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Abstract. Tunable mid-infrared coherent radiation.Z8—  of the alkali metal titanyl arsenate crystals, such as KTA, is
3.7um) is generated by quasi-phase-matched differencthat in addition to maintaining most of the valuable properties
frequency generation in a multi-grating periodically-poledof KTP, e.g. low coercive field and high damage threshold,
RbTiOAsQ, crystal. The spontaneous polarization and cothey also lack the significant absorption that KTP exhibits
ercive field of flux-grown RbTiOAs® are determined by around~ 3.3 um. Moreover, they enjoy a longer cutoff wave-
polarization switching measurements. The nonlinear interadength of~ 5um, compared te= 4 um in KTP.

tion enables us to explore the optical and nonlinear properties Another attractive alkali metal titanyl arsenate crystal is
of this material in the mid-infrared range, where data isSRTA, which also exhibits a long cutoff wavelength 5.3 um.
scarce. The measurements are used to derive a mid- infrar¥dhereas flux-grown KTP and KTA crystals should be either
corrected dispersion equation for in RbTiOAsQ,. This  cooled to a low temperature(170 K) [4] or pre-treated by
equation is in excellent agreement with previously published¢hemical indifussion of Rb ions [10], RTA crystals have been
measurements of nonlinear interactions in periodically-polegholed near room temperature without any pre- treatment [5].
RbTiOAsQ,. The measured wavelength and temperaturéurthermore, since the poling field increases as the tempera-
bandwidths are~ 48 nmcm and~ 29°Ccm, respectively. ture decreases, the electric field required to pole RTA near
A relatively high temperature tuning slope of the phasetoom temperature isz 2.5kV/mm [5, 6], less than half of
matched idler wavelength; 1.27 nny°C, is measured. This that required for KTP and KTA at 170K. In addition, the
may be useful for realizing temperature-tuned nonlineapoling field is approximately an order of magnitude lower

devices. than that of LiNbQ [11]. Owing to that, fairly thick samples
(= 3 mm) have been periodically-poled [12].
PACS: 42.70.Mp; 42.79.Nv; 78.20.Ci Up until now, PP-RTA crystals were only used in optical

parametric oscillator (OPO) configurations, from continuous-
wave mode [13] and up to ultra-short pulses [14]. In this paper
During the last few years, practical methods for mod-we report, for the first time to the best of our knowledge, DFG
ulating the nonlinear coefficient in ferroelectric materi- of mid-IR coherent radiation using a multi-grating PP-RTA
als by electric field poling have been developed. Quasierystal. This nonlinear interaction is used for characterizing
phase-matching (QPM) [1] has been demonstrated witthe optical and nonlinear properties of PP- RTA in the mid-
several periodically-poled ferroelectric crystals, includingIR range. One advantage of small signal DFG compared to
LiNbO3 [2], KTIOPO, (KTP) [3,4], RbTiOAsQ (RTA) [5, OPO is that the DFG idler wavelength is fully determined by
6] and recently also KTiOAsE(KTA) [7]. The QPM method the choice of the pump and signal wavelengths. Furthermore,
is particularly attractive at wavelength regions in which com-unlike in the case of OPO, there is no threshold and the inter-
pact and efficient sources are scarce, e.g. in the mid- infraredttion is less dependent on the losses of the interacting waves.
(mid-IR, 2—10um). Knowledge about the dispersion in the crystal is required

Lately, we have explored the nonlinear and opticalfor designing an appropriate modulation period for a spe-
properties of periodically-poled KTP (PP-KTP) [8] and cific QPM nonlinear interaction [1]. A design based on an
periodically-poled KTA (PP-KTA) [9] in the mid-IR range inaccurate dispersion equation could result in significant mis-
by performing QPM difference-frequency generation (DFG)match and therefore less than optimum frequency conversion
experiments with these crystals, which are known to havefficiency. Alternatively, it may cause constraints on the op-
a much higher damage threshold compared to periodicallyerating conditions, e.g. crystal temperature, pump and signal
poled LiNbG; (PP-LN). One of the important characteristics wavelengths, etc., in order to achieve phase-matching.
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Tablel. Grating periods in experiments

of nonlinear interactions with PP-RTA Experimental data Deviation of calculated pel’iod
crystals at room temperature, and de- from experimental period (%)
viations of periods calculated according Nonlinear interaction Ref. Grating Ref. [15] Ref.[16] Ref. [17] This work
to dispersion equations from the actual period {xm)
values. The effect of focusing was neg-
lected in this calculation SHG 5 4.2 0.59 0.61 17.6 0.02
0.873um = 0.4365um
OPO 12 40.2 6.22 0.8 93.49 0.49
1.0644pum = 1.577pum, 3.275um
OPO 13 30 2.78 1.58 37.17 1.52
0.84pum=1.18um, 2.915pum
OPO 18 30 4.21 1.487 61.39 0.12
0.835um = 1.07 um, 3.802pum

Only few dispersion equations for RTA appear in the lit-1 Dielectric spectroscopy and polarization switching of
erature [15-17]. In a variety of recently published experi- RbTiOAsO4
ments with PP-RTA, discrepancies between the actual grating
periods and the calculated ones have been observed. Tabld the Q5-mm thick flux-grown RTA crystal (grown by Crystal
gives several examples [5,12, 13, 18] for the grating periodéssociates) was poled using the electric-field poling tech-
used in experiments with PP-RTA at room temperature. Thaique [20]. In order to find appropriate experimental condi-
deviations of the calculated periods are given for the three exions for the fabrication of the domain grating structure with
isting dispersion equations. It is clearly seen that even wittminimal domain broadening effect, dielectric spectroscopy
the most accurate dispersion equation [16], deviations of upnd dc conductivity of RTA samples were studied [20]. The
to ~ 1.5% are still present. Such deviations have a profoundlielectric permittivity was measured at room temperature
effect on the performance of nonlinear devices. For exampldor the RTA sample. The real part of the relative permit-
Fig. 1 shows the measured tuning curve of a PP-RTA basetility, ¢/, was~ 50 at 1kHz and the dielectric loss, an
OPO (squares) [18] together with the theoretically calculatedvas 0.4. Such properties provide direct evidence for the re-
tuning curve (dashed line) based on the dispersion equatidaxation process in RTA crystals at room temperature. This
of [16]. It can be seen that for idler wavelengths (mid-IRfact is supported by measurements of a room temperature
range) there is a discrepancy of up teuh (=~ 20%) be- dc conductivity of 5< 10-° Q~tcm™!, as well as an unsat-
tween the measurements and the calculation. Moreover, evemated hysteresis loop exhibiting remnant dielectric leakage.
for the signal wavelengths (near infrared) there is a slighCooling the RTA crystal to 240K led to a decrease in the
deviation. dc conductivity by two orders of magnitude. It also led to

Previous measurements of the refractive indices of RTAa strong suppression of the dielectric dispersion. The hys-
were performed using the critical angle of refraction [15],teresis loop measured at 240K (see Fig. 2) was completely
minimum deviation [16] and variable angle spectroscopy elsaturated and the derived spontaneous polarizaipwas
lipsometry [17] methods. In this paper we use QPM nonlineaB3C/cn?, which is close to the previously reported value
interactions in PP-RTA in order to derive a mid-IR correctedfor RTA of 40uC/cm? [6]. The hysteresis loop exhibited
dispersion equation af,. This method has already been suc-asymmetry with respect to the applied electric field, with co-
cessfully used for the derivation of mid-IR corrected disper-ercive fields of g = —4.15kV/mm and E = 2.7 kV/mm.
sion equations afi; in other nonlinear crystals from the same  The pyroelectric effect was used to monitor the quality of
family, namely KTP [8] and KTA [9]. It also provided accu- the fabricated domain structure. In a periodically-poled crys-
rate results for LINb@[19]. tal with 50% duty cycle the pyroelectric effect should vanish.
Our measurements showed that the value of the pyroelectric
coefficient of a monodomain RTA crystal is 4 nCtfiK 1.
Monitoring in situ the electrical poling process using the py-

51 6 . roelectric current measurements allowed us to fabricate RTA
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samples with a fairly homogeneous periodically-poled dothe ratio between the signal and pump wavevectpis;the
main structure and good quality. Three gratings with periodsatio between the crystal length and the confocal parame-
of 39.6, 39.9 and 402 um were poled on the 3-mm long RTA ter; Ak is the wavevector mismatch amdé, «, AK) is the
crystal. focusing function, which assumes equal confocal parame-
ters for the pump and signal beams. Unfortunately, the two
beams had different confocal parameters, as well as non-
2 Difference-frequency generation in periodically-poled coinciding waist positions¥ 1.85 mm distance between the
RbTiOASO, waists). For DFG interactions with unequal confocal param-

The DFG experimental setup is shown in Fig. 3. It consist§$rS: the focusing functioh, is given in [22], nevertheless

of two compact laser sources that lase in a single longitu! Still assumes a joint waist position in the middle of the
dinal and spatial (TEM,) mode: a diode-pumped Nd:YAG crystal. Note that because of a slightly different definition,
laser at 1064+ nm (Lightwave Electronics model 122) and an ©N€ has to multiply the focusing function of [22] by a fac-

external cavity tunable diode laser (New-Focus model 632l Of 2 before substituting it in (1). In our experiment the

H, tunable between 1486 nm and 1584 nm). The beams diofile of both beams was slightly elliptic (average beam
the pump and signal lasers are combined collinearly usinffdil: @op ~ 21pum andwos ~ 42um) andu ~ 0.69. Assum-

a dichroic beamsplitter and are focused into the uncoate(§d deti = (2/7)dss ~ 8.2 pnyV £ 20% (taking into account
multi-grating PP-RTA crystal. Miller's delta), the theoretical conversion efficiency should be

In our experiment the mixing process occurs throughP€tween 0.012 and@6% (W cm). The effects of the ellip-
the largest nonlinear coefficient in RTAgs = 158 pmyV +  tcity of the beams and their non-coinciding waist positions
20% [15]. Mid-IR radiation at wavelengths betweer® Were evaluate.d.numerlcally and led toat_ot_al reductlon in the
and 37 um is generated in the PP-RTA crystal. The radia-c2lculated efficiency ofs 11%. The remaining discrepancy
tion is focused onto a 1-mm-diameter liquid-nitrogen-cooled/ith respect to the measured efficiency may be explained by
HgCdTe detector (Fermionics model PV-6-1), which exhibitsother effects that are more difficult to quant_lfy. the deviation
a noise-equivalent power 6f 1 pW/+/Hz. A tilted uncoated ©f the laser beams from ideal TEpGaussian beams and
Germanium window is used to block the pump and signaPOSS'ble imperfections of the penodmally—poled crystal.
beams from entering the detector. The signal beam is chopped The DFG power as a function of the generated idler wave-
at a rate of 15 kHz, and the idler is detected with a lock-in 1€ngth at room temperature is shown in Fig. 4 for three grat-

amplifier. The wavelengths of the pump and signal lasers af99s With periods 3%, 39.9 and 402 um. The full width at
measured using a wavemeter (Burleigh WA-20). half maximum for the idler wavelength # 160 nm. Taking

With 1315 mW Nd:YAG power at 1064 nm and 17.5 into account the length of the crystak 3 mm, this indi-
mW of diode power at 1532 nm incident on the uncoated C&t€s & normalized bandwidth of 48 nmcm. The asymmetry
mixing crystal having a period of 38m, a maximum idler of the r_neasured efficiency as a function _of the idler wave-
power of 168 nW is measured at the detector. Taking into!€Ngth iS caused by the focused Gaussian beams [22]. In
account the transmission of all uncoated components in thgPntrast to the case of plane wave interactions, the highest ef-
setup, this measured infrared power indicates a normalizelf1€NCY IS obtained at a nonzero wavevector mismatch. For
internal conversion efficiency of 004% (W cm). the conditions of our experiment, the highest efficiency is ob-

The theoretical expression for DFG efficiency for the casd@ined with a theoretically calculated wavevector mismatch
~ 1
of two Gaussian beams with a joint waist location at the migOf ~ 530 " [22].

dle of the crystal is [21] (SI units):

= = 1
T BPd ~ npnenisa(L+ ) (1) A402pm A =399 um A =39.6 um
where w; is the idler angular frequencys is the signal Ir
wavevectorder is the effective nonlinear coefficienty, ns Crystal temperature = 25°C
andn; are the refractive indices for the pump, signal and’5'g g}
idler wavelengths respectivelyp and c are the permittiv- 3, A = 1064.4 nm
ity and the speed of light in free space, respectivelyis 5
£0.6
(a9
2
Mirror . 0.4}
Nd :YAG Laser . Signal out Lock-in A
1064 nm v *-- amplifier
> T ! 0.2
I A _——
A
f y I / , .
Tunable Laser _l 0 * * o
s »—%—A%——» B B- 33 34 k3.5 (] 3.6 3.7
Chopper Dichroic Ge MCT idler
bcl?m' Multi -grating filter  detector Fig.4. Normalized DFG power as a function of the generatevelength,
sphter  PP-RTA as measured with a multi-grating PP-RTA crystal (grating period$ |29,

Fig. 3. Experimental setup for DFG of mid-IR radiation in a multi-grating circles; 39.9 um, squares; 40.2 um, triangles). Solid curves are calculated
PP-RTA crystal using (2)
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We also measured the DFG power as a function of th@he wavevector mismatch for the experimentally measured
crystal temperature. For the 39um grating period, and wavelengths and using the refractive indices calculated with
with signal wavelengths of 153Bnm and 1542 nm, the (2) was~ 570nT?, which is indeed close to the theoret-
peak efficiency was measured at a temperaturecd®°C  ical value for the focussing conditions used in the experi-
and ~ 64°C, respectively. The derived tuning slope for ment,~ 530nT!. The calculated bandwidth of 168 nm
the idler wavelength,—1.27 nny°C, is higher than that is in good agreement with the measured bandwidth~of
measured for PP-KTP-0.5nm/°C [8], and for PP-KTA, 160nm, thus indicating that the periodically-poled length
—0.94nny°C [9], and is almost as high as the calcu-is approximately the entire 3-mm physical length of the
lated tuning slope for PP-LN;- 1.5 nm/°C [19]. The large crystal.
temperature-tuning slope of PP-RTA can be advantageous for The accuracy of the dispersion equation derived here, (2),
realizing tunable nonlinear devices, e.g. temperature-tundd predicting the grating periods for published measurements
OPO [23], but may also require a temperature stabilizawith PP-RTA crystals is shown in Table 1. With this equa-
tion of the crystal for long-term wavelength stability. We tion, the deviation of the calculated grating period from the
have also measured a temperature full width at half maxexperimental period was significantly reduced, in some cases
imum of ~ 97°C. This corresponds to a normalized band-by more than an order of magnitude. In Fig. 1, the theor-
width of ~ 29°C cm, similar to the calculated bandwidth for etically calculated tuning curve based on (2) (solid line) is
PP-LN [19]. shown together with the measurements (squares) and the cal-

culated tuning curve based in [16] (dashed line). The curve

based on (2) shows excellent agreement with the measured
3 Derivation of mid-infrared corrected dispersion results. While the calculation based on [16] has an average

equation for the Z direction in RbTiOASO, deviation of 179% in the idler wavelength (mid-IR range),
L , , i (2) reduced this deviation significantly to3. Moreover,

Of the three existing dispersion equations for RTA, [16]j 5150 shows a slight improvement in the near-IR range, re-
gives the closest prediction of the phase-matched idler wavey,cing the average deviation in the signal wavelength from
lengths in our experiment. However, the predicted idler waves go 1o only 06%. These comparisons indicate that the dis-
lengths still deviate by up t0.8% from the actual meas- hergjon equation derived here is valid not only for the spe-
ured phase-matched wavelengths. With a pump wavelength gﬁic PP-RTA sample that was used in our experiment, but

1064446 nm and the crystal held at room temperature, idlegsq provides improved accuracy for different samples of this
wavelengths of 3186 3.378 and 388um were generated 5terial.

with grating periods of 3%, 39.9 and 402 um, respectively.
We used these measurements to derive a dispersion equation.
The general form of the refractive index in tEedirection of 4 conclusions

RTA is:
5 B D 5 We have explored the optical and nonlinear properties of RTA
n;=A+ + —Fa% (2 in the mid-IR spectral range by difference frequency gen-

2 2
1- (C/;L) 1- (E/)\) eration in PP-RTA. We have obtained a mid-IR corrected
dispersion equation with improved accuracy, and measured

Initially we attempted to fit our experimental data in thethe temperature and wavelength tuning bandwidths. The tem-
1.53-348um range, as well as measurements of Fenimor@erature tuning slope was found to be much larger than
et al. [16] in the 8-13um range, using a reduced form that of other isomorphs of the KTP family and comparable
of (2) with a single pole in the ultraviolet range, as waswith that of PP-LN. A widely-tuned mid-IR coherent source
used in [15,16]. The best fit we achieved with this form(3.25-37 um) was produced and can be readily applied for
still had a deviation of up to.3% in predicting the phase- sensitive spectroscopic measurements of gases [9]. Further-
matched idler wavelengths. Considering the large absorpmore, the possibility of attaining wide aperture PP-RTA crys-
tion in RTA for wavelengths longer than@um, we have tals, as well as the high damage threshold, can be useful for
added a second pole in the mid-IR region. This approachigh power frequency conversion devices, particularly in the
has proven to give improved accuracy for KTP [8] andmid-IR range.
KTA [9]. The addition of the second pole is also justi-
fied by statistical calculations using the F-test [24], givingAcknowledgements. This work was supported by a grant from the ministry
a confidence level better than.9%. By doing so, we im- of science, culture and sport of Israel, and by the German-Israeli foundation
proved the accuracy of the predicted phase- matched idldp" Scientific research and development.
wavelengths to @6%. The parameters of this fit are as
follows: A=2.182064;B = 1.307519;C = 0.228244;D =
0.354743;E = 9.010959; F = 0.008921; where. is given
in um. The new dispersion eq.uatlon was used to calcu- 1. J.A. Armstrong, N. Bloembergen, J. Ducuing, P.S. Pershan: Phys. Rev.
late the expected phase-matching curves at room tempera- 157, 1918 (1962)
ture. These curves appear in Fig. 4 together with the meas-2. M. Yamada, N. Nada, M. Saitoh, K. Watanabe: Appl. Phys. L62}.
ured data, and it can be seen that in addition to predict- . 4(15550%993\)NP Risk: Electron. LeB0, 1516 (194)
ing correctly the location of the central peak, they also fit 3- Q- &hen, W.P.Risk: Electron. Leg0, _
the first sideband. The nonzero wavevector mismatch for % %ggg%ngggéf' Skliar, D. Eger, M. Oron, M. Katz: Appl. Phys. Lett.
tightly focused Gaussian beams [22] was taken into accounts. H_Karlsson, F. Laurell, P. Henriksson, G. Arvidsson: Electron. Lett.
in the calculation of the dispersion equation coefficients. 32, 556 (1996)
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