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Abstract

Rare-earth doped fiber lasers find wide applications in a variety of fields. Their
high-efficiency operation is of interest to almost all of the applications. This Thesis
explores the ultra-high efficiency rare-earth-doped fiber lasers in the infrared and visible
wavelengths.

Specifically, an erbium-doped fiber amplifier (EDFA) for deep-space

communications was optimized and the world's first diode-pumped direct-oscillating
silicate terbium-doped fiber laser (TDFL) was explored.
For the deep-space EDFA, a numerical model for the amplifier was developed
with which the raw amplifier efficiency was boosted all the way to the quantum defect
limit by properly optimizing the amplifier design. Nonlinear optical (NLO) effects were
calculated and the constraints they place on the operational data format were revealed.
Within the NLO-free data format space, the dynamic gain effects were quantified and
presented on the data format map.

Their impact on the efficiency of the whole

communication system was discussed.
For the visible TDFL, a model for the laser was developed incorporating excitedstate absorption (ESA), which is the major obstacle to lasing. A full spectroscopic
characterization of the Tb3+ in silicate glass hosts was carried out. Two techniques for
mitigating ESA were proposed and verified numerically with the model and the obtained
parameters. A comprehensive design of the fiber laser was also performed yielding the
optimum fiber design to achieve lasing. Finally, the experiments that laid down the
foundation for realizing the visible TDFL were presented.
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1. INTRODUCTION

Rare-earth (RE) doped fiber lasers have arguably become the most important
class of solid-state lasers. They have enabled both the Internet by low-noise all-optical
amplification of data carriers and precision industrial machining via kilowatt-class laser
sources.

Their ruggedness and reliability, both due to their monolithic all-glass

construction, have placed them at the forefront in demanding applications, with new
applications arising every year.
As its name suggests, the gain medium of RE-doped fiber lasers are rare-earth
ions hosted in a glass optical fiber. They must be optically pumped, almost exclusively
by another laser and usually with semiconductor lasers. The fiber architecture allows
several ways of forming the cavity that cannot be used with any other gain medium. One
such unique method is an all-fiber cavity with fiber Bragg gratings (FBGs) fusion-spliced
to the gain fiber as cavity mirrors. The cavity can also comprise fiber only as the gain
medium and exploit free-space optics as the rest of the cavity.

1.1. Characteristics of rare-earth-doped fiber lasers
RE-doped fiber lasers have unique features that give them several distinctive and
highly

attractive

characteristics

and

have

made

them

the

workhorse

telecommunications and industrial machining. These features are listed below.

1.1.1. Power scalability and high efficiency

of
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In most laser systems, the output power is limited by either the amount of pump
power that can be injected into the gain medium, thermal effects, or catastrophic damage
somewhere in the laser cavity. RE-doped fiber lasers have several features that avoid
these issues, such as
•

the availability of high-power and scalable pump laser diodes,

•

the dual-clad (cladding-pumped) fiber geometry that collects the low-

quality optical beam from the high-power pump diodes,
•

large-mode-area fiber to effectively manage nonlinear effects and damage,

•

the ease of heat dissipation in a long and thin fiber geometry,

•

inherently low heat generation due to the low quantum defect, especially

in ytterbium-doped fiber lasers, and
•

the ability to highly dope the dual-clad fiber’s core to achieve enough

pump absorption to keep the fiber length, thus background loss, reasonable.
The wall-plug efficiencies of RE-doped fiber lasers are much higher than their
counterparts with similar power levels, such as carbon-dioxide lasers and Nd:YAG lasers
[1].

1.1.2. High brightness
The beam quality of the output of RE-doped fiber lasers is very good, most often
purely single-mode, because the cavity modes are defined by the waveguide (fiber) rather
than the cavity mirrors. Typically, the fiber is designed such that only the fundamental
mode is supported, giving the laser a strictly single-mode output. However, even when
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the fiber is multi-mode, additional mechanisms are often engaged to favor the
fundamental mode, such as bending [2], spatially tailored gain [3] and resonant coupling
of higher-order modes into leaky modes [4].

1.1.3. Reliability
Since RE-doped fiber lasers are typically completely fusion spliced into a single
all-glass structure, they require minimal maintenance once assembled and deployed. The
waveguiding structure in the fiber prohibits cavity misalignment from mechanical
vibration, temperature drift, or degradation of components. The failure mode of fiber
lasers typically resides in the pump lasers, which have lifetimes reaching over 50,000
hours of run-time even up to multi-kW power levels.

1.1.4. Distinct emission bands with relatively broad gain bandwidth
RE ions in glass hosts emit in discrete but relatively broad bands. This feature has
enabled fiber amplifiers for telecommunications covering all optical signal bands. In
general, all RE-doped fiber lasers have some level of tunability and the capability of
mode-locked operation.
The amorphous structure of the glass hosts shifts the energy levels of the
embedded ions inhomogeneously, broadening the sharp emission lines of the standalone
RE ions into bands. However, the valence electrons of the RE ions, the 4f electrons, are
well shielded from the crystal field by the full 5s and 5p orbitals, so the bands still remain
distinct rather than all merging together, as they do in transition metals.

4

1.2. Fiber lasers for deep-space laser communication systems
The high power and high efficiency achievable in RE-doped fiber lasers make
them good sources for free-space communications.

Without the benefits of a

transmission fiber as in fiber-optic communications, diffraction causes the signal
intensity to decrease quickly with the distance of propagation, such that high power is
usually required of the laser sources.

At high-power operation, high efficiency is

desirable for the reduction of operational power and increase of laser lifetime by
alleviating its thermal load.

A particularly interesting and important case is the

communication between exploration vehicles in outer space (beyond Earth orbit) and
control centers on Earth. Compared with the traditional radio-frequency communications
used for this application, optical communications offers several orders of magnitude
higher data rate and much less loss of power due to diffraction [5]. Compared with
terrestrial free-space communication systems, the vast distance of propagation combined
with the limited power generation and heat dissipation capacity in space put more
stringent requirements on the power and the efficiency of the laser transmitter. As such,
efficiency is of more fundamental importance.
Despite the higher efficiency achieved in ytterbium fiber lasers, the nature of
deep-space communications makes erbium fiber lasers preferable due to (a) higher eye
damage threshold, (b) higher atmospheric transmittance, (c) wide availability of
components at the telecommunications wavelength, and (d) less aberrations at longer
wavelengths.
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1.2.1. Efficiency limits and degradation mechanisms in erbium-doped fiber amplifiers
The highest efficiencies achieved in erbium-doped fiber lasers (EDFLs) and
erbium-doped fiber amplifiers (EDFAs) for the resonantly and non-resonantly pumped
cases are summarized in Table 1.1. Obviously, the efficiencies of both the 980 nm
pumped dual-clad EDFL and EDFA are well below the corresponding values for
resonantly pumped ones, and can never exceed the physical limit of 62.0% with a 976 nm
pump and 1575 nm signal. Although the efficiency in the resonantly pumped case can in
principle exceed 90%, both resonantly pumped EDFL and EDFA are well below the
physical limit of 95.4%, indicating there is a lot of room for improvement especially for
the amplifier.

Table 1.1. Highest efficiency achieved in resonantly and non-resonantly pumped EDFLs
and EDFAs. Output power levels are also given.
Resonantly pumped

Non-resonantly pumped

EDFL efficiency

70.8% at 264W [6]

39% at 75W [7]

EDFA efficiency

33% at 9.3W [8]

31% at 7.5W [9]

Theoretical efficiency limit

95.4%

62.0%

The mechanisms that reduce efficiency in an active fiber device are (a) any
transitions in the medium other than the pump absorption and signal stimulated emission,
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and (b) background loss for the light propagating in the fiber. The transitions depend on
the species of the active ion. We will next address the issues specific to erbium.
To avoid the energy-wasting non-radiative decay from 4I11/2 to 4I13/2 in Er3+,
resonant pumping should be used in which the ions are pumped into the same band from
which the laser transition originates, namely the 4I13/2 band. However, because the
energy bands of Er3+ are located in such a way that the energy gap between 4I13/2 and 4I15/2
matches that between 4I9/2 and 4I13/2, two ions on 4I13/2 can exchange energy via dipoledipole interaction to promote one of them to 4I9/2 while demoting the other to 4I15/2 [10].
After this, the ions on 4I9/2 follow the “ladder” of energy bands between 4I9/2 and 4I13/2
back to 4I13/2 through a series of non-radiative decay, as shown in Fig. 1.1. The net effect
is the quenching of the excitation from one of the Er3+ ions, which clearly causes
efficiency decrease. The closer the interacting ions are together, the stronger the energy
exchange becomes.

Media with higher doping concentrations exhibit a stronger

interaction, hence the name “concentration quenching”.
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Concentration quenching in Er3+

Fig. 1.1. Concentration quenching in Er3+

Depending on the distance between the ions, concentration quenching in Er3+ is
divided into two categories: cooperative upconversion and pair-induced quenching. In
cooperative upconversion, the ions are farther apart and the process happens on a
millisecond time scale. In pair-induced quenching (PIQ), the ions are so close together
that they exchange energy on a sub-microsecond time scale, much faster than all other
transitions in the medium [11]. In PIQ, one can think of the interacting ions to have
formed pairs (some literature calls them “clusters”), and the energy exchange effectively
keeps one ion in the pair at the ground level 4I15/2 at all times.
Instead of providing the desired gain to the signal, the population on the lasing
level, 4I13/2, can alternatively spontaneously emit, be stimulated to emit by a noise photon
(rather than a signal photon), or decay non-radiatively. None of these mechanisms
contributes to the amplification of the signal and reduces efficiency.
In addition to these mechanisms in the active medium, the pump and signal light
suffer loss simply upon propagation inside the fiber.

This propagation loss is a

combination of Rayleigh scattering, infrared (IR) absorption, and waveguide
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imperfections. These loss mechanisms occur at both the pump absorption and signal
emission wavelengths (1530 nm and 1600 nm, respectively, for resonant pumping).

1.2.2. Other performance limitations in erbium-doped fiber amplifiers
In addition to the efficiency limitations stated above, other more subtle effects in
the amplifier influence the total communication system efficiency without impacting the
amplifier efficiency per se. Two specific categories in this class will be discussed.
The first is in regards to the signal bandwidth. In deep-space communication
systems, the receiver is often equipped with a bandpass filter to cut out the strong solar
radiation background that would otherwise swamp the detectors. At sufficiently high
optical power levels, nonlinear optical (NLO) effects in the fiber laser itself may shift
part of the signal power outside the passband of the filter and cause loss of signal power
at the receiver and reduction in net system efficiency.
The second category is in regards to the signal detection. The detector in the
receiver is often a photon counter, and therefore needs the number of photons in a pulse
(i.e. pulse energy) to remain stable for accurate registration of the pulses. The data
format employed in these systems is often the pulse-position modulation (PPM) format
[12], for which the information is encoded in the position of a pulse within many possible
slots. Any distortion of the pulse shape may change its temporal centroid, making it
appear to shift in its data “slot.” Therefore, the stability of the energy of output pulses
and the distortion of the shape of the pulses are both linked to the accuracy of detection
and are important operational efficiency factors to consider.
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Out of all possible NLO effects, only self-phase modulation (SPM) and stimulated
Raman scattering (SRS) are of concern to the deep-space communications application.
First of all, the glass material of fibers has inversion symmetry, so χ(2) processes are
forbidden. Among χ(3) processes, self-focusing is unlikely because the power is far below
its critical power. Cross-phase modulation and four-wave mixing are not of interest when
we are considering single-channel communications. Stimulated Brillouin scattering (SBS)
has a gain bandwidth of typically 50–100 MHz [13] in silica fibers, whereas the filter on
the receiver has a much broader bandwidth, for example 5 GHz.

Applying phase

modulation to the signal will broaden its spectrum beyond the SBS bandwidth but well
within the filter bandwidth, thereby effectively mitigating SBS.
SPM originates from the intensity-dependent refractive index in the χ(3) process
[14]. It imposes a nonlinear phase shift to the signal proportional to its intensity. For a
pulsed signal, this phase shift varies with time as the intensity does, so it will add new
frequency components to the original signal, broadening the signal spectrum. Signal loss
occurs when its bandwidth exceeds that of the receiver filter.
SRS is the scattering of light by optical phonons in the medium [14]. Due to the
energy imparted to the phonons, the signal is shifted away from its original band by ~13
THz [15]. This is well outside the receiver filter, which is 5 GHz wide centered on the
signal wavelength, and represents a loss in received signal power and net system
efficiency.
The stability of the energy of output pulses is mainly affected by the gain
dynamics. PPM symbol rates for deep-space communications (potentially from 200
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kHz–300 MHz) result in an inter-pulse gap as long as a few microseconds. This gap is
not negligible compared with the population recovery time of erbium ions in the
amplifier under typical pumping conditions. Moreover, this gap varies from pulse to
pulse due to the PPM data modulation scheme. Therefore, the inversion level is different
for each pulse depending on the gap before it, and the gain experienced by each pulse
will vary. Even for an input train of identical pulses, the energy of the output pulses will
fluctuate depending on the pulse pattern, as shown in Fig. 1.2. This can result in a noise
source that can lead to increased bit-error rate, particularly at low photon count. This
situation is drastically different than the case of telecommunications EDFAs where the
high (tens of gigahertz) data rates mimic continuous-wave (CW) gain extraction,
resulting in no pulse-to-pulse fluctuations.
Evolution of stored energy and fluctuation of output pulse energy in a pulsed EDFA

Fig. 1.2. Stored energy (blue line) in a typical fiber amplifier for a randomly spaced pulse
train, and the energy of the output pulses (red squares). A symbol duration of 5 μs was
chosen to maximize the effect.
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The gain dynamics in high-repetition-rate fiber amplifiers were studied in the
early days of research on EDFA for telecommunication applications [16]. In this regime,
the ultra-high (>GHz) repetition rates are much faster than the population recovery.
Therefore, the EDFAs operate in an effectively CW regime, and the variation in output
pulse energy is negligible. On the other end of the spectrum, Wang and Po studied the
gain dynamics of low-repetition-rate fiber amplifiers for a ytterbium-doped fiber
amplifier at 10–100 kHz pulse repetition (rep) rates and mJ-level pulse energies [17]. In
this regime, there is no variation in output pulse energy because the inversion has
sufficient time to fully recover to the same state before the next pulse arrives.
The operational regime of the EDFA for the deep-space laser transmitter
considered here is different from these previous works, with repetition rates that are too
low to guarantee CW-like behavior of the amplifier, and too fast to guarantee full
population recovery between pulses in the PPM data stream. Therefore, this unique
regime requires a systematic study on the dynamic gain effects under a continuum of data
formats, which will be addressed in this Thesis.
The distortion of the pulse shape is caused by intra-pulse gain saturation. That is
to say, the gain level changes within the pulse duration due to the high amount of energy
extracted out of the gain medium during the transit of a single pulse. Intra-pulse gain
saturation can occur in deep-space laser transmitters because, at their symbol rates, the
output pulse energy can reach 10’s of μJ, which is not negligible compared with the
saturation energy of the fiber amplifier [18]
Esat 

Ah
 140J .
   emi
abs

(1.1)
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For square-shaped input pulses, where this effect is most easily observed, the output will
therefore not be square shaped; the leading edge of the pulse saturates the gain, leaving
less gain for the trailing edge. This effect, called square-pulse distortion (SPD) [19], is
illustrated in Fig. 1.3. In contrast, in telecommunications, the energy of the individual
pulse is negligible compared to the saturation energy, so SPD is not of concern.
Square-pulse distortion

Fig. 1.3. Distorted output waveform (red solid) of a fiber amplifier overlaid with an
undistorted square-shaped input (blue dashed) for comparison under conditions of intrapulse gain saturation.

The theory for pulse propagation in a saturable optical amplifier was established
by Frantz and Nodvik [20]. More recent work has taken advantage of the closed-form
expression relating the waveforms of the input and output pulses to pre-compensate the
gain saturation to get the desired output pulse shape [21, 22]. One goal of this Thesis is
to quantify the pulse distortion and study its dependence on the specific interplanetary
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communication data format, which serves as important reference for choosing operating
data formats and implementing correction schemes.

1.3. Fiber lasers for digital laser cinema displays
Many of the RE ions are capable of emitting in the visible wavelengths, e.g. Pr3+
at 522nm and 638nm [23], Sm3+ at 650 nm [24], Tb3+ at 544nm, 587nm, and 622nm, and
Dy3+ at 583 nm [25]. If visible fiber lasers can be made using these RE ions with a
commercially viable technology, they can overhaul many existing and emerging
applications just as EDFAs have done to the telecommunications.
One of these emerging applications is the projection display in movie theaters,
specifically for digital laser cinema. Projectors for this application require 10 – 50 W of
power to produce the needed illuminance on the screen. High power semiconductor
lasers currently can fill the need in the red and blue color bands, with technology that is
compact, robust, and reliable. However, the green band remains elusive due to the
persistent lifetime issues in green semiconductor lasers, particularly at the correct green
wavelength [26].
The current solution for attaining the high-power green emission for this
application is to use a frequency doubled infrared (ytterbium-based) fiber laser. Since the
frequency doubling process requires a narrow spectral band for efficient conversion, the
resulting green is laden with speckle that significantly degrades the image quality. As
such, complex and expensive modulation schemes are required to dither the speckle at
sufficiently fast rates that the eye cannot perceive. While this can achieve the desired
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green emission, the resulting system is expensive (more expensive than the red and blue
bands combined) and prone to failure due to the complexity and number of components.
Although RE ions, specifically Tb3+, can in principle reach the desired
wavelength band, and in a format that allows high power (dual-clad fiber), no such fiber
laser has been demonstrated to date. If such a fiber laser could be realized at these power
levels, it should have as few components as possible to reduce its failure rate, require
minimal maintenance, and have high efficiency for reducing equipment heating thus
increasing its lifetime.

1.3.1. Non-radiative decay in RE-doped fiber lasers
The metastable levels of RE ions for visible lasing often have other levels closely
below them, as can be seen from Fig. 1.4. This leads to fast non-radiative decay. The
fast population decay reduces the lifetime of the metastable level to such an extent that
people have not been able to achieve visible lasing in silicate fibers for most RE ions, and
have for the most part resorted to fluoride fibers [27-34].
The host material comes into play via its phonon energy. Non-radiative decay of
RE ions in glass hosts is mainly electron-phonon interactions. The decay rate of a level
depends on the number of phonons needed to bridge the energy gap between this level
and the level immediately below it. Since the fluoride glass has a smaller phonon energy,
~600 cm-1 [35] than the silicate glass, ~1100 cm-1 [35], it takes almost twice as many
phonons in fluoride glasses to bridge a given energy gap as in silicate glasses. Due to the
statistical nature of the interaction, this results in a significant reduction of the
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multiphonon decay rate. Using a fluoride-based fiber therefore enables a reasonable
lifetime on the upper lasing state and can allow direct visible lasing.
Energy level diagrams for visible emitting rare-earth ions

Fig. 1.4. Calculated energy levels of RE ions in LaF3 capable of visible emission, adapted
from Ref. [36]. The grey bands denote the energy of the 4fN-15d1 configuration.

16

However, fluoride fibers lend themselves poorly to this application for several
reasons: (a) fluoride fibers have a different melting point from silicate fibers, making
them hard to splice with most fiber components which are developed on silicate fibers for
the telecommunications industry;

(b) fluoride fibers are brittle, making cleaving a

challenge; and (c) fluoride fibers absorb moisture from the air, reducing the device
lifetime, increasing the cost for protection, and increasing maintenance requirements.
Although one group has recently developed waterproof fluoride fibers capable of visible
lasing [33, 37], the other disadvantages remain. Visible silicate fiber lasers are sought for
due to their much better compatibility with the existing fiber technology.

1.3.2. Visible fiber laser via nonlinear frequency conversion
Another current solution for visible fiber laser avoids the non-radiative decay
problem altogether by generating IR laser first with high efficiency using the relatively
mature IR (ytterbium) fiber laser technology and then converting it to the visible via
nonlinear optics, specifically frequency doubling. The system efficiency is the product of
the efficiency of the IR fiber laser and that of the nonlinear frequency conversion.
Ytterbium-doped fiber lasers routinely achieve an efficiency of 60-80% [38]. For pulsed
lasers, a single pass through the nonlinear crystal suffices to achieve a conversion
efficiency of ~55% [39], putting the system efficiency somewhere between 33% and 44%.
For CW lasers, resonant cavity enhancement is usually required and a system efficiency
of ~21% with respect to absorbed diode power at 975 nm can be achieved [40, 41]. The
wavelength coverage of this method can be extended by changing the wavelength of the
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fundamental beam, one prominent example of which is shifting the wavelength to ~1178
nm with Raman conversion followed by frequency-doubling to 589 nm [42] to be used as
a laser guide star.

However, an added stage means added complexity, such as an

alignment-sensitive resonant cavity, or an extra oven to control the temperature of the
crystal. The system efficiency is also reduced by the nonlinear frequency conversion.
For projection display applications, broadband sources are preferred for speckle reduction,
which limit the length of the nonlinear crystal due to phase matching. To keep the
nonlinear conversion efficiency high, high peak power is required. Femtosecond fiber
lasers present a solution [43] but with considerable system complexity. Direct oscillating
visible fiber lasers are preferred for their simplicity and ideally higher efficiency.

1.3.3. Excited state absorption in terbium-doped fiber lasers
Among the visible-emitting RE ions, lasing in silicate fibers has been realized for
Sm3+ [24] at 650 nm, which is a less useful wavelength due to the maturity of current red
laser diode technology. The most promising ion to lase in silicate fibers is Tb3+, because
its lasing level, 5D4, has the weakest non-radiative decay of visibly emitting RE ions. As
mentioned previously, the decay rate of an atomic level depends on the number of
phonons needed to bridge the energy gap between this level and the level immediately
below it. In addition to having a low phonon energy, the other way to achieve slow
multiphonon decay is to have a large energy gap below the lasing level, which is the case
for the 5D4 level in Tb3+, as shown in Fig. 1.4. Terbium's strongest emission is at 544nm,
where the laser diode technology has yet to overcome problems such as low output power
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and short device lifetime [26]. The excitation wavelength to generate the green emission
is 488nm, enabling the convenient pumping with commercial laser diodes [44]. Based on
these, the current circumstances all favor a terbium-doped silicate fiber laser in the green.
However, to date, high-efficiency lasing has not been realized.
The major obstacle to the realization of a terbium-doped silicate fiber laser is
excited-state absorption (ESA). ESA is the process where an ion in an excited state
absorbs yet another photon and gets promoted to an even higher state. The higher state
usually has a ladder of levels below it, and the ion will decay to the lowest of these
through non-radiative decay. This is illustrated in Fig. 1.5 for the example of Tb3+.
An ion in the 5D4 level (the excited state) can absorb a pump photon at 488 nm or
a signal photon (544, 587, or 620nm) and jump to one of the higher levels. The ion then
quickly decays back down to the 5D3 level. At low concentrations of Tb3+, the vast
majority (~99.67%) of the ions on

5

D3 radiatively decay to the 7FJ levels, and

subsequently all decay to the ground 7F6 level non-radiatively. In this case, an ion begins
in the excited state 5D4 but ends up in the ground state 7F6 upon absorbing a photon, thus
two quanta of excitation are lost. At high concentrations, the cross-relaxation between
Tb3+ ions promotes one of them from the ground 7F6 level to the 7F0 level at the expense
of the other, which gets demoted from 5D3 down to 5D4, as shown in Fig. 1.6.
Immediately afterwards, the ion on 7F0 decays back to 7F6 through non-radiative decay.
In this case, the ion returns to the 5D4 level after the whole process, thus one quantum of
excitation is lost. Since both these cases involve the loss of the photon energy, ESA
reduces the efficiency and in most cases prohibits lasing in general.
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Fluoride hosts help mitigate ESA through reducing the strength of the ESA
transitions. The final state for ESA from the 5D4 level in Tb3+ has the 4f75d1 electronic
configuration. Unlike the 4f electrons, the 5d electron is not as well shielded by the 5s
and 5p shells, and its energy level is more affected by the crystal field in the host material.
The 4f75d1 band is known to be at a higher energy in fluoride glasses than in silicate
glasses [45]. ESA is thus weaker in fluoride glasses. The only successful demonstration
of a direct oscillating visible terbium-doped fiber laser used a ZBLAN fiber (a fluoride
fiber) [34], and the efficiency was a very low 0.21%. While this demonstration proved
the potential of using terbium as a gain medium for visible emission, lasing is required in
a silicate fiber with efficiencies in the tens of percent in order for the technology to be
commercially viable.
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Excited-state absorption in Tb3+

Fig. 1.5. Excited-state absorption in Tb3+
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Cross-relaxation in Tb3+

Fig. 1.6. Cross-relaxation in Tb3+

1.4. Outline of the dissertation
This Thesis has two primary thrusts: to push the efficiency of a practical EDFA to
the quantum-defect limit for use in deep-space communications, and to design and build
the world's first diode-pumped direct-oscillating silicate terbium-doped fiber laser
(TDFL).
In Chapter 2, the theoretical framework for the Thesis is laid out. Models are
developed for the EDFA and the TDFL, respectively. For the EDFA, both steady-state
and pulsed models are presented.

Each model is formulated into a set of light

propagation and rate equations. All models are calibrated against published experimental
results.
In Chapter 3, the steady-state model for the EDFA is used to optimize the
parameters of a continuous-wave resonantly pumped double-clad EDFA. The pump and
signal wavelengths, the split of the pump power between the front and back end, the seed
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power, the core/cladding area, and the doping concentration are considered.

The

underlying physical mechanisms are discussed in connection with the optimization of
each parameter.
In Chapter 4, the optimum EDFA design from Chapter 3 is adopted and
considered for operation in the pulsed regime. The nonlinear optical effects are first
calculated, and the constraints they place on the data format are obtained. Then, within
the data format space free from nonlinear optical effects, the effects of the gain dynamics
and intra-pulse gain saturation are quantified. Their dependence on the data format is
studied and the underlying physics are discussed.
Chapter 5 focuses on the foundational work for the realization of a TDFL. A
complete spectroscopic characterization of the Tb3+ in silicate glass hosts is presented.
Important parameters of Tb3+ are experimentally obtained for designing an efficient
TDFL using the models established in Chapter 2.
Chapter 6 proposes novel strategies developed for suppressing ESA in Tb3+. The
simulations aimed at finding the optimum fiber laser design are described.
Chapter 7 and Chapter 8 present the experiments towards the realization of the
TDFL. Chapter 7 is devoted to the assembly of the laser diode pump system, and
Chapter 8 details the experiments on the fiber.
Finally, Chapter 9 provides the conclusions of the Thesis, and points towards
future directions of research that naturally follow the presented work.
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2. MODELS AND NUMERICAL METHODS FOR THE STUDY OF THE EDFA AND
THE TDFL

In this Chapter, the models for the EDFA and the TDFL and the numerical
methods employed in the studies are presented. Each model is formulated into a set of
light propagation and rate equations. All computational models are calibrated against
published experiments.

2.1. Model and numerical methods for the EDFA
The study of the EDFA is carried out with numerical simulations because it is
much more costly and time-consuming to experimentally investigate in such a large
multi-dimensional space of fiber parameters (pump and signal wavelength, pump
configuration, seed power, cladding and core diameter, and doping density). Two models
in particular were developed for this study: a continuous wave (CW) model, and a timedependent model for pulsed operation that is built upon the CW model.

2.1.1. Model for continuous-wave EDFA
The optimization of efficiency is done with a steady-state model for CW EDFAs.
This is justified by noting that even at the slowest pulse repetition rate, the inter-pulse
spacing is still reasonably small compared to the population recovery time. During the
operation, the population inversion only makes small excursions from the average
inversion level which is the same as a CW amplifier with the same average power. As a
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result, the time-averaged efficiency, which depends on the time-averaged population
inversion, primarily depends on the average power.

This ansatz was subsequently

validated by the pulsed EDFA model.
The physics of the CW amplifier, illustrated by the energy level and transition
diagram in Fig. 2.1, are captured with the following light propagation and rate equations
[46]:
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The populations satisfy N1( s )  N2( s )  (1  2k ) N and N1( p )  N 2( p )  kN , where N is the total Er3+
doping density, and the superscripts (s) and (p) denote single and paired ions,
respectively. AEr = Acore is the cross-sectional area of Er3+ doping, which is uniform
across the core. In Eq. (2.1), “+” and “−” refer to forward and backward propagating
light, respectively. Rλ is the wavelength dependent Rayleigh scattering coefficient and S
is the capture fraction of the fiber [47]. The strengths of cooperative upconversion and
pair-induced quenching are described by the upconversion coefficient, C, and the fraction
of paired ions, 2k, respectively.
Special consideration must be made in order to apply this model to large-modearea (LMA) fibers. First, as the fiber core diameter is increased, the mode becomes
smaller relative to the core, as shown in the left and center of Fig. 2.2 and therefore
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cannot extract the gain at the edges of the core-cladding interface [3]. This problem
becomes exacerbated when considering coiling the fiber for single-mode operation.
Although coiling the fiber strips out the unwanted higher-order modes, it causes the
fundamental mode to compress in the direction of the bend [48, 49], as shown in the right
of Fig. 2.2, further reducing the amount of gain that can be spatially extracted. In order
to account for this in a straightforward fashion, the core was divided into two spatially
separated parts, each with its own population, as illustrated in Fig. 2.3. One part (a) is
determined by the mode area and interacts with all propagating optical power (pump,
signal, and ASE). The other part (b) is the remainder of the core area and only interacts
with the pump. Since this latter part of the population is pumped where no signal exists,
it cannot contribute to amplification of the signal and thus results in reduced net gain. In
both parts, the optical intensities and the populations were otherwise assumed to be
spatially uniform. This new approach was incorporated into our model through the
definitions of the overlap factors m and g , and captures the spatially dependent nature
of the gain in LMA fibers while avoiding the complexity and computation time of a
modally resolved model [50].
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Energy level and transition diagram in resonantly pumped EDFAs

Fig. 2.1. Energy level and transition diagram in resonantly pumped EDFAs

Depiction of fiber modes in the fiber core

Fig. 2.2. Depiction of mode size and shape relative to a small fiber core, a large fiber core,
and the core of a bent fiber.
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Illustration of the division of the core area

Fig. 2.3. Dividing the core area into two parts according to its overlap with the signal
mode.

2.1.1.1. Parameters of the CW EDFA model
The parameters used through the study are listed in Table 2.1. These parameters
are taken from commercial double-clad erbium-doped fibers (EDFs) [51].
commercial fiber from nLight represents a typical dual-clad EDF.

This
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Table 2.1. Parameters for the erbium-doped fiber in this study
Parameter

Value

Parameter

Value

Numerical aperture

0.09

Doping density

2 * 10-25 /m3

Lifetime for 4I13/2 level

9 ms

Fraction of paired ions

3.6%

Core/cladding background loss

41 dB/km Cooperative

1 * 10-22 m3/s

upconversion
coefficient
Bend

loss

for

multimode 0.1 dB/m

Pump power

10 W

operation
Loss for low-loss EDF

1.7
dB/km

The nominal cross-section data from the vendor does not vary smoothly with
wavelength, most likely due to errors in the measurement. This leads to artificial local
maxima in the optimization of pump and signal wavelengths. This is corrected by
introducing a phenomenological multi-Gaussian fitting to the cross-section spectra:
    center  2 
i
  .
     0 i 1 Ai exp   width
  i
 
n

(2.4)

The fitting for the Liekki 60-20/125 double-clad erbium-doped fiber is plotted in Fig. 2.4.
The parameters are listed in Table 2.2.
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Absorption cross-section (*10-25 m2)

Fitting the cross-section of Er3+ cross-sections with multiple Gaussians
8
7
6
5
4
3
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1
0
1350

1400

1450

1500
1550
Wavelength (nm)
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1350
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Fig. 2.4. The experimental absorption (Top panel, sky blue curve) and emission crosssections (bottom panel, orange curve) of the Liekki 60-20/125 double-clad erbium-doped
fiber and their smooth fitting (dark blue curve) achieved with multiple Gaussians.
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Table 2.2. Phenomenological parameters to fit the cross-section spectra of the Liekki 6020/125 double-clad erbium-doped fiber
Absorption
λcenter (nm)
1410
1475
1495
1514
1528
1544
1555
1446
1583

λwidth (nm)
40
34
70
18
16
15
27
30
60

Weight
0.025
0
0.53
0.15
0.79
0.19
0.29
0
0.072

Scale_factor
(10-25 m2)
6.1

Emission
λcenter (nm)

λwidth
(nm)

1479
1490
1500
1525
1529
1542.5
1558
1583
1610
1555

Weight
45
35
30
33
12
15
25
47
25
10

0.08
0.07
0.09
0.53
0.545
0.35
0.54
0.251
0.065
0.04

Scale_factor
(10-25 m2)
5.7

In the optimization, a linear scaling rule is adopted for both the upconversion
coefficient and the fraction of paired ions with the doping density [52]:

C N Er   11022 m3 / s 
2k N Er   3.6% 

N Er
,
2 1025 / m3

N Er
.
2 1025 / m3

(2.5)

(2.6)

The signal mode area in a bent large mode-area (LMA) fiber is calculated from
the Marcuse formula [53] and a phenomenological bend-induced mode-area reduction
ratio, Rd:

Abent  Astraight  Rd ,
2
where Astraight  rMarcuse
,

and the reduction ratio, Rd, is assumed to take the form

(2.7)
(2.8)
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Rd  A  V  .

(2.9)

The two constants A and α are determined by fitting published mode areas for bent LMA
fibers [54]. Although a wavelength of 1030 nm was assumed in calculating Dawson's
experimental reduction ratios, the waveguide equivalence concept [53] allows its use at
alternative wavelengths using the V parameter.

Good fitting is obtained with the

parameters in Eqs. 2.10 and 2.11, illustrated by Fig. 2.5.
Rd  1 , for V ≤ 6.08,

(2.10)

Rd  15 / V 1.5 , for V > 6.08.

(2.11)

Fitting of experimental reduction ratio of fiber mode size
1.2
Reduction ratio

1
0.8
0.6
0.4
0.2
0
0

5

10
V number

15

20

Fig. 2.5. The reduction ratio calculated from mode-areas from Ref. [54] (blue diamond)
and fitting with the empirical expression in Eqs. 2.10 and 2.11 (magenta square). The
mode-area of the straight fibers are calculated using the beam-propagation method

It should be noted that the above equations were obtained from Dawson's data, which
used the beam-propagation method (BPM) to calculate the mode-area of straight fibers.
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In the current model, using the Marcuse formula provides a significant time saving. In
Dawson’s paper, the mode-area calculated with the Marcuse formula is 17% less than the
value calculated with BPM, corresponding to 9% less mode diameter. This is within the
error range considering the uncertainty in the fiber parameters.

2.1.1.2. Numerical implementation of CW EDFA model
The light propagation and rate equations are nonlinear, coupled, first-order,
boundary-value problems. Common sense tells us that when the pump and seed lasers
are turned on, a steady state is reached with steady population inversion and power
profile along the fiber amplifier. Stated in a mathematical way, the problem has a unique
solution. Therefore, an iterative integration method was adopted to find the solution.
The fiber is divided into a large number of short segments. An initial guess is
first assigned to all the unknowns (pump power, signal power, populations on the ground
and metastable levels). In one iteration, the forward light propagation equations are first
integrated from the front end of the fiber to the back end, starting with the boundary
value at the front end (used as an initial value) and updating the forward-propagating
power and population (but not the backward-propagating power) at each spatial step.
Then the backward light propagation equations are integrated from the back end to the
front end starting with the boundary value at the back end and updating the backwardpropagating power and population (but not the forward-propagating power) at each step.
This back-and-forth integration is repeated until the convergence criteria are reached.
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The needed spatial step size can be determined by requiring the percentage
increase in power in one step to be very small:





dP
z   emi N 2   absN1 Pz  P .
dz

(2.12)

After rearranging and using the maximum values for Liekki 60-20/125 EDF,

 max  7 *1025 m2 , Ntotal  2 *1025 m3 , and   0.9 , we obtain
z 



max

1
 79mm .
N total

(2.13)

The code was tested with different step sizes. It can be seen from the results, plotted as
output power vs. step size in Fig. 2.6, that for step sizes less than 3 mm, the output power
is different from the accurate result only on the 4th significant digit, agreeing well with
the theoretical prediction. The accurate result is taken to be the one obtained with the
smallest step size, because the fact that the output power converges to a stable value with
decreasing step size means that those small step sizes are small enough to reduce the
truncation error but not so small as to induce the round-off error.
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Finding the required step size

Calculated output power (W)

Forward pump
3.32
3.32
3.31
3.31
3.30
3.30
1.00E-04

1.00E-03

1.00E-02
Step size (m)

1.00E-01

1.00E+00

Calculated output power (W)

Backward pump
4.45
4.40
4.35
4.30
4.25
4.20
4.15
4.10
1.00E-04

1.00E-03

1.00E-02
Step size (m)

1.00E-01

1.00E+00

Fig. 2.6. Calculated output power for a 19 m EDFA at 1603 nm with 100mW seed and 10
W pump for different step sizes

When varying the fiber length in the optimization, the number of spatial steps, N,
rather than the step size, dz, was kept constant. This is because the amplifiers (required
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to be high efficiency and thus extract all possible gain) will run in the highly saturated
regime, in which the signal power grows in a more linear rather than exponential fashion.
When the total fiber length is scaled, the size of each step can be scaled with the same
factor while still keeping the percentage power growth roughly the same on one step.
This amounts to keeping N constant, and will satisfy the criterion for choosing step size:
keeping the relative power increase small on each step.
Same as all iterative techniques, the initial guess plays an important role in setting
the number of iterations (thus the time) it takes to find the solution: typically, the closer
the initial guess is to the final solution, the faster the code will converge. Based on this
principle, the initial signal power was set to be linearly growing from the seed power,

Ps ,inj , to the seed power plus the total launched pump power scaled by the photon energy
and subject to loss, Ps ,inj  Pp , f ,inj  Pp , f ,inj *

s
* exp   s L  . Physically, this assumes
p

complete gain saturation and 100% quantum efficiency, i.e. the idealistic target for
optimization.

The population is derived from the signal growth with the signal

propagation equation, and the pump decay is derived from the population. This initial
guess proved to work well in the simulations.
The criteria for convergence was that the relative changes between two
consecutive iterations of both the output signal power and of the residual pump power are
less than 10-6:
1
Psi,out
 Psi,out
i
s ,out

P

 10

6

and

1
Ppi ,out
 Ppi ,out
i
p ,out

P

 106 .

(2.14)
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The steady-state solutions of the power and population profiles produced by the code are
at times checked visually to make sure they are physical.
In practice, the iterative method converges for most power values. There are
cases when the iteration is trapped between two unphysical but bi-stable states. A poweraveraging technique was therefore implemented to guide the algorithm to the final
physical solution. After each integration, the geometric mean of the updated power
profile and the power profile just before the integration was assigned to the power profile.
This averaging serves to curb power values from going to (usually unphysical) extremes
and thus allows the iteration to get out of the bi-stable states.
There is always a trade-off between precision and computation time in the
optimization. When the step size for the parameter to be optimized is small, the resulting
optimum is precise but it takes a long time to reach it; the opposite is true when the step
size is large. In an effort to make the code “intelligent”, an adaptive search algorithm
was implemented. During the sweep of a parameter, a coarse (i.e. large step size) scan is
first performed. After locating the three parameter values for which the merit function
(in this case the output power) is largest, a second scan on a finer grid is carried out only
within the interval set by these three parameters. The code keeps narrowing down until
the desired precision is reached. In practice, three parameter step sizes are usually
sufficient to reach the needed precision. For example, subsequent wavelength step sizes
of 5 nm, 1 nm, and 0.2 nm were used to find the optimum signal wavelength.

2.1.1.3. Validation of CW EDFA model
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After developing the code, it was validated by showing that its numerical results
match the experimental results from the literature. As shown in Figs. 2.7 and 2.8 for
resonantly pumped EDFAs, both core- [55] and cladding- [8] pumped cases are very well
reproduced by the code.
Reproducing experimental results for core-pumped EDFA

Fig. 2.7 Reproducing experiments of a resonantly core-pumped EDFA
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Reproducing experimental results for cladding-pumped EDFA
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Fig. 2.8. Reproducing experiments of a resonantly cladding-pumped EDFA

2.1.1.4. Optimization using CW EDFA model
The fiber length of an amplifier is in general a free design parameter, but in this
work, it was routinely optimized at every set of other amplifier parameters.

In an

amplifier, the fiber length mainly determines the net absorption of the pump power. By
optimizing the fiber length for every set of parameters, the pump power is utilized to the
maximum extent possible. This enables fair comparison between different parameters.
Had this not been done, changing from Parameter Set A to Parameter Set B without reoptimizing the fiber length does not guarantee that the full capacity of Parameter Set B is
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explored. Some researchers [56] neglected this length optimization, which prevented
them from finding the true optimum design.
The parameters for a fiber amplifier form a multi-dimensional space in which
optimization should be ideally simultaneously covered.

Considering the number of

parameters (namely pump and signal wavelengths, splitting of pump power between
forward and backward configuration, the seed power, the cladding and core size, and the
doping density),

this

computational task.

multi-dimensional

optimization

represents

a

formidable

Fortunately, physics allows optimization of some parameters

individually and independently of the others, breaking a high-dimension space into
several 1D spaces and a low-dimension space, thus greatly saving computational time.
The justification will be given in connection with the optimization results for each
parameter in Chapter 3.

2.1.2. Time-dependent model for dynamic EDFA
The study of the EDFA gain dynamics is done with a time-dependent model,
which was adapted from the steady-state (CW) model. The energy levels and transitions
of Er3+ are the same, but in this case, the time derivative in the light-propagation and rate
equations are kept rather than set to zero as was done for the CW model. The resulting
equations are





2
N 2( s ) t   m P ,   P ,    abs N1( s )   emi N 2( s ) AEr h  N 2( s )  2  CN 2( s ) ,
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(2. 15)
(2. 16)
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 N 2( s )  N 2( p )  emi g h    P ,   S  R P , 

These are coupled, first-order, nonlinear partial differential equations. The initial
condition is the power and population profile along the fiber at the beginning of time, t=0.
As discussed above, even though the amplifier is pulsed, the populations at any given
time are only slightly different from those of a CW amplifier with the same average
power. A very good approximate initial condition is the population profile of the CW
amplifier, which can be calculated by the steady-state code. The boundary conditions are
the injected pump and signal power at their respective port (front or back end) as well as
zero for the forward/backward propagating ASE at the front/back end.
To solve these equations, the derivatives are first approximated by finite
differences:
Pz, t  Pz, t  dt   Pz, t 
,

t
dt

(2.18)

Pz, t  Pz  dz, t   Pz, t 
,

z
dz

(2.19)

N z, t  N z, t  dt   N z, t 
.

t
dt

(2.20)

Then the power and populations at the later time, t+dt, can be explicitly expressed as
functions of the power and populations at the present time, t. Graphically, the calculation
of the population and the power can be illustrated as
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Schematic for solving time-dependent light propagation and rate equations

Fig. 2.9. Illustration of solving the light-propagation and rate equations with the finitedifference method

The populations were resolved on fiber segments with power on their end-points in order
to give more accuracy to evaluating the spatial derivative. It can be seen from Fig. 2.9
that given the initial and boundary conditions, the power and populations at any time and
location can be determined.
Physics dictates that the spatial and temporal step sizes are related by the group
velocity of the pulse in the fiber. The temporal step size is set by resolving 10 points
across the pulse’s full-width at half-maximum (FWHM), and the spatial step size is set
accordingly.
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The time-dependent code is validated by comparing the amplification of pulses
with that of CW light under the same population inversion. This was done for a highlysaturated amplifier since this is how the laser transmitter will ideally operate. As shown
in Fig. 2.10, if the peak power of the pulse is chosen to be that of the CW light, the
amplified pulse not only follows the power value but also the shape of the power growth
curve, proving that the time-dependent code is working as expected.
Matching the CW power growth curve in the time-dependent code

Fig. 2.10. Snapshots of the amplification of a single pulse with 200 mW peak power at
different times from launch. The power and shape of the amplified pulse (blue solid)
match well with the power growth curve (red dashed) under CW condition with 200 mW
seed.

2.2. Model and numerical methods for the TDFL
The model for the TDFL is adapted from that of the CW EDFA. The fiber
parameters are replaced with those of the Tb3+-doped fiber. The rate equations are
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modified to reflect the energy levels and transitions of Tb3+, shown in Fig. 2.11,
specifically including ESA from 5D3 and 5D4 levels. It was assumed that only 7F6, 5D4,
and 5D3 have significant populations, and all other levels decay instantaneously via
multiphonon emission. Backward propagating signal in the cavity is accounted for in the
light-propagation equations.
Energy level and transition diagram of Tb3+

Fig. 2.11. Energy level and transition diagram of Tb3+
The resultant equations are:
dN 3( s ) dt   m P ,   P ,   abs N1( s ) ATb h
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In these equations, the subscripts 3 and 4 denote level 5D4 and 5D3, respectively. α43 is
the branching ratio for the decay from 5D3 to 5D4, i.e. the fraction of population that goes
to 5D4 out of all that decays from 5D3. The superscripts ESA,5D4 / ESA,5D3 mean the
ESA cross-section from 5D4 / 5D3, respectively. The rest of the symbols have the same
meaning as in the EDFA model.
In contrast to erbium-doped fibers, spectroscopic parameters are scarce from the
literature, so direct measurements were performed to get these parameters, which will be
discussed in Chapter 5. Like the EDFA model, these equations were also solved by (a)
assigning an initial guess to the power and population profiles; (b) integrating back and
forth from the boundary, implementing the averaging technique discussed in Section
2.1.1.2; and (c) iterating until the convergence criteria are reached.
Like the steady-state model for the EDFA, the rate equations are solved in the
steady state, i.e. by setting the time-derivative to zero.
The initial guess again assumes 100% quantum efficiency and complete gain
saturation, so the output power and signal power are assigned to be:
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The population and pump power profiles are calculated accordingly.
In the laser code, the criteria for convergence are that the relative changes
between two consecutive iterations in the population anywhere along the fiber, in the
output signal power, and in the residual pump power are all less than 10-4. Visual check
is also performed on the solutions of the power and population profiles produced by the
code to verify that they are physical.
The model is again validated by matching published experiments, which in this
case are limited [57]. As shown in Fig. 2.12, using the parameters given in Ref. [57],
both the trend of the gain vs. pump power curve and the values of the gain nicely match
the experiments.
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Reproducing Ohishi's TDFA results

Fig. 2.12. Reproducing Ohishi's results for the forward-pumped (green triangle) and bidirectional-pumped (blue diamond) terbium-doped fiber amplifier

2.3. Summary
The models and numerical methods are developed in this Chapter for the EDFA
and the TDFL. All the models are validated by matching the experiments in the literature.
These models are used in subsequent Chapters to optimize the efficiency of the EDFA as
well as to design the visible silicate TDFL.
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3. EFFICIENCY OPTIMIZATION OF THE DEEP-SPACE EDFA

The steady-state model developed in Chapter 2 was used to optimize the
parameters of a CW EDFA for the highest efficiency for the deep-space laser transmitter
application. As discussed in Section 1.2.1, the mechanisms of efficiency reduction in
resonantly pumped, double-clad EDFAs are concentration quenching, spontaneous
emission and non-radiative decay from the metastable level, ASE, and the fiber
background loss.
In fiber lasers and amplifiers, efficiency is most often expressed as a slope
efficiency of output power vs. absorbed pump power. The basis for this definition is to
see how close the operation is to the quantum defect limit: how many pump photons are
being converted to signal photons. However, this definition does not include the pump
power that is not absorbed in the gain medium and is lost to the system. In the deepspace laser transmitter application, the total input pump power must be considered to
describe the impact on the total system efficiency.

Therefore, in this Thesis, the

efficiency is defined from an engineering point of view of total system power.
With regards to the optical conversion in the EDFA, this point of view manifests
as the power-conversion efficiency (PCE), defined as
PCE amplifier 

out
in
Psignal
 Psignal
in
Ppump

.

(3.1)
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In this way, the arbitrariness of the absorbed pump power is removed, and all pump
power, both absorbed and that which is not absorbed and lost out the end of the fiber, is
included in the efficiency calculation.

3.1. Pump and signal wavelengths
The first parameters that are optimized are the pump and signal wavelengths. The
inversion level, defined as the fraction of population in the metastable level, plays an
important role in determining the optimal pump and signal wavelengths. Fig. 3.1 shows
the gain/absorption spectrum of Er3+ for various inversion levels. In order to extract
maximum gain for ultrahigh efficiency, seeded amplifiers must be highly saturated yet
above transparency, leading to inversion levels around 25%–30%. This results in a
maximum absorption near 1530 nm and a maximum gain near 1605 nm.
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Gain/loss spectra at different inversion levels

Fig. 3.1. Gain/loss spectra for Er3+ under various inversion levels labeled above the
individual curves. Inversion level is defined as the ratio N2∕N. Note the different scales
between positive and negative vertical axes.

Simulations verified the above analysis. When the pump wavelength was allowed
to vary and the signal wavelength and fiber length were optimized for every pump
wavelength, the optimum pump wavelength was found to be 1526 nm, as shown in Fig.
3.2. However, the pump wavelength was set to 1530 nm based on the output wavelength
of commercial LDs [58] in subsequent simulations, which results in an almost negligible
change. Optimization of the signal wavelength with the pump wavelength fixed at 1530
nm revealed its optimum value to be 1603 nm, also shown in Fig. 3.2. As might be
expected, the optimum signal wavelength is close to 1603 nm for all pump wavelengths,
the small differences arising from slightly different inversion profiles along the fiber
lengths due to different absorption and extraction characteristics of the various
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wavelengths. In subsequent simulations, the signal wavelength was set to the optimum
1603 nm.
Optimization of the pump and signal wavelengths

Fig. 3.2. Output power versus pump or signal wavelength for 10 W of counterpropagating pump. Pump (left, blue): signal wavelength and fiber length are optimized
for every pump wavelength. Signal (right, red): fiber length is optimized for every signal
wavelength using 1530 nm pump.

Since the optimum pump and signal wavelengths are determined by the inversion
level, if the optimization of any other parameters (pump configuration, seed power,
cladding/core area, doping density) leads to a different inversion level, the optimum
pump and signal wavelengths will be different. When the design is close to the optimum,
multiple watts of output power is routinely achieved. The initial and final power levels
will vary little from design to design, so the rate of change of power with respect to
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length is large for shorter fibers and small for longer fibers. Physically, the rate of
change is related to the product of the inversion level and the doping density:
1 dP  emi N 2
N 
  
  abs 1  N 0 .
P dz 
N0
N0 

(3.2)

Therefore, the product of the doping density and the fiber length is the quantity of interest.
Any two parameter settings with different products of these two will have different
inversion levels, and accordingly different optimum pump and signal wavelengths.
Being optimized under a specific parameter setting, the optimum wavelengths presented
here can be treated as a guide rather than an exact prescription. The true optimum can be
found through re-optimizing the wavelengths after other parameters are optimized, and
the process may need to be performed iteratively. The selection of the pump wavelength
is also limited by the availability of high-power laser diodes.

3.2. Pump configuration
The pump configuration was found to have a measurable impact at the 10 W
pump level. By splitting this injected power between the front and the back ends of the
fiber, it was found that counter-propagating pump always provides favorable conversion
efficiency, as shown in Fig. 3.3.

Counter-propagating the pump against the signal

translates to higher pump power near the end of the fiber where the signal is strong and
extracts the gain well. This counter-propagating pump configuration was thus used in all
subsequent simulations.
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Optimization of the pump configuration

Fig. 3.3. Output power versus pump configuration. A total pump power of 10 W is split
between forward and backward pumping.
The optimum pump configuration is an example of complete independence of all
other parameters, because the above-mentioned reason for counter-propagating pump
applies in all cases.

3.3. Seed power
The seed power is selected based on physical and practical considerations rather
than optimized. Seed powers ranging from 1 to 800 mW were simulated for output
power in the counter-pumped case, with the results shown in Fig. 3.4. A seed power
level of 200 mW was selected for three reasons: (a) it is high enough to saturate the gain,
as seen from Fig. 3.4; (b) the gain required to achieve multi-Watt amplification (~15 dB)
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is sufficiently low to prevent self Q-switching; and (c) it is easily achievable by a simple
EDFA pre-amplifier.
Selection of the seed power

Fig. 3.4. Extracted power (left axis, black) and signal gain (right axis, blue) versus seed
power with 10 W, backward pumping.

This seed power level is used for all parameter settings because the three reasons
for selecting it hold true under all conditions modeled.

3.4. Cladding diameter
Non-resonant (scattering) loss via propagation presents an inherent efficiency
limiter in high-power EDFAs. The relatively small erbium cross sections combined with
their low quenching-free doping densities mean that relatively longer lengths need to be
used compared to ytterbium-based systems. Tighter pump confinement (i.e., smaller
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cladding diameter) allows reduced fiber lengths, thus increasing amplifier efficiency as
well as reducing nonlinear effects. However, given the availability of pump brightness,
reducing the cladding diameter must be accompanied by a corresponding increase in the
cladding NA. A two-dimensional optimization of the cladding diameter and the erbium
doping density was carried out. When the cladding diameter was varied, the etendue
(product of the diameter and NA) [59] was kept constant to match the etendue of the
pump light. This analysis sets the lower bound of the diameter to 55 μm, where the NA
reaches unity (i.e., air-clad fiber).

Figure 3.5 shows the optimization results for a

conventional 20 μm LMA fiber core, displaying contour plots of constant output power
as a function of doping density and cladding diameter. As expected, a smaller cladding
yields a higher PCE regardless of doping levels. This is a direct manifestation of reduced
net propagation loss via reduced fiber lengths. A smaller cladding also leads to higher
pump intensity, a higher inversion level, and accordingly more concentration quenching
[56]. The fact that a higher output power was obtained with a smaller cladding indicates
that the reduction in background loss has more than offset the increase in concentration
quenching.
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Optimization of the cladding diameter and doping density

Fig. 3.5. Contours of EDFA output power as a function of cladding diameter and doping
density for optimized fiber lengths. All other parameters are described in the text.

Because of the trade-off between background loss and concentration quenching,
the optimum cladding diameter depends on the actual inversion level involved so needs
to be determined for each parameter setting. Therefore, in the optimization for core
diameter and doping density, the two extreme cladding diameters are considered
separately and the resulting PCEs are compared.

3.5. Core diameter and doping density
The core area also affects pump absorption and hence the required fiber length.
The same procedure was carried out for the optimization of the core diameter and the
doping density. The output power contour and the associated contour for optimized fiber
lengths are shown in Figs. 3.6 and 3.7, respectively, for a conventional 125 μm cladding.
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There are two maxima in two identifiable regions corresponding to SM and LMA cores.
In the SM regime, larger core diameters lead to higher pump absorption and therefore
higher efficiency (less propagation loss). Low doping density leads to long fiber lengths
and low efficiency, while doping density that is too high leads to reduced efficiency due
to concentration quenching. All of these effects lead the PCE to peak near the SM-LMA
division line, beyond which bending loss comes into play. In this LMA regime, in
addition to the mechanisms described above, rather large cores reduce PCE because the
compressed signal mode only partially overlaps with the pumped Er3+-doped core and
therefore poorly extracts the gain. As such, the optimum efficiency in this regime is
defined by the trade-off between pump absorption and gain extraction.
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Optimization of the core diameter and doping density for a fiber with 125-μm
cladding and 41 dB/km background loss

Fig. 3.6. Contours of EDFA output power as a function of core diameter and doping
density for optimized fiber lengths when the cladding diameter is 125 μm and the
background loss is 41 dB∕km. Figures 3.6, 3.8, 3.10, and 3.12 are drawn on the same
color scale as Fig. 3.5 for easy comparison.
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The optimum fiber length for each core diameter and doping density for a fiber with
125-μm cladding and 41 dB/km background loss

Fig. 3.7. Contours of optimized fiber length in 10 m increments as a function of core
diameter and doping density for optimized output power when the cladding diameter is
125 μm and the background loss is 41 dB/km.

The optimum core diameter is determined by the trade-off between pump
absorption and gain extraction, and the optimum doping density is determined by the
trade-off between concentration quenching and background loss, which in turn depend on
the pump absorption and gain extraction through the needed fiber length and inversion
level. Because of this, both the optimum core diameter and the doping density depend on
all the other parameter settings, i.e. the pump and signal wavelengths, the pump
configuration, the seed power, and the cladding diameter.

3.6. Achievable PCE for custom fibers
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It has already been mentioned that since propagation loss is a major efficiency
limiter, smaller cladding diameters can lead to increased efficiency, as noted from Fig.
3.5. As such, the extremum of this methodology (air-clad fibers) was used for further
optimization, with the results shown in Figs. 3.8 and 3.9. Amplifiers with a 55 μm
cladding have globally better pump utilization than those with a 125 μm cladding, namely
less pump leakage (not shown) and shorter fiber lengths, as shown in Fig. 3.9. Although
the trends are generally consistent with the 125 μm cladding optimization (Figs. 3.6 and
3.7), the shorter fiber lengths resulting from the 55 μm cladding result in a ~40% increase
in maximum achievable output power, as shown in Fig. 3.8, consistent with the previous
optimization on cladding diameter (Fig. 3.5). Figs. 3.6–3.9 reveal that (a) loss, whether
due to scattering or bending, limits the achievable efficiency, and (b) any methods to
mitigate these loss mechanisms (either directly or indirectly) serve to increase the
amplifier efficiency. While bending may be inevitable to suppress higher-order modes,
the background loss may be able to be mitigated by using different fabrication techniques.
While some techniques yield a loss of 41 dB∕km [51], other techniques can lead to loss as
low as 1.7 dB∕km [60]. While this low value may be in part due to lower erbium doping
density, it is instructive to simulate such a low loss for understanding the limitations of
loss on the amplifier efficiency. The two cases of amplifiers with 125 μm cladding and
55 μm cladding are reconsidered with a background loss of 1.7 dB∕km. Compared to the
higher-loss cases, the power maxima in the SM regions of both Figs. 3.10 and 3.12 are
shifted to lower doping densities with longer associated fiber lengths as shown in Figs.
3.11 and 3.13. Because of the low loss, concentration quenching can be avoided by using
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lower doping densities, with sufficient pump absorption and gain extraction achieved via
longer fiber lengths. This low loss allows the amplifier to approach the quantum-defect
limit (91%) when other parameters are appropriately optimized, as shown in Fig. 3.12. It
should be noted that while core background loss may be able to be as low as 1.7 dB∕km, it
is unlikely that high-power polymer claddings can achieve such low loss. Nevertheless,
it is instructive to note that with the reduction of background loss, the quantum defect
limit of the amplifier can be reached using launched pump power in the PCE metric.
Optimization of the core diameter and doping density for a fiber with 55-μm
cladding and 41 dB/km background loss

Fig. 3.8. Contours of EDFA output power as a function of core diameter and doping
density for optimized fiber lengths when the cladding diameter is 55 μm and the
background loss is 41 dB∕km. Figures 3.6, 3.8, 3.10 and 3.12 are drawn on the same color
scale as Fig. 3.5 for easy comparison.
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The optimum fiber length for each core diameter and doping density for a fiber with
55-μm cladding and 41 dB/km background loss

Fig. 3.9. Contours of optimized fiber length in 10 m increments as a function of core
diameter and doping density for optimized output power when the cladding diameter is
55 μm and the background loss is 41 dB∕km.
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Optimization of the core diameter and doping density for a fiber with 125-μm
cladding and 1.7 dB/km background loss

Fig. 3.10. Contours of EDFA output power as a function of core diameter and doping
density for optimized fiber lengths when the cladding diameter is 125 μm and the
background loss is 1.7 dB∕km. Figures 3.6, 3.8, 3.10, and 3.12 are drawn on the same
color scale as Fig. 3.5 for easy comparison.
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The optimum fiber length for each core diameter and doping density for a fiber
with 125-μm cladding and 1.7 dB/km background loss

Fig. 3.11. Contours of optimized fiber length as a function of core diameter and doping
density for optimized output power when the cladding diameter is 125 μm and the
background loss is 1.7 dB∕km. Note the logarithmic color scale used for these extreme
fiber lengths.
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Optimization of the core diameter and doping density for a fiber with 55-μm
cladding and 1.7 dB/km background loss

Fig. 3.12. Contours of EDFA output power as a function of core diameter and doping
density for optimized fiber lengths when the cladding diameter is 55 μm and the
background loss is 1.7 dB∕km. Figures 3.6, 3.8, 3.10, and 3.12 are drawn on the same
color scale as Fig. 3.5 for easy comparison.
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The optimum fiber length for each core diameter and doping density for a fiber with
55-μm cladding and 1.7 dB/km background loss

Fig. 3.13. Contours of optimized fiber length as a function of core diameter and doping
density for optimized output power when the cladding diameter is 55 μm and the
background loss is 1.7 dB∕km. Note the logarithmic color scale used for these extreme
fiber lengths.

Finally, the optimization is performed for a series of background loss and
cladding diameter specifications from commercially available fibers, and the results are
summarized in Table 3.1.
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Table 3.1. Achievable PCE in EDFA with background loss and cladding diameter
specifications from commercially available fibers
Vendor

Core loss
(dB/km)

Cladding
loss
(dB/km)

Cladding
diameter
(μm)

Achievable
PCE

Reference

nLight

41

41

125

54%

[51]

Nufern

<50

<15

125

58%

[61]

OFS

5

10

125

74%

[62]

NKT

<50

<20

65

75%

[63]

3.7. Summary
In this Chapter, parametric numerical optimizations of multi-Watt resonantly
pumped dual-clad EDFAs were performed using a two-level propagation model modified
to include spatial effects in LMA fibers. Propagation loss mechanisms are found to be
the limiting factors due to the relatively low cross-sections and low quenching-free
doping densities of erbium. Simulation results indicate that over 53% PCE can be
achieved using commercial fibers, and over 75% can be achieved using fibers with a
custom cladding diameter.
As mentioned earlier, when approaching the quantum defect limit, realistic
cladding losses (i.e., vendor-specific background losses) should be taken into account.
Also allowing for the fact that the low background loss (1.7 dB∕km) may be higher for
higher doping concentrations, further simulations indicate that 75% PCE should be
achievable, which is more than double the efficiency of any experimentally reported
values. It should be noted that the background losses quoted by various vendors are
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maximum specifications. Hence, actual background loss values may be lower, resulting
in higher efficiencies.
The results of these simulations indicating a 75% PCE, therefore, represent a
reasonable (i.e., practical) value for the near-term PCE achievable using a custom
fabricated fiber without further development into reduction of background loss. It should
be noted that this practically achievable PCE is equal to the PCEs achieved in ytterbiumdoped fiber amplifiers [64]. Moreover, if concentration quenching can be avoided with
sufficiently low-loss fibers, such as the case in Fig. 3.12, the PCE of EDFAs can be even
higher than that achieved in ytterbium-doped fiber amplifiers.
In the multi-Watt pulsed regime, nonlinear effects such as stimulated Brillouin
scattering and self-phase modulation can be a problem, and will be addressed in Chapter
3. Although the simulations indicate that a single-mode core and long (low-loss) fiber
length yield maximum efficiency, both of these choices lead to reduced nonlinear
thresholds. As such, practical systems may require the use of LMA fibers and incur a
corresponding 5%–25% efficiency reduction, depending on the particular operational
regime, with ultimate performance still achieving PCE of 65%.
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4. NONLINEAR OPTICAL AND DYNAMIC GAIN EFFECTS IN THE PULSED DEEPSPACE EDFA

The amplifier used in the final power-booster stage of deep-space laser
transmitters amplifies pulses due to the aforementioned PPM data format. The EDFA
optimization in Chapter 3 ensures that the amplifier works at high efficiency in a timeaveraged sense. While this is appropriate due to the relatively high repetition rate of the
pulses, NLO effects and dynamic gain effects can affect the amplifier and system
efficiency when operating in the pulsed regime, as discussed in Chapter 1. These effects
are examined in this Chapter both within the amplifier and from the perspective of the
complete communication systems.

4.1. Nonlinear optical (NLO) effects in pulsed EDFAs
Standard theories were applied to estimate the NLO thresholds. Usually, NLO
thresholds appear as a limit on the product of the intensity and the interaction length. In
this case, the optimized fiber amplifier design from Chapter 3 has a fixed length and
signal mode-area. Therefore the NLO thresholds become limits only on the signal peak
power, which in turn manifest as limits on the data format, as will be discussed in detail
below.
The design used for the amplifier is summarized in Table 4.1 for convenience.
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Table 4.1. Parameters of the EDFA
Parameter

Value

Core diameter (µm)

13.4

Numerical aperture

0.09

Effective mode area (µm2)

170

Doping density, N (1025 /m3)

1.4

Fiber length (m)

56

Average seed power, Pseed (mW)

200

Average output power (W)

5.6

Amplification factor, G

28

Pump power (W)

10

Power-conversion efficiency

54%

The data format often used in long-range optical communications over interplanetary
distances is the pulse-position modulation (PPM) format [12] due to its simplicity,
robustness, and power efficiency. In M-ary PPM, every symbol is divided into M slots
with a “guard time” for synchronization and to provide a delay at the maximum pulse
repetition frequency. For standard PPM, each symbol contains one optical pulse with the
information encoded in the position of the pulse among the M possible slots, as illustrated
in Fig. 4.1. The specifications of the desired transmitter operational data format are
summarized in Table 4.2.
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The pulse-position modulation (PPM) data format

Fig. 4.1. Schematic of the pulse-position modulation (PPM) format. Plot is not drawn to
scale.

Table 4.2. Nominal specifications of the transmitter data format (from NASA/JPL)
Parameter

Value

Symbol repetition rate (MHz)

0.2 – 300

Number of slots per PPM symbol

≥32

Guard time

1/3 of PPM symbol duration

Pulse shape

Nominally square

Pulse width, τ (ns)

0.2 – 16

Pulse rise/fall time (ps)

35

Optical bandwidth of the receiver filter (GHz)

5

Average power of seed pulse train (mW)

200
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Since the average power is maintained at the optimum value from the CW design, the
peak power is inversely proportional to the duty cycle of the pulses, which is the ratio
between pulse width and symbol period. As a result, any constraint on the peak power
turns into a constraint on the duty cycle.

4.1.1. Stimulated Raman scattering (SRS)
As discussed in Chapter 1, Raman scattering is the scattering of the light by
optical phonons in the medium. The spontaneous Raman scattering creates scattered
light at a lower frequency (less the energy of an optical phonon in the medium). At
sufficiently high intensities of the incident light, the beat field between the incident field
and that of the spontaneously scattered light can excite the molecular vibration (optical
phonons) in the medium such that more incident field is scattered and the scattered field
is amplified.

The scattering thus becomes a stimulated process and is called the

stimulated Raman scattering. The scattered light at the lower frequency is called the
Stokes wave.
In an optical fiber, the Stokes wave either co-propagates or counter-propagates
with respect to the signal. The counter-propagating Stokes pulse only overlaps with the
signal pulse for half its spatial width along the propagation dimension.

For the

specifications of the data format in this Thesis, the overlap length is 0.02 – 1.6 m. The
co-propagating pulse has a frequency redshift of ~13 THz [15], or 120 nm at the
wavelength of interest, corresponding to a walk-off from the signal pulse of ~0.13 ns over
the length of the fiber due to group velocity dispersion. This is negligible for the
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majority of the pulse width specifications listed in Table 4.2. Therefore, the walk-off is
neglected, and the co-propagating Stokes wave will have the lower threshold because of
its long overlap with the signal; even though this is not strictly the case for sufficiently
short pulses, it will result in a conservative estimate that can be used for system planning.
Since this overlap thus occurs throughout the entire length of the fiber, the SRS threshold
for CW light [13] can be used to estimate the SRS threshold:
g R  Pz dz
L

0

Aeff

 16 .

(4.1)

The integral in Eq. 4.1 is calculated using the power growth along the fiber obtained from
the steady-state code, as illustrated in Fig. 2.10). With this simulation data, the integral
can be written as:

T
 Pz dz  PLL  GP0L  G  P
L

seed

0

L.

(4.2)

In this equation, the factor η represents the averaging of the power growth along the fiber.
In this sense, it serves to provide an effective average power along the fiber. Its value for
the case under study is calculated to be ~0.254. The resulting SRS threshold is then

T



 580 ,

(4.3)

in which T is the symbol period and τ is the pulse width. Note that this relation means
that SRS becomes problematic for both shorter pulses and longer symbol periods. Both
of these cases represent higher peak powers of the pulse, which directly correlates to
increased SRS in the CW-type model.
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4.1.2. Self-phase modulation (SPM)
As discussed in Chapter 1, self-phase modulation originates from the cubic term
in the electric field in the expression for the polarization in the material. It manifests as a
refractive index that depends on the strength of the intensity of the light. Its effect on the
pulse propagation is that the pulse acquires a phase that is proportional to the product of
its intensity and the distance of propagation. For a pulse, the intensity is necessarily
time-dependent, so is the acquired phase. This time-dependent phase adds new frequency
components to the pulse and broadens its spectrum.
The output pulse spectrum was calculated by Fourier transforming the output
waveform with a nonlinear phase shift in the form of [14]:

 G  P0, t  2 
Eout L, t   PL, t  exp i NL   G  P0, t  exp in2
L .
Aeff
s 


(4.4)

By using the input waveform multiplied by the amplification factor, G, the distortion of
the pulse shape during amplification is neglected. This is justified by noting that the
SPM contribution primarily comes from the sharp rising and falling edges rather than
from the slowly varying pulse top. The bandwidth that contains 86% of the total power
was calculated from the output spectrum and is plotted as a function of the pulse width
and the symbol period (called "PPM symbol duration + guard time" in the figure) in Fig.
4.2. The slanted line indicates the limit on the data formats from the 32-ary PPM format;
other M-ary PPM formats can be obtained by shifting this line to the right in the figure.
As would be expected, the SPM-induced bandwidth broadening is negligible for
longer pulses, because the pulse edges where the SPM contribution mainly comes from
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only account for a small portion of the whole waveform. The effect of SPM increases
with decreasing pulse width and becomes most significant for short pulses with a long
symbol period because the peak power is the highest. The slight “staircase” structure
observed in the 1–100 GHz lines also comes from the finite pulse edges. For squareshaped pulses with realistic rise and fall times, the SPM effect does not result in
continuous broadening of the optical spectrum but rather splits off spectral side-lobes, as
illustrated in Fig. 4.4 in Ref. [65]. With increasing peak power (equivalent to increasing
propagation distance in Ref. [65]), these side-lobes move away from the central peak and
decrease in intensity. As a result, the boundary for the 86% fraction expands relatively
fast with increasing peak power when it stays on one pair of side-lobes but relatively
slowly when it “jumps” from one pair of side-lobes to the next pair inside them.
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The effect of self-phase modulation on the deep-space EDFA

Fig. 4.2. SPM-induced optical bandwidth of the output signal as a function of pulse width
and the sum of symbol duration and guard time.

While Fig. 4.2 represents the complete impact of SPM, the goal was to define an
operational regime for use in the PPM data transmitter. As such, the contour line at 5
GHz was selected as the lower-limit boundary for data format due to the bandwidth of the
filter at the receiver.

4.1.3. Impact of NLO effects on the operational data formats
Combining the limitations imposed by NLO effects, the allowable operational
regime that avoids these limitations is shown in Fig. 4.3. This regime is defined on the
bottom by the SPM-induced bandwidth, on the right by the SRS threshold, and on the left
by the nature of the PPM data format, that the duty cycle is set by the guard time and the
number of slots per symbol. Note that the nominal operational regime, represented by the
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area of the plot to the right of the PPM limit, has been reduced to about 45% of its
original size by NLO effects in the fiber amplifier.
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Reduction of operational data format space by nonlinear optical effects

Fig. 4.3. Usable data format space of the laser transmitter with constraints imposed by
nonlinear effects.

4.2. Dynamic gain effects in pulsed EDFAs
Even for data formats within the usable regime defined by Fig. 4.3, temporal
effects arising from the gain dynamics may also impair the operational efficiency of the
space communication system, as discussed in Chapter 1.
To understand the impact of gain dynamics on the output pulses, it is necessary to
employ specific PPM data schemes in the simulations. While full-scale statistics could
be obtained by using a pseudorandom symbol stream, the low symbol repetition rates
(long computation time) and large simulation regime (defined by Fig. 4.3) make such an
approach computationally prohibitive.

Fortunately, since the dynamic effects are

primarily driven by the time between consecutive pulses, it is sufficient to define pulse
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trains that maximize the effects of this spacing. In this way, the maximum impact of gain
dynamics can be calculated without obtaining the complete set of statistics.
To this end, four special pulse trains were employed as illustrated in Fig. 4.4. In
the first pulse train (A), Pulse N and all preceding pulses are in the first slot of the PPM
symbol. Pulse N+1 is placed in the last slot of its symbol, giving it the largest possible
separation from Pulse N. Pulse N+1 thus experiences the maximum gain. The second
pulse train (B) is an exact opposite case, where Pulse N and all preceding pulses are in
the last slot, and Pulse N+1 is in the first slot. In this case, Pulse N+1 experiences the
minimum gain. In the third pulse train (C), Pulse N and all preceding pulses are in the
first slot, Pulse N+1 in the last slot, and Pulse N+2 is again in the first.

In this

arrangement, Pulse N+1 experiences the maximum gain while Pulse N+2 experiences the
maximum drop in gain from that of Pulse N+1. Finally, in the case opposite to (C), the
fourth pulse train (D) has Pulse N and all preceding pulses in the last slot, Pulse N+1 in
the first slot, and Pulse N+2 again in the last. This allows Pulse N+1 to experience the
minimum gain and Pulse N+2 to experience the maximum increase in gain from that of
Pulse N+1. For all cases, the initial delay is set to be half of the symbol period, ensuring
that the gain for pulses up to Pulse N equals the CW value. These four input pulse trains
were run over a 2D grid spanning the operational regime defined by Fig. 4.3.
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The special pulse-trains to maximize the dynamic gain effects

Fig. 4.4. Input pulse trains designed to simulate the maximum variation in the energy and
SPD of the output pulses. Four cases of interest are (from bottom up): (A) a pulse with
the maximum preceding gap; (B) a pulse with the minimum preceding gap; (C) a pulse
with the maximum preceding gap immediately followed by one with the minimum gap;
and (D) a pulse with the minimum preceding gap immediately followed by one with the
maximum gap. The PPM symbol slots are indicated by the dashed lines. Plots are
illustrative and not drawn to scale.

4.2.1. Variation in the energy of output pulses
In the data analysis of the pulse trains exiting the fiber amplifier, the difference
between the maximum and the minimum output pulse energies relative to the mean
output pulse energy (taken to be the energy of Pulse N) was recorded as the peak-to-peak
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spread of the energy of the output pulses. The larger percentage change of the maximum
drop and the maximum increase in output pulse energy between neighboring pulses was
recorded as the maximum variation in the output energy between consecutive pulses.
These quantities are plotted in Figs. 4.5 and 4.6.

Both the energy spread and the

maximum variation between pulses depend on the symbol duration, but not appreciably
on the pulse width since the variation in gain depends on the gap between pulses, which
in turn depends on the data rate but not the pulse width. Their dependence on the data
rate, whose reciprocal is the symbol period, is further illustrated in Fig. 4.7, with both
quantities showing an almost linear trend. The longest and the shortest gaps between
pulses are proportional to the symbol period, which is small compared to the population
recovery time (175 μs for the amplifier configuration). Hence, the recovery of the stored
energy is almost linear in time, as shown in Fig. 1.2, leading to the observed quasi-linear
dependence shown in Fig. 4.7. The largest value of the peak-to-peak spread and the
maximum variation between consecutive pulses is 28% and 21%, respectively.
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Peak-to-peak spread of output pulse energy

Fig. 4.5. Peak-to-peak spread of output pulse energy relative to the mean output pulse
energy as a function of pulse width and symbol period.

Maximum variation of energy between consecutive pulses

Fig. 4.6. Maximum variation in the output energy between consecutive pulses relative to
the mean output pulse energy as a function of pulse width and symbol period.
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Dependence of pulse energy variation on symbol period

Fig. 4.7. Relative peak-to-peak spread of output pulse energy (red solid) and maximum
energy variation between consecutive pulses (blue dashed) as a function of the symbol
period.

Due to diffraction and minimization of the required laser transmitter power, the
signal power will, in general, be at the photon-counting level by the time it reaches the
receiver, and will therefore be driven by Poisson statistics. The variation in the energy of
output pulses leads to a fluctuation of mean photon numbers, which may affect signal
recovery. Assuming a transmitter aperture diameter of 30.5 cm, a receiver aperture of 3–
5 m [66], and a maximum distance between Mars and Earth of 4.013 ×1011 m [67], the
mean photon number at the receiver was calculated to be from 0.3 to 500 for the data
format used. The probability of detecting any photon (i.e., not a zero) at the receiver is
given by [68]
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Pn  0  1  n

0

exp  n 
 1  exp  n  ,
0!

(4.5)

without the benefits of error correction coding. To estimate how the energy fluctuation
might impact errors in communications, the variation in this probability was calculated
using the data for the fluctuation of output pulse energy in Fig. 4.5. Its maximum value
of 2×10-4, achieved at the shortest symbol duration (8.5 ps), is much smaller than
required when error correction codes are utilized [69]. Therefore, the pulse energy
variation does not lead to problems provided error correction codes are used.

4.2.2. Distortion of the shape of output pulses
Intra-pulse gain dynamics, caused by saturation of the gain within a single pulse,
leads to a change in the pulse shape since the leading edge of the pulse experiences more
gain than the trailing edge. This effect is most easily quantified by the square-pulse
distortion (SPD), which is defined as the percentage drop in gain from the beginning to
the end of a square input pulse (essentially the same as that of Ref. [19]). The results
from all four pulse trains (shown in Fig. 4.4) reveal that the SPD of an output pulse
positively correlates with its output energy, in agreement with theory [20]. Therefore,
only pulse train (A) was employed to get the maximum SPD (recorded on Pulse N+1),
and the SPDs of Pulse N in pulse trains (A) and (B) were averaged to get the mean SPD.
The maximum SPD is plotted as a function of the pulse width and the symbol period in
Fig. 4.8. The mean SPD (not shown) has the same dependence on both parameters as the
maximum SPD.

Its value is also quite close to but less than the maximum SPD

throughout the parameter space, with the largest value smaller by a factor of 0.89. Both
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SPDs primarily depend on the symbol period, in accordance with the theory [20], because
the input pulse energy and the symbol period differ only by a factor of the average seed
power.
The contour lines shown in Fig. 4.8 progressively deviate from vertical from the
top right corner toward the lower left corner. This seeming violation of the dependence
on the data rate comes from the subtlety in calculating SPD with Eq. (27) in Ref. [20]. In
this study, SPD was taken between the starting and the ending times between which the
instantaneous power of the pulse exceeded 98% of its peak power. For pulses as short as
200 ps, the integral in Eq. (27) between these two time instances is non-negligibly less
than the total pulse energy because the two 35-ps pulse edges carry a reasonable fraction
of the energy. The SPD calculated this way depends on both the data rate and the pulse
width. This issue on the calculation becomes less significant for longer pulse widths, as
can be seen in the upper part of Fig. 4.8. Extrapolation of the SPD to that of the whole
pulse was performed and the resulting contour lines (not shown) became straight vertical
lines. The largest value of the maximum SPD is 21%.
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Maximum square-pulse distortion

Fig. 4.8. Maximum SPD as a function of pulse width and symbol period.

4.3. Summary
In this Chapter, the impact of NLO effects and gain dynamics has been analyzed
theoretically and numerically in the EDFA with the optimum design from Chapter 3. The
operational regime in the PPM-data-format space that is free from NLO effects was
identified via theoretical analysis. SPM and SRS were found to limit the usable data
formats, reducing the operational regime of the laser transmitter by ∼55%. Within this
operational regime, dynamic gain effects were numerically studied, and characteristics
such as the variation in the output pulse energy and the SPD were mapped on the data
format space.

Both were found to primarily depend on the symbol period, with a

maximum peak-peak fluctuation in pulse energy of 28% and a maximum SPD of 21%.
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The implications for photon-counting receivers were also discussed and were found to be
negligible provided error correction schemes are used.
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5. SPECTROSCOPIC CHARACTERIZATION OF TB3+ IN SILICATE GLASS HOSTS

In order to develop new methodologies for enabling visible lasing from Tb-doped
fiber lasers, a complete model must be developed. Not only should all of the relevant
physical mechanisms be present in the model (e.g. ESA in pump and signal bands), but
all of the numerical parameters that govern these processes must be known.
This Chapter details a series of measurements performed on Tb3+-doped silicate
fibers (hereinafter referred to as “Tb-fibers”) and a Tb3+-doped silicate glass (hereinafter
referred to as “Tb-glass”). Specific parameters obtained are the background loss, the
lifetime of the metastable level, the absorption and emission cross-section spectra, the
ESA cross-sections at the pump and signal wavelengths, and the concentration quenching
parameters.

5.1. Background loss
The background loss of the Tb-fiber is directly measured at two non-resonant
wavelengths, 544 nm and 633 nm, with the cut-back method [70] with the setup shown in
Fig. 5.1. Light is launched into the fiber and the power is measured at the other end as
the fiber is progressively cut back towards the input end. In this way, the measured
attenuation only reflects the propagation loss in the fiber and any uncertainties in the
launching conditions are eliminated.
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Setup for measuring the fiber background loss using the cutback method

Fig. 5.1. Setup for measuring the fiber background loss using the cutback method

Since these two wavelengths are not expected to cause significant photodarkening, a
model comprising only Rayleigh scattering and the waveguide imperfection scattering
was used to fit the measured loss:

   

Rl

4

 Wv .

(5.1)

With two data points (544 nm and 633 nm), these two parameters can be uniquely
determined: Rl=2.2×1012 nm4 dB/km and Wv= 25 dB/km. Thus, the background loss at
the resonant wavelength 488 nm can be extrapolated. Table 5.1 shows the parameters
relevant to the subsequent simulations.
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Table 5.1. Background loss for the Tb-fiber at the pump and signal wavelengths
Wavelength (nm)

Background loss (dB/km)

488

63

544

50

5.2. Lifetime of the metastable level 5D4
The lifetime of the metastable level describes the ability of a laser gain medium to
store the excitation (pump) energy. It was measured directly by fitting the temporal
decay of photoluminescence (PL) after “instantaneously” shutting off the pump light [71].
As shown in Fig. 5.2, the pump beam (at 488 nm) is first focused to a small spot, where it
is chopped to create a fast switch-off. It is then refocused and coupled into a Tb-fiber.
After filtering out the residual pump light, the PL is detected by a photomultiplier tube,
which feeds into an oscilloscope to record the PL temporal decay trace.
The shut-off time of the pump light itself was measured to be 33 μs, about 1/60 of
the expected metastable level lifetime, and short enough to be considered “instantaneous”
for this purpose. The temporal trace of PL, shown in Fig. 5.3, exhibits the expected
periodic decay and revival following the shut-off and turn-on of the pump. The similarity
of the shape of the curve from period to period indicates very good repeatability of the
lifetime measurement. However, when a single decay curve is examined more closely, it
is found not to follow a single exponential.

Fitting it segment-wise with single

exponentials yields four time constants at different times of the decay, listed in Table 5.2
and illustrated in Fig. 5.4. The decay slows as it progresses, indicating that in addition to
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the linear terms of spontaneous emission and multi-phonon emission, there are processes
that nonlinearly depend on the population of the metastable level, such as concentration
quenching. However, other researchers measured a flat lifetime for doping densities less
than 15 wt% [71], implying no significant concentration quenching. The doping density
of the Tb-fiber under investigation is 1.64 wt%, well within this range, so concentration
quenching, even if present, should be quite weak. As a first approximation, an effective
lifetime of 2 ms is adopted to account for both the single-exponential decay and weak
concentration quenching.
Experimental setup to measure the lifetime of 5D4 level of Tb3+

Fig. 5.2. Experimental setup to measure the lifetime of 5D4 level of Tb3+
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Temporal trace of photoluminescence from 5D4 level of Tb3+ with amplitudemodulated pump light
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0.006

0.005
0.004
0.003
0.002
0.001
0
-6.00E-02 -4.00E-02 -2.00E-02 0.00E+00 2.00E-02 4.00E-02 6.00E-02
Time (sec)

Fig. 5.3. Temporal trace of photoluminescence from 5D4 level of Tb3+ with amplitudemodulated pump light

Table 5.2. Four time constants of decay at different times for the 5D4 level of Tb3+
Time span in Fig. 5.4 (ms)

Time constant (ms)

-4.65 – -3.02

1.69

-3.02 – -0.622

2.00

-0.622 – 1.98

2.35

1.98 – 4.48

2.76
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Segment-wise fitting of the decay of the photoluminescence
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Fig. 5.4. Fitting the PL decay curve segment-wise with sequential single exponentials

5.3. Emission and absorption cross-sections
The emission and absorption cross-sections describe the strengths of the
transitions directly relevant to lasing, such as pump absorption and signal stimulated
emission. Characterizing these cross-sections as a function of wavelength allows for
arbitrary pumping and emission schemes, and enables proper population tracking, for
example by not only including stimulated emission at the signal wavelength but also the
absorption.
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The absorption cross-sections are calculated using the following steps [72]. First,
the transmittance of a Tb-glass is measured with the setup in Fig. 5.5.
Setup for measuring the transmittance of a Tb3+-doped bulk silicate glass

Fig. 5.5. Setup for measuring the transmittance of a Tb3+-doped bulk silicate glass

From the measured transmittance,

T   

Pafter _ glass  

Pbefore_ glass  

,

(5.2)

the reflectance,

R  

Preflected  
Pincident 

,

(5.3)

on both surfaces is deducted, as well as the Rayleigh scattering,

Ra   

A

4

,

(5.4)

to get the absorbance due to Tb3+ ions:

 ln Abs     ln T     2 ln R  

A

4

.

(5.5)
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Negative signs are intentionally left in some terms to make them positive in order to
clearly show the contributions from different physical mechanisms. The reflectance, R(λ)
is measured with the setup in Fig. 5.6:
Setup for measuring the reflectance of a Tb3+-doped bulk silicate glass

Fig. 5.6. Setup for measuring the reflectance of a Tb3+-doped bulk silicate glass

Then the absorption cross-section is calculated from the absorbance

 abs  

   1  1


 ln Abs   .

N0
N0  L


(5.6)

Here, N0 is the doping number density, and L is the sample thickness. The absorption
cross-section measured and extracted in this way is shown in Fig. 5.7. Note that in
addition to the expected absorption at 488nm, there is also strong, broad absorption in the
UVA band. Several independent measurements were taken on different days and with
different sources (Tungsten lamp and arc lamp). The spectra varied within ±1%.
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Measured absorption cross-sections of Tb3+
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Fig. 5.7. Absorption cross-section of Tb3+ measured on a Tb3+-doped bulk silicate glass

The emission cross-section calculation involves measuring the photoluminescence
spectrum, which is an absolute measurement, cf. transmittance and reflectance are both
relative measurements.

For this reason, the response of the spectrometer was first

calibrated using the emission spectrum of a Tungsten lamp. From this measurement and
the theoretical spectral exitance of a blackbody [73] with the specified color temperature,
the spectral response of the spectrometer was calculated, as shown in Figs. 5.8 and 5.9.
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Calibration of the response of the spectrometer by measuring a blackbody's
emission spectrum
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Fig. 5.8. Measured emission spectrum of the Dolan-Jenner Model 190 Tungsten lamp
(blue) and that of a blackbody of the same color temperature (magenta)
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Calculated spectral response of the spectrometer
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Fig. 5.9. Calculated spectral response of the spectrometer

Then the PL spectrum of the Tb-glass is measured with the setup shown in Fig. 5.10 and
the spectral response is used to remove the spectrometer response:

PL  

PLmeasured  
.
Rsp 

(5.7)

The resulting PL spectrum is divided by the photon energy hν to turn it into a transition
rate:

C  I   

C  PL  
.
h

(5.8)

In the formalism presented so far, there remains a multiplicative constant in the
transition rate that needs to be determined. It was determined using the Füchtbauer–
Ladenburg Equation [74] stating that the sum of all possible radiative transition rates out
of a level equals the radiative lifetime of that level:
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1

 rad

  I  d .

(5.9)

The measured emission spectrum from 450 nm to 700 nm includes spontaneous emission
from 5D4 level to all the levels below [71], so the radiative lifetime of 5D4 of 3.13 ms [71]
was used. This formalism allowed the absolute transition rates from 5D4 to be determined.
The emission cross-section was then readily calculated with

   

4 I  
,
8n 2c

(5.10)

and is shown in Fig. 5.11. The multi-color emission feature of Tb3+ at green (544 nm),
yellow (587 nm), and red (622 nm) can be clearly seen from the spectrum. The PL
spectrum was also measured repeatedly on different days and the results varied within
±7%.
Setup for measuring the photoluminescence spectrum of a Tb3+-doped bulk silicate
glass

Fig. 5.10. Setup for measuring the photoluminescence spectrum of a Tb3+-doped bulk
silicate glass
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Measured emission cross-section of Tb3+

Cross section (10-26 m2)

8
7
6
5
4
3
2
1
0
450

500

550
600
Wavelength (nm)

650

700

Fig. 5.11. Emission cross-section of Tb3+ measured on a Tb3+-doped bulk silicate glass

5.4. ESA and concentration quenching parameters
Although the parameters obtained in the previous subsections could be obtained
nearly directly through experimental measurements, obtaining the ESA and concentration
quenching parameters requires fitting via the model developed in Chapter 2. The crosssection for the pump ESA from 5D4 is obtained by fitting the measured PL intensity as a
function of the pump power. The intensity of the green PL is proportional to the
population on the 5D4 level, which in turn is a function of only the pump power with the
pump ESA cross-section from 5D4 as a free parameter:

PPL Ppump   N3 Ppump   N0
. (5.11)

Wp





Wp 1   p   Ws  Wn  1   43   4Wp  WpESA  WsESA  WnESA  1

3
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Tb3+ ions excited via ESA from 5D3 all recycle back to 5D3 through multiphonon decay so
ESA from 5D3 does not affect the population. This formula is derived by solving the
steady-state rate equation for the population on 5D4, N3, and is used to fit the data from
the Ref. [75], as shown in Fig. 5.12. An ESA cross-section of  pESA,5 D 4  8.24 1026 m2 is
obtained.
Fitting photoluminescence intensity vs. pump power to obtain the cross-section for
pump ESA from 5D4

Fig. 5.12. Photoluminescence intensity vs. pump power measured in Ref. [75] (blue
square) and fit with rate equations (light blue diamond)

The Tb-fiber in University of Bern's thesis [75] is ~1wt% doped, so concentration
quenching can be neglected. The same procedure performed on a 56 wt% Tb-fiber
allowed the simultaneous determination of the ESA cross-section and concentration
quenching parameter, as shown in Fig. 5.13. The cooperative upconversion coefficient is
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determined to be 5 1022 m3 / s . The fraction of paired ions is 80%. The ESA crosssection is  pESA,5 D 4  5.27 1026 m2 .
Fitting photoluminescence intensity vs. pump power to obtain the pump ESA crosssection and concentration parameters of 5D4

Photoluminescence intensity
(arbitrary unit)

400
350
300
250
200
150
100
50
0
0

100

200
300
Launched pump power (mW)

400

Fig. 5.13. Photoluminescence intensity vs. pump power measured in this Thesis (blue
diamond) and fit with rate equations (purple cross)

The cross-section for the pump ESA from 5D3 is obtained by fitting the measured
residual pump power as a function of the launched pump power with the setup shown in
Fig. 5.14. This assumption is again based on the notion that populations excited to the
higher level after pump ESA from 5D3 all recycle back to 5D3, thus only adding to the
absorption of the pump during propagation rather than affecting the population. Due to
photodarkening, the transmitted pump power was measured immediately after the pump
was launched.

This was achieved by setting the power meter to be continuously
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acquiring data when the shutter on the pump beam was opened. The fitting, shown in Fig.
5.15, results in  pESA,5 D3  2.03 1024 m2 .
Setup for measuring the transmitted pump power

Fig. 5.14. Setup for measuring the transmitted pump power

Fitting transmitted pump power vs. launched pump power to obtain the crosssection for pump ESA from 5D3

Residual pump power (W)

9.00E-03
8.00E-03
7.00E-03
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5.00E-03
4.00E-03
3.00E-03
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Launched pump power (W)

Fig. 5.15. Residual pump power vs. launched pump power measured in this Thesis (red
square) and fit with rate equations (blue diamond)
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The cross-sections for the signal ESA from 5D4 and 5D3 are obtained by fitting
measured small-signal gain. The single-pass net gain (signal gain minus background loss)
on a 1.3 m fiber for 255 mW of launched counter-propagating pump is 0.14 dB (see
Section 8.4 for the experimental details). 255 mW was the maximum pump power that
could be reliably coupled into the core of the Tb-fiber on the most powerful laser
available (a Coherent Innova 90 Argon ion laser). At lower pump powers, the gain will
be even less, causing larger relative error in the gain measurement, so only the one data
point could be reliably used. With only one data point, the ESA from 5D4 and 5D3 cannot
be separated since they both reduce the gain. As a first approximation, two extreme cases
were considered: only signal ESA from 5D4, and only signal ESA from 5D3. Using each
of these independently allowed obtaining a maximum cross-section value by fitting the
experimental data. The results are listed in Table 5.3. These ESA cross-sections allowed
the design of the TDFL under the two extreme cases, with the understanding that the realworld laser should have both ESAs and show a mixed feature of these two cases.

Table 5.3. Signal ESA cross-sections in the two extreme cases by fitting measured signal
gain

 sESA,5 D 4 m2 

 sESA,5 D3 m2 

Case I: only signal ESA from 5D4

5.8 10 26

0

Case II: only signal ESA from 5D3

0

5.3 1025
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5.5. Comparison with literature values
To reduce the error in the spectroscopic parameters, which was used for all laser
design simulations, the measurements were averaged with values available from the
literature. Compiling a list of values for each parameter not only allows estimation of the
range of variation for that parameter, but more importantly yields the worst-case value.
The average values are used in the design of the Tb3+-doped fiber laser to provide the
typical expected performance, while the worst-case ones are also used to provide the
most conservative expected performance.
The parameters are summarized in Table 5.4. Note that all measured values are of
the

same

order

of

magnitude

as

the

values

reported

in

the

literature.

Table 5.4. Spectroscopic parameters for Tb3+ in silicate glass
Parameter

Absorption Cross-section
@488nm
Emission Cross-section
@488nm
Excited-state Absorption
Cross-section @488nm
from 5D4
Excited-state Absorption
Cross-section @488nm
from 5D3
Emission Cross-section
@544nm
Excited-state Absorption
Cross-section @544nm
from 5D4
Excited-state Absorption
Cross-section @544nm
from 5D3
Lifetime of 5D4 level
Lifetime of 5D3 level
Branching ratio of 5D3 level
(fraction that goes to 5D4)
Background loss @488 nm
Background loss @544 nm

Unit

Average value Worst-case
value

Thesis
measurement

University of
Bern thesis [75]

Ohishi
group [57,
71]
1.23
0.74

10-26 m2

1.05

0.74

1.17

10-26 m2

0.66

0.879

0.56

0.879

10-26 m2

6.75

8.241

5.27

8.241

10-26 m2

203

203

203

10-26 m2

7.3

7.3

7.3

10-26 m2

5.8

5.8

10-26 m2

53

53

ms
ms

2
0.83
0.0033

2

dB/km
dB/km

63
50

Case I

Case II

5.8

0

0

53

2

2.09
0.83

0.54

2.61
0.0033

63
50
105
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5.6. Summary
This Chapter presents a full spectroscopic characterization of Tb3+ in silicate glass
hosts. Essential parameters are obtained for the design of the visible TDFL, all of which
compare well with other published measurements.

Considering the scarcity of the

spectroscopic parameters for Tb3+ in silicate glass hosts from the literature, all available
data are compiled and averaged to reduce the error from any single source.
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6. DESIGN OF EFFICIENT TB3+-DOPED VISIBLE SILICATE FIBER LASERS

As discussed in Chapter 1, the primary obstacle in obtaining visible lasing using
terbium is that of ESA.

Not only is this problematic for both pump and signal

wavelengths, but it is problematic at multiple electronic states.

For this reason,

researchers have largely avoided using Tb3+ as a lasing medium. However, given the
enormous potential benefits of direct visible lasing from a silicate fiber laser, developing
new methods to overcome the ESA is viewed as paramount.
In this Chapter, the strategies for mitigating ESA are proposed.

Using the

spectroscopic parameters obtained in Chapter 5, the numerical design of a TDFL is
carried out with the goal of finding the most promising fiber parameters to achieve lasing
at reasonable efficiency levels.

6.1. ESA mitigation techniques
The approach in this Thesis to overcoming ESA is to suppress the population on
the level from which ESA originates, i.e. 5D4 and 5D3 of Tb3+. Since 5D3 gets its
population from ESA and cooperative upconversion from 5D4, the focus will be to
suppress the population on 5D4. Tb3+ has a lambda-type level structure, in which the
lower level of the laser transition, 7F5, is above the ground level, 7F6. This ensures that
the lower level is effectively depopulated at all times and allows the population on the
upper level of the laser transition, 5D4, to be very low while still producing positive signal
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gain. ESA will be thus mitigated when the population on 5D4 is suppressed while net
positive gain is produced.
Consider the rate equations for the Tb-laser system, given by Equations 2.21–2.26.
First, consider the effect of ESA on the pump photons. The rate of the pump ESA
relative to that of the desired ground-state absorption is given by

 pESA I p
Pump ESA

N2
Pump Absorption
h p

 pa I p
 pESA N 2
N0  a
.
h p
 p N0

(6.1)

This clearly indicates that having a small upper-state population, while seemingly
detrimental to the gain of the system, is desirable to avoid ESA.
In its simplest conceptual form, it is most desirable to have the ESA rate smaller
than the stimulated emission rate. Taking the ratio of stimulated emission to ESA allows
us to understand the primary competing mechanisms for the upper-state population:
Signal Emission  se I s

N2
Pump ESA
h s

 pESA I p
 se p
N 2  ESA
h p
 p s

 Is 
 .
I 
 p

(6.2)

Although the ratio of cross sections and frequencies is essentially fixed, the ratio of the
signal and pump intensities can be almost arbitrarily chosen by properly designing the
laser.
Specifically, two methods to overcome ESA are proposed: resonator design and
cladding-pumped fiber.

6.1.1. ESA suppression through cavity design
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The first method is to induce a strong signal power in the cavity, thereby
maximizing the ratio of Is/Ip in Equation 6.2. Note that the strong signal will highly
saturate the gain, i.e. suppress the population on the metastable level 5D4, thereby also
minimizing the ratio N2/N0 in Equation 6.1 self-consistently.
Inducing strong signal power in the cavity is accomplished by making the cavity
Q high, or making the cavity loss low. In a fiber laser cavity, losses are composed of
insertion loss from intra-cavity components, propagation loss along the fiber, and output
coupling at the cavity mirror. Insertion loss introduced by intra-cavity components can
be reduced by selecting components of high quality and of matching fiber mode-field
diameters. A fiber’s propagation loss can be broken down into Rayleigh scattering,
waveguide imperfection, and photodarkening. Rayleigh scattering is an intrinsic property
of the glass material and cannot be optimized. Fortunately, it is relatively small, in the
tens of dB/km range at the visible wavelengths [76]. Waveguide imperfection is again a
manufacturing issue.

Today’s technology routinely provides fiber with losses < 30

dB/km [77]. Photodarkening can lead to excessive loss and will be addressed in Section
8.1.1. All the aforementioned losses should be reduced as much as possible.
The final “loss” to be addressed is that of output coupling loss. Although this
represents a loss to the fiber laser cavity, it is also where the useful laser power is
extracted. In most efficient fiber laser resonator designs, the output coupler is kept small
(≤10%) in order to maximize the output power for the nominally high-gain fibers. In the
proposed concept, smaller output coupling leads to suppressed ESA, and thus higher
output power, in direct contrast to conventional systems. Since reducing the output
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coupling eventually leads to no output power, the output efficiency is the main
optimization parameter in the laser design.
An alternative view of this method is to note that during its operation, the total
signal gain in a laser must equal its total loss. By selecting a low total loss for the cavity,
the laser operates in the low gain (highly saturated) regime. Low gain translates to small
population on the metastable level, which in turn leads to suppressed ESA.

6.1.2. ESA suppression through cladding pumping
At a given pump power, the previous method requires selection of the total cavity
loss such that it is between zero and the small-signal gain; under laser operation, the
signal gain, which equals the total loss, must be smaller than the small-signal gain.
However, ESA can be so strong as to reduce the small-signal gain to a very low value
(See Section 8.4), making building a working cavity very difficult, if not impossible.
Simply adding more pump power does very little to help, because (a) ESA causes the
signal gain to roll over much sooner with increasing pump power than signal gain
normally would without ESA, as can be seen in Fig. 2.12; and (b) the additional pump
power is mostly consumed by the stronger pump ESA it produces rather than by useful
pump ground-state absorption (see Equation 6.1).
Cladding pumping addresses this problem in an elegant way. The pump intensity
is much lower compared with core pumping, reducing the population on the metastable
level and thus reducing ESA. Note that this solution satisfies Equations 6.1 and 6.2
simultaneously and self-consistently. Instead of being consumed by ESA, the pump light
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has a chance to propagate down the fiber, interact with ions on the ground level, and
contribute to the signal gain. Although the gain coefficient (gain per unit fiber length) is
lower than the core-pumping case because of lower inversion from the smaller absorption
rate, the total gain will not suffer a longer fiber can be used. Of course, a longer fiber has
its disadvantages, namely larger background loss and a lower NLO threshold. This is
solved by increasing the doping density of the core to just below the level at which
concentration quenching becomes significant, a standard practice in designing doubleclad active fibers to minimize the fiber length.
The cladding-pumped method is best explained graphically as follows. The gain
coefficient vs. pump intensity is plotted in Fig. 6.1, and applies to both core- and
cladding-pumped cases. In the core-pumped case, the pump power causes strong ESA,
so the gain coefficient plotted along the fiber length shows a “saturation” behavior, as in
Fig. 6.2. Increasing the pump power causes the “saturated” gain value to extend to a
longer length, but only increase slightly. As a result, the area under each curve, which is
the total signal gain for each pump power value, increases only slightly.
If the same core is embedded in a pump cladding, the same curve will be
illustrated by Fig. 6.3. In this case, the gain coefficient is much lower than that of the
core-pumped case because of the lower pump intensity, but the curve also extends to a
much longer fiber length because of the much slower pump absorption. In the end, the
area under the curve is larger than the corresponding core-pumped case with the same
pump power, leading to a larger signal gain. More importantly, the pump power can now
freely scale without significantly inducing ESA, because the pump intensity is so far
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below the value that causes strong ESA, enabling increased total gain that more pump
power should naturally provide. Cladding-pumping therefore essentially enables proper
use of the pump power in ESA-impaired active fibers.
Gain coefficient vs. pump intensity in an ESA-impaired material

Fig. 6.1. Gain coefficient vs. pump intensity in an ESA-impaired material
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Gain coefficient vs. the position on the fiber in the core-pumped case

Fig. 6.2. Gain coefficient vs. the position on the fiber in the core-pumped case

Gain coefficient vs. the position on the fiber in the cladding-pumped case

Fig. 6.3. Gain coefficient vs. the position on the fiber in the cladding-pumped case
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Note that the reason for using the dual-clad geometry in ESA-impaired active
fibers is different from that of non-ESA-impaired active fibers that are used in highpower lasers. The latter is more of a geometric nature; the poor beam quality of powerscalable pump sources (high-power laser diodes) makes them only couple into the pump
cladding with a large etendue.

If good-beam-quality, power-scalable pump sources

become available, cladding pumping will not be needed for conventional high-power
fiber lasers. On the other hand, use of dual-clad fibers in ESA-impaired active fibers is
more of a physical nature. The ESA transitions in the active ions abnormally consume
the pump power without producing sufficient signal gain. In fact, high-beam-quality,
high-power pump sources do exist, such as Argon ion lasers, but even with such sources,
cladding-pumping should be used with ESA-impaired active fibers.

6.2. Designing Tb3+-doped silicate fiber laser
The model developed in Section 2.2, together with the spectroscopic parameters
from Chapter 5, were used to simulate the Tb-laser numerically. The concepts outlined in
the previous subsection are numerically validated and used to guide efficient laser design.
Specifically, the required specifications for the laser components are found, and are used
to guide the experimental demonstrations.

6.2.1. Numerical demonstration of ESA suppression via cavity design
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As discussed in Section 6.1.1, the reflectivity of the output coupler (OC) is the
main design parameter for the proposed scheme of mitigating ESA via cavity engineering.
The PCE, defined as
PCElaser 

out
Psignal
in
Ppump

,

(6.3)

was calculated as a function of the output coupler reflectivity for a TDFL under 100 mW
pump power and at a fixed reflectivity for the high-reflector (HR), shown in Fig. 6.4.
This singular set of simulations clearly demonstrates that ESA can in fact be overcome
using the proposed cavity design scheme. As expected and in contrast to conventional
fiber lasers, the PCE is much higher for stronger cavity reflectors.
Optimization of the cavity Q of a TDFL to suppress ESA

Power conversion efficiency
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0.6
Reflectivity of output coupler

0.8

1

Fig. 6.4. PCE of a TDFL vs. the reflectivity of the output coupler. The reflectivity of the
high-reflector is held constant.
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To address the uncertainty in the spectroscopic parameters for the Tb-fiber,
simulations were also performed with the worst-case values from Table 5.4 to get the
most conservative expected performance, in addition to using the average values to get
the typical performance. As can be seen from Fig. 6.5, the performance only slightly
degrades under the worst case, the achievable PCE is still >55% at the optimum cavity
design.
Tolerance of the TDFL performance on the uncertainty in the spectroscopic
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Fig. 6.5. PCE as a function of OC reflectivity for standard (red) and worst-case (blue)
spectroscopic parameters of the 1st generation Tb-fiber

Tb3+ is able to emit in multiple lines in the visible, most notably yellow at 585 nm
and red at 622 nm, as can be seen from Fig. 5.11. Since these transitions also originate
from the 5D4 level, any ESA mitigation technique that suppresses the population on 5D4
will also work for these laser transitions. Again there is a caveat for signal ESA from 5D4.
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ESA cross-sections at these two wavelengths need to be obtained to assess the potential
for lasing and achievable PCE. Lasing is possible only if the ESA cross-section is
smaller than the signal stimulated emission cross-section at the same wavelength. Lasers
at these signal wavelengths are required as probe lasers for this investigation, such as
frequency doubled fiber Raman lasers, Nd:YAG lasers emitting at 1064 nm and 1319 nm
with a sum frequency stage, or a dye laser.

6.2.2. Tolerance on the mismatch between the center wavelengths of the output coupler
and of the high-reflector
Fiber lasers often use fiber Bragg gratings (FBGs) as the cavity mirrors. Unlike
bulk mirrors, which have either very well controlled center wavelength of their reflection
band in the case of dielectric thin-film mirrors or very broad reflection band in the case of
metal coated mirrors, FBGs have relatively narrow reflection bands and non-negligible
manufacturing uncertainty in their center wavelength.

When two such mismatched

reflectors form a laser cavity, the signal sees a total reflection band which is a product of
these two individual bands. The effective reflectivities are no longer the nominal peak
reflectivity of the individual FBGs. This has direct bearing on the laser efficiency. The
effective center wavelength is shifted from those of the individual FBGs as well.
The specifications provided by the vendor of the FBG, O/E Land Inc, were used
in the simulations: a FWHM of 0.4 ± 0.1 nm and a maximum mismatch of center
wavelength of 0.08 nm. To simplify the analysis, Gaussian-shaped reflection bands were
assumed,
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2
  
 
center
  ,
R   R peak exp  
  width  

(6.4)

which is reasonably accurate considering the parabolic shape of the band on a semilogarithmic plot on the FBG’s specification sheet [78]. The nominal peak reflectivity and
center wavelength are assigned to R peak and center , respectively, and width is calculated
from the FWHM value using

width 

FWHM FWHM

.
1.665
2 ln 2

(6.5)

The product of two Gaussian reflection bands is still Gaussian:
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As a first-order analysis, the FWHMs of the two FBGs are further assumed to be the
same, simplifying the expression down to
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2 , which has the lowest loss. Since
Then the center wavelength becomes 1center  center
2
the gain bandwidth (~13 nm at 544 nm) is much larger than the FBG bandwidth, the gain
can be assumed flat across the FBG reflection band. Therefore, the center wavelength of





2 , at which the effective reflectivities of
the laser will approximately be 1center  center
2
the FBGs become
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which replaces the peak reflectivity of each FBG in the code. When there is no mismatch,
i.e. the center wavelengths of the two FBGs exactly align, the nominal peak reflectivities
apply.
In reality, the FWHMs of two FBGs from two batches need not be the same. By
considering an average case of both being 0.4 nm and a worst case of both being 0.3 nm,
we are capturing a typical scenario and an extreme scenario, with the general scenario in
between them. The simulations show that the mismatch in the center wavelength of the
FBGs only causes a slight decrease in the laser PCE, as shown in Fig. 6.6, indicating that
this manufacturing imperfection can be well tolerated.
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Power conversion efficiency

Tolerance on the mismatch between the center wavelengths of the FBGs
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Fig. 6.6. The power conversion efficiency of a TDFL vs. the reflectivity of the output
coupler for no mismatch in the FBG center wavelengths (blue), the maximum mismatch
of 0.08 nm at a bandwidth of 0.4 nm (red), and the maximum mismatch of 0.08 nm at a
bandwidth of 0.3 nm (green)

6.2.3. Tolerance on the insertion loss of intra-cavity components
Fiber lasers often have components inside the cavity for various purposes, which
all comes with insertion loss (IL). Since the cavity Q is a critical factor for Tb-laser, the
tolerance on the insertion losses was studied.
The following scheme was assumed in my study, shown in Fig. 6.7.
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Schematic for the intra-cavity components

Fig. 6.7. The fiber laser architecture used in studying the influence of the insertion loss of
intra-cavity components

One component is placed at each end of the cavity, with IL in both directions, i.e. if the
single-pass IL of one component is 0.5 dB, the total contribution to the round-trip cavity
loss of both components will be 2 dB. The IL values from three vendors are used, and
are listed in Table 6.1.

Table 6.1. Insertion loss values from three vendors of fiber components
Vendor

Insertion loss of fiber components (dB)

HJ Professional

0.5

Lightel

0.7

OZ Optics

1.0

These IL values present a major hit on the PCE, shown in Fig. 6.8. Even the
lowest IL of 0.5 dB causes the PCE to decrease from ~45% to ~15%. These results show
again the importance of keeping the intra-cavity loss low. Since these are real vendor
specifications, placing components inside the cavity should be in general avoided unless
ultra-low loss components can be found.
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Power conversion efficiency
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Fig. 6.8. PCE vs. the reflectivity of output coupler for intra-cavity components with
insertion loss values of 0 (blue), 0.5 dB (red), 0.7 dB (green), and 1 dB (purple)

6.2.4. Numerical demonstration of ESA suppression via cladding pumping
The prior sections provided a proof-of-principle design iteration rather than an
exact prescription, since only pump ESA from 5D4 was considered in those particular
simulations. When the other possible ESA pathways were included, the signal gain in
this case was reduced to ~0.1 dB even for ~250 mW of pump. As such, the original
prescription using Equations 6.1 and 6.2 are too simple to describe the complex physics
represented by Tb3+ ions, and more complex design and optimization processes are
required. Specifically, lasing will be difficult before the second scheme of cladding
pumping is engaged to boost the small-signal gain.

Nevertheless, the principle of

suppressing the population on the metastable level with high-Q cavity still applies in the
case of cladding pumping.
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When cladding pumping is used, much higher pump power can be injected
without causing serious pump ESA, as discussed in Section 6.1.2. 1.5W of pump power
was available from a single Argon ion laser (Ar-laser) and was used in the simulations.
Higher doping density is better for increasing the pump absorption, but only up to the
level where concentration quenching becomes significant. 10 wt% was used in the
design, which well stays within the no-quenching range, nominally stated as just below
15% [71]. For the same doping density, a smaller core is preferred for higher signal
intensity. A core diameter of 3.2 um and an NA of 0.12 are chosen, making it singlemode at 544 nm.
There is a trade-off for selecting the cladding diameter.

A larger cladding

diameter keeps the pump intensity low and mitigates ESA. However, when the cladding
becomes too large, the pump absorption becomes poor (small pump overlap factor) and
the fiber becomes long, inducing excessive background loss.
To optimize the cladding diameter, the gain was calculated in a terbium-doped
fiber amplifier (TDFA) as a function of its cladding diameter for the two signal ESA
cases described in Chapter 5. The results are shown in Fig. 6.9. While the two ESA
cases show different behaviors, both of them exhibit sufficiently high gain to produce
efficient lasing, validating the proposed scheme.
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Optimization of the cladding diameter of a double-clad TDFA in two signal ESA
cases
30

Signal gain (dB)
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Fig. 6.9. Achievable gain vs. cladding diameter in a terbium-doped fiber amplifier for the
two extreme signal ESA cases: 5D4 ESA only (blue diamond) and 5D3 ESA only (red
square). A seed power of 1 μW was used. Even at the gain of ~27 dB, the signal power
stays well below the saturation power of 26.1 mW throughout the length of the fiber
amplifier, enabling a small-signal gain calculation.

For the case of signal ESA from 5D3 (Case II in Chapter 5), increasing the
cladding diameter reduces the population on 5D4 and concurrently reduces the population
on 5D3 because pump ESA from 5D4 is the main reason for the population to go to 5D3.
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When the cladding diameter is properly optimized, the ESA can be highly suppressed
such that 27 dB of gain is achieved.
For the case of signal ESA from 5D4 (Case I in Chapter 5), the signal ESA directly
reduces the signal gain, effectively reducing the signal stimulated emission cross-section.
Therefore, in Case I the inversion needs to be higher to overcome the same signal
background loss, requiring higher pump intensity. This is why the optimum cladding
diameter is smaller for Case I than for Case II. Regarding the lower peak gain value,
signal ESA cannot be arbitrarily suppressed because signal ESA will occur as long as
there is population on 5D4, which must exist for positive signal gain. In fact, the ratio
between the rate of the useful transition, signal stimulated emission, to that of the
detrimental transition, signal ESA from 5D4, depends only on the ratio of the respective
cross-sections, an intrinsic property of the material:

Wsemi N3
I s semi

h s
WsESA,5 D 4 N3

 emi
I s sESA,5 D 4
 ESAs ,5 D 4 .
h s
s

(6.10)

This equation shows the devastating potential effect of signal ESA from the lasing level.
Since both the population and signal intensity drop out from the ratio, ESA will take
place at a rate proportional to the signal stimulated emission, no matter how the laser is
engineered since the ratio is a material property (the ratio of the cross-sections in Eq. 6.10.
Since the cross-section for signal ESA from 5D4 was determined to be smaller
than the signal stimulated emission cross-section from the positive gain measured on the
Tb-fiber (see Section 8.4), positive net gain could be still achieved. For other ESAimpaired laser media, if the opposite is true, i.e.  semi   sESA from the lasing level, signal
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ESA rate will always exceeds signal stimulated emission rate, and lasing will not be
possible.
With the limited knowledge of the signal ESA, i.e. the relative strength of 5D4 vs.
5

D3, a cladding diameter of 87 μm was selected for the double-clad fiber to allow high

gain for either extreme case or any case in between. The latter is most likely since the
real TDFA is likely to have both signal ESAs present. For the same argument, the fiber
length is chosen to be 90 m, on the ground that this length provides reasonably high gain
for either ESA case.

6.2.5. The most promising fiber design for the TDFL
Based on the simulations, the most promising fiber design for the Tb-laser is
summarized in Table 6.2. The 3rd generation Tb-fiber incorporates this design. Once the
actual signal gain on this fiber under the 1.5 W pump is measured, the model can be
adjusted to match the measurement. The updated model can then be used to find the
optimum reflectivity of the output coupler and other laser parameters.
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Table 6.2. The most promising fiber design for the Tb-doped fiber laser
Parameter

Value

Numerical aperture

0.12

Core diameter

3.2 μm

Cladding diameter

87 μm

Doping density

10 wt%

Fiber length

90 m

6.3. Summary
This Chapter proposes two novel techniques for mitigating the excited-state
absorption in Tb3+: upper state depletion via resonator design, and minimization of upperstate population via cladding pumping. With the model developed in Chapter 2 and the
spectroscopic parameters of Tb3+ measured in Chapter 5, these techniques were
numerically verified and the most promising fiber design for the terbium-doped fiber
laser was obtained.
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7. DESIGN AND ASSEMBLY OF THE DIODE PUMP SYSTEM

With the numerically validated design given in Chapter 6, a series of experiments
were performed aiming at demonstrating the first green silicate fiber laser. Chapters 7
and Chapter 8 detail the progress towards physically realizing this fiber laser. This
Chapter is devoted to the design and assembly of the diode laser pump system.
In order to have the largest and most practical impact, any fiber laser must be
pumped with diode lasers. The first-generation TDFL design was aimed at core-pumping
the fiber based on the resonant cavity ESA-suppression technique.
Two nominally single-mode laser diodes were purchased from Nichia with the
goal of polarization combining for injection into the Tb-fiber core. The two pump diodes
came as unmounted components with an uncommon Style F pin configuration [44, 79].
They were mounted on two Newport 700-9-5.6 Laser Diode Mounts with completely
reconfigurable wiring. After mounting, they were connected to an ILX Lightwave LDC3916374 Laser Controller Module with cables made in-house. Each pump laser had a
nominal output wavelength of 488 nm and maximum output power of 200 mW.

7.1. Laser diode characterization
The L-I (“light” output vs. current) curves were first measured for each of the
Nichia lasers, with the results shown in Fig. 7.1. Each laser diode is labeled by its lot
number: Lot #15 and Lot #75.
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L-I curves for the Nichia laser diodes
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Fig. 7.1. Output power vs. driving current for laser diodes: Lot #15 (red) and Lot #75
(blue)
By fitting the curves, expressions for the L-I relationship for the two diodes were
obtained as follows:
for Lot#15:

P  0.8765mW / mA* I  35.17mW ,

(7.1)

for Lot#75:

P  0.8829mW / mA* I  38.25mW .

(7.2)

These results validate the maximum power attainable with single mode diodes (200 mW),
and motivates polarization combining of the beams for launching into the fiber. However,
diode lasers have elliptical beams, which must be circularized before combining and
launching into a single-mode fiber.
In standard diode lasers, the beam is tightly confined in one dimension due to
waveguiding across the epitaxial layers. In the other dimension, the beam is more loosely
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confined via waveguiding that does not reach down into the epitaxial gain region. As
such, the beam is susceptible to refractive index variations arising from both thermal
effects and gain-index coupling [80].
In order to spatially characterize the lasers, the divergence angles of the fast axes
of the two diodes were measured, and the fast-axis beam diameters were obtained by
fitting the data, shown in Fig. 7.2. The slow-axis beam diameters were obtained by
fitting the divergence FWHM in the specification sheets with the analytical expression of
a Gaussian beam:
2
 
 
 
 


 
I0
z0 sin    center 

I   
exp  2
 .
2
2
 z0 cos    center 
 


z cos    center   
1 
w0 1   0



  
zR
zR



  
 

(7.3)
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Fitting the output power vs. angle along the fast axis to obtain the fast-axis diameter
on the emission facet
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Fig. 7.2. Power vs. angle along the fast axis for the two Nichia diodes (blue diamond) and
theoretical fitting with a Gaussian beam expression (green curve)
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The derived beam diameters for the two diodes at the output laser facet are listed in Table
7.1. There is a factor of ~3 difference between the fast- and slow-axis beam diameters,
which was not unexpected and was used in designing the beam-reshaping optics.

Table 7.1. Fast- and slow-axis beam diameters of the two pump laser diodes
Diode Lot #

Fast axis beam diameter (μm)

Slow axis beam diameter (μm)

75

0.412

1.28

15

0.456

1.31

7.2. Circularization of pump laser beams
Since the output beam from the single-mode laser diodes were elliptical, they also
had different divergence angles along their two axes. From the measured beam diameters
of the fast axis, the divergence angles of the two diodes are:
tan Lot75 

tan Lot15 


w

Lot 75
0


w

Lot15
0



0.488
 0.377 ,
3.14 * 0.412

(7.4)



0.488
 0.341.
3.14 * 0.456

(7.5)

With a collimating lenses of NA=0.40 directly after the diode lasers, the ratio between the
capture half-angle of the lens to the 1/e2 divergence half-angle of the laser is

tanarcsin 0.40
tanarcsin 0.40
 1.15 for the Lot #75 diode, and
 1.28 for the Lot #15
Lot 75
tan 
tan  Lot15
diode. The power loss just due to beam truncation is 7% for Lot #75 diode and 4% for
Lot #15 diode. The truncation also causes deviation from the Gaussian shape due to
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diffraction. Both the raw power reduction and diffraction contribute to less-than-perfect
coupling into single-mode fiber (see Section 7.3). This can be improved by using a
collimating lens with a larger NA. Two Geltech aspheric lenses with an NA of 0.61 were
purchased from Lightpath Technologies (Part # 357765). With them, the ratio between
the capture half-angle of the lens to the 1/e2 divergence half-angle of the laser is

tanarcsin 0.61
tanarcsin 0.61
 2.04 for the Lot #75 diode, and
 2.26 for the Lot #15
Lot75
tan 
tan  Lot15
diode. The power loss is correspondingly reduced to 0.02% and 0.004%, respectively,
but the loss of beam quality due to truncation is still non-negligible. Ideally, 3x the beam
width needs to be captured by an aperture to have a negligible truncation effect, but due
to the large divergence of the fast axes of the diodes, this means the collimating lens
should have an NA>1, which is not physically achievable.
Regardless of the collimating optics, the collimated beam still has an elliptical
profile. For example, the collimated beam of the diode Lot#75 is expected to have an
aspect ratio of

wx  f 

wy  w fast 

 f  wslow

 
 3.11 . Anamorphic prism pairs were
 wslow  w fast

used to circularize the beams from each laser diode. In principle, one uses the aspect
ratio of the beam to be circularized and its wavelength to custom design the prism pair
[81]. The material should be chosen such that the square of the refractive index at the
working wavelength equals the desired one-dimensional magnification (equal to the
aspect ratio). The prism should be of a right triangle shape, with one angle equal to
Brewster's angle. The beam is to be incident on the hypotenuse at the Brewster’s angle,
P-polarized. The refracted beam will be normally incident on the opposite side but its
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diameter enlarged by a factor of the refractive index, n, along the dimension that lies
inside the plane of incidence. The same will happen at the second prism, leading to a
total magnification of n2, which equals the aspect ratio by design. The second prism
completely undoes the deflection caused by the first prism and return the beam to its
original direction of propagation. The Brewster’s angle incidence and the anti-reflection
coating on the opposite side ensure that the transmission is 100%. This arrangement is
depicted in Fig. 7.3.
The ideal working configuration of an anamorphic prism pair

Fig. 7.3. The ideal working configuration of an anamorphic prism pair

However, making custom optics in small quantities is very expensive in practice,
not to mention that material with a specific refractive index at a specific wavelength may
not be available at all. Even if one had such a capability, error in the measured aspect
ratio makes such an effort pointless. Luckily, commercial off-the-shelf components exist
with sufficiently close parameters, and angle tuning provides a means to achieve the
desired magnification. The prisms were purchased from Thorlabs (PS873-A). Their
parameters are listed in Table 7.2 with a comparison with the “ideal” parameter [82, 83].
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Table 7.2. Parameters of the Thorlabs PS873-A anamorphic prism pair
“Ideal” value

Parameter

Actual value

Material

Schott N-KZFS8

Refractive index @488 nm

1.7348

1.8160

Angle of apex

30 degrees

28.8 degrees

The angle of tuning required to achieve the desired magnification was calculated using
geometrical optics. First of all, it is noted that upon refraction at an interface, the
diameters of the incident and refracted beams satisfy the following relation, illustrated in
Fig. 7.4:
Di
Dr
,

cos i cos  r

(7.6)

Dr cos  r
.

Di cos i

(7.7)

therefore
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Magnification of the diameter of a beam upon refraction

Fig. 7.4. Magnification of the diameter of a beam upon refraction

Assuming that the beam is incident horizontally with respect to the optical table and the
first prism is rotated clockwise by an angle θ such that the adjacent side makes an angle θ
with respect to the horizontal line, the refraction occurring at the first interface (the
hypotenuse) is shown in Fig. 7.5, and the angles satisfy:





sin 30    n sin r1 ,

(7.8)

cos  r1
.
cos 30  

(7.9)

M1 





Note that theta is expected to be close to the “ideal” value of 30 degrees.
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Refraction at the first interface (the hypotenuse) of the first prism

Fig. 7.5. Refraction at the first interface (the hypotenuse) of the first prism

The refraction occurring at the second interface (the opposite side) is illustrated
by Fig. 7.6, and the following equations hold true:





n sin 30  r1  sin r 2 ,
M2 

cos  r 2
.
cos 30   r1





(7.10)
(7.11)
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Refraction at the second interface (the opposite side) of the first prism

Fig. 7.6. Refraction at the second interface (the opposite side) of the first prism

The total magnification at the first prism is therefore
M 2 M1 

cos  r 2 cos  r1
.
cos 30   r1 cos 30  



 



(7.12)

The second prism still undoes the deflection induced by the first prism. By symmetry,
this ensures that the angles of incidence at the two interfaces of the second prism are
identical to those of the first prism, and the adjacent side of the second prism should
make and angle  r 2 with respect to the horizontal line, illustrated in Fig. 7.7. The
magnification at the second prism is therefore also given by Eq. 7.12, leading to a total
magnification of (M2M1)2.
It can be seen from Eqs. 7.8 and 7.10 that a given θ uniquely determines the
orientation of the second prism as well as the total magnification. Conversely speaking,
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each magnification also uniquely determines the orientation of both prisms. A plot of θ
and  r 2 as a function of total magnification is shown in Fig. 7.8. The required angle of
tuning can be determined from this plot given the required magnification. For the two
measured Nichia diodes, the orientation of the four prisms are listed in Table 7.3.
Orientation of the second prism to undo the deflection at the first prism

Fig. 7.7. Orientation of the second prism to undo the deflection at the first prism

140

Orientation of the two prisms vs. the required total magnification
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Fig. 7.8. Orientation of the first prism (θ) and second prism (  r 2 ) as a function of the
required total magnification

Table 7.3. Orientation of the anamorphic prisms to circularize the beams of the diodes
Diode Lot #

θ (deg)

 r 2 (deg)

75

31.9

-0.961

15

31.2

-0.580

The beam circularization was verified by measuring the beam profile after the prism pairs.
Since the resultant fast-axis diameter of the beam was larger than the active area of the
camera sensor, direct measurement of the beam diameter could not be performed. The
exposure time was therefore reduced to “shrink” the beam to fit in the detector’s active
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area. This at least enabled measurement of the aspect ratio, which is sufficient to prove
the effectiveness of circularization. The aspect ratios of diode Lot #75 before and after
circularization are measured to be 3.34 and 1.06, respectively.
The slow-axis diameters of both beams before expansion by the prism pairs fit in
the camera’s active area and were directly measured. The results are listed in Table 7.4
together with the theoretical prediction from the slow-axis beam diameter on the diode
facet.

The two show excellent agreement.

Based on this agreement, the fast-axis

diameters of the collimated beams are instead calculated from the fast-axis diameters on
each laser’s facet since they cannot be measured, and the value is carried on to the fastaxis diameters of the circularized beams since the fast axis is unaffected by the prism
pairs. For example, for diode Lot#75, the fast-axis diameter of the collimated beam is
calculated to be 3.39 mm, which is also the fast-axis diameter of the circularized beam.
The measured aspect ratio (fast-to-slow axis) of the circularized beam is 1.06, so the
slow-axis diameter of the circularized beam is 3.39 mm/1.06=3.20 mm. For the sake of
simplicity, in subsequent calculations, the circularized beam is assumed to be perfectly
circular with a diameter equal to the geometric mean of the fast- and slow-axis diameters,
e.g.

3.39  3.20mm  3.29mm for diode Lot #75.
Table 7.4. Measured and calculated slow-axis beam diameters of the diodes

Diode Lot #

Measured diameter (mm)

Calculated Diameter (mm)

75

1.01+/-0.04

1.09

15

0.991 +/-0.004

1.07
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7.3. Assembly of the pump laser system
The setup in Fig. 7.9 was used to collimate, circularize, combine the beams, and
couple the combined beam into the downstream fiber.

The two laser diodes were

positioned such that their outputs had orthogonal polarizations. After collimation and
circularization, a polarizing beam splitter combined the two beams for launching into the
single-mode fiber.
The laser diode pump system

Fig. 7.9. Setup to collimate, circularize, combine the beams from two single-mode laser
diodes and couple the combined beam into a single-mode fiber
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The collimating lenses initially used in the setup were Olympus Plan-N 20x/0.40
microscope objectives. As infinity-corrected objective lenses, spherical aberration is well
corrected when used at the design conjugate, object being at infinity, which is just the
reversal of collimating a point source on the focal point.
The lens required to couple the combined beam into the fiber was calculated with
the formula [81] for focusing Gaussian beams:

w1w2  f ,

(7.13)

where w1 and w2 are the radii of the beam and of the mode field of the fiber to be coupled
into, respectively. Assuming a conventional single-mode fiber for 400-nm light (e.g.
Nufern S405-HP pure silica core fiber with a core diameter of 3.0 μm and NA of 0.12), a
mode field diameter of 3.38 μm was calculated from the Marcuse formula [53]. The
required focal length to match the mode-field is

f 

w1 D2 2




3.14 * 3.29 * 3.38
0.488

2 mm  35.8mm .

(7.14)

A singlet with f=32mm and NA=0.10 was used as the best match. Further improvement
can be expected if a lens with a closer matching focal length is used.
The two arms of the pump delivery system were aligned individually. In each
arm, the double steering mirrors provide a means to adjust the position and orientation of
the beam, ensuring that the beam was centered in the aperture of the coupling lens and
normally incident, which in turn controls the wavefront tilt of the incident beam spot on
the fiber facet and the transverse position of the beam spot, respectively. The prism pair
controls the aspect ratio of the beam spot. The collimating lens controls the diameter of
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the beam spot. All the degrees of freedom for coupling a beam into a fiber are thus
addressed. The procedure of alignment is
1. Starting with one arm, collimate the output of the diode, obtaining an elliptical
beam that remains the same size over ~2 m of propagation and follows a line of
screw holes on the optical table;
2. Adjust one set of anamorphic prism pair to roughly the required orientation and
insert them into the beam path, making sure the beam is centered in their clear
apertures and the downstream beam is still roughly parallel to a line of screw
holes;
3. Measure the profile of the reshaped beam on a camera and angle-tune the prisms
until the aspect ratio of the beam is close to unity;
4. Insert the double steering mirrors into the beam path, making sure there is enough
separation between them so that the tip and tilt in the upstream mirror provides
enough translation on the downstream mirror, while also making sure that the
output beam follows a line of screw holes;
5. Put the polarizing beam splitter (PBS) into the beam path, making sure the output
beam still follows a line of screw holes;
6. Repeat Step 1 - 4 on the other arm, adding its beam onto the output port of the
PBS, making sure the two beams in the output does not walk off over ~2 m of
joint propagation;
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7. Insert the coupling lens into the combined beam path, centering the beam in its
clear aperture and making sure the centroid of the output beam still follows a line
of screw holes;
8. Insert the fiber, mounted on a precision stage (e.g. Newport UltrAlign stage), such
that its tip is roughly at the focal spot of the coupling lens, then adjust the position,
tip, and tilt to maximize the transmitted power at the other end of the fiber;
The above 8 steps usually achieve good coupling of only one arm into the fiber. The
other arm is usually poorly coupled. Even the arm that has been well coupled can be
further optimized. The following procedure aligns the other arm into the fiber and
optimizes the already-coupled arm:
9. On the uncoupled arm, adjust the tip and tilt of the downstream steering mirror to
move the spot onto the fiber core (noted by increased power at the output end of
the fiber);
10. Slightly tweak the tilt of the upstream steering mirror and re-optimize the tilt of
the downstream mirror to adjust the angle of incidence of the focusing beam onto
the fiber facet;
11. Repeat Step 10, but adjust the tip instead of the tilt, to optimize the angle of
incidence along the orthogonal direction of the focusing beam onto the fiber facet;
12. Slightly adjust the longitudinal position of the collimating objective and reoptimize the tip and tilt of the downstream mirror to match the beam spot’s
diameter to the fiber’s mode-field diameter;

146

13. Adjust the angle of the prisms and adjust the angle of the steering mirrors along
the same direction to optimize the beam spot’s aspect ratio.
14. Repeat Steps 9 - 13 on the already coupled arm to further optimize the coupling.

With all the alignment optimized, a fiber-coupled power of 113 ± 1 mW was achieved
with both diodes running at full power (200 mW). This corresponds to an average
coupling efficiency of 28.3%. As discussed before, switching to the Geltech aspheres
with a higher NA will reduce the truncation at the collimating lens. Their shorter focal
length compared to that of the Olympus 20x objective (f=9 mm calculated from its tube
length of 180 mm) will make the collimated beam smaller. Finally, using a coupling lens
with a closer matching focal length will improve the mode matching at the fiber facet.
Any of these is expected to further boost the coupling efficiency.

7.4. Summary
This Chapter describes the design and assembly of the laser diode pump system.
The characterization method, the beam circularization technique, and the beam
combination and alignment procedure are discussed in detail. These are essential steps
leading to the construction of a diode-pumped Tb-fiber laser.
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8. EXPERIMENTS ON TB3+-DOPED SILICATE FIBERS TOWARDS LASING

This Chapter continues the discussion of the progress towards physically realizing
the visible silicate TDFL.

Specifically, the characterization, processing, and

measurements of two generations of terbium-doped fibers are detailed.

8.1. Fiber characterization
Although multiple Tb-doped fibers were available, only two had sufficiently low
doping densities to avoid concentration quenching. The nominal characteristics of these
fibers, which were fabricated by Clemson University, are given in Table 8.1

Table 8.1. Nominal specifications of the Tb-fibers fabricated by Clemson University
Parameter

1st-generation (Tb-fiber 1)

2nd-generation (Tb-fiber 2)

Core diameter (μm)

12.8

3.2

Core NA

0.187

0.153

Doping density (wt%)

1.64

3

Cladding diameter (μm)

125

60

Buffer material

Urethane acrylate

Urethane acrylate

Although the design specifications of these fibers were optimized, both fibers
were fabricated incorrectly, and extreme measures were taken to exploit them for use in a
Tb-laser. Specifically, the core diameter and core NA of Tb-fiber 1 were fabricated much
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larger than the target specifications (3.2 μm and 0.12), making its core highly multimode
at the signal wavelength (V=13.8). This posed an intra-cavity loss problem for the Tblaser, because the FBG was fabricated on a single-mode fiber and splicing the Tb-fiber to
the FBG will inevitably induce loss from mode mismatch. Since a low intra-cavity loss is
a key ingredient in the ESA mitigation strategies, a special procedure was developed to
reduce the loss, detailed in Section 8.2.
The second generation fiber, Tb-fiber 2, was designed specifically for cladding
pumping. However, the fiber was fabricated with a cladding buffer that was highly
absorbing at the pump wavelength (488nm). To avoid the absorption of the pump in the
polymer buffer, buffer removal techniques were developed and will be discussed in
Section 8.2.2.

8.1.1. Photodarkening
As discussed in Section 6.2.3, any photodarkening (PD) adds to the intra-cavity
loss and can break the optimum condition for ESA mitigation.

The 1st and 2nd

generations of Tb-fiber had germanium which is a known PD agent [84] in their cores, in
spite of “no germanium” being part of the design requirements.

Moreover,

photodarkening in Tb3+ was previously reported [85] at the pump wavelength of 488 nm,
although it was reversible with the application of green (544nm) laser power, which will
be very strong within our laser cavity. Nonetheless, it was deemed prudent to measure
PD in the fibers that were available.
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The PD time constant was measured on the 1st generation Tb-fiber with the setup
shown in Fig. 8.1.
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Setup for measuring the photodarkening time-constant in Tb-fibers

Fig. 8.1. Setup for measuring the photodarkening time-constant in Tb-fibers

The power meter was set to automatically record power vs. time when the shutter on the
pump beam was opened. The resulting power decay curve is shown in Fig. 8.2 and is
fitted with a single-exponential:

 t
Pt   Pfinal  Pinitial  Pfinal exp    .
 

(8.1)

By noting that the curve is relatively flat near its end, the average of the last several data
points, 0.111 mW, was used as the approximate Pfinal. Then τ was adjusted to fit the
shape of the curve. The best fit occurs when tau=110 s. Even then, the shape was not
exactly matched. The actual decay is faster than calculated at the beginning and slower
than calculated at the end. This is a manifestation of the self-terminating characteristic of
PD which is not fully captured by Eq. 8.1. As PD is induced in the fiber, the loss
increases, reducing the power entering the fiber and thus slowing down the PD. That
being said, the deviation of the single-exponential from the experimental curve is small,
so 110 s suffices as a first-order result.
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The transmitted power at 544 nm before and after the PD measurement was also
measured. The induced loss at 544 nm can be calculated from the two power readings:

10 log10

900W
 3.06dB .
445W

(8.2)

As is characteristic of PD, the loss at shorter wavelengths (488 nm) was larger:

10 log10

0.35mW
 4.99dB .
0.11mW

(8.3)

The PD time constant at 544 nm was then estimated by scaling that of 488 nm with the
induced losses at these two wavelengths:

 544nm   488nm *

Loss488nm
 179s .
Loss544nm

(8.4)
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Fig. 8.2. Measured (blue) and fitted (red) decay of transmitted pump power through a 1.3
m segment of Tb-fiber
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Note that although this PD effect would prohibit use in a real laser system, the effects can
largely be mitigated by eliminating the germanium in the fiber core. As such, any
demonstration that can be made well within the PD timescale on this particular fiber can
be viewed as potential performance that could be achieved from an optimized fiber.

8.2. Processing Tb-doped fibers
The building of high-performance fiber lasers relies heavily on the capabilities of
processing fibers. For the Tb-laser in particular, low intra-cavity loss is essential for ESA
mitigation. Moreover, the problems with the two generations of Tb-fibers required
drastic measures to exploit them for use in a Tb-fiber laser. The geometrical problems
with the first-generation fiber required processing the fibers such that the multimode fiber
could be use in a single-mode cavity with low-loss. This implies (a) tapering to match
the fiber mode-field diameters when needed, (b) cleaving tapered fibers to achieve a flat
cleave to assist in low-loss splicing, and (c) splicing to join the gain fiber with the FBG
fiber without introducing much splicing loss. In order to realize the cladding pumping on
either 1st or 2nd-generation Tb-fiber, the polymer coating must be stripped because this
coating is in direct contact with the fiber cladding and causes strong attenuation when the
488nm pump light interacts with it.

8.2.1 Fabrication techniques for SMS Tb-doped fibers
In order to use the multimode Tb-fiber with the single-mode FBGs, it must be
terminated by single-mode ends, thus dictating the single-mode to multi-mode to single-
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mode (SMS) moniker. The joint between the SM and MM zones was enabled via
adiabatic taper, which in principle tapers the fundamental mode in a lossless fashion.
The tapering process was developed on a Vytran LDS-1250 Large Diameter
Splicing System. This machine has a built-in macro builder for generating tapering
programs from physical parameters, but was required to be optimized to minimize loss
through the taper. The parameters in Table 8.2 were used for tapering 125 μm fiber down
to 80 μm. A final diameter of 80 μm was chosen to take advantage of the low-loss 80125 μm splicing program already developed for the fusion splicer.

Table 8.2. Parameters for generating 125-to-80 μm tapering program on Vytran LDS1250 Large Diameter Splicing System
Parameter

Value

Original Diameter

125 μm

Final Diameter

80 μm

Down/Up Taper Length

5 mm

Constant Taper Length

10 mm

Number of Down/Up Taper Stages

100/100

Constant Pull Velocity

1 mm/s

Gas Flow Rate

2 liter/min

Max Power

66 W

Power Distribution

0
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The critical parameter was determined to be the Max Power. Too much power causes the
fiber to droop after cleaving, making it hard to align in the subsequent splicing step. Too
little power does not soften the fiber enough so that it will slide inside the clamp when
the Fiber Holding Blocks (FHBs) are pulling on it, making the tapering ratio inaccurate.
66 W was determined to be the lowest power level that avoids fiber sliding with both
clamps in use on the left FHB. The diameter of the tapered portion is measured on the
Fiber Microscope. A photo is first taken on an SMF-28 fiber with the standard 125 um
cladding diameter. The diameter in unit of pixel count is then obtained with image
processing software, such as ImageJ. The photo of the tapered portion is then taken and
its diameter measured in pixel count. Finally, the physical diameter is calculated with the
calibration data obtained from the SMF-28 fiber. The process is illustrated in Table 8.3.

Table 8.3. Measuring the fiber diameter on the Fiber Microscope with calibration data
from SMF-28 fiber
Fiber name

Diameter in μm

Diameter in pixel count

SMF-28

125

419

Tapered fiber, 80 um nominal

80.5

270

The cleaving process of 80-μm fibers was optimized on a Vytran LDC-200
Automatic Cleaver. Like the LDS-1250, this machine also allows users to make a
cleaving program by setting only a few parameters. The parameters listed in Table 8.4
were determined via manual optimization process.
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Table 8.4. Parameters for the 80-μm fiber cleaving program on Vytran LDC-200
Automatic Cleaver
Parameter

Value

Cleave Tension

102 g

Tension Velocity

15 steps/sec

Rotation Angle

0

Pre-cleave Advance

642 steps

Cleave Oscillation Counter

60

Cleave Forward Steps

21

Cleave Back Steps

20

Scribe Delay

1 ms

The critical parameter that has a significant bearing on the quality of the cleave is the
Cleave Tension. Too large a tension causes the fiber to be torn apart, leaving a rough end
face which bodes negatively for the quality of the splicing. Too small a tension prevents
the fiber from cleaving upon its first contact with the blade. The blade then keeps
oscillating forward and scribing the fiber until it finally cleaves, leaving a big chip on the
end face. A series of fiber end faces under different cleave tensions are shown in Fig. 8.3,
clearly showing the trend described above. 102 g was chosen because it routinely
achieved the best overall quality.
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Images of fiber end faces cleaved under different tension values
(a)

(b)

(c)

(d)

(e)

(f)

Fig. 8.3. Images of fiber end faces cleaved under different tension values of (a-f) 92, 98,
102, 104, 110, 120g
A Fitel S177A Fiber Fusion Splicer was used to splice the fibers. The splicing
program was adopted from a program designed by Tom Liang, the chief splicing engineer
at OFS Fitel. In practice, however, the spring-loaded clamp on the left-hand side in the
splicer hindered the movement of the tapered fiber. After removing it, the tapered fiber
moved freely and splicing was routinely achieved.

8.2.2. Buffer coating removal technique
The material of the fiber buffer coating is urethane acrylate. Organic solvents
such as acetone, methyl ethyl ketone, dichloromethane, and tetrahydrofuran were not able
to dissolve the coating even under extended (~3 hours) soaking and agitation, indicating
that the polymer is cross-linked.
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Hot concentrated sulfuric acid was able to remove the coating on the 2nd
generation Tb-fiber.

Urethane can be hydrolyzed with the catalysis of acid under

elevated temperature, as illustrated in Fig. 8.4 [86]. This acid stripping was tested on a
short segment (~5m) of the 2nd-generation Tb-fiber by immersing it into a bath of >95 wt%
H2SO4 at 190 +/- 10 C for about 10 sec. Excellent removal of the coating was achieved.
The optimum fiber length for the 2nd-generation Tb-fiber (90 m) requires a much
larger volume of acid than my small-scale trial. A dedicated scaffold was made from
polytetrafluoroethylene (Teflon) for mounting the fiber in the acid bath, as shown in Fig.
8.5.

Teflon is known to be chemically inert under the conditions of the reaction.

However, at the temperature of 190 C, concentrated sulfuric acid gives off acidic fumes
that must be properly collected and neutralized by an advanced apparatus. Such an
apparatus is currently not available at the University, but given the success at the smallscale, the method should work well on the full length of Tb-fiber.
Once the buffer coating is removed, the fiber coil can be gently removed from the
Teflon scaffold and placed on a set of aerogel pads. Since the aerogel has a refractive
index near unity [87], the pump light would be contained in an effectively air-clad
configuration.
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Mechanisms of the hydrolysis of urethane

Fig. 8.4. Mechanisms of the hydrolysis of urethane
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Photo of the Teflon scaffold for mounting the fiber in the acid bath

Fig. 8.5. Photo of the Teflon scaffold for mounting the fiber in the acid bath

8.3. Assembly of the first-generation Tb-fiber laser system
The first-generation fiber laser cavity was built by fusion splicing all the
components. Since the 1st-generation Tb-fiber has a mode-field diameter ~4 times larger
than that of the FBG, mode matching needs to be achieved to get low-loss splices. This
is done through adiabatic tapering of the thicker fiber. To take advantage of the 80-125
μm fusion-splicing program already developed and optimized as detailed in Section 8.2.1,
the mode matching was achieved in two stages, and in each stage the 125 μm fiber is only
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tapered down to 80 μm. The SM1500SC pure-silica core fiber from Fibercore is chosen
as the intermediary fiber.
In the investigation stage, rather than splicing the tapered SM1500SC fiber
directly onto the FBG, two SM600 fiber leads were spliced to each end to make an SMS
mode-matched active fiber module. The FBGs were then spliced onto each end of this
module to form the laser cavity, as illustrated in Fig. 8.6. The FBGs were fabricated on
SM600 fiber so mode matching was automatically achieved between the FBGs and the
SM600 fiber leads. This modularized architecture allows the optimization of the loss in
the four tapers and splices through repeated experimentation without sacrificing the
precious 1 m fiber leads on the FBG.
The cavity of the 1st-generation Tb-doped fiber laser

Fig. 8.6. The cavity of the 1st-generation Tb-doped fiber laser

The quality of the splices in the active fiber module were all monitored with real-time
power measurement, i.e. power was measured from the fiber end before and after the
splice to assess the splice quality. At the wavelength of the monitoring laser (632.8 nm),
SM1500SC and Tb-fiber are both multimode, so the power measurement is meaningful
only when launching from the single-mode fiber side; otherwise the launching condition
and thus the modal content in the multimode fiber significantly affects the transmitted
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power, making characterization of the splice alone impossible. This means the active
fiber module needs to be broken down into two halves, each half optimized separately,
and the Tb-fiber spliced at the end. In practice, one half is first spliced and put aside.
The other half is spliced with real-time power monitoring, at the end of which the first
half is spliced on.
After the whole module is spliced, the total loss still depends on the geometric
layout of the multimode fiber (most significantly the Tb-fiber) because any bending or
twisting affects the mode coupling inside it. If single-mode is launched into one singlemode end of the SMS structure, the mode can lose power to other modes in the
multimode segments. The power in these other modes is then lost when converting back
to single-mode fiber since only the fundamental mode is retained through the taper.
Different geometries were tested both with respect to the loss level and its
sensitivity to handling. In the end, a large-coil approach was adopted in which the fibers
were coiled into loops of ~40 cm diameter and taped down onto a metal breadboard. The
shape of the fiber coil was adjusted while the transmitted power is monitored. When an
optimum power was achieved, the fiber was taped down to preserve its shape. In the end,
all multimode fibers were fixed, leaving only the single-mode SM600 fiber leads free.
Although the resultant power through the SMS structure was quite stable under
this configuration, the measured single-pass loss in the module was 1.86 dB. Given our
requirement for a low-loss cavity, this 1st-generation fiber was thus not expected to
achieve excellent results. In fact, the fully assembled and pumped system did not reach
the lasing threshold.
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8.4. Characterization of the first-generation Tb-fiber laser system
When the Tb-doped fiber laser did not lase, a Tb-doped fiber amplifier was built
to measure the signal gain as the first troubleshooting step. The experimental setup is
shown in Fig. 8.7.
Setup to measure the signal gain in a Tb-doped fiber amplifier

Fig. 8.7. Setup to measure the signal gain in a Tb-doped fiber amplifier

First, only the pump was launched into the fiber. ASE plus some reflected pump that
leaks through the color filter is recorded as PASE . Then only the signal is launched into
the fiber, and its power is recorded as Psignal. Finally, both the signal and the pump are
launched into the fiber, and the recorded power is a sum of the amplified signal, ASE,
and the reflected pump, and is denoted by Pamplified _ signal_ plus_ ASE . The signal gain is
calculated from
Gain  10 log10

Pamplified _ signal_ plus_ ASE  PASE
Psignal

.

(8.5)
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Since the Tb-fiber is subject to photodarkening, Pamplified _ signal_ plus_ ASE must be recorded
immediately after the pump is launched. In practice, the power meter is programmed to
be continuously acquiring data while the shutter on the pump beam is opened. At a
launched power of 255 mW into the core, the temporal trace of the measured power is
shown in Fig. 8.8. The gain is calculated to be

Gain  10 log10

269  14.3
 0.20dB .
243

(8.6)
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Temporal trace of power in the measurement of signal gain in Tb-fiber
Amplified signal + ASE + Residual pump
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Fig. 8.8. Temporal trace of power in the measurement of signal gain in Tb-fiber

The signal saturation power in the 1st generation Tb-fiber is calculated as

Pssat 

As hc

 semi s

 0.32W ,

(8.7)
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where

As   12.82m / 2  1.29 1010 m2
2

,

s  544nm

,

  2ms

,

and

 semi  7.5 1026 m 2 are used. The launched signal power is ~ 1 mW << 0.32 W, so
launching the signal has minimal effects on ASE, justifying the subtraction in Eq. 8.5.
The gain thus measured is the on-off gain, not the single-pass net gain (gain
minus propagation loss), because the propagation loss is present in both the numerator
and denominator of Eq. 8.5 and cancels out. To compare to the simulation results, the
propagation loss needs to be subtracted, yielding the net gain:
0.20dB  0.050dB / m *1.3m  0.14dB .

(8.8)

Matching this value with the model allows the determination of the signal ESA crosssections under the two extreme ESA cases, as was done in Section 5.4.
Note that although the gain was small in this first-generation fiber, the model
agrees with this measurement. The cladding-pumped design stated in Section 6.2.4
included all of the ESA effects as measured, and thus represents a physically realizable
Tb-doped fiber laser for visible light emission.

8.5. Summary
This Chapter presents the experiments on the fiber leading to the realization of a
visible terbium-doped fiber laser.

The first two generations of Tb-fibers have many

imperfections such as germanium content in the core, incorrect core diameter and
numerical aperture, and absorbing polymer buffer outside the cladding. To overcome
these obstacles, the photodarkening time constant was measured; the fiber tapering,
cleaving, and splicing procedures were developed to enable the building of a low-loss
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cavity; and buffer removal techniques were successfully tested. The first-generation fiber
cavity was assembled with special care in an SMS configuration to minimize the cavity
loss, and a core-pumped trial was carried out. In trouble-shooting its failure to lase, the
signal gain was measured and matched well with the model. If cladding pumping is used
with 1.5 W of pump power, the model predicts ~10 dB of gain which is expected to lead
to lasing at reasonable efficiencies.
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9. CONCLUSIONS AND OUTLOOK

9.1. Conclusions of the dissertation
Several ultra-high-efficiency, rare-earth doped fiber lasers were developed in this
thesis for novel operating regimes, at both infrared and visible wavelengths.
At infrared wavelengths, an erbium-doped fiber amplifier was optimized as the
final-stage power booster specifically for use in a deep-space laser communication
system. Not only is the raw amplifier efficiency of concern for such an application, but
nonlinear optical impairments, fluctuations in the energy of output pulses, and the
distortion of the shape of output pulses can also affect the efficiency of the whole system
and were thus examined.
Efficiency degradation below the quantum-defect limit mainly comes from
concentration quenching and the propagation loss in the fiber. By finding a lower doping
density with a longer length of fiber that minimizes the joint loss due to quenching and
propagation, 53% power-conversion efficiency can be achieved in a fiber with a standard
cladding size and 75% in a fiber with a custom but still achievable cladding size. When
technologically feasible loss mitigation strategies are applied to push the propagation loss
low, even the quantum-defect limit can be approached in the EDFA.
Nonlinear optical effects were found to have an impact on an EDFA with the
efficiency-optimized design at the deep-space communication data formats. Self-phase
modulation and stimulated Raman scattering together reduce the operational data format
space significantly. On a two-dimensional data format map composed of the symbol
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period and the pulse width both in logarithmic scale, the operating regime is reduced to
~45% of its original size.
Dynamic gain effects such as the fluctuation of output pulse energy and the
square-pulse distortion were quantified and mapped on the data format space. Both
effects were found to primarily depend on the symbol period. The peak-to-peak spread
of output pulse energy is 28% of the mean output energy. The maximum square-pulse
distortion is 21%. It was found that forward error correction can be employed to keep the
accuracy of detection and mitigate any potential data loss at the photon-limited receiver.
At visible wavelengths, realizing the world’s first diode-pumped, directoscillating, terbium-doped silicate fiber laser was explored. Excited-state absorption was
found to prevent lasing in silicate glass hosts and cause very low efficiency in fluoride
glass hosts. In the study, the spectroscopic properties of Tb3+ in silicate glass hosts were
first measured.
absorption.

Two strategies were then proposed for suppressing excited-state

With the obtained spectroscopic parameters, a numerical model was

developed to verify the ESA-mitigation methods and to design an efficient terbium-doped
fiber laser. Finally, the experimental foundation was laid for the realization of the visible
fiber laser, both in terms of a fully optimized diode laser pump system, and in
preliminary gain measurements.

9.2. Future work
The design of the ultra-high efficiency in EDFAs was based on a numerical model.
Although the model incorporates the major known physical mechanisms of Er3+, the
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model is nonetheless still a simplification of a real-world amplifier. The parameters that
are fed into the model were obtained from reliable sources, but any physical realization
will show deviations from these parameters.

Moreover, the very nature of the

optimization is to explore the part of the parameter space that no one has ever tried before,
which is by nature an extrapolation. Only experimentation can verify the model and its
parameters, or alternatively discover new mechanisms and/or correct the parameters. The
natural next step for this work is an experimental study of ultra-high-efficiency
resonantly pumped double-clad EDFAs.
First, the value of the concentration quenching parameters could be measured and
their scaling rules determined experimentally. Current technologies provide many ways
to inhibit concentration quenching, including Yb3+-codoping [6] or hosting with
crystalline nanoparticles [88], etc. The quenching properties of Er3+ in these fibers could
be very different from what was studied here.
Second, the values for the propagation loss in the various designs could be
experimentally revisited.

The current commercially available double-clad fibers are

developed for ytterbium-doped fiber lasers and erbium-ytterbium co-doped fiber lasers,
so their polymer outer claddings are optimized for low absorption at the ytterbium pump
wavelength (980 nm). Measurement of the propagation loss of the 1530 nm pump in the
inner cladding could be performed. If it is too high, new materials for the outer cladding
need to be developed, or alternatively, triple-clad fiber designs, with first and second
pump claddings that are both glass, could be further explored [89]. The loss values
achievable when several fabrication technologies are combined also need to be verified,
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for example, when an air-clad inner cladding (diameter 55-μm, NA 1.0) is used in
conjunction with a single-mode erbium-doped core made with MCVD (the OFS 1.7
dB/km core).
Third, the nonlinear effects are studied with the specific detection scheme in mind
(e.g., the bandpass filter). A more accurate threshold could be established by
experimentation, and would likely be higher due to some conservative estimates made in
this study.
Finally, the fluctuation of the pulse energy and the square-pulse distortion could
be experimentally measured. The dependence of these two effects on the symbol period
could be either verified or corrected along the way. If the linear dependence on symbol
period in this Thesis is found to hold true, one need only measure one point in the data
format space for calibration purpose and use the dependence to derive the values for the
rest of the data format space.
The presented work highlighted the two signal excited-state absorption (ESA)
transitions of Tb3+, and obtained the strength of each by assuming two extreme cases
each of which has only one ESA transition hypothetically. The real Tb3+ is likely to have
both signal ESAs, each at weaker values than used in this Thesis. After the ESA process,
the Tb3+ ions decay to the 5D3 level, which has a cross-relaxation channel (5D3, 7F6 -> 5D4,
7

F0) to decay to the lasing level, 5D4. This process helps move the population to the

lasing level and can be significant if the doping density is sufficiently high. To fully
understand the lasing properties of Tb3+ and finally realize the visible silicate fiber laser,
the spectroscopic study of Tb3+ could be continued.
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First, the signal ESA could be further characterized by obtaining more data points
on the signal gain vs. pump power curve and fitting the data set. This was not done in
this Thesis because the gain value was clamped at a very low value by ESA and the
signal-to-noise ratio will be insufficient at lower pump powers. Fortunately, simulations
revealed that higher gain can be expected in the cladding-pumping geometry. Using a
double-clad fiber, signal gain can be measured at more pump power levels and one can
proceed to the fitting to obtain the two signal ESA cross-sections.
Finally, the cross-relaxation can be modeled by adding a population decay term
proportional to the product of the population on 5D3 and that on 7F6 to the rate equation
for 5D3. Using a UV laser at 381nm, one can directly pump to the 5D3 level. The
population on

5

D4 can be monitored by measuring the power of the green

photoluminescence (PL) at 544nm. By measuring the power of the PL vs. the pump
power, and fitting the data set, the constant coefficient in the cross-relaxation term can be
determined. With these two additions, a more complete model of Tb3+ can be used for
the design of the terbium-doped fiber laser (TDFL), especially a double-clad TDFL
which is preferably doped as high as 10wt%. Once a high gain value is measured on the
terbium-doped fiber that is also well predicted by the model, building a cavity to achieve
lasing and further optimization of the laser design should not be difficult.
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