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1. Introduction

A fiber amplifier can be converted into a laser by placing it inside a cavity designed to
provide optical feedback. Such lasers are called fiber lasers. In this kind of lasers there
are optical fibers that act as gain media such as erbium or ytterbium doped fibers
among other, although some lasers with a semiconductor gain medium and a fiber reso-
nator have also been called fiber lasers.

Nowadays, multiwavelength lasers are of great interest for telecommunications and sensors
multiplexing. These lasers also have a great potential in the fiber-optic test and measurement
of WDM components. The requirements for such optical sources are: a high number of
channels over large wavelength span, moderate output powers (of the order of 100uW per
channel) with good optical signal to noise ratio (OSNR) and spectral flatness, single longitu-
dinal mode operation of each laser line, tunability and accurate positioning on the ITU
frequency grid. Reaching all these requirements simultaneously is a difficult task, and many
different approaches using semiconductor or erbium-doped fiber technology have been
proposed and experimented in order to obtain multiwavelength laser oscillation.

Fiber lasers also offer great possibilities as multiwavelength sources. Their ease of fabrication
has yielded many ingenious designs. The main challenge in producing a multiline output with
and erbium doped fiber laser (EDFL) is the fact that the erbium ion saturates mostly homoge-
neously at room temperature, preventing stable multiwavelength operation.

Single longitudinal mode operation of fiber lasers is desirable for many potential applica-
tions where coherence is necessary. These include coherent communications, interfero-
metric fiber sensors and coherent light techniques in bulk or micro-optics, such as
holography or spatial filtering. [1]. However, these lasers normally operate in multiple
longitudinal modes because of a large gain bandwidth (>30 nm) and a relatively small
longitudinal-mode spacing (< 100 MHz). The spectral bandwidth of laser output can ex-
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450 Current Developments in Optical Fiber Technology

ceed 10 nm under CW operation [2]. Many applications of continuous wave (CW) lasers
require operation in a narrow-linewidth single mode whose wavelength can be tuned
over the gain bandwidth. Numerous methods have been used to realize narrow-line-
width fiber lasers, however fiber Bragg gratings (FBGs) are preferred for this purpose
since they can be fabricated with a reflectivity spectrum of less than 0.1 nm.

It is also worth noting that the large gain bandwidth of fiber lasers is useful for tuning them
over a wavelength range exceeding 50 nm [2]. Several other methods have been used to achieve
single longitudinal mode operation of fiber lasers and these include unidirectional ring
resonators [3], intracavity wave-mixing in a saturable absorber [4], fiber Fox-Smith resonators
[5] and injection locking using the line narrowed output form a separate source [6]. Never-
theless, no technique is free from operating difficulties due to the problems of isolating the
tiber laser resonator from environmental influences, such as vibrations and temperature drift
among other factors. Most of these problems can be addressed by using some clever schemes,
as will be presented in this work.

2. Fiber lasers design

Fiber lasers can be designed with a variety of choices for the laser cavity [2]. One of the most
common type of laser cavity is known as the Fabry-Perot cavity, which is made by placing the
gain medium between two high-reflecting mirrors. In the case of fiber lasers, mirror often butt-
coupled to the fiber ends to avoid diffraction losses.

Several alternatives exist to avoid passing the pump light through dielectric mirrors. For
example, one can take advantage of fiber couplers. It is possible to design a fiber couple such
that most of the pump power comes out of the port that is a part of the laser cavity. Such
couplers are called wavelength-division-multiplexing (WDM) couplers. Another solution is to
use fiber gratings as mirrors. As it is known, a FBG can acts as a high-reflectivity mirror for
the laser wavelength while being transparent to pump radiation. The use of two such gratings
results in an all-fiber Fabry-Perot cavity. An added advantage of Bragg gratings is that the
laser can be forced to operate in a single longitudinal mode. A third approach makes use of
fiber-loop mirrors that can be designed to reflect the laser light but transmit pump radiation.

Ring cavities are often used to force unidirectional operation of a laser. In the case of fiber
lasers, an additional advantage is that a ring cavity can be made without using mirrors,
resulting in an all-fiber cavity. In the simplest design, two ports of a WDM coupler are
connected tighter to form a ring cavity containing the doped fiber, as shown in Figure 1.

An isolator is inserted within the loop for unidirectional operation. However, some alter-
native fiber laser configurations have been shown, where these kinds of devices can be
suppressed from the cavity rings by using optical circulators [7]. Theoretically, a polari-
zation controller is also needed for conventional doped fiber that does not preserve po-
larization. However, some works [7] have demonstrated that this device has little
influence on the multiwavelength regime.
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Figure 1. Schematic of a unidirectional ring cavity used for fiber lasers.

Ring fiber lasers are also known to be susceptible to power fluctuations. These instabilities can
significantly degrade the characteristics of a sensor array based on a tunable ring laser
interrogation scheme [8]. Although the laser output power stability usually depends on many
parameters like the EDF lengths, the coupling ratio on the output and the total cavity length
[9], [10]-[15], it can be improved through an appropriate choice of laser parameters.

For sensor applications, a tunable narrow-band laser source is very attractive since it signifi-
cantly simplifies the detection scheme. However, the interaction of laser relaxation oscillations
with external perturbations induces self-pulsation and output power variations. In addition,
the long coherence length of the radiation emitted by a single-mode laser may result in Fabry-
Perot type unwanted interference within the sensing arm. In a few-mode regime, mode-
hopping results in power fluctuations. To avoid these fluctuations the laser must operate in a
many-mode regime, in which the power carried by each mode is sufficiently small. Specifically,
the spacing between longitudinal modes is defined by the length of the cavity which is usually
a few tens of meters. The number of modes (N) and modes spacing (AA) in a fiber ring laser
are given by:

2
Ad= j—L (1)
nL
N=Z2 @

where n: is the refractive index of the Er fiber, L: the ring length, and A: the centered mode
wavelength.

Some experimental studies have been carried out with the purpose of enabling an erbium
doped fiber ring laser (EDFRL) design to be optimized, by using highly Er-doped fiber instead
of conventional one [16], in order to meet the required performance by analyzing several
configurations. In that way, the optimal EDF length [17] required to generate both the highest
possible gain for a given signal and output power oscillations as low as possible under certain
constraints can be found.
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452  Current Developments in Optical Fiber Technology

Thus, several EDFL hybrid cavity configurations, combining both EDFR and short cavity fiber
laser, have been designed and experimentally analyzed [18], [19]. Figure 2 shows the experi-
mental setup of a short-cavity fiber laser. These studies were focused on the optimization of
laser parameters, which include EDF lengths, pump power and diverse configurations,

without changing the basic scheme, which was kept as simple as possible.

Figure 2. Experimental setup of a short-cavity fiber laser

Regarding to the spectral characterization of these kind of EDFLs, Figure 3 shows the exit
amplified spontaneous emission (ASE) measured in the amplifier configuration, i.e., when the
free end of the EDF was connected to an optical spectrum analyzer (OSA). It may be useful to
note that the steady-state ASE spectra can be accurately simulated with the standard static
model [20] based on the doped fiber parameters provided by the fiber manufacturer.
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Figure 3. ASE obtained from a 1 m length of Er-80 when it is pumped by a 980nm light source.
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Spectrally resolved measurements of the laser (i.e., closed cavity) output with different EDF
lengths as the gain medium (and 500mW of input power) show a multiple-wavelength
operation. The position of the comb depends on the fiber length. For a 25cm-long fiber, the
generation occurs at shorter wavelengths values, while already for a 1m-long fiber the
generation shifts to longer wavelengths (Figure 4). This shift is due to an increase of the
effective fiber length when the cavity is closed and it corresponds to the L-band operation of
an EDFA with an increased fiber length.

Frequency hopping to other longitudinal cavity modes is possible since neighboring modes
may have a higher (unsaturated) gain. Usually, when no cavity filters are used, linear cavity
lasers are less stable in power and frequency than ring cavity lasers. Ring cavity EDFLs use
the gain provided by the EDF more efficiently and have a cavity free spectral range (FSR) that
is twice as large for the same cavity length compared to linear cavity lasers [16].

On the other hand, the linear, or Fabry—Perot cavity, is the most common laser cavities,
and the first EDFL cavity that was explored. Its main advantages are its simplicity and
the possibility to make very short cavities. It is thus well suited for robust single longitu-
dinal mode operation. They are also suitable for master oscillator power amplifier (MO-
PA) [21] applications since it is usually easy to recover unabsorbed pump power at the
output coupler.
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Figure 4. Output power spectra for closed cavity configuration with different EDF lengths. (1) 25, (2) 50, (3) 75 and (4)
100 cm length of the erbium-doped fiber. 500mW pump power.

An example of alinear cavity is presented in Figure 5. In a forward pumped linear cavity EDFL,
the pump light is injected through a wavelength-dependent reflector (WDR) which is, ideally,
perfectly transparent at the pump wavelength and perfectly reflective at the signal wavelength.
The output coupler completes the linear cavity. It is preferable that the output coupler be highly

453



454 Current Developments in Optical Fiber Technology

reflective at the pump wavelength to recycle unused pump power thus providing optimized
pumping and no residual pump at the output.

The output coupler must also have a reflectivity at the signal wavelength that optimizes the
output power [22]. The output coupler reflectivity in the signal band can either be broadband,
leading to a lasing wavelength determined by the erbium-doped fiber gain curve, or wave-
length-selective, leading to a lasing wavelength selected, and possibly tuned, by the output
coupler. Linear cavities are also ideal for compact single-longitudinal mode lasers and for high
power applications.

Many other cavity designs are possible. For example, one can use two coupled Fabry-Perot
cavities. In the simplest scheme, one mirror is separated from the fiber end by a controlled
amount. The 4% reflectivity of the fiber-air interface acts as a low-reflectivity mirror that
couples the fiber cavity with the empty air-filled cavity. Because of that, all the free termina-
tions on the systems have to be immersed in refractive-index-matching gel to avoid undesired
reflections. Such compound resonator has been used to reduce the line width of an Er-doped
fiber laser [23]. Three fiber gratings in series also produce two coupled Fabry-Perot cavities.
Still another design makes use of a Fox-Smith resonator [5].

Punp EDF

ISO

ﬁ[ﬂ = o

M2

Figure 5. General schematic diagram of a linear cavity EDFL. M1: pump WDR mirror, M2: output coupler, EDF: erbium-
doped fiber, ISO: optical isolator.

As it was previously pointed out, multiwavelength lasers are of great interest for tele-
communications and sensors multiplexing. These lasers also have a great potential in the
fiber-optic test and measurement of WDM components. The requirements for such opti-
cal sources are: a high number of channels over large wavelength span, moderate output
powers (of the order of 100uW per channel) with good OSNR and spectral flatness, sin-
gle longitudinal mode operation of each laser line, tunability and accurate positioning on
the ITU frequency grid [25].

2.1. Laser output fluctuations

Many lasers, exhibit fluctuations in their output intensity that appear as either a sequence of
sharp, narrow pulses (spikes) or a small oscillation “ripple” superimposed upon the steady-
state laser output signal. The lasers that experience these fluctuations are lasers in which the
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recovery time of the excited-state population inversion is significantly longer that the laser
cavity decay time.

It has been recognized that such instabilities can significantly degrade the performance
characteristics of a sensor array based on a tunable ring laser interrogation scheme. Most
of the factors influencing stability of the output power of fiber laser have been analyzed
theoretically in detail [23]. A systematically effort to study these causes has been carried
out. Based on previous experience these studies have been focused on optimization of
some the following parameters: pump power [19], doped fiber length and ions concen-
tration [26], output coupling ratio [7], total cavity length [26], spectral hole-burning effect
[27] or the cavity losses [28]. However, polarization control seems not very important for
the multimode regime [7].

2.2. Room temperature operation of fiber lasers

Multiple gain medium: In a manner similar to semiconductor laser arrays, it is possible to
create multifrequency EDFLs that use a single gain medium per wavelength. In 1994, Taka-
hashi et al. [29] demonstrated a multifrequency ring EDFL oscillating simultaneously over four
wavelengths spaced 1.6 nm apart by using an 8 x 8 AWG and four EDFAs. Later, Miyazaki
and his co-worker [30] showed a ring EDFL that lases on 15 lines separated by 1.6nm. Again,
the laser consisted of 15 EDFAs placed between two 16 x 16 AWGs. The light from a 1480 nm
pump laser was evenly distributed to N fiber segments by a 1 x N broadband coupler. Each
segment was composed of a piece of EDF followed by an optical isolator, a tunable optical
filter and variable attenuator. By adjusting each attenuator it was possible to establish
multifrequency oscillation in this ring cavity. Independent wavelength tuning of each laser
line was the main feature of this structure.

Various schemes have been demonstrated to show both SLM and tunability simultaneously,
for example, using such schemes as a multi-ring cavity with a band pass filter [31], a tunable
tiber Bragg grating (FBG) Fabry-Perot etalon [32] and a saturable absorber with a tunable FBG
[33]. It has been shown in prior works that a section of unpumped EDF in a Sagnac loop can
be used as a saturable absorber in which two counter-propagating waves form a standing wave
and induce spatial-hole-burning (SHB). The refraction index of the unpumped EDF changes
spatially due to SHB and this results in an ultra-narrow bandwidth self-induced FBG [34], [35].

By means of optimized length of unpumped EDF, the beat frequencies corresponding to the
multimode lasing disappeared when a saturable absorber is introduced [36] so, lasers that can
be wavelength-swept over the entire C-band (1520nm-1570nm) window with linewidth less
than 0.7 kHz [37], laser that can also achieve switching modes among several wavelengths by
simple adjustment of two polarization controllers in the cavities [38], C- plus L-band fiber ring
laser with wide wavelength tunability and single-longitudinal-mode oscillation [39], genera-
tion of terahertz (THz) electromagnetic waves by photomixing two wavelengths in a high
speed photodetector [40] can be obtained among others.

In 2008, Tianshu Wang [41] reported a novel high power tunable single-frequency erbium-
doped fiber laser. The single-frequency operation was realized by using the FBG as a narrow
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band filter and a section of unpumped EDF as a saturable absorber in the cavity. The obtained
slope efficiency was more than 20%, the stability was less than 0.005 dB and the modes adjacent
to the lasing mode were completely suppressed.

Single gain medium: The very first attempts [42], [43] at room temperature operation of single
gain stage multifrequency EDFLs showed, notwithstanding their inefficiency, the great
potential of these sources. Later, Hiibner et al. [44] proved that a multifrequency EDFL could
be obtained through writing a series of DFB (distributed feedback laser) fiber Bragg gratings
in a single erbium-doped fiber. Their laser produced five lines over a 4.2 nm range. The use of
specialty doped fiber has also led to very elegant designs. A twincore EDF was used by
Graydon et al. [45] as an inhomogeneous gain medium in a multifrequency ring EDFL. In that
fiber, wavelength-dependent periodic coupling between the two cores partially decouples the
available gain for each wavelength, since they interact with a different subset of erbium ions.
Poustie et al. [46] used a multimode fiber to create a frequency periodic filter based on spatial
mode beating and showed multi-wavelength operation over four lines spaced by 2.1 nm. In
1992, Abraham et al. [47] conceived a multifrequency hybrid laser composed of a 980 nm pump
laser diode with antireflection coating coupled to an EDF with a fiber mirror. That laser
produced an output spectrum with six lines spaced by 0.44 nm. In 1997, Zhao et al. [48]
demonstrated that the control of optical feedback in a modified S-type cavity allowed stable
multifrequency operation. In addition to this, a very interesting scheme to realize room
temperature operation of a multifrequency EDFL was demonstrated by Sasamori et al. [49].
They used an acousto-optic modulator to prevent the laser from reaching steady-state
operation. Initially, the authors believed that the repeated frequency shifting of the circulating
ASE by the acousto-optic modulator prevented laser oscillation and yielded an incoherent
source. Recently, it was shown that this source is in fact a laser and its potential as a frequency
reference was demonstrated [9], [50], [51].

X.S. Liu et al. [52] experimentally demonstrated a simple-structure but efficient multiwave-
length EDFL based on dual effects of nonlinear polarization rotation (NPR) and four-wave-
mixing (FWM). With this structure, a maximum of 38-lines output in C-band and 28-
wavelength flattened output within 3 dB bandwidth in L-band, both with the same spacing of
about 0.4 nm, was obtained. Through the comparative experiments, it was demonstrated that
introducing hybrid nonlinear effects by using a length of DSF is more efficient to generate
multiwavelength lasing than using SMF.

2.3. Liquid nitrogen cooled multifrequency fiber lasers

The most obvious way to force multifrequency operation in a single gain medium EDFL is to
cool the EDF by immersion in a bath of liquid nitrogen (77 K). At these temperatures the erbium
ions become inhomogeneous, and multifrequency operation is much easier. It must be noted
that this complex and unreliable approach is not recommended for field applications. None-
theless, many potent experimental results have been published using this method and it is
worthwhile to review them. In 1996, Chow et al. [53] published results concerning a multifre-
quency ring EDFL using two different types of frequency periodic filters. They obtained eleven
laser peaks spaced by 0.65nm using a Fabry—Perot filter based on chirped fiber Bragg gratings
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[54], and five laser peaks spaced by 1.8 nm with a sampled fiber Bragg grating. An example of
these kind of structures can be seen in Figure 6.

That same year, Yamashita et al. [55] proposed a single-polarization linear cavity multi-
frequency EDFL. This laser does not use polarization-maintaining fiber and operates in a
travelling-wave mode, thus preventing spatial hole burning, since cavity feedback is pro-
vided by Faraday mirrors. A Fabry-Perot etalon is used as the frequency periodic filter.
A polarizer and a Faraday rotator are placed on each side of the etalon to prevent para-
sitic reflections. With this setup, the authors obtained simultaneous oscillation over 17
wavelength spaced by 0.8 nm. Simultaneous lasing of up to 24 wavelengths has been
demonstrated by Park et al. [56] using controlled polarization evolution in a ring cavity
and liquid nitrogen cooling to enhance spectral hole burning, polarization hole burning,
and polarization selectivity. A polarizer and a polarization controller were placed before
a piece of polarization maintaining fiber to form a Lyot filter with a free spectral range
of 1.1 nm. Finally, Yamashita et al. [57] realized a multiwavelength Er:Yb Fabry-Perot
micro-laser with 29 0.4 nm-spaced lines.

Pump
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Figure 6. Schematic diagram of a nitrogen-cooled multifrequency EDFL.

2.4. Multiwavelength fiber laser-based multiplexing systems

One of the major difficulties to detect the sensing signals when broadband light sources are
more than 50 km long is the Rayleigh scattering-induced optical noise as well as loss of
background signal in the transmission fiber [58]. To increase the performance of sensing
systems, a fiber laser-based sensing probe with a narrow bandwidth and a high extinction ratio
should be considered.

As it was said, FBGs are suitable for use as spectrally narrowband reflectors for creating
cavities for fiber lasers. Multisensor fiber Bragg grating lasers utilizes several FBGs nor-
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mally at different wavelengths, an amplification section and a mirror (or structure acting
as a mirror) to create an in-fiber cavity [59]. The utilization of an amplifying medium be-
tween the gratings and the mirror pumped inside or outside the cavity provides gain
and thus lasing. The cavity may show single mode or multimode performance depend-
ing on the gratings and the cavity length. This multimode performance can be seen in
Figure 7, where the output optical spectrum measured by a BOSA (Brillouin optical spec-
trum analyzer) for a multiwavelength erbium doped fiber ring laser tested by heating
one FBG on a climatic chamber in the range of 30°C to 100°C is shown. In addition to
this, a linear relation between each lasing wavelength with the temperature can be ob-
served. For single mode operation using typical FBG bandwidth, the cavity required to
be on the order of a few cm, thus most part of remote sensing system are multimode.
Numerous configurations to multiplex a number of FBGs have been carried out. These
new sensing configurations offer a much improved SNR than the non-lasing ones. Initial-
ly Er-doped fiber amplifiers were utilized, being nowadays utilized Raman amplification,
EDFAs and SOAs depending on the application and distance to be achieved [7].
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Figure 7. Output optical spectrum measured by the BOSA for the MEDFRL (with 1.5m of highly doped Er-fiber (Er-80)
from Liekki) tested by heating one FBG on a climatic chamber in the range of 30°Cto 100°C.

Several approaches based on fiber lasers have been reported in order to realize long-distance
and remote sensing. Peng et al. [60] proposed an advanced configuration based on the use of
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a linear cavity Raman laser configuration formed by FBGs and a fiber loop mirror to achieve
a high optical signal-to-noise ratio (50 dB), but in such a system the number of FBG sensors
was limited by the relatively low Raman gain, which is difficult to improve even by using a
high Raman pump power and multiwavelength lasing characteristics.

Another approach, also proposed by Peng et al., [61] was a multiwavelength fiber ring laser
configuration with an erbium doped waveguide amplifier and a semiconductor optical
amplifier (SOA), but only six or so FBG sensors can be used in such a system with its narrow
effective bandwidth of 20 nm, which depends on the overlap of the spectrum between the
EDFA and the SOA. Moreover, its sensing distance is limited by the SOA, which cannot be
pumped remotely.

Recently, numerous multiwavelength switchable erbium-doped fiber lasers have been
developed [62]. These topologies offer a stable operation without the necessity of passive multi-
ring cavities [63] or polarization maintaining fiber [64], are suitable for the selection of all the
possible output combinations of several different lasing wavelengths and they have been used
for remote sensing up to 50 km [65]. In addition to this, in [66], an approach using a tunable
fiber ring laser with hybrid Raman-Erbium-doped fiber amplification was demonstrated,
obtaining an optical SNR of 60 dB for 50 km. However, ultra-long distance FBG multiplexing
systems have been demonstrated [67] without using optical amplification, obtaining accepta-
ble signal to noise ratios (20 dB) after 120 km. Besides, a 200 km long fiber ring laser for
multiplexing FBG arrays was recently developed [68] and it was also able to detect four
multiplexed FBGs placed 250 km away, offering a signal to noise ratio of 6-8 dB [69].

As can be seen in [70] backward Raman amplification approach is an effective way to realize
ultra-long distance FBG sensing systems. Because of that, a 300km transmission distance has
been recently achieved with an optical SNR of 4 dB [71], which is the longest FBG sensing
distance, to the best of our knowledge.

3. Laser cavity resonance modes

In a typical laser, the number of cavity resonances that can fit within the gain bandwidth is
often plotted as a function of laser output power versus wavelength. This subsection deals
with how varying the appropriate frequencies can alter curves describing the number of cavity
modes and gain bandwidth of a laser.

One can suppress all but one lasing mode by increasing the spacing between adjacent modes
such that other modes lie outside the width of the laser gain curve. This is usually achieved
by designing very short cavity lasers. In fiber lasers, this can be achieved by designing a very
short (few centimeters long) standing-wave cavity combined with one or two narrow band
Bragg gratings that select a single longitudinal mode.

A common misconception about lasers results from the idea that all of the emitted light is
reflected back and forth within the cavity until a critical intensity is reached, whereupon some
“escapes” through the output mirror as a beam [72]. In reality, the output mirror always
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transmits a constant fraction of the light as the beam, reflecting the rest back into the cavity.
This function is important in allowing the laser to reach an equilibrium state, with the power
levels both inside and outside the laser becoming constant.

Due to the fact that the light oscillates back and forth in a laser cavity, the phenomenon of
resonance becomes a factor in the amplification of laser intensity. Depending upon the
wavelength of stimulated emission and cavity length, the waves reflected from the end mirrors
will either interfere constructively and be strongly amplified, or interfere destructively and
cancel laser activity. Because the waves within the cavity are all coherent and in phase, they
will remain in phase when reflected from a cavity mirror. The waves will also be in phase upon
reaching the opposite mirror, provided the cavity length equals an integral number of
wavelengths. Thus, after making one complete oscillation in the cavity, light waves have
traveled a path length equal to twice the cavity length. If that distance is an integral multiple
of the wavelength, the waves will all add in amplitude by constructive interference. When the
cavity is not an exact multiple of the lasing wavelength, destructive interference will occur,
destroying laser action. The following equation defines the resonance condition that must be
met for strong amplification to occur in the laser cavity:

N - A =2-(Cavity length) 3)

where N is an integer, and A is the wavelength. The condition for resonance is not as critical
as it might appear because actual laser transitions in the cavity are distributed over a range of
wavelengths, termed the gain bandwidth [72]. Wavelengths of light are extremely small
compared to the length of a typical laser cavity, and in general, a complete roundtrip path
through the cavity will be equivalent to several hundred thousand wavelengths of the light
being amplified.

Resonance is possible at each integral wavelength increment and because the corresponding
wavelengths are very close, they fall within the gain bandwidth of the laser. Figure 8 illustrates
a typical example in which several resonance values of N, referred to as longitudinal modes
of the laser, fit within the gain bandwidth.

Laser beams have certain common characteristics, but also vary to a wide degree with respect
to size, divergence, and light distribution across the beam diameter. These characteristics
depend strongly upon the design of the laser cavity (resonator), and the optical system
controlling the beam, both within the cavity and upon output. Although a laser may appear
to produce a uniform bright spot of light when projected onto a surface, if the light intensity
is measured at different points within a cross section of the beam, it will be found to vary in
intensity. Resonator design also affects beam divergence, a measure of beam spreading as
distance from the laser increases. The beam divergence angle is an important factor in
calculating the beam diameter at a given distance.
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In order to obtain monochromatic or single-mode laser radiation, it is usually necessary to
insert a frequency dependent loss element (a filter) to insure that gain exceeds loss for only a
single longitudinal mode.

4. Fiber lasers

4.1. Rare earth doped optical fiber lasers

Rare earth doped optical fibers are now a well-established class of gain media with many
diverse applications that extend far from the original conceived application; namely, in-line
amplifiers [73], [74]. Erbium-doped silica fiber lasers have been use, for example, for distrib-
uted sensing applications [75], remote sensing of magnetic fields [76], and as sources of optical
solitons for all-optical fiber-based communications networks [77]. Many of these applications
have evolved because of the advantages accrued from placing the rare earth ion in the optical
fiber host lattice. The interaction between the rare earth ion and the intrinsic electric field
associated with the host results in a broadening of the absorption and emission lineshapes
associated with the rare earth ion. It is fortuitous that the absorption bands associated with
many of the rare earth ions occur at wavelengths that are common to well-established laser
diodes. The broadening of the absorption bands removes some of the wavelength-tailoring
problems encountered with rare earth doped crystalline materials [78]. In fact, the ability to
convert the output radiation from low-cost laser diodes, which generally occurs in a low-
quality output mode with a poor frequency definition, into a high-brightness coherent source,
is beneficial to applications, such as remote sensing and fiber-based communication systems,
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because it results in compact systems with low power requirements. The broadband emission
of trivalent rare earth ions allows the development of sources emitting either broad continu-
ous-wave (CW) spectra or ultrashort pulses, as well as widely tunable narrow-linewidth
operation [73].

A fiber laser using a trivalent rare earth as the active element has the potential for very narrow
linewidth operation compared with other sources that oscillate in the same spectral regions,
such as semiconductor lasers [73]. The output radiation from a single-frequency laser is not
monochromatic, but has a finite bandwidth. The theoretical limit for the bandwidth is known
as the Schalow-Townes limit and depends on both the linewidth of an individual longitudinal
mode of the cavity and the amount of amplified spontaneous emission coupled to the oscil-
lating longitudinal mode [22]. The cavity linewidth scales inversely with the cavity length of
the laser, and the waveguiding nature of a fiber allows cavity lengths of many meters to be
established. In comparison, the cavity length of semiconductor lasers is typically a fraction of
a centimeter. Also, the optimum linewidth that can be expected from a fiber laser is signifi-
cantly smaller than that of a semiconductor laser, making the fiber a suitable tool for narrow-
linewidth applications [22].

Because of potential applications of multiwavelength fiber lasers, such as the fields of optical
communication, optical fiber sensing, optical component testing and microwave photonics
among other, erbium-doped fiber lasers emitting in multiple wavelengths simultaneously
have attacked much interest recently [79],[80]. The multiwavelength fiber lasers used have
various advantages such as the wavelength multiplexing operation, simple and compact
structure, low cost, and small insertion loss, etc. It is worth mentioning than another important
application of these multiwavelength fiber lasers is their use as light sources themselves in
WDM systems.

Erbium-doped fiber is rarely employed to implement a stable multiwavelength lasing at room
temperature owing to the homogeneous line-broadening property of the EDF. Over the last
decade, various approaches have been proposed to address the above issue, for example, as it
was previously pointed out in section 2.3, the EDF cooling the frequency shifting [9], the spatial
and polarization hole-burning-effect-based [81], the nonlinear effects, and the nonlinear
polarization rotation-based methods [82]. Most of these aspects have the following drawback:
they use to offer few lasing wavelengths or they use to show a rather broad linewidth.

Moreover, EDFLs can operate in several wavelength regions, ranging from visible to far
infrared. The 1.55 um region has attracted the most attention because it coincides with the low-
loss region of silica fibers used for optical communications.

The performance of EDFLs improves considerably when they are pumped at the 0.98 or 1.48
um wavelength because of the absence of excited-state absorption. Indeed, semiconductor
lasers operating at these wavelengths have been developed solely for the purpose of pumping
Er-doped fibers. Their use has resulted in commercial 1.55-pum fiber lasers.

EDFLs pumped at 1.48 um also exhibit good performance. In fact, the choice between 0.98 and
1.48 um is not always clear since each pumping wavelength has its own merits. Both have been
used for developing practical EDFLs with excellent performance characteristics [83], [84].
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An important property of continuously operating EDFLs from a practical standpoint is their
ability to provide output that is tunable over a wide range and many techniques can be used
to reduce the spectral bandwidth of tunable EDFLs [2]. Ring cavities can also be used to make
tunable or switchable EDFLs [62], [65], [85].

Besides, fiber gratings can also be used to improve the performance of EDFLs. Since 1990, when
a Bragg grating was used to realize a line width of about 1 GHz [86], fiber gratings have been
used in EDFAs for a variety of reasons [87]. The simplest configuration splices a Bragg grating
at each end of an erbium-doped fiber, forming a Fabry—Perot cavity. Such devices are called
distributed Bragg reflector (DBR) lasers. These fiber lasers can be tuned continuously while
exhibiting anarrow line width. They can also be made to oscillate in a single longitudinal mode
by decreasing the fiber length. Multiple fiber gratings can be also used to make coupled-cavity
fiber lasers. Figure 9 shows an example of the output power spectral density of a single-stage
EDFA (with two FBGs centered at 1540 and 1545nm and pump power of 900mW at 980nm. This
EDFA (Photonetics, model BT 1300) provides 13 dBm output saturation power and a maximum
35 dB small signal gain.

Output Power (dBm)
N
(=]

1510 1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

Figure 9. Output power spectral density (res=0.1nm) of a single-stage EDFA with A\;=1540nm, A,=1545nm, P,=90mW,
=32 m, and A,=980nm.

Multiwavelength optical sources, capable of simultaneously emitting light at several well
defined wavelengths, are useful for WDM lightwave systems. Fiber lasers can be used for this
purpose, and numerous schemes have been developed [88]. The cavity length is made quite
small (~ 1 mm or so) since spacing between the lasing wavelengths is governed by the
longitudinal-mode spacing. A Imm cavity length corresponds to a 100 GHz wavelength
spacing. Such fiber lasers operate as standard multimode lasers. Cooling of the doped fiber
helps to reduce the homogeneous broadening of the gain spectrum to below 0.5 nm. The gain
spectrum is then predominantly inhomogeneously broadened, resulting in multimode
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operation through spectral hole burning. Long cavities with several meters of doped fibers can
also be used. Wavelength selection is then made using an intracavity comb filter such as a
Fabry—Perot interferometer.

Many other rare-earth ions can be used to make fiber lasers. Holmium, samarium, thulium,
and ytterbium have been used in nearly simultaneous experiments to make fiber lasers
emitting at wavelengths ranging from visible to infrared. Attention later shifted to Pr3+ ions
in an attempt to realize fiber lasers and amplifiers operating at 1.3 um. Pr-doped fiber lasers
can also operate at 1.05 um. Thulium-doped fiber lasers have attracted considerable attention
because of their potential applications. Operation at several other important wavelengths can
be realized by using fluoride fibers as a host in place of silica fibers.

Holmium-doped fiber lasers have attracted attention because they operate near 2 um, a
wavelength useful for medical and other eye-safe applications. Thulium codoping permits
these lasers to be pumped with GaAs lasers operating near 0.8 um. Ytterbium-doped fiber
lasers, operating near 1.01 um and tunable over 60 nm, were first made in 1988 [89]. In 1992,
the use of fluoride fibers as the host medium provided output powers of up to 100 mW. In a
later experiment, more than 200-mW power with a quantum efficiency of 80% was obtained
from a silica-based Yb-doped fiber laser pumped at 869 nm [90].

4.1.1. Single longitudinal mode operation

A number of schemes have also been demonstrated to show single-longitudinal mode (SLM),
using such schemes as a multi-ring cavity with a band pass filter [31], a tunable fiber Bragg
grating (FBG) Fabry-Perot etalon [32] and a saturable absorber with a tunable FBG [33]. In
addition to this, it has been experimentally demonstrated [36] that the beat frequencies
corresponding to the multimode lasing disappeared when saturable absorber (an optimized
length of unpumped EDF) is introduced.

Even when single-mode regime is achieved, these lasers suffer from multi-gigahertz mode
hopping. However these rings are at least several meters long so thermally induced hops to
adjacent cavity modes still occur. An alternative approach is to use gratings, or distributed
Bragg reflectors (DBR), in a linear cavity. These can be fabricated directly into an optical fiber
through refractive index changes induced by short wavelength radiation to provide both
optical feedback and wavelength selectivity [91]. Such a linear laser must possess better
wavelength selectivity than a ring to overcome spatial hole burning. However, because the
cavity losses can be so low, the resonator can potentially be made much shorter and with
greater finesse. Singlemode operation has been reported in erbium-doped fiber DBR lasers
with cavity lengths of 50cm [91] and 10cm [87]. To assure that the singlemode operation is
robust, the cavity should be sufficiently short such that the mode spacing is comparable to the
grating bandwidth.

On the other hand, and as reported in [92], a SLM fiber ring laser can be made to annihilate
the mode competition with an auxiliary lasing. Owing to the interaction of the seed light
produced from one channel to the other one and vice versa, multiple-longitudinal-mode
oscillation can be suppressed, and thus the mode competition and mode hopping is not
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produced. Therefore, the laser oscillation is rather stable. In a single-wavelength operation of
these lasers, has been experimentally demonstrated that multiple longitudinal modes are
supported by the cavity. However, for similar pumping levels, a single-mode operation of the
laser when we emit simultaneously several wavelengths using a special ring cavity configu-
ration has been achieved [85]. The stable SLM operation is guaranteed if the output power of
both channels is similar. This implies that it is possible to avoid the utilization of additional
optical filtering techniques (that reduce the optical efficiency) to achieve the SLM operation.

4.1.2. Applications of single frequency fiber lasers

The narrow linewidhs and excellent frequency noise characteristics of single-frequency fiber
lasers make them ideal form many applications. One key area for which the fiber geometry is
attractive is remote sensing. The advent of fiber lasers based on Bragg reflectors has triggered
arevolution in sensing applications, making possible, for example, the ustrasensitive detection
of strain and magnetic fields. The narrowband reflection of the Bragg reflector meant that only
a small precentage of the incident signal was reflected by the device, resulting in difficulties
in extracting the optical signal from the background noise. The ability to incorporate Bragg
gratings into fiber lasers has allowed the development of high-power (> ImW) sensitive optical
sensors and alleviated these signal to noise problems [73].

Several approaches have been investigated to developed fiber laser based strain sensors [93].
Also, cavities for narrow-linewidth fiber lasers can be made with matched pairs of fiber Bragg
reflectors. These lasers have been employed to produce both single point and multipoint
sensors [94]. Instead of using the Bragg reflector to sense the environmental change, the actual
laser acts as the sensor. As itis well known, a change in the optical path length induces a change
in the frequency, so by monitoring the wavelength change the environmental perturbation can
be monitored. The multipoint sensor consists of a series of fiber lasers made from Bragg
reflectors peaking at different wavelengths. In addition to this, magnetic fields can be detected
using an active fiber laser sensor [76]. A single frequency fiber laser was attached to a magne-
tostrictive element. This element exhibits a quadratic dependence to the applied field, and it
can be used to detect either AC or DC magnetic fields [73].

The foregoing sensors rely on changes in laser wavelength to provide information on the
perturbation applied to the active sensor. The polarization properties of fiber lasers can be also
be exploited to produce a sensor. Dual-frequency operation can be obtained in narrow-
linewidth fiber lasers by exiting the orthogonal polarization axes of the weakly birefringent
laser cavity. Because the refractive indices associated with polarization axes are different, the
oscillating frequencies of the two modes are also different. Detection of these two frequencies
result in a beat note at the detector. By applying to the cavity a perturbation that alters its
birefringence, the beat frequency changes, and by monitoring this frequency change the
applied perturbation can be quantified.

The need for a suitable standard close to 1.5 pum is driven by the use of narrow-linewidth lasers
for wavelength multiplexed communication systems. In general, the light sources used for
these systems have been distributed feedback semiconductor lasers. However, it has been
demonstrated that narrow-linewidth fiber lasers are a potentially suitable replacement [73].
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5. Raman lasers

Raman fiber lasers (RFLs) are attractive light sources for generating laser light at wavelengths
which are difficult to obtain with other lasers. One of the most significant characteristics of
these lasers is versatility in terms of wavelength, since Raman gain is achievable throughout
the complete window of transparency of silica (300-2200nm). Providing that a suitable high
power pump is provided, the Raman amplification process can be cascaded several times [95]
allowing lasing in a broad wavelength range. Such wavelength versatility cannot be achieved
using traditional lasers based on rare-earth-doping that have limited emission bands not
broader than a few tens of nanometers. The nonuniform nature of the Raman gain spectrum
is of concern for wavelength-division-multiplexed (WDM) lightwave systems because
different channels will be amplified by different amounts. This problem is solved in practice
by using multiple pumps at slightly different wavelengths. Each pump provides nonuniform
gain but the gain spectra associated with different pumps overlap partially. With a suitable
choice of wavelengths and powers for each pump laser, it is possible to realize nearly flat gain
profile over a considerably wide wavelength range.
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Figure 10. Measured gain evolution observed within a 50 km standard fiber transmission span for different pump
powers.

In addition to this, and besides the advantages due to distributed amplification, another merit
of the Raman amplifier is that any gain band can be tailored by proper choice of pump
wavelength. One of the main purposes of discrete Raman amplifiers is to realize an amplifier
operating in different windows than EDFA. There have been many efforts to develop discrete
Raman amplifiers operating in 1.3 [96], 1.52 [97], and 1.65 pm [98] bands. Because the interac-
tion length of the Raman amplifier is typically orders of magnitude longer than that of EDFA,
nonlinearity, saturation, and double Rayleigh backscattering may become serious issues.
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However, by optimizing the length of the gain fiber (see Figure 10) and using a two-stage
structure, one may be able to design discrete Raman amplifiers that are good for signal
transmissions. Raman fiber lasers have been used in several of the pioneering experiments in
distributed Raman amplification. For example, the first demonstrations of (a) capacity
upgrades using Raman amplification by Hansen et al. [99], (b) multiwavelength pumping for
large bandwidth by Rottwitt and Kidorf [100], and (c) higher order pumping by Rottwitt et al.
[101] all used single wavelength Raman fiber lasers. Many other systems’ results have also
established an RFL as a viable Raman pump source.

In long-distance FBG systems, the most important problem is Rayleigh scattering in the
transmission fiber connecting the FBGs and interrogator. The noise floor of the FBG re-
flection spectrum is caused by Rayleigh-scattered light. The FBG reflection spectrum de-
tected by the interrogator decreases and the power of the Rayleigh-scattered light
increases as the length of the transmission fiber increases. When the length is about 70
km, the signal to noise ratio (OSNR) of the FBG reflection spectrum becomes very low,
limiting the practical length of the transmission fiber for FBG sensor systems of about
this length (70 Km). A number of long-distance remote sensing systems using multiwa-
velength Raman lasers have been also proposed [102].

There were several methods used to improving the sensing distance of FBG-based sensor
systems [103]. Based on a tunable laser and optical amplification, a sensing distance of 100km
was achieved with a SNR of about 57 dB [104]. Takanori Saitoh et al. developed a FBG sensor
system based on EDFA, whose performance was highly dependent on the quality of the light
source and sensing distance of 230 km was obtained with a SNR of 4dB [70]. On the other hand,
Fernandez-Vallejo et al. developed an ultra-long range fiber Bragg grating sensor interrogation
system able to detect four multiplexed FBGs placed 250 km away, offering a signal to noise
ratio of 6-8 dB [104]. Due to in many applications, such as railway, oil or gas pipelines, FBG
sensor systems with even longer sensing distance are needed. Recently, a novel tunable fiber
ring laser configuration with combination of hybrid Raman amplification and EDFA has been
presented [105] to improve the sensing characteristics of the FBG-based ultra-long sensor
system. A maximum sensing distance of 300 km with an SNR of about 4 dB has been obtained.

6. Random lasers

Random lasers are miniature sources of stimulated emission in which the feedback is provided
by scattering in a gain medium [107]. Random lasers have currently evolved into a large
research field. The recent review of random lasers can be found in [108]. Since scattering
provides the feedback in random lasers, they do not require any external cavity or mirrors.
However, external mirrors enhance the performance of random laser if they are positioned
close enough to the gain medium and help to increase the feedback of stimulated emission or
the efficiency of utilization of pumping. The random laser with one mirror, which had high
transmission at the pumping wavelength and high reflection at the stimulated emission
wavelength, was demonstrated in [109]. It has been shown that the mirror helps to reduce the
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threshold by~25% and increase the slope efficiency by~30%. The relatively moderate im-
provement was explained by the fact that the mirror and the laser powder in [109] were
separated by al mm thick wall of the cuvette.

An intrinsic fundamental loss mechanism of an optical fiber is Rayleigh scattering (RS) [110].
When using Raman amplification besides losses due to RS there will also be losses due to
double Rayleigh scattering (DRS). The long lengths of fiber used for Raman amplification make
the Rayleigh scattering associated noise an issue. As the gain in Raman amplifiers increases so
will RS and DRS, which eventually limit the achievable gain [111]. An interesting approach in
order to diminish these losses is using this Rayleigh associated noise as an active part of the
laser. It can be used as a distributed random mirror transforming what were losses in gain in
the output signal [112], [113]. Lasers taking advantage of cooperative Rayleigh scattering as a
self-feedback mechanism of Brillouin-Rayleigh scattering have been reported [114]-[116].
Schemes have been implemented by using four-wave mixing method through the use of
reduced high nonlinear Bismuth-erbium doped fiber for Brillouin-Raman multiwavelength
lasing with comb generation [117], or high-reflectivity mirror in the linear cavity for distributed
feedback [118], [119]. Different multiwavelength Raman fiber lasers based in these same
structural setups have been recently developed: a multiwavelength Raman fiber laser based
in highly birefringent photonic crystal fiber loop mirrors combined with random mirrors [110]
or based in Sagnac structures [120], [121].

7. Other fiber lasers

Besides the fiber lasers previously pointed out, there are other fiber lasers that it is worth taking
into consideration. This subsection is devoted to show some of the most common types.

Different techniques have been used to Q-switch a fiber laser. Q-switching can be achieved
actively through the action of an electrically controlled loss modulator. It can also be carried
out passively [73]. For example, a saturable absorber placed in the cavity acts as a loss
modulator, with an intensity-dependent transmission controlled by the laser field itself. Active
Q-switching has been used preferentially with fiber lasers. Ideally, in its low-transmission state
the loss modulator should introduce a loss high as possible, to maintain the laser below
threshold while gain is built-up to high values. On the other hand, it should be as transparent
as possible in its high-transmission state, to minimize the loss it adds to the laser field. Finally,
the switching time of the loss modulator should be short enough to accommodate the rapidly
expanding laser field. A slow-opening modulator is a source of loss and can also result in
multiple pulsing [22], [122].

Mode-locked fiber lasers are capable of producing pulses with widths from close to 30 fs
to Ins at repetition rates, ranging from less than 1 MHz to 100 GHz. This versatility, as
well as the compact size of optical fibers, is quite unique in laser technology, and thus
open up fiber lasers to a large range of applications. Indeed, mode-locked fiber lasers
have been established as a premier source of short optical pulses, ranking equally with
semiconductor and solid-state lasers. As mode-locked fiber laser technology matured and
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these lasers became commercially available, they have been used in many different
fields, such as laser radar, all-optical scanning delay lines, nonlinear frequency conver-
sion, injection-seeding, two-photon microscopes, THz generation, and optical telecommu-
nications, just to mention the most widely publicized areas [73].

Separately, stimulated Brillouin scattering (S5BS) is a nonlinear process that can occur in optical
fibers at input power levels much lower than those needed for stimulated Raman scattering
(SRS). It manifests through the generation of a backward-propagating Stokes wave that carries
most of the input power, once the Brillouin threshold is reached. For this reason, SBS limits
the channel power in optical communication systems. At the same time, it can be useful for
making fiber-based Brillouin amplifiers and lasers.

Brillouin fiber lasers consisting of a Fabry—Perot cavity exhibit features that are qualitatively
different from those making use of a ring cavity. The difference arises from the simultaneous
presence of the forward and backward propagating components associated with the pump
and Stokes waves. Higher-order Stokes waves are generated through cascaded SBS, a process
in which each successive Stokes component pumps the next-order Stokes component after its
power becomes large enough to reach the Brillouin threshold. At the same time, anti-Stokes
components are generated through four-wave mixing between copropagating pump and
Stokes waves. The number of Stokes and anti-Stokes lines depends on the pump power. Most
Brillouin fiber lasers use a ring cavity to avoid generation of multiple Stokes lines through
cascaded SBS. The performance of a Brillouin ring laser depends on the fiber length used to
make the cavity.

Considerable attention was paid during the 1990s to developing hybrid Brillouin erbium fiber
lasers capable of operating either at several wavelengths simultaneously or in a single mode,
whose wavelength is tunable over a wide range [106]. Besides the foregoing fiber lasers, some
novel FBG interrogation techniques for remote sensing using a hybrid Brillouin-Raman fiber
laser (100 km) [123] or combining Raman, Brillouin and erbium gain in a fiber laser (155 km)
[124] have experimentally demonstrated.

8. Conclusions

This work dealt with various aspects of the multiwavelength fiber lasers. These kinds of lasers
can be designed with a variety of choices for the laser cavity, because of that a brief explanation
about the suitable configuration design has been shown.

There are a number of fiber lasers with different configurations and amplification methods;
however this work has been centered on the erbium doped and Raman fiber lasers. The
importance of the multiwavelength fiber lasers has been pointed out. Some of their problems,
such as the laser output fluctuations, have been explained just as several reported stabilization
techniques.

Finally, itis worth highlighting that multiwavelength fiber lasers are the hot topic in industrial-
laser circles. They promise to revolutionize the laser industry through a disruptive combina-
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tion of high reliability, high efficiency, low cost, and excellent beam quality. Fiber lasers are

merely the most prominent example of these technologies’ proliferation in industrial lasers.
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