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Abstract

Tunable narrow-linewidth and broadband laser sources in the mid-infrared
(mid-IR) wavelength range are extremely desirable in all time scales for their
several useful applications in spectroscopy, imaging, optical communication
and medical sciences to name a few. The one very important application
of high-power tunable narrow-linewidth mid-IR laser sources in the 2 pym
wavelength range is the ability to pump cascaded mid-IR optical parametric
oscillators (OPO) for generating tunable wavelengths beyond 4 pm using
semiconductor nonlinear crystals such as ZnGePsy (ZGP) or orientation pat-
terned GaAs (OP-GaAs). These crystals have very good linear and nonlinear
optical properties along with good transparency beyond 4 pum wavelengths
unlike oxide-based materials such as MgO:PPLN which have strong multi-
phonon absorption beyond 4 um wavelengths. However, both ZGP and
OP-GaAs cannot be pumped by commercially available 1 pm lasers due to

linear and nonlinear absorptions below ~2 pum wavelengths.

In this thesis, we have demonstrated some very useful high-power narrow-
linewidth tunable 2 pum nanosecond and picosecond high-repetition-rate
sources with very good spatial beam qualities. We have further demon-
strated a picosecond mid-IR idler-resonant MgO:PPLN based OPO with
intra-cavity second-harmonic-generation (SHG). This helps in covering the
essential wavelength gap between 1.064 ym and 1.45 ym when pumped by
Yb-fiber laser at 1.064 pum. This wavelength gap is generally not covered
by MgO:PPLN based SROs that are signal resonant due to the material
transparency of MgO:PPLN which doesn’t allow the idler wave to go above
~4 pm wavelength, thereby restricting the signal wave from reaching below

~1.45 pm.



Due to the requirement of synchronous pumping, the OPOs typically tend
to be relatively bulky and of large size, which can restrict its practical utility
in space-constrained applications. We address this challenge by demonstrat-
ing a compact picosecond high-repetition rate singly resonant OPO (SRO)
with intracavity-mirror-retro-reflector fiber (IMRF) that enables two-fold
reduction in the form-factor. This IMRF OPO demonstrates a high wave-
length tunability from ~1.45 pm to ~4 pm with high spectral brightness and

exceptionally good output beam quality.

In our attempt to further reduce the size and complexity of nonlinear fre-
quency conversion sources, we have demonstrated the first single-pass optical
parametric generation (OPG) and amplification (OPA) in MgO:PPLN with
record high conversion efficiency of >59% without the requirement of any
seed-laser. We have demonstrated a record-low pump threshold energy of
7.5 nJ which is remarkably small and opens a whole new area of research on
single-pass frequency conversion devices based on OPG/OPA. Our system
is highly tunable near ~2 pym region with >8 W of single-pass output power
while pumped with ~14 W of pump power at 1064 nm.

Finally, in this thesis, we have demonstrated the first phase-locked picosec-
ond OPO with record high output power and spectral bandwidth near ~2 pym
wavelength region. Such a device can be used as a high spectral brightness

phase-locked super-continuum source for a huge array of applications.



Resumen

Las fuentes laser de banda ancha y ancho de linea estrecho sintonizables
en el rango de longitud de onda del infrarrojo medio (IR medio) son de
gran interés en todas las escalas de tiempo por sus diversas aplicaciones
en espectroscopia, imigenes, comunicaciéon 6ptica y ciencias médicas, por
nombrar algunas. Una aplicaciéon muy importante de las fuentes laser de IR
medio de ancho de linea estrecho sintonizable de alta potencia en el rango
de longitud de onda de 2 um es la capacidad de bombear osciladores 6pticos
paramétricos (OPO) de IR medio en cascada para generar longitudes de
onda sintonizables mas alla de 4 pum, usando cristales semiconductores no
lineales tales como ZnGePy (ZGP) o GaAs con patron de orientacion (OP-
GaAs). Estos cristales tienen muy buenas propiedades 6pticas lineales y no
lineales junto con una buena transparencia mas all4 de las longitudes de onda
de 4 pym, a diferencia de los materiales a base de éxido como MgO:PPLN
que tienen una fuerte absorcién de multifonones mas alla de las longitudes
de onda de 4 pym. Sin embargo, tanto ZGP como OP-GaAs no pueden
ser bombeados por laseres de 1 pum disponibles comercialmente debido a

absorciones lineales y no lineales por debajo de 2 pym de longitud de onda.

En esta tesis, hemos demostrado algunas fuentes de alta potencia sintoniz-
ables de 2 um de nanosegundos y picosegundos de alta tasa de repeticién con
muy buena calidad de haz espacial. Ademas, hemos demostrado un OPO
basado en MgO:PPLN de picosegundos resonante para el campo idler en el
IR medio, con generacion de segundo armonico (SHG) intracavidad. Esto
permite cubrir la brecha de longitud de onda esencial entre 1.064 ym y 1.45
pm cuando se bombea con laser de fibra de Yb a 1.064 um. Esta brecha
de longitud de onda generalmente no estd cubierta por los SRO basados
en MgO:PPLN, que resuenan el campo senal, debido a la transparencia del
material de MgO:PPLN, que no permite que el campo idler supere las 4 ym
de longitud de onda, lo que restringe el alcance del campo senal por debajo

de 1.45 pm.

Debido al requisito del bombeo sincrono, los OPOs suelen ser relativamente

voluminosos y de gran tamano, lo que puede restringir su utilidad prac-



tica en aplicaciones con limitaciones de espacio. Abordamos este desafio
demostrando un sistema de picosegundo compacto de alta tasa de repeti-
cion de resonancia simple (SRO) con un espejo retro reflector intracavidad
en fibra (IMRF) que permite una reducciéon doble en el factor de forma.
Este IMRF OPO demuestra una alta sintonizacion de longitud de onda de
1.45 pym a 4 pm con un alto brillo espectral y una calidad de haz de salida

excepcionalmente buena.

En nuestro intento de reducir atin mas el tamafo y la complejidad de las
fuentes de conversion de frecuencia no lineal, hemos demostrado la primera,
generacion 6ptica paramétrica (OPG) y amplificacion (OPA) de un solo paso
en MgO:PPLN con un récord de alta eficiencia de conversion de >59% sin
necesidad de ningin laser de inicio. Hemos demostrado un umbral de en-
ergia de bombeo récord bajo de 7,5 nJ, que es notablemente pequeno y abre
una nueva area de investigacién sobre dispositivos de conversion de frecuen-
cia de un solo paso basados en OPG/OPA. Nuestro sistema es altamente
sintonizable cerca de la regién de 2 um con >8 W de potencia de salida de
un solo paso mientras se bombea con 14 W de potencia de bombeo a 1064

nm.

Finalmente, en esta tesis, hemos demostrado el primer OPO de picosegundos
con ajuste de fases (mode-locked) con record en potencia de salida y un
ancho de banda espectral cerca de la region de longitud de onda de 2 pum.
Un dispositivo de este tipo se puede utilizar como una fuente supercontinua

mode-locked de alto brillo espectral para una gran variedad de aplicaciones.
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Introduction

1.1 Background

Several milestone discoveries and path-breaking developments in science and technology
have been possible only because of lasers. Research has been going at an amazing pace in
search for new uses of lasers. A big impact in nanotechnology [1], in the development of
super-tiny machines and tools has been possible only because of advanced laser sources
which can be controlled very precisely. Current generation lasers can be used to make
molecule-size motors and can also be used as "optical tweezers" to move atoms [2].
Scientists have been working on using lasers to transform the shape of molecules [3] by
varying laser’s wavelength which could lead to advanced materials [4] and breakthroughs
in medical sciences [5] leading to next-generation medicines.

Since, the first demonstration of coherent light source in the form of a ruby laser
in 1960 by Maiman [6], several successful efforts have been made to improve the laser
technology. Major improvements have been made in terms of wavelength tunability,
good beam quality and high output power in both pulsed and continuous-wave (CW)
modes of operation. Lasers have revolutionized the field of experimental nonlinear optics
research, the first of the many successes, was the demonstration of second-harmonic-
generation (SHG) in a quartz crystal by Franken and his co-workers in 1961 [7].

The field was further revolutionized with the development of the required theory
for parametric electromagnetic interactions by Armstrong et. al. in 1962, revealing that
by exploiting the concept of phase-matching in a nonlinear medium, light could be

converted from common laser emission wavelengths to new wavelengths [8]. Intense
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phase-matched SHG was demonstrated soon after, with difference-frequency-generation
(DFG) reported in 1963 [9], and finally the first optical parametric oscillator (OPO)
was demonstrated in 1965 by Giordmaine and Miller [10]. Driven by a laser source,
an OPO produces coherent light output which can be tuned continuously over a wide
wavelength range and has all properties of an ordinary lager.

In the face of all this impressive early progress, translating OPOs to other wave-
lengths and timescales proved challenging due to slow development of reliable high-
power lasers with high spatial and spectral coherence, crystals with poor optical prop-
erties, and very low-quality optical coatings. Occasional reports continued throughout
the late 1960s and 1970s, including Byer demonstrating the first CW visible OPO in
1968 [11], and the first synchronously-pumped picosecond OPO in 1977 [12], however,
OPOs still remained far from a practical and reliable technology. In 1980s, the devel-
opment of new nonlinear materials, such as 5-BaB2O4 (BBO) [13], LiB3O5 (LBO) [14],
and KTiOPO4 (KTP) [15], once again created a major interest in parametric devices.
Presently, OPOs cover a huge part of the visible and infrared spectrum which is not
covered by any tunable solid-state lasers due to lack of appropriate gain material, as

shown in Figure 1.1.

1.1.1 Applications of mid-IR OPO sources

Molecular spectroscopy is one of the very first applications of coherent mid-IR sources.
Molecules characteristically absorb light at one or more specific wavelengths due to their
vibration frequencies in the medium [16], as shown in the inset of Figure 1.1. Free-space
optical communication is another important application of mid-IR wavelengths [17]. In
the present digital age, it is an ever increasing requirement for communication networks
to transport more information at higher bit-rates. And in order to boost the bit-rate,
the carrier frequency needs to be increased. In the recent past, radio frequency (RF)
communications have shifted from the 3-30 GHz range (microwaves) to the 30-300 GHz
range (millimeter waves). The next logical step would be to shift to eye-safe optical
wavelengths in the mid-IR in order to achieve even higher carrier frequencies.
Free-space optical communication could be used for general public applications as an
alternative to expensive optical fibers and for developing next-generation WIFI networks

which would ensure high bit-rate internet communication. Hence, there is a strong
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demand for the development of reliable, low-consumption, powerful mid-IR sources

that can cater the above mentioned applications.

1.1.2 Need for mid-IR OPO sources

There are various types of infrared sources that have been developed to address the
above mentioned applications, as presented in Figure 1.2. For instance, the CO» lasers
[18] emit in the range between 9.6 and 10.6 pum with over 100 W in the CW operation
regime. Similarly, CO lasers [19] emit in the 5-8 pum region when operated on the
fundamental roto-vibrational mode and can also emit in the 2.5-4 yum region in the first
harmonic. However, these lasers are typically cumbersome due to their large cooling

systems.

L Ll L] L] I L] L] L] L} L] L] L L
. CO, Laser
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Figure 1.2: Main infrared wavelength sources and their emission range.

Lead-salt lasers are another type of mid-IR semiconductor laser sources based on
PbSe, PbTe or PnS which operate in the 3 to 30 pum wavelength ranges |20, 21]. These
lasers generally emit few uW output power and require cryogenic temperatures for CW
operation, which is not practical. The performance of such lasers are sensitive to small

temperature fluctuations. There are also antimony-based semiconductor laser, such as
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AlGaln/AsSb which emit below 3 pm [22] or GaInSb/InAs which emits in the 3 to 4
pm wavelength region [23]. However, these sources are limited to low powers.

In order to improve the performances of antimony-based mid-IR laser diodes, Yang
[24] proposed a cascading design leading to quantum cascade lasers (QCLs). Here, the
optical transition occurs between two sub-bands of the conduction band, which leads to
large range of accessible wavelengths in the 3 to 250 um region [25]. However, even after
a decade of effort, unfortunately QCLs still require cryogenic temperatures for stable
operation [26].

However, by exploiting the second order nonlinearities of optical crystals such as,
BBO, LBO, KTP, LiNbO3 (LN), BaGasSe7 (BGSe) and others, allows us to obtain op-
tical waves which are tunable all the way from the UV to the mid-IR wavelengths, and
have proven to be more robust and reliable solution in comparison to the above men-
tioned. One of the most widely used nonlinear effects is difference-frequency-generation
(DFQ) in crystals such as LN which converts two waves at angular frequencies ws and
wy in to a single wave at angular frequency wy = w3 —wi [27]. Another important and
widely used nonlinear effect is optical parametric generation (OPG), where we obtain
a signal wave at wy and an idler wave at ws from a single pump wave at w3, such that
w3 = w1 +ws. This is also the key ingredient for OPOs, based on crystals such as MgO-
doped periodically-poled lithium niobate (MgO:PPLN) [28], periodically-poled lithium
tantalate (PPLT) [29], and others which provide very wide wavelength tunability in all
time scales along with strong optical output powers [30].

In ferroelectric crystals such as LN, the orientation of the crystal is periodically
switched, in order to obtain gquasi-phase-matching (QPM), which allows all optical
waves to propagate in the crystal with same phase, leading to strong optical output
power. The period of the nonlinear crystal also determines the output wavelengths and
wide wavelength tunability can be obtained with OPOs by using crystals with multiple
periods [31]. However, oxide-based materials such as MgO:PPLN have some funda-
mental limitations in terms of OPO wavelength tunability due to strong multi-phonon
absorption beyond 4 um [32]. Hence, there is a huge interest in semiconductor nonlin-
ear crystals such as ZnGePy (ZGP) or orientation patterned GaAs (OP-GaAs) which
have very good linear and nonlinear optical properties along with good transparency

beyond 4 pm wavelengths. However, both ZGP and OP-GaAs cannot be pumped by



1. INTRODUCTION

commercially available 1 pym lasers due to linear and nonlinear absorptions below ~2
pm wavelengths.

As a result, there has been significant efforts towards development of novel nonlinear
crystals with large bandgaps, high damage threshold, high nonlinear coefficient and very
wide transparency range from the near- to mid-IR in order to be able to use commercially
available 1 pum lasers for pumping as shown in Figure 1.3. CdSiPy (CSP), BGSe and
orientation patterned GaP (OP-GaP) are very good candidates which satisfy the above
requirements along with birefringent phase-matching (BPM) and QPM, respectively.
Recently, major advances have been made in the field of OPOs leading to numerous
pulsed OPOs in the mid-IR based on OP-GaP (up to 13 pm) [33] and BGSe (up to 17
pum) [34] down to the UV spectral regions [35, 36].

Absorption edge
Atoff <532 Nnm

High
.' danl’iga . High NLO
g N coefficient

threshold

Wide optical

\

\ transparency

\_ NeartofarlR
A

o

Perfect OPO crystal

Figure 1.3: Main requirements for a nonlinear crystal to be used for mid-IR OPO pumped
at 1.064 pum.

Most of this thesis is focused on picosecond synchronously-pumped OPOs, covering
from 1.27 pm to ~4 pum wavelength region based on MgO:PPLN, providing high spec-
tral and spatial beam quality with excellent output stabilities. Such OPOs represent
viable alternatives to Tm?3*/Ho3"-doped solid-state and fiber lasers for the generation

of high-power radiation in the ~2 pum spectral range which can be used to pump mid-
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IR nonlinear crystals such as ZGP and OP-GaAs. We also demonstrate high-power,
high-repetition-rate picosecond single-pass OPG systems tunable in the 2 ym wave-
length region pumped at 1.064 pm with record pump conversion efficiencies. Such
simple picosecond single-pass source alleviates the requirement for complex OPO cavi-
ties for synchronous pumping, and provides multi-Watt average power in compact and
cost-effective format with wide wavelength coverage across the near- and mid-IR for a
variety of applications. We further report the first picosecond phase-locked OPO source
with multi-Watt average powers using relatively simple, low-cost, and widely available
mode-locked fiber pump lasers, paving the way for new applications in remote sensing,

atmospheric optics, free-space communications, astronomy, and more.

1.2 Thesis Structure

This thesis is structured as follows.

Chapter 2: This chapter introduces the core concepts in nonlinear optics, which forms
the basis for parametric wave interactions and frequency conversion. The second-order
nonlinear processes such as SHG, sum-frequency-generation (SFG), DFG and OPG
are discussed together with an introduction to phase-matching, dispersion and optical

parametric oscillation.

Chapter 3: In this chapter, we report on the development of high-average-power
nanosecond and picosecond laser sources tunable near 2 um based on OPOs pumped
by solid-state Nd:YAG and Yb-fiber lasers at 1.064 ym. By exploiting 50-mm-long
MgO:PPLN as the nonlinear crystal and operating the OPO in a near-degenerate dou-
bly resonant configuration with intracavity wavelength selection elements, we have gen-
erated tunable high-average-power radiation across 1880-2451 nm in high spectral and
spatial beam quality with excellent output stability. In nanosecond operation, pumping
with a Q-switched Nd:YAG laser and using an intracavity prism for spectral control,
we have generated more than 2 W of average power in pulses of 10 ns duration at 80
kHz repetition rate with narrow linewidth (<3 nm), with M? < 2.8, and a passive
power stability better than 2.2% rms over 1 h. In picosecond operation, pumping with

a mode-locked Yb-fiber laser and using a diffraction grating as the wavelength selection
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element, we have generated more than 5W of average power in pulses of 20 ps at 80
MHz repetition rate with narrow bandwidth (~2.5 nm), with M? < 1.8 and a passive
power stability better than 1.3% rms over 2 h. The demonstrated sources represent
viable alternatives to Tm?3* /Ho3"-doped solid-state and fiber lasers for the generation

of high-power radiation in the ~2 pm spectral range.

Chapter 4: In this chapter, we present an idler-resonant picosecond OPO based on
5%MgO:PPLN with intracavity SHG using a second MgO:PPLN crystal with fanout
grating structure. The OPO is synchronously pumped by a mode-locked Yb-fiber laser
delivering ~20 ps pulses at 79.5 MHz repetition-rate at 1064 nm. We have generated a
broadly tunable radiation across 2610-3075 nm in the idler, 1627-1782 nm in the signal
and 1272-1537 nm in the SHG with >1 W average output power in the 1290-1375 nm

region.

Chapter 5: In this chapter, we present a compact picosecond OPO based on 5%MgO:
PPLN in a novel configuration using a 80-cm-long single-mode integrated-mirror-retro-
reflector fiber (IMRF') as the feedback element, resulting in a two-fold reduction in the
overall footprint. The OPO is synchronously pumped by a mode-locked Yb-fiber laser
delivering ~20 ps pulses at 79.5 MHz repetition-rate at 1064 nm. We have generated
a broadly tunable radiation across 2211-3983 nm in the idler and 1451-2051 nm in
the signal with maximum average output power of ~1 W in the signal and idler and
excellent passive output stability of better than 0.8% rms over 3 hrs and immaculate
beam quality. We also obtained excellent spectral stability of better than 0.004% rms
over 3 hrs and very good pulse-repetition-rate stability of better than 0.00001% rms

over 3 hrs.

Chapter 6: In this chapter, we report the generation of tunable high-repetition-
rate picosecond pulses in the near-infrared at high average power with record con-
version efficiency using singe-pass OPG and optical parametric amplification (OPA) in
MgO:PPLN, for the first time to our knowledge. By deploying a mode-locked Yb-fiber
laser at 1064 nm providing 21 ps pump pulses at 80 MHz, and a cascade of two 50-mm-
long MgO:PPLN crystals, we generate up to 8.3 W of total average output power at a

conversion efficiency of 59% over a tunable range of 513 nm, across 1902-2415 nm, with
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a record threshold as low as 600 mW (7.5 nJ). The two-stage OPG-OPA scheme pro-
vides control over fine wavelength tuning and output spectral bandwidths, enabled by
independent control of phase-matching in each crystal. The OPG-OPA output exhibits
high spatial beam quality and excellent passive power and central wavelength stability
better than 0.9% rms and 0.1% rms, respectively, over 1 hour. The OPA output pulses
have a duration of ~11 ps, with 10dB bandwidth of ~350 nm at 2107 nm. And the OPG
output pulses have duration of 5.2 ps with a FWHM spectral bandwidth of 117 nm
at 2123 nm, resulting in a time-bandwidth product of AT7Av ~40, indicating ~4 times
pulse compression with respect to the pump pulses. Theoretical simulations confirm
the effect of the exponential gain in the parametric process as playing a key role in the

resulting pulse compression.

Chapter 7: Finally, in the last chapter, we report a degenerate self-phase-locked
picosecond OPO synchronously pumped by a mode-locked Yb-fiber laser at 1064 nm,
delivering broadband output near 2 um with 2.8 W of average power at ~80 MHz
repetition rate. By exploiting a 50-mm-long MgO:PPLN crystal providing high gain and
low group velocity dispersion under type 0 (e - ee) phase-matching, the OPO generates
phase-locked degenerate output spectrum with a bandwidth of ~202 nm centered at 2128
nm in pulses of ~21 ps duration with excellent passive long-term power and spectral
stability in high spatial beam quality. Phase-locked operation results in spectral and
power stabilization at exact degeneracy and is further validated by f-2f interferometry
and radio-frequency measurements of OPO output. To the best of our knowledge, this
is the first degenerate self-phase-locked OPO in picosecond time-scale, and the highest
average power reported for a phase-locked ultrafast OPO to date.
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Basic Principles of Nonlinear Optics

This chapter provides an overview of the relevant theory and dynamical equations of
wave-mixing in nonlinear optics. More detailed and comprehensive treatment of non-

linear three-wave processes and devices can be found in several other references [1-3].

2.1 Basics of nonlinear optics

Optics is the study of interaction of light with matter. Light is generally expressed as
an electromagnetic field with spatially and temporally varying electric and magnetic
components, E(r, t) and B(r, t), respectively. Such an electromagnetic wave can inter-
act with matter or, more precisely, with the charged particles inside matter. In most
situations of practical interest in nonlinear optics, the interaction between the electric
field and matter is much stronger in comparison to the magnetic field. Therefore, the
magnetic field will not be considered in the light-matter interactions. Instead, the de-
scription in this thesis is limited to the interaction between the electrical field of a laser
beam and a nonlinear dielectric medium with free charges and no currents.

For a laser propagating along x-axis, the electric field can be described by a complex

amplitude, F, and an exponential function:
1 .
E(z,t) = E{Eo(x,w)exp[z(wt - kx)]} +c.c (2.1)

Here, Ey(x,w) is the space and frequency dependent amplitude, k is the wave vector,
w is the circular frequency of the rapidly oscillating wave, and c.c. denotes the complex

conjugate terms.
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2. BASIC PRINCIPLES OF NONLINEAR OPTICS

The interaction of electric field with a dielectric medium induces separation of bound
charges, resulting in a collection of induced dipole moments. In order to describe the
optical response, the polarization of the nonlinear material in which the frequency con-
version is to take place needs to be considered. Since the incident laser light will induce
material polarization, this in turn gives rise to a dipole moment. The dipole moment
per unit volume is called the polarization of the material and the induced polarization,

P, in its most general form, is given by a power series in the applied electric field as:
P=co(xXVE+yPE>+ \OE3+ ...)=pPL4+ PNt (2.2)

where P = ng(l)E is the linear polarization, and PN* is the nonlinear polarization
induced by sufficiently intense light field. g = 8.85x107!2 F/m is the electric permit-
tivity in free space. (™) is the susceptibility response tensor of m‘® order and becomes
a scalar quantity in an isotropic medium. The Lorentz model of a single electron of
charge -e bound to a nucleus by a spring, which provides a linear restoring force pro-
portional to the displacement, x, of the electron from the nucleus, is a useful model for
linear optical effects. The microscopic polarization is the product of the charge times
the displacement of the electron, such as p = —ex. In this linear model, the electron
moves in response to an applied electric field E(t), Figure 2.1(a), within a symmetric

parabolic potential energy profile (Figure 2.1(b)), U(x) :

U(z) = - f eE(x,t).dx (2.3)

2.2 Second-order nonlinearity

Nonlinearities are described by the higher-order terms of the potential energy profile,
Figure 2.1(c). The polarization generated by a charge moving in such a potential has
additional spectral components due to the quartic term of U (x), but it does not contain
a DC component, as would be required for optical rectification. Inversion symmetric
materials, including liquids, gases, and glass, always have symmetric potentials and
thus a vanishing X(Q), while having a non-zero X(g) nonlinearity. To induce a nonlinear
polarization, the electron must be displaced far enough from the nucleus to "see" the
non-parabolic regions of the potential well and in the case of nonlinear optics, this is

done by applying an electric force to the electron with a strong electric field, F' = —eF,
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Figure 2.1: (a) Applied laser electric field versus time. (b) Parabolic potential energy
profile and resulting polarization versus time in a linear model. (c) Potential energy pro-
file with quadratic and quartic terms and the generated polarization in a nonlinear cen-
trosymmetric model. (d) Potential energy profile with quadratic and cubic terms and the

generated polarization in nonlinear non-centrosymmetric model.

such as those produced by lasers. In materials without inversion symmetry such as
quartz, GaAs, GaP and lithium niobate, the potential well is no longer symmetric due
to the cubic term of U(z), Figure 2.1(d), and such materials will possess a non-zero x(?)
value. The polarization of an electron moving in such a potential contains additional
spectral components as well as a DC term and the generation of additional spectral
components can be described in a more quantitative fashion.

The second-order nonlinear polarizability, P®) is used to describe the three-wave

mixing processes. Mathematically, it can be represented as:
P® - ex?: EE (2.4)

where X(Q) is the second-order nonlinear susceptibility of the material, which gives

rise to familiar nonlinear optical processes such as second-harmonic-generation (SHG),
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2. BASIC PRINCIPLES OF NONLINEAR OPTICS

sum-frequency-generation (SFG), difference-frequency-generation (DFG), and most im-
portantly in the context of this thesis, optical parametric generation (OPG) and ampli-
fication (OPA), and optical-parametric-oscillator (OPO).

If we assume an applied electric field, F, consisting of two monochromatic harmonic
waves, F1 and FEs, with corresponding frequency components, w; and ws, it can be

presented in the following form:

E(t) = By (t)e ™ + By (t)e ™' + c.c. (2.5)

According to Equation 2.4 and Equation 2.5, we find that the second-order nonlinear

polarization created in such a medium is:

p@ _ 50X(2)[E126—2¢w1t + E226—2iw2t (2.6)
+2Ey Bye t@rtw2)t o p premi@imwa)t 4 ¢ o] (2.7)
+2e0x P [ELE] + 2B, E3, (2.8)

from which several familiar second-order processes are associated with the different
combinations of w; and wy. These include the first two terms of Equation 2.6, which
represent SHG, the first two terms of Equation 2.7 which represent the physical processes
of SFG, and DFG, and the last term of Equation 2.8 which represents optical rectification
(OR). Here, we do not consider the complex conjugates (c.c.) of the above equation, as
they do not lead to any extra processes other than the above mentioned processes.
The physical meaning of the different types of frequency conversion processes are
illustrated in Figure 2.2. In all of the optical processes, energy and momentum of the
photons taking part in the frequency conversion have to be conserved. The momentum
conservation is also known as the phase-matching condition. In case of SHG, depicted
in Figure 2.2(a), which can be considered special case of SFG where two photons of
the same frequency are converted into a single photon at twice the frequency (2w).
SHG was first demonstrated in 1961 [4] and was the first observed nonlinear optical
effect. In the SFG processes, depicted in Figure 2.2(b), two input photons (w; and ws)

traveling through the nonlinear medium, are converted into a single photon at higher
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2.2 Second-order nonlinearity

frequency (w3 =wy +w2). In the DFG processes, depicted in Figure 2.2(c), two photons
of the initial beams (w7 and ws) are converted into a single photon at lower frequency
(we = w3 —wi). In the case of optical rectification, which can be considered special
case of DF@G, the input beam at frequency, w, mixes with itself or another beam at
the same frequency, resulting in a difference frequency, Aw = 0. This process was
first observed by Bass et. al. in 1962 [5]. In addition, there is the another type of
down-conversion process, OPG, where the incoming pump light (ws) is converted into
two beams at different lower frequencies (w1 and ws), as shown in Figure 2.2(d). In

practice, the OPG process is initiated by a single intense pump field, ws, at the input of

i (l)3
L] e —>2w AP e T AP ——
— W
) w3 |
(a) SHG (b) SFG (c) DFG
w3 w3
@ e
e .4 X —
(2)) w-
(d) OPG (e) OPO

Figure 2.2: Schematic depiction of the second-order nonlinear processes.

the y® nonlinear material, and the pump photons generate the initial signal and idler
photon pairs by the breakup of the pump photons through spontaneous parametric
down conversion. This process is also referred to as parametric noise or parametric
fluorescence [6,7,8]. Then, as the signal and idler photons move along with the pump
in the nonlinear medium, more optical frequency down-conversion takes place from the
pump photons to the signal and idler photons. The process continues in this way until
power is gradually transferred from the strong pump to the initially weak signal and
idler fields through the x(® nonlinear interaction in the medium. When satisfying
the phase-matching condition, as discussed later in this section, the generated signal
and idler fields will undergo macroscopic amplification by continually draining power
from the input pump field as they propagate through the nonlinear medium. The
OPG process is a consequence of parametric fluorescence, and thus always occurs in
the nonlinear material. The generated and amplified signal and idler frequencies are

determined by the phase-matching condition, where the signal is generally the field
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2. BASIC PRINCIPLES OF NONLINEAR OPTICS

with the shorter wavelength. If the OPG process occurs within an optical cavity with
resonance frequency wi, see Figure 2.2(e), and the gain exceeds the cavity loss, then
oscillation starts, and the device is referred to as an OPO. The theory of the OPO is

developed more fully later in this chapter.

2.3 Nonlinear Susceptibility

The second-order nonlinear susceptibility, x(?), is a tensor represented by 3 x 3 x 3
elements, and depends on the direction of the electric field of the optical waves involved.

In the tensor notation, the second-order nonlinear polarization is:

7

P = eox2) B, B, (2.9)

Here the first index, ¢, corresponds to the induced polarization, while the second index,

4, and the third index, k, are related to the indices of the incident electric field.

Instead of the susceptibility tensor, a more common description of second-order

nonlinear processes is to use the d-matrix notation [3]:
2
ng;z = 2d;j (2.10)

Clearly, d is a tensor quantity, and can be described by its tensor elements. Using
Kleinman symmetry [9], i.e. all interacting frequencies are far from resonance frequency
of the material, the frequencies involved can permute independently of the ijk indices.
Thus, we can write the d-tensor as a 3x6 matrix, d;,. Conventionally, the index, m, is

given by the numbering scheme outlined in Table 2.1:

j=1 j=2 j=3
k=1 | m=1 m=6 m=5
k=2 | m=6 m=2 m=4
k=3 | m=5 m=4 m=3

Table 2.1: Numbering convention for nonlinear optical coefficients, d.
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2.4 Coupled-wave equations

Thus, we can describe the nonlinear polarization in the expression:

Ew(wl)Ex(w2)
E,(w)FE,(w
Pr(ws) dir di2 diz dig dis dis EyEwSEyszg
Py(w3) | =2e0K |do1 doo dos doa dos dos : :
Ey () E,(w) + E(w)Ey(w
P.(w3) d31 d3p d3z d3a d3s dsg y(@) Bz (w2) (wr1) By (c2)

Ey(w)E.(w2) + E,(w1)Ex(w2)
Ep(wi)Ey(w2) + Ey(wi)Eyx(w2)
(2.11)
Here, the matrix components, d;,,, are also known as the nonlinear coefficients of the
material, where K is the degeneracy factor, which takes the value of 0.5 for SHG and
optical rectification, and 1 for the other second-order conversion processes.
A further important consideration in relation to nonlinear frequency conversion pro-
cesses is the crystal structural or spatial symmetry. For example, for inversion symmetry
materials, if we change the sign of the applied electric field, E(t), then the sign of the

induced polarization must also be changed, which means:
—PYE(t) = eoxP (=E(1))” = eox® (E(1))” = PV (1) (2.12)

This Equation 2.12 can only be satisfied if x(2)=0. Such materials are called centrosym-
metric materials. Therefore, all second-order nonlinear optical effects are excluded in

centrosymmetric materials and are only possible in non-centrosymmetric materials.

2.4 Coupled-wave equations

If we substitute for P® and E in Maxwell’s wave equation, the evolution of light
through a dielectric medium without free charges and currents can be described by the
wave equation:

vp- O 1 2P (2.13)
2 Ot2 g Ot?
where POVE) is the nonlinear part of the induced polarization from Equation 2.2, ¢ is

the speed of light in vacuum, and refractive index n at frequency w is represented as:

n=n(w) = =) (2.14)
€0

£(w) is the permittivity of the medium at frequency, w, and gq is the permittivity of

free space. To simplify the discussion, we assume that the applied fields, E; (i = 1, 2,
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2. BASIC PRINCIPLES OF NONLINEAR OPTICS

3), are infinite uniform plane waves propagating only in the z-direction, and define each
field as:

Ei(z,t) = %{Ai(z, w)expli(wt - kz)]} + c.c. (2.15)

Since the applied fields depend only on the coordinate, z, we can replace V2 by d?/dz>.
Generally, the wave equation holds for all involved frequency components in the mixing
process, so we can obtain three separate wave equations at each frequency for wave
mixing processes [3]:

d2A1 . dAy _4deffW% w _—i(k1+ka—k3)z
W+2Z 1 dz = 2 A3A26 1TR2TRS (216&)
2 4 A —Ad, f w2 ,
d 2 + 2Zk2d 2 _ ffw2 A3A>1%e—z(ku+k2—k‘3)z (216b>
dz? dz c2
2 —4d,§ w2 .
d“As +2ik3dA3 _ ffws AlASeZ(k1+k2_k3)Z (2.16C)
dz? dz c2

For interactions (linear and nonlinear), using the Slowly Varying Envelope Approzima-
tion (SVEA)!, where the field amplitudes vary only slowly over distances compared to
a wavelength in space and the optical period in time, the wave Equation 2.16 can be
simplified to the following three coupled amplitude equations:

2id, f pw? ,
dAl Llef fWy ABA* —iAkz

= 2.17
dz kqic? 2¢ ( a)
= A3 ATe "2 2.17b
dz koc? ! ( )
2id, frw? ,
dA?) _ Lhef fW3 A1A261Akz (217C)
dz ksc?

where k; = njwj/c (j=1, 2, 3) is the wave vector, Ak is wave vector mismatch repre-
sented as Ak = ki + kg - k3, which will be discussed later in more detail, and dcs; is
the effective nonlinear coefficient. These are the coupled-wave equations governing the
parametric interaction in a dielectric medium and apply universally to any three-wave
mixing process involving the second-order susceptibility. It is clear that through the
effective nonlinear coefficient, d.yr, the amplitudes of the three fields are coupled to one
another. Physically, this coupling provides the mechanism for the exchange of energy
among the interacting fields as they propagate through the nonlinear medium. The en-
ergy flow direction in a given three-wave mixing process depends on the relative phase

and the intensity of the input fields.

!The SVEA is often used because the resulting equations are in many cases easier to solve than
the original equations, reducing the order of all or some of the highest-order partial derivatives.
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2.5 Gain and amplification in parametric interactions

2.5 Gain and amplification in parametric interactions

The general solution of the three coupled amplitude equations shown in Equation 2.17,
are Jacobi’s elliptic functions [10]. However, by using some assumption that one of the
incoming wave, termed pump in our analysis, is much stronger than the other two, an
analytical solution can be found. In this special simplification, which is known as the
undepleted pump approximation, the pump amplitude, As, can be considered to be
constant along the propagation direction, which means dAs/dz—0 . In this case, the
resulting coupled equation will be reduced to a two linear coupled equations with Ag
independent of z, and after some manipulation, we arrive at:

dAy  2idegpwi

pra Az AjeT ik (2.18a)
dAy  2idesid . inms
d; - kacf; 2 Az Ate Ak (2.18b)

Taking into consideration of the initial condition, zero input idler field, A2(z = 0) = 0,
and non-zero input signal, A;(z = 0) # 0, the net fractional gain in the signal intensity

after propagation through the nonlinear crystal can be derived as [2]:

L(z=L) | 1o sinh?[T2L? - (AkL/2)?]'/?

D) = 7=y (212 - (AKL[2)?]

(2.19)

where L is the interaction length, I1 = nceoE1 E7 /2 is the intensity, Ak is the phase-
mismatch, and I' is the gain factor defined as:
8m2d?
r2-—— <7 ) (2.20)
C€07L17L27L3A1)\2
Here, n is the refractive index, A is the wavelength of the respective waves in vacuum,
and I3(0) is the input pump intensity. In some situations of practical interest, the gain
factor is also expressed in the form [2]:
8m2d?

2= ﬁu — 6%)I5(0) (2.21)
0MN3A

where 0 is the degeneracy factor defined through:

_ %o
-2

_ %o

1+6 =
+ N

1-6 (0<0<1) (2.22)

The degenerate wavelength, Ag, is given by Ag = 2A3, and ng is the refractive index
at degeneracy, with ng ~ ni ~ ng assumed. It is clear from Equation 2.21 that the

parametric gain in an amplification process has a maximum value at degeneracy, where
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0 ~ 0, and the gain decreases for operation away from degeneracy, as § — 1. Now,
we consider the net single-pass signal gain under different pumping conditions. In the

high-gain limit, where I'? >> (Ak/2)?, the single-pass gain reduces to:
1
Gi(L) = Zexp(2FL), (2.23)

which corresponds to the case of high-intensity, pulsed, and amplified laser pump
sources. Alternatively, pumping by a CW or low-peak-power pulsed laser, this cor-
responds to the low-gain limit of parametric generation, with I'? < (Ak/2)% or AL <1,

the single-pass gain approximates to:
G1(L) =T2L2sinc®{L- | [T? - (Ak/2)?] Y2 (2.24)

When T2 << (Ak/2)?, the term of inside sinc function will be replaced by (AkL/2).
When near phase-matching, Ak ~ 0, and 'L << 1, the single-pass power gain will be:

Gi(L) =T%L? (2.25)

Therefore, under the phase-match condition, Ak = 0, the single-pass signal gain has a
quadratic dependence on I'L in the low-gain limit, whereas it increases exponentially

with 2I'L in the high-gain limit.

2.6 Phase-matching

Momentum conservation, or often-called the phase-maitching condition, is a crucial re-
quirement and widely used concept in many energy-conserving multiphoton processes
including SFG, DFG, OPG, and even the extreme nonlinear optical process of high-
order harmonic generation. Phase-mismatch originates from material dispersion and
causes a lack of constructive interference between optical waves involved in the nonlin-
ear processes. With an appropriate design the material, the phase-matching condition
can be achieved and the energy of input wave will be transferred to the generated waves.
However, if there is phase-mismatch in the nonlinear frequency conversion process, it
will prevent microscopic nonlinear sources from combining constructively, resulting in
destructive interference and poor generation efficiency. To overcome this limitation

and improve the efficiency of frequency conversion, some compensation techniques have
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2.6 Phase-matching

been developed including the birefringent phase-matching and widely used quasi-phase-
matching. Implementing each technique poses a number of challenges. Other important
parameters relevant to phase-matching, such as walk-off, acceptance bandwidth and

tuning characteristics will be introduced.

2.6.1 Birefringent phase-matching

From the proceeding discussion, it may be concluded that the efficiency of a nonlinear
frequency conversion process depends mainly on the phase-matching condition. Math-

ematically, the phase-matching term is given by:
Ak = k‘l + k‘Q - ]{13 (226)

where Ak is the wave vector mismatch, and kq, ko and ks are the wavevectors of the
signal, idler and pump beam, respectively. As mentioned in the previous section, in the
parametric process, the signal is generally the wave with the shorter wavelength.

Since the nonlinear medium in general exhibits different refractive indices to the
pump, signal and idler waves, the phase-matching condition, Ak = 0, is often difficult to
achieve due to normal dispersion, where the refractive index is an increasing function of
frequency. As a result, the condition for perfect phase-matching with collinear beams is
not possible. However, for optically anisotropic materials, the refractive index depends
not only on wavelength, but also on the polarization direction of the light relative to the
crystal axes. This optical property also called bire fringence, thus the phase matching
is still achievable by making use of the birefringent properties displayed by certain
materials. It should be noted that not all crystals display birefringence, in particular
are optically isotropic, crystals belonging to the cubic crystal system such as OP-GaAs
in which it is not possible to achieve phase-matching by this method.

Birefringent phase-matching (BPM) is a conventional and important phase-matching
technique. In the history of nonlinear optics, an essential step toward efficient frequency
conversion, taken in 1962 [4], was the use of BPM in SHG. The basic idea of BPM is that
the interacting waves of different frequencies are polarized differently, so that their cor-
responding phase velocities can be adjusted, and thus their wave vectors can satisfy the
phase-matching condition. Here, two different perpendicular polarizations, ordinary (o)
and extraordinary (e) polarization are distinguished according to the crystallographic

point group of the material. In addition, for uniaxial crystals, two different cases are
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2. BASIC PRINCIPLES OF NONLINEAR OPTICS

distinguished: positive and negative birefringent materials. In the case of a positive
uniaxial crystal, the extraordinary refractive index is larger than the ordinary index,
represent as n. > n,. For a negative uniaxial crystal, the opposite is true, which is

ne < No. Mathematically, the equation of the extraordinary index is given by:

sin20  cos®6
ne(9) = [5— + ——]71/2 (2.27)

2 2
e Uz

Clearly, Equation 2.27 indicates the dependence of the extraordinary index, n.(6), on
0. In practical operation of parametric devices, two different types of phase-matching
(type T and type II) are possible. Historically, they originate from SHG experiments
[11]. Here, we cite the definition of different types for parametric processes. Assuming
the process is w3 — wy + we, then type I is defined to be the case in which the two
lower-frequency waves have the same polarization, while type II is the case where the
polarizations are orthogonal. In all cases of three-wave mixing processes, the situation
can be summarised as in Table 2.2, where e represents the extraordinary polarization

and o is the ordinary polarization. For example, in a DFG process, using a positive

Phase-matching Pump Signal Idler Crystal Type

Type I e 0 0 Negative birefringent
Type I 0 e e Positive birefringent
Type I1 e e o) Negative birefringent
Type I1 e ) e Negative birefringent
Type 11 0 e 0 Positive birefringent
Type 11 0 0 e Positive birefringent

Table 2.2: Type I and type II phase-matching configurations for parametric process. e:

extraordinary polarisation; o: ordinary polarisation.

birefringent crystal with type I process, the phase-matching condition can be expressed

as follows:

-1 -1
ne(ws) 1 sin29pm 1- sin20pm 1 sz’nzﬁpm 1- sz‘n29pm (2.98)
A3 M ng(wi) na(wr) Y ng(w2) ng(w2) .

where 8, is the phase-matching angle. By choosing a proper angle with respect to the
crystal axis, phase-matching can be achieved. This is visually illustrated in Figure 2.3

for a positively birefringent crystal.

24



2.6 Phase-matching

(Optig axis)
N e
Index surface o
(o-wave) R Y NI .
/ n, N

: ; > Y
\\ ne/
\\‘ __z\

Index surface
(e-wave)

Positive
Birefringence

It is the reverse for a negative uniaxial crystal
(n.<n,)

Figure 2.3: Refractive index surface in a positive uniaxaial crystal and wave vector, k.

In practice, on the other hand, such conversions suffer from an inherent limitation
that is Poynting vector walk-off, where the direction of the beam propagation differs
from the phase front direction. The propagation direction is the direction of energy
flow given by the Poynting vector, while the direction of the phase front is given by the
k vector. The polarization, P, is only parallel to the electric field, F, when it oscillates
along the principal axis of crystal, thus the Poynting vector is often pointed at an angle
to the direction of wave vector, and then the output beams will be separated. This
phenomenon is also known as spatial walk-off. Given the limited length of the nonlinear
crystal, walk off leads to a smaller spatial overlap between the interacting beams in
the crystal, thus only a limited length of crystal for the parametric waves can be used
and, therefore, the conversion efficiency will be reduced. In the presence of walk-off, the
effective crystal length is defined as [12]:

Vmwo

P

Legy = (2.29)

where wq is the waist radius of the input beam. p is the double-refraction angle, which

in the case of a uniaxial crystal is expressed as:

1 1 1 .
tan(p) = =5 | ne(Opar) ° (ﬁ - ﬁ)sm(%PM) (2.30)

25



2. BASIC PRINCIPLES OF NONLINEAR OPTICS

where 0p); is the phase-matching angle. It is clear from FEquation 2.30 that spatial walk-
off angle in birefringent phase-matching has a minimum value at 8py; = 90° relative to
principal axes of the nonlinear crystal, where spatial walk-off will be vanished, this is
called noncritical phase-matching (NCPM). Otherwise, it is referred to as critical phase-
matching (CPM). In the NCPM configuration, due to the absence of spatial walk-off,
the nonlinear crystal length becomes the effective interaction length of the nonlinear
optical process.

In the BPM scheme, it is possible to greatly enhance the frequency conversion ef-
ficiency by NCPM. However, it needs to be borne in mind that BPM does not allow
access to all the coefficients of the second-order nonlinear susceptibility tensor [13]. In
particular, in any ferroelectric crystal, the highest coefficient, di1, do2, and dss cannot
be purely solicited by BPM because this requires the interacting beams to be in different

polarizations, which is not the case with the diagonal matrix elements.

2.6.2 Quasi-phase-matching

In BPM method, many desirable OPO implementations are limited by spatial walk-off,
low effective nonlinear coefficient, and inconvenient phase-matching temperatures and
angles. Specially, the largest nonlinear coefficient cannot be used in many cases for
the frequency conversion process. An example is the well-known negative birefringent
material, LINbO3, where ds3 is the largest nonlinear coefficient, which implies that the
polarizations of all three beams are the same. Unfortunately, in BPM, this coefficient
cannot be used, as it is neither compatible with type I nor type II phase-matching (see
Table 2.2 above). In addition, some semiconductor crystals have large nonlinearities,
as well as other desirable properties such as availability in good quality and relatively
large size, but phase-matching is not possible by BPM, thus alternate approaches of
compensation of phase-mismatch are desirable.

For a frequency-conversion process, such as OPG or SHG, the phase-mismatch is
accumulated with increasing interaction length. After travelling a short distance known
as the coherence length, given by L., = m/Ak, the conversion efficiency reduces and
energy flows back from the generated waves to the pump. For a crystal length much
longer than the coherence length, the efficiency will behave in the way of the Maker
fringes [3]. One way to avoid this conflict is to use periodically-poled nonlinear materials

and take advantage of the so-called quasi-phase-matching (QPM). The QPM technique
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2.6 Phase-matching

was first proposed by Armstrong and Bloembergen in 1962 [10], prior to the introduction
of BPM. However, it was first demonstrated in 1966 [14], after BPM was demonstrated.
The basic idea of QPM is to periodically flip the sign of the nonlinear susceptibility
with a period twice the coherence length, i.e., the sign of X(2) tensor is modulated along
the propagation direction of the beams by means of electric field poling, as illustrated
in Figure 2.4. This modulation will introduce extra complexity to the coupled-wave
field equations, which provides a net compensation for the phase-mismatch between the
interacting waves. Consequently, the conversion efficiency increases quasi-continuously
with interaction length.

Mathematically, the periodic inversion of the nonlinear coefficient is described by a
Fourier series. In order to be valid for QPM, the coupled-wave equations, Equation 2.16,
need to be slightly adjusted, where the term defs(2) now shows a z dependency. With
a periodic change of the sign of the nonlinear coefficient, the ders(2) term can simply
be described by [1]:

deff(2) = deprsign[cos(2mz[A)] (2.31)

Using Fourier expansion, the effective nonlinear coefficient, d.rs(z), can be written in

the following way:

depr(2) =depp Y. Gpe™m? (2.32)
m=—o0
where the grating vector, K,,, is given by:
2
Ky = % (2.33)

Here, A is the period of the grating, and the Fourier coefficients, G,,, is given by:
2
Gy = —sin(mnD) (2.34)
mm

where D is the duty cycle, defined by the length of reversibly poled domain divided by
the grating period, A. Usually, the duty cycle is twice the coherence length, so that D

= 0.5, and, therefore, the coefficients, G, are given by:
2
G = —sin(mm/2) (2.35)
mm

where m refers to the order of the QPM. For first-order QPM, m=1, with a 50% poling

duty cycle, the effective nonlinear coefficient can be simplified as:

2
dg = %deff (2.36)
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And now the effective phase-mismatch parameter is the summation of the dispersion

phase-mismatch and an artificial phase-mismatch, and can be written as:

2
Akg = ks — ki — ko - 7” (2.37)

To achieve efficient QPM, the modulation period can thus be chosen such that Akg=0,

and so phase-matching will be obtained.
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Figure 2.4: Intensity of output waves in a parametric interaction for perfect (birefringent)
phase-matching in yellow, quasi-phase-matching in red, and no phase-matching in blue.

For a QPM device, any interaction within the transparency range of the material can
be noncritically phase-matched at a specific temperature, even interactions for which
BPM is impossible. Another key advantage of this method is that the polarization of
interacting waves can be chosen so that coupling occurs through the largest element of
the X(2) tensor. For example, in PPLN, one can use the largest nonlinear coefficient
(ds3) by choosing the pump, signal, and idler wave polarizitions in parametric process to
be parallel to the z axis (e - e+e), yielding a gain enhancement over the birefringently
phase-matched process of (2ds3/md31)? ~ 20. In addition, the extraordinary polarization
experiences lower absorption loss through the transmission window of the material than

the corresponding ordinary polarization, which can further enhance efficiency.
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2.7 Acceptance bandwidth

2.7 Acceptance bandwidth

As introduced from the preceding discussion, we know that the parametric interaction
process is strongly dependent on the phase-matching term, Ak = ks — k1 — ko (Equa-
tion 2.26). The conversion efficiency reaches maximum at Ak = 0, and decreases rapidly
with increasing wave-vector mismatch when Ak # 0. Thus, it is important to quantify
the consequence of variation of Ak from 0, due to variations of wavelength, angle, or
temperature.

As described by Equation 2.24, the single-pass gain is a sinc? function at the low-

2 curve will decrease by a factor of

gain limit of parametric generation. Since the sinc
2 when AkL/2=+1.39, see Figure 2.5, thus the acceptance bandwidth is the deviation,
A&, of the dispersive parameter, £(§ = A, 0, T'), leading to a phase-mismatch variation,
Ak, from 0 to 2.78/L, where L is the crystal length. Solving for the wavelength range,
| Ak | < 2.78/L, yields the phase-matching bandwidth.

Mathematically, the acceptance bandwidth can be determined by expressing the
phase-mismatch term, Ak, as a Taylor series, through first order, as a function of
dispersive parameter, £, and solving for A¢:
L0k o 10ah)

Ak
€ 2 9e2

(8% +--- (2.38)

For example, DFG process in a QPM nonlinear material, the phase-mismatch is given

by:

_ n()\g) n()\l) n()\Q) 1
Ak—%[ ST v _K] (2.39)

Here, A3, A\; and Ay refers to the pump, signal and DFG wavelengths, and n(As3), n(A1)
and n(\2) are the corresponding refractive indices, respectively. Assuming the process
is phase-matched at signal wavelength, Ao, when the input signal wavelength changes

by dA1, through the first order in §A1, the phase-mismatch is described by:

(M)

Ak
O\

_271'5)\1 n(/\l)
DY A

] (2.40)
A1
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Figure 2.5: Single-pass gain as a function of phase-mismatch, Ak. &: dispersive parameter
of the refractive indices. £pys is the value satisfying phase-matching; A€ is the full-width
of the curve at 0.405 of the maximum.

Using the condition of -2.78 /L < Ak < 2.78 /L, we finally obtain the spectral acceptance
bandwidth:
AJ

Here, L is the length of the nonlinear crystal. Similarly, assuming the process is phase-

0.885\/L

(2.41)

n(\)
A1

_ 0(n(\))
2%t

ONFWHM = [

A1

matched at temperature Ty, and then the temperature acceptance bandwidth can be

derived as:
0.885/L
5TFWHM = / (242)
[i An(A3)) | 1 9(r()| 1 9(n()2)) ]
A3 oT A oT Ao oT
To T, T,

2.8 Dispersion

In frequency conversion processes involving ultrashort pulses, where more than two
waves interacts with each other while propagating though the nonlinear medium, dis-

persion characteristics of the material are very important. Waves at different frequencies
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2.8 Dispersion

propagate at different group velocities and, hence, the interacting pulses can become
separated after certain distance in the crystal. If this happens, the temporal effective
interaction length is reduced. In order to evaluate this effect, an important temporal
parameter is the group velocity mismatch (GV M) between the interacting waves in the

optical medium.

Vgi Vg,

Av, ' = ( L L) (2.43)

where vy ; and vy ; are the group velocity of wave ¢ and j, respectively, defined as:

Vgi= ———— (2.44)

on;
nl—)\za—?\Z

The temporal effective interaction length, L.y, for wave 7 or j can be calculated by:

!

Lot = 2.45
1= Al (2.45)

where 71 is the incident pump pulse duration, and it is assumed that ¢ and j waves have
similar pulse duration.

Another important temporal effect that estimates the pulse broadening is the group
velocity dispersion (GV D). The most important feature of the GVD values is the signal
value, as this is the parameter governing whether or not the resonant wave will see a
positive or negative GVD. This effect can be calculated by evaluating the dispersion

parameter, which is defined as:

0% N ot
T Ow? 272 92

B (2.46)

A closely related yet independent quantity is the group delay dispersion (GDD), defined
such that group velocity dispersion is the group delay dispersion per unit length. GDD
is commonly used as a parameter in characterizing layered mirrors, where the group
velocity dispersion is not particularly-well defined, yet the chirp induced after bouncing
off the mirror can be well-characterized. The units of group delay dispersion are [time]?,

often expressed in fs?.
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2.9 Optical parametric oscillator

An optical parametric oscillator (OPO) is a device that converts an input laser wave
(called "pump") with frequency ws into two output waves of lower frequency (w1, w2)
by means of second-order nonlinear optical interaction, as illustrated in Figure 2.6. The
OPO consists essentially of an optical resonator and a nonlinear optical crystal. In
the OPO, the initial idler and signal waves are taken from background waves, which
are always present. Then, pump wave is spontaneously down-converted to two lower
frequency waves called signal, wy, and idler, wy, conserving the energy (w3 = wy + wa).
Although conservation of the energy permits any signal wavelength with frequency
from 0 to w3 to be radiated in any direction, the signal and idler pair that is in practice
generated at frequency and direction that yields the optimum phase-matching condition

(Ak=0).

OPO

Pump | "
@

\ A 4

Optical Cavity
Figure 2.6: Schematic of an OPO.

In the next step, the pump wave mixes with the resonating wave and results in
amplification of the signal and the idler fields through OPA. The optical gain in an
OPO is instantaneous, meaning that the gain is only available in the presence of the
pump. The single-pass parametric gain in the nonlinear crystal can be calculated with
the coupled-waves equations, assuming undepleted pump, zero initial idler, and non-
zero initial signal. When phase-matching is perfectly satisfied, Ak = 0, this gain can be

simplified as:

Gs(L) = sinh*(TL) (2.47)
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2.9 Optical parametric oscillator

For low gains (I'L < 1) as:

Gs(L) =T?L? (2.48)
and for high gains (I'L >> 1) as:
L orp
Gs(L) = 1€ (2.49)
where I is:
N
I=\| ——————15(0)(1-42) (2.50)
nlngngcéo)\l)\g

where ¢ is the degeneracy factor defined by Equation 2.22.

2.9.1 OPO resonance configurations

The main requirement for the successful operation of an OPO is the attainment of
sufficient gain at the parametric waves for a given pump power to overcome parasitic
losses in the cavity originating from scattering, parasitic reflection, and any absorption in
the crystal. This is achieved by providing feedback at the generated waves using various
configurations of the optical cavity, as summarized in Figure 2.7. These configurations
depends on the number of resonating waves that oscillates inside the cavity, which is
controlled with the reflectivity of the mirrors forming the optical cavity.

In singly-resonant oscillator (SRO), only one of the generated waves, signal or
idler, oscillates in the cavity while the other wave is extracted from the cavity together
with the remaining undepleted pump wave. With sufficient intracavity power, it is
also possible to extract part of the resonant wave power. In doubly-resonant oscillator
(DRO), both the generated waves oscillate in the cavity, a small part of the power of
one or both waves from the optical cavity is extracted using suitable output coupler
(OC). Pump-enhanced SRO (PE — SRO) is a special case of the SRO where a small
part of the pump is also resonated in the cavity in order to reduce the threshold of the
OPO. In triply-resonant oscillator (TRO), all the three interacting waves oscillate in
the optical cavity. DRO, PE-SRO and TRO do have lower threshold pump power in

comparison to SRO. However, stable operation is challenging due to the requirement of
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Figure 2.7: OPO resonance configurations: (a) singly-resonant oscillator (SRO), (b)
doubly-resonant oscillator (DRO), (c) pump-enhanced singly-resonant oscillator (PE-SRO)
and (d) triply-resonant oscillator (TRO).

simultaneous fulfilment of cavity-resonance condition for multiple wavelengths. SROs

generally provide stable performance with single-frequency output.

2.9.2 Wavelength tunability

OPOs are known for their wide wavelength tunability covering essential wavelength gaps
which commercial lasers fail to cover. Using the energy conservation (w3 = w; + ws) and
phase-matching (ks = k1 + ko), it is observed that the generated idler frequency depends

on the refractive indices of the three interacting waves, ns, n1 and no

ng —ni

wy w3 (2.51)

ng —ni
In BPM crystals, wavelength tuning is obtained by changing the angle between the optic
axis of the crystal and the direction of propagation by tilting the nonlinear crystal. In
QPM, tuning can be achieved by changing the grating period of the crystal. In either
cases, the temperature of the crystal can also be used to tune the output wavelengths.

In femtosecond OPOs, wavelength tuning is also observed by control of cavity length.
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2.9 Optical parametric oscillator

2.9.3 Cavity design

In order to have efficient OPO operation, a good narrow linewidth pump source, proper
selection of nonlinear material and a well designed optical resonator cavity are of utmost

importance. The most common cavity designs are presented in Figure 2.8.

(a) Linear cavity (b) X-cavity
2 2
X X
—K — 1> H—)  C— Kh—)
(c) V-cavity (d) Ring cavity *

2 2

£ &= 3
U

Y

Y

. >
EN

Figure 2.8: OPO cavity designs: (a) Linear cavity, (b) X-cavity, (c¢) V-cavity, and (d)
ring cavity.

The linear, X- and V-cavities are standing-wave cavities, while the ring cavity is
a travelling-wave cavity. Standing-waves cavities are favourable for ultrafast OPOs,
because it is easier to synchronize the pump with the resonating wave. The standing-
wave cavities also have some disadvantages for single-pass pumping designs, as the
resonating wave sees gain only in one direction, but suffers losses while traversing the
crystal in both directions. The travelling-wave cavities are better as no pump radiation
is reflected back into the laser, so no requirement for an optical isolator and also the
resonating wave experiences gain in every pass through the nonlinear crystal.

In synchronous pumping, the cavity length of the OPO has to match the repetition-
rate of the pump laser. And a very efficient OPO cavity should have the confocal
parameter of the pump beam, b,, equal to that of the resonant beam, bs ~ b,. Further

informationson the stability criteria and transformation matrices can be found in [2].
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This chapter constitutes the following publication:

1. B. Nandy, S. Chaitanya Kumar, J. C. Casals, H. Ye, and M. Ebrahim-Zadeh,
"Tunable high-average-power optical parametric oscillators near 2 pym," J. Opt.

Soc. Am. B 35, C57-C67 (2018).

3.1 Backround and motivation

The spectral region near 2 pum is well known for the high absorption by water and
shallow penetration depth of ~0.4 nm, which is useful for various clinical applica-
tions [1]. Tunable sources near 2 pm are also of interest due to their utility in ap-
plications such as speckle-imaging |2, 3|, eye-safe differential absorption lidar [4, 5],
range finding [6], coherent Doppler wind lidar [7], and terahertz (THz) difference-
frequencygeneration (DFG) [8]. Wavelength generation in the 2 pm region has been
achieved using Ho®**-doped, Tm3*-doped, or Tm3*:Ho®* co-doped fiber lasers [9, 10],
mode-locked Tm:CaYAlIO4 (Tm:CYA) lasers [11], near-degenerate optical parametric
oscillators (OPOs) [12], and, more recently, intracavity OPOs in a two-crystal walk-
off compensation scheme [13]. Laser sources at ~2 ym and beyond are also necessary
for pumping long-wave mid-infrared (mid-IR) OPOs and DFG sources based on non-
oxide nonlinear materials such as ZnGeP2, AgGaSs, AgGaSes, and quasi-phase-matched

orientation-patterned gallium arsenide (OP-GaAs) [12, 14-17]. Such mid-IR materials
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offer high nonlinearity and wide transparency into the deep mid-IR, but suffer from
two-photon absorption at wavelengths below ~2 pum. Laser sources in such long-wave
mid-IR regions are essential for high-resolution spectroscopy, trace gas detection, and
environmental sensing in the mid-IR molecular fingerprint region [18|. Currently, com-
mercially available laser sources in the ~2 pm region are based on T'm3*/Ho**-doped
solid-state and fiber lasers, often powerhungry and requiring water-cooling for stable
high-power operation, while relying on passive or active acousto-optic Q-switching, typ-
ically at fixed repetition rates [19-21].

An alternative approach for efficient and cost-effective generation of tunable laser
pulses near 2 um is to use OPOs pumped by widely available, well-established, and
low-cost Nd/Yb-based laser technology at 1.064 um. This approach has been previously
demonstrated in nanosecond OPOs, where by deploying volume Bragg gratings, narrow-
band radiation at a fixed wavelength near 2 um has been generated using Q-switched
Nd:YAG solid-state pump lasers at 1.064 pum [12, 22]. On the other hand, in picosecond
operation, the use of a diffraction grating has enabled the generation of similarly narrow-
band radiation at a fixed wavelength near 2 pm in a synchronously pumped OPO using
a mode-locked Ybfiber laser at 1.064 pm [23]. Here we report high-averagepower, high-
repetition-rate nanosecond and picosecond OPOs with wavelength tunability near ~2
pum using this approach by deploying Nd/Yb-doped solid-state and fiber lasers at 1064
nm as the pump source and MgO-doped lithium niobate (MgO:PPLN) as the nonlinear
gain crystal. The demonstrated OPOs operate close to degeneracy, where the output
spectrum and bandwidth are controlled by incorporating two different wavelength se-
lection elements, a prism in nanosecond OPO, and a diffraction grating in picosecond
OPO. The technique allows practical OPO operation at high average powers, with good
spectral and spatial beam quality, and high output power stability, over an extended

tuning range of 1880-2451 nm, including the degenerate wavelength of 2128 nm.
3.2 High-average-power high-repetition-rate nanosecond OPO
near 2 pum

We have developed a high-repetition-rate nanosecond near-degenerate OPO tunable
near 2.1 um by using a Q-switched Nd: YAG laser at 1064 nm as the pump source. The
OPO deploys MgO:PPLN as the nonlinear crystal and an intracavity prism for spectral
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control, output coupling, and output power stabilization. Such a technique has been
previously reported in pulsed OPOs in a singly resonant oscillator (SRO) configuration
away from degeneracy [24]. Here, we deploy this approach in a doubly resonant oscilla-
tor (DRO) operating close to degeneracy, where we demonstrate wavelength tunability
across 1880-2128 nm in the signal and 2128-2451 nm in the idler, thus covering ~571 nm
across the entire spectral range of 1880-2451 nm, including the degenerate wavelength
of 2128 nm. We also show that the deployment of the intracavity prism enables effective
control of the output spectrum and stabilization of the output power in the DRO near

or away from degeneracy.

3.2.1 Experimental setup

The schematic of the experimental setup for the tunable ~2 pym OPO is shown in
Figure 3.1. The OPO is pumped by a high-repetition-rate Q-switched Nd:YAG laser
(Bright Solutions, Sol) delivering up to ~30 W of average power in linear polarization
with a variable repetition rate from 20 to 100 kHz. The laser operates at a central
wavelength of 1064 nm with a full-width at half-maximum (FWHM) bandwidth of ~0.2
nm and exhibits spectral jitter of ~1 nm over 30 s. For pumping the OPO, we chose a
fixed repetition rate of 80 kHz in order to avoid any optical damage to the MgO:PPLN
crystal caused by increasing pulse energy fluence at lower repetition rates. At 80 kHz
repetition rate, the pump pulses have a FWHM duration of ~23 ns. Also shown in the
inset of Figure 3.1 is a laboratory photograph of the OPO incorporating an uncoated
intracavity prism (P) for spectral control and output coupling. The pump power is
adjusted by the combination of a half-wave plate (HWP) and a polarizing beam-splitter
(PBS). The pump beam polarization is adjusted for optimum phase-matching in the
MgO:PPLN crystal under type-0 (e = ee) interaction. After preparation of the pump
beam for systematic input power control and polarization, it is focused to a waist radius
of w0 ~ 300 pm at the center of the crystal, which is 50-mm-long and incorporates a
single grating period of A=32.16 um. The crystal end-faces are antireflection (AR)-
coated for high transmission (R < 0.5%) at 1064 nm and over 2050-2150 nm. The
crystal is mounted in an oven providing temperature control from 32 °C to 100 °C with
a stability of 0.1 °C, thus covering OPO operation through wavelength degeneracy.
The OPO is configured in a linear standing-wave cavity with an input plane mirror,

My, which is highly transmitting for the pump (7' > 90%) at 1064 nm and highly reflect-
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Pump : 1064 nm (e)
Qutput : 1880 - 2451 nm (e)

Analyzer

Figure 3.1: Schematic of the experimental setup for the intracavity prism-coupled tunable
2 pm source. HWP, half-wave plate; M, mirrors; L, lens; My, input plane mirror; P, TF3
prism; OC, output coupler; F, filter. Inset: visualization of the actual setup.

ing (R >99%) over 1800-2150 nm, resulting in OPO operation in a DRO configuration
near degeneracy. The plane output coupler (OC) has varying transmission (7' ~ 60% —
90%) over the OPO tuning range. Owing to the large parametric gain bandwidth near
degeneracy, an uncoated TF3-glass prism (apex angle: 60.8°) is incorporated within the
OPO cavity for wavelength selection, linewidth control, and spectral tuning around ~2
um. The TF3 glass has a refractive index of ~1.7 and high transmittance (T' > 94%)
in the 2 um spectral region. The PPLN crystal was oriented for p-polarization on the
prism. The total single-pass optical path length of the OPO cavity is ~165 mm, allow-
ing ~21 round-trips of the signal and idler parametric waves over the ~23 ns duration
of the pump pulse. The undepleted pump exits the cavity through the prism, P, at a
different angle from the signal and idler waves, and is dumped onto a beam block, en-
suring single-pass pumping of the prismcoupled OPO. A long-pass filter, F, with >90%
transmission above 1.65 pm is used to extract the total output power (signal plus idler)
from the pump. A second filter with high transmission (7" > 95%) over 1300-2000 nm
is used to extract signal wavelengths up to ~2 pm, beyond which the signal and idler

begin to approach degeneracy.

3.2.2 Device tuning and characterization

We initially investigated the tuning characteristics of the OPO. Wavelength tuning in
the prism-coupled OPO was achieved by varying the crystal temperature. We first
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Figure 3.2: Signal wavelength tuning range and total output power generated from the

prism-coupled nanosecond OPO. The solid curves are a guide to the eye.

studied temperature tuning of the OPO together with the total average output power
variation across the tuning range for a fixed prism incidence angle of ~60° in the cavity.
By varying the temperature of the MgO:PPLN crystal over 32 °C-81 °C, we were able
to tune the generated signal across 1880-2128 nm, together with the corresponding
idler across 2451-2128 nm, resulting in a total (signal plus idler) tuning over 571 nm.
The results are shown in Figure 3.2, where the solid circles represent the measured
signal wavelengths, while the hollow circles correspond to the total average output
power from the OPO as a function of crystal temperature. The measurements were
performed for a fixed input average pump power of 17.8 W (corresponding to a pump
pulse energy of 0.22 mJ), and the power data are not corrected for the transmission loss
(~10%) of the filter, F. As can be seen, the total average output power from the OPO
remains nearly constant at ~2 W over the signal wavelength range of 1898-2090 nm
(corresponding to a crystal temperature of 40 °C-70 °C), with the total OPO output
power (pulse energy) increasing from 1.45 W (18.1 pJ) to 2.1 W (26.3 pJ) as the
crystal temperature is increased from 32 °C to 66 °C. However, further increasing the
temperature up to 81 °C results in a decline in output power down to 0.14 W (1.75 puJ),
due to the broadening of the signal bandwidth towards degeneracy. As a result of the

dispersion through the intracavity prism, an increasingly smaller fraction of total signal
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spectrum can be supported by the cavity as the OPO is tuned towards degeneracy, thus
leading to a sharp decline in the output power. The recorded OPO average output
power (pulse energy) of ~2 W (25 puJ) at 55 °C corresponds to a measured signal power
(pulse energy) of ~0.9 W (11.3 pJ) at 1965 nm and an estimated idler power (pulse
energy) of 1.1 W (14 pJ) at 2320 nm. The average power of 2.1 W from the OPO
represents a single-pass conversion efficiency of 11.84% and photon conversion efficiency
of 10.7% and 13% for the signal and idler, respectively. By deploying an AR-coated
intracavity prism for wavelength selection, further improvements in OPO output power
and efficiency are expected. Figure 3.3 shows the phase-matched temperature tuning of
the OPO together with the theoretical calculation. The measurements were performed
using an InGaAs spectrometer (StellarNet RED-Wave NIRX-SR-100 T2 BW) with a
resolution of about 35 nm. The solid circles represent the experimentally measured
signal wavelengths, while the hollow circles are the corresponding idler wavelengths
estimated from energy conservation. The solid curves are the theoretical calculations
using the relevant Sellmeier equations for MgO:PPLN [25]. The discrepancy between
the experimental data and theoretical calculations is attributed to the limited resolution
of the spectrometer. Further, the relatively flat wavelength response as a function
of the temperature close to degeneracy is due to the broad temperature acceptance
bandwidth of AT = 14°C at a phase-matching temperature of 78°C, as shown in the
inset of Figure 3.3, enabling degenerate operation of the OPO around 2128 nm.

We also recorded the signal spectrum over the entire temperature tuning range of
the prism-coupled OPO at fixed prism incidence angle of ~60°. The measurements
were performed using the same InGaAs spectrometer used for temperature tuning mea-
surements, with a resolution of 15 nm in the ~2 pum region. The results are shown in
Figure 3.4(a), confirming signal tuning from 1880 nm to degeneracy at 2128 nm, for
a change in the MgO:PPLN crystal temperature from 32 °C to 78.5 °C. The spectral
stability of the degenerate output at the temperature of 78.5 °C was also recorded over 1
hour, and the center wavelength was found to be stable to within +2 nm with 0.1% rms,
as shown in Figure 3.4(b). The corresponding FWHM bandwidth at degeneracy was
also measured to be stable within +3 nm with 6.2% rms over the same period, as shown
in Figure 3.4(c). In these experiments, the measurement accuracy was constrained by

the limited resolution of the spectrometer.
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Figure 3.3: Wavelength tuning of the OPO. The filled and hollow circles represent the
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Figure 3.4: (a) Signal spectrum over the entire tuning range of the OPO. (b) Spectral
stability over 1 hour measured near degeneracy. (c) Spectral bandwidth stability over 1
hour measured near degeneracy.

In order to determine the spectral quality of the prism-coupled OPO with higher

accuracy, we further constructed a home-made grating spectrometer, and performed

spectral measurements close to wavelength degeneracy. The device comprised of a 420
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lines/mm diffraction grating mounted on a rotation stage with 0.01° angular precision
and a sensitive power meter. The degenerate OPO output at a crystal temperature of
78.5 °C was filtered using a 1.65 pym cut-on filter and collimated using a =150 mm
lens before entering the spectrometer. The spectral components in the OPO output
are separated upon reflection from the grating, and are then focused onto a slit and
recorded using a power meter. For this arrangement, we can calculate the first-order

diffraction angle by using the grating equation,
(3.1)

where d is the spacing between two adjacent grooves on the diffraction grating, a is the
angle of incidence, b is the diffraction angle, Ax is the change in the incidence angle
corresponding to the rotation of the diffraction grating, m is diffraction order, and A is
the central wavelength of the incident beam. For our device, d = 2.38um, a = 40.22°,
A =2128um, m = 1, and b is calculated to be 14.38°. Using this equation, we can
ensure the calibration of the grating spectrometer. By changing Ax, using the rotation
stage on which the grating is mounted, and measuring the power, the spectral intensity
as a function of wavelength is recorded. The measured FWHM spectral bandwidth is

limited by the resolving power of the diffraction grating, which is given by
R=mxN =\/AX (3.2)

where m is the diffraction order, IV is the total number of grooves illuminated on the
surface of the grating from the incident laser, and A\ is the resolution limit. The
resolving power, R, is a measure of the ability of grating to separate adjacent spectral
lines of average wavelength, A\. In our case, the measured input beam diameter is
~2.5 mm, resulting in a calculated beam size of 3.3 mm on the grating surface, for
an incidence angle of a—=40.22°, covering 1386 grooves. Considering A=2128 nm, the
limit of resolution is calculated to be AA=1.5 nm, while the wavelength scanning step is
estimated to be 0.1 nm for a minimum angular increment of 0.01° on the grating rotation
stage. By using the home-built spectrometer, we further studied the OPO output
spectrum across the tuning range near degeneracy by varying the crystal temperature
from 71 °C to 78.5 °C, corresponding to the degenerate wavelength of ~2128 nm. The
results are shown in Figure 3.5, where A represents the separation between the signal

and idler peaks. It can be seen that, away from degeneracy there are two distinct signal
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Figure 3.5: Spectral bandwidth measurements of the OPO output using the home-built
grating spectrometer. (a) Spectrum at 71 °C with peak separation (A) of 4.2 nm. (b)
Spectrum at 73 °C with A ~3.4 nm. (c) Spectrum at 75 °C with A ~2.7 nm. (d) Spectrum
at 76.5 °C with A ~2.3 nm. (e) Spectrum at 77.5 °C with A ~1.8 nm. (f) Spectrum at
degeneracy temperature of 78.5 °C with center wavelength at 2128 nm and FWHM of ~3

nm.

and idler peaks, while increasing the crystal temperature the two peaks begin to merge,
finally resulting in a composite spectrum centered at the degenerate wavelength of 2128
nm. It is also evident from Figure 3.5(a)-(e) that the signal and idler peak wavelength
separation gradually decreases from 4.2 nm at 71 °C to 1.8 nm at 77.5 °C. The peaks
finally merge into a single spectrum at a crystal temperature of 78.5 °C at degeneracy
with center wavelength at 2128 nm and FWHM bandwidth of ~3 nm, as shown in
Figure 3.5(f).

We studied power scaling of the prism-coupled OPO at various crystal temperatures,
and the corresponding signal wavelengths, by recording the total (signal plus idler)
output power as a function of input pump power. The results are shown in Figure 3.6.

The measurements were performed for an available average pump power of 17.8 W at
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Figure 3.6: Output power scaling of the prism-coupled MgO:PPLN OPO at various

temperatures.

80 kHz pulse repetition rate. For each crystal temperature, we measured the slope
efficiencies as well as pulse duration at maximum output power. The measurements
resulted in typical slope efficiencies of ~14% to 18% for crystal temperatures ranging
from 32 °C to 72 °C, with the lowest slope efficiency of ~3% obtained at 78.5 °C.
The corresponding maximum total average power and output signal pulse duration at
different wavelengths are shown in Figure 3.7. The OPO average output power varies
from 1.45 W to 2.1 W over the signal wavelength range of 1880-2110 nm, with the power
remaining >1.5 W across nearly the full range and the highest power at 2034 nm.

The FWHM output signal pulse duration, measured using a fast photodetector with
a rise-time <200 ps in the OPO wavelength range, was recorded to vary over ~14-
18 ns over the same wavelength range. At the degenerate wavelength of 2128 nm,
the OPO delivers an average power of 400 mW, with corresponding pulse duration of
~10 ns, as shown in the inset of Figure 3.7. We attribute the shortening of the pulse
duration at degeneracy to the increase in the OPO buildup time due to the rise in
threshold caused by spectral broadening, which is also accompanied by the decline in
output power, as described previously and observed in Figure 3.2 and Figure 3.7. We
also performed measurements of output power stability from the prism-coupled OPO
at different MgO:PPLN crystal temperatures, corresponding to different wavelengths
near 2 pm. The output power was recorded over 1 hour, with the results shown in

Figure 3.8(a)-(d). As can be seen, the OPO exhibits a passive long-term power stability
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Figure 3.8: (a)-(d) Measurements of power stability for the OPO at different crystal
temperatures, corresponding to different output wavelengths, and (e) the pump beam over
1 hour.

ranging 0.7% rms to 1.1% rms over the crystal temperature range of 32 °C to 72 °C,
with a stability of 2.2% rms at 78.5 °C. Figure 3.8(e) shows the power stability of the

Nd:YAG pump laser, measuring 0.2% rms over the same period.

We further recorded the spatial quality of the output beam from the prism-coupled
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OPO at the degenerate wavelength of 2128 nm. Using a focusing lens of focal length,
f=50 mm, and a scanning beam profiler, we measured the M?Z-value of the output
beam at 78.5 °C, resulting in M7 <2.8 and M <2.3, as shown in Figure 3.9(a)-(b).
The degenerate output beam was also observed to exhibit high spatial quality with

single-mode Gaussian distribution, as presented in the inset of Figure 3.9(c). Finally,
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Figure 3.9: (a)-(b) Measurement of M? beam quality of the OPO output at the degen-
erate wavelength of 2128 nm along z and y axes. (c) Spatial beam profile of the OPO

output at degeneracy.

we performed a detailed comparison of the performance of the prism-cavity OPO with
a standard free-running OPO without the prism, in a cavity formed by the same plane
high reflector and OC, as in Figure 3.1, separated by 78 mm, and operating under the
same conditions. Both OPOs were optimized to generate maximum power together with
narrow spectral bandwidth. The spectrum of the standard nanosecond OPO using plane
mirrors, operating close to degeneracy, measured using a commercial spectrometer,
together with the spectrum from the nanosecond OPO with an intracavity prism for

spectral control, is shown in Figure 3.10. Due to the limited resolution of the commercial
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spectrometer, we used a diffraction grating-based home-made spectrometer to measure
the spectrum from the prism-cavity nanosecond OPQO. As is evident, the spectral quality
of the output is significantly improved with bandwidth reduced from 50 nm (centered
at 2092 nm) in the standard plane-mirror cavity to 3 nm (centered at 2128 nm) in

the prism cavity. The main performance characteristics of the prism-cavity nanosecond
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Figure 3.10: Output spectrum from the nanosecond OPO using (a) conventional plane-

mirror cavity with no frequency selection elements, and (b) prism cavity.

OPO are compared with those of the plane-mirror cavity in Table 3.1. It is clear that
the prism-cavity OPO surpasses the performance of the conventional plane-mirror OPO
in most respects, except for output power and efficiency. However, with further design
improvements including the use of an AR-coated prism as well as optimization of output
coupling, we expect substantial enhancement in output power and efficiency from the

prism-cavity OPO.

3.3 High-average-power high-repetition-rate picosecond OPO

near 2 um

We have also developed a stable high-average-power high-repetition-rate picosecond
source at ~2.1 pym in linear polarization. This source is similarly based on a degenerate
OPO in DRO configuration, but deploys a diffraction grating as the frequency selective

element for spectral control and output power stabilization. The approach similarly
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Nanosecond 2.1 ym OPO Plane-Mirror  Prism
Parameter Cavity Cavity
Wavelength (nm) 2092 2128
Spectral bandwidth (nm) 50 3
Output Power (W) 4.3 0.4
Slope efficiency (%) 39 3.1
Power stability over 1 h (% rms) 0.61 2.2
Spatial mode TEMqo TEMgo
Beam quality - M? <28
Repetition rate (kHz) 80 80

Table 3.1: Comparison of the Performance Characteristics of the Plane-Mirror Nanosec-
ond OPO and the Prism Cavity

overcomes the output power and spectral instabilities typical of OPOs in the DRO con-
figuration. Using this technique, our ~2.1 um picosecond source provides ~5.25 W of
average power with high stability, at ~36% conversion efficiency at ~80 MHz repetition
rate. The output exhibits long-term power stability better than 1.3% rms over 2 h,
high spatial quality with M? < 1.8, and narrow bandwidth of AX ~ 2.9 nm.We further
reduce the spectral bandwidth down to ~2.5 nm by using an intracavity telescope in

one arm of the OPO cavity.

3.3.1 Experimental setup

The schematic of the experimental setup for ~2.1 pm picosecond OPO is shown in
Figure 3.11. The OPO is pumped by a Yb-fiber laser delivering 15 W of average power
at a central wavelength of 1064 nm with a FWHM spectral bandwidth of A\, ~ 1 nm,
in pulses of ~20 ps duration at ~80 MHz repetition rate. A combination of a HWP and a
PBS is used for systematic control of the laser pump power, while a second HWP is used
to control the linear input polarization for optimum phase-matching in the nonlinear
crystal. The pump beam is focused to a waist radius of wg ~ 130 um, corresponding to a
focusing parameter of £ ~ 0.23, in a 50-mm-long 5%MgO:PPLN crystal incorporating a
single grating period of A=32.16 um for type-0 (e = ee) quasi-phase-matching, identical
to that used for the nanosecond OPO in Section 2. The crystal end-faces are similarly

AR-coated for high transmission (R < 0.5%) at 1064 nm and over 2050-2150 nm. The
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Figure 3.11: Schematic of the experimental setup for the ~2.1 ym source pumped by a
Yh-based fiber laser at 1064 nm. FI, Faraday isolator; HWP, half-wave plate; PBS, polar-
izing beam-splitter; BD, beam dumper; M, mirrors; L, lenses; IDG, intracavity diffraction

grating; OC, output coupler; F, filter.

crystal is mounted in an oven providing temperature control from 32 °C to 100 °C with
a stability of 0.1°C, thus covering OPO operation through wavelength degeneracy. The
OPO is configured in a standing-wave X-cavity formed by two plano-concave mirrors,
M;-My, with radius of curvature » = 200 mm, a plane mirror, M3, an output coupler
(OC), and an aluminum intracavity diffraction grating (IDG). All mirrors are highly
transmitting (R < 90%) for the pump at 1064 nm and highly reflecting (R > 99%)
over 1800-2150 nm, resulting in DRO operation close to degeneracy. The plane OC
has partial transmission (T ~ 87%) at 2.1 pum. The total round-trip optical length of
the OPO cavity is ~3.78 m, corresponding to a repetition rate of ~80 MHz, ensuring
synchronization with the pump laser repetition rate. The IDG is configured in a Littrow
configuration, where the incident angle is equal to the diffracted angle, and the beam
is thus reflected back and can resonate in the cavity. A Ge filter (F) is used to separate
the OPO output beam at ~2.1 pym from the residual pump after the OC.

In order to generate an output wavelength at ~2.1 um using a pump source at

1064 nm, the temperature of the MgO:PPLN crystal with a grating period of A =
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32.16 um has to be set to T ~ 72 °C to allow phase-matching near degeneracy. Under
this condition, both signal and idler waves can oscillate in the DRO cavity, which,
combined with increased parametric gain close to degeneracy, results in a major increase
in intracavity power, and thus a substantially lower threshold compared to the SRO
configuration [26]. Therefore, significantly lower peak pump intensities can be used to
drive the DRO, and thus in our experiment the beam waist in the center of the crystal
was increased up to wg ~ 130 um. The high nonlinearity of MgO:PPLN, together with
the long interaction length and the high peak powers in the picosecond regime, enable
high conversion efficiencies together with high output power from the picosecond OPO,
even in the presence of large output coupling losses. As such, an output coupling as
large as T ~ 87% was used for the DRO to maximize the generated average power and
extraction efficiency. In addition, operating close to degeneracy, the OPO provides large
parametric gain with broad bandwidth and low temporal walk-off [26]. For a 50-mm-
long MgO:PPLN crystal with a grating period of A = 32.16 pum at a temperature of
T ~ 72 °C, the parametric gain bandwidth at ~2.1 um is calculated to be A\ ~ 144
nm for pumping at 1064 nm, as shown in Figure 3.12(a). The group velocity mismatch
(GVM) between the pump and signal, and the corresponding group velocity dispersion
(GVD), as a function of the signal wavelength is also shown in Figure 3.12(b). At the
degenerate wavelength of 2128 nm, the GVM is calculated to be ~113 fs/mm, whereas
GVD is approximately -68 fs?/mm.

3.3.2 Device tuning and characterization

We first performed spectral characterization of the OPO output at a crystal temperature
of T =71 °C using a 400 lines/mm IDG at a blaze angle of 25.2°. The result is
shown in Figure 3.13(a), where a central wavelength at A = 2128 nm with a FWHM
spectral bandwidth of AX ~ 2.9 nm was recorded. The measurement was performed
using a home-made spectrometer. The spectral bandwidth of the output from the OPO
incorporating the IDG is given by [27]

VIn(2)\? (3.3)

Aestimated =
estimated Wwotan(ﬁ)

where wq is the beam radius on the IDG and 6 is the incidence angle of the resonant

beam on the IDG in the Littrow configuration, which depends on the wavelength and
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Figure 3.12: (a) Parametric gain bandwidth of the OPO at degeneracy. (b) GVM
between the pump and the signal and the corresponding GVD as a function of the signal

wavelength.

the grove spacing.

The calculated FWHM spectral bandwidth as a function of the beam diameter on the
IDG with 400 lines/mm is shown in Figure 3.13(b), indicating a FWHM spectral band-
width of AX ~ 2.3 nm and AX ~ 1.15 nm for a beam diameter of 2wy ~ 2.2 mm and
2wp ~ 4.4 mm, respectively, on the IDG. Also shown in the inset of Figure 3.13(b) is the
experimentally measured beam diameter of 2 mm at the position of the IDG, resulting
in a calculated beam diameter of 2wy ~ 2.2 mm on the surface of the IDG.

To further reduce the output spectral bandwidth at the degenerate wavelength of 2128
nm, we increased the beam diamter to 2wg ~ 4.4 mm on the grating by using a telescope
with magnification of 2 in one of the arms of the OPO cavity. However, the FWHM
spectral bandwidth of the output from the OPO was measured to be >2.5 nm, still
limited by the resolution of the spectrometer. Hence, using a spectrometer with higher
resolution, narrower spectral bandwidth is expected. Considering 20 ps output pulses
from the OPO with an expected FWHM bandwidth of AX ~ 1.15 nm, we obtain a time-
bandwidth product of ATAv ~ 1.52 in the absence of dispersion compesation. This
indicates operation of the ~2.1 um picoscoend OPO near the transform limit (AT7Av ~
0.44), despite the large time-bandwidth product of A7Av ~ 5.3 for the pump laser.

In order to characterize the output power characteristics of the ~2.1 um picosecond
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Figure 3.13: (a) Spectral characterization of the output beam from the OPO using a
400 lines/mm IDG at blaze angle of 25.2°. (b) Calculated FWHM spectral bandwidth as
a function of the beam diameter on the IDG with 400 lines/mm. Inset: measured beam

profile on the diffraction grating.

OPO, we performed power scaling measurements at a crystal temperature of 71 °C,
corresponding to a signal wavelength of 2128 nm, and with the OC extracting ~87% of
the intracavity power. The result is shown in Figure 3.14(a), where it can be seen that
up to 5.25 W of average power was generated for an input pump power of 15 W, without

considering the transmission loss of the Ge filter estimated as ~8% at 2.1 pm. It can

o4
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also be seen that the generated power increases linearly with the input power at a slope
efficiency of ~43%, with a maximum extraction efficiency of ~36% and external photon
conversion efficiency of ~60% at full pump power of 15 W. The pump depletion is ~60%
near the maximum input power, while the OPO threshold is measured to be ~2.6 W.We
also recorded the long-term stability of the output power, with the OPO generating an
average power of ~5 W at 2.1 um. The result is presented in Figure 3.14(b), where we
have a passive power stability of 1.3% rms over 2 h. The stability of the pump laser
was recorded to be <0.3% rms over the same period of time. The spatial profile of the
output beam measured at a distance of ~75 mm from the cavity is shown in the inset
of Figure 3.14(b), exhibiting a single-peak Gaussian spatial intensity distribution with
TEMgo mode profile and circularity ~90%.

We performed further measurements of spatial beam quality at the degenerate wave-
length of 2128 nm, with the OPO delivering output power ~4.5 W. Using a lens with
focal length f=50 mm and a scanning beam profiler, we recorded the beam radius across
the Rayleigh range and estimated the M? values, resulting in M2 < 1.73 and My2 <
1.77, as shown in Figure 3.15(a) and (b).

We also investigated cavity-delay tuning of the OPO for an input pump power of 13
W, at a temperature of ~71 °C, corresponding to the degenerate wavelength of 2128 nm.
The output power as a function of cavity detuning is shown in Figure 3.16. The cavity
detuning is normalized to zero for the maximum power at the center of the detuning
range. As the cavity length detuning is adjusted from -4.5 mm to +4.9 mm, the output
power remains well above 3Wover the entire range with multiple peaks and a maximum
of 4.6 W at zero detuning. This tolerance of the OPO operation, in spite of the large
cavity detuning of ~10 mm, is enabled by the low GVM at degeneracy, resulting in a
temporal walk-off of ~5.6 ps, which is ~4 times lower than the ~20 ps pump and signal
pulse durations. Further, the temporal walk-off-limited intraction length is estimated
to be ~177 mm, which is ~3.5 times greater than the length of the MgO:PPLN crystal
used in this experiment. The power peaks at -3.4 mm and +3.3 mm correspond to sig-
nal beams at slightly different wavelengths within the selectivity band of the diffraction
grating that have better temporal overlap with the pump pulses. However, we could
not measure this wavelength shift, due to the limited resolution of our spectrometer.
If we do not consider these two peaks, slightly asymmetric power behavior is observed

with more sensitivity in the positive detuning, as also observed previously [27]. In our
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Figure 3.14: (a) Simultaneously measured output power and pump depletion as a func-
tion of the pump power for the picosecond OPO, and (b) long-term power stability of the
output from the degenerate OPO operating at 2.1 um. Inset: spatial beam distribution of
the OPO output at 2128 nm.

case, we do not have a large asymmetry because of the similar group velocity of the
pump and the resonant signal in the cavity, vgs ~ 1.38 x 108 and Vgp ~ 1.36 x 108, which
mitigates the nonlinear pulse-shaping effects.

We futher studied the wavelength tunability of the picosceond OPO around the ~2.1
pum output by rotating the IDG with 400 lines/mm. When operating in the Littrow

configuration, for an incidence angle of 6 on the IDG, only the associated wavelength,

26



3.3 High-average-power high-repetition-rate picosecond OPO near 2 ym

100

Y-Radius (um)
S

60

8 10 12 N 12 14
Relative Position (mm)

Figure 3.15: M? measurement of the output beam at degeneracy along (a) x axis, and

(b) y axis.

Power (W)
T
ﬂ’f g
e
P____.—-—-"

5 L T{I A4~2128 nm
7 T~71°C \
f \
| ] | l ]
-4 2 0 2 4

Cavity Delay (mm)

Figure 3.16: Cavity-delay tuning of the picosecond OPO for an input pump power of 13
W at degeneracy.

A, is exactly reflected on itself, allowing the OPO oscillation according to
A = 2dsin(0), (3.4)

where A is the reflected wavelength at the angle, § = o = B, and d is the spacing
between two adjacent grooves. The measured spectra at different IDG angles, expressed

as angle deviation with respect to the blaze angle of 25.2° of the IDG, are shown in
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Figure 3.17. By decreasing the angle deviation, the resonant central wavelength in the
cavity is also reduced. Using this method, we were able to tune the OPO near ~2.1 um,
generating different spectra for different IDG angles. The output spectra, measured
using a commercial spectrometer (StellarNet RED-Wave NIRX-SR-100 T2 BW) with
resolution ~35 nm, are shown in Figure 3.17(a). The spectrum with central wavelength
at 2128 nm was obtained for a blaze angle at 25.2° or blaze angle deviation of 0°.
However, with progressive decrease in the IDG angle, the resonant wavelength in the
OPO cavity drops, reaching a minimum wavelength of 2030 nm for an IDG angle at

-1.2° deviation from the blaze angle.
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Figure 3.17: (a) Spectrum of the resonating signal from the picosecond OPO at different
IDG angles, and (b) estimated spectral bandwidth selectivity as a function of the blaze

angle deviation.

We also calculated the FWHM spectral bandwidth of the output spectra as a func-
tion of the resonant wavelength in the cavity and the corresponding IDG angle, as shown
in Figure 3.17(b). The result confirms that in the case of the double-peak spectrum
generated for an angle deviation of -0.42°, the idler wavelength cannot be resonant in
the cavity when we operate away from degeneracy because it is out from the spectral
selectivity band imposed by the IDG. Hence, this second peak is the residual idler gen-
erated from the resonating signal and the pump beam that has not been completely

extracted from the cavity.
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Figure 3.18: Output spectrum from the synchronously pumped picosecond OPO using
(a) plane-mirror cavity, and (b) intracavity diffraction grating in Littrow configuration for

spectral control.

Similarly, we performed a detailed comparison of the performance of the synchronously
pumped picosecond OPO operating near degeneracy using intracavity IDG with an OPO
using a conventional plane mirror. The spectral characteristics for the two OPOs are
presented in Figure 3.18, where the measured output spectra in both cases are com-
pared. Again, it is clear that substantial bandwidth reduction from 115 nm (centered
at ~2040 nm) in the case of standard plane-mirror OPO to 2.9 nm (centered at 2128
nm) in the OPO with IDG is obtained.

The main performance characteristics of the picosecond OPO in both configurations
are presented in Table 3.2. As can be seen, the picosecond synchronously pumped OPO
with IDG for spectral control delivers superior performance to the standard OPO using
the plane mirror in almost all respects, providing stable, high-power, linearly polarized
2.1 pum picosecond pulses at 80 MHz repetition rate, with well-controlled spectrum and

high spatial beam quality.

3.4 Conclusions

In conclusion, we have demonstrated stable and practical operation of pulsed nanosec-
ond and picosecond OPOs near 2 um by exploiting Nd/Yb solid-state and fiber lasers
at 1064 nm as the pump source and a 50-mm-long MgO:PPLN crystal incorporating a
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Picosecond 2.1 pym Plane-Mirror IDG
OPO Parameter Cavity Cavity
Wavelength (nm) ~2040 ~2128
Spectral bandwidth (nm) ~115 2.9
Output Power (W) 4.3 5.25
Power stability over 2 h (% rms) ~1 1.3
Pulse-to-pulse stability over 2 us (% rms) 2.6 3.4
Round-trip cavity-delay tolerance (mm) 24 10
Spatial mode TEMg TEMg
Beam quality M? <23 M? <138
Repetition rate (MHz) 80 80

Table 3.2: Comparison of the Performance Characteristics of the Plane-Mirror Picosecond
OPO and the IDG Cavity

single grating period of A = 32.16 um as the nonlinear gain material. Operating the
OPOs in the DRO configuration close to degeneracy, and deploying an intracavity prism
and a diffraction grating for spectral and bandwidth control, we have generated high-
average-power high-repetition-rate radiation tunable across the 1880-2451 nm spectral
range. In both operating domains, the use of intracavity wavelength selection elements
has enabled high spectral quality with narrow bandwidth together with high spatial
quality and excellent output stability. In nanosecond operation, we have generated up
to 2.1 W of average power in pulses of 10-20 ns duration at 80 kHz repetition rate with
a FWHM spectral bandwidth down to ~3 nm, in high beam quality with M? < 2.8,
with passive power stability as high as 0.7% rms over 1 h. In picosecond operation, we
have achieved up to 5.25 W of average power at 80 MHz repetition rate in ~20 ps pulses
with a FWHM spectral bandwidth down to 2.5 nm, in high beam quality with M? <
1.8, with passive power stability as high as 1.3% rms over 2 h. With further design im-
provements, substantial enhancements in OPO efficiency, output power, and tunability,
and the potential for power scaling, are also expected. The demonstrated OPO sources
combine the widely established, reliable, and cost-effective Nd/Yb-doped solid-state
and fiber laser technology as the pump source with readily available MgO:PPLN as the
nonlinear crystal, thus paving the way for the realization of a new class of practical
high-average-power pulsed laser sources for wavelength generation near 2 pm, which
will find practical utility for many applications, including pumping of long-wavelength
OPOs into the mid-IR.
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Fiber-laser-based, 1-ym-pumped,
high power picosecond optical
parametric oscillator covering the

1.3-1.5 pum region

This chapter constitutes the following publication:

1. B. Nandy, S. Chaitanya Kumar, and M. Ebrahim-Zadeh, "Fiber-laser-based,
1-pm-pumped, high power picosecond optical parametric oscillator covering the

1.3-1.5 pm region". (To be submitted)

4.1 Background and motivation

High-average-power picosecond mid-infrared (mid-IR) OPO sources based on 5%MgO-
doped periodically-poled LiNbO3 (MgO:PPLN) pumped at 1.064 pum are of great inter-
est for variety of applications spanning from physics [1], chemistry [2, 3], biology and
medical sciences [3-6]. Such OPOs can be rapidly tuned in the mid-IR up to ~4.3 pm,
affording high output coupling losses [6] providing watt-level output power in the mid-
IR with excellent photon-conversion efficiencies. Although such PPLN-based OPOs are
now matured and well-established in all time scales from CW to femtosecond [7-10],
access to the 1.1-1.4 pm wavelength range with good average power while pumping at

1.064 pm is proven to be challenging. This is due to the strong multi-phonon absorp-
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tion at idler wavelengths near the infrared transparency cut-off of MgO:PPLN crystal,
resulting in an absorption coefficient of 0.08 cm™" at 4 pm, rapidly increasing to 0.94
em ™t at 5 um [11]. Due to this strong absorption of the idler wave beyond 4 um, the
photon-conversion efficiency of the signal wave is drastically reduced, either ceasing the
OPO operation and/or leading to catastrophic damage, thereby precluding direct access
to wavelengths below 1.4 um. An alternative approach to access the near-IR wavelength
range below 1.4 um is to implement frequency doubling of the idler in another suitable
MgO:PPLN crystal. Recently, we have demonstrated such idler resonant configuration
that enables Watt-level output power tunable from 2198-4028 nm, with good beam
quality [12]. By deploying the frequency doubling crystal internal to the idler resonant
OPO, we can exploit the high intracavity power as well as the good spatial beam quality
of the resonant idler beam, generating practical output powers in the desired wavelength
range below 1.4 pm.

In 1995, Ebrahimzadeh ef. al. demonstrated a continuous tuning picosecond OPO
based on temperature-tuned LiB3O5 (LBO) and synchronously pumped by a self-mode-
locked Ti:sapphire laser at 81 MHz continuously tunable from 1.15-2.26 pum with 200
mW power [13]. Such LBO based OPOs proved to be highly versatile, simple and cost-
effective source of picosecond near-infrared pulses but lacked the reliability of diode
pumped fiber lasers. This was fulfilled by Kienle et. al. who demonstrated a picosecond,
green-pumped, MgO:PPLN based OPO synchronously pumped by a frequency-doubled,
Yb-fiber-amplified gain-switched laser diode with ~107 mW power in the 1.28-1.54 ym
region but the crystal suffered physical damage in the center of the poled grating after
only ~30 min of operation [14]. This is one of the major problems with PPLN when it
is green-pumped apart from low gain. Recently, Kumar ef. al. reported a stable, Yh-
fiber-laser-based, green-pumped picosecond OPO based on periodically poled potassium
titanyl phosphate (PPKTP) using fan-out grating design with 300 mW in the idler at
1338 nm and tunable from 1201-1998 nm (idler) and 726-955 nm (signal) [15]. PPKTP
is a very new crystal and is very difficult to obtain unlike PPLN which is a very matured
crystal with wide commercial availability.

Here, we present the first widely tunable idler-resonant OPO based on MgO:PPLN
crystal (A= 31.27 pm) with intracavity SHG of the idler wave using a PPLN crys-
tal with fan-out grating (A=34.8-36.2 um) in a ring cavity configuration which was
synchronously pumped by a 1.064 pm picosecond Yb-doped fiber laser. A wide tuning
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range of 1.63-1.86 um (signal), 2.54-3.07 pm (idler) and 1.31-1.54 um was achieved with
high-average-power in the ~1.3 pum region. We obtained >1 W of SHG in the 1.29-1.38
pm region. The performance characteristics of the intracavity-SHG-ring cavity OPO

has been demonstrated.

4.2 Experimental Setup

The schematic of the proposed idler-resonant ring-cavity PPLN OPO with intracavity
SHG is depicted in Figure 4.1. The OPO is synchronously pumped by a mode-locked
Yb-fiber laser (Fianium, F'P1060 — 20) delivering up to 20 W of average power at a
central wavelength of 1064 nm with a full-width-at-half-maximum (FWHM) spectral
bandwidth of A), ~1 nm, in pulses of ~20 ps duration at a ~79.5 MHz repetition rate.
After attenuation optics for systematic input power control, an average pump power of
~13 W is focused to a waist radius of wg ~60 um at the center of the nonlinear crystal,
Cy, which is 50-mm-long MgO:PPLN with grating period A=31.27 um. To reduce the
photorefractive effect, the crystal is doped with 5 mol % of MgO. The crystal (Cy)
end-faces are antireflection (AR)-coated for high transmission (R<1%) at 1.064 um,
(R<0.5%) at 1.4-2 pm and (R<7%) over 2-4 pm. The crystal (Cp) is mounted in an
oven providing temperature control from 23.5 °C to 200 °C with a stability of 0.1 °C.

HWP

Spectrum
analyser

e LN NS
i S % Dela
Optic Evjjse\ Y

axis e

Figure 4.1: Experimental setup of the idler-resonant PPLN OPO with intracavity SHG.
HWP: Half-wave plate, M: Mirrors, L: Lens, C: Crystal.
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The OPO is configured in a ring cavity which is composed of two sets of folding
mirrors; one (M; and Ms) with a focal length of 100 mm for the gain crystal and the
other (Mg and M) with a focal length of 75 mm for the SHG crystal. The SHG crystal,
Cg, is a 50-mm-long, 10-mm-wide and 1-mm-thick 5%MgO:PPLN with fanout grating
(A=34.8-36.2 um) whose end-faces are antireflection (AR)-coated for high transmission
(R<1%) at 1.2-1.6 um and (R<2%) over 2.4-3.5 um. The crystal (Cs) is also mounted
in an oven providing temperature control from 23.5 °C to 200 °C with a stability of
0.1 °C. The cavity mirrors (My — Ms, Mg — M) have high reflectance in a wavelength
range of 2.1-4 pm, and high transmittance with AR-coating at 1.064 and 1.3-2 ym. The
silver coated mirrors (Ms-Mg) have high reflectance (R>97%) over 0.5-20 pum. The
mirror (M3) is a dichroic mirror for pump-separation and signal-extraction, and has
high reflectance (R>99.9%) over 1.05-1.5 ym and high transmittance (T>99%) over
1.5-2.15 pm. The lens (L) is used for collimation of the signal beam and has high
transmittance (T>97%) with AR-coating at 1.65-1.9 pm.

4.3 Device tuning and characterization
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Figure 4.2: Calculation of idler wavelength with respect to crystal temperature of gain
crystal (Cp) for fixed grating period (A=31.27 pm) and corresponding SHG wavelength
versus the grating period of the fanout-grating crystal (Cs) kept at a fixed temperature of
150 °C.
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The theoretically calculated idler wavelength tuning characteristics of the crystal
(C1) with single grating period (A=31.34 um) as a function of crystal temperature, when
pumped at 1064 nm are shown in Figure 4.2. The corresponding idler SHG wavelength
tuning using a second MgO:PPLN crystal (Cs) requires the grating periods ranging from
A=34.8-36.2 um to operate at a fixed temperature of 150 °C. We then, performed the
experimental investigation of the wavelength tuning characteristics of the OPO. Idler
wavelength tuning was achieved by varying the temperature of the gain crystal Cj.
We first studied the temperature tuning of the OPO and the corresponding intracavity
SHG together with the total average output power variation across the tuning range.
By varying the temperature of the gain crystal, Ci, over 23.5 [0]C-200 °C, we were
able to tune the generated single-pass signal across 1642-1856 nm. The corresponding
SHG of the resonating idler is tunable across 1272-1515 nm, by varying the position of
crystal Cy kept at a constant temperature of 150 °C, resulting in a total (signal plus
SHG) tuning over 457 nm. The results are shown in Figure 4.3, Figure 4.3(a) represents
the measured signal output power corresponding to the measured wavelengths, and
Figure 4.3(b) represents the measured SHG output power. The inset in Figure 4.3(b)
shows the spatial beam profile of the SHG at maximum output power of 1230 mW at
1324 nm.
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Figure 4.3: (a-b) Signal and SHG total output power generated with respect to their
corresponding wavelengths at fixed pump power. The solid curves are a guide to the eye.
Inset: SHG spatial beam profile at maximum output power.
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The measurements were performed for a fixed input average pump power of ~10 W
at 1064 nm. As can be seen, the total average SHG output power from the OPO is
>1 W in the 1290-1375 nm region which is generally not easily accessible in the signal
wavelength in a picosecond singly resonant OPO based on MgO:PPLN, pumped at 1064
nm as the corresponding idler wavelengths extend as far as 4704-5761 nm, beyond the
long wavelength transparency cut-off of MgO:PPLN, where the absorption coefficient
of the crystal is >0.94 cm™! [11]. The average output signal power varies from ~3.85
W at 1642 nm to ~4.15 W at 1856 nm and the corresponding SHG output power varies
from ~500 mW at 1272 nm to ~330 mW at 1515 nm. The sharp decline in the output
SHG power at ~1440 nm accompanied by the drop in the idler power, is due the OH™
absorption in the two MgO:PPLN crystals at 2.880 pum. The observed drop in SHG
output power below 1300 nm is due to the AR coatings of mirror M10 which is highly
transmitting only between 1300-2000 nm and at 1064 nm.
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Figure 4.4: SHG spectrum over the entire tuning range.

We also recorded the signal and SHG spectrum over the entire tuning range of
the OPO. All the spectral measurements were recorded using an infrared Spectrometer
(800-2600 nm range) with a resolution of <0.5 nm. The results of the SHG tuning
are shown in Figure 4.4. The SHG is tuned from 1272 nm (A ~8.1 nm) to 1515 nm
(AX ~0.8 nm), the corresponding signal spectrum varies from 1856 nm (A\ ~31.9 nm)

to 1642 nm (A ~8.7 nm) as shown in Figure 4.5. As the crystal is heated, the resonant-
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idler wavelength moves towards degeneracy, which results in increase in parametric gain
bandwidth. And due to the high-reflector (HR) cavity for the resonant idler, it results

in broadband oscillation leading to broadband signal generation.
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Figure 4.5: Signal spectrum over the entire tuning range.

We studied power scaling of the OPO at three different crystal temperatures, and
the corresponding signal and SHG wavelengths, by recording the output powers as a
function of input pump power. The measurements were performed for an available
pump power of 10 W at 79.5 MHz pulse repetition rate. The crystal temperature (Cy)
was tuned from room temperature (T=23.5 °C) to T=200 °C. We obtained signal power
of 3.85 W (Asignai= 1642 nm, n=>57.4 %) and SHG power of 330 mW (Aggg— 1515 nm,
n=>5.4%) with pump depletion of 70%, when C; was kept at room temperature (T=23.5
°C). Upon heating C; to T=170 °C, we obtained signal power of 3.7 W (Asigna—
1780 nm, n=40.8%), while the SHG power increased to 1230 mW (Asgg= 1324 nm,
n=13.3%) with pump depletion of 84% as shown in Figure 4.6. As we further increase
C1 temperature to 200 °C, the signal power increases to 4.15 W (Agigna— 1856 nm,
n=45.9%) with maximum SHG power of 500 mW (Asgg= 1272 nm, n=6.3%).

We performed measurements of output power stability over 1 hour for the signal
and SHG for the three mentioned crystal temperatures. The output power stability
corresponding to T=23.5 °C of the gain crystal is shown in Figure 4.7. As can be seen,

the OPO exhibits passive long-term power stability of 0.4% rms for signal (A=1642 nm)
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Figure 4.6: Output power scaling of the idler-resonant MgO:PPLN OPO.

and 0.6% rms for SHG (A=1515 nm). Upon heating the crystal (C;) to 170 °C, the
power stability of the signal (A=1780 nm) was recorded to be 0.6% rms over one hour
and for the frequency doubled SHG (A=1324 nm) recorded 3% rms over 1 hr. We also
measured the power stabilities over 1 hour at maximum crystal oven temperature (Cy)
of 200 °C, we found 0.9% rms for signal (A=1856 nm) and 0.4% for SHG (A=1272 nm)
respectively.

We also performed the spectrum stability measurements of the signal and SHG for
the above mentioned three temperature sets. At room temperature, the signal spectrum
has exceptional peak stability of 0.006% rms at central wavelength of 1649 nm and
FWHM stability of 8.1% rms over 1 hr. The corresponding SHG spectrum stability
is also shown in Figure 4.8, where we observed peak stability of 0.01% rms at central
wavelength of 1513 nm over 1 hr. At maximum crystal temperature of 200 °C, the peak
stability of the signal at 1860 nm was recorded to be 0.6% rms over 1 hr. And the
corresponding SHG at 1273 nm had peak stability of 0.05% rms over 1 hr.

The reason for the slightly poor spectral stability at higher crystal temperatures
could be attributed to the fluctuation in the crystal temperature. These temperature
fluctuation in turn leads to wavelength fluctuation in the signal and the resonating idler
which also affects the mode of the cavity. And since the position and the temperature

of the fanout grating crystal for SHG is fixed, the SHG power is hugely affected by
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Figure 4.7: (a)-(b) Measurements of power stability for the signal and SHG at fixed
gain-crystal temperature of 23.5 °C.

the idler wavelength fluctuations. It is to be noted that the SHG phase-matching
conditions are not adequately fulfilled across the idler spectrum, owing to the limited
spectral acceptance bandwidth of the SHG crystal at a given position and temperature.
Further, the gain-bandwidth of the gain crystal as well as the SHG crystal increases
towards degeneracy allowing the OPO to sustain multiple-modes simultaneously which
further causes power fluctuations in the resonating wave.

In order to extract some idler power from the OPO, we replaced mirror M, with
an output coupler (OC) with varying transmission (T~87%-98%) over the idler tuning
range. Then we again performed the experimental investigation of the wavelength
tuning characteristics of the OPO. Idler wavelength tuning was achieved by varying the
temperature of the gain crystal C;. We first studied the temperature tuning of the OPO
and the corresponding intracavity SHG together with the total average output power
variation across the tuning range. By varying the temperature of the gain crystal, Cy,
over 25 °C-200 °C, we were able to tune the generated single-pass signal across 1627-
1781 nm, the resonating idler across 2610-3075 nm. The corresponding SHG of the idler
is tunable across 1305-1540 nm, by varying the position of crystal Cs kept at a constant
temperature of 150 °C, resulting in a total (signal plus idler plus SHG) tuning over 854
nm. The results are shown in Figure 4.9, Figure 4.9(a) represents the measured signal

output power corresponding to the measured wavelengths, Figure 4.9(b) represents the
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Figure 4.8: Measurement of spectrum stability for the SHG at fixed gain-crystal temper-
ature of 23.5 °C.

measured SHG output power and Figure 4.9(c) represents the measured idler output
power corresponding to the calculated idler wavelengths and the blue line represents

the transmission of the output coupler for the idler wave.
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Figure 4.9: (a-c) Signal, SHG and idler total output power generated with respect to
their corresponding wavelengths at fixed pump power. The blue line in (c¢) represents the
output-coupling. The solid curves are a guide to the eye.
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The measurements were performed for a fixed input average pump power of ~13 W
at 1064 nm. As can be seen, the total average SHG output power from the OPO is >600
mW in the 1305-1375 nm region. The average output signal power varies from ~3.12 W
at 1627 nm to ~3.38 W at 1781 nm while the average output idler power varies from
~482 mW at 3075 nm to ~872 mW at 2610 nm and the corresponding SHG output power
varies from ~844 mW at 1305 nm to ~287 mW at 1540 nm. We once again recorded
the signal and SHG spectrum over the entire tuning range of the OPO. All the spectral
measurements were recorded using an infrared Spectrometer (800-2600 nm range) with
a resolution of <0.5 nm. The results of the SHG tuning are shown in Figure 4.10. The
SHG is tuned from 1305 nm (AX ~8.7 nm) to 1540 nm (A ~5 nm), the corresponding
signal spectrum varies from 1781 nm (A ~3.6 nm) to 1627 nm (AX ~6.4 nm).
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Figure 4.10: SHG spectrum over the entire tuning range.

The SHG power scaling with respect to the intra-cavity idler power for SHG wave-
length of 1395 nm is shown in Figure 4.11. The SHG power scales quadratically as
function of the intracavity idler power as expected. The intra-cavity idler power was
calculated based on the measured signal output power using photon energy conserva-
tion. The spatial beam profile of the SHG at 1537 nm is presented in the inset of
Figure 4.11. We also performed measurements of output power stability over 1 hour for
the signal, idler and SHG for the three mentioned crystal temperatures. The output
power stability corresponding to T=25 °C of the gain crystal is shown in Figure 4.12. As
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can be seen, the OPO exhibits passive long-term power stability of 0.2% rms for signal
(A=1627 nm), 0.4% rms for idler (A=3075 nm) and 0.7% rms for SHG (A—1538 nm).
Upon heating the crystal (Cy) to 150 °C, the power stability of the signal (A=1720 nm)
was recorded to be 0.6% rms over one hour and for the corresponding idler (A=2790
nm) was 1.3% rms, the frequency doubled SHG (A=1395 nm) recorded 1.8% rms over
1 hr. We also measured the power stabilities over 1 hour at maximum crystal oven
temperature (C;) of 200 °C, we found 4% rms for signal (A=1782 nm), 2.7% for idler
(A=2641 nm) and 5.2% for SHG (A=1310 nm) respectively.
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Figure 4.11: SHG power scaling with respect to intra-cavity idler power. Inset: spatial
beam profile of SHG.

We further measured the M? value of the signal, idler and SHG beams at three
different crystal temperatures for the ring cavity. Using a focusing lens of focal length,
f=50 mm, and a scanning beam profiler, we performed the measurements and the data

is presented in Table 4.1.

)\SHG )\Signal >\Idler SHG Signal Idler

(m)  (m)  (m) M} ME ML MP ME M3
1311 1790 2623 2.1 1.7 1.9 1.9 1.9 1.6
1413 1711 2814 2.2 1.8 1.6 14 2.3 1.6
1537 1628 3075 2.6 2.3 1.6 1.6 1.8 1.4

Table 4.1: M? data for the ring cavity OPO.
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Figure 4.12: (a)-(c) Measurements of power stability for the idler, signal and SHG at
fixed gain-crystal temperature of 25 °C.

1.0 1.0
- (b)
@) fr= 15=1392 nm
11.8 ps
AA=2.6 nm
AvA T=149 °C
4.8 051

y N

L N

0
20 10 0 10 20 1350 1380 1410 1440
Delay (ps) Wavelength (nm)

Normalized Intensity (a.u.)
o
T

o
o

Figure 4.13: (a) Interferometric autocorrelation and (b) optical spectrum of the SHG
wave at 1392 nm for the intracavity SHG ring cavity OPO.

The duration of the SHG pulses were measured by interferometric autocorrelation as
shown in Figure 4.13(a). We observed that the nonlinear effects in the SHG crystal lead
to temporal shortening of the seed pulses and the measured pulse duration (FWHM)
of the SHG pulse of the ring cavity OPO at 1392 nm is typically ~11.8 ps, assuming
sech? pulse shape. The spectral width is approximately 2.6 nm (FWHM) as shown in
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Figure 4.14: (a) SHG power and wavelength as a function of cavity delay. (b) FWHM of
SHG wavelength and SHG pulse duration (measured using interferometric autocorrelation)
versus cavity delay. (c) Calculated SHG frequency-time bandwidth as a function of cavity
delay.

Figure 4.13(b), leading to a time-bandwidth product of AvAT ~4.8. The measurements
were also performed at the lower and higher ends of the SHG wavelengths, we recorded
~11 ps pulse duration at 1290 nm (AN ~10.2 nm, AvAT ~17.4). At maximum SHG
wavelength of 1537 nm, the pulse duration is typically ~7.5 ps and spectral width is
~2.5 nm leading to AvAt ~2.4. The time-bandwidth product for SHG wavelength
at 1290 nm is quite large because the corresponding resonating idler at 2580 nm is
much broader spectrally, as with increasing crystal (C; in Figure 4.1) temperature,
the OPO goes towards degeneracy and hence the gain bandwidth gets larger thereby
supporting multiple idler wavelengths to resonate inside the cavity simultaneously. We
also performed an interferometric autocorrelation measurement for the cavity detuning
at gain crystal temperature of 25 °C in order to minimize thermal fluctuations in the
OPO and the data is shown in Figure 4.14. The total cavity delay was found to be 3.4
mm. As the cavity delay was changed from -1.18 mm to 2.22 mm, the measured SHG
power (Figure 4.14(a)) changed from zero to zero with maximum power of ~148 mW
at 0.82 mm cavity delay. The change in SHG wavelength as a function of cavity delay
is shown in Figure 4.14(a). The corresponding measured FWHM of SHG wavelengths

along with pulse durations (measured using interferometric autocorrelation) and the
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calculated frequency-time bandwidths are shown in Figure 4.14(b)—(c) respectively.

4.4 Conclusions

In conclusion, we have reported the first high-average-power, high-repetition-rate, pi-
cosecond intracavity-SHG-ring cavity OPO based on 5%MgO:PPLN covering the 1.27-
1.45 pm region while pumped at 1.064 pm. We have generated a broadly tunable
radiation across 2610-3075 nm in the idler, 1627-1782 nm in the signal and 1272-1537
nm in the SHG with >1 W average output power in the 1290-1375 nm region. This
generic technique of using a fanout-grating PPLN crystal for intracavity-SHG of an
idler-resonant OPO allows the possibility of covering the entire tuning range right from
the pump wavelength at 1064 nm to >4000 nm in a single device with high-average-

power through-out the tuning range which has not been possible until now.
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High-average-power, stable,
compact and highly tunable
picosecond optical parametric

oscillator

This chapter constitutes the following publication:

1. B. Nandy, S. Chaitanya Kumar, and M. Ebrahim-Zadeh, "High-average-power,
stable, compact and highly tunable picosecond optical parametric oscillator".

(To be submitted)

5.1 Background and motivation

High-power picosecond mid-infrared optical parametric oscillators (OPQO) are of great
interest due to their broad applications in fields spanning from physics to biological and
medical sciences [1-8]. Although such sources are now matured and well-established,
providing Watt-level output powers across the near- to mid-IR in robust architectures,
due to the requirement of synchronous pumping, they typically tend to be relatively
bulky and of large size, with cavity lengths matched to that of the pump laser. A typical
synchronously-pumped picosecond OPO with ~80 MHz pulse repetition rate has round
trip cavity length of ~3.77 m, which can restrict its practical utility in space-constrained

applications. This restriction also becomes increasingly important at lower pulse repeti-
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tion rates approaching few MHz, where higher pulse energies are desired in applications
such as three-photon microscopy [9]. In 2001, Sidmeyer ef. al. demonstrated the
first synchronously pumped fiber-feedback OPO where a single-mode fiber represented
most of the OPO cavity length [10]. In spite of the high fiber coupling loss at the
fiber launch, high conversion efficiency can be achieved by using a high parametric gain
medium. Using this concept, compact, stable and efficient systems were demonstrated
in the femtosecond and picosecond regimes [11, 12] using a ring cavity configuration
which happens to be very difficult to build and align and requires additional optical
components which also contributes towards development challenges.

In this chapter, we present a high-average-power, highly stable (both power and
spectrum) with immaculate beam quality, widely tunable, compact and easy to align,
fiber-feedback picosecond OPO using a 80-cm-long single-mode IMRF in X-cavity con-
figuration, resulting in a two-fold reduction in the overall footprint while operating at

79.5 MHz repetition rate.

5.2 Experimental Setup

The schematic of the experimental configuration of the IMRF picosecond OPO is de-
picted in Figure 5.1. The OPO is synchronously pumped by a mode-locked Yb-fiber
laser (Fianium, F'P1060 - 20) delivering up to 20 W of average power at a central wave-
length of 1064 nm with a full-width-at-half-maximum (FWHM) spectral bandwidth of
AM, ~1 nm, in pulses of ~20 ps duration at a ~79.5 MHz repetition rate. After atten-
uation optics for systematic input power control, an average pump power of ~8.8 W is
focused to a waist radius of wg ~60 um at the center of the nonlinear crystal, which
is 42-mm-long MgO:PPLN with seven separate grating periods from A=28.5-31.5 pm
each of cross-section size lmm X lmm. The crystal faces are antireflection-coated for
the pump and signal (R<1%) with high transmission (R<7%) for the idler. The OPO is
configured as a singly-resonant oscillator (SRO) in a folded standing-wave cavity formed
by two concave mirrors (r=-100 mm), a plane output coupler (OC) in one arm, and the
IMRF completing the cavity in the other arm. The signal is extracted through ~50%
OC, while the idler exits the cavity in a single pass. The IMRF comprises a single-mode
fiber (SMF-28) incorporating an integrated retro-reflector end-mirror with high reflec-

tivity (R>98%) over the entire resonant signal wavelength range of 1451-2051 nm and
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the SMF-28 fiber is specified to be single-mode over the wavelength range of 1260-1625

11111,
M Type-0 phase-matching
s b ‘/'/,"//"
4 - M, e \ e
MgO:PPLN Optic’ ;>§§§(
) (In Oven) axis o “/).

Pump (e): 1064 nm
&= signal (e): 1450-2051 nm
Idler (e): 2211-3983 nm

Figure 5.1: Experimental setup of the compact IMRF picosecond OPO. HWP: Half-wave
plate, M: Mirrors, L: Lens, FC: Fiber coupler, IMRF: Integrated-mirror-retro-reflector
fiber, OC: Output coupler, F: Filter. Inset: Laboratory photograph of the IMRF picosec-
ond OPO.

5.3 Device tuning and characterization

Figure 5.2 shows the wavelength tuning range and the average output power of the
IMRF picosecond OPO which is achieved by varying the PPLN crystal temperature
at various grating periods. Watt-level output power is achieved over almost the whole
tuning range of the signal and idler. As shown in Figure 5.2(a), the idler wavelength is
tunable from 2211-3983 nm (total 1772 nm) with maximum output power of 0.96 W.
And Figure 5.2(b) shows the signal wavelength tuning from 1451-2051 nm (total 600
nm) with maximum power of 0.94 W along with the transmission curve of the OC for
the signal wavelength which varies from 26%-90% transmission over the signal tuning
range with a ~30% transmission at 1550 nm. The sharp dip in the signal power near
2040 nm is due to the strong reflection of the AR-coating of the fiber coupler which
reflects back most of the signal wave thereby blocking the signal wave from entering the
fiber and resulting in reduction of the resonant intra-cavity power below the threshold

of the OPO. The sharp decline in the idler power near 2210 nm is due to the loss of
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signal power near 2040 nm. The sudden changes in power levels in both the signal and

idler are due to change of grating period.
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Figure 5.2: Tuning range and average output power of the IMRF picosecond OPO. (a)
Output power over the idler tuning range of 2211 to 3983 nm. (b) Output power over the

signal tuning range of 1451 to 2051 nm and the corresponding transmission curve for the
OC.

We performed the power scaling of the signal and idler waves with respect to the
pump power and also measured the pump depletion. As shown in Figure 5.3, we ob-
tained a slope efficiency of ~21.3% for the signal power at 1550 nm with maximum signal
power of 0.49 W at 9 W pump power and about ~24.4% for the idler power at 3393
nm with maximum idler power of 0.58 W at 9 W pump power and maximum pump
depletion of ~37.1%.

In addition to temperature tuning, we also investigated cavity-delay tuning of the
IMRF OPO for a fixed input pump power of 9 W, at a crystal temperature of ~50 °C for
the grating period of 30.5 um. The signal and idler output power as a function of cavity
detuning is shown in Figure 5.4. As the cavity length is adjusted from -650 pum to zero
detuning, the signal power (idler power) increases from 1 mW (2 mW) to a maximum
of 486 mW (554 mW), beyond which it decreases to 2 mW (5 mW) at +350 um of
detuning. The signal and idler power from the IMRF OPO varies asymmetrically with
respect to the zero detuning, which corresponds to the maximum signal and idler output

power, and is more sensitive to the positive detuning. In the X-cavity configuration,
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Figure 5.3: Signal and Idler power scaling of the IMRF OPO using a 50% signal OC.

this detuning corresponds to a total time delay of ~6.6 ps, compared to ~15.3 ps for
a normal SRO where the fiber is replaced by a plain metallic mirror while everything
else remains the same for the sake of comparison. Although the OPO oscillation was
maintained over the entire 1 mm cavity tuning length detuning range, we observed an
overall signal tuning of only ~2 nm, corresponding to ~10 nm of idler tuning in the mid-
IR for the IMRFEF OPO. This could be attributed to the nonlinearity of the ~80 cm long
(effective length of ~1.6 m for the signal due to retro-reflection) SMF28 fiber around
1550 nm, which limits the tuning range. Also shown in the insets of Figure 5.4 are the
signal spectra with negative detuning and at perfect synchronization. We obtain both
single-peak and double-peak spectrum by tuning the cavity delay, where the double-
peak spectrum is a result of increased circulating signal intensity leading to enhanced
self-phase-modulation.

We further characterized the IMRF-OPO with regard to signal and idler power
stability by performing measurements of long-term average-power fluctuations, with
the results shown in Figure 5.5. The signal power as shown in Figure 5.5(a) exhibits
a passive power stability of better than 0.8% rms over 3 h, while operating at full
power and at a signal wavelength of 1550 nm, similarly, the idler power as shown
in Figure 5.5(b) exhibits a passive power stability of better than 0.7% rms over 3 h,

operating at full power and at idler wavelength of 3393 nm. Whereas, for the normal
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Figure 5.4: Variation of the signal and idler power as a function of the picosecond IMRF

OPO cavity delay. Inset: signal spectra (a) away, and (b) at perfect synchronization.

SRO, we obtained power stability of 1.4% rms for signal and 0.5% rms for the idler over

3 h. The pump laser exhibits a power stability of ~0.2% rms over a similar period of

time.
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Figure 5.5: Long-term power stability of the output waves from the IMRF picosecond
OPO. (a) Signal power stability at ~1550 nm over 3 hrs. (b) Idler power stability at ~3393

nm over 3 hrs.
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We further recorded the spatial quality of the output beam from the IMRF OPO.
Using a focusing lens of focal length, f=50 mm, and a scanning beam profiler, we
measured the M?-value of the output beams, resulting in M? <1.1 and M5 <1 for the
signal at 1550 nm, as shown in Figure 5.6(a) and M2<1 and M5<1.1 for the idler,
as shown in Figure 5.6(b). The signal and idler beams were also observed to exhibit
high spatial quality with single-mode Gaussian distribution, as presented in the inset
of Figure 5.6(a)-(b).
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Figure 5.6: Beam quality measurements of the signal and the idler of the IMRF OPO.
(a) M? measurements of the signal at 1550 nm. Inset: Spatial beam profile of the signal.

(b) M? measurements of the idler at 3393 nm. Inset: Spatial beam profile of the idler.

As shown in Figure 5.7, we obtained excellent spectral stability of the signal beam
over 1 h. We performed the spectral stability measurements for the single and double-
peak by tuning the cavity delay length. We obtained 0.004% rms spectral stability
for the double-peak signal spectrum as shown in Figure 5.7(a), and about 0.003% rms
spectral stability for the single-peak signal spectrum as shown in Figure 5.7(b). We also
measured the FWHM stability of the single-peak signal spectrum over 1 h and obtained
1.864% rms as shown in Figure 5.7(c). We had also measured the signal spectrum
stability of the normal SRO at 1550 nm for the sake of comparison and obtained 0.01%
rms over 1 h.

The duration of the signal pulses were measured by interferometric autocorrelation

as shown in Figure 5.8(a). We observed that the nonlinear effects in the fiber lead to
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Figure 5.7: Spectral stability of the signal output of the IMRF OPO around 1550 nm
over the duration of 1 h. (a) Double-peak spectrum stability over 1 h. (b) Single-peak
spectrum stability over 1 h. (c) FWHM stability of the single-peak spectrum over 1 h.

temporal shortening of the seed pulses and the measured pulse duration (FWHM) of the
signal pulse of the IMRF OPO at 1550 nm is typically ~10.6 ps, assuming sech? pulse
shape. The spectral width is approximately 0.7 nm (FWHM) as shown in Figure 5.8(b),
leading to a time-bandwidth product of AvAT ~0.93. We compared the measurements
to a normal SRO and we obtained signal pulses of ~23.7 ps at 1550 nm with spectral
width of ~0.9 nm, leading to a time-bandwidth product of AvAT ~2.7. The pump pulses
had a time-bandwidth product of AvA7T ~5.3. We simultaneously measured the pulse
train stability of the signal and pump pulses and found it to be around ~5.2% rms and
~4.6% rms over 20 ms. The pulse repetition-rate stability for both the signal and idler
pulses of the IMRF OPO turned out to be ~0.00001% rms over 3 h.

5.4 Conclusions

In conclusion, to the best of our knowledge, we have demonstrated the first syn-
chronously pumped picosecond IMRF OPO that uses a 80 cm long SMF28 fiber with
integrated mirror. This IMRF OPO concept results in a very robust, compact and
highly tunable light source which uses a Yb-fiber laser at 1064 nm as input pump and

generates output waves from 1451-3983 nm with excellent power and spectral stability,
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Figure 5.8: (a) Interferometric autocorrelation and (b) optical spectrum of the signal
wave at 1550 nm for the IMRF OPO.

along with immaculate beam quality of TEMgg mode profile. The IMRF OPO provides
as much as 0.96 W of idler power at 3598 nm and 0.94 W of signal power at 1511
nm, with >0.4 W over almost the entire tuning range. The IMRF OPO exhibits a
passive signal and idler power stability of better than 0.8% rms and 0.7% rms over 3 h
in excellent beam quality with M? values better than 1.1 for both the signal and idler
beams. The spectral stability of this OPO is extremely good with ~0.003% rms over 1 h.
The signal pulses extracted from the IMRF OPO exhibit a Gaussian temporal duration
of ~10.6 ps at 1550 nm having a time bandwidth product of AvA7 ~0.93 where the
shortening of the pulses is due to the nonlinear effects of the fiber and hence the pulse
duration varies with change in the resonant signal wavelength due to the dependence
of the refractive index on the wavelength.

With improvements in the fiber technology, improved AR-coatings for the fiber-
coupling optics and use of high precision fiber alignment opto-mechanics for better fiber-
coupling, will possibly pave the way for high average-output power, ultra-compact high
repetition-rate, synchronously pumped picosecond OPOs which can be easily deployed
in space-constrained applications and this technique can also be extended to deep-IR

OPOs by using Fluoride based fibers.
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Fiber-laser-pumped picosecond

optical parametric generation and
amplification in MgO:PPLN

This chapter constitutes the following publication:

1. B. Nandy, S. Chaitanya Kumar, and M. Ebrahim-Zadeh, "Fiber-lager-pumped
picosecond optical parametric generation and amplification in MgO:PPLN," Opt.
Lett. (In Press).

2. S. Chaitanya Kumar, B. Nandy, and M. Ebrahim-Zadeh, "Performance studies
of high-average-power picosecond optical parametric generation and amplifica-

tion in MgO:PPLN at 80 MHz". (submitted in Opt. Ezpress)

6.1 Background and motivation

The generation of high-repetition-rate picosecond pulses at high average power is of
great interest for a variety of applications including spectroscopy [1] and material pro-
cessing [2]. The development of tunable picosecond sources in the 2 um wavelength
range is of particular interest for applications in LIDAR (3| and laser processing of bi-
ological tissues [4]. While mode-locked Thulium and Holmium laser technologies have
been extensively investigated for generating coherent radiation in the 2 ym wavelength
range, they offer limited tunability [5]. On the other hand, synchronously-pumped
optical parametric oscillators (OPOs) pumped by Yb-fiber lasers at 1064 nm are es-
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tablished as reliable sources of high-repetition-rate picosecond pulses across the near-
to mid-infrared at multi-Watt average power levels [6]. However, a major challenge in
the development of ultrafast OPOs is the requirement for cavity length synchronization
with input pump pulse repetition rate, which also dictates the minimum system size.
For wavelength generation near 2 pum, such OPOs must also be operated near degener-
acy, hence requiring careful cavity design for reliable performance |7, 8|. As a compara-
tively simple single-pass process, optical parametric generation (OPG) and amplification
(OPA) can overcome some of the practical operational difficulties, system complexity,
size, and high cost associated with ultrafast OPOs. Using OPG-OPA schemes, access
to wavelength regions near 2 pum has been achieved using birefringent nonlinear mate-
rials such as f-BaB_ 204 [9], BiB3Og [10] and KTiOPOy4 [11|. However, such systems
rely on high pump pulse energies at low repetition rates for efficient conversion. On the
other hand, MgO-doped periodically-poled LiNbO3 (MgO:PPLN) offers high nonlinear-
ity (deff~16 pm/V), improved optical quality, and noncritical phase-matching in long
interaction lengths (up to 80 mm). These properties open up the possibility for realizing
efficient single-pass OPG-OPA sources using low-energy picosecond pulses at high rep-
etition rates in a practical, simplified and compact architecture. This also presents the
opportunity for the development of efficient, high-average-power, high-repetition-rate
picosecond sources near 2 um based on OPG-OPA approach, as we demonstrate here.

Earlier reports on single-pass picosecond OPG sources include a 55-mm-long PPLN
crystal pumped by a mode-locked NdYVOy4 oscillator-amplifier system at 1064 nm with
7 ps pulses at 82 MHz repetition rate. The single-stage OPG device provided tunable
radiation over 1571-1642 nm in the signal and 3026-3302 nm in the idler with a maximum
total average power of 8.9 W for 24 W of pump at 37% conversion efficiency, with an
OPG threshold of 4 W [12|. The output power was further increased to 9.5 W by
injection seeding the OPG with a continuous-wave (cw) source at 1580 nm. In another
report, a 40-mm-long MgO:PPLN crystal was used for a single-stage OPG pumped at
1035 nm by a mode-locked Yb-fiber master oscillator-power amplifier system, providing
150-ps pulses at 1 MHz repetition rate. The device generated tunable output over
1450-3615 nm with a maximum total power of 3.9 W for 12 W of pump power at 32.5%
conversion efficiency, with an OPG average power threshold of ~5 W. Using a tunable
cw seed, the output power was improved to 4.3 W, however, pumping beyond 9.2 W
resulted in catastrophic damage to the MgO:PPLN crystal [13].
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Here we report an efficient, high-average-power, picosecond source based on cascaded
single-pass OPG-OPA scheme using two MgO:PPLN crystals pumped by an Yb-fiber
laser at 80 MHz pulse repetition rate. The two-stage OPG-OPA system is tunable
across 1902-2415 nm, including degeneracy, and provides up to 8.3 W of total output
power for 14 W of pump power at a record conversion efficiency of ~59% with spectral
bandwidth as large as ~350 nm (10 dB level) at a central wavelength of 2107 nm.
The output exhibits excellent passive power and spectral stability better than 0.9%
rms and 0.1% rms, respectively, over 1 hour, in high spatial beam quality. To the
best of our knowledge, this is the first report of such cascaded OPG-OPA scheme in
the picosecond time domain and the highest conversion efficiency and lowest threshold
ever achieved in single-pass parametric generation. The high average power and record
efficiency together with short pulse durations and broad spectral bandwidths over a
wide wavelength range, including the 2 pm region, are some of the key attributes of this

compact and simple single-pass OPG-OPA system.

6.2 Experimental Setup
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Figure 6.1: Schematic of the picosecond OPG-OPA setup. Li: f=200 mm, Ls: f=150
mm, Lz: f=100 mm. The total physical length of OPG-OPA system is ~70 cm.

The schematic of the experimental setup is shown in Figure 6.1. The device consists
of two nonlinear frequency conversion stages of OPG and OPA. The pump laser is a
mode-locked Yb-fiber laser (Fianium, F'P1060 — 20) operating at a central wavelength
of 1064 nm with a full-width-half-maximum (FWHM) spectral bandwidth of A\, ~1.5
nm, in pulses of ~21 ps duration at 80 MHz repetition rate. After attenuation optics
and polarization control, an average pump power of ~14 W is available at the input to
the OPG stage. The nonlinear crystal for the OPG stage is a 50-mm-long, 2-mm-wide,
1-mm-thick MgO:PPLN crystal, C;, with a single QPM grating period of A=32.16
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um, for type-0 (e = ee) parametric generation. The pump beam is focused to a waist
radius of wo1 ~52 pum (& ~1.4) at the center of the crystal. The OPA stage comprises
a MgO:PPLN crystal, Cs, identical to that used for the OPG stage. Both crystals
are antireflection (AR)-coated (R<0.5%) at 1064 nm and 2050-2150 nm, with high
transmission (R<10%) over 2250-4300 nm. Owing to the depleted pump beam profile
and ~9% transmission loss through Ly and Ls, the output from the OPG stage together
with the undepleted pump is collimated and re-focused to a waist radius of wgo ~39
pum (€ ~2.6) at the center of Cy in the OPA stage. Both the crystals are mounted on
independent ovens providing temperature control from 25 °C to 200 °C with a stability
of 0.1 °C. The output after the OPA stage is re-collimated and separated from the
undepleted pump using a dichroic mirror, M, with R>99.9% at 1064 nm, T>99% over
1605-2128 nm, and T>86% over 2128-2415 nm.

6.3 Device tuning and characterization

Initially, we investigated the wavelength tuning characteristics of the OPG-OPA system.
Tuning was performed by simultaneously changing the temperature of the MgO:PPLN
crystals in the two stages. The output spectral evolution as a function of the simultane-
ously varied Cy and C; crystal temperatures, measured after the OPA stage, is presented
in Figure 6.2(a). The spectra were measured using a spectrometer for the 800-2600 nm
wavelength range with a resolution of <0.5 nm. By simultaneously varying the tempera-
ture of C1 and Cq crystals, the source provides central wavelength tuning over 1902-2415
nm, corresponding to an overall tuning range of 513 nm, which also covers degeneracy.
The group velocity mismatch between the pump and signal is estimated to be 115 + 1.6
fs/mm across the tuning range, in MgO:PPLN, resulting in a temporal walk-off length
>185 mm, much greater than the 50 mm length of C; and Cs crystals. As the tem-
perature is increased from 30 °C to 50 °C, the generated signal and idler beams evolve
as independent branches. Further increasing the temperature beyond 50 °C results in
a single broad spectrum, owing to the large gain bandwidth of the MgO:PPLN crystal
as we approach degeneracy. The theoretically calculated degenerate phase-matching
temperature for MgO:PPLN with a grating period of A=32.16 pym, when pumping at
1064 nm, is 78.6 °C, providing a gain bandwidth of ~155 nm centered at 2128 nm for
the 50-mm-long crystal.
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Figure 6.2: (a) Output spectral evolution (b) output spectra and (c) total output power
measured after the OPA stage as a function of the simultaneously varied MgO:PPLN crystal
temperature.

All measurements presented in Figure 6.2 were performed for an average pump
power of 12 W at the input to the OPG stage, corresponding to a peak intensity of 85
MW /ecm? in Cy. This high intensity, together with the pump beam divergence, further
increases the gain bandwidth of the MgO:PPLN crystal for OPG and OPA processes,
not only affecting the generated signal and idler bandwidths, but also their central
wavelengths. The calculated temperature tuning curve for 1064 nm pumped OPG in
MgO:PPLN with a grating period of A=32.16 um, in the high-gain limit is also shown

in Figure 6.2(a) for comparison, indicating good agreement with the measured central
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wavelengths. The spectra recorded at the output of the OPA stage at two extreme
operating temperatures are presented in Figure 6.2(b). At a temperature of 30 °C, the
signal spectrum is centered at 1902 nm with a FWHM bandwidth of ~50 nm. Although
weak, the corresponding idler spectrum centered at 2415 nm can also be seen towards
the longer wavelength side in Figure 6.2(b). Similar measurement at 84 °C resulted in
an output spectrum centered at 2124 nm with a FHWM bandwidth of 134 nm. We
also measured the total power (signal plus idler) across the tuning range after the OPA
stage, with the results presented in Figure 6.2(c). As evident, for an input pump power
12 W, the output power remains constant at 6.5 W while varying the temperatures of
C1 and Cy from 30 °C to 60 °C, corresponding to signal central wavelengths ranging
from 1902 to 2087 nm. Increasing the temperature above 60 °C results in a drop in
output power to a minimum of 520 mW at 84 °C corresponding to a central wavelength

of 2124 nm.
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Figure 6.3: Power scaling characteristics of (a) OPG and (b) OPA stages at an operating
temperature of 30 °C.

We further performed power-scaling characterization of both OPG and OPA stages
independently. The results are presented in Figure 6.3. The output power from the OPG
stage, together with the simultaneously measured pump depletion, as a function of the
pump power at a temperature of 30 °C are shown in Figure 6.3(a). For a maximum
input pump power of 14 W, we were able to generate up to 5.9 W of total (signal

plus idler) output power, corresponding to a conversion efficiency of 42%. Although
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a linear growth in output power with a slope efficiency of 80% is recorded above 7 W
of pump power at the input to the OPG stage, using a power meter with a sensitivity
of 1 uW, we were able to record the threshold of the OPG to be as low as ~2 W
but it could be lower and we were limited by the sensitivity of the power meter. A
maximum pump depletion of ~50% is recorded after the OPG stage. Similar power
scaling measurements were performed at the output of the OPA stage as a function of
the pump power at the input to the OPG stage, at the same operating temperature
of 30 °C for both C; and Cy crystals. The results are presented in Figure 6.3(b). As
evident, the maximum output power from the OPA stage is measured to be 8.3 W,
corresponding to an overall external conversion efficiency of ~59%. To the best of our
knowledge this is the highest conversion efficiency ever reported from OPG-OPA system
in any time-scale. The spectrum presented in Figure 6.2(b), for a temperature of 30 °C,
corresponds to the OPA output while generating the maximum power of 8.3 W. Hence,
from the measured spectral distribution and energy conservation, we estimated a signal
power of 7.2 W at 1902 nm and an idler power of 1.1 W at 2415 nm.

It is to be noted that this idler power is not corrected for the 10% AR- coating loss on
the output facets of both C; and Csq crystals. These estimated signal and idler powers
were also confirmed using a dichroic mirror different from M1 in Figure 6.1, which
was AR-coated for high reflection at this specific operating signal wavelength and high
transmission at the corresponding idler. We were not able to use this dichroic mirror,
M, over the entire OPG-OPA experimental tuning range due to the increasing loss at
longer wavelengths. Moreover, the AR-coatings for the collimation and focusing lenses
were optimized for the signal, resulting in higher losses at the idler wavelengths. Hence,
the lower idler powers compared to signal across the entire tuning range are due the
inherently lower parametric gain at longer wavelengths as well as higher transmission
losses through the optical components. While the slope efficiency in the OPA stage
remains identical to that in the OPG at ~80.5%, the threshold pump power is further
reduced drastically to ~600 mW, by a factor of >3 times compared to the OPG. This
threshold power corresponds to a pump pulse energy of 7.5 nJ. We did not observe
any damage in either to C; or Cy crystals while pumping at 14 W of input power,
generating a maximum of 8.3 W of output power at a pump depletion of ~80% after the
OPA, leading to a 30% improvement in pump depletion compared to the OPG stage.

Further, the output power from the OPA stage increases to practical levels beyond 4
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W of input pump power, as opposed to 7 W in case of OPG. This is also evident from
Figure 6.3, where the depletion remained minimal in the low gain limit. On the other
hand, at higher pumping levels, the pump depletion increases linearly together with
the output power in case of the OPG, while evidence of saturation is observed in the
OPA stage. A nominal increase in conversion efficiency of ~17% and saturation of pump
depletion in the OPA stage is attributed to the significant pump conversion in the OPG

stage, resulting from operation in the high gain limit.
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Figure 6.4: Interferometric autocorrelation trace and corresponding spectra of the (a, b)
pump (c, d) OPG and (e, f) OPA respectively.

On the other hand, by simultaneously optimizing the phase-matching temperatures
of C; and Cs modified spectral and power performance can be achieved. We performed
temporal characterization of the input pump as well as the generated output pulses
from the OPG and OPA using an interferometric autocorrelator. The typical autocor-
relation trace of the pump pulse, together with the corresponding spectrum centered at
1064 nm with an FWHM bandwidth of 1.5 nm, is shown in Figure 6.4(a,b). The pump
pulses have FWHM duration of 30 ps, resulting in an estimated pulse duration of 21 ps,

assuming Gaussian pulse shape. The output pulse duration from the OPG stage, mea-
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sured at a central wavelength of at 2123 nm, was determined to be ~5.2 ps, as presented
in Figure 6.4(c, d). With a FWHM spectral bandwidth of 117 nm, this results in a
time-bandwidth product of ATAv ~40, which ~4.8 times that of the input pump pulses,
and >90 times the transform-limit for a Gaussian pulse. Moreover, the measured signal
pulse duration of 5.2 ps indicates a pulse compression in the OPG stage by a factor
of ~4 with respect to the input pump. Similar autocorrelation measurements of OPG
output at other wavelengths resulted in pulse durations ranging from 5.6 ps at 1902 nm
to 6.6 ps at 2106 nm. The autocorrelation measurements of OPA output resulted in
Gaussian pulse duration of ~11 ps with a slightly larger FWHM spectral bandwidth of
~133 nm, as presented in Figure 6.4(e,f), with a corresponding time-bandwidth product
of ATAv ~98 and a pulse compression factor of ~2. The time-bandwidth product can
be further improved by controlling the bandwidth using spectral narrowing techniques
such as spectral filtering, injection seeding, or by deploying a diffraction grating for
selecting a portion of the OPG output spectrum before amplification in the OPA stage.
We also measured the idler pulse duration at the longest wavelength at the OPA out-
put, where we were able to separate the signal and idler using a dichroic mirror. The
measurement resulted in an idler pulse duration of ~5.9 ps at 2415 nm. To the best of
our knowledge, the pulse duration of 5.2 ps in Figure 6.4(c) is the shortest generated
in a high-average-power, high-repetition-rate, single-pass picosecond OPG scheme to
date. This strong pulse compression is achieved due to the exponential gain available
for OPG in MgO:PPLN in the high-gain limit.

In order to understand the origin of the observed pulse compression in our picosecond
single-pass OPG, we performed theoretical simulations corresponding to the experimen-
tal conditions using the real laboratory values as input parameters. A Gaussian pump
pulse with a 21 ps duration at 80 MHz and an input average pump power of 12 W at 1064
nm, focused to a beam waist of wg ~52 pm in a 50-mm-long MgO:PPLN crystal with
a degf ~16 pm/V. The time-dependent parametric gain for OPG at a crystal temper-
ature of 72 °C was then estimated, considering the time-varying input pump intensity
leading to a I'gL ~19, corresponding to a peak pump intensity of ~85 MW /cm?. The
resulting temporal gain profile contributing to OPG in the high-gain limit then deter-
mines the generated output pulse duration. In Figure 6.5(a), the calculated normalized

time-dependent parametric gain contributing to signal and idler pulse generation as a
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Figure 6.5: (a) Simulated normalized temporal gain profile for signal pulse generation as
a function of the phase-mismatch parameter in the high-gain limit. (b) Normalized signal
pulse profile in the high-gain limit for AkL=0.

function of the phase-mismatch parameter, AkL, is shown in a color-scale plot. The re-
sulting temporal profile of the signal pulse in the OPG, for a phase-mismatch parameter,
AkL=0, corresponding to the dotted line in Figure 6.5(a), is presented in Figure 6.5(b).
This indicates an FWHM duration of ~6.8 ps, in close agreement with the experimental
value of 7.4 ps, thus confirming the role of exponential parametric gain in the pulse

compression observed in our experiments.

We also performed long-term power stability measurements of the output from OPA
stage. As shown in Figure 6.6(a), the output exhibits excellent passive power stability
better than 0.9% rms over 1 hour, compared to 0.1% rms for the pump over the same
period, as presented in Figure 6.6(b). The output power stability can be improved by
minimizing thermal fluctuations caused by the ovens housing C; and Csq, and by further
thermal isolation of the entire system to reduce air currents. Also shown in the inset
of Figure 6.6(a) is the spatial profile of output beam from the OPA, recorded using
a pyroelectric camera at a distance of 1 m from Cs, confirming single-peak Gaussian

profile with circularity of ~88%.

Finally, we recorded the long-term spectral stability of the OPA output at a central
wavelength of 2078 nm, as shown in Figure 6.7, resulting in a central wavelength stability

of 0.1% rms and a FWHM bandwidth stability of 11% rms, over 1 hour.
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Figure 6.7: Long-term spectral stability of the output from the OPA stage operating a

central wavelength of 2078 nm.

6.4 Conclusions

In conclusion, we have demonstrated an efficient, high-power picosecond source based
on cascaded single-pass OPG-OPA in MgO:PPLN, for the first time to our knowledge,
tunable over 1902-2415 nm, and delivering up to 8.3 W of average power at 80 MHz
repetition rate, with record conversion efficiency of 59%. We have achieved a record

threshold as low as 600 mW (7.5 nJ) and a pump depletion of ~80% in the single-pass
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configuration. The generated output exhibits excellent passive power stability of 0.9%
rms and central wavelength stability of 0.1% rms over 1 hour. We have generated
FWHM spectral bandwidth of ~217 nm centered at 2107 nm, with 10dB bandwidth
reaching ~350 nm. The ability to independently control the phase-matching condition
in OPG and OPA stage enables fine control of central wavelength as well as the generated
spectral bandwidth. Owing to the exponential parametric gain provided by the high
nonlinearity and strong pump intensity in the 50-mm-long MgO:PPLN crystal, the
source generates signal pulses of 5.2 ps duration from the OPG stage, corresponding
to a 4 times temporal compression with respect to the pump across the tuning range.
By deploying pump pulses of higher peak power and independent pump beam lines
for the OPG and OPA stages, further enhancement of overall conversion efficiency and
parametric gain can be achieved, leading to stronger pulse compression. Moreover,
the ability to independently vary the phase-matching conditions in the OPG and OPA
stage enables fine control of the central wavelength as well as the accessible spectral
bandwidths. The use of further successive amplification stages could not only benefit
power scaling, but also help relax the strong focusing condition, while operating in
the high-gain limit. The development of this simple and compact high repetition-rate
picosecond single-pass OPG-OPA source alleviates the need for complex synchronous
cavities associated with SPOPOs, delivering multi-Watt average powers with short pulse

duration, providing a cost-effective alternative for a variety of applications.
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Phase-locked picosecond optical

parametric oscillator

This chapter constitutes the following publication:

1. B. Nandy, S. Chaitanya Kumar, and M. Ebrahim-Zadeh, "Phase-locked pi-
cosecond optical parametric oscillator," Opt. Lett. 45, 3981-3984 (2020).

7.1 Background and motivation

The development of degenerate femtosecond optical parametric oscillators (OPOs) has
provided a novel tool for the generation of broadband phase-locked radiation from the
visible to mid-infrared [1-5]. Using the doubly-resonant oscillator (DRO) configuration
under type 0 and type I phase-matching (identical output polarizations), the signal-idler
waves become indistinguishable at degeneracy, providing the condition for the gener-
ation of phase- locked broadband output from the OPO. This effect, which was first
observed in a monolithic single-mode continuous-wave DRO [6], was later shown to
be also attainable in degenerate ultrafast DROs synchronously pumped by femtosecond
lasers [1-5]. Common to all such ultrafast DROs is a femtosecond laser oscillator provid-
ing a phase-locked input pump, enabling down-conversion to a degenerate phase-locked
broadband output centered at degeneracy. Using such ultrafast DROs, phase-locked
broadband radiation from ~420 nm to ~8 pym, pumped at center wavelengths from 535

nm to 2.35 pm, has been generated with average powers up to ~500 mW [1-5].
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On the other hand, the potential of picosecond laser oscillators for the generation
of phase-locked radiation based on this approach has, to the best of our knowledge, not
so far been demonstrated. One latent limitation of picosecond lasers is the relatively
narrow bandwidth and the absence of a well-defined phase-locked input pump compared
to femtosecond lasers. This could present a potential barrier to broadband phase-
locked generation using this class of ultrafast oscillators. However, picosecond lasers
could potentially offer attractive merits as attractive pump source for this class of OPO
sources due to reduced complexity, widespread availability, lower cost, and promise for
power scaling. It is, thus, important to explore the feasibility of extending the concept
of phase-locked degenerate OPOs to picosecond laser oscillators.

In this chapter, we report what we believe to be the first phase- locked degenerate
OPO synchronously pumped by a picosecond laser. The OPO is based on a degenerate
DRO and is driven by a mode-locked Yb-fiber laser at ~80 MHz pulse repetition rate.
Such picosecond OPOs in singly-resonant oscillator (SRO) configuration are now highly
mature technology, capable of providing multi- Watt average powers across the near-
and mid-infrared |7]. On the other hand, picosecond OPOs based on MgO:PPLN have
been explored in DRO scheme to generate high-power narrowband spectral output [8].
However, their exploitation in degenerate DRO scheme for phase-locked broadband
generation has not been previously demonstrated. Here we show that stable broadband
phase-locked generation can be achieved with this technique using picosecond pump
pulses of low intensity and narrow linewidth, even with time-bandwidth product far
from the transform limit. In doing so, we also demonstrate a record average power
of 2.8 W, which is to our knowledge the highest power generated by any phase-locked
OPO to date.

7.2 Experimental Setup

A schematic of experimental setup for the phase-locked picosecond OPO is shown in
Figure 7.1. A mode-locked Yb-fiber laser (Fianium, FemtoPower) delivering up to 12.4
W of average power at 1064 nm is used to synchronously pump the OPO. The laser
delivers pulses of 20 ps duration with a full-width half-maximum (FWHM) spectral
bandwidth of 1.5 nm at ~80 MHz repetition rate. The laser pulses are strongly chirped,

with a time-bandwidth product of AvA7T ~8, more than 20 times the transform limit.
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For the OPO we choose MgO:PPLN as the nonlinear crystal due to it low group velocity
dispersion (GVD) for parametric generation near degeneracy when pumped at 1064 nm.
The crystal has a zero GVD at 1912 nm, with GVD~-68 fs?/mm at 2128 nm. We take
further advantage of low GVD in the crystal to use a 50-mm-long interaction length for
maximum nonlinear gain and conversion efficiency. The crystal incorporates a uniform
grating period of A=32.16 um for type 0 (e = ee) phase-matching and is housed in an
oven with temperature stability of 0.1 °C. Using the relevant Sellmeier equations [9],
the phase-matching temperature for parametric generation at 2128 nm is calculated to
be 78.6 °C.

Yb-Fiber laser
21 ps, 80 MHz

c =D
M M M

Figure 7.1: Experimental setup for the degenerate phase-locked picosecond OPO syn-
chronously pumped by a mode-locked Yb-fiber laser. M: mirror, OC: output coupler,
C: MgO:PPLN crystal, L: lens, A\/2: half-wave plate, BS: beam-splitter, PBS: polarizing
beam-splitter, B: beam block.

The OPO is configured in a six-mirror standing-wave cavity comprising two con-
cave mirrors (M;-Mg: r=200 mm), three plane mirrors (M3-Ms), and a plane output
coupler (OC). All mirrors, M- M5, have >99% reflectivity over 1900-2400 nm to allow
degenerate DRO operation, while OC has 90% transmission (non-optimized) at 2128
nm for extraction and characterization of the output. The pump power to the OPO is
controlled using a half-wave (\/2) plate and a polarizing beam-splitter. A second \/2
plate is used to control the polarization of the pump for optimum phase-matching in
the MgO:PPLN crystal. The pump is focused to a beam waist radius of wg ~60 pm in
the crystal, corresponding to a focusing parameter of £ ~1.05 [10]. The OPO threshold

is breached at an input pump power of 6.2 W, and the output performance is studied
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at the maximum available pump power of 12.4 W. Phase-locked operation is confirmed

by several independent measurements of OPO output.

7.3 Device tuning and characterization

In passive operation close to degeneracy, the OPO emits an unstable time-varying spec-
trum, typical of a DRO, as presented in Figure 7.2. Phase-locked operation is then initi-
ated by fine adjustment of OPO cavity length together with variation of the MgO:PPLN
crystal temperature to reach exact degeneracy. At 78 °C, and with precise control of cav-
ity length, degenerate operation is established, and the condition for self-phase-locking
of signal-idler pair is realized, resulting in the formation of a stable broadband output
spectrum centered at 2128 nm with a bandwidth of 202 nm (10 dB level), as shown
in Figure 7.2. The small discrepancy of 0.6 °C between the calculated and measured

crystal temperature for exact degenerate operation is due to the design of the oven.
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Figure 7.2: Picosecond OPO output spectrum in the absence of phase- locking and in

degenerate phase-locked state.

In order to further verify phase-locking, we perform coherence measurements be-
tween the pump and degenerate OPO output using f-2f interferometry [1, 3, 6]. The
OPO output is frequency-doubled in an identical MgO:PPLN crystal and mixed with

a portion of the input pump beam. The optical paths are matched using a delay line
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and the beams are combined on a beam-splitter before recording the spatial interfer-
ence pattern on a CCD camera (Coherent Beamview, integration time of 10 ms). In
phase-locked state, a stable and persistent fringe pattern is obtained, as shown in Fig-
ure 7.3, confirming phase coherence of the OPO output. For better visualization of the
fringes in a 2D image, the measurement was deliberately performed at non-zero angle
between the interfering beams. The fringe pattern displays excellent stability under

passive conditions and remains constant for days without the need for intervention.

Figure 7.3: Spatial f-2f interference pattern of degenerate picosecond OPO output in
phase-locked state.

We also validate phase-locked generation by radio frequency (RF) measurements
of OPO output in unlocked and phase-locked state. With the OPO unlocked, several
satellite peaks are present in the RF spectrum, as shown by the dashed black trace in
Figure 7.4. With the OPO in phase-locked state, the RF spectrum contains a single
peak, as shown by the solid blue trace in Figure 7.4. The small residual features in the
phase-locked RF is due to the input pump.

Having confirmed the generation of a stable phase-locked output, we studied other
performance characteristics of the picosecond OPO including output power scaling and
spatial beam quality, as well as spectral evolution with input pump power. The power
scaling results are shown in Figure 7.5(a), where the OPO average power is seen to
increase linearly with pump power at a slope efficiency of 45%. At the maximum input

power of 12.4 W, the phase-locked OPO generated 2.8 W of average power, correspond-

113



7. PHASE-LOCKED PICOSECOND OPTICAL PARAMETRIC
OSCILLATOR

0k
| Not Phase-locked ﬂ

RBW: 100 Hz

Phase-locked

Norm. RF Power (dB)

79.352 79.356 79.360 79.364
Frequency (MHz)

Figure 7.4: Radio-frequency spectrum of picosecond OPO output in unlocked and phase-
locked state.

ing to an external efficiency of 22.6%. There is no sign of saturation in output power,
thus indicating that higher powers will be attainable with increased input pump powers.
The spectral evolution of the phase-locked output with input pump power is also shown
in Figure 7.5(b), where it can be seen that spectral stability is achieved above ~7.5 W,
soon after the OPO threshold is breached at 6.2 W. At the same time, the phase-locked
spectral bandwidth is clearly observed to increase with the rise in input pump power,
which we attribute to the increase in parametric gain at higher pumping intensities.
The formation of phase-locked output is also confirmed by the abrupt increase in
OPO output power (from 1.8 to 2.8 W) and the marked improvement in stability (from
5.5% to 0.6% rms) over 1 hour in transition from the unlocked to phase-locked regime,
as shown in Figure 7.6(a). This is also accompanied by strong stabilization of the
output spectrum, from a chaotic behavior to a stable and locked profile with a 0.2% rms
fluctuation in the central wavelength at 2128 nm over 1 hour, as evident in Figure 7.6(b).
Once phase-locked, the OPO output power and spectrum remain stable for days under
passive laboratory conditions without the need for intervention or active stabilization.
Under passive conditions in phase-locked operation, we simultaneously measured the
pulse repetition rate of the OPO output, together with that of the pump, with the results
presented in Figure 7.7(a,b). As expected, the synchronously-pumped OPO repetition
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Figure 7.5: (a) Output power, and (b) spectrum of degenerate phase-locked picosecond
OPO as a function of input pump power.
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Figure 7.6: (a) Picosecond OPO output power and stability in transition from unlocked
to phase-locked regime. (b) Spectral stability of picosecond OPO output in transition from
unlocked to phase-locked regime.

rate follows the input pump, which exhibits a standard deviation of 4.2 Hz in over 1 hour.
While the instantaneous repetition rate jitter of input pump pulse train together with
the instabilities in the OPO cavity length under passive laboratory conditions in the

absence of active control could be attributed to the residual fluctuations on the phase-
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locked spectrum presented in Figure 7.2, the long-term drift in the repetition rate has
a noticeable effect neither on the overall spectral stability nor the output power, owing
to the relatively long synchronous length available in a picosecond OPO as compared
to a femtosecond OPO. Further, under synchronous pumping, the phase noise of the
pump and fluctuations in OPO cavity length translate into intensity noise in the output

spectrum [11].
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Figure 7.7: (a) Variation in repetition rate with time of (a) input pump pulse train
from the picosecond Yb-fiber laser, and (b) the output pulse train from the phase-locked

picosecond OPO, over 1 hour.

The spatial beam profile of the output from the phase-locked picosecond OPO
recorded using a pyroelectric camera, while operating at the maximum output power
of 2.8 W, is shown in Figure 7.8, confirming TEMgy mode profile. Further, using
scanning beam profiler and focusing lens with focal length f=50 mm, we measure the
beam-quality of the output from the phase-locked OPO at 2128 nm to be M2<1.4 and
Mj<2.

Finally, we perform temporal characterization of picosecond OPO in degenerate
phase-locked state and at maximum output power of 2.8 W using a two-photon auto-
correlator and an InGaAs photodetector. A typical interferometric autocorrelation trace
of the phase-locked picosecond OPO output is shown in Figure 7.9(a). The measure-
ments result in a FWHM width of 30 ps, corresponding to a Gaussian pulse duration

of A1 ~21 ps for the phase-locked output. It is also clearly evident that the output
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Figure 7.8: Spatial output beam profile of phase-locked picosecond OPO.

pulses are strongly chirped. This temporal measurement corresponds to the phase-
locked spectrum presented in Figure 7.2. For comparison, similar measurements for the
pump pulses at 1064 nm were performed using a GaAsP photodiode, with the result pre-
sented in Figure 7.9(b), clearly confirming strongly chirped input pulses with Gaussian
pulse duration of A7 ~20 ps. Also shown in the inset of Figure 7.9(b) is the pump spec-
trum with an FWHM spectral bandwidth of 1.5 nm centered at 1064 nm. The results
confirm that the non-ideal temporal characteristics of input pump pulses are directly
transferred to the phase-locked OPO output pulses. Therefore, with improvements in
the temporal quality of input pump pulses, one can expect further enhancement in the

output pulse characteristics of the phase-locked picosecond OPO.

7.4 Conclusions

In conclusion, we demonstrated a broadband phase-locked degenerate picosecond OPO,
for the first time, synchronously pumped by a mode-locked Yb-fiber laser. We have
shown that despite non-ideal characteristics of the pump laser with regard to a nar-
row linewidth and a time-bandwidth product far from the transform limit, robust and
reliable phase-locked generation with exceptional power, excellent passive power and
spectral stability, and good spatial quality is attainable. The phase-locked picosecond
OPO provides a record average power of 2.8 W in pulses of 21 ps at ~80 MHz repetition
rate with a spectral bandwidth of 202 nm centered at 2128 nm. We have validated

phase-locked operation by measurements of OPO output power and spectral stability,
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Figure 7.9: Typical interferometric autocorrelation profile of (a) phase-locked OPO out-
put pulses at 2128 nm, and (b) input Yb-fiber pump pulses at 1064 nm.

RF spectrum and f-2f interferometry, and have observed spectral broadening of the
phase-locked output with input pump power. The phase-locked bandwidth and output
power can be further increased by scaling the input pump power, which is readily at-
tainable with picosecond Yb-fiber lasers. Active stabilization of OPO cavity and the use
of input pump pulses of improved spectral and temporal quality with reduced repeti-
tion rate jitter and transform-limited characteristics are also expected to lead to further
improvements in the performance of the phased-locked picosecond OPO with regard to
power and spectral stability, and chirp-free output pulses.

This initial demonstration points to the feasibility of developing phase-locked pi-
cosecond OPO sources with multi-Watt average powers using relatively simple, low-cost,
and widely available mode-locked fiber pump lasers, paving the way for new applica-
tions in remote sensing, atmospheric optics, free-space communications, astronomy, and
more. The approach can also be extended to other spectral regions using alternative

picosecond lasers and nonlinear materials.
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