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(57) ABSTRACT

In various embodiments, one or more prisms are utilized in
a wavelength beam combining laser system to regulate beam
size and/or to provide narrower wavelength bandwidth.
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WAVELENGTH BEAM COMBINING LASER
SYSTEMS UTILIZING PRISMS FOR BEAM
QUALITY IMPROVEMENT AND
BANDWIDTH REDUCTION

RELATED APPLICATION

[0001] This application claims the benefit of and priority
to U.S. Provisional Patent Application No. 62/280,964, filed
Jan. 20, 2016, the entire disclosure of which is hereby
incorporated herein by reference.

TECHNICAL FIELD

[0002] In various embodiments, the present invention
relates to laser systems, particularly wavelength beam com-
bining laser systems having improved beam quality and
narrowed wavelength bandwidth.

BACKGROUND

[0003] High-power laser systems are utilized for a host of
different applications, such as welding, cutting, drilling, and
materials processing. Such laser systems typically include a
laser emitter, the laser light from which is coupled into an
optical fiber (or simply a “fiber””), and an optical system that
focuses the laser light from the fiber onto the workpiece to
be processed. The optical system is typically engineered to
produce the highest-quality laser beam, or, equivalently, the
beam with the lowest beam parameter product (BPP). The
BPP is the product of the laser beam’s divergence angle
(half-angle) and the radius of the beam at its narrowest point
(i.e., the beam waist, the minimum spot size). The BPP
quantifies the quality of the laser beam and how well it can
be focused to a small spot, and is typically expressed in units
of millimeter-milliradians (mm-mrad). A Gaussian beam has
the lowest possible BPP, given by the wavelength of the
laser light divided by pi. The ratio of the BPP of an actual
beam to that of an ideal Gaussian beam at the same wave-
length is denoted M>, or the “beam quality factor,” which is
a wavelength-independent measure of beam quality, with the
“best” quality corresponding to the “lowest” beam quality
factor of 1.

[0004] Wavelength beam combining (WBC) is a technique
for scaling the output power and brightness from laser diode
bars, stacks of diode bars, or other lasers arranged in one- or
two-dimensional array. WBC methods have been developed
that combine beams along one or both dimensions of an
array of emitters. Typical WBC systems include multiple
emitters, such as one or more diode bars, that are combined
using a dispersive element (e.g., a diffraction grating) to
form a multi-wavelength beam. Each emitter in the WBC
system individually resonates, and is stabilized through
wavelength-specific feedback from a common partially
reflecting output coupler that is filtered by the dispersive
element along a beam-combining dimension. Exemplary
WBC systems are detailed in U.S. Pat. No. 6,192,062, filed
on Feb. 4, 2000, U.S. Pat. No. 6,208,679, filed on Sep. 8,
1998, U.S. Pat. No. 8,670,180, filed on Aug. 25, 2011, and
U.S. Pat. No. 8,559,107, filed on Mar. 7, 2011, the entire
disclosure of each of which is incorporated by reference
herein.

[0005] Ideally, a WBC laser system with a diffractive
grating combines multiple emitters at different wavelengths
individually defined by the grating into a single output beam
of multiple wavelengths with a beam quality comparable to
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single emitter. However, in practice, the beam quality of the
combined output beam may be significantly worse than that
of a single emitter. One major reason is that different beams
from different emitters have different incident angles on the
grating, which causes different projected beam sizes on the
grating. In such cases, the beams may not overlap each other
completely on and optically downstream of the grating. The
different angles of incidence may also result in severe
dislocations of waists of diffracted beams and therefore
reduce feedback uniformity and WBC resonator efficiency.
[0006] In addition, since a WBC system requires different
emitters operating at different wavelengths, the available
wavelength bandwidth of the source array may be a critical
resource. In many cases, this bandwidth sets the requirement
for dispersion power of the grating and defines the maxi-
mum number of combinable emitters or the minimum size of
a WBC resonator. Reduction in the usage of wavelength
bandwidth is equivalent to increasing dispersion power, and
also may help improve laser performance, such as faster
cold-start, higher efficiency, etc.

SUMMARY

[0007] In various embodiments, the present invention
improves beam quality of WBC laser systems by using one
or more prisms in the WBC resonator. Embodiments of the
present invention may include one or more emitters (or
“beam emitters”) each emitting one or more beams, a
transforming lens, one or more prisms, a diffraction grating
(or other dispersive element), and a partially reflective
output coupler. Embodiments of the invention may also
include a telescope lens set (or “optical telescope™) disposed
between the diffraction grating and the output coupler. The
emitters may include, consist essentially of, or consist of
diode lasers, fiber lasers, fiber-pigtailed diode lasers, etc.,
and may be packaged individually or in groups as one- or
two-dimensional arrays. In various embodiments, the emit-
ter arrays are high-power diode bars with each bar having
multiple (e.g., tens of) emitters. The emitter arrays may have
micro-lenses attached thereto for emitter collimation and
beam shaping. The transforming lens, normally confocal and
positioned between the emitters and the grating, collimates
individual beams from different emitters and converges all
the chief rays of the beams to the center of the grating,
particularly in the WBC dimension (i.e., the dimension, or
direction, in which the beams are combined). The telescope
lens set, which may be positioned downstream of the grat-
ing, may include, consist essentially of, or consist of two
cylindrical lenses having power in the WBC dimension and
may be used to generate proper output beam size and throw
waists of the individual beams at or near the output coupler.
(In various embodiments, the telescope lens set also has
power in the non-WBC dimension.) The partially reflective
output coupler is typically a flat partial reflector, which
provides feedback to individual emitters and defines wave-
lengths of individual emitters via the grating. That is, the
coupler reflects a portion of the various beams back to their
individual emitters, thereby forming external lasing cavities,
and transmits the combined multi-wavelength beam for
usages such as welding, cutting, machining, processing, etc.
and/or for coupling into one or more optical fibers.

[0008] As known in the art, a WBC resonator has maxi-
mum efficiency of feedback when the waists of individual
beams all fall at the surface providing feedback. It is also
understood that the beam quality of the output beam of a
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WBC resonator is typically largely dependent on the iden-
ticalness of individual beams overlapped on and after (i.e.,
optically downstream of) the grating. Since the telescope
lens set, which throws the waists of individual beams on the
coupler, is shared by all the beams, the identicalness of
individual beams before entering the telescope lens set may
be important for achieving efficient and uniform feedback
and the high beam quality. In accordance with embodiments
of the present invention, one or more prisms are utilized for
minimizing the differences of the beams for achieving high
beam quality and laser performance. One or more (or even
all) of the prisms may be optical components separate and
discrete from, and spaced apart from, the diffraction grating.
In various embodiments, one of the prisms may be in contact
with, or even part of an integrated component with, the
diffraction grating; such embodiments may also feature one
or more prisms optically upstream and/or downstream of the
prism/grating and which are physically separate and discrete
(and spaced apart) therefrom.

[0009] In various embodiments, the usage of wavelength
bandwidth of the WBC resonator is reduced by using one or
more prisms. Specifically, one or more prisms (e.g., an
anamorphic prism pair) may be utilized for beam size
expansion. Since the beam divergence is inversely propor-
tional to the beam size of a collimated laser beam, a properly
positioned prism before (i.e., optically upstream of) the
grating may expand beam size and reduce the cone angle of
the chief rays of the beams incident on the grating and
therefore provide a narrower wavelength bandwidth.

[0010] Invarious embodiments, the WBC resonator is also
more compact and robust via the use of the one or more
prisms, which may provide a supporting or mounting base
for a normally fragile transmission grating. Although dif-
fraction gratings are utilized herein as exemplary dispersive
elements, embodiments of the invention may utilize other
dispersive elements such as, for example, dispersive prisms,
transmission gratings, or Echelle gratings.

[0011] Embodiments of the present invention couple
multi-wavelength output beams into an optical fiber. In
various embodiments, the optical fiber has multiple cladding
layers surrounding a single core, multiple discrete core
regions (or “cores”) within a single cladding layer, or
multiple cores surrounded by multiple cladding layers. In
various embodiments, the output beams may be delivered to
a workpiece for applications such as cutting, welding, etc.

[0012] Herein, “optical elements” may refer to any of
lenses, mirrors, prisms, gratings, and the like, which redi-
rect, reflect, bend, or in any other manner optically manipu-
late electromagnetic radiation. Herein, beam emitters, emit-
ters, or laser emitters, or lasers include any electromagnetic
beam-generating device such as semiconductor elements,
which generate an electromagnetic beam, but may or may
not be self-resonating. These also include fiber lasers, disk
lasers, non-solid state lasers, vertical cavity surface emitting
lasers (VCSELSs), etc. Generally, each emitter includes a
back reflective surface, at least one optical gain medium, and
a front reflective surface. The optical gain medium increases
the gain of electromagnetic radiation that is not limited to
any particular portion of the electromagnetic spectrum, but
that may be visible, infrared, and/or ultraviolet light. An
emitter may include or consist essentially of multiple beam
emitters such as a diode bar configured to emit multiple
beams.
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[0013] Laser diode arrays, bars and/or stacks, such as
those described in the following general description may be
used in association with embodiments of the innovations
described herein. Laser diodes may be packaged individu-
ally or in groups, generally in one-dimensional rows/arrays
(diode bars) or two dimensional arrays (diode-bar stacks). A
diode array stack is generally a vertical stack of diode bars.
Laser diode bars or arrays generally achieve substantially
higher power, and cost effectiveness than an equivalent
single broad area diode. High-power diode bars generally
contain an array of broad-area emitters, generating tens of
watts with relatively poor beam quality; despite the higher
power, the brightness is often lower than that of a broad area
laser diode. High-power diode bars may be stacked to
produce high-power stacked diode bars for generation of
extremely high powers of hundreds or thousands of watts.
Laser diode arrays may be configured to emit a beam into
free space or into a fiber. Fiber-coupled diode-laser arrays
may be conveniently used as a pumping source for fiber
lasers and fiber amplifiers.

[0014] A diode-laser bar is a type of semiconductor laser
containing a one-dimensional array of broad-area emitters or
alternatively containing sub arrays containing, e.g., 10-20
narrow stripe emitters. A broad-area diode bar typically
contains, for example, 19-49 emitters, each having dimen-
sions on the order of, e.g., 1 umx100 um. The beam quality
along the 1 um dimension or fast-axis is typically diffrac-
tion-limited. The beam quality along the 100 um dimension
or slow-axis or array dimension is typically many times
diffraction-limited. Typically, a diode bar for commercial
applications has a laser resonator length of the order of 1 to
4 mm, is about 10 mm wide and generates tens of watts of
output power. Most diode bars operate in the wavelength
region from 780 to 1070 nm, with the wavelengths of 808
nm (for pumping neodymium lasers) and 940 nm (for
pumping Yb:YAG) being most prominent. The wavelength
range of 915-976 nm is used for pumping erbium-doped or
ytterbium-doped high-power fiber lasers and amplifiers.

[0015] A diode stack is simply an arrangement of multiple
diode bars that can deliver very high output power. Also
called diode laser stack, multi-bar module, or two-dimen-
sional laser array, the most common diode stack arrange-
ment is that of a vertical stack which is effectively a
two-dimensional array of edge emitters. Such a stack may be
fabricated by attaching diode bars to thin heat sinks and
stacking these assemblies so as to obtain a periodic array of
diode bars and heat sinks. There are also horizontal diode
stacks, and two-dimensional stacks. For the high beam
quality, the diode bars generally should be as close to each
other as possible. On the other hand, efficient cooling
requires some minimum thickness of the heat sinks mounted
between the bars. This tradeoff of diode bar spacing results
in beam quality of a diode stack in the vertical direction (and
subsequently its brightness) is much lower than that of a
single diode bar. There are, however, several techniques for
significantly mitigating this problem, e.g., by spatial inter-
leaving of the outputs of different diode stacks, by polar-
ization coupling, or by wavelength multiplexing. Various
types of high-power beam shapers and related devices have
been developed for such purposes. Diode stacks may pro-
vide extremely high output powers (e.g. hundreds or thou-
sands of watts).

[0016] In an aspect, embodiments of the invention feature
a wavelength beam combining laser system that includes,
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consists essentially of, or consists of one or more beam
emitters emitting a plurality of discrete beams, focusing
optics, a diffraction grating (or other dispersive element), a
partially reflective output coupler, and one or more first
prisms. The focusing optics focus the plurality of beams
toward the diffraction grating. The diffraction grating
receives and disperses the focused beams. The focal plane of
the beams defined by the focusing optics is angled (i.e., at a
non-zero angle) or otherwise non-coplanar with respect to
the plane defined by the diffraction grating. For example, the
diffraction grating may be substantially planar, and thus the
plane defined by the diffraction grating corresponds to the
plane of the diffraction grating itself. The partially reflective
output coupler receives the dispersed beams, transmits a
portion of the dispersed beams therethrough as a multi-
wavelength output beam, and reflects a second portion of the
dispersed beams back toward the beam emitter. The one or
more first prisms are disposed optically downstream of the
focusing optics and optically upstream of the diffraction
grating. The one or more first prisms (i) receive the beams
on an entrance surface of one of the first prisms at an angle
of'incidence and (ii) transmit the beams from an exit surface
of one of the first prisms to the diffraction grating at an exit
angle smaller than the angle of incidence, whereby (a) the
resulting focal plane of the beams is rotated to be substan-
tially coplanar with the plane defined by the diffraction
grating and (b) the sizes of the beams incident on the
diffraction grating are substantially equal to each other.

[0017] Embodiments of the invention may include one or
more of the following in any of a variety of combinations.
The one or more first prisms may include, consist essentially
of, or consist of a single first prism having the entrance
surface and the exit surface. The one or more first prisms
may include, consist essentially of, or consist of a plurality
of first prisms. The entrance and exit surfaces may be on
different first prisms. The diffraction grating may be dis-
posed on and in contact with the exit surface. The diffraction
grating and a first prism may be a single integrated compo-
nent. The diffraction grating may be substantially coincident
with the exit surface. The diffraction grating may be reflec-
tive, whereby the diffracted beams from the diffraction
grating are transmitted through at least one of the first prisms
before being received by the output coupler. The diffraction
grating may be transmissive.

[0018] The laser system may include one or more second
prisms disposed optically downstream of the diffraction
grating and optically upstream of the output coupler. Dif-
fracted (i.e. wavelength-dispersed) beams from the diffrac-
tion grating may be received by an entrance surface of a
second prism at a second angle of incidence and transmitted
from an exit surface of a second prism at a second exit angle
larger than the second angle of incidence, whereby beam-
size expansion introduced by the one or more first prisms is
reduced or substantially eliminated. The one or more second
prisms may include, consist essentially of, or consist of a
single second prism having the entrance surface and the exit
surface. The one or more second prisms may include, consist
essentially of, or consist of a plurality of second prisms. The
entrance and exit surfaces may be on different second
prisms. The laser system may include an optical telescope
disposed between the diffraction grating and the output
coupler. The optical telescope may throw the waists of the
diffracted beams proximate or substantially on the output
coupler. The optical telescope may include, consist essen-
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tially of, or consist of two cylindrical lenses having optical
power in a wavelength beam combining dimension.

[0019] In another aspect, embodiments of the invention
feature a method of wavelength beam combining a plurality
of beams having different wavelengths. The plurality of
beams is focused toward a diffraction grating. The focal
plane of the beams is angled with respect to a plane defined
by the diffraction grating. The focal plane of the beams is
rotated and/or translated such that the focal plane is sub-
stantially coplanar with the plane defined by the diffraction
grating. The beams are wavelength-dispersed with the dif-
fraction grating. A first portion of the dispersed beams is
reflected back toward the diffraction grating. A second
portion of the dispersed beams is transmitted as a multi-
wavelength output beam.

[0020] Embodiments of the invention may include one or
more of the following in any of a variety of combinations.
The multi-wavelength output beam may have all of the
wavelengths of the plurality of beams. The focal plane of the
beams may be rotated by one or more first prisms. The one
or more first prisms may be disposed optically upstream of
the diffraction grating. Rotating the focal plane of the beams
may expand a size of at least one of the beams. The
beam-size expansion may be reduced or substantially elimi-
nated after the beams have been wavelength-dispersed. The
beam-size expansion may be reduced or substantially elimi-
nated by one or more second prisms. The one or more
second prisms may be disposed optically downstream of the
diffraction grating. Wavelength-dispersing the beams may
include, consist essentially of, or consist of transmitting the
beams through the diffraction grating. Wavelength-dispers-
ing the beams may include, consist essentially of, or consist
of reflecting the beams with the diffraction grating.

[0021] In yet another aspect, embodiments of the inven-
tion feature a wavelength beam combining laser system that
includes, consists essentially of, or consists of one or more
beam emitters emitting a plurality of discrete beams, focus-
ing optics, a diffraction grating (or other dispersive element),
a partially reflective output coupler, and a first prism. The
focusing optics focus the plurality of beams toward the
diffraction grating and define a focal plane of the beams. The
diffraction grating receives and disperses the focused beams.
The focal plane of the beams defined by the focusing optics
may be angled (i.e., at a non-zero angle) or otherwise
non-coplanar with respect to the plane defined by the
diffraction grating. For example, the diffraction grating may
be substantially planar, and thus the plane defined by the
diffraction grating corresponds to the plane of the diffraction
grating itself. In various embodiments, the focal plane of the
beams defined by the focusing optics is substantially copla-
nar with the plane defined by the diffraction grating. The
partially reflective output coupler receives the dispersed
beams, transmits a portion of the dispersed beams there-
through as a multi-wavelength output beam, and reflects a
second portion of the dispersed beams back toward the beam
emitter. The first prism is disposed optically downstream of
the focusing optics and optically upstream of the diffraction
grating. The first prism (i) receives the beams on an entrance
surface of the first prism at an angle of incidence and (ii)
transmits the beams from an exit surface of the first prism to
the diffraction grating at an exit angle, whereby the resulting
focal plane of the beams is substantially coplanar with the
plane defined by the diffraction grating. The sizes of the
beams incident on the diffraction grating may be substan-
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tially equal to each other or may be different from each other.
The angle of incidence may be less than, approximately
equal to, or greater than the exit angle.

[0022] Embodiments of the invention may include one or
more of the following in any of a variety of combinations.
The diffraction grating may be disposed on and in contact
with the exit surface. The diffraction grating and the first
prism may be a single integrated component. The diffraction
grating may be substantially coincident with the exit surface.
The diffraction grating may be reflective, whereby the
diffracted beams from the diffraction grating are transmitted
through the first prism before being received by the output
coupler. The diffraction grating may be transmissive.

[0023] The laser system may include one or more second
prisms disposed optically downstream of the diffraction
grating and optically upstream of the output coupler. Dif-
fracted (i.e. wavelength-dispersed) beams from the diffrac-
tion grating may be received by an entrance surface of a
second prism at a second angle of incidence and transmitted
from an exit surface of a second prism at a second exit angle
larger than the second angle of incidence, whereby a size of
at least one of the beams is decreased. The one or more
second prisms may include, consist essentially of, or consist
of a single second prism having the entrance surface and the
exit surface. The one or more second prisms may include,
consist essentially of, or consist of a plurality of second
prisms. The entrance and exit surfaces may be on different
second prisms. The laser system may include an optical
telescope disposed between the diffraction grating and the
output coupler. The optical telescope may throw the waists
of the diffracted beams proximate or substantially on the
output coupler. The optical telescope may include, consist
essentially of, or consist of two cylindrical lenses having
optical power in a wavelength beam combining dimension.
The laser system may include one or more second prisms
disposed optically downstream of the focusing optics and
optically upstream of the first prism.

[0024] These and other objects, along with advantages and
features of the present invention herein disclosed, will
become more apparent through reference to the following
description, the accompanying drawings, and the claims.
Furthermore, it is to be understood that the features of the
various embodiments described herein are not mutually
exclusive and may exist in various combinations and per-
mutations. As used herein, the terms “substantially” and
“approximately” mean+10%, and in some embodiments,
+5%. The term “consists essentially of” means excluding
other materials that contribute to function, unless otherwise
defined herein. Nonetheless, such other materials may be
present, collectively or individually, in trace amounts.
Herein, the terms “radiation” and “light” are utilized inter-
changeably unless otherwise indicated. Herein, “down-
stream” or “optically downstream,” is utilized to indicate the
relative placement of a second element that a light beam
strikes after encountering a first element, the first element
being “upstream,” or “optically upstream” of the second
element. Herein, “optical distance” between two compo-
nents is the distance between two components that is actu-
ally traveled by light beams; the optical distance may be, but
is not necessarily, equal to the physical distance between two
components due to, e.g., reflections from mirrors or other
changes in propagation direction experienced by the light
traveling from one of the components to the other.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0025] In the drawings, like reference characters generally
refer to the same parts throughout the different views. Also,
the drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating the principles of the
invention. In the following description, various embodi-
ments of the present invention are described with reference
to the following drawings, in which:

[0026] FIG. 1 is a schematic diagram of a partial WBC
resonator in the WBC dimension illustrating beam size
differences on and after a diffraction grating caused by
different angles of beam incidence;

[0027] FIG. 1A is an enlarged portion of FIG. 1;

[0028] FIG. 2 is a schematic diagram of a partial WBC
resonator in accordance with embodiments of the present
invention, illustrating reduced beam size differences on and
after the grating;

[0029] FIG. 2A is an enlarged portion of FIG. 2;

[0030] FIG. 3 is a schematic diagram of a partial WBC
resonator incorporating multiple prisms in accordance with
embodiments of the present invention, where a first prism
upstream of the grating improves beam quality and reduces
wavelength bandwidth and a second prism downstream of
the grating reverses beam expansion;

[0031] FIG. 3A is an enlarged portion of FIG. 3;

[0032] FIG. 4 is a schematic diagram of a partial WBC
resonator incorporating multiple prisms upstream of a grat-
ing in accordance with embodiments of the present inven-
tion;

[0033] FIGS. 5A and 5B are schematic diagrams of partial
WBC resonators incorporating prisms closely spaced in
relation to or integrated with gratings in accordance with
embodiments of the present invention; and

[0034] FIG. 6 is a schematic diagram of a partial WBC
resonator featuring a prism and a reflective grating in
accordance with embodiments of the present invention.

DETAILED DESCRIPTION

[0035] FIG. 1 shows a typical conventional layout of a
wavelength beam combining (WBC) resonator 100 in the
WBC dimension. The resonator 100 features multiple emit-
ters 102, 104, 106, a transforming lens 108 having a focal
length fl, a diffraction grating 110, a telescope lens set
featuring lenses 112, 114, and a partially reflective output
coupler 116. Although not shown in FIG. 1 and the other
figures, the emitters may have microlenses attached thereto
for reducing initial large divergence and for beam shaping
and orientation. The transforming lens 108 is normally
positioned confocal to emitters and the grating 110. The lens
108 collimates individual emitters and converges emitter
chief rays to the center of the grating 110, especially in the
WBC dimension. The chief rays of the emitters 102, 104,
106 are labeled as 118, 120, and 122, respectively. As shown
in FIG. 1, emitters 102, 104, 106 form the source array for
the WBC resonator 100 with a dimension of D (124) on the
WBC plane. For a given WBC resonator, the source dimen-
sion D (124) defines the cone angle 6 (126) of the chief ray
incidence on the grating 110 and therefore, the wavelength
bandwidth of the resonator.

[0036] Lens 112 and lens 114 form a telescope lens set
designed for beam size reduction, particularly in the WBC
dimension, and also for throwing waists of individual beams
onto output coupler 116. The coupler 116, typically a partial
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reflector, provides feedback to individual emitters via the
grating 110 and also transmits the combined multi-wave-
length output beam 127. For high beam quality, particularly
in the WBC dimension, a WBC resonator is typically
designed to have all of the chief rays overlapped at the center
of the grating. As shown in FIG. 1, the ideal overlap of the
chief rays at the center 128 of the grating 110 will result in
a perfect collinear overlap of all the chief rays after the
grating 110. However, the overlap of individual beams after
the grating 110 is actually incomplete because of differences
in the beam sizes of individual beams, which are caused by
the differences of incident angles on the normally tilted
grating 110. Such incomplete overlap of the beams will
degrade the beam quality of the output beam of the WBC
resonator approximately by a factor of S,/S,, where S,,(130)
is the beam size of the beam from emitter 106, which has the
largest incidence angle to the grating 110, and S, (132) is the
beam size of the beam from emitter 102, which has the
smallest incidence angle to the grating.

[0037] The difference sizes of beams optically down-
stream of the grating will not only degrade the output beam
quality, but also reduce the feedback uniformity between
emitters and the overall feedback efficiency because the
shared telescope lens set 112, 114 may only be optimized for
a particular input emitter beam. Other beams may therefore
suffer large feedback losses because their waists may be
located far away from the coupler 116.

[0038] Beam size differences optically downstream of the
grating may also be explained by the discrepancy of the
focal plane 134, which is normal to the center chief ray 120,
and the orientation of the grating 110, which is normally
designed to be tilted at a large angle relative to the center
chief ray 120 for achieving needed dispersion power and
diffraction efficiency. As shown, the focal plane 134 may be
rotated (i.e., at a non-zero angle) or otherwise not coplanar
with respect to the grating 110. If the focal plane 134 may
be tilted so that it lies along the grating 110, the beam size
differences after the grating 100 may be climinated or
minimized.

[0039] Table 1 and Table 2 below demonstrate a numerical
example of a typical conventional WBC resonator described
above, and thus provide a reference for comparison for the
embodiments of the present invention depicted hereinafter.

TABLE 1

Design parameters of an example WBC resonator 100

Source dimension D 50 mm
Emitter divergence in WBC plane 20 mrad
Lens 108 focal length (f1) 300 mm
Grating line density 1850/mm
Center emitter wavelength 970 nm

Grating configured at Littrow angle at center wavelength

TABLE 2

Calculated results of the resonator 100 defined by Table 1

Path length (from emitters to coupler) ~800 mm
Chief ray converging angle (0) 9.6 degrees
Beam size difference after grating (S,/S,) 1.47 (47%)
Wavelength bandwidth 40 mm

(emitter 102 to emitter 106)
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[0040] Table 2 shows the results of the WBC resonator
based on the parameters defined by Table 1. The resonator
has total path length about 800 mm, including ~600 mm
upstream of the grating 110, which is about twice the focal
length fl, and ~200 mm downstream of the grating 110, a
distance utilized for proper output beam size and waist
location. For a given transforming lens 108 and grating 110,
the source dimension D (124) sets the incident cone angle 0
(126) and thus the wavelength bandwidth of the resonator.

[0041] The large beam size difference (47%) shown in
Table 2 implies that the output beam quality may be worse
by a factor of about 1.47 than that of a single emitter
(assuming every emitter has the same beam quality). The
large beam size difference will also tend to cause large
difference of waist locations and therefore greatly reduce
feedback uniformity and overall feedback efficiency. Thus,
reducing the beam size difference of the beams will not only
improve output beam quality, but also the laser performance.
[0042] The wavelength bandwidth shown in Table 2
shows that the operating wavelength of the edge emitter on
one end will be different by 40 nm from the edge emitter at
the other end, i.e., the emitters 102 and 106 in FIG. 1.
Assuming the source emitters are diode lasers, since diode
lasers at 970 nm-band have a gain range of about 30 nm, the
source emitter array of this WBC resonator would need at
least two different bands of diode lasers to cover the whole
bandwidth. More importantly, since diode lasers may shift
wavelength at a rate of about 0.35 nm/° C., the number of
bands required to make this WBC laser operate at both low
current (low temperature) and high current (high tempera-
ture) may be actually much greater than two. More bands
mean more chip designs and more work on binning and
screening and therefore result in higher cost for the laser
system. In addition, as understood to one skilled in the art,
wide wavelength range may also add extra power losses
from coating surfaces and extra costs for the coatings.

[0043] Embodiments of the present invention address the
issues mentioned above. FIG. 2 depicts a WBC resonator
200 in accordance with various embodiments of the inven-
tion. As shown, resonator 200 features within the beam path
a prism 202 having a corner angle o (204), an entrance
surface 206, and an exit surface 208. The angle between the
entrance surface 206 and the exit surface 208 corresponds to
the corner angle 204. In exemplary embodiments of the
invention, the prism 202 is a right-angle prism having a
corner 204 angle ranging from approximately 10° to
approximately 45°, although embodiments of the invention
also feature other prisms such as non-right-angle prisms. For
a particular resonator 200, many factors, including center
wavelength, grating incident angle, and prism refractive
index, etc., may affect the selection of the prism corner angle
204 and the relative orientation of the prism 202. As shown
in FIG. 2, the prism 202 lies on the WBC plane and is
aligned with its corner angle 204 pointing toward the grating
110, forming a large incident angle and a small exiting angle
for the center chief ray 120. As also shown, in various
embodiments of the invention, the entrance surface 206
and/or the exit surface 208 (and even all surfaces of the
prism 202) are not parallel to the plane of the grating 110.
[0044] In the resonator 200, the prism 202 has at least two
effects. First, it introduces a linear phase retardation in the
WBC dimension, which results a tilted focal plane 210
tilting toward the plane of the grating 110 so that the
difference of projected beam sizes of individual beams on
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the grating 110 are minimized. This effect is very obvious
when comparing to the layout of resonator 100 shown in
FIG. 1. In various embodiments, the focal plane 210 is
substantially coplanar with the plane of the grating 110, i.e.,
an angle between the focal plane 210 and the plane of the
grating 110 is less than 2°, less than 1°, less than 0.5°, less
than 0.2°, or even less than 0.1°. Second, because of the
larger angle of incidence on the entrance surface 206 (i.e.,
the angle between the incoming beams and the surface
normal of entrance surface 206) and the smaller exit angle
from the exit surface 208 (i.e., the angle between the
outgoing beams and the surface normal of the exit surface
208), the laser beams passing through the prism 202 may be
expanded by a beam expansion factor F. Correspondingly,
the chief ray converging angle [ (212) optically downstream
of the prism 202 may be reduced by the same factor F
compared to the converging angle 6 (214) optically
upstream of the prism 202, i.e., F=0/f>1. Therefore, the
wavelength bandwidth of WBC resonator 200 is effectively
narrowed by a factor of F compared to resonator 100. In
accordance with various embodiments of the invention, the
value of F may be up to 4 for a single prism and up to 16 with
a prism pair. Thus, the effective dispersion power of a
prism-grating combination may be several times larger than
systems utilizing a grating alone. Note that the dramatic
increase of dispersion power by using one or more prisms in
a WBC resonator is not due to the natural dispersion power
of'the prism(s), which is virtually negligible compared to the
grating used in such a resonator, but because of the effective
beam size expansion after passing through the prism(s) (e.g.,
as in an anamorphic prism pair).

[0045] For comparison purposes, a numerical example of
the WBC resonator 200 of FIG. 2 is provided in Table 3
based on the same design parameters included in Table 1
above.

TABLE 3

Calculated results of WBC resonator 200 with parameters as in Table 1

Path length (from emitter to coupler) >900 mm
Incoming chief ray converging angle (0) 9.6 degrees
chief ray converging-to-grating angle () 6 degrees
Prisml beam expansion factor (F) 1.6
Beam size difference after grating ~1%
Wavelength bandwidth 25 nm

[0046] As shown in Table 3, by using the prism 202 in
resonator 200, the beam size difference is dramatically
reduced from 47% (see Table 2) down to about 1%. Models
developed using ZEMAX optical modelling software have
also revealed that, after inserting prism 202 into the reso-
nator 200, it becomes possible to throw all the waists of
individual beams to the coupler 116 within 5% of the
Rayleigh range, compared to over 50% for resonator 100
lacking the prism 202. This is a strong indication that
minimizing beam size differences by using one or more
prisms will also greatly improve the feedback uniformity
and efficiency. Table 3 also shows that the wavelength
bandwidth is narrowed by a factor of 1.6, from 40 nm (see
Table 2) to 25 nm, as expected due to the 1.6x beam
expansion provided by prism 202.

[0047] In various embodiments, systems featuring one or
more prisms (e.g., prism 202) may utilize a larger size
grating 110 due to the increased beam size and the longer
path length upstream of the grating 110. As shown in Table
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3, the full path length is increased by >100 mm, and an
added distance between lens 112 and coupler 116 may be
utilized to keep the output unchanged.

[0048] FIG. 3 depicts a WBC resonator 300 in accordance
with various embodiments of the present invention. As
shown, resonator 300 features an additional prism 302
utilized to shrink the beam size, i.e., undo the beam expan-
sion caused by prism 202, so that the overall resonator path
length may remain unchanged or even shortened. As shown,
prism 302 may be placed between the grating 110 and the
lens 112, although the prism 302 may be positioned any-
where between grating 110 and the coupler 116. As shown,
the prism 302 is arranged such that the angle of incidence on
entrance surface 304 of prism 302 is smaller than the exit
angle from the exit surface 306 of the prism 302, resulting
in small beam size optically downstream of the prism 302.
In exemplary embodiments of the invention, the prism 302
is a right-angle prism having a corner angle between
entrance surface 304 and exit surface 306 ranging from
approximately 10° to approximately 45°, although embodi-
ments of the invention also feature other prisms such as
non-right-angle prisms. In various embodiments, the corner
angles of prisms 202, 302 are approximately the same. As
shown in FIG. 3, in various embodiments of the invention,
the entrance surface 304 and/or the exit surface 306 (or even
all of the surfaces of prism 302) are not parallel to the plane
of the grating 110.

[0049] FIG. 4 depicts an embodiment of the present inven-
tion that replaces prism 202 of resonator 200 with a pair of
prisms 400, 402 optically upstream of the grating 110. In the
depicted embodiment, the prisms 400, 402 are arranged to
place the focal plane of the beams substantially on the
grating 110, as does prism 202 in resonator 200. As shown,
prisms 400, 402 are arranged such that, for each prism, the
angle of incidence on the entrance surface of the prism is
smaller than the exit angle from the exit surface of the prism.
Although FIG. 4 depicts two prisms 400, 402 replacing the
prism 202 of resonator 200, embodiments of the invention
include more than two prisms disposed optically upstream of
the grating 110 and arranged to minimize beam-size differ-
ences optically downstream of the grating 110. In various
embodiments of the invention, advantages of utilizing two
or more prisms in such a manner include the introduction of
steeper linear phase retardation, i.e., generating a further
tilted focal plane, which may be utilized when the angle of
incidence on the grating is extremely large. In addition, such
embodiments help reduce the angles of incidence on the
prisms themselves, which may be desirable for minimizing
or reducing antireflection-coating reflection losses. Embodi-
ments of the invention also include arrangements, similar to
that of FIG. 4, in which multiple prisms replace and replicate
the functionality of prism 302 in FIG. 3. As shown in FIG.
4, in various embodiments of the invention in which mul-
tiple prisms are disposed optically upstream and/or down-
stream of the grating 110, the entrance surfaces and/or exit
surfaces (or even all surfaces) of at least one (or even all) of
the prisms are not parallel to the plane of the grating 110.

[0050] FIGS. 5A and 5B depict additional embodiments of
the present invention in which prisms are utilized to mini-
mize the difference in beam sizes on and optically down-
stream of the grating 110. As shown, the prisms 500, 502
also each provide a rigid support surface on which the
grating 110 may be mounted and physically supported.
Since the grating 110 is typically thin and fragile, resonators
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in which the grating 110 is mounted on and in contact with
the prism may be both more compact and more robust. For
example, an optical adhesive or other coupling agent may be
utilized to mount the grating 110 on the exit surface of the
prism. Embodiments of the present invention also encom-
pass the use of single integrated optical components com-
bining a prism with a diffraction grating on the exit surface
thereof.

[0051] As shown in FIG. 5A, the prism 500 may be an
isosceles triangular prism having corner angle o (504)
between entrance surface 506 and exit surface 508 ranging
from approximately 45° to approximately 75°. In such
embodiments, the beam size downstream of the grating 100
may be approximately the same as the beam size upstream
of the prism 500, and thus the wavelength bandwidth of the
resonator may be substantially unchanged with or without
the prism 500. That is, the incidence angle onto the prism
500 and the exit angle from the prism 500 may be substan-
tially the same in various embodiments of the present
invention. In contrast, the prism 502 depicted in FIG. 5B is
similar to prism 202 and has a corner angle ranging from
approximately 10° to approximately 45°. Since prism 502 is
aligned such that its exit surface approximately corresponds
to the focal point of the beams and to the surface of the
grating 110, prism 502 will tend to shrink the beam size, and
therefore the wavelength bandwidth of the resonator may be
widened when utilizing prism 502. That is, in various
embodiments the incidence angle onto the prism 502 may be
smaller than the exit angle from the prism 502.

[0052] Embodiments of the present invention may utilize
reflective diffraction gratings rather than transmissive grat-
ings, as shown in FIG. 6. As shown, a single prism 600
transmits and focuses the beams toward a reflective grating
602 and receives and transmits the diffracted beams toward
the lens 112 and thence to the coupler 116. Thus, when
transmitting the beams toward the reflective grating 602, the
prism 600 functions as prism 202 depicted in FIGS. 2 and 3,
and when transmitting the diffracted beams received from
the reflective grating 602, the prism 600 functions as prism
302 depicted in FIG. 3. As shown in FIG. 6, in various
embodiments of the invention, one or more (or even all) of
the surfaces of reflective grating 602 are not parallel to the
plane of the grating 110.

[0053] The terms and expressions employed herein are
used as terms of description and not of limitation, and there
is no intention, in the use of such terms and expressions, of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that
various modifications are possible within the scope of the
invention claimed.

What is claimed is:

1. A wavelength beam combining laser system compris-

ing:

a beam emitter emitting a plurality of discrete beams;

focusing optics for focusing the plurality of beams toward
a diffraction grating;

a diffraction grating for receiving and dispersing the
received focused beams, wherein a focal plane of the
beams defined by the focusing optics is angled with
respect to a plane defined by the diffraction grating;

a partially reflective output coupler positioned to receive
the dispersed beams, transmit a portion of the dispersed
beams therethrough as a multi-wavelength output
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beam, and reflect a second portion of the dispersed
beams back toward the beam emitter; and
disposed optically downstream of the focusing optics and
optically upstream of the diffraction grating, one or
more first prisms for (i) receiving the beams on an
entrance surface of one of the first prisms at an angle of
incidence and (ii) transmitting the beams from an exit
surface of one of the first prisms to the diffraction
grating at an exit angle smaller than the angle of
incidence, whereby (a) the resulting focal plane of the
beams is rotated to be substantially coplanar with the
plane defined by the diffraction grating and (b) the sizes
of the beams incident on the diffraction grating are
substantially equal to each other.
2. The laser system of claim 1, wherein the one or more
first prisms consist essentially of a single first prism having
the entrance surface and the exit surface.
3. The laser system of claim 1, wherein the one or more
first prisms comprise a plurality of first prisms, the entrance
and exit surfaces being on different first prisms.
4. The laser system of claim 1, wherein the diffraction
grating is reflective, whereby the diffracted beams from the
diffraction grating are transmitted through at least one of the
first prisms before being received by the output coupler.
5. The laser system of claim 1, wherein the diffraction
grating is transmissive.
6. The laser system of claim 1, further comprising a
second prism, disposed optically downstream of the diffrac-
tion grating and optically upstream of the output coupler,
wherein diffracted beams from the diffraction grating are
received by an entrance surface of the second prism at a
second angle of incidence and transmitted from an exit
surface of the second prism at a second exit angle larger than
the second angle of incidence, whereby beam-size expan-
sion introduced by the one or more first prisms is reduced or
substantially eliminated.
7. The laser system of claim 1, further comprising an
optical telescope disposed between the diffraction grating
and the output coupler.
8. The laser system of claim 7, wherein the optical
telescope comprises two cylindrical lenses having optical
power in a wavelength beam combining dimension.
9. A method of wavelength beam combining a plurality of
beams having different wavelengths, the method compris-
ing:
focusing the plurality of beams toward a diffraction
grating, a focal plane of the beams being angled with
respect to a plane defined by the diffraction grating;

rotating the focal plane of the beams such that the focal
plane is substantially coplanar with the plane defined
by the diffraction grating;

wavelength-dispersing the beams with the diffraction

grating;

reflecting a first portion of the dispersed beams back

toward the diffraction grating; and

transmitting a second portion of the dispersed beams as a

multi-wavelength output beam.

10. The method of claim 9, wherein the focal plane of the
beams is rotated by one or more first prisms disposed
optically upstream of the diffraction grating.

11. The method of claim 9, wherein rotating the focal
plane of the beams expands a size of at least one of the
beams.
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12. The method of claim 11, further comprising reducing
or substantially eliminating the beam-size expansion after
the beams have been wavelength-dispersed.

13. The method of claim 12, wherein the beam-size
expansion is reduced or substantially eliminated by one or
more second prisms disposed optically downstream of the
diffraction grating.

14. The method of claim 9, wherein wavelength-dispers-
ing the beams comprises transmitting the beams through the
diffraction grating.

15. The method of claim 9, wherein wavelength-dispers-
ing the beams comprises reflecting the beams with the
diffraction grating.

16. A wavelength beam combining laser system compris-
ing:

a beam emitter emitting a plurality of discrete beams;

focusing optics for focusing the plurality of beams toward
a diffraction grating, the focusing optics defining a
focal plane of the beams;

a diffraction grating for receiving and dispersing the
received focused beams;

a partially reflective output coupler positioned to receive
the dispersed beams, transmit a portion of the dispersed
beams therethrough as a multi-wavelength output
beam, and reflect a second portion of the dispersed
beams back toward the beam emitter; and

disposed optically downstream of the focusing optics and
optically upstream of the diffraction grating, a first
prism for (i) receiving the beams on an entrance surface
of the first prism at an angle of incidence and (ii)
transmitting the beams from an exit surface of the first
prism to the diffraction grating at an exit angle,
whereby (a) the resulting focal plane of the beams is
substantially coplanar with the plane defined by the
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diffraction grating and (b) the sizes of the beams
incident on the diffraction grating are substantially
equal to each other.

17. The laser system of claim 16, wherein the diffraction
grating is disposed on the exit surface.

18. The laser system of claim 16, wherein the diffraction
grating and the first prism are a single integrated component.

19. The laser system of claim 16, wherein the diffraction
grating is reflective, whereby the diffracted beams from the
diffraction grating are transmitted through the first prism
before being received by the output coupler.

20. The laser system of claim 16, wherein the diffraction
grating is transmissive.

21. The laser system of claim 16, further comprising a
second prism disposed optically downstream of the diffrac-
tion grating and optically upstream of the output coupler.

22. The laser system of claim 21, wherein diffracted
beams from the diffraction grating are received by an
entrance surface of the second prism at a second angle of
incidence and transmitted from an exit surface of the second
prism at a second exit angle larger than the second angle of
incidence, whereby a size of at least one of the beams is
decreased.

23. The laser system of claim 16, further comprising an
optical telescope disposed between the diffraction grating
and the output coupler.

24. The laser system of claim 23, wherein the optical
telescope comprises two cylindrical lenses having optical
power in a wavelength beam combining dimension.

25. The laser system of claim 16, further comprising a
second prism disposed optically downstream of the focusing
optics and optically upstream of the first prism.

26. The laser system of claim 16, wherein the focal plane
of the beams defined by the focusing optics is angled with
respect to the plane defined by the diffraction grating.
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