Absolute measurement of the effective
nonlinearities of KTP and BBO crystals
by optical parametric amplification
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Absolute magnitudes of the effective nonlinearity, d.s, were measured for seven KTP and six BBO
crystals. The deg's were derived from the parametric gain of an 800-nm signal wave in the sample
crystals when they were pumped by the frequency-doubled, spatially filtered light from an injection-
seeded, @-switched Nd:YAG laser. The KTP crystals, all type II phase matched with propagation in the
X-Z plane, had d.¢ values ranging from 1.97 to 3.50 pm/V. Measurements of gain as a function of
phase velocity mismatch indicate that two of the KTP crystals clearly contain multiple ferroelectric
domains. For five type I phase-matched BBO crystals, de¢ ranged from 1.76 to 1.83 pm/V, and a single
type II phase-matched BBO crystal had a deg of 1.56 pm/V. The uncertainty in our measurements of

degrvalues is £5% for KTP and +10% for BBO.
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1. Introduction

KTP (KTiOPO,) and BBO (3-BaB,0O,) are two of the
most widely used crystals in nonlinear optical de-
vices because of their large transparency ranges,
relatively high nonlinearities, and high damage
thresholds. There have been numerous absolute
and relative measurements of the second-order non-
linear optical coefficients of KTP1-19 and BBO.211-13
(Ref. 10 lists nonlinear coefficients for many crystals
and discusses IEEE /ANSI Std. 176 relating to non-
linear crystal nomenclature.) In this paper we re-
port our absolute measurements of the magnitude of
the effective nonlinearity, d.¢, for several samples of
these two crystals. We were motivated to do so by
the large variations we found in the performance of
optical parametric oscillators (OPO’s) for a selection
of KTP crystals that were supposed to be identical.
For example, we found that the OPO oscillation
threshold required pump powers that differed by as
much as a factor of 4 when supposedly identical
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crystals were placed in the same OPO cavity. This
led us to suspect that not all KTP crystals are
created equal. We report here confirmation of this
suspicion by demonstrating that nominally identical
KTP crystals can have substantially different d's.
This may explain in part the varying values of
nonlinear coefficients reported in the literature for
KTP. For example, the d;/’s reported in Refs. 6, 7,
and 10 give magnitudes for d ¢ of approximately 3.7,
2.26, and 3.1 pm/V, respectively, for the pump wave-
length and the signal wavelength we used. Of the
seven KTP crystals we tested, one had a d.s that
agreed well with the value derived from Ref. 10, one
had a relatively large d .y near the value derived from
Ref. 6, and the rest had smaller d s closer to the
value derived from Ref. 7. Although we initially
concentrated on KTP, our experimental setup also
permitted measurement of d.g for several BBO crys-
tals to test their uniformity and compare their
coefficients with previously measured values.
Second-order nonlinear optical coefficients can be
measured by a variety of methods, including the
Maker fringe technique,'41? phase-matched second-
harmonic generation with pulsed'® and cw!™19 la-
sers, surface second harmonics,?%?! and parametric
fluorescence.??23 These methods were first demon-
strated at least 25 years ago, and although improve-
ments have been made over the years, each has



advantages and disadvantages. The Maker fringe
technique, utilizing non-phase-matched second-
harmonic generation, determines the sign and mag-
nitude of second-harmonic coefficients and became a
standard following the research of Jerphagnon and
Kurtz.1> Initially, absorptive and anisotropic prop-
erties were neglected, resulting in errors in measure-
ments of d;;. Recently, they have been included,?*
so the Maker fringe technique is now applicable to
most crystal classes. Measuring d.s by the use of
phase-matched second-harmonic generation remains
popular,? but cw measurements involve focused
beams?> and require complex mathematical extrac-
tion of dog. Surface second-harmonic generation is
best suited for determining d;; in highly absorptive
materials, and parametric fluorescence returns d;;
values that are consistently larger than those deter-
mined by other methods for reasons that are not well
understood (see Ref. 9 and references therein). The
method of parametric amplification that we employ
has the advantage of directly determining d.x for
crystals cut to phase match at wavelengths other
than the second harmonic of the pump.

The KTP crystals we tested were type II phase
matched with light propagating in the X—Z plane at
an angle of 6 = 58.6°. The 532-nm pump light was o
polarized, the 800-nm signal light was e polarized,
and the resulting 1588-nm idler light was o polarized.
For this process, d. is related to the nonlinear
susceptibility tensor elements by d.s = dso sin 6.
The type I BBO crystals were cut near 6 = 22.2°, the
phase-matching angle for 532 nm (e), 800 nm (o), and
1588 nm (0). Here, ds = d3; sin 8 — dyy cos 0. For
type II mixing in BBO with 532 nm (e), 800 nm (o),
and 1588 nm (e), the phase-matching angle is 26.6°
and dg = dag cos? 0.

Our measurement technique is based on paramet-
ric amplification of light from a cw laser in a sample
crystal that is pumped by the spatially filtered
second-harmonic light from an injection-seeded,
Q-switched Nd:YAG laser. Gain is measured only
over the central region of a large-diameter, highly
collimated pump beam that has a smooth spatial
irradiance distribution. In addition, the gain is
sampled only at the peaks of the pump and signal
pulses. Together these conditions guarantee that
the pump irradiance is nearly spatially and tempo-
rally uniform over the measured region, so correc-
tions for nonuniform pumping are minimized. The
analysis was thus straightforward and consisted of
extracting d.¢ from a nonlinear least-squares fit to
measurements of gain versus pump irradiance.
The experiment is described in more detail in Section
2, and our analysis of the data is discussed in Sec-
tion 3.

KTP is a ferroelectric crystal, so multiple domains
can exist within a single crystal.?6 Polarity-re-
versed domains are not evident in a crystal’s linear
optical properties, but since the sign of d.y is re-
versed, multiple polarity-reversed domains can be
detected by the measurement of signal gain as a

function of phase velocity mismatch Ak, where Ak =
kpump — Rsignat — Riaier- In the laboratory, we mea-
sured parametric gain as a function of crystal angle
near the phase-matching angle. For a crystal of
total length L with n domains of equal length, these
phase-matching curves have characteristic profiles
with n — 2 small peaks lying between two large
peaks of equal height separated by AkL/Tr < 2n.
With unequal length domains, the shape of the
phase-matching curve depends on the lengths and
ordering of the domains but can be dominated by a
broadened single peak. From these signatures, we
demonstrated that at least three of the KTP crystals
with the lowest d.&s have polarity-reversed multiple
ferroelectric domains.

2. Method of Measurement

With pump depletion and linear absorption ne-
glected, the parametric gain of an incident signal
field, E(0), in the absence of an incident idler field is
given in SI units by?27-28

AR
E(L)= E0)cosh gL — ZZ—g sinh gL lexp(iAkL/2), (1)
where
g =[I? — (Ak/2P12, 2)

AF is the phase velocity mismatch,
Ak =k, — k;— k;, (3)

Z‘de |2wswi1
g _ ZITeffl T (4)

oMM, CP

The subscripts s , i, and p denote the signal, idler,
and pump waves, respectively, with I, = n,e.c|E,|2/2
being the pump irradiance (W/m?), n,, n,, and n, the
refractive indices, €, the permittivity of free space, L
the crystal length, and ¢ the speed of light. Our
method of measuring d. relied on an accurate
determination of the signal gain, |E,(L)|2/|E/0)|2, as a
function of the pump irradiance I,. From these
data, Eq. (1) is used to deduce best values for I and
Ak. Equation (4) then gives the value of d .

A diagram of the experimental setup is shown in
Fig. 1. The beam from an 800-nm single-longitudi-
nal-mode cw diode laser (SDL AR-5412-H1) was
amplified by parametric mixing with the frequency-
doubled, 8-ns (FWHM) light pulse from an injection-
seeded, @-switched Nd:YAG laser (Continuum NY
82-10). Spatial filtering of both beams, by focusing
them through diamond pinholes, produced smooth
irradiance profiles. An iris diaphragm allowed only
the central disk of the resulting pump beam Airy
pattern to reach the crystal, so the pump distribu-
tion within the crystal was well known. In the
crystal, the pump and signal beams were highly
collimated (beam divergence angles < phase-match-
ing acceptance angles) with typical 1/e? irradiance
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Fig. 1. Diagram of parametric gain experiment used to make
absolute measurements of deg for KTP and BBO. HR, highly
reflective.

diameters of 2.5 mm and 1.5 mm, respectively.
Their irradiance profiles and beam diameters were
monitored by a CCD camera-based laser beam pro-
filer. Least-squares fits of the fluence spatial pro-
files to Gaussian profiles typically returned correla-
tion coefficients =96% for the pump and signal
beams. The amplified signal was measured only
over a small central portion of the pump beam,
where the pump irradiance and thus the signal
amplification were nearly uniform. This was accom-
plished by insertion of a 0.525-mm-diameter aper-
ture in the signal beam after it was separated from
the pump light. We took care to ensure that the
800-nm signal alone reached the signal detector.
Any pump, idler, or Nd:YAG fundamental light re-
maining after the dichroic beam splitter was rejected
by a Hoya RT-830 colored glass filter (T530 nm < 0.01,
T500 nm = 0.85, T'1064nm = 0.50, Tis588m < 0.01), fol-
lowed by high reflectors for 532 and 1064 nm.

The injection-seeded Nd:YAG laser generated tem-
porally smooth pulses. Peak values of the pump
and amplified signal pulses were time selected by the
use of fast samplers with 200-ps gates (SRS SR-255)
centered on the peak of the pulses. Data consisted
of the unamplified cw signal irradiance, the peak
amplified signal irradiance, and the transmitted
532-nm pump energy. The pump energy was com-
bined with the measured spatial and temporal pump
profiles to deduce the pump irradiance at the center
of the pump beam. The transmitted pump energy
provided a reliable measure of the pump energy
within the crystal when the exit face reflective losses
were accounted for. (Exit face reflective losses
were neglected for antireflection coated crystals.)
Measuring transmitted energy avoids the need to
account for étalon effects that occur in angle-tuned
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crystals with parallel faces. We observed approxi-
mately 10% modulations (étalon effects) on the trans-
mitted pump beam energy during angle tuning of the
crystal, even for some crystals that were antireflec-
tion coated.

The pump detector had a bandwidth of >1 GHz
(Hamamatsu R1328U-02) and was calibrated against
a calibrated joule meter (Scientech 380101) with the
nonlinear crystal removed from the pump beam
path. Because the pump detector measured the
energy sampled by a 200-ps gate and the joule meter
measured the total pulse energy, calibration re-
quired knowledge of the pulse shape. This was
determined by scanning of the 200-ps gate across the
pulse to record the time profile. The digitized pulse
profile was subsequently integrated, and the pulse
and gate areas were compared to determine the
fraction of pump energy in the gate. Gate scanning
was also used to determine the delays required for
coincidence of the 200-ps gates with the peaks of the
signal and pump pulses. The data-acquisition sys-
tem was triggered on the rising edge of the pump
pulse with a constant fraction discriminator and
200-ps rise time photodiode. The pump and signal
pulse profiles were periodically scanned to ensure
coincidence of the 200-ps gates with the pulse peaks,
and the pump profile was periodically recorded to
monitor any changes in the pulse shape.

The unamplified signal irradiance was recorded at
the signal detector during the 200-ps gate with the
pump beam blocked by a mechanical shutter. The
signal power incident upon the crystal was typically
30 mW, but at the signal detector it was only 2-3
mW. The signal detector (New Focus 1611) had a
bandwidth of 1 GHz and generated ~40 mV dc for
the unamplified signal. The maximum signal ampli-
fication was typically =15, so the maximum signal
pulse energies were =10 nd. With the maximum
pump pulse energies typically exceeding 15 md,
pump depletion was negligible.

Phase matching was controlled by rotation of the
crystal with stepping motors through various reduc-
tion gears, giving internal angle resolutions of 28.4
urad for BBO, and either 43.6 or 25.9 prad for KTP.
Acceptance angles for the KTP, type II BBO, and
type I BBO were 0.93, 0.74, and 0.59 mrad cm,
respectively. The crystal lengths ranged from 7.24
to 10.54 mm, so the angular resolution was more
than sufficient for these measurements.

In preparation for data collection, the crystal was
removed and the pump and signal beams were
carefully collimated and overlapped by observation
of beam profiles at two points either side of where the
crystal normally resides. The crystal was then
replaced and rotated for large signal amplification,
and the 0.525-mm-diameter aperture was placed in
the signal beam. The aperture was positioned to
sample that portion of the signal beam with maxi-
mum gain. Several iterations of crystal rotation,
followed by aperture position adjustments, were



required for optimization of the signal gain. Data
collection consisted of adjustment of the pump pulse
energy with a half-wave plate and linear polarizer
placed upstream from the pump beam spatial filter,
and recording of the peak amplified signal irradiance
and total pump energy for each pump pulse. There
was no observable change in the pump beam’s spa-
tial irradiance profile as the pump pulse energy was
varied. A typical data set began with one measure-
ment of baseline noise and one cw signal irradiance
measurement, followed by 200—400 data points.

The extraordinary beam walk-off angles are 49
mrad, 48 mrad, and 55 mrad, respectively, for KTP,
type I BBO, and type II BBO. For the longest
crystal used in these measurements, the resulting
extraordinary beam displacement was =0.58 mm.
Ideally, our pump beam diameter would be much
larger than this displacement, but it was limited by
the available power and by the 5 mm X 5 mm crystal
faces. At 2.5 mm, our pump beam diameter was
substantially larger than the walk-off, and we show
in Section 3 that walk-off had little impact on our
results.

3. Analysis and Results

The raw experimental data consisted of the dc signal
level, the peak amplified signal, and the transmitted
pump energy. To derive d. from these data we
calculated the peak pump irradiance and the peak
signal gain. The data were then fitted to Eq. (1) by
the nonlinear least-squares-fit algorithm of Mar-
quardt?® to find the best values for I' and Ak, from
which d.4 can be determined. As a starting point
for the fitting routine, we used a small value of A%
and an estimate of I' from the data point with the
highest measured I, where gain ~ cosh? 'L ~ 1/2 +
1/4 exp(2l'L). The fit routine returned Ak directly,
whereas d.4 was extracted from the returned value
of I' by the use of known values for the refractive
indices. The fit routine was thoroughly tested with
simulated data for a large range of d.and A% values.
Figure 2(a) shows typical signal gain data and the
least-squares-fit for crystal KTP-3, plotted against
\J’I:. Figure 2(b) shows the same for crystal BBO-5.

In analyzing the accuracy of our method we must
consider that the pump irradiance is not truly uni-
form over the sampled gain region, and that walk-off
might influence our results. In addition, the KTP
crystals could suffer minor photochromic damage,
leading to an increase in absorption, and could have
multiple ferroelectric domains. Each of these topics
is addressed here and our best values for d 4 for each
crystal are tabulated.

First we consider the conversion from pump en-
ergy to peak pump irradiance. Gain was measured
only over the central 0.525-mm-diameter portion of
the pump beam. We determine the average irradi-
ance in this region by taking the product of the total
pump energy, the ratio of gate area to pulse area, the
fraction of pump energy contained in the gain region,

0 0.4 0.8 1.2
(1012 W/mZ)l/Z

7T T T T T

O-..‘IAI L [ I |

0 0.4 0.8 , 1.2
12 2y1/2
\/}_p (10™ W/m")

Fig. 2. (a) Typical signal gain data (squares) plotted against the
square root of pump irradiance I, with the least-squares fit (solid
curves) for KTP-3. (b) Typical data with the least-squares fit for
BBO-5.

and then dividing by the area of the pump region and
by the gate width of 200 ps. We find the fraction of
energy in the gain region by assuming a Gaussian
beam profile with the measured radius, integrating
it over the apertured gain region, and dividing by the
integral over the full beam profile. We then adjust
I, for reflective loss, with R = (n, — nai)/(n, + na)?
at the exit face for crystals that were not antireflec-
tion coated. Figure 3 depicts graphically the quan-
tities involved in determining I, by showing (a) a
200-ps gate superposed on a typical pulse profile, (b)
a measured pump irradiance profile, and (c) the
0.525-mm-diameter Gaussian cap on a pump beam
profile calculated with the measured beam diameter.
As mentioned above and as shown in Figs. 3(b) and
3(c), Gaussian profiles are a close approximation of
the experimental beam profiles. An alternative way
to determine the volume fraction is to place an
aperture in the pump beam as well. Measurements
of energy transmitted through small apertures of
various diameters confirmed our calculated transmit-
ted energy fractions.

Because the pump irradiance varied somewhat
over the gain area, we must consider what correc-
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Fig. 3. Quantities involved in determining the peak pump
irradiance: (a) 200-ps gate superposed on a typical pump pulse
with a FWHM of 8 ns, (b) measured pump beam irradiance profile,
(c) 0.525-mm-diameter Gaussian cap on a pump beam profile
calculated with the measured beam diameter (the cap denotes the
top of the cylindrical volume of pump energy that mixed with and
amplified the signal beam).

tions should be made in deriving dog. For our pump
beam with a 1/e? diameter of 2.5 mm, I, is 8.5%
smaller at the edge of the 0.525-mm aperture than at
the center. To determine how much this influences
d.¢, we synthesized data consisting of the average
gain versus the pump irradiance averaged over the
aperture for Ak = 0. With the signal irradiance
given by

Is = ISO exp[—2(r/b)2}, <5)
and the pump irradiance given by

I, = I,, exp|~2(r/af, 6
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the expression for the average gain is

f exp|—2(r/b)2cosh?T,L exp|—(r/a)?|2mrdr

f exp|—2(r/bP)2nrdr

(7)

where b is the radius of the signal beam (0.75 mm), a
is the radius of the pump beam (1.25 mm), R is the
radius of the aperture (0.2625 mm), and I'y is I at the
center of the pump beam. When d was extracted
from this simulated data by the use of our usual
procedure, it was 0.6% lower than the actual value.
Thus the variation of pump and signal irradiance
over the sampled aperture has a negligible effect on
the measured values of d.s. Of course, for larger
apertures the discrepancy would increase and correc-
tions would be necessary. In addition, the value of
Ak required to fit the data increases with the aper-
ture size.

As mentioned in Section 1, birefringent walk-off
was relatively unimportant in our measurements
because the pump beam diameter was several times
greater than the walk-off displacement. We investi-
gated its influence on the measured value of d.
experimentally and by numerical modeling. The
usual measurement with overlapped pump and sig-
nal beam axes was made first; then the extraordi-
nary signal beam was offset relative to the ordinary
pump beam by 1/2 the walk-off displacement (~0.25
mm) to compensate for walk-off. The 0.525-mm
aperture was readjusted for maximum gain and d.g
was remeasured. After several trial measurements
of this type, the difference in d.4 for the displaced
and centered signal beam was <4%. A numerical
simulation that included Gaussian beam profiles
and walk-off3%31 yielded results similar to the experi-
ment. A baseline calculation without walk-off was
made first, using typical experimental parameters.
When walk-off was added to the calculation, the
signal gain was found to drop 4%. The 4% reduc-
tion in gain translates into a reduction in d.¢ of only
1.5%. When the incident signal beam was dis-
placed to compensate for walk-off, the signal gain
was 1.5% lower than the baseline calculation.
Because measured and numerically modeled walk-
off effects were small, we made all subsequent
measurements with the beam centers overlapped.

Another potential source of error is pump and
signal absorption caused by laser-induced photochro-
mic damage. This effect has been observed in KTP
with peak irradiances comparable with the largest
peak irradiance used in our measurements.32:33 To
determine what effect photochromic damage may
have had, we exposed KTP-4 (a multiple-domain
crystal) to high peak pump irradiances for extended
time periods and monitored the incident and trans-
mitted pump energy. To facilitate observation of



photochromic damage and any subsequent absorp-
tion, we increased I, by reducing the pump beam
diameter to 1 mm (1/e?) and sampled the central
portion of the transmitted beam through a 0.320-mm
aperture placed beyond the crystal. With pump
fluences of 0.88, 1.26, and 1.93 J/cm2 (peak on-axis
irradiances of 1.2 X 1012, 1.7 X 102, and 2.6 X 1012
W/mZ, respectively), we observed no increase in
pump absorption and no visible damage (i.e., gray
tracks) after approximately 6000 laser pulses. With
a pump fluence of 2.54 J/cm? (peak on-axis irradi-
ance of 3.4 X 1012 W/m?), we observed ~2% reduc-
tion in the ratio of transmitted to incident pump
energy, and barely visible gray tracks, after 3700
laser pulses. With no further exposure, the gray
tracks became unobservable after approximately 12
h at room temperature. In the course of a typical
d.s measurement (i.e., optimize signal gain and
collect several data sets), a KTP crystal was exposed
to perhaps several thousand pulses at most with
fluence =0.78 J /cm?2(~1.0 X 10!2W/m?), as shown in
Fig. 2(a). During the remainder of the measure-
ment the crystal was exposed to fluences <0.6 J /cm2.
Although we performed a simple series of tests on
just one of seven KTP crystals, we concluded that
photochromic damage, and any resulting absorption,
had no effect on our results.

Measured values of d. for the KTP and BBO
crystals are shown in Tables 1 and 2, respectively.
As Table 1 shows, there is a wide variation in d.
for KTP. Of the seven tested, KTP-3 was the only
KTP crystal whose d ¢ nearly matched a previously
reported value of 3.07 pm/V.1 Perhaps more im-
portant, it produced the most consistent data:
Its measured phase mismatch Ak, and the stan-
dard deviations in the fit parameters, o4, and oy,
were very small. (Typically, og, /dos < 0.01 and
oar/Ak < 0.1 for KTP-3.) KTP-2 had a measured
dogr 0f 2.92 pm/ V, within 5% of that given in Ref. 10,
and it also produced data with small o4, and oy.
KTP-5, the only hydrothermally grown crystal we
tested, had the highest measured d.g of 3.50 pm/V.

Table 1. Measured dg; Values of KTP Crystals for the Mixing Process
532 nm (0) — 800 nm (e) + 1588 nm (o), with Phase-Matching Angle 0 =
58.6° in the X-ZPlane

Crystal® Supplier degr (pm/V)
KTP-1 JTT 2.58 £ 0.13
KTP-2 Phillips 2.92 = 0.15
KTP-3 Phillips 3.05 = 0.15
KTP-4b Phillips 1.99 = 0.10
KTP-5¢ Litton 3.50 = 0.18
KTP-6 Phillips 2.17 = 0.11
KTP-7¢ Phillips 1.97 = 0.10

@All Phillips crystals and the JTT crystal were flux grown.
KTP-5, supplied by Litton, was hydrothermally grown.

bMultiple ferroelectric domains.

“Transmitted signal and pump wave fronts were significantly
distorted by KTP-5. The value of der = 3.50 is considered
unreliable. See text for additional details.

dMultiple ferroelectric domains.

Table 2. Measured dgy Values for BBO Crystals

Crystal® degr (pm/V)
BBO-1 1.76 £ 0.18
BBO-2 1.83 = 0.18
BBO-3 1.82 = 0.18
BBO-4 1.83 = 0.18
BBO-5 1.85 = 0.19
BBO-6 1.56 = 0.16

“BB0O-1-BBO-5 are type I phase matched at 6 = 22.2° for the
mixing process 532 nm (¢) — 800 nm (o) + 1588 nm (o). BBO-6 is
type II phase matched at 6 = 26.6° for the mixing process 532 nm
(e) — 800 nm (o) + 1588 nm (e). All crystals were supplied by
Cleveland Crystals, Inc.

However, this crystal significantly distorted the pump
and signal wave fronts without affecting the polariza-
tion of either. Because the measurement was made
with distorted irradiance profiles, we consider its d
to be less reliable than the others. Crystals KTP-4
and KTP-7 have the lowest d.s. Their phase-
matching curves, each with two distinct peaks, re-
veal that these crystals have multiple ferroelectric
domains. For these two crystals, d.4 was measured
at the points in their phase-matching curves where
gain was maximum. Finally, KTP-1 and KTP-6
have single-peaked phase-matching curves, but d.q’s
approximately 15% and 29% lower, respectively,
than the value of Ref. 10. Although single peaked,
the width of the phase-matching curve for KTP-6
was approximately twice that expected for a single-
domain crystal. The additional width suggests a
multiple-domain structure.

In Fig. 4, we plot measured (boxes) and calculated
(solid curves) phase-matching curves for (a) KTP-3, (b)
KTP-4, and (c) KTP-7. These are plots of signal
gain, I,/I,0) versus AkL/m for fixed pump power.
For a single-domain crystal, the phase-matching
curve can be calculated from Eq. (1. For a multiple-
domain crystal, idler is generated in the first domain
and mixes with the pump and signal in each succes-
sive domain. In this case, calculation of the phase-
matching curve requires the two coupled equations
for the signal and for the idler,2728

IAk
cosh gL' — — sinh gL' |exp(iAkL’/2)

E[L)=E(0 >

< E,E#(0) .
+1 7 (sinh gL'exp(iARL'/2),  (8)

iAk
E(L') = Ei(O)(cosh gL' — % sinh gL' |exp(iAkL'/2)

. K2EpEs*(O> . .
+1 e (sinh gL'Jexp(iARL’'/2),  (9)

respectively, where

deﬁwi
K; = (10)
n;c

1
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Fig. 4. Measured (boxes) and calculated (solid curves) signal gain
as a function of AkRL/w for (a) KTP-3, a crystal with a single
ferroelectric domain; (b) KTP-4, assuming two equal length do-
mains; (¢) KTP-7, assuming four equal length domains. See text
for additional details.

and L' is a domain length. Assuming equal length
domains, with sign-reversed d.ss but constant Ak,
iteration of Egs. (8) and (9) for two domains gives the
curve shown in Fig. 4(b). For four domains, the
curve is shown in Fig. 4(c). [Note that a relative
phase shift of ARL' caused by linear propagation was
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factored out of the mixing equations in deriving Eqs.
(8) and (9), i.e., ARL in Eq. (1), so the signal or idler
phase should be shifted by that amount before
iterating for the next domain.| The shapes of calcu-
lated phase-matching curves in Figs. 4(b) and 4(c) are
not expected to match perfectly because the domains
are not likely to have equal lengths. Nevertheless,
it is clear that KTP-4 has two domains of comparable
length, and KTP-7 probably has four domains. The
curves in Figs. 4(b) and 4(c) were calculated with
der = 3.0 pm/V with the pump irradiance adjusted
for the best fit. Because the domains are likely to
have unequal lengths, we did not try to determine
doy for KTP from the multiple-domain fits to the
measured phase-matching curves of KTP-4 and
KTP-7.

The broadened single-peaked phase-matching
curve observed for KTP-6 can be reproduced from
Egs. (8) and (9) by consideration of multiple domains
of unequal length. For example, with the assump-
tion of dy = 3.0 pm/V, a calculated single-peaked
curve with peak gain equal to the measured gain for
a known I, was obtained with domains of 8.75 and
1.25 mm for this 10-mm-long crystal. Although this
calculated curve matched the shape of our measured
curve quite well, the number of polarity-reversed
domains and their lengths probably cannot be deter-
mined with high accuracy from parametric gain
data. (The measured shape can be matched with
more than two domains, but the additional domains
must be <0.2 mm.) On the other hand, second-
harmonic generation in the low conversion limit,3*
with characteristic sinc%AkL/2) phase-matching
curves, might yield more accurate results. With
low-conversion second-harmonic generation, the Fou-
rier transform of the second-harmonic field E(2w)
reproduces the domain structure.

Unlike KTP, BBO is not ferroelectric. All the
BBO crystals are single domain, and the d 4 values
for the type I crystals, BBO-1-BBO-5, shown in
Table 2 are quite consistent. However, all the BBO
crystals, including the type II BBO-6, have d.s
approximately 10% lower than the values of 2.07
pm/V for type I, and 1.76 pm/V for type II, derived
from the d;; given in Ref. 10. This discrepancy
might be associated with a consistently large value
of A%k returned by the fit routine for all of the data for
BBO. Although it is difficult to exactly locate the
Ak = 0 angle when gain measurements are made,
our fits to the BBO data returned Ak values that
seemed physically unreasonable. For example, most
of the KTP data (excluding KTP-5) had ARL/m < 0.3,
implying that the crystal angle was adjusted close to
the peak of the phase-matching curve [e.g., see Fig.
4(a)l. On the other hand, most of the BBO data had
0.6 = ARL/m = 0.8, which from Fig. 4(a) would imply
a substantial reduction in gain. The reduced gain
associated with such a large Ak should have been
noticeable while we were optimizing the gain.
Although the A%’s for BBO were consistently large,
they were not always statistically significant. In



many measurements the standard deviation, o, in
the fit to A%k, was comparable with Ak.

We were not able to identify any systematic prob-
lem with our measurement method that would ex-
plain this difference between the KTP and BBO
data, so we do not know if it indicates a problem with
the BBO crystals or with our methods. One differ-
ence between the BBO and KTP samples was that
the BBO crystals were not antireflection coated.
This means the signal and idler waves resonate in
the cavity formed by the two parallel end faces of the
crystal. We tested by numerical modeling?%-3!
whether this could mimic a spurious Ak and found
the effect was much too small to account for the best
fit values of Ak.

After adding up uncertainties caused by spatial
beam profiles, energy calibration, birefringent walk-
off, and reflections at the crystal faces, we conserva-
tively estimate the accuracy of the d.; measure-
ments for KTP to be +5% (except KTP-5, which has
large wave-front distortions as discussed above.)
Since the BBO data suggest the possibility of a
systematic effect that remains unexplained, the accu-
racy of the d. measurements for BBO is assumed to
be lower than for KTP. We estimate the uncer-
tainty for BBO to be +10%.

4. Conclusion

We made absolute measurements of effective nonlin-
earity d.s for seven KTP crystals, five type I BBO
crystals, and one type Il BBO crystal. The measure-
ments were based on pulsed optical parametric
amplification of a cw laser. Highly collimated, spa-
tially smooth pump and signal beams, and a tempo-
rally smooth pump pulse allowed very accurate
determination of peak pump irradiance and peak
signal gain. Analysis of the data was simple and
consisted of extracting d.s and Ak from curves of
peak signal gain as a function of peak pump irradi-
ance.

The measurements were motivated by our observa-
tions of widely varying OPO oscillation thresholds
when different KTP crystals were placed in the same
OPO cavity. The results demonstrated that KTP
crystals can have widely varying values of d.
When systematic effects are accounted for, the accu-
racy of the d.y measurements for KTP is estimated to
be +5%. In addition, measurements of signal gain
as a function of phase mismatch showed that at least
three out of the seven commercially grown KTP
crystals had multiple ferroelectric domains. These
KTP crystals were purchased 2 to 3 years ago and
may not reflect the quality and consistency of crys-
tals available today.

The measurements of dr for BBO suggest much
greater consistency in the quality of the BBO crystals.
Although the variations in d for the five type I BBO
crystals were <4%, the BBO data also suggest a
still-unexplained systematic effect that somehow
affects our measured values for Ak. The uncer-
tainty in the BBO measurements is therefore higher
than for KTP and is estimated to be =10%.

This research was supported by the U.S. Depart-
ment of Energy under contract DE-AC04-94A1.85000.

References

1. J. D. Bierlein and H. Vanherzeele, “Potassium titanyl phos-
phate: properties and new applications,” J. Opt. Soc. Am. B
6, 622-633 (1989).

2. R.C. Eckardt, H. Masuda, Y. X. Fan, and R. L. Byer, “Absolute
and relative nonlinear optical coefficients of KDP, KD*P,
BaBy0,, LilO3, MgO:LiNbO3, and KTP measured by phase-
matched second-harmonic generation,” IEEE J. Quantum
Electron. 26, 922-933 (1990).

3. K. Kato, “Parametric oscillation at 3.2 pym in KTP pumped at
1.064 ym,” IEEE J. Quantum Electron. 27, 1137-1140 (1991).

4. K. Asaumi, “Second-harmonic power of KTiOPO, with double
refraction,” Appl. Phys. B 54, 265-270 (1992).

5. R. DeSalvo, D. J. Hagan, M. Sheik-Bahae, G. Stegeman, E. W.
Van Stryland, and H. Vanherzeele, “Self-focusing and self-
defocusing by cascaded second-order effects in KTP,” Opt.
Lett. 17, 28-30 (1992).

6. H. Vanherzeele and J. D. Bielein, “Magnitude of the nonlinear-
optical coefficients of KTiOPO,,” Opt. Lett. 17, 982-984
(1992).

7. B. Boulanger, J. P. Féve, G. Marnier, B. Ménaert, X. Cabirol,
P. Villeval, and C. Bonnin, “Relative sign and absolute
magnitude of d® nonlinear coefficients of KTP from second-
harmonic-generation measurements,” J. Opt. Soc. Am. B 11,
750-757 (1994).

8. J.-J. Zondy, M. Abed, and A. Clairon, “Type-II frequency
doubling at A = 1.30 pm and N = 2.53 pm in flux-grown
potassium titanyl phosphate,” J. Opt. Soc. Am. B 11, 2004—
2015 (1994).

9. E. C. Cheung, K. Koch, G. T. Moore, and J. M. Liu, “Measure-
ments of second-order nonlinear optical coefficients from
spectral brightness of parametric fluorescence,” Opt. Lett. 19,
168-170 (1994).

10. D. A. Roberts, “Simplified characterization of uniaxial and
biaxial nonlinear crystals: a plea for standardization of
nomenclature and conventions,” IEEE J. Quantum Electron.
28, 2057-2074 (1992).

11. C. Chen, B. Wu, A. Jiang, and G. You, “A new type ultraviolet
SHG crystal B-BaB,0,,” Sci. Sin. Ser. B 28, 235-243 (1985).

12. C.-T. Chen, Y. X. Fan, R. C. Eckardt, and R. L. Byer, “Recent
developments in barium borate,” in Laser and Nonlinear
Optical Materials, L. G. DeShazer, ed., Proc. SPIE, 681, 12
(1986).

13. D. Eimerl, L. Davis, S. Velsko, E. K. Graham, and A. Zalkin,
“Optical, mechanical, and thermal properties of barium bo-
rate,”J. Appl. Phys. 62, 1968-1983 (1987).

14. P. D. Maker, R. W. Terhune, M. Nisenoff, and C. M. Savage,
“Effects of dispersion and focusing on the production of optical
harmonics,” Phys. Rev. Lett. 8, 21-22 (1962).

15. J. Jerphagnon and S. K. Kurtz, “Maker fringes: a detailed
comparison of theory and experiment for isotropic and uni-
axial crystals,” J. Appl. Phys. 41, 1667-1681 (1970).

16. R. W. Terhune, P. D. Maker, and C. M. Savage, “Observation of
saturation effects in optical harmonic generation,” Appl.
Phys. Lett. 2, 54-55 (1963).

17. A. Ashkin, G. D. Boyd, and J. M. Dziedzic, “Observation of
continuous optical harmonic generation with gas masers,”
Phys. Rev. Lett. 11, 14-17 (1963).

18. G. E. Francois, “cw measurement of the optical nonlinearity of
ammonium dihydrogen phosphate,” Phys. Rev. 143, 597-600
(1966).

19. J. E. Bjorkholm and A. E. Siegman, “Accurate cw measure-
ment of optical second-harmonic generation in ammonium
dihydrogen phosphate and calcite,” Phys. Rev. 154, 851-860
(1967).

20 April 1996 / Vol. 35, No. 12 / APPLIED OPTICS 2039



20

21.

22.

23.

24.

25.

26.

27.

28

2040

J. Ducuing and N. Bloembergen, “Observation of reflected
light harmonics at the boundary of piezoelectric crystals,”
Phys. Rev. Lett. 10, 474-476 (1963).

N. Bloembergen, “Second harmonic reflected light,” Opt. Acta
13, 311-322 (1966).

R. L. Byer and S. E. Harris, “Power and bandwidth of
spontaneous parametric emission,” Phys. Rev. 168, 1064—
1068 (1968).

A. J. Campillo and C. L. Tang, “Spontaneous parametric
scattering of light in LilOs,” Appl. Phys. Lett. 16, 242-244
(1970).

W. N. Herman and L. M. Hayden, “Maker fringes revisited:
second-harmonic generation from birefringent or absorbing
materials,” J. Opt. Soc. Am. B 12, 416-427 (1995).

G. D. Boyd and D. A. Kleinman, “Parametric interaction of
focused light beams,” J. Appl. Phys. 89, 3597-3639 (1968).

J. D. Bierlein and F. Ahmed, “Observation and poling of
ferroelectric domains in KTiOPO,,” Appl. Phys. Lett. 51,
13221324 (1987).

Y. R. Shen, The Principles of Nonlinear Optics (Wiley, New
York, 1984), Chap. 9, p. 118.

R. L. Byer and R. L. Herbst, “Parametric oscillation and

APPLIED OPTICS / Vol. 35, No. 12 / 20 April 1996

29.

30.

31.

32.

33.

34.

mixing,” in Nonlinear Infrared Generation, Y.-R. Shen, ed.,
Vol. 16 of Springer Series in Topics in Applied Physics
(Springer-Verlag, Berlin, 1977), pp. 81-137.

P. R. Bevington, Data Reduction and Error Analysis for the
Physical Sciences (McGraw-Hill, New York, 1969), Chap. 11, p.
235.

A. V. Smith and M. S. Bowers, “Phase distortions in sum- and
difference-frequency mixing in crystals,” J. Opt. Soc. Am. B
12, 49-57 (1995).

A. V. Smith, W. J. Alford, T. D. Raymond, and M. S. Bowers,
“Comparison of a numerical model with measured perfor-
mance of a seeded, nanosecond KTP optical parametric
oscillator,” J. Opt. Soc. Am. B. 11, 22532267 (1995).

R. Blachman, P. F. Bordui, and M. M. Fejer, “Laser-induced
photochromic damage in potassium titanyl phosphate,” Appl.
Phys. Lett. 64, 1318-1320 (1994).

N. B. Angert, V. M. Garmash, N. I. Pavlova, and A. V. Tarasov,
“Influence of color centers on the optical properties of KTP
crystals and on the efficiency of laser radiation frequency
conversion in these crystals,” Sov. J. Quantum Electron. 24,
426-428 (1991).

Ref. 27, Chap. 7, p. 86.



