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ABSTRACT 

We developed a source of terahertz-frequency radiation using intracavity difference-frequency mixing in three types of 
micro-structured GaAs between the signal and idler waves of a doubly resonant synchronously pumped optical 
parametric oscillator (DRO).  The pump, signal, and idler waves were type-II quasi-phase-matched (QPM) by a 10-mm-
long magnesium-doped periodically poled LiNbO3 crystal. The oscillator operated near frequency degeneracy with 
signal and idler bandwidths of 100-200 GHz. The DRO was pumped by a CW-mode-locked laser with a 1064-nm 
wavelength, 7-ps pulse width, 50-MHz repetition rate, and average power of 10 W. The cavity round-trip power losses 
were 4-5% for each wave, and at the largest pump power as much as 120 W of total signal and idler average power was 
stored inside the cavity. We developed an electronic locking feedback network that provided >15 minutes of stable DRO 
operation with over 100 W of intracavity average power and power fluctuations of 5-10%. The signal and idler pulse 
widths were characterized with an extracavity sum-frequency generation process between the pump and resonant OPO 
pulses. We developed a split-step Fourier propagator to model the temporal properties of the signal and idler pulses, and 
we found excellent agreement with experimental results. 

Keywords: doubly resonant oscillator, near degeneracy, type-II phase-matching, terahertz, gallium arsenide, split-
step Fourier, frequency resolved optical gating, difference-frequency mixing, electronic stabilization. 

1. INTRODUCTION 
1.1 Introduction 

Optical parametric oscillators (OPO) can be efficient sources of infrared-frequency radiation.1 The frequency tunability 
of OPOs was improved with the development of periodically poled ferroelectric nonlinear materials such as PPLN, 
which has a large transparency window spanning 350-4000 nm and well-established QPM manufacturing techniques.2 
Further PPLN development increased the threshold for optical damage reducing the adverse effects of phenomena such 
as photorefraction and domain scattering.3 With the development of visible- and infrared-frequency mode-locked lasers 
(solid-state and fiber systems) with femtosecond pulse durations, MHz-frequency repetition rates, and >10 W of average 
power, the synchronously pumped (SP) OPO became a tunable coherent source of femtosecond and picosecond pulses in 
the IR. The thresholds for oscillation in synchronously pumped OPOs are much smaller than thresholds in CW OPOs 
due to the large peak intensities of mode-locked pump-laser pulses. Additionally, OPO quantum conversion efficiencies 
>60% were achieved with pump average powers <1 W.4 Intracavity mixing experiments extended the tunability of OPOs 
where sum-frequency generation (SFG) created frequencies larger than the pump frequency5 and difference-frequency 
generation (DFG) created THz frequencies where υTHz << υpump.6 Intracavity DFG was also used to achieve >100% 
quantum conversion efficiency in parametric down-conversion.7  

By placing a micro-structured GaAs crystal inside the cavity of a synchronously pumped doubly resonant oscillator, we 
generated terahertz-frequency (THz) radiation using DFG between the resonant signal and idler. GaAs has many 
attractive properties for THz generation such as a small THz absorption coefficient, small mismatch between the optical 
group index (ng,opt ≈ 3.41)8 and THz phase index (nTHz ≈ 3.6),9 large thermal conductivity, large nonlinear coefficient, 
and well-established QPM fabrication techniques.10 Using a split-step Fourier method and known cavity modeling 
techniques,11,12 we have constructed a temporal model of the steady-state behavior of the SP OPO including material 
dispersion, resonator-length detunings, and intracavity losses. We experimentally and theoretically investigated the 
relative positions of the signal and idler pulses as well as the pulse shapes as a function of separate signal and idler 
cavity lengths.  
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2. PICOSECOND-PULSE OPO OPERATION 
2.1 THz generation in a picosecond-pulse OPO 

The generation of THz pulses by plane-wave QPM-DFG with transform-limited pump pulses, shows that for a given 
crystal length, QPM period, and pump-pulse energy, there is a characteristic pulse duration τnom below which the 
efficiency reaches an asymptotic value, and above which the efficiency decreases monotonically.13 Using picosecond 
pulses, which match the QPM acceptance bandwidth in QPM-GaAs for crystals of length equal to a THz absorption 
length, at optical frequencies to pump QPM-GaAs in a single-pass DFG process can create a mW-level THz source with 
a large optical-to-THz conversion per µJ of pump-pulse energy while limiting higher-order nonlinear effects (such as 
self- and cross-phase modulation) that would become increasingly important at shorter pulse widths for a set pulse 
energy. 
 
Our approach to generating THz radiation is based on intracavity DFG inside a quasi-phase-matched GaAs crystal 
between the picosecond signal and idler pulses of a low-loss synchronously pumped doubly resonant oscillator (DRO). 
A low-loss OPO cavity can have large circulating peak powers which can significantly increase the optical-to-THz 
conversion efficiency. In our experiments, the OPO gain crystal (PPLN) is pumped by a mode-locked 7-ps pulse width 
laser with a wavelength near 1 µm. In the PPLN crystal, energy is transferred from the pump to the signal and idler 
waves (ωi < ωs < ωp where i, s, and p refer to the idler, signal, and pump, respectively) which have frequencies 
symmetrically split about the degenerate frequency, ωp/2 (λ ~ 2 µm) as shown in Fig. 1. The frequency splitting between 
the signal and idler is equal to the THz frequency that will be generated (ωTHz = ωs - ωi). In the QPM-GaAs crystal, 
energy flows from the signal wave to the idler and THz waves. 

 
Fig. 1. Frequency-domain schematic of the 4 waves involved in THz generation (pump, signal, idler, and THz, not drawn to 

scale). The pump wavelength is near 1 µm, and the signal and idler wavelengths are near 2 µm. 

Changing the THz center frequency involves (i) changing the temperature of the PPLN crystal to tune ωTHz and (ii) using 
the correct GaAs QPM grating period to provide the necessary phase-matching between the signal, idler, and THz 
waves. The OPO uses type-II (o - oe) phase-matching which allows signal and idler spectral widths as small as 100 GHz 
(1.5 nm as noted in Fig. 2) while operating near frequency degeneracy, consequently, generating a THz wave with a 
measured FWHM-bandwidth ~300 GHz.6 The inset of Fig. 2 shows the signal and idler center wavelengths as they vary 
with PPLN-crystal temperature.  
 

2.2 DRO operation 

In the DRO configuration, both the signal and idler waves were resonant. 120 W of stored 2-µm power was achieved 
with pump depletion levels of 85-90%. The THz wave was outcoupled from the DRO cavity after the QPM-GaAs 
sample using a gold off-axis parabolic mirror. We drilled a hole through the center of the gold mirror such that the signal 
and idler waves would pass through unaffected. We created a linear DRO cavity design which avoided the known “DRO 
mirror” effect.14 Fig. 3 shows the schematic of the linear DRO cavity  
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Fig. 2. PPLN OPO line shapes near degeneracy for two different PPLN temperatures: t=90°C (frequency splitting of 2.05 

THz, black lines) and t=100°C (frequency splitting of 0.96 THz, gray lines). The dotted red line represents the 
degenerate wavelength (2128 nm). The inset shows OPO tuning curves as a function of the PPLN crystal temperature. 

 
for intracavity THz generation. To avoid back-conversion of the signal and idler on the return pass through the PPLN, 
we made distances TFP1 - M1 and TFP1 - M3 unequal. In order to maintain equal round-trip times for the signal and 
idler pulses, the paths TFP2 - M2 and TFP2 - M4 were correspondingly adjusted. In this “offset” cavity design,6 the 
signal and idler pulses overlapped in time during their forward pass through the PPLN; however, they did not overlap on 
the return pass. 
 

 
Fig. 3. Schematic of the linear DRO with an “offset” cavity design. M1-M8 were cavity mirrors, and M9 was an off-axis 

parabolic mirror for THz outcoupling. 
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Another challenge for DRO operation is the required simultaneous resonance of the signal and idler waves,15 requiring 
precise control of cavity lengths. We developed an “dither-and-lock” electronic feedback network involving an optical 
detector, analog electronics, and a piezoelectric (PZT) transducer. We maintained steady DRO operation for >15 minutes 
with a duration limited by the 4-µm-PZT range of motion and thermal expansion of the optical table. A second, slower 
feedback loop using a PZT with 100 µm of motion is under construction and will greatly increase this duration. Fig. 4 
shows electronically locked DRO operation with total intracavity average power ~100 W and power fluctations of 5-
10% over a period of 15 minutes. The OPO can be run in a singly resonant configuration by placing a beam block just 
before either mirror M1 or M3 (Fig. 3). 
 

 
Fig. 4. Electronically locked DRO performance with ~100 W of intracavity average power and power fluctuations of 5-10% 

for a 15-minute duration. The reduced powers at the end of the measurement were due to the finite motion of the PZT 
transducer (4 µm). 

2.3 QPM-GaAs samples 

We used three different types of micro-structured GaAs: diffusion-bonded GaAs (DB-GaAs),16 optically contacted GaAs 
(OC-GaAs), and orientation-patterned GaAs (OP-GaAs).10  DB-GaAs samples are made of N individual GaAs plates by 
rotating every other plate by 180° about the [110] GaAs crystalline axis to create a sample with N/2 QPM periods. The 
GaAs plates are brought together under pressure and high temperature which allows diffusion to occur across the 
interface creating a nearly monolithic structure. The DB-GaAs sample we used for THz generation had an aperture of 10 
mm 10 mm, length of 6.05 mm, QPM period of 504 µm, and was constructed of 24 GaAs plates (Fig. 5a). 

 
Fig. 5. (a) DB-GaAs with dimensions 10 mm 10 mm 6.05 mm and QPM period of 504 µm. (b) OC-GaAs with diameters 

of 5.08 cm and QPM periods of 2 mm. (c) OP-GaAs with thickness of ~800 µm, width of 6 mm, length of 5 mm, and 
QPM period of 704 µm. 

OC-GaAs construction also involves separate [110] wafers of GaAs which are brought together with a 180°-rotation 
about [110] between neighboring wafers. The wafers, however, are not heated to create a monolithic crystalline 
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