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ABSTRACT

High power compact and robust single-frequency all-fiber laser sources operating at 9xx nm
have attracted significant attention because they can be used in a variety of applications
including high-brightness low-noise single-mode pumps for neodymium (Nd3+), ytterbium
(Yb3+), or erbium (Er3+)-doped lasers and nonlinear frequency converters for visible and deepUV laser generation, atom cooling, remote sensing, and spectroscopy.
So far, several 100-W-level fiber laser sources operating at around 980 nm have been
demonstrated with Yb3+-doped photonic crystal fibers. However, all these laser sources have
broad bandwidths, which constrain their use in many applications where single-frequency lasers
with very narrow linewidths and very low noises are required. High power single-frequency fiber
lasers are generally achieved with master oscillator and power amplifier (MOPA). In this
dissertation, single-frequency Yb3+-doped silica and phosphate fiber amplifiers at 976 nm were
investigated and the obstacles to develop high power 976 nm fiber amplifiers were studied and
analyzed. A power-scalable 976 nm single-frequency MOPA laser source was developed by
using a custom-designed large-mode-area Yb3+-doped phosphate fiber for the second stage
amplifier and over 10 W continuous-wave output with a polarization extinction ratio of 20 dB
was obtained. Further power scaling of the 976 nm fiber amplifiers has been discussed. The
frequency doubling of the 976 nm single-frequency fiber laser was also demonstrated with a
magnesium-doped periodically-poled lithium niobate (MgO:PPLN) crystal and over 500 mW
single-frequency laser at 488 nm was obtained with single-pass second harmonic generation.
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1 INTRODUCTION

1.1 Fiber Lasers and Amplifiers
The laser is a revolutionary invention of 20th century which is also called “the hardest knife”,
“the most precise ruler” and “the brightest light”. The first concept of laser stemmed from Albert
Einstein’s proposal of “stimulated emission”, in which photons could stimulate emission of
identical photons from excited atoms [1]. The first laser in the world was demonstrated in a flash
lamb pumped ruby crystal by Theodore H. Maiman in 1960 [2]. Since then a lot of different
types of lasers, such as the gas lasers (neutral atom lasers, ion lasers, and molecular lasers),
liquid lasers (organic dye lasers and rare earth liquid lasers), solid state lasers (semiconductor
lasers, glass and crystal lasers, fiber lasers, and solid state dye lasers), and free-electron lasers,
were developed. Years of development have improved the laser performance and the lasers play
more and more important roles in scientific research, information technology, defense
technology, medical and biological research, manufacturing and material processing.
Compared to other types of lasers, solid state laser is the most preferred coherent source for
various scientific as well as industrial applications because of its superior performance. Both
continuous-wave (CW) and pulsed output can be achieved from the solid state laser. The
efficiency of the solid state laser is generally higher than that of gas lasers (Helium–Neon,
Argon) and the output power range is from a few milliwatts to several tens of kilowatts.
Additionally, the cost of solid state laser is economical. Construction of solid state laser is
comparatively simple. There is no chance of wasting material since the active medium is in solid
17

form. Moreover, solid state laser is a better candidate laser source than the corresponding gas or
liquid lasers for the field applications due to the request for the compact, easy-maintenance, and
break-resistant system. Since the first solid state laser (ruby laser) invented [2], research into
solid state lasers has continued for almost 60 years. The development of solid state lasers is very
progressive and further improvements can be expected in the near future. Among the solid state
lasers, fiber laser exhibits many advantages over its counterparts. Fiber laser shows outstanding
heat-dissipating capability due to large surface-to-volume ratio. Easy thermal management and
low cavity losses also result in super power scalability. The spatial distribution of the signal laser
is well confined in the fiber waveguide structure which ensures excellent beam quality and
stability. The characteristic of broad gain linewidths of the rear earth doped optical fibers
facilitates ultrashort pulse operation and a wide wavelength tunability. The small quantum defect
as well as low cavity losses lead to high optical and electrical to optical conversion efficiencies.
The all-fiberized structure without the need for complicated alignment of free-space optical
components benefits the compactness and robust fiber laser system design.
E. Snizter and his colleague demonstrated the first fiber laser with a side-pumped a
neodymium (Nd3+)-doped optical fiber in 1964 [3]. However, fiber laser has slow development
due to the limitation of the contemporary technology. Two end-pumped Nd3+-doped fiber lasers
operating at 1060 nm and 1080 nm respectively were reported in 1973 [4]. Tremendous
development was achieved until 1980s with the maturity of low-loss optical fiber fabricating
technology (Modified Chemical Vapor Deposition) and the appearance of high brightness high
power semiconductor lasers. The first erbium-doped fiber amplifier (EDFA) in the world was
demonstrated in 1987 [5] which dramatically promoted the development of fiber-based
18

telecommunication. In 1988, E. Snizter et.al reported the first cladding-pumped fiber laser by
using a double-clad Nd3+-doped fiber [6]. After that the output power level of fiber laser is
increasing rapidly and an output power of 10 kW with nearly diffraction-limited beam quality
has been achieved in 2009 [7]. Recently, IPG Photonics announced that up to 20 kW singlemode and 500 kW multi-mode CW ytterbium (Yb3+)-doped fiber lasers were commercially
available [8]. In addition, pulsed fiber lasers also have enormous development. From several tens
of millijoules to 100 mJ nanosecond pulses [9-11], multi-millijoules femtosecond pulses [12-14],
gigawatts peak power pulses [15-17], hundreds of watts to kilowatts average power [18-20], over
10-GHz fundamental repetition rate pulses [21-23], and shorter than 10 fs pulses [24, 25] have
been achieved based on fiber laser systems. Moreover, the current spectrum range of fiber lasers
and amplifiers has been extended and can cover from ultra-violet (UV) to mid-infrared (mid-IR).
The rise of the output power level and wide spectrum operation combined with the superiorities
over other solid state lasers mentioned previously lead to a rapidly increasing scope of fiber laser
applications.
In a fiber oscillator, an optical fiber doped with rare-earth elements such as Nd3+, Yb3+,
erbium (Er3+), dysprosium (Dy3+), praseodymium (Pr3+), thulium (Tm3+), holmium (Ho3+) is used
as the gain medium. Some kinds of reflectors (mirror, fiber Bragg grating, a bare fiber end face,
etc.) are utilized to form the cavity. There are core-pumped and cladding-pumped configurations
as shown in Fig. 1.1. The pump light is coupled into the rear earth doped core directly and can be
guided in the core by total internal reflection (TIR) for core-pumped scheme. In contrast, the
multimode pump laser is coupled into the first cladding of the optical fiber and guided in the first
cladding because the refractive index of the out coating is lower than that of first cladding and
19

thereby TIR still works. Generally, the output power of single-mode laser diode is restricted to
1 W and multimode laser diode has to be used for achieving higher power. However, the
coupling efficiency of multimode laser into the small single-mode core is always low. The
limitation is overcome by the cladding-pumped technology which allows efficiently coupling the
multimode pump light into the first cladding of the optical fiber. As clearly shown in Fig. 1.1(b),
the pump beam propagates in the inner cladding with passing through the core multiple times
and can be absorbed by the rear earth dopants. Consequently, the single-mode output laser can be
produced. Furthermore, a variety of different designs of double-clad fibers, such as off-centered
core, D-shaped inner cladding, hexagonal inner cladding, elliptical inner cladding and
rectangular inner cladding, are employed for improving pump absorption efficiency. In a

Fig. 1.1. (a) Core-pumped and (b) cladding-pumped schemes.
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fiber amplifier, unlike the fiber oscillator, the reflectors which provide feedback are not used and
thus no cavity exists. The input signal beam for the fiber amplifier is launched into the core both
for the two pump schemes. Cladding-pumped fiber technology makes power scaling of fiber
lasers and amplifiers dramatically and the output power increased from less than 1 W to more
than 100 W over 1990s [26].
There also exists a disadvantage for double-clad fiber: the spatial overlap between the pump
modal distribution and the doped core is much lower than that of single-clad fiber. As a result,
the absorption is reduced and longer fiber has to be used to achieve the desired gain. However,
detrimental nonlinear effects, such as stimulated Brillouin scattering (SBS), stimulated Raman
scattering (SRS) and self-phase modulation (SPM), would occur for long fiber under high-power
or high energy operation [27]. Increasing the concentration of the rare-earth ions is one major
method to overcome the limitation of nonlinearity effects. Nevertheless, the rare-earth ion
clusters would form with high concentration and other additional detrimental effects including
concentration quenching and photodarkening would be induced. Another method is to use large
mode area (LMA) fiber which has larger core – cladding ratio and pump spatial overlap. Because
the gain coefficients of SBS and SRS are inversely proportional to the effective mode area, the
LMA fiber benefits the increase of the threshold values of SBS and SRS effects. Furthermore,
the absorption is increased due to its larger pump spatial overlap and the needed fiber length is
reduced, also in favor of mitigating nonlinear effects. In addition, LMA fiber is helpful for
mitigation of optical damage. Although the optical fiber geometry provides outstanding heatdissipation capability, heat generation can still cause of coating thermal damage, core fracture or
even melting, during a very high power or high energy operation. The power or energy density in
21

the LMA fiber is much lower than the conventional standard single-mode fiber under the same
power operation and thereby has much higher damage threshold. The downside of LMA fiber is
its difficulty in maintaining diffraction-limited single-transverse-mode output. Microstructured
fiber is a good alternative choice. However, the microstructured fiber is not compatible with
standard fiber. Special fusion splicing, polishing technologies and complex packaging are
required.
Another promising approach to achieve a high power fiber laser is to use new fiber material,
e.g. phosphate fiber. The primary benefit of a phosphate glass is the high solubility of rare earth
ions which can be doped to a very high concentration level without suffering quenching effects.
Therefore, the enough gain can still be achieved by using a very short length fiber and the
nonlinear effects is mitigated.

1.2 Single Frequency Fiber Lasers
A single-frequency fiber laser, which is running with single-longitudinal mode, have attracted
intense attention due to its broad applications in high precision optical sensing [28-31],
gravitational wave detection [32], coherent light detection and ranging (LIDAR) [33],
spectroscopy [34, 35] and nonlinear frequency conversions [36-38]. Various of configurations
have been implemented to achieve single frequency output: distributed feedback (DFB) fiber
lasers, short cavity distributed Bragg reflector (DBR) fiber lasers, ring cavity fiber lasers with
embedded narrow-bandwidth filters, Brillouin fiber lasers, injection locked fiber lasers, etc.
These single-frequency fiber lasers will be briefly reviewed here.
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1.2.1 Distributed Feedback (DFB) Fiber Lasers

Fig. 1.2. The distributed feedback (DFB) fiber laser structure. WDM: Wavelength Division
Multiplexing; FBG: fiber Bragg grating.

A DFB fiber laser has a fiber Bragg grating (FBG) with a phase change in the middle of the
grating area written directly in the gain fiber (Fig. 1.2). The inscribed phase-shifted FBG is
several millimeters to centimeters long and works as an ultranarrow spectral filter to achieve
single mode oscillation [39]. DFB fiber lasers operating on multiple wavelength ranges have
been reported [40-45] and the linewidths of the output single-frequency lasers reach a few
kilohertz [45, 46]. However, the output power is limited due to inefficiently absorbed pump
power in the short section of rear earth doped fiber grating. Moreover, a high intensity region can
be formed in the phase-shifted FBG and the generating thermal effect would induce the change
the refractive index and dephasing of the grating [47]. In addition, if the FBG is fabricated by
using the UV light source, excited state lifetime quenching of the doped rear earth ions would
occur and thus the laser output performances degrade [48].
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1.2.2 Short Cavity Distributed Bragg Reflector (DBR) Fiber Lasers

Fig. 1.3. The distributed Bragg Reflector (DBR) fiber laser structure. WDM: Wavelength
Division Multiplexing; FBG: fiber Bragg grating; PR: partial reflection (<99%); HR: high
reflection (~99%-100%).

Unlike a distributed feedback fiber laser, where the whole rear earth doped fiber is embedded in
a single distributed reflector structure (e.g. phase-shifted FBG), a distributed Bragg Reflector
(DBR) fiber laser composes of a pair of narrowband FBGs and a piece of rare earth doped fiber.
The active fiber is very short and the whole cavity is generally shorter than 10 cm for singlefrequency operation. The DBR fiber laser architecture is simple and compact and enable its rapid
development. Since the first DBR fiber laser was reported in 1988 [49], a lot of DBR fiber lasers
operating at different wavelengths with sub-kHz level have been demonstrated [50-56].
Nevertheless, similar to the DFB fiber laser, the output power of a DBR fiber laser is also limited
by short active fiber length and low signal gain. Furthermore, mode hopping and intensity noise
would be induced by thermal fluctuations in the active fiber. And the thermal property
differences between the active fiber and the passive fibers would cause optical losses and
instabilities at the splicing points. Additionally, it requires more careful handling during the laser
cavity fabricating process for achieving short cavity length.
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1.2.3 Ring Cavity Fiber Lasers With Embedded Filters
Ring cavity fiber laser embedded with narrowband filter is an alternative scheme for obtaining
higher laser power by enlarging the active fiber length with maintaining single-frequency
operation. Sub-cavity was developed to eliminate mode hopping for ensuring single longitudinal
mode operation in the ring fiber laser [57]. Another approach is to use some saturable absorbers
in the ring cavity to achieve a single-frequency laser output [58, 59]. Owing to the long cavity
length, a passive tunable filter is able to be inserted in the ring cavity for implementing wide
tuning [60-62]. However, additional losses are introduced by the excessive optical elements and
the whole laser system becomes more complex.
1.2.4 Brillouin Fiber Lasers
Single-frequency laser output can be produced in a Brillouin fiber laser, in which SBS plays a
role of spectral filtering. In Brillouin fiber lasers, the linewidth narrowing arises from the phase
noise of the pump laser transferring to the emitted Stokes field [63] and the resulting Stokes
linewidth can be several orders of magnitude narrower than that of the pump laser [64, 65].
Although both linear and ring cavity configuration have been employed for the Brillouin fiber
lasers, the ring cavity is preferred because linear Brillouin fiber laser generally suffers from low
output power and the generation of high-order Stokes and anti-Stokes light [66, 67]. In a
Brillouin fiber laser, the pump laser frequency should be resonated with the cavity to reduce the
required fiber length and the lasing threshold, as well as to obtain stable operation of the
Brillouin fiber laser [68]. As a consequence, a frequency locking process has to be implemented
since the Brillouin fiber laser is sensitive to the frequency detuning between the pump laser and
the cavity [69]. Another method is to insert the isolator or circulator for avoiding complex and
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environmental unstable frequency locking system [70]. In addition, using nonlinear fiber with
large Brillouin gain coefficient is an alternative approach [71, 72].
1.2.5 Self-Injection Locking Fiber Lasers
Self-injection locking is another technique to achieve a single-frequency laser output. In this
scheme, the laser cavity receives the optical feedback which comes from the same laser and the
feedback provides spectral filtering effect. The filtered optical feedback can be implemented via
the combination scheme of self-injection locking and nonlinear amplification effect of
semiconductor optical amplifier [73]. An FBG Fabry-Perot cavity can also be used to do the selfinjection locking for obtaining single-frequency operation [74].

1.3 Single-Frequency Master Oscillation Power Amplifier (MOPA) System

Fig. 1.4. Schematic configuration of a typical master oscillation power amplifier (MOPA).

Generally, the output single-frequency laser power of the fiber oscillator is limited and further
power scaling is needed for many practical applications. The common approach is to implement
the double-clad fiber-based master oscillation power amplifier (MOPA). As shown in Fig. 1.4, a
low power single-frequency semiconductor diode or fiber oscillator is used as the seed laser.
Then a series of amplifier stages are built for the amplification of the single-frequency laser.
The advantage of MOPA is that the power level is increasing while the characteristics of a
single frequency seed such as the spectral characteristics, wavelength, linewidth, and polarization
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state can be preserved as much as possible. In a MOPA system, non-all-fiber configuration is
much more complex and has lower efficiency because the free-space components would
introduce significant insertion loss and are prone to be disturbed by the environment. Therefore,
all-fiber structure is preferable due to its simplicity, compactness and reliability. The singlefrequency laser power is boosted by using the MOPA system and 414 W CW [75] and 913 W
average power pulsed [76] single-frequency lasers have been reported. It should be noted that the
nonlinear effects mentioned in Section 1.1 are more server in high power MOPA system. The
effect of SBS on the amplification of single-frequency laser is more significant since the SBS
threshold is related to the spectral linewidth of signal laser [27]. The approaches for suppressing
SBS are very important for power scaling of single-frequency laser.

1.4 Fiber Lasers at 9xx nm and Motivation of Using Yb3+-Doped Fiber
Fiber laser sources operating at 9xx nm have attracted significant interest since they are very
useful for generating blue lasers and further UV lasers through frequency doubling and
quadrupling and efficiently pumping other rear earth (Nd3+, Yb3+, Er3+) doped lasers which have
absorption bands located in this range. Moreover, 940 nm laser is an excellent near-infrared (NIR)
source for 3D sensors which play very important roles in motion recognition, sweeping robot
sensing, multi-touch technology, face recognition, etc. Compared to its counterparts (830850 nm lasers), 940 nm laser has better capability of operation under bright sunlight conditions
[77]. In addition, high power lasers at around 900 nm show a great potential for
photocoagulation due to the third oxy-hemoglobin absorption peak at that wavelength range [78].
The operating wavelength of fiber lasers depends on the dopant rear earth ion and the host
materials. The laser emissions of common rear earth ions Nd3+, Yb3+, Er3+, Dy3+, Pr3+, Tm3+,
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Ho3+, Samarium (Sm3+) ranging from UV to mid-IR wavelengths have been reported and are
listed in Table 1.1. It can be seen that Nd3+, Yb3+, Er3+ and Pr3+-doped fiber lasers can emit laser
at 9xx nm among the rear earth doped fiber lasers.
The partial energy level diagrams of these 4 rear earth ions are shown in Fig. 1.5. 980 nm
and 1000 nm Er3+-doped fluorozirconate fiber lasers have been demonstrated in 1989 [93,94],
however, rare further research works are reported due to its very low efficiency for practical
applications. The 980 nm emission from 4I11/2 → 4I15/2 has a competitor which is 2700 nm
emission from 4I11/2 → 4I13/2. Although the branching ratios of 980 nm emission is larger than
that of 2700 nm emission, a very large fraction of the excited ions would decay to 4I13/2 level via
nonradiative relaxation. Then the emission at 1550 nm (4I13/2 → 4I15/2) would be induced which is
the dominate operating wavelength of Er3+-doped fiber laser source. The amount of nonradiative
relaxation excited ions is higher than the branching ratio and the emission peak cross section at
980 nm is one order magnitude lower than that at 2700 nm [79]. Moreover, the absorption cross
section at 980 nm is larger than that of emission value. Therefore, Er3+-doped fiber lasers
operating at around 980 nm is not a good candidate source.
Pr3+ has a wide tunable emission wavelength range from visible to NIR and Pr3+-doped fiber
lasers at around 910 nm have been demonstrated [85, 95]. Nevertheless, the fragile fluoride
fibers have to been employed and the efficiencies are very low due the existing excited-state
absorption (ESA) and cross-relaxation (CR) induced by the complicated energy levels. Pr3+doped fiber is inappropriate for achieving high power laser at 9xx nm.
Nd3+ can emit laser at 9xx nm through transition 4F3/2→4I9/2. A variety of Nd3+-doped fiber
lasers at 9xx nm have been demonstrated [96-102] and the output power reaches to 27 W by
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Table. 1.1. Emission wavelengths of common rear earth ions [79-92].
Emission Wavelength (nm)

Dopant Ion

Transition

290
348
381
412
455
480
480-500
490
520
550
550
570-590
601-618
631-641
651
661
695-725
753
803-825
850
880-916
872-950
970-1200
980-1000
1000-1150
1060-1110
1120-1180
1190-1210
1260-1350
1280-1400
1320-1400
1380
1460-1510
1510
1500-1600
1660
1670-1820
1720
1700-2015
2040-2080
2250-2400
2700-3000
2800-3400
2900
3200
3400-3800
3900

Tm3+
Tm3+
Nd3+
Nd3+
Tm3+
Tm3+
Dy3+
Pr3+
Pr3+
Ho3+
Er3+
Dy3+
Pr3+
Pr3+
Sm3+
Dy3+
Pr3+
Ho3+
Tm3+
Er3+
Pr3+
Nd3+
Yb3+
Er3+
Nd3+
Pr3+
Dy3+
Ho3+
Pr3+
Dy3+
Nd3+
Ho3+
Tm3+
Tm3+
Er3+
Er3+
Dy3+
Er3+
Tm3+
Ho3+
Tm3+
Er3+
Dy3+
Ho3+
Ho3+
Er3+
Ho3+

I6 → 3H6
I6 → 3F4
4
D3/2 → 4I11/2
2
P3/2 → 4I11/2
1
D2 → 3F4
1
G4 → 3H6
4
F9/2 → 6I15/2
3
P0 → 3H4
3
P0 → 3H5
5
S2, 5F4 → 5I8
4
S3/2 → 4I15/2
4
F9/2 → 6I13/2
3
P0 → 3H6
3
P0 → 3H2
4
G5/2 → 6H9/2
4
F9/2 → 6I11/2
3
P0 → 3F4
5
S2, 5F4 → 5I7
3
H4 → 3H6
4
S3/2 → 4I13/2
3
P1 → 1G4
4
F3/2 → 4I9/2
5
F3/2 → 5F7/2
4
I11/2 → 4I15/2
4
F3/2 → 4I11/2
1
D2 → 3F4
6
H7/2, 6F9/2 → 6H15/2
5
I6→ 5I8
1
G4→ 3H5
6
H9/2, 6F11/2 → 6H15/2
4
F3/2 → 4I11/2
5
S2, 5F4 → 5I5
3
H4 → 3F4
1
D2 → 1G4
4
I13/2 → 4I15/2
2
H11/2 → 4I9/2
6
H11/2 → 6H15/2
4
S3/2 → 4I9/2
3
F4 → 3H6
5
I7→ 5I8
3
H4 → 3H5
4
I11/2 → 4I13/2
6
H13/2 → 6H15/2
5
I6→ 5I7
5
S2, 5F4 → 5F5
4
F9/2 → 4I9/2
5
I5→ 5I6
1

1
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Type of Host
Oxide Fluoride
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

Fig. 1.5. The partial energy level diagrams of Er3+, Pr3+, Nd3+ and Yb3+.

using a Nd3+-doped all-solid micro-structured optical fiber which can suppress the strong fourlevel 4F3/2→4I11/2 transition [99]. However, due to the complicate energy level scheme, Nd3+doped fibers still suffer the detrimental effects of ESA and CR. Higher concentration of Nd3+ is
difficult to be achieved because of concentration quenching.
Compared to Nd3+, Yb3+ has much more simple energy levels and thereby much less
deleterious effects caused by various energy transfer processes (ESA, CR, lifetime quenching).
Furthermore, Yb3+-doped fiber laser has higher quantum efficiency (Yb3+: 915/976 = 93.75% vs
Nd3+: 808/920 = 87.83%). Additionally, pump diode laser at 915 nm is more efficient than that at
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808 nm. As a consequence, Yb3+-doped fiber lasers have produced much higher laser output than
Nd3+-doped fibers. The maximum output power from a Yb3+-doped fiber laser at 978 nm is more
than 100 W [103]. Therefore, it is of high promise to develop high power lasers source at
9xx nm with Yb3+-doped fibers.

1.5 Outline of The Dissertation
Single-frequency fiber lasers is in high demand due to their unique properties for various of
valuable applications. Yb3+-doped fiber lasers at 9xx nm attract significant attentions for
producing blue and UV lasers via frequency doubling and quadrupling and efficiently pumping
Yb3+-doped fiber lasers at above 1 μm and Er3+-doped fiber lasers at 1550 nm. In this
dissertation, I report the development of the single-frequency 976 nm Yb3+-doped fiber laser
source and its application in generating 488 nm blue laser via nonlinear frequency conversion.
The challenges to develop high power 976 nm fiber amplifier are investigated in Chapter 2.
Experimental evidences of the ion-ion interaction effects in Yb3+-doped fiber amplifiers are
presented and a new model including these effects is developed for the simulation.
Power scalable of 976 nm single-frequency MOPA system is presented in Chapter 3. After
testing different types of commercial Yb3+-doped silica fibers, two-amplifier-stage configuration
is selected and Yb3+-doped phosphate fiber is used instead of silica fiber in the main amplifier
stage.
In Chapter 4, single-frequency blue laser at 488 nm is obtained by frequency doubling of the
976 nm single-frequency fiber laser source. Single-pass second harmonic generation (SHG) is
employed by using a magnesium doped periodically poled lithium niobate (MgO:PPLN) crystal.
A brief summary of the dissertation and the prospect of my work are given in Chapter 5.
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2 CHALLENGES TO HIGH POWER 976 NM SINGLEFREQUENCY FIBER LASER SOURCE

2.1 The Progress of 976 nm Yb3+-Doped Fiber Laser Sources
Research work on 976 nm Yb3+-doped fiber laser began since 1989 [104]. Various techniques
have been utilized to suppress the competitive laser at long wavelengths and many CW and
pulsed 976 nm Yb3+-doped fiber laser sources have been demonstrated.
Firstly, core-pumped architecture was used for maximizing the pump intensity in the doped
core and shortening the active fiber length which were helpful for suppressing the unwanted
amplified spontaneous emission (ASE) at 1030 nm [104, 105]. The output power and slope
efficiency were limited due to the low-brightness dye pump laser. Then brighter pump laser
sources and optimized cavity designs were deployed for obtaining higher output power [42, 106108]. In addition, ring-doped fiber was proposed and theoretically analyzed for increasing the
efficiency of the 976 nm fiber laser [109]. This special design can minimize the clad to core area
ratio and ASE can be suppressed. However, the available pump power level for core-pumped
configuration was limited and the maximum output power was only 2.1 W [108].
Cladding-pumped architecture is needed to be employed for further power scaling of 976 nm
fiber lasers. Nevertheless, the relatively small pump overlap and low pump density of
conventional step-index double-clad fiber hamper pump absorption and favor the parasitic gain
at above 1 μm. Therefore, the efficiency of 976 nm cladding-pumped fiber laser is much lower
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than that of core-pumped configuration. Various special design Yb3+-doped fibers were proposed
and employed for achieving high power high efficiency 976 nm fiber lasers.
In order to improve the pump coupling efficiency with maintaining single mode output, a
Yb3+-doped jacked air-clad (JAC) fiber, which was developed to allow for cladding-pumped
configuration with relatively small inner cladding and large numerical aperture (NA), was
utilized in 2003 [110]. 3.5 W 977 nm output power in a nearly diffraction-limited output beam
was obtained. And another demonstration of 977 nm based on JAC fiber was reported in the
same year [111]. A FBG was inserted in the system as output coupler which improved the whole
system stability and the slope efficiency was 68%. Further power scaling was employed based on
MOPA system and 4.3 W 977 nm laser [112] and 2.7 W 977 nm laser with 75% slope efficiency
were obtained [113]. However, the core and inner cladding sizes of the JAC fiber was very small
and pump power coupling efficiency was restricted.
At the same time, a new spectral gain discrimination Yb3+-doped double-clad fiber was
designed and demonstrated [114]. It provided sufficient modal gain discrimination (~3 dB) and
1 W of single-transverse-mode output at 978 nm was obtained.
In 2005, a Yb3+-doped depressed-clad hollow fiber was proposed and used for generating
980 nm laser [115]. The design of fiber has a sharp cut-off for the fundamental LP01 mode and
introduce high propagation loss beyond the cut-off wavelength. Compared to JAC fiber, this
depressed-clad hollow fiber has larger inner cladding area which is beneficial to coupling higher
pump power.
For further power scaling of 976 nm fiber laser, the ultra-large core Yb3+-doped photonic
crystal fiber (PCF), which had lots of advantages including large NA and mode area, capable of
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supporting high pump power and suppressing nonlinear effects, and maintaining single-mode
output was investigated and used as the gain medium. The output power of 976 nm fiber laser
was boosted to hundred-watts level by using an Yb3+-doped PCF. In 2008, 94 W output 980 nm
lasers were obtained based on one 80/200 Yb3+-doped rod-type PCF by two groups
simultaneously [116, 117]. After that, > 0.75 mJ, 12 ns pulsed laser was obtained from a 977 nm
Q-switched MOPA system by using the same PCF with 1.25-m length in 2010 [118]. By using
1.2-m 80/200 Yb3+-doped rod-type PCF, mode-locked pulses with 4.2 W of average output
power at a repetition rate of 8.4 MHz was reported [119]. The resulting energy level reached
0.5 μJ and it was much higher than their own previous result in which Yb3+-doped double-clad
fiber with a 20 μm core size was used [120]. Most recently, 151 W 978 nm power was obtained
by using a 24/125 Yb3+-doped double-clad all-solid photonic bandgap fiber with a
photodarkening-free phosphosilicate core and its bandgap optimized to suppress the four-level
parasitic lasing [103].
In addition to the methods of ring-doped fiber, jacked air-clad fiber, spectral gain
discrimination fiber, depressed-clad hollow fiber and rod-type photonic crystal fiber, a tapered
large-core fiber was proposed and employed in 2014 [121]. A high-numerical aperture large-core
fiber with 126 μm core diameter was tapered down to match a single-mode fiber containing a
FBG. Thanks to the benefits of core-pumping and the feedback of the spliced fiber Bragg
grating, 10 W single mode 976 nm laser was obtained.
In 2018, a novel saddle-shaped Yb3+-doped fiber was used for achieving 10 W 976 nm single
mode laser [122]. The refractive index profile of the active fiber had a W-shape to reduce the
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bend sensitivity and cutoff wavelength and suppress the parasitic long-wavelength gain.
Utilization of a photodarkening-free core glass matrix allowed long-term stable operation.

2.2 Single-Frequency 976 nm Yb3+-Doped Fiber Laser Sources
To date, ring-doped fiber, jacked air-clad fiber, spectral gain discrimination fiber, depressed-clad
hollow fiber, PCF, tapered fiber and saddle-shaped fiber have been proposed to achieve high
power laser at around 976 nm as reviewed in the previous section. However, their output spectra
are too broad to be used in applications where narrow-linewidth lasers are required. Therefore, it
is still of great interest to investigate single-frequency Yb3+-doped fiber lasers and amplifiers at
9xx nm.
The first single-frequency fiber laser at around 976 nm was reported in 2004 [42]. The Yb3+doped DFB laser showed a maximum slope efficiency of 61% and output power of 38.2 mW
under a launched single-mode pump power of 150 mW at 910 nm. In 2012, our group
demonstrated the first 976 nm single-frequency DBR fiber laser [123]. A 2-cm highly Yb3+doped phosphate fiber was used as the gain fiber. More than 100 mW was obtained and the
spectral linewidth is less than 2 kHz. Core-pumped fiber amplifier at 976 nm was further
investigated [124]. A 350 mW linearly polarized output with 52.5% slope efficiency, >20 dB
polarization extinction ratio and >50 dB optical signal-to-noise ratio (SNR) was obtained from a
4-cm Yb3+-doped phosphate fiber amplifier. And a single-frequency actively Q-switched allfiber laser at 978 nm was developed by using a 2-cm-long commercial Yb3+-doped silica fiber
[125]. It generated single-frequency fiber laser pulses with tens of nanoseconds to hundreds of
nanoseconds pulse width, 20-800 kHz repetition rate, and milliwatts level average power. In
2017, a single-frequency fiber laser at 978 nm was demonstrated based on a self-injection
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locking scheme and the nonlinear amplification effect of a SOA [73]. Its effective cavity length
was 5.8 mm, comprising a 3.5-mm-long Yb3+-doped phosphate fiber and a pair of FBGs. More
than 230 mW laser output was obtained with a broad temperature range of > 15 °C for single
longitudinal mode operation, a SNR of > 68 dB, and a laser linewidth of < 10 kHz.

2.3 Spectroscopic Property of Yb3+ and Laser Dynamic of 976 nm Emission
Because there is only one electron in the 4f-shell, ytterbium has a very simple electronic level
structure, with one excited state manifold (2F5/2) and the ground-state manifold (2F7/2) separated
by about 10000 cm-1. All the other levels are in the UV range. The partial energy level diagram
of Yb3+ was shown in Fig. 1.5 in Chapter 1 and redrawn here for convenience (Fig. 2.1).
Broadening of the energy levels occurs when the Yb3+ ions are incorporated into the optical glass
fiber. This broadening is both homogeneous (all Yb3+ ions exhibit the same broadened spectrum)
and inhomogeneous (different Yb3+ ions in different glass locations exhibit different spectra).
Homogeneous broadening stems from the interactions between Yb3+ ions and the phonons of the
glass. However, inhomogeneous broadening is induced by differences in the glass sites where
Yb3+ ions are exposed to different local electric fields. Thus the energy levels are shifted via the
Stark effect. In addition, the degeneracy of energy states having the same total angular
momentum J are also removed by the Stark effect. The Yb3+ has a ground state with J = 7/2, and
splits into J + 1/2 = 4 sublevels with slightly different energies due to the presence of an electric
field. The excited state has J = 5/2 and thereby a Stark manifold with 5/2+1/2 = 3 sublevels.
Light emission at 976 nm is a three-level system which results from the zero-line transition
from the lowest level of the 2F5/2 manifold to the lowest level of the ground 2F7/2 manifold of
Yb3+ ions which can be excited by absorbing pump light at 915 nm. Generally, a Yb3+-doped
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fiber laser or especially Yb3+-doped fiber amplifier prefers to operate at long wavelength in the
1020 nm - 1100 nm spectral range since the population inversion of the transparency in the
quasi-four-level system is only 5% and easy to reach. The output power and efficiency of a Yb3+
fiber laser at 976 nm are relatively lower than that of a Yb3+ fiber laser at above 1 μm. Fiber laser
and fiber amplifier at 976 nm can be achieved only when over 50% Yb3+-ion excitation is
established along the fiber cavity and the spurious oscillations at longer wavelengths are
effectively suppressed.

Fig. 2.1. The partial energy level diagram of Yb3+.

2.4 More Challenge to Develop High Power 976 nm Yb3+-Doped Fiber Amplifier
As reviewed previously, core-pumped single-frequency phosphate fiber laser and amplifier at
976 nm have been investigated [123, 124]. Further increase of the output power is limited by the
available power of single-mode diode which is used for core-pumped fiber lasers. Multimode
fiber coupled diodes can have tens of watts output. Therefore, cladding pumping is an effective
approach for power scaling.
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In a fiber laser, there generally exist some wavelength selective elements such as FBGs and
reflective mirrors (Fig. 2.2(a)) which can help suppress the more competitive ASE at above
1 μm. However, in a fiber amplifier, there are no such elements (Fig. 2.2(b)). As a result, it is
more difficult to pump more than 50% population to the upper laser level in a fiber amplifier.
Moreover, the pump overlap in the cladding-pumped architecture is much smaller than that in the
core-pumped fiber amplifier which makes it more difficult to reach the required gain at 976 nm.
Therefore, it is more of a challenge to develop high power 976 nm Yb3+-doped fiber amplifier.

Fig. 2.2. The configurations of (a) fiber laser and (b) fiber amplifier.

2.5 Comparison of The Emission Spectra of Yb3+-Doped Silica and Phosphate Glasses
So far, most watt-level 9xx nm Yb3+-doped fiber amplifiers have been developed based on silica
host glass fibers. Due to the poor solubility, silica glass exhibits deleterious effects of ion
clustering, which can result in concentration quenching [126] and photodarkening [127],
consequently impairing the efficiency and long-term performance of silica fiber lasers.
Compared to silica, phosphate glass has much higher solubility for rare-earth ions and thus much
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lower ion clustering. Concentration quenching was not observed in Yb3+-doped phosphate glass
with a concentration even as high as 18.9 wt% [128]. On the other hand, photodarkening in a
phosphate fiber is also much less than in a silica fiber. It was found that Yb3+-doped phosphate
fibers with concentrations 6 times greater than the most photodarkening-resistant silica fibers
have comparable resistance to photodarkening [129]. Thus, highly Yb3+-doped phosphate fibers
are promising gain media for high power laser at 976 nm.
Phosphate glass, consisting of PO4 tetrahedral units with three bridging oxygen atoms and
one doubly bonded oxygen, has lower strength than silica glass [130]. Phosphate glass has a
relatively low glass transition temperature 400 - 700 °C and is easy to synthesize with a variety
of compositions. The addition of modifying alkali or alkaline earth cations can depolymerize the
phosphate network by converting the P=O bonds into bridging oxygens. Al2O3 can be
incorporated into phosphate glass to ensure high mechanical strength and good chemical
durability [128, 129, 131, 132]. Moreover, compared to silica glasses, the refractive indices of
phosphate glasses can be easily adjusted [133], which is helpful for obtaining a much smaller
numerical aperture (NA) for the fiber core, enabling single mode operation with larger core size.
Phosphate glasses were manufactured with conventional glass melting method. Firstly, high
purity raw materials were weighed and mixed. Then they were melted in a crucible at
temperature of 1150 - 1500°C, depending on the glass compositions. The glass melt was bubbled
with oxygen and stirred simultaneously to achieve high homogeneity. After dehydration and
clarification, the melt was casted in a preheated metal mold. Finally, the glass was annealed in an
oven at glass transition temperature and cooled slowly to room temperature at a rate of
0.5 °C/min. The phosphate fiber used in our experiment was manufactured at NP Photonics, by
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the rod-in-tube technique. As shown in Fig. 2.3(a), the Yb3+-doped double-clad phosphate fiber
has a core diameter of 18-μm and numerical aperture (NA) of 0.04 that supports only the
fundamental transverse mode at 976 nm. The inner circular cladding has a diameter of 135 μm
and a NA of 0.45. The outer cladding is also made of phosphate glass and its diameter is 150 μm.
The core was uniformly doped with 6.69×1026 m-3 (6 wt%) of Yb3+ ions.

Fig. 2.3. (a) The end-face of the Yb3+-doped double-clad phosphate fiber; absorption and
emission cross-sections of Yb3+ ions in (b) phosphate and (c) silica glasses [134].

The absorption and emission cross-sections of our Yb3+-doped phosphate glass were
measured and shown in Fig. 2.3(b). The silica glass [134] exhibit different features as shown in
Fig. 2.3(c); this is attributed to the differences between the phosphate and silica glass matrices.
Both the absorption and emission peaks of the Yb3+-doped phosphate glass are located at
976 nm, while the corresponding values for silica glass are at 977 nm. As a consequence, the
ASE of Yb3+-doped phosphate fiber and silica fiber are also different. Fig. 2.4 shows the ASE
spectra of a 24.5-cm long Yb3+-doped silica fiber (Nufern PM-YDF-5/130-VIII) and a 5-cm long
Yb3+-doped phosphate fiber pumped with a single-mode 915 nm diode laser. To ensure that the
silica fiber absorbs the same pump power as the phosphate fiber, a long piece silica fiber was cut
so that the residual pump power equaled to that of phosphate fiber. Both of the launched pump
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powers were 150 mW and the residual pump powers were ~ 5.68 mW. The output spectrum of
the silica fiber has a primary peak at 977.46 nm and a secondary maximum at 1027 nm.
However, the phosphate fiber shows a primary peak at 975.96 nm and a secondary maximum at
1006.44 nm. All of these features indicate that Yb3+-doped phosphate fiber is more suitable than
silica fiber for short-wavelength laser emission.

Fig. 2.4. ASE spectra of Yb3+-doped silica and phosphate fibers (resolution: 0.1 nm).

2.6 Ion-Ion Interaction Effects in Yb3+-Doped Fiber Amplifiers
As previously mentioned, Yb3+-doped materials have been widely used for high efficiency high
energy laser sources at the 1 μm wavelength region because of their very low quantum defect
and the unique simple energy level structure of Yb3+, resulting in no excited-state absorption and
low occurrence probability of other deleterious ion-ion interaction processes, such as
concentration quenching, photodarkening, and cooperative luminescence. Owing to the
outstanding heat dissipation capability of optical fibers and advances in fiber laser technology,
Yb3+-doped fiber lasers are able to produce 10s-kW single-mode and 100s-kW multimode
continuous-wave output powers [7, 8]. However, it has been found that the long-term operation
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of a high power Yb3+-doped fiber laser system, especially a pulsed laser system, is still
influenced by photodarkening [126, 127, 135] when the doping level of the Yb3+-doped fiber is
high. Photodarkening in the Yb3+-doped fiber lasers has been studied extensively and can be
effectively mitigated by several techniques [136-144]. However, the other ion-ion interaction
effects, such as concentration quenching and cooperative luminescence, have not been
thoroughly investigated due to their negligible impact on the Yb3+-doped fiber lasers operating at
long wavelengths (> 1 μm). Nevertheless, for Yb3+-doped fiber lasers and amplifiers operating at
976 nm, where the emission and absorption cross-sections of Yb3+ are close, intense pump is
required to excite more than 50% population to the upper laser level to achieve a gain.
Consequently, the ion-ion interaction effects in the 976 nm Yb3+-doped fiber lasers and
amplifiers become significant and severely influence their performances because these effects
are highly dependent on the excited populations in the upper laser level. Therefore, it is very
necessary and valuable to investigate these effects in the 976 nm Yb3+-doped fiber lasers and
amplifiers and obtain instructions for the design and development of high power 976 nm fiber
laser sources.
It is well known that the ion-ion interaction becomes stronger with the increased doping level
of rare-earth ions due to the ion clustering and reduced distance between single ions. Compared
to silica glass, phosphate glass has much higher solubility and rare-earth doped phosphate fibers
have exhibited much less quenching effect [144] and photodarkening [129]. However, we
noticed that the ion-ion interaction effects still exist in 976 nm Yb3+-doped phosphate fiber
amplifier and have non-negligible influences. Therefore, experimental and numerical
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investigations on the ion-ion interaction effects in Yb3+-doped fibers are very beneficial for
further power scaling of the 976 nm fiber lasers.
2.6.1 Lifetime Quenching
It has been found that, in the rare-earth doped glasses and fibers, the fluorescence lifetimes of the
excited ions always decrease with the increased concentration. The reduction of the decay time,
namely lifetime quenching, results from several different mechanisms such as multi-phonon
transitions, energy transfer between the doped rare earth ions, and energy transfer to the
impurities or color centers. Due to the simple energy level structure of Yb3+, lifetime quenching
usually occurs in an Yb3+-doped material at a doping level much higher than in other rare-earthdoped materials. Concentration quenching of Yb3+ ions in silica fiber was first reported by R.
Paschotta et al. in 1997 [126]. Jetschke et al. found that the near infrared fluorescence lifetime of
Yb3+ in silica fiber decreases with the increased doping level as the concentration of Yb3+
exceeds 2×1026 m-3 [145]. Due to the high solubility of phosphate glass, the lifetime quenching
generally happens at much higher concentration of Yb3+ compared to silica glass [144]. We have
made phosphate glasses doped with different Yb3+ concentrations and measured their florescence
lifetimes of the upper laser level (2F5/2) from the fluorescence decay by pumping them with a
10 ns pulsed laser source at 915 nm (SureLiteTM OPO Plus). The duration of the pulse pump
laser was ~ 105 times smaller than the lifetime of Yb3+ and the effect of re-absorption or radiation
trapping was very subtle. The measured lifetimes of Yb3+-doped phosphate glasses with
concentrations of 2 wt%, 4 wt%, 6 wt% and 13.55 wt% are shown in Fig. 2.5. Lifetime
quenching was not measured even when the concentration is as high as 6 wt% (6.69×1026 m-3)
and the fluorescence lifetime decreases to 0.986 ms when the concentration is 13.55 wt%
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(1.51×1027 m-3). The resistance of concentration quenching for phosphate fiber is 7.5 times
higher than that of silica fiber. Therefore, the effect of lifetime quenching on Yb3+-doped
phosphate fiber laser is negligible when the concentration is 6 wt% or less.

Fig. 2.5. Measured lifetimes of phosphate glasses doped with different Yb3+ concentrations
[146].

2.6.2 Photodarkening
Photodarkening, the transmission of an optical material in the visible and near-infrared decreases
as it is irradiated by high power lasers, especially at UV and visible, has been widely observed in
optical fibers and laser crystals. Due to the small diameters of optical fibers, the light intensity in
the fiber core is always very high and consequently photodarkening can occur even in Yb3+doped fiber lasers at 1 m and influence their efficiency and long-time operation stability. Since
Koponen et al. reported the photodarkening in an Yb3+-doped fiber laser in 2005 [127],
photodarkening has been extensively investigated and different mechanisms have been proposed
to explain this deleterious effect [147-149]. It is widely agreed that photodarkening in Yb3+doped fiber lasers is related to ion clustering and started with the energy transfer between the
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Yb3+ ions [150, 151]. Therefore, photodarkening can be used to characterize the ion clustering in
an optical fiber. Since the effect of photodarkening depends on the irradiation laser wavelength
and it has been mostly investigated in Yb3+-doped fiber lasers operating at > 1 m, it should be
significant for us to study the photodarkening in Yb3+-doped fiber amplifiers and investigate its
effect on fiber lasers at 976 nm.

Fig. 2.6. Experimental setup for the investigation of photodarkening in Yb3+-doped fibers.

An experimental setup shown in Fig. 2.6 was used to measure the photodarkening effect in
Yb3+-doped fiber amplifiers. A 976 nm DFB LD and a 1030 nm single-frequency fiber laser
(Rock, NP Photonics) were used as the signal laser source alternatively. A 915 nm LD was used
as the pump laser. The signal laser and the pump laser were coupled together and launched into
the gain fiber via a 915/976 nm WDM. An Yb3+-doped silica fiber (Nufern PM-YDF-5/130-VIII)
with a cladding absorption of about 0.6 dB at 915 nm and an Yb3+-doped phosphate fiber
(6/125 μm) with a concentration of 6.69×1026 m-3 were tested. Both fibers have a length of 1 cm.
The transmission spectrum of the fresh 1-cm Yb3+-doped active fiber was measured by using a
white light source (Yokogawa AQ4305) and an optical spectrum analyzer (Yokogawa
AQ6315A) before launching any laser into the active fiber. Then a pump laser of 200 mW at
915 nm, or the pump laser and a signal laser of 1 mW together were launched into the active
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fiber for one hour. After that, the transmission spectrum of the irradiated Yb3+-doped fiber was
measured. The photodarkening effect can be characterized by the difference between the
transmission spectra of the fresh fiber and the irradiated fiber, i.e. the change of the transmission
before and after the laser illumination.

Fig. 2.7. Photodarkening-induced loss of (a) 1-cm Yb3+-doped silica fiber and (b) 1-cm Yb3+doped phosphate fiber that were illuminated by the 915 nm pump laser and the signal lasers at
976 nm and 1030 nm.

The photodarkening effects on the transmission spectra of the 1-cm Yb3+-doped silica fiber
amplifiers and phosphate fiber amplifiers are shown in Figs. 2.7(a) and 2.7(b), respectively.
Clearly, the transmission change of the Yb3+-doped silica fibers [Fig. 2.7(a)] at the visible is
significant while that of Yb3+-doped phosphate fibers [Fig. 2.7(b)] is negligible, indicating that
phosphate fiber has much higher resistant to photodarkening due to the much less ion clustering.
The ion clustering in the Yb3+-doped phosphate fiber with a concentration of 6.69×1026 m-3 is
even much less than that in the Yb3+-doped silica fiber with a concentration of 9.7×1025 m-3. As
shown in Fig. 2.7(a), the magnitude of the photodarkening effect in the Yb3+-doped silica fiber
illuminated only by the 915 nm pump laser is larger than that in the two Yb3+-doped silica fiber
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amplifiers and that in the 1030 nm fiber amplifier is larger than that in the 976 nm fiber
amplifier. It is worthwhile to note that the output signal powers of the 976 nm and 1030 nm 1-cm
silica fiber amplifiers were measured to be 1.6 mW and 1.1 mW, respectively, indicating that
more excited Yb3+ ions decay to the ground state in 976 nm fiber amplifier than in the 1030 nm
fiber amplifier. Thus, these experimental results of Yb3+-doped silica fibers tell us that the
photodarkening effect is highly related to the population in the upper laser level (2F5/2) in
addition to the concentration of the clustered ions. When the Yb3+-doped silica fiber was
illuminated only by the pump laser at 915 nm, the excited ions decay spontaneously to the
ground state and thus the population in the 2F5/2 level is much more than that of the fiber
amplifiers, in which the excited ions decay to the ground stage more quickly due to the
stimulated emission. As a result, the photodarkening-induced loss is the largest in this case. For
the 976 nm and 1030 nm fiber amplifiers, since the gain fiber length was only 1 cm, the whole
gain fiber was pumped sufficiently. Because the emission cross-section of Yb3+ at 976 nm is
larger than that at 1030 nm, the population in the 2F5/2 level of the 1030 nm fiber amplifier is
more than that of the 976 nm fiber amplifier and consequently the photodarkening-induced loss
is larger as validated by experimental results shown in Fig. 2.7(a).
The time-dependent of photodarkening effects in the fiber amplifiers were also investigated.
Only 1-cm Yb3+-doped silica fiber amplifiers were conducted since Yb3+-doped phosphate fiber
shows no obvious photodarkening. The measured photodarkening effects on the transmission
spectra of the silica fibers that were illuminated by different LDs for one and two hours are
shown in Fig. 2.8. Obviously, the photodarkening effect is more server for longer illumination
time for all the three types of amplifiers. It can also be observed that the magnitudes of the
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increased transmission loss between two operating time cases for the three 1-cm Yb3+-doped
silica fiber amplifiers are: (b)>(c)>(a). The output signal powers of the 1030 nm 1-cm silica fiber
amplifiers pumped by 976 nm LD was measured to be 1.55 mW, which is a bit smaller than that
of the 1030 nm silica fiber amplifier pumped by the 915 nm LD. Consequently, the numbers of
the excited Yb3+ ions decaying to the ground state in the three cases of Fig. 2.8 are: (b)<(c)<(a).
Therefore, the rate of photodarkening-induced loss increment is larger for higher inversion level.

Fig. 2.8. Photodarkening-induced loss of 1-cm Yb3+-doped silica fiber that were illuminated
by the (a) 915 nm pump laser and the signal laser at 976 nm, (b) 915 nm pump laser and the
signal laser at 1030 nm and (c) 976 nm pump laser and the signal laser at 1030 nm for one
and two hours.

Further confirmation experiments of different input signal powers were conducted. The 1-cm
Yb3+-doped silica fiber amplifiers were illuminated by 200 mW 915 nm laser and 1 mW or
10 mW signal laser at 976 nm or 1030 nm for three hours and the photodarkening effects on the
transmission spectra are shown in Figs. 2.9. It obviously shows that the photodarkening-induced
loss is smaller with larger input signal power for both of the 976 nm and 1030 nm amplifiers.
Larger input signal power would cause more excited Yb3+ ions decay to the ground state and
thereby lower inversion level. This result also verifies that the photodarkening-induced loss is
proportional to the inversion level of the active fiber.
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Fig. 2.9. Photodarkening-induced loss of 1-cm Yb3+-doped silica fiber that were illuminated
by the 200 mW 915 nm pump laser and the 1 mW or 10 mW signal laser at 976 nm or
1030 nm for three hours.

Photodarkening is one of the major constraints for power scaling of Yb3+-doped fiber lasers.
Various techniques have been used to mitigate photodarkening in Yb3+-doped silica fibers by
optimizing the core glass composition. Codoping with aluminum (Al) [139], phosphorous (P)
[140], cerium (Cr) [141], sodium (Na) [142] and alkaline earth metals [143] has been proven
effective to improve the photodarkening resistant. It is worth to be noted that the commercial
Yb3+-doped silica fiber used in our experiment was co-doped with Al [152]. Al can help dissolve
clustering Yb3+ ions and disperse them homogeneously in the SiO2 glass matrix. Consequently,
compared to Yb3+-doped pure silica fiber, remarkable reduction of photodarkening was achieved
in Yb3+-Al co-doped silica fiber [139]. Nevertheless, our experiment shows that the
photodarkening in Yb3+-doped phosphate fiber is much less than in Yb3+-doped silica fiber even
with co-doping Al due to the high solubility preventing Yb3+ ions from clustering. Therefore
Yb3+-doped phosphate fibers are more suitable for high power fiber lasers and fiber amplifiers
operating below 1 m.
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2.6.3 Cooperative Luminescence
Cooperative luminescence is an upconversion radiative process that two neighboring excited ions
decay simultaneously to the ground state and emit a photon with their combined energy.
Cooperative luminescence was first observed in YbPO4 by Nakazawa and Shionoya, in 1970
[153] and thereafter has been investigated in various Yb3+-doped glasses and crystals [154-158].
The cooperative luminescence in Yb3+-doped fibers has also been studied to characterize the
level of ion clustering [159]. Cooperative luminescence in Yb3+-doped phosphate glass was
investigated by Bell et al in 2003 [160]. However, there is no report on the cooperative
luminescence in Yb3+-doped phosphate fibers. On the other hand, most of the previous research
works focused on underlying mechanism of cooperative luminescence [160, 161]. Most recently,
Vallés et al, reported their investigation of cooperative luminescence on the performance of
Yb3+-doped fiber lasers operating at 1090-1100 nm and found that the impact is negligible [162].
However, the cooperative luminescence in Yb3+-doped fiber amplifiers should be very different
from that in Yb3+-doped fiber lasers operating at 1090-1100 nm, in which a very small fraction
of ions (~ 5%) are excited. In a 976 nm Yb3+-doped fiber amplifier, more than 50% of the
population needs to be excited to provide gain throughout the gain fiber. The large number of
population in the 2F5/2 level makes it prone to the cooperative luminescence. Therefore, it is very
valuable to investigate the cooperative luminescence in the 976 nm Yb3+-doped fiber amplifiers.
The cooperative luminescence in an Yb3+-doped silica fiber (Nufern PM-YDF-5/130-VIII)
and a 6/125 m 6wt% Yb3+-doped phosphate fiber was investigated with the experimental setup
shown in Fig. 2.10. The 915 nm pump laser and the signal laser at 976 nm or 1030 nm were
coupled together by a WDM and launched into 1-cm active fiber. A spectrometer (Ocean 2000+)
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was used to measure the cooperative luminescence side emitting from the active fibers at the
same position. The output gain fiber output end was angle-cleaved to suppress possible parasitic
lasing.

Fig. 2.10. Experimental setup for measuring the cooperative luminescence from Yb3+-doped
fibers.

The spectra of the cooperative luminescence at the range of 480-550 nm from the Yb3+doped silica fiber amplifiers at 976 nm and 1030 nm were measured by the spectrometer with an
integration time of 100 ms and are shown in Figs. 2.11(a) and 2.11(b), respectively. Clearly, the
intensity of the cooperative luminescence increases with the increased pump power for both fiber
amplifiers. When there was no pump laser, cooperative luminescence was still measured from
the 976 nm fiber amplifier while no cooperative luminescence was measured from the 1030 nm
fiber amplifier. This is because Yb3+ ions have strong absorption at 976 nm and a large number
of Yb3+ ions are excited by the 976 nm signal laser. When both fiber amplifiers were pumped by
the 915 nm pump laser at the same power, the intensity of the cooperative luminescence of the
1030 nm Yb3+-doped fiber amplifier was larger than that of the 976 nm Yb3+-doped fiber
amplifier. This is because the population in the 2F5/2 level of the 1030 nm fiber laser is more than
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that of the 976 nm fiber amplifier as analyzed above. All these experimental results tell us that
the intensity of cooperative luminescence depends on the population density of the excited ions.

Fig. 2.11. Measured spectra of the cooperative luminescence from an Yb3+-doped silica fiber
when the signal laser is at (a) 976 nm and (b) 1030 nm and from an Yb3+-doped phosphate
fiber when the signal laser is at (c) 976 nm and (d) 1030 nm for different 915 nm pump
powers. The input 976 nm and 1030 nm signal powers were 1 mW. The integration time of
the spectrometer for (a) and (b) is 100 ms while that for (c) and (d) is 1 s.

The spectra of the cooperative luminescence from the Yb3+-doped phosphate fiber amplifiers
at 976 nm and 1030 nm were measured by the spectrometer with an integration time of 1 s and
are shown in Fig. 2.11(c) and Fig. 2.11(d), respectively. Similar to the observations of the Yb3+-
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doped silica fiber amplifiers, the cooperative luminescence of the Yb3+-doped phosphate fiber
amplifiers increases with the increased pump power and that of the 1030 nm fiber amplifier is
stronger than that of the 976 nm fiber amplifier. It is worth to note that the cooperative
luminescence from the Yb3+-doped phosphate fiber amplifiers is much weaker than that from the
Yb3+-doped silica fiber amplifiers because the integration time for Figs. 2.11(c) and 2.11(d) is
only one tenth of that for Figs. 2.11(a) and 2.11(b). Because cooperative luminescence is
attributed to the energy migration among the clustered Yb3+ ions, the weak cooperative
luminescence indicates that the energy migration is very low in Yb3+-doped phosphate glass due
to the well-dispersed Yb3+ ions. It is interesting that the cooperative luminescence of Yb3+-doped
phosphate fiber amplifiers exhibits different features from that of Yb3+-doped silica fiber
amplifiers. The cooperative luminescence of the silica fiber amplifier has a major peak at 502 nm
and a secondary peak at 491 nm while that of the phosphate fiber amplifier has only one peak at
500 nm, which is attributed to the different features of the emission cross-sections of Yb3+ doped
in silica and phosphate glasses.
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Fig. 2.12. Measured spectra of the cooperative luminescence from (a) Yb3+-doped silica and
(b) Yb3+-doped phosphate fiber amplifiers for different input 976 nm signal laser powers. The
915 nm pump powers were 200 mW.

The spectra of the cooperative luminescence of the 1-cm Yb3+-doped silica and phosphate
fiber amplifiers were measured with different signal powers at 976 nm and the same pump power
of 200 mW at 915 nm and are shown in Figs. 2.12(a) and 2.12(b), respectively. Both of them
show that the intensity of the cooperative luminescence decreases with the increased signal laser
power. This is because the population in the 2F5/2 level becomes smaller as the input signal
power becomes higher and consequently the stimulated emission becomes stronger. The
experimental results tell us that the energy migration among the excited ions plays an important
role in cooperative luminescence and the intensity of the cooperative luminescence is related to
the population density in the 2F5/2 level. Because cooperative luminescence depletes two excited
Yb3+ ions via radiation at visible not at the signal wavelength, it indeed influences the
performance of Yb3+-doped fiber amplifiers.

54

2.7 Theoretical Model Including Ion-Ion Interaction Effects

Fig. 2.13. Schematic of energy migration among Yb3+ ions and acceptors and the transitions
of radiative decays.

Our experimental results have shown that the ion-ion interaction effects are highly related to the
population density in the 2F5/2 level and influence the performance of Yb3+-doped fiber
amplifiers, especially the 976 nm fiber amplifiers in which more than 50% Yb3+ ions need to be
excited along the whole gain fiber. In order to understand and predict the performance of the
976 nm Yb3+-doped fiber amplifiers, a new theoretical model including the ion-ion interaction
effects is needed. The schematic of energy migrations among the Yb3+ ions and acceptors such as
color centers and impurities and the transitions of radiative decays are shown in Fig. 2.13. The
NIR light is generated by the singly Yb3+ ions through the radiative decay from the excited state
2

F5/2 to the ground state 2F7/2 (orange arrow). The visible light is generated by the interaction of

Yb3+-dimers (ion-pair) through a radiative decay from an upper virtual level to the ground state
(green arrow). Although cooperative luminescence at UV was not observed in our experiment
due to the strong absorption of UV light of the optical glass fiber and the induced color centers in
the Yb3+-doped fiber core, UV radiations could be produced by the interaction of the clusters of
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more than two Yb3+ ions, i.e. Yb3+-trimers and Yb3+-tetramers, through the virtual transitions and
absorbed by the acceptors represented by the light and deep purple arrows [163]. In addition to
the radiative decays, there exists nonradiative processes (black arrows) in which the energies of
the excited Yb3+ ions are transferred to the acceptors including color centers, defects, impurities,
etc, and they decay to the ground state without emitting any photons. We have developed a
model including all of these ion-ion interactions. The rate equations are written as follows:

dN1
dN
= − 2 = − ( R12 + W12 ) N1 + ( R21 + W21 + A21 + Wnr ) N 2 + DN 22 + TN 23 + QN 24
dz
dz

(2.1)

N1 + N 2 = N total

(2.2)

where R12 = σa,λPPP/(hνPAeff,λP) and R21 = σe,λPPP/(hνPAeff,λP) are the absorption and emission
rates of the pump laser. σa,λP and σe,λP are the absorption and emission cross-sections at the pump
wavelength. PP is the pump power. h is the Plank constant. νP is the frequency of the pump.
Aeff,λP is the effective mode area of the pump light. W12 =∑σa,λiPS,λi/(hνλiAeff,λi) is the total
absorption rate of the signal light and ASE at other wavelengths while W21 =∑σe,λiPS,λi/(hνλiAeff,λi)
is the total emission rate of all the emission light. σa,λi and σe,λi are the absorption and emission
cross sections at the wavelength λi, respectively. PS,λi is the signal or ASE power at the
wavelength λi. νλi are the frequency of the emission light at the wavelength λi. Aeff,λi is the
effective mode area of the emission light at the wavelength λi. A21 = 1/τ0 is the spontaneous
emission rate where τ0 is the radiative lifetime of the excited Yb3+ ions. Wnr = 1/τ - 1/τ0 [160,
164] is the nonradiative rate, where τ is the measured lifetime of the excited Yb3+ ions. Here, it
includes all the non-radiative processes including the multi-phonon relaxation, the energy
exchange between Yb3+ ions due to the clustering effect, energy transfer to impurities. D (m3/s)
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is the cooperative decay rate of the Yb3+-pairs, T (m6/s) is that of the Yb3+-trimers, and Q (m8/s)
is that of the Yb3+-tetramers. As shown in our simulation results below, the influence of the
cooperative decay of Yb3+-trimers is very small and that of Yb3+-tetramers is negligible.
Therefore, the cooperative decays of Yb3+-tetramers and larger Yb3+-clusters can be neglected in
the simulation. N1 and N2 are the total population densities in the states 2F7/2 and 2F5/2. Ntotal is the
total concentration of Yb3+ ions.
The evolution equations of the pump, signal and ASE powers along the gain fiber are
expressed as:

dPP
=  P  e,P N 2 −  a ,P N1 PP −  P PP
dz

(

dPS,i
dz

(

)

(2.3)

)

(2.4)

= i  e,i N 2 −  a ,i N1 PS,i −  i PS,i +  e,i N 2 P0,i

where PP is the pump power and PS,λi is the signal or ASE power at the wavelength λi. “+”
and “–“ represent the forward and backward directions, respectively. ΓP is the spatial overlap of
the pump with the gain fiber core, which is 1-exp(-2×Acore/Aeff,λP) for single-mode core pumping
and is Acore/Aclad for multimode cladding-pumping, respectively. Acore is the area of the gain fiber
core. Γλi = 1-exp(-2×Acore/Aeff,λi) is the spatial overlap of the signal or ASE with the gain fiber
core. αP and αS,λi are the propagation losses of the light at the pump wavelength and at the
wavelength λi, respectively. P0,λi = 2hc2/λi3 is the power of the spontaneous emission at the
wavelength λi. c is the light velocity in vacuum.
The boundary conditions for the powers of the signal and the ASE can be given by
 Pinput ,i ,
PS+,i ( 0 ) = 
 P0,i ,
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i = signal
i  signal

(2.5)

PS−,i ( L ) = P0,i

(2.6)

where Pinput,λi is the input power at the wavelength λi. L is the length of the gain fiber. The
rate equations for steady states were solved to obtain population inversion along the gain fiber
and the power propagation equations were solved with the 4th-order Runge-Kutta method. The
output power of the fiber amplifier at the wavelength λi can be obtained by
+
PSout
, i ( L ) = PS , i ( L )

(2.7)

2.8 Experimental and Simulation Results of Yb3+-Doped Fiber Amplifiers
In section 2.6, our experiments have shown solid evidences of ion-ion interaction effects in Yb3+doped fiber amplifiers. In this section, the experimental and simulation results of Yb3+-doped
fiber amplifiers are presented. A good agreement between the experimental results and the
simulation results validates of the new modeling including the cooperative decays and confirm
the non-negligible influence of ion-ion interaction effects on the performance of Yb3+-doped
fiber amplifiers.
2.8.1 Core-Pumped Yb3+-Doped Silica Fiber Amplifiers

Fig. 2.14. Schematic of the core-pumped Yb3+-doped fiber amplifier.
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The experimental setup of core-pumped Yb3+-doped fiber amplifiers is depicted in Fig. 2.14. A
915 nm single-mode laser diode was used as the pump source. A 976 nm DFB LD and a
1030 nm single-frequency fiber laser (NP Photonics Rock) were used as the signal laser source
alternatively. The signal laser and pump laser are coupled together by a filter-type WDM and
launched into the Yb3+-doped fiber. The splicing loss between the WDM and the silica gain fiber
was measured to be 0.1 dB. The signal laser power launched into the gain fiber was 10 mW. The
output end of the gain fiber was angle cleaved. A 976 nm bandpass filter with a transmission
bandwidth of 10 nm and a 1000 nm longpass filter were used after the gain fiber to remove the
residual pump power and ASE power for the 976 nm and 1030 nm signal laser power
measurement, respectively. The output signal laser power was measured by a thermal power
sensor (Thorlabs S401C).
The measured and simulated output signal laser powers as a function of the 915 nm pump
power for the silica fiber (Nufern PM-YDF-5/130-VIII) amplifiers at 976 nm and 1030 nm are
shown in Fig. 2.15(a) and 2.15(b), respectively. The experimental results are plotted with the
solid black dots and the simulation results are plotted with solid lines. In the simulation, the
propagation losses were set to be 0.015 dB/m. The radiative lifetime of Yb3+ in the silica was
measured to 0.945 ms [126] and that in the Yb3+-doped silica fiber was measured to be 0.826 ms.
Therefore, the nonradiative rate Wnr was set to be 152 s-1. It is clear that there is large
discrepancy between the simulation results and the experimental results (red lines) when the
nonradiative decays and cooperative decays were not included in the modeling (Wnr = 0, D = 0,
T = 0). When Wnr is included in the simulation, the calculated threshold of the 976 nm fiber
amplifier increases and approaches to the experimental threshold as shown by the blue line in
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Fig. 2.15(a). However, the calculated output powers are still larger than the experimental results.
Therefore, the model only including nonradiative decay of excited singly Yb3+ ions cannot
simulate the performance of the fiber amplifier accurately. When both Wnr and cooperative decay
of excited Yb3+-dimers D are included in the modeling, the simulation results shown by the green
line are in a good agreement with the experimental results and a cooperative decay rate D of
1×10-23 m3/s is obtained. When the cooperative decay of excited Yb3+-trimers T is also included
in the modeling, the simulation results plotted by the orange line have little difference from that
of the green line, indicating that the cooperative decays of excited Yb3+-trimers or excited larger
Yb3+-ion-clusters have negligible influence on the performance of the 976 nm Yb3+-doped silica
fiber amplifiers.

Fig. 2.15. Measured and calculated output powers as a function of the 915 nm pump power
for (a) a core-pumped 12-cm Yb3+-doped silica fiber amplifier at 976 nm and (b) a corepumped 22-cm Yb3+-doped silica fiber amplifier.

The influences of nonradiative and cooperative decays on the 1030 nm Yb3+-doped silica
fiber amplifier are shown in Fig. 2.15(b). When Wnr is included, the output powers of the
1030 nm fiber amplifier decrease but they are still larger than the experimental results. A good
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agreement between the simulation results and the experimental results can be achieved when the
cooperative decay of excited Yb3+-dimers D is also included. When the cooperative decay of
excited Yb3+-trimers T is also included in the modeling, the simulation results plotted by the
orange line are in a good agreement with the experimental results at low pump powers
(< 50 mW) but deviate at high pump power, indicating the cooperative decay rate of excited
Yb3+-trimers of 2×10-50 m6/s is overestimated. Therefore, the model including Wnr and D is
accurate enough for the simulation.
To further verify the model, the output powers of the 976 nm and 1030 nm Yb3+-doped silica
fiber amplifiers with different gain fiber lengths were measured and simulated and are shown in
Fig. 2.16(a) and 2.16(b), respectively. Clearly, the simulation results are larger than the
experimental results when D is not included in the modeling, while the simulation results are
smaller than the experimental results when T of 2×10-50 m6/s is included the modeling. Therefore,
the term T cannot be neglected in the modeling and the term D influences the performance of the
Yb3+-doped fiber amplifiers indeed.
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Fig. 2.16. Measured and calculated signal laser powers as a function of the gain fiber length
for (a) 976 nm and (b) 1030 nm Yb3+-doped silica fiber amplifier. The input signal power is
10 mW and the launched pump power is 200 mW.

2.8.2 Core-Pumped Yb3+-Doped Phosphate Fiber Amplifiers

Fig. 2.17. Output powers as a function of the 915 nm pump power for (a) a core-pumped 2.8cm Yb3+-doped phosphate fiber amplifier at 976 nm and (b) a core-pumped 4-cm Yb3+-doped
phosphate fiber amplifier at 1030 nm.

The experimental results and the simulation results of the core-pumped 976 nm and 1030 nm
Yb3+-doped phosphate fiber amplifiers are shown in Fig. 2.17(a) and 2.17(b), respectively.
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Similar to the results of the core-pumped Yb3+-doped silica fiber amplifiers, a good agreement
between the simulation results and the experimental results is achieved only when the terms Wnr
and D have been included in the modeling. A cooperative decay rate of 3×10-25 m3/s was
obtained. Clearly, the term D of excited Yb3+-dimers in phosphate is much smaller than that in
silica even though the Yb3+ doping level of the phosphate fiber is almost 7 times of that of the
silica fiber. This attributes to the very high solubility of phosphate glass and thus clustered ions
in the phosphate fiber is much lower than that in the silica fiber. The output powers of the
976 nm and 1030 nm Yb3+-doped phosphate fiber amplifiers with different gain fiber lengths
were also measured and simulated and are shown in Fig. 2.18(a) and 2.18(b), respectively. These
results are consistent with the results and analyzes above.

Fig. 2.18. Measured and calculated signal powers as a function of the gain fiber length for (a)
976 nm and (b) 1030 nm Yb3+-doped phosphate fiber amplifiers. The input signal power is
10 mW and the launched pump power is 200 mW.
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2.9 Summary
In this chapter, the obstacles to develop high power 976 nm fiber amplifiers were studied and
analyzed. Although 100-watt-level 980 nm fiber lasers have been reported by using the Yb3+doped photonic crystal fibers, they still can’t meet the requirements where narrow linewidth and
low noises laser sources are needed. In order to achieve high power single-frequency 976 nm
fiber laser source, MOPA architecture is always utilized. However, the requirements of
establishing over 50% Yb3+-ion population inversion level along the whole gain fiber and
suppressing the competitive ASE at beyond 1 μm are more difficult to be met in the claddingpumped fiber amplifier due to the lack of wavelength selective elements (e.g. FBG) and the
smaller pump overlap.
To date, most 976 nm fiber lasers are based on Yb3+-doped silica fibers. However, we show
that Yb3+-doped phosphate fiber is more suitable than Yb3+-doped silica fiber for 976 nm laser
because of its shorter emission peaks and better solubility.
Because the population inversion level in the 976 nm Yb3+-doped fiber amplifier should be
≥ 50%, the ion-ion interaction effects in the Yb3+-doped fibers can’t be neglected. Their
influences on the performance of Yb3+-doped fiber amplifiers are systematically investigated and
analyzed in this chapter. A new theoretical model including the ion-ion interaction effects has
been developed and the simulation results have shown good agreement with the experimental
results. Our experimental and simulation results confirm that the ion-ion interaction effects have
non-negligible influence on the performance of Yb3+-doped fiber amplifiers. Compared to Yb3+doped silica fibers, Yb3+-doped phosphate fibers have shown much less ion-ion interaction
effects due to their much higher solubility and thus are more preferable for high power 976 nm
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fiber amplifiers. This study provides the new insight for the design and development of high
power 976 nm Yb3+-doped fiber laser sources.
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3 HIGH POWER 976 NM SINGLE-FREQUENCY LASER SOURCE

In order to obtain high efficiency 976 nm cladding-pumped fiber amplifier, several commercial
silica fibers were used firstly. The 976 nm cladding-pumped phosphate fiber amplifiers were also
investigated. Based on the preliminary results, two-amplifier-stage configuration was employed
and over 10 W single-frequency 976 nm laser output was achieved.

3.1 Cladding-Pumped 976 nm Yb3+-Doped Silica Fiber Amplifiers

Fig. 3.1. Experimental setup of a 976 nm Yb3+-doped silica fiber amplifier. LD: laser diode;
YDF: Ytterbium doped double-clad fiber.

The experimental setup of a 976nm Yb3+-doped silica fiber amplifier is depicted in Fig. 3.1.
A 976 nm single frequency DFB laser diode (LU0976M200, linewidth < 10 MHz) was used as
the seed laser. A polarization maintaining (PM) isolator and a 976/1030 nm PM WDM were used
to protect the seed laser by blocking the backward ASE and possible parasitic laser emission.
The commercial isolator and WDM were fabricated with PM 980 fibers (5.5/125 µm, NA 0.12).
The output end of the PM WDM was spliced to the signal port (PM 6/130 µm, NA 0.14) of the
PM fiber combiner with a splice loss of 0.02 dB. Two fiber-coupled 915 nm multimode laser
diodes were spliced to the pump ports (105/125 µm, NA 0.22) of the fiber combiner. The
insertion losses of the PM fiber combiner are 0.7 dB for the 976 nm signal laser and 0.8 dB for
the 915 nm pump laser, respectively. The maximum combined pump power was measured from
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the output port (PM 10/125 µm, NA 0.07) to be 70 W and the maximum signal power after the
combiner was ~ 100 mW. The common port of the combiner was spliced to the Yb3+-doped
fiber. The output end of the gain fiber was angle cleaved (~8o) to eliminate the influence of the
Fresnel reflection. A bandpass filter at 976 nm was used to remove the residual pump. The laser
spectrum was measured with an optical spectrum analyzer (Ando, AQ6317). The output powers
were measured by a thermal power meter (Thorlabs, SC310C).

Fig. 3.2. (a) Output 976 nm powers of the three silica fiber amplifiers as a function of 915 nm
absorbed power and (b) optical spectra of the 6-μm core fiber amplifier with different fiber
lengths (resolution: 0.1 nm). Inset: spectra of 0.01 nm resolution.

Firstly, the commercial nLight LIEKKI 6-μm, 10-μm, and 20-μm core size Yb3+-doped
fibers were tested. Fig. 3.2(a) shows the output power as a function of the absorbed pump power
for the three kinds of fibers at their optimal lengths (52 cm, 58 cm, and 48 cm). Watt-level output
was obtained and the slope efficiency of the three fiber amplifiers are 20.14%, 14.96%, and
12.97%, respectively. The slope efficiency is much lower than that of the core-pumped fiber
amplifier [124]. This is due to the lower pump power density with the cladding pumping
configuration and the deleterious concentration quenching of Yb3+ in the silica fibers. Moreover,
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it can be noticed that the fiber with a bigger core gives higher output power. The spectra of the 6μm fiber amplifiers with different fiber lengths at the maximum pump power were measured and
are shown in Fig. 3.2(b). It exhibits a primary ASE peak at 979 nm and a secondary ASE peak at
1030 nm. The optical spectra also show that the ASE at 979 nm and 1030 nm increases with the
increased fiber lengths because the transition corresponding to the emission at long wavelength
is gradually dominant as the fiber length increases. Because the three-level amplifier requires
high pump power density to ensure over 50% population inversion, higher pump power and
smaller cladding to core ratio are required to increase the brightness of the pump and
consequently increase the efficiency of a 976 nm fiber amplifier.

Fig. 3.3. Output 976 nm powers of the three10-μm core size silica fiber amplifiers as a
function of 915 nm launched power.

Then other two different absorption efficiencies 10-um core size and 125-um cladding size
fibers were tested and the results of the three 10-um core size Yb3+-doped PM double-clad fiber
amplifiers for their optimal lengths are plotted in Fig. 3.3. There are no big differences of the
maximum output powers between them when they are operating at their corresponding optimal
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lengths. The maximum 976 nm power is 2 W obtained from the 42-cm Nufern PLMA-YDF10/125-HI-8 fiber. The core diameter is 11.5 μm (from the datasheet) and thus the cladding to
core ratio is the smallest.
Although the output signal power of the 20-μm core size fiber amplifier was the highest, the
input signal power (100 mW) was too low to saturate the amplifier and the phenomenon of selfpulsing was very serious which can cause the gain fiber burned at high pump power. In addition,
the quenching effect also contributed the self-pulsing. As a result, the achievable power level of
the commercial Yb3+-doped silica fiber amplifier was limited and the new fiber made by other
material is in demand for achieving higher output 976 nm laser.

3.2 Cladding-Pumped 976 nm Yb3+-Doped Phosphate Fiber Amplifiers

Fig. 3.4. 976 nm output power as a function of the launched pump power for the 6.5 cm, 7cm,
8 cm and 10 cm Yb3+-doped double-clad phosphate fiber amplifiers with 100 mW input
signal power.

As previously mentioned, phosphate fiber has much weaker concentration quenching effect.
Therefore, the home-made 6wt% Yb3+-doped 18/135/150 μm phosphate fiber was tested in the
same experimental setup.
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In our experiment, 6.5 cm, 7 cm, 8 cm and 10 cm Yb3+-doped 18/135/150 μm phosphate
fibers were tested. The output powers of these fiber amplifiers with an incident signal power of
100 mW were measured as shown in Fig. 3.4. The output powers of the 6.5 cm, 7 cm, 8 cm, and
10 cm fiber amplifiers are 2.58 W, 3.41 W, 3.14 W and 3.12 W respectively, at the maximum
launched pump power of 70 W. The 7 cm fiber amplifier has the largest output power of 3.41 W
with a slope efficiency of 6.8%, which is much lower than the core-pumped Yb3+-doped
phosphate fiber amplifier [124]. Similar to the previous cladding-pumped Yb3+-doped silica fiber
amplifiers, this is mainly due to the relatively low spatial overlap between the pump and the
doped fiber core in the cladding pumping configuration.

Fig. 3.5. Output spectra of the Yb3+-doped double-clad 18/135 μm phosphate fiber amplifiers
at different launched pump powers for (a) 6.5 cm fiber; (b) 7 cm fiber; (c) 10 cm fiber
(resolution: 0.1 nm), inset: spectra measured with 0.01 nm resolution.

The spectra of the 6.5 cm, 7 cm and 10 cm fiber amplifiers at different pump powers were
measured and are shown in Fig. 3.5. It is found that the long wavelength ASE peak is at around
1007 nm, which is shorter than the 1030 nm ASE peak of silica fiber amplifiers (Fig. 3.2(b)).
This is in a good agreement with the fluorescence output spectra shown in Fig. 2.3. The power of
the ASE at long wavelengths increases with the increased gain fiber length while the optical
SNR decreases with the increased gain fiber length. At the maximum pump power, the 6.5 cm
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fiber amplifier has the smallest ASE with a SNR of 34.2 dB. ~21.1 dB SNR was achieved for the
7 cm fiber amplifier, while the SNR becomes 18.9 dB when the fiber length is 10 cm. It should
be noted that the SNRs were calculated by dividing the 976 nm laser power by the total ASE
power. It is also clear that there is no ASE peak around 978 nm, which has always been observed
in the 976 nm silica fiber amplifiers (Fig. 3.2(b)). This is because the gain peak of Yb3+-doped
silica fiber is not at 976 nm as shown in Fig. 2.3. Hence a Yb3+-doped phosphate fiber amplifier
has larger SNR than a Yb3+-doped silica fiber amplifier and can provide higher gain for the
976 nm single-frequency laser. This is another advantage of Yb3+-doped phosphate fiber over
Yb3+-silica fiber for the 976 nm single-frequency laser amplifier.
Based on the preliminary experimental results of cladding-pumped Yb3+-doped silica and
phosphate fiber amplifiers, it is clear that the cladding to core ratio is a key factor. Using a fiber
with a smaller inner cladding and a larger core facilitates improving the efficiency of a 976 nm
fiber amplifier. However, the core size cannot be too large for inducing multimode operation and
the too small inner cladding will not be matched with that of the standard double-clad fibers.
Because of easily adjustable refractive index and much less detrimental ion-ion effects, a new
Yb3+-doped phosphate fiber with appropriate core and clad sizes is a better gain medium for the
main amplifier.
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3.3 976 nm Single-Frequency Single-Mode Linearly Polarized Laser Source

Fig. 3.6. Schematic of the two-stage 976 nm single-frequency fiber amplifier system. Inset:
Microscope image of the Yb3+-doped phosphate fiber.

In order to achieve a 10-watt-level single-frequency laser at 976 nm, a new PM Yb3+-doped
phosphate fiber with a larger core-to-cladding ratio was fabricated in the same process of the
18/135/150 μm by NP Photonics. A microscope image of the fiber is shown in the inset of
Fig. 3.6. The new phosphate fiber has a core diameter of 20 µm and core NA of 0.03 so that its
cutoff wavelength is 783 nm ensuring single transverse mode operation of the 976 nm laser. The
core was uniformly doped with 1.67×1026 m-3 (1.5 wt%) of Yb3+ ions. The background loss of
the fiber core was measured to be ~ 3 dB/m by a cutback experiment. The inner cladding has a
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diameter of 130 μm and NA of 0.46 enabling high brightness pump power density. The outer
cladding diameter of this fiber is 156 μm.
The configuration of the 976 nm all-fiber single-frequency laser source is shown in Fig. 3.6.
The pre-amplifier stage was the same as the one in the previous section except some components
replaced by new ones. A 976 nm single-frequency LD (Innovative Photonic Solutions, linewidth
< 100 kHz) was used as the seed laser and the input signal power after the first combiner was
130 mW. A 40-cm commercial silica fiber (Nufern PLMA-YDF-10-125-HI-8) was used as the
gain fiber for the first stage amplifier. A pump stripper was used to remove the residual pump
power in the cladding. One PM fiber isolator integrated with a bandpass filter (λ = 975 ±20 nm)
was embedded to keep the pre-amplifier safe from the backward ASE or parasitic lasing of the
second amplifier stage and eliminate the ASE above 1 μm from the signal output which results
from the pre-amplifier. The length of the gain fiber in the pre-amplifier was 2 cm shorter than the
optimal length 42 cm due to the following optical components including the pump stripper, the
fiber isolator and the combiner. The 976 nm fiber amplifier was very sensitive to the backreflections resulting from the splice points between these components and even from the
components themselves. The unwanted back-reflections would favor the parasitic ASE above
1 μm more than 976 nm signal. Although the back-reflections were very small, the optimal
length was still severely influenced. The influence of the back-reflection on the 976 nm fiber
amplifier will be discussed in the next section.
A commercial (6+1)×1 PM fiber combiner with a signal port fiber of PM 10/125 μm, six
pump port fibers of 105/125 μm, and a common port fiber of PM 20/130 μm were used to
combine the 976 nm signal laser and the 915 nm pump laser and launch them into the Yb3+73

doped phosphate double-clad fiber. The total insertion loss of the pump stripper, the fiber isolator
and the combiner was about 0.7 dB. A maximum output signal power of 1.5 W was obtained
after the combiner of the second stage at a pump power of 70 W. The optical spectra of the first
stage amplifier at output powers of 0.5, 1 and 1.5 W are shown in Figure 3.7. The ASE above
1 μm has been eliminated by the band-pass filter while the ASE around 978 nm could not be
removed, resulting in a signal laser with an optical signal-to-noise ratio of about 14.4 dB for the
second stage amplifier. The Yb3+-doped phosphate fiber was placed on a water-cooling plate and
its output end was angle cleaved (~8°) to avoid parasitic oscillation. The output spectra were
measured with an optical spectrum analyzer (Ando, AQ6317). The output power was measured
with a thermal power sensor (Thorlabs, SC310C). The output power of the signal laser and that
of the ASE beyond 1 μm were obtained by measuring the output powers with long-pass filters
with cut-on wavelengths at 950 nm and 1000 nm, respectively.

Fig. 3.7. Output spectra of the 1st stage amplifier measured with a resolution of 0.1 nm.
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Fig. 3.8. (a) Measured signal output powers as a function of launched and absorbed pump
powers; (b) the measured output spectra of the 29 cm and 45 cm fiber amplifiers pumped at
100 W.

In our experiment, 29 cm and 45 cm long gain fibers were used for the second stage amplifier.
Fig. 3.8(a) shows the measured laser power as a function of the launched and absorbed pump powers for
the two fiber lengths. It should be noted that the measured power includes the ASE below 1 m. The
976 nm signal laser power can be estimated by calculating the power ratio between the 976 nm signal and
the ASE below 1 m from the integration of the corresponding spectra. The spectra of the two fiber
amplifiers pumped at 100 W were measured and are shown in Fig. 3.8(b). Based on the measured spectra
with 0.1 nm resolution, the power portions of the ASE below 1 m of the 29 cm and 45 cm fiber
amplifiers are estimated to be 6.2% and 15%, respectively.
Therefore, the actual 976 nm signal laser output of the two amplifiers should be larger than 8.7 W
and 10.1 W at a maximum available pump power of 100 W, respectively. The threshold for positive net
gain of the 29 cm fiber amplifier is 5 W and the slope efficiency with respect to the launched pump power
is 9.5%, whereas the threshold of the 45 cm fiber amplifier is 12 W and the corresponding slope
efficiency is 13.6%. The slope efficiencies with respect to the absorbed pump power are 50% and 48.7%
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for the 29 cm and 45 cm fiber amplifiers respectively. It can be seen clearly from Fig. 3.8(b) that the ASE
increases with the increasing gain fiber length and ASE at long wavelength increases more significantly
than that at short wavelength. Therefore, the efficiency of the 976 nm fiber amplifier can be improved by
increasing the absorbed pump power with a fiber having a larger core size or with a longer specially
designed fiber capable of sufficiently suppressing the ASE.
The output power of a single-frequency fiber laser amplifier is generally limited by the onset of
stimulated Brillouin scatting (SBS) with a threshold expressed as Pth  21Aeff/(KgBLeff) [165], where Aeff is
the effective mode area, gB is the Brillouin gain coefficient, Leff is the effective length of the gain fiber, and
K is the polarization dependence factor. Therefore, the SBS threshold of the 45 cm PM Yb3+-doped
phosphate fiber with a core diameter of 20 m is estimated to be 3.3 kW, which is 2 orders of magnitude
larger than the 10-W output power level of the fiber amplifier and the SBS effect is generally not an issue
of the CW fiber amplifier.

Fig. 3.9. The spectra of the 45 cm fiber amplifier pumped at different 915 nm pump powers
with 1.5 W input signal power. The spectra were measured with 0.1 nm resolution.
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Fig. 3.9 shows the optical spectra of the 45-cm fiber amplifier pumped at different levels. The ASE
beyond 1 μm increases as the pump power increases from 20 W to 40 W while it decreases as the pump
power increases to 70 and 100 W. The ASE below 1 μm, however, always increases with the increasing
pump power. This can be interpreted by the result of competition between gains at the short wavelength
and long wavelength. As the pump power increases, the excited state population contributes more to the
gain at short wavelengths than that at long wavelengths. The 978 nm ASE experiences a large gain like
the signal laser. Therefore, the efficiency of the fiber amplifier can be improved by removing the 978 nm
ASE of the first stage fiber amplifier using a bandpass fiber with a very narrow bandwidth such as a fiber
Bragg grating.

Fig. 3.10. (a) Measured signal output powers and (b) ASE (>1 μm) power as a function of
launched pump power for the 45 cm Yb3+-doped phosphate fiber amplifier with different
input signal powers.

In our experiment, the output signal power and the ASE beyond 1 µm of the Yb3+-doped phosphate
double-clad fiber amplifier were measured with 0.5, 1 and 1.5 W input signal powers. As shown in
Fig. 3.10(a), there is no significant difference between the output powers for the three input signal powers
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because these signal powers saturate the 45 cm fiber amplifier. It should be noted that the input signal
power should be sufficiently large to avoid self-pulsing, which can occur at low input signal powers in the
976 nm fiber amplifier. Fig. 3.10(b) shows the measured power of the ASE beyond 1 µm. It is clear that
the ASE power increases with increasing pump power at the beginning and starts to roll-over at a pump
power that is larger than the threshold pump power. The larger the input signal power, the smaller the
ASE power at the roll-over pump power.

Fig. 3.11. Output power of the 976 nm Yb3+-doped phosphate fiber amplifier measured over a
duration of 2 hours.

Because the 978 nm ASE and the 976 nm signal laser are not separated in the current setup, an
accurate polarization extinction ratio (PER) of the fiber amplifier cannot be obtained by just measuring
the powers of the light along the two polarization orientations. In our experiment, the PER of the 45 cm
fiber amplifier was obtained by using a thin film polarizer to measure the powers at the two polarization
states and subtracting them by half of the estimated 978 nm ASE power (15% of the total power as
mentioned above). The PER is estimated to be > 20 dB. The output stability of the fiber amplifier was
measured by recording the maximum output power continuously for more than two hours. As shown in
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Fig. 3.11, the variation of the output power is less than 2.3%. The beam quality of the output laser beam
was measured by using a scanning slit beam profiler (DataRay, BeamMap2 4XY-DD-2500-100) and is
shown in Fig. 3.12. The beam quality factors along X and Y axes are M2x = 1.08 and M2y = 1.16,
respectively. The small asymmetry of the beam profile is caused by the angle-cleaved output fiber end. It
should be noted that the strong ASE may affect the beam quality measurement and the actual beam
quality should be smaller and very close to the diffraction limit. Therefore, this all-fiber laser source can
provide a very stable single-frequency single-mode linearly polarized laser with nearly diffraction limited
beam quality for harmonic generation.

Fig. 3.12. Beam cross sections at (a) X and (b) Y directions; (c) beam profile of the output
laser.
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3.4 Analyzing the Ion-Ion Interaction Effects in Cladding-Pumped Yb3+-Doped
Phosphate Fiber Amplifiers

Fig. 3.13. Measured and calculated output powers as a function of the 915 nm pump power
for a 10-cm 6 wt% Yb3+-doped phosphate fiber amplifier and a 45-cm 1.5 wt% Yb3+-doped
phosphate fiber amplifier, respectively.

To further verify the theoretical model in Chapter 2, we did the simulations for two claddingpumped Yb3+-doped phosphate fiber amplifiers. One used a 6 wt% Yb3+-doped fiber with the
core/cladding diameters of 18/135 μm. The other used a 1.5 wt% Yb3+-doped fiber with the
core/cladding diameters of 20/130 μm. The lengths of the 6 wt% and 1.5 wt% Yb3+-doped fibers
are 10 cm and 45 cm, respectively. The output powers of two double-clad phosphate fiber
amplifiers as a function of the launched 915 nm pump power were measured and the
corresponding values of Wnr and D of the two fibers are obtained by fitting with the experimental
results.
The experimental results and simulations are shown in Fig. 3.13. It is clear that the
nonradiative rate of single excited Yb3+ Wnr and cooperative decay parameter of excited Yb3+dimer D increase with the increased doping level. The cooperative decay rate of the 6 wt% Yb3+80

doped phosphate fiber is 3 times of that of the 1.5 wt% Yb3+-doped phosphate fiber, indicating
that the number of Yb3+-dimers increases with the increased Yb3+ concentration. The term Wnr,
however, doesn’t increase much as the Yb3+ concentration increases by 4 times. It should be
noted that the two phosphate fiber cores’ material compositions are almost same except the Yb3+
concentration. Therefore, the concentrations of the glass defects (OH-, color center, etc) in the
two phosphate fibers should be close and the increase of Wnr may only attribute to the increase of
Yb3+-defect cluster as the Yb3+ doping level increases.
Our experimental and simulation results have confirmed the impact of ion-ion interaction
effects on the performance of Yb3+-doped fiber amplifiers. Compared to Yb3+-doped silica fiber
amplifiers, Yb3+-doped phosphate fiber amplifiers suffer much less ion-ion interaction effects
and thus are preferable platforms for high power 976 nm fiber laser sources.

3.5 The Influence of Residual-Reflection on 976 nm Fiber Amplifier
The 976 nm fiber amplifier is very sensitive to the residual reflections which would induce the
parasitic ASE at above 1 μm enhancement or even lasing. In the experiments, the gain fiber
output end was angle cleaved. However, there still existed Rayleigh scattering in the fiber core,
small reflections from the unoptimized splice points and the residual reflections on the output
end and the cavity was formed. Although the reflections of the formed cavity were very small
and the lasing threshold was very large, there was still high possibility that parasitic lasing at
above 1 μm would occur and the amplifier would be unstable or even damaged at high power
operation. It is worth studying the influence of the reflections on the performance of the 976 nm
fiber amplifier. For simplicity, the reflections are assumed to be located at the two ends of the
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gain fiber and they are invariant in the whole wavelength calculation range. Therefore, the
boundary conditions for the powers of the signal and the ASE can be revised:
+
S , i

P

 R1 PS-,i ( 0 ) +Pinput ,i ,
i = signal
( 0) = 
i  signal
 R1 P0,i +P0,i ,

PS−,i ( L ) = R2 PS+,i ( L ) +P0,i

(2.8)

(2.9)

where R1 and R2 represent the reflections of at the input and output ends. The output power
of the fiber amplifier at the wavelength λi can be obtained by
+
PSout
, i ( L ) = (1-R2 ) PS , i ( L )

(2.10)

In the simulation, R1 was set to 1×10-5. The output powers of the cladding-pumped
20/130 μm 1.5 wt% phosphate fiber with different R2 were calculated and are shown in
Fig. 3.14(a). It is clearly observed that the optimal active fiber length decreases as the reflection
R2 increasing. The optimal length reduces to 31 cm and the maximum output power drops to
5.95 W when the output end is perpendicularly cleaved and the Fresnel reflection is ~ 4%. When
R2 reduces to 1×10-6, it is almost overlapped with the curve of R2 = 0, indicating that the
influences of R2 ≤ 1×10-6 can be ignored. Furthermore, as Fig. 3.14(b) shown, the ASE is
stronger with larger R2 and it is even lasing at 1000-1020 nm with only 39-cm long active fiber
when R2 = 4%. This is because the residual reflections provide the feedback and the gain at
1000-1020 nm is more competitive than at 976 nm. Therefore, the residual reflection R2 of the
output end plays an important role in the fiber amplifier. Angle-cleaving is the most efficient and
simplest method to lower the impact of the residual reflection and high quality angle-cleaved out
fiber end is crucial for achieving the high power 976 nm fiber amplifier.
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Fig. 3.14. Calculated output powers of the 20/130 μm phosphate fiber amplifiers as function
of active fiber length with different reflections R2; (b) the spectra of 39-cm long 20/130 μm
phosphate fiber amplifiers with different reflections R2.

3.6 Summary
Several commercial Yb3+-doped silica fibers with different inner-cladding to core ratios were
firstly tested for the obtaining the further directions of improving the efficiency of 976 nm fiber
amplifier. The output 976 nm power of the 20/125 μm silica fiber amplifier was the highest for
one-stage architecture. However, the seed signal power was too low to saturate the amplifier and
the gain fiber can be burned at high pump power due to the sever self-pulsing. In addition, the
quenching effect also contributed the self-pulsing.
A non-PM 18/135/150 μm 1.5 wt% Yb3+-doped phosphate fiber was also tested in the same
amplifier configuration. Its output power was higher than that of 10/125 μm Yb3+-doped silica
fiber amplifier while lower than that of 20/125 μm Yb3+-doped silica fiber amplifier. Therefore,
the inner-cladding to core ratio is the key factor for improving the performance of the 976 nm
fiber amplifier. However, it should be noted that the inner clad size of the gain fiber should be

83

appropriate for matching with the standard fiber. And the core size of the gain fiber can’t be too
large for avoiding multimode operation.
Based on the obtained preliminary results, two-amplifier-configuration was employed in our
high power 976 nm MOPA system. The commercial PM 10/125 μm Yb3+-doped silica fiber
(Nufern PLMA-YDF-10-125-HI-8) is selected as the gain fiber in the pre-amplifier. One new
home-made PM 20/130/156 μm 1.5 wt% Yb3+-doped phosphate fiber was used as the active fiber
in the second amplifier stage. Over 10 W 976 nm single-frequency, single-mode, linearly
polarized laser was obtained from this all-fiberized MOPA system and it is very useful for high
efficiency nonlinear wavelength convention.
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4 FREQUENCY DOUBLING OF 976 NM LASER SOURCE FOR
BLUE LASER GENERATION

4.1 Applications of Blue Lasers
Blue laser sources have attracted considerable attention since they have a wide range of
applications. In this section, some of the principal applications for which blue lasers have been
sought will be reviewed.
4.1.1 Color Display
It is generally known that colors can be formed by mixing the pure spectral colors and the same
color can be produced by a combination of two or more light beams of different colors. So far,
various display technologies have been invented, such as the Cathode ray tube (CRT), the flat
panel display (LCD), the plasma display, organic light-emitting diode (OLED), quantum dots,
and digital micromirror device (DMD), scanning micro-electro-mechanical system (MEMS) and
liquid crystal on silicon (LCOS). All of these color display systems are based on RGB color
model. The RGB color model is an additive color model [166] in which red, green and blue
colors are added together in various ways to reproduce a broad array of colors. Its name
originates from the initials of the three primary colors: red, green, and blue.
The light-emitting diodes (LEDs) have been widely used in the display systems mentioned
above. However, LEDs can’t provide high luminance and directional lighting. In contrast, lasers
are more attractive due to their brighter, high contrast, vivid images with a wider color gamut,
longer lifetimes, and dramatic reductions in size and power consumption. The next generation
display systems involving the virtual reality (VR) and augmented reality (AR) devices have
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become academic and industrial hotpots. As a part of RGB sources, blue laser plays a nonnegligible role.
4.1.2 Optical Storage

Fig. 4.1. Optical data storage process.

Optical storage is a method that uses a laser to store and retrieve data from optical media.
Nowadays there are three types of optical storage media: Compact Disc (CD), Digital versatile
Disc (DVD) and Blue-Ray Disc (BD). All these types of discs have two categories, one is read
only memory (ROM) which is used for permanently storage while the other is random access
memory (RAM) which can be used for temporary storages. The optical data writing and reading
processes are shown in Fig. 4.1. One laser beam is focused on a tiny spot of the disc and a bit is
stored by altering some physical characteristic. To read the stored information, a focused laser
beam is scanned over the spot and the reflected laser beam is detected. The spot with altered
physical characteristic results in a change of the optical property of the reflected beam: the depth
of the burned pit on the optical disc is one-fourth the laser wavelength. The reflected beam from
the bottom of the pit travels a more half-wavelength than the light reflected from the surface and
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they are π out-of-phase. As a result, the amplitude of the reflected laser beam forms destructive
interference and is diminished. Therefore, the record data can be distinguished and reproduced in
the following procedures.
The demand for storage is insatiable. High density optical storage requires writing a small
mark and reading it back very accurately and thereby the laser beam should be focused to as
small as possible. The diameter of a focused gaussian beam is ~ λ/NA, where λ is the wavelength
and NA is numerical aperture of the focusing lens. Therefore, reducing the wavelength is an
efficient way to achieve a smaller spot. Blue light represents shorter wavelength and higher
energy than the most rest of the visible spectrum. The short wavelength allows strong focusing
which makes blue laser extremely useful for high density optical storage [167].
4.1.3 Laser Printer and Digital Photofinishing
The reason for the application of laser printer and digital photofinishing is similar to the optical
storage: the laser beam is focused to a small spot to make a mark on the photoconductor, or
photographic film or paper. Furthermore, decreasing the wavelength helps relax the design
requirements of the optical system by reducing the numerical aperture (NA) and increasing the
depth-of-field. Therefore, blue lasers are also very useful for laser printer and digital
photofinishing.
4.1.4 Spectroscopy
Blue lasers play a significant important role in spectroscopic applications, enabling a wide
variety of sensor, analytical and diagnostic techniques.
One major application is used as an effective sensor. Blue laser can be used in toxin
detection and pollution monitoring. Nitrogen oxide (NO) is one of primary pollutants of the
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atmosphere. It can be rapidly oxidized to nitrogen dioxide (NO2) which is harmful for respiratory
organs. Therefore, monitoring the precise NO2 concentration distribution is outstanding
important. NO2 has an absorption peak at 450 nm and blue laser technology was developed for
the NO2 measurement [168, 169]. Several ions such as Calcium (Ca), Rubidium (Rb) and
Strontium (Sr) have blue wavelengths of interest for laser cooling of trapped ions and a tunable
blue-green laser has great practical application for monitoring and controlling the deposition rate
in a physical vapor deposition (PVD) [170]. Moreover, blue laser is useful for precision imaging
through flames for displacement measurement [171]. Many natural substances can be detected
and identified through laser-induced fluorescence. Blue lasers can induce the invisible chemical
and biological agents to fluoresce and thereby can also be used for chemical and biological
weapons detection.
Another important application of blue laser is medical diagnostic. Cancerous and
precancerous cells fluoresce differently in the blue wavelength range than do healthy cells and
blue laser sources make them easier to spot [166]. The blue-green lasers are demanded by the
flow cytometry instrumentations, particularly the manufacturers of DNA sequencers [172, 173].
Furthermore, optical biopsy using fluorescence spectroscopy provides real time diagnostics
without tissue removal. And the diagnostic equipment, such as endoscopes, needles, and fibers
can be put in the body without using the dangerous X-rays. In addition, blue laser provides the
capability of fabricating high-resolution image system due to its short wavelength characteristic
[174].
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4.1.5 Underwater Communication
Blue laser is an ideal light source for the underwater communication system. Most of lasers
suffer from the large water absorption except the blue-green laser (400 ~ 500nm), which has the
minimum attenuation and can propagate from several hundreds of meters to kilometers in the sea
[175, 176]. A blue LD based high-speed underwater wireless optical communication at
12.4 Gbps has been demonstrated [177]. The relative high transmission characteristic also makes
blue laser useful for high resolution undersea imaging system and the detailed maps of
geographical features of the seafloor can be obtained [178].
4.1.6 Laser Welding for Yellow Metals
Laser welding offers a higher efficient, more flexible and precise alternative to traditional
welding methods. Generally available high-power industrial lasers operate at IR wavelengths.
However, they are problematic with yellow metals such as copper and gold because more than
90% of the IR incident laser is reflected [179]. It is worth noting that these yellow metals have
high absorption at blue wavelength range. This characteristic makes blue laser a better candidate
light source for welding process of yellow metals. NUBURU has developed deployed hundreds
of Watts blue lasers into welding copper materials [179]. And Japanese researchers also
developed a fiber-coupled high brightness blue laser for laser processing of copper materials
[180].

4.2 Methods for Generating Blue Lasers
Blue lasers are generally produced by the excimer lasers, semiconductor lasers, upconversion
lasers and nonlinear frequency conversion. The latter three ones are the main approaches.
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4.2.1 Excimer Lasers
The term “Excimer” is the abbreviation of “excited dimer”, in which a plasma discharge tube
is filled with a mixture of halogen gas, noble gas and “bath” gas [181]. The excimer lasers rely
on the interaction between the noble gas and the halogen gas for lasing. Helium-Cadmium (HeCd) [182], Argon-ion [183], or Xenon-Fluoride (XeF) [184], or Krypton-Fluoride (Kr2F) [185]
were initially used to produce blue light. However, they are subject to limited lifetime,
mechanical fragility and cumbersome which limit their further applications.
4.2.2 Upconversion Lasers
As shown in Fig. 4.2, the conventional laser’s pump laser frequency is higher than that of the
output laser. Unlike most lasers, upconversion lasers is a class of optically pumped lasers that
oscillate at frequency lower than that of the pump source. In an upconversion pumping scheme,
the energies of two or more pump photons transfer to a laser ion and the ion is excited to a highly
excited level. Then the energy of the emitted laser photon is larger and the laser with shorter
wavelength is achieved.

Fig. 4.2. Conventional and upconversion optical pump schemes.
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Early upconversion lasers were demonstrated only with bulk crystals. With the technology
development of optical fiber and semiconductor LD, upconversion fiber lasers appeared. Most
blue upconversion lasers are generated by Thulium (Tm3+)-doped bulk crystals or fibers [186191]. Moreover, blue lasers can also be obtained by using Praseodymium (Pr3+)-doped
upconversion lasers [192-195]. Besides, 470 nm upconversion output was demonstrated by using
an Er:YLiF4 crystal pumped at 1.5 μm [196]. Currently, the majority of upconversion lasers are
based on glass fibers, especially on the heavy-metal fluoride glass fibers since silica glass has
strong multi-phonon transitions and thus is unsuitable. However, the efficiency of the
upconversion lasers are always limited and the fluoride glass fibers are fragile and expensive.
Therefore, upconversion laser is not the best way to produce high power blue laser.
4.2.3 Semiconductor Lasers
Blue semiconductor LDs are generally based on gallium nitride (GaN) or indium gallium nitride
(InGaN) III-V-material systems [197, 198]. After demonstrating the first blue LD in 1996,
Nakamura made an extraordinary progress with extending the lifetime up to 3000 hours under
30 mW continue-wave (CW) operation at 50 °C temperature [199]. Since then the manufacturing
technology of blue semiconductor LD continues developing and the lifetime of current available
commercial blue LD exceeds 10000 hours. And a new special blue LD, i.e. blue emitting vertical
cavity surface emitting laser (VCSEL), appeared [200, 201] and gained importance in recent
years. Although the semiconductor laser has the advantages of high efficiency, compact size and
long lifetime, the output broad linewidth and easy multimode oscillation when operating power
is above 1 W limit its application for generating the high power, narrow linewidth laser sources.
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4.2.4 Nonlinear Frequency Conversion

Fig. 4.3. The processes of second harmonic generation (SHG), third harmonic generation
(THG) and sum frequency generation (SFG).

Blue laser can be generated by using nonlinear optical materials to upconvert the infrared
wavelengths (~ 800-1000 nm). One is that direct upconversion of diode lasers to obtain blue
lasers via second harmonic generation (SHG) [202-205]. Due to development of highly efficient
and high power semiconductor lasers, diode-pumped solid-state (DPSS) laser in which a solid
gain medium is pumped by the LD has a great development. The gain medium used in DPSS
lasers are generally rear earth doped bulk crystals, or glasses or optical fibers. DPSS lasers have
been used to generate blue lasers through SHG, third harmonic generation (THG) and sum
frequency generation (SFG) [206-209]. Fig. 1.5 shows the processes of SHG, THG and SFG. In
SHG, two photons at frequency ω1 are combined to generate one new photon at frequency 2ω1.
Similarly, a new photon at frequency 3ω1 is generated from three photons at frequency ω1 in
THG. For the process of SFG, two photons at different frequencies ω1 and ω2 combine and
produce a new photon at frequency ω = ω1+ ω2. So far, nonlinear upconversion of LDs and
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DPSS lasers has been the most extensively developed and a lot of related commercial blue laser
products (e.g. laser pointer) are available.

4.3 Motivation of Selecting Single-Pass SHG Scheme
According to the discussion in the previous section, the cumbersome excimer laser and low
efficiency upconversion laser with poor stability are obviously not the best choices. Although
diode laser is cheaper and highly efficient, the poor beam quality at high power operation make it
not meet many practical applications. Compared to diode laser, DPSS laser can reach to high
power with maintaining a relatively good beam quality. Therefore, nonlinear frequency
conversion of DPSS laser is still the most effective way to obtain high power blue laser with
good beam quality.
In order to obtain high conversion efficiency of frequency doubling, a pump beam with high
intensity, high beam quality, and the bandwidth which is less than acceptance bandwidth is
required. CW single-frequency fiber lasers operating with only one longitudinal mode have ultranarrow linewidth, low phase and intensity noises, and ultra-high frequency stability, which are
crucial for high efficiency and stable nonlinear wavelength conversion. Our 976 nm singlefrequency, single-mode, linearly polarized, all-fiberized fiber laser source shows great potential
for high efficiency and high power harmonic generation and can be used for generating blue
lasers via nonlinear frequency conversion.
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Fig. 4.4. The methods of realizing SHG: (a) Intracavity SHG; (b) External cavity SHG; (c)
Single-pass SHG.

To date, there are mainly three approaches to realize efficient frequency doubling. The first
one is intracavity frequency doubling which has a simple construction and a high optical
conversion efficiency as shown in Fig. 4.4(a). Over 13 W blue laser at 457 nm was obtained by
intracavity frequency doubling of a Nd:YVO4 laser [210]. More recently a 7.5 W blue light at
452 nm is generated by internal frequency doubling of a continuous-wave Nd3+-doped fiber laser
with ~ 55% convention efficiency [211]. Nevertheless, such scheme is limited by the rise of
power instability that results from the introduced nonlinear dynamics of the resonator modes.
Special measures have to be taken to reduce the intensity noise and it is not suitable for our
MOPA architecture. The second one is based on frequency-locked external enhancement cavity,
which has been demonstrated with 90% conversion efficiency of 134 W output power at 532 nm
[212]. However, this scheme also requires careful cavity alignment and robust frequency
stabilization of the cavity, which ultimately limits the overall flexibility of the laser system and
adds to the overall complexity. The third approach is based on quasi-phase matched devices,
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which capitalizes on the possibility of using the highest available nonlinearity in the materials
and can therefore achieve high conversion efficiencies within short interaction lengths. Output
powers of 19 W with conversion efficiencies of 15% at 532 nm have been demonstrated by
employing single-pass SHG in quasi-phase matched devices [213]. And efficiencies of up to
66% and 56% have been obtained in multipass [214] and multicrystal [215] approaches,
respectively. The ultimate output power of the SHG is only limited by the thermal handling
capability of the nonlinear material. However, it is not an issue for our 10-watt-level 976 nm
fiber laser source. Therefore, it would be simple and cost-effective to employ single-pass SHG
for producing the 488 nm laser.

4.4 Magnesium Doped Periodically Poled Lithium Niobate Crystal
SHG utilizes the second-order susceptibility χ(2) of a nonlinear crystal. In SHG, photon energy is
conserved:

SHG =2Input

(4.1)

Besides, momentum must also be conserved for obtaining the effective second order
nonlinear interaction:
k = 2k − k2 = 0

(4.2)

where kω=2πnω/λ, nω is the index of refraction at the fundamental wavelength λ.
k2ω=2πn2ω/(λ/2) and n2ω is the index of refraction at the harmonic wave. This is known as phase
matching [216]. In order to realize the phase matching, the common procedure is to use an
anisotropy of nonlinear crystal and find its unique propagation direction whereby the
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fundamental and harmonic waves have the same phase velocity. This method makes use of the
birefringence feature of the crystal. The SHG conversion efficiency can be given by [216]:
8d 2 ( 2 ) I 2
I
 k 
= 2 = eff2
L sin c 2 

2
I
n n2  0 c
 L 
2

 SHG

(4.3)

where I2ω is the intensity in the second harmonic and Iω is the intesity in the fundamental. deff
is the effective nonlinear coefficient. ε0 and c are the permittivity and velocity of free-space
respectively. L is the length of the nonlinear crystal. When the phase matching condition is
satisfied, the SHG conversion efficiency increases rapidly as the fundamental wave propagating
in the crystal as shown in Fig. 4.5 (blue curve). If Δk ≠ 0, the energy oscillates between the
fundamental and second harmonic waves rather than being transferred to harmonic wave
continuously, limiting the conversion efficiency which is shown as the green curve in Fig. 4.5.

Fig. 4.5. The phase matching effects on the performance of SHG.

Traditional phase matching that utilizing the birefringence of a nonlinear crystal is subject to
several limitations. For instance, it may not be possible to find a material that has sufficient
birefringence to compensate for the dispersion of the linear refractive indices over the
wavelength range of interest (especially at shorter wavelengths). In addition, the experimental
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tolerances (in the critical phase matching) are very tight and even a distorted output beam would
be generated. Moreover, the nonlinearity associated with birefringent phase matching is too
small to compensate for dispersion in some cases.
Another technique is quasi-phase-matching (QPM) that can be used when normal phase
matching cannot be implemented. In QPM, the fundamental and second harmonic waves are
allowed to have different phase velocities, and they shift π out of phase relative to one another
over a distance (coherence length Lc = π/k). As shown in Fig. 4.5, the sign of the nonlinear
coefficient is reversed every coherence length (below the z-axis) which causes the fundamental
wave power being transferred to the harmonic beam monotonically. As a result, the energy of the
second harmonic beam grows as the light propagates through the QPM device, yielding a high
conversion efficiency (red curve).
The conversion efficiency for QPM with confocal focusing is similar to Equation 4.3 [216]:
8d 2 ( 2 ) I 2
 k 
I
Q = 2 = Q2
L sin c 2  Q 
2
I
n n2  0 c
 L 
2

(4.4)

where dQ = (2/mπ)sin(mπ/2)deff is the effective nonlinearity of the mth harmonic of the QPM
grating and ΔkQ is the wavevector mismatch for order m:

kQ = 2k − k2 +

2 m
=0


(4.5)

Λ = 2Lc is the grating period.
Magnesium doped periodically poled lithium niobate (MgO:PPLN) is one of the QPM
materials. Generally, the input and output facets of MgO:PPLN are anti-reflective (AR) coated
for increasing transmission since MgO:PPLN has a high index of refraction (> 2.1 at below
3.5 μm) [217, 218] that results in a ~14% Fresnel reflection loss for the uncoated surface.
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The most attractive characteristic of MgO:PPLN is its very high effective nonlinear
coefficient (14 pm/V) [219] which is much larger than that of other ferroelectric crystals such as
potassium titanyl phosphate (KTP), beta barium borate (BBO) and Lithium Triborate (LBO).
Furthermore, MgO:PPLN is highly transparent in the range of 400-4000 nm [220], including our
proposed operation wavelength (976 nm & 488 nm). Additionally, MgO:PPLN has high
photorefractive resistance and good power handling capability (500 kW/cm2 [219]). Besides, the
QPM wavelength can be tuned slightly by varying the temperature of MgO:PPLN since the
periodicity of the poling is changed. Therefore, MgO:PPLN is a highly efficient nonlinear crystal
for producing 488 nm blue laser.

4.5 Single-Pass Frequency Doubling Based on MgO:PPLN Crystal

Fig. 4.6. Schematic of 488 nm laser generated by frequency doubling of the fiber amplifier
system.

The SHG experimental setup is shown in Fig. 4.6. The single-frequency 976 nm Yb3+-doped
phosphate fiber amplifier system developed in Chapter 3 was used as the pump source. Two
lenses (Thorlabs, LA1252-B & LBF254-200-B) were used to couple the 976 nm laser into the

98

MgO:PPLN crystal (HC Photonics, 25×2×0.5 mm, 5 mol% MgO-doped, 5.28 μm period, AR
coated at 488&976 nm). Two 45°longpass beam splitters at 950 nm and 1000 nm were inserted
between them for removing the residual pump and ASE at above 1 μm. The polarization
direction of the output 976 nm laser was adjusted by one half-wave-plate (B-coated). A bandpass
filter (535 ±75 nm) was used to block the residual 976 nm laser. The output spectra were
measured with an optical spectrum analyzer (Ando, AQ6315). The output 488 nm blue power
was measured with a thermal power sensor (Thorlabs, S401C).

Fig. 4.7. 488 nm output power versus temperature of MgO:PPLN.

The 488 nm output laser power was measured by varying the temperature of the crystal at
1.3 W 976 nm input power and is shown in Fig. 4.7. The observed optimal temperature at this
power level was 28.4 °C. The SHG temperature-tuning curve follows sinc2 function and the
temperature acceptance bandwidth is ~ 0.9°C.
The maximum pump power for the single-frequency 976 nm Yb3+-doped phosphate fiber
amplifier was increased to 110 W and thereby the maximum output 976 nm laser power reached
to 12.9 W. Consequently, the maximum 976 nm power before the crystal was 10 W. Fig. 4.8(a)
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shows the measured output 488 nm blue laser power as a function of input 976 nm power.
506.67 mW 488 nm power was obtained at 7 W 976 nm input power and the blue laser spot is
shown in the inset. Further increasing pump power was limited due to the lack of the isolator.
Although the output end of the phosphate fiber was angle-cleaved and the components (lenses
and λ/2 waveplate) were tilted a bit, there still existed back-reflections which resulted in the
instability of the amplifier and even damage at high operating power. The quadratic fitting
function for the SHG conversion curve is
P2 = 9.8P2

(4.6)

In the above equation, the SHG power at 488 nm P2ω has the unit of milli-watt while the unit
of the power Pω of the fundamental beam at 976 nm is watt. Based on the fitting equation, it may
foresee that the output blue laser power at 488 nm should reach to 1 W when the input 976 nm
can be increased to 10 W by inserting the isolator for protecting the single-frequency 976 nm
MOPA system.

Fig. 4.8. (a) 488 nm output power versus 976 nm input power; (b) the measured output blue
laser spectrum (resolution: 0.05 nm).
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The spectrum of the output blue laser was measured and is shown in Fig. 4.8(b). The center
wavelength is 488.89 nm which is the half of the output laser wavelength of our fiber amplifier
(975.78 nm).

Fig. 4.9. Optimal temperature versus the input 976 nm power.

It was observed that the optimal temperature of the MgO:PPLN crystal decreased as the SHG
power increasing (Fig. 4.9). The optimal temperature was 28.5 °C at 0.2 W 976 nm input power
and decreased to 27.9 °C when the input 976 nm power increased to 7 W. The curve is not
smooth and has a ladder-shape because the oven temperature adjusting step is 0.1 °C and the
fluctuation of the SHG power is 2% within ± 0.1 °C (Fig. 4.7). The phase matching temperature
shift is due to the thermal lensing arising from the absorption of the fundamental and SHG beam
[221]. IR absorption in the MgO:PPLN crystal would be induced by the generated blue light. This
effect is called blue induced infrared absorption (BLIIRA), in which the blue light would create
color centers, polarons, or temporarily altering stationary occupation states of the electron and/or
hole trap levels due to intrinsic defects or extrinsic impurities and thereby IR absorption
increases [222]. The absorption of the fundamental IR beam creates thermal lens which can
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offset the phase matching temperature and even causing crystal damage. Doping MgO is helpful
for suppressing BLIIRA effect greatly, however, BLIIRA still exists and has the influence on the
optimal temperature.
In our experiment, the output power was instable because the optimal temperature of the
MgO:PPLN crystal is around 28 °C, which is about the room temperature. A new MgO:PPLN

crystal with much higher operation temperature (~ 100 °C) would be helpful for improving
stability. Moreover, a new oven with more accurate temperature controller (e.g. ± 0.01 °C)
would also have the positive effect.
Despite the above-mentioned factors, the coupling condition of the 976 nm laser can also be
optimized. The two lenses used in the SHG experiment coupling the 976 nm laser beam into the
middle of the MgO:PPLN crystal with a focus diameter of 0.163 mm and a Rayleigh length of
85.61 mm. If the collimating lens is replaced by a lens with a focal length of 60 mm, the focus
beam size would become 0.069 mm which is 0.42 times of the current value. As a result, the
focus spot intensity can be 5.67 times higher. At the same time, the Rayleigh length is 15.34 mm
which is still good for the crystal. Consequently, the efficiency of SHG can increase.

4.6 Summary
Blue laser attracts intensive attentions due to the wide range of applications. There are various of
methods for producing narrow linewidth blue laser and nonlinear frequency conversion is the
most effective one. Generally, there are mainly three approaches to realize efficient frequency
doubling and the single-pass SHG is the simplest and we selected this scheme. MgO:PPLN was
used as the nonlinear crystal in our single-pass SHG setup due to its large effective nonlinear
coefficient.
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506.67 mW 488 nm blue laser was obtained at 7 W 976 nm input power. Utilizing one
isolator for protecting the single-frequency 976 nm MOPA system can help remove the cap and
increase the input 976 nm input power. 1-watt-level 488 nm single-frequency blue laser is
foreseeable based on current experimental data. In addition, the output blue laser power is
unstable since the optimal temperature of the current MgO:PPLN crystal is room temperature.
Using a new MgO:PPLN crystal with an operation temperature much higher than the room
temperature and a new oven with better capability of temperature controlling should be
beneficial for stability improvement. Furthermore, optimizing the coupling of 976 nm laser beam
into the crystal would boost the SHG efficiency.
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5 SUMMARY AND PROSPECT

5.1 Summary
The research of this dissertation mainly investigated 976 nm single-frequency Yb3+-doped fiber
laser source which can be used for producing narrow linewidth blue laser via SHG and pump
Yb3+-doped fiber lasers at beyond 1 μm or Er3+-doped fiber lasers at 1550 nm.
However, 976 nm single-frequency Yb3+-doped fiber laser output power is limited and fiber
amplifier stages are needed for power scaling. Because of the limited power level of available
single-mode LD, cladding-pumped technology has to be employed. Unlike fiber laser, it is more
challenging to realize efficient 976 nm fiber amplifier since the strong ASE at longer wavelength
in fiber amplifier is more difficult to be suppressed. Furthermore, in our initial experiments, we
found that the performance of the 976 nm Yb3+-doped fiber amplifier was influenced severely by
the ion-ion interaction effects (concentration quenching and cooperative luminescence) which
were generally considered negligible in the Yb3+-doped fiber lasers operating at above 1 μm.
Therefore, experimental investigations of the ion-ion interaction effects in Yb3+-doped glasses
and fibers are conducted. The experimental investigations on the lifetime quenching,
photodarkening, and cooperative luminescence in the Yb3+-doped silica and phosphate glasses
and fibers verify the existence of the ion-ion interaction effects in Yb3+-doped fiber amplifiers. It
is also shown that these effects are highly dependent on the excited populations in the upper laser
level. A new theoretical model including the ion-ion interaction effects is built for the simulation.
A good agreement is achieved between the simulation results and the experimental results. Both
of them show that the ion-ion interaction effects are more serious in 976 nm fiber amplifier than
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that of 1030 nm fiber amplifier because of higher population inversion level in the Yb3+-doped
fiber amplifier operating at below 1 μm. Compared to Yb3+-doped silica fiber, Yb3+-doped
phosphate fiber shows much less ion-ion interaction effects due to the better solubility.
Combining with its spectroscopic property of Yb3+ (shorter wavelength of emission peak),
phosphate fiber is more suitable for high power 976 nm fiber amplifiers. This study provides
useful guidance for the design and development of high power 976 nm Yb3+-doped fiber
amplifier.
Based on the results of the preliminary investigation of one-stage cladding-pumped Yb3+doped silica and phosphate fiber amplifiers, two-amplifier-stage configuration are employed. A
40-cm 10/125 μm Yb3+-doped silica fiber (Nufern PLMA-YDF-10-125-HI-8) is selected as the
gain medium for the first amplifier stage and a 45-cm home-made PM 1.5 wt% 20/130/156 μm
Yb3+-doped phosphate fiber is used as the active fiber in the main stage. Over 10 W output is
obtained from the phosphate fiber amplifier and the beam quality factors along X and Y axes are
measured to be M2x = 1.08 and M2x = 1.16, respectively. The PER is measured to be > 20 dB.
The output power stability of the fiber amplifier is less than 2.3%. This all-fiber laser source can
provide a very stable single-frequency single-mode linearly polarized laser with nearly
diffraction limited beam quality for SHG.
The developed 10-watt-level all-fiberized 976 nm single-frequency laser source is utilized to
gemerate 488 nm blue laser. Nonlinear frequency conversion is selected since it is the most
effective method to obtain high power narrow linewidth 488 nm blue laser. Single-pass SHG
based on a MgO:PPLN crystal is employed due to its simplicity and low cost economy. More
than 500 mW single-frequency 488 nm blue laser was obtained with 7 W input pump laser at
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976 nm. Further increasing of 976 nm pump power is limited because an isolator which can
protect the pump source is in absence. A thermal lensing induced by BLIIRA effect shifts the
phase matching temperature. As a consequent, the optimal temperature decreases with increasing
of 976 nm input power. The fluctuation of the output 488 nm power is large because the optimal
temperature of the current MgO:PPLN crystal is about 28 °C, which is very close to room
temperature and easily influenced by the temperature variation resulting from the facilities in the
lab.
5.2 Prospect
A 10-watt-level 976 nm single-frequency linearly polarized laser source has been developed with
a two-stage all-fiber amplifier configuration. Higher output power can be achieved by increasing
the pump powers simply. Moreover, the special waveguide designs for suppressing the
competitive ASE at above 1 μm have been successfully realized in silica fibers and should be
able to be applied to phosphate fibers. The concentration of the phosphate fiber can also be
optimized with comprehensive consideration of the gain, transmission loss, induced residual
reflections, ion-ion interactions. Therefore, the output power level of the Yb3+-doped phosphate
fiber amplifier can be significantly improved by using a new gain fiber with an optimal
concentration, a smaller cladding to core ratio, and a specific waveguide to suppress the long
wavelength ASE and higher power pump LDs.
In the SHG experiment, our 976 nm single-frequency fiber laser source is not operating at
the maximum power level due to the lack of one isolator. Over 1 W 488 nm single-frequency
blue laser can be obtained when one isolator is inserted for protecting the 976 nm MOPA.
Further power scaling can be achieved when a new more efficient 976 nm fiber MOPA is
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developed by using a new designed Yb3+-doped phosphate fiber mentioned in the previous
paragraph. And a new MgO:PPLN crystal with a higher operation temperature (~ 100 °C)
mounted into a new oven with better capability of temperature controlling is helpful for output
power stability improvement. Besides, optimizing the coupling system, i.e. replacing the
collimating lens with another lens of 60-mm focal length can make focus spot intensity 5.67
times higher and thereby the SHG efficiency will increase.
The 978 nm ASE which results from the first silica fiber amplifier stage and is amplified in
the second phosphate fiber amplifier stage cannot be removed by the available bulk filters. In the
second stage, some part of the amplified 978 nm ASE is trapped by the clad and propagates
along the fiber. The coupling system in the SHG setup is designed for the output laser of the core
and the 978 nm ASE in the clad would be incident on the copper mount which is used for
mounting the MgO:PPLN crystal. Then the operation temperature of the crystal is not stable at
high input power and increases over time. A bandpass fiber with a very narrow bandwidth such
as a fiber Bragg grating can be inserted with a fiber circulator together between the two stages to
remove the 978 nm ASE. Not only the efficiency of the second amplifier stage is increased, but
also the stability of SHG setup can be improved.

Fig. 5.1. Modified SHG setup.

The residual pump power is tens of watts and should be removed before the SHG setup for
avoiding the damage of the crystal and this makes the whole setup more complicated. If the
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commercial passive PM 20/130 μm silica fiber can be spliced to the output end of the phosphate
fiber, one additional pump stripper is able to be spliced with this silica fiber to remove the large
amount of residual pump that outputs from the PM 20/130 phosphate fiber. Then a PM
20/130 μm silica fiber isolator can be used to protect this fiber amplifier system. The modified
SHG setup is shown in Fig. 5.1. However, the quality of the splice point between silica and
phosphate fibers is not as good as that between silica fibers. The 20/130/156 μm phosphate fiber
was spliced to the standard double-clad 20/130 μm silica fiber by using Fujikura LZM-100 and
the splice point is shown in Fig. 5.2. Although more than 120 W power has passed through the
point without any damages, the core of the phosphate fiber deforms during the splicing process.
And the deformation of the core results in unwanted reflection which would enhance the ASE at
above 1 μm. Improving the splicing quality between silica and phosphate fibers should be
helpful. Another solution is to fabricate the pump stripper and isolator by using passive
phosphate fiber. Whichever being chose, the modified SHG setup is more stable and simpler.

Fig. 5.2. The splice point between the silica fiber and phosphate fiber.

Despite the CW 976 nm fiber laser source, pulsed 976 nm fiber laser source is also in high
demand due to the unique characteristic that CW laser lacks. Q-switched and mode-locked fiber

108

lasers can be achieved either by an active modulator such as acousto-optic modulator (AOM)
[223] and electro-optic modulator (EOM) [224] or a passive saturable absorber (SA) such as
semiconductor saturable absorber mirrors (SESAMs) [225], carbon nanotubes (CNTs) [226],
Graphene [227] and saturable absorber crystals [228]. Besides, nonlinear optical effects,
including Kerr lens mode locking [229], nonlinear polarization evolution [230] and additivepulse mode locking [231] can also be unitized for obtaining mode-locked fiber lasers. Compared
to bulky and complicate active Q-switched or mode-locked approaches, passive Q-switched or
mode-locked has advantages of simplicity and compactness and no need of additional electric
equipment. In contrast to last three methods listed above, inserting the saturable absorber into the
cavity is much easier and the whole configuration is much simpler. The SEASM is selected as
the saturable absorber in our proposed configuration because it is commercially available. The
proposed pulsed 976 nm fiber laser is shown in Fig. 5.3. Since we have developed the two-stage
fiber amplifier, this pulsed 976 nm oscillator can be used as the seed laser of this system. Before
inserting the cladding-pumped fiber amplifier stages, it needs to build a pre-amplifier based on
the core-pumped 976 nm amplifier so that the input signal power for the cladding-pumped
amplifiers can be high enough to saturable the gain fibers. Because of the much higher peak
intensity of pulsed 976 nm MOPA, the SHG efficiency should be much larger and high average
power pulsed 488 nm blue laser can be obtained.

Fig. 5.3. Schematic of a pulse 976 nm fiber laser.
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