High-Power Fiber Lasers: Recent Advances

|. Introduction

The field of Lasers has a relatively short history starting from 1960 with Maiman’s first demonstration
of laser action in ruby ™. The first fiber laser was demonstrated by Snitzer in 1961 ). Subsequently, Nd-doped
fiber lasers were developed following the progress in bulk glasses. The first Nd-doped fiber laser was pumped

from the side and could only work in the spatial multimode regime ™. However, side pumping provides very
[4]

low efficiency, which was improved by the longitudinal pumping used by Burrus and Stone

The erbium-doped fiber amplifier(EDFA) was invented by D. N. Payne and coworkers in 1987 Bl The
commercialization of the EDFA made long haul optical communication inexpensive and reliable and optical
fiber became the standard for long-haul telecommunication systems. However, in situations where high-power
lasers are needed, an EDFA does not work very well because the high power density damages the fiber.
Nd-doped fiber lasers (NDFL) and Yb-doped fiber lasers (YDFL) were developed for scaling output power of

fiber lasers.

The first Yb-doped fiber laser was reported by Etzel, Grandy and Ginther ¥ YDFLs attracted less
attention initially since NDFLs were considered to have more advantages. Nd®* has the advantage of a
four-level pumping scheme, while Yb*" works with a three or quasi four-level scheme. A four level laser
system tends to lase easier because it has a lower threshold. However, ytterbium offers higher power
conversion efficiencies and larger output powers. Pulsed lasers can get higher peak powers than CW lasers. In
some applications, high power pulses are needed for diagnostics, laser surgery, and high quality imaging. High
power pulses from fiber lasers can achieve good beam qualities. This makes such lasers attractive for practical

applications.

This paper reviews CW and pulsed fiber lasers with a focus on YDFL for its high conversion efficiency.
In the following discussions of high-power fiber lasers, output power and beam quality 1 constitute two

important parameters.

II. Enabling Technology for High Power Fiber Lasers

Fiber lasers have many advantages over bulk glass lasers. Fiber lasers are more compact, lighter, and
more efficient than bulk glass lasers. In double-clad fiber lasers, pump conversion efficiency can be as high as
80%. Fiber lasers can have better beam quality than bulk glass lasers due to mode control and thermal
managements. For example, flashlamp-pumped Nd: YAG lasers have limited beam quality because of the

thermal lensing of the Nd: YAG rod. The thermal lensing is generated by the temperature gradient in the cross



section of the glass rod. For fiber lasers, fiber geometry increases the surface-to-volume ratio. This makes it
easier to dissipate the heat. In addition, fiber lasers are normally easier to maintain compared with bulk glass
lasers. They can operate over a long time span with high reliability. For these reasons, fiber lasers are

considered to be the alternative laser sources for solid state lasers.

There are a few obstacles to be overcome when building a high-power fiber laser. First, high pump
powers are needed to get enough energy into the laser systems. Pump lasers should provide more output
powers than that of the fiber lasers. High power laser diodes have been developed in recent years and are

available at power levels as high as hundreds of kWs with combined laser diode arrays.

High optical powers can lead to optical damages of fibers. The silica damage threshold is about 5
W/ ,umz. When the optical power inside the fiber is greater than this value, the fiber tends to be destroyed.
Thermal effects can be significant in high power lasers too. Fortunately, the fiber geometry provides the

advantage of good thermal management, and no extra units are needed for heat dissipations.

Nonlinear effects play an important role in high power fiber lasers. They are induced by the large
amount of power density in the small area fiber core. Among the nonlinear effects, Brillouin backscattering
can be the limitation of the output power for narrow-band signals; and Raman scattering can generate a

frequency shift which decreases the pump power and signal power.

A. Rare-earth Ions and Laser Efficiency

Both neodymium and ytterbium are suitable doping elements for high-power fiber lasers. Neodymium
can be pumped at 808nm to get good absorption, while ytterbium can be pumped at 975 nm for good
absorption. Both of these elements can emit light around 1060 nm with slightly different energy transition
mechanisms. Neodymium works as a four-level system near 1060 nm. It has a relatively low laser threshold.
Ytterbium works as a quasi-four level system at 1060nm. Its energy level structure and the reabsorption effect
make the threshold pump power relatively high. However, ytterbium does not have self-quenching effects as
neodymium does and can have a higher ion concentration. Moreover, ytterbium can be more efficient due to
the small quantum defects. All these advantages make ytterbium more attractive than neodymium as a doping

element in fiber laser systems.

There are many energy transfer processes in rare earth doped fiber systems. The non-radiative transition
depopulates excited states but does not generate any photons. In the cross-relaxation process, energy is
transferred from the excited state of one ion to a neighboring ion. In the Nd** system, cross-relaxation is the
main quenching mechanism. In the up-conversion process, one ion gives out energy and goes into the ground
state, and the other ion absorbs the energy and gets excited to a higher level. From this level it may relax
quickly downwards through a multi-phonon process. Additionally, the process of concentration quenching is
understood as the quantum efficiency of an ion doped system decreases as the concentration of ions is

increased. The other processes contribute to the concentration quenching.

To get a better prediction of fiber laser performance, the spectroscopic properties of the active medium

need to be understood. In most cases, rare-earth doped glass fibers are used for the active medium. Yb*" has



relatively narrow absorption bandwidth at 975nm and broad emission bandwidths that do not change
significantly from one host to another. The ions have relatively long meta-stable lifetime, and yield relatively

high quantum efficiency for fiber lasers. Fig. 1 and Fig. 2 show energy levels and spectra of the Yb*" ions. Fig.
3 shows the energy level diagram of Nd*" ions.
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Fig. 3 Energy level diagrams of Nd**. !

The energy level diagrams explain why higher quantum efficiency and larger output power can be
obtained with Yb**. The energy level diagrams of Yb*" consist of two manifolds: the ground energy manifold
2F7 ,, and the excited energy manifold 2F5 ;> - The Stark effect makes the excited manifold split into three
sublevels and the ground manifold split into four sublevels. From the energy level diagram, it can be seen that
there is no excited-state absorption at the pump or laser wavelength. In addition, because of the large energy
gap between the ground manifold and the excited manifold, there is small possibility of multi-phonon

emission from the excited manifolds. Thus little concentration quenching occurs for ytterbium in silica.



The wide absorption spectrum of Yb*" makes it easy to configure the pump sources. In the silica host,
the pump wavelength can extend from 800nm to 1060nm (In practice the pump wavelength can be chosen for
specific applications). Similarly, the laser wavelength can extend from 970nm to 1200nm by using wavelength
control technique such as the Bragg fiber gratings ', The energy level diagrams can be matched with the
absorption and emission lines. As shown in Fig. 2, peak A in the absorption and emission spectra is generated
by the energy transfer between the lowest stark levels in each manifold. Peak B corresponds to the f to g
absorption, and peak C corresponds to b-to-g transition. Peak C of the absorption spectrum can produce
re-absorption in the Yb*>" doped medium, which increases the thresholds of fiber laser systems operating

around 1000 nm.

For the emission spectrum, transitions from e to b, ¢ and d lead to peak D. In these transitions, the
energy sublevels ¢ and d are almost empty so it can be treated as a four level system. Part E corresponds to the

transition from the sublevel f, which generates very weak emissions in most situations.

B. High Pump Power and Double Cladding Fiber Structure

Historically bulk solid state lasers have been widely used for high power applications. They can be
easily pumped with lamps. Fiber lasers require laser diodes for the pumping. Fortunately, the developments of

high-power pump lasers and low-loss rare-earth doped fibers make high power fiber lasers possible ['".

Since the first demonstration of a fiber laser %), there have been significant activities in this field
A4S For high-power fiber lasers, low threshold is not of concern. Contrary to fiber communication
systems where fibers are required to have small single-mode cores, small cores turn out to be an obstacle of
obtaining high power laser outputs. In the single-mode laser diode pump configuration, the output power is
normally restrained to below 1 W. Consequently, cladding pumping has been developed as an appropriate
solution for this limitation . Cladding-pumped fiber lasers generate single-mode output signals with
multimode pump lasers. With thick enough inner cladding, very high pump powers can be launched into a
double-clad fiber. The only limitation on output is the available pump power. However, the core size limits the
pump power to a certain amount because of optical damages and thermal effects. The pump conversion
efficiency turns out to be an important factor influencing the output power. For the last ten years, double-clad

pumping technology has been developing quickly, with the output power scaling from 1 W to over 100 W
[16](17](18]
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Fig. 4 Schematic drawing of a double-clad fiber. 1!



The schematic drawing of a double-clad fiber is shown in Fig. 4. The outer cladding makes the
double-clad fibers distinct from regular fibers. A typical double clad fiber is designed such that the core can
only work with a single-mode output, with the inner cladding working in a highly multimode regime for the
pump power. To increase the pump power in the fiber, the inner cladding is designed with a high numerical
aperture. The inner cladding shape is normally non-circular to make more pump power to enter the fiber core;
if the inner cladding is designed to be circular, then only few pump modes will cross the doped core. In this
case, the pump efficiency will be low. However, the core can be offset from the center to improve the

efficiency. For example, the absorption efficiency can be improved by 28% with the offset Nd-doped core.

The pump absorption efficiency changes with the inner cladding shape. According to Liu and Ueda %,
the offset and rectangular inner cladding double-clad fibers can achieve four times higher efficiency than the
circular inner cladding fibers. Fig. 5 shows several geometries for the inner cladding of double-clad fibers. In

Fig. 6 and Fig. 7, the pump absorption efficiencies were measured to be four times greater in the offset and
rectangular designed cladding fibers than circular ones.
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Fig. 5 Inner cladding shapes of double-clad fiber.
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Fig. 6 Pump absorption efficiency of circular inner cladding fiber, ® is the core diameter, inner
cladding diameter is 400 zm . *°



(b)mo
f;é" 80
g %o
5 D12um
§ wf
B
g —— Offset
20} - = Rectangular
0 . . . . )

0 10 20 30 40 50 60
Fiber length (m)

Fig. 7 Pump absorption of offset, rectangular inner cladding fiber, @ is the core diameter, inner
cladding diameter is 400 zm . *

C. Thermal Effects and Optical Damage

Thermal management is important for high-power fiber lasers. Fortunately, ytterbium-doped fiber
lasers have extremely good thermal properties for the active medium physical properties. High conversion
efficiencies lead to less than 15% pump energy converted into heat !'”). Secondly, the fiber geometry makes
the heat distributed over a long length. Even if there are some thermal effects for the coating, it can be solved

by adding a heat sink.

Fiber facet damage is another problem when building high-power fiber lasers. In the multimode regime,
it is relatively easy to get a high output power, but single-mode beam quality is much more challenging due to
the optical damage. In a 2000 experiment *', high power density of 6.5 W/ ,umz was achieved. The
Q-switched YDFL had 10 kW peak power carrying 2.3 mJ energy in one single pulse. In a 2000 experiment, a
holey fiber Raman laser reached a CW power density of 2 W/ ,umz without fiber facet damage. Assuming
that the CW damage threshold of a silica fiber is SW/ ,umz, the fiber is required to have a core area of
200 ,um2 for 1 kW output power. This core size produces multi-modes in the fiber cavity. Fortunately, mode

selection techniques have been demonstrated to enable the single mode output in a multimode core fiber 2.

D. Mode Selection and Nonlinear Effects

Large core size fibers are used to get higher output powers. To keep high beam qualities, fundamental
mode outputs are required in most high power laser systems. Coiled fibers and mode selection tapers have

been developed to solve this problem.

Coiled fibers are widely used to select the fundamental mode % In 2000, Koplow demonstrated a
single mode output amplifier with a multimode coiled double clad fiber **. The core diameter was 25 zim
and the V number was 7.4. If the fiber had not been coiled, then multiple modes would have been generated
from the output. By coiling the fiber, significant loss was induced to all other modes except the fundamental

one LPy, thus a single mode output was achieved with the multimode fiber. This technique can be used in



fiber lasers the same as it was used in the amplifier. In a 2001 experiment, fundamental-mode operation in a

2000 ,um2 fiber core area was achieved with the coiling technique ).

Mode-selective fiber tapers can be used for mode selection. By using fiber taper components *%, the
multimode fiber core can be made to operate in the fundamental mode. In addition, large-mode-area fibers
(LMA) can be used for mode selections. In 1998, Offerhaus ®°' demonstrated that the LMA fiber gave out
robust single-mode output. The refractive index profile of the designed large-mode-area fiber is shown in Fig.

8. The experiment setup is shown in Fig. 9.
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Fig. 8 Refractive index profile of a large-mode-area fiber. %
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Fig. 9 Setup of Er-doped fiber laser with a large-mode-area fiber.
The fiber geometry does have some drawbacks. Because of the small core size, fiber restricts the
stored energy and leads to considerable nonlinear effects. Raman scattering and Brillouin scattering limit the

[ These effects must be controlled to get high power outputs.

available output powers of fiber lasers
However, the core diameter of the fiber can be increased to decrease the power density inside the fiber, thus
suppress the nonlinear effects from the fiber laser. Shorter fiber length also helps to increase nonlinear

thresholds, though it may cause the a management problem %,

In summary, to make fiber lasers generate high power output and keep the high beam quality, many
kinds of techniques have been developed. Mode selection tapers, coiled fibers and large-mode-area fibers have
been designed and demonstrated to eliminate higher-order modes. Nonlinear effects are thus suppressed to

make high power densities in the fiber lasers available.



III. Experimental Results

A. CW High Power Fiber Lasers

A typical experiment setup of a CW ytterbium-doped fiber laser is shown in Fig. 10. In a 1999
implementation, the CW output of 110 W was achieved from such a laser. The conversion efficiency was
measured to be about 58% *°). In this experiment, high-brightness laser diode-bar packages were used as the
pump sources. Polarization beam splitters were used to combine the pump sources to realize higher pump
powers. The dichroic mirror DM1 was used as the end mirror, while DM2 acted as the output coupler. The
aspheric lenses AL1 and AL2 were used to couple the pump beams into the double-clad fiber. With a scanning

blade measurement, the beam quality factor M? was 1.7 at the 100 W level.
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Fig. 10 Typtical layout for a high-power fiber laser. PBS: polarization beam splitters, HWP: zero order

half wave plates, AL: aspheric lenses, DM: dichroic mirrors. (23]

Two more experimental setups used in recent experiments are shown in Fig. 11 and Fig. 12 %, In the
case of Fig. 11, the CW output of 80 W was achieved with a pump conversion efficiency of 59%. The beam
quality of the YDFL was rather poor with a beam quality factor of 5 because the use of a multi-mode core with
the V number of 11. In Fig. 12, a helical-core fiber was used to control the output mode. An output beam with
the beam quality factor of 3 was achieved by using the helical-core double-clad fiber. When the pump was 50
W, the output power was 24.3 W indicating an optical efficiency of 48%. Thus the output beam quality was
improved with the use of a helical fiber but the optical efficiency was somewhat deteriorated. Several other
interesting experiments have been reported. In 2003, Limpert obtained 485 W output power with an beam
quality factor of 1.5 from Yb:Nd codoped fiber **l. Gapontsev demonstrated a CW output power of 400W

with a beam quality factor of 1.05 from ytterbium-doped fiber laser in the same year /.
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Fig. 11 Diode-stack-pumped Yb-doped fiber laser. (28
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Fig. 12 Cladding pumped Yb-doped helical-core fiber laser. *°!

The recent record of CW high power fiber laser was realized by J. Nilsson and his coworkers in 2004
27 The output power of 1.36 kW was generated from this cladding-pumped ytterbium-doped fiber laser. The
beam quality factor M* was 1.4, indicating near diffraction-limited beam quality. As shown in Fig. 13, diode
stacks with a total power of 1.8 kW were used as the pump source. The laser worked at 1.1 gm with a 83%
slope efficiency. The double-clad ytterbium-doped fiber was designed to have a D-shape inner cladding to
increase the pump absorption efficiency. The fiber was bent with a diameter of about 20 cm to induce bending
loss for higher-order modes without affecting the fundamental mode. Fig. 14 shows the output power as a

function of input pump power and the spectrum of the fiber laser at the output power of 1.36 kW.
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Fig. 13 Schematic of ytterbium doped double clad fiber laser, HR: high reflectivity, HT: high
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Photonic crystal fibers have been increasingly playing an important role as optical components in
optical systems. Such fibers consist of a periodic structure in the fiber cladding and they can guide light waves
over a broad wavelength range. They have been also been used in high power fiber laser systems for mode
selection and high-power generation. In 2003, Limpert “” demonstrated a photonic crystal fiber laser with a
large-mode-area (LMA) ytterbium doped fiber. Fig. 15 shows the cross section of the LMA photonic crystal
fiber. The LMA fiber has a mode field area of 350 ,um2. This field area generates a multimode output in a
conventional step index fiber, but produces a single mode output beam in the designed photonic crystal fiber.
Due to the large core, can reduce the nonlinear effects and provides benefits for nonlinear effects suppression.
Fig. 16 shows the mode-field intensity distribution inside the photonic crystal fiber. The beam was nearly
diffraction-limited with a beam quality factor of 1.2. Due to the small quantum defect of ytterbium, an optical

efficiency of 78% was achieved. The output power was 80 W with a near diffraction-limited beam quality.

(b)

Fig. 15 Cross section of the proposed large-mode-area photonic crystal fiber. a: overall view,

B: close-up of core region. !

Fig. 16 Intensity distribution of the microstructure large-mode-area fiber laser output beam. %

Another kind of photonic crystal fiber with a uniform holey structure has been developed for high
power fiber amplifiers and lasers in 2004 ! In the experiment Raman solitons were generated inside an

ytterbium-doped holey fiber.
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B. Pulsed High-Power Fiber Lasers

Pulsed high-power fiber lasers are needed for a variety of applications. Pulsed fiber lasers can be used
for medical diagnostics, remote sensing, material processing, etc. For pulsed fiber lasers, Q-switching can be

used to generate high average power pulses, while mode locked lasers can generate high peak power pulses.

Q-switching was proposed by Hellwarth in 1961 B!, The available energy of a Q-switched laser pulse
is determined by the number of excited ions in the active medium and the excited-state lifetime. The energy in
one single pulse can be increased by either increasing the doping concentration or increasing the fiber core
area. There is an upper limit for the ion concentration in silica because of the clustering of the rare-earth ions.
On the other hand, the core area of a fiber is limited by the single-mode operation requirement. To let the laser
generate single mode output with large core area, the numerical aperture (NA) of the fiber has to be small. In

the low NA situation, a single-mode pump laser was used to get better coupling efficiency.

Semiconductor saturable-absorber mirrors (SESAM) can be used as nonlinear absorbers in passively

Q-switched fiber lasers. In Paschotta’s paper *

, a SESAM was used as the nonlinear component to generate
high energy pulses in a master-oscillator/power-amplifier (MOPA) configuration. As shown in Fig. 17, a
dichroic mirror was used for pump and output couplers. The LMA fiber consisted of a 60-cm active section
and a 78-cm amplifier section, each with a large mode area of 300 ££ m”. The oscillator was configured for six
bounces on the SESAM. This fiber laser system generated 1-kHz repetition rate pulses, each with 0.11 mJ
energy. The repetition rate could be increased with the pump power. The pulse width was about 10 ns with a

peak power of 1 kW.

LMA fiber
R 60 cm 78 cm
DF oM
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HR air gap output

-

oscillator amplifier
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Fig. 17 Q-switched MOPA system made from a large-mode-area(LMA) fiber and a SESAM. &

Active Q-switching can achieve a stable repetition rate and high output peak power pulses. Lees [*

demonstrated a Q-switched erbium doped fiber laser with an acoustic-optic modulator (AOM) in 1997. Pulses
of over 2 kW peak power and 25 ns pulse widths were obtained. The repetition was 500 Hz. In 1998,
Offerhaus realized a single-mode output laser beam of beam quality factor M?<1.2 in a doped multimode fiber
(36 The active fiber was carefully designed to have large mode area. Fig. 9 shows the experimental setup of

the single spatial mode fiber laser, which delivered 0.5 mJ of energy in each pulse.

With a LMA fiber, Alavez-Chavez demonstrated a high-energy Q-switched fiber laser in 2000 5%, The
AOM was used to modulate the Q-factor of the laser cavity. 2.3 mJ pulses were generated with a repetition of
500 Hz. The average output power reached 5 W with a beam quality factor M* of 3. The working wavelength

was 1090 nm. As shown in Fig. 19, ytterbium-doped LMA fiber was used as the active medium.
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Fig. 18 Experimental setup of Q-switched Yb-doped fiber laser. (3]

Distributed Rayleigh scattering and Brillouin scattering can be used for Q-switched fiber lasers **" In
these situations, pulse widths are determined by stimulated Brillouin scattering. The Brillouin backscattering
changed the Q factor of the cavity in an unstable way. In Chen’s paper **!, A hybrid Q-switching technique
was demonstrated experimentally. The fiber backscattering and AOM were used for Q-switching. Fig. 19
shows the hybrid Q-switching setup. The double-clad neodymium-doped fiber was designed to have a
rectangular inner cladding to increase the optical absorption efficiency. Peak powers of 3.7 kW and pulse

durations of 2 ns were achieved.
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Fig. 19 Setup of an enhanced Q-switched Nd** fiber laser: LD, laser diode; MM, multimode fiber. &4

In a 2004 experiment, Fan demonstrated a tunable Q-switched ytterbium-doped double clad fiber laser
by using hybrid Q-switching **. The fiber laser was Q-switched using an acoustic-optic modulator (AOM)
and stimulated Brillouin scattering. As shown in Fig. 20, a diffraction grating was used for tunable wavelength
selection. The pulses had a repetition of 1.5 kHz, with a peak power of 153 kW and an average power of 1.17
W. The pulse width was 4.2 ns.

Fig. 20 Schematic of tunable Q-switched fiber laser 1: pump LD, 2: coupling lens, 3: dichroic
mirror, 4: Yb-doped double clad fiber, 5: AOM, 6: diffraction grating, 7: high reflection mirror. (381

Mode locking can generate high peak power pulses from fiber lasers. Mode locking was first

[BI%4] with ruby lasers and Statz and Tang ** with He-Ne lasers. In

demonstrated by Gurs and Muller
mode-locked fiber lasers, pulsed radiation is produced by locking the relative phases of modes in the fiber

cavity.
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A saturable absorber can be used for mode locking provided it responds fast enough to change of the
pulse intensity. With the intensity-dependent response, saturable absorbers can generate output pulses shorter
than the input pulses. Collings demonstrated a mode locked fiber laser with a saturable absorber (reflector) 1.
270 fs pulses were generated with an average power of 1.6 mW. A Nonlinear fiber loop mirrors (NLM) can be
used to replace saturable absorbers to maintain the all-fiber nature of fiber lasers. The NLM based
mode-locked fiber laser was first demonstrated by Nakazawa in 1991 7). Intensity-dependent changes in the
state of polarization can also be used for mode locking. In 1993, Tamura demonstrated 76 fs and 1 kW peak

power pulses from a mode-locked fiber ring laser using intensity-dependent-polarization (481,

Hybrid mode-locking combines the active and passive components inside the cavity of a mode-locked
laser. The modulator can be operated at higher repetition rates to generate higher repetition rate pulses. This
mechanism is known as harmonic mode-locking. A fiber ring laser with a harmonic mode locking was
demonstrated by Nakazawa in 2000 “?. With electronic absorption (EA) modulators and harmonic mode

locking, pulses with 2.2 ps duration and 40 GHz repetition rate were generated in this experiment.

IV. Conclusions

Techniques for achieving high-power, high-beam-quality, fiber lasers have been explored. The double-
cladding pump structure, large-mode-area fibers, helical-coiled fibers, mode-selection tapers, photonic crystal
fibers have been investigated for high power fiber lasers with a high beam quality. The current results show
that 1.36 kW CW fiber laser, 5 W average power pulsed fiber laser and 153 kW peak power pulsed laser with

good beam qualities have been achieved.
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