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Abstract—We have efficiently generated tunable terahertz (THz)
radiation using intracavity parametric down-conversion in gal-
lium arsenide (GaAs). We used three types of microstructured
GaAs to quasi-phase-match the interaction: optically contacted,
orientation-patterned, and diffusion-bonded GaAs. The 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. The OPO used type-II phase-
matched periodically poled lithium niobate as a gain medium and
was synchronously pumped by a mode-locked laser at 1064 nm
(7 ps and 200 nJ at 50 MHz). With center frequencies spanning 0.4—
3.5 THz, 250-GHz bandwidth radiation was generated. We mea-
sured 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 x over the singly res-
onant oscillator performance with an optical-to-THz efficiency of
10—* and average THz power of 1 mW. The GaAs stabilized the
DRO by a thermooptic feedback mechanism that created a quasi-
continuous-wave train of THz pulses.

Index Terms—Difference-frequency mixing, doubly resonant,
gallium arsenide (GaAs), nearly degenerate, optical paramet-
ric oscillator (OPO), parametric down-conversion, self-stabilized,
terahertz (THz), tunable.

I. INTRODUCTION

ERAHERTZ (THz) waves are potentially useful for nu-
merous applications including real-time imaging and
rotational—vibrational spectroscopy, both in condensed and
gaseous phases [1], [2]. Parametric down-conversion of optical
pulses is an established, but so far inefficient, method for gener-
ating THz radiation. Potentially, it enables compact tunable THz
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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 gener-
ation (DFG) with two laser input beams [3]-[8] or through
THz wave parametric oscillation [9]-[11] with a single fixed-
frequency optical pump. Alternatively, broadband THz tran-
sients can be generated by means of optical rectification (OR)
of ultrashort (typically femtosecond) laser pulses [12]—[15].

There are three significant factors that limit THz conver-
sion efficiency in both OR and DFG, namely: 1) conventional
crystals used for THz generation (e.g., LiNbO3 and ZnTe)
have large absorption at THz frequencies (characteristically 10—
100 ecm~" [16], [17], 2) there is a mismatch between propaga-
tion velocities of the THz wave and the optical pulse that limits
(especially for OR) the useful length of the crystal, and 3) a
large quantum defect. Optical-to-THz conversion efficiencies
achieved so far are low [18], typically 107~107", even with
femtosecond pump pulse energies as high as 10 mJ [19]. 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 5 x 10~* and a THz av-
erage power of 240 uW was reported in [15] using bulk lithium
niobate pumped by optical pulses from a 1 kHz Ti:Sapphire
oscillator—regenerative amplifier system with 500 mW of aver-
age 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) [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 efficiency ~107°. The
PPLN crystal was cryogenically cooled (7' = 18 K) to reduce
THz absorption.

More recently, THz wave generation was demonstrated in
QPM-GaP [8] and QPM gallium arsenide (GaAs) [21], [22].
III-V semiconductors are attractive for QPM THz wave gener-
ation because of several properties, including: 1) a small THz
absorption coefficient [smaller by more than one order of mag-
nitude than commonly used electrooptic (EO) crystals: LiNbOs,
ZnTe, CdTe, and ZnSe] [16], [17], [23], [24], 2) a large nonlin-
ear coefficient, and 3) a large coherence length due to a small
mismatch between the optical group and THz phase velocities.
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In [8], THz waves were generated by DFG in a periodically
inverted GaP wafer stack, which was pumped with 10 ns pulses
near 1.55 pum. The authors of [21] produced THz radiation via
OR using femtosecond laser pulses and two different QPM-
GaAs structures: 1) diffusion-bonded GaAs (DB-GaAs) [25]
and 2) orientation-patterned GaAs (OP-GaAs) [26]. By chang-
ing the GaAs QPM period (504—1277 pm), or the pump wave-
length (2—4.4 pm), tunable (0.9-3 THz) output was achieved
with up to 3.3% quantum conversion efficiency with 2.3 pJ
of pump pulse energy. With a Tm-fiber laser pump source at
A~ 2 um, 3 uW of average THz power was generated in an
OP-GaAs crystal at 1.8 and 2.5 THz [22].

Here we report THz generation using intracavity DFG in
a picosecond pulse optical parametric oscillator (OPO). This
paper focuses on experimental results. A detailed theoretical
analysis will be given in a subsequent paper.

II. THz WAVE GENERATION USING PICOSECOND OPO PULSES
A. Picosecond Pulse DFG in QPM-GaAs

Detailed analysis of the generation of THz pulses by plane
wave QPM-DFG [27] with transform-limited pump pulses
shows that, for a given crystal length, QPM period, and pump
pulse energy, there is a characteristic pulse duration 7,4, below
which the efficiency reaches an asymptotic value, and above
which the efficiency decreases monotonically. This characteris-
tic pulse duration corresponds to a bandwidth that matches the
acceptance bandwidth of the DFG process, and the conversion
efficiency for this pulse length is 70% of the asymptotic value
reached for shorter pulses.

For Gaussian pump beams, the efficiency rises only slowly
for focusing tighter than confocal for THz radiation [27]. For
this focusing condition and a pulse duration of 7y, , the band-
width of the THz radiation decreases with crystal length, while
the efficiency for a fixed pulse energy does not change (until
the crystal length becomes comparable to the THz absorption
length). As peak pump intensities are often limited by para-
sitic nonlinear effects (two- and three-photon absorption, non-
linear refraction), the lower intensities associated with the looser
focusing in longer crystals can be advantageous in practical
implementations.

Under these pulse length and focusing conditions, the THz
pulse energy scales with the product of the energies of the pi-
cosecond optical pulses, Ury, = nU;Us. As a numerical ex-
ample of generating 1.5 THz radiation using DFG of 2.1 ym
pulses in a 1-cm-long GaAs crystal (11,2 = Thom = 3.4 ps), the
efficiency 7 is 3.4 x 10~* per microjoule of optical pulse en-
ergy. For 200 nJ pulse energies in both optical waves (10 W
each, 50 MHz), this corresponds to a THz pulse energy of
13.5 pJ (0.67 mW).

Using picosecond pulses, which match the 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 milliwatt-level THz source with
a large optical-to-THz conversion per microjoule of pump pulse
energy while limiting higher order nonlinear effects that would
become increasingly important at shorter pulse widths.
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Fig. 1. Frequency-domain schematic of the four waves involved in THz gen-
eration (pump, signal, idler, and THz, not drawn to scale). The pump wavelength
is near 1 pm, and the signal and idler wavelengths are near 2 pm.

B. Picosecond Pulse OPO

Our approach in generating THz radiation is based on the
DFG inside a QPM GaAs crystal between the picosecond sig-
nal 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 that
can significantly increase the optical-to-THz conversion effi-
ciency for intracavity experiments. This intracavity enhance-
ment scheme has previously been used for intracavity sum-
frequency generation and DFG in the visible and mid-infrared
frequency ranges [28], [29].

In our experiments, the OPO gain crystal, PPLN, is pumped
by a mode-locked ~7 ps pulse width laser with a wavelength
near 1 ym. In the PPLN crystal (see Fig. 1), energy is transferred
from the pump to the signal and idler waves (w; < ws < wy
where i, s, and p refer to the idler, signal, and pump, respec-
tively) that have frequencies symmetrically split about the de-
generate frequency, w, /2 (A ~ 2 um). By changing the temper-
ature of the PPLN crystal, the signal and idler frequencies can
be tuned symmetrically about degeneracy. The frequency spac-
ing between the signal and idler is equal to the THz frequency
that will be generated in a DFG process (wrm, = Ws — w;).
The OPO uses type-II (0—oe) phase-matching that allows nar-
row OPO signal and idler spectral widths while operating near
degeneracy, and consequently, generating a THz wave with a
full-width at half-maximum (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: 1) changing the temperature of the PPLN
crystal to tune wry, and 2) using the correct GaAs grating
period to provide the necessary phase-matching between the
signal, idler, and THz waves.

C. OPM-GaAs Samples

GaAs has many attractive properties for THz generation such
as a small THz absorption coefficient, small mismatch between
the optical group index (g opt ~ 3.41 [30]) and THz phase
index (nty, ~ 3.6 [31]), large thermal conductivity, large non-
linear coefficient, and well-established QPM fabrication tech-
niques. The absorption in GaAs is <4.5 cm™! for v < 3 THz,
and ~1 cm™! at 1.5 THz [32]. The large thermal conductivity of
GaAs, 52 W/m-K [33], reduces temperature changes and ther-
mooptic index perturbations at large average pump powers. The
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Fig. 2. (a) DB-GaAs with dimensions 10 mmx10 mmx6.05 mm and QPM
period of 504 pm. (b) OC-GaAs with diameters of 5.08 cm and QPM periods
of 2 mm. (c) OP-GaAs with thickness of ~800 pm, width of 6 mm, length of
5 mm, and QPM period of 704 pm.

nonlinear coefficient for THz generation from DFG between
two optical waves is d14 = 47 pm/V [27].

The periodic structure needed for quasi-phase-matching can-
not be achieved in GaAs by ferroelectric poling, as is com-
monly done in ferroelectric crystals such as LiNbO3. GaAs is
a cubic crystal with 43m symmetry, whose linear properties are
isotropic, and in which 90° rotations around the (100) axes re-
sult in a crystallographic inversion, and hence, a sign change of
the nonlinear susceptibility. The nonzero elements of the GaAs
nonlinear coefficient tensor are dyy, and its permutations.

We used three different types of microstructured GaAs:
DB-GaAs [25], optically contacted GaAs (OC-GaAs), and
OP-GaAs [26]. 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 that
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 x 10 mm, length of
6.05 mm, QPM period of 504 um, and was constructed of
24 GaAs plates [see Fig. 2(a)].

OC-GaAs construction also involves separate [110] wafers
of GaAs that 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 that is maintained by van der
Waals interactions [see Fig. 2(b)]. The thickness of the GaAs
wafers used to fabricate the stacks used in these experiments
ranged from 0.5 to 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 microstructured QPM-GaAs [see
Fig. 2(c)]. 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 (HVPE) to
produce bulk OP-GaAs [26]. 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.

Recently, 15-wafer-thick OC-GaAs samples have been pro-
duced with a useful aperture of 3 mm X 3 mm and infrared
losses of ~0.01 cm~!. OP-GaAs samples now grown in a single
HVPE step are ~1 mm in thickness [34] with 2 gm absorption
<0.005 cm™! [35].
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Fig. 3. 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 that focused the THz beam onto the liquid-helium-cooled silicon bolometer.
Inset 1: signal TEMy resonating spatial mode profile with M2 = 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).

III. SRO EXTRACAVITY THZ GENERATION

Fig. 3 shows the experimental setup for THz generation
outside the cavity of the synchronously pumped singly res-
onant OPO [singly resonant oscillator (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 round-trip time equal to the period be-
tween pump laser pulses. For the OPO gain medium, we used an
antireflection (AR) coated (for pump, signal, and idler) MgO-
doped type-II PPLN crystal, with a QPM period of 14.1 ym
and length of 10 mm. The nonlinear optical coefficient for type-
IT quasi-phase-matching at 2.1 pym, dsy ¢ = (2/m)d3; = 2.35
pm/V calculated from [36] at 1.06 um and scaled using Miller’s
rule [37]to 2.1 um, was 6.2 x smaller than the coefficient for typ-
ical type-0 (e-ee) quasi-phase-matching (dss3 o# ), which resulted
in an OPO parametric gain reduced by a factor of 38.4 com-
pared to the usual type-0 configuration. The focused 1 ym laser
spot size (1/e? intensity radius) at the center of the PPLN was
30 pm. 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 that created a signal spot size
of 57 pm in the center of the PPLN. A second position for
focused signal and idler beams (140 pm beam waist) was cre-
ated using mirrors M5 and M6, which were separated by 50 cm
and had 50 cm radii of curvature. This second focus is impor-
tant for intracavity THz generation and will be discussed in
Section IV. The distance between mirrors M4 and M5 was
30 cm, and the remaining cavity length of ~200 cm was di-
vided evenly into the two end lengths (M6-M1 = M3-M2).
All mirrors were AR-coated for the pump and high-reflectivity
(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
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incident on the polarizer is equivalent to an o-wave in the PPLN
crystal). Fig. 3 (inset 1) shows the signal’s TEM, spatial mode
measured by a pyroelectric-array camera. The beam M? pa-
rameter was 1.2 as measured by focusing the 2.1 ym beam
outside the cavity. The type-II QPM temperature-tuning curve
for the signal and idler wavelengths is shown in Fig. 3 (inset 2)
[38].

Large powers at both signal and idler wavelengths are re-
quired for extracavity THz DFG. The nominal polarizer angle
of incidence of 55° minimized the signal-SRO threshold but did
not outcouple the signal wave for extracavity experiments. We
chose the polarizer angle of 51.5° to increase the signal outcou-
pling without greatly reducing the OPO quantum conversion
efficiency. The signal and idler reflectivities at the polarizer
were 2% and 99.2%, respectively. The cavity mirrors and PPLN
surfaces created 2.4% round-trip loss, and the round-trip losses
of the polarizer were 4% (total OPO round-trip loss of 6.4%).
We measured a signal autocorrelation width of 8.5 ps corre-
sponding to a signal pulse width of 6 ps, assuming a transform-
limited Gaussian pulse. A longpass filter (A > 1.9 pm) blocked
the unwanted near-infrared and visible-wavelength light. At a
PPLN temperature of 86°C, the signal and idler average pow-
ers were 620 and 180 mW, respectively. The powers varied
only slightly with the temperature of the PPLN crystal. L1 fo-
cused the signal and idler beams down to 80 um at the center
of the QPM-GaAs crystal. The signal field was linearly polar-
ized along the GaAs [001] direction, and the idler and THz
fields were polarized along [110]. All beams propagated along
[110]. THz radiation was generated via picosecond DFG inside
the QPM-GaAs sample. 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 Pi-
carin lens (L2, THz transmission ~40%) onto a cryogenically
cooled silicon bolometer (7" = 4 K). A black polyethylene filter
(0.8 mm thick) was placed directly before the bolometer and
blocked any remaining IR and visible light.

Fig. 4 shows measured THz center frequencies vy, versus
QPM period for several OP-, OC-, and DB-GaAs crystals [39].
They are in good agreement with vy, = ¢/(AnA,), where
A, is the QPM-grating period and An = nru, — Ng opt [27].
Dispersion information from [30] and [31] was used for GaAs
at near-IR and THz frequencies, respectively. Typical generated
THz average powers were between 0.1 and 1 pW.

IV. SRO INTRACAVITY THZ GENERATION
A. SRO Intracavity THz Generation

The QPM-GaAs samples were placed inside the SRO cavity
to increase the generated THz average powers. The angle of inci-
dence on the intracavity polarizer was set to 55° which reduced
the polarizer losses to 0.1%. We expect the GaAs nonlinear
refraction, and consequently, Kerr lensing to place an upper
limit on the circulating intensity in the OPO. The Gaussian spa-
tial intensity profile of the signal and idler beams will create
a Gaussian transverse phase, and the quadratic component will

35,
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Fig. 4. THz center frequencies versus GaAs QPM period (data points) for
OC-, OP-, and DB-GaAs samples in good agreement with theory (dashed line)

using dispersion information from [30] and [31] for GaAs at near-IR and THz
frequencies, respectively.
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% [dler
M6y Signal

Fig. 5. 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.

cause signal and idler focusing in the GaAs. An effective focal
length can be calculated from the curvature of the transverse
phase profile including both self- and cross-phase modulation
terms, and the GaAs can be modeled as a dynamic nonlinear
lens with a lens strength proportional to intracavity intensity. It
is possible to design the OPO cavity with minimum sensitivity
to the Kerr lensing at the location of the GaAs crystal, to al-
low oscillation at large intracavity powers. Similar designs have
been applied to mode-locked laser cavities that have a thermally
loaded diode-pumped gain element.

We designed the cavity to produce a focused 140 pm spot
size for the signal and idler beams at a position roughly halfway
between M5 and M6 (see Fig. 5). Following a design approach
similar to that in [40], 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 fker = 24 cm. When fker ~ Lgaas,
the GaAs thin lens approximation breaks down, and a more
general analysis is required.

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
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(b)

Fig.6. (a)Collimated THz beam intensity profile reconstructed from scanning
knife-edge measurements just before lens L2. (b) Focused (f = 5 cm) THz
beam intensity profile measured by a pyroelectric camera (1 pixel = 100 pm
x 100 pm) 5 cm after L2.

hole was drilled through M7 to fully transmit the resonating
signal wave. The visible and IR radiation was blocked by two
polyethylene filters that transmitted >45% for v < 3 THz. For
a 100 pm 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 pm) 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 [38] and limited to
250 GHz by the QPM-GaAs acceptance bandwidth [27]. The
measured THz average power was 50 W (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 enhance-
ment compared to 690 mW in the previous section (before the
longpass filter). For a given pump depletion, the signal power
enhancement A is
Qext

Qint R

where aqxy = 6.4% was the round-trip loss for extracavity exper-
iments 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 A =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 de-
fect of 0.5 (pump to idler) and the measured 50% depletion of
8.9 W of pump power. The undepleted pump power was mea-
sured after M4 (see Fig. 5). The optical-to-THz conversion effi-
ciency was 5.6 x 107 (quantum efficiency of 5.6 x 10™%).

Fig. 6(a) shows the THz beam intensity profile after collimat-
ing mirror M7, reconstructed from scanning knife-edge mea-
surements. The horizontal and vertical 1/e? spot sizes were 7.8
and 13.3 mm, respectively. The THz beam 5 cm after THz lens
L2 (f = 5 cm) was captured [see Fig. 6(b)] by a pyroelectric-
array camera [38] and was ~2 pixels in width (1 pixel = 100 pm
x 100 pm). Taking the input beam size from the knife-edge
measurements, the focused spot size agreed with the theoretical
diffraction-limited spot size of 160 pm. The polarization of the
THz beam was along the [110] GaAs crystalline direction, in
agreement with the symmetry of the GaAs x(?) tensor [41], and
for signal and idler fields polarized along the [001] and [110]
directions, respectively.
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Fig.7. First-, third-, and fifth-order QPM with a 4-mm-long OC-GaAs crystal
with A, = 2 mm allowing generation of three different THz center frequencies
(0.62, 2.24, and 3.32 THz, respectively) with a single QPM-GaAs sample.

B. Higher Order QPM THz Generation

The two-step down-conversion process (1 ym — 2 ym —
200 pm) by which we generate THz radiation requires oper-
ating the OPO very close to degeneracy. For generating 2.8 THz
radiation, the signal and idler wavelength separation is 42 nm at
an average wavelength of 2128 nm. This tuning behavior also al-
lowed generation of other THz frequencies by taking advantage
of higher order QPM peaks in the GaAs sample.

Modeling the QPM crystal as having a fundamental spatial
frequency of k;, = 2m/A,, and equal length positive and nega-
tive half-periods, the mth spatial harmonic of the grating enables
quasi-phase-matching when the wavevector mismatch

Ak = ky — ki — kru, —mk, (m odd) @)

is zero [42]. Here, k; = 2mn;v; /cis the wavevector magnitude,
n; is the index of refraction, and v; is the frequency. The max-
imum DFG efficiency occurs for Ak = 0. Assuming perfect
phase-matching (Ak = 0), nearly degenerate signal and idler
(vs = v; > v1H,), and negligible THz dispersion (nrp, ~
constant), the THz center frequency scales linearly with m:

UTH, =M (A;Ag> . (3)

We measured the higher order QPM tuning curves for a 4-
mm-long OC-GaAs crystal with A, = 2 mm. Fig. 7 shows the
first-, third-, and fifth-order QPM tuning curves with center
frequencies of 0.62,2.24, and 3.32 THz, respectively. The center
frequencies do not scale exactly with m because of the GaAs
dispersion between 0.5 and 4.0 THz.

C. 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 para-
metrically 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 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
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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. Peaks
are labeled with their polarization, referenced to the axes of the GaAs crystal.

one THz photon for each signal photon destroyed [43], [44].
Fig. 8 illustrates this process. Similar to the parametric ampli-
fication mentioned earlier, the OPO idler will amplify the THz
wave and generate a down-shifted satellite w, 1. This process
can be iterated up to a limit set by the phase-matching band-
width of the QPM-GaAs crystal AQ,ccept,caas. Therefore, the
number N can be N = AQyccept,GaAs/WTHz-

To explore these effects experimentally, we slightly modi-
fied the apparatus shown in Fig. 5. By rotating the polarizer
by 90°, the idler rather than the signal was resonant in the
SRO. Resonating the idler rather than the signal wave 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 (see Fig. 5)
and was characterized with a grating monochromator. The OPO
signal, idler, and two satellites were observed around 2100-
2240 nm (see Fig. 9). The generated THz output (not shown)
was measured by the deuterated triglycine sulfate (DTGS) detec-
tor. The grating monochromator was not calibrated for relative
power measurements of the four waves shown in Fig. 9; the
relative heights of the peaks shown are arbitrary, but indicate
the ordering of the strengths of the waves. Consistent with ex-
pectations, the separation between adjacent peaks was 2.8 THz,
and adjacent fields were orthogonally polarized. The measured

M4 PZT

Modelocked Pump Laser
/ 1064 nm, 50 MHz, 7 ps, 10 W

® [dler

M3 Y Signal

Fig. 10. 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.

spectra proved that two cascading events occurred; however,
the optical-to-THz conversion efficiency was not significantly
improved since the average powers of the two satellites were
very small. Having satellite waves with powers comparable to
the signal and idler will require all 2 pm waves (signal, idler,
and satellites) to be resonant in the optical cavity. A dispersion-
compensated cavity designed to obtain such multiply resonant
operation is currently under construction.

V. DRO INTRACAVITY THZ GENERATION
A. DRO Operation

The THz average power can be increased in a doubly reso-
nant 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-
larizer, TFP2, to the SRO configuration of Fig. 5. To avoid back
conversion of the signal and idler on the return pass through
the PPLN [45], we made distances TFP1-M1 and TFP1-M3
unequal. In order to keep the round-trip times for the signal and
idler waves equal, the paths TFP2-M2 and TFP2-M4 were cor-
respondingly adjusted. In this “offset” cavity design, the signal
and idler pulses overlapped in time during their forward pass
through the PPLN; however, they did not overlap on the re-
turn pass. Another challenge for DRO operation is the required
simultaneous resonance of the signal and idler waves [46], re-
quiring precise control of both cavity lengths.

Both polarizers were set to an angle of 51° that equalized the
round-trip losses for the signal and idler waves. The total round-
trip loss including DB-GaAs was 22.4% (2.4% from mirrors
and PPLN, 12% from DB-GaAs, and 8% from two polariz-
ers). In a first experiment, rather than servo-locking the DRO,
we simply scanned one of the cavity mirrors through multiple
cavity resonances at a 100 Hz rate and measured bursts of os-
cillation with a duty cycle of 30%. During these DRO bursts,
we generated 1 mW of THz average power at 2.8 THz from
8.5 W with an optical-to-THz efficiency of 1.2 x 10~* (quan-
tum efficiency of 1.2%) [38], which was an increase of 21X
over the SRO results with the DB-GaAs crystal. We found
that the generated 1 mW of THz output power was within
410% of theoretical predictions for intracavity signal and idler
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powers of 10.2 and 17 W, respectively, and efficiency following
the theory described in Section II-A. The resonant enhance-
ment for both waves was low, because the round-trip losses
were >20%. Later, we achieved quasi-CW DRO operation us-
ing electronic feedback (piezoelectric stack attached to one end
mirror) or a passive thermooptic feedback mechanism described
in the next section.

B. Thermooptic DRO Self-Stabilization

An electronic dither-and-lock control system was developed
and successfully locked the synchronously pumped DRO to
peak resonance where P, .« = Ps + P; (peak of the cavity res-
onance). With a single 1-mm-thick GaAs wafer in the cavity, the
DRO was electronically stabilized with 90 W of average intra-
cavity 2.1 um power and 84% pump depletion for >30 minutes.
Without electronic control but with an 8-mm-long OC-GaAs
sample, we observed a self-stabilizing effect that maintained
DRO operation for >30 minutes (only terminated due to expan-
sion of the optical table due to temperature changes in the room).
This passive thermooptic feedback mechanism provides length—
noise suppression, as has been demonstrated in other parametric
oscillators using AgGaS, as the stabilizing element [47].

To understand the origin of the thermooptic stabilization,
consider the case where the length of the DRO cavity is slightly
longer than the optimum that maximizes F,,,x, so that a de-
crease in cavity length increases the circulating power. In the
presence of a perturbation that decreases the cavity length, there
will be an increase in the temperature of the GaAs crystal
due to the increase in absorbed power, a positive thermoop-
tic response (dn/dT > 0) due to the temperature rise, and a
compensating increase in the optical path length. Such a mech-
anism provides negative feedback with respect to length pertur-
bations. The thermally loaded DRO remains self-stabilized as
long as the bandwidth of the length perturbations falls within the
unity-gain bandwidth of the thermal self-stabilization process.
The thermal bandwidth scales inversely with the thermal diffu-
sion time across the 2.1 um wavelength beam spot in the GaAs
crystal [47]. For the 140 pm spot used in these experiments, this
condition corresponds to a bandwidth of 1.8 kHz. The passive
feedback does not lock to peak resonance as the dither-and-lock
system does. It requires an initial length adjustment to operate
near P, .. A more detailed theoretical description will appear
subsequently.

Fig. 11 shows the 1.5 THz power measured by the DTGS de-
tector (chopped at 10 Hz). The DRO cavity contained an 8-mm-
long OC-GaAs sample (A, = 1.07 mm) that simultaneously
generated THz power and stabilized the DRO. Additional elec-
tronic feedback can be used in conjunction with the thermooptic
self-stabilization to further suppress length perturbations and to
lock to a set THz power level.

VI. CONCLUSION AND FUTURE WORK

We demonstrate a novel source of frequency-tunable THz
radiation based on intracavity parametric down-conversion in
three types of room-temperature QPM-GaAs (OC-, OP-, and
DB-GaAs). As a pump for THz generation, we used the sig-
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. - ~
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Zero =
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Fig. 11. Passively self-stabilized DRO signal (2.116 4m), idler (2.14 pm), and
signal—idler DFG (1.5 THz radiation chopped at 10 Hz) measured waveforms
for a duration of 90 s.

nal and idler waves of picosecond-pulse near-degenerate type-I1
singly and doubly resonant OPOs. Type-II QPM enabled near-
transform-limited pulses with wavelengths near 2.1 um to be
generated close to degeneracy, and the THz center frequency
was tunable from 0.4 to 3.5 THz. In both cases of active (elec-
tronic feedback) and passive (GaAs thermooptic feedback) sta-
bilization, the DRO operated for >30 minutes with only small
fluctuations in output power. Two orders of optical cascading
were measured during intracavity THz generation. We have
generated 1 mW of THz average power from 180 nJ pump
laser pulses with an optical-to-THz conversion efficiency of
1.2 x 107* (quantum efficiency of 1.2%).

With total cavity losses of 4%, it should be possible to reach
20 mW of average THz power with a 2.1 um wavelength spot
size of ~350 pm in the GaAs. Experiments are underway with
improved polarizers with round-trip losses of 1073 and GaAs
samples with losses of 2% to demonstrate this performance.
Ring cavity designs offer an approach to a further, reduction of
cavity losses.

The output power is potentially scalable to >50 mW by im-
plementing a design with multiple orders of resonant cascading.
Such a system would require dispersion compensation, to main-
tain resonance across the broader infrared spectrum of such a
device, and further, reduction of intracavity loss.
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