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Spectral Narrowing and Stabilization for
Broad-Area Lasers via Modified Delivery Fiber

Jordan P. Leidner and John R. Marciante, Member, IEEE

Abstract— A proof-of-concept experiment for fiber-based
broad-area laser stabilization is experimentally demonstrated
using coupling optics and a 1-nm wide, 98% reflectivity fiber
Bragg grating. The output spectrum of a 3-W, 100-µm wide,
2-mm long commercial broad-area laser was narrowed by more
than 10× to 0.26-nm full-width half-max. In addition, the system
showed 7%–13% enhanced output power. The system also shows
potential for slow-axis beam quality improvement in the desired
operating regime. A pump delivery fiber scheme is proposed for
integration of the diode feedback into a pump system package
for enhanced-brightness fiber pumping.

Index Terms— Diode lasers, fiber Bragg gratings, laser
stabilization, pumping, semiconductor lasers.

I. INTRODUCTION

BROAD-AREA lasers (BALs) are used for optical pump-
ing and material processing due to their wavelength

selectability and high electrical to optical efficiency. However,
they have spectrally and spatially erratic emission caused
by multi-mode operation, thermally induced refractive index
changes [1], and refractive index changes induced by non-
uniform gain [2]. These effects lead to 9xx-band BALs having
spectral widths from 2-6 nm at peak operating power and
spectra that drift 0.3-0.4 nm/°K [3], which is problematic when
strong interactions with a material’s narrow absorption peak
are desired (e.g., pumping ytterbium-doped fiber lasers).

Selective laser feedback is well known to modify the spec-
tral behavior of a laser. In broad-area laser diodes, two such
techniques are employing a distributed Bragg reflector on the
diode [3], [4] or a volume Bragg reflector in an external cavity
configuration [5]–[7]. While a distributed Bragg reflector is
monolithically integrated on the diode and does not require
physical alignment, such devices still suffer from wavelength
variability due to temperature and, therefore, operating power.
Alternatively, volume Bragg gratings are more robust to
temperature changes, but must be carefully aligned and tend
to have scattering losses that reduce the overall output power.

In this Letter, we present experimental results for the use of
a single-mode (SM) fiber Bragg grating (FBG) to narrow and
stabilize the emission wavelength of a commercial BAL. This
technique is also shown to enhance the output power, unlike
the volume Bragg grating (VBG) approach, and to modify the
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Fig. 1. Schematic of FBG sub-aperture far-field feedback experiment.
FA Cylin. is a cylindrical lens system in the fast-axis of the diode. Pol.
Cont. is a fiber polarization controller to align the feedback polarization into
the BAL. The diagnostic suite consists of a power detector and an optical
spectrum analyzer.

far-field (FF) emission pattern with the potential to improve the
slow-axis beam quality. Based on these findings, we propose
a novel pump delivery fiber geometry for integration of this
concept into conventional packaged diode systems.

II. SETUP

In this experiment, an off-axis portion of a BAL’s slow-axis
doubled-lobed FF emission was selectively fed back into the
BAL. Though off-axis feedback has been demonstrated using
free-space, hard-aperture reflectors [8], [9], feedback from an
SM fiber containing an FBG acts as a narrow spectral and
spatial filter whose apodization (provided by the fiber mode
shape) reduces the excitation of undesired spatial modes.

Fig. 1 shows the experimental configuration used to achieve
sub-aperture FF feedback from a SM FBG. The fast axis of the
BAL, being single-mode, is matched in size and divergence to
the mode of the fiber via the fast-axis telescope located near
the BAL. Since only a beam profile that precisely matches the
fiber mode can be coupled into the SMF, reciprocity dictates
that the in-coupled and outgoing fields are identical. The
SM fiber and its coupling lens are placed in the FF of the
BAL such that the fiber mode fed back to the BAL is coupled
across its whole facet, with a wavefront tilt in the slow-
axis dimension since the FBG is off axis. This configuration
provides coupling of a single FF lobe of a BAL higher-order
mode to the FBG. The FBG (O/E-Land) was measured to
have 98% reflectivity, 1.0 nm full-width half-max (FWHM)
reflectivity, and peak reflectivity at 974 nm. The BAL used in
the experiment (Axcel Photonics CM-975-3000-150) operates
at 977 nm at full power (∼3 W), but was cooled to more
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Fig. 2. BAL spectrum with narrowband, SM, FBG feedback (black)
compared to a free-running BAL (red) operating at 3.0 A.

closely match the FBG. Due to low reflectivity coatings on
commercial BALs, only a small amount of external feedback
is needed to drastically change the lasing behavior. A modest
3.2% of the BAL output power was coupled to SM fiber (SMF)
prior to enabling feedback via the FBG.

III. EXPERIMENTAL RESULTS

Fig. 2 shows the spectral impact of this sub-aperture
FF FBG feedback. Operating at 3.0 A, the BAL emission
spectrum had a spectral width of 0.26 nm with feedback,
a factor of 10.6 times narrower than the 2.8 nm width
of the isolated emission. Arguably, a single metric is not
sufficient for assessing the impact of spectral narrowing. For
absorption features a few nm wide, the data shown in Fig. 2
integrates to provide a 2-3× shorter absorption length than the
free-running device. The spectrum peak was not observed
to shift from 974.4nm or significantly broaden for a
range of operating powers and temperatures ranging from
14.2 °C to 20.8 °C, despite shifts in the free-running laser
wavelength over this range. This high level of spectral
narrowing and stability is similar to what is achieved with
FBG stabilized narrow-stripe diode lasers, which have become
the workhorse for reliable pumping of lower power (sub-Watt)
fiber amplifiers.

Of particular interest for pumping applications is the
spectral density of the emission, rather than the FWHM.
Given the very narrow FWHM but wide pedestal of the
feedback spectrum shown in Fig. 2, it is expected that greater
feedback would eliminate the pedestal, further narrowing the
total spectrum, allowing for greater utility in narrow absorption
bands.

Although carefully aligned, the fast-axis coupling to SMF
is difficult to determine using this configuration. Improved
fast-axis coupling optics should lead to greater feedback and
reduce the pedestal. In addition, the single FBG is only feeding
back half of a single slow-axis mode which is expected to have
two symmetrical lobes in the FF. The inclusion of a second

Fig. 3. Ratio of the spectral FWHM of the free-running BAL to the compound
cavity BAL over a range of FF feedback angles.

Fig. 4. Ratio of the spectral FWHM of the free-running BAL to the com-
pound cavity BAL (solid, black), and peak wavelength for free-running BAL
(dotted, red) and BAL with FF feedback (dashed, blue), plotted over a span
of heat-sink temperatures.

FBG corresponding to this second lobe will further improve
the spectrally selective feedback.

One of the key aspects to a practical laser architecture
is the sensitivity to the particular configuration. Fig. 3 shows
the ratio of the FWHM of the conventional BAL to that of
the compound cavity device with feedback provided from a
range of angles in the FF. Optimal spectral narrowing was
observed near the peak of FF emission, likely due to increased
coupling and feedback to preferentially lasing filamentation
patterns [10]. More importantly, the range of coupling covers
a large fraction (∼25%) of the nominal FF emission, indicating
that commercial application of this spectral narrowing and
stabilization technique will be robust against fabrication and
slow-axis alignment.

Fig. 4 shows the FWHM of the conventional BAL along
with that of the compound cavity BAL as a function of
heat-sink temperature ranging from 14.2 °C to 20.4 °C. Over
the temperature range of the measurements, the spectral
peak of the BAL with FBG feedback remained fixed to
974.4 nm even though the free-running BAL shifted in
wavelength by ∼4nm. The scatter in the data arises from the
experimental coupling system, which exhibited some
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Fig. 5. BAL output power as a function of drive current: free-running
(dotted, red); with FF FBG feedback (dashed, blue); and percent increase
for the feedback case relative to the free running case (solid, black).

variability with temperature. This variation is noted most
prominently by the factor of 18.8× improvement at
15.3 °C, with more consistent results obtained around
10× improvement. These results indicate that: (a) a packaged
system would yield more reproducible results than those
obtained on an optical table, (b) further work on thermal
stability of the system mechanics would aide coupling and
allow for increased performance and thermal stability of the
wavelength narrowing factor; and (c) although 10× spectral
narrowing was routinely and stably observed, the spectrum
may be able to be narrowed by perhaps another factor of two
as indicated by the 18.8× narrowing result.

In addition to the spectral impact of this FBG feedback,
favorable changes to the emitted power were measured, in
addition to changes in the FF slow-axis emission pattern.
Fig. 5 shows the output power of the external-feedback BAL
and that of the free-running BAL. Increases in emitted power
from 7-13% were measured in the 1.4-3.0 A regime, the
highest benefit measured at the maximum rated current (3 A).
Power is detected by a large-area thermal detector in the
half of the output picked off by the prism shown in Fig. 1.
This increase in emitted power can be explained through
the understanding of the intracavity power. Increasing the
reflectivity of the compound cavity through the addition of the
FBG necessarily increases the power circulating in the cavity.
In this case, since the compound cavity is spatially separated
into two halves, the increase in “intra-cavity” power due to
the higher effective reflectivity can be observed in the output
of the output half of the cavity that is not in the physical
feedback arm of the compound cavity. This relative power
increase exhibits variation because the emission pattern of
the BAL, and therefore the relative impact of the feedback,
changes with current since the fiber was fixed at one location
in the FF for this measurement. As the output power changes,
high intensity FF features can move across the SMF, causing
variation in feedback to the BAL. At these moderate-to-high
power levels, the relative amount of coupling stays reasonably
high with varied power, indicating that positional tuning is
unnecessary for the primary benefits of this configuration.
However, the location of the fiber in the FF plane should be

Fig. 6. Intensity profiles (normalized to absolute power) for half of the BAL
FF profile with feedback (solid, black) and while free-running (dashed, red).

optimized for each BAL design. It must be noted that due to
the experimental configuration (shown in Fig. 1), this power
measurement was taken from half of the diode’s FF emission,
and thus potentially only shows a change in the symmetry of
the output. However, the chaotic nature of gain-index coupling
in BALs implies that the output should be spatially distributed
primarily by the gain pattern of the device and not directly by
feedback [2], as indicated in Fig. 6.

Perturbation to the internal spatial behavior of the BAL due
to feedback from the SMF FBG is indicated by the half-FF
profiles recorded in Fig. 6. This figure shows that the feedback
causes an enhanced peak at the location of the FF feedback.
It must be noted that the nature of the change in the FF profile
is dependent on the segment of the FF that is fed back to the
BAL. In addition, the FF feedback location was selected to
maximize the performance, which is nominally accomplished
by enhancing the existing dominant spatial profile in the
laser [10]. Although only a slight change in the FF profile
is shown, increased feedback can potentially simultaneously
improve the sharpness of the FF lobes as well as power and
efficiency. The result could be a significantly higher brightness
BAL with improved spectral purity.

IV. DISCUSSION AND CONCLUSIONS

Although this experiment was conducted by accessing the
slow-axis FF of the BAL via free-space propagation for exper-
imental purposes, the slow-axis FF can instead be accessed in
the scaled Fourier plane using a slow-axis cylindrical lens.
Such a system, in combination with conventional fast-axis
optics, would focus the desired slow-axis FF for coupling into
a high-power delivery fiber, as depicted in the top of Fig. 7.
If a core with an SM FBG core is embedded within the
delivery fiber, much like a conventional dual-clad fiber, then
the system can be made functionally identical to that of the
experiment. Such a fiber with a slow-axis Fourier transformed
BAL imaged on it is depicted in Fig. 7. Not only does this
system functionally replicate the experiment, but all light
emitted from the BAL is captured in the inner cladding of the
fiber for use in its intended purpose such as optical pumping
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Fig. 7. Depiction of a delivery fiber with an off-axis embedded core
FBG configured for sub-aperture FF FBG feedback.

or machining. This complete power capture is in stark contrast
to many feedback techniques in which only half of the light
may be captured, or where filtering techniques cause large
intra-cavity loss [11]. The technique proposed here should
induce less scattered light compared to using a VBG, which
nominally results in reduced output power relative to the free-
running laser [7]. In addition, any residual scattering in the
present configuration is likely to still be captured by the multi-
mode delivery fiber.

The literature also describes greatly enhanced spatial
properties from double-armed feedback [11]. While such a
system would nominally severely limit the extractable power
due to conventional geometries having feedback from both
sides of the emission, the concept presented here would
capture all of the emission using the delivery fiber concept.
Double-armed feedback could be readily accomplished with a
second FBG core mirrored about the central axis of the multi-
mode fiber. With the potential to modify beam quality, this
technique could also allow the use of smaller diameter for the
multi-mode fiber, enhancing brightness of the overall fiber-
coupled diode laser system. For spatially tiling multiple BALs
typical of higher-power systems [12], multiple such FBG cores
could be included for each laser using standard multi-core fiber
fabrication techniques [13]. In all of the cases presented above,
the common theme is to exploit the existing large-core pump
delivery fiber for high-power BALs with extremely narrow
spectral bandwidths.

The work presented in this Letter has shown that the lasing
behavior of BALs can be drastically changed by utilizing
a highly reflective FBG and angularly selective feedback
from the far field. The spectral content of a 3.0 A
commercial BAL was narrowed by a factor of 10.6 to 0.26 nm.

This technique, like conventional low-power FBG-stabilized
SM diodes, is independent of the laser diode temperature.
The method introduced here includes a spatially and spectrally
selective reflector in the FF, which also enhances the emitted
power (without increasing emission angle) and thus increases
spatial brightness of the BAL by up to 13% at its intended
operating power. This filter also causes a change in FF
profile shape, indicating that additional beam quality improve-
ment may be derived from further optimization. Novel pump
delivery fiber configurations were presented that enable this
technology to be rapidly integrated into current manufacturing
processes and significantly enhance the benefits attained by
this technique for use in commercial high-power diode pump
laser systems.
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