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[57] ABSTRACT 

A compact semiconductor laser light source providing short 
wavelength (ultraviolet, blue or green) coherent light by 
means of frequency doubling of red or infrared light from a 
high power diode heterostructure. The high power diode 
heterostructure is a MOPA device having a single mode laser 
oscillator followed by a multimode, preferably ?ared, opti 
cal power ampli?er. A tunable con?guration having an 
external rear re?ector grating could also be used. A lens 
could be integrated with the MOPA to laterally collimate the 
light before it is emitted. Straight or curved, surface emitting 
gratings could also be incorporated. An astigmatism-correct 
ing lens system having at least one cylindrical lens surface 
is disposed in the path of the output from the MOPA to 
provide a beam with substantially equal lateral and trans 
verse beam width dimensions and beam divergence angles. 
A nonlinear optical crystal or waveguide is placed in the path 
of the astigmatism-free symmetrized beam to double the 
frequency of the light. Single pass or multipass con?gura 
tions with re?ectors could be used, as well as external 
resonator and segmented, periodically poled waveguide 
con?gurations. 
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FREQUENCY CONVERTED LASER DIODE 
AND LENS SYSTEM THEREFOR 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

TECHNICAL FIELD 

The present invention relates to semiconductor diode 
lasers whose red or near infrared light emission is converted 
to ultraviolet, blue or green laser light by means of a 
nonlinear optical device, such as by frequency doubling with 
a second harmonic generator (SHG). The invention also 
relates to high power laser diodes of the type known as 
master oscillator power ampli?er (MOPA) devices, and 
especially to MOPAs with ?ared ampli?ers. 

BACKGROUND ART 

Short wavelength (ultraviolet, blue, green) coherent light 
sources are desirable for a number of applications, including 
high density (~l Gbitlcmz) optical data storage, color image 
processing, such as in laser printers, submicron lithography 
and other high resolution laser processing steps for fabri 
cating VLSI devices, satellite-to—submarine and other under 
water optical communications, and spectroscopy and other 
optical measurements, such as interferometric gravity-wave 
detection and the like. In many of these applications, com~ 
pact laser systems are desired, and in some, relatively high 
output powers (greater than about 100 mW) are required. 
Accordingly, considerable effort has been undertaken in 
recent years to develop more compact, short-wavelength 
coherent light sources to replace the low-power air-cooled 
gas lasers, such as argon ion and helium-cadmium lasers, 
that are presently the only practical sources which are 
available. 

Also, mid-infrared wavelength (2-10 pm) coherent light 
sources are desirable for a number of applications, including 
eye-safe laser ranging and communications, laser surgery, 
spectroscopy, environment sensing and diagnostics. Consid 
erable effort has been undertaken to develop sources in the 
mid-infrared wavelength range. Because of their compact 
ness, high electrical-to-optical conversion e?iciency, wave 
length tunability and rapid modulation capabilities, semi 
conductor laser diodes are being actively studied to discover 
whether shorter wavelengths can be generated. At present, 
AlGaInP lasers have the shortest practical limit of wave 
length around 600 nm (orange). Potential wide bandgap 
semiconductor lasers made of AlGaN or other materials are 
being studied, but have not yet been successfully oscillated 
by current injection. At present, approaches to directly 
generating mid-infrared wavelength are focused on rare 
earth doped solid state lasers, such as thullium (Tm) and 
holmium (Ho) doped lasers. 

Nonlinear optical processes, such as frequency doubling 
(also called second harmonic generation) and sum frequency 
mixing, are capable of converting red and near infrared light 
into ultraviolet, blue and green light. Accordingly, much 
development work has focused on using nonlinear frequency 
conversion techniques to generate ultraviolet, blue and green 
light directly from red and near infrared laser diodes. Direct 
frequency doubling of laser diode emission makes possible 
the extension of available diode laser wavelengths into the 
ultraviolet, blue and green regions of the spectrum, and 
represents at present the most feasible approach to devel 
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2 
oping a compact, e?icient, high power coherent source in 
those spectral regions. However, in order for this approach 
to be successful and useful in practical applications, like 
those mentioned above, higher optical conversion e?icien 
cies from the red and near infrared laser diode wavelengths 
to the desired ultraviolet, blue and green wavelengths are 
needed. Likewise, other nonlinear optical processes, includ 
ing optical parametric generation and difference frequency 
mixing, are capable of generating mid-infrared radiation 
from one or two shorter-wavelength sources. Again, 
improved conversion e?iciencies are needed to make these 
techniques practical. 

In general, higher optical conversion e?iciencies are asso 
ciated with a higher power density or intensity of the 
fundamental pump wavelength within the nonlinear optical 
material. Because of the relatively low powers available 
from most diode lasers, con?gurations using external reso 
nators or channel waveguide structures have been preferred. 
For example, e?icient frequency conversion is possible by 
coupling laser diode radiation into a passive external reso 
nator of either a standing wave or unidirectional ring type 
that contains a bulk crystal of nonlinear optical material, 
such as potassium titanyl phosphate (KTiOPO4) or potas 
sium niobate (KNbO3). The high circulating intensity that 
builds up in the crystal located within the resonator results 
in e?icient frequency conversion of the laser diode radiation. 
W. J. Kozlovsky, et al., inApplied Physics Letters 56 (23), 

pages 229l—2292 (1990), describe frequency doubling of an 
856 nm laser output from a ridge waveguide, single quantum 
well, graded index double heterostructure GaAlAs diode 
laser in a monolithic KNbO3 crystal ring resonator in order 
to generate 428 nm (blue) radiation. The ring resonator is a 
7 mm long KNbO3 crystal with curved mirror end faces 
coated for high re?ectivity at the fundamental wavelength 
and transrnissivity of the frequency doubled blue light and 
with a ?at total internal re?ection surface parallel to the 
mirror axes. The crystal resonator is placed on a thermo— 
electric cooler so that the temperature can be stabilized at 
15° C. for phase-matched second harmonic generation along 
the long direction of the ring path. In order to achieve 
e?icient power buildup in the KNbO3 cavity and generation 
of stable blue output, the laser output frequency is locked to 
the cavity resonance using an elaborate electronic servo 
technique that superimposes a small rf current on the dc 
injection current to produce weak FM sidebands in the laser 
output and that uses a double-balanced mixer for phase 
sensitive detection of the optical-heterodyne-spectroscopy 
signal in the light re?ected from the input surface of the 
resonator. Such a signal is zero when the carrier frequency 
coincides with the cavity resonance. The output signal of the 
mixer is ampli?ed and coupled back to the laser injection 
current, so that the diode laser’s output frequency tracks the 
resonance frequency of the KNbO3 cavity. Using such a 
servo technique, a 41 mW blue output (39% optical con 
version frequency) was achieved. However, the technique 
requires a signi?cant amount of electronics for it to work 
properly without amplitude noise. Elaborate temperature 
and electronic feedback controls for matching resonance 
frequencies are typical of external resonator systems. 
Besides being expensive and not very compact, in attempt 
ing to maintain stable operation, they usually introduce 
some wavelength jitter into the system. 

J. T. Lin, in Lasers and Optronics, December 1990, pages 
34-40, describes diode-pumped self‘frequency-doubling 
(SFD) lasers using NdXY1_xAl3(BO3)4 (NYAB) crystals for 
the frequency doubling, and compares them against prior 
single-pass KTP, external resonator KNbO3 and channel 
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waveguide LiNbO3 second harmonic generator con?gura 
tions for diode lasers, as well as other frequency doubled 
laser systems. Up to 80 mW of output power (up to 8.0% 
e?iciency) at 531 nm is achieved with NYAB compared to 
40 mW of output power at 430 nm for extemal-resonator 
type second harmonic generation of a 860 nm diode laser 
beam. Like diode-pumped solid-state lasers, these SFD laser 
systems are not particularly compact, so that a tradeofI’ 
between compactness and greater conversion ei?ciency 
must be made. 

Another approach for e?icient frequency conversion is to 
use ion-diffused channel waveguides of nonlinear optical 
material, such as lithium niobate (LiNbO3) or potassium 
titanyl phosphate (KTiOPO4), to double the frequency of the 
laser diode emission. Doubling is relatively efficient if the 
waveguide is relatively long (greater than about 1 mm), but 
phase-matching of long frequency-doubling waveguides is 
critical, the available wavelength range is more limited, and 
fabrication tolerances are tight. Periodic poling can ease 
such requirements and increase e?iciency. Another problem 
that arises when waveguide systems are used is that it is 
di?icult to collimate and then focus the diode laser light to 
a diffraction-limited spot for e?icient coupling into the 
waveguide, using conventional spherical lens systems. 
However, waveguide systems are compact. 

C. J. Van der Poel, et al., in Applied Physics Letters 57 
(20), pages 2074-2076 (1990), describe second harmonic 
generation in periodically segmented KTiOPO4 (KTP) 
waveguide structures. The waveguide structures are formed 
in either ?ux-grown or hydrothermally grown KTP sub 
strates by ion exchange through a Ti mask using various 
Rb/I‘l/Ba nitrate molten salt baths. There are two segments 
per period, one segment being bulk KTP with a length 11 and 
a propagation constant mismatch Akl, the other segment 
being an ion-exchanged KTP waveguide with a length 12 and 
a propagation constant mismatch Akz, in which the phase 
matching condition Ak1l,+Ak2l2:21tM is met (M being an 
integer). Ferroelectric domain reversals in adjacent seg 
ments can also be included for higher conversion e?icien 
cies. Efficient second harmonic outputs were observed from 
0.38 pm (deep purple) to 0.48 pm (blue-green). W. P. Risk, 
in Applied Physics Letters 58 (1), pages 19-21 (1991), 
describes fabrication of optical waveguides in KTP crystals 
by an ion-exchange process involving a molten Rb/Ba 
nitrate bath. Second harmonic generation from titanium:sap 
phire laser light in the 900-1000 nm range was observed. 

A. Harada et al., in Applied Physics Letters 59 (13), pages 
1535-1537 (1991), describe second harmonic generation of 
442 nm (blue) light .from an 884-nm semiconductor laser 
using an organic crystal-cored nonlinear optical ?ber 
coupled to the laser. The single transverse mode fundamen 
tal beam of the diode laser is collimated by a ?rst objective 
lens and an anamorphic prism pair, and then focused into the 
?ber by a second objective lens. The ?ber was formed by 
?lling a hollow glass ?ber by capillary action with the 
organic material (DMNP) melt, and then recrystallizing the 
polycrystals thus obtained by the Bridgman-Stockberger 
single crystal formation method in which the ?ber is pulled 
out of a 105° C. furnace. The ?ber core diameter and length 
are 1.4 pm and 5-14- mm, respectively. Output powers of 
0.16 mW (about 1.6% conversion e?iciency) were achieved. 
G. L. J. A. Rikken, et al., in Applied Physics Letters 58 (5), 
pages 435-437 (1991), describe nonlinear optical effects in 
sidechain copolymers with methylmethacrylate. 

E?icient frequency conversion also requires good spatial 
and spectral mode properties of the diode lasers. While 
grater light intensities in the nonlinear material are desired, 
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4 
too much power focused in one place can damage or destroy 
the nonlinear material. Poor spatial mode characteristics of 
the diode laser beam can limit the mount of focusing that can 
safely be achieved without damage to the nonlinear material. 
Higher power lasers, such as multi~emitter and broad area 
laser diodes are a particular problem because of their highly 
asymmetric beam characteristics. 

In US. Pat. No. 4,530,574, Scifres et al. describe an 
optical system for collimating and focusing the radiation 
emitted from a multi-ernitter or broad emitter semiconductor 
laser so that the laser beam or bearns can be imaged into a 
single diffraction limited spot. The optical system includes a 
?rst lens system to collimate or focus the radiation in the 
near ?eld ‘in the vertical direction perpendicular to the p-n 
planar junction, and a second lens system to collimate or 
focus the radiation in the far ?eld in the lateral emission 
direction parallel to the p-n planar junction. Unwanted low 
power interference lobes may be blocked by using an 
aperture in the optical system. 
An object of the invention is to provide a high power 

(greater than 100 mW), short wavelength (ultraviolet, blue 
or green), compact laser source. 

Another object of the invention is to provide a laser source 
utilizing a lens system that can collimate and focus the 
highly asymmetric and astigmatic beams of higher power 
laser diode systems into a diffraction limited-beam for 
coupling into nonlinear, frequency converting optical mate 
rial. 

DISCLOSURE OF THE INVENTION 

The objects have been met with a compact semiconductor 
laser light source having at least one master oscillator power 
ampli?er (MOPA) type or ?ared resonator type laser diode 
for generating one or more high power coherent light beams 
of at least a ?rst wavelength and an optical frequency 
converter positioned to receive the beam or beams from the 
high power laser diode or diodes for generating an output 
light beam of a different wavelength from a portion of the 
optical power of the beam or beams from the laser diode or 
diodes. The MOPA type laser diode preferably includes a 
single mode, tunable DBR laser oscillator coupled to a 
multimode, preferably ?ared, power ampli?er region. By 
removing the internal DBR grating from the laser oscillator, 
the ?ared ampli?er region itself can be made to oscillate as 
an at most marginally stable resonator with spatial mode 
?lter and to produce a high power diffraction limited output 
beam. Both the MOPA type laser diode and the ?ared 
resonator type laser diode are capable of generating at least 
1 W cw of red or near-infrared light output for high 
efficiency frequency conversion. Because optical conversion 
e?iciency increases with the square of the incident optical 
power, the system can use a single-pass or nonresonant 
multi-pass con?guration with a bulk crystal of optically 
nonlinear material, and still obtain efficient frequency dou 
bling. A passive external resonator with the nonlinear mate 
rial located within the resonant optical cavity, with its 
associated resonance matching electronics, becomes 
optional. Likewise, the use of a nonlinear material optical 
waveguide, with or without periodic ferroelectric polariza 
tion domain reversals, becomes unnecessary and is now 
optional. Frequency conversion techniques include fre 
quency doubling and optical parametric generation using 
one input beam and sum frequency mixing and difference 
frequency mixing using two input beams. 
The objects are also met with a compact semiconductor 

laser light source that includes an astigmatism-correcting 
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lens system positioned in the path of the light beam that is 
output from either of the MOPA type or ?ared resonator type 
laser diode devices. The multimode, preferably ?ared, opti 
cal power ampli?er region, which is coupled to a single 
mode laser oscillator in MOPA type devices, generates an 
astigmatic beam with a beam waist in the lateral direction 
located at the input end of the ampli?er region and another 
beam waist in the transverse direction which is located at the 
output surface of the MOPA device. Here, ‘lateral’ and 
‘transverse’ refer to directions respectively parallel and 
perpendicular to a plane of an active gain region of the 
MOPA or ?ared resonator device. The light beam emitted 
from the MOPA or ?ared resonator device is also highly 
asymmetric with different lateral and transverse beam width 
dimensions and different lateral and transverse beam diver 
gence angles. The lens system has at least one nonspherical 
lens element located where the two beam width dimensions 
are equal for independently equalizing the lateral and trans 
verse characteristics of the beam. A lens could also be 
incorporated into the MOPA or ?ared resonator device or a 
curved surface emitting output grating could be integrated 
into the MOPA or ?ared resonator device. The laser diode 
lens system combination is particularly valuable for cou 
pling the high power light at high intensity into the nonlinear 
optical material used for frequency conversion. Because the 
spatial mode quality of the lens-system-corrected beam is 
very good, higher intensities can be produced in the non 
linear material with less danger of damaging the material. 
Coupling of the high power laser beam into a nonlinear 
optical waveguide can be achieved with less loss when the 
astigmatism-correcting lens system is employed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1-4, 5A and 6-8 are schematic side views of eight 
embodiments of the present invention, di?‘ering principally 
in the manner in which the light beam from the high power 
laser diode passes through the various nonlinear optical 
converter con?gurations in these embodiments. 

FIG. 5B is a top plan view of an embodiment of the 
present invention corresponding to the side view seen in 
FIG. 5A. 

FIG. 9 is a perspective view of a master oscillator Power 
ampli?er (MOPA) type laser diode for use in any of the 
embodiments shown in FIGS. 1-8. 

FIG. 10 is a top plan view of an alternative ?ared 
resonator type laser diode for use in any of the embodiments 
shown in FIGS. 1-8. 

FIGS. 11A-18A and 11B-18B are respective side and top 
plan views of four MOPA device/astigmatism-correcting 
lens system embodiments of the present invention which are 
useful in any of the frequency convening embodiments 
shown in FIGS. 1-8. 

FIGS. 19-21 are perspective views of yet further surface 
emitting MOPA/lens-system combinations in accord with 
the present invention, that include integrating lens and 
grating elements in the MOPA device. 

FIGS. 22-24 are top plan views of further embodiments 
of the present invention. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

With reference to FIG. 1, a semiconductor laser of the 
present invention includes a meter oscillator power ampli?er 
(MOPA) type or ?ared resonator type laser diode which is 
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6 
capable of generating a high power coherent light beam 13 
having a wavelength in the red or near-infrared region of the 
spectrum. A lens system 15, here represented for simplicity 
as a single lens, but more typically being a multi-lens system 
such as those seen in FIGS. 11-18, collimates the diverging 
light 13 from the high power laser diode 11 and possibly 
focuses the light as well. In most embodiments, it is neces 
sary for the beam not only to be collimated, but made 
symmetric as well. The collimated 0r collimated and 
focussed light beam 13 is coupled into a nonlinear optical 
frequency converter 17, which is positioned to receive the 
high power coherent light beam 13 from the laser diode 11. 
The optical frequency converter 17 is capable of generating 
a second light beam 19 having a wavelength in the ultra 
violet, blue or green range of the spectrum from a portion of 
the optical power of the ?rst beam 13. The second beam 19 
has a wavelength which is different from that of the injected 
beam 13. A dichroic ?lter 21 may be placed at the output of 
optical frequency converter 17 to block the red or near 
infrared fundamental light to pass the converted ultraviolet, 
blue or green light as the output of the laser source. 

The con?guration shown in FIG. 1 is a single pass second 
harmonic generation or frequency doubling con?guration in 
which the nonlinear optical frequency converter is a bulk 
crystal of nonlinear optical material. The nonlinear crystal 
line material may be potassium titanophosphate (KTiOPO4), 
potassium niobate (KNbO3), barium metaborate (BaB2O4), 
lithium triborate (LiB3O5), neodymium yttrium aluminum 
borate (NdXY1_xAl3(BO3)4, as well as various organic non 
linear optical materials. In this single pass con?guration the 
high power laser diode light is focused in the nonlinear 
crystal 17. The spot size of the infrared beam 13 in the 
crystal is optimized for maximum single pass conversion 
e?iciency by focusing the beam to the smallest possible spot 
size such that the beam still remains focused over the length 
of the crystal. In the case of a potassium niobate bulk crystal 
with a length of 1 cm and a 1 Watt infrared input 13 from the 
laser diode 11, the output power of the blue frequency 
doubled beam 19 is about 10-20 mW. Using longer crystals 
the second harmonic generated output can be increased since 
the conversion e?iciency increases linearly with the crystal 
length. However, crystal lengths are currently available only 
up to about 2 cm. 

With reference to FIG. 2, another embodiment of the 
present invention employs a double pass con?guration. 
Again, a MOPA type or ?ared resonantor type laser diode 11 
emits a red or near infrared beam 13 which is collimated and 
focused by a lens system 15. The high power laser diode 
beam 13 is focused into a nonlinear crystal 23. The nonlinear 
crystal 23 has a re?ective coating 25 integrated on a surface 
which is opposite from the input side that receives the beam 
13. The coating 25 re?ects the infrared light from the beam 
13 as well as the frequency doubled blue light generated by 
the nonlinear crystal material 23. A beamsplitter 27 which is 
transmissive of the infrared light 13 but re?ective of the 
frequency doubled light 29 is positioned in the return path of 
the light beam between the lens system 15 and the nonlinear 
crystal 23in order to couple the frequency doubled blue light 
29 out of the laser system. Care should be taken that the 
phase of the re?ection from the mirror 25 is the same for the 
infrared and the second harmonic generated beam to prevent 
phase mismatch and reduced output e?iciency. In order to 
optimize the focusing in the crystal, the re?ector 25 is 
preferably curved. Assuming double pass transmission 
through a 2 cm long potassium niobate crystal and 1 Watt of 
infrared input, about 40-80 mW cw output power can be 
obtained. 
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With reference to FIG. 3, a multiple pass second harmonic 
generator con?guration is seen. A MOPA type or ?ared 
resonator type laser diode 11 capable of generating a high 
power coherent red or near infrared light beam 13 and a lens 
system 15 are combined to collimate and possibly focus the 
red or near infrared beam 13 into a nonlinear crystal 31. 
Retrore?ectors 33 and 35 are used to re?ect the beam back 
through the nonlinear crystal 31 in a parallel direction so as 
to remain properly angle tuned for phase match interaction. 
The advantage of this retrore?ected con?guration is that the 
interaction length in the nonlinear crystal 31 can be 
increased without increasing the crystal length. Assuming 1 
Watt of infrared light 13 input into a 1 cm long nonlinear 
crystal 31 in a con?guration that includes 10 passes of the 
light 13 through the crystal the effective interaction length is 
10 cm and 100-200 mW of second harmonic generated blue 
light 36 can be obtained. 

With reference to FIG. 4, a focused multiple pass con 
?guration could be used. Again, a MOPA type or ?ared 
resonator type laser diode 11 and a lens system 15 produce 
a high power, collimated and focused, laser beam 13 of red 
or infrared wavelength. The focused light beam 13 is 
coupled into a nonlinear optical crystal 39. Retrore?ectors 
45 and 47 direct the beam 13 back through the nonlinear 
crystal 39 along a parallel path so that the beam 13 passes 
through the crystal 39 a plurality of times. This arrangement 
also includes a pair of lens arrays 41a, 41b, 410, etc. and 43a, 
43b, 430, etc. for focusing the light on every pass through the 
nonlinear crystal 39. Here lens elements 41a, 43a, 41c, etc. 
positioned in the beam path after passage through the 
nonlinear crystal 39 collimate the light beam for retrore?ec 
tion off of right angle mirrors 45, 47, etc., while lens 
elements 41b, 43b, etc. positioned in the path of the retrore 
?ected beam prior to passage through the nonlinear crystal 
refocuses the beam into the nonlinear crystal. The focused 
beam waist is preferably located in the center of the non 
linear crystal 39 equidistant between the two lens arrays 41 
and 43. Using this focused con?guration, the effective 
interaction length varies at the length of the nonlinear crystal 
times the square of the number of passes. Thus, a 1 cm long 
nonlinear crystal 39 receiving 1 W of infrared input 13 from 
a MOPA device 11 with 3 passes of the beam, as shown, has 
an effective interaction length of 9 cm and provides a second 
harmonic generated input beam 49 with about, 90-180 mW 
power. 

With reference to FIGS. 5A and 5B, the nonlinear crystal 
51 may be placed in a passive external resonator to further 
enhance the conversion ef?ciency. A MOPA type laser diode 
11 (alternatively a ?ared resonator type laser diode) provides 
a high power beam 13 which is collimated then focused by 
a lens system 15. The lens system 15 may include ?xed 
position cylinder ?ber lens 16a, a second, variable position 
cylinder lens 16b, a variable position aspherical collimating 
lens 16c and a spherical focusing lens 16d. Details of 
astigmatism correcting lens systems 15 for use in the inven 
tion are described further below With reference to FIGS. 
11-19. The nonlinear crystal 51 is positioned in the path of 
the focused beam 13 for receiving it. Crystal 51 has re?ec 
tive coatings 53 and 55 on two opposed input and output 
surfaces, which are tilted slightly away from the perpen 
dicular direction in the manner of a trapezoid and preferably 
curved to maintain focusing of the light 59 in the ring. A 
third surface 57 parallel to the principal light direction 
between coated surfaces 53 and 55 forms a totally internally 
re?ecting surface. The light path 59 in the nonlinear crystal 
51 describes a unidirectional ring. Re?ective coating 53 on 
the output surface is highly re?ective of the red or infrared 
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8 
fundamental wavelength of light 13 received from laser 
diode 11 and transmissive of the frequency doubled ultra 
violet, blue or green light 61 generated by the nonlinear 
optical crystal 51. Re?ective coating 55 is preferably re?ec 
tive of the frequency doubled light generated in the crystal 
51 and has a re?ectivity to the fundamental wavelength 
which is optimized to maximize the optical power gain from 
light input by transmission of beam 13 through the coating 
55 and fundamental wavelength light loss by transmission of 
beam 59 through the coating 55. The resonant cavity pro 
vided by the re?ective surfaces 53, 55 and 57 increases the 
power in the crystal 51 and increases second harmonic 
output power by the square of the incident power on the 
crystal 51. Given a l W input power from beam 13, the Q 
of the cavity can be relatively low compared to resonant 
cavities that are designed for 100 mW type laser diodes. This 
low Q will make the operation of the cavity easier, leading 
to a stable output 61 without amplitude noise or frequency 
jitter. The laser emission 13 can be maintained at a wave 
length )»1 that is tuned to the cavity resonance in the 
nonlinear crystal 5] by adjusting a tuning current lam, 
applied to the laser diode 11 using an electronic servo tuning 
system like that described above in the Background An 
section with respect to the Kozlovsky article. The applied 
tuning current In," is based on a feedback loop signal derived 
from a detector 60 with an rf response. 

With reference to FIG. 6, high power laser diodes of the 
MOPA or ?ared resonator types could also be used in 
frequency converting con?gurations that use sum or differ 
ence frequency mixing (SFM or DIM) to achieve desired 
wavelengths with useful e?iciency. In FIG. 6, two such high 
power laser diodes 111 and 112 are tuned to emit light of 
different wavelengths X1 and X2. The light is collimated and 
focused by a set of lens systems 151 and 152 for each diode 
111 and 112 then combined using a dichroic beamsplitter 50 
into a single common light path. The combined beam of both 
wavelengths k1 and M is received by a nonlinear crystal 52, 
which is here shown as an external ring resonator with 
re?ective crystal surfaces 54, 56 and 58 but which could also 
be any of the other con?gurations shown in FIGS. l—5, 7 and 
8. Difference frequency mixing of the two wavelengths 7t, 
and 12 will produce a mid-infrared output of wavelength 
lG=k17t2/l7t2—7t1|, while sum frequency mixing will produce 
blue or green light of wavelength X3=7t17t2/(7t1+7t2). The 
re?ective properties of mirror surfaces 54 and 56 can be 
selected to enhance one of these two frequency conversion 
operations. The nonlinear material can also be phase 
matched at the sum or difference frequency, as in the 
waveguide con?gurations in FIGS. 7 and 8 discussed below. 

Further, some nonlinear crystal materials, including 
lithium niobate (LiNbOS), potassium titanal phosphate 
(KTiOPO4), silver gallium sul?de (AgGaS2) and silver 
gallium selenide (AgGaSe2), are especially suited to effi 
cient generation and transmission of the mid-infrared wave 
lengths of the DFM conversion technique. 

With reference to FIG. 7, nonlinear second harmonic 
generating waveguides 65 might also be used with the 
MOPA type or ?ared resonator type laser diode 11. The high 
power red or near-infrared beam 13 emitted from the laser 
diode 11 is collimated by an astigmatism-correcting lens 
system 15a, like those seen in FIGS. 10-13, then focused by 
additional lens elements 15b, typically a single spherical 
lens, to a small spot on the entrance to the narrow single 
mode waveguide 65 in the nonlinear crystal 63. Because of 
the narrow waveguide 65, typically about 3 pm wide, the 
light remains focused with a small width over the full 
interaction length of the crystal 63. The nonlinear single 
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mode waveguide 65 preferably is a regularly segmented 
waveguide formed by ion exchange through a mask, using 
a molten salt bath or proton implantation to introduce the 
ions to be substituted in the crystal lattice. The nonlinear 
crystal material may be lithium niobate (LiNbOs), potas 
sium niobate (KNbOs), potassium titanyl phosphase 
(KTiOPO4) or some other non-linear optical material. Peri 
odic ferroelectric polarization domain reversals are pre 
ferred for optimum conversion e?iciency. Assuming a typi 
cal optical conversion e?iciency of l00%-W/cm2 for second 
harmonic generation and neglecting pump depletion effects, 
a phase-matched or quasi-phase-matched crystal length of 1 
cm and a l W input power for the beam 13 from a MOPA 
device 11 will provide nearly complete conversion of the 
fundamental input wavelength to the frequency doubled 
wavelength. The output 67 from the waveguide 65 is col 
lected and collimated by lens elements 150, typically a 
single spherical lens. A dichroic ?lter 69 may be placed in 
the path of the output beam 67 from the waveguide 65 to 
block any red or near-infrared light from input beam 13 that 
still remains unconvened and to pass only the frequency 
doubled ultraviolet, blue or green light 71 as the output. 

With reference to FIG. 8, the nonlinear waveguide 75 may 
also be a multimode waveguide which is tens of microme 
ters wide as compared to the typical 3 pm width for the 
single mode waveguide 65 in FIG. 6. Because of the high 
input power of the red or near-infrared beam 13 received 
from the MOPA type or ?ared resonator type laser diode 11, 
the conversion e?iciency of the broader waveguide 75 can 
still be very high, even though the optical pump power is less 
con?ned than the single mode waveguide case. The beam 13 
emitted from the laser diode 11 is collimated by the astig 
matism-correcting lens system 15a then focused in only one 
of two orthogonal directions by an additional cylinder lens 
15d onto the entrance of the multimode nonlinear waveguide 
75. An advantage of the con?guration is that the optical 
power density within the waveguide 75 is lower than in the 
single mode waveguide 65 of FIG. 7, and therefore there is 
less chance of photorefractive damage. Further, because of 
the width of the beam 13, the beam will remain collimated 
vin wide direction such that very little waveguiding effect by 
the waveguide 75 will be necessary in that direction. Again, 
the waveguide 75 ran be a regularly segmented, periodically 
poled waveguide for e?icient second harmonic generation. 
The output 77 from the waveguide 75 is allowed to reexpand 
in the narrow direction then collimated by another cylinder 
lens element 15e. A dichroic ?lter 79 can be used to block 
any remaining unconverted red or near-infrared light and to 
pass only the frequency doubled ultraviolet, blue or green 
light beam 81 generated in the nonlinear waveguide 75. 

With reference to FIG. 9, a MOPA type laser diode 11 
providing a high power red or near-infrared coherent beam 
13 is used in each of the frequency converting con?gurations 
shown in FIGS. 1-8. Typically, the MOPA device 11 emits 
l W cw of single frequency optical power. Alternatively, the 
MOPA device 11 would be operated in a pulsed mode to 
provide about 3 W peak output power for even higher 
conversion e?iciencies than the continuous wave (cw) mode 
of operation. A preferred MOPA device capable of generat 
ing such power levels comprises a low power, single-mode 
DBR laser oscillator 83 which is monolithically integrated 
with a multimode, preferably ?ared, power ampli?er region 
115. A typical power output from the laser oscillator section 
83 is about 50 mW. The laser oscillator has a single mode 
waveguide 87 driven by an electrical pump current IE and 
bounded by a pair of grating reflectors 89 and 91 de?ned in 
a layer interface proximate to the waveguide layers 87 so as 
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10 
to interact with lightwaves propagating therein and form an 
optical resonator. The highly re?ective rear grating re?ector 
89 may be wavelength tunable by means of an injection 
current In," or electrical bias applied across the grating 
region. The front grating re?ector 91 is partially transmis 
sive to the propagating light in the waveguide 87 to couple 
the light into the ampli?er region 85. The ampli?er region 
has waveguiding layers 93 that are driven by at least an 
ampli?er current lamp applied through the conductive sur~ 
face contact 95. Light coupled from the laser oscillator 83 
into the waveguiding layers 93 of the ampli?er region 85 are 
allowed to freely diifract in the lateral direction parallel to 
the plane of the active region 97 as it propagates toward the 
AR-coated output facet 99. 

In FIG. 9, the ampli?er region 85 has two split contacts 94 
and 95 for optimization of the current density as a function 
of the length of the ?are. The wider from half of the 
ampli?er region 85 could thus be pumped with a greater 
ampli?er current law and current density than the narrower 
back half of the ampli?er region 85 near the laser oscillator 
83. Such differential pumping reduces amplitude noise in the 
output signal 13, and also improves the spatial mode quality 
of the output since optical ?lamentation is minimized. 
Another advantage of the split contacts 94 and 95 is that the 
MOPA device 11 can be modulated by means of a modula 
tion current Imad applied to the ?rst part of the ?ared 
ampli?er 85 through contact 94. Output power can then be 
modulated without inducing wavelength chirp in the laser 
oscillator output, which would adversely affect phase match 
ing in a nonlinear crystal. Further, modulation can then be 
accomplished at gigahertz frequencies with only modest 
input current Imd, since the optical power on the narrow end 
of the ?ared ampli?er region 85 is still only a few hundred 
milliwatts. 

With reference to FIG. 10, an alternative high power laser 
source that could be used for frequency doubling is a ?ared 
resonator type laser diode that includes a light amplifying 
diode heterostructure 101 located within an at most margin 
ally stable resonant optical cavity de?ned by a tunable 
grating re?ector 103 and a low re?ection front end facet 105 
of the heterostructure 101. The rear end facet 107 of the 
heterostructure 101 is antire?ection (AR) coated to prevent 
self-oscillation of the heterostructure 107. A lens 109 
between the grating re?ector 103 and AR coated rear facet 
107 of the heterostructure 101 receives light emitted from a 
narrow single-mode aperture 111 de?ned by a waveguide 
113 in the heterostructure 101 and collimates it, directing the 
light toward the grating re?ector 103 at an incidence angle 
6. The single mode aperture 111 forms a spatial mode ?lter 
for the light oscillating in the cavity. The lens 109 also 
receives the re?ected light back from the grating re?ector 
103 and focuses it upon the rear facet 107, coupling light of 
a particular wavelength 7», corresponding to the incidence 
angle 6 of light on the grating 103 through the narrow 
aperture 111 into the single mode waveguide 113. The 
heterostructure 101 has a ?ared gain region 115 which is 
electrically pumped to amplify the light received from the 
waveguide 113 as it freely diifracts within the ?ared gain 
region 115. A coherent red or near infrared light beam 117 
of wavelength 7» is emitted from the front facet 105 of the 
heterostructure 101. 

Each of the high power coherent sources in FIGS. 9 and 
10 are useful for providing red or near infrared light for 
efficient frequency doubling. Diode laser sources of GaAs/ 
InGaAs composition are capable of providing light ranging 
from 780 nm to 1030 nm in wavelength. Using periodically 
poled nonlinear waveguides like those shown in FIGS. 7 and 




























