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Abstract

We report on recent developments of widely tunable, continuous-wave (CW) laser sources based on difference-frequency gen-
eration (DFG) in nonlinear optical materials. The state-of-the-art of CW DFG technology will be reviewed. Applications of the
DFG-based laser source to high-resolution molecular spectroscopy and trace gas detection will be presented. New development
trends of DFG will be discussed. To cite this article: W. Chen et al., C. R. Physique 8 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Sources lasers continues dans I’infrarouge par génération de différence de fréquences. Dans cet article nous présentons
des développements récents de sources lasers, fonctionnant en régime continu et largement accordables en fréquence, basées sur
la génération de différence de fréquences (DFG) lasers dans un milieu optique non linéaire. L’état de 1’art de la technologie DFG
sera passé en revue. Des applications de la source laser a DFG en spectroscopie moléculaire a haute résolution et a la détection de
traces de gaz seront présentées. Des tendances récentes du développement de la technologie DFG seront discutées. Pour citer cet
article : W. Chen et al., C. R. Physique 8 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Developments of tunable, continuous-wave (CW) laser sources in the mid-infrared (mid-IR) spectral region from
3 to 20 um are of considerable interest for various applications, such as:

e Environmental applications that include green house gas monitoring, atmospheric chemistry, fire detection, sens-
ing of automobile, truck and aircraft exhaust emissions, combustion-generated pollutant source monitoring,
catalytic converter diagnostics, and volcanic gas emissions;

e Industrial applications that include industrial process control, monitoring of industrial risks, fence line monitoring
of industrial plants, diagnostics of gases used in the semiconductor industry;

e Medical diagnostics applications that include the detection, quantification and monitoring of biomarkers in ex-
haled breath, glucose detection, diagnostics of ulcers and colon cancer;

e Spectroscopic applications in high-resolution spectroscopy, reaction kinetics studies by time-resolved spec-
troscopy, and in studies of environment and climate relevant processes;

e Security and military applications that include sensing of toxic gases and biological warfare agents, detection of
explosives and fugitive emissions from illicit drug-manufacturing sites, as well as infrared counter-measurements;

e Photonic applications that include in particular optical frequency metrology, characterization of infrared com-
ponents as well as the next generation of fiber-optics communications based on novel fiber materials highly
transparent in the infrared region.

Common CW sources of coherent radiation include direct laser radiation devices (denoted as class ‘A’ laser sources,
such as color center lasers, CO and CO; gas lasers, interband-transition diode lasers, intraband-transition quantum
cascade lasers) and devices based on nonlinear optical process (class ‘B’) such as difference-frequency generation
and optical parametric oscillators. Currently the most useful mid-IR CW laser sources are:

e Color center lasers (2-3.5 um) [1,2]: Such lasers provide an output power ranging from a few mW to several
watts with a linewidth on the order of ~MHz. Beyond its limited spectral range in the mid-infrared, a drawback is
the need for liquid nitrogen cooling of the color center crystal to minimize degradation of the color center crystal
and its laser performance.

e CO (5-6 um) and COz (9-11 pum) lasers [3,4] offer high output powers that are advantageous in highly sensi-
tive photoacoustic spectroscopy and industrial applications, despite suffering from line-tuned spectral tunability
(lasing lines are spaced by approximately 1-2 cm~! in CW mode). In order to overcome the step-tunability short-
coming of the two gas lasers, the laser radiation is usually electrooptically modulated with a tunable microwave
source in a CdTe or GaAs crystal to generate laser sidebands for use in spectroscopy. This technique allows ~50%
wavelength coverage within the laser lasing range. Another approach to achieve continuous tunability has been
the operation at high gas pressures, as yet only in pulsed mode [5].

e Diode lasers [6,7]: IV-VI semiconductor lasers span the infrared wavelength range from 3 to 30 um with an output
power in the 1 mW range at cryogenical temperatures, which involves either a cryogen reservoir or a Stirling cycle
cooler. As a result of over two decades of developments, distributed feedback (DFB) or distributed Bragg reflector
(DBR) lasers, and external cavity diode lasers (ECDL) achieved significant progress with respect to the spectral
tunability (wide tuning of ~100 nm, and fine tuning of ~20 cm~! have been reported), as well as to the output
power (CW power of ~0.5 W has been demonstrated) [8]. Commercially available Fabry—Perot IV-VI mid-IR
lasers provide single-mode injection current tuning ranges as wide as 3 cm~! and individual lasers covering as
much as 200 cm™! of the mid-IR spectrum by varying the sink temperature from about 80 K to about 120 K [9].

o Quantum cascade lasers (QCL) [10-13]: Since the invention in 1994, QCLs have become one of the mid-IR laser
sources of choice at specific wavelengths throughout a wide spectral region from 4 to 12 um. QCLs exhibit high
performance characteristics in terms of operating temperature, output power, and wavelength tunability. High
power (10-100 mW) room temperature CW DFB-QCLs are now commercially available for specific wavelengths
within the mid-IR region of 4.3-9.5 um with a linewidth of ~1 MHz and continuous frequency scanning by
temperature tuning of ~10 cm™! [14]. Broad spectral coverage of up to 182 cm™! (@ ~ 8.4 um) with continuous
mode-hop free tuning of ~1.25 cm™! has been recently reported using a bound-to-continuum QCL design in
conjunction with an external cavity grating configuration [15].
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e Interband cascade lasers (ICL): The concept of type-II ICLs was first proposed by Yang in 1994 [16] and demon-
strated at ~3.8 um in quasi-CW operation in 1997. Based on interband transition (between the conduction and the
valence bands) emitting 2.7 to 5.5 pm, this new class of semiconductor lasers offers low ICL threshold currents,
high quantum efficiency and high output power in an important spectral region. The applicability of ICLs for
trace-gas sensing has been demonstrated with cryogenically cooled ICLs. For example, the detection and quan-
tification of HyCO [17], as well as aircraft and balloon in situ concentration measurements of CHy4 and HCI [18]
were reported recently. Development of room-temperature CW operation of ICL is in progress [19-21] and a
thermoelectrically cooled CW ICL operating at 264 K was demonstrated [22].

Although these laser sources mentioned above are commercially available for the mid-IR region, each type suffers
from one or more practical drawbacks: the requirement of LN; temperature cooling, incomplete spectral coverage or
limited mode-hop free tuning range. As a viable alternative to the class ‘A’ infrared lasers, nonlinear optical frequency
down-conversion can be employed to generate class ‘B’ optical parametric sources, based on optical parametric os-
cillators or difference-frequency generation. As a result of the development of high-power tunable near infrared laser
pump sources in combination with quasi-phase-matching nonlinear optical materials with high nonlinear conversion
efficiency and high damage threshold, CW optical parametric laser sources have been configured as stable coher-
ent sources broadly tunable in the mid-IR region, which allow the transfer of the high performance characteristics
of the pump lasers to the mid-IR: precise wavelength resolution, narrow linewidths, widely and rapidly continuous
wavelength tunability.

e Optical parametric oscillators (OPO): CW optical parametric oscillators operate as tunable mid-infrared spec-
troscopic sources up to ~4.5 um with narrow-linewidth (<MHz), high power (~W) and smooth, mode-hop-free
tuning up to 60 GHz [23-25]. Continuous mode-hop free frequency tuning across the coarse frequency tuning re-
gion with active stabilization of the laser frequency and the cavity lengths have been reported by Harren [26-28]
and Henderson [29].

o Difference-frequency generation (DFG): Laser sources based on CW DFG in a suitable nonlinear optical mate-
rial offer a spectroscopic source capable of precise wavelength resolution, narrow linewidth, widely and rapidly
continuous wavelength tunability. The first continuous-wave DFG source was reported by Pine [30] in 1974 for
use in high-resolution spectroscopy in the infrared (2.2—4.2 um) by mixing a single mode Ar™ laser with a single
frequency CW dye laser in a 5-cm long LiNbO3 crystal. Extension of the infrared spectral coverage to the mid-
and long-wave infrared using DFG was initially limited by the availability of effective pump lasers and suitable
nonlinear optical materials in the 1970s and 1980s. Experiments of DFG-based infrared sources from 4 to 10 um
by the Laser Science Group at Rice University (Houston) in 1991 [31,32] represent an important milestone in the
modern development of DFG-based CW laser sources. Wide wavelength tuning was achieved by mixing a dye
and a Ti:Sapphire laser in an AgGaS; crystal. Since then, there has been a renaissance in DFG technology as a
result of significant advances in nonlinear optical materials, pumping lasers and photonics technology [33,34].

In this article we emphasize mid-IR laser sources based on CW difference-frequency generation. Several reviews of
DFG-based laser sources have been published (e.g. Refs. [35-38]). The scope of this paper is to discuss recent progress
in the developments of CW DFG in the mid-infrared with emphasis on phase-matchable nonlinear optical materials,
phase-matching schemes, laser pumping sources, DFG in the deep infrared and power conversion efficiency. Typical
applications of coherent sources based on nonlinear optical frequency-conversion to spectroscopic applications will
be presented.

2. Difference-frequency generation

Difference-frequency generation as a three-wave nonlinear interaction process has been theoretically analyzed
by Armstrong et al. [39] in 1962. The difference-frequency conversion efficiency has been investigated by Boyd and
Kleinman [40], based on the electric field generated by two focused Gaussian beams, the dependence of the generation
power on the focusing condition and the properties of the nonlinear mixing material. In the case of two collinear
Gaussian beams (with powers P, and Py at frequencies w, and wy, for the pump and signal beam, respectively)
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Fig. 1. Relative DFG conversion efficiency (#-function) using focused Gaussian beams [40]. Where h(u, &, ) is the focusing function (Eq. (2)),
w=kp/ks and & = L/b is the focusing parameter.

having identical confocal parameters b = k pw?, =k w? (here w is the beam waist), the DFG output power P;, at the
difference-frequency w; (= w, — wy), can be written as [41,42]:

p, _ 25677 (defr)>  h(p.§ )

i i nj -Ng-Np (ks_l+k;1)

3 L-Py,-Ps-exp(—aL) @))
here c is the speed of light in vacuum, 7 is the index of refraction, L is the crystal length, d. is the effective nonlinear
coefficient, and « is the absorption coefficient of the nonlinear optical medium at the DFG frequency. The subscripts s,
p, i refer to the signal, pump, and idler (infrared), respectively. The focusing function h(u, &, @) involving walk-off
and focused beam effects is given as (focusing point is assumed at the center of the crystal):

+& +&
1 : exp(%E (r — 7))
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where = k,/ ks and the focusing parameter £ = L /b which relates the crystal length to the beam size of the pump
and signal. Fig. 1 plots the focusing function 4 versus the focusing parameter &.
Eq. (1) shows typical features for a three-wave parametric mixing process:

[u—y

. DFG power is proportional to the nonlinear optical figure of merit, dgff/ (ningnp).

2. The output power varies linearly with the product of the input powers. In practice, the pumping power densities
incident on the nonlinear optical crystal are usually limited by the laser induced damage of the crystal. A large
optical damage threshold is thus highly desirable. Commercially available ferroelectric material-based quasi-
phase-matching (QPM) crystals, such as periodically poled LiNbO3 (PPLN) or RbTiOAsO4 (PPRTA), exhibit
high laser induced damage thresholds and lead to mW CW DFG power by using high-power (~W) pumping
sources. In the case of using low pumping powers, intracavity DFG technique [43-45], semiconductor optical
amplifiers or fiber amplifiers [46] can be used to enhance pumping power levels.

3. DFG power is proportional to the square of infrared frequency w;, as shown in Fig. 2.

4. As shown in Fig. 1, the DFG power varies with the crystal length L in the case of Gaussian beam coupling,

and reaches a maximum value with an optimum focusing parameter of & ~ 1.3. The h-function reduces to & ~ &

when using loose focusing parameter & < 1, which makes the DFG power proportional to L, as in the case of
the plane-wave approximation where the nonlinear generation power at the resultant frequency w; can be written
as:

d2
P,~o<;ff-a)l-2~Pp-PS-L2-smc2
ni-np-ng

|Ak|L
T) -exp(—aL) 3)
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Fig. 2. Output power versus infrared frequency of 900-1500 em! (6.6-11.1 um) from type II phase-matched (see Section 3.1). DFG in a LilnSy
crystal in the X-Y plane. Squares, experimental data; solid curve, quadratic fit [48].
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Fig. 3. DFG infrared frequency detuning characteristics at room temperature: (a) in a 45-mm long AgGaS, crystal [47]; (b) in a 10-mm long LiInSy
crystal [48]. Black: experimental data; Red (lighter line): sinc? function that considers phase mismatch in the frequency-conversion process, based
on a plane-wave model. The asymmetry of the experimental curve is due to interaction effects of focused Gaussian beams [41,42]. The observed
phase-matched wavelength-tuning bandwidth (FWHM) was 0.6 em™! for AgGaS) and 8 em™! for LilnS,, respectively. In (b), two atmospheric
water-vapor absorption lines (010-000) were observed in laboratory ambient air over a 42.5-cm open path between the DFG crystal and the MCT
detector. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where k is the wave vector within the nonlinear optical medium and Ak (= Kk, — k; — k;) describes the phase
mismatch resulting from unequal phase velocities of the interacting waves. In fact, due to optical frequency dispersion
in the refractive index of nonlinear optical crystals, the interacting waves at different frequencies travel at different
velocities (defined as ¢/n(w), where n(w) is the frequency-dependent refractive index). The difference in the phase
velocities produces a phase difference that accumulates along the length of the nonlinear device. The relative phases
of the interacting waves determine the direction of the power flow between the driving and generated waves. A phase
shift of 7 is produced in every coherence length (L. = 7 /Ak), which leads to a reversal of the energy flow from the
generated wave to the driving waves. For efficient frequency-conversion, a critical requirement is that the interacting
waves must stay in phase along their path through the nonlinear optical medium. This requirement is usually referred
to as phase-matching (PM) [39]. Maximum frequency-conversion efficiency can be obtained when the phases of the
interacting waves are matched so that Ak = 0. Fig. 3 depicts the phase-mismatching effect of the DFG process: (a) in
a 45-mm long AgGa$S; crystal [47]; (b) in a 10-mm long LilnS; crystal [48]. The asymmetry of the experimental
curve is due to interaction effect of focused Gaussian beams [41,42].
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In the case of a collinear interaction, the PM condition can be expressed as:
ni  np N

=2 __ 4
Ao Ay s ®
where
1 1
Mo hp A

The refractive indices can be calculated by using a wavelength-dependent dispersion equation, known as the Sell-
meier equation, and given as:

D
5
T (/2 T T (E/ )
where the dispersion coefficients A, B, C, D, E for most of the commercially available materials are reported in
Refs. [49,50].

n*(\) =A+

3. State of the art of CW DFG technology
3.1. Phase-matching methods

3.1.1. Birefringent phase-matching (BPM)

This method is used for semiconductor materials such as uniaxial crystals: AgGaS,, AgGaSe,, GaSe, ZnGeP; or
biaxial crystals: LilnS;, LilnSe,. In the BPM scheme, birefringence is used to adjust the different phase velocities by
matching the field polarizations of the different mixing waves to the phase-matching required crystal axis (if the signal
and idler have the same polarization, this type of phase matching is referred to rype I PM; while the case of different
polarizations for the signal and idler corresponds to a type II interaction). For this purpose orthogonal polarizations
between interacting waves are required with an appropriate combination of the pump and signal wavelengths. For
instance, type I BPM of a 3-wave collinear interaction can be written as:

n()(T7 )"l) _ n€(09 T7 )\'p) _ n()(T7 )\'S)

6
Ai Ap Asg ©

Eq. (6) can be satisfied by adjusting the pumping wavelengths, the crystal temperature, and the incident angle of the
pumping beams with respect to the optic axis of the nonlinear optical crystal.

o Wavelength tuning: The wavelengths of the pump and signal lasers are selected so that the wavelength-dependent
refractive indices at each of the three interacting frequencies are phase-matched. This implies that their respective
polarizations should be phase-matched as required by the crystal orientation.

o Temperature tuning: PM can be obtained by adjusting the temperature-dependent refractive indices. This tech-
nique is useful when the birefringence of the crystal is strongly sensitive to temperature and if fast tuning is not
required.

e Angle tuning: The refractive indices can be varied by angular orientation of the crystal optic axis with respect
to the propagation direction of the incident pump laser beams. This method, however, may introduce ‘walk-off’
effects of the Poynting vector for the extraordinary wave due to double refraction. This effect leads to a reduction
of the spatial overlap between the interacting waves, and thus degrades the parametric conversion efficiency.

In general, one technique can be used in combination with another to achieve phase-matched DFG over a wide
spectral region. Fig. 4 shows a typical example of BPM using wavelength tuning in conjunction with angle orientation
to cover the mid-IR region from 8 to 19 ym by DFG in a GaSe crystal [51,52].

Phase-matching using birefringence requires finding a coincidence between the birefringence-dependent wave-
lengths of interest and those available from pump sources which satisfies Ak = 0 and fall within the optical trans-
mission range for a given crystal. This requirement restricts the number of crystals suitable for nonlinear frequency-
conversion to only about ten commercially available crystals for infrared DFG applications [49]. The typical power
conversion efficiency is ~1073 /(W cm).
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Fig. 4. Infrared wavelength tuning characteristics of DFG in a GaSe crystal from 8 to 19 pm, birefringently phase-matched by tuning of laser wave-
lengths and crystal angle. The solid curves are calculated based on the Sellmeier equation given in [169] and the dots correspond to experimental
data [52].
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Fig. 5. Quasi-phase-matching scheme using a periodical structure to offset the accumulated phase mismatch along the propagation direction of the
interacting waves in a nonlinear optical crystal.

3.1.2. Quasi-phase-matching (QPM)

In a QPM scheme, periodic structures are used to offset the accumulated phase mismatch: the signs of the optical
nonlinearity of the crystals are modulated along the propagation direction so that the phase is periodically reset by
with a half-period equal to the coherence length L. as illustrated in Fig. 5.

The modulation period A =2L. should be appropriately selected so that the following QPM equation is satisfied:

Moo A A A

)
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Fig. 6. Various grating designs for electric-field poling of ferroelectric materials: (a) multiple channels [56], (b) fan-out grating [58]. QPM semi-
conductors: (c) epitaxial orientation patterned growth GaAs [62] and (d) wafer bonded AlGaAs waveguide [77].

In contrast to BPM, the QPM materials can be engineered to be phase-matchable at any wavelengths within the
transparency range of the crystal by selecting the appropriate modulation period A. This method allows a free choice
of polarization of the interacting waves and the use of the largest nonlinear susceptibility component. Moreover, as
the QPM scheme does not rely on birefringence, it can be used in isotropic materials with a large optical nonlinearity.
Three techniques have been implemented to realize QPM in bulk materials or waveguided QPM:

(1) Photolithographically patterning method [53-55], used for electric-field poling of ferroelectric materials (such as
LiNbO3, KTiOPO4, RbTiOAsQy4, LiTaO3, KTiOAsO4) to provide precise periodical domain sizes ranging from 5
to 30 um. When A is appreciatively selected, DFG frequency tuning can be realized by adjusting temperature
and/or angle between the crystal optic axis and the propagation direction of the incident laser beams. In order
to realize wide frequency tunability, a multi-grating design is employed (Fig. 6(a)) [56,57]. A fan-out grating
design can be used for a continuously and widely tunable optical parametric source (Fig. 6(b)) [58]. An angled
and staggered grating used for QPM of the antisymmetric TM 9 mode in PPLN has been demonstrated by Fejer
et al. [59].

(2) Epitaxial orientation patterned growth [60-62] (Fig. 6(c)) or (3) diffusion stacking—bonding [63-69] (Fig. 6(d))
methods, applied to III-V semiconductors (such as GaAs, ZnSe).

3.1.3. Waveguide phase-matching

The efficiency of traveling-wave bulk interactions is restricted by a trade-off between tight focusing for high laser
intensities and loose focusing for large interaction lengths. Waveguide devices offer interacting guided waves inside
nonlinear optical media, which minimizes diffraction effects and yields potentially single-pass frequency-conversion
efficiencies that are two or three orders of magnitude (up to 19% W~! [70]) larger than that obtained with single-pass
interaction in a bulk crystal. Waveguide PM devices can be classed as follows:

(1) Dielectric waveguided QPM nonlinear materials, such as waveguided PPLN [71-73] and recently reported direct-
bonded QPM PPLN ridge waveguides [74,70,75].

(2) Waveguided semiconductors (like GaAs, ZnSe) using QPM based on periodic domain inversion by wafer bonding
[76,77].

(3) Modal dispersion PM based on engineered birefringence (form birefringence PM) in oxidized GaAs—AlAs mul-
tiplayer waveguide [78-80].

(4) Total internal reflection-based Zig-Zag Fresnel QPM in isotropic semiconductors [81-84].

A new approach, named random phase-matching, has been recently proposed. This approach is based on the ran-

dom motion of the relative phases in highly transparent polycrystalline materials to achieve efficient phase matching
in isotropic materials [85]. A recent review of quasi-phase-matching technology can be found in Refs. [86,87].

3.2. Phase-matchable materials

Requirements for nonlinear optical materials for effective frequency-down conversion include: optical transparency
at the three frequencies of the interacting waves, phase matchable with a nonlinear coefficient x ®) as large as possible
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Properties of some important phase-matchable nonlinear optical materials suitable for mid-IR DFG applications [50], and (a): [127], (b): [170],
(c): [171], (d): [172], (e): [173], (f): [123]

Crystal Abs. coef. Transparency Nonlinear coefficient Damage threshold

(em™1) (um) (pm/V) (MW /cm?)
KTiOPO4 <0.01 (@1.06 um) 0.35-4.5 d33 =10.7 (@ 1.064 um) 150 (@1.064 pm & 20 ns)
KTiOAsO4 <0.005 (@1.06 um) 0.35-5.3 d33 =16.2 (@ 1.064 ym) 400 (@1.064 um & 10 ns)
LiNbO3 0.002 (@1.06 pm) 0.4-5.5 d33 = —27 (@ 1.06 ym) 100 (@1.064 pm & 20 ns)
RbTiOAsOy4 <0.005 (@1.06 um) 0.35-5.8 d33 =15.8 (@ 1.064 pm) 400 (@1.064 pm & 10 ns)
LilO3 0.2 (@1.06 um) 0.28-6 d33 =4.5(@ 1.064 um) 120 (@1.064 pm & 10 ns)
LiInS,® <0.04 (@1.06 um) 0.34-11.5 d33 =16 (@ 2.3 pm) 1000 (@1.06 pm & 10 ns)
LilnSe; <0.06 (@1.06 yum)® 0.5-12.5 dogr = 11 (@ 7 pm)(© 500 (@1.06 um & 10 ns)
ZnGeP, 0.03 (@4.5-8 pm) 0.74-12 d3g = 68.9 (@ 10.6 pm) 78 (@9.6 ym & 120 ns)
AgGaS, <0.04 (@4-8.5 ym) 0.47-13 d36=11.1 (@ 10.6 ym) 20 (@10.6 ym & 150 ns)
GaAs 0.01 (@10 pm) 0.9-17 dis =949D dz6 =119©
CdGeAs; 0.4 (@10.6 um) 2.4-18 d36 =282 (@ 10.6 um) 33 (@10.6 um & 150 ns)
AgGaSe, 0.09 (@10.6 um) 0.71-19 d36 =33 (@ 10.6 um) 15 (@10.6 pm & 150 ns)
GaSe <0.1 (@10.6 pm) 0.62-20 dyy =54 (@ 10.6 um) 30 (@10.6 um & 125 ns)
ZnSe <0.005 (@10 um) 0.5-22 dis =78 (@ 10.6 um)D
CdSe 0.03 (@10.6 pm) 0.75-25 d3; = —18 (@ 10.6 um) 60 (@10.6 pm & 200 ns)

and a high optical damage threshold. Also important are optical homogeneity, mechanical, thermal properties and
commercial availability.

Table 1 lists the principal nonlinear optical media currently used for DFG applications in the 3 to 20 um region.
A good review of nonlinear materials for optical frequency-conversion can be found in Refs. [88,89,55,38].

As can be seen, ferroelectric materials exhibit a larger damage threshold although they are optically transparent to
only ~5 um due to intrinsic absorption, while semiconductors materials are suitable for DFG in the deep mid-IR at
wavelength A > 5 pm. Ferroelectric material-based QPM crystals are commercially available, while commercialisa-
tion of OP-GaAs materials is currently in progress.

3.3. Practical laser pump sources suitable for CW DFG based mid-infrared sources

The spectral features of a DFG coherent light source are determined by the characteristics of the pump lasers
selected for a particular source platform. Hence the following parameters for laser sources are desirable: (1) nar-
row pump laser linewidths, preferably single longitudinal mode (since the DFG emission linewidth is equal to the
convolution of the pump laser linewidths under Gaussian beam profile assumption); (2) wavelength tunability; and
(3) sufficient laser pump power in order to generate significant levels of available DFG power.

e Dye and Ti:Sapphire lasers: Commercially available CW dye and Ti:Sapphire (Ti:Al,O3) laser, optically pumped
by an Ar™ or frequency doubled diode pumped solid state laser, are widely tunable from the visible to the near
infrared (580-1100 nm). They are usually employed as suitable DFG pump sources for use in laboratory based
high-resolution infrared spectroscopy.

e Diode lasers: Numerous types of diode lasers are attractive for application in DFG-based gas sensor instrumen-
tation. The wavelength tunability of DFB- or DBR-based diode lasers, however, are typically limited to a few
nanometers. Improvement in wavelength tuning can be accomplished by using external-cavity structures. The
output power of single mode diode lasers is usually limited and often not sufficient for use as a DFG pumping
source. A high-power tunable single mode diode laser source can be obtained based on a master oscillator power
amplification (MOPA) architecture using a semiconductor optical amplifier or fiber amplifier.

e Fiber lasers: Recently commercially available CW single mode fiber laser for the region of 1050 (Ytterbium
doped) and 1550 nm (Erbium doped) offer the optimum choice to boost available pumping powers to achieve
compact CW DFG source [90,91].
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3.4. Typical DFG architecture

Typical schematic diagrams of DFG architectures are shown in Fig. 7. The pumping sources consist usually of two
lasers: one is a visible or near-IR laser (at w, as pump) and the other is a near-IR laser (at wy as signal). At least one
of the two pump lasers should be tunable in wavelength for production of a tunable DFG source.

Fig. 7(a) shows an optical arrangement of DFG based on free space coupled laser beams [92,52,93]. Usually an
optical isolator is used to prevent the laser from back-reflections. When a diode laser is used as pumping source, the
following optical components are necessary for beam shaping: an anamorphic prism pair and a 1 /2 plate to make
laser beam profile circular and its polarization linear. It is worth noting that the laser beam transverse mode plays
an important role in efficient coupling of the interacting waves. As pointed out in Ref. [94], the TEM|; beam mode
coupling degrades the nonlinear optical frequency-conversion efficiency by more than a factor of 2 with respect to
TEMgp mode coupling. For BPM, a polarization rotator is used in order to match the beam polarization to the crystal
axis to fulfill the phase-matching condition. The orthogonal polarizations can then be combined by a polarizing beam
splitter cube. In the case of an e—e=e QPM DFG process where all interacting waves are vertically, i.e. extraordinarily,
polarized, polarization rotator is not useful and the laser beams can be combined by use of a dichroic beam splitter.
Optimum optical alignment for overlapping the pumping beams is achieved by using a pin-hole technique and by
checked with a beam analyzer camera.

When fiber-coupled lasers or fiber lasers are used as pump sources, a wavelength division multiplexer (WDM)
[46,95,96] is employed for combining the laser beams as shown in Fig. 7(b). Optical fiber technology ensures op-
tical alignment-free combining and spatial overlapping of laser beams, which translates into improved DFG power
conversion by a factor of 2 [46].

Two laser beams are usually collinearly focused into a nonlinear optical crystal with a lens of focal length in the
range of 50-350 mm (as a compromise between high laser intensities, by use of a lens with short focal length, and
large effective interaction area with a long focus). Implementation of an achromatic Gaussian beam coupling optical
system [92,52,96] will reduce the longitudinal chromatic aberration effect on the location of the focused Gaussian
beam waists inside the nonlinear optical crystal which can result in an increase in infrared DFG power by a factor
of 3.
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Fig. 8. Stabilization of DFG power with the help of polarization control (PC). ACC: laser in automatic current control (ACC) mode; APC: laser in
automatic power control (APC) mode.

Instantaneous variation of the polarization state of the laser beams is an important instability source of the DFG
power. Fig. 8 shows the effects of polarization of laser pumping beams on the stabilization of DFG output power with
the help of polarization control (PC). The SNR of the DFG power gained approximately a factor of 5 with polarization
control as compared to the case without polarization control (Fig. 8(a) vs. (d)) [96].

The crystal is operated at room temperature or adjustable elevated temperatures when temperature tuning is needed.
In the case of using PPLN as frequency converter, it is worth noting that the crystal temperature should be >100°C
in order to avoid photorefractive damage.

A 1-mm thick germanium (Ge) filter is usually employed as a long-wavelength pass filter to block unwanted pump
and signal laser beams. The filter can be set at the Brewster’s angle to reduce the reflection losses of transmitted
infrared beam.

The DFG light can be detected with a liquid-nitrogen-cooled or Peltier-cooled IR detector, such as InAs (1.0-
3.8 um), PbSe (2.0-6.0 um), InSb (1.0-5.5 um), HgCdTe PV (0.5-11.0 pm) or HgCdTe PC (1.0-26 um). The output
signal from the detector is amplified by means of a low-noise preamplifier.

Design consideration of DFG has been discussed in detail in Refs. [97,33,34].

3.5. Optical parametric radiation in the mid-IR (3-20 um) by means of DFG

DFG has become a routine technique for optical parametric source generation for spectroscopic applications in the
laboratory and in-situ field applications. Two spectral regions can be distinguished according to the specific nonlinear
optical material used as frequency converter: the two 3—5 pm and 5-20 um regions.

3.5.1. The 3-5 um spectral region

The well established grating-engineered QPM PPLN technology in combination with a large damage threshold
and high thermal conductivity, as well as the commercial availability make periodically poled ferroelectric materials
suitable for efficient DFG in the 3-5 yum region [98-102,95,103,34,93,96,38]. Although periodically poled LiNbO3
(PPLN) is the most used nonlinear optical material which makes QPM-DFG a practical technique for real world
applications, periodically poled RbTiOASO4 (PPRTA) offers several distinct advantages compared to PPLN: The
optical transparency range for PPRTA extends to about 5.8 um at long wavelengths, as compared to 5.5 pm for PPLN.
PPRTA has the benefit of significantly reduced absorption in the 4-5 um region, with a comparable nonlinear optical
figure of merit (21.5 pm?/V?Z, for PPRTA vs. 27 pm?/V? for PPLN). In addition, PPRTA possesses a high damage
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Fig. 9. A compact mid-IR laser source (2.96-3.60 um) based on fiber laser pumped DFG in a PPLN crystal.

threshold of >400 MW /cm?, which is five times higher than that for PPLN. Another advantage of PPRTA is that it
possesses a lower coercive field for electric poling (~ten times lower than that for PPLN), which facilitates periodic
poling of several mm-thick samples with a significantly higher resistance to photorefractive damage than PPLN. This
characteristic permits stable operation of PPRTA at room temperature. These characteristics are advantageous for
nonlinear optical frequency-conversion when using high-power fiber amplifiers and diode-pumped solid-state lasers
as DFG pumping sources [104-106].

The CW DFG output power based on periodically poled materials are in general in the range of 10—100 pW.
Alternatively, average power levels above 1 mW have been reported for a DFG system that uses a combination of a
pulsed pump and a CW signal source [107].

The use of well developed telecommunications diode lasers, fiber amplifiers, optical fiber delivery systems and
fiber couplers has led to the realization of compact and robust laser instruments based on DFG in PPLN for trace
gas detection application. CW DFG power scaling to the mW level has been recently achieved: 3.5-mW at 3.35 um
produced from a PPLN crystal pumped with high laser pump powers (P, = 550 mW and P; = 3.9 W) [90], and
15-mW DFG power at 3.52 um generated in an efficient ridge waveguide PPLN crystal using P, = 320 mW and
Py =520 mW [70].

Fig. 9 shows a compact mid-IR laser source (2.96-3.60 um) by DFG in a PPLN crystal [96].

3.5.2. The 5-20 um region

Due to the lack of suitable QPM materials, DFG in this spectral region is usually realized by BPM using semicon-
ductor materials including AgGaS, [31,32,47,108-111], AgGaSe, [112,113], GaSe [114,51,92] and ZnGeP; [115,
116]. Long-wave IR up to ~19 um has been achieved by DFG in GaSe crystal. Experiments of DFG based on biax-
ial crystals such as LilnS, [48] and LilnSe; [117] have been recently performed by type II BPM in the X-Y plane.
Compared to AgGaS; that is largely used for DFG in the 5-11 um region, LiInS; and LilnS; possess larger thermal
conductivity (~3—4 times larger) and larger energy gap (3.59 eV for LilnS; compared to 2.6 eV for AgGaS;) in com-
bination with high damage threshold and relatively high nonlinear optical susceptibility. Furthermore, as these crystals
crystallize in an mm?2 space group (such as KTP) and are related to pyroelectrics, they will be promising materials for
deep IR QPM operation if polarization domain reversal can be realized.

During the last several years, QPM materials based on orientation patterned GaAs (OP-GaAs) have been developed
for DFG in the 8-12 um [118]. DFG power levels of ~uW has been produced at 8.4 pm region by mixing two
telecom lasers (A, = 1300 nm and Ay = 1550 nm) in a 19-mm long and 0.5-mm thick OP-GaAs crystal. Another
QPM scenario using total internal reflection in ZnSe has been explored at ONERA (France) for DFG (in a pulsed
regime) in the 8—13 um spectral region [119].

The DFG output powers scale from some tens of nW to several uW. These relatively low DFG powers, compared
to that obtained by DFG in the 3-5 um, are mainly due to the lack of high efficient QPM crystals and because the
DFG powers are inversely proportional to the square of infrared wavelength ;.
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Fig. 10. QPM-DFG characteristics in a PPLN crystal at room temperature. Shown is the generated infrared wavelength as a function of the pump
laser wavelength and the grating period A ( with the signal laser fixed at 1064.5 nm). As shown in the figure, at the QPM degeneracy point,
a phase-matched bandwidth of 125 nm could be obtained around 4.4 ym.

3.6. Characteristics of DFG-based optical parametric coherent light

3.6.1. Phase-matched DFG wavelength acceptance bandwidth

Wavelength tunability is one of the most important characteristic parameters of laser source for use in applied
spectroscopy, in particular for trace gas sensing when spectroscopic detection of multispecies and broadband absorbers
is required. DFG-based infrared wavelength tuning is usually achieved by scanning the wavelength of one laser while
the other is held fixed. In this case, the infrared wavelength tuning is limited by phase mismatch effects (see Fig. 3). The
phase-matching bandwidth BW (FWHM) is inversely proportional to the crystal length and can be written as [120]:

BW(em™) = { Leg| (ni — ng) + /\%—x% o (8)
cm = eff| (1; — ng sa}hx la)»,'

where L is the equivalent crystal length (in cm).

In order to improve the DFG spectral tunability, a method based on synchronous scanning of the two pumping laser
wavelengths was developed which maintains the wavelength-dependent PM condition over a long infrared frequency
scan. This was achieved by scanning two laser wavelengths with an appropriate slope ratio: ‘Awy/Aw;-to-Aw, / Aw;’
[47]. In a QPM scheme, wide acceptance bandwidth can be obtained for quasi-phase-matched DFG at the QPM
degeneracy point where dA/dA = 0 as shown in Fig. 10. In this case, the QPM bandwidths are more than two orders
of magnitude larger than those observed in BPM-DFG. A bandwidth of 500 nm around 4.3 um wavelength has been
reported for QPM-DFG in PPLN near the degeneracy point [121].

Fig. 11 shows a QPM-DFG frequency scan as wide as 62 cm™! (FWHM) near 4.2 um, allowing record of an
absorption spectrum of carbon dioxide of the whole v3 band with a single phase-matched frequency scan [122].
Temperature-dependent quasi-phase-matched DFG wavelength acceptance bandwidth, as shown in Fig. 12, has been
recently studied and characterized [122].

3.6.2. Phase-matched acceptance angle for BPM with angle-tuning
Phase-matching sets a limit to the angle acceptance, Afgw, which determines the maximum permissible diver-
gence. The phase-matched acceptance angle can be estimated with [123]:
5.5681;n2(Ai)n2(A;)
7 Legtnd (A, 0)[n2(A;) — n2(;)]sin 26

Abgw (FWHM) = 9
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Fig. 12. Temperature-dependent DFG wavelength tuning bandwidth: A is fixed at 22.75 pm with temperature increasing from 30 to 110 °C with
10 °C increments.

The angular acceptance bandwidth varies inversely with effective crystal length L¢g. Fig. 13 depicts the phase-
mismatching limited angle bandwidth §6gw (FWHM). A value of 66gw = 0.39° was obtained for type I BPM DFG
in LilnS; crystal in the X-Y plane at Ajg = 7 um.

3.6.3. Phase-matching calculation

Phase-matched pumping laser wavelengths, as well the phase-matched crystal angle, can be calculated using
the Sellmeier equation (i.e. Eq. (5)). The Sellmeier parameters are generally determined by fitting the measured
wavelength-dependent indices of refraction with a precision of An ~ 10~* using a minimum-deviation tech-
nique [124,125]. This precision, however, is usually not accurate enough for the prediction of phase-matched wave-
lengths in a CW parametric interaction. Differences in the laser frequencies between the predicted values and the
experimental data are typically ~100 cm™!. Usually the wavelength-dependent dispersion equation should be further
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improved by using experimentally measured PM wavelength data [52]. Fig. 14 depicts experimental phase-matched
laser wavelengths (filled circles) for DFG from 6.6 to 7.0 um (with ¢ = 42°) [48]. The predicted values based on a one-
pole Sellmeier equation deduced from Boyd’s refractive-index data [126] are plotted for comparison (black curves).
As can be seen, the deviations from the calculated curves are considerable. As Fig. 14 implies, an appreciable offset of
AM = Acal — Aexp = 45 nm for the pump and the signal wavelengths was observed. Based on the experimental type II
DFG data combined with the experimental type II second harmonic generation angles measured in the fundamental
wavelength ranging from 2.5 to 6 um, the Sellmeier equation has been improved by using a two-pole dispersion equa-
tion [127]. Excellent agreement between the experimental data and the theoretical prediction was obtained, as shown
by the red (lighter) curves in Fig. 14.

The temperature effects on phase-matching characteristics are important to consider, since they will shift the PM
condition, i.e. the phase-matched pumping frequency. For instance: shifting of —0.7 cm™!/°C for AgGaS, [47],
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Fig. 15. Measurements of DFG power conversion efficiencies for AgGaS; and LiInS,: dots, experimental data; curve, linear fit.

—1.02cm™! /°C [105] and —0.05 cm™! /°C for LiInS, [48] have been measured. Pumping power-induced thermal
effects are the dominant factor that change crystal temperature and thus results in DFG output power fluctuations.

3.6.4. DFG power conversion efficiency

The power conversion efficiency of DFG, defined as n = Pr/(Pp X FPy), can be experimentally derived from a
linear fit of the plot of the generated DFG intensity versus the product of two pumping laser powers. In general, the
DFG power conversion is ~several hundreds of uW/W? for the 3-5 um region using QPM ferroelectric materials and
~several uW /W2 for the 5-10 um region using semiconductor crystals.

In the work reported in Ref. [48], the absolute value of degr of the LilnS, (LIS) crystal was determined relative to
the known value dz of AgGaS, (AGS) based on measurements of the power conversion efficiencies, shown in Fig. 15.
The DFG power conversion efficiency n was calculated by taking into account all optical losses for LIS- and AGS-
based DFG, respectively, under identical experimental conditions. Then the ratio between the nonlinear coefficient of
LIS and that of AGS can be derived on the basis of Eq. (1):

d%(AGS)  nacs  (mingnp)ags ~ @F(LIS)  (As/ng+Ap/npacs  e*F(AGS)  hus
5 = X X 5 X X T X
die(LIS)  nus  (mingnp)us  w7(AGS)  (As/ns+Ap/npus  e*H(LIS)  hacs

We obtained a def = 6.9 0.8 pm/V for LIS at ~7 um at room temperature. This value is in good agreement with
the values of degr = 6.54 pm/V, deduced from a femtosecond second harmonic generation process [128].

(10)

4. Mid-IR difference-frequency generation based source for spectroscopic applications

The performance characteristics of DFG-based optical parametric sources have greatly advanced during the past
decade. This new type source has become an attractive and useful mid-IR laser source for ultra-sensitive spectroscopic
applications. These include such diverse fields as:

(1) Environmental and industrial applications: detection of atmospheric HyCO [129,130], CH4 [131] and N, O [132];
measurements of volcanic gases [133], vapor-phase benzene [134,96] and toluene [135]; in situ and on-line mon-
itoring of CO in an industrial glass furnace [136], measurements of CO in the exhaust stream of a reactor [137],
tomographic imaging of CO in laminar flames [138] and time-resolved hydrocarbon fuel measurements [139];

(2) Atmospheric chemistry: airborne measurements of HyCO [95];

(3) Molecular spectroscopy: study of molecular lineshapes and line parameters [140—145], polarization spectroscopy
for CHy4 detection [146], sub-Doppler molecular spectroscopy [90] and spectroscopy of the v; 4+ v3 band of
N,O [140];
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(4) Breath analysis for biomedical applications [147,148];
(5) Isotopic ratio measurements of '3C0,/'2CO, [149], 13CH4/'>CH,4 [106,150] and SN'#N10/1*N, 160 [151].

The wide spectral tunability permits multicomponent detection of atmospheric trace gases and toxic organic chem-
ical species, and allows convenient access to infrared probing wavelengths suitable for sensitive and selective trace
gas detection, which is important for the detection and quantification of volatile organic compounds whose spectral
absorption lines are usually unresolved and cover a large spectral range of tens of cm™!. The availability of relatively
high DFG power scaling from some tens of uW to the mW level enables DFG-based laser instruments to achieve high
sensitivity in conjunction with ultra-sensitive spectroscopic detection techniques based on [152,37]:

(1) long optical pathlength spectroscopy: Herriott or White multipass cell [153,95,154,34,106,155,132,96,156], cav-
ity ring-down and cavity enhanced spectroscopy [103,157,118,158];

(2) alow noise approach, such as wavelength modulation spectroscopy [131,151] or two-tone frequency modulation
spectroscopy [159];

(3) sensitive detection approach, like dual-beam balanced detection [51,160].

5. Summary and outlook

In this article we have summarized the current status of continuous-wave mid-infrared sources based on difference-
frequency generation. Relevant issues encountered in phase-matching schemes, suitable laser pumping sources, DFG
architecture, phase-matched frequency scanning, extension of phase-matchable infrared spectral coverage and power
conversion efficiency were discussed. DFG has proven to be a useful technique for coherent source generation in the
infrared, which allows for the transfer of high performance of near infrared lasers to the mid-IR wavelength region.
New trends in development of DFG technology can be summarized as follows:

5.1. High DFG power

High output power is highly desirable for DFG-based optical parametric laser sources, which permits overcoming
inherent electronic detection noise and implement spectroscopic techniques, such as CRDS or photoacoustic spec-
troscopy (PAS) for ultra-sensitive detection. DFG power levels can be increased by means of the following methods:

(1) High pumping power: QPM-PPLN-based DFG provides an output power in the range of 10-100 uW by using
modest pumping power levels of several hundreds of mW for both input lasers. Maddaloni et al. reported [90] high
tunable mid-IR power scaling to 3.5 mW from DFG in a bulk PPLN crystal, pumped with 3.9 W and 550 mW for
the signal and the pump lasers, respectively.

(2) High frequency conversion efficiency: Waveguide QPM-PPLN offers a higher conversion efficiency than bulk
QPM-PPLN [73]. Recently, highly efficient 3-um DFG has been realized using a direct-bonded QPM LiNbO3
ridge waveguide. DFG power levels as high as 15 mW were obtained at 3.52 um, with an external conversion
efficiency of up to 19% W~ [70].

(3) DFG in quantum well material: Alternatively, intersubband quantum wells materials are important promising
materials for a high conversion efficiency nonlinear optical process, the second order nonlinear susceptibility x )
is several order of magnitude larger than for bulk media. Chui et al. [161] have demonstrated DFG in intersubband
InGaAs/AlAs quantum wells for the 8—12 um region. DFG x® of 12 nm/V at 9.5 um was observed, more than
65 times that of bulk GaAs (180 pm/V).

(4) Monolithic DFG: Chou et al. reported a new waveguide scheme with an integrated coupling structure for wave-
length conversion within the 1.5-um band based on DFG in LiNbO3 waveguide: the pump and the signal are
coupled into the wavelength conversion region via a mode filter-adiabatic taper and a directional coupler, imple-
mented with periodically segmented waveguides [72].

(5) Pigtailed PPLN: DFG power could be further increased via the improvement in the coupling efficiency of the
input laser power to the crystal, by means of the use of a pigtailed waveguide PPLN device that is commercially
available.
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5.2. Broad bandwidth of phase-matched DFG

Wide phase-matched DFG bandwidths are important for spectroscopic applications such as high-resolution mole-
cular spectroscopy or trace gas detection of multispecies and broadband absorbers. PM bandwidth is usually limited
by phase-mismatching effects, as discussed above. Recently, by the use of apodization in a QPM LiNbO3 ridge
waveguide, phase-matched DFG wavelength tuning as large as 60 nm (FWHM) in the 3.4 um band has been achieved
with a flat PM response and a DFG conversion efficiency of 2% W~! [162].

5.3. Efficient DFG in the deep mid-IR

High frequency down-conversion efficiencies can be obtained through the use of QPM devices. DFG-based infrared
light at long wavelength is subject to an important limitation by its relatively low generation power (0.01-1 uW)
using a BPM scheme in semiconductor materials, due to the lack of suitable QPM media. QPM devices based on
orientation-patterned GaAs have been developed at Stanford University. High efficient DFG in the 7-9 um region has
been achieved through the use of the QPM OP-GaAs crystal. DFG powers of several uW have been produced [118].
Developments are in progress [174,175], which include realization of multi-period OP-GaAs crystal for wide spectral
coverage and use of AR coatings to minimize optical losses from the crystal facets.

Recently, a relaxor-based ferroelectric single crystal of Pb(Mg;,3Nb2/3)0.62Tio.3803 (PMNT) has been investigated
[163,164]. PMNT crystal offers several attractive optical properties: it is optically transparent from 0.4 to 9 um and the
coercive field for PMNT is about 2-3 kV /mm (compared to 21 kV/mm for LiNbO3). Characterization of optical and
nonlinear optical properties of PMNT in order to determine its application in nonlinear optical devices is in progress.

5.4. Monolithic DFG with pump lasers

In order to alleviate complexity in a traditional discrete DFG design, recent efforts were carried out on the integra-
tion of DFG process into a laser semiconductor:

(1) self-DFG in Cr:ZnSe [165]: self-difference frequency mixing in a gain switched Cr:ZnSe laser using Fresnel
phase matching (FPM) has been investigated in pulsed regime. Taking advantage of both the lasing and the
nonlinear properties of Cr:ZnSe, the authors used a single pump beam at 1.9 um to pump the Cr>* laser transition
SE — 3T, yielding laser emission at 2.4 um. Difference frequency mixing occurs between the pump beam and
the laser beam to produce mid-IR radiation in the 9 um range using a FPM scheme in ZnSe.

(2) DFG in quantum cascade laser [166]: DFG from two-wavelength, two-stack QCLs with integrated nonlinearities
was recently reported. Radiation at the difference frequency (A = 13.3 um) was detected from a two-wavelength
(A =5.3 um and 8.8 pm) QCL processed with a split ridge configuration.

After almost a decade of development, DFG-based mid-infrared laser is now commercially available from No-
vaWave (IRIS™ 1000, [167]). The IRIS™ 1000 laser produces single frequency (MHz linewidth) and transverse
mode (TEMyy), stable infrared laser light without the use of cryogens and provides mode-hop free tuning in the “fin-
gerprint” C—H, N-H, and O-H stretch region of the mid-IR (3.2-3.6 um) with an output power ranging from 150 uyW
to mW. It is suitable for spectroscopic applications such as Doppler limited high resolution spectroscopy and trace
gas monitoring. The system features on-board touch screen computer control with Ethernet remote control capabil-
ity. More recently, 65-mW 3.4 pm tunable DFG has been achieved using damage resistant Zn:LiNbO3 waveguide,
reported by Asobe et al. [168] at CLEO-Europe 2007, ~5 months after the previous record of 15-mW DFG power
was published [70]. The high CW single-frequency output power combined with additional merits transferred directly
from high performance characteristics of the pump lasers (large frequency tunability, narrow linewidth, wide spectral
coverage and room temperature operation) will make DFG-based laser sources an attractive alternative choice to lead-
salts diode lasers, quantum cascade lasers and optical parametric oscillators in the mid-infrared spectral region from
3 to 5 um and beyond.

As tunable laser pump sources and QPM materials evolve, difference-frequency generation technology will con-
tinue to advance and impact the development of optical parametric laser sources for various real world applications.
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