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COMPACT CONTINUOUS WAVE TUNABLE 
INFRARED LASERS AND METHOD 

THEREFOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to mid-range 
infrared (IR) laser sources. More speci?cally, the present 
invention relates to mid-range IR laser sources produced by 
difference-frequency generating (DFG) optical circuits 
using bulk crystals. 

2. Description of the Background Art 
Mid-range IR (2—4 pm) sources are of interest in the ?eld 

of spectroscopy, pollution monitoring, electronic Warfare 
(EW) applications, etc. Adequate sources in this Wavelength 
range generally do not eXist. Filament, or black body 
emitters, have loW, uncollimated poWer and provide poor 
spectral resolution. Semiconductor laser sources require loW 
temperature operation and have limited tunability. 

Tunable laser-like sources are generally obtained from 
optical parametric oscillators (OPO’s), Which have been 
available for some time. HoWever these usually have kilo 
Watt poWer thresholds, Which require complicated 
Q-sWitched lasers. Often, these lasers must be Water cooled. 
OPO’s are usually thermally tuned, often up to 180 degrees 
C; thus tuning is sloW. OPO’s are generally considered 
laboratory setups, as opposed to portable instruments. 

Difference frequency generation (DFG), i.e., the subtrac 
tion of photons from tWo laser inputs, has also been used for 
IR generation. Such nonlinear processes must be phase 
matched for efficient conversion. It Will be appreciated that 
birefringence phase matching in birefringent crystals is 
typically used. Characteristic outputs have been loW (z50 
MW) and these outputs not Widely tunable due primarily to 
limitations of bifringence phase matching. 
US. Pat. No. 5,434,700 discloses an optical Wavelength 

converter formed from semiconductor materials. This patent 
also discusses a number of other publications Which are 
cited therein, including a reference by Hermann et al., Which 
discusses the use of a lithium niobate material for difference 
frequency generation of tunable, mid-infrared radiation, and 
the Lim et al. reference, Which allegedly discloses the use of 
a periodically poled lithium niobate Waveguide for gener 
ating infrared radiation by quasi-phase-matched, difference 
frequency miXing. 
US. Pat. No. 5,412,502 discloses a quasi-phase-matching 

second harmonic generating optical element. Although this 
patent is directed to second harmonic generation, as opposed 
to difference-frequency generation, it Will be appreciated 
that such non-linear ferroelectric optical elements can be 
used for both applications. In particular, this patent discloses 
a non-linear ferroelectric optical element, Which may be 
lithium niobate, that is periodically poled, and notes that 
“inclining the substrate alloWs the Wavelength to be 
adjusted” to compensate for the dispersion of the semicon 
ductor laser. 

US. Pat. No. 5,504,616 discloses a Wavelength conver 
sion device formed by adding a laser-active material to a 
non-linear optical crystal. In the Background section, it is 
noted that the same type of nonlinear optical crystals as are 
used for second harmonic generation can be used for 
difference-frequency generation When tWo different Wave 
lengths are input to the crystal. 
US. Pat. No. 5,506,722 discloses an optical Wavelength 

converting device utiliZing a non-linear periodically poled 
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2 
optical device. Of particular interest is the disclosure of the 
electromagnetic domains formed in the crystal being rotated 
relative to the crystal faces. 
US. Pat. No. 5,058,970 discloses a quasi-phase matching 

optical Waveguide. As discussed therein With reference to 
FIG. 6, Where the Width and spacing of the electromagnetic 
domains are respectively uniform, the substrate may be 
rotated in order to lengthen or shorten the optical path, While 
still providing ef?cient generation of a second harmonic 
output. 

It Will be appreciated that these patents are generally 
directed to loW poWer optical Waveguide devices not suited 
to the output poWer requirements of many industrial and 
military applications. 

SUMMARY OF THE INVENTION 

The principal purpose of the present invention is to 
overcome the express and implicit limitations of the previ 
ously developed mid-range IR generators. 
An object according to the present invention is to produce 

a laser system applying a difference-frequency generation 
(DFG) process Which provides a narroW bandWidth resultant 
output responsive to ?xed and variable inputs. According to 
one aspect of the invention, a bulk, quasi-periodic phase 
matched difference-frequency generation (DFG) process in 
?eld-poled LiNbO3 bulk crystal permits continuous tunabil 
ity of the output radiation in the 3.0—4.1 pm Wavelength 
range through grating rotation. 

Another object according to the present invention is to 
provide a laser system applying a difference-frequency 
generation (DFG) process Which provides a broad band 
Width resultant output responsive to ?Xed and variable 
inputs. 

According to another aspect of the present invention, 
DFG in QPM-LiNbO3 carried out using a Nd:YAG laser and 
a high poWer semi-conductor laser at the quasi-phased 
matched (QPM) degeneracy point results in an ultra Wide 0.5 
pm acceptance bandWidth, permitting crystal rotation-free 
Wavelength tuning of 4.0—4.5 pm, With 0.2 mW output 
poWer at 4.5 pm. 

These and other objects, features and advantages accord 
ing to the present invention are provided by a combination 
generating a resultant laser beam of desired Wavelength. 
Preferably, the combination includes a ?rst laser device 
generating a ?rst beam of adjustable Wavelength, a second 
laser device generating a second beam of ?Xed Wavelength, 
a periodically poled non-linear crystal receiving the ?rst and 
second beams at one face of the crystal and a rotating 
mechanism for rotating the crystal so as to control the angle 
of incidence of the ?rst and second beams With respect to the 
face of the crystal so as to permit the ?rst and the second 
beams to combine and thereby form the resultant beam. 

These and other objects, features and advantages accord 
ing to the present invention are provided by a combination 
generating a resultant laser beam in a desired Wavelength 
range. Preferably, the combination includes a ?rst laser 
device generating a ?rst beam of adjustable Wavelength, a 
second laser device generating a second beam of ?Xed 
Wavelength, and a periodically poled non-linear crystal 
receiving the ?rst and second beams at one face of the 
crystal, Wherein the period of the crystal is substantially 
equal to but less than the degeneracy point for the crystal, the 
crystal combining the ?rst and the second beams to thereby 
form the resultant beam in the desired frequency range. 

These and other objects, features and advantages of the 
invention are disclosed in or Will be apparent from the 
folloWing description of preferred embodiments. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The preferred embodiments are described With reference 
to the drawings in Which like elements are denoted by like 
or similar numbers and in Which: 

FIG. 1 is a schematic diagram illustrating a preferred 
embodiment of a narroWband difference-frequency generat 
ing (DFG) optical circuit according to the present invention; 

FIG. 2 is a photographic illustration of the etched domain 
pattern of a bulk crystal Which can be employed in the 
optical circuit of FIG. 1; 

FIG. 3 is a graph shoWing output poWer With respect to the 
product of the input lasers for the optical circuit shoWn in 
FIG. 1; 

FIG. 4 is a graph illustrating the relationship betWeen 
output Wavelength and rotation angle for the optical circuit 
of FIG. 1; 

FIG. 5 is a graph depicting DFG poWer With respect to 
Wavelength for the optical circuit of FIG. 1; 

FIG. 6 is a graph shoWing DFG poWer With respect to 
lateral position in the optical circuit of FIG. 1; 

FIG. 7 is a schematic diagram illustrating another pre 
ferred embodiment for a narroWband DFG optical circuit 
according to the present invention; 

FIG. 8 is a graph illustrating DFG poWer With respect to 
pump poWer product for the optical circuit of FIG. 7, 
Wherein the included insert illustrates actual and theoretical 
phasematching bandWidths for a selected grating; 

FIG. 9 is a graph illustrating the output DFG Wavelength 
With respect to the external angle of the bulk crystal for the 
optical circuit of FIG. 7; 

FIG. 10 is a graph illustrating DFG output poWer With 
respect to output (difference) Wavelength for the optical 
circuit for a typical ?xed pump beam DFG apparatus; and 

FIG. 11 is a graph illustrating DFG output poWer With 
respect to DFG output Wavelength for the optical circuit of 
FIG. 7. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Coherent optical sources are required throughout the 2—5 
pm mid-IR Wavelength range for a Wide range of industrial 
applications, e.g., ?ber-optic chemical sensors, biomedical 
technology, chemical analysis, high-resolution 
spectroscopy, industrial process monitoring, and atmo 
spheric and environmental sensing. Although laser diodes 
are available at some of the Wavelengths of interest, laser 
diodes require loW-temperature operation and exhibit poor 
spectral characteristics, With narroW discontinuous tuning 
ranges. Desirable mid-IR source characteristics include 
compactness, high ef?ciency, narroW lineWidth, and Wide, 
continuous, and rapid tunability. Sources based on 
difference-frequency generation (DFG) advantageously can 
meet all of these requirements if near-IR laser diodes are 
used as pump sources. It Will be appreciated that, in one 
implementation, a 50 WW output Was generated at 4.3 pm by 
the mixing of the emission of a Ti:Al2O3 laser and the 
emission of a high-poWer semiconductor ampli?er in 
AgGaS2. Signi?cant increases in DFG poWer Were also 
achieved by intracavity mixing in a Nd:YAG laser. 

Although appropriate nonlinear materials for carrying out 
DFG in the 2—5 pm range are available, the alternative use 
of quasi-phase matching (QPM) in LiNbO3 has only 
recently been investigated. It Will be appreciated that the 
advantages of QPM in LiNbO3 are its high nonlinear coef 
?cient d33, Zero Walk-off angle, loW material costs and large 
available crystal siZes, good transparency at pump 
Wavelengths, and Well-established fabrication techniques for 
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4 
Waveguides, Which features are all required for high con 
version ef?ciencies With loW-poWer laser-diode pumps. 
DFG by use of NdzYAG and Ti:Al2O3 lasers and a periodi 
cally surface-poled LiNbO3 Waveguide has been demon 
strated and produced 1.8 MW of output poWer at 2.1 pm. 

In addition to surface poling, Which is appropriate for 
Waveguide frequency conversion, bulk periodic poling 
advantageously can be used When much greater poWer 
handling capabilities are required. Bulk QPM frequency 
conversion processes Were recently demonstrated in LiNbO3 
for use in second-harmonic generation of, for example, blue 
light, and for a 1.7—3.0 pm optical parametric oscillator 
pumped by a Q-sWitched Nd:YAG laser and a laser diode. 
Bulk poling has also been demonstrated in KTP. 

HoWever, a Widely tunable DFG in bulk periodically 
?eld-poled LiNbO3 has not been previously reported or 
achieved. Using grating rotation to alter the effective grating 
period, the emission Wavelength advantageously can be 
varied from 3.0 to 4.1 pm by nonlinear mixing of NdzYAG 
and tunable Ti:Al2O3 emissions in a 245 pm thick 6 mm long 
bulk crystal. As discussed in greater detail beloW, a maxi 
mum DFG output poWer of 0.5 mW Was measured for an 
optical circuit according to a preferred embodiment of the 
present invention shoWn in FIG. 1. 

Referring to FIG. 1, the optical circuit, i.e., the DFG 
device, includes a rotatable crystal 28, Which advanta 
geously can be a Z-cut LiNbO3 bulk crystal having a metal 
ground plane electrode on the —c side and a patterned 
electrode on the +c side. It Will be noted that the bulk crystal 
Was ?eld poled using, in an exemplary case, 5.8-kV 500 
pas-long pulses. Gratings With periods of A=21.2, 22.6, 23.2 
pm, calculated for phase matching at pump Wavelengths 
k3=787, 816, 840 nm, and DFG Wavelengths K130, 3.5, and 
4.0 pm, respectively, Were tested using the optical circuit 
con?guration illustrated in FIG. 1. It Will be noted that the 
device for rotating the bulk crystal advantageously can be 
any number of suitable electromechanical or mechanical 
devices such as a turntable 30. An example of the etched 
grating pattern is shoWn in FIG. 2. 
DFG Was achieved in the optical circuit of FIG. 1 by 

superimposing the k2=1064 nm emission from a Nd:YAG 
laser 10 and a tunable Ti:Al2O3 laser 20, using a dichroic 
beam splitter 22, as shoWn in FIG. 1. The lamp-pumped cW 
Nd:YAG laser 10 delivered as much as 4 W of poWer to the 
nonlinear crystal 28. This poWer level is comparable With 
that obtainable from commercially available diode-pumped 
NdzYAG lasers. Similarly, the maximum 426 mW of inci 
dent Ti:Al2O3 poWer used is beloW that generated by 
recently developed large-active-area GaAs semiconductor 
ampli?ers. Atelescope 18 in the Ti:Al2O3 beam Was used to 
superimpose beam Waists longitudinally and to equaliZe 
diameters of the tWo laser beams. Combined beams Were 
focused into the QPM sample by an f=8 cm lens 24. A 
Gaussian beam Waist of uuO=27 pm Was produced for the 
1064 -nm beam in the horiZontal and vertical planes, While 
beam Waists of wox=20 pm and woy=35 pm Were produced 
in the tWo planes for the elliptically shaped Ti:Al2O3 beam. 
These focusing conditions Were experimentally found to 
maximiZe the DFG poWer. 
The output poWer for the DFG process of (n1=u)3—uu2 is 

given by 

4wfk2k3d§ff (1) 
P1 

Where k1, k2, and k3 are the Wave vectors at the three 
interacting Wavelengths and h(,u, E) is the focusing 
parameter, Which is a function of pt=k2/k3 and the ratio E=L/b 
of the interaction length L to the confocal parameter b. It 
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should be mentioned that equation (1) applies When the 
confocal parameters of the tWo input beams are equal. For 
the exemplary case under discussion, b=2T|§UJO2I1/)\,=9.5 mm 
at 1064 nm and b=13 mm at 787 nm, given a mean Gaussian 

Waist (nO=(u)0x+u)Oy)/2 =27.5 pm for the Ti:Al2O3 beam. 
Approximating the confocal parameter for the tWo input 
beams by a mean value of ba=11 mm, corresponding to 
E=0.55, a focusing parameter value of h(u, E)z0.26 can be 
estimated using p=0.74 and plots shoWn in the article by P. 
Canarelli et al. Which Was published in the Journal of the 
Optical Society of America at Vol. B 9, page 197 (1992), 
Which reference is incorporated herein by reference for all 
purposes. It Will be appreciated that this is only slightly 
smaller than the maximum value of hz0.3 predicted for 
optimum focusing corresponding to Ez13. 

It should also be mentioned that, using Millers delta value 
corresponding to a nonlinear coef?cient of d33=27 pm/V 
measured for 1064 nm frequency doubling, a nonlinear 
coef?cient of d33=24 pm/V for DFG at )tl=3.0 pm, Which 
corresponds to an effective nonlinear coef?cient of de?= 
2d33/J'c=15 pm/V for the QPM process, can be calculated. 
For interaction length L=6 mm and P2P3=1 W2, Eq. (1) 
predicts that P1=0.61 mW, Which corresponds to a length— 
normaliZed slope ef?ciency of 11=1.0 mW/(CM W2) 
[0.10%/(W After correction for re?ective losses at the 
input and output facets, a slope efficiency of 0.65 mW/(cm 
W2) is predicted for the exemplary case under discussion. 

Measured values of DFG poWer at 3.0 pm generated in a 
A=21.2 pm grating are plotted as a function of the input 
poWer product P2P3 in FIG. 3. It should be mentioned that 
the ?rst ?ve data points Were derived at a ?xed P2=1.0 W, 
Whereas all other points, except for the last data point, Were 
taken With P2=2.0 W. A maximum of P1=450 MW Was 
measured at P2=4.0 W, P3=0.42 W. The DFG poWer versus 
P2P3 dependence Was linear, With a length—normaliZed 
slope ef?ciency of 11=048 mW/(cm W2). It Will be appreci 
ated that this is in good agreement With the value calculated 
using Eq. (1), particularly in vieW of the elliptical shape of 
the k3 beam. The close-to-theoretical DFG poWer is evi 
dence of the near-ideal geometry of the fabricated QPM 
grating. Similar results Were obtained at )tl=3.5 pm in the 
A=22.6 pm grating. Grating quality Was further veri?ed 
When, in a different experimental arrangement (not 
illustrated), the phase-matching bandWidth for the A=21.2 
pm grating Was measured to be 1.2 nm full-Width half 
maximum (FWHM) beam Width, Which is substantially 
equal to that calculated for a 6.0 mm interaction length. 

Using the optical circuit illustrated in FIG. 1, the DFG 
Wavelength Was varied by tuning the Ti:Al2O3 laser and 
rotating the bulk crystal 28, to thereby change the input 
beam incidence angle 0 and the effective grating period. As 
shoWn in FIG. 4, continuous Wavelength coverage extended 
from 3.0 pm at 0=0° and k3=787 nm to 4.1 pm at 0=55° and 
k3=844 nm. For comparison, angle-tuning characteristics 
calculated by use of published Sellmeier coef?cients are also 
shoWn. 

Measured and calculated variations of the relative DFG 
output poWer With the DFG Wavelength are shoWn in FIG. 
5, Wherein the dashed curve represents the Wavelength 
dependence of Eq. (1) With the Wave length dependence of 
the refractive index and h being neglected. In FIG. 5, the 
solid curve represents the combined effects of the Wave 
length dependence of Eq. (1) and variations of facet re?ec 
tivity and beam path length inside the active region With 0. 
Although there is good agreement betWeen the measurement 
and calculation for X1232 pm (0 226°), a more-rapid-than 
predicted falloff in P1 occurs at the longer Wavelengths. 
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Apparently, this rapid falloff is primarily due to a reduction 
of the acceptance angle and partially due to an increased 
pump beam ellipticity and astigmatism at large incidence 
angles. At normal incidence ((0=0°) the calculated half 
acceptance angle (de?ned as the interior angle at Which P1 
is doWn by 3 dB) of 0a=3.2° is in good agreement With the 
measured value of 0a=3.5°. It should be noted that at large 
values of 0, the acceptance angle is signi?cantly reduced 
oWing to a more rapid change of the effective grating period 
With increasing 0. For example, at 0=50° (21° inside the bulk 
crystal) it is estimated that 0=0.25°, Which is less than the 
0.32° full-divergence angle (1/e2 poWer points) of a )\.=787 
nm Gaussian beam With wox=20 pm. A less rapid falloff in 
P1 versus )tl dependence advantageously may be achieved 
by increasing the input beam Waists to reduce beam diver 
gence. In addition, the poWer drop that is due to increased 
facet re?ectivity and beam ellipticity at large 0 advanta 
geously can be reduced by polishing the facets of the bulk 
crystal 28 at an offset angle relative to the grating, so that 
achieving the maximum effective grating period for genera 
tion of 4.1 pm output Would require a smaller incidence 
angle. It should also be noted that good uniformity of the 
QPM region Was veri?ed by measuring P1 at 0=0° While 
translating the bulk crystal 28 in the lateral direction. The 
results, Which are shoWn in FIG. 6, exhibit a less than 10% 
poWer variation across the entire 2-mm active-region Width, 
indicating a less than 5% variation in def. 
As discussed above, coherent 2—5 pm mid-IR sources are 

required for applications such as ?beroptic chemical 
sensors, spectroscopy, industrial process monitoring atmo 
spheric and environmental monitoring. It Will be appreciated 
that the required source characteristics include narroW spec 
tral Width (100 MHZ is typically desirable), room tempera 
ture operation, compactness, high ef?ciency, Wide and con 
tinuous tuning. These requirements cannot be directly met 
by typical semiconductor lasers, but can be satis?ed by 
difference frequency generation (DFG) using semiconductor 
lasers or diode pumped solid state lasers. Compared With 
tunable optical parametric oscillators (OPO), DFG process 
devices have no oscillation threshold and therefore can 
produce a continuous Wave (cW) using available laser diodes 
or diode pumped solid state lasers, generate narroWband 
emission, and have a simple optical con?guration. 

Although birefringently phasematched nonlinear materi 
als for 2—5 pm DFG are available, the alternative use of 
quasi phasematching (QPM) in LiNbO3 offers advantages of 
high nonlinear coef?cient d33, noncritical phasematching 
With Zero Walk-off, loW material costs, and good transpar 
ency at pump Wavelengths. Bulk poled QPM-LiNbO3 can be 
used to generate 0.5 mW at 3.0 pm by DFG of Ti:Al2O3 and 
Nd:YAG laser, as disclosed immediately above, and in 
OPO’s pumped by a high poWer NdzYAG ampli?ers and 
laser diodes. Alternatively, a practical mid-IR DFG source 
can be provided using a high poWer, external cavity semi 
conductor laser and a Nd:YAG laser, as discussed immedi 
ately beloW. 
QPM LiNbO3 exhibits an ultra-Wide phasematching 

bandWidth of approximately 500 nm When operated at the 
Wavelength vs. effective domain period degeneracy point. 
This unique property is absent in conventional, birefrin 
gently phasematched materials Where typical phasematching 
bandWidths are more than tWo orders of magnitude smaller. 
The Wide acceptance bandWidth alloWs single knob Wave 
length tuning from 4—4.5 pm by varying the Wavelength of 
one of the mixing sources, Without requiring adjustments of 
the QPM crystal angle. A maximum of 0.2 mW Was gener 
ated at 4.5 pm, Which poWer is signi?cantly higher than that 
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generated by previous laser diode and solid state laser 
pumped DFG devices. 

It should be noted that a DFG Wavelength coverage of 
)tl=3.0—5 .5 pm can be demonstrated using a Ti:AL2O3 laser 
in a single QPM crystal using angle tuning. 

FIG. 7 shoWs a DFG optical circuit according to another 
preferred embodiment of the present invention, including 
?rst and second output lasers 110, 120. Preferably, k2=1064 
nm laser emission from a ?rst, Nd:YAG laser source 110, is 
combined With that of a cW external cavity semiconductor 
laser 120 using a dichroic beam splitter 122. 
Advantageously, the laser 120 can be a tapered GaAlAs 
ampli?er-external cavity laser, although other laser sources 
are also usable. More speci?cally, the compound external 
cavity of the semiconductor laser may contain a GaAlAs 
tapered stripe ampli?er 112 With a 130 pm output aperture 
and a peak gain near 855 nm, a diffraction grating 114 for 
tuning, and a single stripe semiconductor ampli?er 116. It 
Will be appreciated that although a diffraction grating alone 
can be used to provide optical feedback required to achieve 
laser actions, the narroW stripe ampli?er 116 loWers the 
lasing threshold While increasing output poWer available. 
The laser threshold occurs at a tapered ampli?er current of 
I=1.1 A, and the output poWer (exiting the ampli?er) is 820 
mW at I=2.0 A, With 0.5 W transmitted to the QPM bulk 
crystal. As noted in FIG. 7, the output of laser 110 is 
provided to beam splitter 122 via a Faraday isolator 126. 

Referring again to FIG. 7, the pump beams are focused by 
a f=8 cm lens 124, producing a 29 pm FWHM beam Waist 
(uuO=25 pm) at the center of a 245 pm thick, 6 mm long, bulk 
?eld poled QPM LiNbO3 crystal 128. The Z cut crystals, 
With a patterned electrode on the +c side, preferably are ?eld 
poled using 5.8 kV, 500 psec pulses. It should be mentioned 
that samples With QPM domain periods of A=22.6 and 21.2 
pm, designed for phasematching at )tl=3.5 pm and )tl=3.0 
pm, respectively, Were used in the optical circuit of FIG. 7. 
DFG poWer at >\,1=4,.47 pm, generated by tuning the 

semiconductor laser to k3+859.4 nm, is shoWn as a function 
of the pump poWer product P2P3 in FIG. 8, Where P3=0.48 
W and the NdzYAG poWer P2 Was varied. For 
phasematching, the effective QPM period Ag advanta 
geously can be changed by rotating a A=22.6 pin samples by 
0=18° (01=8.2° internal angle) in the x-y plane, relative to 
the facet normal, resulting in an effective period of Ae=A/cos 
0i=22.8 pm. It should be noted that a maximum of 0.2 mW 
Was generated by the optical circuit of FIG. 7 for P2=5 .0 W 
With a normaliZed nonlinear conversion ef?ciency of 
0.015%/W cm. The theoretical ef?ciency Was calculated 
using d33=22 pm/V, obtained from Miller’s delta rule and 
d33=27 pm/V for 1064 nm second harmonic generation 
(SHG). For the focusing conditions associated With the 
optical circuit of FIG. 7, corresponding to an average 
confocal parameter b=2T|§UJOI1/)\.=8.7 mm (2>\,=>\,2+)\,3) an esti 
mated Boyd & Kleinman focusing parameter of h=0.28 is 
obtained, yielding an efficiency of 0.022%/W cm. Account 
ing for facet re?ective losses, this predicts an efficiency of 
0.014%/W cm, Which is in agreement With actually mea 
sured values. It should also be noted that a quality output 
Was veri?ed by measuring the phasematching bandWidth, 
shoWn for a A=21.2 grating, Which grating Was designed for 
phasematching at k1=786 nm, )tl=3.0 pm, as illustrated in 
the insert of FIG. 8. The 1.2 nm FWHM of the sinc2 
dependence equals that calculated using published Sellmeier 
coef?cients. 

Phasematching Wavelength versus 0 dependence, mea 
sured using a Ti:Al2O3 laser, is shoWn in FIG. 9 for tWo 
grating periods. Also shoWn is the calculated dependence, 
Where the discrepancy at longer Wavelengths is attributed to 
inaccuracies in the Sellmeier coef?ents. A special condition 
of dG/d)», Which is equivalent to dAe/d)\,=0, occurs at the 
degeneracy point of 0=21°, )tl=4.2 pm for the 22.6 pm 
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8 
grating. It should be noted that this important property is a 
consequence of the fact that the n0») dependence has a 
minimum slope at z2.0 pm, and for DFG at )tlz4.2 pm, 
k3z085 pm the phasematching condition 1/A=I13/)\,3—Il2/)\.2— 
n10»1 can be maintained over a large Wavelength range 
because the values of dII(>\,)/d>\. near K1 and k3 are such that 
I13/>\,3—Il1/)\,1 remains relatively constant as )»3 changes. The 
degeneracy condition dAe/d)\,=0 can be moved to other )tl 
Wavelengths by choosing a different )»2 pump Wavelength. 

The ultra-Wide phasematching bandWidth near the dAe/ 
d)\,=0 point advantageously alloWs simple one knob DFG 
Wavelength tuning by varying 23 only, With no sample 
rotation required. FIG. 10 shoWs the ?xed-angle tuning 
range Which can be achieved by varying 23 from 842 nm to 
865 nm. The phasematching bandWidth, centered at )tl=4.2 
pm, is 0.5 pm FWHM. By Way of comparison, the theoreti 
cal dependence is also shoWn. It should be noted that in 
order to get good agreement With the measured bandWidth, 
a QPM period of A=23.3 pm Was assumed. It should also be 
noted that discrepancies betWeen the actual and theoretical 
values are attributed to inaccuracies in the Sellmeier coef 
?cients coupled With the fact that the minimum value of K1 
Was determined With a 842 nm laser tuning limit. 

In addition to rotation free operation near the degeneracy 
point, the Wavelength coverage advantageously can be fur 
ther extended by sample rotation. As shoWn in FIG. 9, 
3.6—4.8 pm tuning can be achieved With a A=22.6 pm QPM 
sample over an angular range of 0=0—21°, and, as discussed 
above, a tuning range of 3—4.1 pm Was achieved for a 
A=21.2 pm sample. FIG. 11 shoWs the results of DFG in the 
range of )tl=3.0—5.5 pm, measured in a A=21.2 pm sample 
using a Ti:Al2O3 laser. Incidence angles Were varied from 
0=0° at 3.0 pm to a maximum of 54° at 4.2 pm. For purposes 
of comparison, a theoretical DFG poWer vs. Wavelength 
dependence is also plotted. The calculation represents the 
Wavelength dependence suggested in various references, and 
includes variation of d33 and focusing parameter h With K1 
(in contrast With the alternative preferred embodiment dis 
cussed above Where constant d33 and h Were assumed). It 
Will be noted that the smaller than predicted DFG poWer at 
longer Wavelengths apparently is a consequence of several 
factors not accounted for in the calculation: increasing facet 
re?ectivity and decreasing acceptance angles for large 0 
values, and LiNbO3 absorption for )tl>4.5 pm. The theo 
retical values therefore represent the best case, or the poWer 
generated in absence of absorption and for 0=0 at all M. As 
shoWn in FIG. 11, a maximum poWer of 0.45 mW Was 
measured at 3.0 pm With 4.0 W of NdzYAG poWer and 0.42 
W of Ti:Al2O3 poWer incident on the bulk crystal 28. 

In summary, 3.0—4.1 pm tunability and 0.5 mW cW 
maximum output poWer Were generated using the optical 
circuit of FIG. 1 using DFG processing in 6-mm-long 
periodically poled bulk LiNbO3 crystal. It Will be appreci 
ated that this represents signi?cant improvements in tuning 
range and poWer over previous DFG system results and 
demonstrates a near-theoretical nonlinear conversion ef? 
ciency in ?eld-poled LiNbO3. With increased active region 
length, output poWers in the several-milliWatt range should 
be possible. It Will also be appreciated that this approach is 
Well suited for use With high-poWer cW semiconductor 
ampli?ers and diode-pumped lasers and offers the possibility 
for a compact, ef?cient, room-temperature, Widely tunable, 
narroW-band source required in spectroscopic, monitoring, 
and sensing applications. 

In addition, a practical, Widely tunable, mid-IR DFG 
source advantageously can be fabricated using a high poWer 
semiconductor laser, a Nd:YAG laser, and bulk ?eld poled 
QPM-LiNbO3 crystal operated near the degeneracy point. A 
DFG poWer of 0.2 mW and a near-theoretical nonlinear 
conversion efficiency at 4.5 pm can be obtained With this 
optical circuit. It should again be noted that QPM LiNbO3 
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is shown to have an ultra-Wide acceptance bandwidth of 0.5 
pm near the 4.2 pm Wavelength degeneracy point. This 
unique feature, Which is absent in conventional birefrin 
gently tuned nonlinear materials, advantageously alloWs 
simple single knob DFG Wavelength tuning. The Wide, 
rotation-free bandWidth is also important for intracavity 
DFG Where )»2 is ?xed and crystal rotation is undesirable 
because of its effects on the cavity alignment and laser 
spectrum. The optical circuit illustrated in FIG. 7 and the 
results obtained using this optical circuit provide a practical, 
narroWband, tunable mid-IR source for gas sensing and 
other applications. 

Other modi?cations and variations to the invention Will be 
apparent to those skilled in the art from the foregoing 
disclosure and teachings. Thus, While only certain embodi 
ments of the invention have been speci?cally described 
herein, it Will be apparent that numerous modi?cations may 
be made thereto Without departing from the spirit and scope 
of the invention. 
What is claimed is: 
1. A method for generating a laser beam having a desired 

Wavelength from a ?rst laser source having a ?rst output 
Which is adjustable in Wavelength and a second laser source 
producing a second output of ?Xed Wavelength in a system 
including a periodically poled non-linear bulk crystal receiv 
ing the ?rst and second outputs at one face of the crystal, the 
method comprising the steps of: 

adjusting the Wavelength of the ?rst output; 
simultaneously rotating the bulk crystal by a selected 

angle; and 
combining the ?rst and second outputs to thereby generate 

a resultant output of the desired Wavelength. 
2. The method as recited in claim 1, Wherein the com 

bining step comprises subtracting the ?rst output from the 
second output to thereby generate the resultant output hav 
ing a Wavelength less than that of either the ?rst or the 
second outputs. 

3. The method as recited in claim 2, Wherein the adjusting 
and rotating steps are performed so as to satisfy the condi 
tions: 

(2) Ae?=n3/ k3_n1/7\1+n2/)\2 
where K3, K1, k2 are Wavelengths of said resultant, said ?rst 
and second outputs, respectively, A is the period of the 
gratings of the bulk crystal and n3, n1, and n2 denote the 
indeX of refraction of the crystal for the Wavelengths K3, K1, 
M, respectively. 

4. The method as recited in claim 1, Wherein the com 
bining step comprises summing the ?rst output and the 
second output to thereby generate the resultant output hav 
ing a Wavelength greater than that of said ?rst and said 
second outputs. 

5. The method as recited in claim 4, Wherein the adjusting 
and rotating steps are performed so as to satisfy the condi 
tions: 

(2) Ae?=n3/ >L3_|:n1/)‘1+n2)‘2] 
where K3, K1, k2 are Wavelengths of said resultant, said ?rst 
and said second outputs, respectively, A is the period of the 
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grating of the crystal and n3, n1, and n2 denote the indeX of 
refraction of the bulk crystal for the Wavelengths K3, K1, 2, 
respectively. 

6. A combination generating a resultant laser beam of 
desired Wavelength comprising: 

a ?rst laser device generating a ?rst beam of adjustable 
Wavelength; 

a second laser device generating a second beam of ?Xed 
Wavelength; 

a periodically poled non-linear crystal receiving the ?rst 
and second beams at one face of said crystal; 

a rotating mechanism for rotating said crystal so as 
control the angle of incidence of said ?rst and second 
beams With respect to said face of said crystal so as to 
permit said ?rst and said second beams to combine and 
thereby form the resultant beam. 

7. The combination as recited in claim 6, Wherein said 
rotating mechanism comprises a turntable. 

8. A method for generating a laser beam having a desired 
Wavelength range from a ?rst laser source having a ?rst 
output Which is adjustable in Wavelength and a second laser 
source producing a second output of ?Xed Wavelength in a 
system including a periodically poled non-linear bulk crystal 
receiving the ?rst and second outputs at one face of the 
crystal, the method comprising the steps of: 

providing a periodically poled non-linear bulk crystal 
have a domain period substantially equal to but less 
than its respective degeneracy point; 

selecting a ?Xed Wavelength of said ?rst output; and 
combining said ?Xed output and the second output to 

thereby generate a resultant output in the desired Wave 
length range. 

9. The method as recited in claim 8, Wherein the com 
bining step comprises subtracting the ?rst output from the 
second output to thereby generate the resultant output hav 
ing a Wavelength less than that of either the ?rst or the 
second outputs. 

10. A combination generating a resultant laser beam in a 
desired Wavelength range, comprising: 

a ?rst laser device generating a ?rst beam of adjustable 
Wavelength; 

a second laser device generating a second beam of ?Xed 
Wavelength; and 

a periodically poled non-linear crystal receiving the ?rst 
and second beams at one face of said crystal, Wherein 
the period of the crystal is substantially equal to but less 
than the degeneracy point for said crystal, said crystal 
combining said ?rst and said second beams to thereby 
form the resultant beam in the desired frequency range. 

11. A laser system generating a resultant laser beam in a 
desired Wavelength range using difference-frequency gen 
eration (DFG) in a quasi-phase matched (QPM) LiNbO3 
crystal carried out using a Nd:YAG laser and a high poWer 
semiconductor laser, Wherein said crystal is oriented at the 
(QPM) degeneracy point to thereby permit generation of a 
0.5 pm acceptance bandWidth. 

* * * * * 


