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Nonlinear Crystals

Nonlinear crystals are one category of optical
materials that exhibit specialised properties

when interacting with light.

In contrast to linear optical interactions between light
and medium, where the magnitude of the effect that

the medium has on light does not change with the

light intensity, nonlinear crystals react in proportion Periodically poled lithium niobate crystals
. . . with multiple gratings
to the intensity of the light and consequently change

the light properties such as frequency, phase, and Parametric Frequency

polarisation. The nonlinear response of such crystals Conversions
to the incident light fundamentally originates from

. . . Frequency conversion using nonlinear crystals
the x(2) nonlinearity due to the asymmetric crystal . . ]
is a widely used method to generate new light

lattice structure. . . .
frequency/wavelength that is not readily available.

There are a variety of materials for making the For example, second harmonic generation (SHG)

nonlinear crystal, among which the most popular converts a single laser of its wavelength into half
nonlinear crystals are Lithium Triborate (LBO), Beta number; sum frequency generation (SFG) multiplies

Barium Borate (BBO), Potassium Titanyl Phosphate two individual lasers and generates a new laser beam
(KTP), Lithium Niobate (LiNbO,), Cesium Lithium

Borate (CLBO) and Gallium Selenide (GaSe).

with a wavelength that is shorter than the original
wavelengths; difference frequency generation (DFG)
combines two individual lasers but produce a new
laser beam with a wavelength that is longer than the
original wavelengths.

Here is a comparison of commonly used nonlinear crystals in terms
of their optical and nonlinear properties:

Nonlinear [§:e] BBO KTP LN CLBO
crystal (LiB,O,) (B-BaB,0,) (KTiOPO,) (LiNbO,) (CsLiB,O,,)
Transparency range
G 160-2600 190-3500 350-4500 400-5000 180-2750 650-20,000
Ab ti 0
sorption <0.1%/cm <0.2%/cm <0.1%/cm <0.1%/cm <0.03%/cm <0.1%/cm
Coefficient @1064nm @266nm
o Small Moderate . - Moderate
Walk-off Angle (°) (e.g. <0.5) (e.g. 2-4) Negligible Negligible (e.g. 2-3) Large (up to 20)
Nonlinear Coefficient
=32 =27 ~16.9 ~20.7 ~0.5 ~54
(pm/V)
Phase matching type Type |, I Type |, I Type Il Type O, I, 11 Type |, I Type |
D threshold
amage thresho 10 510 -5 3.5 -2 0.1-0.2
(GW/cm?)
Thermal Conductivit
y ~35 ~1.2 ~2.0 4.8 ~16 ~0.02
(W/mK)

Table 1. Comparison of commonly used nonlinear crystals

SHG and SFG are both
parametric up-conversion
processes to generate higher 9 é t
optical frequencies. SHG is t$=

f, f, 2f
Second Harmonic

Nonlinear Effects

a special case of SFG when
the input two lasers have the

same wavelength/frequency. ‘
+

On the other hand, DFG

) . f, f, f,+1,
involves a parametric

Sum Frequency
down-conversion process
in producing lower optical
frequencies. It is noted that B I *
DFG can also be named an o f fi=f

. . o Difference Frequency
optical parametric amplifier
(OPA) because the intensity of one of the input
laser normally being amplified when the new laser
wavelength generated. The aforementioned parametric
processes all generate new laser wavelength, however,
the new wavelength is fixed when the input lasers
are chosen. It would be more desirable, in some
applications, to generate flexible and controllable

wavelengths based on a given laser source.

An optical parametric oscillator (OPO) is a powerful
technique offering the capability of simultaneously
generating two new laser wavelengths from a single
laser. Apart from that, OPO provides wavelength
tunability on the new emissions, which can cover a wide
range of spectral regions that traditional lasers do not
access, therefore opening up many new applications

such as spectroscopy, sensing, imaging, etc.

Picosecond cascaded frequency doubling with two Covesion crystals

from 1.9um to 488nm Applied Physics B 124, 59, (2018)

Phase Matches

The parametric frequency conversion processes
are phase-sensitive nonlinear interactions in
which phase-matching conditions are critical to
enable such processes.

In the non-phase-matched condition, optical
powers exchange back and forth between

the interacting waves during the parametric
interactions, whereas the optical power can be
converted efficiently from one wave to another
and grows quickly along the nonlinear crystal in
the phase-matching condition. The origin of phase
mismatch is due to the chromatic dispersion
from the nonlinear crystals that result in different
phase velocities between the interacting waves at
different wavelengths.

Despite the chromatic dispersion, it is still possible
to realise phase matching in birefringent crystals
by properly designing and choosing cutting angles
and operating temperatures of such crystals to
enable matched phases between the interacting
waves. However, quite often the interacting waves
propagate at different directions in the birefringent
crystals under the phase matching condition,
which results in an undesired spatial walk-off
effect and therefore reduces frequency conversion
efficiency.

To overcome this problem, a very different
phase-matching technique known as quasi-phase-
matching (QPM) has been invented. In QPM, a
periodic modulation on the nonlinear susceptibility
is applied to the crystal materials, which reverses
the crystal axes periodically at a coherence length
to ensure a positive power flow constantly from
the incident waves to the new waves with the same
propagation direction.
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In addition, QPM allows one to select the light
propagation angle inside the crystals to use
the largest nonlinear coefficient of the material
in the nonlinear interaction. In comparison

to birefringent phase matching, quasi-phase
matching (QPM) offers great advancement in
eliminating the spatial walk-off and increasing
nonlinear coefficient, which can effectively
enhance frequency conversion efficiency and
improve beam qualities of the generated new

waves.

Covesion crystal oven with temperature controller

Periodically poled lithium niobate crystal with single grating

Periodically Poled Lithium
Niobate

Periodically poled lithium niobate (PPLN) is
a typical engineered QPM material for highly
efficient nonlinear wavelength conversion
processes.

As a ferroelectric crystal, lithium niobate contains
unit cells with a small electric dipole moment and
the orientation of the electric dipole is dependent
on the positions of the lithium and niobium ions
within the cell. By applying a high electric field, the
crystal structure within the unit cell can be inverted
and consequently, the orientation of the electric
dipole can be flipped.

To fabricate PPLN, a lithium niobate wafer is
lithographically patterned with a periodic electrode
structure, which is then placed underneath
electrodes and a high voltage is applied to the
electrodes to create periodically poled regions with
the desired shape. The poling period with which the
crystal needs to be created depends on the phase-
matching condition of the interacting wavelengths
for the parametric process. The phase-matched
wavelengths can be tailored by designing a PPLN
with different poling periods.

Multiple different poling period channels can be
fabricated on a single PPLN crystal to extend the
operating wavelength. Furthermore, temperature
tuning of PPLN crystals offers another degree of
control on the phase-matched wavelength.

Fan-out gratings in PPLN are specially designed
patterns of periodic poling that allow for quasi-
phase matching across a range of wavelengths.
These gratings are particularly useful in optical
parametric oscillator (OPO) setups where wide
tunability or simultaneous generation of multiple
wavelengths is desired. The grating period in a
fan-out structure changes gradually along the
width of the crystal. Fan-out gratings enable
broad tunability in OPO systems, where the signal
and idler wavelengths can be adjusted by moving
the pump beam along the grating under a fixed
temperature.

Overall, PPLN provides great flexibility in
phase-matching design for a wide range of
parametric frequency conversions.

Optical Parametric Oscillator

One of the most common uses of PPLN in
generating new wavelength sources is in an
optical parametric oscillator (OPO).

Similarly to a typical laser oscillator, OPO consists

of a pump source, a gain medium and a resonator.
Instead of using rear-earth ions doped materials for
laser oscillators, OPO employs nonlinear materials,

PPLN as an example, to generate a parametric
process and hence frequency convert the pump
wavelength to different wavelengths.

The great advancement of an OPO is the
ability to generate tuneable coherent
radiation from a single incident laser beam.

When the incident laser beam, named pump,
interacts with the nonlinear crystal, two new beams,
named signal and idler, can be generated under

a phase-matched condition. This can be pictured

as one pump photon is split into a pair of photons
respecting the energy conservation law.

The initial parametric generation builds up on
quantum noise, and the signal and idler waves are
amplified during each pass through the nonlinear
crystal under resonance by the OPO cavity.
Therefore, a certain pump threshold, depending

on the OPO cavity design, has to be reached to
achieve steady oscillation. There are two types of
configurations to the OPO cavity, such as singly
resonant OPO and doubly resonant OPO, depending
on whether a single wave or both waves of the signal
and idler are resonated by the OPO cavity mirrors.

Doubly resonant OPOs can have lower pump
thresholds than singly resonant OPOs, however,
they are subject to constraints on their cavity length
for fulfilling resonant conditions for both the signal
and idler waves. Hence singly resonant OPOs are
generally more common than doubly resonant OPOs
in practical use. In some cases, the pump beam may
also be reflected by one of the cavity mirrors to form
a double-pass pumping configuration for enhancing
frequency conversion efficiency.

Typical schematic of an OPO
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OPOs can operate in either continuous wave (CW)

or pulsed regime, depending on the pump laser
source, as the OPOs will generally generate output
with a temporal profile similar to the pump laser.
Pumped by a CW or a long-pulsed laser (nanosecond
or longer), the long length of nonlinear crystals can
be employed for the OPO to enhance conversion
efficiency and output power, although longer crystals
would require narrower spectrum for the pump due
to the limited pump spectral acceptance bandwidth.

Whereas short pulses (picosecond or shorter)
pumped OPOs require a match between the
cavity length and the pump repetition rate to
ensure that the resonant round-trip time equals
the time between pump pulses. This is known as
synchronously pumped OPO. Temporal walk-off
between the short pulses at different wavelengths,
originating from group velocity dispersion in the
nonlinear crystal, needs to be prevented when
selecting the crystal length.

Generally, synchronously pumped OPOs produce
pulses with the same repetition rate as the pump
pulse, although higher-harmonic repetitions can also
be realized to fulfil the temporal synchronization.
Normally it is challenging to develop a low-repetition
short-pulsed OPO due to the very long cavity length
requirement for synchronous pumping. There

are some techniques been reported to overcome
such problems, for example, a high-harmonic OPO
with a short cavity length successfully operate at a
repetition rate of TMHz2.

Fiber-feedback OPO is another solution
to operate the short-pulsed OPO at a low
repetition rate while maintaining a compact

cavity3.

Examples of Using PPLN for OPO

The appealing characteristics of high nonlinear
coefficient, wide spectral transparency and the QPM
ability make PPLN crystal one of the best nonlinear
mediums in OPO development for a variety of
applications.

The most common OPOs are pumped by 1-pm lasers
and produce tuneable output wavelengths covering
both the near-infrared (1.2-2.0 pm) and mid-infrared
(2.0-5.0 pm). In CW operation, a highly efficient OPO
with 93% pump depletion is realized based on a
PPLN, which converts 86% of the pump photons to
the idler output and produces 3.55W mid-infrared

at 3.25um*. For high-power operation, a CW PPLN
OPO is demonstrated to generate a maximum power
of 7.54W at 3pm>. Compared to the CW OPO which
requires a narrow-spectral pump source to enhance
the conversion efficiency, pulsed OPOs generally

put less requirement on the pump spectrum and
tend to have lower pump thresholds. Operating

in the nanosecond regime (200ns, 300kHz), high-
power fibre laser-pumped PPLN OPO is reported

to generate a maximum average power of up to
10.82W at 3.75umé.

Meanwhile, PPLN OPOs have good performance

in the ultrashort pulse regime. For example, a
1-MHz OPO is demonstrated based on PPLN, which
provides a tunable signal (1329-1641nm) and idler
(2841-4790nm) pulses (137ps) with a maximum
signal pulse energy of 10p) and a maximum idler
pulse energy of 5.1p)’. Femtosecond OPOs based
on PPLN are also attractive and useful for various
applications. Widely tunable output covering 1450-
4000nm is generated from a 70-fs pumped OPO
that consists of a PPLN crystal. In addition, further
frequency mixings, including SHG and SFG, inside
the PPLN OPO produce wavelength tunability that
extends to the visible region (610-970nm)z.

OPO applications

An OPO laser is a versatile light source with a wide
range of applications due to its ability to generate
tunable wavelengths. Spectroscopy explores the
interaction between light and matter, focusing

on how materials absorb, emit, or scatter light

to reveal their chemical composition, molecular
structure, and physical properties. Tunable OPO
lasers play a crucial role in this field, offering
precise and adjustable wavelengths that enable
detailed and accurate measurements across a
broad spectral range. It has wide applications in
medical and biological research, material study,
and environmental monitoring.>101112

Like Raman spectroscopy and infrared absorption
spectroscopy, OPOs are useful for analysing
molecular structures and chemical composition.

In environmental monitoring and gas sensing,
OPOs are useful to detect specific molecules. OPO
laser can also be used for microscopy. It provides
the flexibility to precisely control the excitation
wavelengths and to optimise imaging conditions.
Use the tunability to match the excitation peak of
fluorophores, such as Two-Photon Microscopy,
using NIR to excite visible-range fluorophores

for deep tissue imaging. OPO wavelengths can

be adjusted to enhance the signal contrast from
specific tissues in SHG/ THG Microscopy. Mid-

IR output can be used for direct IR absorption
imaging or spectroscopy. In CARS Microscopy,
OPOs are excellent for generating pump and
Stokes beams in vibrational imaging.

The tunable wavelength allows for targeting
specific molecular vibrations. OPO lasers could
also be used for defence and security. Due

to mid-IR output, it can be used for jamming
infrared-guided missiles. It can also be used for
LIDAR by adjusting laser wavelengths to minimise
atmospheric absorption for high-resolution
mapping and target detection.

To conclude

In conclusion, NLO crystals provide a
practical solution for the generation of a
wide range of wavelengths that are not
readily accessible via direct laser sources.
The use of highly efficient materials that can
be microstructured to enable QPM, such as
MgO:PPLN, provides a highly flexible product
ecosystem.

As a leading supplier of PPLN-based
wavelength conversion products, Covesion
can offer advice on customer-specific
solutions and technical support in their set-
up, use, and optimization. With an extensive
portfolio of COTS products and custom
design capabilities, Covesion is well-placed
to support the widest range of wavelength
conversion applications.
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About us

Covesion are world leaders in the research, development and manufacture of MgO:PPLN crystals and
waveguides for highly efficient, non-linear frequency conversion. With over 20 years' experience in the
manufacture of PPLN technologies for the photonics industry, experts at Covesion are well equipped

to provide insight and guidance on the design of systems for generating visible and IR light.

For more information contact:

Dr. Rongrong Xu
Email: Rongrong.xu@covesion.com
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