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Abstract: Nanosccond laser induced damage in RbTiOPO; (RTP) an
isomorphic material to the more widcly known KTiOPOy (KTP) is studied
in crystals with varying properties. The ionic conductivity along the z-axes
of the tested crystals ranged from 1.5 107 S/em to 1.1 107" S/em. Further,
different growth sectors with different absorption in the range of hundreds
of ppm/cm and differing zones in inhomogeneous crystals have been
investigated. Despite these important differences in crystal quality, no
significant difference could be observed in the laser damage resistance at
1064 nm. Thus growth induced defects only play a minor role in
nanosecond laser induced damage in RTP. Transient, laser induced defects
are discussed in analogy with KTP as possible laser damage precursors.
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1. Introduction

Rubidium titanyl phosphate, RbTiOPO, (RTP), and the isomorphic material potassium titanyl
phosphate, KTiOPO, (KTP), are well established nonlincar optical materials for clectro optic
applications and frequency conversion respectively [1,2]. Recent advances in the elaboration
of high quality RTP [3] and the better understanding of photo-induced effects in KTP [4]
show the continuing scientific and technological interest in these materials. Two modern
applications for periodically poled KTP should be mentioned: (i) tunable near infrared
sources, e.g [5], and (ii) the generation of identical photons for quantum oplics experiments,
c.g [6].

From the beginning of the frequent usage of KTP in the early 1990ies, the high nonlinear
cocfficient and the gray tracks appearing during frequency doubling of Nd:YAG lasers
motivated a lot of fundamental and applied studies on this material and its isomorphs [7,8].
Comparisons of RTP and KTP always pointed out the strong similarity of these materials. In
particular the problematic color centers and the laser damage propertics are very similar [9-
11].

In this arlicle the infrared nanosecond laser damage phenomenon in RTP in a
configuration similar to its usage in Pockels cells will be addressed and an interpretation of
the measurements, based on the analogy between RTP and KTP, will be proposed. Statistical
laser damage tests have been carricd out in different growth sectors exhibiting different
infrared absorption levels within the same crystal. Further, crystals from two dilferent
providers with different ionic conductivities have been tested. The missing influence of these
parameters on the laser induced damage statistics gives insight concerning the laser damage
mechanism in RTP, and, by analogy, KTP.

Some detailed investigations on nanosecond laser damage in KTP and RTP exist [12-14].
The damage initiation mechanism is cither suspected to be linked to the color centers that
cause the gray-track phenomenon [10,12], or dielectric breakdown caused by sclf-focusing is
considered [13].

2. Samples

Sample 1, a 34 mm x 34 mm y-cut sample with a thickness of [0 mm, was made from a
standard flux by provider a and has been used in order to investigale the influence of the
infrared absorption level on the nanosccond laser induced damage. Figure 1 shows the optical
shadowgraph [15,16] of the sample.
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Fig. I. Optical shadowgraph of sample 1 (y-cut, 34 mm x 34 mm x 10 mm). Different growth
sectors can be distinguished as partially indicated by the dashed lines. Few visible defects are
present within a given growth sector. Laser damage tests have been performed in sectors A and
B using a polarization along P. Infrared absorption measurements have been performed along

the dotted lines L1-L4 and at locations YA and YIB (see Fig. 2).

The homogeneous growth sectors A and B show different infrared absorption (Fig. 2) as
measured by photothermal commaon-path interferometry [17]. The (linear) absorption of sector
A at the damage tesling wavelength is approximately 1.6 to 2 times higher than the absorption
of sector B. It indicates different amounts of growth induced crystal defects in both zones as
for example contamination by other elements.

Two more, smaller y-cut samples (sample 2 and 3, 10 mm x 10 mm x 10 mm), originating
from experimental fluxes from provider «, have also been used to study the influence of
growth induced crystal defects. The shadowgraphs in Fig. 3 indicate the zones used for laser
damage testing. The zones delimited in these samples are not necessarily different growth
sectors, but lines in the oplical shadowgraphs indicate discontinuities in the crystal
composilion or (he concentration of crystal defects (dislocations ete). In fact the lines in the
shadowgraphs are caused by discontinuities of the complex index resulting in wavefront
distortions.

The other samples from provider « (from the standard flux, like sample I) and provider B
(sample 4), all x-cut, 4 mm x 4 mm in size and 10 mm long were homogencous.

The macroscopic ionic conductivities along the z-axis for the different types of samples
have also been measured and are given in Table 1. The ionic conductivity is given as one of
the parameters for estimating the gray-track resistance of KTP crystals [18] or the
susceplibility to clectrostatic darkening in RTP [3].
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Fig. 2. Infrared absorption measurements of sample 1 by the photothermal lensing method: 1.2
and L3 are line scans along the z-axis of the crystal. YA and YB are in-depth scans along the y-
axis of the crystal. (See Fig. | for the locations.) Sector A has a 1.6-2 times higher absorption
as sector B, The distances in traces YA and YB indicate the sample displacement and have to
be multiplied with the refractive index in order to convert them to physical coordinates in the
crystal.
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Fig. 3. Optical shadowgraph of sample 2 and 3 (y-cut, 10 mm x 10 mm x 10 mm). Dilferent
zones can be distinguished as indicated by the dashed lines. Each zone is characterized by a
certain type of defects as sensed by optical shadowgraphy.
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Table 1. Ionic conductivities along the z-axis and fluxes used for the growth of the

samples
Sample  Provider Typical conduclivity along z-axis Flux
Sample | 7] 1.5 107° Sfcm RbgP303
Sample 2 1] 8.0 107" Sfem RbsPsOy3
Sample 3 o 5.5 107" S/em RbyP,O4
Sample 4 BB 1.1 107" S/em self-flux

3. Laser induced damage measurements
3.1. Experimental setup and procedure

A schematic of the experimental setup is shown in Fig. 4. A Q-switched Nd:YAG laser (1064
nm, 6 ns, 10 Hz pulse repetition rate) is used Lo initiate laser induced damage by focusing the
radiation to a spot diameter of 75 pm (1/¢%, Gaussian beam profile). The laser beam is parallel
within the 10 mm thick sample, and for RTP (and KTP) damages appear distributed over a
large range of depth values in the bulk of the crystal. Using a parallel beam places us in
conditions similar to the operating conditions of the crystals and avoids focusing aberrations
[19]. The polarization for all tests is at 45° to the z-axis of the crystals, similar to the incoming
radiation in Pockels cells.

SR
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Fig. 4. Schematic of the laser damage measurement setup. A Quantel Ultra GRM laser
(1064nm, 6ns, 10Hz) is focused on the sample. Damage detection is preformed by imaging of
backscattered light with high depth of ficld and subsequent image processing.

For RTP (and KTP), damages appear as micrometer sized cracks along the principal axis.
Damage detection was performed by imaging of backscaftered light (delivered by a fibered
halogen lamp) and subsequent image processing [20]. The laser damage tests have been
conducted in 200-on-1 made, i.e. up to 200 pulses were used per site [21]. The test sites arc
spaccd by 400 pm in both transversal directions in order to obtain statistically independent
results. The damage probability is estimated from the number of damaged sites divided by the
number of tested sites. Due to the limited surface for some of the measurements (see for
example zone B2 on sample 2) the number of used test sites per fluence varics within one
series and thus the uncertainty of the damage probability varies within onc series. The damage
probability curves also give the 68%-conlidence error which has been calculated according to
[19]. A typical fluence error bar (not shown in the graphs) is 10% [22].

For comparison, the front surface threshold of a silica sample is 60 J/em” with a spot size
of 75 um. A measurement in 2005, using a similar setup, yielded a silica surface damage
threshold of 65 J/em?® with a spot size of 8 pm [23]. Both measurements have been performed
in 1-on-1 mode.

3.2. Damage probability curves

The damage probability curves that have been acquired on y-cut RTP crystals are shown in
Fig. 5. Figure 5a compares the growth sectors A and B on sample 1, and, considering the
scattering of the experimental data and the error bars, no significant difference has been
found. Figure 5b compares the fit shown in Fig. 5a to the measurements in the samples 2 and
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3. In Fig. 5b too, within the scattering of the data points and the error bars, samples 2 and 3 as
well as the different zones in these samples cannot be distinguished. The repeated fit allows us
to more easily compare the data points in Fig. 5a to the ones in Fig. 5b, and once again no
significant differences are obscrved.
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Fig. 5. Damage probability curves in 200-on-1 mode in y-cut RTP using a polarization at 45° to
the crystal z-axis. Figure a: Comparison of the growth sectors A and B in sample 1. The solid
line is a fit to the data using the Gaussian model [24]. Figure b: Comparison of the different
zones in samples 2 and 3 to the fit of the data in Fig. 5a.

Figure 6 compares the laser damage probability curves of the x-cut RTP crystals. The
sample from provider « has been grown identically to sample 1 and shows thus the highest
measured ionic conductivity. The sample from provider P is sample 4 and shows a factor of
1000 lower ionic conductivity (Table 1). Nevertheless the curves of both samples superpose,
(The twofold increase in the damage threshold of the x-cut crystals with respect (o the y-cut
crystals has been discussed in [14].)
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Iig. 6. Damage probability curves in 200-on-1 mede in x-cut RTP using a polarization at 45° to
the crystal z-axis. The sample from provider [} has much lower ionic conductivity than the one
from provider «. The solid line is again a fit to the data using the Gaussian model |24).

4, Results and discussion

In summary, an independence of the nanosecond laser induced damage threshold of RTP on
the growth induced crystal defects, within certain limits, is reported. In particular, a variation
of the ionic conductivity from 1.5 107 S/em to 1.1 107" Sfem, does not significantly decrease
the laser damage performance with a longitudinal multimode Q-switched Nd: Y AG laser at the
fundamental wavelength of 1064nm. Neither do absorption variations of the laser wavelength
from 130 ppm/cm to 320 ppm/em. We may nole that a similar behavior has been observed in
DKDP [25].
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In the following, we will try to understand these observations in RTP by considering an
analogy with KTP where more detailed literature is available. In 2004, Wang et al. [4]
reporled on the dynamics of color center annealing after irradiation with different intensities at
532nm. They found that the relative importance of growth-related color centers decreases with
increasing laser intensity. The offered explanation is that high light intensities induce the
generation of unstable color centers which add to the growth related color centers.
Additionally, Wang et al. propose a possible mechanism for the light induced generation of
these unstable color centers. They consider that high intensity light may generate Frenkel
defect pairs (V(K') - K;") having an estimated lifetime of [-10 ms at 295K [8]. During the
lifetime of the defect pair, a color center can then be formed close Lo the potassium vacancy.
However, these light induced color centers annihilate rapidly once the potassium vacancy is
occupied again. Hence, a fast spontaneous reduction of the green induced infrared absorption
is observed [4]. As the lifetime of these unstable V(K*)-K;*-pairs is presumably much longer
than the pulse length in our setup (6 ns), they may act as laser damage precursors. Our results
thus indicate that the laser damage mechanism at high intensities and relatively low pulse
numbers is dominated by generated, unstable color cenlers, in contrast to growth-related,
stable color centers,

The remaining question is how the unstable color centers are produced. RTP and KTP
both show very high nonlinear optical propertics and in consequence shorter wavelengths are
produced. The generated visible and ultra-violel photons favor the electronic excitation of the
material and thus the population of cxcited states in the quasi-conduction band. In the laser
damage experiments we always observed some green light after the crystal when the fluence
was approaching the damage threshold. Comparing in particular the case of x-cut and y-cut
RTP tested with 45° polarization, mismatched type Il second harmonic generation is about 5.8
times stronger in y-cut RTP than in x-cut RTP, a fact that concords with the observed laser
damage threshold difference (Fig. 6 and Fig. 5) [14]. Considering the low energy that is
necessary Lo create a V(K*)-K;*-pair in KTP (1.4 eV [4]), it is clear that defect pairs can be
generated with high efficiency by electrons relaxing from the quasi-continuum states of the
conduction band. Phase matching greatly increases the production yield of energetic photons
and thus the generation of excited clectrons, but even in strongly mismatched situations
energetic photons are produced locally at the distorted Ti-O-bond [7].

We (hus suspect that nanosecond laser induced damage in RTP is mediated by (he
generation of unstable V(K')-K;'-pairs. Their generation in turn is a consequence of the
combination of the high optical nonlincarity and the ease of Frenkel-pair generation in these
materials.

The above discussion should not make us forget that many applications, c.g. light
focusing, are sensilive to wavefront distortions. Further, applications at lower intensities and
high pulse numbers are sensitive to the growth induced crystal defects causing electrostatic
darkening in RTP and gray-tracking in K'TP,

5. Conclusions

We showed that nanosccond laser induced damage in RTP, as tested in a Pockels cell
configuration, is independent on significant variations in erystal quality (ionic conductivity,
infrared absorption, structural defects). This indicates that the laser damage precursors of (his
material are nol growth dependent. Thus we conclude that the laser damage precursors are
produced by photon induced processes during the pulse. In analogy with green induced
infrared absorption measurements in KTP [4], we propose the light induced generation of
unstable V(K*)-K;*-pairs as a possible mechanism. These defect pairs, which may be
generated by relaxing electronic excilation, are likely to be caused indirectly by frequency
doubled photons that were always visible in our experiments.

The nanosecond laser induced damage threshold of RTP at low pulse numbers is thus
limited by inherent material properties and the usage of the crystal (phase matching).
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