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Abstract: This paper reports an intracavity terahertz parametric source based on the
stimulated polariton scattering in RbTiOPO, crystal with a high repetition rate and a high
average power. The side pumping for the gain medium by laser diodes is adopted to get
a higher fundamental power and a larger fundamental laser beam size than those in the
diode-end-pumping in order to improve the THz output power. A non-collinear convex-plane
fundamental cavity is adopted so that the thermal effect can be offset in some degree
and the fundamental beam size is further increased. The obtained maximum average THz
output power is 367 uW at 3.88 THz when the diode pump power is 105 W and the pulse
repetition frequency (PRF) is 7 kHz. The terahertz power of 367 uW is the highest ever
obtained in SPS sources.

Index Terms: Nonlinear optics, THz sources, stimulated polariton scattering.

1. Introduction

Terahertz wave sources have received considerable attention for many applications such as mate-
rial science, drug and food inspection, security checking, biomedicine, and imaging [1]-[6]. Stimu-
lated polariton scattering (SPS) is an efficient nonlinear effect which can be used to generate the
terahertz wave. It is a mixed second-order and third-order nonlinear process. When a sufficiently
strong fundamental laser is incident in polar crystals (both infrared-active and Raman-active), a
near-infrared wave (which is usually called Stokes wave) and a far-infrared wave at THz frequency
are parametrically generated. The systems based on the SPS effect are usually compact and low
cost, and operated at room-temperature. The generated THz radiation is highly coherent in time
and space and widely frequency-tunable. In the SPS process, the fundamental, Stokes and THz
waves must follow the momentum conservation and energy conservation laws [8].
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In the past more than twenty years, the nonlinear crystals used in the SPS sources are usually
LiNbO3; or MgO:LiNbO3 (MgO:LN), and the frequency range of the THz wave is from 0.5 to 3.6 THz
[9]-{13]. In recent years, some researches have been conducted to expand the tuning range of the
THz frequency by using crystals besides LiNbO3, such as KTiOPO, (KTP), KTiOAsO, (KTA), and
RbTiOPO, (RTP) [14]-[16]. RTP crystal is an excellent nonlinear crystal. Its nonlinear coefficient
is large (dss = 15.6 pm/V) [17]. Compared with MgO:LN, KTP, and KTA, the RTP crystal has
higher optical damage threshold (15 J/cm? at 10 Hz, 6 ns, 1064 nm) [18]. Higher optical damage
threshold improves the performance of bearing higher pump power. RTP has better performance
in SPS lasers than MgO:LN, KTP and KTA [16], [19], [20].

According to the position of the nonlinear crystal, SPS sources include external-cavity pumped
systems and intracavity pumped systems. The external-cavity pumped systems are mainly used
to generate terahertz pulses with relatively high pulse energies and low pulse repetition rates
[21]-[283]. In the intracavity pumped systems, nonlinear crystals are inserted into the fundamental
cavity so that it can take advantage of the high intracavity fundamental power to reach the SPS
threshold under relatively low diode pump power. Compared with external-cavity pumped systems,
the intracavity pumped SPS sources are usually more compact and exhibit relatively low SPS
threshold, high terahertz pulse repetition rate, high THz output power, and high diode-to-THz
efficiency.

Over the past decade, nearly all the reported intracavity SPS systems adopted the diode-end-
pumped configuration. In 2006, T. J. Edwards et al. demonstrated a diode-end-pumped intracavity
SPS system based on the MgO:LN crystal. The generated THz pulse energy was 5 nJ at 1.6 THz
when the repetition rate was 15 Hz (implying mean power of 75 nW) [24]. In 2008, D. J. M. Stothard
et al. improved the THz radiation power by increasing the repetition rate. The THz pulse energy
was 30 nd at a repetition rate up to 400 Hz (implying mean power of 12 W) [25]. In 2013, A. J. Lee
reported an intracavity, diode-end-pumped THz source based on the MgO:LN crystal. The obtained
average THz power was 6.45 uW at 1.82 THz under the diode power of 5 W [26]. In 2016, T. A.
Ortega reported an intracavity SPS source using a linear RTP crystal in the Si-prism array coupler
configuration. The average THz power was 16.2 uW at 3.8 THz [16]. In 2017, T. A. Ortega improved
the performance of the SPS laser by coating a Teflon thin film on the THz reflection surface of the
MgO:LN crystal in the surface-emitted (SE) configuration. The optical damage threshold of the
MgO:LN surface was then increased, and the THz output power was detected as 56.8 uW at
1.76 THz under the diode pump power of 6.5 W [27]. In 2018, T. A. Ortega reported an intracavity
SPS source using the RTP crystal in the SE configuration. The maximum THz output power was
detected as 124.7 uW at 4.10 THz under the diode power of 6.0 W. So far, the THz power of
124.7 uW is the highest level for intracavity SPS sources [19].

In the diode-end-pumped configuration, the intracavity fundamental beam couples efficiently with
the diode pump beam, which results in low laser threshold and high diode-to-fundamental and
then high diode-to-THz conversion efficiencies. However, there are some limiting factors for further
improving the average THz output power. Firstly, in the SPS process, the generations of the Stokes
and THz waves arise from the consumption of the fundamental wave. It means that for a certain
nonlinear crystal, the parametric process has a positive correlation with the fundamental wave
power. In the diode-end-pumped systems, the diode pump power and then intracavity fundamental
power are limited by the thermal fracture of the laser material [28]. Thermally induced spherical
aberration and birefringence can also significantly degrade the laser performance [29]. Secondly,
the fundamental beam size in the end-pumped configuration is usually small (usually several
hundred micrometers). Because the refractive index of nonlinear crystals to THz wave is large,
the SPS process must follow the non-collinear phase matching condition [8] (see Fig. 1). Larger
fundamental beam size means larger nonlinear interaction volume among the fundamental, Stokes
and terahertz beams. So, increasing the fundamental pump power and fundamental beam size are
effective measures to improve the THz output power. Diode-side-pumping for the fundamental laser
gain medium is a good solution. In the diode-side-pumped intracavity configurations, because the
distribution of the diode pump wave in the laser medium is uniform, the thermal effect is relatively
light. As a result, the systems can work efficiently even under high diode pump power [30]. In
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Fig. 1. The non-collinear phase-matching condition, and the overlapping area between fundamental
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Fig. 2. Experimental setup of the intracavity RTP SPS laser adopting the diode-side-pumped
configuration.

addition, the fundamental beam size is relatively large [31]. The diode-side-pumped configuration
has been used to generate high output power in some fields [32]-[36]. Of course it should
be pointed out that the diode-side-pumped systems have the common disadvantage that the
optical-to-optical efficiency is lower due to the insufficient absorption of the diode pump light in
the outer part of the laser rod.

With a desire to achieve a SPS laser with high repetition rate and high average power, we
employed the intracavity diode-side-pumped configuration in a RTP terahertz parametric oscillator
to decrease the thermal effect and increase the fundamental beam size. The surface-emitted
output method for the terahertz wave was used to extract the THz wave efficiently. Additionally,
a non-collinear convex-plane fundamental cavity was adopted to further offset the thermal effect
and increase the fundamental beam size. Finally, the obtained maximum average THz output power
was 367 uW at 3.88 THz when the PRF was 7 kHz and the diode pump power was 105 W. As far
as we know, 367 uW is the highest average THz power for SPS sources. The SE configuration is
adopted to efficiently extract the THz wave.

2. Experimental Setup

The experimental schematic of the diode-side-pumped intracavity SPS laser is shown in Fig. 1.
The fundamental cavity was composed of M1, M2, and the total reflection surface of the RTP
crystal. The cavity was designed as a convex-plane configuration so that the thermal effect could
be offset in some degree and the fundamental beam size could be further increased. The length
of the whole fundamental cavity was 330 mm. The mirror M1 was convex and the curvature radius
was 2000 mm. It was high reflection (HR) coated at 1064 nm (R>99.99%). The output mirror
M2 was flat with a reflectivity of 99.54% at 1064 nm. Diode-side-pumping for the gain medium
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Fig. 3. Variations of the (a) fundamental output power and (b) intracavity fundamental power with the
diode pump power.

Nd:YAG was adopted. The maximum diode laser power was 180 W. The Nd:YAG rod was 65 mm
in length and 3 mm in diameter, and was antireflection (AR) coated at 1064 nm on both ends.
An acousto-optic (AO) module (Gooch & Housego Company) was used to obtain the Q-switched
pulses with high frequency rate. The Stokes resonator was a plane-plane configuration including
mirrors M3 and M4. In order to prevent the Stokes cavity from clipping the fundamental beam,
the mirrors M3 and M4 were both fabricated as the semicircle shape. M3 was HR coated in the
range of 1060—1100 nm, and M4 was the output mirror of the Stokes resonator. The Stokes cavity
length was 120 mm. The RTP crystal was isosceles trapezoid shape in the x-y plane with the
base-angle of 60°. By this design, the THz beam could nearly perpendicularly radiate through
the base-surface of the crystal without the need of any other couplers. The baseline and waist of
the RTP crystal in the x-y plane were 18 mm and 10 mm, respectively. The thickness of the RTP
crystal was 5 mm. Two waist-surfaces of the RTP crystal were both AR coated in the range of
1060—-1100 nm. M3 and M4 were installed on two independent dynamoelectric rotating-platforms,
respectively. The oscillating direction of the Stokes wave could be precisely adjusted by controlling
the rotating-platforms. Thereby, the tunings of the Stokes wavelength and the THz frequency were
realized. The average THz output power was recorded by a calibrated Golay detector (TYDEX
GC-1D). To eliminate the interference of the undesired near-IR and background waves, a long
pass filter (TYDEX LPF 14.3-47) was installed in front of the Golay cell. An optical chopper with the
duty cycle of 50% and the operation frequency of 10 Hz was placed between the RTP crystal and
the Golay cell.

3. Experimental Results and Discussions

The angle-tuning characteristic of the RTP crystal has been investigated in the external-cavity
pumped SPS source [20]. The THz-frequency tuning range of a certain nonlinear crystal is
mainly related to the crystal’s properties and is hardly affected by the pumping configuration. The
optimal THz frequency based on the RTP crystal was at 3.88 THz where the THz output power
was maximal. The pulse repetition frequency was selected as 7 kHz. The output power scaling
properties of the fundamental wave before and after consumption for the diode-side-pumped SPS
laser at 3.88 THz are investigated and shown in Fig. 3(a). By intentionally aligning and misaligning
the mirror M4, the SPS process could be switched on and off. When the SPS process was switched
off, the fundamental output power scaled linearly with increasing diode power. When the SPS
process was switched on, the fundamental wave began to be consumed for the incident diode
pump power above 58 W. With further increasing the diode pump power, the residual fundamental
output power was clamped at an average level of 570 mW. But the fundamental consumption (the
difference power between the original fundamental and residual fundamental waves divided by the
original fundamental wave power) increased nearly linearly, indicating that the fundamental wave
was consumed by the SPS process. This phenomenon that once the SPS starts, the residual
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Fig. 4. Beam diameters of the original fundamental, residual fundamental and stokes waves inside the
RTP crystal as a function of the diode pump power.

fundamental power remains nearly constant and all the additional power is transferred is common
in the terahertz parametric oscillator [26] and also happens in other nonlinear effects such as
stimulated Raman scattering [38]. We will investigate the physical essence of this effect in the future
work using rate equations. Finally, the fundamental output powers before and after consumption
were measured as 1.12 W and 574 mW respectively, and the corresponding fundamental wave
consumption was calculated as 49% when the diode pump power was 105 W. Fig. 3(b) shows the
intracavity fundamental power as a function of diode pump power. It is the result of the output
power divided by the M2 transmittance (T = 0.46%). The fundamental threshold of the SPS
process in the RTP diode-side-pumped system was calculated as 132 W. The maximum one-way
fundamental powers in the cavity before and after consumption were calculated as 243 W and
124 W, respectively.

As mentioned above, the non-collinear phase matching condition must be satisfied in the SPS
process. The spatial interaction between the fundamental and Stokes waves in a linear crystal
is shown in the area | in Fig. 1. The diagram is sketched for the linear geometry just for easier
understanding. The interacting area is same for a surface-emitted configuration because of the
mirror reflection. The fundamental beam was perpendicularly incident into the crystal. The Stokes
beam oscillated with an angle ¢ from the fundamental beam according to the near-forward Raman
scattering configuration X(ZZ)X+¢ in the SPS process. The THz beam was generated in the
overlapping area |. Obviously, the larger the fundamental beam size is, the larger the interaction
volume between the fundamental and Stokes waves will be in the nonlinear crystal.

The fundamental beam sizes (before and after consumption) and the Stokes beam sizes
inside the RTP crystal under different diode pump powers were then investigated. The original
fundamental beam sizes outside the oscillator were firstly measured using a camera beam profiler
(THORLABS, BC106N-VIS/M, 350—1100 nm) when the SPS was switched off. The beam radii at
different positions were fitted into the curve w?(x) = w3[1 + (x/f)?], where x represents the distance
between the output coupler mirror and the camera beam profiler, wy is the beam waist radius,
f=rmwi/(AM?) is called the Rayleigh length, M? is the beam quality parameter. Then the ABCD
modeling was used to deduce the original fundamental beam size inside the RTP crystal. When the
SPS was switched on, the fundamental wave was consumed and the Stokes and THz waves were
generated. The residual fundamental size and the Stokes beam size inside the RTP crystal could
also be calculated. The fundamental (before and after consumption) and Stokes beam sizes inside
the RTP crystal as functions of diode pump powers are shown in Fig. 4. The fundamental beam
size decreased slightly with increasing diode power when the SPS was switched off, and it became
larger after consumption. The generated Stokes beam size increased slightly with increasing diode
power. The average fundamental beam diameters before and after consumption were about 1.2
and 1.3 mm, respectively. The average Stokes beam diameter was about 0.8 mm.
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Fig. 5. Mode profiles of the (a) original fundamental, (b) residual fundamental and (c) stokes waves.
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Fig. 6. The input-output characteristics of the Stokes and THz waves.

The beam profiles of the fundamental (before and after consumption) and generated Stokes
waves are shown in Fig. 5 when the diode pump power was 85 W. Because of the diode-side-
pumped configuration, the beam quality of the original fundamental wave was not very good. The
mode structure of the fundamental wave became a little degraded after the terahertz wave was
generated. In contrast, the beam quality of the Stokes wave was much better. And there was no
obvious change in the Stokes mode profile with increasing diode pump power. This phenomenon
was similar to the beam-cleanup effect [37] occurred in the general Raman lasers that although
the fundament wave oscillated on multiple transverse modes, the generated Raman wave could
oscillate as near diffraction-limited. The horizontal and vertical beam quality parameters of Stokes
wave were measured as 1.24, and 1.25 respectively using an M? beam quality analysis system
(THORLABS, M2MS, 400-5000 nm).

The input-output characteristics of the Stokes and THz waves are demonstrated in Fig. 6. The
Stokes and THz waves were generated simultaneously when the incident diode pump power was
58 W. With increasing diode pump power, their average output powers increased nearly linearly in
the beginning but tended to saturate for high diode pump power. The saturation may be caused
in a way by the thermal effect. The average THz output power increased up to 367 uW when the
diode pump power was 105 W. Higher diode pump power was not tried considering the optical
damage threshold of RTP. The diode-to-THz conversion efficiency is lower compared to that in the
diode-end-pumped configuration due to the insufficient absorption of the diode pump light in the
outer part of the laser rod. However, the terahertz average power of 367 uW is the highest for SPS
sources as far as we know (triple of the highest power ever reported for the SPS lasers).

The pulse temporal behavior could visually describe the fundamental wave consumption and
the Stokes wave generation. The fundamental and Stokes pulses under different diode pump
powers were detected using two same Si detectors (THORLABS, DET10A/M, 400—1100 nm). The
waveforms were recorded by an oscilloscope (Tektronic TDS5052B, 500MHz, 5GS/s), as shown in
Fig. 7. The fundamental wave had no depletion and the pulse width was 202 ns when the diode
power was 55 W which was under the SPS threshold, as shown in Fig. 7(a). When the diode
power was 70 W, the fundamental wave had obvious depletion (residual pulse width was 147 ns),
as shown in Fig. 7(b). The Stokes pulse was generated and the rising edge corresponded to the
point where the fundamental pulse depletion commenced. The Stokes pulse width was 42 ns. With
increasing diode power, the residual fundamental pulse width decreased, and the depletion of the
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fundamental wave was more serious. The pulse widths of the residual fundamental and Stokes
waves were 93 ns and 33 ns respectively when the diode power was 85 W, as shown in Fig. 7(c),
and 67 ns and 21 ns respectively when the diode power was 100 W, as shown in Fig. 7(d).

The THz beam profile of the SE intracavity diode-side-pumped system was measured by adopt-
ing the approach of two-dimensional scanning. A silver paper with a 200 um diameter pinhole
was stick in front of the Golay cell entrance window. The THz beam pattern that was measured
at 2 cm far from the THz output surface is shown in Fig. 8(a). The measured THz spot had an
asymmetric elliptical distribution which was caused by the elliptical fundamental beam shape on
the output surface. The THz wave had a close-to-Gaussian distribution both in the horizontal and
vertical directions as shown in Figs. 8(b) and (c) (The solid lines were Gaussian fitted). The half
maximum (FWHM) beam diameters were measured as 4.2 mm in horizontal direction and 2.7 mm
in vertical direction, respectively.
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4. Conclusion

A high average power intracavity SPS laser based on RTP crystal has been demonstrated. The
SE configuration is adopted to efficiently extract the THz wave. The diode side pumping for the
gain medium Nd:YAG is adopted to obtain a high intracavity fundamental power and a large
fundamental beam size. A non-collinear convex-plane fundamental cavity is employed so that
the thermal effect can be offset in some degree and the fundamental beam size can be further
increased. The fundamental beam diameters before and after consumption in the RTP crystal are
about 1.2 and 1.3 mm, respectively. When the diode pump power is 105 W and the PRF is 7 kHz,
the obtained maximum average THz power is 367 uW at 3.88 THz. Although the diode-to-THz
conversion efficiency is lower compared to that in the diode-end-pumped configuration, as far as
we know, the THz output power of 367 uW is the highest for terahertz parametric sources based
on SPS.
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