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The rise in output power from rare-earth-doped fiber sources over the past decade, via the use of claddingpumped fiber architectures, has been dramatic, leading to a range of fiber-based devices with outstanding performance in terms of output power, beam quality, overall efficiency, and flexibility with regard to operating
wavelength and radiation format. This success in the high-power arena is largely due to the fiber’s geometry,
which provides considerable resilience to the effects of heat generation in the core, and facilitates efficient conversion from relatively low-brightness diode pump radiation to high-brightness laser output. In this paper we
review the current state of the art in terms of continuous-wave and pulsed performance of ytterbium-doped
fiber lasers, the current fiber gain medium of choice, and by far the most developed in terms of high-power
performance. We then review the current status and challenges of extending the technology to other rare-earth
dopants and associated wavelengths of operation. Throughout we identify the key factors currently limiting
fiber laser performance in different operating regimes—in particular thermal management, optical nonlinearity, and damage. Finally, we speculate as to the likely developments in pump laser technology, fiber design and
fabrication, architectural approaches, and functionality that lie ahead in the coming decade and the implications they have on fiber laser performance and industrial/scientific adoption. © 2010 Optical Society of
America
OCIS codes: 140.3510, 140.3580, 140.5680, 060.2320.

1. INTRODUCTION
Over the last decade powers produced by fiber lasers have
shown a remarkable increase, by an average factor of 1.7
each year, corresponding to ⬃2 orders of magnitude over
the past decade (Fig. 1), and representing a much steeper
increase than that shown by their bulk solid-state counterparts. These increased power levels, with yet higher
powers anticipated, are leading to a rapid penetration of
fiber systems into applications formerly dominated by
other lasers. However, the attraction of fiber lasers goes
way beyond the capacity to generate raw optical power,
since they possess a number of other physical attributes
that distinguish them from other classes of lasers and
that differentiate them in terms of functionality, performance, and practicality. These include the following features, all of which have played an important role in establishing the commercial interest and driving the relatively
rapid development and practical deployment of fiber lasers:
• Robust single- (transverse) mode operation in monomode fibers, giving—in particular—a significant degree of
freedom from the thermally induced mode distortions
commonly shown by bulk solid-state lasers.
• Broad gain linewidths (up to ⬃20 THz), allowing ultrashort pulse operation, and a wide wavelength tunability.
• Availability of high gains, offering the option of master oscillator power amplifier (MOPA) schemes. In fact, a
high power fiber laser system typically consists of a low or
medium power master oscillator followed by a high power
fiber amplifier.
0740-3224/10/110B63-30/$15.00

• Ultrahigh optical and electrical to optical conversion
efficiencies.
• Fully fiberized cavities without the need for careful
alignment of free-space components allowing for robust
and compact system designs.
The aim of this paper is to review the progress made to
date toward higher power operation of fiber lasers across
a broad range of operation regimes and to look ahead toward the developments and research themes that are
likely to shape the further development of the technology
over the next decade. The paper is structured as follows.
We begin in Section 2 by providing a review of the current
state of the art in terms of high power continuous-wave
(cw) operation—as best exemplified by progress in the
field of ytterbium-doped fiber-based laser (YDFL) systems, which are currently the preferred gain media by
virtue of their efficiency, broad gain bandwidth, and operational wavelength around 1060 nm. In Section 3, we
review progress in pulsed-fiber-laser performance, again
largely in the context of YDFLs, but with the emphasis
being to illustrate the broad range of operational modes
that are possible using fiber laser technology. In Section 4,
we complete our summary of the current state of the art
by describing progress in terms of power scaling of fiber
lasers operating on other rare-earth (RE) transitions and
in particular those that allow the generation of laser light
at important longer nominally eye-safe wavelengths
around 1550 and 2000 nm. Our intention throughout
these sections is not to be rigorously complete in terms of
reviewing the existing state of the art, as the space available simply precludes this. Rather, we look to providing a
© 2010 Optical Society of America
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Fig. 1. Progress in output power from diffraction-limited and
near-diffraction-limited fiber lasers. Since 1999, all results are
with Yb-doped fibers.

high level overview of the technology that will be accessible to the non-fiber specialist and identify the key issues
that will likely ultimately limit the performance in different operational regimes. Furthermore, despite the length
of this paper, there are many important aspects and advances we have not included, e.g., when it comes to fiber
composition and fabrication. Photodarkening is particularly important, and we refer the interested reader to the
literature.
In Section 5, finally, we attempt to look ahead and provide a personal view as to how the technology is likely to
evolve in the light of technological advances in relevant
underpinning areas and speculate as to the new fibers,
system concepts, and architectures required to continue
to extend the performance envelope on all fronts over the
coming decade. Fiber lasers are optically pumped, and
this makes the development of semiconductor pump
sources particularly important. We draw our conclusions
in Section 6.

2. STATE OF THE ART—CONTINUOUSWAVE FIBER LASERS
High power YDFLs have been described in detail in several publications [1–6], and our aim here is to concentrate
on the most important points. The first operation of a fiber laser, in the early 1960s, was demonstrated by Snitzer
and co-workers [7–9] and revisited in the 1970s by Stone
and Burrus [10], before major interest was rekindled in
1985 due largely to the efforts of Payne and co-workers
[11,12]. Their work on neodymium-doped fibers revealed
the potential for optical gains of several decibels per milliwatt of absorbed pump power. Consequently, even with a
modest pump power of a few milliwatts, provided by
cheap and by then readily available laser diodes (LDs),
levels of optical gain could be reached that were highly
promising for applications such as optical telecommunication amplifiers. In that context, interest was focused on
the erbium-doped fiber amplifier [13], whose operating
wavelength of ⬃1.55 m falls in the third telecommunication window. This was of immense importance, because
no solution existed at the time for this huge application.
The impact on telecommunications of this work has been
profound, leading to the development of the Internet as
we know it today. Besides the excitement about telecommunication amplifiers there was also considerable interest in fiber lasers, as they offer a number of attractive features when compared to other lasers. Now, nearly 50

Richardson et al.

years after the initial demonstration, and 25 years from
their renaissance, cw fiber lasers, specifically silica-host
YDFLs, have reached 10 kW in the single-mode (SM) regime [14]. This is one order of magnitude higher than for
other single-mode fiber sources. The attractions and potential of Yb-doped fibers had been recognized by Hanna
and co-workers in 1990 [1,2,15]. These include a broad
gain bandwidth, with operation from 975 nm [15–18] to
1180 nm [19] demonstrated in different devices. While
YDFLs work best between 1060 and 1100 nm, laser operation even at these extreme wavelengths has been
scaled to a very respectable 100 W and above. A tuning
range of 110 nm has been achieved at the watt level [20],
and as much as 152 nm at lower power [15].
Another attraction is the broad absorption band extending from 900 to 980 nm, covering wavelengths at
which high power pump LDs are at their best. The absorption further extends out to 1050 nm, which allows
tandem-pumping (in-band pumping with high-brightness
pump sources) [14,21] at wavelengths close to the emission wavelength. Figure 2 shows the absorption and emission spectra of Yb-doped silica fiber. Additional spectroscopic attractions include a long, 1 ms, metastable state
lifetime and a simple energy level structure with only two
4f energy levels, which benefits energy storage and allows
the use of high doping concentrations. In addition, as with
other RE dopants, the fiber geometry facilitates low laser
thresholds, high gain efficiency, and high gain. These features have paved the way for power scaling in a wide
range of fiber-based devices.
A. Power Scaling of Ytterbium-Doped Fiber Sources
It is for high powers, though, that YDFLs are most renowned. Since 1999, the record-breaking near-diffractionlimited fiber lasers shown in Fig. 1 have all been
Yb-doped. Yb’s superior power-scaling properties stem
from an exceptionally low quantum defect for LD pumping at 9xx nm, and thus a low thermal load, as well as
high permissible dopant concentrations and thus high
pump absorption per unit length. These are both important factors for power scaling of fiber lasers, with the
thermal management greatly further simplified by the fiber geometry. Nonlinearities and damage are equally important factors. These are easiest to avoid in cw operation, and consequently the record-breaking lasers in
terms of the average power have all been cw.
Three key technologies underpin Yb-doped as well as
other high power RE-doped fiber lasers: One is low-loss

Fig. 2. Emission and absorption spectrum of ytterbium ions in
different silica hosts.
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doping with RE ions [7]. The other two are directly related to pumping, reflecting its importance for power scaling. They are high power multimode (MM) LDs [22] and
double-clad fibers, which open up the option of claddingpumping [23–25]. Cladding-pumped fiber lasers have
proven to be remarkably scalable and have been the platform for the impressive rate at which the power has increased over the last two decades, following the initial
demonstration in 1988 [25]. The essence of this doublecladding approach is that the active RE-doped core is surrounded by a much larger “inner cladding” (see Fig. 3).
The pump beam is launched into the inner cladding and
confined within it by an outer cladding, which surrounds
the inner cladding. The pump is then progressively absorbed into the core as it propagates along the fiber.
Thereby, a MM pump can efficiently pump a monomode
core and produce a single-mode fiber laser output. Thus,
by means of rather simple and robust configurations (see
Fig. 4) one achieves a large enhancement of the fiber laser’s beam brightness compared to that of the pump.
Cladding-pumped YDFLs allow for up to 6 orders of magnitude brightness enhancement, and close to 5 orders
have been demonstrated experimentally [3,5,26], although 3–4 orders are more typical. This stems from the
larger spatial and angular pump acceptance [represented
by the product of area and the square of the numerical aperture (NA)] for the inner cladding compared to that of
the core. Since brightness is the relevant figure of merit
for so many applications, the relative ease with which fiber lasers have achieved this brightness enhancement at
high power has been the stimulant for a widespread and
rapid increase in efforts on fiber laser development, leading to the improvements illustrated in Fig. 1 and many
other impressive results besides those. As a result, high
power fiber lasers are now the leading contenders for
many important scientific and industrial applications.
From a historical perspective it is worth saying that the
initial aspirations of cladding-pumped fibers were considerably more modest, for example, targeting telecommunication amplifiers at 1.5 m at the sub-watt level [27]. The
output power in those days was largely limited by the
power and availability of pump diodes with beam quality
good enough for launch into the double-clad fibers. The
low pump brightness favored the use of gain media with
low thresholds, including Er:Yb co-doped silica emitting
at 1.5– 1.6 m. In these, a high Yb-to-Er concentration ratio increases the pump rate of the Er ions [28,29]. Nd is a
four-level system when emitting at ⬃1060 nm, with an
even lower laser threshold. Combined with the relatively

Fig. 3.

(Color online) Principle of cladding-pumping.
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Fig. 4. Schematic of a (a) cladding-pumped fiber laser and (b)
fiber amplifier in free-space end-pumped and all-fiber sidepumped configurations, respectively.

advanced state of diodes for the pumping of Nd:YAG at
808 nm, this made Nd the dopant of choice for early high
power fiber lasers [30].
Today’s high power pump diodes are sufficiently bright
to make threshold considerations largely unimportant for
most high power fiber lasers. However, there are exceptions, with the fiber disk laser being a prominent example
[31]. This operates with a relatively low pump intensity
and uses a highly MM Nd-doped core to enhance the
pump absorption efficiency. The first kilowatt-level MM fiber laser was demonstrated in 2002 using this architecture with three cascaded high power gain blocks [31].
Despite this impressive result, Nd-doped fiber lasers in
this wavelength range have largely been sidelined by Yb,
following the advent of high-brightness 9xx nm pump diodes. These overcame the hurdle of ytterbium’s higher
threshold and brought out the advantages of a lower
quantum defect and, crucially, a higher quench-free concentration. The demonstration of the first single-mode Ybdoped fiber laser with over 100 W of output power in 1999
[32] served as convincing evidence of these advantages
and a sign of the progress that was to come. This laser
used a fiber with relatively small inner cladding and core,
which—as one would suspect—brought both the diodes
and the fiber relatively close to their limits, e.g., in terms
of diode damage and fiber nonlinearities. Nevertheless,
this important demonstration illustrated that the basic
technology was in place to allow for a rapid increase in
the average power by scaling the size of the optical fiber
and the pump diode source. Soon thereafter, the claddingpumped fiber laser reached the kilowatt level [33], using a
simple YDFL end-pumped by diode stacks. Following refinements of the large-area core design and fabrication,
single-mode operation was demonstrated as well [3],
something which would not have been possible with Nd
doping. These Yb-doped fibers had inner-cladding diameters (for the pump waveguide) of almost 1 mm and core
diameters of around 40 m [3,5,33]. Thus, the innercladding-to-core area ratio was around 400, and the output beam was up to 5 orders of magnitude brighter than
the diode pump beam. The fiber length was in the region
of 10 m.
Commercial devices at the kilowatt level and above
tend to use an architecture that is different to a free run-
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ning laser. Instead of generating all the output power in a
single fiber stage, they often use one or more high power
amplifier stages that are seeded by a medium- or even
high power fiber oscillator. Optical pumping is typically
engineered around a large number of single-emitter or
few-emitter diode sources pigtailed with 100 m fibers.
These are then combined to achieve high power in a fiber
network before being launched into the RE-doped fiber
using sophisticated fiber arrangements which are often
proprietary. Examples include SPI Lasers’ approach (GTWave technology [34,35]) as well as IPGs [36].
The highest power diffraction-limited YDFLs have used
yet another level of sophistication, namely, tandempumping. Tandem-pumping, in which one or several fiber
lasers pump another one [14,21], offers several advantages for power scaling. In particular it makes it possible
to pump close to the emission wavelength so that the
quantum defect heating can be low resulting in a reduced
thermal load. IPG’s 10 kW fiber laser [14] was pumped by
YDFLs at 1018 nm and emitted at 1070 nm, for a quantum defect of less than 5%, which is roughly half of that of
a directly diode-pumped YDFL. The high pump brightness possible with tandem-pumping also allows for a reduction in the dimension of the inner cladding required to
reach high power levels—it is possible to launch sufficient
diode power into a thick but realistic Yb-doped fiber to
reach the 10 kW level given the brightness of current
state-of-the-art pump diodes [5]; however, it is quite challenging. This becomes much easier with tandempumping, although one difficulty is to maintain the high
brightness of the pump inside the pumped YDF, i.e., to
guide the pump in a small inner cladding. This may not
be strictly necessary, but improves the pump overlap with
the core, which shortens the absorption length. Thus, although direct diode-pumping looks scalable to 10 kW [5],
all double-clad fiber lasers at 3 kW and above have in fact
been tandem-pumped, as far as we know.
B. Single-Frequency Ytterbium-Doped Fiber Sources
The fiber lasers considered so far in our discussion, e.g., in
Fig. 1, have been relatively broadband devices with linewidths typically in the 1–10 nm range. In such devices, in
the cw regime, nonlinear scattering—stimulated Raman
scattering (SRS) in the first instance—is a weak effect. It
is relatively easy to avoid and can often be disregarded,
except at the highest powers and with long delivery fibers. However, some applications benefit from the much
narrower linewidth that can be provided by singlefrequency sources. One important example is coherent
beam combination of multiple high power singlefrequency fiber sources [37]. This scheme offers the prospect of very high powers, and consequently this has
stimulated much interest in single-frequency power scaling. In the high power regime, a single-frequency fiber
source is typically configured as a high-gain MOPA seeded
by a lower power oscillator as shown in Fig. 5. This configuration avoids the stability problems of a high power
single-frequency oscillator and takes advantage of the
high gain, high power, and high efficiency that fiber amplifiers can provide, all at the same time. Stimulated Brillouin scattering (SBS) [38–40] is the dominant nonlinearity for such devices [41], particularly at linewidths
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Fig. 5.

Schematic of a typical single-frequency fiber MOPA.

smaller than ⬃10 MHz. SBS is nominally around 500
times stronger than SRS, making it a severe obstacle for
high power single-frequency fiber sources that needs to be
addressed for power scaling. Short fibers with a large
mode area (LMA) core design help to suppress nonlinearities, including SBS, and allow scaling to the hundredwatt regime [42]. This is a respectable power, but still less
than competing technologies. This means that, without
further SBS suppression, fibers would be a rather poor
choice for high power single-frequency sources in many
cases. However, if SBS can be suppressed then fiber systems offer many advantages. Fortunately, the Brillouin
nonlinearity is subtler and more complex than the Raman
nonlinearity, involving a propagating acoustic wave, and
is amenable to manipulation and indeed suppression.
This has been the focus of considerable recent research.
There are several options for SBS manipulation and mitigation, including straining the fiber in order to broaden
the gain bandwidth [43] and signal linewidth broadening
[44] (if the application allows). The broadening should exceed the intrinsic linewidth of SBS to be significant (a few
tens of megahertz at 1 – 1.1 m), while a linewidth of a
few tens of gigahertz may be required to completely suppress SBS beyond 1 kW.
Since the speed of sound is temperature-dependent, the
longitudinal temperature variations that occur naturally
in a high power fiber amplifier also help to broaden and
thus suppress SBS [45]. Thermal broadening has been
the most important effect in the progress in singlefrequency power scaling to date allowing the kilowatt
level to be reached [46]. Higher powers still have been obtained by applying modest spectral broadening to the signal. Thus, 1.7 kW was reached by applying a modest 400
MHz phase modulation to the signal and accepting a
slightly degraded beam quality 共M2 = 1.6兲 [46]. The larger
effective mode area of the fiber in this demonstration also
helped to suppress SBS. This result represents the highest power high-gain fiber amplifier reported to date, and
serves as a convincing demonstration of the ability of fiber
sources to simultaneously provide high control, high gain,
high efficiency, and high power.
Another interesting approach for the SBS suppression
is to manipulate the propagation of the acoustic wave by
making the fiber core an acoustic antiguide in order to reduce the acousto-optic (AO) interaction [47–50]. A 10 dB
suppression of the Brillouin gain has been realized via
this technique [50], with theoretical optimization of the
antiguide suggesting that 15 dB may be possible [51].
However, the challenges of implementing an acoustic antiguide in an ytterbium-doped fiber, with all its additional
requirements on concentration, resistance to photodarkening, etc., should not be underestimated; and so far, this
approach has not yielded better performance than simple
longitudinal thermal broadening.
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3. STATE OF THE ART—PULSED FIBER
LASERS
One of the great attractions of fiber laser technology, in
addition to the high average powers that can be achieved,
is the diversity of temporal output properties that can be
supported. Due to the very large spectral bandwidths
achievable from RE ions in glass, fiber lasers can be built
to operate from the cw regime down to pulse durations of
just a few femtoseconds.
A. Scaling Peak Power and Pulse Energies
To emphasize the flexibility of fiber technology in Fig. 6
we show a diagram indicating the fiber-based pulsed generation approaches best suited to generate a given combination of pulse duration and pulse repetition frequency
(PRF). Examining the horizontal plane we see that a
fiber-based approach exists for almost any desired combination of performance specifications. For example, the options for low (kilohertz) frequency trains of nanosecond
pulses include Q-switching [52] and external modulation
of a cw laser [53], sub-100 fs operation can be achieved by
passive fundamental mode locking at frequencies up to a
few hundred megahertz [54,55], and active harmonic
mode locking can yield picosecond pulses at many tens of
gigahertz repetition rate [56]. Additional techniques such
as external cavity compression in fiber [57] or harmonicpassive mode locking [58] can then be used if required to
extend these basic techniques to achieve shorter pulses
and higher repetition rates, respectively. Time gating using fast modulators can be used to reduce the repetition
rates to any desired sub-harmonic of the fundamental
repetition rate. Ultrahigh frequency trains of pulses
共⬎40 GHz兲 can be generated either by time division multiplexing of lower frequency sources or by nonlinear optical techniques in which a high frequency sinusoidal signal (e.g., generated by beating together two lasers with
different frequencies) is reshaped into a train of pulses at
the corresponding frequency using soliton compression effects [59]. The diagram should not be taken too literally;
in reality the boundaries between approaches are not well

Fig. 6. (Color online) Diagram illustrating (in the horizontal
plane) fiber-based pulse generation techniques appropriate to a
given operational regime (in terms of repetition rate versus pulse
duration). The vertical axis lists the pulse amplification techniques required to access particular pulse energy regimes for
femtosecond pulses (OTDM, optical time division multiplexing;
Active ML, active mode locking).
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defined, and there are often several options to address a
given pulse duration and PRF range. Nevertheless it
serves to highlight the fact that fiber-based approaches
allow the generation of a very broad range of pulsed
formats—arguably very much wider than for more conventional and established technologies, such as semiconductor or bulk solid-state lasers.
The real benefits of the fiber approach though only really emerge when combining the basic source capability
described above with the use of the fiber MOPA concept
since this allows for significant scaling of both the peak
and, arguably most significantly, average power levels.
The challenge with power scaling is to preserve the desired seed laser properties during the amplification process in the face of the various deleterious effects such as
fiber nonlinearity, chromatic dispersion, gain saturation,
birefringence, and thermal beam distortions that otherwise degrade the spectral, temporal, and spatial fidelities
of the signal. Moreover, to ensure reliable system operation, it is obviously necessary to avoid all-fiber and component damage mechanisms. This becomes progressively
more of a challenge as the peak and average power levels
are increased, resulting in the need to adopt progressively
more complex mitigation strategies. To emphasize this
fact we illustrate the different and progressively more
elaborate forms of pulse amplification needed to achieve
various levels of pulse energy for femtosecond pulses on
the vertical axis in Fig. 6. Using approaches such as parabolic and chirped pulse amplification (CPA), which we
shall describe in more detail shortly, it is possible to boost
the pulse energies achievable from a simple femtosecond
fiber oscillator by more than 6 orders of magnitude: from
the nanojoule to the millijoule regime.
From the perspective of pulsed fiber systems, the primary performance metrics are output peak power, pulse
energy, pulse duration, and repetition frequency. The average power is defined by the product of pulse energy and
repetition rate, and the pulse energy by the peak power,
pulse duration, and detailed pulse shape. The limitations
to pulsed system performance are ordinarily set either by
energy extraction limits (generally a dominant consideration only in the case of pulses longer than ⬃1 – 10 ns as
we shall discuss later) or, more frequently, by the peak
power. With regard to the peak power, the limitation may
be defined by
(a) a maximum tolerable degree of nonlinear distortion
[e.g., as characterized by an acceptable nonlinear phase
shift induced by self-phase modulation (SPM) or a tolerable level of energy transfer to other wavelengths by inelastic scattering due to either SRS or SBS]. Note that the
strengths of all of these nonlinear effects scale either linearly (for SPM) or exponentially (for SRS and SBS) in proportion to fiber length and power, and in inverse proportion to the mode area [40];
(b) optical damage limits (which for most single-mode
fibers scale in inverse proportion to mode area [60,61]);
(c) or, as we enter the megawatt peak power regime, by
self-focusing (which depends only on the total power flow
within the fiber, and which is typically negligible up until
the peak power exceeds a certain threshold—around 4
MW at a wavelength of 1060 nm [62]).
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shows that in this damage-limited regime, a higher peak
power has to be traded for a lower pulse energy, and vice
versa.
In principle, one might expect the surface damage
threshold of fiber to be similar to that of bulk silica and
with appropriate end facet preparation (e.g., lasercleaving) the observed threshold for fiber does appear to
approach this. However, in practice the facets are the
weakest points, and depending on the facet termination
quality the surface damage threshold might typically be a
factor of 2–10 down on the bulk threshold. In order to
mitigate against surface damage it is normal to splice
coreless end-caps to the end of the fiber. This allows the
beam to expand within the bulk glass prior to reaching
the surface, where the intensities are now substantially
reduced. Note that few studies have been reported on
damage mechanisms in the cw regime where power densities for damage are frequently quoted, but with little if
any quantitative justification. The current “wisdom” is
that the cw damage threshold for fibers is around
10– 20 W / m2 at 1.06 m for ytterbium-doped fibers, but
there is a genuine need for systematic studies in this direction.
Although we have chosen to provide indicative numbers for damage thresholds for fiber lasers, we would not
like to give the impression that ensuring that the nominal
specification of the laser is such that the intensities appear to be well below these levels eliminates all damage
concerns. This is most certainly not the case. Fiber lasers
and amplifiers are subject to instabilities and modes of
self-pulsation under certain different operating conditions
which can have catastrophic repercussions. YDFLs are
particularly notorious in this regard. For example, failure
to adequately seed an ytterbium fiber amplifier can result
in the formation of intense pulses with energies sufficient
to shatter, or even vaporize, the fiber core over considerable length scales and to destroy all inline components in
the process (often the pump lasers also). Fiber fuse effects
[63] can also be of concern, even at relatively modest average powers of just a few watts, unless appropriate care
is taken with thermal management. The fiber fuse results
in a traveling hot spot that slowly propagates along the
fiber destroying the core as it goes. To date little work has
been reported in the open literature on damage mechanisms within fiber laser systems.
To illustrate the favored current approaches applicable
to specific pulse duration regimes, we consider separately
the current status of fiber pulse sources in the nanosecond and ultrashort (picosecond to femtosecond) regimes.

where X = 150 GW ns0.5 / cm2 = 1.5 kW ns0.5 / m2, and  is
expressed in nanoseconds. This result is based on systematic measurements made at a wavelength of 1.06 m.
This −0.5 dependence is a result of the fact that for pulses
longer than 10 ps, the damage is thermal (melting/
boiling) in origin, with a limiting rate determined by heat
diffusion from conduction band electrons to the lattice.
For pulses shorter than ⬃10 ps, ablation takes over as
the primary damage mechanism, and a weaker dependence on the pulse duration then ensues as shown in [61].
We note also that Eq. (1) can be rewritten as EPmax
ⱕ 2.25 mJ W / m4, where E is the pulse energy. This

B. Nanosecond Fiber Laser Sources
The most common and straightforward way to generate
nanosecond pulses within a fiber laser is to use
Q-switching. This requires the incorporation of some element within the cavity that switches the cavity loss from
as a high as possible a value, to as low as possible a value
over a suitably short time scale. Both active and passive
switching elements have been used to this effect. The
minimum pulse durations from Q-switched fiber lasers
are just a few nanoseconds, although pulse durations of
the order or tens to hundreds of nanoseconds are more
typical for cladding-pumped devices.

Exactly which of these above limitations dominates in a
given system depends on the pulse duration and the specifics of the laser architecture. However, the importance of
developing fibers providing LMAs and high gains per unit
length should be obvious. Consequently, this has become
a topic of intense research interest over the years. Unfortunately, the use of a larger core poses a challenge to the
maintenance of single-mode operation and often compromises need to be struck between brightness, practicality,
and stability. The key issues include the practicalities of
bending, the presence of increased bend loss, and the tendency to higher-order mode (HOM) operation. Moreover,
as the larger diameter fiber progressively resembles a
bulk solid-state laser, so the raft of problems associated
with heat removal, all very familiar to bulk lasers, also
start eventually to impact fibers. Indeed, one of the most
striking achievements in the development of high power
fiber lasers has been the extent to which it has proved
possible to reconcile the various conflicting requirements,
drawing greatly on the resources of fiber designers and
fabricators alike. There is still some room for further advances in power levels before these difficulties dominate,
but the success here will depend increasingly on a detailed understanding of the limiting mechanisms and of
ways to circumvent them. We will return to a more detailed discussion of mode area scaling in Section 5; for the
present suffice it to say that achieving a robust singlemode performance in a core with an effective mode area
larger than 1000 m2 at 1 m is currently proving challenging within commercial systems (although it is to be
appreciated that around 1 order of magnitude larger
mode areas have been reported in the laboratory using
highly advanced fiber designs (see Section 5). Note that
one major further advantage of using large-core fibers is
that they provide for greater pump absorption per unit
length. This allows for considerably shorter devices and
represents a significant further benefit beyond just reduced intensities for the mitigation of nonlinear effects.
With regard to fiber damage limits due to high peak
power the standard approach to estimating damage
thresholds in the pulsed regime is to use the data and
bulk damage limits defined in the paper by Stuart et al.
for pure fused silica [60]. According to this paper the bulk
damage threshold Pmax for pulses with a duration  between 50 ps and 100 ns can be estimated via the following
expression:
Pmax = IthAeff =

XAeff

冑

,
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Although Q-switching offers the benefit of simplicity, it
does not provide for a great deal of control of the output
temporal pulse shape. As a consequence the great majority of nanosecond pulsed fiber systems on the market employ a MOPA-based approach in which the seed laser may
itself be a Q-switched fiber laser, a directly modulated diode laser, or an externally modulated cw laser. Note that
much of the early work on nanosecond MOPAs was actually conducted on core-pumped erbium-doped fiber allowing pulse energies approaching 0.5 mJ and peak powers
well in excess of 100 kW [53,75] to be achieved with very
modest 共⬃1 W兲 levels of pump power. The adoption of
cladding-pumping has subsequently allowed further scaling of the average powers, repetition rates, and (to a
lesser extent) pulse energy [76].
One of the most exciting possibilities of the pulsed
MOPA is to exploit the rapid modulation possibilities of
fast electro-optic modulators (EOMs) or electroabsorption modulators (EAMs), or alternatively directly
modulated diodes, to allow adaptive pulse shaping
[77,78]. This allows the creation of designer pulse shapes
optimized for a particular end application. For example,
in our laboratories we have demonstrated a pulsed system capable of generating multi-millijoule shaped pulses
at power levels as high as 300 W in an end-pumped high
power system [79], and over 100 W within a fully fiberized
system [80], and have successfully used these in both materials processing and frequency conversion experiments.
Both systems were pump power limited, and scaling to
much higher average powers and pulse repetition rates
should certainly be possible. Before moving on it is worth
noting that significant results have been made in the
nanosecond regime with regard to peak power scaling
with peak powers approaching 4 MW recently reported
for 1 ns pulses using very large mode area fiber amplifiers
based on rod-type fibers (see Section 5) [81]. These peak
powers are right at the nonlinear limit imposed by selffocusing.

where hL is the photon energy at the laser wavelength,
Aco is the core area, L is the spatial overlap factor for the
lasing mode with the doped core, and a共L兲 and e共L兲
are the absorption and emission cross-sections, respectively, at the laser wavelength L [73]. The primary thing
to note is that the saturation energy is proportional to the
core area. The saturation fluence Efluence of Yb is around
0.5 J / m2. Given our previous comment on the maximum practical mode area, this means that pulse energies
of a few millijoules should be achievable in a diffractionlimited beam from fiber lasers based on state-of-the-art
LMA fibers. This is indeed consistent with the current experimental status in nanosecond Q-switch pulsed fiber laser systems [65,66]. By reducing the beam quality and
working with larger core structures, pulse energies of
tens of millijoules should be achievable and have indeed
been reported [74]. While these levels of pulse energy may
perhaps be considered small as compared to the joules
achievable from bulk lasers, it is still appreciable and sufficient for a large number of applications—most notably
marking and precision machining. As a consequence,
given their many advantages over existing laser technologies, fiber lasers are now being used extensively in these
areas.

C. Ultrashort Pulse Operation
RE-doped optical fibers with their broad gain bandwidths
provide convenient media for the generation and amplification of short optical pulses. For example the ⬃100 nm
gain bandwidth achievable in an ytterbium-doped fiber
should be capable of supporting pulses shorter than 20 fs.
As well as providing gain, optical fibers also possess both
nonlinearity and dispersion, and these characteristics
have to be considered for short pulse applications. These
properties can be varied substantially by fiber design or
by the choice of operating wavelength. In certain instances, these properties can be used to good effect, for example, to initiate mode locking. In other instances they
can have a deleterious effect, restricting—for example—
the peak power of the pulses that can be generated or, alternatively, the pulse quality that can be obtained. Pulses
can be generated either through passive mode-locking
techniques or by active modulation of the intracavity
field. Active techniques are generally more suited to the
generation of picosecond pulses at high repetition rates,
while passive techniques are generally suited to the generation of ultrashort pulses. Note that single cycle pulses

Active Q-switching is most commonly achieved in fiber
laser cavities using bulk AO devices to modulate the cavity loss [64–66]. AO devices have sufficiently fast switching responses (rise time of the order 10–100 ns) and operate at sufficiently high repetition rates (from pulse on
demand up to 1 MHz or so) to be appropriate for the pump
rates
and
metastable
lifetimes
[intrinsically
10 s – 10 ms, although the actual lifetime is significantly
shortened by amplified spontaneous emission (ASE)] for
the RE transitions of interest. AO devices also provide for
very good extinction ratios 共⬎50 dB兲 and diffraction efficiencies 共⬎85%兲 when operating the laser on the first diffraction order. There have been several reports of
Q-switching using fiber-based AO devices [67,68], rather
than bulk optic components. However, while these might
allow for more compact and lower-loss cavities, the performance achieved in terms of pulse energy and minimum
pulse duration has generally been inferior to that
achieved with bulk AO components. Passive Q-switching
is another attractive option in that it is simple and requires no complex drive electronics or expensive active
optical componentry. Various approaches to passively
Q-switched fiber lasers have been demonstrated in the literature based on a number of different material approaches and which include, for example, the use of crystals such as Co2+ : ZnS [69], Cr4+ : YAG [70], and
semiconductor saturable absorbers [71]. Unfortunately,
the extinction ratios that can be achieved using passive
saturable absorbers, while sufficient to initiate stable
self-pulsation, generally do not allow for sufficient gain
hold-off to permit the generation of particularly highenergy pulses, unless longer or cascaded devices are used
[72].
It has been shown that the maximum energy that can
be extracted from fiber lasers and amplifiers is around ten
times the intrinsic saturation energy Esat, given simply by
Esat ⬇ hLAco/关a共L兲 + e共L兲兴L = EfluenceAco ,
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with durations as short as 4.5 fs have now been demonstrated using a fiber laser [82].
The limits imposed on the amplification of ultrashort
pulses are generally defined by peak power considerations
rather than energy storage. Typically, spectral distortion
due to SPM reduces the quality of pulses and can be
taken as the fundamental measure of how much nonlinearity can be tolerated by a pulse propagating within an
amplifier. Nonlinear Kerr effects are characterized by the
nonlinear coefficient n2 which defines how the refractive
index of the core glass material varies with intensity.
Nonlinear refraction then results in short optical pulses,
generating increased optical bandwidth through SPM as
they propagate through a fiber. This degrades pulse quality and limits their utility. A pulse of power profile P共t兲
generates an instantaneous phase 共t兲 across the pulse
envelope. In a uniform fiber of length L without loss or
gain the expression for this phase is given by

共t兲 =

n2kLP共t兲
Aeff

,

共3兲

where Aeff is the effective mode area, and k = 2 / , For a
pulse propagating along an amplifier experiencing a uniform logarithmic gain per unit length G, L in Eq. (3)
should be replaced with an effective length Leff (with reference to the amplifier output power) given by
1
Leff =

G

共1 − e−GL兲.

共4兲

If we set a maximum nonlinear phase shift of 2 at the
pulse peak as roughly representative of the maximum
SPM that can be tolerated, and assume an effective amplifier device length of, say, 20 cm, then we can estimate a
maximum peak intensity of order 100 kW for direct pulse
amplification in a relatively standard 30 m core LMA fiber. For a 10 ps pulse this corresponds to a maximum
pulse energy of order 1 J and for a pulse of 100 fs around
10 nJ. Using state-of-the-art LMA fibers a further order of
magnitude increase in pulse energy and peak power is
possible using direct pulse amplification—resulting in
peak powers of order 1 MW [83,84]. Just as in the nanosecond regime, the peak powers are encroaching upon the
self-focusing limit in the ultrashort pulse regime in
simple system configurations.
1. Picosecond Fiber Lasers
Actively mode-locked fiber lasers, gain-switched or modelocked semiconductor lasers, or even cw lasers externally
modulated with fast EOMs or EAMs can all be used to
generate trains of picosecond pulses. Repetition rates
ranging from a pulse on demand through to tens of gigahertz are possible using an appropriate choice of technology.
These compact sources can then be used as seeds for direct amplification to very high average power levels in a
fiber MOPA. For example, we recently reported a 320 W
average power system based on the direct amplification of
a simple gain-switched 1060 nm semiconductor laser operating at frequencies in the range 0.1–1 GHz [85]. The
output pulse duration was around 20 ps with peak powers
in excess of 20 kW generated. Such sources, offering a

combination of high peak and average powers in a
quasi-cw regime, are particularly interesting from the
perspective of onward frequency conversion, e.g., to the
visible spectral region through second-harmonic generation [86] or supercontinuum generation [87] and to the
mid-IR using optical parametric oscillators [88]. Using
state-of-the-art leakage channel fibers directly amplified
10 ps pulses with a peak power in excess of 1 MW were
recently reported [84].
2. Femtosecond Fiber Lasers
To get to higher pulse energy levels for femtosecondMOPA schemes it is necessary to implement more advanced external pulse amplification approaches such as
those discussed below. Clearly this adds complexity, and
the pulse energies ultimately achievable are still lower
than possible with bulk laser approaches due to nonlinearity and dispersion in the long lengths of fibers involved. However, the average power levels achievable,
with reported values in excess of 830 W [89], represent
2–3 orders of magnitude increase over the existing technology. This can be exploited in a variety of ways, for example, to increase materials processing speeds and imaging rates in several fields of application. We review the
two primary forms of external pulse amplification below.
(a) Parabolic pulse amplification: It has been shown
that by amplifying short pulses in fiber with normal dispersion, it is possible to form self-similar pulse solutions
that are characterized by the steady development of a linear chirp across the pulse form, as it is amplified within
the fiber [90,91]. The self-similar pulses that develop are
parabolic in shape, and thus this technique has become
known as either parabolic or similariton pulse amplification. The pulse consequently broadens in time as it is progressively amplified, thereby spreading the pulse energy
over an extended time window and reducing the overall
net peak intensity. At the output of the fiber, these linearly chirped pulses can be compressed using an appropriately dispersive element such as a bulk grating pair or
a prism-based dispersive delay line. Compression factors
of 10–20 are quite usual. Using this technique, pulse energies approaching 1 J have been achieved at a wavelength of ⬃1.06 m using relatively conventional
Yb3+-doped LMA fiber amplifiers [92,93], and pulse energies approaching 10 J (peak powers⬎ 50 MW) should ultimately be possible using state-of-the-art fibers.
(b) Fiber-based CPA: The well-known technique of CPA
[94] can also be applied to fiber-based laser and amplification systems [95–97]. In CPA, the short pulses to be amplified are stretched in time (say from 100 fs and typically
up to ⬃1 ns) using a highly dispersive element. These
stretched pulses can then be amplified to high energy
without generating excessive SPM within the fiber amplifiers, since the peak power is reduced in proportion to the
stretching ratio employed. These high-energy pulses can
then be recompressed back to their starting duration, and
thus very high peak intensities can be achieved. There
are various options as to the components to be used for
both stretching and compressing the short pulses. To
stretch the pulses, one can use a length of dispersive
single-mode fiber, a bulk grating compressor, or more recently chirped fiber Bragg gratings (providing a very com-
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pact and attractive option). To compress the high-energy
pulses at the amplifier output, where the peak power is
much higher, a bulk grating compressor is normally used,
although again the use of fiber or volume Bragg gratings
(VBGs) or, more recently, hollow-core photonic bandgap fibers (PBGFs) has been reported [98]. Using bulk grating
compressors and LMA fiber amplifiers, femtosecond
pulses with energies in excess of 1 mJ have been obtained
[96], although pulse energies of ⬃100 J are more reliably achieved. The maximum pulse peak powers reported
from fiber CPA systems have now exceeded 1 GW [97],
and 10 GW is not an unrealistic target with state-of-theart fibers and improved stretchers and compressors. It is
worth adding that since the spatial mode quality achievable with fiber amplifier systems is so good, it is possible
to focus beams from fiber CPA systems down to extremely
tight dimensions, of say just a few m2, meaning that
field intensities of order 1016 – 1017 W / cm2 should ultimately be achievable.

4. HIGH POWER FIBER LASERS AT OTHER
WAVELENGTHS
For the many reasons already discussed Yb continues to
be the frontrunner for high power fiber lasers. Nevertheless, although broad, the emission is restricted to the
⬃1 – 1.2 m wavelength band, limiting the number of applications. Although inferior to YDFLs in certain respects,
silica fibers doped with other RE ions also offer a route to
high average power levels in a number of other wavelength bands in the near infrared spectral regime around
0.9 m out to the short-wavelength mid-infrared regime
around 2.1 m. See, for example, [99] for a survey of the
wavelength coverage of different high power fiber lasers.
Most of the attention has so far focused on claddingpumped Er- and Tm-doped silica fibers which provide
emission wavelengths in the ⬃1.5 and ⬃2 m bands, respectively. Both laser schemes have been scaled to output
power levels in the hundred-watt regime and beyond, but
power scaling is much more challenging than for YDFLs,
so the maximum output powers achieved to date are some
way behind those demonstrated for Yb fiber lasers. Nevertheless, Er- and Tm-doped silica fiber lasers have enormous power-scaling potential in wavelength regimes
where there is a wealth of applications. In this section, we
briefly review the current state of the art for high power
Er and Tm fiber lasers, the main challenges for further
power scaling, and future prospects. We also briefly review progress in power scaling of some of the other popular laser transitions in fiber gain media.
A. Er-Doped Fibers at 1.5– 1.6 m
Er-doped silica fibers provide a route to high power in the
⬃1.5– 1.6 m wavelength region corresponding to the
4
I13/2- 4I15/2 transition. In cladding-pumped configurations, it has become a standard practice to use a phosphosilicate core composition with ytterbium added to the core
as a sensitizer [27,28,99]. Pump light is absorbed by the
Yb3+ ions, and the Er3+ ions are subsequently excited indirectly by energy transfer from the Yb3+ ions (see Fig. 7).
This allows pumping by high power diode lasers in the
910–980 nm band, relaxing the demands on the pump
wavelength compared to unsensitized Er-doped fibers
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Energy level diagram for Er,Yb co-doped silica.

and, via the use of relatively high Yb3+ ion concentrations,
yields a much higher pump absorption coefficient, as required in cladding-pumped fiber configurations with a
small core-to-cladding area ratio. The use of a high Yb3+
ion concentration in combination with a phosphosilicate
host also helps to ensure efficient energy transfer from
Yb3+ to Er3+ [100], which is essential for operation at high
power levels. Cladding-pumped Er,Yb co-doped fiber lasers can be designed to operate at any wavelength in the
band ⬃1530 to ⬃1620 nm [101,102], but operation at the
short-wavelength end of this band is considerably more
challenging in terms of the demands placed on fiber design, pump wavelength, and pump brightness. The maximum cw power reported to date for a cladding-pumped
Er,Yb co-doped fiber laser is 297 W at 1567 nm [103]. This
laser employed a simple resonator configuration comprising a 6 m long Er,Yb co-doped double-clad fiber with a
30 m diameter (0.21 NA) core and a 600 m diameter
D-shaped silica inner cladding. Feedback for lasing was
provided by a perpendicularly cleaved fiber facet and by a
butted high reflectivity mirror. The fiber was pumped by a
diode-stack at ⬃975 nm and yielded 297 W of output at
1567 nm in a beam with an M2 parameter of 3.9 for
⬃1.3 kW of pump. 100 W class single-mode linearly polarized all-fiber sources [104] and wavelength-tunable erbium fiber sources [105] have also been reported.
The Stokes efficiency, and hence the upper limit on the
slope efficiency for this transition, is ⬃62%. However,
slope efficiencies for cladding-pumped Er,Yb fiber lasers
are typically in the range ⬃40% – 45% at best and at high
pump powers can be much lower due to parasitic emission
(ASE or lasing) on the Yb transition at ⬃1 m (e.g.,
[103]). Indeed, self-pulsed lasing at ⬃1 m is a common
cause of damage to the fiber end facets or pump diodes in
high power Er,Yb fiber lasers and amplifiers. The use of a
carefully optimized core design with host composition and
Er and Yb ion concentrations selected to enhance the
energy-transfer efficiency and raise the threshold for
parasitic emission at ⬃1 m is crucial for power scaling
and makes fabrication of Er,Yb co-doped double-clad fibers more challenging than for simpler (singly doped) fibers. Additional precautions, such as the use of appropriate dichroic mirrors to protect pump diodes, can also help
to reduce the risk of damage. Also, operation at elevated
temperatures increases the threshold for Yb parasitic lasing (due to the increased three-level character) and can
also be used to increase the Er lasing efficiency [106].
B. Thermal Limits
While it is certainly true that fiber lasers enjoy a degree
of natural immunity from the effects of heat generation
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(by virtue of their geometry), they are not completely immune. Indeed, the onset of thermally induced damage or
degradation to the fiber’s outer-coating is one of the main
factors limiting the average output power from claddingpumped Er,Yb fiber sources. In most designs of doubleclad fiber, the outer-coating serves both as a protective
layer and as the low-index layer allowing pump light to be
guided in the inner-cladding pump guide. Usually, the
outer-coating is a low refractive index fluorinated polymer
that can withstand temperatures up to ⬃150° C – 200° C
before the onset of damage, and 80° C has been suggested
as the limit for long-term reliability [107]. The upper limit
on heat deposition density in the core, Ph max, that can be
tolerated before the onset of coating damage can be estimated from [108]
Ph max ⬇ 4共Td − Ts兲
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where Td is the maximum temperature that the coating
can tolerate, Ts is the temperature of the surroundings (or
heat-sink), Koc is the thermal conductivity of the outer
cladding (i.e., the coating), roc is the radius of the outer
cladding, ric is the radius of the inner cladding, and h is
the heat transfer coefficient. In situations where convective cooling is the predominant cooling mechanism, as is
frequently the case in fiber lasers, the second term in
square brackets of Eq. (5) dominates favoring the use of
larger diameter fibers for power scaling as in [103]. Figure 8 shows the maximum heat deposition density as a
function of the heat transfer coefficient 共h兲 for a typical
cladding-pumped fiber source with ric = 200 m, roc
= 250 m, and Koc = 0.1 W m−1 K−1. It can be seen that
Ph max is strongly dependent on the heat transfer coefficient and hence on the heat-sinking configuration. If we
assume that quantum defect heating provides the sole
contribution to heating, then the theoretical upper limit
on output power PL max for a given single-end-pumped fiber laser or amplifier before the coating damage limit is
reached can be estimated from
PL max ⬇

Ph maxabs
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where L is the lasing frequency, p is the pump frequency, ␣p is the absorption coefficient for pump light
launched into the inner cladding, abs is the fraction of
pump light absorbed in the fiber, and q is the pumping
quantum efficiency (i.e., the number of excited ions in the

Fig. 8. Maximum heat deposition density 共Ph max兲 before the onset of coating damage as a function of heat transfer coefficient
共h兲.

upper laser level manifold for each pump photon absorbed. Hence for a typical cladding-pumped Er,Yb fiber
laser with an effective pump absorption coefficient of
0.92 m−1 (i.e., 4 dB m−1), the heat transfer coefficient
would need to exceed 300 W m−2 K−1 to allow thermaldamage-free operation at the 100 W power level for the
fiber design above. It is worth noting that an equivalent
Yb fiber laser operating at 1080 nm and cladding-pumped
by a diode source at 975 nm could generate over 0.55 kW
before the onset of thermal damage. Thus, effective thermal management is crucial for power scaling of Er,Yb fiber lasers, and heat generation is currently one of the
main factors limiting output power.
C. Yb-Free Er-Doped Fibers In-band-Pumped at 1.5 m
An alternative strategy for power-scaling Er fiber lasers
is to pump directly into the upper manifold using a pump
wavelength in the ⬃1.45– 1.53 m wavelength region.
This has the attraction that the need for Yb co-doping is
avoided along with the problems (e.g., ASE, parasitic lasing, self-pulsing, and even damage) that can arise due to
incomplete energy transfer from Yb to Er, resulting in a
buildup of excited Yb ions. These problems become more
pronounced at the high Er excitation densities required
for the generation of high-energy pulses. Another attraction of this approach is that thermal loading due to quantum defect heating in the Er fiber is dramatically reduced
from ⬃40% to a few percent. High power diode lasers at
the relevant pump wavelengths are now commercially
available from an increasing number of vendors. Their optical efficiencies 共⬃35%兲 and output powers are somewhat
lower than for pump diodes in the 900–980 nm regime,
but this is partly offset by the lower quantum defect
pumping cycle. Recent work by Dubinskii et al. [109] demonstrated an Yb-free Er-doped silica fiber laser with
⬃48 W of output at 1590 nm cladding-pumped by six
fiber-coupled InGaAsP/InP line-narrowed LD modules at
1532.5 nm. The optical-to-optical efficiency was ⬃57%
with respect to absorbed pump power. This is far below
the quantum limit, but is nevertheless much higher than
the optical-to-optical efficiencies achieved in claddingpumped Er,Yb co-doped fibers. Further optimization of
Yb-free Er-doped silica fibers tailored for high power
cladding-pumped laser configurations in combination
with advances in InGaAsP/InP diode laser technology to
increase power, brightness, and efficiency (all currently
much below the values of 9xx nm diodes) is likely to yield
a significant improvement in Er fiber laser performance,
particularly so because the low pump absorption of Er
calls for high-brightness pumping. This also makes
tandem-pumping an attractive option. For example,
Nicholson et al. reported a HOM erbium-doped fiber amplifier pumped by a single-mode fiber Raman laser at
1480 nm [110]. At 34 W of pump power, this produced 10.7
W of average output power at 1554 nm in 100 kHz 1 ns
pulses. Thus, Er fiber lasers may eventually be able to
challenge the supremacy of YDFLs in terms of output
power.
D. Tm- and Ho-Doped Fiber Lasers at 2 m
Tm-doped silica fiber lasers also offer a route to very high
output power. A particularly attractive feature of Tm-
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doped silica is the very broad emission spectrum for the
3
F4- 3H6 transition, spanning the wavelength range from
⬃1700 to ⬃2100 nm [111]. This provides wide flexibility
in operating wavelength and serves as an excellent starting point for nonlinear frequency conversion to the midinfrared. A further attraction of Tm-doped fibers is the
ability to scale to much larger mode areas than for Ybdoped fibers while maintaining single-mode operation, by
virtue of the longer operating wavelength. This opens up
the possibility of levels of performance in cw and pulsed
modes of operation beyond the capabilities of Yb-doped fiber sources by virtue of the ability to raise the threshold
for unwanted nonlinear loss processes (SBS and SRS) and
catastrophic damage.
Tm-doped silica has three main absorption bands relevant to high power operation (see Figs. 9 and 10). The
two most attractive absorption bands are at
⬃780– 800 nm and at ⬃1550– 1750 nm. The latter pump
band coincides with the emission wavelengths available
from cladding-pumped Er fiber sources, thus allowing
very low quantum defect (in-band) pumping and very
high slope efficiencies (70%–80%) to be achieved [112],
comparable to those demonstrated in YDFLs. A further
attraction of this pumping scheme is the high brightness
of the Er fiber pump laser, which allows the use of corepumped Tm fiber laser configurations or high core-tocladding area ratio Tm fiber lasers, giving flexibility in
core design and doping levels as well as access to lasing
wavelengths (⬃1725 to ⬃2100 nm) across most of the
emission band [112]. Meleshkevich et al. reported a Tmdoped silica fiber laser cladding-pumped by multiple Er fiber lasers with 415 W of single-mode output at 1940 nm
limited by the available pump power [113].
The absorption band at 780–800 nm can be pumped
with commercial high power diode lasers. This has the attraction of simplicity compared to the former approach,
but more conventional double-clad fiber designs are required due to the lower brightness of the diode pump
sources. Hence the lasing wavelength is generally restricted to longer wavelengths in the range
⬃1850– 2100 nm. The Stokes efficiency for this pumping
scheme is relatively low, ⬃0.4, implying a rather low efficiency. However, the efficiency can be improved dramatically by exploiting the “two-for-one” cross-relaxation process 共 3H4+ 3H6 → 3F4+ 3F4兲 [114]. While this has become a
standard approach for improving the efficiency in diodepumped Tm-doped crystal lasers for over two decades
[114], the first demonstration of a cladding-pumped Tmdoped silica fiber with efficiency enhanced by crossrelaxation was only 10 years ago [115]. In this work, the

Fig. 9.

Energy level diagram for Tm-doped silica.
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Absorption spectrum for Tm-doped silica.

fiber laser yielded a maximum output power of 14 W at
⬃2 m for 36.5 W of diode pump power at 787 nm using a
Tm-doped aluminosilicate double-clad fiber with a Tm
concentration of ⬃1.4% (by weight). Since then dramatic
improvements in the efficiency for cladding-pumped Tm
fiber lasers have been achieved by modifying the core
composition and Tm doping level to promote the two-forone cross-relaxation process while limiting the detrimental impact of other spectroscopic processes (notably
energy-transfer upconversion) on performance [116]. The
optimum Tm doping level depends on the mode of operation and desired operating wavelength, but is generally
considered to be around 3% (by weight) for most cw laser
configurations operating toward the long-wavelength end
of the emission spectrum [117]. The record slope efficiency
with respect to the absorbed pump power reported for a
Tm-doped silica fiber laser cladding-pumped at ⬃0.8 m
is 74% [116], which compares favorably with the efficiencies routinely achieved with cladding-pumped Yb fiber lasers. In practice for higher power Tm fiber lasers based on
commercially available fibers, slope efficiencies are somewhat lower 共⬃60%兲, but still well above the Stokes efficiency. If we assume for a typical high-Tm-concentration
silica fiber laser that the pumping quantum efficiency is
⬃1.7– 1.8, then from Eq. (5) the upper limit on output
power before the onset of coating damage is around four
times lower than for an equivalent YDFL. Clearly, highTm-concentration large-core double-clad fibers have huge
advantages in terms of the ability to mitigate unwanted
nonlinear processes and catastrophic damage, but effective thermal management is crucial for scaling to very
high power levels. Moulton et al. recently reported a
double-clad Tm-doped silica fiber laser with 885 W of output at ⬃2040 nm in a MM beam with M2 parameters of 6
and 10 in orthogonal planes [117]. Pump light was provided by two 1 kW fiber-coupled diode pump modules at
⬃797 nm. Ehrenreich and co-workers recently demonstrated an “all-glass” Tm fiber MOPA based on a 50 W Tm
fiber oscillator at 2045 nm and two Tm fiber power amplification stages with over 1 kW output power and with a
slope efficiency of ⬃53% [118]. This result represents the
highest output power reported to date for a Tm fiber
source and serves as a very convincing demonstration of
their power-scaling potential in the 2 m wavelength regime. The combination of power scalability and wide
wavelength flexibility is a very useful feature and should
open up the prospect of many new applications.
Cladding-pumped Tm fibers have also been deployed in
more sophisticated MOPA architectures to yield
wavelength-tunable and narrow-linewidth output at

B74

J. Opt. Soc. Am. B / Vol. 27, No. 11 / November 2010

power levels in the hundred-watt regime and above. Pearson and co-workers recently reported a linearly polarized
single-frequency Tm fiber MOPA based on a singlefrequency Tm fiber distributed feedback (DFB) master oscillator followed by three Tm fiber amplifier stages with
100 W of output at 1943 nm [119]. Goodno and co-workers
reported a single-frequency MOPA based on a DFB diode
laser and four Tm fiber amplifiers with a non-PM (i.e.,
non-polarization-maintaining) cladding-pumped final amplifier that produced 608 W of output [120].
This serves once again to underline the potential of Tm
fiber sources. It is worth pointing out that while the popular trend for power-scaling Tm fiber sources has been to
exploit the two-for-one cross-relaxation process using
commercial diode pump sources at ⬃0.8 m, this is not
the route that ultimately offers the highest power levels.
If efficiency, cost, and complexity considerations are put
aside, then in-band pumping with multiple high power Er
fiber lasers almost certainly offers the prospect of higher
output power with greater flexibility in operating wavelength and mode of operation. Thus, with forthcoming advances in fiber component technology for the 2 m wavelength regime, we are likely to see further significant
improvements in performance for Tm fiber-based sources.
Extension to wavelengths a little beyond 2.1 m (limited by material and impurity absorption) can be achieved
using a Ho-doped silica fiber laser operating on the 5I7- 5I8
transition [121]. Ho-doped silica offers a very broad emission line extending beyond 2.1 m and can be pumped directly at ⬃2 m using a diode laser or a high power Tm
fiber laser [121] or, indirectly, via co-doping with Tm3+ followed by energy transfer from Tm3+ to Ho3+ [122]. In the
latter approach, the Tm3+ ions can be excited using any of
the pumping schemes described above, and thus Ho fiber
lasers should be scalable to very high power, complementing the wavelength band offered by Tm fiber lasers.

5. FUTURE PERSPECTIVES
As the previous sections have shown progress in all areas
of fiber laser technology over the past 15 years or so has
been staggering with an increase in the average output
power in excess of 60% year on year even in mature areas,
and with much faster growth for less mature devices.
From the perspective of the raw generation of power it is
clear from the preceding discussions that the fundamental average power limits for single transverse mode operation are within sight, and that without major new breakthroughs in mode area scaling/mode control within MM
fibers and improved thermal and damage management,
the record output powers will saturate at the ten to several tens of kilowatts level from a single core. Likewise,
with regard to pulsed operation again we are relatively
close to achieving the maximum peak power that might
be achieved from a single core at 1 m—improved peak
powers approaching one order of magnitude higher might
be achieved by extending existing pulsed technology to
longer wavelengths and taking benefit from the reduced
nonlinear effects due to the increased core sizes possible;
however substantial improvements in the peak power will
only be achieved by new concepts for further mode area
scaling and by the use of substantially shorter device

Richardson et al.

lengths to reduce the impact of fiber nonlinearity. However that brings forth the conflict between the requirements for a short fiber for nonlinear mitigation and a long
fiber for thermal management. The self-focusing limit
that depends simply on power within the fiber, and therefore cannot be addressed by a larger mode area, is also
now within sight and will need to be considered much
more moving forward. Once the single-aperture limits are
truly reached, then beam combination will be the only
route available to extend both cw and pulsed performance.
Given these conclusions we next consider the technical
advances that need to be pursued to underpin the next decade of sustained growth in fiber laser performance—in
particular in terms of brighter pump sources for fiber lasers, improved power handling (both thermal and optical
powers), extended wavelength coverage, and improved
beam combination technology. It is to be appreciated that
the technological improvements we anticipate can also be
used to provide increased options in terms of source control, improved reliability, and flexibility in system design,
which from a commercial perspective is arguably often far
more important than improved headline laboratory performance metrics and can result in significant cost savings and new market opportunities. Obviously, such benefits are often hard to substantiate and to quantify.

A. Improved Pump Sources and Pumping Options
1. Higher-Brightness Diode Pump Sources
When considering the future prospects for claddingpumped fiber lasers, it is worth noting that the dramatic
advances in high power fiber laser technology did not follow immediately after the invention of the LD-pumped
double-clad fiber by Kafka in 1989 [24]. Indeed the first
demonstration of a 100 W Yb fiber laser was over a decade
later [32]. In truth, as with so many inventions, the
cladding-pumped fiber laser was born before its time in
the sense that diode pump sources with sufficient output
power and brightness were not yet available. In contrast
to the situation for most bulk solid-state laser architectures, the requirement for raw pump power must be accompanied by high pump beam brightness to allow efficient coupling into the fiber. Thus, in many respects, the
dramatic rise in power and performance attainable from
fiber lasers has mirrored developments in diode pump
sources in terms of output power and, in particular,
brightness. This is likely to remain an underpinning
theme also in the future, despite the emergence of
tandem-pumping as an increasingly attractive option for
high-brightness pumping. To get a sense of what the future holds, it is worth quickly reviewing the state of the
art in terms of diode pump sources and possible future developments over the next decade to see how these could
benefit fiber laser technology.
A number of different diode pump sources have been
employed to power scale fiber lasers. Diode-bars and
stacks offer the attraction of high power-to-package volume, but yield rather low brightness (primarily because
of their low fill-factors), and hence require somewhat complicated free-space optical arrangements to produce output beams compatible with the requirements for cladding-

Richardson et al.

Vol. 27, No. 11 / November 2010 / J. Opt. Soc. Am. B

pumping of fibers. A further drawback of these pump
sources is that rather aggressive cooling is needed to cope
with the high thermal loading density. Alternatively,
broad-area (MM) single emitters offer high reliability,
simple thermal management, and the highest brightness
per unit emitter area with output power levels up to
⬃10 W from ⬃90– 100 m wide emitters in the
⬃915– 975 nm band. Fiber-based aggregation schemes
employing multiple fiber-coupled broad-area emitters (see
Fig. 11) in conjunction with MM fiber combiners [123] allow robust scaling of pump power. Not surprisingly, this
pumping architecture has become the architecture of
choice for many in the field and is at the heart of many
industrial high power fiber laser products. One of the
main drawbacks of this approach is that the diode emitter
brightness is degraded by more than one order of magnitude on launching into the MM delivery fiber. This is
largely because the M2 parameter parallel to the diode
junction 共M2x 兲 is typically ⬃15– 20 times larger than for
the orthogonal direction, and hence the delivery fiber’s
core size and NA must be selected to accommodate the
slow-axis beam size and divergence.
This shortcoming can be remedied by reducing the
slow-axis divergence of the diodes. This is attractive because the package architecture remains unaltered. While
it is proved difficult to reduce the emitter size because of
limits on the power density on the facet and the fiber diameter because of handling issues of very thin fibers,
there has been good progress in the reduction of diode
NA. Thus, whereas the fiber pigtails support a NA of 0.22,
it is now possible to get pigtailed diodes working at NAs of
less than 0.12 [124]. A more radical approach is to use a
spatially combined multi-emitter architecture. One example of such a scheme is illustrated schematically in
Fig. 12. In this approach the individual emitters are collimated in the fast-direction by cylindrical microlenses
and then spatially combined using a simple arrangement
of mirrors prior to being coupled into the delivery fiber.
Successful implementation of multi-emitter sources requires careful design and construction since the tolerance
on position of optical components is much more demanding than for fiber-coupled single emitters. However, this
approach, in combination with polarization combining,
can yield a 10- to 20-fold increase in power and brightness
per delivery fiber.
Further increases in power and brightness can be
achieved via the use of wavelength beam combining [125].
One can envisage a spatially combined multi-emitter
source (similar to the configuration shown in Fig. 12) employing VBGs in an external feedback cavity arrangement
to select the same operating wavelength of all emitters
within a narrow band (say ⬍0.5 nm). Then multiple
multi-emitter sources (each with a different operating
wavelength) could be combined into a single beam using

Fig. 11.

Fiber-coupled broad-area pump diode.

Fig. 12.
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Spatially combined multi-emitter diode pump source.

an arrangement of VBGs [126]. The theoretical upper
limit on the number of multi-emitter sources that could be
combined in this way depends on their linewidths and on
the useful absorption bandwidth of the RE ion doped fiber. However, the practical upper limit on the number of
combined sources is also dependent on the residual losses
(i.e., due to scattering, absorption, and imperfect antireflection coatings) of the optical components. For most RE
ion pump transitions it should be possible to combine at
least ten multi-emitter sources into a single delivery fiber
using this approach. The net result would be over two orders of magnitude increase in power and brightness compared to a fiber-coupled single-emitter to yield a total
power of over 1 kW per fiber. Clearly, the construction of
such a source would be very demanding on optical components and on alignment tolerances; and, thus, when these
practical considerations are factored into the design, the
level of performance achievable may be somewhat lower.
Nevertheless, it is clear that there is enormous scope for
an increase in pump power and brightness compared to
what is currently available from high power diodes. This
will have a huge impact on cladding-pumped fiber lasers,
although it is certainly possible that tandem-pumping,
which is already in commercial use and provides very
high pump brightness, will also continue to be the favored
approach in the future in many cases.
The maximum pump power Pp max that can be
launched, via a single injection point, into a double-clad
fiber using the present generation of broad-area emitter
pump diodes in conjunction with the various beam combination schemes described above and MM fiber combiner
aggregation schemes can be estimated from
Pp max ⬇

冉

2PsNcoupling ricNA␥
M2x M2y

p

冊

2

,

共7兲

where Ps is the power available from a constituent singleemitter diode, M2x and M2y are the beam propagation factors for the single-emitter diode after fast-axis collimation, N is the number of wavelength-combined multiemitter sources, coupling is the coupling efficiency through
the pump beam conditioning and combining optics and
into the active fiber, NA is the arcsine (NA), ␥ is a factor
共⬍1兲 to account for the need to slightly underfill the fiber’s aperture and NA to avoid damage to the outercoating and mounting components, and p is the pump
wavelength. Figure 13 shows the theoretical upper limit
on the launched pump power as a function of the innercladding diameter based on current power levels available
from ⬃100 m wide broad-area emitters in the 915–975
nm band (i.e., Ps = 10 W), and assuming NA = 0.4,
coupling = 0.8, and ␥ = 0.8. Three different scenarios are
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core-pump an erbium-doped fiber on a single HOM [110].
However, except for core-pumping, it will be challenging
to maintain the high brightness in the final gain fiber, i.e.,
launch and guide the pump in a small inner cladding.
This may not be strictly necessary, but improves the
pump overlap with the core, which shortens the absorption length. Therefore, to make the most of tandempumping, it is necessary to optimize the fiber designs and
pump launch schemes.
Fig. 13. Theoretical limit on launched pump power for broadarea emitter-based pump schemes assuming Ps = 10 W, NA = 0.4,
coupling = 0.8, and ␥ = 0.8. The curves show the upper limit on
launched power that can be achieved using (a) fiber-coupled
broad-area emitters, (b) spatially combined and polarizationcombined multi-emitter sources, and (c) ten wavelengthcombined multi-emitter sources.

considered. Curve (a) shows the upper limit on the
launched power that can be achieved using fiber-coupled
single emitters. Curve (b) shows the upper limit on the
launched power using spatially combined and
polarization-combined multi-emitter sources. Curve (c)
shows the upper limit on the launched power for a
wavelength-combined multi-emitter source with N = 10.
Thus, using the current single-emitter diode technology
in combination with spatial, polarization, and wavelength
beam combination could yield launched pump powers
that are two orders of magnitude higher than can routinely be achieved today for a given inner-cladding diameter and NA. In practice, the pump power that can be accommodated by a given fiber will also depend on thermal
damage limits for optical components, MM fiber combiners, delivery fibers, and the final active fiber. Thus, the
development of “next generation” high-brightness diode
pump sources will be very challenging.
2. High-Brightness Tandem-Pumping
There are several attractions of tandem-pumping, and
one of them is the high pump brightness. This exceeds
that of even the brightest diode pump sources envisaged
in the future by at least 2 orders of magnitude. A more
complex system, a lower overall efficiency, and a limited
range of pump wavelengths may appear to be disadvantages of tandem-pumping, as compared to direct diodepumping. However, if we consider high-brightness diodebased pump sources, these are in themselves
sophisticated systems (see Fig. 12) that may well be as
complex as a fiber-laser pump source. The chips used for
high-brightness diodes are also somewhat less efficient
than those of lower-brightness diodes, and spectral beam
combination introduces losses, too. Therefore, all told, in
the high-brightness pumping regime, tandem-pumping
with a simple intermediate fiber pump laser can perhaps
be more efficient than direct diode-pumping, in some
cases. Furthermore, the possibility of Raman shifting
greatly extends the wavelength coverage of tandempumping. This can benefit several RE ion laser transitions, which are currently more severely affected than Ybdoped fibers by the low brightness of pump diodes at
appropriate wavelengths. For example, a Raman-shifted
YDFL providing 73 W at 1480 nm was recently used to

3. Summary of Likely System Benefits
The benefits in terms of fiber laser performance to be derived from improved pump sources depend very much on
the situation. One obvious benefit is the ability to scale to
higher average output powers in both cw and pulsed
modes of operation, and we remind ourselves that some
operating regimes and some wavelengths demand particularly high pump brightness. On the other hand, this is
subject to limitations imposed by damage and nonlinearity, and it is already now possible to design lasers that
reach the damage threshold even operating cw. For those,
the benefits of higher pump brightness are less clear. Nevertheless, higher pump brightness will also relax the constraints on the core composition in many cases, allowing
the use of much lower RE ion concentrations with enhanced resistance to photodarkening [127] and reduced
unwanted spectroscopic loss processes (e.g., energytransfer upconversion). This will in turn allow much
easier tailoring of the refractive index profile and RE ion
doping profile to facilitate robust single-mode operation in
a LMA core design, which is important to mitigate both
nonlinear degradation and damage. Thus, in many respects, pump brightness is still the key to further power
scaling. The availability of much higher power and much
higher brightness pump sources will almost certainly
change current thinking on cladding-pumped fiber designs, opening up many new possibilities and yielding significantly improved performance in all operating regimes.
These developments will further underline the important
future role to be played by fibers in the high power laser
arena.
The ability to use much smaller inner-cladding sizes for
a given pump power (by virtue of the higher pump brightness) will allow the use of much shorter fiber lengths,
raising the threshold for unwanted nonlinear processes
(e.g., SBS and SRS). This will benefit fiber sources (e.g.,
narrow-linewidth and pulsed) where the upper limit on
power is determined by the onset on nonlinear processes,
opening up the possibility of a dramatic increase in power.
At some point, however, the increased thermal loading
density will become a problem, as will be discussed below,
but we reiterate that high-brightness tandem-pumping
can be beneficial also in reducing the total thermal load in
the gain fiber.
B. Improved Power Handling
1. Improved Thermal Management
Although increased pump brightness brings many direct
and indirect advantages to many devices, the use of
shorter fibers with higher thermal loading densities will
emphasize the need to improve thermal management.
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Power-extraction per unit length can exceed 1 kW/m [128]
in YDFLs, but aggressive cooling is required to avoid
damage. With conventional double-clad fibers with a lowindex polymer coating, the coating is often most sensitive
to a high thermal load. Other thermal effects are normally less of a problem [129]. The coating serves the dual
purpose of guiding the pump light and protecting the fiber, and this restricts the materials and designs available. Silicone has been used in the past. It can withstand
higher temperatures, but suffers from degradation over
time, and the resulting pump NA has been restricted to
around 0.4. Teflon (polytetrafluoroethylene) is an interesting high-temperature high-NA option. However it is expensive and difficult to apply, and although Teflon coatings are commercially available for passive fibers (e.g.,
[130]), the benefits for high power fiber lasers have yet to
be demonstrated.
Today’s preferred low-index coatings (fluorinated acrylates), while easily applied during fiber drawing and possessing excellent optical properties, are relatively poor
from a thermal point of view. They degrade quickly at
temperatures approaching 200° C and long-term reliability may require operation below 80° C [107]. Furthermore, their thermal conductivities are poor, e.g., around
0.24 W K−1 m−1 [107]. Therefore, if special attention is
paid to achieving a high heat transfer coefficient h, the
first term in Eq. (5) will dominate, and the highest temperature reached within the coating, at the interface with
the silica inner cladding, is largely determined by its own
thermal impedance. The temperature difference across
the coating depends on the inner-cladding diameter and
coating thickness. The use of thin coatings will result in a
fiber with improved thermal resilience. The challenge for
the future lies in realizing a thin coating within the constraints of providing good optical guidance. We have fabricated fibers with coating thicknesses of 20 m, with a
reduction in the thermal impedance of nearly a factor of 5
compared to a more conventional coating thickness of
100 m.
The temperature difference from the ambient to the
outside of the coating can be substantial, too, and is likely
to dominate the temperature rise seen by the inside of the
coating in the case of unforced air-cooling, for example.
More efficient heat transfer arrangements are needed in
many cases, ranging from straightforward measures such
as coiling the fiber on a metal heat-sink to immersing it in
water, which presents practical problems and long-term
reliability issues. It is also possible to embed the fiber in a
metal. This can drastically reduce the overall thermal impedance through a conventional heat-sink (cold-plate,
water-cooled heat-sink, etc.), although the different melting points and thermal properties of the many different
types of materials involved make this a nontrivial proposition. In the example of Fig. 8 above, a heat transfer coefficient of 104 W m−2 K−1 would be sufficient to make the
temperature difference between the outside of the coating
and the ambient negligible, but a higher value is required
for a thinner coating.
Thermal management becomes simpler if the requirements on the polymer coating are relaxed. In so-called allglass structures, the waveguides are defined entirely by a
glass. No light reaches the coating (if the scatter is negli-
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gible), so the coating material can be selected to aid thermal management rather than for pump guiding. This
opens up opportunities for protective coatings made of
thin high-temperature polymers as well as metals. The
jacketed air-clad fiber [20,131] is one type of all-glass fiber
that can provide NAs of 0.7 [132] and above, but the silica:air mesh that constitutes the low-index outer cladding
also serves as an insulating layer. This increases the temperature in the glass, which is normally not critical, but
nevertheless undesirable. Furthermore, the thermally induced stresses in the mesh can be substantial [133] and
can conceivably break it. To date, this type of fiber has
been limited to 2.5 kW of output power [134].
Instead of a silica:air mesh, a low-index glass can be
used for the outer cladding. This improves the thermal
and mechanical properties, but the achievable innercladding NA is substantially lower than that provided by
low-index polymers, so less pump power can be coupled
into the fiber. This drawback can be offset by using
higher-brightness pump sources to increase the launched
pump power albeit at the expense of increased complexity.
It is likely that the next generation of high-brightness
pump sources will make all-glass fibers the natural choice
for power scaling, given the benefits to be gained in terms
of thermal and mechanical properties and ease of splicing
compared to jacketed air-clad fibers.
In addition to the above techniques thermal problems
can also be reduced by decreasing the thermal loading
density by in-band pumping. This is a key strength of
tandem-pumping, which has already proved to be a powerful technique for power scaling of YDFLs. For example,
IPG’s 10 kW fiber laser was pumped by YDFLs at 1018
nm and emitted at 1070 nm [14], corresponding to a quantum defect of less than 5% in the final gain stage, which is
roughly half of that of a directly diode-pumped YDFL.
This result serves to underline the benefits of tandempumping, which seems likely to remain as the option of
choice for operation at very high powers.
Nonlinear scattering, rather than stimulated emission,
may ultimately allow for the lowest thermal loads. For example, fiber Raman lasers, which have now been scaled
beyond 100 W [135,136] and look scalable well into the
kilowatt regime, can operate with quantum defects of less
than 4%, in the case of silica pumped at 1060 nm. SBS
can also be used for amplification, with a quantum defect
of the order of 10−4 in silica fiber. However, high power operation presents many challenges, and powers to date
have been limited. For example, an energy of 0.1 mJ was
reported in the pulsed regime, in a beam clean-up experiment [137]. Finally, fiber-optic parametric amplifiers operate without any quantum-defect heating. Key challenges here are related to phase-matching, and the record
power to date is only a few watts [138].
2. Improved Optical Damage Thresholds
Catastrophic optical damage due to dielectric breakdown
in the core is an increasingly troublesome issue, in particular in the case of high-energy nanosecond-scale
pulses. As stated earlier, the damage threshold of pulses
in this regime is normally taken to be 1.5 kW ns1/2 / m2,
with an inverse square-root dependence on the pulse duration [60]. Compared to thermal damage of the coating,
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the options for mitigating catastrophic damage are much
more limited. One option is to use materials with higher
damage thresholds, but there are only few materials with
higher damage thresholds than silica. On the other hand,
the incorporation of REs and other typical fiber dopants is
reported not to adversely affect the damage threshold significantly [139].
It is not clear if higher damage thresholds are realistic.
However, some recent studies do suggest this possibility.
Thus, values of around 0.5 TW/ cm2 = 50 kW/ m2 [140]
and even 6 TW/ cm2 = 0.6 MW/ m2 [141] have been suggested. Given a self-focusing limit of around 4 MW at
1060 nm, and that a core area of 200 m2 is straightforward to achieve, these values are far beyond what is
needed 共⬃20 kW/ m2兲. However these damage thresholds have not been demonstrated in fibers for reasons that
are partly unknown. Some reasons are readily understood, e.g., that the 0.6 MW/ m2 can only be achieved in
micrometer-sized spots [141], while larger spots lead to a
lower threshold. This is attributed to propagation and
self-focusing. Also the lower threshold of [140] still required carefully controlled conditions, for example, to
eliminate facet reflections. Some of these conditions (e.g.,
a 1 m2 spot size) are not achievable at high powers in a
fiber, which clearly must allow for propagation over appreciable lengths with low nonlinear degradation.
Less clear is if material imperfections contribute to the
lower damage threshold of 1.5 kW ns1/2 / m2 that is routinely seen in silica fibers. Note here that a 1 m diameter focused spot has a volume of around 1 m3, which is
very roughly 9 orders of magnitude smaller than the core
volume of a LMA fiber. Thus, it seems quite possible that
a LMA fiber contains defects which lower the damage
threshold and which are not readily detected with 1 m3
samples. A better understanding may open up for higher
damage thresholds, when combined with improved fabrication techniques, e.g., with higher-purity materials.
The damage threshold of 1.5 kW ns1/2 / m2 applies to
bulk damage, but similar values are possible also for the
surface. However, the likelihood for surface defects and
impurities, e.g., from polishing compounds [140], is considerable, and this can lead to a much lower surface damage threshold. We expect the standard end-capping technique applied today to be used increasingly. This reduces
the power density at the facet. One seemingly attractive
option for effective end-capping is to “erase” the core at
the end of the fiber by diffusion of dopants or collapsing of
holes in the case of air:glass microstructured fibers. Additional benefits of end-capping include better thermal
properties, reduced feedback into the guided modes, the
avoidance of a high-intensity standing-wave pattern at
the facet, and simpler coating of end-facets in some configurations. The deposition of anti-reflection, highreflection, and dichroic coatings is likely to increase in the
future. The benefits of this will be modest in some cases,
but this is nevertheless a natural future progression.
A larger mode area is another possibility, which we will
discuss further in conjunction with nonlinear degradation. We note here that even with the lower damage
threshold of [60], i.e., 1.5 kW/ m2 for 1 ns pulses, the
self-focusing limit would be lower than the damage limit
for mode areas above 3000 m2. It is also worth pointing
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out that the requirements on the mode distribution for
nonlinearity and damage mitigation differ somewhat: for
(most) nonlinearities, it is the effective area that matters,
while for damage the peak modal intensity is more of a
concern. It is possible to have very large effective areas,
while still reaching a high peak modal intensity, e.g., in
the case of a fiber operating on a HOM. Furthermore,
with MM fibers, the possibility of hot spots due to modal
interference is an issue, either as a transient with signals
of low temporal coherence or as a more long-term effect
with signals of higher temporal coherence. Modeflattened designs can be used to reduce the peak modal
intensity [142], but these do remain susceptible to modal
interference.
The temporal stability of pulses is important, too. Thus,
pulses with spikes (e.g., from a laser with a few longitudinal modes lasing simultaneously) have a lower damage
threshold than pulses without spikes [140]. MOPAs are
attractive in this regard since they can be seeded with
well-controlled pulses; the desired pulse shape and control are easier to achieve with low power oscillators.
C. Improved Nonlinearity Management
Avoiding nonlinear effects in fiber is one of the most critical issues for many high power fiber laser systems. For
example, SRS is a major limiting factor for current nanosecond MOPAs and will become an increasingly limiting
factor in cw systems as power levels increase beyond 10
kW. SBS provides a limit to the maximum singlefrequency power that can be generated in a fiber MOPA
and thus will be a key issue in power scaling for coherent
beam combination schemes. SPM is currently the primary
limiting factor for most ultrashort pulse systems. Techniques to manage nonlinear effects either through fiber
design or pulse shape control are thus essential.
1. Mode Area Scaling
As mentioned previously, increasing the effective mode
area within the fiber provides the most effective way of
minimizing the nonlinearity—reducing both the peak intensities and the device length due to improved pump absorption (for fixed inner-cladding dimension). Maintaining mode quality as the core area is scaled up is of
primary importance, and a number of strategies to
achieve this have been pursued over the years. Figure 14
illustrates various fibers relevant to this section. Initially
efforts focused on increasing the core diameter while reducing the NA accordingly in order to maintain pure
single-mode operation [53]. However, as the NA is lowered
the guidance gets progressively weaker, meaning that
light is more readily lost from the core as the fiber is bent,
and this limits the minimum NA that can be used in practice to 0.04–0.05. Assuming a NA of 0.05, single-mode operation is obtained for a core diameter of up to 16 m and
a corresponding effective area of around 200 m2 for a
wavelength of 1.064 m. Using this approach a tenfold or
so improvement in nonlinearity per unit length can be obtained relative to the core sizes typical of more conventional single-mode RE-doped fibers as used, for example,
within telecommunications.
Larger mode areas can be achieved by relaxing the
strict single-mode fiber requirements and working with
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Fig. 14. Different LMA fiber designs for the mitigation of nonlinearity. (a) Rod-type fiber incorporating a microstructured
(air:glass) core and high-NA inner cladding [150]. (b) Air-core
PBGF offering ultralow nonlinearity and high damage thresholds for beam delivery [161]. (c) Leakage channel fiber in which
the leakage loss for high-order modes is arranged to be much
higher than that of the fundamental [151]. (d) Solid PBGF offering PM guidance (due to stress rods placed close to the core) and
in-fiber distributed spectral filtering to shape gain profiles and
eliminate SRS [165].

step-index fibers at much higher V-values, such that the
fiber is itself capable of supporting MM operation, but engineering the fiber device such that is operates on just a
single transverse mode [143–146]. The lowest-order (LP01
mode) is preferred in most instances, but there is growing
interest in operating on a single HOM instead [147] since
these can have interesting dispersion characteristics;
and, furthermore, they may be more robust to subsequent
mode-coupling due to perturbations than the fundamental mode. This in turn suggests that larger mode areas
can be used. A downside with the use of HOMs is that often they exhibit localized regions of high field intensity
across the core that can result in problems with damage
at lower values of effective area than might otherwise be
expected. There is potential to avoid this by appropriate
engineering of the HOM profile by control of the core refractive index profile and geometry, although little has
been done to date in this area.
Single-mode operation of a MM core makes it necessary
to establish means to preferentially excite, amplify, and/or
attenuate specific optical modes of the fiber while at the
same time ensuring that scattering between modes as the
signal propagates through the amplifying fiber is minimized [143]. Much work has focused on using differentialgain by selective RE doping across the core [144,145],
differential-bend-loss by controlled bending of the fiber
[146], and resonant coupling of higher-order bound core
modes to leaky modes (e.g., in chirally coupled core fibers
[148]) to favor propagation of the fundamental mode over
HOMs. Using such approaches, a further order of magnitude or so improvement in the mode area relative to the
low-NA SM case can be obtained in certain circumstances.
Further improvements by a factor of 5–10 may be achievable by exploiting microstructured fiber technology, in
particular endlessly single-mode designs to obtain ultralow NAs in rigid rod-type structures [149,150] (where the
rigidity is required to minimize mode-coupling and/or excess bend-loss and mode distortion due to bending) or
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leakage channel fibers where differential confinement or
bend-loss loss can be used to favor fundamental mode operation [151]. Using these approaches mode areas in the
range 5000– 10, 000 m2 at 1.06 m have been reported
in the laboratory. It is however to be appreciated that controlling the refractive index of the core in RE-doped versions of these fibers is extremely challenging. Often some
form of nano-structuring of the core [89,150] is required to
avoid the doped regions of the glass (which are likely to
have a refractive index higher than the surrounding
silica), perturbing the underlying (weak) guidance mechanism intended to provide single-mode operation. Such refractive index perturbations can severely compromise the
mode area and ultimate mode quality that can be
achieved. Note that most of the largest mode areas reported in the literature are for passive fibers where
doping-induced refractive index perturbations, thermal
stability, and transverse gain competition under saturated laser operation are not an issue. Exactly how far
one can push these more exotic active fiber designs in
practice will require further study and better quantification moving forward.
Another intriguing approach to LMAs worthy of mention is the use of gain guiding in an index antiguide [152],
which when pumped provides optical confinement in a
single gain-guided transverse mode. The basic principles
have been validated, and single-mode operation in very
large cores has been reported. While physically interesting, the practicality of the approach remains to be demonstrated given the very high gains per unit length
needed (and the associated heat dissipation required for
anything like high average power operation). Nevertheless further work in this area is worthwhile—particularly
in the context of pulsed systems.
While the progress in mode area scaling appears most
impressive the issue of whether the approaches providing
the largest claimed mode area will ever be made practical,
given the concerns of robustness, mode-stability, manufacturability, packaging, and reliability of pump coupling
remain a concern. Certainly few if any commercial systems operate with fibers providing mode areas in excess of
1000 m2 at 1.06 m. Significant further research into
the whole area of mode scaling with a particular focus on
improving practicality and high power operation is
needed; however at this point it is not clear that substantial further progress will be made in terms of single-mode
single-aperture emission, although clearly increased
mode areas will be achievable by extending the concepts
described above to longer-wavelength transitions (i.e., one
might anticipate a factor of 2–4 increase moving from 1 to
2 m).
It is however worth noting the possibility of multimode
interference (MMI) operation. A tantalizing prospect of
MMI devices is that they may offer a route to higher selffocusing limits in fibers with low modal dispersion, as
well as larger core areas. MMI entails a large MM core
that operates on several modes, but these are phased such
that they interfere at the output into a free-space
diffraction-limited beam or a single-mode beam of a
single-mode fiber. If mode-selective feedback is arranged
(e.g., when provided through a single-mode fiber), this
phasing can be automatic, with the wavelength adjusting
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to minimize the cavity losses and thus maximize the coupling into the single-mode fiber [153]. It is also possible to
use electronic control of the modal content and phases
[154], although this requires separate control for both polarizations to work well, and this has yet to be demonstrated.
Tandem-pumping appears to have an interesting role
to play in mode area scaling, too. This is related to the
high excitation densities and gain that can build up in regions that are not well saturated by the desired mode,
and which can lead to mode instabilities and mode quality
degradation in LMA fibers. Tandem-pumping helps to
control the excessive excitation and gain [155] since the
maximum excitation and gain are much lower when
pumping close to the emission wavelength. Note here that
a small inner cladding helps to reduce the absorption
length in this case, so even if one can get the right wavelength with direct diode-pumping, the brightness would
be inadequate for close area ratio cladding-pumping. As
an example, Fig. 15(a) shows the Yb excitation level calculated across a uniformly Yb-doped phosphosilicate core
for five different pump wavelengths. The fiber has a
50 m diameter step-index core with a NA of 0.06. These
are typical parameters for low-NA large-core fibers that
we fabricate. This core supports 12 LPmn modes at a signal wavelength of 1080 nm. The fiber is saturated by a
signal at this wavelength propagating in the unperturbed
fundamental mode of the fiber. Furthermore, the pump
waveguide area is adjusted to yield a pump intensity that
leads to an average excitation level across the signal
mode of 3.0%, which is appropriate in phosphosilicate fiber for a signal wavelength of around 1070–1080 nm
[156]. Thus, the gain for the signal in the fundamental
mode is the same for the curves in Fig. 15(a). However,
the gain for HOMs is much higher for shorter pump wavelengths due to the high excitation level at the edge of the
core. Figure 15(b) shows the influence of the pump wavelength on the gain of HOMs at the signal wavelength. It
also shows the highest gain of any HOM at the gain-peak
wavelength, which varies with excitation level. The gain
is calculated from the excitation distributions in Fig.
15(a), using a concentration of Yb ions of 2 ⫻ 1026 m−3.
The gain obtained for pumps in the 910–980 nm range exceeds 6.2 dB/m for some HOMs at the gain-peak wavelength. This gain is much higher than the 0.95 dB/m we
get for the saturating fundamental mode signal. Such a
high gain difference is very problematic and can lead to
parasitic lasing (e.g., in a catastrophic self-Q-switching
mode) or otherwise self-saturation from ASE. Tandempumping at a longer wavelength resolves this inconsistency and facilitates further mode area scaling.
It is interesting to compare tandem-pumping close to
the emission wavelength to other options for controlling
the spatial gain distribution. In contrast to tandempumping, these are based on controlling the spatial distribution of either the pump or the dopant. One possibility
is to confine the RE ions to regions where the desired signal mode has a high intensity. In the case of a conventional Gaussian-like mode, the RE ions will then be confined to the central region of the core [144,145], which is
relatively straightforward, but confined doping will be
more difficult for modes with complex distributions such
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Fig. 15. (a) Fractional Yb excitation level for an ideal step-index
core with a diameter of 50 m and a NA of 0.06. All signal photons are in the fundamental mode, and all pump photons are
evenly distributed across the fiber cross-section. The numbers of
pump and signal photons are the same, spontaneous emission is
negligible, and the pump area is adjusted for an average fractional excitation of 0.030 for the fundamental mode, corresponding to a signal gain of 0.95 dB/m. (b) Fundamental mode—LP01
(solid horizontal line) and HOM (dashed curves) gains at the signal wavelength, and highest gain of any HOM at any wavelength
(long-dashed curve) under different pumping wavelengths with
cladding area adjusted for the same fundamental mode signal
gain of 0.95 dB/m [155].

as HOMs. Furthermore, modes can suffer distortion in
bent fibers [157], which complicates the use of confined
doping. It also reduces the pump absorption and signal
gain due to the reduction in the RE-doped volume. Another possibility is to confine the pump to regions where
the intensity of the desired signal mode is high [158,159].
This is most easily done with single-mode pumping and
has also been demonstrated with HOMs [110]. However,
single-mode pumping is a severe restriction for brightness
enhancement and power scaling. Furthermore, tandempumping close to the emission wavelength makes the gain
more uniform longitudinally as well, whereas the other
approaches do not.
We have seen above that mode area scaling is critical
for addressing damage and nonlinear degradation, but
this is limited by imperfect mode selection, modecoupling, and gain saturation effects in active fibers. In
the high power regime, thermally induced guiding can
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also limit the mode area scaling. Light propagation in fiber lasers, as defined by the refractive index distribution,
has been viewed to be largely immune to thermal effects.
However, at very high power levels and for laser transitions with a large quantum defect, thermally induced
changes in the refractive index profile can lead to stronger
mode confinement (i.e., for thermo-optic coefficient
dn / dT ⬎ 0). This leads to lower thresholds for unwanted
nonlinear loss processes (SRS and SBS) and catastrophic
damage for the fundamental mode. It can also lead to a
degradation in beam quality by virtue of parasitic excitation of HOMs. The maximum thermal load per unit
length that can be tolerated before thermal guiding becomes an issue and is inversely proportional to the mode
area [129]. Thus, in this limit, the ratio of the fiber length
to the mode area will be fixed [160], which in turn implies
that a larger core can no longer be used to mitigate SRS
and other (third-order) nonlinearities. Under these assumptions, if SRS is the most important nonlinearity, one
can show that the maximum power PSRS-thermal becomes
[160]
PSRS-thermal = 4L

冑

Aeff laser KsilicaGtot
Aco2 heat

dn
dT

,

共8兲

gR

where laser is the laser efficiency,  heat is the fraction of
the pump power converted to heat, Ksilica is the thermal
conductivity of silica (i.e., for the core), Gtot is the total
logarithmic gain in the amplifier, and gR is the Raman
gain coefficient. With the parameter values given in [160],
PSRS-thermal becomes 36.6 kW. It is also possible to determine the optimal value of the ratio between the length
and the effective area, 共L / Aeff兲opt. This becomes

共L/Aeff兲opt =

4

L
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With the parameters in [160], this ratio becomes
3.87 nm−1. This can be compared to the ratio of the Rayleigh length to the beam area at the focus of a diffractionlimited Gaussian beam. This ratio becomes n / L
= 1.37 m−1 for a laser wavelength of 1064 nm and a refractive index n of 1.46. This is some 2800 times smaller
than 共L / Aeff兲opt. We conclude, therefore, that in this ultimate limit, a waveguide is necessary for realizing the geometry that leads to the optimal balance between nonlinear (SRS) and thermal effects, as determined by
fundamental material parameters. Furthermore, most
dopants produce a larger thermal load than Yb, which
strengthens the importance of a fiber waveguide for those
other dopants.
The maximum power according to Eq. (8) is much
higher than what has been reached to date, and there are
of course a number of additional constraints on the fiber
laser power, e.g., available pump power, thermal coating
damage, and optical damage. Those constraints suggest
that a long fiber with a large core should be used. However, the reduction in mode area in a bent fiber also places
a practical upper limit on the core diameter, and it is clear
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that these additional constraints may well limit the
power much below the value of 36.6 kW suggested by Eq.
(8). In particular, as discussed in [160], the core size required to avoid optical damage at 36.6 kW may be prohibitively large.
Equations (8) and (9) can be used in the pulsed regime,
as well, following slight modifications to account for the
more severe nonlinear effects typical for pulsed devices at
a given average power. In the conventional SRS-limited
case, the average power becomes
PSRS-thermal = 4L

冑

Aeffpulse laser KsilicaGtot
Aco2 heat

dn
dT

, 共10兲

gR

while the optimum value 共L / Aeff兲opt is given by
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where pulse is the pulse duty cycle. We see that the optimal ratio 共L / Aeff兲opt is proportional to the square root of
the pulse duty cycle. Therefore, the difference between
the optimal waveguide and a diffracting geometry becomes smaller for lower duty cycles and disappears completely for duty cycles of the order of 10−6.
Single-frequency amplifiers are also limited by nonlinear scattering, in this case SBS. Using Eq. (10) with the
Raman parameters replaced with the corresponding Brillouin parameters, a maximum power limit of 1.86 kW was
found in [160]. The corresponding value of 共L / Aeff兲opt becomes 178 m−1, which is significantly smaller than for
Raman-limited cw case operation, but still much larger
than for a diffracting beam, which points to advantages of
a waveguide also for high power single-frequency amplification. We note finally that in-band tandem-pumping
has a role to play also in this context of ultimate power
scalability, in that it helps to reduce the thermal load and
thus allows for further power scaling (Eq. (8) above and
[160]).
2. Reducing the Material Kerr Nonlinearity
Stepping back from the regime of very high average powers where thermal limits need to be considered, the most
promising route to substantially increased nonlinear and
damage thresholds for single-mode operation is to exploit
hollow-core fiber technology (PBGFs [161] and Kagome fibers [162]). Such fibers offer extremely low values of optical nonlinearity per unit length—as low as one thousandth of those of conventional solid fibers by minimizing
the modal overlap with the glass structure. While this is
clearly of great interest for passive fiber delivery, for lasers the obvious challenge is to find a way to achieve significant gain when the modal overlap with the solid regions of the fiber is so low. One possible solution could be
to move away from RE doping and to use a gaseous gain
medium within the fiber core. Indeed gas-based lasers
based on Raman scattering in hydrogen have now been
reported (albeit pumped with high-brightness pulsed
single-mode lasers) [163]. We can only hope that as
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higher-brightness pump laser technology emerges, and
pump coupling technology for microstructured fibers improves, that new concepts and fiber designs better able to
trade off reduced nonlinearity for signal gain will emerge,
and that these will allow hollow-core fiber to find application in active high power laser devices. Note that the use
of hollow-core fibers also allows light to be transmitted in
regions in which conventional solid fibers are strongly absorbing, e.g., in the ultraviolet (UV) and mid-IR. This also
has implications for external frequency conversion
schemes in these spectral regions and provides important
laser delivery options across extended wavelengths.
3. Mitigation of Stimulated Inelastic Nonlinear Scattering
by Fiber Design
Given a certain mode area, fiber length, and desired
strength of elastic Kerr-based nonlinear interaction, it is
often necessary to control the level of inelastic nonlinear
scattering which is an undesirable parasitic effect in
many instances. SRS suppression is an area in which photonic bandgap concepts and antiresonant guiding phenomena already look set to play a significant role. In this
instance the fact that the PBGFs guide light only over a
limited spectral bandwidth can be exploited to provide a
large distributed inline loss at the Raman Stokes shift
while presenting minimum loss at the signal wavelength.
Here, solid PBGF variants can be used (allowing a solid
core and thus incorporation of cladding-pumpable RE ions
[164,165]). Significant increases in the SBS threshold
might in principle also be possible using such an approach
with optimized fiber designs and material choices, although this is much more difficult because of the small
Stokes shift and the strength of SBS and may more easily
be implemented using inline blazed gratings [166]. Note
though, as already mentioned in Subsection 2.B, that significant work has also taken place these past years on developing acoustically engineered fibers providing a much
reduced Brillouin response [47–51], and it is conceivable
that such SBS suppression concepts might ultimately be
simultaneously incorporated in the design of SRS suppressed fibers to provide additional functionality and opportunities to control the relative strength of different
and sometimes competitive nonlinear effects. Finally, it
should be mentioned that it is also possible to engineer inband dispersion using PBGF effects which again is extremely important when managing the impact of optical
nonlinearity on short optical pulses.
4. Mode Area Scaling Using Multiple Apertures—Beam
Combination
Despite the exciting prospects for further power scaling
discussed above, at some point the upper limit on power
from a single aperture will be reached. Scaling output
power in cw or pulsed mode beyond this limit can be
achieved via beam combination. Well-established features
of active fibers such as low cost, modular design, reliability, high efficiency, good beam quality, and high control
(notably in MOPAs) are very attractive for beam combination, and there has been good progress to date. Here, our
objective is limited to outlining the many different beam
combination schemes in a fiber context and discussing
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their scalability and suitability for different operating regimes. For technical details, we refer to a recent journal
issue on the topic [37].
Beam combination can be divided into two types, incoherent and coherent beam combination, and can be applied to multi-core fibers and multiple single-core fibers.
There are furthermore two versions of incoherent beam
combination, the so-called spatial beam combination and
spectral (or wavelength) beam combination. There are
also two types of coherent beam combination distinguished by the method of phase control, i.e., active or passive. Polarization multiplexing is the simplest method for
incoherent beam combination, but offers at best a factor of
2 increase in power (and brightness), so often ignored in
discussions about the pros and cons of the various beam
combinations schemes. The usual division into operating
regimes applies as well, i.e., cw, high-energy pulses (nanoseconds), and ultrashort pulses (femtoseconds to picoseconds).
The potential benefits of beam combination are clear.
First, it provides a scalable route to increase the effective
core area, thereby reducing nonlinear effects within the
fiber elements of the system for a given combined field intensity or power. It also reduces the corresponding infiber peak intensities which can be important from a damage perspective depending on the operating regime.
Moreover, if the approach of separate fibers is used the
overall heat load can be distributed over a number of fibers easing thermal management. However, such benefits
come at a considerable cost in terms of complexity and
stability of the system, and much more work will be required to try and develop simpler and more practical
means to affect beam combination.
The simplest, and already quite widespread, beam combination technique is spatial beam combination (sometimes referred to as beam stacking) in the cw regime. The
outputs from a number of spatially incoherent fiber
sources are combined into a single beam in a fiber combiner or a free-space combiner, or are simply focused into
a common focal point. Fundamentally, this is not different
from the diode stacking illustrated in Fig. 12, and it offers
a route to virtually any desired power level albeit at the
expense of poorer beam quality and a small reduction in
brightness. This approach is used for industrial lasers up
to 50 kW of output power [124], and even after combination, the beam quality can still be sufficiently good for demanding industrial and defense applications (e.g., shortrange directed energy [167]).
Spatial beam combination can also be used for
nanoscale-scale high-energy pulses. In this case, the only
additional complication is pulse timing. This suggests
that a multi-path MOPA configuration consisting of many
parallel high-energy amplifiers seeded by a common
pulsed laser should be used. A pulse duration of 1 ns corresponds to 20 cm of fiber propagation, so the fiber
lengths need to be adjusted on this scale to synchronize
pulses from all channels. For ultrashort pulses (say 1 ps),
the length matching becomes more critical with a tolerance of the order of 0.2 mm. At such tolerances, thermally
induced variations of the refractive index need to be considered. For example, with a fiber path of 10 m, a temperature change of 2 K is enough to change the optical
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path length by 0.2 mm. Differences in temperature between different arms on this scale are easy to envisage, so
precise control of the temperature or, more directly, of the
optical path length is likely to be required for incoherent
combination of picosecond-scale pulses amplified in separate fiber arms.
The path-length difference due to different fiber
lengths as well as to temperature differences may be
easier to manage with a multi-core fiber, allowing the different channels to be amplified in different cores. The fiber geometry and heat-sinking arrangement is important
for minimizing temperature differences between cores. A
ribbon fiber with a linear array of cores should be attractive for this purpose, but the thermal limit on average
power will obviously be lower than for an arrangement
with separate fibers.
Spectral beam combination is a more sophisticated incoherent technique, in which several beams of (typically)
similar beam quality but at different wavelengths are
wavelength-multiplexed into a single combined beam
with beam quality similar to that for an individual (constituent) beam. Thus, the spatial brightness can be increased significantly via this approach. The wavelengths
of the different emitters can either be determined by conventional means (e.g., MOPAs seeded at the desired
wavelengths) or the beam-combination arrangement can
be located within a common external feedback cavity. In
the latter case, the cavity automatically selects the correct wavelength for each emitter.
The elements for combining (i.e., wavelength multiplexing) are crucial for spectral beam combination.
Diffraction-gratings, VBGs, interference filters, and polarization combining followed by wavelength-dependent
polarization rotation are popular multiplexing elements.
With a diffraction-grating, the beam combination can be
performed in a single step with the incident angles of the
different beams arranged such that all the diffracted
beams emerge in a single direction. In addition, the
beams to be combined need to be incident on the same
spot on the grating and lie in a plane. This is a good
match for ribbon fibers, although the number of cores,
and therefore the scalability, will always be quite limited
in a single multi-core fiber configuration. The other combination approaches involve cascaded combination with
beams arriving from different directions, so they seem
better suited for combination of conventional single-core
fibers.
The upper limit on power attainable via this approach
depends on power handling and cascadability of the combining elements, obtainable spectral channel density,
power and linewidth achievable from the individual fiber
emitters, and the bandwidth over which they can operate.
Looking forward, it seems safe to assume that in the cw
regime, linewidths of a small fraction of a nanometer
should be achievable at the multi-kilowatt level and possibly beyond from near-diffraction-limited Yb-doped fiber
sources. Therefore, it appears that the combining elements rather than the fiber sources will determine how
many fiber sources that can be combined and the ultimate
limit on power. This is particularly so when one considers
that high power radiation can be generated with various
linewidths all the way from 1 to 2 m, using a combina-
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tion of Yb-, Er-, and Tm-doped fiber sources as well as Raman sources, and perhaps using a combination of course
and fine wavelength multiplexing. Indeed, the wavelength agility of fiber sources is a prime attraction for
spectral beam combination.
Still, the power levels used to date appear to be far below what the best multiplexing arrangements can handle.
For example, a normal surface relief grating should allow
over 100 Yb-doped fiber sources to be combined to a power
of 100 kW [168], and probably well beyond, limited by financial constraints rather than technical ones for the
foreseeable future.
In the pulsed regime, spectral beam combination of individually wavelength-locked lasers requires careful control and synchronization of pulses from the constituent fiber sources. This is a practical issue, but will become
increasingly challenging to address as the number of
sources to be combined increases and pulse durations decrease. To date, only four channels have been wavelengthmultiplexed in the nanosecond regime [169]. It may be
better to use a beam-combined multi-wavelength cw seed
laser and a modulator to generate pulses followed by
wavelength-demultiplexed amplification and subsequent
spectral recombination. See reference [168] for a cw example of a similar configuration (albeit without intermediate multiplexing and demultiplexing).
As for beam stacking, combining of ultrashort pulses
will be more challenging due to the required path-length
matching. Furthermore, the bandwidth of ultrashort
pulses needs to be considered as well, given the limited
channel bandwidth as well as spatial and/or temporal dispersion effects. Therefore spectral beam combination
looks less than ideal for ultrashort pulses.
Coherent beam combination is quite different in many
respects. In passive phasing, a number of gain-fiber arms
share a common cavity, but in contrast to the intracavity
spectral beam combination, the combining element is not
wavelength-selective, and the gain fibers all operate at
the same wavelength. Furthermore, instead of the gain
arms operating independently as they do for spectral
beam combination, the combining arrangement actually
couples the gain arms to each other. The passively phased
laser array can then be understood to be operating on a
single super-mode of the multiple fibers. It is possible to
design the cavity so that it selects a desired super-mode
by ensuring that this has the lowest loss of all possible
super-modes. This super-mode is then coupled to a single,
normally diffraction-limited, mode at the output of the
cavity. In the low power regime, a single-mode fiber can
be used for this purpose, and an arrayed cavity can be
formed by cascading conventional single-mode fused-fiber
couplers [170]. At higher powers, non-waveguiding approaches are needed, e.g., employing a MM fiber structure
[171], an external reflector setup in a Talbot or selfFourier configuration [172], or a Dammann grating [173].
Some of these arrangements, notably the Talbot cavity,
are also attractive for phasing of multiple cores in a single
fiber [174].
In order to avoid excess loss for the desired (lowestloss) super-mode, the round-trip phases in all gain arms
must be the same, bar for multiples of 2. Herein lies the
challenge with passive phasing, as this phase is not con-
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trolled. Nevertheless, due to a degree of spectral freedom
of the phased array, the phase condition can largely be
fulfilled up to array sizes of approximately ten [175–177],
as the array finds a wavelength that minimizes the loss of
the super-mode. Furthermore, it is possible to design cavities with relaxed sensitivity to phase errors [178], although the power scalability of this approach, and indeed
the ability to achieve effective passive phasing, remains
to be determined.
An array of the order of ten gain fibers, or cores, does
represent significant scaling but is still quite limited. We
note however that in contrast to other combination
schemes, important aspects of the physics of passive
phasing are not well understood, and there may be opportunities for utilizing optical nonlinearities [179,180], for
example, to phase-lock the arms and scale to larger arrays. However it should be appreciated that there are several nonlinear effects in a fiber with different temporal
characteristics, i.e., the Kerr nonlinearity, electrostriction, thermal effects, and gain-inversion effects according
to the Kramers–Kronig (KK) relation. These nonlinearities have to be better understood if they are to be exploited for phase-locking. On the other hand, in a multicore fiber, conventional linear distributed coupling
between cores can also be used for phase-locking [179]. To
date passively phased fibers lasers with as many as 16
cores have been demonstrated using this approach [174].
It is interesting also to consider to what extent a larger
laser bandwidth (as determined by the gain medium and
the cavity) allows for a larger array due to the higher
probability of finding a wavelength with a small phase error. In fact, this relation is not very strong, allowing—
arguably—only for logarithmic growth in the array size. A
better approach may be to use a small array of perhaps
five arms, restricted to a narrow wavelength range, and
then to spectrally beam-combine a number of such arrays
for further power scaling.
As it comes to pulsing, although a passively phased array could be mode-locked in theory this would appear
very difficult in practice. This would preclude ultrashort
pulse operation. Also nanosecond-scale operation would
appear to be problematic due to the nonlinear phase
shifts that occur at high peak powers. Intriguingly,
though, promising results have been reported, albeit with
only two channels [181]. A simple, passive, and scalable
solution in this area would be very interesting since beam
combining in the pulsed regime is generally quite challenging and complex.
Active phasing is the engineering approach to coherent
beam combination. Here, the light from a single seed
source is split and amplified in several arms, and then coherently recombined. The combination can take place in
some element such as a Dammann grating [182] or a selfimaging waveguide [183]. Alternatively, the beams can be
stacked side by side in a phased array, which then forms a
diffraction-limited beam (subject to fill-factor limitations)
and which can also be controlled (steered) to a degree. In
this case, there is no discrete combining element. Active
phasing does involve difficult challenges, but the phase
control problem appears to be solved (see, e.g., [184]). The
stability of the mounted array does remain an issue, but
is being addressed and is not a long-term concern. Also
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SBS is being addressed: active phasing becomes easier
with highly coherent sources, as this allows for longer
path-length differences between arms of multiples of 2.
However, high temporal coherence can lead to SBS, but
there has been very good progress in SBS suppression
and power scaling of narrow-line sources in recent years,
as discussed in Subsection 2.B.
Active phasing is very attractive from a scalability
point of view. Although stringent (e.g.,  / 20) phase control
is required, this tolerance is independent of the number of
elements.
In the pulsed regime, the high energies targeted for
nanosecond pulsed sources may well lead to difficult-tocontrol variations in nonlinear phase shifts between different arms, although this will be less of an issue for
longer pulses of, say, 100 ns duration. Even then, though,
the change in KK-related change in the refractive index is
a concern, and it clearly requires very precise control of
the system to ensure that the nonlinearities in different
arms are balanced. Coherent combination of ultrashort
pulsed sources, although again requiring precise pathlength matching (i.e., the number of 2 phase differences
tolerated is relatively small), could conceivably be simpler
in that the pulse energy is smaller and CPA can be used to
keep the peak power down. Once again, a single multicore fiber is attractive for ultrashort pulses, in that it
helps to keep the path-length differences small [185]. As
an illustration of the advantages that this can bring, consider the 16-core fiber laser, passively phased in a Talbot
cavity reported in [179]. This had an effective area exceeding 5000 m2 for operation on the fundamental
super-mode at 1.06 m. Applying these approaches with
ultra-large mode area fiber designs, e.g., leakage channel
fibers [186], to allow operation at effective areas well beyond 10, 000 m2 will be increasingly important moving
forward—most particularly for pulsed laser systems
where managing the high peak powers is the primary issue and thermal effects are secondary.
To summarize, although it seems unlikely that all of
these alternatives will be pursued successfully in the future, it is clear that some of them will be, providing different advantages for different applications, considerable
diversity, and a greatly expanded range of options for the
laser engineer to choose from. Although the requirements
on the gain fiber differ for different combination architectures, to reduce complexity it still looks attractive to develop standardized fiber building blocks that can be used
for several architectures.
5. Nonlinear Mitigation through Pulse Shape Control
Kerr effects are ultrafast and therefore manifest themselves instantaneously across a pulse as it is amplified.
Consequently, if one can accurately shape an optical
pulse, it becomes possible in theory to control the evolution and consequent impact of SPM. In this regard various simple pulse forms are of interest—for example, rectangular pulses simply generate a uniform phase shift
across their envelope under the influence of SPM, and the
only frequency-chirp (which compromises pulse quality) is
generated at the leading and trailing edges. If these edges
are sufficiently abrupt, then the relative impact of SPM
can be modest, particularly if the chirped frequency com-
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ponents can be filtered away at the system output. Parabolic shaped pulses generate linear chirps under the influence of SPM that can subsequently be removed using
dispersive elements such as grating and prism pairs. In
principle, with adequate temporal control SPM can be
mitigated reasonably well in many instances of practical
interest [187], leaving SRS as the primary nonlinearity to
address. However, even here, pulse shaping can be gainfully used. For example, square optical pulses experience
uniform SRS gain across their envelope which either can
be exploited to ensure that maximum pulse energy is extracted from an amplifier before the onset of SRS [73], or
indeed can be used as an efficient pulsed wavelength conversion mechanism [188].
A number of pulse shaping technologies are now readily
available, and in the coming decade we envisage increasing use of these in advanced fiber laser systems in order
to mitigate, or indeed exploit, fiber nonlinearity. In terms
of fixed-response (and potentially low-cost) pulse shapers
we highlight superstructured fiber Bragg grating [189]
and long period grating [190] technology which have been
used for many years in telecommunications applications
to perform complex pulse shaping functions (including the
generation of both square and parabolic pulses). In terms
of adaptive filters we point to products such as the Waveshaper from Finisar Inc. based on liquid crystal technology which provides for signal phase and amplitude control with very good 共⬃5 GHz兲 spectral resolution [191].
AO and conventional spatial light modulator based devices as used extensively with Ti:sapphire-based femtosecond laser systems are also becoming commercially
available at relevant fiber laser wavelengths.
We believe that the combination of pulse shaping along
with nonlinearity/dispersion engineered fibers will offer
many interesting device and system applications in the
forthcoming decade and will provide a rich opportunity
for significant further innovation. Obviously, once developed for single-core operation these concepts should
readily be extendable to the multi-aperture regime to allow further power scaling there also.
6. Adaptive Fiber Laser Systems
With the emergence of adaptive pulse shaping technology
capable of operating over extended time scales from the
femtosecond to effectively the cw regime and the relative
flexibility and transparency of MOPAs, the possibility of
creating adaptive, yet practical and affordable, laser systems capable of optimizing their output parameters to
suit a given application comes to mind. Indeed, considerable work on developing sources with pulse shapes optimized for particular applications, such as the colormarking of metals, has already been undertaken. We
believe that this is just the tip of the iceberg and that this
will be an increasing theme of fiber laser research in the
coming decade. One can envisage intelligent self-learning
lasers, for example, receiving information back on cutting
quality, or speed, and automatically adapting their output
characteristics over relatively wide operating ranges using suitable learning algorithms to optimize application
performance. One can even envisage incorporating some
form of spatial mode optimization into the laser design—
for example, some applications require ring type or flat-
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top beams, which may be obtained by suitable modeengineering or post-processing of the fiber facet. The use
of a wavelength selective mode converter at the fiber output with wavelength tuning of the input seed laser might
even allow for a degree of dynamic control. The whole
area of wavelength agility at the seed laser coupled with
wavelength selective elements within a MOPA system
opens up a host of new device opportunities.
D. Other Wavelengths
The methods and concepts we have discussed so far are
particularly relevant for lasers that operate close to thermal, nonlinear, and optical damage limits. However, another priority is to extend the wavelength coverage of
high power fiber sources. The challenges here can be similar to those for Yb power scaling, but they can also be
quite different; but regardless, it is apparent that improved operation on other laser transitions is sure to follow in due course. Indeed, recent advances in power scaling of Tm-doped silica fibers to kilowatt power levels in
the ⬃2 m wavelength regime bear strong testimony to
this, and further advances are to be anticipated here.
Coverage of much of the near infrared band from ⬃0.9 to
⬃2.1 m can be achieved using RE ion transitions in
silica and non-silica fibers supplemented where necessary
by Raman shifting. The advent of silica fibers doped with
bismuth [192] (a so-called poor metal rather than a RE)
has opened up the difficult-to-access wavelength regime
from ⬃1140 to ⬃1500 nm, complementing the spectral
range available from RE-doped fibers. Power levels are
quite modest at the moment [193], but the prospects for
scaling to much higher power using in-band pumping
schemes based on the use of one or more Yb fiber pump
lasers look promising. It is also worth mentioning the
prospects of other dopants, e.g., lead and chromium. A
range of dopants have been investigated extensively in
the past, with limited success, but advances in fabrication
techniques such as nano-crystals [194] can be used to
modify and control the local environment of the active
centers. In this way, all transitions demonstrated in crystals can conceivably be realized in fibers as well.
Operation on laser transitions in the visible and midinfrared bands is much more challenging, and as a consequence both output power and spectral coverage are
rather limited. At wavelengths beyond ⬃2.2 m, the attenuation coefficient for silica increases dramatically, and
hence other glass hosts (e.g., fluorides [195], tellurites
[196], and chalcogenides [197]) with superior infrared
transmission are required. These glasses also benefit
from lower phonon energies than silica, but fabrication of
low-loss fibers (active and passive) is an obvious challenge
as is the fabrication of associated fiberized components.
Much of the work on mid-IR fiber lasers has focused on
Ho-doped ZBLAN (ZrF4 - BaF2 - LaF3 - AlF3 - NaF) [198]
and Er-doped ZBLAN [199] lasers operating in 2.70–2.83
and 2.85– 2.95 m bands, respectively. Development of
these lasers has been driven mainly by the prospect of a
range of applications in the biomedical area exploiting the
strong absorption band in water at ⬃3 m. To date, the
maximum output power reported for a cladding-pumped
Er:ZBLAN fiber laser is 24 W for 166 W of diode pump
power at ⬃975 nm [200]. The combination of low effi-
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ciency, high thermal loading density, and the relatively
poor thermo-mechanical and optical damage properties of
the mid-IR glass hosts compared to silica will make further power scaling very challenging.
An alternative strategy for extending the range of operating wavelengths to the mid-IR is offered by the hybrid
fiber-bulk-laser architecture. In this approach, a high
power fiber laser operating in the near-IR wavelength regime is used as a high-brightness pump source for a bulk
crystal laser. There are a number of fiber-bulk-laser combinations that can yield output in the mid-IR regime. One
notable example is Tm- or Er-fiber-laser-pumped Cr:ZnSe
[201], which offers access to a broad range of operating
wavelengths in the ⬃2 – 3 m band [202]. Also, a relatively new material, Fe:ZnSe, offers laser emission in the
3.95– 5.05 m band [203]. As with many bulk laser configurations thermal loading and its deleterious effects
represent a major challenge to power scaling, particularly
in laser configurations such as these where quantum defect heating is high.
In many respects the most straightforward way to extend the range of operating wavelengths to the visible and
mid-IR bands is via external nonlinear devices (i.e.,
second-harmonic generators, optical parametric oscillators and amplifiers, and both difference frequency and
sum generators). However, the pump requirements for efficient nonlinear conversion such as high power, narrow
linewidth, and single polarization are not always easy to
satisfy simultaneously in a fiber geometry at high average
power and may result in significant added complexity to
the fiber system. Tailoring fiber designs and systems to
meet these needs is very much an ongoing research activity, motivated by the prospect of access to virtually any
wavelength in the UV-visible [204,205] and near mid-IR
[206] wavelength regimes at high average power to
complement the spectral coverage offered by fiber lasers
themselves in the near IR. Already, using this approach
pulsed Yb fiber MOPAs have been frequency-doubled to
generate over 80 W of green at 530 nm [207]. Increasing
fiber laser power levels, spectral densities, and wavelength coverage for different pulse duration regimes is
sure to figure as a major area of research activity for the
foreseeable future, yielding—via nonlinear frequency
conversion—light at wavelengths spanning the soft x-ray
to terahertz regimes.

6. CONCLUSIONS
In conclusion, we have reviewed the current state of the
art in fiber laser technology in relation to both parametric
performance and practical considerations such as thermal
and damage management. Our review has highlighted
that, in both continuous-wave (cw) and indeed many
forms of pulsed operation, the results for ytterbium fiber
laser are close (within perhaps a factor of 2–3), of significant fundamental limits for single-mode operation using
the existing technology. However, we note that plenty of
scope remains for translating knowledge and experienced
gained here to high power lasers based on the less developed Er-, Tm-, Ho-, and Nd-based transitions—indeed,
given the recent progress, it will be interesting to see
whether the ultrahigh efficiencies obtainable in ytterbium
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means that this RE system will win out in terms of
achieving the highest possible power levels or whether
the larger mode areas achievable in thulium will prove
decisive despite the lower power efficiency.
Looking forward to the next decade we have speculated
as to how developments in the existing underpinning
pump, fiber fabrication, and component technologies are
likely to impact the development of fiber laser technology
and have given some personal thoughts as to how new
and emerging forms of fiber and new system architectures
and concepts may extend the performance range and applicability of the fiber approach. Extending the mode size
while obtaining robust performance is arguably the most
critical issue in power scaling both pulsed and cw lasers,
and radical innovation will be required here if the rate of
power growth from single-aperture lasers enjoyed this
past decade is to be maintained long into the next.
Clearly, single-modedness is not essential for all applications of high power lasers, and therefore more systematic
study and understanding of the power scaling limits versus trade-offs in terms of thermal/damage management,
mode quality, and stability are also required for MM fibers, not least in developing a better understanding of the
impact of mode competition and relative modal excitation
levels on pointing stability and damage thresholds. In
pushing to the highest possible power levels, it is to be appreciated that ensuring long-term reliable operation is
likely to be highly challenging, and it may well be that the
practical limit for reliable commercial systems will always be a significant factor down on the record levels set
in the laboratory. Hopefully, this down-rating will be
minimized as greater understanding and appreciation of
possible failure modes under high power operation of fibers (and associated components) are developed. Clearly,
improvement in the power handling of isolators, pump
combiners, gratings, optical coatings, and indeed the fibers themselves will be essential to the continued commercialization of the technology as power levels continue
to increase.
In terms of pulsed laser performance improvements in
large mode area fibers (for reduced device lengths, nonlinearity, and susceptibility to damage) are likely to lead to
further increases in the pulse energies and peak powers
that can be derived from fiber systems. 100 mJ
Q-switched and multi-millijoule femtosecond systems are
within sight by exploiting emerging techniques for nonlinearity and dispersion control. The use of adaptive pulse
shaping techniques in fiber MOPA systems are also coming to the fore—promising designer pulse shapes at high
average powers for pulses with durations spanning the
millisecond to femtosecond regimes. The possibility of using spatial mode shaping, of either diffraction-limited
beams or indeed heavily multimode (MM) beams, provides further exciting possibilities. Initial results in this
direction are beginning to emerge using both bulk- and
fiber-based mode shaping approaches. Combining both
temporal and spatial beam shaping in fiber MOPAs provides perhaps one of the most intriguing and exciting opportunities for future research, leading to the prospect of
MOPA-based laser sources providing adaptive control of
spatio-temporal laser fields at high peak and average
powers. Combining such advanced lasers with suitable
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feedback and adaptive algorithms should lead to lasers
that will self-optimize their outputs to suit particular end
applications—greatly enhancing process efficiency and
control. Clearly many challenges lie ahead in attempting
to realize such concepts in practice; however opportunities to make significant in-roads in this direction clearly
exist and will certainly be exploited in the coming decade.
Once the single-aperture power limits are reached then
the only real option for further power scaling will be to
look at beam combination. As we have reviewed, numerous technical approaches exist including coherent or incoherent, active or passive, and multi-core fibers or multiple
single-core fibers. One should expect substantial activity
in these areas in the coming decade, and significant
progress should be anticipated in both cw and pulsed regimes.
With options for improved wavelength coverage afforded by new glass types and advances in external frequency conversion from the soft X-ray to terahertz regimes, the future opportunities for fiber laser research
and further commercialization appear very bright indeed.
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