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We report high-power, dual-wavelength tunable operation of an Er:Yb co-doped fiber laser using two volume Bragg gratings arranged in parallel.
The wavelength separation for the two operating wavelengths was continuously tuned from 0.3 to 29.2nm (0.04 to 3.7 THz) with a total output
power of >13 W for a wavelength splitting range of <20 nm. A maximum output power of 17.9 W was obtained at a wavelength separation of 0.3 nm
for a launched pump power of 65.3 W, which corresponds to a slope efficiency of 28.6% with respect to the launched pump power.
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has attracted considerable attention for many scientific

and engineering applications because of their relative
eye safety, good atmospheric transmission, and low loss in
silica fibers. In addition, this wavelength range also facilitates
the use of commercially available, low-cost, reliable telecom
components such as isolators, couplers, tunable sources, fast
modulators, and high-speed detectors. In particular, for many
special applications involving wavelength division multi-
plexing optical fiber communications, fiber sensors, remote
sensing, and optical beat sources for terahertz generation,'~
multiwavelength fiber-based sources operating in this wave-
length band are very useful and have been extensively
investigated. Multiwavelength (or dual-wavelength) laser
oscillations in this wavelength region, which is typically
realized in Er-doped or Er:Yb co-doped fiber laser (EDFL
or EYDFL) systems, have been achieved by using various
techniques for wavelength selection and stabilization, such as
employing cascaded fiber Bragg grating (FBG) cavities® or a
sampled FBG in a ring cavity,” a few-mode or multimode
FBG together with polarization control acting as a filter,*®
FBGs written in birefringence fibers,”'? and many other
novel methods.'>™'9 FBGs are generally ideal wavelength-
selection components for fiber lasers owing to their narrow
linewidth, high reflectivity, and above all, good compatibility
with other fiber elements. However, FBGs are ineffective for
wavelength selection in large-mode-area fibers. In addition,
the operating wavelength tuning range is also limited because
FBGs are difficult to tune over a wide range using either
thermal or mechanical stress. Therefore, all the previously
reported multiwavelength fiber laser sources based on FBGs
were limited to a low output power level and suffered from
poor tunability. Another issue for FBG-tuned multiwave-
length laser configurations is their comparatively poor
stability and repeatability.!” The reason is that it is difficult
to revert to the FBG’s original position to produce the
previous wavelength once it has been adjusted to lock at
a new wavelength. These problems can be mitigated by the
use of another widely used wavelength-selection component,
volume Bragg gratings (VBGs). VBGs recorded in a bulk
photo-thermo-refractive glass, have attracted great attention
as an effective external wavelength-selection and spectral-
narrowing component owing to their excellent performance,
including a high diffraction efficiency, narrow spectral
selectivity, low insertion loss, and high damage threshold.
We recently demonstrated widely tunable simultaneous

I aser emission in the 1.5-1.6 um wavelength range
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dual-wavelength operation of a cladding-pumped high-power
Tm:fiber laser based on a simple resonator containing a pair
of parallel-aligned VBGs'® in the 2 um spectral region. In the
experiment, separate feedback paths for each wavelength
were established by the respective VBGs or their correspond-
ing terminating high-reflection (HR) plane mirror, and the
3.6% Fresnel reflection from a perpendicularly cleaved fiber
end facet.

In this paper, considering the great significance for
applications in the 1.5-1.6 um wavelength band, a similar
laser resonator based on the novel use of a pair of VBGs in a
parallel configuration was employed in the EYDFL system.
The double-reflection regime from the respective VBGs
in the parallel arrangement allowed stable dual-wavelength
operation with a relative power fluctuation of less than ~0.8
dB for the two lines and a wavelength shift within 20 pm. In
addition, each wavelength can be independently tuned by
adjusting the angles of the corresponding VBG. The wave-
length spacing for the two operating wavelengths was con-
tinuously tuned from 0.3 to 29.2nm (0.04 to 3.7 THz) with
a total output power of >13 W, for a wavelength splitting
separation of <20 nm. An output power of up to 17.9 W with
a beam propagation factor (M?) of ~2.5 was obtained at a
wavelength separation of 0.3 nm for a launched pump power
of 65.3 W, which corresponds to a slope efficiency of 28.6%
with respect to the launched pump power. To achieve multi-
wavelength operation of the EYDFL system, a third VBG
was added to the external cavity to yield an output power
of 18.5W with equal lasing at 1542, 1545, and 1552nm
simultaneously.

Figure 1 shows a schematic diagram of the dual-wave-
length tunable EYDFL based on the novel use of a pair of
VBGs pair. The pump light was provided by a commercially
available laser diode (LD; LIMO) with a maximum output
power of 650 W at 976 nm. The gain fiber (Nufern) employed
in this experiment had an Er:Yb co-doped phosphosilicate
core with a diameter of 30 pm and a numerical aperture (NA)
of ~0.2, surrounded by a 400 pum diameter pure silica
D-shaped inner cladding with an NA of ~0.49. The nominal
peak pump absorption at 976 nm in the Er:Yb fiber was about
~5dB/m for the cladding-pumped regime. However, the
measured effective pump absorption coefficient was some-
what lower because of the broad (~5nm), power-dependent
output spectrum of the LD pump source. The operating peak
wavelength of the LD pump source was located at ~967 nm
with an output power of less than 300 W. Thus, a fiber length

© 2014 The Japan Society of Applied Physics
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Fig. 1. Experimental schematic of tunable dual-wavelength EYDFL;
components in dashed box represent dual-wavelength tuning section.

of ~5m was chosen to guarantee sufficient pump absorption.
The two split pump beams from the pump source, of roughly
equal power, were launched into opposite ends of the gain
fiber through two dichroic mirrors with the aid of two
antireflection-coated plano-convex lenses 25mm in focal
length. The pump launch efficiency into the inner cladding of
the gain fiber was estimated to be ~80% relative to the power
incident onto the fiber. Both end sections of the fiber were
carefully embedded in water-cooled V-groove heat sinks to
prevent possible thermal damage to the fiber coating. The rest
of the fiber was coiled into a fan-cooled Al heat sink 20 cm
in diameter. Dichroic mirrors with high transmission at the
pump wavelength and high reflectivity over the 1.5-1.6 um
band were positioned at an angle of 45° between the fiber
ends and the pump focusing lenses to separate the laser
emission from the pump light, allowing efficient extraction of
the laser output.

The laser oscillation cavity for the dual-wavelength
tunable EYDFL was provided by the 3.6% Fresnel reflection
from a perpendicularly cleaved fiber end facet (A) and, at the
opposite end (B), by a simple external cavity comprising
a combination of three antireflection-coated lenses with focal
lengths of 50, 200, and 50 mm, respectively, and the dual-
wavelength tuning section included in the dashed box in
Fig. 1. The dual-wavelength tuning section consisted of a
pair of VBGs (designated as VBG1 and VBG2) aligned
in parallel and their corresponding HR plane mirrors over
the 1500-1700 nm band. Separate lasing feedback for each
wavelength was terminated by the individual HR plane
mirrors to form a complete resonator, and the VBGs were
tilted for independent wavelength tuning. The corresponding
focal lengths of these lenses in the external cavity were
selected to make full use of the clear aperture of the VBGs.
The fiber end adjacent to the external cavity (B) was angle
polished at ~8° to suppress broadband feedback from the
uncoated fiber facets and ~1pum laser emission due to
parasitic lasing on the Yb?* transition. Another two dichroic
mirrors with high reflectivity at ~1 pm and high transmission
at the pump wavelength were inserted into the two pump
arms to prevent the ~1 pm radiation, if any, from being fed
back to the diode pump source. The laser output spectrum
was recorded using an optical spectrum analyzer (Yokogawa
AQ6370C).

Three VBGs (Optigrate) with different specifications were
first employed to evaluate the single-wavelength tuning
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Fig. 2. Laser output power versus operating wavelength tuned by three
VBGs with center wavelengths of 1545, 1610, and 1658 nm, respectively,
for launched pump power of 65.3 W. Inset: ASE output spectrum of Er:Yb
co-doped fiber before the system started lasing.

characteristics of the Er:Yb co-doped fiber. Among them, the
two VBGs with center wavelengths of 1545 and 1610 nm
both had a thickness of 7mm and clear aperture of 6 x §
mm?. The other VBG, with a thickness of 9 mm and clear
aperture of 5 x 5mm?, was designed to have a center wave-
length of 1658 nm with a peak reflectivity of 99.9%. The
spectral selectivity (full width at half-maximum, FWHM)
of these VBGs was 0.38nm at their respective center
wavelengths. They were all wrapped in a layer of indium
foil (0.1 mm in thickness) and then mounted in a copper heat
sink to ensure good heat dissipation. The incident angle
0 (internal) of the laser beam onto the VBG determines
its Bragg wavelength Ag as Ag = Aycosb, where 4, is the
wavelength at normal incidence. The angular selectivity of a
VBG (half-width of first zero) is determined by A6 = Ag/
2nsin 6L, where n and L are the refractive index and effective
thickness of the VBG, respectively. Therefore, the operating
wavelength could be tuned by adjusting the angles of both
the VBG and the HR mirror. The output powers as a function
of the tuned wavelength for the three VBGs are shown in
Fig. 2. The configurations using a VBG with a longer center
wavelength yielded lower output powers. This is attributed
to the decrease in the angular selectivity A6, and thus the
effective reflectivity, of VBGs with longer center wave-
lengths. When A# is comparable with or smaller than the
Gaussian angular deviation of the collimated beam onto
the VBGs, part of the laser beam cannot be Bragg matched
and will not be reflected. The simulated effective reflectivity
at different Bragg wavelengths for the three VBGs is shown
in Fig. 3. However, the experimental reflectivity should be
smaller than the theoretical value because a perfect Gaussian
laser beam was approximated in our simulation for simplicity.
A maximum output power of 21.9W at 15453 nm was
generated at a launched pump power of 65.3 W for the VBG
with a center wavelength of 1545nm, despite the limited
wavelength tuning range resulting from the VBG design. A
wavelength tuning range of 40 nm, from 1534 to 1574 nm,
was obtained for the other two VBGs with longer center
wavelengths, corresponding to the wavelength spanning
range of the measured amplified spontaneous emission
(ASE) spectrum with a primary peak of ~1545nm before
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Fig. 3. Effective reflectivity at different Bragg wavelengths for the three i L
VBGs. Fig. 4. Output power versus wavelength separation in dual-wavelength

the system started lasing (see the inset in Fig. 2). Note that
there is a pronounced decrease in the output power at the very
ends of the wavelength tuning range, which results from
the reduced gain at these wavelengths for the tested Er:Yb
co-doped fiber. The measured output spectral linewidth
(FWHM) was less than ~0.3 nm over the entire tuning range
for each of the three VBGs.

On the basis of the tuning characteristics of the three
VBGs, those with center wavelengths of 1545 and 1610 nm
were selected to achieve relatively good lasing performance
in the dual-wavelength tunable EYDFL; they are labeled
VBGI and VBG2, respectively. The resonators for the dual
wavelengths were properly aligned, and independent wave-
length tuning was realized by rotating the individual VBG
and the corresponding HR mirror. To obtain a higher output
power and broader dual-wavelength separation, we chose to
tune from the center of the Er:Yb co-doped fiber’s single
wavelength tuning curve to the two ends by adopting a
roughly equal spacing for the two wavelengths. In addition,
the relative power ratio of the two lasing lines can be adjusted
flexibly by proper control of their respective losses by
slightly tilting the HR plane mirrors. Considering that multi-
wavelength sources with lasing lines of equal power are
strongly preferred and are required for many applications in
optical communications and fiber sensors, dual-wavelength
operation with roughly equal power for each wavelength was
the focus of our experiment and was achieved by balancing
the cavity loss for the two wavelengths. Figure 4 shows the
total laser output power for the two wavelengths as a function
of the corresponding wavelength separation at a launched
pump power of 65.3 W. The output power gradually declined
as the dual-wavelength separation grew from 0.3 to 29.2 nm,
which is attributed mainly to the gain difference between the
two wavelengths and the decrease in the effective reflectivity
for VBGs aligned at a large angle. When one of the two
operating wavelengths was tuned to a gain peak of around
~1545nm (see the inset of Fig. 2), the large gain difference
between the two wavelengths required a higher intracavity
loss at the wavelength with a higher gain to balance their
respective output power levels, resulting in a lower total
output power instead. A much broader wavelength separation
for the two wavelengths should be possible by the proper
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Fig. 5. Output power versus launched pump power in dual- and triple-
wavelength-mode operation, with that of VBG1-locked fixed-wavelength
operating regime for comparison.

selection of the VBGs’ center wavelengths with a much
higher effective reflectivity in use. A maximum output power
of 17.9 W, with equal lasing at 1552.8 and 1553.1 nm simu-
Itaneously, was obtained for a launched pump power of
65.3 W, which corresponds to a slope efficiency of 28.6%
with respect to the launched pump power (see Fig. 5). No
self-pulsation was observed even at the maximum output
power. The short-term stability was measured to be <0.2%
(RMS) on a time scale of 500 pus. The output power fluctua-
tions remained below 0.7% over a time scale of 5min. The
relative power fluctuation for the two operating wavelengths
remained below ~0.8 dB, and the corresponding wavelength
shift was within 20 pm. The beam propagation factor (M?)
was measured to be ~2.5 with a beam profiler (Photon
NanoScan). The two laser lines may have had different
transverse modes owing to the multimode nature of the gain
fiber we employed. As a comparison, the lasing character-
istics of the EYDFL locked by the 1545 nm VBG arranged at
normal incidence are also shown in Fig. 5. A higher output
power of 21.9W at 1545nm was achieved with a slope
efficiency of 34.2% because of the lower intracavity loss
from a single VBG aligned at a normal incident angle.

© 2014 The Japan Society of Applied Physics



Appl. Phys. Express 7, 032702 (2014)

J. Liu et al.

i
] |
3 |
_c_u‘_ I
2 I
o |
W
I
5 A
I A S
i I
1540 1550 1560 1570

Wavelength (nm)

Fig. 6. Tuning spectra of dual-wavelength emission (solid colored lines)
and spectrum of fixed triple-wavelength lines (black dashed line).

The technique demonstrated in this paper can be readily
extended to multiwavelength operation owing to the broad
gain profile of the Er:Yb co-doped fiber by simply adding
more VBGs to the external cavity. The broad emission
bandwidth of the Er:Yb co-doped fiber should allow
oscillations of multiple operating wavelengths simultane-
ously because we did not observe any wavelength competi-
tion even at the smallest separation of 0.3nm in the dual-
wavelength operation mode. Actually, a smaller wavelength
spacing can be obtained by using VBGs with a narrower
spectral selectivity. To prove the feasibility of multiwave-
length operation, the 1658 nm VBG and an additional HR
plane mirror were also included to realize fixed triple-
wavelength operation (lasing equally at 1542, 1545, and
1552 nm simultaneously). A total output power of 18.5W
was obtained, with a performance similar to that of dual-
wavelength lasing at 1552.8 and 1553.1 nm in terms of the
pump threshold and slope efficiency. Parasitic lasing of Yb3*
at ~1 um was not observed even at the maximum launched
pump power of 65.3 W. The output power showed a linear
dependence on the launched pump power, suggesting that
there is considerable scope to scale up the output power by
simply increasing the pump power.

Figure 6 shows the tuning spectra of the dual-wave-
length emission (solid colored lines) and the spectrum of
the fixed triple-wavelength lines (dashed black line) recorded
at a resolution of 0.1nm. The measured output spectral
linewidths (FWHM) for the dual or triple wavelengths were
less than ~0.3nm over the entire tuning range, which is
comparable to the spectral linewidth of a single VBG’s tuning
spectrum.
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In conclusion, we demonstrated high-power, dual-wave-
length tunable operation of an EYDFL using two VBGs in
a parallel arrangement. The wavelength splitting range of
the two operating wavelengths was tuned continuously from
0.3 to 29.2nm (0.04 to 3.7 THz), with a total output power
of >13 W for a wavelength separation of <20 nm. A broader
wavelength separation should be possible by selecting VBGs
with the appropriate center wavelengths to reduce the
intracavity loss. A maximum output power of 17.9 W was
obtained at a wavelength separation of 0.3 nm for a launched
pump power of 65.3 W, which corresponds to a slope effi-
ciency of 28.6% with respect to the launched pump power. A
third VBG and an additional plane mirror were also included
in the external cavity to achieve triple-wavelength operation
of the EYDFL with an output power of 18.5W and equal
lasing at 1542, 1545, and 1552 nm simultaneously, demon-
strating the feasibility of multiwavelength operation of the
EYDFL by simply adding more VBGs to the external cavity.
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