$4 and average THz power of 1 mW. The GaAs stabilized the
DRO by a thermogpiciaesdbpok edtoHabisnsitigbatkeditbdienquasi-
niobate pumped by optical pulses from a 1 kHz Ti:Sapphire
oscillator-regenerative ampli er system with 500 mW of aver-
age power. Another approach to increase the ef ciency of OR
is to use quasi-phase-matched (QPM) nonlinear materials, as
was rst demonstrated with periodically poled lithium niobate
(PPLN) [13], [20]. The effective mixing length is increased due
to quasi-phase-matching allowing for looser pump focusing, re-
ducing the magnitude of parasitic nonlinear effects for a given
pump pulse energy. The authors of [13] and [20] used fem-
tosecond pulses at 800 nm and a PPLN crystal with multiple
QPM periods and achieved a conversion ef cienc}0
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Fig. 8. Parametric down-conversion and cascading illustrating ampli cation
of the THz wave after each cascading process» w;  wTHz-

Frequency (THz) Fig. 10. Schematic of the linear DRO with an “offset” cavity design. M1—
143 142 141 140 139 138 137 136 135 134 M8 were cavity mirrors, and M9 was an off-axis parabolic mirror for THz
—~ ! LI L A A ! ! T outcoupling.
= 1.0; idler .
) shgrisl (1ol spectra proved that two cascading events occurred; however,
A 0.8 001 the optical-to-THz conversion ef ciency was not signi cantly
& - improved since the average powers of the two satellites were
4 t . . .
E 06 oo very small. Having satellite waves with powers comparable to
o 04. o R the S|gnal_ and idler will require all anlwaves _(S|gnal_, |dler,_
w : [10] and satellites) to be resonant in the optical cavity. A dispersion-
£ 02 compensated cavity designed to obtain such multiply resonant
o operation is currently under construction.
7]
2190 2ish  2be  24h =l V. DRO INTRACAVITY THZ GENERATION

Wavelength (nm) A. DRO Operation

Fig. 9. Measured output spectrum of the SRO with idler wave resonant. The ; ; _
two satellite peaks are generated by cascading of the THz-DFG process. Peak-ls-he THz average power can be increased in a dOUny reso

are labeled with their polarization, referenced to the axes of the GaAs crystdiant OPO [doubly resonant oscillator (DRO)], in which both
the signal and idler are resonant. Fig. 10 shows the DRO setup

with the addition of two mirrors, M3 and M4, and a second po-

one THz photon for each signal photon destroyed [43], [44krizer, TFP2, to the SRO con guration of Fig. 5. To avoid back
Fig. 8 illustrates this process. Similar to the parametric amptionversion of the signal and idler on the return pass through
cation mentioned earlier, the OPO idler will amplify the THzthe PPLN [45], we made distances TFP1-M1 and TFP1-M3
wave and generate a down-shifted satellifg; 1. This process unequal. In order to keep the round-trip times for the signal and
can be iterated up to a limit set by the phase-matching bandler waves equal, the paths TFP2—-M2 and TFP2—-M4 were cor-
width of the QPM-GaAs crystal acceptcaas. Therefore, the respondingly adjusted. In this “offset” cavity design, the signal
numberN can beN acceptGaAs/WTHz - and idler pulses overlapped in time during their forward pass

To explore these effects experimentally, we slightly modthrough the PPLN; however, they did not overlap on the re-
ed the apparatus shown in Fig. 5. By rotating the polarizeurn pass. Another challenge for DRO operation is the required
by 90, the idler rather than the signal was resonant in ttemultaneous resonance of the signal and idler waves [46], re-
SRO. Resonating the idler rather than the signal wave increasgiiting precise control of both cavity lengths.
the ef ciency of generating the rst satellite. The temperature Both polarizers were set to an angle of $iat equalized the
of the PPLN crystal was set to 823 to generate signal andround-trip losses for the signal and idler waves. The total round-
idler waves separated by 2.8 THz. A small amount of powgriip loss including DB-GaAs was 22.4% (2.4% from mirrors
in each optical wave leaked out SRO mirror M1 (see Fig. Bnd PPLN, 12% from DB-GaAs, and 8% from two polariz-
and was characterized with a grating monochromator. The OR@®). In a rst experiment, rather than servo-locking the DRO,
signal, idler, and two satellites were observed around 210®&e simply scanned one of the cavity mirrors through multiple
2240 nm (see Fig. 9). The generated THz output (not showegvity resonances at a 100 Hz rate and measured bursts of os-
was measured by the deuterated triglycine sulfate (DTGS) deteittation with a duty cycle of 30%. During these DRO bursts,
tor. The grating monochromator was not calibrated for relativee generated 1 mW of THz average power at 2.8 THz from
power measurements of the four waves shown in Fig. 9; tB&s W with an optical-to-THz ef ciency of 1. 10°* (quan-
relative heights of the peaks shown are arbitrary, but indicatem ef ciency of 1.2%) [38], which was an increase of>21
the ordering of the strengths of the waves. Consistent with exer the SRO results with the DB-GaAs crystal. We found
pectations, the separation between adjacent peaks was 2.8 Tihit, the generated 1 mW of THz output power was within
and adjacent elds were orthogonally polarized. The measured.0% of theoretical predictions for intracavity signal and idler



