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Output beams from three independently frequency-stabilized thulium master-oscillator power-amplifier
fiber laser systems were spectrally combined using a plane-ruled metal diffraction grating. Two laser channels
were frequency-stabilized with guided mode resonance filters and the third was stabilized using a plane-
ruled metal diffraction grating. The systems had output wavelengths between 1984 and 2015 nm, each with a
spectral width of 100–450 pm and output powers between 40–120 W. The combined beam had powers up to
49 W and was 32% efficient with respect to the launched pump power.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Interest inhigh average power (kW level) laserswithexcellent beam
quality for directed energy applications, remote sensing, and materials
processing is growing steadily. Inmany cases these applications require
long distance propagation through the atmospherewhere there is a risk
of eye exposure due to reflected or scattered laser light. The exposure
risk associated with such applications requires lasers operating in the
eye-safe wavelength regime where few high power laser sources are
currently available.

Thulium emits at eye-safe wavelengths so it is attractive for
applications that involve exposure risks. Tm fiber lasers possess all the
characteristic advantages of the fiber laser architecture: excellent
thermal management, high efficiency, and near-diffraction limited
beam quality. Advantages unique to Tm include its wide range of laser
emission (1.8–2.1 μm), and readily available high power 790 nm
pump diodes. Optimization of the Tm concentration allows efficient
excitation by 790 nm light [1], taking advantage of the well-known
cross-relaxation process that can occur between adjacent Tm ions [2].
Through this process, Tm lasers can achieve optical efficiencies greater
than the Stokes limit (~40%) and approach the theoretical limit of
~80%.

Despite the potential efficiency of fiber lasers, scaling the power of a
single laser channel to the multiple kW level and beyond is constrained
by single fiber aperture size [3]. Nonlinear effects such as stimulated
Brillouin and stimulated Raman scattering, as well as damage to the
fiber core, limit the maximum achievable power [4]. The current power
record for a Tm fiber laser is 1 kW [5] approaching power levels where
thermal effects limit further power scaling. The primary issue is the heat

induced by non-radiative decay related to both the quantum defect and
quantum efficiency [4]. Even with efficient 2-for-1 cross relaxation
when pumping with 790 nm light, the non-radiative heat load in Tm
fiber is several times higher than for Y fiber which in turn limits the
maximum power that can be generated from a single aperture Tm fiber
laser system. In recent efforts to reach the 100 kW power-level, several
methods have been investigated to circumvent single-aperture limita-
tions by combining the beams from several lasers into a single beam [6].

The two most prominent methods for beam combining are
coherent and spectral [7]. Spectral beam combining (SBC) uses two
or more laser channels at slightly different wavelengths and either a
diffractive or a wavelength selective element to spatially overlap each
wavelength channel into a single beam while maintaining the nearly
diffraction-limited beam quality of the individual channels. The
highest power SBC demonstrations to date have utilized Yb fiber
lasers at 1 μm [8] with up to the 2 kW in the combined beam [9]. Also
using Yb fiber lasers, ns pulses has been combined to a maximum
average power of 208 W and a combined pulse energy of 6.3 mJ [10].

In the 2 μm wavelength regime, one previous SBC experiment has
been conducted using Tm fiber [11]. In this system, four separate fiber
laser beams transmit through a transform lens onto a diffraction
grating which functioned as a common output coupler for the four
oscillators. Using this approach to combination produced a beamwith
14 W of combined power for ~85 W of pump. Here we present SBC of
three Tm master-oscillator power-amplifier (MOPA) systems with
two of the channels spectrally stabilized by guided mode resonance
filters (GMRF).

2. Guided mode resonance filters

SBC require multiple channels with spectrally stabilized narrow
linewidth output to avoid issues of spatial dispersion and adverse
effects related to beam quality. GMRFs are sub-wavelength diffractive
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waveguide structures, which provide spectral selection and stabiliza-
tion [12]. While a variety of components such as volume Bragg
gratings, diffraction gratings, and fiber Bragg gratings enable spectral
control, GMRFs allow high quantity production with deterministic
spectral control of the filters. The ability to deterministically control
wavelengths enables production of multiple filters with tight
wavelength spacing over a large bandwidth. GMRFs are used for
two of the master-oscillators in this demonstration. The structure of
the GMRFs is engineered such that waves at normal incidence on a
GMRF's surface are diffracted into multiple evanescent diffractive
orders by a sub-wavelength diffractive array of holes in the top layer.
The layer below the diffractive array of holes acts as waveguide
structure for only one of the diffracted orders while all the rest pass
through unguided. Due to the index modulation formed from the
array of holes, the mode confined in the waveguide leaks back and
provides resonant feedback to incident beam [13]. By carefully
selecting values for each of the structure's parameters the peak
reflectivity, linewidth, and central wavelength are controllable. When
used as an external feedback element, output linewidths ranged from
50–400 pm depending on output power. GMRFs have been used as
external feedback elements for 1 W power levels at 1.55 μm
wavelengths [12] and for 10 W power levels at 2 μm wavelengths
[14].

3. Experimental setup

Both oscillator and amplifier stages of the three frequency-stabilized
MOPA lasers contained 4–5 m of Tm doped (4 wt.%) large mode area
fiber (Nufern 25 μm0.09NAcircular core and 400 μm0.46NAoctagonal
cladding) (Fig. 1). The oscillator cavities were completed using a highly
reflective element and the 4% Fresnel reflections from a flat cleaved
fiber; the fiber facet directed at the highly reflecting elementwas angle-
cleaved (8°) tomitigate parasitic lasing. Twoof the laser oscillatorswere
frequency stabilized by GMRFs at wavelengths of 1984.8 and 2012.8.
The third laser was stabilized by a thermoelectrically-cooled gold-
coated copper reflection grating with a ruling of 600 line/mm. This
channel operated at a wavelength of 2008.8 nm and had a linewidth of
100–200 pm. This source was originally designed to function as a
tunable high power source for atmospheric propagation tests [15] and
provided a convenient tunable laser source.

The three power amplifiers (PA) were each seeded with ~1.5 W of
frequency-stabilized output from the three master oscillators (MO), and
pumped by 300W diodes (LIMO) operating at 790 nm. Both fiber facets
of the PAs were angle-cleaved (8°) to mitigate parasitic lasing. Slope
efficiencies of the individual PA varied between 50–60%, but M2 values
were consistently ~1.2. EachPAwas capable of producingpowers ranging
between 40 and 120W. An intra-stage isolator was necessary to amplify
beyond 50W, but only one of theMOPAswas so configured at the time of
these experiments. The output from each amplifier was collimated with
an uncoated 100 mm focal length fused-silica plano-convex lens
incurring an 8% loss in output power due to Fresnel reflections.

The collimated beams traversed ~6 m with a beam diameter of
18 mm to be overlapped on the beam-combiner. The combiner was a
water-cooled (14 °C) plane-ruled gold-coated copper reflection
grating (600 line/mm) blazed for 1850 nm in the Littrow condition
with a (manufacturer's (Richardson Gratings) specified) diffraction
efficiency of ~70% for unpolarized light at 2 μm.

4. Results and discussion

The combined beam was characterized at distances of ~2 m, ~5 m
and ~8 m from the combiner by observing the spatial overlap of the
three beamswith a Spiricon Pyrocam III (Fig. 2). Fig. 3 shows the output
spectrum measured for the combined beam at 20W with an optical

Fig. 1. Schematic of three channel beam combination.

Fig. 2. Beam profiles of each channel and the combined beam 8 m from the combiner Intensity values of the large Pyrocam pixels were smoothed with software to produce cleaner
images. Interference fringes on the beams are artifacts of the neutral density filters used to attenuate the beam to below the damage threshold of the camera.
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spectrum analyzer (Yokogawa AQ 6375). The three wavelengths
(1984.8 nm, 2000.8 nm, and 2012.5 nm) from the individual lasers are
clearly visible more than 30 dB above the noise floor. The maximum
combined power was 49W, with a total power of 73W on the grating
with ~25W from each channel. The combining efficiency at 2 μm was
67%, and 32 with respect to the diode pump power in the amplifiers.

The far-field beam quality of the combined beam was characterized
~5 m from the combination grating (Fig. 4). The beam quality of each of
the individual beams was measured with 20W incident on the grating
and the combined beamqualitywasmeasured at a power level of 35W.
Individual channels exhibitedM2 values of ~1.6 in the plane orthogonal
to the grating plane and between 1.5–1.7 in the parallel plane. Increases
in the M2 from the individual channel measurements were expected in
the plane orthogonal to the grating plane due to spatial dispersion. It is
expected that the parallel plane increased due to wavefront distortion
added from the sub-optimal plano-convex lenses and the multiple
elements that the beam passed through. At the combined power of
35W, thermal distortions from the combining grating and subsequent
beam guiding components resulted inM2 values of ~1.9 and ~2.6 in the
planes orthogonal and parallel to the diffractive plane, respectively. This
axial shift arises from astigmatism introduced by thermal lensing. It is
expected that theM2 degradation at the 35W combined level would be
present if a single channel was operating at similar levels due to the
absorption and subsequent heating of the gold-coated diffraction
grating causing thermal degradation.

Sub-optimal beam quality arises from multiple absorbing elements
in the beam path prior to the M2 measurement. For similar high power
experiments,wehaveobserved thermal lenseffects fromthe absorption

of 2 μm light in the fused silica lenses and optical wedges used to
attenuate and guide the beam. In order to minimize these effects, less
absorbing lenses and optical wedges made from materials such as
Infrasil will be used in future experiments to minimize these thermal
issues.

The other factor that contributed to sub-optimal beam quality was
the relative pointing stability of the individual laser channels prior to
combination. In the experimental setup two optical tables were used to
accommodate the three laser systems. Itwas therefore necessary for the
beams to travel ~5 mbefore being combined on the appropriate grating.
This long path adversely affected the pointing stability, with subtle
vibrations of the individual tables causing variations in the measure-
ment of M2 ~5 m from the combining grating (a total of 10 m from the
source outputs). The small angular separation of the diffracted orders,
along with the physical size of the mirrors and mirror mounts used,
dictated a wavelength separation of N10 nm between the source
wavelengths and a path length of 2 m between the grating and the
final folding mirrors to prevent beam clipping on the opto-mechanical
components.

In order to optimize system performance and further scale the
combined power, a number of critical improvements need to be
implemented. Incorporation of PM fibers and polarized GMRF stabilized
seed lasers, in conjunction with optical isolators, will greatly assist
power scaling of individual channel powers with narrow linewidths.
These improvements were made to the diffraction grating based
feedback system and increased the power beyond 200W after the
SBC tests were completed [15]. Amplifying a GMRF stabilized oscillator
operating at 4 W in the power amplifier described in [15] resulted in
average powers up to 160W.

A combining gratingwith a greater efficiency and damage threshold
would be able to withstand higher incident powers before thermal
deformation destroys beam quality [3]. However, grating based beam
combination does not facilitate closely spaced wavelengths due to the
physical constraints associated with beam alignment.

Another approach incorporates long-wavelength bandpass spec-
tral filters to combine beams via a sharp transition edge from high
reflectivity to high transmission in a narrow wavelength range. This
concept has been demonstrated with N90% combining efficiency [16].
This system, as well as one using a VBG as the combining element [17],
has the advantage that wavelength spacing between channels can be
minimized to increase spectral density. Using such architectures will
facilitate scaling to the kW power level using many moderately
powered individual laser systems.

5. Conclusion

In this paper we have reported on SBC of three Tm fiber MOPA
systems. The SBC tests combined the three beams to a power of 49 W
with a combination efficiency of 67% and with M2

x of ~1.9 and M2
y

~2.6 reported at 35 W. This work serves as an initial demonstration of
the feasibility of SBC at 2 μmusing GMRFs for wavelength stabilization
of the individual channels, and to examine associated issues/limiting
factors. Improvements need to bemade in the combining element and
in the implementation of highly transparent materials at 2 μm.
Addressing these issues for use with single wavelength systems that
have been demonstrated at hundreds of Watts, will push average
power levels in 2 μm wavelength regime beyond multi-kW.
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Fig. 3. Spectrum of the combined beam at 35 W. Inset shows close up of the 1984.8 line.
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