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ABSTRACT 

Femtosecond optical parametric oscillators (OPOs), synchronously pumped by Ti:Sapphire lasers, 
operating in the near infrared (IR) region are an important light source now under active development. 
We report the results of our Ti:Sapphire synchronously pumped noncritically phase matched femtosecond 
OPOs that are based upon several crystals from the KTP family. The newly developed nonlinear crystal 
niobium doped KTP (Nb:KTP) has a greater birefringence than undoped KTP and is shown to extend the 
wavelength farther into the mid-IR. We report the first operation of a femtosecond OPO utilizing the 
solid-solution grown crystal Nb:KTP. Additionally, we show that CTA is very useful in mid-IR angle 
tuned OPOs. 
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KTP PERFORMANCE AND LIMITATIONS 

We will skip the early development of OPOs and be in our discussion with the first femtosecond 
Tixapphire pumped OPOs using KTP as an active medium." While most of these OPOs are angle tuned, 
devices using noncritical phase matching have also been reported re~ently.3.~ These OPOs cover most of 
the wavelengths from 1.3 to 3 microns. Noncritically phase matched OPOs are convenient, powerful, 
ultrafast sources at longer wavelengths that permit the direct excitation of vibrations in molecules containing 
hydroxyl (OH) and methyl (CH,) groups. Such a source enables new fundamental measurements of 
vibrational dynamics that are of interest in chemical physics. 

These devices use either type-11 or type-111 phase matching, in which the pump is polarized as 
ordinary (0) wave. For type-11 matching, the signal wave is an extraordinary (e) wave, and the idler is an 
o wave, and the reverse is true for the type-III case. In both cases, the crystal is oriented in the xz plane 
($=Oo) where the larger 44 coefficient (compared to d,J is being used. Using published Sellmeier 
equations' and the experimental wavelengths reported by Mak et al. ,' we calculate two phase matching 
angles for type-IZ matching, 8 4 8 "  and 8=61". There is an appreciable difference in walkoff of the e ray 
for these two cases, 49 versus 42 mrad for 8 4 8 "  and 8=61" degree angles, respectively. There is also a 
difference in d e ,  which is proportional to sin(8). The walkoff angle decreases as 8 increases toward 90°, 
the noncritical phase matching angle. In either case, the wavelength of signal wave may be tuned over the 
reflectivity range of the mirrors by changing the phase matching angle a few degrees. 

While phase matching of KTP is possible at 3 microns and beyond, an important question is how 
the device operation will be affected at longer wavelengths. We have been unable to achieve lasing at 3 
microns with type-11 phase matching, for which we calculate 8=42" and a walkoff of 49 mrad. Reasons 



for degrading system performance as the wavelength lengthens to 3 microns and beyond include increasing 
walk-off effects for the idler wave at longer wavelengths, reduced d, at smaller 8, and increased group 
velocity mismatch. Calculations using analytical solutions to the coupled waves and taking into account 
group velocity differences and walkop indicate a substantial decrease in gain relative to the shorter idler 
wavelengths previously reported. Powers etaZ7 describe the performance of an OPO using the KTP 
isomorph RTA (rubidium titanyl arsenate) in the range of 2.15 to 3.65 microns. Calculated crystal 
properties show phase matching angles similar to KTP, but smaller walkoff angles. The reported OPO 
performance clearly de rades substantially at longer wavelengths. To go to wavelengths longer than 3 
microns, Powers et aZ. used a thicker RTA crystal, a pump laser having 2.25-W average power, and a 
high reflectivity output coupler. Even so, the idler wave output power is substantially reduced compared 
to earlier work at shorter wavelength? 
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THE ADVANTAGES OF NONCRITICAL PHASE MATCHING 

- 
KTP 

There are several advantages to using noncritical phase matching (NCPM) over angle t ~ n i n g . ~ . ~  
For instance, d& is a maximum at 8=90", which increases the gain. Walkoff is zero, and this condition 
permits tighter focusing in the crystal while maintaining overlap between the three interacting light fields. 
Because the acceptance angle is no longer a limiting factor, tighter focusing that causes a greater angular 
spread within the crystal is possible. The only negative factor is the increased dispersion of the crystal at 
0=90", which reduces the interaction length. Nonetheless our analysis of gain based on an analytical 
model4 shows that under realistic operating conditions the noncritical scheme still has higher gain than the 
angle tuned scheme. Experimentally, the alignment is greatly simplified since all beams are collinear, and 
the Tksapphire beam may be used for cavity alignment. 

We operate an OPO routinely with KTP under NCPM conditions, and summarize the relevant 
device properties and performance. This is a very practical system and once the initial alignment is 
performed, including locating the cavity length which results in synchronous pumping, the OPO operates 
for days at a time with substantially no adjustment. An average pump power of 1 W (Coherent Mira 
Basic) is adequate for stable and efficient performance. The laser cavity is shown in Figure 1. The cavity 
is operated with net negative dispersion for the signal wave, which results in nearly transform-limited 
pulses." 

Figure 1. Layout of OPO cavity. 
A 1-mm-thick hydrothermally grown KTP crystal (Litton Airtron) is used in our OPO. Single 

layer MgFz coatings reduce the reflectivity of KTP to less than 0.5% per surface over the operating range. 
The fold mirrors have a radius of curvature of 10 cm, and have high reflectivity over the range of 1.16 to 
1.4 microns. Transmission of the pump laser through the dichroic is about 90%. At the other end of the 
cavity are two SFlO prisms separated by 20 cm. The high reflector and output coupler are flat. 

From cavity calculations using ABCD matrices,8 we calculate the minimum beam radius of the 
signal wave in the KTP crystal to be 20 microns (l/e2 point). The pump is focused slightly tighter than 
that. Gain is sufficient to perform well with a 90% reflectivity output coupler, although in most cases a 
95% output coupler is used because alignment is less critical. The cavity length is stabilized with a servo 
system that translates the high reflector with a piezoelectric transducer? 



Pumping at a wavelength of 826 nm produces an idler wavelength of 2.75 microns. The signal 
wave is at 1.17 microns, and has a power of 200 mW. Since the purpose of our OPO is to seed an OPA, 
we do not use the idler wave of the OPO, and its power was not measured. In similar configurations 
using 1.8W of pump power, we have obtained 500 mW in the signal wave and 200 mW in the idler wave. 
The pulse width of the rump laser is 80 fs, and the width of the OPO is close to that, depending on the 
dispersion of the cavity. 

GETTING TO LONGER WAVELENGTHS WITH Nb:KTP 

For NCPM the wavelengths of the signal and idler waves are determined not only by crystal 
properties, but by pump wavelength. Given the limits to the tuning range over which the Tixapphire laser 
has useful power, it is necessary to turn to other crystals from the KTP family to extend the accessible 
tuning range. A plot of calculated wavelengths for several selected crystals is given in Figure 2. The 
horizontal axis, 730 to 880 nm, is the range in which the Tisapphire laser power is at least 60% of its peak 
power, and can be covered by a single mirror set. In all cases, the crystal orientation 8=90" and $=O" is 
used. The curves are drawn using wavelengths from Sellmeier equations. Experimental data points 
follow the calculated trends, and two crosses from measured results are indicated to demonstrate the 
agreement with predicted values from Sellmeier equations. The Nb:KTP index data was extrapolated 
from data at wavelengths shorter than 1.5 microns and is less accurate than the KTP index data. 
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Figure 2. Signal and idler wavelengths for noncritical phase matching. Calculated curves for the 
4 crystals are shown. The upper four curves are idler waves and the lower four are signal waves. 
Triangles are experimental points for KTP and squares are for Nb:KTP. 

The general observation of these calculations derived from crystal properties is that the more 
birefringent crystals result in a greater separation between the signal and idler wavelengths. Given our 



interest in the longer wavelength region, the new material Nb:KTP'" represents an important advance. The 
particular crystal that we use was grown from a melt containing 19.2% Nb. 

For Nb:KTP, a pump wavelength of 832 nm and power of 0.95 W yielded 150 mW at a 
wavelength of 1.156 microns for the signal wave. We measured an idler wavelength of 2.96 microns. 
This crystal, with a thickness of 1.1 mm, was flux grown and shows a greater tendency toward gray-tracking 
or photorefractive changes than the hydrothermally grown KTP crystal. This gray-tracking appears to be 
induced by the blue light that is generated by nonresonant sum frequency mixing with the pump and signal 
waves. Careful adjustment of the polarization of the pump laser to reduce the intensity of the blue light is 
helpful in minimizing the gray-tracking problem. While the crystal quality and uniformity of Nb:KTP is 
not as good as commercially available undoped KTP, the OPO performance is quite similar. 

CTA-A BETTER MATERIAL FOR ANGLE TUNING 

As noted earlier, a primary limitation in the performance of angle-tuned KTP is the large walkoff 
angle between the pump and signal waves. Tang's group has pointed out that the gain of the OPO is 
maximized when the pump wave is off-axis by a few degrees from the calculated phase matching angle so 
that pump wave can follow the Poynting vector of the signal wave.2i7 Given the necessity for momentum 
conservation in phase matching, and the length of the k vector for the idler wave being less than half that 
of the signal wave, a walkoff of a few degrees between the pump and signal wave translates into a much 
larger angle between the pump and idler wave. This minimizes the interaction between the three waves 
and causes the gain to drop rapidly as the idler wavelength increases toward 3 microns and beyond. 

The crystals KTP, KTA, RTP, and RTA have similar dispersion properties and have calculated 
phase matching angles for angle tuning that are in the range of 40 to 50" for idler wavelengths near 3 
microns. Walkoff is somewhat smaller for the rubidium isomorphs. However, CTA is quite different. At 
3 microns, 8=57" and the walkoff angle is only 35 mrad. With a smaller walkoff angle, the interaction 
length between the waves increases and tighter focusing is possible, resulting in a considerable increase in 
gain. Calculations indicate that the gain of CTA at 3.5 microns is at nearly twice that of KTP or RTA. 
This is a consequence of several factors. The relative d, improves at larger angles, the group velocity 
differences are smaller than the other crystals, and more importantly the walkoff becomes smaller. Our 
calculations are supported by the performance of our CTA OPO. 

Using a pump power of 1.05 W at 826 nm, the CTA OPO produces 60 mW from the signal wave 
at 1.13 microns with a 98% reflectivity output coupler, which decreases to 50 mW using a 95% output 
coupler. The crystal thickness is 1.1 mm. This results in a calculated idler wavelength of 3.07 microns. 
At longer signal wavelength we see an output power of 135 mW with an output reflectivity of 90%, and 
lasing is still observed with an 85% reflector. Going to shorter signal wavelengths, we reach a calculated 
idler wavelength of 3.64 micfons with reduced output. The longest wavelength obtained is about 4 
microns using a higher reflectivity output coupler. 

SUMMARY 

We have shown that the availability of new members of the KTP family, CTA and Nb:KTP, along 
with the previously used materials KTP and RTA, enable operation of an OPO over much of the near- to 
mid-IR range from 1 micron to well beyond 3 microns, using easily available Ti:sapphire pump wavelengths. 
It is possible to choose either the efficiency of NCPM with Nb:KTP or the convenience of type-11 angle 
tuning with CTA. 

Finally, we mention that even when-other crystals could be used for angle tuned phase matching, 
CTA is always better due to its special birefringence properties. For type-IT phase matching, CTA can be 



used at 0 between 55" and 65" for idler wavelengths from 2 to 5 microns.. This is an optimal place to 
operate given the combination of convenient tuning and reasonable gain. CTA is always the preferred 
material, given the availability of good crystals, and its advantages increase over other KTP isomorphs as 
the wavelength increases beyond 3 microns. 
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