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Tunable 3—6 THz Polariton Laser Exceeding
0.1 mW Average Output Power Based on
Crystalline RbTiOPO,

Tiago A. Ortega

Abstract—We report a diode-pumped, intracavity THz laser
source based on stimulated polariton scattering in crystalline
RbTiOPO, using a surface-emitting configuration. The system was
continuously tunable in four regions, from 3.05 to 3.16 THz, from
3.50 to 4.25 THz, from 4.57 to 4.75 THz, and from 5.40 to 5.98 THz.
The laser delivered 124.7 W average output power at 4.10 THz
for only 6.0 W diode pump power at 808 nm, corresponding to
a diode-to-THz conversion efficiency of 2.1 x 10~>. The horizon-
tal and vertical beam quality parameters were M7 < 1.6 and
M2 < 1.1 and the linewidth of the terahertz field was 28 GHz at
4.10 THz. The results demonstrate that the surface-emitting con-
figuration is a very efficient technique to produce high-power THz
laser sources with frequency-tunable output suitable for real-world
applications.

Index Terms—Nonlinear optics, parametric devices, Raman
scattering, solid-state lasers, stimulated polariton scattering (SPS),
terahertz lasers.

1. INTRODUCTION

ERAHERTZ spectroscopy and spectral imaging tech-
T niques have demonstrated great potential to address im-
portant real-world applications in various fields, particularly
in medicine [1]-[3], homeland security [4]-[6] and non-
destructive testing across a wide range of industries [7]-[9].
However, further development of robust, reliable and cost-
effective THz sources with sufficient output power is crucial
to produce commercially viable systems.

A prominent technique for THz generation is stimulated po-
lariton scattering (SPS) which has been demonstrated in non-
linear crystals such as MgO:LiNbO3 (MgO:LN), KTiOPO,
(KTP), KTiOAsO, (KTA), and more recently RbTiOPO, (RTP)
[10]-[15]. In SPS, a fundamental laser field (frequency v;) in-
teracting with a polariton mode of a nonlinear crystal para-
metrically generates two other fields, a Stokes (frequency vg)
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and a polariton field (with terahertz frequency vTy,), in a non-
collinear phase matching configuration [10]. The frequency of
the polariton field is the difference between v¢ and vg, in keeping
with the conservation of energy. To satisfy momentum conser-
vation, a noncollinear phase matching scheme is used, and the
frequency of the Stokes and THz fields can be modified by
adjusting the interaction angle between the fundamental and
Stokes fields [10].

A key design consideration for SPS lasers is how to effi-
ciently extract the generated terahertz radiation from the crystal.
Here there are two key challenges. First, strong THz absorption
by the nonlinear material makes it necessary to minimize the
length over which the THz field must propagate before exiting
the crystal. Second, the high refractive indices for THz radia-
tion can lead to total internal reflection (TIR) if the angle of
incidence of the THz beam exceeds the critical angle. For this
reason high-resistivity silicon prisms are typically bonded to the
crystal’s side face, enabling the THz radiation to refract into the
silicon and exit the prisms at near-normal incidence, into the air
[16]. There are substantial Fresnel reflection losses and signifi-
cant absorption of the THz field during its propagation through
the silicon prisms. A more efficient extraction mechanism is the
surface-emitting (SE) configuration, in which the fundamental
and Stokes fields experience TIR inside the nonlinear crystal,
and the phase matching angles result in a polariton field gen-
erated in close proximity and at near-normal incidence to the
crystal-air interface. Hence, the THz radiation generated at the
TIR surface is refracted directly into the air. The SE configura-
tion has been reported using several polariton crystals including
MgO:LN, KTP and KTA [13], [14], [17] where it was found to
be effective at producing higher THz outputs and smaller beam
sizes when compared to the performance of linear resonators in
combination with silicon prisms.

SPS has been demonstrated for externally-pumped and
intracavity nonlinear crystals. Reaching SPS threshold for
externally-pumped crystals however, require the use of high
energy pulsed laser systems, which are generally complex, of-
ten expensive and lack compactness. This can be contrasted to
the intracavity design, in which the SPS crystal is placed inside
the resonator of what is typically a diode-pumped Nd laser, mak-
ing use of the intense intracavity fields to reach SPS threshold
for very modest (typically a few Watts at 808 nm) diode pump
powers [18]. The resulting devices are typically compact and
cost-effective, and can be pumped by conventional laser diodes.
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They exhibit very low SPS threshold, high average THz output
powers and outstanding diode-to-THz efficiency when com-
pared with externally pumped systems [12], [18]. Most intra-
cavity SPS terahertz lasers have used MgO:LiNbOj to generate
terahertz fields continuously tunable in the ~1-3 THz range in
both linear [18], [19] and SE configurations [20], [21]. Recently,
our group sought to extend the THz frequency coverage of these
sources, and reported the first intracavity SPS source based on
a different nonlinear material, RTP, which was implemented in
a linear configuration[15].

Rubidium titanyl phosphate (RTP) is an excellent nonlin-
ear crystal widely used in electro-optical devices, due to its
high nonlinear coefficient, high laser damage threshold, low-
switching voltage and high transparency range [22]. These at-
tributes make RTP a very attractive material for SPS, and the
system reported in [15] produced detectable terahertz radiation
ranging from 3.10-4.15 THz, with a maximum average output
power of 16.2 uW at 3.80 THz. However, while the Stokes
lasing indicated THz fields up to 7.05 THz were being gener-
ated inside the material, no emission above 4.15 THz could be
detected, and this was attributed to increased THz extraction
losses and reduced detection efficiencies associated with the
higher THz frequencies. The use of an intracavity RTP crystal
in a SE configuration was proposed as a potential means for
increasing the range of THz frequencies that could be detected.

In this manuscript we report, for the first time to our knowl-
edge, a THz polariton laser based on an intracavity RTP in a
surface-emitting configuration which produces terahertz radia-
tion in four tunable bands between 3.05 THz and 5.98 THz,
providing much better spectral coverage compared to the
3.10—4.15 THz reported previously using a linear configura-
tion [15]. The lack of continuous tunability is associated with
infrared absorbing modes in the material [15]. Moreover, the
SE configuration promoted a substantial increase of more than
7 times in THz output power and in one order of magnitude in
diode-to-THz efficiency. A maximum average output power of
124.7 tW was detected at 4.10 THz for a diode pump power of
just 6 W, resulting in a diode-to-THz efficiency of 2.1 x 107>,
This result represents an important milestone because it is not
only the highest average THz output power and diode-to-THz
efficiency ever reported for any intracavity SPS laser, but also
the first time an intracavity SPS source has exceeded the 0.1 mW
average output power level.

II. EXPERIMENTAL DETAILS

The THz polariton laser with the intracavity RTP crystal in SE
configuration is outlined in Fig. 1. The RTP crystal was cut with
a trapezoidal geometry, and was placed inside the cavity of a
conventional diode-pumped Q-switched Nd:YAG laser. Within
this cavity, the fundamental 1064 nm field underwent TIR inside
the RTP crystal, forming a folded cavity. The Stokes field also
underwent TIR inside the RTP crystal, in a separate folded cavity
formed by an independent pair of mirrors. The internal angles
of the RTP trapezoid and the folding angles of the fundamental
and Stokes resonators were designed to produce a polariton
field which was generated at an incidence angle close-to-normal
on the TIR surface. This enabled the terahertz radiation to be
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Fig. 1. Resonator layout for the THz polariton laser with intracavity RTP in a
surface-emitting configuration.

directly refracted out of the RTP crystal. The internal angle
0 between the fundamental and Stokes fields was adjusted to
produce frequency-tunable THz radiation [12].

The fundamental resonator was end-pumped by a fiber cou-
pled diode laser operating at 808 nm (100 pm core diameter,
0.22 NA; 10 W maximum output power). The diode laser was
chopped at 200 Hz with a 50% duty-cycle to reduce thermal
lensing. A pair of aspheric lenses produced a ~300 pm diam-
eter pump spot inside a 1 at.% Nd:YAG crystal (5 mm length,
5 mm diameter; anti-reflection coated for 808 and 1064 nm). The
fundamental resonator was 250 mm-long and was composed of
a flat input mirror M1 (T > 99% at 808 nm and R > 99.99% at
1064 nm) and a concave output coupler M2 (radius of curvature
= 1000 mm; R = 99.4% at 1064 nm). The fundamental field
was Q-switched by an acousto-optic cell at a repetition rate of
3 kHz. This was substantially higher than the diode laser chop-
ping frequency and hence was not affected by the chopped pump
diode. The trapezoidal RTP crystal (Crystech Inc.) had base an-
gle of 60° with longer base length of 12 mm, S mm height and
8 mm thickness in the crystallographic z axis direction. The
orientation of the crystallographic xy plane with respect to the
crystal geometry is shown inset in Fig. 1 and the laser fields were
polarized in the z-direction. Total internal reflection of the fun-
damental and Stokes fields occurred at the uncoated long base
of the trapezoid, and the crystal end faces were anti-reflection
coated for the fundamental and Stokes wavelengths (R < 0.3%
from 1060 to 1090 nm).

The pair of flat mirrors M3 and M4 were separated by 85 mm
and coated for high reflectivity from 1060 to 1090 nm (R >
99.99% for M3 and R > 99.9% for M4) and formed the Stokes
resonator. Each Stokes mirror was mounted on an independent
rotation stage, which enabled high-precision tuning of the in-
ternal angle 6, and consequently fine adjustment of the THz
frequency. To avoid clipping of the fundamental field when ad-
justing the Stokes resonator, both mirrors M3 and M4 were
D-shaped.

The average fundamental field power leaking from M2 and
the average Stokes power leaking from M4 were measured with
a laser power meter, and their temporal characteristics were
measured with a fast silicon photodiode. The wavelength of
the fundamental and Stokes fields were monitored with a spec-
trometer, and the difference between the energy of these fields
was used to calculate the terahertz frequency. The average ter-
ahertz output power was measured with the same apparatus
described in [15], an optical chopper (10 Hz) and a Golay cell
(Tydex GC-1T; 116.14 kV/W @10 Hz), in combination with a
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long pass filter (Tydex, LPF 14.3) and a 50 mm focal length
TPX lens (Tydex), to ensure that all the generated terahertz ra-
diation was collected. The laser operated with the pump laser
diode at 50% duty-cycle, and it is important to note that all the
average output power levels presented in this manuscript are
those obtained during the laser-on periods.

III. RESULTS AND DISCUSSION

The fundamental resonator was optimized first, produc-
ing a 10644 nm field. Adjusting the interacting angle
from 6 = 1 — 2.8°, wavelength-tunable Stokes radiation from
1076.1 to 1087.5 nm was measured, corresponding to polari-
ton fields from 3.05-5.98 THz being generated internally. For
interacting angles below 1° the Stokes mirrors clipped the fun-
damental field, preventing oscillation of the fundamental field,
and for angles above 2.8° no SPS fields could be detected, this
being attributed to a decreasing overlap between the funda-
mental and Stokes cavity modes, resulting in decreasing SPS
gain. The 2.8° upper limit for the interacting angle is below
that observed for the linear resonator, in which SPS activity
was present at angles as high as 3.6° inside RTP [15]. The
frequency-coverage of the THz polariton laser based on RTP
in linear (adapted from [15]) and in SE configurations are plot-
ted in Fig. 2 for a 5.5 W diode pump input. In the figure, the
average THz output power measured with the Golay cell, emit-
ted from the TIR surface of the RTP crystal is plotted together
with the average Stokes power measured leaking from M4. The
SE resonator was continuously tunable in four regions, from
3.05-3.16 THz, from 3.50—4.25 THz, from 4.57-4.75 THz and
from 5.40-5.98 THz, a substantially wider range when com-
pared to the linear configuration in which terahertz detection
was limited to 3.10-3.17 THz and 3.50-4.15 THz. The gaps in
THz emission correspond to polariton modes in RTP located
around 106, 143 and 161 cm~! [15] and result from the increase
in absorption close to resonance. It is important to note that the
emission from RTP fills the emission gap from sources based
on KTP and KTA [13], [14], and vice-versa. In the experimen-
tal setup, the output frequency was manually adjusted with the
translation stages; this can be easily automated with motorized
stages for rapid frequency scanning, envisioning future applica-
tions.

From Fig. 2 it should be noted that with the RTP in SE con-
figuration, frequency-tunable THz radiation was detected for all
interacting angles producing wavelength-tunable Stokes fields.
This was not the case with the same crystal in linear configura-
tion previously reported in [15], in which the highest detectable
THz frequency was 4.15 THz, whilst frequencies as high as
7.05 THz were generated inside the nonlinear material. The
frequency-tuning results obtained from the RTP in SE configu-
ration confirms that extraction of the THz fields from the SPS
crystal were the limiting factor for the linear configuration, and
this can be avoided with the SE geometry. This is because the
SE geometry virtually eliminates THz absorption losses for the
fields generated at the TIR surface, producing measurable THz
signal across the entire SPS tuning range.

The system was power scaled at the most efficient SPS fre-
quency on each emitting band, 3.12 THz, 4.10 THz, 4.69 THz
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Fig. 2. Average THz output power and average Stokes power measured for
a 5.5 W diode pump input (a) from the SE configuration. (b) From the linear
configuration (adapted from [15]). The higher THz powers and expanded spec-
tral coverage achieved by using the SE configuration are clearly apparent. The
significant dips in THz power are attributed to water vapor absorption present
in the laboratory environment [23].

and 5.53 THz. The power scaling curves for the 4.10 THz,
1080.1 nm Stokes and 1064.4 nm fundamental (undepleted and
depleted) fields are shown in Fig. 3, as a representation of the
general power scaling response of the system. The undepleted
fundamental field power corresponds to the 1064.4 nm output
with the Stokes cavity blocked (i.e., no SPS action), and the de-
pleted value correspond to the output leaking from M2 with the
SPS process active (i.e., Stokes cavity unblocked). The decrease
in power from the undepleted to the depleted fundamental field
for a given diode pump level is related to the amount of energy
channeled to the SPS process, and the percentage of depletion
calculated from this difference in power is an indication of the
SPS conversion efficiency [12].

Threshold for generating the fundamental field was 0.6 W
diode pump power; while the lowest pump power required
to achieve SPS threshold was 2.3 W, for a THz frequency of
4.10 THz (1080.1 nm Stokes). Considering the average output
power at 1064 nm at this pump level (200 mW), the transmission
of mirror M4 at 1064 nm (0.6%), the calculated cavity mode size
inside the crystal (230 pm radius), and the measured pulse width
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Fig. 3. Power scaling for the fundamental (undepleted and depleted),
1080.1 nm Stokes (magnified 10 times) and 4.10 THz fields.

at this pump level (270 ns full width half-maximum (FWHM)),
a SPS threshold intensity of 27 MW/cm? can be calculated.
This figure is comparable to that observed in other intracav-
ity systems, which are typically lower than those observed in
externally pumped resonators [12], [15], [18].

At 4.10 THz, a maximum average terahertz output power of
124.7 pW was measured for only 6.0 W diode pump power
(pump depletion in excess of 60%), corresponding to a diode-
to-THz conversion efficiency of 2.1 x 1073, This represents a
7-fold increase in power over the 16.2 W previously obtained
for the linear THz polariton laser [15], and one order of mag-
nitude improvement in diode-to-THz efficiency, this demon-
strating another great advantage of the SE configuration. The
system maintained similar SPS thresholds and a high level
of average output power at the other three frequencies evalu-
ated, with a maximum average output power of 62.3 W at
3.12 THz,47.1 uW at 4.69 THz and 78.6 W at 5.53 THz for a
maximum 6.0 W diode pump input. The SPS threshold for the
surface-emitting configuration is comparable to that of the lin-
ear cuboid crystal, suggesting similar gains for both configura-
tions. Hence, the substantial increase in the THz signal detected
from the surface-emitting configuration can be attributed to a
much higher extraction efficiency. When comparing RTP with
MgO:LN, the most explored SPS crystal, RTP yielded more
than double the amount of THz output which suggests that the
materials properties of RTP may be more favourable to nonlin-
ear conversion via SPS. Moreover, in RTP laser damage to the
TIR surface did not occur, as opposed to what at observed in
MgO:LN, which required a protective Teflon coating to the TIR
surface [21].

The temporal profile of the fundamental (undepleted and de-
pleted) and 1080.1 nm Stokes fields were measured at 6.0 W
diode pump as shown in Fig. 4. Close inspection of Fig. 4(a)
shows that the rising edge of the Stokes pulse (blue line) co-
incides with the point at which depletion of the fundamental
commences. The full-width at half maximum (FWHM) of the
fundamental field pulse decreased from 213 ns undepleted to
51 ns when depleted, and the Stokes pulse width was mea-
sured to be 12 ns (FWHM). The area under the undepleted
and depleted fundamental field pulses are related to the energy
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Fig. 4. (a) Temporal profiles of the depleted and undepleted 1064 nm, and
1080.1 nm Stokes fields at 6.0 W diode pump power; and (b) terahertz signal at
4.10 THz focused to a 920 x 680 pm spot (horizontal x vertical; 1/e?) with a
50 mm focal length spherical lens into the THz camera.

output of these fields, and the ratio between the pulse area of
the depleted and undepleted pulses is another indication of the
fundamental field depletion. From this ratio, a 65% depletion
was calculated, a value comparable to that measured from the
power scaling curves.

The linewidth of the free-running terahertz field was esti-
mated from the coherence length of the 4.10 THz field, measured
with a Fabry-Pérot interferometer [24] constructed from two sil-
icon windows (0.5 mm thick, 50.8 mm diameter, Tydex). From
the interferometric measurements, a coherence length of around
3.4 mm was measured, corresponding to a 28 GHz (4+1 GHz)
linewidth estimated at 4.10 THz, considering a Lorentzian spec-
trum [25]. This is similar to the free-running linewidth mea-
sured for other intracavity SPS systems, and could potentially
be reduced with the insertion of etalons in the fundamental and
Stokes cavities [19]. The polarization of the terahertz output
was measured with a linear polyethylene polarizer (Tydex) to
be vertically polarized, parallel to the crystal z-axis.

The terahertz output at 4.10 THz was collected with a 50 mm
focal length TPX lens (Tydex) placed at ~100 mm from the
TIR surface, and focused on a camera sensitive to THz radiation
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(IRV-T0831, NEC Corporation), as also shown in Fig. 4(b). A
920 x 680 um (horizontal x vertical; 1/e?; 450 pzm) spot was
formed in the focal plane array of the camera, demonstrating
the ability of the source to produce uniform and tightly-focused
beams. The small asymmetry of the focused spot is a conse-
quence of the ellipsoid mode shape at the TIR surface, and may
be corrected with customized optics. The horizontal and verti-
cal beam quality parameters (M?) for the free-space propagating
terahertz field at 4.10 THz was calculated with the knife-edge
method, similarly to what was reported in [21], and assuming a
close-to-Gaussian THz beam profile. From these measurements,
horizontal and vertical beam quality parameters were calculated
respectively to be M7 < 1.6 and MZ < 1.1. These values are
substantially lower than that reported for an intracavity SPS laser
in a linear configuration, using silicon prisms to extract the THz
field, in which the beam quality was measured to be M% ~ 6.7
and M} ~ 2.3 [26], indicating that the SE configuration can
increase the brightness of the THz output when compared to the
linear configuration.

IV. CONCLUSION

In this manuscript we reported the development of the first
THz polariton laser based on RTP in SE configuration. The
combination of the good material properties of RTP in an intra-
cavity surface-emitting configuration resulted in a record-high
terahertz output, with an average output power of 124.7 yW
detected at 4.10 THz. Furthermore, it was continuously tunable
in four regions, from 3.05-3.16 THz, from 3.50—-4.25 THz, from
4.57-4.75 THz and from 5.40-5.98 THz, significantly extend-
ing the frequency coverage of THz sources based on intracavity
SPS, and filling the emission gaps of other nonlinear materials.
The diode-to-THz conversion efficiency was 2.1 x 1073, the
highest ever reported for an intracavity SPS laser, to the best
of our knowledge. The horizontal and vertical beam quality pa-
rameters were M7, < 1.6 and M? < 1.1, and the linewidth of
the terahertz field was 28 GHz at 4.10 THz. When compared to
the linear approach which uses silicon prisms to extract the THz
fields, the surface-emitting configuration yielded a substantial
increase in the range of terahertz frequencies detected and a
notable increase in the average output power levels measured,
this being a consequence of the superior extraction efficiency
and the elimination of absorption losses for the THz fields gen-
erated at the TIR surface. Also, the M? parameters of the THz
output in the horizontal and vertical directions were superior to
what is typically obtained in the linear configuration. The re-
sults reported here suggest that the intracavity surface-emitting
configuration is extremely advantageous, and represents a com-
pelling advance towards producing practical THz sources with
frequency-tunable output for real-world applications.
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