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(57) Abstract: Laser systems and methods are disclosed. One laser system comprises: a plurality of laser resonators, each resonator 
being operable to discharge an input laser beam; a relay assembly including at least one curved reflective surface that redirects each 
input laser beam, and reduces a beam size of the redirected beam; a galvo including a curved reflective surface that receives each 
redirected beam, and outputs a combined laser beam at power level greater than a power level of each laser input beam; and a coupling 
assembly that reduces spherical aberrations in the combined laser beam, and directs the combined laser beam into an optical fiber. In 
this system, the combined laser beam may have a maximum beam parameter product lower than a minimum beam parameter product 

of the optical fiber. Related systems and methods are also disclosed.
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LASER SYSTEMS AND METHODS 

Technical Field 

[0001] Aspects of the present disclosure generally relate to laser systems and methods 

regarding the same.  

Background 

[0002] One measure of beam quality is a Beam Parameter Product (or "BPP"). The BPP 

of a laser beam may be equal to the product of beam radius (measured at the beam waist) 

multiplied by the divergent angle (half-angle) of the beam. A smaller BPP represents a better 

beam quality. It can be difficult to for lamp pumped laser systems to maintain laser beams 

having a low BPP, a high pulse energy, and a high frequency due to the thermal lensing effect 

of the gain medium.  

[0003] The BPP of the fiber may be equal to the product of the fiber core radius multiplied 

by the numerical aperture (or "NA") of the fiber. When the BPP of the output laser 

beam is very close to the BPP of the fiber, a very low alignment tolerance will be 

expected. Optics commonly used to direct the input laser beam to the optical fiber may 

further degrade beam quality, making the BPP of the laser beam even closer to the BPP 

of the fiber, and further reducing alignment tolerances. At high pulse energies and frequencies, 

low alignment tolerances can make the laser system less reliable.  

[0004] Aspects of this disclosure address these and related challenges.  

SUMMARY 

[0004a] It is an object of the present invention to substantially overcome, or at least ameliorate, 

one or more of the above disadvantages.  

[0004b] One aspect of the present disclosure provides a laser system comprising: 

a plurality of laser resonators, each resonator being operable to discharge an input laser beam; 

a relay assembly including at least one curved reflective surface that redirects each input laser 

beam, and reduces a beam size of the redirected beam; a galvo including a curved reflective 

surface that receives each redirected beam, and outputs a combined laser beam at power level 

greater than a power level of each laser input beam; and a coupling assembly that reduces 

spherical aberrations in the combined laser beam, and directs the combined laser beam into an 

optical fiber, wherein the combined laser beam has a maximum beam parameter product lower 

than a minimum beam parameter product of the optical fiber, wherein the at least one curved
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reflective surface of the relay assembly has a first curvature radius, the curved reflective surface 

of the galvo has a second curvature radius, and the first and second curvatures are different, 

wherein each input laser beam is discharged along a beam path comprising: (i) a first distance 

extending from one resonator of the plurality of laser resonators to the at least one curved 

reflective surface of the relay assembly; (ii) a second distance extending from the at least one 

curved reflective surface of the relay assembly to the reflective surface of the galvo; and (iii) a 

third distance extending from the reflective surface of the galvo to an optical fiber, wherein the 

first and second curvature radii are sized relative to the first, second, and third distances and the 

first curvature radius is approximately one third of the second curvature radius, and wherein the 

first distance is approximately equal to the second distance, and the third distance is greater than 

the sum of the first and second distances.  

[0004c] Another aspect of the present disclosure provides a laser system, comprising: a 

plurality of laser resonators. each resonator being operable to discharge an input laser beam; a 

relay assembly including at least one curved reflective surface that redirects each input laser 

beam. and reduces a beam size of the redirected beam; a galvo including a curved reflective 

surface that receives each redirected beam, and outputs a combined laser beam at power level 

greater than a power level of each laser input beam; and a coupling assembly that reduces 

spherical aberrations in the combined laser beam, and directs the combined laser beam into an 

optical fiber, wherein the combined laser beam has a maximum beam parameter product lower 

than a minimum beam parameter product of the optical fiber, wherein the relay assembly further 

comprises a flat reflective surface, the at least one curved reflective surface redirects the input 

laser beam towards the flat reflective surface, and reduces the beam size of the input laser beam 

at the flat reflective surface; and the flat reflective surface redirects the input laser beam towards 

the curved reflective surface of the galvo, wherein each input laser beam is discharged along a 

beam path comprising: (i) a first distance extending from one resonator of the plurality of laser 

resonators to the curved reflective surface; (ii) a second distance extending from the curved 

reflective surface to the flat reflective surface; (iii) a third distance extending from the flat 

reflective surface to the reflective surface of the galvo; and (iv) a fourth distance extending from 

the curved reflective surface of the galvo to the optical fiber, wherein a curvature radius of the 

curved reflective surface of the relay assembly is approximately one third of a curvature radius 

of the curved reflective surface of the galvo and the curvature radii are sized relative to the first, 

second, third, and fourth distances, and wherein the first distance is approximately equal to the 

second distance, and the fourth distance is greater than the sum of the first, second, and third 

distances.
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[0005] Another aspect of this disclosure provides a laser system. The laser system may 

comprise: a plurality of laser resonators, each resonator being operable to discharge an input 

laser beam; a relay assembly including at least one curved reflective
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surface that redirects each input laser beam, and reduces a beam size of the 

redirected beam; a galvo including a curved reflective surface receives each 

redirected beam, and outputs a combined laser beam at power level greater than a 

power level of each laser input beam; and a coupling assembly that reduces 

spherical aberrations in the combined laser beam, and directs the combined laser 

beam into an optical fiber, wherein the combined laser beam has a maximum beam 

parameter product lower than a minimum beam parameter product of the optical 

fiber.  

[0006] In some aspects, the at least one curved reflective surface of the relay 

assembly may have a first curvature radius, the curved reflective surface of the galvo 

may have a second curvature radius, and the first and second curvatures may be 

different. The first curvature radius may be greater than the second curvature radius.  

For example, the second curvature radius may reduce spherical aberrations in the 

combined laser beam. Each input laser beam may be discharged along a beam path 

comprising: (i) a first distance extending from one resonator of the plurality of laser 

resonators to the at least one curved reflective surface of the relay assembly; (ii) a 

second distance extending from the at least one curved reflective surface of the relay 

assembly to the curved reflective surface of the galvo; and (iii) a third distance 

extending from the curved reflective surface of the galvo to an optical fiber. The first 

and second curvature radii may be sized relative to the first, second, and third 

distances. For example, the first distance may be approximately equal to the second 

distance; and the third distance may be greater than the sum of the first and second 

distances.  

[0007] The coupling assembly may include one aspherical lens or two spherical 

lenses. The system may further comprise additional optical components located 
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between the galvo and the coupling assembly. The additional optical components 

may include at least one of: a beam splitter; a beam combiner; a shutter; or a black 

shield. The coupling assembly may output the combined laser beam onto an input 

surface of an optical fiber, and the beam parameter product of the combined laser 

beam may be at least 10% less than a beam parameter product of the optical fiber at 

the input surface.  

[0008] The relay assembly may further comprise a flat reflective surface. The at 

least one curved reflective surface may redirect the input laser beam towards the flat 

reflective surface, and reduce the beam size of the input laser beam at the flat 

reflective surface. The flat reflective surface may redirect the input laser beam 

towards the curved reflective surface of the galvo. According to this aspect, the 

plurality of laser resonators may be fixed to a surface, and each reflective surface of 

the relay assembly may be movable in at least two degrees of freedom relative to the 

surface. Each input laser beam may be discharged along a beam path comprising: 

(i) a first distance extending from one resonator of the plurality of laser resonators to 

the first reflective surface; (ii) a second distance extending from the first reflective 

surface to the second reflective surface; (iii) a third distance extending from the 

second reflective surface to the reflective surface of the galvo; and (iv) a fourth 

distance extending from the reflective surface of the galvo to an optical fiber. The 

first and second curvature radii may be sized relative to the first, second, third, and 

fourth distances. For example, the first distance may be approximately equal to the 

second distance, and the third distance may be greater than the sum of the first, 

second, and third distances.  

[0009] Another aspect is another laser system. This laser system may comprise: 

a plurality of laser resonators, each resonator being operable to discharge an input 

3
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laser beam through a curved output surface; a relay assembly including at least one 

curved reflective surface that redirects each input laser beam, and reduces a beam 

size of the redirected beam; a galvo including a flat reflective surface that receives 

each redirected beam, and outputs a combined laser beam at power level greater 

than a power level of each laser input beam; and a coupling assembly that directs 

the combined laser beam into an optical fiber, wherein the combined laser beam has 

a maximum beam parameter product lower than a minimum beam parameter 

product of the optical fiber.  

[0010] This system may comprise a spherical relay lens that reduces a beam size 

of the combined laser beam on the coupling assembly. The at least one curved 

reflective surface of the relay assembly may comprise a first curved reflective 

surface and a second curved reflective surface. For example, a curvature radius of 

the output surface may be greater than a curvature radius of the first reflective 

surface; and a curvature radius of the second reflective surface may be greater than 

the curvature radius of the first reflective surface.  

[0011] Another aspect of this disclosure is a method. The method may comprise: 

discharging input laser beams from a plurality of laser generators; directing each 

input laser beam towards a relay assembly including at least one curved reflective 

surface that reduces a beam size of the input laser beam, and redirects the beam 

toward a reflective surface of a galvo; combining the input laser beams, with the 

reflective surface of the galvo, into a combined laser beam having a power level 

greater than a power level of each input laser beam; and outputting the combined 

laser beam to an optical fiber, wherein the combined laser beam has a maximum 

beam parameter product lower than a minimum beam parameter product of the 

optical fiber.  

4
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[0012] According to one aspect of this method, the reflective surface of the galvo 

may be curved, and the method may comprise further reducing spherical aberrations 

in the combined laser beam. According to other aspects, the reflective surface of the 

galvo may be flat, and the method may further comprise discharging each laser input 

beam through a curved output surface of each laser resonator. The plurality of laser 

resonators may be fixed to a surface, the at least one curved reflective surface may 

comprise a first curved reflective surface and a second curved reflective surface, and 

the method may comprise moving the first and second reflective surfaces into 

alignment with the plurality of laser resonators. Any such methods may further 

comprise directing the combined laser beam through a spherical relay lens.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The accompanying drawings are incorporated in and constitute a part of 

this specification. These drawings illustrate aspects of the present disclosure that, 

together with the description provided herein, serve to explain this disclosure as 

follows: 

[0014] FIG. 1 depicts a laser system according to this disclosure; 

[0015] FIG. 2A depicts another laser system according to this disclosure; 

[0016] FIG. 2B depicts yet another laser system according to this disclosure; and 

[0017] FIG. 3 depict a method according to this disclosure.  

DETAILED DESCRIPTION 

[0018] Aspects of the present disclosure are now described with reference to 

laser systems and methods. Some aspects are described with reference to lithotripsy 

procedures where an optical fiber is advanced into a body cavity through a scope 

until a distal end of the fiber is positioned to treat a stone located in the body cavity.  

5
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References to a particular type of procedure, laser energy, scope, tissue, bodily 

location, and/or bodily organ are provided for convenience and not intended to limit 

the present disclosure unless claimed. Accordingly, the concepts described herein 

may be utilized for any analogous laser system - medical or otherwise.  

[0019] Numerous axes and directions are described. The axes may form a 

Cartesian coordinate system with an origin point 0. One axis may extend along a 

longitudinal axis of an element. Directions and relativity may be indicated by the 

terms "proximal" and "distal," and their respective initials "P" and "D". Proximal refers 

to a position closer to the exterior of the body or a user, whereas distal refers to a 

position closer to the interior of the body or further away from the user. Appending 

the P or D to an element number or arrow signifies a proximal or distal location or 

direction. Unless claimed, these terms are provided for convenience and not 

intended to limit the present disclosure to a particular location, direction, or 

orientation. Unless stated otherwise, terms such as "generally," "about," 

"substantially," and/or "approximately" indicate a range of possible values that are 

within +/- 5% of a stated value.  

[0020] As used herein, the terms "comprises," "comprising," or like variation, are 

intended to cover a non-exclusive inclusion, such that a device or method that 

comprises a list of elements does not include only those elements, but may include 

other elements not expressly listed or inherent thereto. Unless stated otherwise, the 

term "exemplary" is used in the sense of "example" rather than "ideal." Conversely, 

the terms "consists of" and "consisting of" are intended to cover an exclusive 

inclusion, such that a device or method that consists of a list of elements includes 

only those elements.  

6
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[0021]As shown in FIG. 1, one aspect of the present disclosure is a laser system 

1 including: a plurality of laser resonators 10; a relay assembly 12; and a mirror 

galvanometer or "galvo" 16 including a movable reflective surface 17. Four laser 

resonators 10A-D are shown in FIG. 1, although any number may be used. Each 

laser resonator 10A, 10B, 10C, and 10D is operable to discharge an input laser 

beam 2A, 2B, 2C, or 2D towards relay assembly 12. As shown, relay assembly 12 

includes reflective surfaces that redirect each beam 2A-D towards movable reflective 

surface 17. Galvo 16 receives each redirected input laser beam 2A-D at reflective 

surface 17, and outputs a combined laser beam 4 towards an optical fiber 40.  

Additional optics for controlling, enhancing, and/or delivering beam 4 may be 

included in laser system 1, such as: a coupling assembly 20 and an optics assembly 

30.  

[0022] As shown in FIG. 1, the plurality of laser resonators 10 may be mounted to 

a surface 7, such as a table, or an interior surface of a laser console. Laser 

resonators 1OA-D may discharge laser beams 2A-D at a first or input power level. By 

way of example, an initial BPP of each input laser beam 2A-D at its respective laser 

resonator 1OA-D may be about 48mm-mrad. The input power level of each beam 2A

D may be same or different. Each laser resonator 1OA-D may be movably mounted 

to surface 7 for precise alignment of input laser beams 2A-D with relay assembly 12.  

For example, each resonator 10A, 1OB, 10C, and 1OD of FIG. 1 is mounted on a tilt 

plate 11A, 11B, 11C, or 11D that is movable with respect to surface 7 in one degree 

of freedom, such as rotation about an axis transverse to surface 7 (e.g., an X-X or Z

Z axis).  

[0023] Relay assembly 12 may comprise reflective surfaces configured direct 

input laser beams 2A-D towards reflective surface 17 of galvo 16. As shown in FIG.  

7
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1, relay assembly 12 may include at least one reflective surface positioned in the 

path of each input laser beam 2A-D. Each reflective surface may be HR coated.  

Accordingly, relay assembly 12 may comprise a first reflective surface 12A in the 

path of input laser beam 2A; a second reflective surface 12B in the path of laser 

beam 2B; a third reflective surface 12C in the path of beam 2C; and a fourth 

reflective surface 12D in the path of beam 2D. Each reflective surface 12A-D may be 

movably mounted to surface 7 for precise alignment with resonators 1OA-D and 

galvo 16. In FIG. 1, for example, each reflective surface 12A, 12B, 12C, and 12D 

may be movably mounted to surface 7 by a tilt mount 13A, 13B, 13C, or 13D. Tilt 

mounts 13A-D allow for movement of surfaces 12A-D with respect to surface 7 in at 

least two degrees of freedom, such as rotation about a first axis parallel to surface 7 

(e.g., a Y-Y axis), and rotation relative to a second axis transverse to surface 7 (e.g., 

an X-X or Z-Z axes). Reflective surfaces 12A-D may modify input laser beams 2A-D.  

For example, each reflective surface 12A-D may be curved to reduce the beam size 

of input laser beams 2A-D on reflective surface 17.  

[0024] Galvo 16 may receive laser beams 2A-D from reflective surfaces 12A-D at 

the input power level, and output combined laser beam 4 at an output power level 

greater than the input power level of each input laser beam 2A-D. For example, 

galvo 16 of FIG. 1 may rotate (or otherwise move) reflective surface 17 at different 

angles so that each one of input laser beams 2A-D is added to combined laser beam 

4 at different times, resulting in an output power level that is approximately equal to 

the sum of each input power level of beams 2A-D. In FIG. 1, for example, if the input 

power level of each beam 2A-D is approximately equal, then the output power level 

of combined laser beam 4 will be approximately four times the input power level of 

each beam 2A-D. The curvature of reflective surfaces 12A-D may cause each input 

8
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laser beam 2A-D to have spherical aberrations, wherein portions of each beam 2A-D 

have different focal points. The curvature of reflective surface 17 may reduce such 

aberrations.  

[0025] The curvature of reflective surfaces 12A-D may be relative to the curvature 

of reflective surface 17. For example, the curvature radius of each reflective surface 

12A-D may be approximately 165mm; and the curvature radius of reflective surface 

17 may be approximately 500mm. To reduce the BPP of beams 2A-D and/or beam 4 

at various points within system 1, the curvature of reflective surfaces 12A-D and 17 

also may be relative to the distances between laser generators 10A-D, relay 

assembly 12, reflective surface 17, and optical fiber 40. As shown in FIG. 1 with 

reference to input laser beam 2B, for example: a first distance Li extends between 

resonator 10B and reflective surface 12B; a second distance L2 extends between 

reflective surface 12B and reflective surface 17; and a third distance L3 extends 

between reflective surface 17 and an input surface 41 of optical fiber 40. The same 

distances L1, L2, and L3 may be used consistently with beams 2A-D. As shown in 

FIG. 1, for example, first distance Li may be approximately 116mm; second distance 

L2 may be approximately 110mm; and third distance L3 may be approximately 

283mm.  

[0026] Various ratios are defined in this example. These ratios may scaled up or 

down to accommodate variations of system 1. For example, the curvature radius of 

reflective surfaces 12A-D may be approximately one third the curvature radius of 

reflective surface 17; first distance Li may be approximately equal to second 

distance L2; and third distance L3 may be greater than the sum of distances Li and 

L2.  

9
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[0027] Laser system 1 may comprise additional optics configured further reduce 

spherical aberrations, modify laser input beams 2A-D, and/or modify combined laser 

beam 4. As shown in FIG. 1, for example, coupling assembly 20 and optics 

assembly 30 may be provided in the path of combined laser beam 4. Coupling 

assembly 20 may receive combined laser beam 4, reduce spherical aberrations in 

combined beam 4, and output beam 4 to input surface 41 of fiber 40. Assembly 20 

may comprise one or more lenses. In FIG. 1, for example, coupling assembly 20 

includes a first spherical lens 21 and a second spherical lens 22. One aspherical 

lens also may be used. As shown in FIG. 1, coupling assembly 20 may further 

comprise a black shield 24 that blocks contaminations from fiber misalignment. Black 

shield 24 may be integral with coupling assembly 20, as in FIG. 1; or separate from 

coupling assembly 20, as in FIG. 2A.  

[0028] Optics assembly 30 may comprise: a first beam splitter 31, a shutter 32; 

and a second beam splitter 33. First beam splitter 31 may redirect a portion of 

combined laser beam 4 towards a controller (not shown). Shutter 32 may be 

operable with the controller to provide an automated shut-off switch for system 1.  

Second beam splitter 33 may receive an aiming laser beam (not shown), and direct 

the aiming laser beam towards input surface 41 of fiber 40. As shown in FIG. 1, first 

splitter 31, shutter 32, and second splitter 33 may be located between galvo 16 and 

coupling assembly 20. Components of optics assembly 30 also may be distributed 

through laser system 1.  

[0029] Relay assembly 12 and galvo 16 may improve beam quality by reducing 

the BPP of input laser beams 2A-D and combined laser beam 4 at various locations 

within laser system 1. For example, reflective surfaces 12A-D, reflective surface 17, 

the respective distances L1, L2, and L3 extending therebetween, and coupling 

10
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assembly 20 may minimize the BPP of combined beam 4 at input surface 41 of 

optical fiber 40, ensuring high beam quality. Optical fiber 40 may also have a BPP, 

and the BPP of beam 4 may be lower than the BPP of fiber 40 to increase alignment 

tolerances within system 1. The BPP of input beam 4 at input surface 41 may be at 

least 10% less than the BPP of fiber 40 at input surface 41. For example, the BPP of 

beam 4 at input surface 41 may be approximately 56mm-rad, and the BPP of fiber 

40 at surface 41 may be approximately 68mm-rad, providing a BPP reduction of 

approximately 20%.  

[0030] Alternative and/or additional aspects of laser system 1 are now described 

with reference to a laser system 100 partially depicted in FIG. 2A, and a laser system 

200 partially depicted in FIG. 2B. Systems 100 and 200 are identical to system 1, 

but-for the modifications shown in FIGs. 2A-B and described below, wherein 

modified elements are described within the respective 100 or 200 series of numbers.  

Any aspect of systems 1, 100, and 200 may be interchangeably combined according 

to this disclosure, each potential combination being part of this disclosure.  

[0031]Each input laser beam 2A-D may be aligned with reflective surface 117 

using four degrees of freedom. In system 1, two degrees of freedom are provided by 

tilt plates 11A-D, and a further two degrees of freedom by tilt mounts 13A-D. System 

100 may eliminate tilt plates 11A-D. For example, system 100 may comprise the 

plurality of laser resonators 10, a relay assembly 112, and a galvo 116 with a 

reflective surface 117. The plurality of resonators 10 may be identical to resonators 

1OA-D described above. An exemplary laser resonator 1OA and input laser beam 2A 

are shown in FIG. 2A for ease of description. Similar configurations may be used for 

additional input laser beams (e.g., from resonators 10B, 10C, and 10D) in a manner 

consistent with system 1 of FIG. 1.  

11
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[0032] As shown in FIG. 2A, relay assembly 112 may comprise: a first reflective 

surface 112A, and a second reflective surface 114A. First and second reflective 

surfaces 112A and 114A may provide input laser beam 2A with four degrees of 

freedom. For example, as shown in FIG. 2A, first reflective surface 112A may be 

movably mounted to surface 7 by a first tilt mount 113A, and second reflective 

surface 114A may be movably mounted to surface 7 by a second tilt mount 115A.  

Similar to above, each tilt mount 113A and 115A may be rotatable in two directions 

relative to surface 7, providing four degrees of freedom.  

[0033] The position of laser resonator 10A may be fixed relative to surface 7 in 

system 100. For example, laser resonator 10A may include a base support with 

openings, surface 7 may include corresponding openings, and a pin may be inserted 

into the openings of resonator 10A and surface 7, attaching those elements together.  

Numerous benefits may be realized with this configuration. For example, because it 

contains cooling fluids, and high electrical current and/or voltage, the alignment and 

re-alignment of laser resonator 10A using tilt plates may be difficult and 

transportation shock vibration may change the laser beam position and pointing.  

These difficulties are multiplied with each additional input laser beam. By 

comparison, tilt mounts 113A and 115A may be much easier to align because they 

support less weight, and the resulting alignment may be easier to maintain because 

have fewer moving parts. Fixing laser generator 1OA relative to surface 7 also makes 

it easier to replace components of generator 10A, such as the lamp, without 

disrupting alignments.  

[0034] As shown in FIG. 2A, laser resonator 1OA may discharge input laser beam 

2A towards first reflective surface 112A. First reflective surface 112A may modify 

beam 2A, and redirect the modified beam 2A towards second reflective surface 

12
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114A; and second reflective surface 114A may redirect the modified beam 2A 

towards reflective surface 117. As shown in FIG. 2A, first reflective surface 112A 

may be a curved; second reflective surface 114A may be a flat; and reflective 

surface 117 may be curved. As in FIG. 2A, coupling assembly 20 may be included 

within system 100 to reduce spherical aberrations caused by the curvature of 

reflective surfaces 112A and 117.  

[0035] The curvature of reflective surface 112A may be relative to the curvature 

of reflective surface 117. For example, the curvature radius of surface 112A may be 

approximately 280mm; and the curvature radius of reflective surface 117 may be 

approximately 800mm. As before, the curvature of reflective surfaces 112A and 117 

also may be relative the distances between laser generator 10A, surfaces 112A and 

114A, reflective surface 117, and optical fiber 40. In FIG. 2A, for example: a first 

distance Li extends between resonator 10A and first reflective surface 112A; a 

second distance L2 extends between first reflective surface 112A and second 

reflective surface 114A; third distance L3 extends between second reflective 

surface 114A and reflective surface 117; and a fourth distance L4 extends between 

reflective surface 117 and input surface 41 of optical fiber 40. The same distances 

L1, L2, L3, and L4 may be used consistently in system 100 for additional input laser 

beams (e.g., from resonators 10B, 10C, and 10D). As shown in FIG. 2A, for 

example, first distance Li may be approximately 133mm; second distance L2 may 

be approximately 84mm; third distance L3 may be approximately 85mm; and fourth 

distance L4 may be approximately 413mm.  

[0036] Various ratios are defined in this example, and the ratios may be applied 

to other iterations of system 100. For example, as demonstrated, the curvature 

radius of reflective surface 112A may be approximately one third the curvature 
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radius of reflective surface 117; first distance Li may be approximately equal to 

second distance L2; and fourth distance L4 may be greater than the sum of 

distances L1, L2 and L3.  

[0037] Similar to above, relay assembly 112 and galvo 116 may improve beam 

quality by reducing the BPP of input laser beam 2A and/or combined laser beam 4 at 

various points within system 1. For example, reflective surfaces 112A and 114A, 

reflective surface 117, the respective distances L1, L2, L3, and L4 extending 

therebetween, and coupling assembly 20 may minimize the BPP of combined beam 

4 at input surface 41 of optical fiber 40, ensuring high beam quality. Alignment 

tolerances also may be increased in system 100. The BPP of combined laser beam 

4 within system 100 may be at least 20% less than the BPP of optical fiber 40 at 

input surface 41. For example, the BPP of combined laser beam 4 at input surface 

41 may be approximately 54mm-mrad, and the BPP of fiber 40 at surface 41 may be 

approximately 68mm-rad, providing for a BPP reduction of approximately 23%.  

[0038] Laser system 200 is modified to utilize more conventional components. As 

shown in FIG. 2B, laser system 200 may comprise plurality of laser resonators 210, 

a relay assembly 212, and a galvo 216 with a reflective surface 217. The plurality of 

resonators 210 may be identical to resonators 1OA-D described above. Only laser 

resonator 210A and input laser beam 2A are shown in FIG. 2B for ease of 

description. Similar configurations may be used for additional laser input beams 

(e.g.,from lasergenerators 10B, 10C, and 10D).Asshown, laser resonator 210A of 

system 200 may have a curved output surface 208A, and input laser beam 2A may 

be discharged through surface 208A. Curved output surface 208A may be a plano

convex lens that reduces the size of input laser beam 2.  
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[0039] Relay assembly 212 of FIG. 2B includes a first reflective surface 212A 

movably mounted to surface 7 by a tilt mount 213A, and a second reflective surface 

214A movably mounted to surface 7 by a tilt mount 215A. First reflective surface 

212A may modify beam 2A, and redirect the modified beam 2A towards second 

reflective surface 214A. Second reflective surface 214A may further modify beam 

2A, and redirect the further modified beam 2A towards reflective surface 217. As 

shown in FIG. 2B, the first and second reflective surfaces 212A and 214A may be 

curved; and reflective surface 117 may be a flat. Optical assembly 30 may be 

included within system 200. A coupling assembly 220 is included within system 200.  

[0040] The curvature of curved output surface 208A may be relative to the 

curvature of reflective surfaces 212A and 214A. For example, the curvature radius 

curved output surface 208A may be approximately 800mm; the curvature radius of 

first reflective surface 212A may be approximately 300mm; and the curvature radius 

of second reflective surface 214A may be approximately 400mm. As before, the 

curvatures within system 200 also may be relative to the respective distances L1, L2, 

L3, or L4 between laser generator 10A, surfaces 212A and 214A, reflective surface 

217, and input surface 41 of optical fiber 40. Distances L1-L4 in system 200 are 

similar to their counterpart distances described above in system 100. Throughout 

system 200, first distance Li may be approximately equal to 133mm; second 

distance L2 may be approximately equal to 84mm; third distance L3 may be 

approximately equal to 86mm; and fourth distance L4 may be approximately equal to 

450mm. Once again, various ratios may be defined between the curvatures and 

distances, and said ratios may be used to accommodate variations of laser system 

200.  
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[0041] Relay assembly 212 and galvo 216 may improve beam quality by reducing 

the BPP of input laser beam 2A and combined laser beam 4 within system 1. For 

example, reflective surfaces 212A, 214A, and 217, the respective distances L1, L2, 

L3, and L4 extending therebetween may minimize the BPP of combined beam 4 at 

input surface 41 of optical fiber 40, ensuring high beam quality. Accordingly, 

reflective surface 217 and coupling assembly 220 may be conventional, off the shelf 

components, such as a fiber coupler 221. Alignment tolerances may be increased in 

system 200. The BPP of combined laser beam 4 within system 200 may at least 

10% less than the BPP of optical fiber 40 at input surface 41. For example, the BPP 

of combined laser beam 4 at input surface 41 may be approximately 58mm-mrad, 

and the BPP fiber 40 at surface 41 may be approximately 68mm-rad, providing for a 

BPP reduction of about 16%.  

[0042] Distances L1, L2, L3, and L4 may vary. In system 200, for example, the 

fourth distance L4 may be increased to accommodate additional components of 

optical assembly 30, such as additional shuttering mechanism operable to pulse 

combined laser beam 4. Increasing fourth distance L4 may cause the beam size of 

laser beam 4 to expand, potentially increasing the BPP of beam 4. System 200 may 

be further modified to address this issue. For example, as shown in FIG. 2B, a 

spherical relay lens 260 may be placed in the path of combined laser beam 4 to 

reduce the beam size of beam 4 on coupling assembly 220. Systems 1 and 100 may 

be similarly modified.  

[0043]To maintain beam quality, the curvatures and distances within modified 

system 200 may be relative to the location and effective focal length of spherical 

relay lens 260. For example, when spherical relay lens 260 is placed 200mm away 

from galvo 216 and has an effective focal length of 250mm, the curvature radius of 
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curved output surface 208A may be approximately 200mm; the curvature radius of 

first reflective surface 212A may be approximately 300mm; and the curvature radius 

of second reflective surface 214A may be approximately 500mm; first distance L 

may be approximately equal to 133mm; second distance L2 may be approximately 

equal to 81mm; third distance L3 may be approximately equal to 90mm; and fourth 

distance L4 may be approximately equal to 600mm. Various ratios may be defined 

and applied based on this example.  

[0044]Alignment tolerances may be improved by modified system 200. For 

example, because of spherical relay lens 260, the BPP of combined laser beam 4 

within modified system 200 may still be at least 10% less than the BPP of optical 

fiber 40 at input surface 41, despite the increases to fourth distance L4. The BPP of 

combined laser beam 4 at input surface 41 may be approximately 57mm-mrad, and 

the BPP fiber 40 at surface 41 may be approximately 68mm-rad, providing a BPP 

reduction of about 18%. As demonstrated, the diameter of curved output surface 

208A also may be reduced when lens 260 is used, reducing the size of laser 

resonator 21OA.  

[0045] A method 300 is now described with reference to laser system 1, although 

similar methods are applicable to systems 100 and 200. As shown in FIG. 3, method 

300 may comprise: discharging a plurality of input laser beams 2A-D (a "discharging" 

step 310); directing each input laser beam 2A-D toward reflective surface 17 with 

relay assembly 12 (a "directing" step 320); and rotating the curved reflective surface 

17 to output combined laser beam 4 at a power level greater than a power level of 

each input laser beam 2A-D (a "combining" step 330); and outputting the combined 

laser beam 4 into optical fiber 40 at a BPP lower than a BPP of the fiber 40 (an 
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"outputting" step 340). Additional aspects of steps 310, 320, 330, and 340 are now 

described in greater detail.  

[0046] Discharging step 310 may comprise any intermediate steps for configuring 

and operating plurality of laser resonators 10 or 210. With laser system 1 of FIG. 1, 

for example, step 310 may comprise determining the laser settings necessary to 

discharge input laser beams 2A-D. For each input laser beam within laser system 

200 of FIG. 2B, wherein second reflective surface 214A is curved, reflective surface 

217 is flat, discharging step 310 may further comprise step similar to discharging 

input laser beam 2A through curved output surface 208A.  

[0047] Directing step 320 may comprise any intermediate steps for configuring 

relay assemblies 12, 112, and 212. With system 1 of FIG. 1, for example, step 320 

may comprise operating tilt plates 11A-D and/or tilt mounts 13A-D to align laser 

resonators 1OA-D with reflective surfaces 12A-D so that each input laser beam 2A-D 

is directed towards reflective surface 17. For each laser input beam within systems 

100 and 200, step 320 may comprise attaching laser resonator 110A or 210A to 

surface 7, and operating tilt mounts 113A, 213A and 115A, 215A to align laser 

resonator 1OA with reflective surface 117 or 217.  

[0048] Directing step 320 may be modified to account for the curvature of the 

various reflective surfaces and lenses described herein. For example, step 320 may 

further comprise reducing the beam size of and/or removing spherical aberrations 

from each input laser beam 2A-D. In system 1, for example, both reflective surfaces 

12A and 17 are curved reflective surfaces, and step 330 may comprise directing the 

laser beams with the curved reflective surfaces. Similar intermediate steps may be 

performed with systems 100 and 200. With those systems, for example, step 330 

may comprise: directing input laser beam 2 towards first reflective surface 112A or 
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212A; reducing the beam size of beam 2A with surfaces 112A or 212A; directing 

beam 2A from surfaces 112A or 212A toward second reflective surfaces 114A or 

214A; and directing beam 2A from second reflective surface 114A or 214A to 

reflective surface 117.  

[0049] Combining step 330 may comprise any means for generating combined 

laser beam 4, including the use of galvo 16 and like technologies. Within method 

300, for example, step 330 may comprise any intermediate steps for configuring 

galvos 16, 116, and 216, such as determining the rotational speed of corresponding 

reflective surfaces 17, 117, and 217. Step 330 may further comprise reducing 

spherical aberrations in combined laser beam 4. For example, step 330 may 

comprise directing combined laser beam 4 through coupling assembly 20. Step 330 

also may include steps for outputting combined laser beam 4 through a spherical 

relay lens. With system 200, for example, step 330 may comprising outputting 

combined laser beam 4 through spherical relay lens 260 to reduce the beam size of 

combined beam 4 on fiber coupler 221.  

[0050] Outputting step 340 may comprise any intermediate steps for outputting 

combined laser beam 4 onto input surface 41 of optical fiber 40, including any steps 

for outputting beam 4 at a BPP lower than a BPP of input surface 41. Within system 

1, for example, step 340 may comprise steps for directing combined laser beam 

through optical assembly 30, and/or realizing any benefits of assembly 30. For 

example, step 340 may comprise using first beam splitter 31 to direct a portion of 

combined laser beam 4 towards a controller; operating shutter mechanism 32 in 

response to an output signal from said controller; using second beam splitter 31 to 

direct an aiming beam toward input surface 41 of optical fiber 40; and/or directing 
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combined laser beam 4 through black shield 24. Any optics may be utilized in step 

340.  

[0051] According to this description, systems 1, 100, and 200, as well as method 

300, may be used to generate combined laser beam 4 from a plurality of input laser 

beams 2A-D, and output combined laser beam 4 with (i) an average power level 

equal to the sum of the power levels of each input laser beam 2A-D, and (ii) a BPP 

that is at least 10% less than a BPP of optical fiber 40. The BPP of the optical fiber 

may be defined by a minimum diameter of fiber 40 at input surface 41, or based on 

another minimum diameter of optical fiber 40 at different location. In most laser 

systems, the minimum diameter of the optical fiber 40 is determined by other system 

requirements, making systems 1, 100, and 200 and method 300 particularly useful 

for increasing alignment tolerances and reducing the risk of component failure.  

[0052] Numerous aspects of this disclosure are described with reference to 

specific examples of systems 1, 100, and 200. Dimensions and ratios are provided in 

these specific examples to support a completed understanding of this disclosure.  

Unless claimed, these dimensions and ratios are not intended to limit this disclosure.  

[0053] While principles of the present disclosure are described herein with 

reference to illustrative aspects for particular applications, the disclosure is not 

limited thereto. Those having ordinary skill in the art and access to the teachings 

provided herein will recognize additional modifications, applications, aspects, and 

substitution of equivalents all fall in the scope of the aspects described herein.  

Accordingly, the present disclosure is not to be considered as limited by the 

foregoing description.  
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CLAIMS 

1. A laser system comprising: 

a plurality of laser resonators, each resonator being operable to discharge an input laser 

beam; 

a relay assembly including at least one curved reflective surface that redirects each input 

laser beam, and reduces a beam size of the redirected beam; 

a galvo including a curved reflective surface that receives each redirected beam, and 

outputs a combined laser beam at power level greater than a power level of each laser input 

beam; and 

a coupling assembly that reduces spherical aberrations in the combined laser beam, and 

directs the combined laser beam into an optical fiber, 

wherein the combined laser beam has a maximum beam parameter product lower than a 

minimum beam parameter product of the optical fiber, 

wherein the at least one curved reflective surface of the relay assembly has a first 

curvature radius, the curved reflective surface of the galvo has a second curvature radius, and 

the first and second curvatures are different, 

wherein each input laser beam is discharged along a beam path comprising: (i) a first 

distance extending from one resonator of the plurality of laser resonators to the at least one 

curved reflective surface of the relay assembly; (ii) a second distance extending from the at least 

one curved reflective surface of the relay assembly to the reflective surface of the galvo; and 

(iii) a third distance extending from the reflective surface of the galvo to an optical fiber, 

wherein the first and second curvature radii are sized relative to the first, second, and 

third distances and the first curvature radius is approximately one third of the second curvature 

radius, and 

wherein the first distance is approximately equal to the second distance, and the third 

distance is greater than the sum of the first and second distances.  

2. The laser system of claim 1, wherein the first curvature radius is approximately one third the 

second curvature radius.  

3. The laser system of any one of claim 1 or 2, wherein the second curvature radius reduces 

spherical aberrations in the combined laser beam.
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4. The laser system of any one of the preceding claims, wherein the coupling assembly includes 

one aspherical lens or two spherical lenses.  

5. The laser system of any one of the preceding claims, further comprising additional optical 

components located between the galvo and the coupling assembly, the additional optical 

components including at least one of: a beam splitter; a beam combiner; a shutter; or a black 

shield.  

6. The laser system of any one of the preceding claims, wherein the coupling assembly outputs 

the combined laser beam onto an input surface of an optical fiber, and the beam parameter 

product of the combined laser beam is at least 10% less than a beam parameter product of the 

optical fiber at the input surface.  

7. A laser system, comprising: 

a plurality of laser resonators. each resonator being operable to discharge an input laser 

beam; 

a relay assembly including at least one curved reflective surface that redirects each input 

laser beam. and reduces a beam size of the redirected beam; 

a galvo including a curved reflective surface that receives each redirected beam, and 

outputs a combined laser beam at power level greater than a power level of each laser input 

beam; and 

a coupling assembly that reduces spherical aberrations in the combined laser beam, and 

directs the combined laser beam into an optical fiber, 

wherein the combined laser beam has a maximum beam parameter product lower than a 

minimum beam parameter product of the optical fiber, 

wherein the relay assembly further comprises a flat reflective surface, the at least one 

curved reflective surface redirects the input laser beam towards the flat reflective surface, and 

reduces the beam size of the input laser beam at the flat reflective surface; and the flat reflective 

surface redirects the input laser beam towards the curved reflective surface of the galvo, 

wherein each input laser beam is discharged along a beam path comprising: (i) a first 

distance extending from one resonator of the plurality of laser resonators to the curved reflective 

surface; (ii) a second distance extending from the curved reflective surface to the flat reflective 

surface; (iii) a third distance extending from the flat reflective surface to the reflective surface of
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the galvo; and (iv) a fourth distance extending from the curved reflective surface of the galvo to 

the optical fiber, 

wherein a curvature radius of the curved reflective surface of the relay assembly is 

approximately one third of a curvature radius of the curved reflective surface of the galvo and 

the curvature radii are sized relative to the first, second, third, and fourth distances, and 

wherein the first distance is approximately equal to the second distance, and the fourth 

distance is greater than the sum of the first, second, and third distances.  

8. The laser system of claim 7, wherein the plurality of laser resonators are fixed to a surface, 

and each reflective surface of the relay assembly is movable in at least two degrees of freedom 

relative to the surface.  

9. The laser system of claim 7, wherein the curvature radius of the curved reflective surface of 

the relay assembly is approximately one third the curvature radius of the curved reflective 

surface of the galvo.  
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