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A B S T R A C T

In this paper we review the field of terahertz (THz) sources which make use of the nonlinear,
stimulated polariton scattering (SPS) process. A historical perspective of the technology is offered,
in addition to an investigation of modern SPS-based THz sources. Breakthroughs in these source
technologies have coincided with rapid developments in laser technology over the past 10 years.
We are now in an age where pulsed SPS-THz sources are generating peak powers in excess of 50
kW, and continuous wave SPS-THz sources can be produced using diode pump powers as low as
2.3 W. The versatility of this approach to THz generation has enabled the generation of coherent
THz radiation across continuous wave (CW), nanosecond-, and picosecond-pulsed modalities, with
sources spanning the frequency range 0.5–13 THz. Being based on robust and well-developed,
crystalline solid-state laser technology, these sources hold great promise as an enabling technol-
ogy for a plethora of THz applications.
1. Introduction

Terahertz radiation has seen a rapid surge in popularity due to the rise in proposed applications. These range from the mundane to
the revolutionary, wherein THz radiation may hold the key to unlocking new cancer diagnosis and treatment methodologies [1–3].
Fundamentally, these applications are enabled by the way in which THz radiation couples with molecular bonds of materials. As the
energy of THz photons is low (in comparison to visible or near-infrared radiation), this type of radiation couples strongly with
low-energy molecular bonds, a key example of which is hydrogen bonds [4–7]. This radiation has the capacity to penetrate through
many materials such as textiles and plastics [8–11]. Meanwhile, many organic and inorganic compounds exhibit THz absorption fea-
tures, giving it the ability to spectrally fingerprint many materials of interest. This capacity to penetrate many typical “covering” ma-
terials has driven great interest in applying THz radiation as a viable means of both revealing and spectrally identifying concealed
materials [8,9].

From a historical perspective, “terahertz radiation” is a relatively new description researchers have given for far-infrared (FIR)
radiation. Early work on far-infrared radiation can be traced back to the 1800s, with Langley’s investigation of the solar spectrum and
radiant heat [12]. Many of the early breakthroughs in detecting FIR/THz radiation were driven by astronomers, and Langley is credited
with the invention of the bolometer [12], a device still used today as a detector of FIR/THz radiation. THz radiation can also be found
terrestrially, weakly emitted from black-body sources. Brighter sources of FIR/THz radiation slowly emerged in the early 20th century,
with Rubens and Bayer demonstrating FIR emission from a mercury arc lamp in a quartz envelope in 1911 [13].

Many of the proposed applications for this radiation require coherent and monochromatic THz radiation and with the development
of the laser in the 1960s, there was a surge in publications on sources of high-power FIR radiation. One of the most powerful sources of
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radiation in that decade was the water vapor laser [14,15], and over the following decades numerous optical approaches using lasers or
laser-action to generate THz radiation were demonstrated, including photoconductive antennas (PCAs) [16,17], optical rectification
(OR) [18,19], difference-frequency generation (DFG) [20,21], terahertz parametric generation (TPG) or stimulated polariton scattering
(SPS) [22,23], and direct generation from quantum cascade lasers (QCLs) [24,25]. While many of these approaches have been effective
at generating THz radiation, none are yet ideal; some require cryogenic cooling, others generate a single non-tunable wavelength, some
are limited to low power, and more practically some are high cost. Each of these approaches constitutes a field of research, feeding the
development of commercially-available THz sources. Recent reviews of THz sources can be found in Ref. [26,27].

Themost widely used THz sources would be those based on PCAs. A wide range of semiconductor crystals, e.g. GaAs, have been used,
and these sources are compatible with coherent detection methods such as electro-optic (EO) detection. They emit pulsed, broadband
radiation, typically in the 0.1–4 THz region, and are usually used in conjunction with time-domain spectroscopy (TDS) for spectroscopic
measurements. These sources require an ultrashort pulse (typically fs) excitation laser which is both costly and complex, and conse-
quently these sources are most widely used in the laboratory environment. Sources based on OR also require an ultrashort pulsed laser
for excitation, but here the pulsed THz radiation is generated by a second order nonlinear optical process in crystals such as LiNbO3 and
GaAs. They tend to be less efficient than PCA sources, however OR-based sources can be made to operate over a much wider range of
THz frequencies. QCLs are developing at pace, and can generate CW or pulsed output. They are compact and highly efficient sources for
the mid-infrared, but require cryogenic cooling for operation at THz frequencies. QCLs have narrow linewidth and operate at discrete
wavelengths, making them more suitable for imaging rather than spectroscopic applications. In recent work, difference frequency
mixing of two mid-infrared QCLs has been effective in generating THz radiation at TEC or room temperatures [28]. Terahertz sources
based on the nonlinear optical process of DFG typically require two excitation lasers, and generate narrowband THz output that may be
tunable in the event that one of the excitation lasers is tunable. TPG involves a combination of third-and second-order optical effects,
namely stimulated polariton scattering (SPS) and parametric generation respectively, and generates tunable narrowband output that
may be CW or pulsed depending on the excitation laser.

There are two main types of measurements for which THz lasers are required: spectral fingerprinting, which requires broadband or
tunable narrowband emission; and imaging, which generally requires radiation at a discrete frequency and with high power. Accord-
ingly, broadband emission from PCA and OR sources is not ideal for imaging applications, while the fixed wavelength emission from
QCL and many DFG sources is not ideal for spectroscopy. Beyond this, the choice of THz source will depend largely on practical con-
straints such as cost, size, and complexities such as cryogenic cooling. THz sources based on SPS can be used for both imaging and
spectral fingerprinting; this has been referred to as the holy-grail in THz technology. Moreover these sources are typically based on
diode-pumped Nd laser technology, which is robust, compact and affordable, and they can be operated in cw or pulsed (ns, ps) regimes.

The focus of this review paper is to give a comprehensive overview of THz laser sources based on SPS. This approach to THz
generation is not new, and was first investigated in the 1960s and 1970s as a viable means of generating wavelength-tunable, FIR
radiation. With the rapid rise in laser and crystal growth technologies, there has been resurgence in the use of SPS for generation of THz
radiation using a host of laser resonator configurations and different SPS-active crystals. We will introduce the SPS process, and provide
both historical and modern perspectives on this approach to the generation of THz radiation. We will offer insights into the theory of
SPS, with particular emphasis on theory relating to the generation of THz radiation from intracavity-SPS resonator designs. We will also
review the development of practical SPS laser resonators with a focus on intracavity designs and methods which yield maximum THz
frequency tunability and power scaling capability. Lastly, we will report measurements that demonstrate the potential for using THz
sources based on SPS for both spectral fingerprinting and imaging.

2. Detection of THz radiation

Signal to noise ratio (SNR) is a critical parameter that determines the usefulness of any particular THz spectroscopy or imaging
system, along with spatial and spectral resolution. While the SNR is impacted by the characteristics of the THz source, it is also strongly
dependent on the nature of the sample and the characteristics of the detector. Here we present a short overview of the most commonly
encountered THz detectors used in modern THz research. While a diversity of technologies are capable of detecting THz radiation, some
methods are better suited to detection of THz radiation generated from SPS-THz sources than others. THz detectors can be broadly
classified into incoherent and coherent detectors. Incoherent detectors can be used as stand-alone detectors of THz radiation and provide
information about signal intensity. Coherent THz detectors on the other hand must be integrated as a part of a THz generation and
detection scheme, but provide information about the amplitude and phase of the THz output.

2.1. Incoherent THz detectors

In many respects, development of incoherent THz detectors predates the development of THz sources. Detectors such as the
bolometer were developed in the 1800s for detection of thermal radiation, and these are now common place as universal detectors of
THz radiation. In general, the sensitivity of incoherent detectors can be enhanced by using lock-in detectionmethods, whichmay require
chopping or otherwise modulating the THz beam.

2.1.1. Bolometers
These devices work on the principle that incident radiation is absorbed by the detecting element, inducing a change in tem-

perature and in resistivity, which is then converted into an electronically readable signal. As the thermal conversion is generally
wavelength insensitive, they are very broad-band detectors. They require modulation of the incident radiation in order for the signal
2
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to be read-out. One of the most commonly used bolometers in modern THz research is the cryogenically-cooled or hot-electron
bolometer [29,30]; an example is the IR Labs 4.2 K bolometer system, which is cooled in two stages using liquid nitrogen and
liquid helium. These are very high-sensitivity detectors, responsive to wavelengths in the range 10–5000 μm (30 THz – 60 GHz), with
noise equivalent power (NEP) of order 10�13 W/Hz1/2, and fast response times of order 10s of picoseconds [31]. Bolometers have
been a mainstay of THz research labs, especially those where low-power THz radiation must be detected with high signal-to-noise
ratio.

While highly sensitive, cryogenically cooled bolometers are generally cumbersome and costly to use owing to their requirement for
liquid nitrogen and liquid helium, microbolometers use a different approach, typically based on VOx films that are thermally isolated on
a thin membrane. Unlike hot electron bolometers, these bolometers may be operated at room temperature, and are sensitive out to 4.3
THz [32]. They are, however, relatively slow with typical response times of several milliseconds [33]. Microbolometer arrays have also
been developed for imaging of THz radiation and infrared radiation [34]. One such device is the NEC IRV-T0830 THz imager. This is a
320 � 240 element focal plane array imager with pixel pitch of 23.5 μm and NEP of <100 pW (@4 THz), and was used to acquire the
images in Fig. 8(a) and (b).

2.1.2. Golay cells
Also referred to as a pneumatic detector, the Golay cell was developed in the 1930s [35] as a highly sensitive detector of infrared

light. Golay cells comprise a light-absorbing medium interfaced to a gas-filled cell that has a deformable membrane. Absorption of light
incident on the absorbing medium leads to heating, which expands the gas within the cell. This causes a deformation of the membrane
which in turn is registered optically through the use of an LED and photodiode. Similar to the bolometer, they require modulation of the
incident radiation for signal read-out.

These detectors can be operated at room temperature, and maintain excellent sensitivity in the THz frequency range, with typical
NEP of ~0.8 � 10�10 W/Hz1/2 at 20 Hz (note that the responsivity of the Golay cell will vary based on the chopping frequency of the
incident light). They are straightforward detectors to handle and use, although due to the mechanical nature of the gas cell and
membrane, vibrations in the range of 1–100 Hz should be avoided. Typical response times are ~25 ms. Due to the nature of the gas cell-
membrane setup, Golay cells have limited power handling capacity, with maximum powers of 10s of μW being typical. We have used
Golay cells extensively to measure the output of intracavity SPS lasers, and note the importance of regular calibration.

2.1.3. Pyroelectric detectors
Pyroelectric detectors are based on a thin, permanently poled, ferroelectric crystal (such as LiTaO3) which exhibits a pronounced

pyroelectric effect wherein the instantaneous polarisation is a function of the rate of temperature change of the crystal [36,37]. This
change in polarisation of the crystal is registered as an electronic signal by applying conductive electrodes onto the crystal surfaces.
As the detectors measure a change in the polarisation of the ferroelectric crystal, the incident THz radiation must be modulated at low
frequencies. The typical NEP of these detectors is ~4.0� 10�10 W/Hz1/2 with response times in the μs –ms range. These detectors can
handle higher powers than Golay cells (mW level), with far greater dynamic range, and are not affected by mechanical vibrations.
2.2. Coherent THz detection

In contrast to incoherent detectors, coherent detectors have the capacity to record both the amplitude and phase of a THz signal. In
order to achieve this, they generally require detected signals to be referenced to a known coherent signal.

2.2.1. Electro-optic detection
Electro-optic detection is widely used in combination with photoconductive THz sources, and in this case the incident and trans-

mitted signals are both passed through the electro-optic crystal and a delay line is incorporated to probe the temporal profile of the THz
field, which typically has low average power levels [38]. While they can offer high NEP of order 10�16 W/Hz1/2 [39], they are generally
more difficult to implement in SPS-THz sources, in comparison to the use of incoherent detectors.

2.2.2. Upconversion detection
A coherent upconversion detection has been demonstrated for use with SPS-THz sources in Ref. [40]. This means of detecting THz

radiation employs a reciprocal process to the generation of THz radiation via SPS, wherein incident THz photons interact with the
fundamental-field photons within a Mg:LiNbO3 crystal to generate (near-infrared) Stokes photons. The up-converted Stokes signal is
amplified via the SPS process and then detected using a conventional CCD or other sensitive detector. The NEP of this detection scheme
has been calculated to be ~18� 10�12 W/Hz1/2 [41]. The sensitivity and efficacy of this detection method does however require access
to an intense reference (fundamental) field for amplification of the up-converted Stokes field.

From this brief overview of THz detector technologies, it is clear that incoherent detection technologies are perhaps the most
compatible with SPS-THz sources. In particular bolometers, Golay cells and pyroelectrics, have been quite effective in this respect, and
their continued uptake is largely driven by the high average powers that can now be generated from these THz sources. From an ap-
plications perspective, interfacing these detectors is straight forward, as they are very much like conventional thermal laser power
meters. Here, highly flexible source and detector arrangements/setups are possible wherein transmission and reflection measurements
can be routinely made.
3
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3. Stimulated polariton scattering

3.1. Basic principles

Polaritons are quasi-particles/states which result from the coupling of two quanta. Within the context of this review paper, polaritons
refer to phonon-polaritons, where the polaritons are a result of coupling between mechanical vibrational modes within a crystalline
material (phonons) and propagating photons. Such polaritons can only exist in polar materials that have Raman activity (a third-order
nonlinear characteristic). Good examples of such materials include semiconductors such as gallium phosphide (GaP) and dielectric
crystals such as lithium niobate (LiNbO3) and lithium iodate (LiIO3).

Spontaneous scattering by polaritons involves the inelastic conversion of an incident ‘fundamental’ photon to generate a lower-
energy ‘Stokes’ photon, and a polariton that carries away the energy difference; the process is akin to Raman scattering that instead
generates a phonon. Stimulated polariton scattering manifests in cases where the intensity of the fundamental field is sufficiently high,
and the generated polariton field stimulates further scattering of the fundamental field, leading to exponential growth of the Stokes field.

Polaritons have their own characteristic dispersion curve, which derives from the properties of the mechanical resonances as well as
the polar charge and high frequency permittivity. Conservation of energy and momentum in the phase-matched polariton scattering
process fixes the relation between the geometry of the scattering process to the energy of the polariton; increasing the fundamental-
Stokes crossing angle leads to increasing polariton frequency, so allowing tuning of the THz output by controlling the fundamental
and Stokes fields’ directions.
3.2. Historical perspective

The theory of polariton scattering can be traced back to the 1950’s and Huang’s model of coupling between an electromagnetic field
and the mechanical lattice of an ionic material [42]. In this body of work, the coupling between the EM field and a single mechanical
mode (oscillator) of the material was described. This was further developed by Fano [43], who described the frequency-dependent
dielectric constant of a material being comprised of a summation of a number of modes. In 1958, Hopfield coined the term “polar-
iton” to describe a propagating mode of mixed exciton and photon character [44]. In 1963, Loudon investigated the process of stim-
ulated Raman scattering and noted that phonons scattered in the forward direction are partly photons, and that the scattering process in
this case can be considered parametric [45]. Barker [46] and Shen [47] developed multiple-oscillator models which describe the
dielectric function of materials, and produced plots of the polariton dispersion characteristic. These papers laid the foundations of
polariton scattering theory, which was further developed by Faust et al. [48,49], Henry and Garrett [50], Barker [51], and Sussman [52].
The papers by Henry and Garrett [50] and Sussman [52] perhaps offers the most encompassing overview of early polariton scattering
theory, and in the case of Sussman, also incorporates an experimental investigation of SPS in lithium niobate (LiNbO3). Many
contemporary papers which detail THz generation through the SPS process, and particularly theoretical investigations of the process,
draw upon the equations in the form presented by Sussman.

Experimental demonstrations of polariton scattering emerged in the 1960’s, with Henry first demonstrating the generation of
polaritons of differing energy, in a Raman scattering experiment in Gallium phosphide (GaP) [53]. This was followed by Scott et al., who
in 1967 demonstrated polariton scattering in quartz from three different transverse modes [54]. In 1969, there were numerous pub-
lications on polariton scattering in LiNbO3 by Kurtz et al. [55], Gelbwachs et al. [56], and Yarborough et al. [57]. Perhaps the most
significant of these is the work of Yarborough, who described polariton scattering in LiNbO3 off the 248 cm�1 A1 polariton mode. This
mode in LiNbO3 (shifted to 252 cm�1 in MgO:LiNbO3) is most commonly used in modern-era SPS-systems for the generation of tunable
THz radiation.

As will be detailed in Section 4, there is a wide gamut of crystals in which SPS has been demonstrated; however, only a handful have
been found effective in the generation of THz radiation. This is due to a number of factors, including the dispersion characteristics of the
polaritons, the absorption properties of these crystals in the THz range, and the transparency that these crystals present to potential
fundamental-field excitation wavelengths.
3.3. Theory pertaining to stimulated polariton scattering

Following the approach described by Barker [46], and later refined by Henry and Garrett [50] and Sussman [52], the polariton
dispersion function is derived from knowledge of the high-frequency permittivity in the THz range ε∞T , and the characteristics of each
mode of oscillation: frequency (ω0), linewidth (Γ), and strength (S). All these properties can be derived from spontaneous Raman
scattering spectra and infrared reflection spectra [52]. We find that the polariton permittivity as a function of THz frequency ωT is given
by

εT ðωTÞ¼ ε∞T þ
X Sω2

0

ω2
0 � ω2

T � iΓωT
; (1)

in which the summation contains parameters for each mode of oscillation. From the permittivity we can determine the polariton
dispersion curve linking the (real) THz wavevector kT to ωT :
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kT ðωTÞ¼ωT

c
Re

ffiffiffiffiffi
εT

p
; (2)
h i
And the THz absorption coefficient αT :

αTðωT Þ¼ ω2
T

kTc2
Im½εT �: (3)

The dispersion curve kTðωTÞ and absorption characteristic are plotted in Fig. 1 for the case of congruent 5mol% MgO:LiNbO3. Even
near to zero frequency, εT is dominated by the resonant term, indicating that the polariton even here has a strong phonon-character. THz
absorption rises steeply as the frequency tends towards the mode resonances at 252 cm�1 and 628 cm�1. The high absorption char-
acteristic of these SPS-active crystals, must be taken into consideration when considering SPS-gain characteristics of the crystals, and
what THz power can be generated and extracted from the crystal.

The scattering process, as a phase-matched process, must conserve energy and also momentum. Conservation of momentum is shown
pictorially in Fig. 2, where kP is the wavevector of the fundamental field, kS is the wavevector of the Stokes field, kT is the wavevector of
the polariton field, and θ is the angle between kP and kS. These vectors must form a closed triangle kP ¼ kS þ kT . Energy conservation
requires the fundamental and Stokes frequencies ωP and ωS to obey ωP ¼ ωS þ ωT .

The phase matching requirements are often visualized as follows: we assume that the fundamental and Stokes waves lie on the IR
dispersion curve, both with ω ¼ ck=ηwith η the appropriate refractive index, and then find the locus of pairs of ωT and kT that satisfy the
phase matching requirement as a function of θ: These curves are plotted in Fig. 3, for fundamental wavelengths of 1064 nm and 1342
nm. Theory predicts [50] that the strongest THz generation and highest Stokes gain occurs where these curves cross the undamped
polariton dispersion curve (the dotted line in Fig. 1, found by setting Γ to zero in the equation for εT), and so for each interaction angle
we finally predict a specific THz frequency will be generated. The damped and undamped dispersion curves are very close, apart from
near resonance, for which the polariton is almost a pure phonon.

These solutions demonstrate that the polariton frequency can be tuned in two key ways: by varying the interaction angle between the
fundamental and Stokes fields, and by varying the fundamental field wavelength. Within the context of THz sources based on the SPS
process, the most practical approach to tuning the THz frequency is through control of the phase matching angle between the funda-
mental and Stokes fields, with the angle typically in the range of a few degrees.
3.4. Gain characteristics of the stimulated polariton scattering process

With the propagation directions of the interacting fundamental, Stokes, and THz fields fixed by the choice of desired THz frequency,
we can look to predict how those fields develop as they propagate. That development depends of course on each particular experimental
arrangement of fundamental and Stokes beams widths, beam profiles, and overlap.

The fields interact through three different terms: a normal χð2Þ difference-frequency interaction between the fundamental and Stokes
fields and the optical component of the polariton field; a normal χð3Þ Raman interaction with the fundamental and Stokes fields driving
the mechanical component of the polariton that in turn scatters fundamental photons to Stokes photons; and a χð2Þ-like interaction
particular to transitions that are both IR- and Raman-active, which couples the optical component of the polariton field to the funda-
mental and Stokes field via a mixture of the polar polariton coupling and the χð3Þ term. The pure Raman term is not significant away from
resonance, and is neglected in most proofs, and the other two terms can be collected into an effective χð2Þ-like nonlinearity χP :
Fig. 1. Plots of the real and imaginary parts of the propagation constant k, yielding (right) the polariton dispersion curve (red) and the undamped
dispersion curve (blue dotted) and (left) the field absorption characteristics of 5mol% MgO:LiNbO3.
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Fig. 2. Wave vector diagram showing interaction of the fundamental (kP), Stokes (kS), and polariton (kT) fields, and intersection angles ϴ, ϕ and ϕ’.

Fig. 3. Dispersion curve for the 252 cm�1 polariton mode in 5mol% MgO:LiNbO3, with phase matching curves (for a range of angles θ) overlaid for
fundamental wavelengths of 1064 nm and 1342 nm. Note the vertical scale in THz.
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χPðωTÞ¼ d’

E þ
X Sω2

0 d
’

Q

ω2 � ω2 þ iΓω
: (4)
�
0 T T

�

in which dE’ and dQ’ are the second- and third- order nonlinearities respectively.
It is common to make predictions of Stokes and polariton gain by assuming that the fields are all infinite plane waves, and with

fundamental depletion neglected. It is found that the Stokes and THz fields both undergo exponential amplification, with the Stokes gain
gS linked to the THz gain gT by gT ¼ gS cos φ’, in which φ’ is the angle between the fundamental and THz fields (of order 65�). The Stokes
gain is given by (cgs units used) [52]:

gIPWS ¼ αT

2 cos φ’

"�
1þ 16α2

P cos φ’
α2
T

�1=2

� 1

#
; (5)

in which

α2
P ¼

πωPωS

2ηTηSηPc3
IP χ2P; (6)

and IP is the fundamental field intensity.
Before applying these equations to an experimental configuration, it is important to check their suitability. The infinite plane wave

assumption is accurate only for extremely large beams (mm-scale) in conjunction with extremely large gain or extremely high THz loss:
these conditions might be approached in single pass THz generators, or towards the highest-frequency tuning range of lower-gain
systems. At low to intermediate THz frequencies, these assumptions are strongly violated for most experiments, and the infinite
plane wave predictions can be quite wrong.

We have recently developed a new theory that instead assumes that the pump and Stokes beams are Gaussian beamswith 1= e2 radius
rx in the plane of THz generation, and makes no assumptions about the form of the development of the THz field as it is generated, and
propagates across these finite beams. With these assumptions, the Stokes gain is predicted to be [58]:
6
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gGaussianS ¼ �
αaxis
P

�2 1ffiffiffip e
ðαTþgS cos φÞ2 r2x

ð32sin2 φÞ �… …

Z ∞

Erfc
�ðαT þ gS cos φÞr2x � 8x sin φffiffiffip

�
e
� αT x

2 sin φ e�2ðx2=r2x Þe�
gSx

2 tan φ dx: (7)

2sin φ �∞ 4 2rx sin φ

� � � �

in which αaxisP is calculated using the peak intensity of the Gaussian beam IaxisP ¼ 2PP=A.
The Gaussian theory agrees with the infinite plane wave theory where that theory is valid, provided we use IP ¼ PP=A for the in-

tensity of the infinite pump beam. As expected, the Gaussian theory gives quite different predictions for narrow beams or for low gain
situations, for which the infinite plane wave theory is not valid. Using material values for 5mol% MgO:LiNbO3 given in Table 1, we can
make numerical predications for the Stokes gain in MgO:LiNbO3 THz lasers. Fig. 4 (a) shows the Stokes gain predicted by each theory for
a high pump intensity of IP ¼ 300 MW/cm2 that might be suitable for a THz parametric generator; the gain gGaussianS predicted by
Gaussian theory also depends on the radius of the pump beam in the plane of THz generation; for a 4 mm beam, the gain predicted using
infinite-plane-wave theory gIPWS is relatively accurate, but gain decreases strongly as the beam is made narrower, particularly at lower
THz frequencies where the absorption is lower. Fig. 4 (b) shows the Stokes gain for a lower pump intensity of IP ¼ 18.25 MW/cm2, with
gains of the magnitude required for THz parametric oscillators. We see that gIPWS erroneously predicts a large gain peak at 0.5 THz even
for 4-mm-radius beams.
3.5. Stimulated polariton scattering and other nonlinear processes: competition

Given the intensity of the excitation (fundamental) field used to achieve threshold for the SPS process, it is not surprising that other,
undesired, nonlinear effects can manifest in unison with the SPS process. Notably, sum-frequency generation (SFG) [60], stimulated
Raman scattering (SRS) [47,61], and stimulated Brilliouin scattering (SBS) have all been reported [62,63].

As SPS-active crystals exhibit both second-order and third-order nonlinearities, residual SFG of the propagating high-intensity
fundamental and Stokes fields will generally occur, this manifesting as scattered visible radiation when NIR excitation wavelengths
are utilised. As this process does not occur with optimal phase matching, it generally has little impact on the efficiency of the system as a
whole. It is worth mentioning however, that residual visible radiation may impact the transparency properties of some SPS-active
crystals, for example KTP, which is known to suffer transmission losses due to formation of color centres, upon absorption of visible
radiation [64].

The process having the most impact on the efficiency of SPS-THz systems is SRS. As the SRS process is not phase-matched, its
appearance depends on whether the laser oscillator has sufficient cavity-Q at the SRS-generated Stokes wavelength. An example of the
presence of the SRS process having a detrimental effect on system performance is described in Ref. [65], where undesired SRS shifting on
the 268 cm�1 mode in KTiOPO4 is observed, in addition to SPS. In that case, notable power was being generated at the undesired,
SRS-induced Stokes wavelength, which ultimately reduced the available power to drive the SPS process. In most cases, the laser system
can be engineered to prevent appearance of undesired SRS through control of the allowed oscillating wavelengths, by using specifically
designed mirrors, or tuning elements such as etalons or birefringent filters.

SBS is a process which has been known to manifest within systems in which third order nonlinear processes take place, and has been
well documented to occur in competition with SRS [66,67]. Indeed, it has also been reported to manifest in SPS systems generating THz
radiation [68,69]. While the competition between SPS and SBS has not been extensively studied, it is known that SBS can be avoided
through the use of laser fields with pulse durations in the sub-nanosecond range (shorter than the lifetime of acoustic phonons) [68]. The
impact that SBS can have on lasers based on SPS is worthy of further investigation.
Table 1
Material properties and properties of the A1 vibrational modes of congruent MgO:LiNbO3 [52,59].

Symbol Definition Value for 5mol% MgO:LiNbO3

ε∞T High-frequency permittivity 4.6
dE ’ Strength of pure χð2Þ nonlinearity 5:28� 10�6 esu
ω0 Vibrational mode resonant angular frequency 252 cm�1

271 cm�1

307 cm�1

628 cm�1

S Vibrational mode oscillator strength 16
1
0.16
2.55

Γ Vibrational mode linewidth 25.5 cm�1

17 cm�1

25 cm�1

35 cm�1

dQ Vibrational mode Raman strength 1.2 � 10�6 esu
�2.3 � 10�6 esu
�2.8 � 10�6 esu
1.8 � 10�6 esu
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Fig. 4. Stokes gain gIPWS from infinite plane wave theory (dash) and gGaussianS from Gaussian theory for Stokes beams of different radii with (a) IP ¼
300 MW/cm2; and (b) IP ¼ 18.25 MW/cm.2.
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4. SPS-active media

Contemporary THz sources based on the SPS process are dominated by the use of MgO:LiNbO3 and KTiOPO4, KTiOAsO4, RTiOPO4
variants, mainly due to the fact that these crystals are extremely easy to handle, and are readily available as they are used as key
components in other devices such as acousto- and electro-optic modulators, and nonlinear frequency convertors. The choice of crystals
determines the frequency range of the THz output, as well as gain characteristics, the efficiency with which the generated THz can be
extracted from the crystal, and the geometry of the laser resonator.

In this section, an overview of the properties of each of these crystals will be given, along with a description of some of the crystals
which were investigated in the early years of research into SPS.
4.1. Stoichiometric and congruent LiNbO3 and MgO:LiNbO3

LiNbO3 and MgO:LiNbO3 are arguably the most used crystals for the generation of THz radiation via the SPS process. The popularity
of this crystal largely stems from its wide availability, high transparency in the near-infrared region, high nonlinearity, and ease of
handling (not being hygroscopic and having excellent hardness). The overall quality of lithium niobate crystals has also improved
significantly over the past decades, due to their common use in electro-optic modulation and nonlinear second harmonic generation
(especially in the case of periodically-polled lithium niobate).

The high second and third order nonlinearities of this crystal, especially its strong Raman resonances, makes it particularly suitable
for generating polaritons with frequencies in the THz range. In the case of MgO:LiNbO3, the polariton dispersion curve is dominated by
the properties of A1 resonances at 252 cm�1 and 628 cm�1, as shown in Fig. 1.

The first experimental demonstration of SPS in undoped LiNbO3 was by Kurtz and Giordmaine in 1969 [55], followed closely by
Yarborough et al. [57], also in 1969. In both cases, they investigated Raman scattering by polaritons, in the case of Kurtz, based on the
628 cm�1 mode, and in the case of Yarborough, the 248 cm�1 mode. This was followed by the report by Sussman in 1970 [52], whose
development of SPS theory was discussed in the previous section. The importance of such early works means they continue to be
well-cited in the literature.

With a drive to develop more robust and damage-resistant LiNbO3 crystals, it was found that doping with MgO, increases the
photorefractive damage resistance of these crystals [70–74]. In the case of a stoichiometric composition, the optimal MgO concentration
is ~1mol%, while for congruent compositions, this concentration is ~5mol%.While MgO-doping increases the photorefractive damage
resistance of these crystals, this has somewhat been at the expense of a reduction in the bulk damage threshold of the crystal, owing to
aggregation of the MgO, and a reduction in transparency with increasing doping concentration [75]. It also impacts the Raman scat-
tering, and hence, SPS-characteristics of these crystals. In general, increasing MgO doping, acts to narrow the linewidth of the A1
polariton modes, and reduce the frequency of the A1(TO2) mode [76]. It has been shown that the overall THz power which can be
generated from these crystals (using the A1(TO1) mode, located at ~ 252 cm�1), increases with MgO-doping concentration, up to a level
of ~8 mol%, after which, there is a steep decline in power [77]. There is also an associated red shift in the Stokes wavelength, and blue
shift in the polariton frequency [77]. From these studies, it was also serendipitously concluded that the optimal MgO-doping concen-
tration is ~5 mol% for optimal THz generation in congruent compositions [78].

As will be detailed in Section 5.1.2, the RIKEN (Japan) THz research group has contributed significantly to the application of lithium
niobate as the crystal of choice for THz generation via SPS. In particular, they have carefully studied the impact of MgO doping con-
centration has on SPS generation efficiency [77]. They have also investigated the effect of cryogenic cooling of these crystals, and its
impact on THz generation efficacy [79]. The application of cryogenic cooling had the effect of significantly increasing the THz power
which could be harnessed from these crystals, as low temperatures reduced the absorption coefficient of the crystal at THz frequencies,
8
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owing to a decrease in linewidth (Γ), of the lowest A1 mode. Further investigation of the merits of using stoichiometric MgO:LiNbO3 was
conducted by Palfalvi [80] and Xianbin [81], where it was found that stoichiometric compositions exhibited lower overall THz radiation
absorption within the crystal, due to the [Li]/[Nb] ratio being closer to the ideal value of one, rather than that found in congruent
compositions, where there are a higher number of intrinsic defects within the structure.

While the benefit of stoichiometric MgO:LiNbO3 has been highlighted, its application in experimental systems for the generation of
THz radiation has been limited. This may be in part due to the lack of suppliers who offer high-quality stoichiometric crystals, owing to
greater complexity in growth due to the required purity of starting materials, greater required tolerance on pull rates and overall growth
rates of the crystal. There is relatively little interest in stoichiometric MgO:LiNbO3 outside application as an SPS crystal for THz gen-
eration. Perhaps more troublesome is the reliable supply of high optical-quality, congruent, 5 mol% MgO:LiNbO3 crystals.

We have observed first-hand, a high level of variability in crystal quality between suppliers, and between crystals cut from the same
growth boule. For application in THz generation via SPS, MgO:LiNbO3 crystals are typically grown along the crystal x-axis, as opposed to
the crystal z-axis (which is far more common for crystals used in modulator applications). In the case where growth occurs along the x-
axis, there is a high propensity for the development of refractive index striations in planes transverse to the growth axis [82,83]. Such
striations are easily visible when looking through the polished end-faces of the crystals. These striations are believed to be borders of
planes between regions of different refractive indices, which arise from regions of different Li/Nb ratio and/or MgO content. The net
result of these striations is to refract propagating laser beams, leading to beam walk-off and onset of optical aberrations, all of which
affect laser alignment and ultimately, efficiency. Furthermore, there have been more general reports detailing the difficulty in growing
uniform, large LiNbO3 crystals with MgO-doping, owing to the development of macro and microstructures within the crystal bulk [83].

We have found that the elemental composition of congruent 5 mol% MgO:LiNbO3 crystals can vary between suppliers, and indeed
between boules grown by the same manufacturer. Here, the quality/purity of the starting materials is responsible for this variation. We
have measured (via laser-induced, inductively-coupled-plasma mass spectroscopy- ICPMS) a range of transition metals including Cu, Zr,
Ta and Fe, between different crystal samples from different suppliers. It is well known that the presence of transition metals, and in
particular, Fe, have an influence on the photovoltaic properties of LiNbO3, and consequently its photorefractive properties [84–86]. Also
of note is that SPS could not be achieved in a batch of crystals with a lower abundance of Li6 compared to Li7 isotopes. This is of
significance as compositionally, these crystals were technically 5 mol%MgO:LiNbO3. Further investigation revealed that the abundance
of Li6 isotopes is critical to achieve SPS, as a greater abundance of these isotopes results in increased Raman gain, as highlighted in
Ref. [87].

In our experience, congruent 5 mol% MgO:LiNbO3 supplied by HC Photonics Corp (Taiwan) [88], and Yamaju ceramics (Japan)
[89], performed particularly well in our THz lasers, while crystals from some other suppliers did not yield any THz output at all. The
reasons for this are presently unknown, and may reflect trace impurity concentrations which cause absorption of the optical fields
and/or exacerbate photorefractive effects. In a similar vein, we have had little success in the application of stoichiometric 1mol%
MgO:LiNbO3 crystals, due to photorefractive damage. Other groups have however, seen improved performance using
near-stoichiometric 1 mol% MgO:LiNbO3 crystals in comparison to congruent compositions [90]. The reasons behind this are un-
doubtedly complex.

4.2. KTiOPO4, RbTiOPO4, KTiOAsO4 and variants

These crystals belong to a family of orthorhombic crystals characterized by corner-linked TiO6 octahedra [91]. The crystals have
found most application as frequency-doublers, optical parametric generators and as electro-optic crystals. They are broadly considered
to have high second and third order nonlinearities, high transparency in the visible and near-infrared regions, and high laser damage
thresholds; these properties are summarized in Table 1 (at the end of this section).

Within the context of SPS and THz generation, each of these crystals exhibit distinctly different polariton dispersion curves, this
being a consequence of their differing crystal structure and hence oscillator characteristics. These crystals all exhibit a number of closely-
spaced, low wave-number Raman-active transverse optical modes which lead to high polariton absorption loss, and consequently no net
SPS gain in these frequency-regions. This manifests in gaps in the Stokes and polariton frequency tuning curves. So while these crystals
offer the capacity to generate polaritons with frequencies high in the THz frequency range out to ~13.5 THz, discontinuities in the
frequency-tuning characteristic exist.

4.2.1. Potassium titanyl phosphate, KTiOPO4
This crystal is perhaps the most widely applied crystal of this group, having seen greatest application in second-harmonic generation,

optical parametric generation, and more recently, as a crystal for SRS [92,93]. The Raman and infrared reflection spectra are available
within the literature [91,94], and from these, the polariton dispersion curve of this crystal can be constructed, as shown in Ref. [95].

The polariton dispersion curve exhibits a number of strong resonant modes at frequencies below 250 cm�1, notably, at 153 cm�1 and
177 cm�1, both of which induce discontinuities in the polariton frequency-tuning curve.

The first demonstration of SPS in KTiOPO4 was in 1990, where Xu investigated the angular dispersive property of polaritons within a
KTiOPO4 sample [96]. The work highlighted the discontinuities which manifest due to the high abundance of modes. The application of
KTiOPO4 for the explicit purpose of generating THz radiation was demonstrated by Wang et al. [95], where the crystal was used in an
external-cavity oscillator, to generate THz emission out to 6.13 THz. This was followed by the work of Yan et al., where KTiOPO4 was
used in conjunction with a green Nd-based laser and an external-cavity oscillator to generate THz radiation out to 7.8 THz [97]. We have
also investigated the application of KTiOPO4 for THz generation based on SPS, using an intracavity configuration, generating THz
radiation with frequencies out to 5.91 THz [65].
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4.2.2. Potassium titanyl arsenate, KTiOAsO4
There is a lack of information in the literature about the Raman and infrared reflectance properties of KTiOASO4, and therefore the

polariton dispersion curve of this crystal has not been determined to our knowledge. However, analysis of the literature citing SPS in this
crystal, offers insight into the polariton scattering character of this crystal, notably the discontinuities owing to modes at 132.9 cm�1,
156.3 cm�1, 175.1 cm�1 and 188.4 cm�1 [98]. There have been only two reports of the use of KTiOASO4 in SPS-applications, the first by
Wang et al., in which KTiOASO4 was used in a similar way to their KTiOPO4 work, and placed within an external-cavity oscillator to
generate tunable THz radiation out to 6.43 THz [98]. This was followed by work by Zang et al. in which KTiOASO4 was used to generate
tunable Stokes (near-infrared) radiation, which was subsequently frequency-doubled to the visible wavelength range [99].

4.2.3. Rubidium titanyl phosphate, RTiOPO4
RTiOPO4 is a crystal commonly applied in electro-optic devices and switches, due to its low-switch voltage and high damage

threshold. As such, it is a well-developed crystal, and numerous crystal growers offer high-quality crystals. There is a lack of published
Raman and infrared reflection spectra in the literature, and the polariton dispersion curve of this crystal has not been reported to our
knowledge. However, analysis of the literature citing SPS in this crystal [100,101] offers insight into the polariton scattering character of
this crystal, notably the discontinuities owing to modes at around 106 cm�1, 143 cm�1 and 161 cm�1. The use of this crystal for the
purpose of SPS has only been studied within an intracavity SPS system [101], and the characteristics of this system will be presented
in-depth in Section 5.3.3. What is also of note when using RTiOPO4 or any of the KTiOPO4-variants, is that in addition to each of these
resonances impacting the THz generation efficiency, they are fundamentally Raman-active and they may, through the SRS process result
in the generation of undesired emission lines, which will be in the near-infrared wavelength range, in the case of Nd-based pump lasers.
As mentioned earlier, these unwanted lines impact the polariton generation efficiency and act as an energy loss mechanism. These
undesired Raman-shifts, may however, be overcome through careful resonator designs.

4.3. Other SPS-active crystals

Throughout the literature, there have been demonstrations of SPS in a broad range of crystals, for generation of polaritons, in
addition to those described above. These crystals have been investigated with a great deal of vigor, in the 1960s and 1970s, however,
they have not seen application in modern THz-SPS sources. Here we present a short overview of these other SPS-active crystals.

4.3.1. Gallium phosphide (GaP) and gallium arsenide (GaAs)
The semiconductor GaP was the first material in which polariton scattering was investigated back in 1965 [53]. This is likely due to

the high level of interest in this material at the time, and due to the fact that it has a well-defined polariton-active resonance at 365 cm�1

[48]. The theory of polariton dispersion developed with the use of GaP, through the efforts of Faust et al. [49] and Barker [102], in the
1960s, and then interest in the crystal for the SPS process diminished until the 1980s, when Nishizawa demonstrated a number of
examples where GaP and GaAs were used to generate tunable Stokes radiation via the SPS process [103,104]. Since this time, semi-
conductor crystals have fallen out of favor as materials of choice for SPS, likely due to their relatively low damage thresholds, and
limited NIR transparency, in comparison to the aforementioned crystals.

4.3.2. Quartz (SiO2)
Together with GaP, quartz is one of the earliest materials in which polariton scattering was experimentally observed [54]. Quartz

exhibits a number of polariton-active modes at 1163 cm�1, 1072 cm�1, 797 cm�1, 697 cm�1, 450 cm�1, 394 cm�1, 265 cm�1 and 128
cm�1. Polariton scattering has been observed from all of these modes except the 1163 cm�1 mode [105]. While the modes at 128 and
265 cm�1 have the potential to generate polaritons with frequencies in the THz range, the oscillator strengths of these modes is very low
[105], and consequently the SPS-gain which can be expected, is similarly very low. This is likely one reason this crystal has not found
favor in modern THz-SPS systems.

4.3.3. Potassium dihydrogen phosphate, KH2PO4 (KDP)
SPS-activity in KDP has been reported, with generation of polaritons with frequencies in the range 27–33 THz [106]. In that pub-

lication, polariton scattering was examined for small scattering angles in the range of 0.3–2.0�.

4.3.4. Lithium tantalate, LiTaO3
LiTaO3 is another early crystal examined for its polariton scattering properties, withmuch of the theoretical and experimental studies

of the crystals being performed in the 1970s [107–109]. Similar to LiNbO3, LiTaO3 has a number of SPS-active modes in the range
200–600 cm�1, with the strongest mode at 200 cm�1 [109]. Tunable polariton scattering in LiTaO3 was reported in 1971 by Chang et al.
[108], where frequencies in the range of 62–193 cm�1 (1.86–5.79 THz) could be generated for scattering angles ranging from 0.68 to
5.36�.

4.3.5. Lithium iodate, LiIO3
LiIO3 has both A and E-symmetry, polariton-active modes, many of which couple. Polariton scattering has been observed from the

795 cm�1 A-mode and the 769 cm�1 E-mode [110,111]. This crystal has not been examined/explored in contemporary SPS systems, as it
is inherently hygroscopic, and requires additional storage and handling considerations. The crystal was also found to exhibit signifi-
cantly lower SPS-gain in comparison to LiNbO3 [112].
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A summary of a number of properties of SPS-active crystals which are used in contemporary systems for THz generation, are given in
Table 2. While the second order nonlinear coefficient of these crystals is widely available in the literature, the third order coefficients are
not, hence they have not been included in Table 2 (note that we do show the Raman strengths of the SPS modes in MgO:LiNbO3 in
Table 1).

5. Laser-driven THz sources based on the SPS process

Stimulated polariton scattering is a weak nonlinear process incorporating both χ(2) and χ(3) nonlinearities, which requires the use of
high-power lasers, or an intracavity arrangement where the SPS process takes place within the resonator of a laser (where it can access
the high intensity/oscillating laser field), to build the polariton and Stokes fields from noise. In the case where a high-intensity laser is
used, externally-pumped generators and oscillators have been demonstrated. In the case of oscillators, a set of mirrors are used to
oscillate the Stokes field, and to control phase matching of the SPS process.

Within the literature, terminology for sources using SPS has changed over the decades. In the pioneering works on generation of THz,
or then termed far-infrared radiation, the term polariton scattering was used, as the quanta at these frequencies were polaritons. In
contemporary publications (1996 and beyond), description of the process of generating THz radiation in this approach, has been
described as a parametric process, hence the terminology terahertz parametric generator (TPG) and terahertz parametric oscillator
(TPO) have found favor with a number of research groups. To describe the THz production method as that of a parametric process is also
a valid description, wherein the fundamental field is equivalent to the parametric “pump”, the Stokes field, the “idler”, and the THz field,
the “signal”. This came to prominence largely due to the contributions of the RIKEN group who have arguably pioneered many of the
innovations in externally-pumped SPS THz source designs. In this work, to avoid confusion, we simply refer to the pump, Stokes and THz
fields when talking about externally-pumped THz sources.

5.1. Externally-pumped, THz SPS sources

Externally-pumped SPS sources make use of a high-intensity laser to pump an SPS-active crystal to generate THz radiation. These are
referred to as SPS THz-generators, or THz parametric generators (TPG). In the case where the generated Stokes radiation is resonated
through the SPS crystal in a cavity which encapsulates the SPS crystal, the system is referred to as an extracavity SPS resonator, or a THz
parametric oscillator (TPO). These two configurations are outlined in Fig. 5.

5.1.1. Historical perspective
Much of the history of THz or FIR polaritons has been described in the introduction of this paper, however, for context, it should be

noted that the first demonstration of an SPS-based generator was in 1965 when C. H. Henry made use of a He–Ne laser to demonstrate
the generation of polaritons in GaP [53]. This was followed by J. F. Scott et al. in 1967 who demonstrated polariton scattering in quartz,
using an argon ion laser [54]. The first demonstrations of tunable Stokes and polariton radiation in the THz frequency range was by the
group at Stanford University, where over the course of a number of years, they investigated generation of tunable Stokes and FIR ra-
diation in LiNbO3 crystals pumped by Q-switched ruby lasers. Key publications include that of Gelbwachs and Yarborough [56,57],
wherein tunable Stokes radiation was measured, with and without the use of a Stokes resonator, and later, the work by Sussman [52].
The group was also responsible for the first direct measurements of FIR radiation from an SPS-based generator, in 1971, where for
detection they used a Golay cell.
Table 2
Properties of SPS-active crystals which are commonly used in contemporary SPS systems for THz generation.

Crystal Refractive Index Transparency
Range

Second order nonlinear
coefficient

Laser damage
threshold

THz absorption

5 mol% MgO:LiNbO3

(congruent)
2.23 @ 1064 nm
[113]
5–5.2 @ 0.4–1.8 THz
[114]

0.4–5 μm [113] d33 ¼ 25 pm/V @ 1064
nm [115]

2.5 J/cm2 [75] 10–70 cm�1 from 1 to 2.4
THz [59]

1.5 mol% MgO:LiNbO3

(stoichiometric)
2.14 @ 1064 nm
[116]
4.8–5.0 @1–3 THz
[117]

0.4–5 μm [118] d31 ¼ 4.7 pm/V;
d33 ¼ 23.8 pm/V [119]

14 J/cm2 [120] 25–147 cm�1 from 0.9 to 3
THz [117]

KTiOPO4 1.74 @ 1064 nm
[121]
3.3–4.6 @ 0.3–2.4
THz [122]

0.35–4.5 μm
[122]

d33 ¼ 14.6 pm/V @ 1064
nm [115]

>50 J/cm2 [123] <200 cm�1 @
0.3–2 THz [122]

RbTiOPO4 1.77 @ 1064 nm
[124]
3.3–3.7 @ 0.4–1.5
THz [125]

0.35–4.5 μm
[126]

d33 ¼ 15.5 pm/V @ 1064
nm [127]

>22 J/cm2 [123] 20 cm�1 @ 1.5 THz
150 cm�1 @ 1.76 THz
[125]

KTiOAsO4 1.78 @ 1064 nm
[128]
3.2–5.3 @ 3.6–6.4
THz [98]

0.4–5.3 μm [129] d33 ¼ 16.2 pm/V @ 1064
nm [130]

>1.2 GW/cm2

[131]
60 cm�1 @ 1 THz [132]
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Fig. 5. Layout of (a) a THz parametric generator (TPG) and; (b) a THz parametric oscillator (TPO).
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The first demonstration of THz generation via the SPS process using an Nd-based pump laser was in 1975 where Piestrup et al.
published work on a continuously-tunable submillimeter wave source using SPS in LiNbO3, pumped using a q-switched Nd:YAG laser
[133]. Following this work, and the rapid development of Nd-based lasers in the proceeding decades, a vast majority of modern
SPS-based THz sources make use of Nd-based lasers. This historical review highlights that the concept of externally-pumping an
SPS-active crystal for the generation of THz radiation is in itself, not a modern concept, however manymodern insights into laser physics
and engineering, have led to significant advancements in the design and performance of these externally-pumped systems.

5.1.2. Modern externally-pumped SPS sources
For almost two decades, there was a hiatus on work on sources based on SPS, and interest in this process as a means of generating far-

infrared radiation significantly declined. It was not until the 1990s that interest in THz radiation was re-kindled. Within the domain of
SPS sources, it was the RIKEN group of Ito, who along with Kawase and Minamide, re-stimulated interest in SPS generators and os-
cillators for the generation of THz radiation. Here, they pioneered modern research into both TPG and TPO systems to generate THz
radiation with a range of desirable characteristics.

While externally-pumped THz SPS sources are not the core focus of this review paper, it is instructive to highlight the many con-
tributions that have been made to this field, by the groups of Ito, Kawase and Minamide, of which early contributions are highlighted in
their 2001 review paper [134]. In this publication, they describe in detail, the application of monolithic gratings and Si prism arrays to
enable out-coupling of the generated THz field from the SPS crystal, as well as injection-seeding a THz parametric generator for
enhancement of THz power and spectral narrowing. The application of Si prisms for out-coupling of the THz radiation is particularly
significant, as this has now become common place in THz SPS systems. Following this publication, they have made other advancements
including an achromatic injection seeding scheme which enables smooth tuning of the THz frequency without the need for physical
manipulation of optics [135], the use of short-pulse-pumping from a micro-chip Nd:YAG laser to generate broadly-tunable THz radi-
ation, and with very high peak power in the 10s of kW range [41,136,137]. Within the context of extra-cavity oscillators, they also
demonstrated the first surface-emitting configuration, wherein a total-internal reflection “bounce” of the pump and idler fields takes
place within the SPS crystal. By appropriately choosing the bounce angle, the generated THz field is directed at normal incidence to the
bounce surface of the SPS crystal, and hence does not suffer total internal reflection, doing away with the need for additional refractive
optics for out-coupling [138]. They have also investigated the use of a ring configuration to enhance the frequency-tuning speed of their
systems [139].

In more recent publications, they have demonstrated detection of THz radiation through up-conversion of the THz field to the near-
infrared, this being essentially the reverse process of SPS for THz generation. This approach to detection is highly effective and integrates
well with their TPG geometry, to facilitate detection of THz signals with a dynamic range in excess of 70 dB [40,68]. They have also
investigated the competition between SPS and the process of SBS. They found that the pulse-width of the pump beam has a significant
bearing on the presence of SBS and has influence on the overall THz power which can be generated from these systems [68,69].

In addition to the work of the RIKEN/Nagoya THz research group, a number of other research groups have also been prominent in
the field of externally-pumped THz SPS sources. Here, a number of discoveries and innovations have been made. These include: the use
12
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of KTiOPO4 and KTiOAsO4 crystals for the generation of THz frequencies in the ranges 3.59–6.43 THz [98], and 3.17–6.13 THz [140],
respectively; the investigation of methods of frequency tuning the THz radiation through alternate pump wavelengths, such as 532 nm
[97,141,142]; the development of novel extracavity designs including multiple internal bounce systems [143] and ring cavities [144];
and synchronously-pumped external cavity SPS-THz lasers [145,146].

The key performance characteristics of a range of modern, externally-pumped THz-SPS sources are summarized in Table 3. This table
also highlights key innovations which were implemented within each source design. Arguably, the current state-of-the-art of these
sources are those demonstrated by the Kawase group (Nagoya University, Japan), wherein, average and peak THz powers of ~550 μW
and >50 kW, respectively, are being produced, with frequency-tunability spanning the range 0.7–4.7 THz [68,147–149]. What is
notable regarding externally-pumped systems, is that they rely on high-pulse energy lasers as the pump source, be it from low repetition
rate flash-lamp pumped Nd:YAG lasers, or amplified, short pulse microchip lasers. This is a consequence of the requirement of reaching
SPS threshold in MgO:LiNbO3 [134].

5.2. Intracavity SPS sources

The development of intracavity SPS lasers has been a relatively recent endeavor, with this technique evolving and developing with
advances in surface coatings, and improvements in crystal quality, enabling high power-handling capabilities. The technique leverages
the high intensity laser field which is generated within a high-Q laser resonator. In this case, a typical solid-state Nd:YAG-based laser
pumped by a 20 W laser diode can act as an engine to drive the SPS process.

The first intracavity SPS THz sources were demonstrated by researchers at St Andrew’s University, UK, who built upon their
expertise in optical parametric oscillators (OPOs) to develop their intracavity SPS designs. In 2006, they demonstrated a diode-pumped,
Table 3
Key properties of modern extra-cavity SPS-based THz sources.

Year SPS crystal Laser Configuration Repetition
Rate

Pulse
energy

Peak
power

Average
Power

Frequency-tuning
range

Reference

1996 LiNbO3 THz oscillator; grating for THz out-coupling 16.7 Hz ~ mW
level

1.03–2.15 THz [149]

2001 LiNbO3 THz oscillator; grating out-coupler 16.7 Hz 3 mW 0.97–2.15 THz [134]
2001 LiNbO3 THz oscillator; first demonstration of Si

prism array for out-coupling
50 Hz 192 pJ 19.2

mW
9.6 nW 0.91–3.00 THz [150]

2001 LiNbO3 Injection-seeded THz oscillator; Si prism
array for out-coupling; first demonstration of
injection-seeding an SPS laser

10 Hz 0.14 nJ 1.4 nW Linewidth-200
MHz

[151]

2002 MgO:LiNbO3 Injection-seeded THz generator, Si prism
array for out-coupling

1.3 nJ >200
mW

0.70–2.40 THz
Linewidth- < 100
MHz

[152]

2006 MgO:LiNbO3 THz oscillator; first demonstration of a
surface-emitting configuration

50 Hz 104 pJ 5.2 nW 0.80–2.74 THz [153]

2007 MgO:LiNbO3 THz generator, Si prism array for out-
coupling

105 pJ 62 mW 0.90–3.87 THz [154]

2009 MgO:LiNbO3 THz oscillator, ring cavity, Si prism array for
out-coupling

500 Hz 6 nJ 3 μW 0.93–2.70 THz
Linewidth- 30 GHz

[139]

2010 MgO:LiNbO3 THz oscillator, surface-emitting
configuration

382 nJ 1.46 THz
Linewidth- > 500
GHz

[138]

2012 MgO:LiNbO3 Injection-seeded THz generator, Si prism
array for out-coupling; first demonstration of
microchip Nd:YAG laser pumping of an SPS
laser

120 W 1.20–2.80 THz
Linewidth-< 5 GHz

[137]

2013 MgO:LiNbO3 Injection-seeded THz generator, Si prism
array for out-coupling; microchip Nd:YAG
pump

100 Hz 5 μJ 50 kW 500 μW 0.70–2.90 THz [41]

2017 MgO:LiNbO3 Injection-seeded THz generator, Si prism for
out-coupling

100 kHz 100 pJ 1.37 W 10 μW 1.0–2.8 THz [155]

2016 KTiOPO4 THz oscillator, surface-emitting
configuration

10 Hz 1.61 μJ 16.1 μW 5.70–13.50 THz
(discontinuous)

[156]

2016 MgO:LiNbO3 THz oscillator, ring cavity with surface-
emitting configuration

10 Hz 12.9 μJ 129 μW 1.359 THz (fixed) [144]

2014 KTiOPO4 THz oscillator, surface-emitting
configuration

10 Hz 336 nJ 3.36 μW 3.17–5.55 THz
(discontinuous)

[95]

2014 KTiOAsO4 THz oscillator, surface-emitting
configuration

10 Hz 627 nJ 6.27 μW 3.59–6.43 THz
(discontinuous)

[157]

2018 RbTiOPO4 THz oscillator, surface-emitting
configuration

10 Hz 1.77 μJ 17.7 μW 3.01–5.89 THz
(discontinuous)

[158]

2011 MgO:LiNbO3 THz oscillator, synchronously pumped, ring
cavity with Si prism array for out-coupling

80 MHz 170 nW 0.9 THz (fixed) [145]

2016 MgO:LiNbO3 THz oscillator, synchronously pumped, ring
cavity with Si prism array for out-coupling

80 MHz 3.4 μW 0.51–2.12 THz [146]
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q-switched, intracavity THz source using Nd:YAG and MgO:LiNbO3 crystals, generating an average output power of 75 nW (peak pulse
energy of 5 nJ/pulse), with tuning across the range 1.2–3.05 THz [22]. Following this, they demonstrated the use of intracavity etalons
[159], and injection-seeding [160], both with the effect of significantly reducing the linewidth of their source, in the case of injection
seeding, reaching the sub-100 MHz level (from a free-running linewidth of 50–100 GHz).

While not the first to demonstrate an intracavity SPS THz source, our research group has drawn heavily upon synergies with
crystalline Raman laser designs to pioneer a host of intracavity SPS THz sources with very high laser diode-to-THz conversion effi-
ciencies, covering both short-pulsed (picosecond and nanosecond) and continuous wave modalities, across a broad span of THz fre-
quencies (~1–6 THz). In this section we will provide an overview of research efforts to develop intracavity SPS-based THz sources and
will present three case studies based primarily on achievements of our research. It is of particular note that high average powers (>0.1
mW) have recently been achieved from these systems. Moreover the level of complexity of these diode-pumped solid state sources is
modest and may lead to affordable sources for “outside the lab” applications.

The performance characteristics of all known intracavity THz SPS sources demonstrated to-date are summarized in Table 4. What is
of particular note, is the relatively high average THz power levels (>0.1 mW)which are now being achieved from these systems, all with
very low diode pump power requirements, and with architectures based on robust all-solid-state platforms.

5.2.1. Intracavity SPS-THz source design basics
Due to their all-solid-state laser architecture, the design of intracavity SPS-THz sources largely follow that of traditional end-pumped

solid state lasers, wherein pump radiation from a diode laser is focussed into a laser gain crystal, to generate photons in the near-infrared
wavelength range (typically at ~ 1.06 μm in the case of Nd-based laser crystals). These fundamental field photons are then resonated
with multiple round-trips through the laser gain crystal using a multi-mirror resonator. By placing an SPS-active crystal within this
fundamental field resonator, the crystal is subject to the high-intensity intracavity field. By forming a secondary resonator about the non-
linear SPS crystal, which intersects the fundamental field cavity, the Stokes field is resonated, and this field experiences gain through the
SPS process. The simultaneously-generated polariton (THz) field grows in intensity as it propagates across the intersecting area/volume
between the Stokes and fundamental fields, at an angle dictated by phase matching. This “intersecting-cavity” design is shown sche-
matically in Fig. 6.
Table 4
Key properties of intracavity SPS-based THz sources.

Year SPS crystal Laser Configuration Repetition
Rate

Pulse
energy

Average
Power

Frequency-tuning
range

Notes Reference

2006 MgO:LiNbO3 Intracavity THz oscillator, Si
prism array for out-coupling

15 Hz 5 nJ 75 nW 1.20–3.05 THz
Linewidth- < 100
GHz

The first intracavity SPS-
THz laser

[22]

2008 MgO:LiNbO3 Intracavity THz oscillator, Si
prism array for out-coupling,
etalons for linewidth
narrowing

400 Hz 30 nJ 12 μW 1.20–3.05 THz
Linewidth- 1 GHz

Etalons used in both
fundamental and Stokes
cavities for linewidth
narrowing

[159]

2009 MgO:LiNbO3 Intracavity THz oscillator, Si
prism array for out-coupling,
injection seeded

65 Hz 4 nJ 260 nW 1.00–3.00 THz
Linewidth- < 100
MHz

Injection seeded setup
for transform limited
linewidth narrowing

[160]

2010 MgO:LiNbO3 Intracavity THz generator, Si
prism array for out-coupling,
periodically poled

15 Hz 5 pJ 75 pW 1.56 THz (fixed)
Linewidth- 20
GHz

Periodically poled SPS
crystal. No frequency-
tunability due to fixed
pole period

[161]

2013 MgO:LiNbO3 Intracavity THz oscillator, Si
prism array for out-coupling

3 kHz 2.15 nJ 6.45 μW 1.53–2.82 THz [162]

2014 MgO:LiNbO3 Intracavity THz oscillator, Si
prism array for out-coupling

Continuous
wave

2.3 μW 1.50–2.30 THz
Linewidth- < 72
GHz

Continuous wave
operation

[163]

2016 RbTiOPO4 Intracavity THz oscillator, Si
prism array for out-coupling

3 kHz 5.4 nJ 16.2 μW 3.10–4.15 THz
(discontinuous)

[101]

2017 MgO:LiNbO3 Intracavity THz oscillator,
surface-emitting
configuration, Si prism array
for out-coupling

3 kHz 6.7 nJ 20.1 μW 1.46–3.84 THz Surface-emitting
configuration

[164]

2017 MgO:LiNbO3 Intracavity THz oscillator,
1342 nm fundamental, Si
prism array for out-coupling

5 kHz 12.46
nJ

62.3 μW 1.05–2.20 THz Fundamental
wavelength at 1342 nm
to avoid free carrier
generation in Si prisms

[165]

2018 RbTiOPO4 Intracavity THz oscillator,
surface-emitting
configuration, Si prism array
for out-coupling

3 kHz 41.57
nJ

124.7 μW 3.05–5.98 THz
(discontinuous)

Surface-emitting
configuration

[100]

2019 MgO:LiNbO3 Intracavity THz oscillator, Si
prism array for out-coupling,
intracavity etalon for
linewidth narrowing

Continuous
wave

13.7 μW 2.0 THz Narrow linewidth (10 �
4 GHz)

[166]
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Fig. 6. Intersecting cavity utilised in intracavity THz SPS sources.
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Foremost to the operation of these intracavity systems, is the generation of a high-intensity fundamental field, sufficient to exceed
the SPS threshold. This requires careful laser resonator design, and particular consideration to the laser gain material, mirror reflec-
tivities, crystal coatings and cavity mode size. Usually, these systems are q-switched using either acousto-optic or electro-optic
approaches.

The system designed by the StAndrew’s group made use of Nd:YAG as the laser gain material, this crystal offering very high gain at
1064 nm. The system incorporated electro-optic q-switching to generate high peak-power 1064 nm fundamental field pulses of 45 ns in
duration (undepleted pulse). The mode size of their fundamental field was approximately 1 mm in diameter, and the fundamental field
had an out-coupling of 10%, which enabled them to operate the system at a level twice that of the SPS threshold of 12 MWcm�2,
achieving close to 50% down-conversion efficiency (fundamental to Stokes and THz fields). Such a simple, “standard” solid-state laser
design highlights the straight-forward nature of the intracavity approach to generating THz radiation using SPS.

Design considerations for these systems do however, extend beyond the need to simply achieve SPS threshold. Given the high level of
absorption of the polariton/THz field which occurs within the SPS crystal, it is desirable to have the THz-generation region/zone as close
to the exit surface of the crystal as possible. From a geometrical standpoint, this proximity to the emitting surface limits the range of
phase matching angles, and hence THz frequency tuning, which can be accommodated before clipping of the Stokes field laser mode
occurs at the edge of the SPS-crystal. A simple calculation shows that for an assumed fundamental and Stokes field mode diameter of
400 μm and 300 μm, respectively, angles of up to 1.2� can bemaintained at a distance of 0.57mm from the emitting surface of the crystal
within a 25 mm long crystal. This THz propagation distance increases with SPS crystal length and phase matching angle. Consequently,
this has driven the use of progressively shorter SPS-active crystals, as this accommodates a wide frequency-tuning range, while
maintaining close proximity to the emitting surface.

Another design consideration relates to the fundamental and Stokes field mode sizes. While it is advantageous to make use of small
mode diameters in order to increase power density, and reach SPS threshold for low incident diode pump powers, one should also
consider the fact that this does have an impact on the amplification of the THz field. As described in Section 3.4, the THz field is
amplified as it traverses the interaction/overlap region between the fundamental and Stokes fields, and is very much dictated by the
generation angle of this field. In the case of 5 mol% MgO:LiNbO3, for a frequency of 1.3 THz, this is 65� to the fundamental field. Given
this large angle, the length over which the THz field experiences gain is hence very much limited by the diameter of the fundamental
field. The growth characteristic of the Stokes (light blue arrows) and THz fields (dark blue arrows) are depicted in Fig. 7. Here it is clear
that the Stokes field grows in intensity (expanding arrow width) as it propagates along the gain region (blue shaded region). The THz
field on the other hand, rapidly grows in intensity as it propagates across the gain region, but it then suffers absorption as it propagates
out of the gain region.

While the consideration of large interaction zones, facilitated by large mode sizes, appears to be at odds with the need to maintain
close proximity to the emitting surface of the crystal, at least in a linear configuration (as that depicted in Fig. 6), both of these desirable
traits can be met through the use of novel resonator designs. Here, designs which force the interaction zone as close as possible to the
emitting surface of the SPS crystal are particularly advantageous. One such design is the surface-emitting configuration, first demon-
strated in an external-cavity configuration by the RIKEN group [167]. We have used this design within an intracavity resonator, and this
will be further detailed in Section 5.3.3.

While the surface-emitting geometry forces some of the interaction zone to be in close proximity to the emitting surface, much of this
zone still extends into the bulk of the SPS crystal, owing to the steep angles of incidence of both the fundamental and Stokes fields. A
design which significantly increases the “useful” interaction zone is a so-called shallow-bounce geometry, wherein a conventional
cuboid SPS crystal is used, and both the fundamental and Stokes fields undergo a TIR bounce at the emitting surface at much shallower
angles. This design has the advantage of maximising the total interaction zone volume as close as possible to the emitting surface of the
crystal. We have published the design and operation of such a system in Ref. [168].

Another approach to increasing the intracavity intensity is to increase the overall resonator Q-factor, by increasing the resonator
mirror reflectivity at the fundamental field wavelength. This maximises the round-trip gain of the fundamental field, and results in a
rapid increase in intracavity intensity. Decreasing the output coupling of the system used by the StAndrew’s group from 10% to 2%, for
example, increases the intracavity intensity by a factor of 5 (assuming steady-state fields etc…). This significant increase in intensity is
of obvious benefit to quickly achieving threshold for the SPS process, however careful consideration must be paid to the optical coatings
as these must have high damage threshold, high reflectivity, and sufficiently narrow bandwidth as to avoid the onset of undesired SRS
15



Fig. 7. Schematic depicting the growth of the Stokes and THz fields (light and dark blue arrows respectively), as they propagate across the SPS gain
zone (blue shaded region). Note that the fundamental field is not depicted in this figure.

Fig. 8. Spatial profiles of THz beam generated from intracavity SPS systems utilising (a) a linear resonator configuration; and (b) a surface-emitting
configuration (reproduced from Ref. [171]).
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within the SPS crystal. Note the effects of undesired SRS can also be managed through the use of wavelength-specific loss elements, such
as etalons and birefringent filters.

While locating the interaction zone close to the emitting surface of the SPS crystal is a key design consideration, it is also important to
consider the way in which the generated THz polaritons are out-coupled from the SPS crystal. In the case of surface-emitting geometries,
the phase matching angles and SPS crystal shape are generally designed such that all THz polaritons propagate normal to the emitting
surface of the SPS crystal. In which case, they are subject to Fresnel reflection losses as they propagate from the SPS crystal into the
surrounding air environment. In the case of MgO:LiNbO3, this Fresnel loss is ~50%. In the case of other geometries such as the linear and
shallow bounce geometries, additional refractive elements are required in order to avoid total internal reflection (TIR) of the generated
polaritons within the SPS crystal. Here, high-resistivity silicon (Si) prisms have become the gold standard for this purpose [22,150,162].

With the application of Si prisms for out-coupling of the THz polaritons, there is an accumulation of losses which must be considered,
these including the Fresnel loss between the SPS crystal and Si prism surfaces, propagation loss through the Si prisms, and Fresnel loss
from the Si prisms into the surrounding air environment. In a linear system based on MgO:LiNbO3, these losses are typically in the range
~61% [168]. One of the most significant realisations when using high-resistivity Si prisms for this purpose is that the Si itself can present
a significant loss to the propagating THz field, through the generation of free-carriers. While Nd-based laser crystals have been readily
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used as the gain medium within these systems, generating a strong fundamental field at 1064 nm, it is important to realise that photons
at this wavelength (and the SPS-generated Stokes wavelengths in the range ~ 1065–1070 nm), have photon energies above the bandgap
in Si. This leads to the generation of electron-hole pairs, or free-carriers within the Si. Due to the relatively low energy of the THz
photons, they couple readily with the free-carriers and are hence absorbed as they propagate through the Si, resulting in no net THz
photons being emitted from the system. This aspect is particularly important to consider within the context of intracavity systems, where
very high intensity fundamental and Stokes fields are generated and potentially scattered within the resonator, from surface and bulk
crystal defects etc. Methods for avoiding this complication are detailed in Section 5.3.2.

5.3. Intracavity SPS-THz sources, case studies

In this section, three case studies are presented, with each one highlighting a considerable achievement within the realm of
intracavity SPS-THz sources, and each building on the insights discussed in the above section.

5.3.1. Operating intracavity SPS-THz sources in the continuous-wave regime
All of the aforementioned THz sources based on the SPS process have operated in the pulsed regime, either making use of high-peak-

power pump lasers (in the case of TPGs and TPOs), and Q-switching in the case of intracavity configurations. This is largely due to the
fact that the SPS process requires such high peak-powers in order to reach threshold. The demonstration of a continuous wave (CW) THz
source based on SPS did not eventuate until 2014, where we demonstrated an intracavity CW THz polariton source [163]. The
achievement of CW THz emission from an SPS source is akin to the first demonstration of a CW crystalline Raman laser (by Grabtchikov
in 2004 [169]).

The demonstration of CW THz emission from an intracavity SPS system, developed through careful laser resonator engineering, and
the application of ultra-high-reflectivity mirror coatings (generally ion-beam sputtered). By taking cues from Raman lasers and using
small resonator mode diameters, combined with high-brightness diode end-pumping, and high Q-resonators, we demonstrated 2.3 μW
of CW THz power for just 5.9 W of diode pump power, and with frequency-tunability across the range 1.5–2.3 THz.

The system made use of an Nd:GdVO4 laser crystal (as opposed to Nd:YAG, which had been used in all prior pulsed intracavity
sources), along with an input mirror surface directly coated to the input face of the crystal. The use of Nd:GdVO4 facilitated the gen-
eration of a polarized fundamental field, in contrast to an un-polarized field (in the case of Nd:YAG); this helped maximize the efficiency
of the nonlinear process, with all of the fundamental field polarized parallel to the c-axis of the MgO:LiNbO3 crystal. The directly-applied
input mirror coating had a reflectivity of ~99.994% at 1063–1173 nm, and the end mirror for the fundamental field resonator had a
radius of curvature of 500 mm, and reflectivity> 99.995% at 1064 nm. The mirrors for the Stokes field had a 1 m radius of curvature,
and reflectivity of ~99.999% from 1060 to 1080 nm. These reflectivities are significantly higher, compared to what are generally used
in pulsed intracavity systems (typically 99%).

Photorefractive effects, manifesting as distortions of the fundamental field beam profile were more problematic for this CW system,
compared to prior pulsed systems, and these were attributed to pyroelectric effects within the MgO:LiNbO3 crystal, induced by heating
of the MgO:LiNbO3 crystal by unabsorbed pump radiation. Strategies that have been found effective in minimising these effects include
the use of apertures to block unabsorbed pump light, and the use of polarized and in-band pumping of the Nd:GdVO4 laser crystal at 879
nm, which minimise the amount of unabsorbed pump light.

We have also demonstrated significant linewidth narrowing of the THz emission generated from our CW system, through the use of
etalons placed within the fundamental field resonator. CW THz emission with linewidths <10 GHz has been demonstrated, along with
an improvement in the power-scaling capacity of the system [166].

The demonstration of continuous-wave THz emission from an SPS-based THz source is significant, because it broadens the range of
applications for which the technology can be used.

5.3.2. Utilising a 1342 nm fundamental field to enhance extraction of the THz field
Throughout the development of SPS-based THz sources, the application of Si prisms for out-coupling the THz radiation from the SPS

crystal has become ubiquitous. This is because there are no other, readily available materials which have the requisite refractive index
and low inherent THz absorption for the purpose (diamond holds promise as a substitute, but is comparatively expensive and difficult to
manufacture in large sizes). While naturally having high THz transmission properties (transmission of ~55% through a 5 mm thick
sample, in the range 1–10 THz), a significant drawback of its use with Nd-based SPS-systems was its susceptibility to the generation of
free-carriers via the photoelectric effect, and these free-carriers absorbing propagating THz radiation.

The deleterious effect of free-carrier excitement and consequent absorption of THz photons was noted by the RIKEN group [23], and
they made use of additional shielding prisms and reflective elements, to prevent stray NIR radiation impinging on the Si prism surface
and inducing free carriers. This approach was effective within the context of extra-cavity TPG and TPO arrangements. We however,
noted that the use of blocking elements were not always effective in our intracavity systems because they did nothing to prevent
near-infrared light scattered within the MgO:LiNbO3 crystal from impinging on the Si prisms. A solution to this was to make use of
fundamental and Stokes field wavelengths with energies below the band gap of Si: this bandgap of 1.12 eV at 300 K corresponds to a
photon wavelength of 1120 nm. To this end, an Nd:YVO4 crystal was used to generate a fundamental field at 1342 nm; Nd:YVO4 was
again favoured over Nd:YAG as it has higher emission cross section in the 1.3 μm band, and generated a polarised fundamental field.

The system made use of a q-switch operating at 5 kHz, with the fundamental-field resonator formed using a plane-plane cavity
(resonator stability being generated through the thermal lens induced within the Nd:YVO4 crystal), and 1% out-coupling at 1342 nm.
The Stokes field resonator was also formed using a plane-plane geometry, with ~1% out-coupling in the wavelength range 1340–1380
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nm. The system proved very efficient, and generated 23.6 μWof average THz power for an incident pump power of 13W. This improved
significantly with the use of chopped pumping (50% duty-cycle, to help manage the degree of thermal lensing within the system) to a
value of 62.3 μW, with tunability across the range 1.05–2.2 THz. In addition to circumventing free-carrier generation, and the
requirement of blocking elements within the cavity, the use of a 1342 nm fundamental-field, also changes the phase-matching char-
acteristic of the system, compared to more conventional systems with use 1064 nm fields (see Fig. 3). In this case, the longer funda-
mental wavelength decreases the sensitivity of THz frequency-tuning to the intersection angle of the fundamental and Stokes fields. This
may be of use within a commercial sense, where system tuning does not require as sensitive, nor accurate, manipulation of the inter-
section angle, when using this wavelength.

5.3.3. Extending the tuning range of an intracavity SPS-THz source to 6 THz
The frequency tuning range of SPS-based THz sources has been significantly extended through the use of KTiOPO4 crystals and their

variants including RTiOPO4, this extension being a consequence of the polariton dispersion curve, and the multiple polariton-active
modes which can be accessed within these crystals. The use of these types of crystals, for the generation of THz radiation is a rela-
tively recent endeavour, with extracavity systems being demonstrated [95,97,98], along with a linear intracavity system [170]. It was
recognised that significant improvements to THz power and frequency tuning range could be made through the application of
surface-emitting configurations within intracavity systems. This was the approach we implemented [100], making use of a trapezoidal
RTiOPO4 crystal for the generation of 125 μW of average THz power (at 4.1 THz), for just 6 W of diode pump power.

The intracavity, surface-emitting system employed a trapezoidal RTiOPO4 crystal with a base angle of 60�, long base length of 12
mm, 5 mm height, and 8 mm thickness in the crystallographic z-axis. TIR of both the fundamental and Stokes fields occurred at the
uncoated long base of the crystal. The crystal was oriented such that the fundamental field was normally incident at the input and output
Fig. 9. (a) Absorbance characteristics of sugar and dextrose; and point-by-point images of a combination of the two taken when mixed and sand-
wiched between two Teflon sheets. The images were taken at (b) 1.25 THz, (c) 1.45 THz, and (d) 1.85 THz, using the THz source described in
section 5.3.2.
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faces of the RTiOPO4 crystal. The Stokes field resonator could be angled such that the intersection angles of the fundamental and Stokes
fields, at the bounce surface of the RTiOPO4 crystal, could be varied between 1 and 2.8�, corresponding to generated Stokes wavelengths
and THz frequencies of 1076.1–1087.5 nm, and 3.05–5.98 THz, respectively. The chosen angles of incidence ensured that the generated
THz field was normally incident on the long face of the RTiOPO4 crystal, and hence did not suffer TIR. Similar to other reports of THz
generation using these SPS crystals, the THz frequency tuning exhibited discontinuities arising from strong absorption by the polariton
modes at 106, 143 and 161 cm�1. The result however, highlights a number of significant advances in SPS source technologies, these
being the viability of using surface-emitting configurations for the generation of high THz output power, and the use of KTiOPO4-
isomorphs for the generation of broadly-frequency-tunable THz emission using intracavity configurations.

It should be noted that the surface-emitting configuration also generates THz beam profiles which are far more symmetric than those
typically generated using linear configurations and Si prisms. THz beam profiles produced from a linear and surface emitting config-
uration are shown in Fig. 8(a) and (b) respectively. These beam profiles were captured using an NEC microbolometer array described in
Section 2.1.1. In the case of the linear configuration, the emitted THz beam generally has a highly asymmetric shape, being longer in the
dimension along the array of Si prisms, and narrow in the orthogonal plane. Two lobes are clearly visible in the output, this corre-
sponding with the THz field emerging from two adjoining Si prisms. In contrast, the THz beam generated from the surface-emitting
configuration is far more symmetric and “Gaussian-like” in profile.

5.4. Contemporary applications for an intracavity SPS source based on SPS

As noted in the introduction, the tunable narrowband output from SPS sources can be used for both spectral fingerprinting and
imaging. Here, we report preliminary work in which we have investigated the use of an intracavity SPS-based THz source for imaging a
combination of mixed white powders (saccharides). Here, a mixture of sugar (sucrose) and D-glucose (dextrose) were sandwiched
between two 1 mm thick pieces of Teflon (yielding a combined powder thickness of 250 μm � 50 μm). The sandwiched powder sample
was then mounted to an x-y-translation stage such that the sample could be raster-scanned across the THz beam. The beamwas focussed
into the middle of the sandwich (using a combination of cylindrical and spherical lenses of focal length 120mm and 25mm respectively)
to spot diameter of 300 μm � 100 μm (varying based on the THz frequency). The THz source was the same as that detailed in Section
5.3.2, and a Golay cell was used for detection of the transmitted THz signal. The spectral characteristics of each of the saccharides was
first examined and recorded. Point by point imaging over an area 20 mm� 20 mm and using a step-size 250 μmwas then undertaken at
three different frequencies. Due to the nature of the point-by-point imaging process and low translation speed of the x-y-translation
stage, the total time taken to construct the image was ~4 h. The spectral characteristics and false-colour images are shown in Fig. 9.

The spectra shows that the key absorption peaks in both sugar and dextrose can be clearly observed. By imaging at a frequency of
1.25 THz, little differentiation can be had between the two saccharide powders. However, clear contrast between the two powders is
achieved when imaging on the absorption peak of dextrose at 1.45 THz (dextrose regions appear black in Fig. 9 (c)), and on the ab-
sorption peak of sugar at 1.85 THz (sugar regions appear black in Fig. 9 (d)). These images demonstrate the proof of concept spectral
imaging capacity of these types of THz sources, in combination with well-established Golay detectors. We anticipate that with further
increases in THz power from these sources, it may be possible to use them as a broad-area illumination source, in combination with THz
focal-plane array cameras such as the NEC IRV-T0830, for real-time imaging applications.

6. Conclusion

This review paper has offered an overview of the field of THz sources based on the stimulated polariton scattering process. It is
noteworthy that theory and experimentation harking back to the 1960s, has re-emerged as a highly-promising approach to generating
narrowband, broadly-tunable, high average and high peak-power THz radiation. Modern implementations of SPS-THz sources have
benefitted greatly from advances in crystal growth, and laser engineering. In the realm of external cavity SPS sources, many ad-
vancements have benefitted from progress in OPO technologies, while intracavity SPS-THz sources have taken many design cues from
intracavity Raman lasers.

SPS sources have two unique features that differentiate them from other THz sources and lead to opportunities in the applications
space.

1) Tunable, narrowband emission: While some THz sources (e.g. PCA and OR sources) inherently generate broadband radiation but with
relatively low spectral brightness, and other THz sources (e.g. QCLs andmost DFG sources) produce high spectral brightness but with
low tunability, SPS sources are almost unique in that they deliver both tunability and relatively-high spectral brightness. DFG sources
in which at least one laser is tunable can also generate tunable narrow-band emission. The corollary to this point of differentiation is
that imaging applications require high spectral brightness and spectral fingerprinting requires broad tunability, and accordingly, SPS
sources can be used for both imaging and spectral fingerprinting. This has been called the holy grail of THz technology.

2) Compact, simple and affordable: SPS sources are based on Nd laser technology that is essentially an industry standard. External
resonator SPS sources typically require a Nd laser pump source, of which there are many commercial products to choose between, or
alternatively a fibre laser could be used as the pump source. Intracavity SPS sources typically incorporate a diode pump laser for
pumping the laser crystal incorporated within the laser resonator. Both embodiments are straightforward to realise in practice, and
are compatible with commercial usage inside or outside the laboratory.

There is great scope for further research concerning SPS sources, in particular intracavity SPS sources which only came to
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prominence in 2006 [22]. This scope includes exploring the complex dynamics that underpin the operation of SPS sources, increasing
the output powers and efficiency of SPS sources, extending the frequency range of SPS sources, and improving spectral and spatial
resolution. In relation to THz applications, we believe that SPS sources hold great applications potential. However fast, sensitive, low
noise detection is critical to realise this potential, and further research to improve detection methods is very important.
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