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INTRODUCTION 

Optical parametric oscillators, (OPO's), have long been recognized as a 

source of tunable radiation. The basic device consists of a nonlinear material 

placed within an optical resonator. When the device is pumped by an intense 

laser beam, the radiation inside the cavity builds up from noise. The intracavity 

field continues to achieve gain from the pumping field and the oscillation 

threshold is achieved. The wavelengths that oscillate, (and that continue to 

receive gain), are governed by energy and momentum conservation con- 

straints, (phase matching). The lack of suitable and durable nonlinear materi- 

als, however, has prevented the OPO from becoming a practical device. 

Recent material developments, such as urea, beta barium borate, and lithium 

triborate, have renewed the prospects of OPO's becoming useful and durable 

frequency agility devices, especially in the visible portion of the spectrum, 

[1-7]. 

An OPO optimized for blue-green output wavelengths and pumped by a 

frequency tripled Nd:YAG laser has been constructed and characterized. A 

variety of experimental conditions have been investigated. These include 

resonator variations, the use of antireflection coatings on the nonlinear crys- 

tals, variations of the pump pulse duration and insertion of intracavity etalons 

for spectral line narrowing of the output. 
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EXPERIMENTAL 

The pump laser is an open frame Nd:YAG laser in an oscillator, (large 

mode; telescopic),/single pass amplifier configuration. The laser output is 

frequency doubled in a Type I beta barium borate, (BBO), crystal and fre- 

quency tripled in a Type II KD*P crystal. The laser is capable of generating up 

to 527, 254, and 140 mj/pulse at the fundamental, second harmonic, and third 

harmonic wavelengths, respectively. This corresponds to an energy conver- 

sion efficiency of 48% to the second harmonic and 27% to the third harmonic 

from the fundamental pulse energy. The laser repetition rate is variable from 

0 to 10 Hz. The pulsewidth is selectable to either 10 or 15 ns, FWHM. The 

multi-transverse mode beam divergence was measured to be 1.4 mrad, full 

angle. 

The nonlinear material used for the OPO in this study was beta barium 

borate, (BBO). Several uncoated samples were received from the People's 

Republic of China through various vendors. Several antireflection coated 

samples were obtained from Cleveland Crystals, Inc. The coating was a single 

layer MgF2 coating and was specified to have a reflection of 0.75 % at 480 nm. 

Figure 1 shows a calculated phase matching curve for a Type I BBO OPO 

pumped by a frequency tripled Nd:YAG laser at 354.7 nm. The Sellmeier 

equation used is of the form 

n2=A + (B/{Ä2+C)) + DÄ2 [1] 

where X is in microns and the coefficients are those published by Eimerl, et al, 

[8]. 

The uncoated BBO samples used were cut at an internal phase matching 

angle of 31.1°, as these were "off the shelf" samples. The coated samples 
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were cut at an internal phase matching angle of 30.0°, as these were custom- 

ized pieces. All the crystals were cut for Type I phase matching, as this 

maximized the effective nonlinear coefficient. All of the crystals were nomi- 

nally 9 mm long and had an aperture of 5 mm x 5 mm. 

The OPO resonator is a plane-parallel resonator, 3 cm in length, operated 

in a straight thru pumping configuration. In addition, two nonlinear crystals 

were used for walkoff compensation, [9], resulting in a total gain length of 18 

mm. Figure 2 shows the resonator mirror reflectance/transmission spectra. 

The OPO is optimized for signal outputs in the blue-green spectral region and 

is a singly resonant oscillator, (idler wavelength not shown in Figure 2). The 

OPO performance was evaluated both with and without a pump retroreflector. 

The pump retroreflector allows for gain in the reverse direction and hence a 

lower oscillation threshold and higher a conversion efficiency. 

The harmonics of the Nd:YAG wavelengths were separated with a Pellin 

Brocca prism. The 354.7 nm pump beam was passed through a 2x reducing 

and collimating telescope yielding a spot size of 0.045 cm2 and a full angle 

beam divergence of 0.74 mrad. 

Results: 

Photon conversion efficiencies were obtained with a Scientech Model 

380101 calorimeter. The total output energy was measured and compared to 

the incident pump energy to obtain the photon conversion efficiency. The 

photon conversion efficiency was multiplied by 0.74 to obtain the energy 

conversion efficiency to 480 nm. The factor of 0.74 accounts for the fraction of 

the totas output energy contained in the 480 nm signal wave and in the 1359 

nm idler wave. The signal wave energies and energy conversion numbers 
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presented are slightly on the low side because the idler energy which escapes 

from the OPO in the backward direction has not been accounted for. In other 

words, the value of 0.74 slightly underestimates the signal-to-idler energy 

ratio in the forward traveling output beam. All the results presented have been 

corrected for the Fresnel losses due to a Schott GG400 glass filter which was 

used to remove any residual pump radiation from the output beam. 

Figure 3 compares the energy conversion efficiency for OPO's in which AR 

coated and uncoated nonlinear crystals are used. The pump pulsewidth was 

10 ns, FWHM, and was doubled passed through the OPO. As can be seen, the 

use of AR coated crystals dramatically improves OPO performance. An en- 

ergy conversion efficiency of 27.3% and a photon conversion efficiency of 

37.3% was obtained with an incident pump intensity of 153 MW/cm2. Figure 4 

shows the same data in terms of pump energy in vs signal energy out. Not only 

is the oscillation threshold reduced but the slope efficiency is increased when 

AR coated crystals are used. The slope efficiency is 33% and 45% for energy 

and photon conversion, respectively, when AR coated crystals are used. 

Figures 5 and 6 compare the energy conversion efficiencies for a double 

pass pump configuration versus a single pass pump configuration for pump 

pulse durations of 10 ns and 15 ns , respectively. The main advantage of the 

double pass pump configuration is that the oscillation threshold of the OPO is 

lowered and hence higher conversion efficiencies are obtained at lower inci- 

dent power densities. Also note that in comparing results between the 10 ns 

and 15 ns case, similar conversion efficiencies are obtained with comparable 

pump intensities, even though the fluence level and the pump level above 

threshold is higher for the longer pump pulse duration. 
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The oscillation threshold for the single pass pump configuration, for both 

values of the pump pulse duration, was calculated according to the model 

given by Brosnan and Byer, [10], and Komine, [3], and is expressed in terms 

of a threshold fluence, given by: 

J0 = 1.064 tpG0
2/kL2 [2] 

where 

and 

G0=1.34ln e' + (e2'-1) Ä [3] 

f = (0.589Lc/ctp)\n (PJPnoise)-0.5 In(R) + 2a [4] 

and tp is the pump pulsewidth, L is the effective crystal length, Lc is the cavity 

length, R is the mirror reflectivity, 2a is the round trip cavity loss, 

Pth/Pnoise is the power gain taken to be 1012 and 

k = 87t2dJ/np ns nj ce0 ls A, [5] 

where the symbols in equation [5] have their standard meaning. The calcu- 

lated oscillation threshold is 19.1 mj for the 15 ns pump pulse case and 14.6 

mj for the 10 ns pump pulse case. The values agree quite well with the 

experimental values shown in Figure 7. 

Refering to Figure 1, a BBO OPO pumped by a frequency tripled Nd:YAG 

laser is Type I phase matchable over the entire visible and near infrared 

spectral regions. The OPO discussed in this paper was designed for optimum 

blue-green operation as indicated by the resonator mirror spectra of Figure 2. 

Figure 8 shows a plot of the photon conversion efficiency vs signal wavelength 

under modest operating conditions. A constant, nominally 30%, photon con- 

version efficiency was obtained from 465 nm to 540 nm, which mimics the 

mirror spectra of Figure 2. 
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The spectral linewidth of the pump laser was measured with a Fabry-Perot, 

(FSR = 0.85 angstroms), to be 0.33 angstroms, as shown in Figure 9, top. This 

corresponds to approximately 40 longitudinal modes of the 64 cm long Nd:YAG 

oscillator. The free-running OPO was broader than the 0.85 angstrom free 

spectral range of the Fabry-Perot, as no "rings" could be resolved, (Figure 9, 

middle). The spectral content of the OPO signal output is influenced by the 

spectral content of the pump laser and also by the divergence of the pump 

laser according to the momentum conservation considerations governing OPO 

operation. The spectral output of the OPO was reduced by using a 1 mm thick, 

quartz, intracavity etalon with both sides coated for a reflectivity of 50%, 

(Finesse = 4.44). The spectral content of the OPO output at 480 nm was 

reduced to 0.21 angstroms, as shown in Figure 9, bottom, which corresponds 

to approximately 7 longitudinal modes of the 3 cm long OPO resonator. The 

use of this intracavity etalon greatly reduced the efficiency of the OPO, to 5 - 

10% of that of the free running OPO. For narrowline systems applications, an 

oscillator/amplifier configuration would be desirable, to restore the system 

efficiency. 

Pulsewidth reduction effects varied with the experimental configuration 

used and with the conversion efficiency obtained. Most of the effects, how- 

ever, were reductions on the leading and trailing edges of the pulse, as would 

be expected from a nonlinear process. 

The BBO OPO showed no degradation in performance as the repetition 

rate of the pump laser was increased from 2 Hz to 10 Hz, as shown in Figure 

10. A nominal energy conversion efficiency of 30% was obtained at incident 

pump intensities above approximately 100 MW/cm2, regardless of repetition 
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rate. The maximum UV average pump power used was 0.9 watts at 10 Hz 

which yielded an average power of 0.27 watts at 480 nm. 

No surface or bulk damage of the BBO crystals was experienced at the 

operating levels used as long as the crystals were inclusion free. In the earlier 

imported samples that were plagued with inclusions, bulk damage did occur. 

Figure 11 shows bulk damage at an inclusion under 25x and 100x magnifica- 

tion. The damage occurred at an incident pump intensity of 93 MW/cm2, which 

corresponds to 1.4 J/cm2 for a 15 ns pulsewidth. 

The MgF2 antireflection crystal coatings and the dielectric resonator mirror 

coatings held up well under single pass pumping and also under double pass, 

15 ns pulsewidth pumping conditions. These coatings did experience cumula- 

tive damage when a double pass, 10 ns pulsewidth pumping conditions was 

employed. 
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CONCLUSION 

We have constructed and characterized a pulsed beta-barium borate opti- 

cal parametric oscillator pumped by a frequency tripled Nd:YAG laser. An 

energy conversion efficiency of 30% to 480 nm has been obtained. Pulse 

energies of 29 mj and average powers of 0.27 watts have been achieved. 

Output linewidth narrowing to 0.21 angstroms has been demonstrated. The 

beta-barium borate optical parametric oscillator shows great promise as a 

robust source of tunable radiation in the visible and near infrared spectral 

regions, for both high energy and high power applications. 
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Figure 9. Fabry-Perot, (FSR = 0.85 angstroms), traces of top: second harmonic of the Nd:YAG 
pump laser - bandwidth = 0.33 angstroms, middle: free running OPO - bandwidth > 0.85 

angstroms, and bottom: OPO with 1 mm, F=4.44, intracavity etalon - bandwidth = 0.21 angstroms. 
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Al 

Figure 11. Example of bulk optical damage of BBO at an inclusion site 
at 25x and 100x magnification. 
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