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Pyroelectricity and its role in optical damage of potassium titanyl phosphate crystals
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ABSTRACT
The origin of optical damage in potassium titanyl phosphate (KTP) crystals has been vigorously investigated since-.
its introduction as a nonlinear optical material in 1976. It is well known that this material exhibits a laser damage threshold
that limits its use in many high average-power applications, especially frequency doubling of Nd-doped lasers. Both
photochromic and electrochromic damage can be induced in KTP. Until recently, it was thought that these two types of .
damage were distinctly different, possibly involving different mechanisms; however, new data show that electrochromic-like
damage can be induced in KTP by laser irradiation only, implying the existence of an internal electric field. We have recently
observed bursts of light (optical scintillations) when heating KTP crystals at 0.1 - 1.0 K/s in the temperature range 8 - 675
K. The scintillations correspond to molecular nitrogen emission occurring during the electrical breakdown of air near the
crystal surface, and imply the existence of pyroelectric fields in KTP exceeding 30 kV/cm. These fields (and concomitant
currents) were induced by 10.6 pm laser irradiation. The observation of pyroelectric effects, heretofore not considered in KTP
damage models, provides an important new insight into the possible cause of the recently observed “electrochromic-like”
photochromic damage in KTP.
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. INTRODUCTION

Potassium titanyl phosphate (KTP) is the most commonly used nonlinear optical crystal for frequency doubling near-
infrared iasers, especially Nd:YAG. It possesses large nonlinear optical coefficients, broad temperature and spectral bandwidth,
good chemical and mechanical properties, and low dielectric constant.! And although KTP is the material of choice for
frequency doubling Nd-doped lasers, it is limited to low power-density pulsed, and moderate power-density cw operation
because of laser-induced optical damage.” Since its introduction as a nonlinear optical material in 1976, it has been known
that above-threshold laser excitation of KTP produces optical damage (often referred to as “gray tracking”), manifested as
enhanced optical absorption in the green spectral region. The sequence of second harmonic generation, coupled with
concomitant enhanced green absorption, results in catastrophic damage to the KTP crystal and limits its usefulness in high
average-power applications. In addition to these frequency-doubling applications, KTP is also used in conjunction with mid-
infrared lasers as an optical parametric oscillator capable of producing tunable radiation in the 1 - 5 pm region.

In addition to the optically-induced photochromic (PC) damage in KTP, it has been demonstrated that application of an
external electric field will also induce electrochromic (EC) damage.>* Originally, it was thought that PC and EC damage
were distinctly different; however, new results presented in the present work show that EC-like damage can be induced by
optical excitation alone. This type of damage points to the existence of an internal electric field in KTP whose origin, we
believe, can be directly linked to the pyroelectric properties of the crystal.

We have recently discovered that KTP emits bursts of light (optical scintillations) when heated or cooled at a rate of 0.1 -
1.0 K/s in the interval 8 - 675 K. The scintillations correspond to molecular nitrogen emission occurring during the electrical
breakdown of air near the crystal surface, and implies the existence of electric fields exceeding 30 kV/cm. Generation of these
large fields is attributed to the temperature-dependent change in the crystal’s spontaneous polarization. These pyroelectric
effects have not been previously included in proposed damage models of KTP; however, similar observations have been made
on other pyroelectric materials.>’ In the present work we demonstrate that laser excitation can in fact produce the small
heating rates necessary to generate large surface fields (and concomitant currents) in KTP and suggest that these thermally-
induced fields play an important role in optical damage of this technologically important material.
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2. EXPERIMENTAL ASPECTS

Measurement of optical scintillations in KTP was done by mounting the specimen on the cold finger of a continuous-
flow liquid helium cryostat maintained under ambient pressure, irradiating at selected temperatures by an 8-W CO, laser, and
recording the emission with an optical multichannel analyzer, as depicted in Fig. 1. A Ge window was used to maintain a
light-tight chamber and to allow entry of the laser beam into the cryostat; an aperture provided appropriate collimation to
ensure that only the sample was illuminated during the experiment. Application of silver electrodes to the sample also
allowed measurement of thermally-induced currents as a function of temperature. The CO, laser was chosen to excite the
sample because its energy is insufficient to produce electronic excitation across the bandgap, but is sufficient to provide
heating via absorption into the phosphate group of KTP. ’

CO, Laser | -------------- -_-_.>'

I I ~ Cold Finger
Ge Window

Fig. 1. Experimental apparatus utilized to measure optical scintillations in KTP.

3. EXPERIMENTAL RESULTS
3.1 Optical scintillations

Shown in Fig. 2 is a typical scintillation spectrum occurring in KTP during a heating or cooling cycle (0.1 - 1.0 K/s).
The KTP spectrum is shown as the solid line and the dashed line depicts a nitrogen discharge spectrum obtained in the absence
of a sample. The spectrum is identified as the second positive system of molecular nitrogen (C’n, — B37tg) and resulits from
the electrical breakdown of air near the KTP surface. This implies the existence of surface fields greater than 30 kV/cm,
which is ten times larger than fields routinely used to induce EC damage in KTP.* Evolution of these large fields is due to
the pyroelectric nature of KTP.

Pyroelectricity occurs in crystals that lack inversion symmetry and possess an electric dipole moment. If the dipoles
throughout the crystal are aligned in such a way as to avoid self cancellation, the material will exhibit spontaneous
polarization P,. Maintaining a constant crystal temperature for some time period will allow accumulation of surface charges
and consequent masking of the internal P,. An increase or decrease in sample temperature may change the magnitude of the
dipoles by altering atomic positions, thus changing the net polarization and thereby causing a concomitant redistribution of
surface charges, which can be measured in an external circuit.?
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Fig. 2. Spectrum of scintillations occurring in KTP. A nitrogen discharge spectrum is shown for comparative
purposes. :

Fundamentally, P,and the diclectric permittivity € of the crystal determine the spontaneous polarization field. In general we
can write

dP, dP, dT
E o« —=—~ — ()
de dT dt
and define the terms in the usual way,
dP daT
—+=4;, —=8, @
ar dt

with A, being the pyroelectric coefficient and f the heating rate. Thus, if a KTP sample is heated or cooled, it is possible to
generate surface electric fields that may be of sufficient magnitude to break down air and cause scintillations. Indeed,
scintillations (sometimes referred to in the literature as “pyroelectric luminescence’) have been observed in several pyroelectric
samples, and a simple model has been proposed to explain the results.’

3.2 Thermally-induced currents

Laser excitation of KTP at 12 K produces a current as shown in Fig. 3. A transient current is always observed during
initial laser irradiation; however, no steady-state current is observed that is proportional to the heating rate. This is consistent
with the known pyroelectric properties of KTP~the pyroelectric coefficient vanishes below approximately 20 K, as shown in
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Fig. 3. Current generated in KTP at 12 K by a CO, laser pulse. The laser cycle is shown by the dashed line.

the inset of Fig. 4. This behavior is in contrast to that observed at 80 and 295 K, as shown in Figs. 4 and 5, which clearly
demonstrate peak currents that are correlated with the laser on-off cycle. Note the sharp polarity change that occurs when the
laser pulse is terminated. From Eq. (2) we expect large surface fields to occur when B is large, as is the case when the laser
beam initially strikes the sample or is terminated. As the KTP temperature increases during constant laser excitation, P
decreases and the magnitude of the current decreases. Concomitant with the peak current pulses are optical scintillations,
implying a surface electric field in excess of 30 kV/cm. Note that even at 295 K, heating rates as small as 0.1 K/s can induce
these surprisingly large fields. And although we have employed a long wavelength (10.6 pum) laser for heating purposes, it is
reasonable to expect similar effects from Nd-doped laser irradiation. In the severe case of transient absorption (t ~ 0.01 s),
presumably associated with hole traps, we expect significant heating of KTP during high rep-rate irradiation.

Although we do not fully understand the behavior of thermally-induced pyroelectric currents in KTP, especially their
apparent modulation by the ionic conductivity above 200 K, it is clear that they are associated with laser heating. Moreover,
the magnitude of the corresponding surface fields are sufficient to break down air, which is ten times larger than fields
normally used to induce EC damage. We suggest that these pyroelectric fields, which, to our knowledge have not been
previously considered in the development of damage models for KTP, may play an important role in the process and must be
included in any comprehensive model. In fact, support for this assertion is provided by the recent observation of EC-like
damage being induced in KTP by the usual PC method. Shown in Fig. 6 is a micrograph of a KTP crystal that has been
optically damaged by exposure to a high-rep-rate laser. The beam enters the sample perpendicular to the plane of the paper
and covers a region shown by the dotted line. In separate experiments the sample received sequential exposures of 7 and 17
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Fig. 4. Current generated in KTP at 80 K by a CO, laser pulse. . Currents corresponding to excitation times of 5,
10, and 20 seconds are shown. The inset depicts the polarization of KTP as a function of temperature
(taken from ref. 10).

hours duration; the left portion of the micrograph corresponds to the heavily damaged specimen. The beam characteristics are:
3 mJ/p, 15 ns pulse length, 300 Hz rep-rate, and 350 jum beam diameter. The calculated fluence is approximately 3.1 J/cm?
with a corresponding intensity of approximately 210 MW/cm®. Note that the darkened (damaged) regions are concentrated near
the left portion of the beam area. Previous work has shown the EC-damaged bulk region of KTP to be deficient in both K
and Ti ions relative to the pristine region, implying the existence of an internal electric field.® We suggest that the EC-like
damage induced by optical excitation results from the pyroelectric fields generated by the laser beam.

4. CONCLUSIONS
We have demonstrated that large electric fields (and associated currents) are generated in KTP as a result of modest heating
and cooling. Peak currents and optical scintillations are coincident with the rapid heating of KTP encountered during the on-
off cycle of the laser pulse. Temperature behavior of the thermally-induced current pulses suggests that ionic currents
modulate the overall signal in KTP above 200 K. We conclude that pyroelectric properties of KTP are responsible for these
effects, and should be considered in the formulation of KTP optical damage models.
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