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(54) Title: FIBER COUPLING ENHANCEMENT VIA EXTERNAL FEEDBACK

(57) Abstract: The present invention provides for the coupling of laser diodes into electromagnetic radiation fibers wherein coupling
& efficiency is improved by improving the spatial brightness of multi-mode diode lasers as they are coupled into double-clad fibers.
& A Bragg grating (100) is fabricated into the core (102) of a double-clad fiber (104) coupled to a multi-mode diode laser (106). The
output (108) from the multi-mode diode laser (106) is coupled into the core (102) and inner cladding (110) of the double-clad fiber
by proximity or by one or more focusing objectives (112). The Bragg grating (100) in the core (102) of the double-clad fiber (104)
is written at the wavelength of the multi-mode diode laser (106). The original output (108) from the multi-mode diode laser (106)
strikes the Bragg grating (100) which reflects feedback (114) back to the diode laser (106).
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[1] FIBER COUPLING ENHANCEMENT VIA EXTERNAL FEEDBACK

[2] FIELD OF THE INVENTION

[3] The present invention relates to coupling of laser diodes into fibers.
More specifically, the present invention relates to improving coupling efficiency
by improving the spatial brightness of multi-mode diode lasers as they are

coupled into double-clad fibers.

[4] BACKGROUND OF THE INVENTION
[5] Presently, power-scaled fiber lasers are required in a variety of
applications, including optical satellite and free space communication links, laser
radars, high power fiber delivery systems for manufacturing, and missile
guidance systems. Typically, power-scaling in a fiber amplifier is achieved by
coupling large-aperture multi-mode laser diodes into the inner cladding of a
double-clad fiber. Dopant ions present in the core of the double-clad fiber are
optically pumped by the output of the multi-mode diode guided by the inner
cladding. The distance required to absorb the pump into the core is proportional
to the cross-sectional area of the inner cladding. Thus, the smaller the inner
cladding diameter that can guide the pump laser, the more efficiently the pump
will be absorbed. Diode brightness is defined as proportional to the product of
diode power and etendue, the diffractive solid angle of the output times the
diode area. Accordingly, in order to achieve efficient coupling between a single-
element diode laser and the fiber, the inner cladding must have a area-solid angle
product comparable to or larger than the diode laser output. Unfortunately, the
multi-mode diode lasers utilized with double-clad fibers provide high power but
relatively highly divergent or low brightness output compared to single mode
diodes. The highest quality optics cannot compensate for a lack of brightness in
the diode. Note, however, that in multi-element diodes, so-called brightness
enhancing optics can be used to eliminate the gaps between the elements,
allowing a multi-element diode to maintain the brightness of its individual

elements. For example, US patents 5,799,029 and 5,930,280 disclose brightness

PCT/US2003/041361
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enhancers for systems wherein multiple singl-e-modé laser sources are used,
instead of a multi-mode source, to achieve the necessary power. The outputs of
these multiple sources can be essentially folded on top of one another to provide
high power output. However, this approach, like other previously reported
methods for improving multi-mode diode laser brightness, increase the

complexity and size of the laser system.

[6] SUMMARY OF THE INVENTION
[7] The present invention provides an apparatus and method whereby the
coupling efficiency between a multi-mode diode laser and a double-clad fiber
can be enhanced without increasing the complexity or size of the resultant
system. In the present invention, the output of a multi-mode diode laser is
coupled into both the core and inner cladding of a double-clad fiber. A Bragg
grating at the diode laser output wavelength is fabricated into the core of the
double-clad fiber. The grating reflects diode laser output from the core back to
the diode laser. The reflected feedback enhances the lower order spatial modes
at the expense of the higher order modes, and thus enhances the brightness of the
resultant diode laser output coupled back into the core and cladding of the fiber.
In preferred embodiments of the present invention, a Bragg grating is fabricated
in the core of the double-clad fiber by ultraviolet writing techniques known to
those skilled in the art. Further, the grating preferably has high absolute
reflectivity such that most of the output directed into the core is reflected back to
the diode laser. Also, in preferred embodiments of the present invention, the
diode laser may be anti-reflection coated to suppress the higher order modes. In
addition, in preferred embodiments the bandwidth of the Bragg grating is
broadened, for example by spatial chirping, to match the bandwidth of the diode

laser such that coupling efficiency is further improved.

[8] BRIEF DESCRIPTION OF THE DRAWINGS
[9] FIG. 1 shows a multi-mode diode laser coupled into a fiber wherein a
high reflectivity Bragg grating provides feedback to the diode laser, thereby

enhancing the diode laser brightness and coupling efficiency.
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[10]  DETAILED DESCRIPTION OF THE INVENTION
[11]  The present invention generally provides an apparatus and method for
improving coupling between multi-mode diode lasers and double-clad fibers,
thereby improving the effective brightness of the diode laser and, accordingly
power-scaling capabilities of the fiber. The following description is presented to
enable one of ordinary skill in the art to make and use the invention, which may
be incorporated in the context of a variety of applications. Various
modifications to the preferred embodiment, as well as a variety of uses in
different applications will be readily apparent to those skilled in the art.
Notably, the general principles defined herein may be applied to other
embodiments; thus, the present invention is not intended to be limited to the
embodiments shown, but is to be accorded the widest scope consistent with the

principles and novel features disclosed herein.

[12]  The present invention takes advantage of feedback reflected from a
Bragg grating written into the core of a double-clad fiber in order to improve the
coupling efficiency between a multi-mode diode laser and a double-clad fiber.
A general depiction of the preferred embodiments of the present invention is
provided in FIG. 1. In the preferred embodiments of the present invention, a
Bragg grating 100 is fabricated into the core 102 of a double-clad fiber 104
coupled to a multi-mode diode laser 106. The output 108 from the multi-mode
diode laser 106 is coupled into the core 102 and inner cladding 110 of the
double-clad fiber by proximity or by one or more focusing objectives, depicted
in FIG. 1 as a single lens, 112. Accpetable focusing objectives include but are
not limited to spherical and cylindrical lenses, and spherical and cylindrical
curvatures on the end of the double-clad fiber. The Bragg grating 100 in the
core 102 of the double-clad fiber 104 is written at the wavelength of the multi-
mode diode laser 106. The original output 108 from the multi-mode diode laser
106 strikes the Bragg grating 100 which reflects feedback 114 back to the diode
laser 106. In the most preferred embodiment of this invention, the diode is
equipped with an anti-reflective coating 116 to help suppress the high order
modes of the diode.
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[13]  The feedback 114 from the Bragg grating 100 in the fiber core enhances
those lower order modes of the original diode laser output 108 that have the
same general spatial configuration as the feedback 114. This enhancement
occurs at the expense of the higher order modes of the diode laser that have the
same general spatial configuration as the original divergent output 108. Thus,
the resultant enhanced diode output 118 has the same spatial configuration as the
feedback 114. The enhanced diode output 118 and the feedback 114 are
represented by the same shaded area on FIG. 1. Thus the present invention
provides improved coupling between the multi-mode diode laser 106 and the
double-clad fiber 104 and, accordingly, enhanced brightness. The feedback
system according to the present invention may be considered to function as an

unstable oscillator.

[14]  Inthe present invention as depicted in FIG. 1, the multi-mode diode
laser 106 is coupled both to the inner cladding 112 and the core 102 of the
double-clad fiber 104. Because the present invention is intended for a double—
clad fiber laser system in a power-scaling application, output 108 from the
multi-mode diode laser 106 need not traverse the core of the double-clad fiber
104 in the region of the Bragg grating 104. Thus, in preferred embodiments of
the present invention, the Bragg grating 100 fabricated in the core 102 of the
double-clad fiber 104 has a high absolute reflectivity in order to maximize

feedback to the multi-mode diode laser 106.

[15] It should be noted that the embodiments of the present invention herein
presented do not provide pure single mode spatial output 108 from the diode
laser 106. Contamination of the output 108 by additional modes (or degradation
of the beam quality) occurs, for example, because the shape of a single mode
within the core of a double-clad fiber 104 is not identical to the shape of a low-
order diode wave-guide mode. In addition, aberrations inherent to the coupling

optics cannot provide perfect mapping.

[16] In preferred embodiments of the present invention, the Bragg grating
100 has a bandwidth that is matched to the bandwidth of the multi-mode diode

PCT/US2003/041361
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laser 106 in order to obtain maximum feedback efﬁéiency. Broadening of the
grating bandwidth would likely be required in order to match the laser
bandwidth. Such broadening can be achieved by spatially chirping or other
techniques known to those skilled in the art.

[17]  Furthermore, in preferred embodiments of the invention, the core 102 of
the double-clad fiber 104 of the present invention is photosensitive to UV
radiation. UV-photosensitivity facilitates the fabrication of the Bragg grating
100 into the core 102 by writing techniques known to those skilled in the art.

[18]  Additional embodiments of the present invention also include a multi-
mode diode laser with a broad field of view. In such systems, the presence of a
Bragg grating in the double-clad fiber permits preferential selection of laser
modes that are easily focused into the target fiber. Thus, alignment can be

simplified.
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[19] CLAIMS

. An apparatus for coupling a multi-mode diode laser to a double-clad fiber,

comprising:

a. amulti-mode diode laser having an output of electromagnetic radiation
wherein the output has brightness, wavelength, and lower order and
higher order spatial modes;

b. a double-clad fiber comprising an outer cladding, an inner cladding with
a dopant that is substantially photoexcited by the output from the multi-
mode diode laser, and an inner core substantially transparent to the
output of the multi-mode diode laser, and further comprising an end
whereby electromagnetic radiation can be directed into the core and
cladding, and;

c. a focusing objective, wherein:

1. the multi-mode diode laser, focusing objective and double-clad fiber are
aligned, such that the output from the multi-mode laser is substantially directed
through the focusing objective to the end of the double-clad fiber; and,

ii. a Bragg grating having a reflectivity is fabricated within the core of the
double-clad fiber at the wavelength of the multi-mode diode laser so that output
from the multi-mode diode laser is reflected back to the multi-mode diode laser
such that the lower order spatial modes of the diode laser are enhanced and,
thereby, the brightness of the multi-mode diode laser output that is coupled back

into the core and inner cladding of the double-clad fiber is also enhanced.

2. The apparatus for coupling a multi-mode diode laser to a double-clad fiber as set

forth in claim 1, wherein the multimode-mode diode laser further has a surface
running perpendicular to the diode output said surface has an anti-reflective

coating.

. The apparatus for coupling a multi-mode diode laser to a double-clad fiber as set

forth in claim 1, wherein the multi-mode diode laser and the Bragg grating each
have a bandwidth, and the bandwidth of the Bragg grating is broadened to match
the bandwidth of the multi-mode diode laser.

PCT/US2003/041361
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. The apparatus for coupling a multi-mode diode laser to a double-clad fiber as set

forth in claim 3, wherein the bandwidth of the Bragg grating is broadened by
spatial chirping.

. The apparatus for coupling a multi-mode diode laser to a double-clad fiber as set

forth in claim 1, wherein the core of the double-clad fiber is substantially

photosensitive to ultraviolet radiation.

. The apparatus for coupling a multi-mode diode laser to a double-clad fiber as set

forth in claim 5, wherein the Bragg grating is fabricated in the core by an

ultraviolet radiation writing technique.

. The apparatus for coupling a multi-mode diode laser to a double-clad fiber as set

forth in claim 1, wherein the reflectivity of the Bragg grating is greater than
10%.

. The apparatus for coupling a multi-mode diode laser to a double-clad fiber as set

forth in claim 7, wherein the reflectivity of the Bragg grating is 100%.

. A method for coupling a multi-mode diode laser to a double-clad fiber, wherein:

a. the multi-mode diode laser has an output of electromagnetic radiation
wherein the output has brightness, wavelength, and lower order and
higher order spatial modes;

b. the double-clad fiber comprises an outer cladding, an inner core that
guides the output from the multi-mode diode laser, and is substantially
transparent to the output of the multi-mode diode laser, and further
comprises an end whereby electromagnetic radiation can be directed into
the core and cladding; said method comprising:

i. aligning the multi-mode diode laser, any focusing objectives, and the double-
clad fiber such that the output from the multi-mode laser is substantially directed
into the end of the double-clad fiber; and,

ii. fabricating a Bragg grating having a reflectivity within the core of the double-

clad fiber at the wavelength of the multi-mode diode laser so that output from
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the multi-mode diode laser is reflected back to the multi-mode diode laser such
that the lower order spatial modes of the diode laser are enhanced and, thereby,
the brightness of the multi-mode diode laser output that is coupled back into the

core and inner cladding of the double-clad fiber is also enhanced.

The method for coupling a multi-mode diode laser to a double-clad fiber as set
forth in claim 9, wherein the multi-mode diode laser further has a surface
perpendicular to the diode laser output, and said surface has an anti-reflective

coating.

The method for coupling a multi-mode diode laser to a double-clad fiber as set
forth in claim 9, wherein the multi-mode diode laser and the Bragg grating each
have a bandwidth, and the bandwidth of the Bragg grating is broadened to match
the bandwidth of the multi-mode diode laser.

The method for coupling a multi-mode diode laser to a double-clad fiber as set
forth in claim 11, wherein the bandwidth of the Bragg grating is broadened by
spatial chirping.

The method for coupling a multi-mode diode laser to a double-clad fiber as set
forth in claim 9, wherein the core of the double-clad fiber is substantially

photosensitive to ultraviolet radiation.

The method for coupling a multi-mode diode laser to a double-clad fiber as set
forth in claim 13, wherein the Bragg grating is fabricated by an ultraviolet

radiation writing technique.

The method for coupling a multi-mode diode laser to a double-clad fiber as set
forth in claim 9, wherein the reflectivity of the Bragg grating is greater than
10%.

The method for coupling a multi-mode diode laser to a double-clad fiber as set

forth in claim 15, wherein the reflectivity of the Bragg grating is 100%.
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