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METHOD AND APPARATUS FOR SPECTRAL NARROWING AND

WAVELENGTH STABILIZATION OF BROAD-AREA LASERS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Application No. 62/109,189,

filed January 29, 2015, which is incorporated herein by reference in its entirety.

RELATED FIELDS

[0002] Spectral narrowing and wavelength stabilization of broad-area lasers.

BACKGROUND

[0003] Broad-area lasers (BALs) are used for optical pumping and material processing

due to their wavelength selectability and high electrical to optical efficiency. However, they

have both spectrally and spatially erratic emission caused by multi-mode operation, thermally

induced refractive index changes, and refractive index changes induced by non-uniform gain.

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 per degree Kelvin. These characteristics can become

problematic when strong interactions with a material's narrow absorption peak are desired

(e.g., pumping ytterbium-doped fiber lasers).

[0004] Selective laser feedback has been used in the past in at least some instances and

applications to modify the spectral behavior of a laser. In broad-area laser diodes, two such

techniques are the inclusion of a distributed Bragg reflector on the diode or using a volume

Bragg reflector in an external cavity configuration. While a distributed Bragg reflector that is

monolithically integrated with the diode does not require physical alignment to narrow a

BALs spectral output, 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 efficiency.



SUMMARY

[0005] We have developed apparatus and methods using a single-mode fiber Bragg

grating (FBG) to narrow and stabilize the emission wavelength of commercial BALs. In

some non-limiting examples, this technique is also shown to enhance the output power,

unlike the volume Bragg grating (VBG) approach, and to modify the far-field (FF) emission

pattern with the potential to improve the slow-axis beam quality. In one non-limiting

example, our inventions are embodied in a novel pump delivery fiber geometry for

integration into conventional packaged systems.

[0006] The lasing behavior of BALs can be drastically changed by, in some non-limiting

examples, utilizing a highly reflective FBG and angularly selective feedback from the far

field. This has been demonstrated by an experiment in which the spectral content of a 3.0 A

commercial BAL was narrowed by a factor of 10.6 down to 0.26 nm. In at least some

instances, these techniques are independent of the laser diode temperature. In some

examples, our methods include 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, and in at least

some instances also causes a change in FF profile shape and improving beam quality.

Embodiments of our novel pump delivery fiber configurations may be rapidly integrated into

current manufacturing environments and significantly enhance the benefits attained by

embodiments of this technique for commercial high-power diode pump laser systems.

[0007] In one non-limiting embodiment, an apparatus includes a broad-area laser source

configured to emit light, the emitted light comprising an emission axis and an emission

pattern extending along the emission axis, the emission pattern comprising a sub-aperture

portion located off of the center of the emission axis; a single-mode fiber associated with a

fiber Bragg grating configured to spectrally selectively reflect back light from the sub-

aperture portion to the broad-area laser source; and coupling optics configured to couple at

least a portion of the sub-aperture portion to the single-mode fiber.

[0008] In some instances, the sub-aperture portion is a sub-aperture far-field portion.

[0009] In some instances, the single-mode fiber is a core of a dual-clad fiber.



[0010] In some instances, the coupling optics are configured to couple substantially all of

the emitted light to the dual-clad fiber.

[0011] In some instances, the dual-clad fiber extends along a longitudinal central axis, and

the single-mode fiber core is offset from the longitudinal central axis.

[0012] In some instances, the dual-clad fiber further includes a second single-mode fiber

core offset from the longitudinal central axis of the dual-clad fiber.

[0013] In some instances, the emission pattern includes a second sub-aperture portion

located off of the center of the emission axis and wherein the second single-mode fiber core

is associated with a second fiber Bragg grating configured to spectrally selectively reflect

back light from the second sub-aperture portion to the broad-area laser source.

[0014] In some instances, the apparatus further includes a second broad-area laser source

configured to emit light, the emitted light from the second broad-area laser source including a

second emission axis and a second emission pattern extending along the second emission

axis, the second emission pattern including a second sub-aperture portion located off of the

second emission axis; and a second single-mode fiber associated with a fiber Bragg grating

configured to spectrally selectively reflect back light from the second sub-aperture portion to

the second broad-area laser source.

[0015] In some instances, the single-mode fiber and the second single-mode fiber are

cores of a dual-clad fiber.

[0016] In some instances, the dual-clad fiber includes an input face, the emission pattern

and the second emission pattern are incident on the input face, and the emission pattern and

the second emission pattern are non-overlapping at the input face.

[0017] In some instances, the dual-clad fiber includes an input face, the emission pattern

and the second emission pattern are incident on the input face, and the emission pattern and

the second emission pattern include overlapping portions and non-overlapping portions at the

input face.



[0018] In some instances, the single-mode fiber and the second single-mode fiber are

located at at least some of the non-overlapping portions of the emission pattern and the

second emission pattern at the input face.

[0019] In some instances, the broad-area laser source has an emission spectrum, the

emission spectrum having a spectral width, the spectral width having a full width at a half

maximum intensity of the emission spectrum; and the spectrally selective reflection of the

fiber Bragg grating narrows the spectral width of the emission spectrum by at least a factor of

3 .

[0020] In some instances, the emitted light of the broad-area laser source has a brightness;

and the spectrally selective reflection of the fiber Bragg grating increases the brightness of

the emitted light by at least 5%.

[0021] In some instances, the emission pattern has a far-field spatial profile; and the

spectrally selective reflection of the fiber Bragg grating changes the far-field spatial profile of

the emission pattern.

[0022] In some instances, the coupling optics comprise slow-axis Fourier-transform

optics.

[0023] In another non-limiting embodiment, a dual-clad fiber includes: a cladding; a

multi-mode core within the cladding; and an offset single-mode core embedded in the multi-

mode core, the single-mode core associated with a fiber Bragg grating.

[0024] In some instances, the dual-clad fiber has a central longitudinal axis along which

the dual-clad fiber extends, and the single-mode core is offset from the central axis.

[0025] In some instances, the dual-clad fiber also includes a second offset single-mode

core embedded in the multi-mode core, the second single-mode core associated with a second

fiber Bragg grating.



[0026] In some instances, the dual-clad fiber includes an input face; and the first offset

single-mode core, second offset single-mode core, and central longitudinal axis are linearly

positioned relative to one another at the input face.

[0027] In some instances, the dual-clad fiber includes an input face; and the first offset

single-mode core, second offset single-mode core, and central longitudinal axis are non-

linearly positioned relative to one another at the input face.

[0028] In some instances, the dual-clad fiber has a first side and a second side opposite the

first side, the central longitudinal axis is between the first and second sides, the single-mode

core is located in the first side, and the second single-mode core is located in the second side.

[0029] In some instances, the dual-clad fiber has a first side and a second side opposite the

first side, wherein the central longitudinal axis is between the first and second sides, and the

single-mode core and the second single-mode core are both located in the first side.

[0030] In another non-limiting embodiment, an apparatus includes: a broad-area laser

source configured to emit light, the emitted light comprising an emission axis and an

emission pattern extending along the emission axis, the emission pattern comprising a sub-

aperture far-field portion located off of the emission axis; and a single-mode fiber Bragg

grating configured to spectrally selectively reflect back light from the sub-aperture far-field

portion to the broad-area laser source.

[0031] In some instances, the broad-area laser source has an emission spectrum, the

emission spectrum has a spectral width, the spectral width has a full width at a half maximum

intensity of the emission spectrum; and the spectrally selective reflection of the single-mode

fiber Bragg grating narrows the spectral width of the emission spectrum by at least a factor of

3 .

[0032] In some instances, the broad-area laser source has an emission spectrum, the

emission spectrum has a spectral width, the spectral width has a full width at a half maximum

intensity of the emission spectrum; and the spectrally selective reflection of the single-mode

fiber Bragg grating narrows the spectral width of the emission spectrum by a factor of

between 2 and 20.



[0033] In some instances, the emitted light from the broad-area laser source has a far-field

intensity profile; and the spectrally selective reflection of the single-mode fiber Bragg grating

enhances at least some portions of the far-field intensity profile.

[0034] In some instances, the spectrally selective reflection of the single-mode fiber

Bragg grating alters a shape of the emission pattern of the broad-area laser source.

[0035] In some instances, the single-mode fiber Bragg grating is embedded in a core of a

dual-clad fiber.

[0036] In some instances, the spectrally selective reflection of light by the single-mode

fiber Bragg grating is limited to spectrally selective reflection of light from the sub-aperture

far field portion located off of the emission axis.

BRIEF DESCRIPTION OF DRAWINGS

[0037] Fig. 1 schematically depicts a non-limiting example of FBG sub-aperture

feedback. The coupling optics can generate an image of the far-field, the near-field, or an

intermediary field.

[0038] Fig. 2 schematically depicts an experiment demonstrating FBG sub-aperture far-

field feedback.

[0039] Fig. 3 depicts a BAL spectrum with narrowband, single-mode, FBG feedback

(solid) compared to that of a free-running BAL (dashed) operating at 3.0 A from the

experiment of Fig. 2 .

[0040] Fig. 4 depicts a fraction of power in a spectral bin centered on the emission peak

for the sub-aperture feedback device (solid) and free-running device (dashed) from the

experiment of Fig. 2 .

[0041] Fig. 5 depicts a ratio of the spectral FWHM of the free-running BAL to the

compound cavity BAL over a range of FF feedback positions from the experiment of Fig. 2 .



[0042] Fig. 6 depicts a ratio of the spectral FWHM of the free-running BAL to the

compound cavity BAL over a range of heat-sink temperatures from the experiment of Fig. 2 .

[0043] Fig. 7 depicts a percent increase in BAL output power with FF FBG feedback over

free-running BAL as a function of drive current from the experiment of Fig. 2 .

[0044] Fig. 8 depicts an intensity profile for half of the BAL FF profile (centered at zero

degrees) with feedback (solid) and while free-running (dashed) from the experiment of Fig. 2 .

[0045] Fig. 9 depicts a non-limiting example of a delivery fiber with off-axis embedded

core incorporating an FBG configured for sub-aperture FBG feedback.

[0046] Figs. 10-15 depict additional non-limiting examples of delivery fibers for use in

sub-aperture FBG feedback.

DETAILED DESCRIPTION

[0047] Fig. 1 illustrates a non-limiting example of an apparatus in which an off-axis

portion of a BAL's slow-axis emission is selectively fed back into the BAL (the slow-axis

emission may be, in some non-limiting embodiments, a double-lobed FF emission). In Fig.

1, feedback from a single-mode fiber incorporating an FBG acts as a narrow spectral and

spatial filter whose nearly Gaussian apodization (provided by the fiber mode shape) serves to

reduce the excitation of undesired spatial modes.

[0048] Fig. 2 schematically depicts an experiment demonstrating FBG sub-aperture far-field

feedback, with Figs. 3-8 depicting some of the data from that experiment, which is discussed

further in Section 1 below. In the experiment of Fig. 2, the slow-axis FF of the BAL is

accessed via free-space propagation, which will usually not be the case in packaged laser

systems. As discussed further in Section 2 below, Figs. 9-15 illustrate several non-limiting

examples of optical fibers with one or more off-axis single-mode FBG-incorporating cores

that can be optically coupled to one or more BALs in packaged systems to narrow and

stabilize the emission wavelength of the BAL, modify the FF emission pattern, and capture

all or almost all of the BAL's output power.



L Experimental results.

[0049] Fig. 2 schematically illustrates an experiment in which an off-axis portion of a

BAL's slow-axis double lobed FF emission was selectively fed back into the BAL. The

experimental setup illustrated in Fig. 2, and the data obtained from the experiment (some of

which are illustrated in Figs. 3-8) while illustrative of our invention, are examples only and

not intended to limit the scope or application of our inventions. Those of skill in the art will

recognize that the inventions described in this patent may be applied in a wide variety of

manners to obtain a wide variety of effects.

[0050] In Fig. 2, FA Cylin. is a cylindrical lens system in the fast-axis of the diode. Pol.

Cont. is a fiber polarization controller that ensures correct polarization for coupling back into

the BAL. The diagnostic suite consists of interchangeable power detectors and an optical

spectrum analyzer.

[0051] In Fig. 2, the reflective front and back surfaces of the BAL define one optical

lasing cavity. The back surface of the BAL and the FBG in the optical fiber define a second

laser cavity, with all three of these surfaces forming a compound cavity, and contribute to the

operation of the narrowed system. Those of skill in the art will recognize that a laser with

optical feedback represents the same physical system as a compound cavity laser. The

present invention is not limited to compound cavity apparatus and methods, however. For

example, in some embodiments, the emission-side reflective surface of the BAL could

instead have an anti-reflective coating, resulting in the setup of Fig. 2 being closer to a single

cavity design.

[0052] The FBG used in the experiment of Fig. 2 was measured to have 98% reflectivity,

1.0 nm full-width half-max reflectivity, and peak reflectivity at 973.9 nm. In other

embodiments, FBG's having other characteristics may be employed. In some instances, the

FBG may have greater than 60%> reflectivity, greater than 70% reflectivity, greater than 80%>

reflectivity, greater than 90% reflectivity, or greater than 95% reflectivity, greater or less than

1.0 nm full-width half-max reflectivity (e.g., between 0.01 and 4 nm), and peak reflectivity at

other wavelengths depending on the particular application and desired effect. In other

embodiments, e.g. when using double FBGs or when using an FBG with an AR-coated facet,



FBG's with lower reflectivity may be employed, in some instances with a reflectivity as low

as 5%. One skilled in the art recognizes that there are many ways to produce an FBG with

narrow linewidth, including concatenated FBGs with spectrally overlapping features, etc.

[0053] The BAL used in the experiment of Fig. 2 was specified to operate at 977 nm at

full power (~3W) but was cooled to more closely match the FBG wavelength. In other

embodiments, other BALs may be used with or without temperature control. Due to low

reflectivity coatings on commercial BALs, only a relatively small amount of external

feedback is required in this particular instance to drastically change the lasing behavior. A

modest 3.2% of the BAL output power was coupled to single-mode fiber prior to enabling

feedback via the FBG. The spectral widths were measured as the full width at the half

maximum (FWHM). The BAL used in the experiment of Fig. 2 is only one non-limiting

example of a BAL useable with our invention.

[0054] Fig. 3 shows the spectral impact of the sub-aperture FF FBG feedback in the

experiment of Fig. 2 . 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. In all cases, 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.

[0055] Of interest for some embodiments employed in pumping applications is the

spectral density of the emission. The fraction of the output spectra emitting into specific

spectral bins (centered on the emission peak) was calculated for the BAL emission with and

without feedback in the experiment of Fig. 2 . Fig. 4 shows the results for both cases as a

function of the spectral bin width. Using a practical metric for containing most of the

emission as 95%, the spectral width of the BAL with feedback is less than half that of the

free-running BAL. Given the very narrow FWHM but wide pedestal of the feedback

spectrum shown in Fig. 3, it is expected that greater feedback would eliminate the pedestal in

at least some instances, further narrowing the total spectrum, allowing for greater utility in

narrow absorption bands and significant benefits over the conventional (non-feedback) case

in at least some instances.



[0056] One aspect of practical laser architecture in at least some instances is the

sensitivity to the particular configuration. Figure 5 shows the ratio of the FWFDVI of

conventional BAL to that of the compound cavity device of Figure 2 with feedback provided

from a range of positions in the FF. Position 1 is located near the central axis of the emission

and increasing positional indexes corresponding to increasingly off-axis feedback. Position

14 is near the edge of the far field, meaning that the range of FF position indexed covers

nearly the entire span of the nominal laser output (half) FF. The optimal spectral narrowing

in this non-limiting embodiment was observed near the peak of FF emission, likely due to

increased coupling and feedback to preferentially lasing spatial patterns. In this instance, the

range of coupling covers a large fraction (-25%) of the nominal FF emission, indicating that

commercial application of this technique will be robust against conventional fabrication and

alignment tolerances.

[0057] In Fig. 5, the ratio of the spectral FWHM of conventional BAL to that of the

compound cavity device with feedback provided from a range of positions corresponding to

off-axis feedback angles in the FF. Embodiments of this optimum feedback position may be

between 0.5 degrees off-axis and the maximum supported off-axis emission from the diode

used (typically but not limited to between 3 to 6 degrees).

[0058] Figure 6 shows the ratio of the FWHM of the conventional BAL to that of the

compound cavity BAL of Fig. 2 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 ~4 nm. The experimental coupling system exhibited some variability with

temperature, noted most prominently by the factor of 18.8x improvement at 15.3 °C, with

more reproducible results obtained around lOx improvement. These results indicate that, in

at least some instances: (a) a packaged system would yield more reproducible results than

those obtained on an optical table, (b) increasing the thermal stability of the system

mechanics (for example, in a packaged system) would aide in coupling and allow for

increased performance and thermal wavelength stability; and (c) although lOx spectral

narrowing was routinely and stably observed, the spectrum may be able to be narrowed by

perhaps another factor of two given a more thermally and mechanically stabilized package.

[0059] In addition to the spectral impact of this FBG feedback in the experiment of Fig. 2,

favorable changes to the emitted power (favorable for at least some applications and



instances) were measured, as were changes in the FF slow-axis emission pattern. Figure 7

shows the increase in output power of the external-feedback BAL to the free-running BAL.

Increases in emitted power from 7-13% were measured in the 1.4-3.0 A regime, with 13%

measured at 3 A (maximum available) current. 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 far field for this

experimental measurement. As the output power increases, high intensity FF features can

move on and off of the single-mode fiber, 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, in at least some instances, it may be desirable that the location of

the fiber in the FF plane be optimized for each given BAL design. In the configuration of

Fig. 2, the 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 the feedback, as indicated in

Fig. 8 .

[0060] Perturbation to the internal spatial behavior of the BAL due to feedback from the

single-mode fiber FBG in the system of Fig. 2 is indicated by the half-FF profiles recorded in

Figure 8 . This figure shows that the feedback causes an enhanced peak at the location of the

FF feedback. In this instance, 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, in this non-limiting example, to maximize the performance, which is nominally

accomplished by enhancing the existing dominant spatial profile in the laser. 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. For example, in some

embodiments utilizing single FBG feedback, a 7-30% increase in brightness could be

achieved. In some embodiments utilizing double FBG feedback, such as in Fig. 15 discussed

below, brightness increases of 500-1000% could be expected.



2 . Apparatus using optical fibers with one or more off-axis single-mode cores incorporating

FBGs.

[0061] Though the experiment illustrated by Fig. 2 accesses the slow-axis FF of the BAL

via free-space propagation, in at least some embodiments, the slow-axis FF could be accessed

in the Fourier plane of a cylindrical lens, such as shown in the example illustrated in Fig. 10.

As shown in Fig. 10, the apparatus includes slow-axis Fourier-transform optics, in

combination with conventional fast-axis optics, to focus the desired slow-axis FF for

coupling into a high-power delivery fiber. However, to enable the beneficial spectral-

narrowing effects of the proposed technique in this particular embodiment, this multi-mode

delivery fiber has an embedded off-axis single-mode core incorporating an FBG, as depicted

in Figures 9 and 10 for some embodiments of the invention. This apparatus, in at least some

instances, captures substantially all light emitted from the BAL for its intended purposes such

as optical pumping or machining. In some embodiments, the apparatus captures more than

50% of the light emitted from the BAL, 75% or more of the light emitted from the BAL, 90%

or more of the light emitted from the BAL, 95% or more of the light emitted from the BAL,

or 99% or more of the light emitted from the BAL. In other words, in spite of the feedback

configuration, the dual-clad-fiber-like implementation of the concept captures all of the light

emitting from the diode laser. These non-limiting examples shown in Figs. 9 and 10 are in

stark contrast to many feedback techniques by which only half of the light may be used, or

where filtering techniques cause large intra-cavity loss. The examples shown in Figs. 9 and

10 should have a lower amount of scattered light compared to using a volume Bragg grating,

which nominally results in reduced output power relative to the free-running laser. In

addition, any residual scattering in the present configuration is likely to still be captured by

the multi-mode delivery fiber.

[0062] The example shown in Fig. 10 may be a compound cavity or a single cavity

device. In some embodiments of single cavity configurations, the embedded off-axis single-

mode core incorporating the FBG acts as one of the cavity mirrors, with the emission side of

the BAL including an A coating.

[0063] Figures 9 and 10 illustrate examples of single-armed feedback. In some instances,

greatly enhanced spatial and spectral properties may be obtained from double-armed

feedback. While implementing this in a system similar to Fig. 2 would nominally severely



limit the extractable power due to the geometry of having feedback from both sides of the

emission, the invention presented here, in at least some embodiments, would capture

substantially all of the emission using the delivery fiber architecture. Double-armed feedback

could be readily accomplished, for example, with a second FBG-incorporating core mirrored

about the central axis of the multi-mode fiber.

[0064] For spatially tiling multiple BALs typical in higher-power systems, multiple such

FBG-incorporating cores could be included for each laser using standard multi-core fiber

fabrication techniques.

[0065] Figures 11-15 illustrate various non-limiting examples of a delivery fiber with

multiple off-axis embedded cores each incorporating an FBG configured for sub-aperture

FBG feedback. Figure 11 shows one example of double feedback, showing a fiber cross

sectional view with reference 1 indicating the outer cladding of the multimode fiber,

reference 2 indicating the inner cladding, reference 3 indicating embedded cores

incorporating fiber Bragg gratings, and reference 4 indicating position of incident

semiconductor laser beam on the fiber input face. In the example of Figure 11, the two

embedded cores are equally spaced in distance from the center of the inner cladding. In other

embodiments, two or more cores may be spaced different distances from the center of the

inner cladding. In Figure 11, the two embedded cores are dual-sided - i.e. they are arranged

on opposite sides from the center of the inner cladding. In other embodiments, e.g. as shown

in Fig. 12, multiple cores may be located on one side of the inner cladding (as shown in the

example on the left) or may be may be a combination of single and dual sided (as shown in

the example on the right). Figs. 11 and 12 represent alternative arrangements for increasing

the total feedback into the BAL and/or using multiple FBGs to reduce the net emission

bandwidth.

[0066] Figure 13 shows two examples of multi-beam feedback, and Figure 14 shows two

examples of multi-beam, dual feedback. As shown in Figs. 13 and 14, the centers of the

embedded cores and the center of the inner cladding need not all be co-linear with respect to

one another. As also shown in Figs. 13 and 14, multiple lasers may be coupled into a single

fiber. Fig 13 (left) shows a single-core feedback configuration for a high-brightness stacking

configuration of a BAL array. Fig 13 (right) shows the same as Fig 13 (left) for two BAL

arrays that are spatially rotated by 90 degrees such that they can be polarization combined



into a single fiber. Fig. 14 shows examples of dual-core feedback for the same cases as Fig

13. Other dual-core and multi-core arrangements are also possible and contemplated. For

example, the core arrangements illustrated in Fig. 12 could be implemented in BAL arrays

like those of Figs. 13 and 14.

[0067] With the potential to modify beam quality, embodiments of our techniques could

also allow the use of smaller diameter for the multi-mode fiber, enhancing brightness of the

overall fiber-coupled diode laser system. Figure 15 shows one example of double-feedback

with significantly enhanced brightness. In this example, the inner cladding is significantly

reduced in size (and in other examples, could be removed completely) and each output can be

later coupled to an additional fiber of matching core and inner cladding parameters. In this

example, the reflectivities of the fiber Bragg gratings may be reduced for efficient laser

emission. In this example, the output depicted is from a single laser.

[0068] It will be apparent to those skilled in the art that various modifications and

variations can be made to the present invention without departing from the spirit and scope of

the invention. There is no intention to limit the invention to the specific form or forms

disclosed, but on the contrary, the intention is to cover all modifications, alternative

constructions, and equivalents falling within the spirit and scope of the invention, as defined

in the appended claims. Thus, it is intended that the present invention cover the modifications

and variations of this invention provided they come within the scope of the appended claims

and their equivalents.



Claims:

1 . An apparatus, comprising:

a broad-area laser source configured to emit light, the emitted light comprising an

emission axis and an emission pattern extending along the emission axis, the emission pattern

comprising a sub-aperture portion located off of the center of the emission axis;

a single-mode fiber associated with a fiber Bragg grating configured to spectrally

selectively reflect back light from the sub-aperture portion to the broad-area laser source; and

coupling optics configured to couple at least a portion of the sub-aperture portion to

the single-mode fiber.

2 . The apparatus of claim 1, wherein sub-aperture portion comprises a sub-aperture far-field

portion.

3 . The apparatus of claim 1, wherein the single-mode fiber is a core of a dual-clad fiber.

4 . The apparatus of claim 3, wherein the coupling optics are configured to couple

substantially all of the emitted light to the dual-clad fiber.

5 . The apparatus of claim 3, wherein the dual-clad fiber extends along a longitudinal central

axis, and wherein the single-mode fiber core is offset from the longitudinal central axis.

6 . The apparatus of claim 5, wherein the dual-clad fiber further comprises a second single-

mode fiber core offset from the longitudinal central axis of the dual-clad fiber.

7 . The apparatus of claim 6, wherein the emission pattern comprises a second sub-aperture

portion located off of the center of the emission axis and wherein the second single-mode

fiber core is associated with a second fiber Bragg grating configured to spectrally selectively

reflect back light from the second sub-aperture portion to the broad-area laser source.

8 . The apparatus of claim 1, further comprising:

a second broad-area laser source configured to emit light, the emitted light from the

second broad-area laser source comprising a second emission axis and a second emission

pattern extending along the second emission axis, the second emission pattern comprising a

second sub-aperture portion located off of the second emission axis; and



a second single-mode fiber associated with a fiber Bragg grating configured to

spectrally selectively reflect back light from the second sub-aperture portion to the second

broad-area laser source.

9 . The apparatus of claim 8, wherein the sub-aperture portion and the second sub-aperture

portion comprise sub-aperture far-field portions.

10. The apparatus of claim 9, wherein the single-mode fiber and the second single-mode fiber

are cores of a dual-clad fiber.

11 . The apparatus of claim 10, wherein the dual-clad fiber comprises an input face, wherein

the emission pattern and the second emission pattern are incident on the input face, and

wherein the emission pattern and the second emission pattern are non-overlapping at the

input face.

12. The apparatus of claim 10, wherein the dual-clad fiber comprises an input face, wherein

the emission pattern and the second emission pattern are incident on the input face, and

wherein the emission pattern and the second emission pattern include overlapping portions

and non-overlapping portions at the input face.

13. The apparatus of claim 12, wherein the single-mode fiber and the second single-mode

fiber are located at at least some of the non-overlapping portions of the emission pattern and

the second emission pattern at the input face.

14. The apparatus of claim 1, wherein the broad-area laser source comprises an emission

spectrum, the emission spectrum comprising a spectral width, the spectral width comprising a

full width at a half maximum intensity of the emission spectrum; wherein the spectrally

selective reflection of the fiber Bragg grating narrows the spectral width of the emission

spectrum by at least a factor of 3 .

15. The apparatus of claim 1, wherein the emitted light of the broad-area laser source

comprises a brightness; wherein the spectrally selective reflection of the fiber Bragg grating

increases the brightness of the emitted light by at least 5%.



16. The apparatus of claim 1, wherein the emission pattern comprises a far field spatial

profile; wherein the spectrally selective reflection of the fiber Bragg grating changes the far

field spatial profile of the emission pattern.

17. The apparatus of claim 2, wherein the coupling optics comprise slow-axis Fourier-

transform optics.

18. A dual-clad fiber, comprising:

a cladding;

a multi-mode core within the cladding; and

an offset single-mode core embedded in the multi-mode core, the single-mode core

associated with a fiber Bragg grating.

19. The dual-clad fiber of claim 18, wherein the dual-clad fiber comprises a central

longitudinal axis along which the dual-clad fiber extends, and wherein the single-mode core

is offset from the central axis.

20. The dual-clad fiber of claim 19, further comprising a second offset single-mode core

embedded in the multi-mode core, the second single-mode core associated with a second

fiber Bragg grating.

21. The dual-clad fiber of claim 20, wherein the dual-clad fiber comprises an input face; and

wherein the first offset single-mode core, second offset single-mode core, and central

longitudinal axis are linearly positioned relative to one another at the input face.

22. The dual-clad fiber of claim 20, wherein the dual-clad fiber comprises an input face; and

wherein the first offset single-mode core, second offset single-mode core, and central

longitudinal axis are non-linearly positioned relative to one another at the input face.

23. The dual-clad fiber of claim 20, wherein the dual-clad fiber comprises a first side and a

second side opposite the first side, wherein the central longitudinal axis is between the first

and second sides, wherein the single-mode core is located in the first side, and wherein the

second single-mode core is located in the second side.



24. The dual-clad fiber of claim 20, wherein the dual-clad fiber comprises a first side and a

second side opposite the first side, wherein the central longitudinal axis is between the first

and second sides, wherein the single-mode core and the second single-mode core are both

located in the first side.

25. An apparatus, comprising:

a broad-area laser source configured to emit light, the emitted light comprising an

emission axis and an emission pattern extending along the emission axis, the emission pattern

comprising a sub-aperture far-field portion located off of the emission axis;

a single-mode fiber Bragg grating configured to spectrally selectively reflect back

light from the sub-aperture far-field portion to the broad-area laser source.

26. The apparatus of claim 25, wherein the broad-area laser source comprises an emission

spectrum, the emission spectrum comprising a spectral width, the spectral width comprising a

full width at a half maximum intensity of the emission spectrum; wherein the spectrally

selective reflection of the single-mode fiber Bragg grating narrows the spectral width of the

emission spectrum by at least a factor of 3 .

27. The apparatus of claim 25, wherein the broad-area laser source comprises an emission

spectrum, the emission spectrum comprising a spectral width, the spectral width comprising a

full width at a half maximum intensity of the emission spectrum; wherein the spectrally

selective reflection of the single-mode fiber Bragg grating narrows the spectral width of the

emission spectrum by a factor of between 2 and 20.

28. The apparatus of claim 27, wherein the emitted light from the broad-area laser source

comprises a far-field intensity profile; wherein the spectrally selective reflection of the single-

mode fiber Bragg grating enhances at least some portions of the far-field intensity profile.

29. The apparatus of claim 28, wherein the spectrally selective reflection of the single-mode

fiber Bragg grating alters a shape of the emission pattern of the broad-area laser source.

30. The apparatus of claim 27, wherein the single-mode fiber Bragg grating is embedded in a

core of a dual-clad fiber.



31. The apparatus of claim 27, wherein the spectrally selective reflection of light by the

single-mode fiber Bragg grating is limited to spectrally selective reflection of light from the

sub-aperture far field portion located off of the emission axis.

































INTERNATIONAL SEARCH REPORT

(PCT Article 18 and Rules 43 and 44)

Applicant's or agent's file reference FOR FURTHER SEE FORM P C T/ISA/220

09661 6 ACTION a s w e " a s >w r applicable, item 5 below.

International application No. International filing date (day/month/year) (Earliest) Priority Date (day/month/year)

PCT/US201 6/01 4672 25 January 201 6 (25-01 -201 6) 29 January 201 5 (29-01 -201 5)

Applicant

LEIDNER, JORDAN P.

This international search report has been prepared by this International Searching Authority and is transmitted to the applicant
according to Article 18 . A copy is being transmitted to the International Bureau.

This international search report consists of a total of ~_ sheets.

I I It is also accompanied by a copy of each prior art document cited in this report.

1. Basis of the report
a . With regard to the language, the international search was carried out on the basis of:

the international application in the language in which it was filed□ a translation of the international application into , which is the language
of a translation furnished for the purposes of international search (Rules 12.3(a) and 23.1 (b))

□ This international search report has been established taking into account the rectification of an obvious mistake
authorized by or notified to this Authority under Rule 9 1 (Rule 43.6 (a)) .

□ With regard to any nucleotide and/or amino acid sequence disclosed in the international application, see Box No. I .

□ Certain claims were found unsearchable (See Box No. II)

Unity of invention is lacking (see Box No III)

4 . With regard to the title,

IX I the text is approved as submitted by the applicant

I I the text has been established by this Authority to read as follows:

With regard to the abstract,

I I the text is approved as submitted by the applicant

IX I the text has been established, according to Rule 38.2, by this Authority as it appears in Box No. IV. The applicant
may, within one month from the date of mailing of this international search report, submit comments to this Authority

With regard to the drawings,

a . the figure of the drawings to be published with the abstract is Figure No. 10

□
Form PCT/ISA/21 0 (first sheet) (January 201 5)



International application No.
INTERNATIONAL SEARCH REPORT

PCT/US201 6/01 4 672

Box No. IV Text of the abstract (Continuation of item 5 of the first sheet)

Methods and apparatus for spectral narrowing and wavelength
stabilization of broad-area lasers, such as an apparatus including a
broad-area laser source configured to emit light along an emission
axis in an emission pattern extending along the emission axis,
and a single-mode fiber Bragg grating, such as a single-mode core
incorporating a fiber Bragg grating embedded in a core of a dual-clad
fiber, the single-mode fiber Bragg grating configured to spectrally
selectively reflect back light from a sub-aperture portion of the
emitted light to the broad-area laser source. The single mode core
having the FBG is off-axis in comparison to the central axis of the
double-clad fiber and allows for frequency stabilization of the broad
area laser diode output improving its performance as pump laser for a
doped fibre amplifier.

Form PCT/ISA/21 0 (continuation of first sheet (3)) (July2009)



INTERNATIONAL SEARCH REPORT

Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

□ Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

□ Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3 . □I I Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Ill Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see addi t i onal sheet

□ As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

□ As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

As only some of the required additional search fees were timely paid by the applicant, this international search report covers
' ' only those claims for which fees were paid, specifically claims Nos. :

No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos. :

1-17 , 25-31

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
' ' payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
' ' fee was not paid within the time limit specified in the invitation.

I INo protest accompanied the payment of additional search fees.

Form PCT/ISA/21 0 (continuation of first sheet (2)) (April 2005)



A . CLASSIFICATION O F SUBJECT MATTER

H01S3/067 H01S5/14 H01S5/20
H01S3/094 H01S3/0941 H01S5/40

According to International Patent Classification (IPC) o r to both national classification and IPC

B . FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HOIS

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal , COMPENDEX, INSPEC, WPI Data

C . DOCUMENTS CONSIDERED TO B E RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 6 212 216 Bl (PI LLAI RAMADAS M R [US] ) 1-4,
3 Apri l 2001 (2001-04-03) 6-17 ,

25-29
col umn 1, l i nes 11-63 3-13 ,30,
col umn 2 , l i ne 57 - col umn 6, l i ne 54; 31
f i gures 2 ,21 ,23
col umn 10, l i nes 5-67

EP 0 320 990 A2 (POLAROID CORP [US] ) 3-13 ,30,
21 June 1989 (1989-06-21) 31
col umn 8 , l i ne 13 - col umn 10, l i ne
f i gure 1

-/-

X| Further documents are listed in the continuation of Box C . See patent family annex.

* Special categories of cited documents :
"T" later document published after the international filing date o r priority

date and not in conflict with the application but cited to understand
"A" document defining the general state of the art which is not considered the principle o r theory underlying the invention

to be of particular relevance

"E" earlier application o r patent but published o n o r after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel o r cannot b e considered to involve a n inventive

"L" documentwhich may throw doubts o n priority claim(s) orwhich is step when the document is taken alone
cited to establish the publication date of another citation o r other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve a n inventive step when the document is

"O" document referring to a n oral disclosure, use, exhibition o r other combined with one o r more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

14 Apri l 2016 05/07/2016

Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
N L - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016 Laenen , Robert

page 1 of 2



C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

JORDAN P. LEIDNER ET AL: "Spectral 1-5 ,
Narrowi ng and Stabi l i zati on for Broad-Area 14-17 ,
Lasers v i a Modi f i ed Del i very Fi ber" , 25-31
I EEE PHOTONICS TECHNOLOGY LETTERS. ,
vol . 27 , no. 18,
15 September 2015 (2015-09-15) , pages
1927-1930, XP055261700,
US

ISSN : 1041-1135 , D0I :
10. 1109/LPT. 2015 . 2446946
page 1927 , l eft-hand col umn , paragraph 3
page 1930, l eft-hand col umn , paragraph 1;
f i gures 1-7

page 2 of 2



Patent document Publication Patent family Publication
cited in search report date member(s) date

US 6212216 Bl 03-04-2001 NONE

EP 0320990 A2 21-06-1989 CA 1324517 C 23-11-1993
DE 320990 Tl 26-10-1989
DE 3874701 Dl 22-10-1992
DE 3874701 T2 11-02-1993
EP 0320990 A2 21-06-1989

P 2781399 B2 30-07-1998
P H01260405 A 17-10-1989

US 4815079 A 21-03-1989



International Application No. PCT/ US2016/ 014672

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

Thi s Internati onal Searchi ng Authori t y found mul t i pl e (groups of)
i nventi ons i n thi s i nternati onal appl i cati on , as fol l ows :

1. c l aims : 1-17 , 25-31

Cl aims 1-17 , 25-31 compri se i n common an apparatus as
defi ned i n cl aim 25 , i .e. a broad-area l aser source emi tti ng
off -symmetry axi s far f i el d porti ons and a si ngl e-mode f i bre
Bragg grati ng sel ecti vely refl ecti ng a far-fi el d porti on
back t o the broad-area l aser source.

2 . cl aims : 18-24

Cl aims 18-24 compri se i n common a dual -cl ad f i ber as defi ned
i n cl aim 18, i .e. a cl addi ng and mul t i pl e cores , one of
these cores bei ng a si ngl e-mode core offset from the
symmetry axi s and havi ng a f i bre Bragg grati ng.


	abstract
	description
	claims
	drawings
	wo-search-report

