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Abstract

This paper describes and discusses visible fiber lasers that are excited by GaN laser diodes. One of the attractive
points of visible light is that the human eye is sensitive to it between 400 and 700 nm, and therefore we can see
applications in display technology. Of course, many other applications exist. First, we briefly review previously
developed visible lasers in the gas, liquid, and solid-state phases and describe the history of primary solid-state
visible laser research by focusing on rare-earth doped fluoride media, including glasses and crystals, to clarify the
differences and the merits of primary solid-state visible lasers. We also demonstrate over 1 W operation of a Pr:
WPFG fiber laser due to high-power GaN laser diodes and low-loss optical fibers (0.1 dB/m) made by waterproof
fluoride glasses. This new optical fiber glass is based on an AlF; system fluoride glass, and its waterproof property
is much better than the well known fluoride glass of ZBLAN.

The configuration of primary visible fiber lasers promises highly efficient, cost-effective, and simple laser
systems and will realize visible lasers with photon beam quality and quantity, such as high-power CW or
tunable laser systems, compact ultraviolet lasers, and low-cost ultra-short pulse laser systems. We believe
that primary visible fiber lasers, especially those excited by GaN laser diodes, will be effective tools for
creating the next generation of research and light sources.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

One attractive point of visible light is that we can visualize it. Since the human eye is sensitive
to light between 400 and 700 nm, it can discern different wavelengths as colors. Solar irradiance
spectra at extraterrestrial and global surfaces are shown in Fig. 1 [1]. The light we see every day
is sunlight, which clearly involves the wavelengths that we interpret as colors. Although a
relation might be found between the human eye's sensitivity and the spectrum of sunlight at the
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Fig. 1. Solar irradiance spectra at extraterrestrial and global surfaces. Global tilt means spectral radiation from the solar
disk plus diffuse sky radiation and diffuse radiation reflected from the ground on the south-facing surface tilted at 37°
from the horizontal.
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global surface, we will not be addressing that subject in this paper; however, it remains intriguing
that knowledge of visible light may increase our understanding of the workings of nature.
Science has obtained two types of light sources so far. One is incoherent light, such as sunlight
and halogen lamps; the other is the coherent light source of lasers. In 1917, Einstein published
“Quantum theory of radiation” [2] in which he deduced the relation between emission and the
absorption of radiation from such important facts in quantum theory as Planck's law of radiation
and Wien's displacement law. In 1958, based on Einstein's deduction, Schawlow and Townes
provided the theoretical details of infrared and optical masers, which later became known as
lasers [3]. In 1960, the ruby laser was created by Maiman [4]. The ruby laser was not only the
first laser, but it was also the first visible solid-state laser that emits at 694 nm. Today, we see
many lasers at wavelengths between the ultraviolet and infrared that operate in the gas, liquid,
and solid-state phases. When compared with incoherent light, lasers have several important
characteristics, such as directivity, coherence, and short pulse generation. Therefore, visible
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Fig. 2. Visible laser sources and their available wavelengths.
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lasers with such attractive characteristics provide a different method than incoherent light for
addressing the sun's mystery and encouraging research into solar power.

Next is a brief overview of previously developed visible laser systems. As mentioned above,
visible light exists between 400 and 700 nm, and lasers are roughly classified into the following
three categories: gas, liquid, and solid. To obtain visible coherent light, we utilize all phases of
lasing case by case and sometimes use nonlinear optical effects in crystals. Several of best known
visible laser sources and their available wavelengths are shown in Fig. 2.

The most prominent visible gas lasers are the rare-gas (Ar, Kr) ion lasers [5,6], HeNe lasers
[7-9], excimer lasers [10—15], or metal vapor lasers [16—19]. These gas lasers are driven by a
population inversion between energy levels of atoms or molecules in laser tubes by electrical
discharge. In the gas phase, each transition between sublevels gives rise to discrete laser emission
lines. On the other hand, it has been reported that excimer lasers show wideband and tunable
properties, such as XeF (C—A) (474+20nm) [12], Krp,F (430+50nm) [13], Xe,Cl
(500450 nm) [14], and Xe,F (605450 nm) [15]. Many metal elements have also been studied
for metal vapor lasers, especially HeCd at 325 and 442 nm [16,17] and Cu at 511 and 578 nm
[18,19]. The output power of copper vapor lasers is more powerful than that of other metal vapor
lasers, and now output powers over 100 W have been achieved routinely [20,21].

Dye lasers, which are the only commercially available liquid laser, have been an important
system for applications ranging from fundamental physics to clinical medicine for many years
and continue because the distinctive feature of dyes as lasing media is their broad emission
bandwidth (typically 50 nm) [22] with a tunable range, using appropriate dyes, between 300 and
1100 nm [23]. Continuous-wave (CW) and ultra-short pulse (femtosecond) operation [24] of dye
lasers have been demonstrated, and high energy pulses around 400 J are also available [25].
Although the lifetime of the dye molecule upper loser level is very short on the order of ns
[26,27], visible pulsed lasers such as a second harmonic of the Nd:YAG laser or a copper vapor
laser are often used as excitation sources.

In order to realize visible solid-state lasers or coherent sources, the following have been
proposed: nonlinear optical effects in crystals (second- or third-harmonic generation of an
infrared laser, optical parametric oscillator (OPO)), upconversion phenomena in rare-earth doped
materials, semiconductor lasers, and optically pumped semiconductor lasers (OPS). For example,
for second-harmonic generation (SHG), two photons of a fundamental Nd: YAG laser at 1064 nm
are converted into the second harmonic at 532 nm, in a nonlinear crystal. Since the wavelengths
of fundamental lasers depend on active ions (Nd or Yb etc.), the specific transition of interest,
and host materials, a certain spread is available in SHG wavelengths. On the other hand,
wideband emission of OPOs has been reported as the third-order harmonic (355 nm), and the
fourth-order harmonic (266 nm) of Q-switched Nd:YAG (1064 nm) can generate OPO ranges of
0.41-2.55 pm [28] and 0.33-1.37 um [29], respectively. Such wideband emission is an
appealing substitution for a dye laser; however, the system requires a pump of high peak power
for nonlinear action and a higher photon energy of the pump than that for the signal wave. The
upconversion phenomena in rare-earth doped materials [30,31] are also attractive for visible laser
emission. Trivalent rare-earth ions are well suited for upconversion, especially Pr3+, Nd3+, H03+,
Er’*, and Tm>". The unique feature of upconversion phenomena lies in the pumping process
since lower energy photons are used for generating higher energy photon emissions; even
infrared light can generate visible light. The other types of visible solid-state lasers are
semiconductor lasers and optically pumped semiconductor lasers (OPS). The power of
semiconductor lasers or OPSs continues to increase remarkably. These two lasers are very
favorable for pump sources and will be introduced in the following section.
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These visible lasers are already applicable in many technical areas, including display
technology, medicine, laser processing, biology, metrology, and optical storage. For example,
green laser sources are attractive for pointers and displays because green light is the most vivid
color in the human photopic response, also known as the spectral luminous efficiency function.
The color reproduction characteristics of laser displays are superior to liquid crystal displays in
chromaticity diagrams [32]. Visible lasers are also used in photocoagulation surgery for diabetic
retinopathy [33] because of the high absorbance of green light in melanin on retinal pigment
epithelial cells [34], and minimal red light absorption by hemoglobin at bleeding sites [33].
Another aspect of a shorter wavelength laser is that the optical absorbance of a metal surface
increases with shortening of the wavelength of light in most metals. Although copper absorbance
is below 10% at 1 pm, it rises to 40% in the case of green light [35]. Since general laser
processing uses a thermal process, a shorter wavelength laser is more effective than a longer one;
visible lasers are also more effective than infrared lasers in laser processing.

When considering the importance of visible lasers, as explained at the beginning of this
section, visible lasers have been developed using many pumping methods and with every
material phase. Generally, a gas laser has good beam quality, but its system is large and
inefficient. The SHG technique has the highest laser energy among current laser systems, such as
the driver for inertial fusion driver [36], but it requires high fundamental wave peak power and
generates discrete wavelength outputs. Dye lasers and OPOs show continuous, wideband spectra
that are often applied to scientific research, but their systems have low efficiency with
complicated system setups and operation. Semiconductor lasers are very useful for mass
production, but the spectra range between 535 and 630 nm remains undeveloped, as we will
show below. CW lasers emitting between 535 and 630 nm can also be realized by 2w-OPS with
compact structures.

In overviewing previous research on visible laser sources, such quality characteristics of
photon beams as pulse duration, wavelength, and tunability have been considered more
important than the photon beam quantity: in other words, photon beam cost. Specifically, little
information concerning the cost of visible laser beams, relative to pick-up laser diodes for CD or
DVD players, excitation laser diodes for Er-doped fiber amplifiers in optical communication
networks, or high-power CO, lasers for laser processing. To expand the use of visible lasers in
the future, design and development must concentrate on the quantity of photon beams on visible
lasers while maintaining photon beam quality to broaden usage. Since high efficiency and system
simplicity are required for such new lasers, one of the most promising considerations is a primary
source, visible solid-state laser.

Next, we describe and discuss the primary sources of visible solid-state lasers, especially
visible fiber lasers excited by GaN laser diodes.

2. Visible fiber lasers excited by GaN laser diodes

A primary source is a laser whose output photon energy is not determined by any nonlinear
optical effect and, for an optically pumped laser is smaller than the excitation photon energy.
Additionally, primary sources may be pumped by an electrical discharge in the gas phase. For
example, an Nd:YAG laser excited by an 810-nm laser diode, a Yb-doped fiber laser excited by a
920-nm laser diode, and a Cu vapor laser are all primary sources of lasers. However, as we
explained above, the development of primary sources in the visible region continues to fall well
short of those in the infrared region, even though the first laser, the ruby laser, emits in the visible
region. Thus, in the past visible, coherent sources have been derived from infrared laser sources
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by nonlinear optical processes because of the following: (1) the stability, convenience, and
compactness of the apparatus as compared with gas lasers and dye lasers; (2) the remarkable
advances in infrared lasers, especially at the 1-um region; and (3) the progress in the growth of
nonlinear optical crystals such as BBO, LBO, cesium lithium borate (CLBO), KDP, and
potassium titanyl phosphate (KTP) for second- or third-harmonic generation.

One crucial merit of visible primary sources is their efficiency. Even if we use the Yb-doped
fiber laser one of the most efficient infrared lasers at 60—70% of optical-optical conversion
efficiency to provide the fundamental , the efficiency of the SHG visible laser only reaches
35.4% using PPMgSLT [37]. On the other hand, as explained in the next section, a Pr’™ visible
solid-state laser excited by GaN laser diodes exceeds 40% of optical-optical efficiency.
Obviously, the emergence of an efficient primary source of a visible solid-state laser has been
desired for a long time; however, it has not been successfully developed for the following
reasons: (1) the lack of stable and cost effective excitation sources; and (2) the underdevelopment
of solid-state laser media for efficient visible laser emission. The latter is the result of the
development of infrared lasers, supported by the development of high-power semiconductor laser
diodes for excitation sources and suitable solid-state laser host media.

In the following section, we consider activators and laser media for solid-state visible lasers
and their history and present our waterproof fluoride glass fiber laser results to suggest the
emergence of an efficient primary source of visible solid-state lasers, which we call a “primary
visible solid-state laser.”

2.1. History of primary visible solid-state laser research

The history of primary visible solid-state laser research is summarized in Table 1. Recently,
primary visible solid-state lasers have been actively developed by several research groups using
fluoride host materials. Here, we review their history by focusing on rare-earth doped fluoride
media, including glass fibers and crystals.

The first reported primary visible solid-state laser was the Pr:ZBLAN fiber laser, and a laser
output of 250 mW at 635 nm was demonstrated by Smart et al. in 1991 [38]. One of the
antecedents of primary visible solid-state laser research is upconversion laser research with
Pr-doped fluoride fibers, and a report on upconversion visible lasers was also published by Smart
et al. [39]. In 1994, a primary visible solid-state laser using Pr:YLF (praseodymium:yttrium
lithium fluoride) was demonstrated by Sandrock et al. [40]. In 1995, Ruan et al. repored a mode-
locked visible pulsed laser on Pr:YLF having a 90-mm-thick Schott Glass RG 610 filter as a
saturable absorber. The visible pulse laser had a 8.5-ps pulse duration with 30-mW output power
at 635 nm [41]. The following year, 400-fs pulse duration was demonstrated by the Kerr-lens
mode-locking technique in Pr:YLF [42]. Thereafter, little research was done in this field for
almost a decade because the demonstration phase was considered finished. Even though an
Ar-ion laser system is large and expensive, researchers were compelled to use an Ar-ion laser for
excitation in all of the above experiments, because it was the only available excitation source at
that time. This means that this system was not practical for industrial use. On the other hand,
infrared lasers such as the Yb-doped fiber and Nd:YAG lasers, have been widely developed due
to the availability of high power semiconductor lasers; thus, the existence of effective excitation
sources is essential for improving laser power and intensity. Because Er-doped fiber lasers or
fiber amplifiers in optical communication also need single-mode operation as well as laser power,
such excitation sources have been well developed. Once we obtain such effective excitation



Table 1

Historical study on primary visible solid-state laser research (focusing on rare-earth doped fluoride media including glasses and crystals).

Year Host Pumping source Laser properties Notes Ref.
medium
Laser type A (1'11'1'1) /‘Lem Poul ”slope Pth
(m)  (mW) (%) (mW)
Laser operation in Pr’* doped fluoride materials
1991 ZBLAN  Ar-ion laser 476.5 491 6 2 150 [38]
fiber 520 2 - 200
605 150 21.5 150
635 250 42 200
715 25 15 80
1994 YLF Ar-ion laser 4579 522 144 14.5 163 [40]
545 19 - -
607 7 1.2 110
639.5 266 259 8
697 71 10.3 105
720 40 7.2 98
907.4 23 7.3 280
1995 YLF Ar-ion laser 476 607 110 8.5 400 Mode-locking: [41]
639 150 10 200 8.5 ps/30 mW/125 MHz at 639 nm,
10 ps/24 mW/100 MHz at 607 nm (90-mm-thick Schott Glass RG 610 filter used as a
saturable absorber)
1996 YLF Ar-ion laser 476 613 45 Mode-locking: 400fs at 613 nm [42]
(0.98-nm FWHM)
2004 YLF GaN laser 442 639.7 1.8 24 55 [45]
diode
2005 ZBLAN  20-OPS 479.7 635 94 415 50 [43]
fiber
2007 LiLuF, 2®-OPS 479.5 5228 16 33 63 [49]
607.2 345 31 26
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Table 1 (continued)

Year Host Pumping source Laser properties Notes Ref.
medium
Laser type A (nm) /‘Lem Poul Hslope Pth
(nm)  (mW) (%) (mW)
640.2 527 56 10
7215 50 46 12
YLF 2w-OPS 4795 523 600 46 159 Intracavity setup for generating SHG of 640 nm with a LBO crystal: [44]
607 350 32 105 364 mW in Pr:YLF
640 600 45 53 261 mW in Pr:LLF
720 570 43 52
LiLuF, 2»-OPS 479.5 523 470 53 201
607 370 35 71
640 570 52 66
720 500 56 99
YLF GaN laser 444 640 61 28 75
diode
LiLuF, GaN laser 444 640 76 36 59
diode
KYF GaN laser 446 6445 394 23 125 [46]
diode
2008 YLF GaN laser 444 522 73 34 205 [47]
diode 607 42 14 105
640 185 41 42
720 129 30 157
LiLuF, GaN laser 444 607 36 12 122
diode 640 208 38 111
720 149 24 133
LiGdF, GaN laser 444 522 18 28 288
diode 607 56 20 128
640 174 53 139
720 105 33 82
2009 WPFG GaN laser  442.6 448 0.7 - 104.3 [52]
fiber diode 523 1.0 - 37
605 12.5 10 41.6
635 254 18.1 20.8

ol
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ZBLAN  GaN laser 448 488
fiber diode 521
635
716
907
2010 WPFG GaN laser 442 638
fiber diode
2011 WPFG GaN laser 442 638
fiber diode
YLF GaN laser 4439 522.6
diode 545.9
607.2
639.5
WPFG GaN laser 444 522.2
fiber diode
ZBLAN GaN laser 442, 521
fiber diode 448
2012 WPFG GaN laser 444 523
fiber diode 638
Laser operation in Dy’* doped fluoride materials
2000 ZBLAN  Ar-ion laser 457 478
fiber 575
2010 WPFG GaN laser 398.8 575
fiber diode

42
43
59
49
20
311.4

645.7

773
384
418
938
598

322

950
1238

2.3
10
10.3

41.9

61.5
52.1
32.0
63.6
43.0

53

38.0
46.6

0.9
L5
17.1

62 Tunable operation:
60 479-497 nm

26 515-548 nm

21 597-737 nm

17 849-960 nm

52.1

172.8

148
728
125
30
2932

35

292 Overdrive operation
62 5 Hz/50% duty

220
40
10.2

[50]

[55]
[51]

Section
252

[65]

[66]

OPS: Optically pumped semiconductor laser.
WPEFEG: waterproof fluoride glass (AlF; glass system).
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sources for visible lasers at low cost, remarkable laser development progress is expected, as in
the case for infrared lasers.

The next technological jump for primary visible solid-state laser development was initiated by
new excitation sources, such as the 2w-OPS and InGaN semiconductor lasers. In 2012, a 20-OPS
system producing 7 W at 488 nm and a GaN laser diode of 1.6 W at 445 nm became
commercially available. In 2005, a Pr-doped ZBLAN fiber laser excited by a 20-OPS was
reported [43]. In 2007, 600 mW of output power at 640 nm in Pr:YLF was demonstrated [44].
GaN laser diode excitation has become the mainstream excitation source for Pr-doped laser
media. The first demonstration of a Pr:YLF laser excited by a GaN laser diode was reported by
Richter et al. in 2004 [45]. From 2007 to 2011, the output power improved to 39.4 mW at
644.5 nm [46], 208 mW at 640 mW [47], and to 938 mW at 639.5 nm [48]. A variety of host
crystals was also tested, such as Pr:LLF [44,47,49], Pr:LGF [47], and Pr:KYF [46].

Even though the first primary visible solid-state laser with a fluoride medium was the Pr-doped
ZBLAN fiber laser [38], no follow-up report on a primary visible fiber laser study appeared until
2005 [43]. In 2009, tunable laser operation of the Pr-doped ZBLAN fiber laser was demonstrated
[50]. The tunable range (Table 1) widely covers the visible region because glass host media generally
have a wide spectrum derived from inhomogeneous broadening, and therefore, visible fiber lasers are
expected to be useful candidates for dye lasers. Finally, the maximum power of Pr-doped ZBLAN
fiber lasers increased to 322 mW at 521 nm [51].

In 2009, a Pr-doped waterproof fluoride glass fiber laser was proposed and laser oscillation
was demonstrated at four main Pr’* emission wavelengths [52]. As described in Section 2.3,
since the waterproof property of the AlF; glass system is far superior to that of ZBLAN glass,
Pr-doped waterproof fluoride glass fiber is the most promising primary visible solid-state fiber
laser medium. In 2010, its power increased to 311.4 mW at 638 nm [53] and in 2011 to
645.7 mW at 638 nm [54] and 598 mW at 522.2 nm [55].

In this paper, we mainly describe Pr-doped fluoride media lasers. However, the trivalent
dysprosium ion (Dy>*) is also a very attractive yellow source (575 nm) for visible solid-state lasers.
Yellow lasers have been developed through several techniques, such as the copper bromide laser
primary source [19], upconversion [56], or second-harmonic generation in Nd-doped crystals [57],
Yb-doped fiber [58]. Also, a Bi-fiber laser [59], and optically pumped semiconductor lasers [60]
are available because these lasers have many potential applications in biomedicine, ophthalmology,
and medical treatment for acne melasma and facial telangiectasia [61]. Some materials doped with
the Dy*" ion after the possibility of laser oscillation [62-64]. However, laser oscillation was
reported in only two papers [65,066]. Limpert et al. demonstrated yellow laser oscillation in
Dy-doped ZBLAN fiber excited by an Ar-ion laser at 457 nm [65], and Fujimoto et al. reported a
Dy-doped waterproof fluoride glass fiber excited by a GaN laser diode [66].

2.2. Activators for visible emission

Dieke et al. thoroughly researched the energy level diagrams of the rare-earth elements [67].
Many reports exist on visible emission from rare-earth ions, including Pr, Nd, Sm, Eu, Tb, Dy,
Ho, Er, and Tm [31,68,69]. Some transition metals also emit visible light, but we mainly
consider the rare-earth elements with visible emission, especially Pr’* and Dy’*. The energy
level diagrams of Pr'* and Dy>* are shown in Fig. 3. The P, level in Pr’* is the metastable state,
and its lifetime is approximately several tens of ps and varies based on the host material.
Although the most effective excitation line is the transition from *H, to *P, that corresponds to
482 nm, the transitions from 3H4 to 3P1,2, 116 are also available because the 3P1,2 and 116 states are
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Fig. 3. Energy level diagrams of Pr’* and Dy**.

rapidly thermally relaxed to the Py state. Similarly, the *P, state decays to the lower energy
levels based on their lifetimes with visible emissions that correspond to energy gaps between
jonic excited states. There are five main emission lines: *Py— *H, (482 nm); °P; — *Hs (523 nm);
3P0—>3H6 (605 nm); 3P0—> 3F2 (637 nm); and 3P0—> 3F4 (719 nm). Since the transition probability
of *Py— *Hs is zero [70], thermally excitation of the 3P, state from the P, state becomes the
initial state of 523-nm emission. Since the 3P0—>3 Hg transition (605 nm) overlaps with the
*H,—~'D, absorption line, the 3P, —°F, transition (637 nm) is the most common oscillation line
of four-level systems in P**-doped materials.

On the other hand, Dy>" is also an attractive source of yellow radiation. The *Fo,, state in
Dy3+ is the metastable state, and its lifetime is around one ms and varies based on the host
material. Although the most effective excitation line is the transition from 6H1 5/ tO 4F9/2 that
corresponds to 482 nm, the other upper energy levels are also available for excitation through
rapid relaxation to the *Fo,, state to produce florescence or losing a, for example, 398 nm. There
are five main emission lines: “Fo —®H;s;» (482 nm); *Foj,— °Hyspn (575 nm); *Fon —®Hi1p
(664 nm); *Fo/» — *Ho/n+°F 1> (745 nm); and *Fo), — °Foo+°H-> (840 nm). The yellow emission
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line of 4F9/2—>6H13,2 in Dy3+ is very impressive because effective yellow emission is rare in
solid-state laser materials.

2.3. Host materials

2.3.1. Fluoride materials

As explained in Section 2.2, many rare-earth elements have the possibility for visible
emission. However, rare-earth elements have many energy levels and some combinations of
emissive rare-earth elements and host materials relax the populations at the metastable state
through a multi-phonon relaxation process. Since the possibility of a multi-phonon relaxation
process is related with the maximum phonon energy in the host material and oxide materials have
relatively high phonon energy, emissive rare-earth elements in oxide hosts are limited [71].

The advantage of fluoride materials has been frequently discussed. The most important
characteristic is that their phonon energies are lower than those for the oxide materials. Indeed,
the phonon energy of fluoride glass is one-third or half that of oxide glass [71]. There are other
glass systems suitable for visible emission; for example, chloride glass has phonon energies less
than that of fluoride [71] and tellurite glass in which visible emissions were reported [72].
However, fluoride laser materials are most actively developed as low phonon energy laser host
materials. The properties of the available fluoride glass systems are summarized in Table 2.

Glasses based on beryllium fluoride (BeF,) were first identified by Goldschmidt in 1926 [73].
Fluoride glass is a relatively new material, since less than a hundred years has passed since its
discovery, as contrasted with oxide glass's 4000 year history. BeF,, which is the only material
vitrified by a single component, forms a four-coordination state like silica glass. After this
discovery, many researchers explored its applications. BeF, was proposed as a high-power
Nd-doped laser host material for a fusion driver because of its low nonlinear refractive index
coefficient [74,75]. However, the toxicity of BeF, compounds and high water solubility were
apparent [76], and now a BeF, glass system is considered unsuitable for commercial use.

Table 2
Properties of available fluoride glass systems.

Glass system Components Notes

BeF, BeF, High hygroscopicity, toxicity
ZBLAN fiber commercially available

ZiF, ZrF, * BaF, » LaF; * AIF; NaF (ZBLAN) High hygroscopicity

Low glass transition temperature (250-300 °C)
Low-loss optical fiber (0.1 dB/m) available
Waterproof property

AlF; AlF; ¢ YF;*CaF,*BaF, High glass transition temperature (350—430 °C)
Easy crystallization in comparison with ZBLAN
Y is an expensive rare metal element.

ThF, ThF, ¢ BaF, ¢ LiF Th is a radioactive element.
GaF; GaF; * PbF, ¢ ZnF, Ga is an expensive rare metal element.

Good infrared transparency (suitable for optical
InF3 InF;+BaF,* YF; fiber amplifier at 1.3 pm)

In and Y are expensive rare metal elements.
ZnF, ZnF,*BaF,* YF; Easy crystallization compared with ZBLAN

CdF, CdF, *BaF, Cd is a pollution element.
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The next discovery of a fluoride glass material was ZrF,—BaF,—NaF glass by Poulain et al. [77].
The ZrF,~BaF,—NaF glass system became the most common fluoride glass of the ZrF,—BaF,—
LaF;-AlF;-NaF glass system (ZBLAN); however, ZBLAN glass also exhibits high water
solubility [78]. From the viewpoint of seeking a insoluble fluoride glass, AlF; system glass was
actively researched [78,79]. In 1991, Igbal et al. demonstrated its waterproof property by
comparing its weight loss in water to ZBLAN glass. The weight loss of ZBLAN glass in water at
23 °C for 24 h reached 5.23 wt%, but the weight loss of AlF; system glass was only 0.01 wt%.
This result conclusively demonstrated the waterproof property of AlF; system glass.

Optical fiber research using fluoride glass began in 1980, and results were reported by the NTT
group (GdFs;-BaF,—ZrF, glass) [80], the Rutgers University group (AlF3 glass system) [81], and
Szebesta et al. [82]. The 1.3-um wavelength corresponds to the zero dispersion wavelength of
single mode optical silica fibers [83], which are often used in metro optical communication
networks. A Pr-doped ZBLAN fiber for an optical amplifier at 1.3 um has been actively
developed and commercialized by FiberLabs Inc.

2.3.2. Waterproof fluoride glass and fiber

Our group has been developing AlF; system fluoride glass and fiber without alkali metals [79]
because of the glass system's excellent waterproof property, even though it is fluoride glass.
We call our AlF5 system waterproof fluoride glass (WPFG). To examine its durability in high
humidity conditions, we carried out the following test with two Pr:-WPFG test samples whose Pr
concentration was 2000 ppm and whose size was 10%10%1 mm®. The first sample was put in air
at room temperature (usual room condition). The second sample was put in an oven at 80 °C with
humidified air that was prepared using a wrapped double cup (Fig. 4), which was constructed as
follows. The outer cup was filled with water, and a test-bulk sample was put in the inner cup. The
double cup was then wrapped in aluminum foil. The endurance test continued for 36 days.
Photographs and the measured weights of the samples of the endurance test are shown in Fig. 5.
The first sample in air at room temperature did not show any change in appearance or
transmittance spectrum even after 36 days. The second sample under the highly humidified
condition also did not show any change in appearance; however, the transmittance slightly
decreased in the violet region by 2% or 3% (Fig. 6), and its weight increased by 0.01 g after the
endurance test, but there was no weight change in the first sample. Therefore, moisture might
seep into the sample and cause scattering or absorption in the sample or on the surface. This
simple endurance test reveals that WPFG has enough durability against humidity if we use it

Keep at 80°C

Fig. 4. Setup of endurance test of AlF; system fluoride glass in an oven at 80 °C.
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Fig. 5. Progress photographs of endurance test before and after 36 days.
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Fig. 6. Transmittance spectra of samples in air and in humidified air at 80 °C after endurance test.

under usual room conditions. This is also supported by the stable laser operation of this WPFG
fiber with adequate laser power reproducibility over a period of one or more years.

Based on the above results, since AlF; system fluoride glass is very interesting as a laser active
medium, especially for fiber lasers, many researches have tried to fabricate them. Igbal et al.
reported that the optical loss in AlIF; system fluoride glass was 7.5 dB/m [78], because it can
easily be crystallized, and microcrystals in the glass can cause larger scattering loss. Since a large
loss would obviously prevent efficient fiber laser operation, our group has been developing a
low-loss AlF; system fluoride glass optical fiber. In 2009, Ishii and Yamazaki decreased the loss
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of AlF; system fluoride glass optical fiber to 0.1 dB/m [52], the same loss value as commercial
ZBLAN fiber. This value is adequate for mimizing the power loss in a fiber laser.

2.4. Excitation sources

Since the present progress of solid-state lasers greatly reflects the development of excitation
sources, the development of such excitation sources as laser diodes has contributed greatly to
improving the laser power and intensity as well as the beam quality of solid-state lasers such as
Er-doped fiber lasers, Yb-doped fiber lasers, and Nd:YAG lasers. The same statement is also true
about visible solid-state laser development. Once we can obtain such effective excitation sources
for visible lasers at low cost, remarkable visible laser development is expected as was the case
with infrared lasers. Next we review the excitation sources used for Pr-doped fluoride crystal and
fluoride glass fiber lasers.

2.4.1. Ar-ion lasers

First, we consider Ar-ion lasers. From an historical perspective, Ar-ion lasers were used as a
pump source at an early stage. Argon's energy level diagram is shown in Fig. 7 [5]. The energy
needed to ionize argon is about 16 eV, and an additional 20 eV is required to reach the states that
decay to the upper laser level. The upper and lower laser levels that generate visible emission are
the 4p and 4s states. The energy gap between 4p and 4s is about 2 eV. In comparing this total
energy input of 36 eV to the energy emitted by the laser transition itself (2 eV), the efficiency of
an argon ion laser is clearly very low. The 4p and 4s energy states are separated into several
sublevels, and each transition between sublevels gives rise to discrete laser emission lines
between 454.4 and 524.5 nm. The most powerful emission line is the 4p (*Dsp) to 4s (°P3p)
transition at 514.5 nm, and 20 W systems have been commercially available for decades.
The 476.5- and 457.9-nm lines of an Ar-ion laser are often selected for the excitation lines of the
Pr-doped fluoride materials (Table 1).

2.4.2. Optically pumped semiconductor lasers (OPSs)
OPSs, which are also known as vertical external-cavity surface-emitting lasers (VECSELSs)
[84], have a gain medium layer stacked on a semiconductor mirror layer set inside a bulk optics
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Fig. 7. Energy level diagram of argon.
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cavity. The gain medium is optically pumped by an external laser source, which is often a
semiconductor laser. Since the spectral bandwidth of the semiconductor gain media is between
920 and 1250 nm, if we put a nonlinear crystal for SHG in the cavity, wideband visible emission
between 460 and 625 nm is produced with such an intra-cavity setup.

The power available from frequency-doubled OPS (20-OPS) systems has been increased
dramatically so as to be suitable for many applications. For example, 7 W at 460 nm [85], 15 W
at 488 nm [86], 5 W at 589 nm [60], and 2.7 W at 612 nm [87] have been achieved. Although
2m-OPS visible lasers use the SHG technique, they are often used as a convenient coherent light
source because they are compact, and offer adequate optical-optical efficiency (20-30%). The
479.5-nm emission from one 20-OPS system was selected as the excitation for Pr-doped fluoride
materials (Table 1). As another possible of visible OPS research using GaN wafers has already
started, and it is likely that such devices will be developed in the near future [88].

2.4.3. Visible semiconductor lasers

Two types of semiconductor systems, AlGalnP and InGaN, are commonly used to fabricate
visible semiconductor lasers. A semiconductor of an AlGalnP system typically emits in the red
region [89]. Yellow emission from an AlGalnP system semiconductor laser was demonstrated at
liquid nitrogen temperature [90,91]; however, a shorter wavelength has not been reported.

Semiconductor lasers emitting at wavelengths below 600 nm have been researched for many
years with ZnSe and ZnS systems [89]. In 1994, a blue light-emitting diode of an InGaN system
was discovered by Nakamura et al. [92], and after that, it became blue semiconductor laser
material of choice. The power of InGaN laser diodes has increased to 1.6 W at 445 nm. This
intense blue emission from an InGaN laser diode is commonly chosen for the excitation
of Pr-doped fluoride materials (Table 1). The next target is a green and yellow semiconductor
laser with wavelengths between 500 and 600 nm, and many researchers are concentrating on
developing them. For example, 70 mW of pulsed operation laser power at 500 nm [93] and
60-mW-CW at 521 nm [94] have been reported for InGaN systems. The longest laser wavelength
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Fig. 8. Semiconductor laser powers operated at room temperature in visible region. Circles are CW lasers, squares are

pulse lasers, and triangles are arrayed-CW lasers. Data are adopted from Refs. [93-96] and laser diodes catalogs of Nichia
Corporation, Mitsubishi Electric Corporation, Sony Corporation, and eagleyard Photonics GmbH in 2012.
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with InGaN systems is at 535.7 nm and the maximum power generated to date is 75 mW [95].
In 2012, the Nichia Corporation announced on their homepage a high-power green laser diode,
operating at 525 nm and producing 1 W. Regarding other semiconductor systems, laser oscillation
of 3.0 mW was demonstrated between 543 and 570 nm in the BeZnCdSe system [96].

The output powers currently available from semiconductor lasers, operating in the visible at
room temperature, are summarized in Fig. 8. Clearly there are not enough semiconductor lasers
of sufficient power between 535 and 630 nm. For the application of a laser TV, a green laser
producing over 10 W can be obtained using the SHG technique by combining Nd:YVO, with a
PPMgLN nonlinear crystal [32]. Further investigation of semiconductor lasers and increases of
the laser power in this wavelength region will easily provide more vivid color reproducibility in
display systems than commonly used liquid crystal displays.

In general, semiconductor lasers have high efficiency because their drive current is readily
converted to optical power. On the other hand, the beam patterns are not good because
semiconductor lasers are typically designed as an array structure to obtain higher power. Single-
mode semiconductor lasers are commercially available, but maximum power is limited to several
hundred mW for the most powerful infrared devices. Therefore, a high-power single mode
semiconductor laser is highly desirable an optical pump in its own right.

2.5. Waterproof fluoride glass (WPFG) fiber laser

2.5.1. Spectroscopic properties

2.5.1.1. Pr:2WPFG. The absorption and fluorescence spectra of Pr:-WPFG are shown in Fig. 9.
The Pr concentration is 3000 ppm. There are four absorption peaks: 444, 468, 480, and 590 nm.
As mentioned above, the absorbed light at 444, 468, and 480 nm results in the transfer of energy
to the 3P0 meta-stable level in Pr’* and is stored during its lifetime. On the other hand, the
absorbed light at 590 nm does not contribute to any visible emissions.

As shown in Fig. 3, there are mainly five emission lines in the visible region. The emissive
transitions of 3P1 -3 Hs and 3PO - 3H6, 3F2, 3F4 work as four-level systems. Only the transition of
3P, —>H, (482 nm: the first peak) is a three-level system and overlaps the *Hy— Py absorption
line. The transition of *Py—>Hg (605 nm) also overlaps the absorption line of *Hy— 'D,.
Therefore, the threshold powers become higher, and their efficiencies are expected to be lower
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Fig. 9. Absorption and fluorescence spectra of Pr:-WPFG. Pr concentration was 3000 ppm.
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Fig. 10. Dependence of lifetime on Pr concentration of Pr:WPFG.

for laser operations at 482 and 605 nm. Even though the 3P, > *Hs (523 nm) transition is a four-
level system, the height of the fluorescence peak is about one-third of the *Py— *F, (637 nm)
peak, and the gain at 523 nm is expected to be lower than that at 637 nm. Therefore, the most
common transition is 3P0—>3F2 (637 nm), even if it is the third peak in Pr:-WPFG.

The absorption and fluorescence spectra of Pr:-WPFG are very broad compared with the crystal
spectra [45,47,49] due to the inhomogeneous crystal field in the glass. There is concern that this
phenomenon might reduce the stimulated emission cross section which is proportional to the gain
coefficient. Thus, the gain coefficient is expected to be lower than that for the crystal materials.
However, an optical fiber is drawn from a glass medium and the gain length can be optimized.
Indeed, a wide fluorescence spectrum is critical in tunable and ultra-fast operation, and a tunable
laser was already reported with Pr:ZBLAN fiber [50].

The dependence of the lifetime on the Pr concentration in Pr:WPFG is shown in Fig. 10.
The fluorescence for the lifetime measurement was detected at 635 nm. Pr:-WPFG's lifetime at
3000 ppm was measured to be 51.3 s, and strong concentration quenching was not observed up
to Pr concentration of 5000 ppm.

2.5.1.2. Dy:WPFG. The absorption and fluorescence spectra of Dy:WPFG are shown in
Fig. 11. The Dy concentration was 10,000 ppm. Absorption peaks exist at 389, 427, 453, and
473 nm. The absorbed light at 389, 427, and 453 nm is transferred to the *F,, meta-stable energy
level in Dy** and stored in this level during its lifetime.

As shown in Fig. 3, there are mainly three visible emission lines. Only the *Fop, — °H, s
transition works as a three-level system, whereas the other emissive transitions, *Fo, —°H, 32,11/
5, “Hopp+°F; 172, and ®Fos+°Hy, are work as four-level systems. The most common transition is
“Fo/» — ®H3/» which lies in the yellow (575 nm). Yellow laser oscillation—that is, the realization
of a solid-state primary source has been difficult to obtain in the past, and the copper vapor laser
is the only commercially available primary yellow laser. The transition of *Fo/, — °H, )
(482 nm) is also an important laser line, but it overlaps the absorption line of ®H,s/, > *Foy,. The
transition of *Fo, — ®Ho/p+°F 1,2 (664 nm) is also a four-level system; however, the height of
the fluorescence peak is about one-tenth that of the “Fo/» — ®H, 3 transition (575 nm); therefore
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Fig. 11. Absorption and fluorescence spectra of Dy:WPFG. Dy concentration was 10,000 ppm.
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Fig. 12. Setup of laser oscillation experiment for Pr:WPFG fiber.

the gain at 664 nm is expected to be much lower than that for the yellow line. The lifetime for
the 4F9/2 state was measured to be 1.03 ms at 575-nm emission with 389-nm excitation.
The fluorescence spectrum of Dy:WPFG is also wide. Therefore, this material is also expected to
be well-suited for tunable and ultra-fast lasers.

2.5.2. Laser operation

In a report published in 2009, we demonstrated a multi-wavelength fiber laser with Pr-doped
waterproof fluoro-aluminate glass (Pr:WPFG) excited by a GaN laser diode [52]. In 2010, the
laser power at 638 nm from a Pr:WPFG fiber increased to 311.4 mW with a slope efficiency of
41.6% [53].

To produce a more powerful visible fiber laser (for example, over 1 W), several techniques can
be applied to increase the brightness of the excitation power. One is to have a more powerful
excitation source of GaN laser diodes. The other is to bundle several excitation sources. We
considered three bundle methods: counter-excitation, polarization combining, and power
combining with bundled fibers. Power fiber-combines with bundled fibers are usually used in
high-power Yb-doped fiber lasers; however, such devices for GaN laser diodes remain
inadequately developed. Generally, an edge-emitting laser diode is polarized to the slow axis
because the polarization of heavy hole emissions in semiconductors is dominated by the
waveguide's transverse electric (TE) mode [89]. Therefore, the power of edge-emitting laser
diodes can be bundled by a properly designed polarization combining setup.



204 Y. Fujimoto et al. / Progress in Quantum Electronics 37 (2013) 185-214

2.5.2.1. Pr:WPFG fiber laser. The setup for our laser oscillation experiment for a Pr:-WPFG
fiber is illustrated in Fig. 12. Two GaN laser diodes (Nichia Corporation: NDB7352E) were used
as excitation sources. Each collimation package includes a collimation lens (f=8.0 mm,
NA=0.5) and an anamorphic prism pair with a magnification of 4. The slow axis of the GaN
laser diode was set to the magnifying axis in the anamorphic prism pair. The two GaN laser diode
beams in Fig. 12 were P- and S-polarized because the GaN laser diode is polarized to the slow
axis [89]. The two beams were combined in a polarizing beam splitter (PBS) to one beam line
and focused onto a Pr:-WPFG fiber input surface by a 14.5-mm focusing lens having a numerical
aperture (NA) of 0.276. The residual excitation beam from the Pr:-WPFG fiber was separated by a
prism and cut by a screen.

Both GaN laser diodes were operated at the rated operating current (1200 mA). The maximum
output powers of the P- and S-polarized GaN laser diodes were 971 and 1364 mW.
The difference of the maximum output powers was considered as individual difference. The
polarization ratio to the slow axis of both GaN laser diodes was measured to be around 90%. The
loss of the PBS was 9.8%, and we roughly estimated that over 80% of the power of the two GaN
laser diodes can proceed by combining the two in PBS.

A Pr:WPFG fiber with dielectric multilayered coatings provided the laser cavity. The Pr
concentration was 3000 ppm. A Pr:-WPFG fiber was fastened to a zirconia ferrule (Fig. 13), and
Pr:WPFG fiber with a zirconia ferrule is now commercially available from Sumita Optical Glass,
Inc. The core/clad diameters were 16/300 um, and the fiber length was 40 mm. The GaN laser
diode peaks were at 444 nm, and the absorption coefficient of the Pr:WPFG fiber was 0.56 cm™";
therefore, about 89.4% of the GaN laser diode light was absorbed by the fiber. The NA of the Pr:
WPFG fiber was 0.235 at 444 nm.

2.5.2.1.1. Green laser. Dielectric multilayered coatings were deposited on both end surfaces
of the Pr:WPFG fiber as resonator mirrors. The reflectivities at 719, 638, 605, and 522 nm and
the transmittance at 444 nm of the R1 surface (Fig. 12) were 20.6%, 69.4%, 94.0%, 99.95%, and
99.0%, respectively. For selective oscillation at 522 nm, the reflectivities at 719, 638, 605, and
522 nm of the R2 surface (Fig. 12) were 6.0%, 4.6%, 0.7%, and 94.9%, respectively.

The input—output characteristics plot for the Pr:-WPFG fiber laser in the CW mode is shown in
Fig. 14. The horizontal and vertical axes show the absorbed power in the Pr:-WPFG fiber and the output
power at 522.2 nm. The threshold power was measured to be 293.2 mW, and maximum output power
obtained was 598 mW at an absorbed power of 1695 mW. The slope efficiency was 43.0%.

Fig. 13. Pr:WPFG or Dy:WPFG fiber with zirconia ferrule (40 mm). Pr:-WPFG fiber with a zirconia ferrule is now
commercially available from Sumita Optical Glass, Inc.
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Fig. 14. Input—output characteristics plot of Pr:-WPFG fiber laser in CW mode.
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Fig. 15. Input—output characteristics plot of Pr:WPFG fiber laser in overdrive pulse mode. Two GaN laser diodes of
1200 mA rated current were operated under maximum peak current of 1800 mA at 5 Hz with 50% duty (100-ms on/off).

Since the thermal conductivity of the GaN semiconductor is comparatively higher than other
semiconductor materials [97], a GaN laser diode can work over the rated peak output power in
pulsed operation. Such an experimental setup was identical to that of Fig. 12, but two GaN laser
diodes of 1 W rating were operated at a maximum peak power of 1.8 W at 5 Hz with 50% duty
(100 ms on/off). We refer to this operation mode the overdrive pulse mode. The pulse peak
output of the green laser is plotted in Fig. 15. Maximum peak power obtained was 950 mW with
292 mW of threshold power pump power and a slope efficiency of 38.0%.

The pulse output did not increase linearly during high-power pumping (Fig. 15). This
phenomenon depends primarily on the characteristics of the GaN laser diodes excitation.
Because the temperature of the GaN laser diode chip increased with rising laser diode power,
even though the temperature of the GaN laser diode package was controlled at 25 °C, we
operated at a peak current of 1800 mA with 50% duty quasi-CW mode operation in an overdrive
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pulse mode for the rated current 1200 mA to the GaN laser diodes. The following phenomena
appeared due to the temperature increase and the overload current: (1) the decrement of
absorption power caused by the peak wavelength shift with increasing temperature of the GaN
laser diode chip; (2) the optical coupling mis-match between the actual focusing NA and the Pr:
WPFG fiber NA, which was caused by the change in divergence of the emitting light. For the
first case, when we used a GaN laser diode operating initially at 442 nm, the wavelength moved
to 446 nm at 1800 mA of operating current. However, the absorption band of Pr:-WPFG at
442 nm sufficiently broad to compensate for the wavelength shift, and the loss in absorption
power is estimated to be only 2% at maximum. In our tests, the second case of optical
mismatched coupling was more problematic. When we used a GaN laser diode at 1800 mA of
operating current, the emitting light's divergence increased, and the actual focusing NA also
increased. The NA mismatch of the slow axis was greater than that for the fast axis because the
slow axis was magnified by an anamorphic prism pair with a magnification of 4. For example,
the slow axis NA of a GaN laser diode (Nichia Corporation: NDB7875, 1.6 W) was measured to
be 0.147 but this value increased with rising laser diode power, eventually reaching 0.268 when
the diode was operated over the rated current. Since the NA of the Pr:-WPFG fiber in Fig. 12 was
0.235, the loss of coupling efficiency reached 13%, provided that the slow axis NA
characteristics of the GaN laser diodes (NDB7352E) are the same as those tested (NDB7875).
Based on the above estimate, when we use the overdrive pulse mode in the GaN laser diode for
laser excitation, we must be concerned about the change in divergence of the emitting light with
current by optimally designing an excitation optical system.

2.5.2.1.2. Red laser. Dielectric multilayered coatings were deposited on both end surfaces
of the Pr:-WPFG fiber as resonator mirrors. The reflectivity at 638 nm and the transmittance at
444 nm of the R1 surface (Fig. 12) were 99.96% and 97.9%, respectively. For selective
oscillation at 638 nm, the reflectivity at 638 and 605 nm of the R2 surface (Fig. 12) was 80.8%
and 63.9%, respectively.

The input—output characteristics plot of the Pr:-WPFG fiber laser is shown in Fig. 14. The
horizontal and vertical axes show the absorbed power in the Pr:-WPFG fiber and the output power
was 638 nm. The threshold power was measured to be 172.7 mW, and maximum output power
obtained was 646 mW for an excitation power of 1695 mW. The slope efficiency was calculated
to be 42.4%.

The overdrive pulse mode was also tested for the red laser. The experimental setup and
parameters were the same as the CW-operation above except that the core diameter of the Pr:
WPFG fiber was 14 um. The instantaneous peak output of the red laser is also plotted in Fig. 15.
The maximum peak power was 1238 mW with 62 mW of threshold power and 46.6% of slope
efficiency. The reason for the nonlinearity at high-power pumping is presumed to be the same as
for the green laser. A photograph of the red laser oscillation in operation is shown in Fig. 16.

2.5.2.2. Dy:WPFG fiber laser (yellow laser). Fluoro-aluminate glass including a Dy
concentration of 10,000 ppm of Dy concentration was used in the fiber core. The core and
cladding diameters of the drawn fiber were 8 and 300 um, respectively. The fiber's NA was 0.23.
A 40-mm-long Dy:WPFG fiber was inserted into a zirconia ferrule (as in Fig. 13), and both ends
of the fiber were polished.

The setup of the laser oscillation experiment is illustrated in Fig. 17. A violet GaN laser diode
at 398.8 nm (Nichia Corporation: NDV7112) was used as the excitation source. The absorption
peak at 398.8 nm was measured to be 0.091 cm™". Thus, for example, if we used the 40-mm-long
Dy:WPFG fiber, 30.5% of the excitation source power at 398.8 nm will be absorbed. The emitter
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Fig. 16. Photograph of red laser oscillation.

size of the GaN laser diode was 7 pum. The violet laser diode beam was collimated by a lens with
a focal length of 8 mm and an NA of 0.5, and the collimated laser diode beam was shaped into a
quasi-disc by an anamorphic prism pair. Next, the laser diode beam was focused into the Dy:
WPFG fiber by a 14.5-mm focusing lens having an NA of 0.276. Commercial dielectric filters
were used as the cavity mirrors for R1 (rear mirror) and R2 (output mirror), and the mirrors were
in close contact with both fiber end surfaces. The reflectivity at 575 nm of the R1 and R2 mirrors
was 99.9% and 93.3%, respectively. The transmittance at 398.8 nm of R1 and R2 was 96.5% and
94.6%, respectively. Since the reflectivity at 398.8 nm of the R1 mirror was 3.5%, the excitation
source was effectively delivered to the Dy:WPFG fiber. On the other hand, since the reflectivity
at 398.8 nm of the R2 mirror was 5.4%, a remarkable portion of the excitation power was emitted
from the Dy:WPFG fiber because, as estimated above, only 30% of the excitation source power
at 398.8 nm can be absorbed by the 40-mm-long Dy:WPFG fiber. The output beam was divided
into yellow and violet beams by a dichroic mirror. The absorbed pump power into the Dy:WPFG
fiber was directly measured by subtracting the power exiting the Dy:WPFG fiber from the power
entering the Dy:WPFG fiber (excitation input power).

The absorption at 398.8 nm and the emission at 575 nm correspond to the 6H1 5p—> 4F7/2+4113/2
and 4F9/2 —>6H1 32 of Dy3+ is shown in Fig. 3. The input—output characteristics of the Dy:WPFG
fiber laser at 575 nm are shown in Fig. 18. The maximum output power was 10.3 mW for
72.5 mW of absorbed pump power. The threshold power was measured to be 10.2 mW, and the
slope efficiency was calculated to be 17.1%. Limpert et al. have also demonstrated a Dy>*-doped
ZBLAN fiber laser at 575 nm [65]. The reported output power was ~10 mW; however, the
threshold was 40 mW and the slope efficiency was 1.5%. Our laser system is 11 times more
efficient than previous work. Since the ZBLAN fiber of previous work was 86 cm long with
1000 ppm of Dy>* concentration, there may be considerable optical loss in such a long fiber.
On the other hand, because we were able to make a low-loss optical fiber (0.3 dB/m at 532 nm
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Fig. 17. Setup of laser oscillation experiment for Dy:WPFG fiber.
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Fig. 18. Input—output characteristics of Dy:WPFG fiber at 575 nm.

[66]) at a higher Dy>* concentration (10,000 ppm), the cavity loss was dramatically decreased.
A photograph of the yellow laser while in operation is shown in Fig. 19.

2.5.3. Future prospects

The historical transition of primary red solid-state laser powers is shown in Fig. 20, which
summarizes the data in Table 1 and Section 2.5.2. The power available from primary visible
solid-state lasers is rapidly increasing because the GaN laser diode power has grown to over 1 W
in 3 years. The establishment of waterproof fluoride glass and the fabrication technology of low-
loss optical fiber have also played important roles.

In view of photon beam cost, GaN laser diode power will probably be even more significant as
an excitation source in the next decade. As research all over the world pursues higher power GaN
laser diodes, we will soon have multi-watt GaN laser diodes with multi-emitter array structured
bars, which will be stacked to make hundreds of W modules in the future, in a manner similar to
the development of infrared high-power semiconductor lasers. Therefore, we believe that the
photon cost will be dramatically reduced by mass production.

On the other hand, for photon beam quality, much impressive research on visible lasers is
being proposed. The rising power of GaN laser diodes will usher in the same progress in primary
visible solid state sources that proceeded the Nd:YAG, or Yb- and Er-doped fiber lasers, and
such progress will produce new kinds of visible lasers, including ultra-short pulse lasers such
as Ti:sapphire lasers, high-power tunable lasers like dye-lasers, and ultraviolet generation by
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Fig. 19. Photograph of yellow laser oscillation. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

1400
A PrYLF ,O
1200 | 1 pr*:ZBLAN fiber Overdrive
o pulse mode
S 1000 | @ Pr:WPFGF
E
2 800
g OPS
2 600
= GaN
| \
&: 400 Ar laser aser diode
m A~ mode-locking
200 L tunable
6 Q@
1990 1995 2000 2005 2010 2015

Year

Fig. 20. Historical transition of primary red solid-state laser powers. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

second-harmonic generation. The future prospects for visible fiber lasers, pumped by GaN laser
diodes, that we project are illustrated in Fig. 21.

2.5.3.1. High-power visible CW laser. In 2012, visible lasers excited by GaN laser diodes and
producting at least 1 W of output were demonstrated. Visible lasers are already applicable in
many areas, such as display technology, medicine, laser processing, biology, metrology, and
optical storage, and we expect visible fiber lasers, which are excited by GaN laser diodes, to be
used in such applications. Further research on higher power GaN laser diodes, power combiners,
and double-cladding fiber techniques for the visible region will produce a 10 W class of powerful
primary visible fiber lasers. Of course, these high-power visible lasers are very useful for
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Fig. 21. Future prospects of visible fiber lasers pumped by GaN laser diodes.

industrial uses, including marking, cutting, welding, paste-free soldering. They are also expected
to be the light sources for color holograms. For example, although typical copy machines provide
only 2-dimensional information on paper, if we combine an appropriate molding machine with a
color hologram, we could design a 3-dimensional copy machine. Such a system would be
innovative in organ transplant surgery because, if 3-dimensional organ information can be
transmitted, doctors can provide more appropriate medical treatment. Of course, 3-dimensional
movies with color holograms will enable innovative displays for entertainment markets.

2.5.3.2. High-power tunable visible lasers and ultraviolet generation. Since the visible fiber
laser power is increasing, we can easily imagine the appearance of high-power solid-state visible
tunable fiber lasers, because, as shown in Table 1, a wide range in tunability was already
demonstrated by the Pr:ZBLAN fiber laser [50] when excited by GaN laser diodes. Another
fascinating possibility is a compact ultraviolet laser because visible lasers access the ultraviolet
region by SHG. Since we often use third- or fourth-harmonic generation (THG or FHG) of Nd:
YAG infrared lasers to produce visible ultraviolet radiation, the conversion efficiency of
ultraviolet generation from visible lasers is likely to exceed those for THG or FHG. Some SHG trials
for visible lasers have been reported, such as an intra-cavity system with a Pr:YLF and a LBO crystal
that generates 346 mW at 320 nm [44]. Borate crystals, such as BBO, LBO, and CLBO, are
primarily used as SHG crystals for generating visible light. The development of new crystals [98,99]
that work in this wavelength region, and a QPM structure in BBO or quartz [100], are strongly
desired for obtaining high beam quality in the ultraviolet region. If we get such high quality
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ultraviolet lasers, we can use them as an excitation source for Ce:LiCAF, Ce:LiSAF, or Ce-doped
fluoride glass fiber to generate a ultrashort pulse in the ultraviolet region [101].

2.5.3.3. Ultrashort visible fiber laser system. Fluoride glass materials display broad
fluorescence spectra (Figs. 9 and 11). Based on this property, we made a visible ultrashort
pulse laser with a mode-locking technique. Although a mode-locked laser based upon a primary
visible solid-state laser was already achieved using Pr:YLF [41,42], the wider fluorescence
spectra derived from an inhomogeneous crystal field in glass host materials can produce a shorter
pulse duration. The structure of the primary visible solid-state laser will also simplify the
ultrashort pulse laser system more than those realized with dye lasers or OPOs. To generate
an ultrashort pulse, appropriate saturable absorbers are indispensable. There are numerous
candidates for saturable absorbers, such as, laser dyes, semiconductor saturable absorber mirrors
(SESAMs) [102], carbon nano-tubes [103], and graphenes [104]. As the research on saturable
absorbers progresses in the visible region, a primary ultrashort visible fiber laser will be suitably
designed, and research using such ultrashort visible fiber lasers will expand.

The waterproof fluoride glass fiber that we have described will be very useful for practical uses
due to its higher tolerance to humidity than is ZBLAN glass. The use of WPFG will to expand
other ionic elements, including other rare-earth elements or transition metals, and lasers using
new ionic elements will fill the between wavelength Prz-WPFG and Dy:WPFG fiber lasers.
Therefore, the primary visible solid-state laser is expected to be a simple, rigid, highly efficient,
and low-cost apparatus that will successfully combine the quality and quantity of photon beams
in a single laser system.

3. Summary

We have described the status of visible fiber lasers excited by GaN laser diodes, especially
the Pr and Dy:WPFG fiber lasers, with a brief review of previously developed visible lasers.
We have demonstrated over 1 W operation of Pr:WPFG fiber lasers. Although many types of
lasers now exist in the visible region in the gas, liquid, and solid-state phases, the visible fiber
lasers excited by GaN laser diodes appear to be advantageous with respect to previous visible
lasers in many respects. Of course, the progress of visible fiber lasers was greatly helped by the
development of high-power GaN laser diodes and optical fibers of Pr or Dy:WPFG having losses
of 0.1-0.3 dB/m (the same as a commercial ZBLAN fiber). This technology will continue to be
fueled by the development of double-clad fibers of rare-earth doped WPFG, power combiners for
GaN laser diodes, and saturable absorbers for ultrashort pulse generation.

The configuration of primary visible fiber lasers promises highly efficient, cost-effective, and
simple laser systems that yield photon beams of high quality but will also lead to new CW or
tunable laser systems, compact ultraviolet lasers, and low-cost ultrashort pulse laser systems.
We believe that primary visible fiber lasers will be effective tools for creating the next generation
of light sources and new areas of research.
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