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LASER SYSTEM FOR RANGING
APPLICATIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 63/186,178, entitled “LASER SYS-
TEM FOR RANGING APPLICATIONS,” filed May 10,
2021 which is incorporated herein in its entirety for all
purposes.

FIELD OF THE INVENTION

[0002] The present invention relates to methods and sys-
tems for a laser ranging system using a laser that operates at
wavelengths between 1.2 and 1.4 microns.

BACKGROUND

[0003] An important use of lasers is for ranging, that is,
determining the distance from the laser to a target object.
The most common way to do this is for the laser to emit a
light pulse of short duration, and then for a small amount of
that light pulse to be collected which has reflected off of the
distant target, which is then detected by a detector co-located
with the laser. The time of flight, when multiplied by the
speed of light, gives the round-trip distance of the light. One
half of this is the distance to the target.

[0004] Many early laser ranging systems made use of
solid-state lasers based on neodymium operating at wave-
lengths near 1 pm, which is the wavelength at which
neodymium lasers have the most gain and are thus easiest to
make. Many military systems use a single large pulse and
make a single range measurement to a specific target. The 1
um wavelength is not considered eye-safe, since light is
focused by the eye’s lens and reaches the sensitive retina in
a small, intense spot. The focused light can permanently
damage the retina.

[0005] Later ranging systems had as a goal the measure-
ment of a multitude of targets. In these systems a single laser
beam may be scanned over a region of interest, and the field
of view of a detector, which receives the reflected laser
signal, may be scanned as well. Many thousands of pulses
may be used and a 3-dimensional image of the laser’s
surroundings, which is often denoted as a point cloud, can be
created. For short range applications, approximately 100
meters or less, semiconductor lasers are ideal, since they are
inexpensive and easy to pulse in a controlled manner, by
controlling the current applied to the semiconductor laser.
For longer ranges, Q-switched neodymium lasers have been
used, again at wavelengths near 1 pum, or sometimes at half
that wavelength, after conversion of the infrared light into
the green spectral region in a nonlinear crystal. Q-switched
lasers can easily reach peak powers of many hundreds of
watts and above, while semiconductor lasers are limited to
a few watts, and even then, with an inferior beam quality.
These Q-switched lasers have a longer measurement range,
typically thousands of feet and beyond. These systems can
in some cases be eye-safe, but only if power is kept very low,
which severely limits either the range or the rate of data
collection. The least expensive Q-switched neodymium
lasers at the 1-um wavelength are lasers passively
Q-switched by chromium ions which are doped into a solid
host material, most commonly yttrium aluminum garnet
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(YAG). These Cr: YAG passively Q-switched lasers typically
use Nd:YAG as the laser gain material.

[0006] As an alternative to lasers operating in the visible
and near infrared spectrum, which are focused on the retina,
ranging systems have been developed using longer wave-
length lasers that are not focused on the retina. These lasers
operate at wavelengths absorbed by the eye so that little or
no light reaches the retina. Lasers operating at these wave-
lengths, generally considered wavelengths longer than 1.2
microns, have been termed eye-safe lasers.

[0007] Recently, interest in laser ranging has greatly
increased due to the advent of autonomous or semi-autono-
mous vehicles. Autonomous vehicles can create a model of
the outside world partly from cameras, but the use of laser
ranging greatly enhances the reliability of these models. In
order to get a constantly updated 3-D model, a high mea-
surement rate is needed, requiring a laser with up to a million
pulses per second. This allows a new view to be formed
many times per second, with hundreds of thousands of pixels
in the view. For short range, which is most critical for city
driving, ranging systems based on semiconductor lasers may
be adequate. For longer range, such as is needed for freeway
driving, semiconductor lasers currently do not provide
adequate peak power for time-of-flight based ranging sys-
tems.

[0008] Laser ranging systems for freeway driving need a
range exceeding 1000 feet. A type of laser system currently
used in long range applications is a fiber-based, master
oscillator, power amplifier architecture. In this system, a
semiconductor laser provides pulses, which are amplified in
a glass fiber doped with erbium ions, which is pumped by a
second semiconductor laser. The typical operating wave-
length is near 1.5 um. This wavelength cannot reach the
retina; it is absorbed in the surface tissue of the eye, before
it is focused. This allows the laser intensity incident on the
eye without harm to be much higher than if the laser were
operating at a visible or near-infrared wavelength, such as 1
micron. A 1.5-micron wavelength laser may be denoted as
an eye-safe laser because light at that wavelength is
absorbed before reaching the retina; however, it should be
appreciated that at very high powers exposure to a laser
beam with this wavelength can cause eye damage.

[0009] These fiber-based lasers have peak power, average
power, beam quality, and pulse duration adequate for vehicle
ranging at freeway speed. However, they are expensive and
bulky, typically a 4- or 5-inches square package approxi-
mately 0.5 inches thick.

[0010] Incontrast to bulky and expensive fiber-based laser
sources, non-fiber-based solid-state lasers pumped by a
semiconductor laser can be small and inexpensive. For
example, green laser pointers, which is an example of a
solid-state lasers pumped by a semiconductor laser, are
about the size of a pencil and are relatively inexpensive. A
semiconductor pumped, passively Q-switched laser can be
used in ranging applications as described in U.S. patent
application publication No. 20200412080.

[0011] What is needed is a laser which is eye safe and has
a peak power, average power, pulse energy, beam quality,
and pulse duration adequate for the intended application.

SUMMARY

[0012] In an embodiment, a laser system configured to
output a pulsed laser beam having a wavelength between 1.2
and 1.4 microns is described. The laser system includes a
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gain element having a first and a second surface, the first
surface having a highly reflective coating at the lasing
wavelength to form a first end of a resonator. A selected
lateral dimension of the gain element is no greater than
approximately 1.0 mm. A second end of the resonator
formed by a second surface having a partially transmitting
optical coating at the lasing wavelength between 1.2 and 1.4
microns. A saturable absorber element is located in the
resonator, the saturable absorber being configured to output
the pulsed laser beam. The laser system further includes a
multiple emitter pump source having a plurality of emitters
each configured to emit an associated polarized pump beam
that is incident in polarized form on a common pump spot
in the gain element. At least a selected one of the emitters in
the multiple emitter pump source operates in a wavelength
range between 875 nm to 890 nm and is grating-locked to
wavelength-narrow and -stabilize the associated pump beam
generated by the selected emitter. The pulsed output laser
beam has an average power greater than 1 Watt.

[0013] In another embodiment, a laser system configured
to output a pulsed laser beam having a wavelength between
1.2 and 1.4 microns is described. The laser system includes
a gain element having a first and a second surface, the first
surface having a highly reflective coating at the lasing
wavelength to form a first end of a resonator. A selected
lateral dimension of the gain element is no greater than
approximately 1.0 mm. A saturable absorber element is
located in the resonator, the saturable absorber being con-
figured to output the pulsed laser beam. A second end of the
resonator is formed by a second surface having a partially
transmitting optical coating at the lasing wavelength
between 1.2 and 1.4 microns. The laser system further
includes a pump source. The pump source operates in a
wavelength range between 875 nm to 890 nm and is grating-
locked to wavelength-narrow and -stabilize a pump beam
generated by the pump source.

[0014] In yet another embodiment, a laser system config-
ured to output a pulsed laser beam having a wavelength
between 1.2 and 1.4 microns is described. The laser system
includes a gain element having a first and a second surface,
the first surface having a highly reflective coating at the
lasing wavelength to form a first end of a resonator. A
saturable absorber element is located in the resonator, the
saturable absorber being configured to output the pulsed
laser beam. A second end of the resonator is formed by a
second surface having a partially transmitting optical coat-
ing at the lasing wavelength between 1.2 and 1.4 microns.
The laser system further includes a pump source. The pump
source operates in a wavelength range between 875 nm to
890 nm and is grating-locked to wavelength-narrow and
-stabilize a pump beam generated by the pump source. The
pulsed output laser beam has an average power greater than
1 Watt.

[0015] In yet another embodiment, a laser system config-
ured to output a pulsed laser beam having a wavelength
between 1.2 and 1.4 microns is described. The laser system
includes a gain element having a first and a second surface,
the first surface having a highly reflective coating at the
lasing wavelength to form a first end of a resonator. A
saturable absorber element is located in the resonator, the
saturable absorber being configured to output the pulsed
laser beam. A second end of the resonator is formed by a
second surface having a partially transmitting optical coat-
ing at the lasing wavelength between 1.2 and 1.4 microns.
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The laser system includes a multiple emitter pump source
configured to generate a plurality of pump beams that
spatially overlap in a common pump spot in the gain element
to form a combined pump beam. The combined pump beam
occurs only in or adjacent to the gain element and at least a
selected one of the emitters in the multiple emitter pump
source operates in a wavelength range between 875 nm to
890 nm and is grating-locked to wavelength-narrow and
-stabilize an associated pump beam generated by the
selected emitter.

[0016] In yet another embodiment, a laser system config-
ured to output a pulsed laser beam having a wavelength
between 1.2 and 1.4 microns is described. The laser system
includes a gain element having a first and a second surface,
the first surface having a highly reflective coating at the
lasing wavelength to form a first end of a resonator. A
saturable absorber element is located in the resonator, the
saturable absorber being configured to output the pulsed
laser beam. A second end of the resonator is formed by a
second surface having a partially transmitting optical coat-
ing at the lasing wavelength between 1.2 and 1.4 microns.
The laser system includes a multiple emitter pump source
having a plurality of emitters each configured to emit an
associated polarized pump beam that is incident in polarized
form on a common pump spot in the gain element. At least
a selected one of the emitters in the multiple emitter pump
source operates in a wavelength range between 875 nm to
890 nm and is grating-locked to wavelength-narrow and
-stabilize the associated pump beam generated by the
selected emitter.

[0017] In yet another embodiment, a laser system config-
ured to output a pulsed laser beam having a wavelength
between 1.2 and 1.4 microns is described. The laser system
includes a gain element having a first and a second surface,
the first surface having a highly reflective coating at the
lasing wavelength to form a first end of a resonator. A
saturable absorber element is located in the resonator, the
saturable absorber being configured to output the pulsed
laser beam. A second end of the resonator is formed by a
second surface having a partially transmitting optical coat-
ing at the lasing wavelength between 1.2 and 1.4 microns.
The laser system includes a pump source that operates in a
wavelength range between 875 nm to 890 nm and is grating-
locked to wavelength-narrow and -stabilize a pump beam
generated by the pump source. The laser system further
includes a beam splitter arranged to pick off a portion of the
pulsed output laser beam. A length of the laser system is less
than 25 mm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The invention and the advantages thereof, may best
be understood by reference to the following description
taken in conjunction with the accompanying drawings in
which:

[0019] FIG. 1 is a plot of the allowable average power vs.
wavelength for a Class 1 (eye-safe) laser.

[0020] FIG. 2 is a plot of water transmission and absorp-
tion vs. wavelength.

[0021] FIG. 3 is a schematic diagram of an exemplary
laser ranging system using an eye-safe laser.

[0022] FIG. 4 is a schematic diagram of a prior art 1.3
micron, passively Q-switched laser.
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[0023] FIG. 5 is a schematic diagram of an eye-safe,
passively Q-switched laser system capable of producing
very short pulses according to an embodiment of the current
invention.

[0024] FIG. 6 is a diagram showing alignment of an axial
mode spectrum and gain spectrum.

[0025] FIG. 7 is a schematic diagram of an eye-safe,
passively Q-switched laser system capable of producing
very short pulses having an output coupler according to an
embodiment of the current invention.

[0026] FIG. 8 is a schematic diagram of an eye-safe,
passively Q-switched laser system capable of producing
very short pulses having a gain element and saturable
absorber element situated very close to or contacting each
other according to an embodiment of the current invention.
[0027] FIG. 9 is a schematic diagram of an eye-safe,
passively Q-switched laser system having multiple laser
resonators formed by surfaces on a gain element and a
saturable absorber element according to an embodiment of
the current invention.

[0028] FIG. 10 is a schematic diagram of an eye-safe,
passively Q-switched laser system with an amplified output
according to an embodiment of the current invention.
[0029] FIG. 11 is a schematic diagram of an eye-safe,
passively Q-switched laser system having spatially com-
bined pump beams according to an embodiment of the
current invention.

[0030] FIG. 12 is a flowchart depicting a method of
measuring a distance according to an embodiment of the
current invention.

[0031] In the drawings, like reference numerals are some-
times used to designate like structural elements. It should
also be appreciated that the depictions in the figures are
diagrammatic and not to scale.

DETAILED DESCRIPTION

[0032] The present invention relates to methods and sys-
tems for a laser ranging system using an eye-safe laser. The
laser operates at wavelengths between 1.2 and 1.4 microns.
The laser can be described as a diode-pumped neodymium
laser, operating at a wavelength in the range from 1.2 um to
1.4 um. The laser may be a passively Q-switched laser,
which is caused to have a pulsed output by inclusion of a
saturable absorber material within the laser cavity. The
saturable absorber may be based on vanadium ions in a
crystalline or glass host material. Many design approaches,
which optimize this type of laser for ranging, are described
below. Laser output power may be increased by use of a
second gain element within the laser cavity or external to the
laser cavity where it amplifies the output power of the laser
cavity. An output power of a laser system may be increased
by having a plurality of lasers pumped by a monolithic
semiconductor die.

[0033] For operation in an open uncontrolled environ-
ment, it is important that a laser ranging system be eye safe.
Eye safety exists when an observer who is looking in the
direction of the laser source of the laser ranging system will
experience no eye damage as a result of exposure to the laser
radiation. An eye safe level of laser power varies with the
laser wavelength. Various standards have been established
for what constitutes an eye safe laser. FIG. 1 plots the
allowable laser power limit for an eye safe, class 1, laser as
a function of laser wavelength. There are two standards
plotted, the IEC and the ANSI standard. They generally
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overlap but differ somewhat in the wavelength range
between 1.28 um and 1.4 pm. Both standards indicate that
the wavelength range having the highest allowable eye safe
power level is between 1.2 and 1.4 microns. The highest
allowable power corresponds to wavelengths near 1.3
microns. For this wavelength, the IEC standard allows
continuous-wave laser powers as high as 95 mW and the
ANSI standard allows laser powers as high as approximately
40 mW. The values of FIG. 1 apply to a beam which is a
near-ideal ray of light. For beams which are spread out, or
quickly scanned, as is the case for ranging systems, higher
levels of power are considered to be safe, but still the 1.2-1.4
um range permits the most power.

[0034] The physical basis for the laser safety standards
depicted in FIG. 1 is the threshold for damaging the retina
or other eye tissue of an observer looking directly at an
incoming laser beam. For many wavelengths, such as visible
wavelengths, eye tissue is transparent, and incoming light is
transmitted to and focused on the retina. As a result, very
low optical power levels can burn a spot on the retina
resulting in permanent eye damage. Referring back to FIG.
1, the allowable limit for an eye safe power begins to rise
significantly for laser wavelengths longer than approxi-
mately 1.15 microns. This is a result of absorption of these
wavelengths in the eye tissue between the eye’s outer
surface and the retina. This absorption is dominated by water
absorption in the eye tissue. FIG. 2 illustrates water absorp-
tion as a function of wavelength.

[0035] FIG. 2 shows a curve 80 that plots a fraction of
light which is transmitted through a 2.4-cm thick object
made of water. The human eye is well modeled by such an
object. Humans of all ages have the same size eyes; there is
essentially no eye growth after birth. Note that at the deep
red wavelength of 0.7 pm essentially all of the light is
transmitted. At 1.2 um it is down to 5%. At 1.4 pm it is
essentially 0%, and no light reaches the retina.

[0036] FIG. 2 also shows in curve 82 a fraction of light
absorbed in the first 1 mm of an object made of water. For
wavelengths above 1.4 pm, essentially all of the light is
absorbed in this first millimeter.

[0037] The advantage of the wavelength range from 1.2
um to 1.4 um is that while little of the light passes through
2.4 cm of water and reaches the retina, the light absorption
is also not concentrated in the first millimeter. These wave-
lengths are safer for both the retina and for the eye’s outer
surface, because light absorption is distributed over the bulk
of the eye.

[0038] FIG. 3 shows a representative laser ranging system
according to an embodiment of the present invention. The
ranging system 10 may be mounted on a platform, such as
a vehicle 20. The vehicle may be under human control or
may be autonomous or semi-autonomous. The vehicle 20
and ranging system 10 may operate in an open environment,
from which wildlife and humans are not excluded, such as
a roadway. The vehicle 20, such as a truck or automobile
operating at freeway speeds, needs to get useful range data
at distances exceeding 1000 feet. If the vehicle is traveling
at 70 mph, the time to travel 1000 feet is less than 10
seconds. The ranging system 10 includes a laser 11. The
laser 11 includes a gain element 13 which has as its active
dopant neodymium ions or some other ion capable of lasing
in a wavelength window between approximately 1.2 and 1.4
microns. Power to pump the gain element 13 may be
provided by a semiconductor laser 14. The semiconductor
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laser may operate in a continuous manner or the pump power
delivered to the gain element 13 may be varied as desired.
The laser 11 emits an output beam 30 in the wavelength
range from 1.2 pm to 1.4 um. Since pump energy may be
stored in the gain element 13 the peak power of the output
beam 30 can be many times greater than the maximum pump
power.

[0039] A monitor 12 senses emission of a laser pulse and
provides a signal indicative of its emission. The target 40 to
be measured by the ranging system 10 may include humans
with unprotected eyes. Light beam 30 emitted by the laser 11
may strike the target 40 and be scattered and reflected. Some
of the scattered and reflected light 50 returns to a detector 15,
which may be co-located with the laser 11 within the ranging
system 10. The reflected light may return along an optical
path identical or close to that of the laser beam 30. The
detector 15 senses the scattered and reflected light and
provides a signal. In some embodiments, the monitor 12 and
the detector 15 may be a common element.

[0040] A determination of the difference in time between
an emitted laser pulse and detection of the scattered and
reflected light from the target may be made by a processor
16 using the signals from the monitor 12 and detector 15.
The time difference is then used to determine the distance to
the target using the known speed of light. The output beam
30 may be scanned by a scanning system over a field of view
so that a distance between multiple targets in the field of
view may be determined. The scanning system may be
integrated into the ranging system 10. There may be multiple
targets in the field view and the processor 16 may be
configured to discern the nature of the different targets in the
field of view. Alternatively, the output beam 30 may flood
illuminate a large area and spatial resolution is obtained by
having multiple detectors that measure the reflected light
over different portions of the illuminated area. In other
embodiment, the output beam 30 may be arranged as a line
source which is scanned in a direction perpendicular to the
line of illumination.

[0041] The laser ranging system 10 can determine motion
of detected targets in its field of view by determining a
distance to the target on successive scans. The difference in
the target’s distance between successive scans, a time
between successive scans, and motion of the vehicle 20 are
known quantities and can be used to determine target
motion.

[0042] It should be also appreciated that any of the meth-
ods or operations described herein may be stored in a
suitable computer readable medium in the form of execut-
able computer code. The executable computer code can be
stored in a memory that can include a non-transitory com-
puter-readable medium on which instructions for performing
all the methods and functions disclosed can be stored. The
term “non-transitory computer-readable medium” can
include a single medium or multiple media that store instruc-
tions and can include any mechanism that stores information
in a form readable by a computer, such as read-only memory
(ROM), random-access memory (RAM), erasable program-
mable memory (EFPROM and EEPROM), or flash memory.

[0043] The operations are carried out when the processor
16 executes the computer code. The processor 16 may
determine a distance between a platform and a target. The
processor 16 may cause a passively Q-switched laser
mounted on the platform to be operated in a series of pulses,
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each pulse in the series of pulses having a wavelength
between 1.2 and 1.4 microns.

[0044] Aside from the basic functionality of determining a
time difference, the processor 16 may have other control
functions, such as directing scanning of the output laser
beam across a field of view. The processor 16 may also
include logic that can discriminate between reflected signals
from the target and background noise that may be present in
the environment. For example, other laser ranging systems
may be in the vicinity and may be emitting laser beams at
substantially the same wavelength. The processor 16 may be
configured to identify these background signals and disre-
gard them. The processor 16 may also direct the laser 11 to
operate with different time intervals between the pulses in
the series of pulses. Varying the laser output 11 in a
controlled manner may form a code that helps to discrimi-
nate against background noise. Different methods of chang-
ing the laser output parameters are described herein. These
methods may include controlling the laser axial mode struc-
ture, changing the laser cavity length, adjusting the pump
power on the gain element, and amplifying the output power
of the laser.

[0045] FIG. 4 is a schematic diagram of a prior art laser
resonator 100. A gain element 110 is a piece of Nd:YVO,
crystal. Optical coatings are applied to the two large surfaces
of the gain element 110. A first surface 111, which forms one
end of the laser resonator, is coated for high transmission at
a pump wavelength of approximately 0.81 um, and for high
reflection at a lasing wavelength of approximately 1.34 pm.
A second surface 112, opposing the first surface 111, is
coated for high transmission at 1.34 pm.

[0046] The laser resonator 100 contains a saturable
absorber, which allows the laser resonator 100 to be pas-
sively Q-switched. Passive Q-switching causes the laser
resonator output to be a series of pulses rather than a
continuous output. The pulses are generated by the laser
resonator without any active control element, such as an
acousto-optic or electro-optic modulator. The saturable
absorber 120 in the laser resonator 100 is a thin piece of the
crystalline material vanadium-doped YAG, or V:YAG. Both
surfaces 121 and 122 of the V:YAG are coated for high
transmission at 1.34 um. A discrete output coupler 130 has
an output coating 131 on its inner surface that forms one of
the ends of the laser resonator 100. The output coating 131
reflects most of the resonant light 170 at the 1.34 pm lasing
wavelength and couples out a portion to form the output
beam 160. The resonant light 170 circulates between the first
surface 111 of the gain element 110 and the output coating
131. The output coating 131 may have a low reflectivity at
1.06 microns, so that the resonator 202 does not lase at this
wavelength, which has higher gain than the lasing transition
at 1.34 microns.

[0047] The laser resonator 100 is energized by pump light
150 emitted by a pump laser 140. Typical efficiencies of
energy conversion to output pulsed light 160 are up to 30%.

[0048] While the prior art laser depicted in FIG. 4 has been
demonstrated, various modifications, improvements, and
additions to the basic laser may be made that may enable
higher performance ranging systems. Some of these modi-
fications, improvements, and additions for pulsed operation
have been described in U.S. patent application publication
No. 20200412080. Additional modifications and improve-
ments are described below.
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Short Pulse Laser System

[0049] As disclosed in U.S. U.S. patent application pub-
lication No. 20200412080 an eye-safe, passively q-switched
laser may be used in a ranging system. The pulse length of
the laser system described in that application may be
decreased by decreasing the cavity length. One design
improvement that may be useful in high resolution LIDAR
is to shorten the laser output pulse length to pulse durations
of less than 1 ns. A short pulse may be obtained by making
the laser resonator very short. FIG. 5 is a schematic diagram
of a laser system 200 having a very short resonator 202. A
gain element 210 may be a piece of Nd:YVO, crystal.
Optical coatings may be applied to the two large surfaces of
the gain element 210. A first surface 211, which forms one
end of the laser resonator 202, is coated for high transmis-
sion at a pump wavelength and for high reflection at a lasing
wavelength of approximately 1.34 um. A second surface
212, opposing the first surface 211, is coated for high
transmission at the laser wavelength of 1.34 pm.

[0050] The laser resonator 202 may be formed between
the first surface 211 of the gain element 210 and a second
surface 222 of a saturable absorber element 220. The second
surface 222 of the saturable absorber element 220 may be
coated to reflect some of the lasing wavelength back into the
resonator 202 and transmit some of the resonant light 270 in
the laser resonator 202 as an output laser beam 260. That is
the coating on the second surface 222 serves as an output
coupler that reflects most of the resonant light 270 at the
lasing wavelength and couples out a portion to form the
output beam 260. A first surface 221 of the saturable
absorber element 220 may be coated for high transmission
at the lasing wavelength. The first surface 211 of the gain
element 210 and the output coupler 222 may either or both
have a low reflectivity at 1.06 microns, so that the resonator
202 does not lase at this wavelength, which has higher gain
than the lasing transition at 1.34 microns.

[0051] The first surface 211 of the gain element 210 and
the second surface 222 of the saturable absorber element 220
define the ends of the resonator 202. If first surface 211 and
second surface 22 are planar surfaces, the resonator 202 is
simple and may be less expensive to produce and build. An
advantage of an all-planar resonator is that the requirement
for positioning the pump beam within the resonator is
greatly relaxed. For an all-planar resonator, the pump can be
positioned anywhere on the pumped face, which may be a
few millimeters in size; for a resonator with a curved
reflecting surface it cannot. A typical tolerance on pump
positioning for a resonator with curved optics is a few 10’s
of microns. In some embodiments either or both first surface
211 and second surface 222 may be deliberately curved.
[0052] A spacer 242 may be situated between the gain
element 210 and the saturable absorber element 220. The
spacer 242 may be a plate with a hole, a tube, or any
structure mechanically situated between and connecting the
gain element 210 with the saturable absorber element 220.
The spacer 242 may have features that allow it to bend such
that the alignment of the first surface 211 of the gain element
210 with the second surface 222 of the saturable absorber
element 220 may be adjusted so as to change their align-
ment. The spacer 242 need not enclose the beam path in the
resonator 202 although this may be advantageous, since the
spacer 242 may then also serve to seal the laser resonator
volume from outside contamination that may degrade laser
performance. The resonator volume may be completely
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sealed, such that it is isolated from the surrounding atmo-
sphere, or it may have a seal that allows pressure equaliza-
tion between the resonator volume and surrounding atmo-
sphere. The spacer 242 may include an aperture or one or
more edges to assist in transverse mode control.

[0053] The laser resonator 202 may be energized by a
pump beam 250 emitted by a pump source 240. Optional
optical element 280 may adjust a spot size of the pump beam
on the gain element 210. The optional optical element 280
may include an optical fiber, which allows the pump source
240 to be situated remotely from the laser resonator 202. The
pump source 240 may be a single emitter, semiconductor
laser diode.

[0054] Assuming the first surface 211 of the gain element
210 and the second surface 222 of the saturable absorber
element 220 are properly aligned, the resonator 202 can lase
with the application of sufficient power in the pump laser
beam 250. Lasing is established by resonant light 270
circulating between the first surface 211 of the gain element
210 and the second surface 222 of the saturable element 220.
The gain element 210 and saturable absorber element 220
must be aligned so that the resonant light 270 reflects off of
the two end mirror coatings and returns to the same point.
This will be possible if all surfaces are parallel, or by
aligning one or both of the reflecting faces to achieve the
desired condition of a ray reflecting back on itself indefi-
nitely.

[0055] A portion of the output beam 260 may be picked off
by a beam splitter 262 forming monitor beam 264. The
portion of the output beam not picked off by the beam
splitter 262 may be directed to the target. The monitor beam
264 may be directed to a monitor detector 266. The monitor
detector 266 may generate an electrical signal 268 repre-
sentative of the power in the monitor beam 264 incident on
the monitor detector 266.

[0056] The electrical signal 268 may be directed to a
controller 272. The controller 272 may receive one or more
control signals 275 from the processer 16 shown in FIG. 3.
The controller 272 may output a cavity control signal 277
that causes the spacer 242 to vary in length, thus controlling
a length of the resonator 202. The controller 272 may also
output a pump control signal 279 to pump laser driver 282.
The pump control signal 279 may control current 283
provided by the pump laser driver 240 to the pump source
240. Increasing a voltage of the control signal 279 may
proportionally increase the current 283 provided to the pump
source 240, increasing the power of the pump laser beam
250. The pump laser driver 240 may be arranged to drive the
emitters of the multiple emitter pump source in series such
that current flowing through each emitter of the multiple
emitter pump source is the same. Alternatively, the pump
laser driver 230 may be arranged to drive the emitters of the
multiple emitter pump source independently so that a current
through each emitter and a power of the pump beam
associated with each emitter may be independently con-
trolled.

[0057] 1t should be appreciated that the arrangement and
configuration of the various optical and electrical compo-
nents may be rearranged or integrated together while main-
taining the functionality of the laser system 200 depicted in
FIG. 5. For example, the beams reflected and passing
through the beam splitter 262 may be directed to different
destinations. The controller 272 may be integrated with the
pump laser driver 282.
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[0058] The laser resonator 202 has an associated axial, or
equivalently a longitudinal, mode spectrum. The spectrum is
a series of peaks with intervening valleys as a function of
wavelength or frequency. The peaks in the spectrum corre-
spond to the condition that an optical wave making a round
trip transit through the laser resonator will have the same
phase as its initial phase. This condition is equivalent to a
round trip optical path length through the laser resonator 202
being an integer number of wavelengths long. The gain
element 210 will have a gain curve with a gain peak. The
shape and location of the gain curve and gain peak is
determined by the lasing dopant, the host material, and
dopant/host material temperature.

[0059] By making the resonator 202 very short, for
example, less than 1000, 750, 500 or 250 microns in length
the cavity round trip time may be reduced, which reduces the
duration of output pulses from the laser resonator 202. The
full width at one half maximum (FWHM) duration of the
laser pulses may be less than 1000, 750, 500, 250, or 100 ps.
The pulse rise time may be less than 500, 375, 250, 125, or
50 ps. Here pulse rise time is the time for the output power
to increase from 10% of its peak power to 90% of its peak
power. Such short pulses are advantageous in precision
ranging systems. The speed of light is approximately 30 cm
per nanosecond, so for lasers having rise times of one ns or
greater, resolution of a ranging system is in the range of 10
cm. For the shorter pulse, faster rise times of laser system
200, the ranging system resolution may be less than 1 cm.
[0060] FIG. 6 schematically depicts a resonator axial
mode spectrum 1304 and a gain curve 1302. In this case a
peak 1306 in the laser gain curve is in alignment with a peak
1308 in the resonator axial mode spectrum 1304. In general,
a laser will lase at a wavelength corresponding to one or
more of the axial mode peaks 1308. In various embodiments
described below the relative position of the axial mode
peaks 1308 may be shifted relative to the gain peak 1306 to
obtain a desired axial mode alignment. In particular, the
resonator axial mode spectrum 1304 may be shifted so that
the peak 1308 is aligned or substantially aligned with the
gain peak 1306 in the gain curve 1304. Operation in this
manner facilitates single axial mode operation.

[0061] The position of the axial mode spectrum may be
shifted by changing the physical length of the resonator or
changing the optical path length in the gain element 210 or
saturable absorber element 220. A change in resonator
length of 4 wavelength, which is 0.33 pm for a wavelength
of 1.34 um, is enough to move the laser from the condition
of one, centered mode, to two modes straddling the gain
curve, with equal gain. Such a change in resonator length
may be readily achieved by fabricating the spacer 242 from
a piezoelectric material that changes its length with applied
voltage.

[0062] To align a peak in the axial mode spectrum 1308
with the peak of the gain 1306 a control signal 277 may be
applied to the spacer 242. The control signal 277 may cause
the spacer length to change by more than a quarter of the
lasing wavelength, causing at least one axial mode peak
1308 to be aligned with the gain peak 1306 during the scan.
The power of the output beam 260 and amplitude stability of
the output beam 260 may be monitored by the monitor
detector 266 during the scan. A control signal 277 that
results in high output power, good amplitude stability, and
low timing jitter between successive laser pulses corre-
sponds to alignment of an axial mode spectrum peak 1308
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with the gain curve peak 1306. Once a scan has been
completed, the controller 272 can apply a steady control
signal 277, which may be denoted as VDC, that places the
resonator 202 is this aligned condition or in any condition of
alignment between the gain curve 1302 and the axial mode
spectrum 1304 as desired.

[0063] Single frequency operation is enhanced by making
the laser cavity length as small as possible, such as cavity
lengths less than 1 mm. A short laser cavity increases the
spacing between adjacent axial modes, which increases the
differences in gain between adjacent modes. While using a
short laser cavity is helpful in maintaining single axial mode
operation, it may be detrimental to maintaining single trans-
verse mode operation. A laser with a “single transverse
mode” is a laser with a single, stable wavefront whose shape
approximates a sphere or an ellipsoid. This stability leads to
a high-quality beam. The beam from a single-transverse-
mode laser has near-ideal beam properties. Such a beam has
an M-squared (M?) value in the rage 1 to 2 in each of two
orthogonal directions perpendicular to a propagation direc-
tion. It can be focused to a smaller spot than a beam from a
multi-transverse-mode laser.

[0064] Single transverse mode operation of the resonator
202 may be improved by using a small diameter pump spot.
Multi transverse mode pump lasers cannot maintain a small
pump spot over the thickness of the gain element 210, since
if pump beam 250 is focused tightly to create a small focal
spot in the gain element 210, the pump beam 250 rapidly
diverges rapidly expanding the pump spot size.

[0065] By contrast a single transverse mode pump source
may be used to pump the resonator 202. With single trans-
verse mode pumping, the pump beam 250 diameter in the
gain element 210 may be less than 50, 25, or 10 microns over
the entire length of the gain element 210. For clarity, the
pump beam diameter herein will refer to a diameter of a
circular area that encircles 90% of the beam power in the
gain element 210. In other words, using a single-transverse-
mode laser as the pump source 240 enables the transverse
dimensions of a volume containing the laser gain of the
pumped laser to be made smaller. That is a pumped diameter
in the gain element 210 is smaller. As the pumped diameter
get smaller the resonator 202 can be made shorter while
maintaining single-transverse-mode operation of the reso-
nant light 270. The resultant output beam 260 thus is single
transverse mode. A single transverse mode pump source can
be either butt coupled or tightly focused into the gain
element 210 in the laser resonator 202 to obtain a small
diameter pump spot. The pump spot diameter may be less
than 10 or 20 microns, compared to the 50-to-100-micron
pump spot diameters that are typical when using a multi-
transverse mode pump source, such as a 100-micron aper-
ture edge-emitting laser diode or a similarly sized VCSEL
(vertical cavity surface emitting laser) pump source. The
single transverse mode pump source may be either an
edge-emitting laser diode with a small aperture or a small
aperture VCSEL. Here the term single axial mode means
that substantially all of the power, such as more than 80%,
90%, 95%, or 99% of the power, in a laser beam is in one
axial mode. Here the term single transverse mode means that
a beam can be characterized as having a M? value in each of
two orthogonal directions perpendicular to a propagation
direction of less than or equal to 1.5.

[0066] One way to make a laser operate in a single axial
mode is to force all or most of the gain into a region within
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a few hundred microns of the end of the laser resonator 202.
For the resonator depicted in FIG. 5, this places the gain
predominantly near the first surface 211 of the gain element
210. When this is done, adjacent modes are suppressed,
since the standing wave pattern of each mode is heavily
overlapped in the gain region. To achieve this condition of
strong absorption of pump light for the gain element 210
formed from a Nd:YVO, crystal, the doping should be high,
typically 2% or higher; the pump light should be linearly
polarized parallel to the “c” axis of the Nd:YVO, and the
pump wavelength should be near a peak of the Nd:YVO,
absorption.

[0067] Absorption peaks in the Nd:YVO, crystal spectrum
occur in several wavelength ranges. Two wavelength ranges
that are attractive for pumping are a first range near 808 nm
and a second range between 875 and 890 nm. The second
wavelength range has relatively narrow absorption peaks at
wavelengths of 878.6, 879.5, 885, and 888 nm. An attractive
feature of the 808 nm pump wavelength is that the absorp-
tion feature is approximately 5 nm wide, allowing efficient
pumping with spectrally broader pump sources and looser
control on the pumping wavelength. The second, longer
wavelength range has the advantage of having a smaller
quantum defect between the pump beam 250 and output
beam 260. The resonator 202 may be pumped with a pump
source in one of these wavelength ranges or it may be
simultaneously pumped with a plurality of pump sources
having different wavelengths that may be either in the same
or a different wavelength range. To lock and narrow the
pump wavelength a grating-stabilized pump laser may be
used. In other words, the pump source may be grating-
locked to wavelength-narrow and -stabilize the associated
pump beam generated by pump source. The grating may be
either internal to the pump laser or may be positioned
external to the pump laser cavity and be part of the optics
280.

[0068] The smaller quantum defect of the second wave-
length range has the advantage that the ratio of heat to useful
power is smaller. This reduction in heat for a given level of
laser output may allow higher power and higher pulse
energy, since Nd:YVO, lasers are commonly limited by
heating. Heat-limited operation is indicated by “rollover” of
the output power of the laser. “Rollover” is said to occur
when the application of additional input pump power leads
to diminished returns in laser output, or even negative
returns, where output power reaches a maximum and
increased pump power reduces output power. Pumping in
the second wavelength range should raise the power at
which rollover occurs relative to pumping in the first wave-
length range. Generally pumping in the second wavelength
range reduces thermal lensing and may allow a higher output
power and more efficient laser system.

[0069] The second advantage of pumping in the second
wavelength range is that the semiconductor lasers available
in this wavelength range may be both more powerful and
have greater reliability. This is due to the fact that semicon-
ductor lasers at these wavelengths can be produced with less,
or no, aluminum content in the active lasing structure. The
presence of aluminum in a semiconductor laser results in
known degradation mechanisms that can limit their output
power and lifetime.

[0070] One element to optimize is the gain element 210,
which may be a YVO, crystal doped with neodymium. The
crystal thickness along the pump beam propagation direction
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and doping level must be properly selected to ensure
adequate absorption of the pump beam. A typical thickness
may be less than or equal to 1 millimeter or some smaller
value such as approximately 0.5 mm, 0.4 mm, 0.3 mm, 0.2
mm or 0.1 mm. A doping level of the Nd ions in the crystal
may be higher than is used for larger lasers, which are
typically less than 1%; however, doping levels of approxi-
mately 1% may be appropriate in some cases. Doping levels
of 2% or 3% may be appropriate for the gain element in
other cases. A unique “c” crystallographic axis of the YVO,
crystal may be oriented so that it may be substantially in the
plane of the first surface 211 and second surface 212, which
may be substantially parallel with each other. The gain
element 210 may be shaped as a rectangular parallelepiped.

[0071] Diffraction losses, due to clipping of the resonant
light 270 in the resonator 202, place a lower limit on the
lateral dimensions of the gain element 210. The lateral
dimensions refer to the dimensions perpendicular to a lasing
path of the resonant light 270, i.e., the width and height of
the gain element 210. The smallest lateral dimension should
be at least approximately three or four times as large as the
beam size, as defined by a 1/e* beam radius, to make
diffraction losses negligible. A typical beam size in the
resonator 202 may be in the range of 10 to 100 microns, so
the minimum lateral dimension is in the range of 40 to 400
microns. As such, the lateral dimensions of the gain element
first surface 211 and second surface 212 may be small, since
the beam cross-sectional area is small. While a square face
with lateral dimensions of 5 mmx5 mm is mechanically
convenient, much smaller lateral dimensions are possible
and may be advantageous to reduce cost and improve heat
transfer from the gain element 210. For a beam size of 50
microns assuming a lateral dimension four times the beam
size, any size larger than approximately 0.2 mmx0.2 mm
may be suitable. Thus, the surface area of both the first
surface 211 and second surface 212 of the gain element 210
may be as small as approximately 0.2 mm multiplied by 0.2
mm or 0.04 mm>. A larger lateral dimension, such as
approximately 0.5 mm or in a in a range between 0.2 mm to
0.5 mm may be appropriate if the beam size is larger or such
a thin gain element 210 is mechanically fragile or too
difficult to handle. Also, chipping along the edges of the gain
element 210 may make a slightly larger lateral dimension
more advantageous.

[0072] The gain element cross-section need not be square,
for example, a rectangular cross-section may be used. The
smallest lateral dimension of the cross-section may be
referred to as a selected lateral dimension. For a square
cross-section gain element 210, either the width or height
may be denoted as the selected lateral dimension. The
cross-section shape may be chosen at least in part to help aid
in removal of waste heat from the gain element 210. For
example, the height or selected lateral dimension of the gain
element 210 may be approximately 0.5 mm or in a range of
0.4 to 0.6 mm. and the width of the gain element may be
approximately 2 mm. In other embodiments, the selected
lateral dimension may be less than 1 mm or between 0.5 to
1.0 mm. For resonant beams 270 having a small size, such
as 25 microns, the selected lateral dimension may be in the
range of 0.1 to 0.5 mm. An aspect ratio between the height
and width may be optimized for cost and heat transfer from
the gain element 210. In some embodiments, particularly
those using a plurality of laser emitters each of which may
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pump a laser resonator as depicted in FIG. 9, the gain
element 210 may be required to have larger lateral dimen-
sions.

[0073] The saturable absorber element 220 may have
lateral dimensions similar to that of the gain element 210.

[0074] Another parameter which can be varied to select
the desired performance characteristics is small-signal,
single-pass absorption of the saturable absorber element 220
in the laser resonator 202. The saturable absorber element
220 may be composed of the vanadium ions in a V:YAG
crystal, which acts as a saturable absorber at a wavelength
of 1.34 microns. In general, a larger absorption results in a
lower repetition rate and shorter pulses. The thickness and
doping level of the saturable absorber may be chosen to get
a desired saturable absorption of the 1.34 pm lasing light. If
the absorption is too low, output pulses will be too long, and
their energy and peak power will be low. If the absorption is
too high, the system may not achieve threshold, and will not
“lase.” If it does lase, the pulse repetition rate may be too
low, though output pulse length will be short, and pulse
energy will be high. For pulse lengths less than 1 ns, a
resonator length with a length of less than 1 mm and an
absorption of 3% in a single pass may provide acceptable
performance. This absorption results in an acceptable trade-
off between pulse energy, pulse length, peak power, and
repetition rate. This level of absorption may result in a very
thin piece of V:YAG, such as a thickness less than 0.5 mm,
0.4 mm, 0.3 mm, 0.2 mm, or 0.1 mm.

[0075] The V:YAG crystal may be prepared so that the
charge of the vanadium ion is +3, to the highest degree
possible, for example, more than 90% of the vanadium ions
are in the +3 valance state, also known as the trivalent state.
A <100> crystallographic axis of the YAG crystal, of which
there are three, may be oriented so that it is substantially
perpendicular to the plane of the first surface 221 and second
surface 222 of the saturable absorber element 220. The
saturable absorber element 220 may be fabricated from a
V:YAG crystal. The first surface 231 of the V:YAG crystal
may be coated for high transmission at 1.34 pm. A second
surface 232 may be coated to function as the laser output
coupler, in which case it may be coated for partial trans-
mission at 1.34 pm. A typical partial transmission is 3-25%,
that is 3-25% of the incident 1.34 um light is transmitted and
the other 75-97% is reflected.

[0076] The first surface 211 and second surface 212 of the
gain element 210 may be oriented parallel to the first surface
221 and second surface 222 of the saturable absorber
element 220, or they may be oriented at an oblique angle.
One of the three, equivalent, <100> crystallographic axes of
the V:YAG may be oriented parallel to the “c” axis of the
YVO,. Orientation tolerances may be relatively relaxed, for
example, an error of 5° is acceptable.

[0077] In alternative embodiments, the spacer 242 need
not be located between the gain element 210 and the
saturable absorber element 220. The spacer 242 may attach
either directly or indirectly to any side of the gain element
210 and the saturable absorber element 220. The spacer 242
may consist of multiple parts that are attached together. Only
one of the parts of the spacer 242 need be a piezoelectric
material.

[0078] A pump power of the pump source 240 will typi-
cally less than 8 watts for a semiconductor laser diode pump
source having a single emitting aperture. The expected
power in the output beam 260 at a wavelength of approxi-
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mately 1.34 um will be some percentage of the pump power;
for example, 20%. Advantageously the pulsed output power
of the laser system 200 may be an order of magnitude or
more than that available from the semiconductor laser pump
source. The output beam 260 will be polarized, and will be
nearly diffraction-limited, with a value of the beam quality
figure of merit, M?, of less than or equal to 1.5, where 1 is
the ideal limit. A beam with a M? of less than or equal to 1.5
may be considered a single transverse mode beam. Such a
low divergence beam is desirable in laser ranging applica-
tions.

[0079] It should be appreciated that a short cavity laser
system is not limited to the embodiment depicted in FIG. 5.
In other embodiments, an output couple 230 may be
included in the resonator 202 of laser system 300 as depicted
in FIG. 7. The laser system 300 may be similar to the laser
system depicted in FIG. 5 and for brevity a description of
some of the common elements will not be repeated here.
Unlike previous embodiments, both surfaces of the saturable
absorber element 220 may be coated to be anti-reflective at
the laser wavelength. The output coupler 230 may have a
coating applied to a first surface 231 that transmits some of
the resonant light 270 and reflects some of the resonant light
270 back into the resonator 202. Alternatively, the first
surface 231 may have a coating that is highly transmissive
at the laser wavelength and a partially transmissive coating
on the second surface 232. Either or both the first surface
231 and second surface 232 may be planar or curved. As in
a previous embodiment, a control signal 277 may be applied
to the spacer 242 to change the optical path length in the
resonator 202 and thus change the output frequency of the
laser system 300. In this embodiment, the gain element 210
may be directly attached to the saturable absorber element
220.

[0080] FIG. 8 shows another embodiment of a short pulse
laser system 400. The laser system 400 may be similar to the
laser system depicted in FIG. 5 and for brevity a description
of some of the common elements will not be repeated here.
In this embodiment, a gain element 210 and a saturable
absorber element 230 are situated very close to each other,
for example, separated by less than, 20, or 10 microns or are
in contact with each other. The gain element 210 and
saturable absorber element 220 may be bonded together
directly, through a thin film coating, or by using an adhesive.
The adhesive may be within a resonator region occupied by
the resonant light 270 or it may be outside of this region. The
spacer 242 may be eliminated. The first surface 211 of the
gain element 210 and the second surface 222 of the saturable
absorber element 220 form the laser resonator 202. The
surfaces 211 and 222 may be planar or curved. Surface
curvature may be due to mounting stress, coating induced
stress, or deformation caused by pumping the resonator 202.
Alignment of the laser resonator axial mode spectrum with
the gain of the gain element 210 may be achieved by
controlling the temperature of the laser resonator 202. For
example, the laser resonator 202 may be thermally coupled
to a heater 282. The heater 282 may generate heat by
dissipating energy in an electrical resistor. The cavity control
signal 277 may provide the necessary power to heat the
electrical resistor. A temperature sensor 284 may be ther-
mally coupled to the resonator 202 and may provide a
feedback signal 286 to the controller 272. Alternatively, the
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resonator 202 may be thermally coupled to a thermoelectric
cooler, which allows the resonator to be either cooled or
heated.

Increased Laser System Output Power

[0081] The previously described laser systems may be
limited in their output power or pulse energy by thermal
effects in the resonator or by limits on the available pump
power. For example, available pump energies when pump-
ing with a single emitter laser diode may be in the range of
1 to 2 uJ when operating at high pulse repetition rates, such
as above 500 kHz. High output laser systems, with pulse
energies greater than 2 pJ, may be required for very long-
distance ranging, such as distances greater than approxi-
mately 1 km. Likewise high pulse repetition rates such as
above 300, 400, 500, or 600 kHz may be required so that a
point cloud generated by the ranging system may have a
sufficient update rate. Thus, the average pulsed output power
may need to exceed 1, 1.5, 2, 3 or more Watts for a
long-distance ranging system. A pulse energy may be at least
approximately 2 pJ and a pulse repetition rate may be at least
approximately 500 kHz. Such ranging systems generally do
not require high accuracy determination of the distance to
the target, such as sub-meter accuracy, and thus short pulses
are not required, although they may be useful in some cases.
It should be appreciated that the approaches to higher output
power described below are not limited to long range LIDAR
applications but may be useful in short and mid-range
LIDAR systems requiring higher distance accuracy.

[0082] There are three basic approaches to increasing the
output power and pulse energy of a laser system. In a first
approach, multiple laser resonators may operate simultane-
ously increasing the output power by the number of laser
resonators in the laser system. In a second approach, the
output a single laser resonator is amplified by passing the
output beam through a second gain element outside of the
resonator. The second gain element serves as an amplifier
increasing the laser system output. In a third approach, the
pump power to a single resonator is increased, by spatially
combining the output of multiple emitters into a common
pump spot in a gain element. Each of these approaches is
described below.

[0083] The first approach uses a monolithic pump source
that has a plurality of laser emitters each of which may pump
a laser resonator. Such an architecture is shown in FIG. 9,
which shows a laser system 500 having a monolithic pump
source 502 having a plurality of individual pump lasers
504a, 50456, 504c, . . ., 504r-1, 504n. The number of
individual pump lasers, n, on the monolithic die 502 is equal
or greater than two. In some cases, the number of pump
lasers may be very large, exceeding 10 or even 100. The
monolithic, multiple emitter pump source 502 may be a laser
diode bar composed of a plurality of multiple transverse
mode or single transverse mode emitters fabricated on a
single, monolithic semiconductor die. Alternatively, the
multiple emitter pump source 502 may be a 1- or 2-dimen-
sional array of VCSELs fabricated on a single, monolithic
semiconductor die.

[0084] All the emitting apertures of the monolith pump
source 502 may have substantially the same emitting area or
the emitting apertures may have different sizes. The mono-
lith pump source 502 may have a single electrical connec-
tion. In this case, current supplied by the single electrical
connection supplies power to all the individual pump lasers

Nov. 24, 2022

504a thru 504» and the current through each laser cannot be
controlled independent of the current through the other laser.
In other embodiments, some or all of the individual pump
lasers 504a thru 504» may have an independent electrical
connection. In this case, the current through a laser may be
controlled independently of the current through other laser
sources in the monolith pump source 502.

[0085] A pump beam 506 may be emitted by each indi-
vidual pump lasers 504a thru 5047. The pump beam 506
may be coupled into a gain element 508. The gain element
508 may be fabricated from a doped crystal, such as
Nd:YVO,. A saturable absorber element 510 may be situ-
ated adjacent the gain element 508. The saturable absorber
element 510 may be fabricated from V:YAG. A first side 514
of the gain element 508 and a second side 516 of the
saturable absorber element 510 may be coated and aligned
as previously described to form a plurality of resonators
512a,512b, 512c¢, . . ., 512n-1, 5121n. The cavity length 518
of each of the resonators may be substantially similar.
Advantageously the plurality of laser resonators 512a thru
5127 may be formed by the gain element 508 and the
saturable absorber element 510. That is many laser resona-
tors 5124 thru 512r may operate simultaneously using only
two elements in the laser resonator, the gain element 508 and
the saturable element 510. Each gain element 508 and
saturable absorber element will have multiple, spatially
separated, lasing paths. For example, laser diode bars pro-
ducing 40 W of cw power or more are commercially
available. These bars may have nineteen 150-micron wide
emitting apertures arranged on a 500-micron pitch. In this
example, the total output power of the laser system 500 may
be 19 times that of an individual laser emitter, such as that
depicted in FIG. 5. Each laser resonator 512a thru 5127 may
produce an output beam 518a, 5185, 518¢, . . . 518»-1, 518xn.
The laser resonators 512a thru 5127 may be coupled, so that
the output beams 518a thru 518# are synchronized in phase,
or the output beams 518a thru 518» may be independent. In
practice, such a laser system 500 may operate without all
laser resonator 512a, 5126, 512¢, . . . , 512r-1, 512n
functioning, since the loss of a single resonator may have
only a small impact on the total output power.

[0086] The laser system 500 described above allows mul-
tiple passively Q-switched lasers to use only a single,
monolithic block of gain material as the gain element 508
and a single, monolithic block of saturable absorber material
as the saturable absorber element 510. This architecture is
particularly attractive for passively Q-switched laser cavities
using planar mirrors on both ends of the laser cavity. In this
case, all passively Q-switched laser cavities may be aligned
simultaneously. In alternative embodiments, an independent
output coupler may be used instead of having the output
coupler on the second surface 516 of the saturable absorber
element 510. The independent output coupler may be planar
or may have a plurality of curved surfaces that forms the
second end of the resonator.

[0087] The second approach to increase the output power
of a laser system is to provide an amplifier to boost the laser
system output power. The laser system thus has two gain
elements, a first gain element within the resonator and a
second gain element in the amplifier outside of the resonator.
A particularly advantageous architecture is to use a single
pump source to energize both the laser and the amplifier.
FIG. 10 shows a schematic diagram of a laser system 600
that amplifies the output of the laser resonator 202. The laser
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system 600 shown in FIG. 10 uses the laser system 200
depicted in FIG. 5, with the addition of an amplifier 604;
however, any of the other previously described laser systems
100, 300, 400, or 500 may be used in place of laser system
200. It may be desirable if the resonator 202 is short, for
example, <2 mm to maintain a higher pump intensity in the
amplifier 604 without a requirement to refocus the pump
beam, although refocusing between the resonator 202 and
amplifier 604 may be used in some cases.

[0088] The laser system 600 may be arranged so that the
gain element 210 absorbs only a portion of the pump beam
250. Thus, a significant percentage of the pump beam 250
passes through the gain element 210. For example, more
than 50%, 75%, 90%, 95%, or 99% of the pump beam 250
may pass through the gain element 210. While there may be
some absorption of the remaining pump beam in the satu-
rable absorber element 220 a significant amount of the pump
beam 250 may pass through the resonator 220 forming a
remaining pump beam 602. The remaining pump beam 602
may pump the amplifier 604 causing the amplifier 604 to
have gain for the resonator 202 output beam 260. The output
beam 260 is thus amplified as it passes through the amplifier
604 producing an amplified beam, which has a higher optical
power that can be directed to the target.

[0089] In other embodiments, the pump beam 604 that
energizes the amplifier 604 does not pass through the
resonator 202. This arrangement avoids the pump beam 604
passing through the saturable absorber element 220. Passing
the pump beam 604 through the saturable absorber element
220 may result in undesirable heating of the saturable
absorber element 220 due to absorption of the pump beam
604.

[0090] The amplifier 604 may be fabricated from the same
material as the gain element 210, which ensures that both
elements have gain at a similar wavelength. In some
embodiments, a doping level in the amplifier 604 may be
higher than that of the gain element 210. Having different
doping levels may be desirable since there is no longer a
need to absorb a significant fraction of the pump beam 250
in the gain element 210 to have an efficient laser system. The
doping level in the gain element 210 may thus be low.
[0091] An advantage of the laser system 600 is that
making the gain element 210 thin may result in poor
efficiency, since much of the pump beam 250 may not be
absorbed. The laser system 600 enables the pump beam 250
not absorbed in the gain element 210 to be utilized and not
wasted. The laser system 600 spreads out where waste heat
is generated. Waste heat due to the quantum defect and
incomplete gain extraction is produced in both the gain
element 210 and amplifier 604, compared to having all waste
heat produced in the gain element 210. This reduces the
thermal load on the gain element 210, which may allow a
larger operating window for single axial mode and single
transverse mode operation of the resonator 202.

[0092] While using a single pump source to pump ampli-
fier 604 through the gain element 210 is advantageous in
many applications, this is not a requirement. In alternative
embodiments, the pumping beam 250 may be split between
the gain element 210 and the amplifier 604 and individually
directed into each element. For higher power operation,
different pump sources may be used for the gain element 210
and amplifier 604. The output beam 260 may be focused
inside the amplifier 604 and the amplifier pump beam 602
may be substantially spatially overlapped.
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[0093] The third approach to increase the output power of
a laser system is to spatially combine the output of multiple
emitters into a common pump spot in a gain element. FIG.
11 shows a schematic diagram of a laser system 700 having
multiple emitters combined into a common pump spot. The
laser system 700 may be similar to the laser system depicted
in FIG. 5 and for brevity a description of some of the
common elements will not be repeated here. Instead of a
single pump laser 240 as depicted in FIG. 5 laser system 700
has multiple pump lasers 240a, 2405, and 240c. While three
pump lasers are shown in FIG. 11 this number is exemplary
only and any number of pump lasers, such as but not limited
to, 2, 3, 4, 5 or more, may be used. The individual pump
beams 250qa, 2505 and 250c¢ of the pump lasers 240a, 2405,
and 240c¢, respectively, are spatially combined to form a
combined pump beam 251. The combined pump beam 251
has power from two or more emitters overlapping in a
common pump spot in the gain element 210 of the resonator
202. The spatial combining may occur in the optical element
780 (as depicted in FIG. 11) or it may occur in the gain
element 210. For a pump source with an external grating, the
external grating may be incorporated into the optical ele-
ment 780. Spatial combining in the gain element 210 may be
realized by orienting the individual pump beams 250a, 2505
and 250c¢ at a slight angle to each other and overlapping
them in the gain element 210. In this arrangement, spatial
overlapping of the individual pump beams 250a, 2505 and
250c¢ occurs primarily in the gain element or adjacent to the
gain element and there is little, if any, spatial overlapping of
the individual pump beams 250a, 2505 and 250c¢ in the
optical element 780. Thus, the individual pump beams 2504,
2505 and 250c¢ are spatially distinct in the optical element
780 and only spatially combine in or adjacent to the gain
element 210. In other words, the combined pump beam 251
occurs only in or adjacent to the gain element 210. If the
spatial combining is done in the optical element 780, the
individual pump beams spatially overlap in the optical
element 780 and the combined pump beam 251 is directed
to the gain element 210. In such an arrangement, the optical
element 780 may include an optical fiber that allows the
pump lasers 240a, 24056, and 240c¢, to be situated remotely
from the resonator 202. The pump lasers 240a, 2405, and
240c, and optical element 780 may be situated in a common
package whose output is fiber delivered to the gain element
210.

[0094] The multiple emitters may be situated on a com-
mon monolithic semiconductor die such as the monolithic
die 502 depicted in FIG. 9. Unlike the arrangement depicted
in FIG. 9, the emitters in FIG. 9 are spatially combined to
form a common pump spot in the gain element 508. Alter-
natively, as depicted in FIG. 11, the multiple emitters may be
formed from a plurality of discrete semiconductor die that
may be individually mounted. The individual emitters in
either case may be emitters that emit in a single transverse
mode or emitters that emit in multiple transverse modes
(often known as wide stripe emitters). If all the emitters are
formed on a monolithic die, they will all operate at the same
nominal emitting wavelength. If the emitters are discrete,
they may emit at different wavelengths, which may facilitate
spatially combining the beams using a dichroic mirror which
is part of optical element 780. The wavelengths of the
different emitters may be chosen to match different absorp-
tion peaks in the gain element 210.
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[0095] Ifthe combined pump beam 251 is delivered to the
gain element 210 using an optical fiber, it will generally be
unpolarized when it is coupled into the gain element 210,
since propagation through a fiber tends to scramble polar-
ization. If the optical element 780 that helps deliver the
combined pump beam 251 to the gain element 210 uses only
free space optics, such as lenses and mirrors, without use of
a fiber, the polarization of the combined pump beam 251
may be preserved through the optical element 780. The
combined pump beam 251 incident on the gain element 210
may thus be polarized with a fixed polarization orientation.
In other words, each of the pump beams 250a, 2505 and
250c, that form the combined pump beam 251, is incident in
a polarized form on a common pump spot on the gain
element 210. As used herein, the pump being polarized
means that at least 80% of the power in the beam is in a fixed
linear polarization. This could be experimentally verified by
demonstrating that 80% of the power of the beam can be
transmitted through a linear polarizer.

[0096] Edge-emitting laser diodes generally have a polar-
ized output. The polarization may be either in the plane of
the epitaxial layers of the laser diode or perpendicular to the
plane of the epitaxial layers, depending on the details of the
epitaxial layers, the laser diode waveguide characteristics,
and the mounting of the laser diode die to its heat sink.
Preserving the polarized output of an edge-emitting laser
diode used as a pump source so that the pump beam incident
on the gain element is polarized may be advantageous in as
previously described.

[0097] A pump beam produced by an edge-emitting laser
diode is generally not circularly symmetric. In the fast axis,
perpendicular to the plane of the epitaxial layers forming the
laser diode, the beam has an M? close to 1 and diverges very
rapidly, since the emission size is very small along this axis,
such as approximately 1 micron. In the plane of the epitaxial
layers, the divergence is generally lower. Depending on the
width of the lasing stripe the M? value of the pump beam
may be near 1 up to 10 or more. Wider stripes, such as 100
to 200 micron stripe widths, generally have larger M” values
indicating poorer beam quality along this axis. When spa-
tially combining pump beams from multiple emitters it may
be advantageous to bring the beams together along the fast
axis, since this may result in a more symmetric common
pump spot.

[0098] Advantageously using a polarized pump allows the
polarization of the pump beam 250 or combined pump beam
251 to be aligned with a desired crystallographic axis of the
gain element. The crystallographic axis may be chosen
based on having desirable absorption properties for the
pump beam 250 or combined pump beam 251. For example,
the c-crystallographic of the Nd:YVO, has a higher absorp-
tion cross-section than other crystallographic axis of
Nd:YVO, so the pump beam 250 or combined pump beam
251 may be polarized so that the is substantially aligned with
the c-crystallographic.

[0099] The laser systems shown in FIGS. 9-11 may all
enable higher output power and higher pulse energy opera-
tion than the laser systems shown in FIGS. 4, 6, 7 and 8.
These systems may be particularly attractive for ranging
systems requiring measurement of distances to remote tar-
gets, such as target distances greater than 1, 5, 10, 50, or 100
km. In an alternative method of operation, not all pump
lasers 240a, 2405, and 240c need be operated simultane-
ously. For example, one or more pump laser may remain off
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and be held in reserve. In this case, if another pump laser
malfunctions the one or more reserve lasers can be activated,
and the malfunctioning pump laser deactivated. Such an
arrangement may increase the reliability of the laser system
700. Alternatively, all pump lasers 240a, 2405, and 240c¢
may operate simultaneously and if one pump laser fails, the
pump power produced by the still functioning pump lasers
may be increased to compensate for the power lost from the
failed pump laser.

[0100] It should be appreciated that many of the laser
system embodiments described above, especially those that
couple pump light into the resonator without use of a fiber,
may be arranged in a very compact package. A pump source,
such as an edge emitting laser diode, will generally have a
length less than 3 mm. An optical element, used to couple
pump light, from the pump source into the resonator, may
have a length as short as several mm or may be several cm
in length. As previously described, a resonator may be very
short, generally less than 5 mm in length and often signifi-
cantly less. A beam splitter may be placed immediately
adjacent the second end of the resonator, so its length along
the path of the pulse output beam can be less than 1 or 2 mm.
Thus, a combined length of the laser system including the
pump source, optical element, resonator, and beam splitter
may be less than 5, 10, 15, 20 or 25 mm, with the exact
length dependent on the design details. In some embodi-
ments the optical element and/or beam splitter may be
eliminated allowing a smaller overall laser system length. A
width and height of the laser system may have similarly
small dimensions such as less than 1, 2, 5, or 10 mm. Thus,
the volume of a laser system, external of any housing or
mounting surfaces, may be less than 5, 10, 25, 50, 100, 200,
500, or 1,000 mm? depending on the system design. The
laser system may be enclosed in a housing having an output
window and input electrical leads. Alternatively, the laser
system may not have a separate enclosure. Advantageously,
many of the laser systems described herein may be much
more compact than competing laser systems that use a
pulsed seed laser with a fiber amplifier to produce a series of
eye-safe laser pulses for use in a laser ranging system.

[0101] FIG. 12 shows a flow chart 1400 that depicts a
method of determining a distance according to an embodi-
ment of the current invention. The flow chart 1400 starts at
step 1402. At step 1404 a passively Q-switched laser is
operated to generate a series of pulses. The controlled axial
mode structure may be either single axial mode, two axial
mode, or multi axial mode. At step 1406 a first signal is
measured, which is representative of a time one pulse in the
series of pulses is emitted. In addition to the time the one
pulse was emitted, the measurement may optionally include
a pulse energy and/or pulse duration of the one emitted
pulse. The flow chart 1400 may fork into two paths after
completion of step 1406. One fork proceeds to step 1408 in
which a second signal representative of a time a reflection of
the one emitted pulse is received. At step 1410 a distance
may be determined based on a time difference between the
first and second signal. The path then returns to the start
1402. The other path following step 1406 proceeds to step
1411. At step 1411 the axial mode structure of the one pulse
is ascertained. The axial mode structure may be ascertained
by monitoring the laser parameters of one or more pulses
emitted prior to the one pulse. These laser parameters can
include the time interval between pulses, the pulse energy,
and the pulse duration. The path then proceeds to step 1412
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in which a determination is made whether the axial mode
structure is the desired axial mode structure. If the axial
mode structure is the desired axial mode structure, the path
proceeds to step 1416 in which laser parameters are left
unchanged. The path then returns to start 1402. If the axial
mode structure is not the desired axial mode structure, the
path proceeds to step 1414 in which the laser parameters are
adjusted to achieve the desired axial mode structure. The
laser parameters that may be adjusted in step 1414 include
the pump power and/or the resonator length. The path then
again returns to start 1402. The method of determining a
distance depicted in flowchart 1400 may be repeated for
each pulse in a series of pulses emitted by the passively
Q-switched laser.

[0102] The method depicted in flowchart 1400 uses mea-
surement of some parameter of the laser output, such as,
time interval between successive pulses, pulse energy of
successive pulses, or pulse duration of successive laser
pulses, to infer an axial mode structure of the laser output.
This measurement may be used as part of a feedback loop to
adjust the axial mode structure to a desired state.

[0103] In an alternative embodiment, the flow chart 1400
may be simplified if control of the axial mode structure is not
desired. In this embodiment, steps 1411, 1412, 1414, and
1416 may be eliminated.

[0104] In summary, the present application discloses in
one embodiment a laser system configured to output a laser
beam having a wavelength between 1.2 and 1.4 microns.
The laser system may be comprised of a gain element having
a first and a second surface, the first surface having a highly
reflective coating at the lasing wavelength between 1.2 and
1.4 microns to form a first end of a resonator and a saturable
absorber element. A second end of the resonator may be
formed by a second surface having a partially transmitting
optical coating at the lasing wavelength between 1.2 and 1.4
microns. The laser system may be energized by a pump
source having a pump beam directed to the first surface of
the gain element; wherein the pump source has a wavelength
in the range of 875 to 890 nm. In an embodiment, the laser
system may have a single transverse mode pump beam. In
another embodiment, the pump source is an edge-emitting
laser diode, and an output wavelength of the laser diode is
locked by a grating. The grating may be internal to the laser
diode or may be situated external to the laser diode.
[0105] In another embodiment, the present application
discloses a laser system configured to output a laser beam
having a wavelength between 1.2 and 1.4 microns. The laser
system includes a gain element having a first and a second
surface, the first surface having a highly reflective coating at
the lasing wavelength between 1.2 and 1.4 microns to form
a first end of a resonator and a saturable absorber element.
A second end of the resonator may be formed by a second
surface having a partially transmitting optical coating at the
lasing wavelength between 1.2 and 1.4 microns. The laser
system is energized by a pump source having a pump beam
directed to the first surface of the gain element, wherein the
pump beam is characterized by having a single transverse
mode. In an embodiment, the pump beam may have wave-
length within a wavelength range between 875 to 890 nm.
[0106] In another embodiment, the present application
discloses a laser system configured to output a laser beam
having a wavelength between 1.2 and 1.4 microns having a
gain element having a first and a second surface. The first
surface has a highly reflective coating at the lasing wave-
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length between 1.2 and 1.4 microns to form a first end of a
resonator. The laser system further includes a saturable
absorber element. A second end of the resonator formed by
a second surface having a partially transmitting optical
coating at the lasing wavelength between 1.2 and 1.4
microns, The laser system is energized by a pump source
that generates a pump beam directed to the first surface of
the gain element. The pump source may be a vertical-cavity,
surface-emitting laser or an edge-emitting laser.

[0107] In another embodiment, the present application
discloses a laser system configured to output a laser beam
having a wavelength between 1.2 and 1.4 microns. The laser
system includes a gain element having a first and a second
surface, the first surface having a highly reflective coating at
the lasing wavelength between 1.2 and 1.4 microns to form
a first end of a resonator and a saturable absorber element
having a first surface and a second surface. A second end of
the resonator is formed by the second surface of the satu-
rable absorber having a partially transmitting optical coating
at the lasing wavelength between 1.2 and 1.4 microns. The
laser system is energized by a pump source that generates a
pump beam directed to the first surface of the gain element.
The laser emits a series of pulses having a pulse width less
than 1 nanosecond. In some embodiments, the second sur-
face of the gain element and the first surface of the saturable
absorber are separated by less than 20 microns or the second
surface of the gain element and the first surface of the
saturable absorber contact each other. The laser system may
be pumped by a pump beam characterized by having a single
transverse mode. The resonator may have a length of less
than 1 or 0.5 mm.

[0108] In another embodiment, the present application
discloses a laser system configured to output a plurality of
laser beams having a wavelength between 1.2 and 1.4
microns having a gain element having a first and a second
surface, the first surface having a highly reflective coating at
the lasing wavelength between 1.2 and 1.4 microns to form
a first end of a resonator and a saturable absorber element.
A second end of the resonator formed by a second surface
having a partially transmitting optical coating at the lasing
wavelength between 1.2 and 1.4 microns. The laser system
is energized by a multiple emitter pump source having a
plurality of emitters on a monolithic semiconductor die. In
some embodiments, emission from each of the plurality of
emitters on the monolithic die is directed to the first surface
of the gain element. The gain element and the saturable
absorber element may each be comprised of a single, mono-
lithic block.

[0109] In another embodiment, the present application
discloses a laser system configured to output a plurality of
laser beams having a wavelength between 1.2 and 1.4
microns having a gain element having a first and a second
surface, the first surface having a highly reflective coating at
the lasing wavelength between 1.2 and 1.4 microns to form
a first end of a resonator and a saturable absorber element.
A second end of the resonator formed by a second surface
having a partially transmitting optical coating at the lasing
wavelength between 1.2 and 1.4 microns. The laser system
further includes an amplifier, and a pump source. The pump
source generates a pump beam directed to the first surface of
the gain element. A portion of the pump beam is transmitted
by the gain element and pumps the amplifier. In some
embodiments. the gain element and amplifier are fabricated
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from the same material and a doping level in the amplifier
is higher than a doping level in the gain element.

[0110] In another embodiment, the present application
discloses a laser system configured to output a plurality of
laser beams having a wavelength between 1.2 and 1.4
microns having a gain element having a first and a second
surface, the first surface having a highly reflective coating at
the lasing wavelength between 1.2 and 1.4 microns to form
a first end of a resonator and a saturable absorber element.
A second end of the resonator formed by a second surface
having a partially transmitting optical coating at the lasing
wavelength between 1.2 and 1.4 microns. The laser system
further includes a multiple emitter pump source having a
plurality of emitters that are spatially combined to pump a
common pump spot on the gain element.

[0111] In any of the previously described embodiments,
the resonator may contain a second gain element to assist in
distributing heat generated by absorption of the pump beam.
The doping level of the two gain elements may be different.
Advantageously the doping level of the first gain element
forming the first end of the resonator, where the pump beam
initially enters that resonator, may be lower than that of the
second gain element, which experiences a lower level of
pump power due to absorption of some of the pump beam in
the first gain element. Such an arrangement tends to more
evenly distribute generation of waste heat along the pump
beam path.

[0112] Any ofthe previously described laser systems, may
be incorporated as part of a laser ranging system the laser
system and a detector.

[0113] In another embodiment, a method of determining a
distance between a platform and a target is described. The
method comprises mounting any of the previously described
lasers or laser systems on or in the platform. Operating the
laser or laser system in a series of pulses, each pulse in the
series of pulses having a wavelength between 1.2 and 1.4
microns. Measuring a first signal representative of a time
one pulse in the series of pulses is emitted from the laser or
laser system. Measuring a second signal representative of a
time a reflection off the target of the one pulse in the series
of pulses is received by a detector mounted on the platform.
Determining a distance between the platform and the target
based on a time difference between the first signal and the
second signal. In some embodiments, a rise time of each
pulse in the series of pulses is less than 500 ps.

[0114] The laser system has been described as operating in
a wavelength range between 1.2 to 1.4 microns; however,
the invention is not so limited. The laser system may operate
in other in other wavelength ranges, such as between 0.9-1.2
microns and 1.4-2.0 microns. In particular, the laser system
may operate in an eye-safe wavelength range with wave-
lengths greater than 1.2 microns. The gain element host
material need not be YVO, but can be any suitable crystal-
line or glass material. Likewise, the dopant need not by
neodymium (Nd), but can be any suitable dopant such as
erbium (Er), holmium (Ho), ytterbium (Yb), praseodymium
(Pr), thulium (Tm), dysprosium (Dy) or any other suitable
rare-earth element. In particular, erbium doped gain ele-
ments may operate in a wavelength range between 1.5 to 1.6
microns.

[0115] Similarly, the saturable absorber element has been
described as a V:YAG crystal, but the saturable absorber
element may take other forms. For example, the saturable
absorber element may be a semiconductor material with a
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series of epitaxially grown layers forming a saturable
absorber structure. Alternatively, it may be a different dopant
in a different host with absorption properties suitable for
operation at the lasing wavelength.

[0116] Although only a few embodiments of the invention
have been described in detail, it should be appreciated that
the invention may be implemented in many other forms
without departing from the spirit or scope of the invention.
The invention has been described primarily as a laser
ranging system for a vehicle; however, the ranging system
may be used in other platforms. The ranging system may be
used in other moving platforms, such as a locomotive, ship,
airplane, or unmanned drone. It may also be used in sta-
tionary applications, such as to determine the shape and
layout of a structure, such as a building, bridge, or industrial
facility, or to observe moving vehicles from a fixed location,
such as a traffic intersection or airport taxiway. The resonator
has been described as having only a single gain element;
however, the resonator may contain multiple gain elements.
Such a structure may be helpful is dissipating waste heat.
One end of the resonator has been described as being located
on a first surface of the gain element; however, in alternative
embodiments, both surfaces of the gain element may be
anti-reflection coated at the laser wavelength and a separate
cavity element may form an end of the resonator. Alterna-
tively, the gain element may have an undoped cap, an outer
surface of which forms an end of the resonator. Therefore,
the present embodiments should be considered illustrative
and not restrictive, and the invention is not to be limited to
the details given herein.

What is claimed is:

1. A laser system configured to output a pulsed laser beam
having a wavelength between 1.2 and 1.4 microns compris-
ing:

a gain element having a first and a second surface, the first
surface having a highly reflective coating at the lasing
wavelength to form a first end of a resonator, wherein
a selected lateral dimension of the gain element is no
greater than approximately 1.0 mm;

a second end of the resonator formed by a second surface
having a partially transmitting optical coating at the
lasing wavelength between 1.2 and 1.4 microns;

a saturable absorber element located in the resonator, the
saturable absorber being configured to output the
pulsed laser beam; and

a multiple emitter pump source having a plurality of
emitters each configured to emit an associated polar-
ized pump beam that is incident in polarized form on a
common pump spot in the gain element, wherein at
least a selected one of the emitters in the multiple
emitter pump source operates in a wavelength range
between 875 nm to 890 nm and is grating-locked to
wavelength-narrow and -stabilize the associated pump
beam generated by the selected emitter;

wherein the pulsed output laser beam has an average
power greater than 1 Watt.

2. The laser system as recited in claim 1, wherein the
pulsed output laser beam has a pulse energy of at least
approximately 2 pl and a pulse repetition rate of at least
approximately 500 kHz.

3. The laser system as recited in claim 1, wherein the
plurality of polarized pump beams spatially overlap only in
or adjacent to the gain element.
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4. The laser system as recited in claim 1, wherein the
partially transmitting optical coating at the lasing wave-
length between 1.2 and 1.4 microns is on a surface of the
saturable absorber.

5. The laser system as recited in claim 1, wherein all of the
plurality of emitters in the multiple emitter pump source are
grating-locked to wavelength-narrow and -stabilize the
pump beam.

6. The laser system as recited in claim 1, wherein the
multiple emitter pump source is composed of multiple
emitters on a monolithic die.

7. The laser system as recited in claim 1, wherein the
multiple emitter pump source is composed of multiple
discrete emitters.

8. The laser system as recited in claim 1, wherein the
grating is internal to the selected emitter of the multiple
emitter pump source.

9. The laser system as recited in claim 1, wherein the
grating is external to the selected emitter of the multiple
emitter pump source.

10. The laser system as recited in claim 1, wherein the
gain element is a first gain element and there is a second gain
element in the laser system.

11. The laser system as recited in claim 10, wherein the
second gain element is situated in the resonator.

12. The laser system as recited in claim 10, wherein the
second gain element is situated in an amplifier that amplifies
an output of the resonator.

13. The laser system as recited in claim 1, further com-
prising a pump laser driver, wherein the multiple emitters of
the pump source are arranged in series such that a current
flowing through each emitter of the multiple emitter pump
source is the same.

14. The laser system as recited in claim 1, further com-
prising a pump laser driver, wherein the pump laser driver is
arranged to independently control a current supplied to each
emitter of the multiple emitter pump source.

15. The laser system as recited in claim 1, wherein each
of the plurality of emitters of the multiple emitter pump
source emits a single transverse-mode pump beam.

16. The laser system as recited in claim 1, wherein each
of the plurality of emitters of the multiple emitter pump
source emits a multi-transverse mode pump beam.

17. The laser system as recited in claim 1, wherein the
laser system output beam consists of a series of pulses and
a rise time of each pulse in the series of pulses is less than
500 ps.

18. A laser ranging system comprising:

the laser system as recited in claim 1; and

a detector.

19. A laser system configured to output a pulsed laser
beam having a wavelength between 1.2 and 1.4 microns
comprising:

a gain element having a first and a second surface, the first
surface having a highly reflective coating at the lasing
wavelength between 1.2 and 1.4 microns to form a first
end of a resonator, wherein a selected lateral dimension
of'the gain element is no greater than approximately 1.0
mm;

a saturable absorber element located in the resonator, the
saturable absorber being configured to output the
pulsed laser beam;

Nov. 24, 2022

a second end of the resonator formed by a second surface
having a partially transmitting optical coating at the
lasing wavelength between 1.2 and 1.4 microns;

and

a pump source, wherein the pump source operates in a
wavelength range between 875 nm to 890 nm and is
grating-locked to wavelength-narrow and -stabilize a
pump beam generated by the pump source.

20. A laser system configured to output a pulsed laser
beam having a wavelength between 1.2 and 1.4 microns
comprising:

a gain element having a first and a second surface, the first
surface having a highly reflective coating at the lasing
wavelength between 1.2 and 1.4 microns to form a first
end of a resonator;

a saturable absorber element located in the resonator, the
saturable absorber being configured to output the
pulsed laser beam;

a second end of the resonator formed by a second surface
having a partially transmitting optical coating at the
lasing wavelength between 1.2 and 1.4 microns; and

a pump source, wherein the pump source operates in a
wavelength range between 875 nm to 890 nm and is
grating-locked to wavelength-narrow and -stabilize a
pump beam generated by the pump source,

wherein the pulsed output laser beam has an average
power greater than 1 Watt.

21. The laser system as recited in claim 20, wherein the
pulsed output laser beam has a pulse energy of at least
approximately 2 pJ and a pulse repetition rate of at least
approximately 500 kHz.

22. A laser system configured to output a pulsed laser
beam having a wavelength between 1.2 and 1.4 microns
comprising:

a gain element having a first and a second surface, the first
surface having a highly reflective coating at the lasing
wavelength between 1.2 and 1.4 microns to form a first
end of a resonator;

a second end of the resonator formed by a second surface
having a partially transmitting optical coating at the
lasing wavelength between 1.2 and 1.4 microns;

a saturable absorber element located in the resonator, the
saturable absorber being configured to output the
pulsed laser beam; and

a multiple emitter pump source configured to generate a
plurality of pump beams that spatially overlap in a
common pump spot in the gain element to form a
combined pump beam, wherein the combined pump
beam occurs only in or adjacent to the gain element and
at least a selected one of the emitters in the multiple
emitter pump source operates in a wavelength range
between 875 nm to 890 nm and is grating-locked to
wavelength-narrow and -stabilize an associated pump
beam generated by the selected emitter.

23. A laser system configured to output a pulsed laser
beam having a wavelength between 1.2 and 1.4 microns
comprising:

a gain element having a first and a second surface, the first
surface having a highly reflective coating at the lasing
wavelength between 1.2 and 1.4 microns to form a first
end of a resonator;

a second end of the resonator formed by a second surface
having a partially transmitting optical coating at the
lasing wavelength between 1.2 and 1.4 microns;
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a saturable absorber element located in the resonator, the
saturable absorber being configured to output the
pulsed laser beam; and

a multiple emitter pump source having a plurality of
emitters each configured to emit an associated polar-
ized pump beam that is incident in polarized form on a
common pump spot in the gain element, wherein at
least a selected one of the emitters in the multiple
emitter pump source operates in a wavelength range
between 875 nm to 890 nm and is grating-locked to
wavelength-narrow and -stabilize the associated pump
beam generated by the selected emitter.

24. A laser system configured to output a pulsed laser
beam having a wavelength between 1.2 and 1.4 microns
comprising:

a gain element having a first and a second surface, the first
surface having a highly reflective coating at the lasing
wavelength to form a first end of a resonator;

a second end of the resonator formed by a second surface
having a partially transmitting optical coating at the
lasing wavelength between 1.2 and 1.4 microns;

a saturable absorber element included as part of the
resonator, the saturable absorber being configured to
output the pulsed laser beam;

a pump source, wherein the pump source operates in a
wavelength range between 875 nm to 890 nm and is
grating-locked to wavelength-narrow and -stabilize the
pump beam generated, and

a beam splitter arranged to pick off a portion of the pulsed
output laser beam,

wherein a length of the laser system is less than 25 mm.

* * * * *



