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Abstract. Resonant acoustic spectroscopy technique gives the opportunity to measure the
crystal temperature during linear and nonlinear interaction of the laser radiation with crystals.
It is based on the registration of the crystal piezoelectric or acoustical resonance frequency
change caused by the interaction of the laser radiation with crystals. Piezoelectric resonance is
observed by measuring the dependence of the sample electrical impedance on the external
electric field frequency. It is shown that inhomogeneous crystal heating can be characterized
by the equivalent crystal temperature depending on the influence laser power. Equivalent
crystal temperature can be directly determined from the measured piezoelectric resonance
frequency.

1. Introduction
Nonlinear-optical crystals are generally used for optical parametric generation and amplification,
electro-optical and acousto-optical modulation, multi-wave mixing and frequency conversion of the
laser radiation [1-2]. During every interaction of the laser radiation with crystals some part of the
radiation energy converts into heat. In case of the high-power laser applications residual optical
absorption in crystals can cause crystal structural defects formation and even its destruction [3, 4].
Most of the crystals applied in the nonlinear optics possess piezoelectric properties [2, 5]. It is well
known that piezoelectric resonances are highly temperature-sensitive [5]. Internal crystal temperature
variation results in the piezoelectric resonance frequencies change. On the base of the piezoelectric
resonance frequency temperature dependence the method was proposed for the accurate determination
of the weak linear optical absorption of the piezoelectric optical materials [6]. It is stated that practical
application of this method is restricted by the crystal piezoelectric resonance quality factor which in
turn defines the maximal allowable crystal overheating and as follows the maximal laser irradiation
power. In the present work the interaction of the single-mode high-power laser radiation with crystals
is investigated by means of the radiofrequency impedance spectroscopy.
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2. Experiment

2.1. Crystal sample

Nonlinear optical KTiOPO, (KTP) crystal was taken for the detailed investigation of the high-power
laser radiation interaction with crystals. KTP crystals at room temperature are orthorhombic and
belong to the mm?2 crystallographic point symmetry group, lattice constants are a = 12.814 A,
b=6.404 A, c =10.616 A [1, 2]. Specimen of the KTP crystal is the rectangular parallelepiped with
dimensions 30x3x3 mm’. Crystal c-axis and b-axis are directed along the 3 mm sides and g-axis is
parallel to the 30 mm side. Main piezoelectric and elastic constants of the KTP crystal and their
dependencies on temperature were reported earlier [5].

2.2. Experimental setup

Block-scheme of the experimental setup for the crystal electrical impedance measurements is shown in
Fig.1. External electric field E”™ from the RF generator is applied to the KTP. Crystal is placed between
the two quartz plates with the sputtered silver electrodes.
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Figure 1. Block-scheme of the experimental setup: electrical part (A), optical part (B).
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Crystal is placed in unclamped manner on the two thin threads in ~20 mkm distance away form the
upper electrode. It helps to reduce uncontrollable variations of the crystal piezoelectric resonance
frequency and amplitude and also to increase quality factor of the electromechanical resonator formed
by the two electrodes. The KTP with electrodes is placed in the handmade thermostat with optical
windows for the laser radiation passing. The small load resistor R is connected in series with the KTP
crystal. For each value of the electric filed frequency f the amplitude |Ug| and the phase ¢ of the Ur
voltage on the load resistor R are measured by the lock-in amplifier. See Fig.1 A for the typical
dependence on frequency of the mentioned parameters near the crystal piezoelectric resonance. The
current through the KTP is determined and the crystal complex electrical impedance Z(f) is calculated.
RF generator and lock-in amplifier are synchronized via the PC for providing fast data accumulation.
Consecutive frequency change followed by the lock-in amplifier measured values read off can be
made periodically in the automatic regime.

Ytterbium depolarized single-mode pulse fiber laser was used as the laser source with following
parameters: principal scheme is Master Oscillator Power Fiber Amplifier (MOPFA), operating
wavelength is 1064 nm, pulse repetition rate is 20 kHz, pulse duration is 100 ns, output average power
can be varied in the 0,015 — 19 W range, pulse peak power is 10 kW. Width of the laser line is 3 nm
on the -3 dB level. Laser beam diameter is 1 mm and the M? beam quality parameter doesn’t exceed 2.

3. Results
Frequency dependencies of the KTP crystal complex electrical impedance modulus |Z(f)] were
measured in the 500 KHz — 3 MHz range. Typical value of the KTP crystal piezoelectric resonance
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line width is about hundred hertz for the electric field E™ applied along the crystal b-axis. Coefficients
of the piezoelectric resonance frequency shift df/dT during crystal homogeneous heating without the
laser radiation influence should be determined prior to investigating the laser radiation influence on
the piezoelectric resonances in crystal. Piezoelectric resonances with the largest absolute values of the
df/dT coefficient are the most sensitive to the crystal overheating induced by the laser radiation
influence. KTP crystal piezoelectric resonance with one of the acoustical mode near the frequency fro
= 832.5 kHz (T0 = 294 K) was chosen.

Calibration measurements of the piezoelectric resonance frequency shift Afr = fr - fro during crystal
homogeneous heating without the laser radiation influence revealed that its df;/dT coefficient linearly
depends on temperature. For the selected resonance measured coefficient value is dfy/dT = -53 + 0.5
Hz/K.

It is well known that the influence of the single-mode high-power laser radiation of the beam
diameter less than the crystal aperture leads to the inhomogeneous crystal heating. Crystal
piezoelectric resonance frequency shift Afp = fp — fpo (PO = 0) due to the laser radiation influence is
determined in the whole laser power range after reaching of the thermal equilibrium state. For the
selected KTP crystal acoustical mode and the experimental heat transfer conditions of the crystal with
the ambient air the measured piezoelectric resonance frequency shift linearly depends on the time-
averaged laser power P with the incline dfp/dP = -15.5 + 0.5 Hz/W.

Comparison was made of the KTP piezoelectric resonance line form change due to the
homogeneous crystal heating with case of the inhomogeneous heating induced by the laser radiation
influence. From the measured complex voltage Ug values the current through the KTP crystal can be
determined and the its complex electrical impedance Z(f) can be calculated. Then the KTP crystal
electrical impedance real part Re(Z(f)) was approximated by the Lorentz function (1).

24 Aw
Re(Z(f)) =R, +—F (1
o M- L) A
Typical examples of the Lorentz function (1) approximation of the crystal electrical impedance real
part Re(Z(f)) made for the case of the crystal inhomogeneous heating are shown on the Fig.2 A.
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Figure 2. (A) Crystal electrical impedance real part Re(Z(f)) frequency dependencies during inhomogeneous
heating (P- laser radiation power) approximated by the Lorentz function (1). (B) Line width Aw and parameter
A, of the KTP crystal electrical impedance real part Re(Z(f)) for the different crystal temperatures during
homogeneous heating without the laser radiation influence (m — Aw, ¥ — A,), for the different average laser
powers P (& —Aw; ¢ — A)); f. — the frequency value of the Lorentz peak position (1).

The piezoelectric resonance positions during the homogeneous heating as well as during the laser
radiation influence can be characterized by the frequency f.. Line width Aw and A, parameter obtained
from the Lorentz function (1) approximation of the measured KTP crystal complex electrical



15th International Conference on Photoacoustic and Photothermal Phenomena (ICPPP15) IOP Publishing
Journal of Physics: Conference Series 214 (2010) 012064 doi:10.1088/1742-6596/214/1/012064

impedance real part Re(Z(f)) are shown on the Fig. 2 B. Here the £ values are set as the Fig. 2 B plot
X-axis values.

4. Discussion and Conclusions

Piezoelectric resonance line form changes due to the laser radiation influence and due to the
homogeneous crystal heating occur in the same way. For this laser power range (from 0 to 19 W) and
for the natural heat conduction conditions of the crystal surfaces with surrounding air such similar line
form behavior enables us to characterize inhomogeneous crystal heating during the interaction with
the laser radiation by the equivalent crystal temperature T,(P). Equivalent crystal temperature change
(AT,y) with the laser power P is directly determined from the measured piezoelectric resonance
frequency shift Afp and the temperature coefficient df/dT priory measured in the conditions of the
homogeneous crystal heating without the laser radiation influence from (2).

AT, = Afy/(df /dT) )

Spatial distribution of the crystal temperature T, during interaction with the laser radiation of the
time-average laser power P in this case is determined by the equation (3). The value of the temperature

inhomogeneity |AT(x,y,z,P)| in (3) satisfies the following condition |AT'(x, y,z, P)| << T, (P).
Tc(x,y,z,P):Teq(P)+AT(x,y,z,P) 3)

The represented method of the resonant acoustic spectroscopy enables to characterize the
inhomogeneous crystal heating caused by the interaction with the high-power laser radiation by the
equivalent crystal temperature. The conception of the equivalent crystal temperature gave the
opportunity to unite classical mechanical and thermodynamical approaches for the investigation of the
high-power laser radiation interaction with crystals. Change of the T, is directly determined from the
measured piezoelectric resonance frequency shift. Equivalent crystals temperature is the fundamental
factor for the quantitative determination of the true inhomogeneous crystal temperature. Also crystal
linear and nonlinear-optical absorption coefficients can be determined for the versatile high-power
laser application processes including laser frequency generation and conversion processes [7].
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