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ABSTRACT We have measured the first and second derivatives
of the refractive index with respect to temperature along the
z- and y-axes for two nonlinear optical materials, RbTiOPO4
and RbTiOAsO,4. The measurements were done using an in-
terferometric setup in the wavelength range of 532—1580 nm
and in the temperature range of 25-200 °C. In addition, the
thermal expansion coefficients were measured in the x direc-
tion. Experimental results of nonlinear frequency conversion
in RbTiOAsO4 were used to explore the temperature depen-
dence of the refractive index in the z-axis near 3.5 microns.
We have derived thermal-dependent dispersion equations for the
two materials. Calculations based on these dispersion equations
are in good agreement with previously reported measurements.
The thermal dependence of the refractive index of RbTiOAsO4
is greater than that of RbTiOPO4 by approximately 15% and
70% in the z- and y-axes, respectively. Hence RbTiOPOy is
more appropriate for applications that require immunity to
thermal lensing, whereas RbTiOAsOy is suitable for realizing
temperature-tuned nonlinear devices.

PACS 42.65.Ki, 78.20.Cy, 78.20.Nv

1 Introduction

Ferroelectric materials are of particular interest
in nonlinear optics, owing to the possibility to achieve
quasiphase matching [1] by periodic electric field poling [2].

Design and operation of temperature-tuned nonlinear op-
tical devices, based on ferroelectric crystals, require accurate
knowledge of the refractive index n;, ), where A and T are
the optical wavelength and temperature, respectively.

In this paper we study the thermal-dependent refractive
index of two widely used nonlinear ferroelectric crystals:
RbTiOPO4 (RTP) and RbTiOAsO4 (RTA). RTP’s high electri-
cal resistivity is important for many electro-optic applications
and in the production of periodically poled RTP elements. Its
high optical damage threshold makes it especially useful in
high-power SHG and OPO applications [3]. RTA is an in-
teresting material owing to its excellent transmission in the
mid-infrared (IR) (up to 5.3 wm) and relatively easy poling
procedure [4].
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The Sellmeier equations for these two materials were
given only at room temperature [4—6]. For RTA, the only
available information on temperature dependence was a rela-
tive equation describing the temperature derivative of the z
component of the refractive index [7]. As for RTP, to the best
of our knowledge, no information was available on the tem-
perature dependence of the refractive index. Hence, it was
impossible to analyze or design RTA- and RTP-based devices
that operate at temperatures different than room temperature.

We have used an interferometric measurement tech-
nique that was successfully used recently for determining the
thermal-dependent refractive indices of KTiOPO4 (KTP) and
KTiOAsO,4 (KTA) [8]. The thermal expansion coefficients of
crystals were separately measured using another interfero-
metric setup, thus enabling us to derive the contribution of the
refractive index variations. For RTA the accuracy of the equa-
tion of dnz/dT was further improved in the mid-IR using
frequency conversion measurements [5]. The temperature de-
pendence of nonlinear mixers, based on the derived Sellmeier
equations, is in good agreement with previously measured
values.

The experimental setup is described in Sect. 2, experi-
mental results and analysis are given in Sect. 3, and Sect. 4
concludes and summarizes this work.

2 Experimental setup

The experimental setup, which is shown in Fig. 1,
was built to measure the change in the optical path in the crys-
tal as a function of the crystal temperature.

We used flux-grown RTP and RTA crystals with dimen-
sions 10 x 10 x 0.5mm?>. Their input and output end faces
were polished perpendicular to the x-axis. The RTP crystal
was manufactured by Raicol Crystals and the RTA crystal
by Crystal Associates. Commercial lasers were exploited as
coherent light sources at different wavelengths: 532 nm (fre-
quency doubled Nd: YAG laser), 775 nm and 785 nm (external
cavity diode laser), 1064 nm (Nd:YAG laser), 1520—-1580 nm
(external cavity diode laser). A wavemeter measured the
wavelength with accuracy of 1 pm. For the measurements in
the wavelength range of 1520—1580 nm the light polarization
was determined with a fiber-optic polarization controller and
apolarizer, and for the other wavelengths it was determined by
a half-wave plate.
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FIGURE 1 Experimental setup for measuring the changed optical path as

a function of crystal temperature

In order to maximize the light energy input into the crys-
tal, a focusing lens (f =20cm) insured a beam waist of
150 pm on the crystal center. The crystal was located inside
a temperature-controlled mount. This mount was comprised
of a copper block, containing two heaters and a temperature
sensor inside, and encompassed by a thermal insulator made
of Teflon. Heaters were connected to the temperature con-
troller, which operates in the range of 25-200°C and with
accuracy of 0.1 °C.

Light reflected from the crystal arrived at either a Si de-
tector (for measurements below 1000 nm) or a InGaAs detec-
tor. The detector was connected to a scope, which displayed
power variations as a function of crystal temperature.

The uncoated input and output facets of the measured
crystal partially reflected the light. The crystal was aligned
to reflect these beams in the same direction, thus leading
to multiple interference, as in a Fabry—Perot cavity (1). The
transmitted and reflected intensities varied periodically due to
the change in optical path (n x /) inside the crystal along the
x-axis. The resonance condition for this cavity is given by
ni,T) X l(T) = 5 X mry, (1)
where m 7y is the number of power peaks in the reflected light.
A typical measurement in RTA with light polarized in the y-
and z-axes is displayed in Fig. 2.

From (1) it is clear that it is necessary to know at high ac-
curacy the temperature dependence of the crystal length (/(r)
along the x-axis) for the derivation of the refractive index.

To measure this dependence, the crystal end faces were
chemically coated with silver coating, so that the reflection
was increased up to 95%. Two Michelson interferometers
were established. Each one measured the expansion of one
crystal end face. The experimental setup is shown in Fig. 3.

The output of a He—Ne laser (632.8 nm) contained
two beams with perpendicular linear polarization and small
(2 MHz) frequency difference. The polarizing beam splitter
(PBS) separated the beams. One beam was directed toward the
electronic unit, while the other beam propagated to the heater
through a quarter-wave plate, which caused the beam to be-
come circularly polarized. Next, the coated crystal reflected
the beam. After repassing the quarter-wave plate the circular
polarization reverted back to linear, though perpendicular to
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FIGURE 2 Typical measurement of number of power peaks vs. RTA
crystal temperature. The measurement was performed at wavelength X =
1549.93 nm. Experimental results with light polarization along the z-axis
(squares) and along the y-axis (circles); the solid line and dotted lines are
least-square fitting curves
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FIGURE 3 Experimental setup for measuring thermal expansion along x-
axis of the crystal

the original, polarization. Finally, the beam passed through
the PBS to the detector.

The electronic unit, which was very sensitive to relative
phase differences between the incoming waves, translated re-
peated phase shifts (A/16 ~ 40 nm) to pulses. A counter and
a scope were used to summarize the optical path modifications
resulting from the expansion of the heated crystal.

The contribution of the heated air around the crystal to the
changed optical path was limited to 5% according to [9].

3 Experimental results and analysis

Equation (2) shows the dependence of the crystal
length on temperature. The coefficients in the x-axis are de-
picted in Table 1. The values of the linear thermal expansion
coefficient («, ) for the two materials were previously reported
in [10]. The relative differences at a temperature of 100 °C be-
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RTP RTA
afcCh 1.2733 x 1073 1.4468 x 107>
B°C?) 1.0285 x 10~8 1.0454 x 1078
TABLE 1 First and second thermal expansion coefficients along x-axis for
RTP and RTA

tween our findings and values from [10] were much less than
the measurement error, which is 5%:

) =loase) x [ 1 +ax (T =25+ Bx (T =25)°]. (@)
The crystal length was determined at room temperature using
the Sellmeier equations of RTA and RTP [5, 6]. lp@250)rTA =
10.695 mim, l0(25°)RTP = 9.895 mm.

Thermal expansion coefficients and measurements of
modified optical path were used to derive the refractive index
change as a function of temperature:
nG.T) = NoG.259) +11250) X (T —25°%)

+ nagose) x (T —25°)°. 3)

The first and second derivatives from (3) are presented as
a third-order polynomial of negative powers of wavelength:

3
am
n12250) = E ICE

m=0

“4)

where X is in microns. The coefficients (a,,) were derived by
a least-square fitting procedure and are given in Table 2.
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FIGURE 4 First derivative of the refractive index with respect to tempera-
ture vs. wavelength of RTA (squares) and RTP (circles) crystals along the
y-axis. The solid and dotted lines are least-square fitting curves of RTA and
RTP, respectively

First and second derivatives of the refractive index in RTA
and RTP crystals along the y-axis are depicted in Figs. 4 and 5,
respectively.

In order to extend our curve of ny(; 250y in RTA along the
z-axis (Fig. 6) into the mid-IR range, we used measurements
in quasiphase-matched difference frequency generation as
a function of the crystal temperature [5]. Peak efficiency was
found at a temperature of 49 °C and 64 °C with idler wave-
length of 3456.1 nm and 3436.1 nm respectively, using pump
wavelength of 1064.4 nm and grating period of 39.6 um. For
each temperature the corresponding wavelengths were in-
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FIGURE 5 Second derivative of the refractive index with respect to tem-
perature versus wavelength of RTA (squares) and RTP (circles) crystals along
the y-axis. The solid and the dotted lines are least-square fitting curves of
RTA and RTP, respectively
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FIGURE 6 First derivative of RTA along the z-axis as a function of wave-
length. Experimental values (circles); values obtained from [5] using Egs. 3
and 4 (asterisks); the solid line is the new and extended curve; the dotted line
is the curve taken from [7] with the added constant (= 11 [1/°C])

RTP

Z-axis y-axis

11 x 1070 [°C~1] 1y x 1078 [°C~2] 5y x 1070 [°C~1] np x 1078 [°C 2]

RTA
z-axis y-axis

ny x 1070 [°C~1] ny x 1078 [°C~2] 5y x 1070 [°C~] 5y x 1078 [°C 2]

ap 13.465 —0.858 0.1528 2.933 8.022 6.511 1.894 3.410
ay —18.336 14.837 5.712 —3.587 2.936 —6.118 8.548 —3.082
a 18.025 —13.628 —5.570 3.577 —2.586 8.083 —8.336 3.323
a3 —3.507 4.4383 2.639 —0.778 2.996 —2.664 3.723 —-0.774
TABLE 2  Polynomial coefficients [according to (4)] for first and second derivatives of the refractive index with respect to temperature of RTP and RTA

crystals
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serted into the momentum conservation equation:

2, <”<AP,T) _Mes.T)  M0G.25%)

Ar) Ap As A

_ miag2se) X (T=25%)  nagyose) X (T—25°)%\ Ak
)\I )\I '

)

where 1, 1) and ngg 1) are temperature-dependent refrac-
tive indices for the pump and the signal wavelengths (Ap, As)
calculated using (3) and (4). The length of the grating period
(A¢ry) for each temperature was calculated using (2). The
wave vector mismatch (Ak ~ 570m™") and n0(3y,25°) Were
known from [5].

In order to extract the first derivative for the idler wave-
length, we assumed the second derivative (n;) was zero.
This assumption can be justified since these measurements
were done relatively close to room temperature, where the
contribution of the second derivative is negligible. The re-
sulting values are 7(3436.1 nm.25e) = 0.91 x 107 [°C~'] and
11(3456.1 nm,25°) = 0.83 x 107> [°C~!]. Then, we added the de-
rived values to the previously measured data of n; at shorter
wavelengths and obtained a new formula for n;(; 7, shownin
(4) and Table 2. Calculation of temperature full width at half
maximum of a mid-IR difference frequency generator devi-
ated by less than 10% from measured data [5], and this further
supports our assumption.

In order to compare our curve with the equation of
dnz/dT from [7], we added a constant (= 11 [°C~!]) to their
formula since it was derived from relative results.

Figure 6 shows the extended curve of ny( 250) in RTA
z-axis and a comparison with the first derivative from [7] with
the added constant.

Investigation of second harmonic generation (SHG) in
PP-RTP with 1064 nm pump wavelength along the z-axis as
afunction of crystal temperature is described in [11]. Figure 7
shows good correlation between measured results of effective
phase-matched grating periods taken from [11] and the calcu-
lated curve using our dispersion equations (3) and (4).
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FIGURE 7 Phase-matched grating periods as a function of RTP crystal
temperature in SHG along z-axis with pump wavelength, A = 1064 nm. Ex-

perimental values taken from [11] (squares); the solid line was calculated
using the dispersion relation [(3) and (4)]

The inaccuracy in determining the length expansion is the
dominant error in the measurements, and leads to a 5% inaccu-
racy in determining the thermal dependence of the refractive
index.

4 Conclusions

We have explored the thermal dependence of
the dispersion relations in RTA and RTP crystals. The
temperature-dependent Sellmeier equations for these two ma-
terials are obtained in a wide temperature range (25-200 °C)
and wavelength range (0.5-1.58 um). We have experimen-
tally observed parabolic dependence of the refractive index
change on temperature. These equations are essential for in-
suring optimum frequency conversion efficiency in nonlinear
interactions at temperatures other than room temperature as
well as for designing temperature-tuned nonlinear devices. In
addition, thermal expansion coefficients in the x-axis of the
two crystals were measured with high accuracy. In QPM fre-
quency conversion, based on periodically poled RTA or RTP,
the light is usually polarized along the z-axis and the beam
propagates along the x-axis. Hence, the thermal dependence
of the dispersion on the z-axis and the thermal expansion coef-
ficient on the x-axis, which have been derived in this work, are
the required parameters to calculate the thermal dependence
of nonlinear frequency mixers. Phase-matching calculations,
based on our work, are in good agreement with previously
reported measurements of temperature-dependent QPM fre-
quency conversion with both crystals.

We have found that the thermal dependence of the refrac-
tive index of RTA is stronger than that of RTP. A comparison
with results in KTP and KTA obtained from [8] shows that
the thermal dependence of the refractive index of RTP is the
smallest, followed by RTA, KTP, and KTA. Table 3 shows
the change in refractive index from 25 °C to 100 °C at a las-
ing wavelength of Nd:YAG, 1064 nm for these four crystals.
On the one hand, a higher refractive index thermal derivative
is helpful in realizing temperature-tuned nonlinear devices;
on the other hand, when high pump power is used, thermal
lensing may limit the device performance [12], and in this
case a low refractive index thermal derivative is an advantage.
A figure of merit is proportional to the thermal conductivity
and inversely proportional to the derivative of the refractive
index with respect to temperature and to the material absorp-
tion coefficient [12]. The thermal conductivity of KTA, KTP,
and RTA are 18 mW/cm/K [13], 30 mW/cm/K [12], and
16 mW/cm/K [14], respectively. The thermal conductivity of
RTP is unknown to us. Assuming the same level of absorp-
tion can be obtained for all materials, the figure of merit for

z-axis y-axis
RTP 9% 10~ (1) 3x 1074 (1)
RTA 11x107% (1.2) 6x107% (1.8)
KTP 13%x107* (1.3) 7% 107* (2.0
KTA 16 x 10~* (1.7) 11x107* (3.3)
TABLE 3  Change in refractive index (An) from 25 °C to 100 °C at wave-

length A = 1064 nm. Normalized change with respect to RTP is in paranthe-
sis. The values are for crystals RTP, RTA, KTP, KTA. Values on KTA, KTP
were taken from [9]
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KTP is almost twice as high as that of KTA and RTA. RTP
is also a potentially promising material for high-power appli-
cations owing to the low value of the derivative of refractive
index with respect to temperature.

Note added in Proof: Recently, another thermo-optic dis-
persion equation for RTA was proposed by Kato et al [15].
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