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Abstract. Backward-wave optical parametric oscillators (BWOPOs) represent a significant advancement in
nonlinear optics, offering unique capabilities such as narrowband, highly stable outputs without the need for
mirrors or coatings. Leveraging self-established distributed feedback, these devices exhibit exceptional spectral
and spatial properties. This paper explores the principles behind BWOPOs, materials and techniques used, and
their applications, particularly in mid-infrared lidar systems including CO, monitoring. Recent developments in
cascaded systems and BWOPO waveguides are highlighted, demonstrating the potential of BWOPOs to

revolutionize laser technology.
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1 Introduction

Optical parametric oscillators (OPOs) are versatile and
widely used sources of tunable coherent light and consti-
tutes a crucial part of nonlinear optics [1]. They rely on
the process of optical parametric amplification (OPA),
where a nonlinear crystal mediates the conversion of a
high-energy photon from a pump beam into two lower-
energy photons, the signal and idler. Conventional OPOs
consist of a nonlinear crystal, enclosed in a cavity for radi-
ation buildup. They operate in a forward configuration,
where the signal and idler waves are generated colinearly
with the pump beam. For efficient energy transfer the
phase-matching condition must be fulfilled as the signal
and idler waves travel forward along with the pump beam
throughout the nonlinear crystal. The parametric process
conserves energy and momentum, and by tuning the latter
output is possible across a wide range of wavelengths, from
the ultraviolet to the mid-IR. Originally birefringent phase-
matching was exploited, where tuning was obtained either
by adjusting the temperature of the sample, by rotating
it, or by tuning the pump wavelength. Today quasi-phase
matching (QPM) is the most commonly used technique to
obtain tuning. Here a periodic modulation of the nonlinear-
ity adds to the phasematching condition and allow flexibil-
ity in generation of desired wavelengths. OPOs play a
significant role in spectroscopy, quantum optics, laser
sources, and telecommunications due to their flexibility in
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generating light at wavelengths not easily accessible by
traditional lasers [2, 3].

The development of OPOs traces back to the early
1960s, shortly after the advent of the laser in 1960. The the-
oretical foundation for parametric processes in nonlinear
optics was laid by Bloembergen and his colleagues [4], while
the first experimental demonstration of an OPO came in
1965, when Giordmaine and Miller successfully generated
tunable coherent light using a lithium niobate crystal
pumped by a ruby laser [5]. The same year a Russian group
led by Khokhlov also demonstrated an OPO [6]. These
marked pivotal moments, showcasing the potential of non-
linear optics to generate wavelengths not readily accessible
with conventional lasers. Over the years, OPOs became
increasingly important due to the tunability of the phase
matching condition within nonlinear crystals, enabling effi-
cient conversion of pump photons into signal and idler
photons.

The concept of backward-wave optical parametric oscil-
lators (BWOPOs) emerged as an extension of OPO
research and inspiration from backward microwave oscilla-
tors (carcinotrons) [7]. The backward-wave process, in
which the signal and/or idler photon propagates in the
opposite direction to the pump photon, was theoretical pro-
posed in 1966 [8]. However, it was not until the late 1990s
and early 2000s that significant experimental and theoreti-
cal breakthroughs occurred [9, 10]. The backward interac-
tion has a tough phase-matching condition which requires
QPM and a very densely modulated y? nonlinearity. This
configuration leads to distinct properties, such as enhanced
spatial coherence and high beam quality. Additionally,
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a consequence of the single-pass configuration BWOPOs
does not suffer from back-conversion and can hence provide
improved energy conversion efficiency. These features make
BWOPOs a promising avenue for generating high-quality,
tunable light in specialized applications, particularly where
narrow linewidths or precise control over spatial beam char-
acteristics are necessary.

This paper is structured as follows: First, we provide
background on nonlinear optics with a focus on QPM,
followed by a discussion of the fundamental principles of
BWOPOs. We then present specific examples of BWOPO
configurations, including cascaded BWOPOs, phase-locked
degenerate BWOPOs, and BWOPOs implemented in
waveguides. Applications of BWOPOs are subsequently
explored, with particular emphasis on gas sensing and
CO, monitoring. The paper concludes with a summary
and an outlook on future research directions.

2 Background on nonlinear optics using QPM
towards the backward-wave optical
parametric oscillator

Nonlinear optics involves the interaction of light with mat-
ter to produce new frequencies or amplify existing signals.
Three-wave mixing processes, governed by energy conserva-
tion (w; + wy = w3), are fundamental to devices like OPOs.
QPM allows engineers to optimize these interactions by
tailoring the periodicity of nonlinear materials, enabling
efficient energy transfer while maintaining phase coherence
[4]. The phase mismatch between interacting waves is in
QPM compensated by periodically reversing the sign of
the nonlinear coefficient of the material. This periodic
modulation allows the waves to remain in phase over longer
distances, enhancing the energy transfer.

Efficient energy transfer requires phase-matching and
for QPM the condition can be expressed as,

k1= kot ks + K, (1)

where k; are the are the wavevectors of the interacting
waves and K, is the grating vector, defined as,

K, ==, 2)

describing the periodic modulation of the nonlinear coeffi-
cient. A is the grating vector imposed by periodic poling of
the nonlinear medium and m is the order parameter.
When one of the generated waves is to be traveling in
the opposite direction to the driving pump wave, as in
the case of the BWOPO, the phase-matching condition
becomes.

ky=ky — ky + K, (3)

where the subscripts p, f, and b denote pump wave, for-
ward wave, and backward wave, respectively. The grating
vector K, = %Tm, then becomes very large as can be seen in
Figure la. The grating period becomes correspondingly
small, in most cases in the sub-pm range, and in the order

of half of the wavelength of the counterpropagating wave.

The field of QPM nonlinear optics took off with the
demonstration of domain engineered lithium niobate and
KTiOPO, (KTP) waveguides in 1989 [11-14]. It led for-
ward to the development of electric field poling allowing
QPM to be realized in bulk samples [15, 16]. Today this
technology is well-established and periodically poled lithium
niobate (PPLN) and periodically poled KTP (PPKTP) are
commercially available from several vendors and used in
many products.

PPKTP and periodically poled Rubidium doped KTP
(PPRKTP) are two materials that have been widely used
in nonlinear optics. They are thermally stable and show
high damage thresholds and can hence operate under
high-intensity conditions, which is crucial for BWOPOs.
PPKTP and PPRKTP are also less susceptible to photore-
fractive damage, blue and green induced IR absorption
than for example PPLN [17, 18]. Additional important
properties of crystals from the KTP family are their wide
transparency range (roughly 3504500 nm) and their high
nonlinear optical coefficients [19, 20].

So far, the only materials in which BWOPOs have been
demonstrated are PPKTP and PPRKTP. This falls back
on the material’s quasi-one-dimensional crystal structure
which enables fabrication of the dense domain gratings
required for backward processes. The technology for making
dense domain gratings was developed by Zukauskas et al.
[21, 22] and is based on fabrication of a coercive field grating
by ion-exchange followed by electric field poling. This has
enabled fabrication of gratings with periods as short as
317 nm in 1 mm thick PPRKTP [23]. It corresponds to a
domain aspect ratio of 6000:1 (height/width) and 60,000
domains in a 10 mm long sample.

3 Principles of the backward-wave optical
parametric oscillator

The BWOPO differs from the conventional copropagating
OPO by generating photons counterpropagating to the
pump. This geometry relies on self-established distributed
feedback where no external cavity is needed to build up
the parametric waves. As no cavity mirrors are needed
the device has also been referred to as a mirrorless optical
parametric oscillator or MOPO [8]. Harris was the first to
devise a BWOPO in 1966 [9], and the first demonstration
was done by Canalias and Pasiskevicius in 2007 [8].
A BWOPO setup can be very simple and compact with just
a pump laser and basic optics, as can be seen in Figure 2.

The frequency dependence of the forward and backward
waves is obtained by differentiating equation (1) with
respect to the pump frequency, v,:

1 Ok Ok,

v, 0w, o, (4)

which can be transformed to the following two expres-
sions,

dwy _ Yo (be + pr)
Ow, ng(“gb + Vg )

=1+e, (5)
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with the group velocity v, = 7. It can be seen in equation
(6) that the dimensionless parameter € is proportional to
the group velocity difference between the forward and
the backward wave. When the BWOPO operates far from
resonance and in the low dispersion regime it implies that
le| < 1. Consequently, the wavelength of the forward wave
tunes with the pump frequency and the backward wave-
length becomes almost insensitive to the pump frequency,
as illustrated in Figure 1b. In the case of broadband multi-
longitudinal pump, the forward wave spectrum becomes
broadband, while the backward wave stays narrow.

Similar to a conventional OPO, the BWOPO exhibits
an oscillation threshold. As it is rather high the experimen-
tally demonstrated BWOPOs have been based on pulsed
pump lasers [24], while CW operation is still to be demon-
strated [25]. As the backward wave interacts with the pump
inside the crystal in a single pass it is beneficial if the
pump pulse duration At, is longer than the time it takes
the pump to travel to the end of the crystal, and the back-
ward wave back to the entrance,

At, > L(i+i>. (7)

Ugp  Ugb

It is possible to use shorter pulses, but the efficiency is then
drastically reduced. Godard et al. [26] have developed an
analytical model for the threshold under pulsed and CW
operation. The latter can be written,

ow  E0CTy NNy AyAy
" Re ®)
off
where ny, ny, and n, are the refractive indices for the back-
ward, forward and pump wave, respectively. 4, and Afare
the backward and forward wavelengths and d.¢ and L are
the effective nonlinearity and sample length, respectively.
An example of how the energy and spectrum is trans-
ferred from the pump to the signal and idler for a BWOPO
is shown in Figure 3. A PPKTP sample with 800 nm grating
period was pumped with 480 ps stretched pulses from a
regeneratively amplified Ti:sapphire laser. The pump was
centered at 814.5 nm and had a frequency bandwidth of
1.21 THz. The forward wave (signal) had a central wave-
length of 1123 nm and a FWMH spectral width of
410 GHz, while the backward wave is centered at 2952 nm
with a narrow linewidth of only 13 GHz. One can also see
how the spectrum is depleted at the longer wavelength of
the pump pulse, which is then mirrored for the signal [27].
With Q-switched nanosecond pulses it is possible to
obtain high pulse energies. Liljestrand et al. demonstrated
a BWOPO in PPRKTP pumped at 1064 nm [28]. It had a
forward propagating signal at 1740 nm and a counter-
propagating idler at 2741 nm, with mJ outputs for both
beams and a total signal-and-idler conversion efficiency of
47%, see Figure 4a. Both generated waves had narrow
spectral bandwidths, thanks to the unique properties of
the counter-propagating nonlinear interaction and the

single frequency pump laser. Liljestrand compared the spec-
trum of the backward wave with a regular singly resonant
OPO (SRO) designed for the same wavelength and mea-
sured an almost 100-fold reduction in linewidth (see Fig. 4b).

As can be seen in Figure 4 there is no role-off in the con-
version efficiency curve for the BWOPO. This means that
there is no back-conversion, which is a consequence of the
single pass configuration and promise that the conversion
efficiency can be scaled further. Mglster et al. recently
demonstrated a BWOPO with more than 70% conversion
efficiency at high repetition rate, using a diode laser seeded
Yb-amplifier system [29]. This system was built as a proto-
type for atmospheric greenhouse gas monitoring, and it
could be tuned with the seed laser on-off the absorption
lines of carbon dioxide.

For certain applications, like long distance LIDAR sens-
ing, further energy scaling might still be necessary. To
evaluate this, a BWOPO was combined with a three-stage
optical parametric amplifier using a single pump laser, see
Figure 5. The pump was a single-longitudinal mode, injec-
tion seeded, 100 Hz, 10.5 ns, Q-switched diode-pumped
Nd:YAG laser power amplifier system operating at
1064 nm with a maximum output energy of 110 mJ. The
pump beam was split in two, where the weaker part
pumped the BWOPO and the remaining pump was sent
to the three-stage amplifier section to boost the output
energy. Energies exceeding 20 mJ per pulse was obtained,
while maintaining the narrow linewidth and high stability
of the BWOPO [30]. As the OPA crystals had broad band-
width the output could in this figuration be easily tuned
just by changing the temperature of the BWOPO crystal.

3.1 Cascaded BWOPOs

When a BWOPO is pumped hard the generated signal can
become strong enough to act as the pump for consecutive
BWOPOs. This cascade effect enables the generation of
additional signals and idlers in a stepwise manner. The
energy condition for the first BWOPO is given as:

Wy = Wy + Wy, 9)

where the w,;, Wy, and w;; are the pump, first signal (for-
ward) and first idler (backward) frequencies. w, then
becomes the pump generating a second signal and idler as;

W1 = Wy = Wy + Wjo. (10)
The corresponding phase-matching conditions are:
ky="ka—kqa+ K, (11)
and
ka = ko — ko + K, (12)

With strong enough pumping the second signal can then
even drive a third BWOPO.

An example of such a cascaded BWOPO used a
PPRKTP sample with a period 755 nm which was pumped
with 240 ps pulses at 800 nm [31]. It generated a first signal
at 1125 nm and an idler at 2763 nm. With further pumping
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Fig. 1. a) Wavevector diagram for a BWOPO. b) Calculation of forward and backward wavelengths as a function of the pump
wavelength for a PPKTP BWOPO with a grating period of 433 nm.
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Fig. 2. Sketch of a BWOPO where the laser is focused and folded with a dichroic mirror (DM) into the nonlinear crystal, PPKTP in
this case, and the backward and forward beams are measured at the two detectors PD1 and PD2. The Si window absorbs remaining
pump while transmitting the forward wave.
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Fig. 3. Spectra for a ps BWOPO. Undepleted (solid line) and depleted (dashed line) pump (left), forward wave (middle), and
backward wave (right). The FWHM widths of the pump and signal were 1.21 THz and 410 GHz, respectively, while the deconvoluted
idler was 13 GHz (FWHM) [27].

the signal generated a second BWOPO where the signal 3.2 Phase-locked degenerate BWOPOs

appeared at 1898 nm and the idler 2739 nm. With yet
stronger pumping this second signal could drive a third Mutter et al. demonstrated the first degenerate BWOPO,

BWOPO with the signal at 2762 nm and the idler at  meaning that the forward and backward wave had the same
approximately 5900 nm. frequency [32]. This was done by pumping a 7 mm long
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Fig. 5. Sketch of the BWOPO amplifier setup (left). It was pumped with 8 ns pulses at 1064 nm. Part of the pump beam was used to
pump the PPKTP OPA crystals. The backward beam had a bandwidth of 274 MHz at 1856 nm and was tunable with temperature of

the BWOPO crystal, as seen in the graph to the right [30].

PPRKTP sample with a QPM period of 455 nm with
stretched pulses from a Ti:Sapphire regenerative amplifier.

The BWOPO reached degeneracy when pumped at
798.35 nm and the parametric outputs were centered at a
wavelength of 1596.7 nm for both forward and backward
waves. At a pump energy of 20.5 pJ, a pump depletion of
47.3% was measured with a conversion efficiency into the
backward and forward waves of 40.7%. An interesting fea-
ture was that the signal and idler phase-locked stably at the
degeneracy point. It was verified by doing an interference
measurement between the two beams [32].

3.3 BWOPO in waveguides

The first waveguide based BWOPO was recently demon-
strated and leveraged the benefits of waveguide technology
to enhance nonlinear optical interactions [33]. By confining
light within a small cross-sectional area, the waveguide
maintains a high optical intensity over a long length,
enabling efficient parametric oscillation at significantly
lower pump power compared to bulk systems. Waveguides
was for this purpose fabricated on the polar surface of a
20 mm long RKTP crystal utilizing a two-step process.
Initially, a segmented ion-exchanged periodic structure was
formed, serving as waveguides and a coercive field grating.

Subsequently, the QPM grating was inscribed via electric
field poling. A Ti:Sapphire regenerative amplifier was used
as the pump source, providing linearly chirped pulses with a
duration of 215 ps at a repetition rate of 1 kHz. The pulses
had a centre wavelength of 798.9 nm and a spectral band-
width of 470 GHz. The light was coupled into the waveg-
uides through an objective lens with a numerical aperture
of 0.28, and a low loss of 0.2 dB/cm was measured, similar
to the lowest values achieved for KTP waveguides [34, 35].
The backward wave was generated at 1515 nm and the
forward wave at 1689 nm. The lowest oscillation threshold
was 325 nJ obtained for a 9.8 pm wide waveguide, see
Figure 6, which was 19 times lower than what was obtained
in the bulk of the same sample. At a pump energy of 714 nJ,
a peak conversion efficiency of 8.4% was observed, while it
declined at larger pump energies due to the emergence of
backward stimulated polariton scattering (BSPS) [36].

4 Applications

The unique properties of the BWOPO can be exploited in
many different applications where narrow linewidth and
stable coherent radiation is required. The possibility for fine
tuning provides additional advantages of this new device.
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Fig. 6. Internal conversion efficiency and energy of the para-
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In telecommunications, precise wavelength control is neces-
sary for dense wavelength division multiplexing where the
BWOPO can be used as a reference laser [37]. Also, coher-
ent communication relies on precise phase and frequency
control of the optical signal which requires a reference laser
[38]. The insensitivity to environmental disturbance would
make the BWOPO ideal as a local oscillator laser in these
systems.

In quantum technologies, ultra-stable light sources are
indispensable for manipulating qubits in quantum comput-
ing, generating entangled photons for secure quantum com-
munication, and powering ultra-precise optical atomic
clocks. Spontaneous parametric down-conversion (SPDC)
in nonlinear crystals is the workhorse of quantum optics
because of its reliable ability to generate entangled photons
and squeezed states of light. The automatic separation of
the down-converted photons in the case of a BWOPO pro-
vides a pathway for generating high-purity and narrowband
heralded single photons [39-41]. It can pave the way for effi-
cient biphoton sources but also serve as simple and robust
generators of squeezed states, hence providing a novel com-
ponent for applications in optical quantum networks, quan-
tum sensing, and related fields. The unique phase-matching
conditions of BWOPOs also allow for efficient and coherent
generation of quantum states of light, contributing to
advancements in fields like quantum cryptography and
quantum metrology.

The BWOPO can also find biomedical applications
including improved imaging resolution in optical coherence
tomography (OCT), enhancing sensitivity in Raman spec-
troscopy, and targeting specific wavelengths in photody-
namic therapy. The ability to generate coherent radiation
across a wide range of wavelengths with exceptional spec-
tral purity making them ideal for precision analysis of
atomic and molecular transitions. This has applications in
remote sensing where BWOPOs will be valuable for prob-
ing molecular structures with high spatial and spectral res-
olution, particularly in the near to mid-infrared region
where many molecules have strong absorption features.

We hence foresee that the BWOPO will play a critical role
in gas sensing for environmental monitoring.

4.1 Applications of BWOPOs in gas sensing

Mid-IR lidar systems directly benefit from the exceptional
spectral properties of BWOPOs, allowing precise measure-
ments of atmospheric components. The narrowband, tun-
able output of PPKTP BWOPOs is ideal for enabling
single or multi-species detection with high resolution. In
addition to CO, monitoring, BWOPOs hold promise for
detecting other trace gases, such as methane, ozone, and
nitrous oxide, which are pivotal in understanding anthro-
pogenic impacts on the environment.

An important feature of the BWOPO for gas sensing is
the possibility to choose wavelength band throughout the
mid-IR region by addressing absorption lines with low or
high absorption cross sections depending on measurement
distance. This enables high detection sensitivity even in
low-concentration scenarios. Additionally, the resilience to
damage of PPKTP [42, 43], the high energy efficiency
and the small footprint makes the BWOPO well suited
for spaceborne platforms. These characteristics ensure reli-
able performance in harsh environments, such as outer
space or high-altitude operations, where traditional systems
may falter. The compact and portable design will also be
important in deployment for real-time gas monitoring in
industrial, environmental, or medical settings, and the sta-
bility and robustness of BWOPOs make them well-suited
for continuous and long-term CO, monitoring under vary-
ing environmental conditions.

4.1.1 CO, monitoring

A first demonstration of BWOPO gas sensing was done by
Vagberg et al. who exploited the backward wave’s narrow
linewidth and stability to accurately detect ambient COq
at the strong absorption lines at 2.7 um [44]. This verified
the BWOPO capability and the potential for atmospheric
studies and climate monitoring. The simple experimental
configuration seen in Figure 2 was used. The pump laser
was a multi-longitudinal mode, @-switched micro-chip laser
with a wavelength centered around 1030 nm. The backward
wave generated at 2712 nm at room temperature, but the
output could be tuned by 3 nm by changing the tempera-
ture of the PPKTP crystal, see Figure 7. This corresponds
to a tuning rate of —1.77 GHz/K. The linewidth was as
narrow as 43 pm, or 1.75 GHz, with a temporal stability
of 65 MHz, and it was obtained without any active means
of stabilization. The beam was launched a distance of
2.9 m in the laboratory and the air transmission was
measured while the wavelength was scanned, see red graph
in Figure 7. At 2.7 um there is a partial overlap between
CO, and H50 absorption lines, while other trace gases could
be neglected. By using the HITRAN data base a concentra-
tion of 410 ppm of CO4 and 17.5% relative humidity could
be deduced. The simulated absorption curve for these
concentrations representing a best fit and can be seen as
the blue curve in Figure 7.

These findings underscore the potential of BWOPOs
as a simple and robust platform for future differential
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Fig. 7. BWOPO scan measuring ambient air in the laboratory
where the two dips in the spectrum comes from absorption of
CO, and H,0 [44].

absorption lidar (DIAL) systems. The system stability and
narrow linewidth provides means for improves detection
sensitivity for COy or other trace gases, even for low-
concentration scenarios.

5 Summary and future outlook

BWOPOs are highly efficient, energy-scalable devices with
a simple architecture that eliminates the need for mirrors or
external feedback. The unique distributed feedback mecha-
nism and stability ensures robust operation, even in
demanding environments. This feature is particularly valu-
able for applications where external feedback systems may
introduce complexity or alignment challenges.

Moreover, their spectral properties, particularly the nar-
row linewidth and tunability make them ideal for precision
tasks, as the backward wave at the same time is both highly
stable and resistant to environmental fluctuations. These
advantages underscore the growing interest in BWOPOs
across various scientific disciplines and will make them
indispensable in applications ranging from biomedical
research and quantum optics to different types of spectro-
scopies like Raman, OCT, or DIAL. Fundamental research
will benefit from their use in atomic and molecular physics,
cold atom experiments, and nonlinear optics, while indus-
trial applications include precise manufacturing, advanced
sensing, and semiconductor inspection. These versatile light
sources will help to transform industries, providing unparal-
leled accuracy and reliability for cutting-edge innovations.

Looking ahead, the integration of BWOPOs with
emerging technologies, such as machine learning and adap-
tive optics, holds promise for unlocking new functionalities
and applications. These advancements could pave the way
for breakthroughs in fields as diverse as healthcare, environ-
mental monitoring, and fundamental physics. Future
research aims to demonstrate continuous wave devices
and further enhance their energy efficiency, extend wave-
length coverage, and explore new material systems for
broader applicability.
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