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We demonstrate quasi-phase-matched difference frequency generation in periodically poled
KTiOPO,. A midinfrared(3.2—3.4um) idler with a power level of 0.1 %W is generated by mixing

a Nd:YAG laser and tunable external cavity laser near 1550 nm which is amplified by an
erbium-doped fiber amplifier. The wavelength, temperature, and angle tuning characteristics of this
device are determined. The experimental results are used to derive a Sellmeier equation with
improved accuracy in the midinfrared range for the extraordinary refractive index of flux-grown
KTiOPO,. © 1999 American Institute of Physids$S0003-695(99)04007-3

There is considerable interest in developing sources ition is generated in the midinfrared range and PP-KTP prop-
the midinfrared range for selective and sensitive measureerties are investigated in this wavelength range. The new
ments of trace-gas concentrations. Since the fundamental vitata will also be useful for designing other devices in the
brational modes of most of the molecules lie in the 2420  midinfrared range, e.g., optical parametric oscillators.
wavelength region, infrared spectroscopy using tunable The DFG experimental setup employed two compact la-
narrow-band sources provides a convenient and real-timser sources: a diode-pumped Nd:YAG laser at 1064 nm
method of detection for most gases. Difference frequencyLightwave Electronics, model 122nd a tunable external
mixing in nonlinear materials is a powerful way of producing cavity diode laser near 1550 nm. The use of a signal source
midinfrared coherent sources using compact and efficient lanear 1550 nm has great advantages compared to using a vis-
sers which presently exist mainly in the visible and near-ble or near-infrared diode. It enables one to use a wide range
infrared region. Other possible infrared sources for similarof photonics devices developed for this wavelength range,
applications were reviewed in Refs. 1-3. including optical fibers, erbium-doped fiber optic amplifiers,

Diode-based continuous-wave difference frequency genand fiber-coupled diagnostics equipment. Two diode lasers
erated (DFG) spectroscopic sources were already demonwere used: 1490—-1568 niiNew-Focus, model 6200r a
strated in the 3—%um region with AgGaSg?! LiNbO,,* and fiber-coupled laser, 1400-1600 nniHewlett—Packard,
AgGaS.> Electric field poling of ferroelectric crystals model 8168¢ with an external fiber-polarization controller.
opened new possibilities for quasi-phase-matcl@®M)  The beams of the pump and signal lasers were combined
difference frequency generation. These processes can lellinearly using a polarizing beamsplitter and focused into
noncritically phase matched, are highly efficient, and phasen uncoated 0.5-mm-thick, flux-grown KTP crystal, periodi-
matching of the idler wavelength can be achieved using agally poled over 10 mm out of its total length of 14 mm. The
appropriate QPM grating period. Whereas several ferroelecerystal had three different periodic domain gratings fabri-
tric crystals can be poled by an electric field, up until nowcated by low-temperature electric field polingith the fol-
mainly periodically poled LiNb@ was used for DFG |owing periods: 35.7, 36.3, and 36:8n.
processe&? In this letter we report QPM-DFG using a new  Our configuration used the largest nonlinear coefficient
crystal: periodically poled KTIOPQ(PP-KTR,"whichwas  jn KTP, dyy=14.9 pm/V® Quasi-phase-matched idler wave
already used before for second-harmonic generdtamd  radiation near-3.3 um was generated in the PP-KTP crystal
OPQ processes. After the submission of this paper, differ-and was refocused with a single uncoated Ciafis (focal
ence frequency generation of near-infrared radiation in PPength 100 mm onto a 1-mm-diam liquid-nitrogen-cooled
KTP was also reportetf. KTP** is commercially available HgCdTe detectofFermionics, model PV-63lwith a cold
from a variety of suppliers at a relatively low price. It exhib- spectral filter, designed to fit the generated wavelengths.
its a high damage threshold and is transparent over a larg€ooling of this filter is required in order to reduce its thermal
wavelength range: 350—-4500 nm. emission. The detector, which was used in the photovoltaic

In addition to providing an alternative method for gen- moge, exhibited a noise-equivalent power-ei pW/\/H_z.
erating midinfrared radiation, this experiment also enables, tjjted uncoated germanium flat was placed immediately in
one to characterize the phase-matching properties of KTP igont of the detector to block the pump and signal beams.
the midinfrared range, where experimental data are scarce. fi,o signal beam was chopped at a rate of 1.5 kHz, and the
is important to emphasize that the published experimentgyjer signal was detected with a lock-in-amplifier. The oper-
with PP-KTP™*? were performed in the visible and near- ating wavelengths of the pump and signal lasers were mea-
infrared regions, whereas in this experiment, coherent radiagreq using a Burleigh WA-20 wavemeter with a spectral
accuracy of~1 pm.
dE|ectronic mail: kerenfr@post.tan.ac.il With 222 mW Nd:YAG power at 1064.4 nm and 3.4
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FIG. 1. Measurement of normalized DFG power as a function of the signal ) )

Wave|ength‘ near room temperature’ for two grating periods: W FIG. 2. Measurement of normalized DFG power as a function of the PP-
(circles and 36.6um (triangles. The solid and dashed lines are calculated KTP crystal temperature for two grating periods: 3a (circles and 36.6
according to the new Sellmeier coefficients, see(@j.Inset: Measurement ~ #M (squares

of DFG conversion efficiency in a 10-mm-long PP-KTP crystal.

to a FWHM of 40 and 42.7 nm in means of idler wave-

mW of diode power at 1552.3 nm incident on the uncoatedength. The asymmetry of the curve is a result of the tightly
mixing crystal with period 35.7:m, a maximum idler power focused Gaussian bearfs®
of 24 nW was measured at the detector. Taking into account The DFG power as a function of the crystal temperature
the transmission of the cold filter and of the uncoated comis shown in Fig. 2 for both of the grating periods: 35.7 and
ponents in the setufe.g., the crystal facets, the germanium 36.3 um. The full temperature width at half-maximum is
flat, and the Caflens the measured infrared power indi- ~70°C, which is in poor agreement with the bandwidths
cates a normalized internal conversion efficiency of 0.012%¢talculated according to the published temperature derivative
(Wcm). of the refractive index®” ~20 °C. In addition, the optimum

Assuming a lossless crystal and focused pump and signghase-matching idler wavelength could be tuned with tem-
Gaussian beams, the generated idler power is given in Referature. We measured a tuning slope~@.5 nm/°C, com-
12. Let us denotg as the ratio of the signal and pump wave pared to calculated ones:2.3 nm/°G® and ~1.5 nm/°CY’
vectors (w=Kks/ky) and¢ as the ratio of the crystal length to The relatively large difference between the measured and
the confocal parameter. For the lasers used in this experimenalculated values of the temperature dependence of the re-
1~0.69, and the optimal focusing conditionds=2.5, indi-  fractive index could be due to the fact that Refs. 16 and 17
cating a desired confocal parameter of 4 mm inside the crysnclude measurements in the visible and near-infrared range
tal for each of the two laser sources. This condition waonly. In order to correctly predict the temperature depen-
achieved by average beam waists of 1ufh for the dence in the midinfrared range, these measurements should
Nd:YAG laser and 23.3u:m for the tunable diode, both hav- be extended to that region.
ing a slightly elliptic profile. In order to gain an order of magnitude in the generated

The calculated internal efficiency according to Ref. 12 isinfrared power we used an erbium-doped fiber amplifier
0.04%(Wcm) for a lossless crystal, and 0.03%/cm) (IRE-Polus, model EAD6Pat the output of the tunable di-
when the relatively high absorption of KTP in the midinfra- ode. As a result, the diode power at the input facet of the
red rangé® is taken into account. The remaining discrepancycrystal was increased by a factor efL0, and the maximum
could be attributed to possible deviations from ideal QPMidler power that was generated with the amplifier was in-
grating!* imperfect spatial overlap of the pump and signalcreased by a factor of 7 (owing to slight deviations from
beams inside the nonlinear crystal, a slightly elliptic profileoptimum focusing and polarizatipno 0.17 uW.
for both of the beams, and possible deviations of pump and Several different Sellmeier equations for flux-grown
signal transverse modes from an ideal Gaussian FEM KTP8%appeared in the literature. For a pump operating
mode. Nevertheless, the measured normalized efficiency isavelength of 1064.4 nm at room temperature, the Sellmeier
still comparable with reported efficiencies in other nonlinearequation of Kat&® gives the closest estimation to the mea-
materials(e.g., periodically poled LiNbQin Refs. 2 and 8  sured data: 1487m for a period of 35.7um and 1516 nm
Alternatively, assuming the measured efficiency of 0.012%for a period of 36.3um. However, it is still insufficient in

(W cm), the effective nonlinear coefficient 185.2 pm/V. predicting the experimentally measured signal wavelengths
The DFG power as a function of the signal wavelength1552.3 nm and 1586.9 nm, accordingly.
at room temperaturé&5 °C) is shown in Fig. 1 for two dif- We have also measured the angle-dependent phase-

ferent grating periods:A;=35.7um and A,=36.3um. matching wavelength of our crystal, by placing the crystal on
Negligible power was generated with the 3G grating a rotation stage. This enabled us to achieve phase matching
period since it required signal wavelengths outside our lasefior effectively longer periods, depending on the angle be-
diode range. The full width at half-maximugWHM) in  tween the incident beams and the perpendicular to the crys-
means of signal wavelength for the 35.7 and 368 grat- tal's input facet. Angles in the rangel0° to 10° were mea-
ings are 8.4 and 10.3 nm, accordinglyhich are equivalent sured. This range was limited by the wid® mm) of the
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o experimental esuls with the measured da_ta. Without any further adj_ustment we
—— calculated according to Kato, JQE (1991) 1 could accurately predict the location of the maximum DFG
—  calculated using Bq. (1) signal and the first shorter wavelength sideband.
~~~~~~~~~~ ] In conclusion, we have demonstrated a PP-KTP-based
e ] widely tunable cw single-frequency DFG source operating at
~~~~~~~ midinfrared region. This compact and robust source is suit-
] able for high-resolution spectroscopy in the midinfrared,
where many of the interesting molecules exhibit their stron-
gest absorption lines. By using the appropriate QPM grat-
ings, the whole tuning range of the tunable laser can be used
to generate a continuous source over an extremely wide
) ) ) ) ) ) . ) range (~3.2-4.4 um). By replacing the liquid-nitrogen-
357 358 359 36 361 362 363 364 cooled detector with a thermoelectric-cooled detector, the
Effective Grating Period [pum] .. . .. .
need for liquid nitrogen can be eliminated, and the device
FIG. 3. The generated idler wavelength as a function of the effective gratinglescribed here can serve as a room-temperature spectrometer
period. in the midinfrared range. Typical values for the noise-
equivalent power of thermoelectric-cooled detectors are
periodically poled region for each grating, and can be easilyigher by an order of magnitude compared to those of
extended using a wider region. nitrogen-cooled detectors, resulting in a signal-to-noise ratio
Figure 3 shows the idler wavelength at phase matchingf ~10* (instead of~10°), which is still sufficient for most
for each of the effective grating periods. We used the nev@pplications. The output power as a function of the input
experimental results to recalculate the Sellmeier coefficientheams power was investigated, giving a conversion effi-
Using our measured points in the midinfrared wavelengthgiency of ~0.012% W/cm, which is comparable with results
and previously measured data from Ref. 18 for the refractivebtained with other crystals in this wavelength range. The
index in the visible and near-infrared range we initially at- efficiency can be further improved using other isomorphs of
tempted to represent the refractive index data in a form simiKTP with higher transmission in the infrared range, e.g.,
lar to the one previously used in Ref. 18, which includes aKTiOAsO, and RbTiOAsQ.
single pole in the deep ultraviolet. We adjusted the param-
eters by least-squares data fitting, using the Gauss—Newton
method. Since most of the previous measurements of théu. Simon, Z. Benko, M. W. Sigrist, R. F. Curl, and F. K. Tittel, Appl. Opt.
index of refraction of KTP were performed at wavelengths in ,32 6650(1993. _ _
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accurately enough the index of refraction for the signal andsc sirtori, J. Faist, F. Capasso, D. L. Sivco, A. L. Hutchinson, and A. Y.
for the idler. We therefore iteratively searched for pairs Cho, IEEE Photonics Technol. Le8, 294 (1997.
(ng,n;) that would satisfy both the phase-matching condition 4M. Seiter, D. Keller, and M. W. Sigrist, Appl. Phys. B: Lasers O§i,
and_Obey the general form_ of the Se_”meier e_quation for eachi.sifllg:t?(l)v, S. Waltman, U. Simon, R. F. Curl, F. K. Tittel, E. J. Dlugo-
grating period. The resulting equation predicted the phase-kensky, and L. Hollberg, J. Appl. Phys. @&, 553 (1995.
matching data with reasonable accuracy, but still included®L. Goldberg, W. K. Burns, and R. W. McElhanon, Appl. Phys. L6,
systematic residuals. We thus added a second pole in thg?910(1995.
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