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RESTORING WAVEGUIDE SHG AFTER PHOTODEGRADATION BY HEATING

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention generally relates to frequency converted laser sources and, more
specifically, to frequency converted laser sources that include, inter alia, a semiconductor laser
optically coupled to a second harmonic generation (SHG) crystal, or another type of

wavelength conversion device, and methods for operating the same.

Technical Background

[0002] Short wavelength light sources can be formed by combining a semiconductor laser,
such as an infrared or near-infrared distributed feedback (DFB) laser, distributed Bragg
reflector (DBR) laser, or Fabry-Perot laser, with a wavelength conversion device, such as a
second or higher order harmonic generation crystal. Typically, the wavelength conversion
device is used to generate higher harmonic waves of the fundamental beam of the
semiconductor laser. To do so, the lasing wavelength of the semiconductor laser is preferably
tuned to the spectral center of the wavelength conversion device (e.g., the semiconductor laser
is tuned for phase-matched operation with the wavelength conversion device) and the output
beam of the laser is preferably aligned with a waveguide portion at the input facet of the
wavelength conversion device to produce a frequency converted output beam from the
wavelength conversion device. This arrangement may be referred to as a frequency converted
laser source.

[0003] Waveguide optical mode field diameters of typical wavelength conversion devices,
such as MgO-doped periodically poled lithium niobate (PPLN) second harmonic generation
crystals, may be on the order of several microns. As a result of these dimensions, energy
densities in the wavelength conversion device may be on the order of several MW/cm® at
optical power levels as low as 100 mW. The present inventors have found that long term
generation of a frequency converted output beam at such high energy densities may lead to
loss of transmission power of the fundamental beam of the semiconductor laser in the

wavelength conversion device and a loss of power of the frequency converted output beam
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emitted from the wavelength conversion device. This phenomenon, which may be referred to
as photo-darkening or photo-degradation, degrades the performance of the frequency
converted laser source. Moreover, the performance loss is not significantly recovered
following discontinuation of phase-matched operation of the semiconductor laser with the
wavelength conversion device and/or extended periods of storing the wavelength conversion
device in a “dark” condition.

[0004] Accordingly, alternative methods for operating frequency converted laser sources to

mitigate the effects of photo-degradation are needed.

SUMMARY OF THE INVENTION

[0005] In one aspect of the present invention, a method for operating a frequency converted
laser source comprising at least one semiconductor laser and a wavelength conversion device
optically coupled to the at least one semiconductor laser may include operating the frequency
converted laser source to produce a frequency converted output beam from the wavelength
conversion device and intermittently heating the wavelength conversion device above a
recovery threshold temperature Tr of the wavelength conversion device. When the
wavelength conversion device is heated to a temperature above the recovery threshold
temperature, the wavelength conversion device may be held above the recovery threshold
temperature Ty for a period of time sufficient to restore output power lost to photo-
degradation in the wavelength conversion device during operation of the frequency converted
laser source.

[0006] In another aspect, a frequency converted laser source may include a wavelength
conversion device, at least one semiconductor laser optically coupled to a waveguide portion
of the wavelength conversion device, a heater, and a controller. The heater may be thermally
coupled to the waveguide portion of the wavelength conversion device and operable to heat
the waveguide portion to a temperature greater than a recovery threshold temperature Tg of
the wavelength conversion device.

[0007] Additional features and advantages of the invention will be set forth in the detailed
description which follows, and in part will be readily apparent to those skilled in the art from
that description or recognized by practicing the invention as described herein, including the

detailed description which follows, the claims, as well as the appended drawings.
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[0008] It is to be understood that both the foregoing general description and the following
detailed description present embodiments of the invention, and are intended to provide an
overview or framework for understanding the nature and character of the invention as it is
claimed. The accompanying drawings are included to provide a further understanding of the
invention, and are incorporated into and constitute a part of this specification. The drawings
illustrate various embodiments of the invention, and together with the description serve to

explain the principles and operations of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a schematic diagram of a frequency converted laser source according to one
or more embodiments shown and described herein;

[0010] FIG. 2 is a schematic diagram of a frequency converted laser source according to one
or more embodiments shown and described herein;

[0011] FIGS. 3A and 3B schematically depict two embodiments of a wavelength conversion
device;

[0012] FIG. 4 graphically depicts the frequency converted output beam power of several
waveguide-based wavelength conversion devices as a function of time during phase-matched
operation of a frequency converted laser source;

[0013] FIG. 5 graphically depicts the frequency converted output beam power (during phase-
matched operation) and fundamental beam transmission (during non-phase-matched operation)
of a waveguide-based wavelength conversion device as a function of time both during heating
and after heating, according to one or more embodiments shown and described herein; and
[0014] FIG. 6 graphically depicts two degradation and recovery cycles for a waveguide-based
wavelength conversion device, according to one or more embodiments shown and described
herein.

[0015] Reference will now be made in detail to various embodiments of the invention,
examples of which are illustrated in the accompanying drawings. Whenever possible, the same

reference numerals will be used throughout the drawings to refer to the same or like parts.

DETAILED DESCRIPTION

[0016] FIG. 1 depicts one embodiment of a frequency converted laser source which generally

comprises a semi-conductor laser optically coupled to a wavelength conversion device. As
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noted herein, extended periods of phase-matched operation of the frequency converted laser
source at high power densities may result in photo-degradation of the wavelength conversion
device. Frequency converted laser sources and methods for operating the frequency converted
laser sources so as to restore the optical power lost to photo-degradation will be described in
more detail herein.

[0017] FIGS. 1 and 2 generally depict two embodiments of frequency converted laser sources
100, 200. It should be understood that the solid lines and arrows indicate electrical
interconnectivity between various components of the frequency converted laser source. The
solid lines and arrows are also indicative of electrical signals propagated between the various
components including, without limitation, electronic control signals, data signals and the like.
Further, it should also be understood that the dashed lines and arrows indicate light beams
emitted by the semiconductor laser and the wavelength conversion device, respectively, and
that the variable length of dashes is indicative of light beams comprising different wavelengths
of light. It should be understood that the term “light,” as used herein, may refer to various
wavelengths of light in the electromagnetic spectrum, including, without limitation, infrared
light and visible light.

[0018] Referring initially to FIGS. 1 and 2, two embodiments of a frequency converted laser
source 100, 200 are depicted which include, for example, a semiconductor laser 110 (“A” in
FIGS. 1 and 2) optically coupled to a wavelength conversion device 120 (“v”’ in FIGS. 1 and
2). The semiconductor laser 110 may emit a fundamental output beam 119 having a first
wavelength A,. The fundamental output beam 119 of the semiconductor laser 110 may be
either directly coupled into the waveguide portion of the wavelength conversion device 120
(not shown) or coupled into the waveguide portion of wavelength conversion device 120
using adaptive optics 140, as depicted in FIGS. 1 and 2. The wavelength conversion device
120 converts the fundamental output beam 119 of the semiconductor laser 110 into higher
harmonic waves and emits an output beam 128 which may comprise light having the first
wavelength A; and light having the second wavelength A,. This type of optical package is
particularly useful in generating shorter wavelength laser beams (e.g., laser beams having a
wavelength in the visible spectrum) from longer wavelength semiconductor lasers (e.g., lasers
having an output beam having a wavelength in the infrared spectrum). Such devices can be

used, for example, as a visible laser source for laser projection systems.
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[0019] In one embodiment, the wavelength conversion device 120 may be positioned on a
heater 160, as shown in FIG. 1. The heater 160 may be operable to heat the wavelength
conversion device 120 to a desired temperature. In another embodiment, the heater 160 may
be attached to the semiconductor laser 110, as shown in FIG. 2, and may be operable to heat
the semiconductor laser 110 and the wavelength conversion device 120 to a desired
temperature. In another embodiment (not shown), when the semiconductor laser 110 and the
wavelength conversion device are oriented as shown in FIG. 2, the heater 160 may be
disposed between semiconductor laser 110 and the wavelength conversion device 120. In
either embodiment, the heater 160 may comprise a resistive heater or a similar type of heater.
Alternatively, the heater 160 may be disposed within wavelength conversion device 120, as
will be described in more detail below. In one embodiment, a first heater may be disposed
within the wavelength conversion device 120 and a second heater may be attached to the
semiconductor laser 110.

[0020] In the embodiments described herein, the semiconductor laser 110 is a laser diode
operable to produce an infrared output beam and the wavelength conversion device 120 is
operable to convert the fundamental output beam 119 of the semiconductor laser 110 to light
having a wavelength in the visible spectrum. However, it should be understood that the
frequency converted laser sources and methods for operating the frequency converted laser
sources described herein may be applicable to other frequency converted laser sources which
incorporate laser devices having different fundamental output beam wavelengths and
wavelength conversion devices operable to convert the fundamental output beam of the laser
device into different visible or ultraviolet wavelengths.

[0021] While specific reference has been made herein to frequency converted laser sources
comprising a single semiconductor laser, it should be understood that the frequency converted
laser source may comprise two or more semiconductor lasers optically coupled into the
wavelength conversion device, such as when the frequency converted laser source is a sum-
frequency-mixing (SFM) laser source.

[0022] Still referring to FIGS. 1 and 2, the wavelength conversion device 120 generally
comprises a non-linear optical bulk crystal material, such as a second harmonic generation
(SHG) crystal. For example, in one embodiment, the bulk crystal material may be operable to

produce higher order harmonics of a fundamental beam. In another embodiment, the
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wavelength conversion device 120 may comprise an MgO-doped, periodically polled lithium
niobate (MgO:PPLN) waveguide. More, specifically, the MgO:PPLN waveguide may be
doped with about 5 mol. % MgQO, although other amounts of MgO may be used. In this
embodiment, the waveguide portion of the wavelength conversion device may be operable to
convert the fundamental output beam of the semiconductor laser to higher order harmonics.
[0023] While specific reference is made herein to certain types of wavelength conversion
devices and/or waveguides for converting a fundamental beam to a higher order harmonic
beam, it should be understood that other, similar non-linear optical materials may be used for
the wavelength conversion device and/or the waveguide portion of the wavelength conversion
device. For example, the bulk crystal material or the waveguide portion of the wavelength
conversion device may include, without limitation, potassium titanyl phosphate (KTP), zinc-
oxide doped periodically poled lithium niobate (ZnO:PPLN), lithium tantalate (LT), doped LT,
near stochiometric LT, near stochiometric lithium niobate, and the like. Similarly, it will be
understood that the wavelength conversion device may comprise a bulk MgO:PPLN crystal or
similar non-linear optical material. Further, it should be understood that the wavelength
conversion device may be a second harmonic generation (SHG) crystal or a non-linear optical
crystal capable of converting light to higher order (e.g., 3", 4™, etc.) harmonics. It should also
be understood that the wavelength conversion device and/or waveguide portion of the
wavelength conversion device may be a machined waveguide, an etched waveguide, an ion-
implanted waveguide or a diffused waveguide.

[0024] Referring now to FIGS. 3A and 3B, two embodiments of wavelength conversion
devices 120, 121 are shown. In the embodiment depicted in FIG. 3A, the wavelength
conversion device 120 comprises a waveguide portion 124, specifically a channel waveguide
portion, formed in a bulk crystal material 122. For example, the bulk crystal material 122 may
comprise MgO-doped lithium niobate while the waveguide portion 124 may comprise MgO-
doped lithium niobate diffused with protons, zinc, titanium or nickel, or ion implanted MgO-
doped lithium niobate. The waveguide portion 124 extends between an input facet 132 and an
output facet 133. A layer of low-refractive-index material 130 may be disposed over the
waveguide portion 124. A heater 160 may be disposed on the layer of low-refractive-index

material 130 and directly over the waveguide portion 124. This embodiment of the
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wavelength conversion device 120 may be referred to herein as a “Type 1” wavelength
conversion device.

[0025] In another embodiment, the wavelength conversion device 121 may comprise a
waveguide portion 124 disposed on a substrate 300, as depicted in FIG. 3B. The waveguide
portion 124 may comprise MgO-doped lithium niobate, as described above. In this
embodiment, a low-refractive-index layer 135 may be disposed between the substrate 300 and
the waveguide portion 124. Another low-refractive-index layer 130 may be disposed over the
waveguide portion 124. A heater 160 may be disposed on the layer of low-refractive-index
material 130 and directly over the waveguide portion 124. This embodiment of the
wavelength conversion device 121 may be referred to herein as a “Type II” wavelength
conversion device.

[0026] In another embodiment (not shown) the waveguide portion 124 may be formed directly
on the substrate 300, such as when the waveguide portion 124 is etched into the substrate.

For example, the substrate may comprise a bulk MgO-doped lithium niobate crystal and the
waveguide may be etched into the substrate and thereafter modified through ion diffusion or
ion implantation. In this embodiment, a layer of low-refractive-index material may be disposed
over the waveguide portion 124, as depicted in FIG. 3B, and a heater disposed on the layer of
low-refractive-index material directly over the waveguide portion.

[0027] In the embodiments shown in FIGS. 3A and 3B, the heater may be operable to heat the
wavelength conversion device, specifically the waveguide portion 124 of the wavelength
conversion device, while minimizing the thermal exposure of other components in the
frequency converted laser source and minimizing the electrical power used to heat the
waveguide.

[0028] In one embodiment (not shown), the wavelength conversion device 120 may be
shielded to protect the wavelength conversion device from pyro-electric fields generated
during heating which may adversely affect the periodic poling and operation of the wavelength
conversion device. For example, to shield the wavelength conversion device 120, the
wavelength conversion device may be mounted on an electrically conductive support. The
electrically conductive support may comprise, for example, a metal or similar electrically
conductive material. Alternatively, the wavelength conversion device may be mounted on an

electrically conductive substrate. In either embodiment, the electrically conductive material
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may dissipate charges that may build up on the wavelength conversion device due to pyro-
electric fields generated during heating and cooling.

[0029] Referring to FIG. 3A, when a light beam having a first or fundamental wavelength A, is
directed into the waveguide portion 124 of the wavelength conversion device 120, the light
beam may be propagated along the waveguide portion 124 of the wavelength conversion
device 120 where at least a portion of the light beam is converted to a second wavelength A,.
As a result, the wavelength conversion device 120 emits an output beam 128 from the output
facet 133. The output beam 128 may comprise a frequency converted output beam (e.g., a
beam having a second wavelength ;) as well as unconverted light (e.g., light having the first
wavelength A;). For example, in one embodiment, the fundamental output beam 119 produced
by the semiconductor laser 110 and directed into the waveguide portion 124 of the wavelength
conversion device 120 has a wavelength of about 1060 nm (e.g., the fundamental output beam
119 is an infrared light beam). In this embodiment, the wavelength conversion device 120 may
comprise an MgO:PPLN waveguide operable to convert at least a portion of the infrared light
beam to visible light such that the waveguide portion 124 of the wavelength conversion device
emits an output beam 128 comprising light at a wavelength of about 530 nm (e.g., visible
green light) in addition to light having a wavelength of about 1060 nm.

[0030] Referring again to FIG. 1, in one embodiment, the frequency converted laser source
100 has a substantially linear configuration. Specifically, the output of the semiconductor laser
110 and the input of the wavelength conversion device 120 are substantially aligned for
efficient optical coupling between the semiconductor laser 110 and the wavelength conversion
device 120. More specifically, the semiconductor laser 110 and the wavelength conversion
device 120 are oriented such that the fundamental output beam 119 of the semiconductor laser
110 is directed into the waveguide portion of the wavelength conversion device 120 without
being redirected, such as by a mirror or other optical element, between the semiconductor
laser 110 and the wavelength conversion device 120. In this embodiment, the fundamental
output beam 119 emitted by the semiconductor laser 110 is coupled into a waveguide portion
of the wavelength conversion device 120 with adaptive optics 140. The adaptive optics 140
generally comprise an adjustable optical component, specifically a lens 142. In one
embodiment, the lens 142 may focus the fundamental output beam 119 emitted by the

semiconductor laser 110 into the waveguide portion of the wavelength conversion device 120.
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In another embodiment (not shown) the lens 142 may comprise multiple elements such that the
lens 142 collimates and then focuses the fundamental output beam 119 of the semiconductor
laser 110. The lens 142 may be coupled to an actuator (not shown) for adjusting the position
of the lens 142 in the x- and y-directions to position the focused fundamental output beam 119
on the wavelength conversion device 120.

[0031] Referring now to FIG. 2, in another embodiment, the semiconductor laser 110, the
wavelength conversion device 120 and the adaptive optics 140 are oriented in a folded
configuration with the wavelength conversion device 120 and the semiconductor laser 110
stacked on top of one another. As with the embodiment shown in FIG. 1, the fundamental
output beam 119 emitted by the semiconductor laser 110 is coupled into the waveguide
portion of the wavelength conversion device 120 with adaptive optics 140. In this
embodiment, the adaptive optics 140 may comprise an adjustable mirror 144 and a lens 145.
As described hereinabove, the lens 145 of the adaptive optics 140 may serve to both collimate
and focus the fundamental output beam 119 emitted by the semiconductor laser 110 into the
waveguide portion of the wavelength conversion device 120 while the adjustable mirror 144
redirects the fundamental output beam 119 from a first pathway to a second pathway and into
the wavelength conversion device 120.

[0032] Referring now to both FIGS. 1 and 2, the frequency converted laser sources 100, 200
may also comprise an optical detector 170, such as a photodiode, and a beam splitter 180.
The beam splitter 180 may be positioned proximate the output facet 133 of the wavelength
conversion device 120. The beam splitter 180 redirects a portion of the output beam 128
emitted from the wavelength conversion device 120 into an optical detector 170. The optical
detector 170 may be operable to measure the power of light emitted from the waveguide
portion of the wavelength conversion device 120. For example, in one embodiment, when the
output beam 128 of the wavelength conversion device 120 comprises visible light, the optical
detector 170 may be operable to measure the intensity or power of the visible light emitted
from the wavelength conversion device 120.

[0033] The frequency converted laser sources 100, 200 described herein may also comprise a
package controller 150 (“MC” in FIGS. 1 and 2). The package controller 150 may comprise
one or more micro-controllers or programmable logic controllers used to store and execute a

programmed instruction set for operating the frequency converted laser sources 100, 200.
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Alternatively, the micro-controllers or programmable logic controllers may directly execute a
set of instructions. The package controller 150 may be electrically coupled to the
semiconductor laser 110, the adaptive optics 140, the optical detector 170, and the heater 160
and programmed to operate the adaptive optics 140, the semiconductor laser 110, and the
heater 160 based on signals received from the optical detector 170.

[0034] Referring now to FIG. 4, the power of a frequency converted output beam of a
wavelength conversion device is graphically depicted as a function of the time of phase-
matched operation for two configurations of a wavelength conversion device and different
fundamental beam input powers. The wavelength conversion device comprised an MgO:PPLN
waveguide comprising 5 mol. % MgO and was operable to convert an infrared fundamental
beam having a wavelength of about 1060 nm to a frequency converted output beam having a
wavelength of about 530 nm (e.g., a green output beam). The data shown in FIG. 4 was
obtained from two different MgO:PPLN configurations: in one configuration (e.g., “Type I”)
the waveguide was disposed between two slabs of bulk lithium niobate crystal while the
second configuration (e.g., “Type II”’) was similar to that depicted in FIG. 3B. As shown in
FIG. 4, when the power of the frequency converted output beam exceeded about 180 mW
(e.g., the degradation power threshold for the wavelength conversion device which generally
corresponds to a visible light energy density of about 3 MW/cm® in the wavelength conversion
device), the power of the output beam degraded over time during continuous phase-matched
operation of the semiconductor laser with the wavelength conversion device. The loss in the
frequency converted output beam power coincided with a loss in the transmission of the
fundamental output beam through the wavelength conversion device during non-phase-
matched operation. This phenomenon may be described as photo-darkening or photo-
degradation.

[0035] It will be understood that the degradation power threshold, as used herein, refers to a
power of the frequency converted output beam of the wavelength conversion device at which
photo-degradation begins to occur. The photo degradation power threshold for a wavelength
conversion device may be directly related to an energy density or degradation energy density
of the visible or frequency converted light in the wavelength conversion device. For a
wavelength conversion device comprising a 5 mol% MgO:PPLN waveguide, the degradation

power threshold is about 180 W of frequency converted output beam power which
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corresponds to a degradation energy density in the wavelength conversion device of about 3
MW/cm®. However, it should be understood that the degradation power threshold and the
degradation energy density may vary for different types of wavelength conversion devices
and/or waveguides. For example, for some non-linear optical materials used in frequency
converted laser sources, the degradation energy density of the non-linear optical materials may
be at least about 0.1 MW/cm® while in others the degradation energy density may be greater
than about 0.3 MW/cm® or even greater than about 0.5 MW/cm’.

[0036] The loss of frequency converted output beam power due to photo-degradation may
not be recovered by discontinuing phase-matched operation of the semiconductor laser with
the wavelength conversion device. Similarly, if the wavelength conversion device is kept
“dark” for extended periods of time, only minimal recovery of the original frequency
converted output beam power occurs.

[0037] However, when the waveguide is intermittently heated, the recovery of the frequency
converted output beam power and IR transmission is accelerated. For example, in order to
recover the frequency converted output beam power and the IR transmission power of a
wavelength conversion device, the wavelength conversion device and/or waveguide portion of
the wavelength conversion device may be heated above a recovery threshold temperature Tx
and held at this temperature for a period of time sufficient to restore an output power of the
frequency converted output beam lost to photo-degradation during phase-matched operation
of the semiconductor laser with the wavelength conversion device.

[0038] It will be understood that the recovery threshold temperature, as used herein, refers to
a temperature at or above which recovery of the frequency converted output beam power will
occur in a practical amount of time. For example, at or above the recovery threshold
temperature, recovery of the frequency converted output beam power and the IR transmission
will occur on a time scale on the order of minutes or hours while, below the recovery
threshold temperature, the recovery may take days or even longer periods of time and thus
may not be practically implemented. Further, it should be understood that the greater the
temperature, the faster the recovery of the frequency converted output beam and IR
transmission.

[0039] It will be understood that the term “intermittently,” as used herein in conjunction with

heating the wavelength conversion device and/or the waveguide portion of the wavelength
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conversion device, refers to heating the wavelength conversion device and/or waveguide
portion of the wavelength conversion device at regular or non-regular intervals as opposed to
continuously heating the wavelength conversion device to maintain the wavelength conversion
device at a constant temperature.

[0040] For example, for a wavelength conversion device comprising an MgO: PPLN
waveguide portion, the recovery threshold temperature T is about 70° C and the holding time
required to facilitate recovery is at least one minute. For a wavelength conversion device
comprising an MgO:PPLN waveguide portion this recovery threshold temperature Tx is
greater than the operating temperature range for the frequency converted laser source which is
generally from about -10° C to about 60° C, preferably from about 20° C to about 30° C.
[0041] Heating the wavelength conversion device may be performed with the fundamental
beam “off” (e.g., when the wavelength conversion device is “dark”), during non-phase-
matched operation of the wavelength conversion device, or during phase matched operation of
the wavelength conversion device with the semiconductor laser.

[0042] In one embodiment, heating of the wavelength conversion device to recover the power
of the frequency converted output beam may be intermittently performed between periods of
phase-matched operation of the wavelength conversion device with the semiconductor laser
(e.g., when the wavelength conversion device is “dark™).

[0043] Referring now to FIG. 5, by way of example, the IR transmission and frequency
converted output beam power is shown for one embodiment of a wavelength conversion
device comprising an MgO: PPLN waveguide. As shown in FIG. 5, when the wavelength
conversion device comprising an MgO:PPLN waveguide portion is operated under phase-
matched conditions at frequency converted output beam powers which exceed the degradation
power threshold or degradation energy density, the power of the frequency converted output
beam decreases and the percentage of the fundamental beam, in this case the IR beam, which
is transmitted through the wavelength conversion device during non-phase-matched operation
also decreases. This is graphically depicted in FIG. 5 from 0 hours to about 110 hours of
operation.

[0044] During prolonged room-temperature storage following prolonged operation above the
degradation power threshold, only minimal recovery of the frequency converted output beam

power occurs. For example, in FIG. 5, the dashed lines indicate the minimal recovery of the
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fundamental beam transmission and frequency converted output beam power after a 13 week
period of keeping the wavelength conversion device “dark” following over 100 hours of
continuous phase-matched operation at frequency converted output beam powers in excess of
the degradation threshold power.

[0045] However, as noted above, when the wavelength conversion device is heated, recovery
of the frequency converted output beam power is accelerated. For example, in region “A” of
FIG. 5, the wavelength conversion device was heated to a temperature of 92° C and held at
this temperature for 4 hours between periods of phase-matched operation. Prior to heating,
the frequency converted output beam power of the wavelength conversion device was
degraded from 270 mW to 200 mW for an IR input fundamental beam power of 1 W which
corresponds to an IR optical energy density of about 14 MW/cm” inside the wavelength
conversion device. Following heating, the frequency converted output beam power of the
wavelength conversion device was restored to 270 mW for the same IR fundamental beam
power.

[0046] Alternatively, the wavelength conversion device may be heated during phase-matched
operation of the wavelength conversion device with the semiconductor laser in order to
recover the output power of the frequency converted output beam. In one embodiment, to
maximize the recovery that takes place in the wavelength conversion device while heating
during phase-matched operation, the frequency converted output beam of the wavelength
conversion device is maintained at a power level below the degradation power threshold while
the wavelength conversion device is heated above the recovery threshold temperature T such
that the restored output power is greater than an amount of output power lost to photo-
degradation during heating.

[0047] Referring to FIG. 6, by way of example, two degradation and recovery cycles for a
wavelength conversion device comprising an MgO:PPLN waveguide are depicted. In the first
cycle, shown on the left, the frequency converted output beam power was degraded from an
initial output power of 275 mW while operating the wavelength conversion device at a
fundamental beam power of 1 W for 150 hours. The degradation of the frequency converted
output beam power generally coincided with a loss in the non-phase-matched IR transmission

from about 55% to about 47%.
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[0048] Following degradation, the wavelength conversion device was heated with two
separate heating schedules during phase-matched operation of the wavelength conversion
device with the semiconductor laser. In region "B", the power of the frequency converted
output beam was maintained at 150 mW while the wavelength conversion device was heated
to a temperature of about 80° C for a period of 22 hours. Thereafter, in region "C," the power
of the frequency converted output beam was maintained at 135 mW while the wavelength
conversion device was heated to a temperature of about 92° C for a period of 22 hours. The
combined effect of the two heating periods may result in recovery of the frequency converted
output beam power from about 210 mW to about 275 mW. Accordingly, it will be
understood that the frequency converted output beam power of the wavelength conversion
device may be restored by heating the wavelength conversion device during phase-matched
operation of the wavelength conversion device with the semiconductor laser and that multiple
heating cycles and frequency converted output beam power levels may be used during the
heating recovery process.

[0049] Still referring to FIG. 6, a second degradation and recovery cycle is depicted on the
right side of the plot including recovery region "D." In this cycle the wavelength conversion
device was operated at an initial output power of 275 mW over approximately 70 hours which
caused the frequency converted output beam power to decrease to about 250 mW.
Subsequent heating to 87° C for 3 hours recovered the frequency converted output beam
power to approximately 265 mW.

[0050] Referring again to FIGS. 1-3, heating the wavelength conversion device 120 may be
accomplished using the heater 160. For example, in the embodiment of the frequency
converted laser source 100 shown in FIG. 1, where the heater 160 is directly attached to the
wavelength conversion device 120, the heater 160 may heat only the wavelength conversion
device. Alternatively, in the embodiment of the frequency converted laser source 200 shown
in FIG. 2, where the semiconductor laser 110 and the wavelength conversion device 120 have
a stacked configuration, the heater 160 may heat both the semiconductor laser 110 and the
wavelength conversion device 120. In yet another embodiment, the wavelength conversion
device 120 may be heated by heating only the waveguide portion 124 of the wavelength
conversion, such as when the heater 160 is directly attached to the waveguide portion 124 as

depicted in FIGS. 3A and 3B.
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[0051] In each of the aforementioned embodiments, the heater 160, and therefore the heating
of the wavelength conversion device 120, may be controlled by the package controller 150.
For example, when the heater 160 is a resistive heater, the package controller 150 may be
programmed to intermittently apply a current to the heater 160 and thereby heat the
wavelength conversion device 120. The periodicity of the heating may be regular, such as
when the heating occurs at regular intervals, or the heating may occur at random intervals.
[0052] Alternatively, heating the wavelength conversion device 120 may be triggered by
certain operating conditions of the frequency converted laser source. For example, in one
embodiment, the optical detector 170 may be used to measure the power of the frequency
converted output beam of the wavelength conversion device 120 and provide the controller
with a signal indicative of the frequency converted output beam power. When the measured
power is greater than the degradation power threshold of the wavelength conversion device
120 for a specified period of time, the controller may be programmed to initiate a heating cycle
to recover the power lost to photo-degradation. For example, for the embodiments of the
frequency converted laser source shown in FIGS. 5 and 6, a heating cycle may be triggered if
the frequency converted output beam power is maintained at or above 300 mW for 20 hours.
Similarly, a heating cycle may be triggered if the frequency converted output beam power is
maintained at or above 250 mW for 60 hours, or at or above 200 mW for 150 hours. For cach
of these examples, operating the frequency converted laser source at the specified frequency
converted output beam power results in significant degradation over the specified time period.
However, it should be understood that other time periods and/or frequency converted output
beam powers may be used to trigger the heating cycle.

[0053] In another embodiment the heating cycle may be triggered by monitoring the output
efficiency of the frequency converted laser source. For example, each frequency converted
laser source may have a nominal output efficiency which is determined by the frequency
converted output power of the wavelength conversion device and the gain current of the
semiconductor laser. In operation, the controller may be programmed to monitor both the
gain current of the semiconductor laser and the frequency converted output beam power of the
wavelength conversion device and calculate the actual output efficiency of the frequency

converted laser source. If the actual output efficiency is less than a specified percentage of the
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nominal output efficiency, the controller may be programmed to trigger a heating cycle to
recover the frequency converted output power.

[0054] In the embodiments described herein the frequency converted laser source, specifically
the semiconductor laser of the frequency converted laser source, was operated in a continuous
wave mode. However, it should be understood that the frequency converted laser source may
also be operated in a pulsed mode, such as when the semiconductor laser is pulsed. When the
frequency converted laser source is operated in a pulsed mode, the power of the frequency
converted output beam varies over time as the semiconductor laser is pulsed. Accordingly, for
purposes of determining if the frequency converted output beam has exceeded the degradation
power threshold, the peak power of the frequency converted output beam is used. For
example, the semiconductor laser may be pulsed at a 25% duty cycle such that the average
power of the frequency converted output beam is 60 mW. However, the peak power of the
frequency converted output beam in this example may be about 240 mW. Accordingly, if 240
mW exceeds the degradation power threshold of the wavelength conversion device and the
device is operated at 240 mW of frequency converted output beam power for a specified
period of time, photo-degradation will occur.

[0055] It should also be understood that the optical detector 170 may also provide signals
indicative of the power of the frequency converted output beam of the wavelength conversion
device 120 during operation of the frequency converted laser source. Such signals may be
utilized by the controller to provide feedback control to the semiconductor laser such that the
power of the frequency converted output beam is maintained in a desired range. For example,
such signals may be used to control the phase, gain, and wavelength of the semiconductor
laser and may, therefore, be used to control the fundamental output beam of the
semiconductor laser such that the frequency converted output beam of the wavelength
conversion device is maintained below the degradation power threshold.

[0056] It should now be understood that the methods described herein may be used in
conjunction with frequency converted laser sources comprising a semiconductor laser optically
coupled to a wavelength conversion device. More specifically, the methods described herein
may be used to restore the power of the frequency converted output beam when the same is
lost due to photo-degradation following extended periods of operation at output power levels

greater than the degradation power threshold.
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[0057] While specific examples described herein refer to wavelength conversion devices
comprising MgO:PPLN waveguide portions, it will be understood that the methods described
herein may also be suitable for use in conjunction with wavelength conversion devices
comprising other materials. Additionally, it should be understood that the methods described
herein may be applied to recover the frequency converted output power of frequency
converted lasers with cavity-enhanced non-linear conversion processes.

[0058] It will be apparent to those skilled in the art that various modifications and variations
can be made to the present invention without departing from the spirit and scope of the
invention. Thus it is intended that the present invention covers the modifications and
variations of this invention provided they come within the scope of the appended claims and

their equivalents.
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What is claimed is:

1. A method for operating a frequency converted laser source comprising at least one
semiconductor laser and a wavelength conversion device optically coupled to the at least one
semiconductor laser, the method comprising:

operating the frequency converted laser source to produce a frequency converted
output beam from the wavelength conversion device;

intermittently heating the wavelength conversion device above a recovery threshold
temperature Tr of the wavelength conversion device; and

holding the wavelength conversion device above the recovery threshold temperature
Tr for a period of time sufficient to restore an output power of the frequency converted
output beam lost to photo-degradation in the wavelength conversion device during operation

of the frequency converted laser source.

2. The method of claim 1 wherein the wavelength conversion device is intermittently

heated between periods of operation of the frequency converted laser source.

3. The method of claim 1 wherein the wavelength conversion device is intermittently

heated during operation of the frequency converted laser source.

4. The method of claim 3 wherein the frequency converted output beam is maintained
below a degradation power threshold while the wavelength conversion device is heated above
the recovery threshold temperature Tr such that a restored output power due to heating is

greater than an amount of output power lost to photo-degradation during heating.

5. The method of claim 3 wherein the wavelength conversion device is intermittently

heated during periods of phase-matched operation of the frequency converted laser source.

6. The method of claim 3 wherein the wavelength conversion device is intermittently
heated during periods of non-phase-matched operation of the frequency converted laser

source.
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7. The method of claim 1 wherein the wavelength conversion device is heated after

photo-degradation of the wavelength conversion device.

8. The method of claim 7 wherein the wavelength conversion device is heated after a
power of the frequency converted output beam exceeds a degradation power threshold for a

specified period of time.

9. The method of claim 7 wherein the wavelength conversion device is heated after an

efficiency of the frequency converted laser source decreases below a nominal efficiency.
10.  The method of claim 1 wherein the wavelength conversion device comprises a heater.

11.  The method of claim 1 wherein the wavelength conversion device comprises a

waveguide portion and a heater disposed over the waveguide portion.

12. The method of claim 1 wherein the at least one semiconductor laser is heated with the

wavelength conversion device.

13.  The method of claim 1 wherein the wavelength conversion device comprises an MgO-

doped, periodically poled lithium niobate waveguide portion.

14.  The method of claim 13 wherein the waveguide portion comprises about 5 mol. %

MgO.

15.  The method of claim 13 wherein the recovery threshold temperature Tr of the

wavelength conversion device is about 70° C.

16.  The method of claim 13 wherein a degradation energy density of the waveguide

portion of the wavelength conversion device is at least about 0.1 W/cm”.

17.  The method of claim 1 wherein the frequency converted laser source is operated from

about -10° C to about 60° C.
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18. A frequency converted laser source comprising a wavelength conversion device, at
least one semiconductor laser optically coupled to a waveguide portion of the wavelength
conversion device, a heater, and a controller, wherein the heater is disposed over the
waveguide portion of the wavelength conversion device and operable to heat the waveguide
portion to a temperature greater than a recovery threshold temperature Tr of the wavelength

conversion device.

19.  The frequency converted laser source of claim 18 further comprising a package
controller electrically coupled to the heater, wherein the package controller is programmed to
intermittently heat the waveguide portion to a temperature greater than the recovery threshold

temperature Tr of the wavelength conversion device.

20.  The frequency converted laser source of claim 18 wherein:

the wavelength conversion device is an MgO-doped, periodically poled lithium niobate
crystal; and

the recovery threshold temperature Tr of the wavelength conversion device is greater

than about 70° C.
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