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ABSTRACT

We have efficiently generated tunable terahertz (THz) radiation using intracavity parametric down-conversion in gallium
arsenide (GaAs). We used three types of micro-structured GaAs to quasi-phase-match the interaction: optically
contacted, orientation-patterned, and diffusion-bonded GaAs. The room-temperature GaAs was placed in an optical
parametric oscillator (OPO) cavity, and the THz wave was generated by difference-frequency mixing between the OPO
signal and idler waves. 250-GHz-bandwidth radiation was generated with frequencies spanning 0.4-3.5 THz. We
measured two orders of optical cascading generated by the mixing of optical and THz waves. In a doubly resonant
oscillator (DRO) configuration, the efficiency increased by 21 times over the singly resonant oscillator (SRO)
performance with an optical-to-THz efficiency of 10* and average THz power of 1 mW.
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1. INTRODUCTION

1.1 Introduction

THz waves are potentially useful for numerous applications including real-time imaging and rotational-vibrational
spectroscopy, both in condensed and gaseous phases.'” Parametric down-conversion of optical pulses is an established,
but so far inefficient, method for generating THz radiation. Potentially, it enables compact tunable THz emitters working
at room temperature, by using efficient solid-state or fiber laser sources with different temporal formats: from
continuous-wave (CW) to femtosecond pulses. This technique can generate THz radiation using difference frequency
generation (DFG) with two laser input beams’™® or through THz-wave parametric oscillation with a single fixed-
frequency optical pump.”'! Alternatively, broadband THz transients can be generated by means of optical rectification
(OR) of ultrashort (typically femtosecond) laser pulses.'*"

There are three significant factors which limit THz conversion efficiency in both OR and DFG, namely (i) conventional
crystals used for THz generation (e.g. LiNbO; and ZnTe) have large absorption at THz frequencies (characteristically
10-100 cm™)'*! (ii) there is a mismatch between propagation velocities of the THz wave and the optical pulse which
limits (especially for OR) the useful length of the crystal, and (iii) a large quantum defect. Optical-to-THz conversion
efficiencies achieved so far are low,'® typically 10°-10”, even with femtosecond-pump pulse energies as high as 10
mlJ." A way to solve the problem of propagation velocity mismatch and increase the interaction length is to use tilted
pulse front excitation. A conversion efficiency of 5X 10 and a THz average power of 240 W was reported in Ref. 15
using bulk lithium niobate pumped by optical pulses from a 1-kHz Ti:Sapphire oscillator-regenerative amplifier system
with 500 mW of average power. Another approach to increase the efficiency of OR is to use quasi-phase-matched
(QPM) nonlinear materials, as was first demonstrated with periodically poled lithium niobate (PPLN)."*?° The effective
mixing length is increased due to quasi-phase-matching allowing for looser pump focusing, reducing the magnitude of
parasitic nonlinear effects for a given pump pulse energy. The authors of Refs. 13 and 20 used femtosecond pulses at
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800 nm and a cryogenically cooled PPLN crystal with multiple QPM periods and achieved a conversion efficiency ~10~.
More recently, THz-wave generation was demonstrated in QPM-GaP (Ref. 8) and QPM-GaAs.*"** I1I-V semiconductors
are attractive for QPM THz-wave generation because of several properties, including (i) a small THz absorption
coefficient (smaller by more than one order of magnitude than commonly used electro-optic (EO) crystals: LiNbOs,
ZnTe, CdTe, and ZnSe) '*'"*, (ii) a large nonlinear coefficient, and (iii) a large coherence length due to a small
mismatch between the optical group and THz phase velocities. In Ref. 8, THz waves were generated by DFG in a
periodically inverted GaP wafer-stack, which was pumped with 10-ns pulses near 1.55 gm. The authors of Ref. 21
produced THz radiation via OR using femtosecond laser pulses and two different QPM-GaAs structures: (i) diffusion-
bonded GaAs (DB-GaAs) ** and (ii) orientation-patterned GaAs (OP-GaAs).” By changing the GaAs QPM period (504-
1277 pm), or the pump wavelength (2-4.4 pm), tunable (0.9-3 THz) output was achieved with up to 3.3% quantum
conversion efficiency with 2.3 zJ of pump-pulse energy. With a Tm-fiber laser pump source at A = 2 pm, 3 u4W of
average THz power was generated in an OP-GaAs crystal at 1.8 and 2.5 THz.*> We report on THz generation using
intracavity DFG in a picosecond-pulse OPO.

2. THZ-WAVE GENERATION USING PICOSECOND-OPO PULSES
2.1 Picosecond-pulse OPO

Our approach to generating THz radiation is based on DFG inside a quasi-phase-matched GaAs crystal between the
picosecond signal and idler pulses of a low-loss synchronously pumped OPO. Either extra- or intracavity mixing in
GaAs can be performed. A low-loss OPO cavity has large circulating peak powers which can significantly increase the
optical-to-THz conversion efficiency for intracavity experiments. This intracavity enhancement scheme has previously
been used for intracavity sum- and difference-frequency generation in the visible and mid-infrared frequency ranges.”*’
In our experiments, the OPO gain crystal, PPLN, is pumped by a mode-locked ~7-ps pulse width laser with a
wavelength near 1 gm. In the PPLN crystal, energy is transferred from the pump to the signal and idler waves (o, < w, <
w, where i, s, and p refer to the idler, signal, and pump, respectively) which have frequencies symmetrically split about
the degenerate frequency, w,/2 (A ~ 2 pm). By changing the temperature of the PPLN crystal, the signal and idler
frequencies can be tuned symmetrically about degeneracy. The frequency spacing between the signal and idler is equal
to the THz frequency that will be generated in a DFG process (wry, = o, - @;). The OPO uses type-1I (o0 - oe) phase-
matching which allows narrow OPO signal and idler spectral widths while operating near degeneracy and, consequently,
generating a THz wave with a FWHM-bandwidth ~200 GHz. The signal and idler fields are linearly orthogonally
polarized. In the QPM-GaAs crystal, energy flows from the signal wave to the idler and THz waves. Changing the center
frequency of the THz wave involves (i) changing the temperature of the PPLN crystal to tune wry, and (ii) using the
correct GaAs grating period to provide the necessary phase-matching between the signal, idler, and THz waves.

2.2 QPM-GaAs samples

GaAs has many attractive properties for THz generation such as a small THz absorption coefficient, small mismatch
between the optical group index (rgop = 3.41)** and THz phase index (nty, ~ 3.6),% large thermal conductivity, large
nonlinear coefficient, and well-established QPM fabrication techniques. The absorption in GaAs is <4.5 cm™ for v < 3
THz, and ~1 cm™ at 1.5 THz.*® The large thermal conductivity of GaAs, 52 W/m-K,*' reduces temperature changes and
thermo-optic index perturbations at large average pump powers. The nonlinear coefficient for THz generation from DFG
between two optical waves is dy4 = 47 pm/V. >

The periodic structure needed for quasi-phase-matching cannot be achieved in GaAs by ferroelectric poling, as is

commonly done in ferroelectric crystals such as LiNbO;. GaAs is a cubic crystal with 43 m symmetry, whose linear
properties are isotropic, and in which 90° rotations around the <100> axes result in a crystallographic inversion and
hence a sign change of the nonlinear susceptibility. We used three different types of micro-structured GaAs: diffusion-
bonded GaAs (DB-GaAs),”* optically contacted GaAs (OC-GaAs), and orientation-patterned GaAs (OP-GaAs).” DB-
GaAs samples are made of N individual GaAs plates by rotating every other plate by 180° about [110] 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 mmX 10 mm, length of 6.05 mm, QPM period of 504 yxm, and was constructed of 24
GaAs plates (Fig. 1a).
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Fig. 1. (a) DB-GaAs with dimensions 10 mm X 10 mm X 6.05 mm and QPM period of 504 xm. (b) OC-GaAs with diameters
of 5.08 cm and QPM periods of 2 mm. (¢) OP-GaAs with thickness of ~800 xm, width of 6 mm, length of 5 mm, and
QPM period of 704 pm.

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
structure. They are contacted creating an interface which is maintained by Van der Waals interactions (Fig. 1b). The
thickness of the GaAs wafers used to fabricate the stacks used in these experiments ranged from 0.5-1.0 mm. The OC-
GaAs samples have lower infrared losses over larger useful apertures than the DB-GaAs sample.

OP-GaAs is the third type of micro-structured QPM-GaAs (Fig. 1c). OP-GaAs is manufactured using photolithography
and molecular beam epitaxy to grow a thin-film template with periodic crystal inversions. A thick film (~1 mm) is then
grown on the template by hydride vapor phase epitaxy to produce bulk OP-GaAs.”> The QPM period of OP-GaAs is
easily controlled down to tens of microns, and it can be maintained with good long-range order for lengths greater than
the 1-cm-long samples required for THz generation since they are fabricated with a photolithographic process.

3. SRO EXTRACAVITY THZ GENERATION
3.1 SRO extracavity THz generation

Fig. 2 shows the experimental setup for THz generation outside the cavity of the synchronously pumped singly resonant
OPO (SRO). The OPO pump laser was a Nd:YVO, CW-mode-locked solid-state laser (picoTRAIN, High Q Laser) with
a 50-MHz pulse repetition rate, 7-ps Gaussian FWHM intensity pulse width, 1064-nm wavelength, and 10-W average
output power. The linear SRO cavity was 3-m long with a roundtrip time equal to the period between pump-laser pulses.
For the OPO gain medium, we used an anti-reflection (AR) coated (for pump, signal, and idler) MgO-doped type-II
PPLN crystal, with a QPM period of 14.1 um and length of 10 mm. The nonlinear optical coefficient for type-II quasi-
phase-matching at 2.1 pm, d3 = (2/m)d5; = 2.35 pm/V calculated from Ref. 33 at 1.06 um and scaled using Miller's
rule’ to 2.1 um, was 6.2X smaller than the coefficient for typical type-0 (e-ee) phase-matching (d53 ¢fr), which resulted
in an OPO parametric gain reduced by a factor of 38.4 compared to the usual type-0 configuration. The focused 1-zm-
laser spot size (1/” intensity radius) at the center of the PPLN was 30 zm. Mirrors M1 and M2 were end mirrors for the
resonating signal wave. Mirrors M3 and M4 were separated by 21.3 cm and had 20-cm radii of curvature which created
a signal spot size of 57 um in the center of the PPLN. A second position for focused signal and idler beams (140-um
beam waist) was created using mirrors M5 and M6, which were separated by 50 cm and had 50-cm radii of curvature.
This second focus is important for intracavity THz generation. The distance between mirrors M4 and M5 was 30 cm, and
the remaining cavity length of ~200 cm was divided evenly into the two end lengths (M6 - M1 = M3 - M2). All mirrors
were AR-coated for the pump and HR-coated for the signal and idler waves with a reflection loss <0.1%. The front
surface of the thin-film polarizer, TFP1, was AR-coated for signal (p- polarization) transmission and HR-coated for idler
(s-polarization) reflection (p-polarization incident on the polarizer is equivalent to an o-wave in the PPLN crystal). Fig. 2
(inset 1) shows the signal's TEM,, spatial mode measured by a pyroelectric-array camera.
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Fig. 2. Schematic of SRO and extracavity DFG experiment. The signal and idler were outcoupled from the SRO and
focused into various QPM-GaAs samples. L1 was a focusing lens for the signal and idler, and L2 was a Picarin lens
which focused the THz beam onto the liquid-helium-cooled silicon bolometer. Inset 1: Signal TEM,, resonating spatial
mode profile with A2 = 1.2. Inset 2: Type-II PPLN temperature-tuning curves for both the o-wave signal and e-wave
idler (measured data points and solid-line polynomial fits).

The beam’s M* parameter was 1.2 as measured by focusing the 2.1-um beam outside the cavity. The type-Il QPM
temperature-tuning curve for the signal and idler wavelengths is shown in Fig. 2 (inset 2).”’

Large powers at both signal and idler wavelengths are required for extracavity THz DFG. The total OPO round-trip loss
was 6.4%. A longpass filter (1 > 1.9 um) blocked the unwanted near-infrared- and visible-wavelength light. The signal
field was linearly polarized along the GaAs [001] direction, and the idler and THz fields were polarized along [110]. All

beams propagated along [110]. The optical beams were blocked by a small metal wire located directly after the GaAs

crystal. The majority of the THz wave propagated beyond the metal wire, because the THz diffraction cone was ~100X
larger than that of the optical beam. The THz radiation was focused by a Picarin lens (L2, THz transmission ~40%) onto
a silicon bolometer. A black polyethylene filter (0.8-mm thick) blocked any remaining IR and visible light. Fig. 3 shows
measured THz center frequencies, vty,, versus QPM period for several OP-, OC-, and DB-GaAs c1rystals.36 They are in
good agreement with oy, = ¢/(AnA,), where A, is the QPM-grating period and An=nmz—ng,0pt.32 Dispersion information
from Refs. 29 and 30 was used for GaAs at near-IR and THz frequencies, respectively. Typical generated THz average
powers were between 0.1-1 4W with 690 mW of signal-wave power before the longpass filter.
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Fig. 3. THz center frequencies versus GaAs QPM period (data points) for OC-, OP-, and DB-GaAs samples in good
agreement with theory (dashed line).

4. SRO INTRACAVITY THZ GENERATION

4.1 SRO intracavity THz generation

The QPM-GaAs samples were placed inside the SRO cavity to increase the generated THz average powers. We expect
the GaAs nonlinear refraction and consequently Kerr lensing to place an upper limit on the circulating intensity in the
OPO. It is possible to design the OPO cavity with minimum sensitivity to the Kerr lensing at the location of the GaAs
crystal, to allow oscillation at large intracavity powers. We designed the cavity to produce a focused 140-um spot size
for the signal and idler beams at a position roughly halfway between M5 and M6 (Fig. 2). Following a design approach
similar to that in Ref. 37, we placed the GaAs in this focus where the signal and idler intensities as well as optical-to-
THz conversion efficiency were large. For this spot size and GaAs-crystal length of 1 cm, the 3-m-long OPO can
maintain oscillation from startup down to focal lengths of fi., =~ 2-4 cm.

The THz wave was extracted from the SRO by mirror M7, which was a gold-coated 90°-off-axis parabolic mirror with a
focal length of 5 cm placed ~5 cm after the QPM-GaAs crystal, which created a well-collimated THz beam. A 3-mm-
diameter hole was drilled through M7 to fully transmit the resonating signal wave. The visible and IR radiation was
blocked by two polyethylene filters which transmitted >45% for v <3 THz. For a 100-um THz spot size generated in the
GaAs (product of signal and idler Gaussian 140-um spots), the 1-inch aperture gold parabolic mirror collected >90% of
the incident power at frequencies >2.8 THz.

The DB-GaAs sample (6-mm long and QPM period of 504 um) generated THz radiation with a center frequency of 2.8
THz and FWHM spectral bandwidth estimated to be ~250 GHz from the convolution of the measured 200 GHz
bandwidths of the signal and idler waves® and limited to 250 GHz by the QPM-GaAs acceptance bandwidth.** The
measured THz average power was 50 uW (after M7), and the measured intracavity powers of the signal and idler were
11.1 W and 2.2 W, respectively, with a large signal power enhancement compared to 690 mW in the previous section
(before the longpass filter). For a given pump depletion, the signal power enhancement is 4 = (@ex)/( @ineR), Where aey
=6.4% was the round-trip loss for extracavity experiments with signal output coupling R = 2% and a;,,= 14.4% was the
round-trip loss for the intracavity experiments. The DB-GaAs roundtrip loss was 12%. The calculated enhancement of 4
= 22 is close to the measured value of 11.1 W/0.69 W = 16. The idler power of 2.2 W agreed with the quantum defect of
0.5 (pump to idler) and the measured 50% depletion of 8.9 W of pump power. The undepleted pump power was
measured after M4 (Fig. 4). The optical-to-THz conversion efficiency was 5.6X 10 (quantum efficiency of 5.6X10™).
The polarization of the THz beam was along the [110] GaAs crystalline direction, in agreement with the GaAs
tensor,”® and for signal and idler fields polarized along the [001] and [110] GaAs directions, respectively.
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Fig. 4. Schematic of measurements of THz average powers generated via intracavity DFG in the SRO configuration. The
THz beam was outcoupled by M7, focused by Picarin lens L2, and measured with a DTGS pyroelectric detector.

4.2 Cascading

In a DFG process within the GaAs crystal, the largest-energy photon (OPO signal) is destroyed, and two lower-energy
photons (OPO idler and THz) are generated, i.e. the GaAs crystal parametrically amplifies the OPO idler, depleting the
OPO signal and generating a THz photon. Since the ratio of the THz to the optical frequency is ~1%, 100% depletion of
the signal energy would correspond to an optical-to-THz energy conversion efficiency of only 1%. In order to improve
this efficiency, it may be possible to take advantage of a cascading scheme, to generate more than one THz photon for
each signal photon destroyed.**** Similar to the parametric amplification mentioned above, the OPO idler will amplify
the THz wave and generate a down-shifted satellite, wg,;. This process can be iterated up to a limit set by the phase-
matching bandwidth of the QPM-GaAs crystal, AQqccepGans. Therefore, the number, N, can be N = AQyccept, Gaas/ O THzZ-

To explore these effects experimentally, we slightly modified the apparatus shown in Fig. 4. By rotating the polarizer by
90°, the idler was resonant in the SRO which increased the efficiency of generating the first satellite. The temperature of
the PPLN crystal was set to 82.3°C to generate signal and idler waves separated by 2.8 THz. A small amount of power in
each optical wave leaked out SRO mirror M1 (Fig. 4) and was characterized with a grating monochromator. The OPO
signal, idler, and two satellites were observed around 2100-2250 nm (Fig. 5). The grating monochromator was not
calibrated for relative power measurements of the four waves shown in Fig. 5; the relative heights of the peaks shown
are arbitrary, but indicate the ordering of the strengths of the waves. Consistent with expectations, the separation
between adjacent peaks was 2.8 THz, and adjacent fields were orthogonally polarized. With 2 orders of cascading
measured, the optical-to-THz conversion efficiency was not significantly improved since the average powers of the 2
satellites were small.
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