 

temperature was set at 700-720 "C. The whole drawing process was performed in a 

helium gas atmosphere to reduce absorption of water from the air, which causes OH 

fluorescence quenching of Er^ ions [V. P. Gapontsev et al. 1982]. The finished fiber has 

a core diameter of S ^m. The refractive index of the fiber core and cladding glasses were 

measured with polished bulk samples by a prism coupler (Metricon Model 2010) at 

wavelengths 632.8,830,1300, and ISSOnm. Table 4.1 summarizes the measured indices. 

Table 4.1 Refractive indices of the core and cladding glasses. 

632.8 nm 830 nm 1300 nm ISSO nm 

Core 1.S490 1.S438 1.S380 1.5346 

Cladding 1.S336 1.S287 1.5230 1.5196 

The refractive indices at 980 nm are interpolated to be i.S419 and 1.S269 for the core and 

cladding glasses respectively from these measured indices. The numerical aperture is 

0.214 at ISSO nm. It is single mode at ISSO nm and multimode at 980 nm. The calculated 

fundamental-mode field radii are 2.96 ^m at ISSO nm and 2.26 ^m at 980 nm based on 

equation 2.36. The propagation loss was measured to be 0.28 dB/cm at 1.3 |un by 

cutback method. Coupling loss was measured to be 1 dB at I.S ^m between the Er^-

Yb^'^-codoped phosphate fiber and the input/output coupling fiber. The core region of the 
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fiber was uniformly doped with Er^ concentration of 3wt% and Yb^ concentration of 

2wt%. The Er^ lifetime at low pump power was measured to be 6.9 ms in bulk sample of 

the core glass. 

4 J Experiment for EDFA characterization 

Pump 
Monitor 

Attenuator 
iM WDl 

90/10 WDM 
OSA 

EDF 
Isolator Isolator 

Signal 1318nm 

Computer 

980-nm pump 

Tunable 
Signal 
Laser 

Monitor 

Figure 4.3 Schematic diagram of experimental setup for amplifier performance 
characterization. 

The experimental set-up for erbium doped fiber amplifier performance 

characterization is shown in figure 4.3. The erbium-doped fibers (EDF) were placed in 

aluminum V-grooves and covered with high-index wax. The high-index wax was used to 
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both fix the fiber and help removing cladding modes, which are detrimental to the EDFA 

performance. The external-cavity tunable laser is the signal source that can be tuned from 

1S30 to 1570 nm. The attenuator was used not only to conveniently adjust the input 

signal power to the level that was needed but also to have the laser operating at high 

driving current so that the input signal to noise ratio could be optimized. The attenuator 

was followed by the 90/10 coupler. 90% of the output went to the EDF path and the 

remaining 10% was used for the signal monitoring and calibration. The 1318-nm laser 

diode and the corresponding WDM were used for background propagation loss 

measurements. Isolators were used to eliminate reflections from the butt-coupling 

interfaces between the EDF and WDM fibers and reflections from the Optical Spectrum 

Analyzer (OSA). bidex matching oil was used for the butt coupling to improve coupling 

efficiency and suppress any lasing action from interface reflections. The first 980/1SS0-

nm WDM was used to combine the 980-nm pump and the signal and the second one was 

used to separate the residual 980-nm pump and the amplified signal so that the OSA and 

the second isolator would not be damaged by possible strong residual 980-nm pump. The 

output of the amplified signal and spontaneous emission were detected by the OSA. The 

signal laser driver, pump laser driver and OSA were all controlled by the computer. 

The EDFA gain and noise figure measurements were done by spectral 

interpolation fh)m the OSA as shown in figure 4.4. The input signal power was measured 

first as Pu, and output power at the signal wavelength was measured as Pou- The ASE 

power at the signal wavelength was interpolated from the fitted noise floor as shown in 

figure 4.4 to be PASE- The optical amplifier gain was calculated according to the following 
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Q — ^ASE (4.1) 

The noise figure was then calculated according to equation 2.33. 

— Measured spectrum 
-- Fitted noise floor 
+ Interpolated noise power 
X Output power 

Figure 4.4 The spectral interpolation method to calculate gain and noise figure. 
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4.4 Performance of the phosphate fiber amplifiers 

The measured small signal internal gain and noise flgure at 1535 nm as a function of 

980 nm pump power for fibers of lengths 3.6,4.4, and 5.55 cm are shown in figure 4.5. 

The pump power indicated is the multiplexed output power from a 980 nm and a 975 nm 

laser diodes with a power ratio of 1.3. The multiplexing of the two pump laser diodes is 
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Figure 4.5 Small signal internal gain and noise Hgure vs. pump power for different 
fiber lengths at 1535 nm for signal input power of -30 dBm. 

meant to get higher pumping power. An input signal power of -30 dBm was used in the 

gain measurement. The maximum pump power available was 224 mW. At the maximum 
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pump power, an internal gain of 18 dB was obtained from the 3.6-cm-long fiber, 

equivalent to an internal gain per unit length of S dB/cm. The net gain per unit length of 

the fiber is 4.4 dB/cm. The gain per unit length is significantly higher than our previous 
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Figure 4.6 Small signal internal gain vs. fiber lengths for different pumping powers at 
1535 nm for signal input power of -30 dBm. 

results, which was -3 dB/cm |B. C. Hwang et al. 2001]. To the best of our knowledge, 

this is the highest gain per unit length for erbium doped fiber amplifiers ever reported. 

The noise figure shown in the figure is based on the internal gain. The corresponding 

noise figure at 224 mW pumping power for the 3.6-cm-long fiber is 3.8 dB, while it is 

about I dB higher when net gain is used. The gain curve shows that the gain can be 
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further increased slightly with increased pump power. Higher gain at the maximum pump 

power can be realized by increasing the fiber length, e.g. to 4.4 cm or S.SS cm as also 

shown in figure 4.5. However, noise figure will be increased slightly because the same 
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Figure 4.7 Internal gain vs. output signal power for different fiber lengths at both 1S3S 
and 1550 nm at pump power of224 mW. 

inversion level cannot be maintained through longer fibers. The optimized fiber length 

for maximum gain depends on the pumping power. As an example, figure 4.6 shows the 

gain for different fiber lengths at three different pumping powers. It can be noticed that at 

167 mW, the gain decreased when the fiber length was increased firom 4.4 to 5.55 cm. 

Figure 4.7 shows the gain saturation characteristics of the Er^-Yb^-doped 
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Figure 4.8 Internal gain vs. output signal power of a 5.55-cm-long fiber for 139 and 
224 mW pump powers at both 1535 and 1550 nm. 

phosphate fiber amplifiers for different lengths of fiber. Saturation behaviors for both 

1535 and 1550 nm signals are shown. The 980 nm pump power used was 224 mW. The 

output 1535 nm signal powers at 3 dB compression are measured to be 5.6,8.1, and 10.9 

dBm for 5.55-, 4.4-, and 3.6-cm-long fiber, respectively. Although all three 1550 nm 

saturation curves have not reached 3 dB compression in this measurement, it can be seen 

that the saturation output powers are higher for the signal at 1550 nm because of its lower 

cross section [P. C. Becker et al. 1999]. 
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Internal gain vs. signal output power at different pump powers for the fiber of 

length 5.55 cm are shown in figure 4.8. The output 1535 nm signal powers at 3 dB 

compression are measured to be 2.7 and 5.6 dBm for pump power of 139 and 224 mW 

respectively. Higher output saturation powers for 1550 nm were obtained as expected. 

Signal output power vs. signal input power at different pump powers for signal of 

wavelength 1535 nm are shown in figure 4.9. At low pump power, the signal input and 

output powers are related linearly. But output signal power saturates as both input signal 

and pump power increase. This is due to the strong amplification experienced by signal 

[B. C. Hwang et al. 2001]. 
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Figure 4.9 Signal output power vs. signal input power of a 5.55-cm-long fiber for 102, 
139 and 224 mW pump powers at 1535 nm. 
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The small signal gain spectra are shown in figure 4.10 for different fiber lengths at 

pump power of224 mW. Similar gain spectra were reported in [B. C. Hwang et al. 2001]. 

However, shorter fibers were used here, leading to possibly more compact integrated 

devices based on these Er^'^-Yb^-doped phosphate fiber amplifiers. 
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Figure 4.10 Internal gain spectra for different fiber lengths with signal input power of -
30 dBm and pump power of 224 mW. 

In summary, performance of high concentration Er^-Yb^'^-codoped phosphate fiber 

amplifiers in a co-pumping configuration is presented. Gain, noise figure, and output 

signal saturation power of fiber amplifiers with different lengths are reported. From a 
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3.6cm-long fiber, 18 dB internal gain i.e. 5 dB/cm, for small signal input at lS3Snm, was 

achieved at 980 nm pump power of224 mW. We have successfully achieved the highest 

gain per unit length ever reported by optimizing the concentration of Yb^^ sensitization 

and Er^^ dopents. 

4  ̂Perfomiance of the phosphate fiber laser 

Recently, exciting research has been reported on high performance grating-based 

erbium-ytterbium-codoped fiber lasers [W. H. Loh et al. 1998; L. Dong et al. 1997; L T. 

Kringlebotn et al. 1994]. These lasers are attractive because of their simple fabrication 

and wavelength insensitivity to temperature, which results from the insensitivity of the 

grating with temperature [W. H. Loh et al. 1998]. In this section, we present an erbium-

ytterbium-codoped phosphate fiber laser with a simple design but high performance in 

terms of high output power and high slope efficiency. We attribute the performance of 

the laser to the high gain per unit length at 1.S ^m band for this high-concentration 

Fiber grating Lens 

•4 

LEtfYb=4.4cm 

• 
Pump Laser Detector with 

980 nm filter 

Figure 4.11 Schematic of erbium-ytterbium-codoped phosphate fiber laser. 
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phosphate fiber as fiber amplifiers that are reported in the previous section. 

The phosphate fiber laser configuration is shown in figure 4.11. The same pump 

diode laser was used as that for the amplifiers. The fiber Bragg grating is connected to the 

pump laser by APC connector to reduce feedback reflections. The grating has a reflection 

of 99.84% at ISSO nm with FWHM of 0.38 nm and is transparent for the pumping. Index 

matching oil was used for butt coupling between the fiber Bragg grating and the erbium-

ytterbium-codoped phosphate fiber (EYDPF). The other cleaved end of the EYDPF was 

used as an output mirror that had a reflection of 4.4% (i.e. -13.6 dB) at the signal 

wavelength. The length of the EYDPF used in this experiment is 4.4 cm. This length was 

chosen on the basis that it would guarantee a necessary high gain achievable to 

compensate the high mirror loss imposed by the laser configuration and at the same time 

produce a reasonable threshold pumping power. The output power of the laser was 

collected by a lens onto a calibrated detector with a filter that reflects all remaining 980 

nm pump power and transmits 32% output signal power at ISSO nm. 

Figure 4.12 shows the characteristics of the EYDPF laser. The maximum output 

power at ISSO nm is 33.8 mW at a launched pump power of 238 mW. A slope efficiency 

of 40.2% with respect to the launched pump power is observed and the threshold pump 

power is 1S4 mW. A high degree of linearity between output power and pump power is 

seen throughout the characteristic curve above threshold. This indicates a good thermal 

stability of the laser. For this laser mirror configuration, i.e. a high-reflectivity fiber 

Bragg grating and a cleaved facet as the output mirror, the measured slope efficiency is 
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primarily limited by the efficiency of the fiber itself. The 40.2% slope efficiency shows 

the high efficiency of the erbium-ytterbium-codoped phosphate fiber core. Figure 4.13 

shows the spectrum of the EYDPF laser. The lasing wavelength is 1549.92 nm. The 

spectrum was taken by using an optical spectrum analyzer (OSA) and the FWHM of the 

EYDPF laser was beyond the 0.07 nm resolution of the OSA. 
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Figure 4.12. Characteristics of erbium-ytterbium-codoped phosphate fiber laser 
pumped by the multiplexed 975 nm and 980 nm diode laser. 
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Figure 4.13. Spectrum of the output of the erbium-ytterbium-codoped fiber laser. 

It should be noted that the high threshold pump power is partially due to the high 

butt-coupling loss between the fiber grating and the EYDPF fiber, which is 1.8 dB for a 

double pass. This high coupling loss can be eliminated if the grating is directly written on 

the EYDPF. Highly photosensitive cladding ring has been demonstrated by doping with 

boron and germanium [L. Dong et ai. 1997]. Our two-step rod-in-tube fiber drawing 

technique makes that doping technique equally viable in our EYDPF fibers. To reduce 
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the threshold pump power, the output mirror reflectivity can be increased by using 

dielectric mirror or fiber Bragg grating. 

Di conclusion, we have demonstrated the feasibility of a grating-based, erbium-

ytterbium-codoped, single-fi^quency phosphate fiber laser. The fiber laser has an output 

power of 33.8 mW at 1549.92 nm. A high slope efficiency of 40.2% was observed. The 

results show that erbium-ytterbium-codoped phosphate fibers can be promising in laser 

applications as well as in short fiber amplifiers [Y. Hu et al. 2001A]. 
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Chapters 

EFFECTS OF PAIR-INDUCED QUENCHING ON PERFORMANCES OF HIGH 
Er^-DOPED PHOSPHATE FIBER AMPLIFIERS 

5.1 Introduction 

High concentration erbium-doped waveguide or fiber amplifiers (EDWAs or EDFAs) 

have attracted significant attention recently because of their promising application in 

integrated optics [Y. C. Yan et al. 1997; S. Jiang et al. 2000; B. C. Hwang et al. 2001]. 

But when erbium concentration is increased, cooperative up-conversion will become 

serious and will limit the gain performance of EDFAs. As shown in figure S.l, 

cooperative up-conversion occurs between two excited ions in close proximity on the 

Figure S.l Cooperative up-conversion processes. Energy transfer (solid arrow) and 
non-radiative decay (dotted arrow). 

^'9/2 

Er^ Donor Acceptor 
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'*1(3/2 level [B. C. Hwang et al. 2000]. One ion (the donor) transfers its energy to the other 

(the acceptor), leaving itself on the ground level C*Iis/2) and the other ion on a higher level 

C*l9/2)- The ion on the level will then non-radiatively decay to the ''I13/2 level, resulting 

in a total loss of one excited ion. When the two ions are isolated, the process is called 

homogeneous cooperative up-conversion (HUC). This HUC model was first elaborated 

by Blixt et al and the validity was shown up to 4 mW of pump power [P. Blixt et al. 

1991]. However, it has been found out that this HUC model does not count fully for 

experimentally observed lifetimes and attenuation behaviors, in particular at high pump 

intensity [E. Delevaque et al. 1993]. In this case, the two ions are so closely coupled that 

they can never be simultaneously excited to the Level [E. Delevaque et al. 1993]. 

This is called pair-induced quenching (PIQ). 

Our research group reported an internal gain per unit length of -4.0 dB/cm in a 1.3-

cm-long fiber amplifier with 3.5wt% erbium concentration under 245 mW 980 nm co-

pumping [B. C. Hwang et al. 2001]. Later on, an internal gain per unit length of S.O 

dB/cm was achieved by our research group in a 3.6-cm-long fiber amplifier with 3wt% 

erbium concentration under 224 mW 980 nm co-pumping [Y. Hu et al. 2001A]. Although 

the second one is co-doped with ytterbium, the maximum gain per unit length achievable 

should rely only on the useful erbium dopants when aU other properties and designs of 

the two fiber amplifiers are the same or close enough that their differences can be 

neglected. This indicates that PIQ may exist in such high erbium-doped phosphate fiber 

amplifiers. 
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In this paper, modeling results about four phosphate EDFAs with different lengths are 

presented. The modeling results are compared and fitted with the previously reported 

experimental results [3]. The effects of PIQ on performances of high Er''*"-doped 

phosphate fiber amplifiers are discussed. Experimental results can be explained 

considerably well when pair-induced quenching and homogenous cooperative 

upconversion are taken into account properly. The model yields an estimation of the 

percentage of paired ions and the coefficient of the homogenous up-conversion in 

the phosphate fiber. 

5^ Model 

When pair-induced quenching exists, erbium ions in phosphate glass are considered in 

two separate groups. One group stands for single ions while the other for paired ions. In 

the phosphate glass, because of the large phonon energy and small energy gaps from their 

next lower energy levels, decay from levels ''I11/2 and \ri is dominated by fast non-

radiative transitions, which are 3.6 x 10^ and 3.5 x 10^ s ' respectively [B. C. Hwang et 

al. 2000]. Our calculations show that the maximum populations in the levels \\a and 

\a are less than 0.7% and 10"^% of the total Er^ concentration in our phosphate fiber 

under 250 mW 980 nm pumping power. Therefore, for both groups of single ions and 

paired ions, Er^ is considered as a two-level system, i.e., the ground state level \5n and 

the excited state level \m' Among single ions, only homogenous cooperative up

conversion exists. The ion pairs can have only one of them excited because the 



109 

cooperative up-conversion rate between them is much faster than the pump rate under 

980nm pumping [E. Delevaque et al. 1993]. The rate equations can be written as follows: 

-w„N: 

dN* N* 

Ar,+iv;+2(iv;+Ar^)=Aro 

N;+N^=2kN, (5. Id) 

where N,*, Np*. Ns, Np and No are the single ions density and ion pair density in the 

excited state, the single-ion density and ion-pair density in the ground state and the total 

erbium ions density in the fiber. 2k is the fraction of erbium ions in pairs. R, W21 and W12 

are the pumping rate, stimulated emission rate and absorption rate. Amplified 

spontaneous emission (ASE) is also taken into account in Wai and W12 as well as signal, 

t is the lifetime of the excited state level ^Ii3/2 and is considered to be the same for both 

single ions and paired ions. The propagations of signal, pump, and forward ASE and 

backward ASE along the fiber position z can be described as follows: 

(5.1a) 

(5. Lb) 

(5.1c) 

(5.2a) 

(5.2b) 
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N\r,0)aM)-Nir,d)<T, (r,>l)| 

dz ^2N'ir,e)a^U) 
ilf,{r,6)rdrd6 

+ £rf»^gtU,A) 
(5.2c) 

N ] - ^ N ' p = N '  

N q - N ' = N  

(5.2d) 

(5.2e) 

where4>,(z,/l), (z,A)and^p(z) are the signal flux, ASE flux (+ for forward and 

- for backward) at flber position z and at wavelength X, and pump flux at fiber position z 

respectively. (T^ {X) and <T^ (A) are emission and absorption cross-sections for erbium ions 

at l.S^m band, a^is the absorption cross-section for the 980nm pump, a is the 

background propagation loss and is assumed to be the same for the signal, ASE and 

pump. f/^(r,^)and yfp{r,d) are transverse mode proflles for the signal and pump in the 

flber. N* and N are total erbium ions in the excited state and in the ground state. The 

coupled equations set S.l and 5.2 are solved iteratively and numerically. At steady state, 

equations S.la and S.lb can be solved analytically by setting the derivatives to zero. Once 

population inversion is known, equations S.2a, 5.2b and 5.2c are solved numerically for a 

small flber section with length of dz. In the flrst cycle, signal, pump and forward ASE 

are calculated and the results are stored at every flber section with the assumption that 

backward ASE is zero. Then the backward ASE is calculated and stored with the stored 

signal, pump and forward ASE as its initial conditions. In the next cycle, signal, pump 
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and forward ASE are calculated with the calculated backward ASE in the previous cycle 

as its initial conditions. The backward ASE is again calculated in the same way with that 

in the first cycle. The whole procedure is repeated until the result converges. 

53 Results and discussion 

Table S.l summarizes the properties of the four erbium-doped phosphate fibers. 

Absorption and emission cross-section spectra at the 1.S ^m band and absorption cross-

section spectrum at the 980 nm band are measured experimentally.The only unknowns 

remaining in equation set 1 are the HUC coefficient Qp and parameter k that tells the 

fraction of erbium ions in pairs. The detailed performance measurements of these fiber 

amplifiers can be found in [B. C. Hwang et al. 2001]. 

Table S.l Properties of the phosphate erbium-doped fibers. 

Fiber 
lengths (cm) 

NA (1.5 
Um) 

Core 
Diameter 

Erbium 
Concentration lifetime 

Propagation 
Loss (1.3 um) 

1.3, 3.2, 5.2, 
and 7.1 

0.22 5 ̂ m 3.5wt% 6 ms 0.28 dB/cm 

Figure 5.2 (a) and (b) show the modeling and experimental results of the internal gain 

and noise figure of the four Hber amplifiers. The small signal gain was measured at 1535 

nm with input signal power of -30 dBm. Through all these eight fitting curves, a single 

set of values of Cup and k were used, which were 5 x 10"'® cmVs and 0.17 respectively. 

The value of Qp is in the same order as our previously reported values [B. C. Hwang et 

al. 2000]. The value of k found in this work was smaller than the value of022 found in 
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an Er-doped silicate fiber that had a 2000-ppm-wt erbium dopant concentration [E. 

Delevaque et al. 1993]. It shows that phosphate glass has an excellent solubility for rare 

earth ions considering that the erbium concentration in our phosphate fiber is one order 

higher. Modeling results of internal gain dependence on k is shown in Fig. 3 for the fiber 

with length of 3.2 cm together with the corresponding measured results. In this figure, the 

value of Cup is fixed at 5 x 10"'® cmVs. The k values are 0, 0.05, 0.1 and 0.17, 

corresponding to 0%, 10%, 20% and 34% Er^ ions that are paired. The inset in figure 3 

shows an approximately linear relation between the internal gain at 250 mW 980 nm 

pump power and the value of k. This is because at high pump power when the majority of 

1.3 cm 
• 3.2 cm 
* 5.2 cm 
• 7.1 cm 

Modeling 

980 nm Pump Power (mW) 

Figure 5.2 (a) Small signal gain measurement and modeling results. The input signal is -
30 dBm at 1535 nm. 
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usable Er^ ions are exited, the internal gain depends directly on the total population of 

the usable Er^ ions that are not paired. The inset also shows a 4.5 dB gain difference 

between the two points of lc=0 and k=^.17. This corresponds to a gain per unit length of 

5.2 dB/cm without any clustering in this 3.5 wt% Er-doped fiber amplifier. In other 

words, the gain is clamped by the PIQ. While we reported a 5 dB/cm gain per unit length 

in a 3 wt% Er-doped flber amplifier [Y. Hu et al. 2001], it suggests that the onset of 

clustering of Er^ ions in phosphate Hber be around 3 wt%. It can also be noticed in 

so 100 ISO 200 250 
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25- * 5.2 cm . 25 
• 7.1 cm 

20- ModeBng 
• 20 

15- • 15 

10- • 10 

5- 5 

0- 0 
so 100 ISO 200 250 

980 nm Pump Power (mW) 

Figure 5.2 (b) Noise figure measurement and modeling results with signal input power 
of -30 dBm at 1535 nm. 
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figure S.3 that at low pump power the modeling results with smaller values of k have 

slightly lower gains. This is because in our model single ions and paired ions are 

considered as two independent groups. Under this model, when k is smaller, more erbium 

ions will be counted in the last term CupNs*^ in equation la while the clustering effect 

tends to be negligible because of the relatively small chances to have two adjacent erbium 

ions excited together under low pump power. In Figure 5.4, the modeling results were 

Modeling 
Experiment 

980 nm Pump Power (mW) 

Figure 53 Small signal gain for the fiber amplifier with the length of 3.2 cm. Cup= S x 
10''® cmVs and k= 0, 0.05, 0.1, and 0.17. The inset shows the gain versus k with 250 
mW 980 nm pump power. 
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Figure 5.4 Small signal gain for the fiber amplifier with the length of 3.2 cm. k= 0 and 
Cup= 2,5,6 and 8 x 10"'® cmVs respectively. 

done with k=0 and Cup varying from 2 to 8 x 10"'* cmVs. It can be seen that homogenous 

cooperative up-conversion alone cannot explain the measured gain curve in this case. 

5.4 Conclusion 

By successfully fitting our previously measured results of eight curves of gain and 

noise figure with one single set values of k and Cop, 34% erbium ions were found to be 

paired in our 3.5 wt% erbium-doped phosphate fiber amplifiers. The onset of erbium 

concentration for pair induced quenching is suggested to be around 3wt% in phosphate 
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fiber amplifiers. The modeling results also yield a HUC coefficient of S x 10''^ cm^/s. It 

shows that HUC alone fails to match the characteristic gain curves of our high erbium-

doped phosphate fiber amplifiers. 

« 
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CHAPTER 6 

CONCLUSION AND OUTLOOK 

The results of this dissertation study reveal some interesting conclusions. One is that 

both tellurite and phosphate glasses are promising candidates for active integrated 

communication devices. As shown in the upconversion coefficient study of the tellurite 

glass, the retrieved upconversion coefficient for '*Ii3/2+''li3/2">%/2+'*Ii5/2 is found to be 

2.74x10''® cmVs and the upconversion coefflcient for '*Iii/2+'*Ii 1/2 is 

1.09x10'*® cm^/s. Both of them are reasonably small compared with that in silica-based 

glasses. However, both phosphate and tellurite glasses are soft and tellurite fiber is even 

fragile. This imposes difficulties to handling and makes standard commercial available 

fusion splice technique difficult to implement on them. But this problem can be partially 

solved or at least abated by modifying the glass networks. Once the glass network is 

properly engineered, the tellurite Hber amplifier can cover both the C band the L band. 

Another conclusion is that Yb-sensitization can improve amplifier performance in 

terms of decreasing the needed pump power slightly and increasing the gain per unit 

length significantly. Ytterbium sensitization can help to make even more compact 

amplifiers. As shown in chapter 4, gain per unit length can be improved to 5 dB/cm and 

more, for small signal input at 1535 nm. The same fiber was used for a grating-based 

single-frequency phosphate fiber laser. The length of the phosphate fiber is 4.4 cm. With 

a cleaved facet as the output mirror, the fiber laser has an output power of 33.8 mW at 

1549.92 nm. A high slope efBciency of 40.2% was observed. Such results are 
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encouraging. Short erbium-doped fiber ampliOers are proved to be an alternative for 

waveguide ampUHers. They have certain advantages over their waveguide counterpart 

such as simpler to manufacture and higher mode confinement, resulting in higher pump 

efficiencies. However, packaging phosphate active fibers with silica-based passive 

components are challenging. The advantage of high-concentration EDFAs over coiled 

EDFAs cannot be fiilly explored unless either economic pumping scheme can be found or 

pump efHciency can be dramatically improved. For the demonstrated fiber laser, a lot of 

future work can be done. The cavity can be made shorter so that single longitudinal-mode 

operation can be realized. The fiber can be made photosensitive so that the grating can be 

directly written on it and the wavelength tunability can be made possible. The quality of 

the phosphate flber itself has a lot of room to be improved. The measured background 

propagation loss was 0.28 dB/cm at 1318 nm while the reported background loss from 

rod-in-tube technique could be as low as 0.35 dB/km [P. C. Becker et al. 1999]. 

The final major conclusion is that 34% erbium ions were found to be paired in our 

3.5wt% erbium-doped phosphate fiber amplifiers. The onset of erbium concentration for 

pair induced quenching is suggested to be around 3wt% in phosphate fiber amplifiers. 

This conclusion is based on the fact that our lower erbium concentration (3wt%) 

phosphate fiber amplifiers achieved higher gain per unit length than our higher erbium 

concentration (3.Swt%) phosphate fiber amplifiers. The validity of this conclusion is 

demonstrated by the excellent agreement between the modeling results and the 

experiment results as presented in chapter S. This conclusion suggests the limitation of 
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the maximum of erbium concentration that can be doped. Erbium concentration and the 

ratio of erbium/ytterbium concentration should be carefully decided. 

bi summary, this dissertation study shows some exciting results but challenging 

problems still lie ahead. 
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