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(57) Abstract: A power control method for a laser system comprising laser diodes arranged in diode banks is provided. Each diode
bank comprises at least one of the laser diodes and has a maximum power. The method comprises operating a first diode bank of the
diode banks to output a first power; and concurrently operating other of the diode banks to output other powers, at least one of the
other powers being different than the first power.
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LASER SYSTEM AND METHOD OF TUNING THE
QUTPUT POWER OF THE LASER SYSTEM

CROSS-REFERENCE TO RELATED ARPLICATIONS
[00601) None.
TECHNICAL FIELD

[06002] The present disclosure relates fo laser systerns and methods of operaling laser
systems. More particularly, the present disclosure relates {0 methods and systems for tuning laser

output power.
BACKGROUND OF THE DISCLOSURE

[6003] Laser systems may incorporate collections of two or more laser dicdes sither as the
direct source of the output laser radiation, or as a pump for a dicde-pumped laser such as a fiber
laser, a disk laser, a slab laser, a rod laser, a dicde-pumped solid-state laser, a Raman laser, a

Brillouin taser, an oplical parametric laser, or an alkali-vapor laser.

(00047 Many laser applications require tunable laser cutput power from near zerg power up
to maximum powser.  in malerials-processing applications, for example, low power levels may be
required for alignment or pre- or post-ireatment sieps, whereas high power levels may be used for
the actual processing steps such as cuiting, welding, driling, or scribing. As a second example, in
a flexible machine intended for laser processing of a wide range of material types or thicknesses,
cartain applications may demand significantly lower power than others. To date, most lasers that
are used in such appiications provide such power tuning by varying the current applied {o the laser
dicdas between Zero and the current required for maximum power, equal currents being applied o

gach diods.

[0005] However, the laser dicdes that generate the laser power may operale best within a
high power range, therafore it may be preferable to operate the laser diodes within the high power
range. In such situations it may not be possible or desirable to operate the laser dicdes at

individual powers spanning from low power fo maximum power,

10006] in a known power tuning method, the laser system is operated at constant, full
power and a variable altenuator or modulator downstream is used o altenuate the oulput of the

faser system. However, such attenuators or modulators may not be available or reliable at the
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power levels or operating wavelengths of interest, and, if available, may add significant cost to the
system. Additionally, attenuation or modulation of full power to lower power levels achieved in this

manner wastes energy.

100487] Accordingly, there is a need for a low-cost, reliable lechnique o provide broad

power uning in an energy efficient manner.
SUMMARY OF RISCLOSED EMBODIMENTS

[0008] A laser system and a power conirol method for controlling the laser sysiem are
provided. In one embodiment the laser system comprises diode banks configured to output laser
beams, sach of the dicde banks including a laser diode, and the diode banks including a first dicde
bank and other diode banks; cumrent controllers configured to receive current control signals
corresponding to each of the diode banks and 1o enable current flows o the diode banks based
therson; and a control unit configured to receive an indication of a requested power and generate
the current control signals based thereon, the current control signals including a first current control
signal 1o conirol the first diode bank to output a first power, and other current control signals to
control the other of the dicds banks to oulput other powers, the first power being differegnt than at

least one of the other powers.

[6003] In variations of the present embaodiment, the control unit is further configured o
operate a diode bank of the diode banks only within a restricted power range, the restricled power
range including a nominal power of one of the laser dicdes. In one aspect of the present
embodiment, the control unit is further configured to operate the laser dicdes of the other of the
dicde banks in a wavelength-locked mods, whergin each of the laser dicdss of the other of the
diode banks are operated in a restricled power range of the laser dicde including a nominal power
of the laser dicde, wherein the laser dicdes lock reliably only in the reslricted power range. In
another aspect of the present embodiment, the control unit is further configured o operate the laser
diodes of the other of the diode banks in a wavelength-controlied mode, wherein gach of the laser
dicdes of the other of the diode banks are operated in a restricied power range of the laser dicde
including a nominal power of the laser diode, thusly generaling a narrower emission band as
compared 1o operating the laser diodes oulside the restricied power range, the narrowsr emission
band corresponding o the restricied power range. [n a further aspect of the present embodiment,
the control unit is further configured 1o operate the laser dicdes of the other ¢f the dicde banks in a
high-brighiness mode, wherein each of the laser diodes of the cther of the diode banks generate

high-brighiness output reliably only in a restricted power range of the laser dicde including a
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nominal power of the laser dicde, wherein operating in a high-brightness mode comprises
operating only within sald restricled power range. In a yel further aspect of the present
embodiment, the control unit is further configured to operate the laser dicdes of the other of the
dicde banks in a short-pulsed mode, wherein gach of the laser dicdes of the ¢ther of the dicde
banks puise reliably within specified pulse parameters only in a restricted power range of the laser
diode including a nominal power of the laser diode, wherein operaling in a short-pulsed mode
cormprises operating only within said reslricted power range. in g siill further aspect of the present
embodiment, wherein each of the laser diodes of the other of the dicde banks operate with high
electrical-to-optical efficiency within only in a restricted power range of the laser diode including a
nominal power of the laser dicde, the control unit is further configured o operate each of the laser

dicdes of the ¢ther of the diode banks only within said restricted power range.

10010] In one embodiment the power control method is provided for a iaser system
comprising laser dicdes arranged in diode banks, each diode bank comprising at least one of the
laser diodes and having a maximum power, and the method comprises: operating a first dicde
bank of the diode banks to output a first power; and concurrently operating other of the diode

banks to cutput other powers, at least one of the other powers being different than the first power.

[0011] in variations of the present embodiment, the powsr control method further
comprises operating the laser diodes of a dicde bank of the dicde banks in a restricted power
range, the restricted power range including a nominal power of ong of the laser diodes. In one
aspect of the present embodiment, the method comprises operating the laser diodes of the other of
the dicde banks in a wavelength-locked mode, wherein each of the laser dicdes of the other of the
dicde banks are operated in a restricted power range of the laser diode including a nominal power
of the laser diode, wherein the laser diodes lock reliably only in the restricted power range. In
another aspect of the present embodiment, the method comprises operating the laser diodes of
the other of the dicde banks in a wavelength-controlled mode, wherein gach of the laser diodes of
the other of the diode banks are operated in a restricted power range of the laser dicde including a
nominal power of the laser dinde, thusly generating a narrower emission band as comparad o
operating the laser diodes outside the restricted power range, the narrower emission band
corresponding to the restricted power range. In a further aspect of the prasent embodiment, the
method comprises operating the laser diodes of the other of the diode banks in a high-brightness
mode, wherein each of the laser diodes of the other of the dicde banks generate high-brightness
output reliably only in a restricted power range of the laser diode including a nominal power of the

laser diods, wherein operating in a high-brightness mode comprises operating only within said
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resiricted power rangs. In a vet further aspect of the present embodiment, the method comprises
operating the laser diodes of the other of the diode banks in a short-pulsed mode, wherein each of
the laser diodes of the other of the diode banks pulse reliably within specified pulse parameters
only in a restricted power range of the laser diode including a nominal power of the laser diode,
wherein operating in a short-pulsed mode comprises operating only within said restricted power
range. In a still further aspect of the present embodiment, wherein each of the laser dicdes of the
other of the diode banks operale with high elecirical-o-oplical efficiency within only in & reskricted
power range of the laser diode including a nominal power of the laser diode, the method further
comprises operating sach of the laser dindes of the other of the dicde banks only within said

restricted power range.
BRIEF DESCRIPTION OF THE DRAWINGS

[6012] Embodiments of the present disclosure will now be described, by way of example

only, with reference o the accompanying drawings, in which:

[0813] FiG. 1 is a block diagram of a laser machining apparatus comprising a iaser
syatenty,
[6014] FIG. 2 is a schematic diagram depicting components of a diode bank of the laser

system of FIG. 1;

[6015] FIG. 3 is a block diagram depicting components of ancther embodiment of a laser
syatenty,

[6016] FIG. 4 is a block diagram depicling components of a further embodiment of a laser
syatenty,

10017] FIG. 5 is a graph depicling another embodiment of a power tuning method; and
[6018] FIG. 6 is a flowchart depicting a further embodiment of a power tuning method set

forth in the disclosure.
DETAILED DESCRIPTION OF THE DRAWINGS

[0019] The embodimenis described below are merely examples and are not infended to
fimit the invention o the precise forms disclosed. Instead, the embodiments were selected for

description to enable one of ordinary skill in the art {o praciice the invention.
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{00207 A laser system and a method of operating the laser system arg provided herein.
The laser system comprises laser dicde banks. Each bank comprises at least one laser diode and
may comprise multiple laser diodes connected in series. In one embodiment of the laser system, a
control unit controls current flow individually 10 sach of the banks 1o tune the output power of the
laser system. In one variation, at least ong of the banks is controlled to generate zerp cutput
power to reduce the oulput power of the laser systern.  [In another variation, the banks are not
individually tunable and are confrolied In groups in which the group members each generale a
predetermined oulput power (the oufput power is individually predetermined for each bank) o
provide discrete power iuning. In a further variation, the banks are individuaily iuned over
resiricied oulput power ranges. in one example, one of the banks is power tunable over a broad
output power range and other banks are power tunable over restricted oulput power ranges. In
another example, one of the banks has a larger oulput power capacity than other banks. In a

further example, one of the banks has a smaller cutput power capacity than other banks.

[0021] As used herein, the terms Mumed on” and "ured off” refer {0 the oulput state of a
dicde bank. A dicde bank may be furned on by application of a current {0 the dicds bank which is
greater than or equal to a threshold current necessary for iasing, and when tumed on has an
output power greater than zero. Conversely, a diode bank may be furmead off even if a current is
supplied to the diode bank if the current is less than the threshold current necessary for lasing, and

when furned off has an oulput power substantially sgual to zero.

[0022] As used herein, the term Muning” refers to the regulation of the output power of a
dicde bank or a iaser sysiem. A “lunable" dicde bank may be tumed off or, when tumed on,
operated at an output power within its tuning range. The tuning range may be restricted or narrow.
A "non-tunable” diode bank may be wmed off or tumed on, and when turned on may be operated
to generale a predetermined, fixed, cutput power. The predeterminad oufput power may be the
nominal, optimal, maximum or any other predetermined oulput power. The laser sysiem provided
herein may be tunable by operation of non-tunable banks, tunable banks, and combinations

thersof.

[0823] in industrial materials processing applications, such as sheet-metal cutling and
welding, it is desirable o maintain g conslant energy per unit length of process.  In these motion-
control systems, the culting/weiding head must speed up and slow down depending on the shape
of the cutiweld. Even in a slraighi-line cut, the head speed will follow a trapezoidal curve ~

accelerating up to some maximum cut speed and then decslerating at the end. To maintain a
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constant energy per unit length, the cutput power of the laser must be less than full power when
the head is moving at less than full speed. For example, the average power could be proportional
o head speed. A combingtion of pulsed operation and reduced instantaneousipeak power may be
used fo tune the oufput power in relation to cutling/welding head speed, for example to deliver an
equal amount of energy with sach pulse, while controlling the pulse rate in relation {0 the head
speed. Thus, dynamic control of cutput power is desirable, while various control parameters may
be available 1o lune output power as desired sven when diode banks are operaled at constant or

resiricted range output power.

[0024] FIG. 1 is a block diagram of a laser machining system 10 suitable for industrial
materials processing applications and may incorporate ambodiments of laser systems set forth
herein and according with the invention. Laser machining system 10 comprises a laser system 12
having a working head 14 delivering a laser beam 16 1o machine a work piece 18. Working head
14 is mounted on an X-Y carriage (not shown) programmed {o orient laser beam 16 on a desired
pattern, such as a cutting or engraving pattemn. Laser systermn 12 comprises a plurality of dicde
banks 20, sach of the dicds banks 20 providing a laser beam 22 1o a beam combiner 24. FIG. 2
depicts an exampie dicde bank 20. Beam combiner 24 combines the beams in any manner Known
in the art or future developed, and outpuis a combined beam 26 to working head 14, Each laser
heam 22 has an oufput power which is regulated by a contral unit 30. In one examiple, control unit
30 regulates power supplied by a power supply 32 into a plurality of current flows to the plurality of
dicde banks 20, sach current flow being individually controlled by control unit 30 to cause a dicde
bank 20 o produce a desired oulpui power via a laser Deam 22, A cooling system 34 may be
provided 1o circulate a cooling liquid through diode banks 20 to maintain their termperatures within
desired ranges. An example control unit according with the invention is described below with

reference to FIG. 4.

[0025] One specific example of a laser system suitable for industrial materials processing
applications according with the invention comprises muli-mode edge emilters on single-emitier
chips, each producing up © aboul 16 W oulput power. In the present example, fourteen such
single emitlers are mounted in sach package, wired in series, with an oulput of about 140 W
coupled into one output fiber. Each bank comprises three diode packages, or modules, wired in
saries. With a typical dicde drop of about 1.8V per dicde, sach package has a total drop of about
25 V, and thus each bank operates at about 75 V. Five individuailly controliable banks wired in

parallel may be used in the systern, providing fifleen 140 W packages in total for a tolal available
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faser diode power of 2.1 kW. The fifteen output fibers may be coupled inlo one larger power

delivery fiber leading {0 the workpiece, or into a pump input port of a fiber laser.

[6026] Example aser dicdes suitable for use in the embaodiments disclosed hersin include
any of various combinations of dicde types and package types, such as edge emitlers or verlical
cavity surface-emitling lasers (VCSELs), single-transverse-mode or mulli-mode. Diode chips may
include one emilter per semiconducior chip {single-emiiter chips), or mulliple emitters per chip {e.g.
dicde bars, VOSEL arrays). The chips may be packaged with one or multiple single-emitter chips
inside one package or one or mulliple mulli-emilter chips inside one package. The laser culput

from the diode package, or bank, may be delivered in an oplical fiber or as a free-space beam.

100271 To generate the faser oulput of the diode bank, the ¢hip culpuls are combined
within the diode bank. Light emitled from a high power single emilter is typicaily highly asymmetric
resulting in long and thin emitting apertures. The light beam emitled by such lasers has much
higher brightness in iis "ast axis" (perpendicular to the main p/n junctions) than in its "slow axig”
{paraliel 1o the aclive layer). An optical fiber, generally, has a subsiantially circuiar or polygonal
cross-section and a substantially symmetrical acceptance angle. To obtain the highest brighiness,
light beams from mulliple single emilter dicde lasers are coupled into a single fiber stacked in their
fast axis direction. For example, an array of 3-10 individual laser emitters with 2 100 micrometers
{umn) aperiure width in the slow axis can be coupled into a fiber with a 105 um diameter and 0.15

NA (numerical aperture) by stacking individual iaser beams in the fast axis diregtion.

[6028] Since the laser dicde emission is typically polarized, polarization beam combining
may be used to couple light emitfed by two arrays of single emitlers info a single fiber, thereby
doubling the power and brightness of the ouiput beam. One example of such laser besam
combining incorporates both the spatial stacking of squally polarized laser beams with polarization
muitiplexing of stacked beams from two laser arrays. In one example, two rows of laser dindes are
positionad on an upper level, and two rows of collimating lenses are positioned on a middie level,
The light beams are collimaied by the lenses and then reflecied by two rows of vertically offsel
prism mirrors positioned on a lower level, to form two vertically stacked beams that are polarization

combined using a polarization beam combiner (PBC} and a half wave plate.

[0029) in another example, first and second rows of laser diocdes are disposed in a
staggerad arrangement with a iateral offsel therebetween. The present example is described in
additional detail in U.5. Pat. No. 8,427,749, issued April 23, 2013, which is incorporated herein by

reference in its entirety and further described with reference to diode bank 20 in FIG. 2.
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{00307 Referring now o FIG. 2, an sxampie diode bank 20 comprises a plurality of dicde
laser subsystems 40a-f, each comprising a dicde laser 42, a fast axis collimator 46, a slow axis
collimator 48, and a tuming reflector 50. Diode laser subsystems 40a-¢ generate parallel beams
aligned vertically on a common plane A and vertically staggered such that a beam from one
subsystem does not traverse the optical components of the other subsystems aligned on the
common plane. Diode laser subsysiems 40d-f are similarly arranged and aligned on a common
vertical plane B. Dicde bank 20 further comprises oplic elements arranged to combing the laser
heams from the subsystems into laser beam 22 delivered by an oulput fiber 68. Example optic
slements comprise a polarization converter 80, a folding mirror 62, a polarization beam combiner

64, and a coupling oplics 686.

[6031] in a further embodiment of a laser system and a power control method for
contralling the laser system, the laser system comprises diode banks configured to output laser
beams, sach of the diode banks including a laser diode, and the diods banks including a first dicde
bank and other diode banks. The laser system also comprises a control unit configured 10 receive
an indication of a requested power and generate current contral signals based therson, the current
control signals configured to control the first dinde bank at a first power and the other dicde banks
at other powers, the first power being different than at least one of the other powers. To receive an
indication of a requested power comprises receiving a digital or an analog signal, in any manner
known in the art, which comprises a value of a desired output power. To generate the current
control signals based therson comprises selecting an amount of the requested power 10 be output
by one or more of the diode banks. Several ways of selecling the dinde banks and the power o be
output by each of them are described below. In one example, control logic is programmaed o
selact the least number of diode banks whose maximum powers exceed the requested power.
Thus, If each bank has a maximum capacity of 120 walls, and 580 watls are reguired, the control
logic selects 5 banks. If the banks are configured {0 operale al only one power level e.g.
maximum power, the control logic may operale all 5 banks o oulput 600 watls. [f each of the
banks may be operated in a reslricted power range, e.g. twnable from 70% to 100% of their
maxhmum power, the control logic may operate each of the 5 banks at 116 wails, thus meeting the
requirement while loading sach bank equally. If most of the banks are configured o operate at
only one power level, and al least one bank is tunable over at least 50% of s maximum range, the
control logic may operate 4 banks at maximum power, and operate the tunable bank at 100 waits,
thus meeting the requirement. In some embodiments, when fewer than all the banks are operated,

the seleclion reduces the imbalance in the life-time use, or on-fime, of sach of the banks by
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tracking usage and selecting banks each time the laser system is used which have less on-time
than the others, thus enhancing the life of the laser system. Various logic routines may be included
in the laser system which can be used depending on how the laser system is configured. A
configuration file may be included in the control unit and modified when the modular units of the
laser system are selected or when an application of the laser system is selected. The configuration
file may stipulate tuning ranges for the diode banks, maxdimum powers, and any other configuration

or tuning parameter described below.

100321 in an embodimeant of the power control method, the method comprises: operating a
first diode bank of the diode banks o output a first power; and concurrently operating other of the
diode banks 1o output other powers, at least one of the other powers baing different than the first
power. As described previcusly, the first diode bank may be tunable while the other diode banks,
at least some of them, may be operable at a single power oulpul.  In another example, the first
dicde bank is tunable over a wide power range while at least some of the other diode banks are
tunable over restricted ranges. In another example, the dicde banks are operable at a single
cutput power, but one of them has a smaller maximum power than the others, therefore improving
tunability of the laser system using dicde banks operable with a single outpul power or with
resirictad  output power ranges. Variations of the embodiments summarized in the preceding

paragraphs, and others, will now be described with reference to FIGS., 3-6.

[6033] FIGS. 3 and 4 are block diagrams depicting two embodiments of a laser system.
Referring o FIG. 3, a laser system 150 includes a power supply 1582, a control unit 160, and five
current controflers 176, An indication of a reqguested power is fransmitted 1o the control unit 180 via
a signal conductor 155, As used herein, "requested power” refers o an amount or level of power
fo be oulput by the laser system 150. Although the present embodiment is described in the conlexi
of five current controllers and five diode banks, it should be undersiood that more or fewer cument
controliers and diode banlks may be used, depending on their capacily and the desired capacity of
the laser system. Each of the current controliers 176 is elgctrically coupled 1o the power supply
152 by a power conductor 154 and o the control unit 180 by one of signal conduciors 158a-e. An
example conirol unit 160 is described in detlaill with reference o FIG. 4. Each current controller 178
enables current flow 1o a diode bank 178 so that the diode banlc 178 outputs an amount of power
determined by the conirol unit 160 and transmitted via a signal conductor 158 as a current control
signal for the current controller 178, Thus, each dicde bank 178 can culput the same or a different
amount of power as any other of the diode banks 178 as determined by the conifrol unit 160, Each

dicde bank 178 includes coupling oplics guiding, shaping, and consolidating radiation output by the
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laser dindes o delivery fibers 180a-¢. Exemplary coupling optics were disclosed with reference o
FIG. 2. The delivery fibers 180a-e connect each of the dicde banks 178 to a beam combiner 182
where the beams are combined into a system beam delivered by an output fiber 188, An
exemplary current controller comprises a current source with a fesedback component configured 1o
maintain a constant current output based on the current control signal transmitied via a signal
conductor. In the present embodiment, each signal conductor 158a-e provides a current control
signal to a different diode bank. The output power of the laser system is the sum of the oulput

powers of the diode banks.

[0034] Referring o FIG. 4, a laser system 150" functions as the laser systermn 150 and is
arranged in modular units 170a-e, each modular unit including a power supply 172, a current
controller 176, and a dicde bank 178, The contral unit 160G determines the power level 1o be output
by sach of the moduiar units 170a-2. In one example, each of the modular units 170a-e comprises
fourteen single-emilter diodes. Although the present disclosure refers {o five modular units, the
number modular units, and laser diodes in the diode banks, can vary to achieve a desired power
level. Thus, system 150 is easily scalable. In one variation of the present embodiment, the laser

system 150° comprises between 10 and 30 modular units.

[0035]) The beam combingr 182 may comprise optical elements arranged to combine the
beams in various fechnigues known in the arl. One technigue comprises spatial beamn combining.
Arn example spatial beam combining technique using free-space oplics 10 combine the beams was
previously presented with reference 1o FIG. 2. Ancther example spatial beam combining technique
may use a fused fiber combiner. A further technigque comprises temporal combining, using for
exampie short-pulsed diodes and fast oplical swilches. The aforementioned techniques, and any
other technigue described herein, may also be applied in combination. For example, FIG. 2
describes spatial beam combining including polarization combining. A vet further technigue
comprises wavelength combining, also known as wavelength-division mulliplexing, wherein for
example modular units 170a-e could operate at different wavelengths, possibly in wavelength-
locked or wavelength-controlled operation, and a diffraction grating or array of thin-film filters could
be used to combing the different wavelengths. In the case where two or more sources are
wavelength multiplexed, the coupling efficiency will be determined by how much of each source's
output is in the desired wavelength band. Thus the combined cutput power of the multiplexer will
be a function not only of each sources oulput power but also of the coupling efficiency and hence
directly depend upon the speciral characleristics of each source. If the speciral characteristics of

each source change as a funclion of time, for exampie due {0 seif-healing, then the combined
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outpul power will exhibit a temporal characteristic. A common artifact will be an increase in
combinad oplical output power rise time due o the time required for the spectral characteristics of

gach source to stabilize.

[6036] The time for a source to achieve wavelength stability will depend on how closely itis
operated to ifs nominal output power. For example, with a wavelength locked dicde laser, the
wavelength will lock more quickly if the laser dicde is operated at 100% of ifs oplimalinominal
power than if it were operated at 50% of ifs optimal/nominal cutput power. Thus the sources, e.g.
emitters or laser diodes, in a sysiem with n sources operated at 100% of their nominal oulput
power will wavelength lock faster than the sources in a different system with 2™n sources operated
at 50% of their nominal output power. All else being egual, the system with n sources will exhibit a
shorter rise time of the combinad oulput power. In systems where the laser Is modulated, the rise
time impact of slow wavelength locking can be the limiting factor in how rapidly the laser can be
modulated. Thus limiting operating power (o a rangs close o the oplimal/nominal outpul power will
result in higher possible modulation rates. In one embodiment, the diode banks tuned over a broad
range, e.g. from (% to 100% of their maxdmum power, achieve rise times greater (i.e. slower) than
80 usec. The rise fimes may be reduced 10 40 psec or less, providing strong wavelength locking,
an improvement of at least 50%, by tuning the diode banks in a restricted range comprising 70% to
100% of their maximum power. Depending on the modulation frequency, an improvement of 40
usec may translate to a 1-5% increase in cutput power. More preferably the range may be further
resiricted 10 achisve rise times of 25 usec or less while still retaining tuning capability. Of course
the actual rise fimes and tuning ranges achievable with a particular dicde bank will be affected by

other variables, including the temperature of the laser system.

[0037] In some embodiments, the modulated laser system inciudes temperalure conirol
features 1o control the temperatures of the laser diodes. A dicde bank may comprise a liquid
cooled cold plate on which the diode lasers are mounied. A working liquid flows through the cold
plate, generally at a predstermined constant flow rate and temperature sufficient to maintain a
desired lemperature of the laser diodes, e.g. 30°C, when they are operated o generale a
continuous wave. YWhen the modulation frequency or duty-cyole of the laser systern is reduced, the
amount of heat generated by the laser dicdes decreases. if the predetermined flow rate and
temperature is maintained, more heat will be exiracted than is generaled, bringing the femperature
down below the desired temperature. Furthermore, when modulating the laser dicdes below 100%
duty-cyole it may be desirable to maintain a higher desired lemperature, for example 40°C. An

example temperature control feature comprises an electrically resistive slement with a feedback
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sensor providing feedback to tempsrature controt logic structured to maintain the lemperaturg of
the diode bank at a desired level. The resislive element may comprise a resistive layer, a ceramic
resistor, or any other known slectrically resistive element.  The temperature control logic may
comprise fables that correlate the modulation freguency o the amount of heating necessary 1o
raise the temperaiure of the diode bank to a desired temperature, which may be varable as a
funclion of modulation frequency. The correlations may be delermined empirically or with an
energy-balance model. Once a modulation frequency is sel, a correlated amount of electrical

current is provided to the resistive element to heat the cold plate.

[0838] Another example temperature control fealure comprises flow control and
temperature control logic structured 1o maintain the femperature of the dicde bank at a desired
fevel as a function of modulation frequency. Cnce a modulation frequency is set, the temperature
contrdd logic reduces the flow rate of the working liguid © increase the temperature of the cold
plate, and vice versa. Flow may be reduced using a variable flow valve to divert some of the
working liguid away from the cold plate. Flow may alternatively be reduced by controlling the duty-
cycle or speed of a pump pumping the working liquid through the cold plate. In a further variation,
the temperature of the working liquid may be increased at a system level by increasing the setpoint

temperature of a chiller configured o cool the working liguid flowing o sach of the dicde banks.

100391 in some embodiments, a feedback sensor 184 may be provided 1o sense a syslem
parameter and transmit same via a feedback conductor 188 1o the control unit 1680. The control
fngic 162 comprises a closed-loop feedback portion io compare the value of a predicted system
parameter o the sensed system paramster and adjust the current levels to compensate for the
difference in accordance with fesdback parameters, &.g. proportional, integral, and/or derivative
paramelers. Example system paramelers inciude beam intensity, temperature, power, and

current. Current can be measured at the ouiput of each current controller.

[0040] The conirol unit 180 includes control logic siructured to implement control methods
described herein. The term "logic™ as used hersin includes software and/or firmware executing on
one or more programmable processors, application-specific integrated circuits, fisld-programmable
gate arrays, digital signal processors, hardwired logic, or combinations thereof. Therefore, in
accordance with the embodiments, varicus logic may be implemented in any appropriate fashion
and would remain in accordance with the embodiments hersin disclosed. In one variation, the
control unit 160 includes digital-io-analog converters (DAC) configured to oufput an analog control

signal corresponding o a digital value. The conirol unit 180 also includes embedded Random
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Access Memory (RAM) look-up tables 184a-e depicling relationships between addresses and
current levels. Each {able corresponds o one DAC. Each address comesponds 1o an outpud
power level Thus, selection of an address identifies the corresponding current lavels for every
DAC for a given regquired power. In this way, the current profile of sach individual bank {over the
input, or reguired, power range) is infinitely flexible, enabling operation in accordance with any
desired control algorithm or logic (including those described herein). The tables can be populated
manually by a user, or automatically using a firmware and/or programmable logic based program.
Since the refresh rate of the DACs is much faster than the inherent riseffall time of the current
regulator circuils, there s ne need to distinguish or use different algorithms between continuous
wave (CW) operation and pulsed/modulated operation, unless for optical reasons. The operaling
currents will simply "rack” the requesied power signal (i.e. follow their respective programmed
profiles} fo within the riseffall capability of the regulator circuits.  Stability may be increased by
provision of a deadband on the reguested power signal or the feedback signal to reduce curment
variation. The deadband may be user-programmable for added flesdbility, thereby allowing a user
to determine the amount of hysteresis. Tables may be re-writlen at any time, permiting a high
degree of flexibility and customizaiion. The tables and parametlers of the closed-loop feedback
may be updated periodically 1o reduce instances of discontinuities in outpul power by the laser
system. Discontinuities may occur when a dicde bank is urned on or off, for example. The
currents may be tuned to account for response times and other factors o adjust when the diode
barks are swilched on and off 1o reduce instances of discontinuities. The lables and parameters of
the closed-loop feedback may also be updated periodically 1o increase the power accuracy of the
laser sysiem. The power accuracy may be increased by reducing an error between the requestsd
power and the output power of the laser sysiem. The tables and parameters may change over

time 1o account for aging of the laser diodes and other faclors that reduce power acouracy.

[0841] in accordance with one embodiment of a tuning method, a requested power level is
selected, for example by a user or a machine comprising the laser system. Control logic 162
receives an indication of the requested power via signal conductor 155 and reads corresponding
current levels from the tables 1684a-e. Control logic 162 then communicates the current levels to
the DACs, which output analog current signals to the current confrollers 176, which in turn regulate
power from power supply 1582, 172a-¢ info currents having the desired levels for the dicde banks
178. The power of the diode banks may thus be regulated, or tuned. In some embodiments, the
power is tuned o operate the diocde banks only within restricted power ranges. it should be

understood that 100% of a maximum operating power corresponds o greater than 100% of the
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nominal powsr of a diode bank, therefore a 70-100% range of the maximum power includes the
nominal power. Example restricled power ranges of a dicde bank include a range comprising
50-100% of the maximum power, a range comprising greater than 70% of the nominal power, a
range comprising 90-110% of the nominal power, and any other range compaiible with a given
dicde bank and operating method. The range of power within which a diode bank may be tuned is
referred to as the "accessible power” and powers oulside the range are referred 1o as "inaccessible
power”. Depending on the siruclure of the laser system, the requested power may be accessible,
L.e. the laser system can be funed o supply the requested power, or inaccessible, Le. the laser
system can only supply more or less than the requested power because there are no combinations
of dicde banks and restricted power ranges that can supply the requested power. As discuss
below with reference to FIG. 5, for example, a combination of diode banks in a system may be
funable between 28-40% of the system’s maximum output power and ancther combination may be
tunable between 42-60%. Thus, the system’s accessible power for those combinations includes

28-40% and 42-60%, and the system's inaccessible power includes 41%.

(00427 in one variation of the present embodiment, al least somes of the laser diodes are
operated with zero tuning range, i.e. operated o generate a predelermined outputl power when
twmed on and zero output power when turned off. In the case in which N = 5 banks, and all are
non-tunable, the accessible power levels would be 20%, 40%, 60%, 80%. and 100%.
Nonetheless, this degree of coarse power tunability is sufficient for many applications. Table 1
depicts an example of coarse, or discrete, tunability using the tables 1684a-e in a configuration in
which all the dicde banks have the same power capacity. The power levels for sach of the dicde

banks are depicled as a percentage of capacity for lliustration purposes.

[0043] Table 1:
System Table Qutput Power of Diode Banks
Accessible | Addr: | Table 164a | Table 184b | Table 184c | Table 164d | Table 164e
Power {%) (Bank 1} {Bank 2) {Bank 3} (Bank 4} {(Bank 5)
20 0001 | 100% 0% (% (% 0%
40 0002 | 100% 100% 0% 0% 0%
80 0003 | 100% 100% 100% 0% 0%
80 0004 | 100% 100% 100% 100% 0%
100 0005 | 100% 100% 100% 100% 100%
[0044] In a further aspect of the present variation of the present embodiment, the conirol

logic is configured to optimize diode lifetime at the system level by periodically changing the order




WO 2016/060933 PCT/US2015/054713

~15-

in which the banks turn on, which works 10 equalize or reduce imbalance of on-times betwesn the
banks, preventing any particular bank from accumulating more on-lime than the others.
“Periodically” could mean a time-based period or an event (e.g. on every power-up cyole). In one
variation, the iables 164a-e include additional addresses and currents, which are configured o
cycle which of the banks is operated for different requesied powers. For example, control logic 162
can be configured with an address programmed to operate modular unit 170b, instead of operating
modular unit 170a, when 20% output power is desired. Indexing logic can be provided 1o index the
addresses after each stari-up of the laser system, for example by incrementing the address of the

given power level by the number of modular units.

[0045] In another variation of the present embodiment, one of the banks has a lower
nominal power, or cutpul capacity, than the others. In one example, the bank with the lowest
nominal power has half the nominal power of the remaining banks., Thus, with N = 5 banks, the
accessible power levels vary by the capacity of the smallest capacity bank, as shown in Table 2.
The tables 1684a-e may be used o program the funing algorithm. 1 should also be understood that
any program or algorithm or logic, in any form therecf, may be used {o program operation of the

diode hanks in accordance with the present disclosurs.

[0046] Table 2
Haif-power bank Number of full- Accessible Power
onfoff power banks on

On G 11.1%

Off 1 22.2%

on 1 33.3%

Off 2 44 4%

on 2 55.6%

Qff 3 66.7%

On 3 77.8%

Off 4 88.9%

On 4 100%
[0047] In accordance with another embaodiment of the tuning method, at least some of the

diode banks 178 are operated in restricted power ranges. Each diode bank may be turned off or
operated at an individualized power level within the restricted powsr range of the diode bank. Each
bank preferably comprises a number of diodes wired In series and controlled by one current

controller, thus ensuring that all the diodes in the bank are always driven with the same amount of
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current. The banks are preferably wired in parallsl to one ancther and driven by one or more

direct-current (DC) power supplies.

{00487 Operating the dicdes of a diode bank within a restricted power range is particularly
important for some specific conditions of diode operation or some spedific diode designs.
Wavelength-locked operation is one example. Here, the issue is that the speciral gain peak of the
laser diode gain material typically has a sirong temperature dependence; for GaAs-based laser
dicdes in the 800-1000 nm range, for example, the gain peak has a temperature coefficient of
about 8.3 nm/°C. In typical high-power operation of such a iaser diode, the lemperature of the
diode chip rises on the order of 30-40°C, thus causing a shift in the wavelength of the gain peak of
about 8-12 nm. In low-power operation, for example less than 10% of maximum power, on the
other hand, the tfemperature rises less than about 3°C, and the gain peak shifts only about 1 nm or
fess. In a non-locked laser dicde, this gain shift is not a problemy; the laser diode typically lases at
approximatealy the gain peak under all circumstances, and so the oulput wavelength simply varies
with power from, for example, about 830 nm at low power 1o about 840 nm at high power, for a
laser dicde that is specified for 840 nim operation at high power. Such variation is not a problem in

a large number of applications.

[0049) However, in other applications such as narrow-ling pumping of dicde pumped sdlid
state (DPSS) lasers and wavelength-division mulliplexing of direct-laser dicdes, wavslength control
on the order of 1-2 nm or belter may be required, and in such cases a dispersive glement such as
a grating is typically added to the laserdiode cavily fo enforce lasing at the desired fixed
wavelength. A grating may be writlen on the chip direclly, as in the case of distributed-fesdback
(DFB) lasers and distribuled-Bragg-refiector (DBR) lasers; or it may be external to the chip, as in
the case of volume Bragg gratings (VBG's), fiber Bragg gratings (FBG's), or bulk gratings such as
fransmission gratings. Such gratings have a much lower temperature cosflicient than GaAs and
therefore typically provide wavelength conitrol of 1-2 nm or less. Howaever, the gain peak of the
diode must stilt be accurately matched to the desired lasing wavelength as defined by the grating; if
this is the case by design at high power, then at low power, the gain peak will be displaced from the
fasing wavelength by on the order of 10 nm due to temperature variation. In Gaas lasers, the gain
peak is itself on the order of 10-20 nm wide, so this shift is very significant relative 1o the width of
the gain peak. If the laser is required to remain locked at low power, then in order for the grating to
“pull” the lasing wavelength from the gain peak o the grating wavelength, i Is necessary (o use a
higher grating strength than would otherwise have been necessary. This higher grating strength

diverts more of the laser power back into the laser for locking rather than providing i as useful
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output power, resulting in lower output power and lower efficiency at high power than would have
been necessary were it not necessary o ensure ocking at low power. Thus, there is a tradeoff
between locking range (and thus operating power range) and output powerfefficiency. If the
allowable operating power of the diods is restricted fo, for example, 70% fo 100% of maximum
power, then the gain peak will tune by about 30% * 10 nm = 3 nm, which is small relative to the
widih of the gain peak and therefore would have little impact o the graling strength nesded for
reliable locking. Using multiple independently current controlied diode banks, each operated within
a rasiricted ouiput power range or umed off, can provide a wide range of iofal oulput power from
the laser system with reduced wavelength shift dus to temperature variation, thus generating a
narrower emission band as compared o operaling the laser diodes oulside the restricled output

power range to generate the same total output power.

10050] A related example is wavelength-controlled (but non-locked) operation of a laser
dicde. Here, a diocde is allowed {0 operate at its nalural wavelength as delermined by the gain
peak, with no wavelength-locking mechanism, so that the output wavelength may vary by, for
example, on the order of 812 nm for GaAs dicdes as the power is tuned from zero 1o maximum
power. Restricling the operating power range of the laser dicde to a range of, for example, 70%-
100% of maximum, reduces the output wavelength variation o about 3 nm. While this degree of
wavelength control is not as tight as that enabled by wavelength locking, it is nonetheless a usefill
improvement for certain pumping applications, for example pumping Ybiglass, and for coarse
wavelength division multiplexing in direct diode lasers.  Using multiple independently curmrent
controlied dicde banks, each operated within a restricled output power range or tumed off, can
provide more consistent thermal lens strength from the laser system over a wider range of total
system outpul power than is possible from a similar laser system where each dicde banks is
operated to generale the same oulput power over the same {wider) range of total system ocutput

pOWeE.

[0651] Similarly, some dicdes may be optimized for high-brightness operation near specific
operating currents. Again the basis for this oplimization is thermal in nalure; a laser dicde typically
generales a lateral thermal gradient in high-power operagtion, which causes thermal lensing. A
faser diode c¢an be designed with a laleral chip design that produces a particular lateral mode
guality at a particular thermal lens strength, corresponding o a spscific oulput powsr level
However, at low power, the thermal lens sirength drops 10 near zero, so a different mode guality
will be observed. i the dicde is optimized for a desirable mode quality at high power, then it may

have worse, or unacceptable, mode guality at low power, for example leading 1o poor coupling
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efficiency into optical fiber in fiber-coupled laser dicde systems. Thus, i can be advaniagecus in
such laser diodes to resirict the operating power range to a subset of the full range, for example
restricling the power range to 70% o 100% of maximum power, 70% to 100% of nominal power, or

any other desirable range.

[0052] Short-pulsed laser diodes are another example of diodes that can benefit from
operating within a restricted power range. Q-swilching, gain switching, and mode-locking, Tor
example, are techniques that typically generate nanosecond or shorter pulses from laser dicdes by
using the characleristics of the laser rate egquations and opfical nonlinearities. These effects
depend directly on the operating powsr and also possibly on the chip temperaturs. Therefore it
may not be possible or reliable to operate such dicdes at powers oulside of a restricted power

range.

[0853] One last example of a motivation Tor operating diodes within a resiricted power
range would be with dicdss that are oplimized for high efficiency. Certain laser dicdes are
designed for optimum electrical-to-optical conversion efficlency atl or near a specified operating
power. Therefore, in order for the system o achieve optimum overall sfficiency, it is preferred for

these diodes not 1o operate oulside of a restricted power rangs.

[0054] Thus, in these applications {(wavelength locking, high brighiness operation, short-
puised, and high efficiency) it has been shown that #f can be advaniageous o operale the
individual laser diode in a restricted powsr range. Other such applications or siluations are
expected to exist as well. Oblaining wide power tuning of a system that includes many such laser
diodes is thus obtained advaniageously by turning off some of the diodes and operating some of

the diodes within their restricted power range.

[0055] Embodiments of a restricted power range tuning method will now be described with
reference to FIGS. 5 and 6. Generally, if there are N diode banks, and the diodes can be operated
from X% 1o 100% of maximum power, then the minimum non-zero power that can be generated by
the system is obtained by running one bank at its minimum aliowable power, resulling In a total
power of XIN% of the iotal sysiem maximum power. The power can be tuned upward from this
power by raising the power of that bank up to full power, and then beyond that by tuming on a

second bank, then a third, eic.

[0058] In one variation of the present embodiment, each of the diode banks has the same

nominal power and the dicdes in each bank may be operated in the same restricled range,



WO 2016/060933 PCT/US2015/054713
40

denoted as X% of maximum power. The present variation will now be described with reference o
FIG. B, which is a bar graph dencting the oulput power based on the number of dicde banks in
operation. In the present example, X=70% and N=5. The sysiem output power with one bank
tumed on will be between 70%/5, or 14%, and 100%/5, or 20%, shown as bar 180 in FIG. 5. With
two banks, the system power range is 28-40%, shown as bar 182, With three banks, the system
power range is 42-680%, shown as bar 194. With four banks, the system power range is 58-80%,
shown as bar 186. With five banks, the sysiem power range is 70-100%, shown as bar 188.
When the power ranges overlap, as is the case between bars 194 and 196, and 188 and 108§, the
output power can be regulated in a continuous range, e.g. from 42% to 100%, operating three,

four, and five banks.

[6057] Some power levels may be inaccessible when the power ranges do not overlap. An
appropriate response may be programmed in the contral unit in the event that an inaccessible
power level is requested by a machine application or a user. Example appropriale responses
include providing the nearest accessible power level (which may be higher or lower than the
requested power level}, providing the next higher accessible power level, (¢} providing the next
lower accessible power level, (d) providing zero powsr, and/or providing a warming or an ermor

message.

[0058] When power ranges overlap, mulliple numbers of banks can be used {0 provide the
reguested power level. In the above example, 75% outpul power could be provided using either
four or five banks. Various criteria may be used to determine how many banks o use. In one form
of the present embodiment, a transition power level is determined to transition from a lower number
of banks to a higher number of banks. For example, four banks could be used from 80% o 756%
power, and five banks could be used above 75% power. Control logic in the control unit may be
structured to operate in this manner in machine applications where the power will not be

continuously tuned or modulated.

[0059] FIG. & is a flowchart 200 iHlustrative of another aspect of the present embodiment, in
which hysteresis logic is provided to reduce on/off switching of banks. Hysteresis logic is
advantageous when, for example, power is continuously funed or modulated where the ranges
overlap, which may cause power spikes and glitches due to frequent on/off switching of banks.
Generally, a Iransition power level is determined 1o select an inillal number of banks. The initial
number of banks is maintained until the reguested power is outside of the power range of the initial

number of banks, at which time a different number ¢of banks is operated. The method begins at
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202, determining a ransition power level between M banks and M+1 banks, where M+1 is less
than or equal o N. The determining may be performed during configuration of the laser syslem
once the maximum powers of the dicde banks are known. The delermining may also be
performed during configuration of the laser system for use in a specified application, which may
require never gxceeading the reguested power by a specified amount. The transition power level
may be stored in a configuration table or file or specified memory localion of the control unit. Al
204 the method continues by determining a requested output power. The regquested oulput power
is determined by receiving a signal indicating the amount of desired output power, as discussed

with reference to FIG. 4 in connection with signal conductor 155.

(00607 Al 208 the method continues by determining iT the requested cutput power is above
the fransition power level. If the requested power is above the fransition power level, the method
continues at 210 by operating M+1 banks. Ctherwise the method continues at 220 by operating M
barks. Of course, there may be multiple overlapping power ranges and fransition power levels. In
such case, the highest transition power level below {less than) the requested cutput power may be

selacted.

[0061] After 210, while operating M+1 banks, the method continues at 212, by determining
if the requested power excesds the minimum power of M+1 banks. If the requestied output power
exceeds the minimum oulput power of M+1 banks, the system continues operation with M+1
banks. Otherwise, the method continues at 220, by ceasing operation of one bank 1o operate with
M banks. In this manner operation remains at M+1 banks even when the requesied power is less
than the transition power level, thereby delaying or preventing switching off of one bank, and

reducing on and off instances of a diode bank.

[6062] After 220, while operating M banks, the method continues at 222 by determining if
the requested power exceeds the maximum power of M banks. If the requesled power exceeds
the maximum power of M banks, the meithod conlinues at 210 by cperating with M+1 banks. In
this manner operation remains al M banks even when the requested power is greater than the

tfransition power level, thereby delaying or preventing switching on an additional bank.

[00863] In an alternative aspect of the embodiment disclosed with reference o FIG. 6, the
method selects the highest number of banks possible for the requested power. Thereafter, the
method switches to a lower number of banks only when the requesied power is less than the
minimum ouiput power of the then operating number of banks, as described with reference 1o 212,

and switches 1o a higher number of banks when the requested power exceeds the maximum
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output power of the then operating number of banks, as described with reference 1o 222, Referring
to FIGB. 5 and 6, for example, when oscillaling between 74% and 76% power, the system
operating in accordance with the foregoing aspect of the method would always use five banks.
Alternatively, if the system is being tumed on at 58% of the system power and then tuned
continuously up fo 78% and back down to 58% during a particular laser-processing operation, then
the laser sysiem would initially start with four banks {the highest number that can generate 58% in
this example, the other oplion being three banks), and # would continue to operale four banks
throughout this operation. Altematively, if the system were to start at 58% and then tune down {o
44% and then back up to 58%, then using this algorithm the system would start with four banks,
transition {o three banks as it passes through 56% power, and then remain at three banks down to

44% and all the way back up 1o 58%, thus incurring only one change in number of banks,

[6064] in another varation of the tuning method, at least one of the banks is designed {o
provide full power tuning. For example, the full-power tuning bank may be power tuned from
0-100% power. With the banks having egual maximum powers and the other banks having
restricted or zero power tuning range, full-system power tuning from 0-100% is possible. In this
case, with N = 5 banks, of which four are non-tunable and one is fully tunable, powers from 0 to
20% can be generated using only the tunable bank; from 20% to 40% can be generated using one
non-tunable bank plus the tunable bank; from 40% to 60% can be generated using two non-
tunable banks plus the tunable bank; and so on. Of course, a bank with less than full-power uning

in combination with non-unable banks may also provide sufficient tuning capability.

{00657 In another variation of the tuning method, the powers of the diode banks arg tuned
s0 that they are equal whenever possible, to promote uniform aging of the laser dicdes. Thus, if
the requested power is 480 watls and each of the five diode banks has a maximum power of 200
watls, but is funable from 140 {o 200 watls, the requesied power is provided by tuning three banks
to output 160 watls each instead of, for example, luning one bank o oufput 200 walls and two
banks to output 140 watlts sach. The order in which the banks are tumed on may be rotated, for
example by initially turning on banks 1, 2 and 3, and in ancther instance turning on banks 3, 4 and
5, such that over time each laser diode is utilized the same amount of time or turned on the same

number of imes.

[0066] While this invention has been described as having an exempiary design, the
present invention may be further modified within the spirit and scope of this disclosure. This

application Is therefore intended to cover any variations, usss, or adaptations of the invention
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using its general principles. Further, this application is intended o cover such departures from
the present disclosure as come within known or custormnary praclice in the art {o which this

invention pertains.



WO 2016/060933 PCT/US2015/054713

WHAT IS CLAIMED IS:
1. A faser system comprising:

diode banks configured to output laser beams, each of the dicde banks including a laser
diode, and the diode banks including a first dicde bank and other diode banks;

current conirollers configured to recsive current control signals corresponding o each of
the dicde banks and o enable current flows {o the diode banks based thereon; and

a conirol unit configured 1o receive an indication of a reguested power and generate the
current condrol signais based thereon, the current contrdl signals inciuding a first current control
signal to control the first dinde bank to cutput a first power, and cother current control signals fo
control the other of the diode banks 1o oulput other powars, the first power being different than

at least one of the other powers.

2. A laser system as in claim 1, wherein when the requested power equals a maximum
power of the first dinde bank, the first power equals the maxdmum power of the first diode bank,

and the cther powers equal zero.

3. Alaser system as in claim 1, whergin gach of the dicds banks has a maximum power,
the laser system has a system maximum power equal to the sum of the maximum powers of the
diode banks, the first current control signal is configured 1o tune the first dicde bank over a
broad range that is broader than 50% of its maximum power, and the other of the current control
signals are configured o tune the other of the diode banks over restricled ranges that are

narrower than 50% of their respective maximum powers.

4. A laser system as in claim 3, wherein the broad range comprises 40% to 100% of the

maximum power of the first diode bank.

5. A laser system as in claim 4, wherein the restricted ranges comprise 70% to 100% of the

respective maximum powers.
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8. A laser system as in claim 4, wherein the broad range comprises 10% to 100% of the
maximum power of the first diode bank.

7. Alaser system as in claim 3, wherein the maximum power of one of the diode banks is

different than the maximum power of anocther of the diode banks.

8. A taser system as in claim 3, wherein the maximum power of the first diode bank is

greater than the maximum power of each of the other of the dicde banks.

9. A faser system as in claim 1, wherein the laser system comprises a direct-diode laser.

10. A taser system as in claim 1, wherein the laser dicdes comprise single-emitter laser

dindes.

1. A faser systerm as in claim 1, wherein the laser dicdes comprise multi-emitler laser

diodes.

12 A laser system as in claim 11, wherein the muiti-emilter {aser dicdes comprise one of

laser-diode bars and vertical cavity surface-emitting lasers (VCSEL) arrays.

13. A taser sysiem as in claim 1, wherein the laser dicdes are comprised in laser-diode
modules, gach module containing at least two laser diodes having oulpuls at least one of

spatially combined and polarization combined.

14. A laser systern as in claim 1, comprising a diode-pumped laser system coupled to a

laser gain medium, a output power of the dicde-pumped laser system configured {0 pump the

faser gain medium, wherein the laser gain medium comprises one of a fiber laser, a disk laser, a

slab laser, a rod laser, a diods-pumped solid-state laser, a Raman laser, a Brillouin laser, an

opticai parametric laser, and an alkali-vapor laser,
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15. A laser system as in claim 1, the diode banks including the first diode bank, the cther

diode banks, and at least an additional diode bank.

16. Alaser system as in claim 1, further comprising & temperature control feature configured

to control a temperature of the laser diode as a functlion of a modulation frequency.

17. A laser sysiem as in claim 17, wherein the first dicde bank comprises a support siruciure
on which the laser diode is mounted, and the temperalure control feature includes an electrically

resistive element coupled o the support structure and configured o heat the support structure.

18. A power conifrol method for a laser syslem comprising laser diodes arranged in diode
banks, each diode bank comprising at least one of the laser diodes and having a maximum
power, the method comprising:

operating a first diode bank of the dicde banks o oulput a first power; and

concurrenily operating other of the diode banks {0 oufput other powers, atl least one of

the other powers being different than the first power.

19, A power conirol method as in claim 18, wherein the first power comprises a requesied

powsr {0 be output by the laser system, and the other powers equal zero.

20. A power control method as in claim 18, wherein operaling a diode bank to output zero
power comprises applying a current {0 the dicde bank which is less than a threshold current of

the at least one of the laser diocdes comprised in the diods bank.

21. A power control method as in claim 18, wherein operating a first diode bank of the dicde
banks to outpul a first power comprises tuning the first diode bank over a range greater than
50% of its maximum power, and concurrently operating each of other of the dinde banks o

output other powers comprises tuning the other of the diode banks over a range comprising less
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than 50% of their respective maximum powers and including a nominal power of the laser

dicdes.

22. A power control method as in claim 18, wherein the range of the first diode bank
comprises 0% to 100% of its maximum power, and concurrently operating each of other of the
diode banks to output other powers comprises uning the other of the diode banks only above

70% of their respective maximum powers.

23. A power control method as in claim 18, whersin the maximum power ¢f the first dicde

bank is grealer than the maximum power of each of the other diode banks.

24, A power conirol method as in claim 18, wherein the maximum power of the first diode

hank is smaller than the maximum power of each of the other diode banks.

25. A power control method as in claim 18, further comprising heating at least some of the
laser dicdes when they are off during one of pulsed and modulated operation of the dicde

banks.

28. A power control method as in claim 18, further comprising operating the laser dicdes of a
diode bank of the dicde banks only in a restriclted power range, the restricted power range

including a nominal power of one of the laser diodes.

27. A power control method as in claim 26, further comprising operaling the laser dicdes of
the other of the diode banks in a wavelength-confrolled mode, wherein each of the laser dicdes
of the other of the dicde banks are operated in a restricted power range of the laser dicde
including a nominal power of the laser diode, thusly generating a narrower emission band as
comparaed {0 operating the laser dicdes oulside the restricted powsr range, the narrower

emission band corresponding to the restricted power range.
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28. A power control method as in claim 26, further comprising operating the laser diodes of
the other of the diode banks in a high-brightness mode, wherein each of the laser diodes of the
other of the diode banks generale high-brighiness oufput reliably only in g resiricted power
range of the laser dicde including a nominal power of the laser dicds, wherein operaling in a

high-brightness mode comprises operating only within said restricted power range.

29. A power conirol method as in claim 26, further comprising operating the laser diodes of
the other of the diode banks in a short-pulsed mode, wherein each of the laser diodes of the
other of the dicde banks pulse reliably within specified puise parameters only in a restricted
power range of the laser dicde including a nominal power of the laser diode, whersin operating

in a shori-pulsed mode comprises operating only within said restricted power range.

30. A power control method as in claim 26, wherein sach of the laser dicdes of the other of
the dicde banks operate with high slectrical-tc-optical efficiency within only In a restricted power
range of the laser dicde including a nominal power of the laser dicde, further comprising
operating each of the laser diodes of the other of the diode banks only within said restricted

power range.

31. A power control method as in olaim 18, wherein the laser system comprises a direct-

dinde laser sysiem.

32. A power control method as in claim 18, the laser system comprising a dicde-pumped
laser system coupled {0 & laser gain medium, the method further comprising pumping the laser
gain medium with an oulpul of the diode-pumped laser sysiem, the laser gain medium
comprising ong of a fiber laser, a disk laser, a slab laser, a rod laser, a dinde-pumped solid-
state laser, & Raman laser, a Brillouin lasar, an optical parametric laser, and an alkali-vapor

laser.
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33. A powsr control method as in claim 18, wherein the laser system has accessible powers
and inaccessible powers, further comprising receiving an indication of a requested power, and if
the requested power comprises one of the inaccessible powers, performing one of: (a) operating
the laser system to ouipul an accessible power which is nearest the reguested power; (b)
operating the laser system to oufpul an accessible power which is the smallest accessible
power higher than the requesied power, (¢} operating the laser system {6 oulput an accessible
power which is the largest accessible power lower than the requested power; and (d) operating

the laser sysiem 1o cutput Zero power,

34. A power control method as in claim 33, further comprising outputling one of a warming

message and an error condition.

35. A power control method as in claim 18, further comprising power tuning the diode banks
to output a requested power, and utilizing hysteresis during the power tuning o reduce on and
off instances of a diode bank if the reguested power is modulated over a range including a
funing power limit of the diode bank and a power oulside a uning power range of the dicde

bank.

38. A power control method as in claim 18, further comprising power tuning the diode banks
to output & reguested power, whersin power tuning comprises periodically changing an arder in
which the diode banks are tumead on and off {0 reduce an imbalance of an on-time ¢f the diode

banks,

37. A power control method as in claim 18, further comprising power tuning the diode banks
to output a requested power, wherein power tuning comprises equalizing the other powers and

the first power to promote uniform aging of the laser diodes.
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38. A power control method as in claim 18, wherein the laser system comprises one of
lookup-tables and closed-loop feedback, further comprising utilizing one of the lookup-tables

and the closed-loop feedback 1o power tune the diode banks.

39. A power control method as in claim 38, further comprising periodically updating one of

the lookup tables and parameters of the dosed-loop feedback (o increase power accuracy.

40. A power control method as in claim 38, further comprising periodically updating one of
the lookup tables and paramsters of the closed-loop feedback {0 reduce instances of

discontinuities in output power by the laser system.
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