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Abstract. A tunable mid-infrared continuous-wave (cw)
spectroscopic source in the 3.4-4.5 wm region is reported,
based on difference frequency generation (DFG) in a quasi-
phase-matched periodically poled RbTiOAsOs (PPRTA)
crystal, DFG power levels of 10 uW were generated at ap-
proximately 4 um in a 20-mm long PPRTA crystal by mix-
ing two cw single-frequency Ti:Al,O3 lasers operating near
713 nm and 871 nm, respectively, using a laser pump power
of 300mW. A quasi-phase-matched infrared wavelength-
tuning bandwidth (FWHM) of ~ 12 cm~! and a temperature
tuning rate of 1.02cm~!'/°C were achieved. Experimental
details regarding the feasibility of trace gas detection based
on absorption spectroscopy of CO, in ambient air using this
DFG radiation source are also described.

PACS: 42.72.Ai; 42.65.Ky

In recent years there have been rapid developments in quasi-
phase-matching (QPM) bulk materials for efficient optical
frequency conversion applications. In a ferroelectric opti-
cal material, QPM is usually implemented by periodic re-
versal of ferroelectric domains. To date, periodically poled
LiNbO3 (PPLN) [1], KTiOPO4 (PPKTP) [2,3], KTiOAsO4
(PPKTA) [4], and RbTiOAsO4 (PPRTA) [5-7] have been
either commercially available or have been experimentally
investigated for use in optical parametric devices. Quasi-
phase-matched PPRTA crystal offers several distinct advan-
tages compared to other periodically poled ferroelectric op-
tical materials for non-linear interactions. The optical trans-
parency range for PPRTA extends to about 5.8 um at long
wavelengths (at the zero transmittance level) [8,9], as com-
pared to 5.5 wm for PPLN, 4.5 pwm for PPKTP and 5.3 pm for
PPKTA [9]. Unlike PPLN, which suffers from absorption in
the 4—5 pm region, PPRTA has the added benefit of signifi-
cantly reduced absorption within this region. The non-linear
optical figure of merit, defined as dgff/YLS (where degr and n
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are the effective non-linear optical coefficient and refractive
index respectively), of PPRTA is 21.5 pm?/V?, which is com-
parable to that of PPLN (27 pm?/V?). In addition, PPRTA
possesses a high damage threshold of > 400 MW/cm? (at
1064 nm for pulses of 10-20 ns duration), which is approxi-
mately five times higher than that for PPLN. Furthermore, its
coercive field for electric poling is approximately ten times
lower than that of PPLN, which should facilitate periodic
poling of several mm-thick samples. The last two character-
istics are advantageous for non-linear frequency conversion
when using high-power pump sources. PPRTA is thus an at-
tractive alternative to PPLN for non-linear optical frequency
conversion-based coherent light generation in the region of
3—5 pm. In addition, PPRTA crystal has a significantly higher
resistance to photorefractive damage than PPLN, which per-
mits stable operation of the crystal at room temperature.
Until now, PPRTA crystals have been employed mostly in
cw optical parametric oscillators (OPO) [5], pulsed OPO [6,
10, 11] or pulsed DFG [7]. Recently, Fradkin et al. reported
cw mid-infrared generation (3.25-3.7 um) by quasi-phase-
matched DFG in a multi-grating periodically poled RTA crys-
tal, which allowed the characterization of optical and non-
linear properties of the crystal [12]. In fact, a tunable mid-
infrared light source based on DFG in PPRTA is important for
applications in high-resolution spectroscopy and ultra sensi-
tive trace gas sensing. Furthermore, QPM data obtained from
cw DFG measurements permit further characterization of the
non-linear optical properties of PPRTA in the infrared.

1 Experimental procedure

The DFG architecture used in this work is shown in Fig. 1.
Two cw single-frequency Ti:Sapphire (Ti:Al,O3) lasers were
used as convenient versatile laboratory DFG pump sources.
The laser beams, polarized parallel to the z-axis of the
PPRTA crystal, were collinearly focused onto the crystal
using a 35-cm-focal length lens, which produced an iden-
tical beam waist for each laser of about 80 um by using
a quasi-achromatic Gaussian optical system [13]. The PPRTA
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Fig. 1. Experimental arrangement for generating mid-infrared radiation by
difference frequency mixing of two single frequency titanium—sapphire
lasers in a quasi-phase-matching periodically poled RbTiOAsO4 crystal

crystal was 1 mm thick, with a 20-mm-interaction length
and a quasi-phase-matched period of 24.1 wm (Crystal As-
sociates Inc.). The end-faces were optically polished and
uncoated. Figure 2 shows a microphotograph of the etched
grating domain pattern (100 x ), taken with a polarization opti-
cal microscope (Leitz DM RXP). The infrared emission was
collimated with a parabolic mirror, and directed to a single-
pass or multi-pass gas absorption cell. The infrared detector
was a liquid nitrogen-cooled HgCdTe photoconductive de-
tector with a 1 x I mm? active area. A 1-mm-thick uncoated
germanium (Ge) filter was employed as a long-wavelength
pass filter to block unwanted pump and signal laser beams.
The output signal from the detector was amplified by a low-
noise preamplifier and fed to a lock-in amplifier.

Infrared radiation was generated with broad wavelength
tunability in the 3.4—4.5 um region using Ti:Al,O3 lasers,
tunable from 710 to 720 nm, and 847 to 915 nm, respec-
tively. A quasi-phase-matched wavelength-tuning bandwidth
(FWHM) of approximately 12cm~' was observed when
the signal laser wavelength was fixed at 845nm and the
pump wavelength was scanned near 710 nm. Experimen-
tal QPM laser wavelengths for infrared generation from
3.4 to 4.5 um are depicted as dots in Fig. 3. The predicted
values, based on the Sellmeier equation, are also plotted
for comparison. The offset in the maximum QPM con-
version wavelength from that calculated theoretically [7]

.
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Fig.2. Side view microphotograph (100x) of the etched PPRTA grating
domain pattern
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Fig. 3. Quasi-phase-matching characteristics of the PPRTA crystal at room
temperature. The generated infrared wavelength as a function of the mixed
laser wavelengths is shown. The dashed and solid curves represent cal-
culated values based on the Sellmeier equation given in [7] and [12],
respectively, and dots indicate experimental data

(dashed lines) was about —220cm™! at 4.5 um. This ap-
parent discrepancy is mainly due to the fact that the Sell-
meier coefficients given in [7] were derived from refrac-
tive index measurements for wavelengths ranging from
403 nm to 3.6 wm, using the minimum-deviation technique.
An improved dispersion equation was reported recently
in [12] (represented by solid lines in Fig. 3) by fitting the
cw QPM-DFG data in the 1.53-3.48 wm range and the
measurements of Fenimore et al. [7] in the 0.8—1.3 um
range. The maximum offset has been reduced to ~ 73 cm™!
at 4.5 pum.

Infrared light powers of 10 uW were produced at 4 um
by mixing the output from two Ti:Al,O3 lasers operating
near 871 nm (100 mW) and 713 nm (200 mW), respectively,
which corresponds to a power intensity of 1.5 kW/cm?. The
experimental focusing function h(&, ) [14,15] was deter-
mined to be about 0.18, with £ =0.23 and x = 0.81, where
& is the ratio of the interaction length to confocal parameter,
and u is the ratio of the signal and pump wave vectors. After
correction for Fresnel losses from the optical components in
the set-up, these pumping conditions yielded a power conver-
sion efficiency of ~ 0.5 mW/W?2cm™! at room temperature.
An effective non-linear coefficient of der = 11.2 pm/V was
thus derived from the experimental DFG efficiency at 4 pm.
The corresponding non-linear coefficient d33 was determined
to be 17.5pm/V, which is slightly higher than the value of
ds3 = 15.8 pm/V reported in [16]. The conversion coefficient
can be further improved by a factor of approximately two by
using more tightly focused beams (with & = 1.3, the focus-
ing parameter h attains its maximum value of 0.3 under the
focusing conditions in the experiment).

Pump power induced temperature effects were also in-
vestigated and found to be about 5 °C/W, which is similar
to those for AgGaS, as used in our work reported previ-
ously [17]. The slope of the temperature-dependent wave-
length tuning was found to be —1.02cm™!/°C, which is
comparable to that for PPLN [18] and about two times higher
than that for PPKTP [19]. The infrared wavelength tuning of
the DFG power is shown in Fig. 4 at 25.2°C and 51.5°C,
respectively. In this experiment, the signal wavelength was
fixed at ~ 871 nm, and the pump laser was scanned to track
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Fig. 4. Infrared wavelength tuning characteristics of DFG power output at
25.2°C and 51.5 °C, respectively
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Fig. 5. a Absorption spectrum of the v3 band of carbon dioxide in ambient
air measured at room temperature and atmospheric pressure, using a mid-
IR spectroscopic source based on DFG in PPRTA crystal (fop), compared
with the Hitran database simulation of 350 ppm CO; absorption spectrum
(bottom). The experimental and simulated spectra have the same linear ver-
tical scale (absorbance per cm, as shown in Fig. 5b), and are displaced for
visual clarity. b High-resolution absorption spectrum of the v3-P(18) line
(dots). The solid line is a Voigt curve to the absorption line. Spectroscopic
measurement yielded a CO; concentration of ~ 350 ppm present in ambient
laboratory air

the phase-matching condition. A large degree of tempera-
ture tuning is desirable for widely tunable optical parametric
devices.
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Measurements of the absorption spectrum of the vz band
of carbon dioxide (CO,) in ambient air were carried out using
the QPM-PPRTA-based infrared source. The spectrum shown
in Fig. 5a (top line) was measured (~ 10 cm~!/scan) at room
temperature and atmospheric pressure with an open optical
path of 22.5 cm between the crystal and the infrared detec-
tor. Figure 5a (bottom line) shows a Hitran database [20]
simulation of 350 ppm CO, absorption in the atmosphere.
The experimental and simulated spectra have the same lin-
ear vertical scale (absorbance per cm, as shown in Fig. 5b),
and are displaced for visual clarity. Figure 5b is a high-
resolution CO, absorption spectrum of the observed v3-P(18)
line (dots). The solid line is a Voigt curve fitted to the ab-
sorption line. A CO, concentration of ~ 350 ppm in the lab-
oratory’s ambient air was deduced from the spectroscopic
measurement.

2 Summary

In summary, a cw coherent infrared source with broad and
rapid tuning characteristics in the 3.4-4.5 um spectral re-
gion has been obtained by difference-frequency generation
in a 20-mm-long periodically poled RbTiOAsO,4 crystal.
A DFG power conversion efficiency of up to approximately
0.5mW/W2cm™! was achieved at 4 um. The wavelength
and temperature tuning characteristics of the mid-infrared
DFG-based spectroscopic source were determined. The large
damage threshold combined with broadband temperature tun-
ing, as well as the high thermal conductivity, makes PPRTA
an attractive material when using high-power cw fiber ampli-
fiers and diode-pumped solid-state lasers as convenient DFG
pump sources. With increased pump powers, DFG powers in
the several-mW range should be attainable. Broad tunability
over the 3.0-5.0 wm range can be obtained by QPM-PPRTA-
based DFG using different grating periods. This wavelength
region is of particular interest for atmospheric monitoring
of greenhouse gas such as CO,, CH4, H,S, H,CO and en-
vironmental sensing of various toxic hydrocarbon gases,
such as BTEX (Benzene-Toluene—Ethylbenzene—Xylene),
as shown in Fig. 6. The 3-5 um range is also of particular
interest for high-resolution spectroscopy of pure carbon clus-
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Fig. 6. Spectroscopic survey of line strengths of important atmospheric trace
gases and toxic pollutants in the 3—5 wm infrared region
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ters, which has wide applicability from dust grain formation
in the interstellar medium to soot formation in combustion
systems [21].
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