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ABSTRACT 

The lasers operating in the wavelength range of 900 — 1000 nm have 
caused intense attention because they are in great demands for: 1. High 

power blue and deep UV laser generation 2. High power single-mode 

pump laser source 3. Light detection and Lidar , etc. And now, there are 
actually many different types of lasers can generate laser in this 

wavelength range. For example, Nd and Yb doped fiber laser, Nd and Yb 
doped glass and crystal lasers, OPO and SHG laser, etc. Among all this 

options, we decided to study the Nd-doped fiber laser for their 

outstanding advantages: 1. As fiber laser, it possess all the advantages of 
any fiber lasers have, such as: high power scalability, excellent beam 

quality, high spectral and intensity stability, super compactness, 

robustness and reliability. 2. Comparing to other rare-earth-ion, the Nd3+ 
ions have a more broad emission wavelength range from 900-950 nm.  

My goals for doing this thesis research are:1.Experimentally and 
theoretically investigate Nd-doped fiber lasers and amplifiers at 9xx nm. 

2. Develop 9xx nm single frequency fiber lasers and amplifiers. 3. 

Obtain directions for developing high power single-frequency Nd-doped 
fiber laser sources at 9xx nm. To achieve these goals, 1. Nd-doped fiber 

lasers at 934 nm were investigated. 2. Core-pumped and cladding-

pumped Nd-doped fiber amplifiers are also investigated. 3. The 
simulation of the Nd-doped fiber amplifiers have been done. 
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CHAPTER 1: INTRODUCTION 

1.1 Fiber Laser 
The field of fiber lasers was born almost simultaneously with the 

achievement of the first laser action in Ruby in 1961. [1]After a few 
years, in 1964, Koester and Snitzer demonstrated amplification and 

observed fiber laser oscillation in a gain fiber. This important work was 

followed by other researches which further studied fiber lasers. However 
the great success in the development of other laser-active media put 

serious fiber laser research on hold for several decades. Until 80s and 

90s, fiber lasers had return to the research focus due to the appearance of 
reasonably powerful and reliable diode lasers and diode-pumped laser 

technology. The success in fiber lasers is a result of joint success in the 

field of solid-state lasers and fiber technology. Therefore, fiber lasers 
adopted technological solutions from both of these areas. The most 

developed fiber laser systems are based on laser glasses with the 

following rare earth ions: Yb3+, Er3+, Tm3+,and Nd3+. The first ion to be 
used in fiber laser was Nd3+. Hence, a lot of work has been done using 

Nd3+ as a laser active ion in fiber laser research, including new 

operational schemes for unique spectral and temporal fiber laser 
characteristics. However, Yb3+ and Er3+ got more attention after wards, 

because Yb3+ offers higher conversion efficiency, much broader 

tenability in the 1-µm spectral range and higher energy storage time 
while Er3+ eventually brought power of the fiber laser based on these 
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rare earth ion to hundreds of Watts. Here in my thesis research, we put 

our attention on Nd3+, the first and most researched rare earth ion. 

As one can imagine, the most technological and scientific efforts have 
been and are still being placed on development of single transverse 

mode fiber lasers and amplifiers operating with close to diffraction-

limited beam quality. In the early stage of fiber laser development, gain 
fibers that only support the fundamental mode had a laser active ion-

doped core that was several microns in diameter and an undoped 

cladding surrounding the core, which has usually about 100 µm in 
diameter. The pump and the signal radiation were launched into the core 

from the same or opposite directions of the gain fiber with perfect beam 

overlap. However, this scheme (core-pumping) has a very limited power 
scalability because of the strict requirement for brightness of the pump 

diode lasers density per divergent solid angle of the pump diode lasers in 

order for it to be efficiently launched into the fiber core. In the 80s, by 
launching pump radiation into a larger area of cladding that surrounds a 

doped core, the capability of launched pump power scaling in fiber 

lasers was significantly expanded (cladding-pumping).  

Like all the other laser systems, fiber laser also consists of three basic 

components: lasing material, pump source and optical cavity. In my 
thesis research, the gain material is a segment of Nd doped fiber. As for 

the pump source, one or several coupled laser diodes are usually used for 
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pumping. A 808 nm laser diode was used to pump our fiber laser system. 

The optical cavity in a fiber laser is either linear or circular. As figure1 
shows below, our fiber laser system adopted two fiber Bragg gratings to 

form a linear cavity.  

Here pumped by a 808 nm laser, the short Nd doped fiber will release 

photons of 934 nm and the FBGs with center wavelength of 934 nm here 
form the distributed Bragg reflector system. Together these components  

could form a stable single frequency fiber laser system. 

Figure 1. Setup of Nd-doped fiber laser
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1.2 Single frequency laser 
[2]A single frequency laser, or a single wavelength laser, is a laser which 
operates on a single cavity mode so that it emits quasi-monochromatic 

radiation with a very small line width ( ~ kHz) and low phase noise. 
Since most of the excited mode is in Gaussian mode, the output is 

normally diffraction limited. 

In areas like optical metrology, interferometry, optical data storage, high-

resolution spectroscopy and optical fiber communications, single 

frequency lasers have a wide application because of its various 
advantages. For example, the super narrow linewidth suits the demands 

of spectroscopy, a low intensity noise serves the requirement of optical 

data storage and since it can be used for driving resonant enhancement 
cavities, scientists use it to develop laser systems with very high output 

powers and good quality. 

However, single-frequency lasers can be very sensitive to optical 

feedback. Even if less than a millionth of the output power is sent back 

to the laser, this may in some cases cause strongly increased phase noise 
and intensity noise or even chaotic multimode operation. Therefore, 

single-frequency lasers have to be carefully protected against any back-

reflections, often using one or two Faraday isolators. 



!  11

Here in my research, single frequency laser is not really generated since 

when the cavity was built, the grating were not directly spliced to the 
gain fiber. As shown in figure 1, a normal DBR laser composes of one 

section of active fiber and two Bragg gratings as laser mirrors. The 
active fiber has to be short enough to enable a single longitudinal mode 

operation of the laser. For laser mirrors formed by two fiber Bragg 

gratings of 0.01 nm bandwidth, the laser cavity is normally limited to 
less than 10 cm to achieve single frequency operation. In my thesis 

research, the linewidth of the output expands for about 0.2（FWHM）

nanometers with a SNR of ~ 50 dB as shown in figure 2 : 

 

Figure 2. Spectrum of laser peak (10cm Nd-doped gain fiber)
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1.3 Demand for single frequency fiber laser at 934 nm 
[3]Two-photon  fluorescence  microscopy  (TPFM)  with  890  to  950  nm 

femtosecond laser pulses is an important tool for deep tissue imaging 

and in vivo dynamic observation, since some fluorescing proteins, such 

as ECFP (enhanced cyan fluorescent protein) and EGFP (enhanced green 

fluorescent  protein),  demonstrate  a  relatively  strong  two-photon 

excitation at ∼900 nm. The optical sources for this application have been 

dominated  by  mode-locked  tunable  Ti:sapphire  lasers.  However,  the 

Ti:sapphire  lasers  usually  face  problems  in  bulkiness,  slow  turn-key 

operation  and  high-cost  maintenance,  which  bring  inconvenience  in 

application,  especially  in  the  compactness,  portability,  and 

miniaturization  of  TPFM  systems.  One  alternative  solution  is  the 

Nd:fiber  laser.  Also,  the  blu-ray laser  has  draw quite  a  lot  attentions 

these  years  because  of  its  wide  application  in  telecommunications, 

medical diagnostics, environmental monitoring and high-definition blue-

ray players.  And the blue laser  near  470 nm can be generate  by the 

frequency doubling of 940 nm fiber lasers. By another doubling process, 

the laser will jump into the deep UV region which is another wavelength 

range of  great  interest  among scientists  and engineers  for  its  various 

applications.  [4]Firstly,  deep  UV laser  sterilizes  bacteria,  viruses  and 

fungi so it can be used in appliances for chemical-free disinfection of 

surfaces, air or water such as point-of-use drinking water sterilizers, air-

conditioning systems and medical systems. Secondly, deep UV laser can 
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initiate  photocatalytic  reactions  which  break  down organic  pollutants 

such  as  pesticide  residues,  which  are  in  water.  This  decontamination 

function could be used in point-of-use drinking water purifiers. A third 

useful property of deep UV laser is that it is strongly absorbed by most 

biological and chemical compounds and it induces fluorescence which 

can be characteristic of the fluorescing compound. This means that deep 

UV laser  sources  are  very  effective  in  fluorescence sensors  to  detect 

chemicals or bacteria in air or in water.
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CHAPTER 2 : DESIGN OF 9xx nm FIBER 

LASER 

2.1 Three-level Nd laser 
[5]The gain medium of 934 nm fiber laser is a portion of Nd3+ doped 

fiber. For any atom, there is a set of discrete energy levels with specific 
energies. According to quantum mechanics, this phenomenon is caused 

by the orbit of the electrons around the nucleus. Furthermore, the 

angular momenta of the electrons are also discretized. Electrons also 
have their own inherent angular momentum, known as spin. The spin-

orbit interaction would further split the gross structure (the line spectra 

predicted by the quantum mechanics of non-relativistic electrons with no 
spin) into the fine structure. The Pauli Exclusion Principle explained that 

only one electron may occupy an available state at a time, so only one 

electron may have each possible combination of energy, orbital angular 
momentum, and spin. In spectroscopic notation, energy levels are 

labeled by 2S+1LJ, where S is the total spin of the electrons, L refers to the 

orbital angular momentum number l, and J is the total angular 

momentum of the state. The electrons in neighboring atoms create an 

electric field which pushes on the atom very slightly, altering the energy 
of each state by a small amount. Thus each energy level is in fact a 

multiplet of 2J+1 discrete sub-levels known as Stark energy levels. This 

small separation and the corresponding spread of each energy level is 



!  15

apparent in Figure 3 below. These results to the formation of quasi-

continuous bands with some larger gaps from discrete energy levels. 

 

As shown in the figure, the energy level structure of the Nd3+ ion allows 

for multiple types of laser transitions. In my thesis research, we use 808 
nm laser as the pump source. A 808 nm photon will excite electron in4I9/2 

state and the electron will jump to the 4F5/2 state with the absorbed 
energy. The electron now occupies the 4F5/2 state and it will almost 

immediately emit a phonon and decay to the nearby 4F3/2 state if it is 

available. Now if there is a photon of wavelength 934 nm encounters 
with the electron at 4F3/2 state, this interaction will induce the stimulated 

emission of an identical 934 nm photon, and the electron will fall down 

to the lower 4I9/2 state.  This entire process is called a three-level laser 

Figure 3. energy level structure of Nd3+ ion
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transition. Compare to four-level transition, a three level laser is more 

difficult to achieve because the laser beam can be reabsorbed via GSA, 
which is not the case for four-level lasers due to the low population of 

states above the ground state.  

The probability of an absorption or stimulated emission occurring in a 

medium containing many ions is often characterized by a transition cross 
section. The cross section can be thought of as the apparent area of the 

ion as “seen” by a photon of wavelength λ. The stimulated emission and 

absorption cross sections for Nd-doped glass, measured by R. Martin[6] is 
shown in the figure 4 below. 

 

If there is no seed photon to trigger a stimulated emission, the electron 

will spontaneously emit a photon after a certain lifetime of about 300 µs 
for Nd ions in silica glass. The number of spontaneous emissions at a 

Figure 4. Transition Cross sections for Nd-doped silica Glass
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given wavelength are related to the stimulated emission cross section, 

with a preference for shorter wavelengths. This is characterized by the 
single ion fluorescence spectrum, the power emitted at each wavelength 

by a single excited ion. Figure 5 shows the single ion fluorescence 
spectrum for an Nd ion in silica glass. This spontaneous emission is the 

source of ASE.  

One of the most important and challenging tasks in Nd-doped glasses is 

to achieve high-power laser or amplifier oscillation of the 4F3/2 → 4I9/2 
transition(900 - 950 nm). Such importance is dictated by the possibility 

to achieve blue laser operation if the fundamental frequency of such 

oscillator can be doubled as a result of nonlinear frequency conversion. 
The main challenge comes from the three-energy level nature of the 4F3/2 

→ 4I9/2 transition figure 3 and its competition with the four-energy level 
4F3/2 → 4I11/2 (1050 - 1150 nm) and 4F3/2 → 4I13/2 (1330 nm) transitions.  

Figure 5. Single Nd ion fluorescence
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To obtain the laser from a three level transition, the pumping must be 

intense enough to achieve a minimum excitation of 50%. Another 
challenge is related to the desired best branching ratio into the 4F3/2 →  
4I9/2 transition - usually the ones with low solubility of Nd3+ (e.g., pure 
fused silica). Therefore, a low concentration of Nd3+ is an expense for 

desired spectroscopic parameters. However, this is partly compensated 

for by the naturally long length of the gain fibers in fiber lasers and 
amplifiers, which may require hundreds of meters in the case of cladding 

pumped Nd3+ lasers. 
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2.2 ALL-FIBER Nd-DOPED FIBER LASER SYSTEM AT 934 nm 

The single frequency fiber laser system was build with all fibers. The 
whole system is shown in figure 6 below:  

Here the system is pumped by a single mode laser diode at 808 nm to 

investigate its emission characteristics. And the two FBGs together with 
the short Nd-doped fiber formed the laser cavity in the system. [7]The HR 

FBG (O/E Land Inc.) was fabricated with center wavelength at 933.996 

nm, bandwidth (FWHM) of 0.328 nm and a reflectivity of 99.88%. And 
the PR FBG (O/E Land Inc.) was designed with center wavelength at 

933.998 nm, bandwidth (FWHW) of 0.026 and a reflectivity of 67.11% 
(from the data sheet of both FBGs, provided by O/E Land Inc.). The 

gain medium here is a portion of Nd doped fiber. And in the experiment, 

I tested both Nd doped silica fiber and phosphate fiber. The silica fiber I 
used was provided by Nufern, Inc. The data sheet shows its diameter of 

the core/cladding of this fiber is 5/125 µm. [8]The core NA and the cutoff 

wavelength for this fiber are 0.15, 980 ± 50 nm, respectively. The core 
absorption coefficient of this fiber at 808 nm is about 4.5 dB/cm.  The 

PR FBG was fabricated in a PM silica fiber (PM-780 fiber), so that it 

Figure 6. All-fiber Nd-doped fiber laser system
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can create two different reflection peaks corresponding to the two linear 

polarizations. Only the PR along the slow axis overlaps with the HR 
reflection peak. Therefore, the single polarization operation can be 

achieved. The PR FBG with 70% reflectivity was chosen to guarantee 
the laser emission and simultaneously to extract laser power, as much as 

possible. A fiber-coupled single-mode laser diode at 808 nm was spliced 

to pump port of a 808/930 nm WDM. The common port of the WDM 
was spliced to the HR FBG end of the single-frequency fiber laser 

oscillator. One 808/930 nm WDM was utilized to split the residual pump.
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2.3 EXPERIMENTAL SETUP AND RESULT 

In the experiment, I first test the Nd-doped silica fiber (Nufern, Core 

diameter: 5.0µm, Absorption: 1.909 dB/cm) from 10cm to 2cm to find 
the optimum length for the system. The figure 7 below shows the 

function between output laser power and the pump power.  

                                           

 

As it shows in the figure, the efficiency of the laser goes down at first 

and then comes up until it is too short to lase. And we can see the 
optimum length is about 4cm where an output of ~ 2.9 mW was 

achieved when a pump power of 200 mW was launched into the system. 

Also, we can see the vibration in figure 7 and that is because at the 
wavelength of 934 nm, the FBGs are single mode while the gain fiber is 

not. The output of 2.9 mW with a pump of 201 mW means the efficiency 
of our fiber laser is very low and that is caused by the clustering effects 

due to the very high Nd3+ concentration.  

Figure 7. output laser power vs. pump power for Nd-doped silica fiber from 10cm to 2cm



!  22

Since the high Nd concentration in the silica fiber undermines the 
efficiency of the laser output. We decided to test the Nd-doped 

phosphate fiber since phosphate fiber has many advantages which are 
not possessed by the silica fibers. 

[10]Phosphate glasses are glass materials based on phosphorus pentoxide 
(P2O5), usually with some added chemical components. One of the 

primary advantages of phosphate fibers is their very high solubility for 

rare earth ions such as erbium (Er3+), ytterbium (Yb3+) and neodymium 
(Nd3+). This means that high concentrations of laser-active rare-earth-

ions can be incorporated into phosphate glasses without detrimental 

effects such as clustering, which could degrade the performance via 
quenching effects (eg: Nd-doped fibers can be made with much higher 

doping concentrations than silica fibers: several weight percent are 

possible). This allows the construction of rather short fiber lasers and 
amplifiers, which can be beneficial not only for reasons of compactness: 

1. A short fiber laser resonator implies a large free spectral range, 

making it easier to achieve single-frequency operation. 

2. A distributed feedback laser is inherently rather short, and a highly 

doped phosphate fiber then allows for more efficient pump 

absorption. 

3. A fiber amplifier for ultrashort pulses is less prone to nonlinear 

effects if it is made from a short fiber. 
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We can also see the advantage of  the Nd doped phosphate fiber through 
the cross section spectrum below. The emission cross section of this 

wavelength range in phosphate fiber is much higher than that of the 
silica fiber as shown in figure 8 and figure 9 

 

Figure 8. Emission cross section of Nd doped phosphate fiber
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Thus, we tested the Nd-doped phosphate fiber of 0.5 cm, 0.8 cm, 2 cm 

and 3 cm. The Nd-doped phosphate fibers have the solubility of 1 wt% 
(from NP photonics, Core Diameter: 4.4µm, Absorption: 3.975 dB/cm). 

However, none of these gain fibers lased in the originally setup as shown 

in figure 10 below. 

Figure 9. Transition cross sections for Nd-doped silica Glass
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However, when we apply two HR FBGs which have the reflectances of  

99.91% and 99.88% at 934 nm, the 0.5 cm 1 wt% Nd-doped fiber laser 
since the two HR FBGs lowered the threshold of the gain chain and the 

result is shown in figure 11 below. 

Figure 10. output spectrum of Nd-doped phosphate fiber laser
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However, the high Nd concentration and these two HR FBGs lowered 
the output power of the system. Considering this, we will need to test the  

Nd-doped phosphate fiber with a lower concentration in the future. 

Figure 11. Output spectrum of the Nd-doped phosphate fiber laser with two HR 
FBGs. Inset: output power vs. pump power 
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In general, we built a 934 nm CW fiber laser using the highly Nd-doped 

silica fiber as the gain medium achieved 2.9 mW laser out put with 201 
mW pump. A Nd-doped phosphate fiber laser was also developed with 

two HR gratings. And we can see that high concentration Nd-doped 
fibers are  not suitable for 9xx nm fiber lasers since their efficiency is 

too low. 
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CHAPTER 3 :DEVELOPMENT OF 9xx nm 

FIBER AMPLIFIER 

3.1 CORE-PUMP AND CLADDING-PUMP 
[1]In fiber amplifiers there are two types of pumping scheme which are 

core-pumping and cladding-pumping. For core-pumping, the pump and 
the signal radiation were launched inside the same volume — that is, 

each into the core from the same or opposite directions of the gain fiber 

with perfect beam overlap. [9]And for cladding-pump scheme, which was 
first described by Elias Snitzer in 1988, the pump is directed into the 

cladding of an optical fiber where it could then provide energy to a 

lasing material in the fiber core. 

Although the core-pumping scheme is a good solution and has several 

advantages, such core pumping geometry has very limited power 
scalability because of the strict requirement for brightness of the pump 

diode lasers in order for it to be efficiently launched into the fiber core. 

This circumstance limited fiber laser power to about a 1 W level at their 
time, which corresponded to the power of single-mode emitter pump 

diode lasers.  

To increase pump power coupled into the gain fiber, in the mid-1980s, 

several research groups almost simultaneously proposed to launch pump 
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radiation into a larger area of cladding that surrounds a doped core, thus 

significantly expanding the capability of launched pump power scaling 
in fiber lasers. Special fibers have been developed for such clad-pump 

propagation technology. With an external polymer coating of a lower 
refractive index, such fibers allowed simultaneous propagation of signal 

radiation inside the core and pump radiation to be guided inside 

cladding. Because of this dual wave-guiding property, such fibers are 
called double-clad fibers—that is, having extra cladding for pump 

radiation. Because of the reduced overlap between the pump area in the 

clad and the absorbing area of the core, DC fibers require a longer length 
for effective pump absorption compared with that of core pump fibers 

with the same core absorption coefficient at the pump wavelength. 

Nevertheless, for high peak power and low average power applications, 
where nonlinear optical processes create real design and development 

issues, core pump fiber technology (which uses very short gain fibers) is 

a powerful and often better approach.  

It would be quite wrong to expect that double-clad fibers allow 

essentially the same performance of fiber amplifiers, only at a higher 
power level. There are many issues, which we discuss in the following. 

A first problem is a direct consequence of the reduced pump absorption: 
we need a substantially longer length of fiber, which can have various 

detrimental effects: 
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1. The influence of parasitic propagation losses becomes stronger. 
That, however, is usually not a big problem. Typical losses of the 

order of 0.01 dB/m, for example, for ytterbium-doped double-clad 
fibers, amount only to 0.2 dB in 20 m, for example. That 

corresponds to a moderate power loss of 4.5%. 

2. Nonlinear effects become stronger. This is often an issue in the 
context of pulse amplification. 

3. Compared with a core-pumped fiber, one has overall substantial 

more of the laser-active dopant in the core. As the interaction of the 
signal wave with the dopant is not reduced, this can have detrimental 

consequences. 

4. Another issue can be that the pump intensity is relatively low in a 
double-clad fiber. That can be a problem if a high excitation density 

is required, e.g. in order to realize operation at relatively short 

wavelengths. 

On the other hand, a certain fiber length is required to avoid overheating. 

At least, a much reduced fiber length would require aggressive cooling 
during high-power operation. Still, it would often be useful – 

particularly for pulse amplification – if the pump absorption could be 

improved further. That is particularly the case for Neodymium-doped 
fibers, as Neodymium ions have lower absorption cross-sections and a 
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higher tendency for clustering effects, setting lower limits for the doping 

concentration. 

The problem can be summarized as follows: 

1. Good pump absorption despite the limited pump overlap with the 

core requires that we put a lot of laser-active dopant into the fiber 

core. 

2. With so much dopant, a small average excitation density is sufficient 

to create a large long-wavelength gain, while it is by far not 

sufficient to provide gain at shorter wavelengths. 

There is actually a solution to that: using a ring-doped fiber. That 

reduces the coupling of the dopant to the ASE and signal waves, but not 
to the pump light. In effect, one can have higher excitation densities, 

allowing for gain at shorter wavelengths. 
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2.3 EXPERIMENTAL SETUP AND RESULT 

The experimental setup is shown in figure 12.  This is a core-pumping 

scheme. The WDM works at 808 nm and 930 nm and when measuring 
the output power, 850 nm and 1000 nm long pass filter were applied to 

filter out the residual pump and the ASE.  

 

Figure 12. Core-pumping scheme fiber amplifier with a Nd-doped silica gain fiber 

A typical output spectrum of the fiber amplifier
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First, we tested the Nd-doped silica fiber (Nufern, Fiber core diameter: 

5.0 µm, Absorption: 1.909 dB/cm) as the gain fiber. The fiber was tested 
from 15 cm to 2.5 cm, among which the 10 cm gain fiber provides the 

highest gain.  

 

Figure 13. Gain vs. pump power for Nd-doped silica fiber amplifier at different input power 
with a gain fiber length of 10 cm
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As shown in figure 13 and figure14, when the fiber length is 10 cm, the 

amplifier has the highest efficiency. 

The Nd-doped phosphate (NP photonics) fiber of 0.5 cm, 0.8 cm, 2 cm 

and 3 cm length was then tested. The results are shown below in figure 
15 and figure 16 .  

Figure 14. Gain vs. signal power for Nd-doped silica fiber amplifier with different input power 
at maximum (400 mW) pump
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Figure 15. Gain vs. pump power for Nd-doped phosphate fiber amplifier at different input power 
with 3cm gain fiber length

Figure 16. Gain vs. signal power for Nd-doped phosphate fiber amplifier at different gain fiber length with 
maximum pump (400 mW) pump
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In these Nd-doped phosphate fiber, the 3 cm one provides the highest 

gain with the best efficiency. 

The results shows that the Nd doping in both silica fiber and phosphate 
fiber are too high that the efficiency was undermined. For this reason, 

we bought a segment of Nd-doped silica fiber with a much lower Nd 

concentration from [11]Coractive (Fiber core: 4.2 µm, Absorption: 47dB/
m). The results are shown below in figure 17 and figure 18. 

Figure 17. Output power vs. pump power of 915 nm and 936 nm of the 0.9 m Coractive fiber
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The results showed that, for fiber amplifier at the wavelength of 9xx nm, 

a highly Nd-doped fiber does not suitable for building an fiber amplifier. 
And when we lowered the Nd3+ doping, the slope efficiency raised 

immediately. As we can see, an efficiency of 43% was achieved with the 

lower Nd-doped Coractive fiber. 

Since the output power of single-mode diode laser at 808 nm is limited 
at only ~ 400 mW. If we want to launch a higher pump power into to the 

gain fiber, we have to adopt the cladding pump scheme. So we then 

tested the Nd-doped silica fiber (Nufern) with the cladding pump 
scheme. The setup is shown below in figure 19:  

Figure 18. Output power vs. pump power of 915 nm and 936 nm of the 1.5 m Coractive fiber
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And with the cladding pump scheme, we managed to launch 7 W pump 

into the system. And the results are shown in figure 20 and figure 21 
below: 

 

50cm	Nd-doped	silica	fiber	
with	cladding	pump,	input	
signal	40mW

Figure 19. Cladding-pumping fiber amplifier with double cladding  Nd-doped silica fiber

Figure 20. output power vs. pump power for cladding pumped Nd-doped silica fiber amplifier 
with a 50 cm long gain fiber
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The highest output laser power we got from this cladding-pumping 

amplifier was ~ 40 mW with a pump of ~ 7 W. Obviously, for cladding 
pump the Nd concentration is still too high which caused the low 

efficient in fiber amplifier. 

After testing both core-pumping and cladding-pumping schemes, we 

built a two stage fiber amplifier. The setup is shown below in figure 22 :  

6.8W	808nm	laser	cladding	pump

Figure 21. Output power vs. input signal power for cladding pumped Nd-doped silica fiber 
amplifier with a 50 cm long gain fiber and 6.8 W pump power
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Here in the first stage, Coractive fibers are adopted to amplify the 

seed. And then the output signal was launched into the second 
amplifier stage as the seed along with the 808 nm cladding pump. And 

the gain fiber of the second stage was from IXFIBER (Clad Absorption: 

0.18 dB/m). And the results are shown in figure 23 and figure 24 below: 

Figure 22. The setup of the two stage fiber amplifier
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Figure 23. Output power vs. pump power of the two stage fiber amplifier

Figure 24. Output spectrum of the two stage amplifier with different pump power
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As we can see in the figure, with this two stage fiber amplifier, we got 

an output power ~ 0.7 W with a pump power of ~ 11.5 W. And the slope 
efficiency of the output laser power is about 6.7 %.  
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3.3 MODELING AND THEORETICAL ANALYSIS 

[12]To model the fiber amplifier, the most important equations are the 
Rate equations.  

Where Ns1 and Ns2 stand for the population density of the Nd3+ ion on 
ground level and the excited energy level solved in the fiber. Since the 

non-radiative decay from 4F5/2 to 4F3/2 is a really fast transition, in the 

equations we just ignored this transition. In the mean time, Nc1 and Nc2 
represent for the Nd3+ ions in cluster. And their relations are as shown 

below 

The parameter R and W represent for the stimulated emission and 
absorption rates for the pump light and the transition rate due to ASE. 

And their expressions are as below: 



!  44

where σe and σa are the cross section for absorption and emission while 
the subscript λi and λp stands for the signal/ASE and pump wavelength. 

Pp is the pump power and Ps,λi is the power of signal/ASE. And Aeff is for 
the effective area. 

And we can calculate the power along the fiber with the following 
equatio ns: 

where Pp is the pump power and Ps,λi stands for the power of signal/ASE 

the ‘±’ notes for forward and backward. Γ is the overlap factor. Po,λi is the 

initial ASE power density per unit wavelength and it can be 
expressed as: 

Based on the modeling described above, the simulation has been done 

and as it shows in the following figure, the theoretical results fit the 

experimental results quite well. 
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The simulation predicts that the amplification will be limited due to the 

high Neodymium concentration. 

Figure 25 (a). Comparison of simulation results and experimental results

Figure 25 (a). Comparison of simulation results and experimental results with a larger pump scale
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Figure 26. The result of the output ASE from simulation
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CHAPTER 4 : DISCUSSION AND PROSPECT

In this thesis research, Nd-doped fiber lasers at 9xx nm, core-pumped 
fiber amplifiers, cladding amplifiers and two stage amplifiers were 

investigated while a modeling on Nd-doped fiber amplifiers have been 

done. And the results are: 

1. 934 nm CW fiber laser using the highly Nd-doped silica fiber as 

gain medium achieved 2.9 mW laser output with 201 mW pump. 
And the optimum gain fiber length is ~ 4 cm. 

2. A Nd-doped phosphate fiber laser was also developed with two HR 

gratings. 

3. High concentration Nd-doped fibers are not suitable for 9xx nm 

fiber lasers or fiber amplifiers. 

4. The highest efficiency of ~ 43% was achieved with the core-pumped 
fiber amplifier using low Nd-doped silica fiber as gain fiber and the 

highest output power of ~ 0.7 W was obtained with the two stage 

fiber amplifier. 

5. The modeling on Nd-doped fiber amplifiers agrees with the 

experiment results. 

Future work 
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With the results we got, in the future, we will try to build:  

1. ten-watt-level 9xx nm single-frequency laser source with multiple 
stage fiber amplifier scheme.  

2. further power scaling of single-frequency fiber laser at 9xx nm with 
new fiber with large core / cladding ratio and appropriate doping 

level. 

3. five-watt-level single-frequency blue laser and watt-level deep UV 
laser through the nonlinear frequency conversion. 
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