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Abstract

The development of few-cycle, ultra-intense laser sources in the long-wave infrared

(LWIR, 8–12 µm) is of keen interest in many research fields, including molecular spec-

troscopy in the “fingerprint” region, laser-induced filamentation, remote sensing, and

strong-field physics such as laser particle acceleration and high-harmonic generation.

LWIR sources have gained their foothold due to their high transmittance in the atmo-

sphere and their advantages granted by wavelength-scaling rules. The current absence

of LWIR laser sources capable of generating ∼100-fs pulses with multi-terawatt peak

power is due to the lack of broadband laser gain medium in the LWIR. The state-of-

the-art CO2 lasers can produce multi-terawatt peak power, however, in a relatively long

picosecond duration. Our vision for delivering such performance is through optical para-

metric chirped-pulse amplification (OPCPA) of ultra-broadband, carrier-envelope phase

(CEP) stabilized LWIR seed. Facilitated by the coherent combining and mid-infrared

Er:ZBLAN fiber technologies, the energy scaling capabilities of such architecture can be

further extended.

This dissertation focuses on developing few-cycle, ultra-intense LWIR laser sources in

three key aspects. First, LWIR seed pulses were generated through difference-frequency

generation (DFG) in birefringent nonlinear crystals. For the first time, milliwatt-level

LWIR seed pulses were produced by mixing 2.9-µm Er:ZBLAN fiber amplifier/compressor

outputs with their frequency-shifted replicas. Higher pulse energy (110 nJ) and ultra-
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broadband spectral bandwidth (supporting two-cycle pulses) were achieved at a lower

repetition rate driven by two-color Ti:sapphire laser output and assisted by genetic

algorithm optimization. A single-shot infrared spectroscopy study on ammonia was

performed with the LWIR seed source.

Second, parametric amplification of LWIR seed pulses was realized through non-

collinear optical parametric amplification (NOPA) in a 5-mm thick GaSe crystal, pumped

by nanosecond 2.7-µm pulses. As a consequence of crystal properties related to laser-

induced damage threshold and the beam-pointing fluctuation, the attained parametric

gain was limited.

Lastly, an active beam-pointing control system was developed to address the beam-

pointing fluctuations confronted in a laser system. Using a proportional feedback loop

and piezo-actuated mirror, the short-term beam-pointing fluctuations induced by am-

bient vibration were significantly reduced by up to an order of magnitude in a proof-of-

principle study. Long-term fluctuations due to temperature drift were also eliminated.

To summarize, two broadband LWIR seed sources driven by an Er:ZBLAN fiber

laser and a solid-state Ti:sapphire laser were developed, accompanied by the imple-

mentation of numerical models and optimization algorithms. Experimental and ana-

lytical efforts were presented on characterizing ultrashort LWIR pulses. Amplification

of LWIR pulses was accomplished in an OPCPA apparatus with limited parametric

gain. The diminished efficacy of the system was attributed to deteriorated nonlinear

crystal and beam pointing. An active control system was constructed to potentially

tackle the latter by compensating for the beam-pointing fluctuations using a propor-

tional feedback-controlled piezo-actuated mirror. This dissertation research paves new

paths for generating and characterizing few-cycle, CEP-stabilized ultra-intense LWIR

pulses favorable by a broad spectrum of applications.

xiv



Chapter 1

Introduction

1.1 Background

Since the first demonstration of a working laser by Maiman in 1960 [1], researchers’

pursuit of ultrafast and ultra-intense lasers has never ceased. The Science magazine

highlighted “What is the most powerful laser researchers can build?” as one of the

unsolved scientific puzzles that have been driving the fundamental research [2]. The de-

velopment of ultrafast and ultra-intense lasers opens an unprecedented path to extreme

conditions in the laboratory, such as ultrafast time scales, ultra-intense electromagnetic

fields, and ultra-high energy densities, which are of vital interest for ultrafast molecular

dynamics [3], laboratory astrophysics [4], [5], laser-driven nuclear physics [6], and laser-

plasma accelerators [7], [8]. Figure 1.1(a) highlights the development trends for ultrafast

and ultra-intense lasers with respect to their peak power with milestone techniques and

PW-class laser facilities marked.

The invention of Q-switching [10] and mode-locking [11]–[15] techniques greatly en-

hanced the laser peak power to ∼GW level. To produce even higher peak power in laser
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Figure 1.1: (a) The development trends in laser peak power marked with milestone
technologies and PW-class laser facilities. (b) Schematic of Chirped-
pulse Amplification (CPA) technique. Reprinted from [9].

amplifiers, it is necessary to avoid the accumulation of nonlinear phase and material

damage. CPA has been a breakthrough technology that increases the pulse peak power

by ∼105× with pulse stretching and re-compressing (Figure 1.1(b)) [16]. In a solid-state,

free-space CPA, further 101–102× energy increase can be achieved through transverse

crystal size scaling.

The large available dimensions of neodymium-doped glass (meter-sized) empowered

the first PW-class facility Nova Petawatt [17]. Multi-kJ pulses can be generated with

∼1 ps pulse duration due to its limited gain bandwidth (∼20 nm Full Width at Half

Maximum (FWHM)) [17]–[23]. The progress of Ti:sapphire technology starting from

the 1980s provides the high-power laser community an unparalleled gain medium with

broadest gain bandwidth (∼200 nm FWHM) along with other desirable characteristics

2



Table 1.1: Comparison of the minimum spectral bandwidth required for two-
cycle transform-limited pulses generation at four different central wave-
lengths involved in this dissertation. λ0: central wavelength. Δλmin:
minimum spectral bandwidth required assuming a Gaussian pulse
shape.

λ0 (µm) Pulse duration (fs) Δλmin (nm) Δλmin/λ0
0.8 5.3 180 0.22
1.06 7.07 230 0.22
2.8 18.7 620 0.22
10.6 70.7 2300 0.22

such as high damage threshold (∼8–10 J/cm2), large saturation fluence (∼1 J/cm2)

and high thermal conductivity (∼46 W/mK) [24]. Although the maximum pulse energy

attainable from Ti:sapphire amplifiers is around a few hundred Joules (1/10 of that

of the neodymium-doped glass lasers), the much shorter compressed pulse duration

(tens of femtoseconds) promotes the Ti:sapphire to be the workhorse in the state-of-

the-art multi-PW facilities such as Zetawatt-Equivalent Ultrashort Pulse Laser System

(ZEUS) [25], Shanghai Superintense Ultrashort Laser Facility (SULF) [26], and Extreme

Light Infrastructure – Nuclear Physics (ELI-NP) [27].

The relative emission bandwidth (Δλ/λ0) of Ti:sapphire crystal (∼0.3) supports <5 fs,

few-cycle transform-limited pulse generation. Nevertheless, PW-class Ti:sapphire lasers

usually produce tens of femtoseconds pulses as a consequence of gain narrowing and

shifting [28]. Further scaling up the peak power is hindered by parasitic lasing and

available crystal size (∼200 mm [29]).

Optical Parametric Chirped-pulse Amplification (OPCPA), a branch of Optical Para-

metric Amplification (OPA), was proposed in the 1990s [30] and opened new horizons for

100-PW-class [31]–[33] and even EW-class [34] lasers. Compared to the CPA technique,

it has several advantages, such as a broader and smoother gain bandwidth, reduced

3



thermal load in the gain medium, and a lower stretching and compression factor re-

quired if a high-damage-threshold nonlinear medium can be employed. The parametric

process leads to a suppressed gain narrowing and shifting, thus a broader and smoother

gain profile, supporting few-cycle pulse generation. Table 1.1 elucidates the minimum

spectral bandwidth Δλmin required for two-cycle pulse production with respect to four

different central wavelengths λ0 discussed or investigated in this dissertation. The mini-

mum relative emission bandwidth (Δλmin/λ0) are identical for all λ0, however, the Δλmin

scales with λ0. The most extensively used laser gain mediums at those wavelengths are

Ti:sapphire, Nd:YAG, Er:ZBLAN, and CO2, respectively. Among them, Ti:sapphire

is the only one that satisfies the minimum relative emission bandwidth requirement

specified in Table 1.1. In fact, few-cycle pulse generation directly from a Ti:sapphire

oscillator has been demonstrated [35], [36]. The author believes that OPCPA provides

a promising route towards few-cycle, ultra-intense pulses generation for wavelengths

spanning Near-infrared (NIR), Mid-infrared (mid-IR), and Long-wave Infrared (LWIR)

by circumventing the bandwidth limitation of laser gain medium.

As discussed above, ultrashort pulses as short as a few cycles can be produced. For

such a short pulse, Carrier-envelope Phase (CEP) starts to play an increasingly impor-

tant role. A stabilized CEP with attosecond accuracy is crucial for few-cycle, high-

field laser applications such as High-harmonic Generation (HHG) and attosecond spec-

troscopy [37], [38]. The effect of CEP can be seen in the time-domain expression for the

electric field of an optical train with noise:

𝐸(𝑡) = [𝐸0 + Δ𝐸0(𝑡)]
+∞
∑

𝑚=−∞
𝑎(𝑡 − 𝑚𝑇𝑅 + Δ𝑇𝑅(𝑡))𝑒𝑥𝑝{𝑗[2𝜋𝜈𝑐𝑡 + 𝑚Φ𝐶𝐸 + Δ𝜃(𝑡)]},

(1.1)

4



where 𝐸0 is the amplitude of the pulse, Δ𝐸0(𝑡) is the amplitude noise, 𝑎(𝑡) is the pulse

envelope function (for example, Gaussian), 𝑇𝑅 is the pulse repetition period, Δ𝑇𝑅(𝑡) is

the pulse timing jitter, 𝜈𝑐 is the carrier frequency, Φ𝐶𝐸 is the CEP, and Δ𝜃(𝑡) represents

the phase fluctuations of the field.

Figure 1.2: Time-frequency correspondence of the few-cycle pulsed output from a
mode-locked laser. Reprinted with permission from [39] © The Optical
Society.

This expression is further illustrated in the time and frequency domain in Figure 1.2,

connecting the CEP in the time domain with the carrier-envelope offset frequency

(𝑓𝐶𝐸𝑂) in the frequency domain. The output of a mode-locked laser consists of millions

of equally spaced, phase-locked longitudinal modes with spacing 𝑓𝑟𝑒𝑓 = 1/𝑇𝑅. The

offset of the entire comb from zero frequency is carrier-envelop-offset frequency 𝑓𝐶𝐸𝑂,
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where 𝑓𝐶𝐸𝑂 = 𝑚𝑜𝑑(Φ𝐶𝐸, 2𝜋)𝑓𝑟𝑒𝑝/(2𝜋). The optical frequency of each comb line (𝜈𝑛)

can then be expressed as 𝜈𝑛 = 𝑓𝐶𝐸𝑂 + 𝑛 ⋅ 𝑓𝑟𝑒𝑝. The measurement of CEP can be ac-

complished with an f-2f interferometer [40]–[42]. An octave-spanning spectrum covering

𝜈𝑛–𝜈2𝑛 is necessary to perform a heterodyne detection between 𝜈2𝑛 = 2𝑛 ⋅ 𝑓𝑟𝑒𝑝 + 𝑓𝐶𝐸𝑂

and frequency-doubled 𝜈𝑛 (2𝜈𝑛 = 2𝑛 ⋅ 𝑓𝑟𝑒𝑝 + 2𝑓𝐶𝐸𝑂). To actively control the CEP, so-

phisticated feedback controllers have been implemented assisted with fast actuators [43]–

[46]. In contrast, passive CEP cancellation through optical parametric processes such

as Difference-frequency Generation (DFG) and OPA provides a simple and effective

method to stabilize CEP [47]–[49]. An example will be given in Chapter 3.

1.2 Motivation

Accompanied by the development of few-cycle, ultra-intense Ti:sapphire lasers, the study

of self-channeling (filamentation) of intense lasers in the atmosphere has been signifi-

cantly advanced. The extension of its propagation distance from tens of meters [50],

[51] to multiple kilometers [52] offers unique opportunities for standoff detection, re-

mote sensing, and long-range transmission of high-power electromagnetic radiation [53].

Through a dynamic equilibrium among self-focusing, diffraction, and plasma defocus-

ing, an intense laser beam can propagate over extended distances much longer than the

typical diffraction length while remaining a confined transverse size without the help of

any external guiding mechanism.

The intensity of such a laser beam is limited by the multiphoton absorption and thus

can be reduced by operation at longer wavelengths. Self-focusing overcomes diffraction

and initiates the collapse only if the laser peak power exceeds the critical power 𝑃𝑐𝑟 ∝
𝜆2 [54]. The transverse dimension of the filament and self-channeling distance are both

6



proportional to the driver’s wavelength, 𝜆. As a result of these scaling laws, few-cycle,

ultra-intense LWIR sources are favorable for driving self-channeling research.

Figure 1.3: Atmospheric transmission window. Reprinted from [55].

Compared to NIR (1–2.5 µm) and mid-IR (3–5 µm), the LWIR (8–12 µm) atmo-

spheric transmission window experiences a lower loss induced by absorption and scat-

tering and has shown an enhanced propagation through fog and clouds with weaker

perturbation from turbulence [56], [57]. Figure 1.3 shows the transmission of atmo-

spheric gases. Due to the lack of few-cycle, ultra-intense LWIR sources, most of the

atmospheric laser-induced filamentation experiments have been demonstrated with NIR

and mid-IR sources [50]–[52], [58]–[61]. Recently, a centimeter-diameter “megafilament”

over 20 Rayleigh lengths in the air has been demonstrated, supported by the develop-

ment of the state-of-the-art LWIR TW-class CO2 laser [62]. The LWIR (8–12 µm)

atmospheric transmission window also incorporates characteristic absorption bands of

several molecules of great interest, such as glucose, O3, CF4, and NH3. A single-shot

spectroscopic study of NH3 gas will be presented in Appendix A.
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In strong-field laser applications such as Laser-plasma Accelerator (LPA) and HHG,

the ponderomotive force affects plasma density distribution and drives particle accel-

eration. The ponderomotive energy, Up describes the cycle-averaged quiver energy of

a free electron driven by an electromagnetic field and scales with driver laser’s inten-

sity (𝐼) and wavelength (λ) squared [63]. Compared with the cutting-edge PW laser

facilities operating at ∼1 µm wavelength, few-cycle, ultra-intense LWIR driver provides

additional two orders of magnitude scaling of Up at the same intensity, since 𝑈𝑝 ∝ 𝐼𝜆2.

Correspondingly, to maintain high Up, the wavelength is a more effective control when

the boost of laser intensity is limited by ionization saturation.

To date, the main technologies for LWIR pulse production can be categorized by the

method they use: stimulated emission of radiation from population inversion and nonlin-

ear frequency conversion. The former includes lead-salt semiconductor lasers, quantum

cascade lasers, free-electron lasers, and CO2 lasers. Lead-salt lasers require cryogenic

cooling and have low output power (∼0.1 mW) and narrow bandwidth [64]. Quan-

tum cascade lasers have limited peak power and wavelength tunability. Sub-picosecond

pulses could be generated from a quantum cascade laser despite a complex architecture

involving spectral filtering, spectral broadening, and external pulse compression [65].

Free-electron lasers can cover an extremely broad wavelength region from X-ray to THz,

with >10 kW average power outputs in the LWIR [66], [67]. Their large footprint and

high building and operating cost, however, hinder their extensive applications. CO2

lasers are presently the only sources that can produce high peak-power, short pulses in

the LWIR; therefore, they deserve a special mention. By direct amplification [68] or

using CPA [69], TW-class LWIR pulses have been produced from CO2 lasers. However,

the amplification bandwidth of CO2 limits the LWIR pulses to picosecond duration, on

the order of tens of optical cycles. A CO2 system also encounters other considerable
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constraints such as low repetition rate (several Hz) and large footprint. To circumvent

these constraints, several approaches have been developed, including the use of high-

pressure mixed-isotope amplifiers [69], optical pumping by Fe:ZnSe lasers [70], [71] and

nonlinear pulse compression [72], [73].

On the other hand, nonlinear frequency conversion methods have evolved into promis-

ing candidates for few-cycle, ultra-intense LWIR pulse production, albeit they confront

challenges in identifying suitable nonlinear materials. The development of non-silica, soft

glasses such as telluride [74] and chalcogenide [75] enables ultra-broadband LWIR pulses

generation via Supercontinuum (SC) generation [76]. The output power of a SC source

is limited in the case where a waveguide is implemented. What’s more, the complex

nonlinear nature of SC poses considerable challenges to pulse compression and therefore

is not feasible for few-cycle pulse production. Parametric frequency down-conversion

techniques such as Optical Parametric Generation (OPG), Optical Parametric Oscilla-

tion (OPO), DFG, OPA, and OPCPA have been remarkably successful in extending

the wavelength towards LWIR while maintaining the capabilities of producing CEP sta-

bilized, few-cycle, ultra-intense pulses due to their broad bandwidth and wavelength

agility [30], [77]–[79]. The main objective of this dissertation is to explore the potential

of such architecture where broadband LWIR seed pulses were first produced (Chapter 2

and 3), then bandwidth-optimized (Chapter 3) and further amplified and characterized

(Appendix A).
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1.3 Technical Basis for Nonlinear Wave Propagation

and Parametric Frequency Down-conversion

This section lays the foundation for the concepts such as DFG, OPA, and OPCPA being

experimentally investigated in Chapters 2 and 3 and Appendix A.

Starting from Maxwell’s equations, the nonlinear wave propagation equation and

coupled-mode equations will be derived in this section:

∇⃗ × ⃗𝐸 = −𝜕�⃗�
𝜕𝑡 ,

∇⃗ × �⃗� = ⃗𝐽 + 𝜕�⃗�
𝜕𝑡 ,

∇⃗ ⋅ �⃗� = 𝜌𝑓 ,

∇⃗ ⋅ �⃗� = 0,

(1.2)

where ⃗𝐸 is electric field vector, �⃗� is magnetic field vector, �⃗� and �⃗� are corresponding

electric and magnetic flux densities, ⃗𝐽 is current density vector, and 𝜌𝑓 is the charge

density. The wave equation for the electric field propagating in a nonlinear medium can

then be derived from

∇⃗ × ∇⃗ × ⃗𝐸 = − 1
𝑐2

𝜕2 ⃗𝐸
𝜕𝑡2 − 𝜇0

𝜕2 ⃗𝑃 ( ⃗𝑟, 𝑡)
𝜕𝑡2 , (1.3)

where ⃗𝑃 is the polarization induced by the electric field in the material.

The electric field and the induced electric polarization can be expressed as the sum
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of different frequency components:

⃗𝐸( ⃗𝑟, 𝑡) = ∑
𝑛

1
2

⃗𝐸𝜔𝑛𝑒−𝑖𝜔𝑛𝑡 + 𝑐.𝑐.

⃗𝑃 ( ⃗𝑟, 𝑡) = ∑
𝑛

1
2

⃗𝑃 𝜔𝑛𝑒−𝑖𝜔𝑛𝑡 + 𝑐.𝑐.
(1.4)

The double curl operator can be simplified using the identity

∇⃗ × ∇⃗ × ⃗𝐸 = ∇⃗(∇⃗ ⋅ ⃗𝐸) − ∇⃗2 ⃗𝐸 = −∇⃗2 ⃗𝐸, (1.5)

since ∇⃗ ⋅ ⃗𝐸 = 0 for plane waves in a charge-free, homogeneous media.

Inserting the Equation (1.4) and Equation (1.5) in Equation (1.3) and considering

only a single frequency, the wave equation becomes

∇⃗2 ⃗𝐸𝜔𝑛 = −𝜔2
𝑛

𝑐2
⃗𝐸𝜔𝑛 − 𝜇0𝜔2

𝑛 ⃗𝑃 𝜔𝑛. (1.6)

The induced polarization consists of linear and nonlinear components such that

⃗𝑃 𝜔𝑛 = ⃗𝑃 𝜔𝑛
𝐿 + ⃗𝑃 𝜔𝑛

𝑁𝐿, (1.7)

where

⃗𝑃 𝜔𝑛
𝐿 = 𝜀0

↔𝜒
(1)

(𝜔𝑛) ⃗𝐸𝜔𝑛, (1.8)

and ↔𝜒
(1)

(𝜔𝑛) is the first order susceptibility. The wave equation can be written in a
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form where the nonlinear polarization plays the role of a driving source term:

∇⃗2 ⃗𝐸𝜔𝑛 = −𝜔2
𝑛

𝑐2 [1 + ↔𝜒
(1)

(𝜔𝑛)] ⃗𝐸𝜔𝑛 − 𝜇0𝜔2
𝑛 ⃗𝑃 𝜔𝑛

𝑁𝐿. (1.9)

The linear dispersion of a crystal can also be characterized by principal refractive

indices defined as

𝑛2
𝑖 (𝜔𝑛) = 1 + ↔𝜒

(1)
(𝜔𝑛) = 𝜀𝑖𝑖(𝜔𝑛)/𝜀0, (1.10)

where 𝜀𝑖𝑖(𝜔𝑛) is the absolute permittivity. The wave equation can therefore be written

as

∇⃗2 ⃗𝐸𝜔𝑛 + 𝜔2
𝑛

𝑐2
↔𝜀 ⋅ ⃗𝐸𝜔𝑛 = −𝜇0𝜔2

𝑛 ⃗𝑃 𝜔𝑛,𝑁𝐿. (1.11)

For the nonlinear polarization due to the second order susceptibility, the polarization

component at frequency 𝜔𝑛 due to the interaction of two fields at frequencies 𝜔𝑎 and 𝜔𝑏

can be expressed as

⃗𝑃 𝜔𝑛
𝑁𝐿 = 𝜀0

↔
↔
𝑑 ∶ ⃗𝐸𝜔𝑎 ⃗𝐸𝜔𝑏 (1.12)

and, in component form, as

⃗𝑃 𝜔𝑛
𝑁𝐿,𝑖 = 𝜀0𝑑𝑖𝑗𝑘 ⃗𝐸𝜔𝑎

𝑗 ⃗𝐸𝜔𝑏
𝑘 , (1.13)

where the tabulated constant 𝑑𝑖𝑗𝑘 = 𝜒(2)
𝑖𝑗𝑘/2. If the unit vectors along the polarization

directions of the interacting fields as ̂𝑒𝜔𝑎 and ̂𝑒𝜔𝑏 are involved, the nonlinear polarization
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can be expressed using the concept of effective susceptibility. Let the direction of the

nonlinear polarization vector at frequency 𝜔𝑛 be ̂𝑒𝜔𝑛 . The scalar amplitude of the

nonlinear polarization vector is then obtained by projection onto ̂𝑒𝜔𝑛 :

𝑃 𝜔𝑛 = ̂𝑒𝜔𝑛 ⋅ ⃗𝑃 𝜔𝑛
𝑁𝐿 = 𝜀0 ̂𝑒𝜔𝑛 ⋅

↔
↔
𝑑 ∶ ̂𝑒𝜔𝑎 ̂𝑒𝜔𝑏𝐸𝜔𝑎𝐸𝜔𝑏 . (1.14)

The effective susceptibility is then

𝑑𝑒𝑓𝑓 = ̂𝑒𝜔𝑛 ⋅
↔
↔
𝑑 ∶ ̂𝑒𝜔𝑎 ̂𝑒𝜔𝑏. (1.15)

It is effectively the nonlinear susceptibility tensor component involved in generating

the field at 𝜔𝑛. The effective susceptibility varies by different crystals and also can be

maximized by choosing the field polarization and the propagation directions appropri-

ately.

Ordinary and extraordinary waves are the two propagating eigenmodes in an anisotropic

crystal. For each eigenmode, the scalar wave equation can be obtained by projecting it

into its propagation direction:

∇2𝐸𝜔𝑛 + 𝜔2
𝑛𝑛2(𝜔𝑛)

𝑐2 𝐸𝜔𝑛 = −𝜇0𝜔2
𝑛𝑃 𝜔𝑛

𝑁𝐿, (1.16)

where 𝑛(𝜔𝑛) is the refractive index associated with the particular eigenmode. If we

set the propagation direction as the z-axis, the homogeneous wave equation for each

eigenmode in the absence of nonlinear polarization can be written as

𝑑2𝐸𝜔𝑛

𝑑𝑧2 + 𝜔2
𝑛𝑛2(𝜔𝑛)

𝑐2 𝐸𝜔𝑛 = 0, (1.17)
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for which the solution is the plane wave with constant amplitude:

𝐸𝜔𝑛 = 𝐴𝜔𝑛𝑒𝑖𝑘𝑛𝑧, (1.18)

where the wavenumber 𝑘𝑛 = 𝑛(𝜔𝑛)𝜔𝑛/𝑐. For the inhomogeneous equation

𝑑2𝐸𝜔𝑛

𝑑𝑧2 + 𝜔2
𝑛𝑛2(𝜔𝑛)

𝑐2 𝐸𝜔𝑛 = −𝜇0𝜔2
𝑛𝑃 𝜔𝑛

𝑁𝐿, (1.19)

a similar plane wave solution can be assumed, but with the amplitude being a slowly

varying function of distance, which represents the forced wave driven by the nonlinear

polarization:

𝐸𝜔𝑛(𝑧) = 𝐴𝜔𝑛(𝑧)𝑒𝑖𝑘𝑛𝑧. (1.20)

To find the form of the amplitude function 𝐴𝜔𝑛(𝑧), one can take the derivatives of the

assumed solution:

𝑑𝐸𝜔𝑛

𝑑𝑧 =(𝑑𝐴𝜔𝑛(𝑧)
𝑑𝑧 + 𝑖𝑘𝑛𝐴𝜔𝑛(𝑧))𝑒𝑖𝑘𝑛𝑧

𝑑2𝐸𝜔𝑛

𝑑𝑧2 =(𝑑2𝐴𝜔𝑛(𝑧)
𝑑𝑧2 + 2𝑖𝑘𝑛

𝑑𝐴𝜔𝑛(𝑧)
𝑑𝑧 − 𝑘2

𝑛𝐴𝜔𝑛(𝑧))𝑒𝑖𝑘𝑛𝑧
(1.21)

Since the amplitude is slowly varying, the following inequality holds:

|𝑑
2𝐴𝜔𝑛(𝑧)

𝑑𝑧2 | ≪ |2𝑘𝑛
𝑑𝐴𝜔𝑛

𝑑𝑧 | ≪ |𝑘2
𝑛𝐴𝜔𝑛|. (1.22)

The first term in Equation (1.22) is negligible under Slowly Varying Envelope Approx-
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imation (SVEA), and the inhomogeneous wave equation becomes

2𝑖𝑘𝑛
𝑑𝐴𝑛

𝑑𝑧 = −𝜇0𝜔2
𝑛𝑃 𝜔𝑛

𝑁𝐿𝑒−𝑖𝑘𝑛𝑧. (1.23)

DFG and OPA are mixing processes that involve three photons of different energies

propagating through a nonlinear medium. The pump photon 𝜔1 with higher energy

converts to one signal photon 𝜔2 with a lower frequency and an idler photon 𝜔3 = 𝜔1−𝜔2,

whose energy equals the difference between pump and signal photons. The schematic of

the interaction and the energy-level diagram are shown in Figure 1.4. In order to reach

the LWIR wavelength region, the energy difference between pump and signal photons

must be less than ∼0.15 eV.

Figure 1.4: Schematics of DFG. Left: three-wave mixing scheme. Right: energy-
level diagram.
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The nonlinear polarizations for the pump, signal, and idler wave can be expressed as:

𝑃 𝜔1
𝑖 =2𝜀0𝑑𝑖𝑗𝑘𝐸𝜔2

𝑗 𝐸𝜔3
𝑘

𝑃 𝜔2
𝑖 =2𝜀0𝑑𝑖𝑗𝑘𝐸𝜔1

𝑗 𝐸𝜔3∗
𝑘

𝑃 𝜔3
𝑖 =2𝜀0𝑑𝑖𝑗𝑘𝐸𝜔1

𝑗 𝐸𝜔2∗
𝑘

(1.24)

If the material is lossless and dispersionless, Kleinman’s symmetry holds so that the 𝑑𝑖𝑗𝑘

is independent of frequency. There is also 𝐸𝜔𝑛 = 𝐴𝜔𝑛𝑒𝑖𝑘𝑛𝑧. Then substituting in the

SVEA Equation (1.23), the coupled-mode equations can be derived as

𝑑𝐴1
𝑑𝑧 =𝑖𝜂1𝜔1𝜀0𝑑𝐴2𝐴3𝑒−𝑖Δ𝑘𝑧

𝑑𝐴2
𝑑𝑧 =𝑖𝜂2𝜔2𝜀0𝑑𝐴1𝐴∗

3𝑒𝑖Δ𝑘𝑧

𝑑𝐴3
𝑑𝑧 =𝑖𝜂3𝜔3𝜀0𝑑𝐴1𝐴∗

2𝑒𝑖Δ𝑘𝑧,

(1.25)

where Δ𝑘 = 𝑘1 − 𝑘2 − 𝑘3.

Under perfect phase matching conditions, Δ𝑘 = 0 and 𝑘1 = 𝑘2 + 𝑘3. In addition,

following the law of conservation of energy 𝜔1 = 𝜔2 + 𝜔3, we have:

𝜔1𝑛𝜔1

𝑐 =𝜔2𝑛𝜔2

𝑐 + 𝜔3𝑛𝜔3

𝑐
𝑛𝜔1 =𝜔2𝑛𝜔2 + 𝜔3𝑛𝜔3

𝜔2 + 𝜔3
.

(1.26)

Assuming an undepleted pump and perfect phase matching, the coupled-wave equations
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become

𝑑𝐴1
𝑑𝑧 =0

𝑑𝐴2
𝑑𝑧 =𝑖𝜂2𝜔2𝜀0𝑑𝐴1𝐴∗

3

𝑑𝐴3
𝑑𝑧 =𝑖𝜂3𝜔3𝜀0𝑑𝐴1𝐴∗

2.

(1.27)

Here 𝐴1 is constant, and therefore the differential equations become

𝑑𝐴2
𝑑𝑧 =𝐾2𝐴∗

3

𝑑𝐴3
𝑑𝑧 =𝐾3𝐴∗

2,
(1.28)

where 𝐾2 = 𝑖𝜂2𝜔2𝜀0𝑑𝐴1 and 𝐾3 = 𝑖𝜂3𝜔3𝜀0𝑑𝐴1. We take a derivative of the above

coupled-wave equations:

𝑑2𝐴2
𝑑𝑧2 = 𝐾2

𝐴∗
3

𝑑𝑧 = 𝐾2𝐾∗
3𝐴2 = 𝜅2𝐴2, (1.29)

where 𝜅2 = 𝐾2𝐾∗
3 = 𝜂2𝜔2𝜂3𝜔3𝜀2

0𝑑2|𝐴1|2. The above equation can be solved and the

same for 𝐴3; the resulting solutions are

𝐴2(𝑧) =𝐶𝑐𝑜𝑠ℎ (𝜅𝑧) + 𝐷𝑠𝑖𝑛ℎ (𝜅𝑧)

𝐴3(𝑧) = 𝜅
𝐾∗

2
(𝐶∗𝑠𝑖𝑛ℎ (𝜅𝑧) + 𝐷∗𝑐𝑜𝑠ℎ (𝜅𝑧))

(1.30)

Considering the boundary conditions:

𝐴2(0) =𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝐴3(0) =0,
(1.31)

17



the solutions are

𝐴2(𝑧) =𝐴2(0) cosh (𝜅𝑧)

𝐴3(𝑧) =𝑖(𝜂3𝜔3
𝜂2𝜔2

)1/2𝑒𝑖𝜙1𝐴∗
2(0) sinh (𝜅𝑧)

(1.32)

For a small 𝜅𝑧, sinh(𝜅𝑧) ∼ 𝜅𝑧, and the idler grows linearly. On the other hand, both the

sinh and cosh functions can be approximated by 𝑒𝜅𝑧 if 𝜅𝑧 is large enough, and therefore

both the signal and idler waves in DFG or OPA grow exponentially in these conditions.

Since 𝜅 ∝ |𝐴1|, increasing the pump intensity greatly enhances the parametric gain [80].

1.4 Nonlinear Crystal Selection and Design

Considerations

Nonlinear crystals are an essential component for parametric down-conversion sources.

The crystal’s transparency range, nonlinearity, linear and nonlinear absorption, the

Laser-induced Damage Threshold (LIDT), phase-matching bandwidth, and other char-

acteristics need to be evaluated to be compatible with the desired few-cycle, ultra-intense

LWIR outputs. Oxide nonlinear crystals are not transparent beyond ∼5 µm and thus

are not suitable for LWIR pulse generation. Figure 1.5 summarizes non-oxide crys-

tals that are transparent in the mid-IR and LWIR region. The horizontal extent of

each line segment indicates the transparency range, while the vertical position indi-

cates the nonlinear figure of merit (𝑑2
𝑒𝑓𝑓/𝑛3, where 𝑑𝑒𝑓𝑓 is the effective nonlinearity and

𝑛 is the refractive index) in pm2/V2. The nonlinear figure of merit is a quantitative

measure of the efficiency of the corresponding nonlinear frequency conversion process.

ZnGeP2 (ZGP), GaSe, AgGaS2 (AGS), and AgGaSe2 (AGSe) are the most commonly
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used birefringent crystals for LWIR pulse production as their transparency range covers

the entire 8–12 µm LWIR atmospheric transmission window. The first three crystals

will be employed in the experiments discussed in Chapters 2, Appendix A, and Chap-

ter 3, respectively. Quasi-phase-matching materials such as OP-GaAs [81], [82] and

OP-GaP [83], [84] have also been developed and employed in LWIR generation recently,

due to their attractive properties. However, the intricacy of the growth process and

limited transverse dimension (<1 mm) limit their implementation for high-power pulse

generation.

Figure 1.5: Nonlinear figure of merit versus transparency range of various non-
linear crystals. Reprinted with permission from [85] © The Optical
Society.

Table 1.2 shows a comparison of the characteristics of four birefringent nonlinear

19



Table 1.2: Characteristics of four most commonly used birefringent nonlinear crys-
tals. NLCs: nonlinear crystals. ZGP: ZnGeP2. AGS: AgGaS2. AGSe:
AgGaSe2.

NLCs ZGP GaSe AGS AGSe

Transparency
Range (µm)

0.74 – 12 [86] 0.62 – 20 [87] 0.47 – 13 [88] 0.71 – 19 [89]

Bandgap (eV) 2.1 [90] 2.0 [91] 2.76 [92] 1.8 [93]
(Wavelength) (590 nm) (620 nm) (449 nm) (689 nm)

Linear
Absorption
Coefficient
α (cm-1)

1.52 [94]
(1.06 µm)
0.16 [95]
(2.0 µm)
0.06 [96]

(2.79 µm)
0.9 [97]

(10.6 µm)

0.45 [98]
(1.06 µm)
0.1 [98]

(1.9 µm)
0.081 [99]
(10.6 µm)

0.01 [100]
(0.7–9 µm)

0.01–0.02 [101]
(1.06 µm)

0.012–0.024 [92]
(2.8 µm)
0.6 [92]

(10.6 µm)

0.012-0.2 [92]
(1.06 µm)
0.002 [102]
(1.3 µm)

<0.015 [103]
(1.45-1.6 µm)

0.015-0.058 [104]
(2.05 µm)

0.008-0.012 [92]
(2.8 µm)

0.01-0.018 [92]
(10.6 µm)

Two-photon
Absorption
Coefficient
β (cm/W)

2.5×1012 [105]
(1.3 µm, 130 fs)

6.8×1012 [106]
(0.9 µm, 200 fs)

1.8×1012 [107]
(0.8-0.87 µm,

200 fs)

2.5×1014 [108]
(1.08 µm, 40 ps)

Damage
Threshold
(GW/cm2)

0.003 [109]
(1.06 µm, 10 ns)

>150 [105]
(1.3 µm, 130 fs)

>100 [105]
(1.66 µm, 130 fs)

>0.074 [110]
(2.05 µm, 10 ns)

35 [111]
(2.79 µm, 100 ps)

30 [87]
(2.94 µm, 110 ps)

<6.4 [112]
(1.03 µm, 200 fs)

>1.0 [113]
(1.053 µm, 2 ps)

0.03 [114]
(1.06 µm, 10 ns)

>4 [115]
(2.80 µm, 100 ps)

30 [86], [87]
(2.94 µm, 110 ps)

>60 [107]
(0.8–0.87 µm,

200 fs)
3 [116]

(1.06 µm, 20 ps)
0.035 [117]

(2 µm, 6 ns)

0.013-0.04 [118]
(1.06 µm, 23 ns)

>0.02 [119]
(1.57 µm, 6 ns)

0.0083 [120]
(2.0 µm, 30 ns)

0.025 [121]
(2.79 µm, 40 ns)
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crystals in the LWIR region. A detailed comparison under specific phase-matching con-

ditions and pump wavelengths will be shown in Chapter 2, Table 2.2 and Table 2.3. The

bandgap energy of a direct bandgap material determines the minimum photon energy

required for an optical transition; therefore, it is related to the absorption properties of

a nonlinear crystal. The intensity-dependent material absorption can be described as

𝑑𝐼
𝑑𝑧 = −𝛼𝐼 − 𝛽𝐼2, (1.33)

where 𝐼 is the intensity of the electromagnetic wave, 𝑧 is the propagation distance, α is

the linear absorption coefficient, and β is the intensity-dependent Two-photon Absorp-

tion (TPA) coefficient. The nonlinear crystal should be selected such that the absorption

at pump, signal, and idler wavelengths are minimized. The TPA can be eliminated (or

significantly alleviated) if the bandgap energy exceeds twice the pump photon energy. As

a result, if the parametric frequency down-conversion process is driven by a Ti:sapphire

laser at 800 nm (Chapter 3), the AGS crystal is the only option due to its transmission

range and reduced TPA for the pump.

As derived in Section 1.3, high-intensity pump pulses are preferred in parametric in-

teractions to achieve a higher gain. LIDT of the nonlinear crystal thus constrains the

maximum achievable parametric gain. For pulses longer than a few tens of picoseconds,

LIDT is generally caused by heat deposition, resulting in material melting and boil-

ing [122]. In this regime, the fluence of the LIDT scales with the square root of the

pulse duration (τ1/2). For shorter pulses, the damage mechanism evolves to an ablative

regime dominated by collisional and multiphoton ionization and plasma formation [122],

[123]. The LIDT fluence in this regime is approximately proportional to the pulse dura-

tion, but the exact scaling law is poorly understood. LIDT values have been reported for
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various nonlinear crystals, which typically vary significantly due to differences in testing

standards, apparatus, laser specifications, and material quality control (Table 1.2). Sys-

tematic LIDT studies with well-controlled conditions and, in particular, highly stable,

high-beam-quality short pulse [124] and ultrashort pulse lasers are necessary to advance

the knowledge of LIDT.

Other design considerations for parametric frequency down-conversion systems arise

from the necessity for spatial and temporal overlap between the pump, signal, and idler

during the three-wave mixing process. In the spatial domain, the overlap of the three

waves is affected by the differences in diffraction and Poynting vector walk-off. The

Depth of Focus (DOF) for a Gaussian beam due to diffraction is defined as

𝐷𝑂𝐹 = 8𝜆
𝜋 (𝑓/#)2, (1.34)

where 𝜆 is the wavelength, 𝑓/# = 𝐹/𝐷 is the f-number of the focusing optic and equals

the ratio of focal length 𝐹 and the aperture size 𝐷. The DOF represents the axial length

where the beam transverse radius becomes
√

2 times larger than the beam waist, and it

scales with its wavelength. Under the same focusing geometry, the pump beam has the

shortest DOF. Therefore, its DOF can be used as a rule of thumb for determining the

maximum nonlinear crystal thickness. For example, at 2.9 µm pump wavelength, the

DOF for 𝑓/10 focusing is ∼0.75 mm.

To realize critical phase-matching in a birefringent crystal, an extraordinary wave is

needed. The direction of energy transport of such a wave deviates from its wave vector,

reducing the efficiency of the nonlinear process. The angle 𝜌 between the direction of

the energy transport (Poynting vector ⃗𝑆 = ⃗𝐸 × �⃗�) the direction of the wave vector �⃗�
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can be calculated as

𝑡𝑎𝑛 (𝜌) = − 1
𝑛𝑒

𝜕𝑛𝑒
𝜕𝜃 , (1.35)

where 𝑛𝑒 is the refractive index of the extraordinary wave, 𝜃 is the angle between wave

vector �⃗� and the optical axis. Examples of the maximum walk-off angles between three

waves can be found in Chapter 2, Table 2.2, and Table 2.3. The nonlinear crystal’s

thickness should be limited such that the three beams stay mostly overlapped along the

entire propagation.

The interaction length of a parametric frequency down-conversion process is also

influenced by the temporal walk-off among three waves due to Group Velocity Mismatch

(GVM). Each frequency component travels at its phase velocity in the nonlinear medium,

while the ultrashort pulse travels at group velocity 𝑣𝑔 as a wave packet. The group

velocity 𝑣𝑔 is defined as

𝑣𝑔 = 𝑐
𝑛 (𝜆0) − 𝜆0

𝜕𝑛
𝜕𝜆0

, (1.36)

where 𝑐 is the speed of light, 𝑛 is the refractive index, and 𝜆0 is the central wavelength.

For ultrafast parametric frequency down-conversion processes, time-dependent coupled-

wave equations are necessary to describe such non-stationary pulse propagation. Solving

such equations analytically is often nontrivial. Numerical methods such as the split-step

Fourier method [125] have been implemented to comprehensively understand the pro-

cess, and the results will be shown in Chapter 2 and 3.
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1.5 Dissertation Overview

This chapter discussed the methods for few-cycle, high-power LWIR pulse generation via

optical parametric processes and provided their analytical description. The remainder

of this dissertation addresses the scientific and engineering obstacles standing in the

path toward developing an ultrashort, high-power LWIR source.

• Chapter 2 presents the first demonstration of high repetition rate, milliwatt-level

LWIR source driven by a femtosecond mid-IR all-fluoride fiber laser. The imple-

mentation of fluoride fiber-based soliton amplifiers and wavelength shifters oper-

ating in mid-IR along with ZGP crystal which has a high damage threshold, offers

the potential for much higher LWIR powers and conversion efficiencies.

• Chapter 3 presents a single-stage approach to generate 100-nJ-level LWIR pulses

pumped by a solid-state Ti:sapphire laser via DFG in an AGS crystal. The em-

ployed nitrocellulose pellicle leads to a non-alignment-critical, passively CEP stabi-

lized configuration. Assisted by the Genetic Algorithm (GA), this chapter further

demonstrates a three-fold improvement of the spectral bandwidth, which is of great

importance to few-cycle LWIR pulses generation.

• Chapter 4 presents a systematic approach in order to address the laser beam-

pointing instability discussed in Appendix A in a well-controlled environment amid

the construction of ZEUS. The beam-pointing of a piezo-actuated 16-inch mirror is

actively compensated with a simple proportional feedback control, which reduces

the instability by up to an order of magnitude in the short term. The long-term

beam-pointing jitter induced by temperature drift is completely eliminated.

• Appendix A first presents the application of ultra-broadband LWIR pulses gen-
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erated in Chapter 3 in the spectroscopic study. The remainder of this appendix

focuses on the characterization of ultrashort LWIR pulses in the temporal and spec-

tral domain and the amplification of ultra-broadband LWIR pulses via OPCPA.

It then discusses the limitations of the results due to crystal damage and beam-

pointing instability.

• Chapter 5 concludes the dissertation with a discussion of the outcomes of each

experiment, and directions for the improvement of future work are explored.
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Chapter 2

Generation of High Repetition Rate

Long-wave Infrared Pulses Driven

by Mid-infrared Fluoride Fiber

Laser

2.1 Introduction

High repetition rate femtosecond sources in the mid-IR (2.5–8 µm) and LWIR (8–12 µm)

spectral regions are of great interest for applications in several areas of fundamental

research and practical applications, including vibrational spectroscopy targeting the

absorption lines of gases localized in the “fingerprint” wavelength region (2–20 µm),

This Chapter is based on the previously published article: Y. Cui, H. Huang, Y. Bai, W. Du, M.
Chen, B. Zhou, I. Jovanovic, and A. Galvanauskas, “Long-wave-infrared pulse production at 11 µm
via difference-frequency generation driven by femtosecond mid-infrared all-fluoride fiber laser,” Op-
tics Letters, vol. 48, no. 7, pp. 1890–1893, 2023. [126]
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remote sensing, attosecond pulse generation, and high-field science [127]–[129]. However,

there are no laser gain media that can directly generate or amplify femtosecond optical

pulses with wavelengths longer than ∼4.4 µm [130], [131]. Therefore, for accessing longer

wavelengths in mid-IR and LWIR it is necessary to use nonlinear wavelength conversion

(such as DFG [81], [84], [112], [132]–[134], OPO [83], [135], OPG in a waveguide [82], or

SC generation [74], [75]), pumped by lasers operating at shorter wavelengths. Table 2.1

summarizes the pump, signal, and idler demonstrated in these works, along with their

conversion efficiencies. DFG-based schemes offer advantages of being much simpler than

OPO, accommodating much higher energies than OPG in a waveguide, and much more

efficient than SC generation.

Compared to other solid-state laser sources, fiber lasers provide the advantages of

lower cost, relative compactness, robust maintenance-free operation, and diffraction-

limited output beam, which are very important for practical applications. For operation

at NIR wavelengths shorter than ∼2.1 µm fused-silica fibers with rare-earth doping of

Er, Yb, Nd, Pr, Tm, and Ho are used [136]. For operation in ∼2.1–4 µm mid-IR

wavelengths, rare-earth doped fluoride fibers are used instead of silica fibers, due to

their broader transmission window reaching ∼4.5–5 µm [136], [137].

For accessing the “fingerprint” spectroscopy region at mid-IR and LWIR wavelengths

longer than >4.5 µm, fused-silica-based femtosecond fiber lasers operating in NIR have

been demonstrated for driving DFG conversion [81], [84], [112], [132]–[134]. Such

mode-locked oscillator-based driver lasers provide high repetition rates of ∼10 MHz

to >100 MHz, average powers ranging from ∼10 mW to few watts, and for practical ap-

plications seek robust, compact, and power-efficient laser systems. The general scheme

for reaching these long wavelengths is to mix 𝜆𝑝 pump at ∼1 µm [112], [132], [133],

∼1.5 µm [84], [134], or ∼2 µm [81] with a slightly longer wavelength 𝜆𝑠 signal, such that
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Table 2.1: Summary of LWIR pulses generation driven by ultrafast fiber laser
pump and Soliton Self-frequency Shift (SSFS) or Self-phase Modulation
(SPM) based signal. NLCs: nonlinear crystals. η: conversion efficiency.
FC: frequency comb. CPA: chirped-pulse amplification. MOPA: master
oscillator power amplifier. OSC: oscillator.

Pump Signal Idler NLCs η Ref.

11.9-nJ, 80-fs @ 1055 nm.
Yb-FC @ 151 MHz

0.13-nJ
@ 1.28 µm
(SSFS)

2-pJ
@ 10 µm

0.5-
mm
GaSe

0.017% [132]

<8-nJ @ 1092 nm. Yb-CPA-
pumped SPM @ 40 MHz

1–1.25-nJ
@ 1.24–
1.26 µm
(SSFS)

3.4-pJ
@ 9 µm

2-mm
AGS n/a [133]

<200-nJ, 165-fs @ 1030 nm.
Yb-CPA @ 30 MHz

18.5-nJ, 120-fs
@ 1.14 µm
(SPM)

63-pJ
@ 11.3 µm

2-mm
GaSe n/a [112]

1.6-nJ, 65-fs @ 1550 nm. Er-
MOPA @ 100 MHz

0.08-nJ, 40-fs
@ 1.95 µm
(SPM)

0.6-pJ
@ 11 µm

1-mm
GaSe 0.038% [138]

8.1-nJ, 640-fs @ 1550 nm.
Er-CPA @ 37 MHz

n/a @ 1.73–
1.84 µm
(SSFS)

<41-fJ
@ 9.7–
14.9 µm

1-mm
GaSe,
5-mm
AGSe

n/a [139]

2.2-nJ, 50-fs @ 1550 nm. Er-
OSC @ 250 MHz

0.8-nJ, 84-fs
@ 1.86 µm
(SSFS)

4-pJ
@ 10.2 µm

1-mm
GaSe 0.18% [134]

1.6-nJ, 49-fs @ 1560 nm. Er-
MOPA @ 40 MHz

1.8-nJ, 80-fs
@ 1.88 µm
(SPM)

39-pJ,
∼80-fs
@ 9.2 µm

2-mm
AGS 2.4% [140]

17.1-nJ, 110-fs @ 1550 nm.
Er-MOPA @ 93.4 MHz

6.4-nJ, 60-fs
@ 1.9 µm
(SPM)

200-pJ
@ 10.5 µm

1-mm
OP-
GaP

1.2% [141]

3.6-nJ, 76-fs @ 1570 nm. Er-
MOPA @ 48 MHz

3.2-nJ
@ 1.97 µm
(SSFS)

150-pJ
@ 7.5 µm

3-mm
OP-
GaP

4.2% [142]

1.6-nJ, 65-fs @ 1560 nm. Er-
MOPA @ 125 MHz

2.4-nJ
@ 1.97 µm
(SSFS)

36-pJ
@ 8 µm

3-mm
OP-
GaP

2.3% [84]

6-nJ, 145-fs @ 1950 nm.
Tm-CPA @ 72 MHz

0.4-nJ
@ 2.5 µm
(SSFS)

18-pJ
@ 10.3 µm

2-mm
OP-
GaAs

0.3% [81]
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the LWIR idler wavelength 𝜆𝑖 is determined by the relationship 1/𝜆𝑖 = 1/𝜆𝑝 − 1/𝜆𝑠.

The 𝜆𝑠 signal must be synchronous with the 𝜆𝑝 pump, and is therefore usually converted

from a part of the ultrashort pump via either Raman-induced SSFS [81], [84], [132]–

[134], or using self-phase modulation induced spectral broadening with a subsequent

spectral filtering [112]. Using SSFS requires negative dispersion, which is automatically

achieved at ∼1.5 µm and ∼2 µm wavelengths, above the Zero-dispersion Wavelength

(ZDW) of ∼1.3 µm for fused-silica glass. At ∼1 µm SSFS can be implemented, but only

using a ZDW-shifted Photonic-crystal Fiber (PCF) with a small diameter core [133].

The bottleneck of the SSFS-based approaches has been the low energies of the wavelength-

shifted λs signal pulses. In the majority of experiments [81], [132], [134] only sub-

nJ energy SSFS pulses were achieved, with slightly higher energies of ∼1 nJ reported

in [133]. (Note that in [84] additional amplification in a Tm-doped fiber amplifier after

the SSFS stage was used to increase signal energy to ∼2 nJ). This bottleneck is due to the

limitations on the soliton energy, defined by fiber parameters and soliton wavelength.

Fundamental-soliton energy is given by 𝐸𝑝 = 2|𝛽2|/(𝛾𝜏), where 𝛾 = 2𝜋𝑛2/(𝜆𝑠𝐴𝑒𝑓𝑓)
is the fiber nonlinear coefficient, 𝛽2 is fiber dispersion, 𝜏 is pulse duration, 𝑛2 is the

nonlinear refractive index, and 𝐴𝑒𝑓𝑓 is the effective mode area of the fiber [143].

However, it was recently reported that in ZBLAN fibers at ∼2.8 µm or longer wave-

lengths soliton energies can be significantly increased, primarily due to much lower non-

linear coefficients, resulting from long wavelengths and large single-mode cores [144]. For

example, it was demonstrated in [144], [145] that 15-µm single-mode core Er:ZBLAN

fiber-based nonlinear soliton-effect amplifier/compressor operating at ∼2.8 µm can pro-

duce <100 fs pulses with >40 nJ energies, and 2–4 W of average power, which is at

least an order of magnitude energy increase compared to the same adiabatic soliton

compression in Er:silica fibers at 1.55 µm. It is worth noting here that these soliton-
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effect nonlinear amplifiers/compressors are much simpler and more compact than any

CPA-type systems that were used as the NIR drivers for the DFG conversion reported

in [81], [84], [112], [132], [133]. Furthermore, using ZBLAN fibers, the SSFS from ∼3 µm

to ∼3.6 µm with ZBLAN fiber-based pump laser has yielded red-shifted pulse energies

of 37 nJ [146], and the longest reached wavelength has been extended from ∼4.3 µm to

∼4.8 µm [147], [148]. These results, as well as a significantly higher quantum defect for

DFG conversion to LWIR from 3–4 µm mid-IR compared to 1–2 µm NIR, indicate that

ZBLAN fiber-based mid-IR drivers can have significant advantages compared to silica

fiber-based NIR drivers.

To date, the most commonly used birefringent materials for femtosecond fiber laser

driven DFG conversion into LWIR are GaSe [112], [132], [134], AGS [133], and AGSe [135].

Pumping DFG at 3–4 µm wavelength has the benefit of being compatible with ZGP,

which has at least an order of magnitude higher damage threshold [105] and has one of

the highest nonlinear figures of merit compared to these materials. This is particularly

relevant for using higher pump and signal energies attainable with ZBLAN fiber-based

lasers. Table 2.2 and 2.3 compare the performances of type I and II DFG with these

four birefringent nonlinear crystals pumped at different wavelengths of NIR and mid-IR

fiber laser drivers. For example, it was pointed in [112] that the low damage threshold

in GaSe and AGSe crystals does not permit tight focusing for pump energies in the

∼100 nJ range. Using ZGP completely eliminates this limitation even for the highest

obtainable pump and signal energies from ZBLAN fiber laser sources. Quasi-phase-

matching materials such as OP-GaP [83], [84] and OP-GaAs [81], [82] have also been

developed and employed in LWIR generation recently, due to their attractive properties

comparable to ZGP.

In this letter, to the best of our knowledge, the first demonstration of an LWIR ultra-
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Table 2.2: Comparison of Type-I DFG performance in different nonlinear crystals
pump at different wavelengths. ZGP: ZnGeP2. AGS: AgGaS2. AGSe:
AgGaSe2. PM: phase matching. Deff: effective nonlinear coefficient.
FOM: figure of merit. GVM: group-velocity mismatch. The data were
adapted from Reference [149].

Type I DFG Performance ZGP GaSe AGS AGSe
Mixing scheme pumped by 𝜆𝑝 = 2.9 𝜇𝑚:
PM angle (∘):
Deff (pm/V):
FOM (pm2/V2):
Crystal acceptance angle (mrad⋅mm):
Temperature range (K⋅mm):
Idler bandwidth (THz⋅mm):
GVM (fs/mm):
Spatial walk-off (mrad):

e+e=o
51.2
79.0
205
77
345.3
4.22
240
12.38

o+o=e
11.2
55.0
151
19.4
14572.4
9.99
100
54.82

o+o=e
40.1
9.53
7
54.7
679.2
4.11
244
22.20

o+o=e
41.5
23.3
31
90.5
1587.8
18.6
53
12.26

Mixing scheme pumped by 𝜆𝑝 = 1.95 𝜇𝑚:
PM angle (∘):
Deff (pm/V):
FOM (pm2/V2):
Crystal acceptance angle (mrad⋅mm):
Temperature range (K⋅mm):
Idler bandwidth (THz⋅mm):
GVM (fs/mm):
Spatial walk-off (mrad):

e+e=o
52.1
80.9
213
50.9
226.8
26.0
70
12.3

o+o=e
11.1
56.3
157
13.2
2127.9
n/a
10
54.23

o+o=e
34.9
8.80
5.7
38.4
422.1
6.10
163
21.13

o+o=e
44.5
25.2
36
63.1
1151.1
13.2
73
11.78

Mixing scheme pumped by 𝜆𝑝 = 1.55 𝜇𝑚:
PM angle (∘):
Deff (pm/V):
FOM (pm2/V2):
Crystal acceptance angle (mrad⋅mm):
Temperature range (K⋅mm):
Idler bandwidth (THz⋅mm):
GVM (fs/mm):
Spatial walk-off (mrad):

e+e=o
57.3
78.2
196
41.3
157.9
4.59
220
11.87

o+o=e
11.6
57.1
161
10.0
507.9
8.43
120
56.55

o+o=e
34.0
8.75
6
30.9
335.3
11.83
83
20.79

o+o=e
50.7
28.3
44
54.3
1389.4
4.39
227
10.83

Mixing scheme pumped by 𝜆𝑝 = 1.03 𝜇𝑚:
PM angle (∘):
Deff (pm/V):
FOM (pm2/V2):
Crystal acceptance angle (mrad⋅mm):
Temperature range (K⋅mm):
Idler bandwidth (THz⋅mm):
GVM (fs/mm):
Spatial walk-off (mrad):

n/a

o+o=e
13.8
59.5
170
5.7
53.9
1.75
574
65.41

o+o=e
36.1
9.63
7
20.3
282.0
4.92
203
20.81

n/a
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Table 2.3: Comparison of Type-II DFG performance in different nonlinear crystals
pump at different wavelengths. ZGP: ZnGeP2. AGS: AgGaS2. AGSe:
AgGaSe2. PM: phase matching. Deff: effective nonlinear coefficient.
FOM: figure of merit. GVM: group-velocity mismatch. The data were
adapted from Reference [149].

Type II DFG Performance ZGP GaSe AGS AGSe
Mixing scheme pumped by 𝜆𝑝 = 2.9 𝜇𝑚:
PM angle (∘):
Deff (pm/V):
FOM (pm2/V2):
Crystal acceptance angle (mrad⋅mm):
Temperature range (K⋅mm):
Idler bandwidth (THz⋅mm):
GVM (fs/mm):
Spatial walk-off (mrad):

o+e=o
64.8
72.5
174
131
342.3
7.07
143
9.45

e+o=e
13.0
52.1
137
22.8
n/a
19.6
50
63.76

o+e=e
22.8
43.8
100
42.3
4290.4
4.10
274
99.44

e+o=e
49.0
14.2
15
75.3
511.5
5.75
173
23.92

e+o=e
50.9
33.7
65
126.1
1825.3
n/a
20
12.75

Mixing scheme pumped by 𝜆𝑝 = 1.95 𝜇𝑚:
PM angle (∘):
Deff (pm/V):
FOM (pm2/V2):
Crystal acceptance angle (mrad⋅mm):
Temperature range (K⋅mm):
Idler bandwidth (THz⋅mm):
GVM (fs/mm):
Spatial walk-off (mrad):

o+e=o
59.9
71.3
166
68.4
226.6
16.9
60
10.88

e+o=e
12.2
53.9
145
14.6
1544.2
19.2
50
60.08

o+e=e
28.1
39.4
82
37.2
454.9
4.35
290
113.08

e+o=e
39.3
14.7
16.1
45.2
372.5
9.2
110
23.89

e+o=e
51.1
34.5
67
79.7
1454.9
7.64
130
12.73

Mixing scheme pumped by 𝜆𝑝 = 1.55 𝜇𝑚:
PM angle (∘):
Deff (pm/V):
FOM (pm2/V2):
Crystal acceptance angle (mrad⋅mm):
Temperature range (K⋅mm):
Idler bandwidth (THz⋅mm):
GVM (fs/mm):
Spatial walk-off (mrad):

o+e=o
64.4
76.4
188
55.2
158.8
3.04
330
10.20

e+o=e
12.5
54.6
148
10.8
426.4
5.84
170
61.51

o+e=e
33.8
33.8
61
34.4
142.4
4.58
300
122.84

e+o=e
37.2
14.8
16
34.9
316.1
31.78
30
23.52

e+o=e
57.6
32.5
59
70.0
2795.3
3.36
297
11.74

Mixing scheme pumped by 𝜆𝑝 = 1.03 𝜇𝑚:
PM angle (∘):
Deff (pm/V):
FOM (pm2/V2):
Crystal acceptance angle (mrad⋅mm):
Temperature range (K⋅mm):
Idler bandwidth (THz⋅mm):
GVM (fs/mm):
Spatial walk-off (mrad):

n/a

e+o=e
14.5
56.1
152
6.0
49.3
1.55
647
70.10

o+e=e
57.0
12.7
9
40.0
18.0
5.67
340
109.13

e+o=e
38.3
15.6
18
22.1
301.5
3.81
260
23.72

n/a
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short pulse generation by the DFG technique using an all-fluoride fiber laser operating

in the mid-IR wavelength region was reported. The LWIR pulses have 1.25-mW output

power with a spectrum centered at 11 µm and a repetition rate of 48 MHz. The DFG

pump pulses are generated from an Er:ZBLAN fiber oscillator and nonlinear amplifier,

which was previously reported in Reference [144]. The demonstration of a tunable mid-

IR fluoride fiber laser source covering 2.8 to beyond 4 µm was also reported, which

implements a compact and practical design that uses SSFS. The shifted soliton pulses

at 4 µm have a pulse energy of 6 nJ and 120-fs pulse duration. This research opens new

paths for developing intense mid-IR and LWIR ultrashort pulse sources suitable for a

wide range of potential applications.

2.2 Experimental Setup and Results

The schematic of the DFG system for LWIR pulse generation using ZBLAN fiber non-

linear soliton amplifier and Raman soliton wavelength shifter is shown in Figure 2.1. An

Er:ZBLAN mode-locked fiber oscillator injects ∼2 nJ ultrashort pulses at 2.8 µm with

a repetition rate of 48 MHz into a nonlinear Er:ZBLAN amplifier, which increases pulse

energies to 50 nJ simultaneously compressing them via soliton-effects to ∼85 fs [144].

The amplifier output is split into two arms: one serves as the 2.9 µm DFG pump beam,

and the other is coupled into an 8-m long InF3 fiber to produce DFG signal beam

which is shifted to ∼4 µm. The splitting into two arms is achieved with a Polarizing

Beamsplitter (PBS), with a Half-waveplate (HWP) in front of it controlling the split-

ting ratio. Beams from the two arms are recombined with another PBS, and focused

into the ZGP crystal where LWIR pulses centered at 11 µm with an FWHM spectral

bandwidth of ∼1.3 µm are generated as the difference-frequency between the pump and
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Figure 2.1: The schematic of LWIR pulse generation using DFG. ISO: isolator,
HWP: half-wave plate, PBS: polarizing beamsplitter, LPF: long-pass
filter, FM: flip mirror. Reprinted with permission from [126] © The
Optical Society.

signal beams. The pump arm contains an adjustable free-space delay line for achieving

temporal overlap between pump and signal pulses in the DFG crystal.

The spectrum of the pump pulses from the amplifier (measured before the InF3 fiber)

is shown in Figure 2.2(a). The central wavelength of the fundamental soliton, containing

most of the energy, is slightly red-shifted to 2.925 µm via SSFS [143], [150]. Amplifier

output also contains a weak residual pulse, resulting from the fraction of the amplifier

input pulse which did not couple into the main soliton during nonlinear amplification,

and thus remains at the ∼2.8 µm central wavelength, separated from the amplified

soliton pulse spectrally and temporally [144].

In the signal arm, these pump pulses are injected (with 56% coupling efficiency) into

an 8-m long InF3 fiber with a 7.5-µm diameter core (NA=0.3) and a 125-µm diameter

cladding (Le Verre Fluore) for wavelength shifting up to ∼4 µm using SSFS. Both of

the InF3 fiber ends are splice-protected with AlF3 glass endcaps (AFG 70/125, 0.2

NA, Le Verre Fluore) to prevent fiber end degradation and damage. Each endcap
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is angle polished to 8∘ to avoid optical feedback into the fiber amplifier. Increasing

input power into the InF3 fiber (by adjusting the HWP before the beam-splitting PBS)

increases the SSFS towards longer wavelengths. The wavelength-shifted output spectra

for several total output average powers are shown in Figure 2.2(b) (measured using an

optical spectrum analyzer AQ6377, YOKOGAWA). The maximum SSFS to ∼4 µm was

obtained with the 940-mW incident average power (19.5-nJ pulse energy) at the InF3

fiber input. The corresponding total average output power is 520 mW, with 290-mW

measured in the wavelength-shifted portion of the spectrum (corresponding to 6.04-nJ

in wavelength-shifted signal pulses). Signal power was measured after a bandpass filter

(FB4000-500, Thorlabs), centered at 4 µm with a 500-nm bandwidth. This indicates

30.8% pump-to-signal conversion efficiency at this incident power. The pulse duration

of the soliton pulse centered at around 4 µm was measured to be 120 fs using a TPA-

based autocorrelator, assuming a 𝑠𝑒𝑐ℎ2 shape, as shown in Figure 2.2(c). A 30-minute

measurement of the average power of the main soliton was taken to characterize its

stability, and the result indicates the RMS stability of 0.35%.

To understand experimental observations, numerical simulations using the model from

Reference [144] were carried out. Simulation results in time and spectral domains,

corresponding to the experimental conditions producing the ∼4 µm SSFS signal, are

shown in Figure 2.3. The model includes soliton compression in the 3-m long Er:ZBLAN

fiber amplifier followed by the SSFS in the 8-m long InF3 fiber. 1.9-nJ and 230-fs input

pulses are amplified and soliton-compressed after 3-m of Er:ZBLAN fiber to ∼40 nJ and

∼90 fs in the main soliton pulse [144]. (In Figure 2.3, the 90 fs output pulse trace appears

wider than the 230 fs input trace due to the logarithmic scale of the plotted intensities).

Fraction of ∼11.4 nJ of these pump pulses is injected into the 8-m InF3 fiber. Due

to the injected energy exceeding the fundamental-soliton energy, soliton fission occurs
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Figure 2.2: Experimental results of SSFS input and outputs. (a) Amplified soliton
spectrum measured at the InF3 fiber input; (b) Tunable SSFS output
spectra with increasing output power; (c) Autocorrelation measure-
ment of the shifted soliton pulse at ∼4 µm (𝑠𝑒𝑐ℎ2 shape). Reprinted
with permission from [126] © The Optical Society.
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at the beginning of the fiber, splitting the input pulse into several fundamental-soliton

pulses [147]. The soliton pulse with the highest energy undergoes the largest SSFS to

∼4 µm, and is used as the DFG signal. Because it is well separated from other pulses

both spectrally and temporally, it can be overlapped with the ∼2.9 µm pump pulse

without interference with the other pulses. Note that, while the qualitative picture

agrees well with experimental observations, there is numerical discrepancy between the

simulated 4 µm soliton energy of 3.4 nJ and 85 fs duration, and the measured values

of 6.04 nJ and 120 fs, attributable to a limited accuracy of the known ZBLAN fiber

Raman-gain parameters.

In the DFG stage, the main pulse output from the nonlinear amplifier (centered

at ∼2.9 µm, Figure 2.2(a)) and the signal pulse at ∼4 µm (Figure 2.2(b), bottom

panel) were mixed. A type-I ZGP crystal was used in this work for the DFG process

𝜔𝑖𝑑𝑙𝑒𝑟(𝑒) + 𝜔𝑠𝑖𝑔𝑛𝑎𝑙(𝑒) = 𝜔𝑝𝑢𝑚𝑝(𝑜), where idler, signal, and pump have wavelengths of

11, 4.0 and 2.9 µm, respectively. The ZGP crystal (from MolTech GmbH) has a cut

angle of 𝜃=50∘, 𝜙=0∘ and dimensions of 10 × 10 × 0.75 mm3. For 0.75-mm thick ZGP

crystal, the GVM is 12.5 fs between pump and signal, 155 fs between pump and idler.

The simulated pulse duration of idler is 159 fs. The spatial walk-off angle is 12 mrad

between pump and signal and between pump and idler. The pump and signal pulses are

combined at a PBS and collinearly focused onto the ZGP crystal, with pulse energies

of 8.3 nJ and 4.6 nJ, respectively. Independently adjusting the telescope in the pump

arm and the collimating lens after InF3 fiber in the signal arm was performed to ensure

identical focal spot sizes for pump and signal on the ZGP crystal. The focal spot size

was ∼50 µm, and their near-field and far-field overlaps were verified by a mid-IR beam

profiler (WinCamD-IR-BB, Dataray). The temporal overlap of the two arms was set

by manually adjusting the delay line. Calculated intensity for the ∼100 fs pulses with
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Figure 2.3: Simulation of the pulse propagation in the laser system in the time
(left column) and spectral domain (right column). Top row: InF3
fiber output. Reprinted with permission from [126] © The Optical
Society.
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the total combined pump and signal energy of ∼14 nJ focused into this 50 µm spot is

∼7 GW/cm2, which is much smaller than the reported >150 GW/cm2 damage threshold

for 130 fs pulses at 1.3 µm [105].

The LWIR pulse train was first detected by a mercury-cadmium-telluride detector

(PVI-4TE-10.6, Vigo) after a 7.3 µm long-pass filter (7.30ILP-25, Andover Corporation).

The polar and azimuthal angles of the ZGP crystal were adjusted to maximize the LWIR

pulse energy. A maximum average power of 1.25 mW was measured for LWIR pulses

centered at 11 µm using a thermopile power meter (Newport), corresponding to 26 pJ of

pulse energy. The conversion efficiency with respect to the DFG pump pulse is 0.3%. The

LWIR idler spectrum was characterized by a homemade single-shot ZnSe prism-based

spectrometer with a pyroelectric line array sensor (Pyreos Ltd.). The spectrometer was

calibrated using ammonia absorption features [151] and determined to have a resolution

of ∼100 nm in the LWIR region. The output spectrum is shown in Figure 2.4 and is

centered at 11 µm, with ∼1.3 µm FWHM spectral bandwidth. The spectrum supports

the generation of three-cycle transform-limited LWIR pulses if compressed with flat

spectral phase.

To demonstrate the wavelength tunability of our system towards the shorter wave-

length portion of the 8–12 µm LWIR atmospheric transmission window, the experiment

of mixing the weak satellite pump pulses (centered at ∼2.8 µm, Figure 2.2(a)) with sig-

nal pulses at ∼4 µm (Figure 2.2(b), bottom panel) in a ZGP crystal (from Dien Tech)

was also conducted. The generated LWIR pulses are centered at 9.7 µm, with ∼1.3 µm

FWHM spectral bandwidth and up to 0.4-mW average power (Figure 2.4). Simulations

of type-I DFG were performed to further study the wavelength tunability in the 8–12 µm

LWIR region, including the two phase-matching conditions in the experiments discussed

above. In the DFG process, the pulses propagate through the ZGP crystal and undergo

39



7 8 9 10 11 12 13 14
0.0

0.2

0.4

0.6

0.8

1.0

 

 

In
te

ns
ity

 [a
.u

.]

Wavelength [µm]

 Experiment
 Simulation

Figure 2.4: Experimental (solid black) and simulated (dashed red) LWIR spectra.
Left: DFG pumped with weak ∼2.8 µm satellite pulses; right: DFG
pumped with energetic ∼2.9 µm main pulses. Inset: near-field LWIR
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simultaneous linear absorption [86], dispersion, and amplification. These processes were

modeled using coupled three-wave mixing equations which were solved with the stan-

dard split-step Fourier method [125]. Simulated LWIR spectra (dashed red) are shown

in Figure 2.4 and agree well with the results of our experiment (Figure 2.4, solid black).

Our simulated results (not shown in this work) demonstrate the LWIR pulse generation

covering the entire 8–12 µm region by mixing ∼2.9 µm pump pulses and wavelength-

tunable SSFS signal pulses in the ZGP crystal and is only limited by the ZGP linear

absorption above ∼12 µm.

The near-field LWIR beam profile was characterized by the same beam profiler men-

tioned above, and shown in Figure 2.4 inset. The measured near-Gaussian beam pro-

file illustrates the beam-quality advantage of using in-fiber generated pump and signal

pulses. The observed LWIR beam profile and its position appeared to be stable.

2.3 Conclusion and Discussions

In summary, to the best of our knowledge, the first milliwatt broadband LWIR source

driven by a femtosecond mid-IR fluoride fiber laser was demonstrated. LWIR pulses

centered at 11 µm with an average power of 1.25 mW were generated in a ZGP crys-

tal. The generated LWIR spectrum has an FWHM bandwidth of ∼1.3 µm, compatible

with three-cycle transform-limited pulses. The LWIR output beam has a near-Gaussian

profile.

Fluoride fiber-based soliton amplifiers and wavelength shifters operating in mid-IR

offer much higher energies than are achievable in NIR, and thus have the potential of

much higher LWIR powers and conversion efficiencies. The conversion efficiency in the

reported experiment was limited by the timing instability between the ∼4 µm signal
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and the ∼2.9 µm pump pulses due to the long length of the InF3 fiber. Our analysis

indicates that this instability could be sufficiently reduced by (i) increasing energies

into the SSFS fiber, and thus shortening the required fiber length, leading to reduced

timing instability [152], and (ii) using active feedback for controlling the free-space delay

to actively compensate this timing instability [84]. With these improvements, nJ-level

LWIR ultrashort pulses with tens of milliwatt average power should be expected.
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Chapter 3

Generation of Ultra-broadband

Long-wave Infrared Pulses Assisted

by Genetic Algorithm Optimization

3.1 Introduction

The generation of bright coherent radiation in the LWIR region is of vital interest

for fundamental science and diverse applications, for instance HHG [38], Laser Wake-

field Acceleration (LWFA) [8], and mega-filament generation in the atmosphere [62].

This Chapter is based on the previously published articles:
H. Huang, X. Xiao, M. Burger, J. Nees, and I. Jovanovic, “Ultra-broadband long-wave-infrared

pulse production using a chirped-pulse difference-frequency generation,” Optics Letters, vol. 47, no.
13, pp. 3159–3162, 2022. [49]

H. Huang, X. Xiao, J. Nees, and I. Jovanovic, “Broadband long-wave infrared pulse genera-
tion using chirped-pulse difference-frequency mixing,” in CLEO: Science and Innovations, Optica
Publishing Group, 2022, STh4E–4. [153]

H. Huang, X. Xiao, J. Nees, and I. Jovanovic, “Genetic algorithm optimization for ultra-
broadband long-wave infrared seed pulse generation,” in 2021 Conference on Lasers and Electro-
Optics (CLEO), IEEE, 2021, pp. 1–2. [154]
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Terawatt-class LWIR pulses have been produced from CO2 lasers by direct amplifica-

tion [68] or using CPA [69]. However, the amplification bandwidth of CO2 limits the

LWIR pulses to picosecond duration, on the order of tens of optical cycles. A CO2

system also confronts other considerable constraints such as low repetition rate and

large footprint. To circumvent these constraints, several approaches have been devel-

oped, including the use of high-pressure mixed-isotope amplifiers [69], optical pump-

ing by Fe:ZnSe laser [70], [71] and nonlinear pulse compression [72], [73]. Solid-state

OPCPA [30], [77] has been drawing significant attention as an alternative method with

the potential to produce high peak and average power LWIR pulses due to its broad

bandwidth and wavelength agility.

Although not yet demonstrated at a center wavelength of 10 µm, OPCPA develop-

ment displays a trend towards few-cycle pulse generation in the LWIR regime. In recent

years, OPCPAs operating near 4 µm [155], [156], 5 µm [157]–[159], 7 µm [160], [161], and

9 µm [162] have been demonstrated. This trend highlights the potential for broadband

LWIR, CEP-stable, solid-state counterparts to the TW-class CO2 lasers to be demon-

strated in the near future. To seed such OPCPA systems, a broadband seed source at

a center wavelength of 10 µm is needed.

DFG in non-oxide nonlinear crystals employing control over input pulse spectral am-

plitude and phase is a promising candidate technique for production of broadband seed

that supports few-cycle pulse generation in the LWIR range. Table 3.1 summarizes

the generation of LWIR pulses driven by Ti:sapphire laser using different configura-

tions. Several DFG approaches based on AGS and GaSe have been presented in the

past [164], [169], [171], [173]. However, to circumvent TPA in these crystals, most ap-

proaches adopted two-stage schemes, in which the output from the Ti:sapphire CPA

was first downconverted to the NIR and then followed by DFG. In addition to reduced
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Table 3.1: Summary of LWIR pulses generation pumped by Ti:sapphire laser.
NLCs: nonlinear crystals. AGS: AgGaS2. AGSe: AgGaSe2. Osc:
oscillator. Regen: regenerative amplifier.

NLCs-type, 𝜃𝑐𝑢𝑡 L (mm) 𝜆0 (µm) Δ𝜆 (µm) Scheme Ref.
AGS, 44° 1 9 n/a Single-cavity, double-slit Osc [163]

AGS-I, 40° 2 9.5 1.5 OPG/OPA (LBO/BBO) [164]
AGS, 47° 5 9.7 n/a 2 synchronized Osc [165]

AGSe-II, 66° 2 11.2 1 OPO(KTP) [166]
AGS 20 11 n/a AOPDF-tuned Osc [167]
GaSe 1 10 2.5 OPG/OPA (Sapphire/BBO) [168]

AGS-I, 40.5° 0.3 10 1 OPG (BBO) [169]
AGS-II 1 9.7 0.32 Double-cavity Osc [107]
AGS-II 1 9.85 0.28 Double-cavity Osc [170]
AGS-II 1 11 n/a Etalon-tuned Regen [171]

AGS-I, 45° 1 11 2 Spectral filtering [172]

conversion efficiency and greater complexity, the CEP was also random in schemes that

employ optical parametric generation [174]. Broadband LWIR pulses were generated

via noncollinear phase-matching [172], but the angular dispersion has to be carefully

compensated for seeding OPCPA [175].

In this work, a compact single-stage approach for generating LWIR seed by DFG of

two-color chirped Ti:sapphire CPA output with a collinear geometry was demonstrated,

which is referred to as Chirped-pulse Difference-frequency Generation (CP-DFG). Com-

pared to conventional DFG, CP-DFG offers several potential advantages such as reduced

TPA, higher efficiency, and increased phase-matching bandwidth [176]. Indirect manip-

ulation of the chirp of LWIR pulses can also be realized through tuning the chirp of

Ti:sapphire CPA output, which can facilitate the recently developed Double-chirped

Optical Parametric Amplification (DC-OPA) scheme [177], [178] in the LWIR region.

The CP-DFG operates by mixing spectral components that originate from the same

pulse. Consequently, the shortest wavelength that can be generated is determined by
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the frequency separation between the extrema of its spectrum. In many Ti:sapphire

CPA systems, the gain-narrowing effect limits the amplified bandwidth to ∼40 nm,

which is too narrow for LWIR pulse generation in the 8–12 µm atmospheric transmission

region. Therefore, to achieve broader amplified bandwidth, spectral shaping is necessary

to overcome gain narrowing. In this work, a nitrocellulose pellicle was placed inside

the Ti:sapphire regenerative amplifier to introduce a loss near the peak of the gain

profile. The amplified spectrum has two peaks with a separation of ∼60 nm. Unlike the

spectral shaping techniques based on adjustable air-spaced etalon [179], a single-pellicle

configuration is not alignment-critical and can easily be implemented in Ti:sapphire

regenerative amplifiers with minimal introduction of material dispersion.

The chirp and interpulse delay of two-color pulses mixed in the nonlinear crystal also

affects the bandwidth of the generated LWIR pulse. To obtain even broader bandwidths,

tailoring of the chirp is crucial. However, the number and range of parameters that play

a role in the CP-DFG process makes it time-consuming to search for their optimum

combination for bandwidth control. Under our simulation conditions, for instance, the

parameter space has at least 1040 distinct points. As a result, the implementation of an

algorithm to traverse the parameter space in an efficient manner is favored. Evolutionary

algorithms and, in particular, the GA, represent an efficient optimization strategy. GA

is inspired by mechanisms of biological evolution and has been used in many prior

studies, such as those involving nonlinear pulse propagation [180] and self-starting mode

locking [181].
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Figure 3.1: (a) Experimental setup for LWIR seed generation via CP-DFG. TFP:
thin-film polarizer; λ/2: half-wave plate. (b) Output spectrum of the
Ti:sapphire CPA system modified by pellicle inserted into the regen-
erative amplifier. Reprinted with permission from [49] © The Optical
Society.
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3.2 Experimental Setup

The laser used in this work is a custom-built Ti:sapphire CPA system that delivers >22-

mJ, ∼40-fs pulses at 480 Hz. The nitrocellulose pellicle with a thickness of 2 µm was

placed into the regenerative amplifier with ∼45∘ angle of incidence. The compressed

pulses were resized to a 5-mm diameter by a 5× Galilean reflective telescope.

The experimental setup is illustrated in Figure 3.1a. Briefly, the two-color Ti:sapphire

output passes through a half-wave plate and is separated by a Thin-film Polarizer (TFP).

The ratio of energy in the upper (pump) to lower (signal) arm can be adjusted by rotating

the half-wave plate. The translation stage in one arm is used to adjust the delay between

pump and signal, which are then combined at another TFP and passed through the AGS

crystal to generate idler at their difference frequency. The compact design allows the

CP-DFG setup to be accommodated within a 1 × 1 ft2 area.

A type-II AGS crystal with a cut angle of 𝜃=45.4∘, 𝜙=0∘ and dimensions of 5 × 5 ×
0.4 mm3 was used to strike a balance between the LWIR bandwidth and conversion

efficiency. Further increase of spectral bandwidth is realized by the use of chirped-pulse

mixing. An Acousto-optic Programmable Dispersive Filter (AOPDF) (Fastlite Dazzler)

was applied after the Ti:sapphire oscillator to shape the spectral phase of both the pump

and signal pulses for this purpose.

The LWIR idler spectrum was characterized by a homemade single-shot ZnSe prism-

based spectrometer with a pyroelectric line array sensor (Pyreos Ltd.). The spectrom-

eter was calibrated using ammonia absorption features [151] and determined to have a

resolution of ∼100 nm in the 8–12 µm LWIR region.
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Figure 3.2: Wavelength tunability of the Ti:sapphire CPA system accessible by
adjusting the pellicle inserted into the regenerative amplifier.
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3.3 Results and Discussion

A typical spectrum of pump and signal pulse centered at 765 nm and 826 nm is shown

in Figure 3.1b. The full tunable range accessible by adjusting the azimuthal angle of

the pellicle is shown in Figure 3.2. The separations between the central wavelengths of

the pump and signal correspond to idler wavelengths of 9.7–10.8 µm. The type-II DFG

process used is 𝜔𝑖𝑑𝑙𝑒𝑟(𝑒) + 𝜔𝑠𝑖𝑔𝑛𝑎𝑙(𝑜) = 𝜔𝑝𝑢𝑚𝑝(𝑒), where idler, signal, and pump have

wavelengths of 10.4, 0.826 and 0.765 µm, respectively.

To find the optimized thickness of AGS crystal, a simulation of DFG with various

crystal thicknesses was performed. In the DFG process, the pulses propagate through

AGS crystal and undergo simultaneous linear absorption [169], TPA [107], dispersion,

and amplification. These processes were modeled using coupled three-wave mixing equa-

tions [182] and solved with the standard split-step Fourier method [125]. Transform-

limited pump and signal with the spectrum shown in Figure 3.1b are used in the simu-

lation. The interpulse delay is set to zero. LWIR spectra generated from several crystal

thicknesses are shown in Figure 3.3a. The broadest bandwidth is achieved in the shortest

crystal at a cost of low conversion efficiency. After ∼0.4 mm, back conversion starts to

take effect, which narrows the spectrum. 0.4 mm was chosen to be the optimum crystal

length on the basis of the combination of its conversion efficiency and bandwidth. The

generated idler spectrum (∼1-µm FWHM) is shown in Figure 3.3b (solid black) and

agrees well with the result of simulation (Figure 3.3b, dashed red). The measured pulse

energy was ∼100 nJ, giving a conversion efficiency of 0.05%.

To further broaden the LWIR spectrum using GA, nine different parameters were se-

lected as genes, including up to fourth-order spectral phase of pump and signal pulses,

the ratio between pump and signal pulse energy, interpulse delay, and crystal orien-
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Figure 3.3: (a) Simulated LWIR spectra generated from different thicknesses of
AGS crystals. The simulation parameters are provided in the text.
(b) Spectra of generated LWIR pulses by mixing transform-limited
input pulses: solid black – experiment; dashed red – simulation.
Reprinted with permission from [49] © The Optical Society.
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tation angle 𝜃. Figure 3.4a shows the evolution of the spectral bandwidth of the five

broadest LWIR seed pulses simulated in each generation. The algorithm converges after

∼20 generations. With optimized parameters, the generated LWIR spectrum is shown

in Figure 3.4b (solid black). The pulse energy in this case is ∼110 nJ, giving a conver-

sion efficiency of ∼0.07%. By adjusting the interpulse delay and the input chirp, the

bandwidth of LWIR pulses was broadened by a factor of three. If compressed with flat

spectral phase, such a broad spectrum supports two-cycle (∼73 fs) pulses at a center

wavelength of 10.5 µm.

The GA predicted phases are 2630 fs2, −140 fs3, and 7020 fs4 for pump; and 720 fs2,

33540 fs3, and 87060 fs4 for signal. The other optimized parameters are 1.1 for pump-

to-signal pulse energy ratio, −90 fs for interpulse delay, and 45.8∘ for crystal orientation

angle 𝜃. Figure 3.5 illustrates the calculated conversion efficiency for the DFG process

of mixing different pump and signal wavelengths and normalizing to the two central

wavelengths. A pattern with a positive slope was observed, which indicates that mixing

the same portion of pump and signal spectra is more efficient. That is to say, mixing the

shorter wavelength portion of the pump and signal spectra and the longer wavelength

portion of the pump and signal spectra is more efficient than mixing the opposite parts

of the spectra. Furthermore, the Group Delay Dispersion (GDD) of pump and signal

in 0.4-mm AGS crystal are 415 fs2 and 333 fs2, respectively. Therefore, a positive chirp

is preferred to broaden the idler spectrum since it also mitigates the GVM. A previous

study demonstrated the narrowing of idler bandwidth by equally chirping pump and

signal pulses [158]. In contrast, the different chirps predicted by GA would notably

broaden the LWIR spectrum. In summary, the larger positive chirp of the pump and

smaller positive chirp of the signal accompanied by the optimized interpulse delay com-

pensate for the GVM and improve the conversion efficiency in the DFG process, thus
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Figure 3.4: (a) Evolution of the spectral bandwidth of the five broadest LWIR
seeds. (b) – (d) Experimental (solid black) and simulated (dashed
red) results of LWIR seed spectrum generated with the same GA-
optimized phase and other parameters listed in the text but different
delays between pump and signal. (b) −90 fs. (c) −30 fs. (d) +50 fs.
(e), (f) Experimental (solid black) and simulated (dashed red) results
of LWIR seed spectrum generated with different chirps and zero in-
terpulse delay. (e) Pump: +2000 fs2, signal: 0 fs2. (f) Pump: 0 fs2,
signal: −2000 fs2. Reprinted with permission from [49] © The Optical
Society.
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broadening the LWIR spectrum.
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Figure 3.5: Conversion efficiency of the DFG process with respect to the mixing
of the two central wavelengths. Adapted with permission from [49]
© The Optical Society.

Compared to the experimental result (Figure 3.4b, solid black), the simulated spec-

trum (Figure 3.4b, dashed red) has a broader bandwidth spanning from 8 to 13.5 µm.

To study the reason for the discrepancy and validate our DFG model, four additional

experiments with different interpulse delays or chirps were performed. The results are

shown in Figure 3.4c – 3.4f. These four experimental results agree better with the

simulation with a slight discrepancy in the longer wavelength part of the spectrum.

The discrepancy occurs in the region longer than 11.5 µm, which may originate from

the absorption of AGS crystal. In our simulation, the transmission data of AGS was

adopted from Reference [169] with a cutoff wavelength at ∼13 µm. However, shorter
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cutoff wavelength has also been reported [183].

3.4 Conclusion

In conclusion, a simple single-stage scheme for broadband generation of LWIR pulses

that could serve as a low-energy seed source for OPCPA was demonstrated. A 2-µm

nitrocellulose pellicle was used in the regenerative amplifier of Ti:sapphire CPA system

to modify its gain profile. Amplified two-color spectrum centered at 765 nm and 826 nm

was spatially and temporally overlapped on a 0.4-mm AGS crystal. LWIR pulses with

a ∼1-µm FWHM bandwidth were produced with transform-limited input pulses. By

optimizing the chirp and delay of the two-color NIR pulses using GA, LWIR pulses

with an FWHM bandwidth of ∼3 µm were generated, supporting the production of

two-cycle transform-limited pulses that span the majority of the 8–12 µm atmospheric

transmission window. The CEP of broadband LWIR pulses is expected to be passively

stabilized due to the shared origin of amplified two-color pulses used in DFG [184].

Future work would be beneficial to employ the GA in situ with real-time fitness

feedback from diagnostics, for instance, spectral bandwidth measured by a spectrometer.

However, in such a scheme, more constraints are needed to avoid potential damage in

the Ti:sapphire CPA system that can occur due to inadvertent bandwidth narrowing.

In this work, the objective was solely to broaden the LWIR bandwidth for seeding an

LWIR OPCPA. In the cases where the conversion efficiency holds a greater importance

for the application, the GA may be used to strike a more favorable balance between the

LWIR bandwidth and conversion efficiency.
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Chapter 4

Optimization of Laser Beam

Pointing Stability Using Active

Method

4.1 Introduction

As high-power laser systems continue to advance in capabilities, the explorations of

the research fields enabled by this technology have extensively expanded [185]–[190].

Tightly-focused high-peak-power laser pulses with intensity exceeding 1018 W/cm2 open

new horizons in the relativistic optics regime. For many applications, the preferred

extreme intensity greater than 1022 W/cm2 [191], [192] or even 1023 W/cm2 [193] is

only obtainable within micrometer-sized focal spot. Therefore, taking full advantage of

these lasers’ high peak power and high intensity requires precise control of the laser beam

pointing. The flagship experiment proposed for the ZEUS aims to collide a wakefield-

This Chapter presents research separate from the previous Chapters.
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accelerated electron beam with a focused ultrashort laser pulse [25]. The diameter of

the electron beam at the interaction point from this experiment should be less than

100 µm. The position deviation of the focused laser pulses must be within the electron

beam diameter such that the interaction between them can be realized. This requires

both the wakefield-driver laser and the laser interacting with the electron beam to have

minimal pointing instability (a few µrad). The quantum electrodynamics regime can

be explored through such experiments producing electron-positron pairs through the

collision of high energy electrons and photons [194]. A proof-of-principle active beam-

pointing stabilization system in ZEUS is presented. The system will also facilitate LWFA

experiments, which were devised nearly four decades ago [7], providing an attractive

scheme for compact particle acceleration. The production of relativistic electron beams

with a narrow energy spread has been demonstrated by LWFA [187], [188].

The efforts made towards active control of beam-pointing in a high-power laser system

can be classified into three categories: experimental results of compensating short (and

long) term beam-pointing fluctuations [195]–[200], experimental results of compensat-

ing long term only beam-pointing fluctuations [201]–[205], and control algorithms and

simulated results [206]–[208]. Table. 4.1 summarizes these results along with the system

presented in this work.

High-speed (higher than the repetition rate of the final laser amplifier, if necessary)

data collection and processing are essential to compensate for short-term (shot-to-shot)

fluctuations. Sub-terawatt lasers operating at kHz repetition rate benefit from the

compensation for beam-pointing instability by collecting, processing, and controlling

at the laser amplifier’s repetition rate [197]. However, higher power laser systems of

interest in this work operate at much lower repetition rates ranging from 1 shot per

minute (1/60 Hz) to 10 Hz [195], [196]. To circumvent inadequate data collection rates
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necessary for control, the beam-pointing stabilization is performed by analyzing the

pointing of pulses from the regenerative amplifier or oscillator pulse train before the

final amplifier [195], [196]. It has been demonstrated that the pointing of the higher-

repetition-rate regenerative amplifier beam has a strong correlation with respect to

that of the lower-repetition-rate beam from the final amplifier and is thus suitable for

compensating the pointing of the laser [195].

In various applications that do not require high-speed (shot-to-shot) stabilization,

compensation for long-term pointing instabilities is of more interest than that for short-

term variations. For example, an actively controlled laser pointing system [201] de-

veloped at Oak Ridge National Laboratory (ORNL) operates at 10 Hz and provides

stabilization after 65-m of transport to convert a H- beam into protons with 99% ef-

ficiency. Using two close-loop piezo-actuated mirrors, the standard deviation of the

corresponding beam-pointing was reduced by ∼ 2×. Similarly, the Spallation Neutron

Source at ORNL relies on active beam-position stabilization to improve ion beam pro-

file diagnostic over a long distance (225 m) through correction of a multi-MW laser

operating at 30 Hz [203]. An active stabilization system was implemented to mitigate

long-term pointing instability induced by thermal drift in a high-power KrF laser [202].

Thermal drift is also identified as a main source that deteriorates the long-term stability

of our system and will be discussed in this work.

Advanced computational methods that employ neural networks or machine learning

offer effective solutions to problems encountered in active beam-pointing controls [206]–

[208]. By performing time-series analysis and computer simulations on experimentally

measured data sets using low-pass filters and neural networks, researchers at the Uni-

versity of Texas explored the maximum possible reductions in pointing instability of the

laser, which drives LWFA experiments at 20 Hz. The feedforward algorithm reduces
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the standard deviation of beam-pointing from 0.7 µrad to 0.3 µrad [206]. An additional

challenge in the modeling and controlling of the piezo-actuated mirrors is hysteresis.

To address hysteresis in piezo-actuated mirrors, a feedforward model learning algorithm

based on least squares support vector machines has been developed. By compensating

for nonlinearities during the controlling of the mirrors, this work offered regulation on

four degrees of freedom of the beam and aided the development of an active pointing

control system with two piezo-actuated mirrors [208]. A recurrent neural network has

been developed to classify different types of disturbances that lead to beam-pointing

instability, such as airflow, mechanical vibrations, and elastic deformation, in real-time

and compensates for the given disturbance in the most effective manner [207].

In this work, a proof-of-principle study of active controlling a 16-inch mirror assembly

by sampling a Continuous-wave (CW) laser diode output at 100 Hz was presented, which

effectively resembles the regenerative amplifier operating at the same repetition rate.

Actuating such a large optic is critical due to the necessity for independent control of

the 12-inch beam-pointing after the final amplifier for the colliding experiment discussed

above. A simple Field-programmable Gate Array (FPGA)-based proportional feedback

control was implemented and reductions of the standard deviation of beam-pointing

were observed in the horizontal and vertical directions by 91% and 78%, respectively.

This study lays the groundwork for novel experiments requiring precise laser beam-

pointing control. The principles of this study can be easily adopted by other facilities

to improve beam-pointing stability. To the best of our knowledge, this work features

the largest actively controlled optic used in a high-power laser system. Note that the

next largest actively controlled mirror was only 4 inches in diameter [196]. As high-

power laser systems continue to advance, this work will be meaningful to researchers

interested in the frequency response and active control of large optics used in high-power
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laser systems.

Table 4.1: Comparison of relevant parameters for actively controlled high-power
laser systems. Corr.: correction. RR: repetition rate. M1: mirror 1.
M2: mirror 2. H: horizontal direction. V: vertical direction.

Ref. Peak
Power

Diameter
of Beam
on Piezo
Mirror
(mm)

Size of
Piezo
Mirror
(inch)

Corr.
RR

Deviation
Before
Corr.
(µrad)

Deviation
After
Corr.
(µrad)

ZEUS
(this work)

3 PW
@ 1/60 Hz 305 16 100 Hz 0.83 (H)

1.14 (V)
0.075 (H)
0.25 (V)

Lund Laser
Center [196]

40 TW
@ 10 Hz

M1: n/a
M2: 50

M1: 1
M2: 4 80 MHz 3.7 2.6

BELLA [195] ∼70 TW
@ 1 Hz 81 n/a 1 kHz 170 (H)

220 (V)
10 (H)
26 (V)

Tokai Uni-
versity [197]

0.2 TW
@ 1 kHz n/a 2 1 kHz 30 µm (H)

42 µm (V)
1.0 µm (H)
1.1 µm (V)

ORNL [201] 2 MW
@ 10 Hz n/a M1: 2

M2: 2 10 Hz 758 (H)
535 (V)

247 (H)
299 (V)

University of
Szeged [202]

100 GW
@ 1 Hz 35 n/a 1 Hz 19 14

SGII-UP-
Petawatt [198]

500 TW
@ n/a n/a 1 1 kHz 2.8 0.63

ORNL [203] 214 MW
@ 30 Hz ∼25.4 2 30 Hz 200 4.2

JAERI-
APRC [204]

10 TW
@ 10 Hz 50 n/a 2 Hz 70 (H)

20 (V)
10 (H)
10 (V)

4.2 Experimental Setup

The mirrors presented in this work have a diameter of 16 inches and a thickness of 2

inches. They have a broadband high-reflective coating on their front surfaces with a

designed incident angle of 22.5°. Up to 120-J, 1-ns amplified pulses would be reflected

into the 3-PW compressor by the 16-inch mirrors. A total of two 16-inch mirror as-

60



Figure 4.1: Experimental setup. Up: Computer-aided design (CAD) model of the
16-inch mirror assembly. Down: Schematic of the proof-of-principle
experiment using a laser diode and position sensing detector.
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semblies were constructed in order to redirect the beam by 90°. The original design

of the 16-inch assembly was based on an off-the-shelf rotation stage and tilt platform.

It also consists of a customized stainless steel V-block, reinforcing block, and strap to

rigidly mount the optics, as shown in Figure 4.1. The total assembly weighs ∼50 kg.

A replica with piezo-actuators was also constructed to demonstrate active control of

beam pointing. Figure 4.1 inset shows an enlarged view of the piezo-actuated 16-inch

mirror assembly. The two piezo-actuators were carefully aligned and centered with the

micrometers to avoid excessive tensile stresses that lead to their failure. The positions

of the piezo-actuators were then fixed with high-temperature epoxy.

To study the effects of the ambient environment on the beam-pointing stability, ap-

paratuses to characterize vibration and temperature were also employed. Two three-

dimensional seismic accelerometers simultaneously measured the vibration on the floor

and the optical table. The accelerometer has a resolution of 0.05 mg with a frequency

range (±5%) covering 0.5 to 3000 Hz. A temperature logger with 0.024°C resolution

was placed on the optical table adjacent to the 16-inch mirror assembly to record the

temperature every minute.

While waiting for the Ti:sapphire laser beam delivery, a proof-of-principle study of

active beam-pointing control using a CW laser diode at 808 nm was performed. By

sampling the CW beam only at 100 Hz, the operation of the active control system with

the Ti:sapphire regenerative amplifier outputs at 100 Hz can be effectively simulated.

The single-mode, polarization-maintained CW fiber output was first collimated to a 3-

inch diameter beam. The collimation and beam profile were examined with a wavefront

sensor. The collimated 3-inch beam was then incident on the top portion of the 16-inch

mirror assembly at 22.5°, and the reflected beam was focused with a lens with a 5.5-m

focal length. A two-dimensional, lateral effect position sensing detector was placed at
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focus to measure the position of the beam’s centroid. The detector has a bandwidth

of 15 kHz and is capable of resolving 0.75-µm displacement. The laser diode, focusing

lens, and position sensing detector was rigidly mounted on the chain of optical tables

hosting the ZEUS laser system. The beam-pointing instability induced by these three

elements is negligible compared to that induced by the 16-inch mirror.

A simple proportional feedback loop was realized in the onboard FPGA of a real-time

embedded controller (CompactRio, National Instruments), which acquires the position

sensing detector outputs as the feedback loop’s inputs and produces the corrected voltage

to drive the piezo-actuator. The voltage outputs generated from the position sensing

detector were digitized by a 24-bit Delta-Sigma Analog-to-digital Converter (ADC),

and the corrected voltages calculated by the FPGA were transmitted to a 16-bit string

Digital-to-analog Converter (DAC). The piezo controller amplifies the corrected voltages

15 times and then directly applies the amplified voltage to the piezo-actuators.

4.3 Results and Discussion
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Figure 4.2: Vibration baseline measured on the floor near 3-PW compressor in the
ZEUS facility. PSD: power spectral density. (a) Horizontal direction
perpendicular to main laser chain. (b) Horizontal direction parallel to
main laser chain. (c) Vertical direction.

The ambient vibration on the floor and optical table with the beam-pointing stability
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Figure 4.3: Vibration baseline measured on the optical table of the main laser
chain in the ZEUS facility. PSD: power spectral density. (a) Horizontal
direction perpendicular to main laser chain. (b) Horizontal direction
parallel to main laser chain. (c) Vertical direction.
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Figure 4.4: Short-term characterization of the original 16-inch mirror assembly.
PSD: power spectral density. (a) Power spectral density of horizontal
angular deviation. (b) Power spectral density of vertical angular devi-
ation. (c) Comparison of the standard deviation of horizontal (black)
and vertical (red) angular fluctuations, with only frequencies higher
than the cutoff frequency contributing to the standard deviation.
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measurement were simultaneously characterized using three-dimension accelerometers.

The Power Spectral Density (PSD) of the measured time series is shown in Figure 4.2

and 4.3. The PSD 𝑆(𝑓) of a discrete time-series 𝑥𝑛 is defined as:

𝑆(𝑓) = Δ𝑡
𝑁 ∣

𝑁−1
∑
𝑛=0

𝑥𝑛 exp (−i2𝜋𝑓𝑛Δ𝑡)∣
2

, (4.1)

where Δ𝑡 is the sampling interval, 𝑁 is the total number of samples. The baseline of the

ambient vibration on the floor is determined to be 1×10-12 g2/Hz, which is around two

orders of magnitude larger than that reported in the ELI-Beamlines [209]. The maxi-

mum value also exceeds the 1×10-10 g2/Hz limit specified by National Ignition Facility

(NIF) [210]. The standard deviations of the ambient vibration on the floor in the x, y,

and z directions are 0.241 mg, 0.165 mg, and 0.210 mg, respectively. Whereas the values

are increased to 0.277 mg, 0.183 mg, and 0.302 mg on the optical table. As shown in

Figure 4.3, in the horizontal directions x (perpendicular to the main laser chain) and

y (parallel to the main laser chain), frequencies below 2 Hz, at 9 Hz and 60 Hz domi-

nants the PSD below 100 Hz. Attention was aimed at frequency components lower than

100 Hz due to the 1/𝑓2 scaling law for displacement regarding the frequency. Other

laser facilities have also identified a cutoff frequency lower than 100 Hz (See, for exam-

ple, Reference [195], [198]). The 30 Hz component in the y-direction also contributes

significantly. In the z-direction (vertical to the table surface), a broader frequencies

range between 14 and 83 Hz has a significant contribution in addition to the frequencies

below 2 Hz. The above-mentioned considerable ambient vibration demonstrates the

necessity for a system to actively compensate for the beam-pointing instability induced

by ambient vibration.

The use of a CW laser in this proof-of-principle study provides us with a more com-
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prehensive picture of beam-pointing instability induced by the 16-inch mirror in the

frequency domain. In Figure 4.4(a) and (b), the PSD of the angular deviation sampled

at 10 kHz were shown in the horizontal and vertical direction, respectively. Frequencies

below 1 Hz dominate both the horizontal and vertical angular deviation. In addition,

33.5 Hz and 44.5 Hz components contribute significantly to the vertical angular de-

viation. The ∼10 Hz vibrational components on the optical table transferred to the

angular deviation in both directions were also observed. However, their effects are neg-

ligible compared to the frequency components mentioned above. Figure 4.4(c) clearly

illustrates the significance of each frequency component regarding their contribution to

the overall standard deviation of angular deviation. The standard deviations of angular

deviation at different cutoff frequencies are calculated by:

𝜎(𝑓𝑐𝑢𝑡𝑜𝑓𝑓) =
√√√√
⎷

𝑓𝑁𝑦𝑞𝑢𝑖𝑠𝑡

∑
𝑓𝑐𝑢𝑡𝑜𝑓𝑓

2𝑆(𝑓)Δ𝑓 , (4.2)

where 𝜎 is the standard deviation, 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 is the cutoff frequency, 𝑓𝑁𝑦𝑞𝑢𝑖𝑠𝑡 is the Nyquist

frequency, 𝑆(𝑓) is the PSD as defined in Equ. 4.1, and Δ𝑓 = 1/ (𝑁Δ𝑡) is the frequency

interval.

The cutoff frequencies of the original 16-inch mirror are determined to be 1 Hz and

50 Hz for the horizontal and vertical directions, respectively. The frequency compo-

nents below the cutoff frequencies contribute to 81% of the total horizontal deviation of

0.796 µrad and 89% of the total vertical deviation of 1.14 µrad.

Figure 4.5 shows the step response of the piezo-actuated 16-inch mirror characterized

by a 2.5-GHz oscilloscope. The square wave generated by a function generator was ampli-

fied by the piezo controller with a 20-µs rising edge and then drove the piezo-actuators.
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The piezo-actuated 16-inch mirror reached a steady state in the horizontal direction

within ∼150 ms. In the vertical direction, the mirror resonates for ∼700 ms with a

∼23 ms period, corresponding to the major peak at 44.5 Hz shown in Figure 4.4(b).

The 44.5 Hz resonance frequency limits the maximum frequency of beam-pointing in-

stability that could be compensated.

Figure 4.5: Step Response of the piezo-actuated 16-inch mirror in the horizontal
(black) and vertical (red) direction. Inset: enlarged view of the first
50 ms.

The results of active beam-pointing control with proportional feedback control are

shown in Figure 4.6. In Figure 4.6(a), the driving voltages were kept constant when no

control was implemented. The proportional feedback control was realized at 100 Hz by

sampling the position sensing detector and driving the piezo-actuators at such frequency,

which is the repetition rate of the regenerative amplifier of ZEUS. When active control

was implemented, the n-th sampled beam-pointing deviation was corrected by the (n-
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Figure 4.6: Short-term time series of the beam-pointing in the horizontal (black)
and vertical (red) direction. (a) Piezo-actuated 16-inch mirror without
active control. (b) Piezo-actuated 16-inch mirror with active control.
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Figure 4.7: Short-term characterization of the piezo-actuated 16-inch mirror as-
sembly. PSD: power spectral density. (a) Power spectral density
of horizontal angular deviation. (b) Power spectral density of verti-
cal angular deviation. (c) Comparison of the standard deviation of
horizontal (black) and vertical (red) angular fluctuations, with only
frequencies higher than the cutoff frequency contributing to the stan-
dard deviation.

1)-th sample 10 ms earlier. The feedback loop then acquired the deviation of the n-th

sample to generate corrected voltage for the (n+1)-th sample. Benefiting from the

FPGA architecture, the loop time was determined to be less than 50 µs without any

FPGA optimizations, much less than the sampling interval of 10 ms. The loop time

consists of 8.5 µs ADC input delay, 5.3 µs DAC update time, and 20 µs controller delay

during voltage amplification. The standard deviations of the horizontal and vertical

angular deviations are 0.798 µrad and 1.15 µrad when piezo-actuators are driven at a

constant voltage (no active control), consistent with the performance of the original

16-inch mirror. This indicates that incorporating the two piezo-actuators does not

deteriorate the mechanical properties of the original 16-mirror assembly design, and the

electrical noise of the ADC, DAC, and piezo controller is negligible. With proportional

feedback control, a 91% reduction to 0.0747 µrad in the horizontal direction and a

78% reduction to 0.254 µrad in the vertical direction were demonstrated, as shown in

Figure 4.6(b).

To further study the efficacy of the proportional feedback control, the PSD and cutoff
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Figure 4.8: Long-term (48 hours) stability characterization of two 16-inch mirror
assemblies in the horizontal (black) and vertical (red) direction. The
temperature fluctuation is plotted as the blue curve. (a) Original
16-inch mirror design. (b) Actively controlled piezo-actuated 16-inch
mirror assembly.
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frequency of the time series (Figure 4.6(b)) of the actively controlled 16-mirror were in-

vestigated. The results are shown in Figure 4.7. With the proportional feedback control,

Figure 4.7(a) illustrates three orders of magnitude depression across all frequencies in

the horizontal direction. Figure 4.7(b) illustrates three orders of magnitude depression

for lower frequencies and two orders of magnitude depression near its resonance fre-

quency in the vertical direction. Figure 4.7(c) further demonstrates the efficacy of the

active control method by comparing the cutoff frequency-dependent angular deviation

with and without proportional feedback control. In the vertical direction, compensating

all the frequency components up to the mirror’s resonance frequency at 44.5 Hz was

realized. All the frequency components lower than the Nyquist frequency were compen-

sated in the horizontal direction. It is believed that the small residual in the horizontal

direction was due to the convolution of the vertical direction since the laser incident the

mirror at 22.5°.

Managing long-term beam-pointing jitter induced by ambient environmental change

is also required for high-power laser systems since the beam-pointing jitter can signifi-

cantly deteriorate the experimental results after the initial alignment. As a result, the

beam-pointing jitter of the original 16-inch mirror over 48 hours (Figure 4.8(a)) was

first studied. The beam-pointing was sampled at 100 Hz; nonetheless, only one point

per second was shown for clarity in Figure 4.8. A considerable deviation in the vertical

direction up to 23 µrad and a 7.6 µrad change in the horizontal direction with only

0.6°C temperature variation was observed. It is believed that such deviation is due to

the differences between the thermal expansion coefficient of the different stainless steel

components, which is the material of both our customized and off-the-shelf components.

The original 16-inch mirror assembly experienced relaxation and re-equilibrium during

the temperature increment. The long-term beam-pointing jitter was completely elim-
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inated with the same proportional feedback control operating at 100 Hz, as shown in

Figure 4.8(b). With a larger temperature variation of 0.8°C and more random fluc-

tuation, the standard deviation of the horizontal and vertical beam-pointing jitter is

reduced to 0.085 µrad and 0.29 µrad, respectively. The long-term stabilization results

further demonstrate the robustness of our control method.

4.4 Conclusion and Outlook

In conclusion, to the best of our knowledge, an actively controlled mirror with a di-

ameter of 16 inches used in a high-power laser system was first demonstrated in a

proof-of-principle study. Actively controlling the beam-pointing with large optics is of

vital importance for a wide range of experiments facilitated with a high-power laser sys-

tem such as ZEUS. With two piezo-actuators and a simple FPGA-based proportional

feedback control, the short-term beam-pointing instability was reduced by up to an

order of magnitude. The long-term drift due to temperature variation was also elimi-

nated. Given the considerable baseline of ambient vibration in the ZEUS reported, our

approach manifests its effectiveness, although limited by the resonance frequency of the

construction.

Future work would be beneficial to fine-tune the resonance frequency of the 16-inch

mirror assembly to a frequency higher than the Nyquist frequency of the active con-

trol system, assisted by finite element analysis. With such a design modification, our

proportional feedback control could potentially compensate for beam-pointing instabil-

ities up to the Nyquist frequency, which is 50 Hz in the scheme described in this work.

Data-driven Recurrent Neural Network models such as Long Short-Term Memory and

Grated Recurrent Unit could also be employed to improve the efficacy of the feedback
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control [207]. However, a substantial amount of data from the actual laser shots must

be collected to train the model.
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Chapter 5

Summary and Future Work

5.1 Summary

To summarize, this dissertation has accomplished the theoretical and experimental study

of few-cycle, CEP-stabilized, ultra-intense LWIR pulses generation in the following three

aspects:

1. LWIR seed pulses were generated through DFG in the ZGP and AGS crystals. For

the first time, milliwatt-level LWIR seed pulses were produced by mixing 2.9-µm

Er:ZBLAN fiber amplifier/compressor outputs with their frequency-shifted repli-

cas in a ZGP crystal. LWIR pulses centered at 11 µm with an average power

of 1.25 mW were generated and have a near-Gaussian profile. The generated

LWIR spectrum has an FWHM bandwidth of ∼1.3 µm, compatible with three-cycle

transform-limited pulses. Wavelength tunability was demonstrated by adjusting

the input power of the InF3 fiber, thus changing the wavelength of the SSFS output

and that of the idler in DFG. Higher pulse energy (110 nJ) and ultra-broadband

spectral bandwidth (supporting two-cycle pulses production) were achieved at a
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lower repetition rate in an AGS crystal driven by two-color Ti:sapphire laser out-

put and assisted by GA optimization. A single-shot infrared spectroscopy study

on ammonia was performed with the LWIR seed source operating at 480 Hz.

2. Parametric amplification of LWIR seed pulses was realized through noncollinear

OPA in a 5-mm thick GaSe crystal, pumped by nanosecond 2.7-µm pulses at 10 Hz.

As a consequence of crystal properties related to LIDT and the beam-pointing

fluctuation, the attained parametric gain was limited to ∼ 2×. An autocorrelator

based on TPA in an InSb crystal was constructed to enable the characterization of

ultrashort pulse duration. A discussion of spectral phase retrieval via the Cross-

correlation Frequency-resolved Optical Gating (XFROG) technique was presented.

3. For the first time, an actively pointing-controlled mirror with a diameter of 16

inches used in a high-power laser system was demonstrated in a proof-of-principle

study. Using a proportional feedback loop and piezo-actuated mirror, the short-

term beam-pointing fluctuation induced by ambient vibration was significantly

reduced by 91% to 0.075 µrad in the horizontal direction and by 78% to 0.25 µrad

in the vertical direction. Long-term fluctuation due to temperature drift was also

eliminated.

5.2 Future Work

1. Conversion efficiency in the Er:ZBLAN fiber laser-driven LWIR seed source was

limited by the timing instability between the ∼4 µm signal and the ∼2.9 µm pump

pulses due to the long length of the InF3 fiber. Our analysis indicates that this

instability could be sufficiently reduced by (i) increasing energies into the SSFS
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fiber, and thus shortening the required fiber length, leading to reduced timing

instability [152], and (ii) using active feedback such as the modified version of active

beam-pointing control system developed in Chapter 4 for controlling the free-space

delay to actively compensate this timing instability [84]. With these improvements,

nJ-level LWIR ultrashort pulses with tens of milliwatt average power is expected.

2. The GA-assisted spectral bandwidth optimization would be more efficient and

effective by employing the GA in situ with real-time fitness feedback from diag-

nostics, for instance, spectral bandwidth measured by a spectrometer. However,

in such a scheme, more constraints are needed to avoid potential damage in the

Ti:sapphire CPA system that can occur due to inadvertent bandwidth narrowing.

3. A second mercury-cadmium-telluride detector could be added to the Autocorre-

lation (AC) setup for single-shot calibration in order to correct for input pulse

energy fluctuation. On the other hand, a significant amount of effort is necessary

to improve the shot-to-shot energy fluctuation of the pump laser.

4. The limited parametric gain achieved in the LWIR OPCPA induced by the prop-

erties of the GaSe crystal could be alleviated with multi-stage pumping and am-

plification [78] and pumping with shorter (picosecond [78] or sub-picosecond [211],

[212]) pulses generated from Er:ZBLAN fiber amplifier and nonlinear compressor,

in addition to the advances in crystal manufacturing. The active beam-pointing

control system depicted in Chapter 4 could be easily modified and implemented in

the LWIR OPCPA such that the spatial jitter between pump, LWIR seed and the

GaSe crystal could be minimized.

5. The resonance frequency of the 16-inch mirror assembly could be fine-tuned to
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a frequency higher than the Nyquist frequency of the active control system, as-

sisted by finite element analysis. With such design modification, our proportional

feedback control could potentially compensate for the beam-pointing instability

up to the Nyquist frequency, which is 50 Hz in the scheme described in this work.

Data-driven Recurrent Neural Network models such as Long Short-Term Memory

and Grated Recurrent Unit could also be employed to improve the efficacy of the

feedback control [207]. However, a substantial amount of data from the actual

laser shots must be collected to train the model.
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Appendix A

Application, Characterization, and

Parametric Amplification of

Long-wave Infrared Pulses

A.1 Molecular Spectroscopy with Long-wave

Infrared and Mid-infrared Pulses

Molecular spectroscopy has been a workhorse in the analytical chemistry field to identify

or quantify a species, which depends on the interactions between molecules and electro-

This Appendix is partially based on the previously published articles:
X. Xiao, J. Nees, H. Huang, and I. Jovanovic, “Nanosecond 2.73-µm parametric source for

pumping LWIR OPCPA,” in CLEO: QELS_Fundamental Science, Optical Society of America,
2021, JTu3A–109. [213]

I. Jovanovic, X. Xiao, and H. Huang, “Production of high-power ultrashort pulses in the long-
wave infrared range,” in 2020 IEEE Photonics Conference (IPC), IEEE, 2020, pp. 1–2. [214]

X. Xiao, J. Nees, H. Huang, A. Galvanauskas, and I. Jovanovic, “Optical parametric amplifi-
cation at 10.6 µm in GaSe pumped by a 2.75-µm parametric source,” in CLEO: Applications and
Technology, Optical Society of America, 2020, JTu2F–19. [215]
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magnetic radiation. LWIR and mid-IR sources are of particular interest in such a field

since they can access the molecular “fingerprint” region. Most spectroscopic systems

can be categorized into two types: scanning system and broadband system, employing

a wavelength-tunable narrow-band source and a broadband source, respectively.

Figure A.1: Schematic and spectra of sum-frequency generation vibrational spec-
troscopy. Reprinted with permission from [216]. Copyright 2021
American Chemical Society.

A commercial wavelength-tunable narrow-band infrared source (EKSPLA) was em-

ployed for Sum-frequency Generation (SFG) vibrational spectroscopy studies. SFG

vibrational spectroscopy is a surface-sensitive nonlinear spectroscopy technique, which

has been developed into a powerful tool to study surfaces of functional materials such as

antifouling polymer coatings [216]–[219] and graphene [220]. In the SFG spectroscopic

system, an Nd:YAG laser-pumped OPG/OPA generates ∼20 ps pump and signal beam

at 50 Hz for DFG in a nonlinear crystal. The wavelength of the narrow band (∼5 cm-1)

LWIR or mid-IR idler can be tuned by adjusting the OPG/OPA output wavelength
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and phase-matching angle of DFG simultaneously. A visible beam at 532 nm is also

generated via Second-harmonic Generation (SHG) of the 1064 nm pump, which up-

converts the infrared signal into the visible region such that it can be easily detected by

a monochromator and Si-based detector. The sampling rate of such a system is signif-

icantly limited due to the wavelength-tuning mechanism. A typical scan from 2800 to

3600 cm-1 (2.8–3.6 µm) that comprises C-H and O-H bands requires a few minutes to

complete.

The schematic and spectra of SFG vibrational spectroscopy are shown in Figure A.1.

In order to generate SFG spectrum, a pump laser at 532 nm and a wavelength-tunable

narrow band infrared probe were used as input beams and overlapped spatially and

temporally at the polymer surface or polymer/aqueous solution interface. SFG signal

can only be generated from a surface or interface due to the selection rule of the SFG

technique under the electric dipole approximation. The selection rule determines that

only the regions where inversion symmetry is broken, i.e., at the surface or interface,

can contribute SFG signals. The SFG signal can be enhanced at specific input infrared

frequencies, which are associated with vibrational transitions of the sample molecules on

the surface/at the interface. As a result, characterization of the molecular structure at

the surface or interface in situ and in real-time with SFG spectroscopy can be realized.

A broadband spectroscopic system is preferred for practical applications, especially

when a time-resolved measurement is desired. In such a spectroscopic system, a broad-

band infrared source outputs a spectrum that covers the entire region of interest. As a

result, the scanning mechanism is eliminated, and the sampling rate is determined by

the minimum between the repetition rate of the source and the sampling rate of the spec-

trometer. A sampling rate in the order of 1 kHz could be realized with a diode-pumped

solid-state laser source and spectrometer based on pyroelectric arrays.
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Figure A.2: Measured transmittance spectrum of ammonia.
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Infrared spectroscopy theories, instrumentation, data collection, and data analysis

has been extensively studied [221]; therefore, they will not be discussed in detail in this

dissertation. In this experiment, the LWIR seed pulses described in Chapter 3 passed

through a 12.7-cm cell containing ammonia gas at atmospheric pressure with polyethy-

lene film-sealed ends. The spectrum of the transmitted LWIR seed pulse was measured

with a homemade spectrometer described in Reference [222]. The ammonia gas was pro-

duced by evaporation of a 50% ammonium hydroxide solution. A control experiment

utilizing the same apparatus but filled with air at atmospheric pressure was also per-

formed. The spectrum was then subtracted from the ammonia transmittance spectrum

to correct for air and polyethylene absorption. The background-subtracted ammonia

transmittance spectrum was shown in Figure A.2, with two major features near 10.3

and 10.7 µm, qualitatively in good agreement with the results shown in Reference [151].

The observed shoulders in Figure A.2 are likely due to the excessive amount of water

vapor in the sample.

A.2 Characterization of Ultrashort Long-wave

Infrared Pulses

A.2.1 Autocorrelation

The characterization of ultrashort pulses has been a continued challenge for the ultrafast

optics community since the pulse duration is much shorter than any electronics can

respond. Intensity AC [69], [168], [223] and XFROG [224], [225], developed in the

NIR region, have been successfully employed in LWIR. Extremely thin AGSe [69] and

GaSe [223] crystals have been implemented to realize SHG AC. The AC function of the
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intensity envelope of the test pulse measured by a square-law photodetector in a SHG

configuration can be written as,

𝑆 (𝜏) ∝ ∫ |𝐸2 (𝑡, 𝜏)|2 d𝑡 ∝ ∫ 𝐼 (𝑡) 𝐼 (𝑡 − 𝜏) d𝑡 (A.1)

Achieving an even broader bandwidth with phase-matching nonlinear crystals be-

comes unpractical. A nearly wavelength-independent AC based on TPA in an InSb

crystal was constructed since the TPA coefficient is nearly constant (≈ 3 cm/MW)

within the LWIR region [226]. Figure A.3 shows the experimental setup for TPA AC.

A small portion of the input beam reflected by a ZnSe wedge serves as the probe arm

and enters a delay line. The delay line consists of two mirrors and a translation stage

where the movement of the two mirrors has a 0.5-µm increment. The majority of the

input beam transmits through the wedged beamsplitter and serves as the pump beam

for TPA. The probe and pump overlap within the InSb crystal and undergo self TPA

and induced TPA. The remainder of the pump beam was blocked by the iris placed be-

hind the TPA crystal such that the mercury-cadmium-telluride detector only measures

the weak probe beam. The measured pulse energy of the probe beam is reduced due to

the induced TPA when overlapping with the pump beam spatially and temporally.

The intensity-dependent absorption of the pump and probe beam can be expressed

as,

𝜕𝐼𝑝𝑢𝑚𝑝 (𝑟, 𝑧; 𝑡)
𝜕𝑧 = −𝛼𝐼𝑝𝑢𝑚𝑝 (𝑟, 𝑧; 𝑡) − 𝛽𝐼2

𝑝𝑢𝑚𝑝 (𝑟, 𝑧; 𝑡) − 𝛽𝐼𝑝𝑢𝑚𝑝 (𝑟, 𝑧; 𝑡) 𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 𝑧; 𝑡 + 𝛿𝑡)
𝜕𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 𝑧; 𝑡)

𝜕𝑧 = −𝛼𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 𝑧; 𝑡) − 𝛽𝐼2
𝑝𝑟𝑜𝑏𝑒 (𝑟, 𝑧; 𝑡) − 𝛽𝐼𝑝𝑢𝑚𝑝 (𝑟, 𝑧; 𝑡 − 𝛿𝑡) 𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 𝑧; 𝑡)

(A.2)
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Figure A.3: Experimental setup for InSb-based TPA AC. BS: beamsplitter. MCT:
mercury-cadmium-telluride detector. TPA: two-photon absorption
crystal. Adapted from [222].
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where 𝐼 is the intensity of the beam, 𝑧 is the propagation distance, α is the linear

absorption coefficient, β is the TPA coefficient.

The solution of 𝐼𝑝𝑟𝑜𝑏𝑒 after propagating through distance 𝐿 is:

𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 𝐿; 𝑡) = (1 − 𝑅)2 𝐼𝑝𝑢𝑚𝑝 (𝑟, 0; 𝑡 − 𝛿𝑡) 𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 0; 𝑡) exp (−𝛼𝐿)
1 + 𝑓 (𝑡 − 𝛿𝑡) exp (−𝑟2/𝑤2𝑝𝑢𝑚𝑝) ⋅

1
𝐼𝑝𝑢𝑚𝑝 (𝑟, 0; 𝑡 − 𝛿𝑡) + 𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 0; 𝑡) ln [1 + 𝑓 (𝑡 − 𝛿𝑡) exp (−𝑟2/𝑤2𝑝𝑢𝑚𝑝)]

(A.3)

where

𝑓 (𝑡 − 𝛿𝑡) = (1 − 𝑅) 𝛽𝐼𝑝𝑢𝑚𝑝 (𝑟, 0; 𝑡 − 𝛿𝑡) ⋅ [1 − exp (−𝛼𝐿)] ⋅ exp [− (𝑡 − 𝛿𝑡)2 /𝜏2] /𝛼
(A.4)

The solution of 𝐼𝑝𝑟𝑜𝑏𝑒 can be further simplified as,

𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 𝐿; 𝑡) ≈ (1 − 𝑅)2 𝐼𝑝𝑟𝑜𝑏𝑒 (𝑟, 0; 𝑡) exp (−𝛼𝐿)
1 + 𝑓 (𝑡 − 𝛿𝑡) exp (−𝑟2/𝑤2𝑝𝑢𝑚𝑝) (A.5)

The transmission of the probe beam after the TPA crystal can be written as,

𝑇𝑝𝑟𝑜𝑏𝑒 (𝛿𝑡) ≈ (1 − 𝑅)2 exp (−𝛼𝐿) ⋅
∞

∑
𝑘=0

(−1)𝑘 𝑝𝑘

(𝑘 + 1)3/2 exp [− 𝑘
𝑘 + 1 (𝛿𝑡

𝜏 )
2
] (A.6)

where 𝑝 = (1 − 𝑅) 𝛽𝐼𝑝𝑢𝑚𝑝 (𝑟, 0; 𝑡 − 𝛿𝑡) ⋅ [1 − exp (−𝛼𝐿)] /𝛼.

When TPA depletion is small and therefore 𝑝 ≪ 1, the transmission of the probe can

be written as,

𝑇𝑝𝑟𝑜𝑏𝑒 (𝛿𝑡) ≈ (1 − 𝑅)2 exp (−𝛼𝐿) [1 − 𝑝
2
√

2
exp (− 𝛿𝑡2

2𝜏2 )] (A.7)
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As illustrated in the Equation above, the transmission of the probe beam as a function

of the temporal delay between the pump and probe follows the same expression as the

SHG AC of a Gaussian pulse. As a result, measuring the time-dependent intensity of

the probe beam and deconvolving the AC trace with a deconvolution factor of 0.707

provide us the characterization of ultrashort LWIR pulse’s duration.

A 0.5-mm thick InSb crystal was employed in the experiment (Figure A.3), which

requires ∼0.4 MW/cm2 pump intensity for a 5% induced TPA, much less than the

available pump intensity. The experimental results of characterizing the 110-nJ ultra-

short LWIR seed pulses described in Chapter 3 were hindered, likely due to the large

shot-to-shot energy fluctuation (up to 10%) of the Ti:sapphire pump pulses, which in

theory could be mitigated with statistical average. Extensive efforts are needed to sta-

bilize the Ti:sapphire pump laser in order to realize a valid AC using the TPA-based

apparatus. Additionally, A second mercury-cadmium-telluride detector could be added

to the AC setup for single-shot calibration.

A proof-of-concept study of induced TPA was conducted with the same apparatus

using CO2 laser. The results verify the design of TPA-based AC qualitatively, thus will

not be presented in detail in this dissertation.

A.2.2 Frequency-resolved Optical Gating

Intensity AC has nontrivial ambiguities. One may wonder if we could acquire more

information about the optical pulses by combing their spectrum and AC measurements.

In fact, the pulse’s intensity AC is nothing but the inverse Fourier transform of the

squared magnitude of its intensity’s Fourier transform, which contains no phase infor-

mation. Retrieving phase from either of these measurements can be categorized as a
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one-dimensional phase retrieval problem, which is mathematically impossible. Instead,

a two-dimensional measurement is needed to retrieve the phase information.
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Figure A.4: Analytical study of characterizing the pulse duration and spectral
phase of ultrashort LWIR pulses using Four-wave Mixing (FWM)
XFROG in the atmosphere. (a) Phase-matching efficiency of FWM
processes between 830-nm pump and broadband LWIR pulses in air.
(b) Coherence length (𝜋/ |Δ𝑘|) of the FWM process.

The Frequency-resolved Optical Gating (FROG) technique, operating in the time-

frequency domain, has been the workhorse in the field of ultrashort pulse characteri-

zation [227]. It utilizes a two-dimensional array of data, 𝐼𝐹𝑅𝑂𝐺 (𝜔, 𝜏), acquired from

a spectrally resolved nonlinear-optical gating process, and then retrieves the temporal

intensity and phase of arbitrary pulses via various algorithms [228]–[230].

The measured two-dimensional “FROG trace” can be expressed as,

𝐼𝐹𝑅𝑂𝐺 (𝜔, 𝜏) ∝ ∣∫
∞

−∞
𝐸𝑠𝑖𝑔 (𝑡, 𝜏) exp (−i𝜔𝑡) d𝑡∣

2
(A.8)

where 𝐸𝑠𝑖𝑔 is the generated FROG signal in a spectrally resolved nonlinear-optical gating

process, where one ultrashort pulse gates another in the temporal or frequency domain.
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In self-referenced versions of FROG, such as SHG FROG, 𝐸𝑠𝑖𝑔 (𝑡, 𝜏) is a function of

the test pulse 𝐸 (𝑡) and a variably delayed replica of it, 𝐸 (𝑡 − 𝜏). In XFROG scheme,

another known gate pulse is used as a reference, and 𝐸𝑠𝑖𝑔 (𝑡, 𝜏) becomes a function of

the reference pulse and the test pulse.

SHG FROG is less favored in the LWIR as a consequence of the limitation of nonlinear

crystals for broadband phase-matching and the limitation of the detectors in the ∼5 µm

mid-IR for fast and efficient measurement. To circumvent these limitations, XFROG

based on FWM process is studied in this Section. Figure A.4 shows the analytical cal-

culation of the FWM process in the atmosphere that generates the XFROG signal. The

refractive-index models of the atmosphere were adopted from Reference [231] and [232]

for visible and NIR and LWIR regions, respectively. The signal pulse at 830 nm in the

DFG process described in Chapter 3 serves as the reference beam. The FWM photon

(𝜔𝐹𝑊𝑀) can be generated via two different mixing processes: 𝜔𝐹𝑊𝑀 = 2𝜔𝑅𝑒𝑓 −𝜔𝐿𝑊𝐼𝑅

(Figure A.4, red) or 𝜔𝐹𝑊𝑀 = 2𝜔𝑅𝑒𝑓 + 𝜔𝐿𝑊𝐼𝑅 (Figure A.4, black). The intensity of the

generated FWM beam in such two processes can be expressed as 𝐼𝐹𝑊𝑀 ∝ 𝐼2
𝑅𝑒𝑓 ⋅ 𝐼𝐿𝑊𝐼𝑅,

therefore a weak LWIR pulse can be efficiently detected via high-power pumping. Com-

pared to 𝜔𝐹𝑊𝑀 = 2𝜔𝑅𝑒𝑓+𝜔𝐿𝑊𝐼𝑅 (Figure A.4, black) process, 𝜔𝐹𝑊𝑀 = 2𝜔𝑅𝑒𝑓−𝜔𝐿𝑊𝐼𝑅

(Figure A.4, red) offers a higher phase-matching efficiency (>97.5%) over the entire

LWIR region. The calculated coherence length (𝜋/ |Δ𝑘|) of the later FWM process

(Figure A.4, red) is greater than 34 mm in the LWIR, much longer than the 6-mm

confocal parameter of the LWIR beam if loosely focused to ∼100 µm beam waist.

In summary, the broadband FWM process can be achieved through focusing synchro-

nized 830-nm reference beam and LWIR beam in the atmosphere. The XFROG signal

can be upconverted into the visible region such that fast and efficient detection is avail-

able using complementary metal–oxide–semiconductor (CMOS) sensor. The method
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enables single-shot measurement and retrieval of ultrashort LWIR pulse duration and

spectral phase, provided that a high-throughput phase-retrieval algorithm can be im-

plemented.

A.3 Optical Parametric Chirped Pulse

Amplification of Long-wave Infrared Pulses

A.3.1 Experimental Setup

The pump source of the OPCPA is based on the previously published article: X. Xiao, J.

Nees, and I. Jovanovic, “High-energy nanosecond parametric source at 2.7 µm,” Applied

Optics, vol. 60, no. 13, pp. 3585–3590, 2021. [233]. The author realigned, characterized,

and improved the performance of the nanosecond, mid-IR pump source in terms of its

pulse energy and beam profile. The stretcher and compressor were designed, constructed,

and discussed in detail in Reference [222]. The author realigned and improved the

efficiency and output beam profile of the stretcher.

The schematic of the OPCPA system is shown in Figure A.5. The front-end of the

system is based on DFG pumped by a custom-built Ti:sapphire CPA system capable of

delivering up to 22 mJ, ∼40 fs pulses at 480 Hz. The ultra-broadband LWIR seed source

is generated through DFG of two-color chirped output from the regenerative amplifier

of the Ti:sapphire CPA system in a 0.4-mm thick, AR-coated AGS crystal in a collinear

geometry. The LWIR seed is then extracted from the residual pump and signal using a

long-pass filter. Since the pump and signal of the DFG originate from the same pulse in

the Ti:sapphire oscillator, the LWIR seed architecture presents passive CEP stability.

Up to 110-nJ LWIR pulse can be obtained to seed the OPCPA.
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Figure A.5: Schematic of the GaSe OPCPA architecture. λ/2: half-wave plate;
PLA: pyroelectric linear array; PC: Pockels cell; PM: pick-off mirror;
TFP: thin-film polarizer [222].
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A KTiOAsO4 (KTA)-based OPO/OPA system was developed to provide nanosecond

mid-IR pumping for the LWIR OPCPA. The mid-IR pump is driven by an injection-

seeded, Q-switched Nd:YAG laser (Spectra-Physics, Quanta-ray PRO-250-10H), which

delivers 10-ns, 1.064-µm pulses with an energy of up to 1.4 J at a repetition rate of

10 Hz. The KTA crystals used in the mid-IR pump are XZ-cut (𝜃 ≈ 59∘) for type-II

(eo-o) phase matching and AR-coated with ∼500-MW/cm2 damage threshold. The 2.7-

µm signal is extracted after the pre-amplification OPA stage following a singly-resonant

OPO. Electro-optic pulse slicing is enabled in this OPA stage via a high-speed Pockels

cell (Leysop UPC068/2) with two KD2PO4 (DKDP) crystals operating at half-wave

voltage. The pre-amplified mid-IR pump at 2.7 µm can operate at a reduced pulse

duration of 1.2 ns.
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Figure A.6: Calculated phase-matching angles with respect to LWIR seed wave-
lengths at different internal noncollinear angles.
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By reducing the pulse duration of the OPCPA pump, the LIDT intensity of the

nonlinear crystal in the OPCPA amplifier can be scaled up, and the pulse duration of

the pump can better match the pulse duration of the stretched seed in the nanosecond

regime. Higher pump intensity reduces the required nonlinear medium’s length for

producing the same gain and, as a result, increases the parametric gain bandwidth in

the OPCPA. Additionally, the parametric fluorescence is absent outside the temporal

overlapping range of the pump and the seed pulses; therefore, better temporal contrast

can be obtained. A power OPA boosts the energy of the generated 2.7-µm signal up to

10.5 mJ in a large-aperture (10 mm×10 mm), 25-mm long KTA crystal. The size of the

2.7-µm beam from the power OPA stage is 5.8 mm×4.9 mm, which preserves a uniform

beam profile and a good beam quality with a M2 value near 2.4. Due to the deployment

of pulse slicing, a relatively large RMS energy fluctuation of 16.1% over 1800 pulses

becomes a trade-off for a low timing jitter of 69 ps of the 2.7-µm pulses [233]. The 10-Hz

Nd:YAG laser pump is synchronized with the 480-Hz Ti:sapphire regenerative amplifier

such that only one out of 48 LWIR seed pulses is amplified in the GaSe noncollinear

OPA.

To reach sufficient pump intensity on the GaSe, the 2.7-µm pump beam is resized by

two CaF2 relay lenses to ∼0.9 mm diameter. A reflective Galilean telescope resizes the

LWIR seed beam to match the pump beam size before the stretcher. The stretcher and

compressor in the Martinez-Treacy configuration employ 2-inch, 100-lines/mm, plane-

ruled diffraction gratings (Thorlabs, GR2550-10106) to stretch the LWIR seed to ∼1 ns

and recompress it after parametric amplification. A noncollinear OPA geometry with a

GaSe crystal (z-cut, 5×5×5 mm3, Eksma Optics) is implemented to amplify the LWIR

seed pulses under Type-II (eo-e) phase matching condition. The noncollinear configura-

tion is selected to avoid customized dichroic optics meeting the high-damage-threshold
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requirements that are applied to combine and separate the pump and seed beams. The

noncollinear geometry offers a supplementary degree of freedom in the phase-matching

process and a potentially broader gain bandwidth. Figure A.6 illustrates the wavelength-

dependent phase-matching angle for LWIR seed at different internal noncollinear angles.

Broader phase-matching bandwidth can be achieved with flatter curves given a negative

nonlinear angle. Based on the calculation, a combination of an internal noncollinear

angle of -1.7° and a phase-matching angle of 12.4° would give an optimum OPCPA per-

formance with high conversion efficiency and broad gain bandwidth [222]. By adopting

the phase-matching configuration at a small phase-matching angle (the very left portion

in Figure A.7), the incident angle of the pump and seed at the uncoated z-cut GaSe

can be minimized, thus reducing the Fresnel reflection and enhancing the conversion

efficiency.
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Figure A.7: Calculated phase-matching angles for LWIR seed pulse’s central wave-
length at different internal (a) and external (b) noncollinear angles.

93



A.3.2 Results and Discussion

The parametric gain of GaSe noncollinear OPA measured with a mercury-cadmium-

telluride detector is shown in Figure A.8. The amplified LWIR seed has ∼two times

more energy than the input, although order-of-magnitude less than that devised in the

simulation with 1 GW/cm2 pump intensity [222].
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Figure A.8: Measured parametric gain in the GaSe noncollinear OPA.

The limited parametric amplification results can be attributed to two reasons: the

GaSe crystal sample that was presumably damaged during the experiment and the

pointing instability of the LWIR beam seeding OPCPA. As discussed in Chapter 1, the

reported LIDT of nonlinear crystals often varies considerably. The GaSe crystal gains

its foothold in the LWIR regime due to its broad transmission (<1–20 µm) and high

nonlinearity. However, its reported LIDT in the literature ranges from <0.1 GW/cm2
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to >1 GW/cm2, if scaled with the square root of the pulse duration [91], [100], [113],

[114], [234]–[236]. The layered structure of GaSe with weak, van der Waals-typed in-

terlayer bonding raises difficulties during the crystal growing and processing, making

large, high optical quality (linear absorption coefficient 𝛼 ≤0.1–0.2 cm-1) nearly unob-

tainable. Furthermore, accessing to other crystallographic directions besides z-cut and

fine polishing and coating of GaSe are hampered because of its perfect cleavage and low

hardness (close to 0 on the Mohs’ scale) [237], leading to its inconsistent LIDT.

Figure A.9: Microscopic images of the GaSe crystal damaged in the OPCPA ex-
periment. (a) Front surface (incident surface). (b) Back surface.
(c) Bulk of the crystal by illuminating from the back.

Figure A.9 shows the microscopic images of the damaged GaSe crystal employed in

the OPCPA experiment with conditions detailed in Section. A.3.1. The stretched LWIR

seed beam and 2.7-µm pump beam incident on the front surface, creating millimeter

and sub-millimeter-sized surface damage. Following surface damage of GaSe, the trans-

mission of the two beams decreased substantially, and the crystal was translated per-

pendicularly to the beam path to resume the experiment. The back surface of the GaSe

crystal shown in Figure A.9(b) appears to be undamaged. Nevertheless, more damage

is revealed by observing the transmitted light through the bulk of the crystal. As shown

in Figure A.9(c), radial and circular patterned shadows were observed in addition to the

spots corresponding to the surface damage, indicating the shattering inside the crystal
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due to the weak interlayer bonding of the GaSe crystal. The limitation induced by

the properties of the GaSe crystal could be alleviated with multi-stage pumping tech-

niques [78] and pumping with shorter (picosecond [78] or sub-picosecond [211], [212])

pulses. The latter method could also mitigate or eliminate the efforts needed to stretch

the sub-picosecond LWIR seed pulses.

7 8 9 10 11 12 13 14
0.0

0.2

0.4

0.6

0.8

1.0

Pa
ra

m
et

ric
 G

ai
n 

(a
.u

.)

Wavelength (µm)

 a = -2.4°,
     q = 14.2°

 a = -1.7°,
     q = 14.2°

 a = -1.0°,
     q = 14.2°

Figure A.10: Calculated parametric gain in the GaSe noncollinear OPA at differ-
ent noncollinear angles but same phase-matching angle.

The beam-pointing instability leads to significant gain fluctuation, thus limiting the

achieved gain in the experiments. Due to the arrangement of the lab, the LWIR seed

pulses need to propagate for 8-m in the air before stretching. The maximum pointing
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fluctuation of the residual Ti:sapphire pump in the LWIR seed generation stage induced

by vibration and air turbulence is ∼0.5 mrad. The expected beam-pointing instability of

the LWIR seed pulse is worse than that of the residual pump as a result of the collinear

geometry used in the DFG. The beam-pointing instability weakens the parametric gain

for almost all seed pulses by reducing the spatial overlap between the pump and LWIR

seed pulses and diminishing the phase-matching bandwidth and efficiency at deviated

noncollinear angles.

Figure A.10 shows the calculated parametric gain for three different internal non-

collinear angles: -2.4°, -1.7°, and -1.0°. The calculated phase-matching angle for α=

-1.7° is 14.2° and is applied for all three cases, which resemble the experimental condi-

tions where the beam-pointing of the LWIR seed pulses fluctuates with respect to the

pump pulses and GaSe crystal. When the internal noncollinear angle increases by only

0.7°, the parametric gain and bandwidth are reduced significantly (Figure A.10, blue).

Whereas decreasing the internal noncollinear angle only slightly alters the parametric

gain (Fig, A.10, black). The fluctuation of the beam-pointing of the LWIR seed beam

leads to extreme difficulties in aligning the GaSe noncollinear OPA and thus affects its

efficacy. Under our experimental conditions, an active beam-pointing control system is

necessary to circumvent this obstacle and will be discussed in Chapter 4.
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