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Abstract

Broadband few-cycle mid-infrared (mid-IR) sources in the wavelength range of 2-50 um are
attracting extensive attention from researchers for their various applications. In contrast with
traditional incoherent thermal mid-IR sources that can only provide some frequency-resolved
applications, broadband few-cycle mid-IR sources enable more advanced applications which
require time-resolved characterizations, such as molecular transition tracing, ultrafast phonon
coupling and charge interaction studies under ultrafast excitation in semiconductors. In addition,
combined with high peak power and high repetition rate, few-cycle mid-IR sources are also
promising tools for high-flux coherent soft X-ray generation with 1 keV photon energy, high-flux
incoherent femtosecond hard X-ray generation with 100 keV photon energy and attosecond pulse
generation. The recent advances of the optical parametric down-conversion techniques such as
optical parametric oscillator (OPO) , optical parametric amplification (OPA), optical parametric
chirped-pulse amplification (OPCPA) and difference frequency generation (DFG) provide a
pathway of generating broadband few-cycle mid-IR radiations. In this thesis, we focus on the
generation of few-cycle, broadband, >3 pm mid-IR pulses with a kHz repetition rate and > 1 pJ
pulse energy based on OPCPA, intrapulse DFG (IPDFG) and OPA. Moreover, some efforts have
also been made in nonlinear pulse compression, high harmonic generation (HHG) and
ultrabroadband supercontinuum generation (SCG) using the developed high-energy, few-cycle

mid-IR sources. We summarize our contributions as follows.

1. We design and present a carrier-envelope-phase (CEP) stable 3 um mid-IR OPCPA system
based on PPLN and PPSLT crystals, pumped by a 1030 nm, 1 ps, 10 kHz, Yb: YAG Innoslab
laser. The OPCPA system can deliver up to 3 W, 300 pJ, 61 fs pulses centered at 3 pm with a
CEP fluctuation of 391 mrad for a 100 s duration. A Y AG-based nonlinear pulse compression
stage further compresses the 3 um pulses to 21 fs corresponding to two-cycle pulse width, with
a 255 pJ pulse energy. Driven by 3 um, 21 fs pulses after the nonlinear pulse compression,
HHG with up to the 15th order is generated in a 0.5 mm thick ZnO crystal. Compared with
HHG driven by 3 um pulses before the nonlinear pulse compression, one order of magnitude
enhancement of the harmonic intensity is demonstrated, revealing the significance of the

intensity enhancement of the driving source.
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. To further extend the spectrum to the deeper mid-IR region, we utilize the self-phase
modulation (SPM) effect in GaSe to produce an internal signal of IPDFG and report a
broadband, > 6 pm, SPM-assisted mid-IR IPDFG source directly driven by 3 um pulses from
the OPCPA system we developed, without the use of the extra nonlinear spectral broadening
stage. The IPDFG pulses with a 7-15 um spectral coverage, a 0.91 pJ pulse energy, and a 9.1
mW output power are generated. The contribution of the SPM effect in the process of IPDFG
is confirmed experimentally. The generated IPDFG pulse is compressed to 60fs (1.8-cycle) by
adding extra bulk materials. The good compressibility directly verifies the good spectral

coherence of IPDFG pulses.

. By nonlinear pulse compression of 3 pum OPCPA pulses in YAG, the spectrum of 3 um pulses
is broadened to 4.5 pm and an external signal of IPDFG is thus produced. Using such pulses,
we boost the efficiency of IPDFG to a record value of up to 5.3%. 5 uJ, 50 mW, 68 fs (2.1
cycles centered at 9.7 um) IPDFG pulses spanning from 6 to 13.2 um are obtained. With a
suitable focal spot, the field strength of the IPDFG pulses can exceed 0.27 V/A, enabling some
applications in nonlinear optics such as HHG and SCG. As a demonstration, pumped by the
IPDFG pulses, a 2.4 uJ, 24 mW SC source with a 3-octave bandwidth covering 2 to 16 pm and
a 2.7 W, 27 mW SC source with a 2.3-octave bandwidth covering 3 to 14.5 um are generated
in a KRS-5 crystal and a ZnSe crystal, respectively. Two SC spectra both support sub-cycle
pulse widths.

. In the abovementioned works, we have obtained two-cycle mid-IR pulses with a broadband
spectrum from 6 to 15 wm and a uJ-level pulse energy based on the IPDFG method. Further,
we explore the mid-infrared pulse generation with a broader spectrum supporting sub-cycle
pulse width using an OPA method. We present a multi-microjoule, ultra-broadband mid-IR
OPA source based on a GaSe nonlinear crystal and a driving source at ~2 pm, which can deliver
idler pulses with a spectrum covering 4.5 to 13.3 um at -3 dB and 4.2 to 16 um in the full
spectral range and a pulse energy of ~3.4 uJ, centered at 8.8 um. The spectrum supports a sub-
cycle transform-limited pulse width of ~19 fs. To our best knowledge, this is the broadest

spectrum ever obtained by OPA systems in this spectral region.
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Chapter 1 Introduction

1.1 Why mid-IR pulses

In 1800, W. Herschel discovered some invisible spectral components from the sunlight and those
components are nowadays recognized as the “infrared” lights with a wavelength range from 0.7
um to 1 mm [1]. After the discovery, some applications based on the infrared radiations are
developed such as analyzing the compositions of celestial bodies and discovering new planets and
stars in astronomy [2,3]. In recent decades, such infrared radiations are being available by laser
technologies and the laser sources radiating the mid-infrared (mid-IR) part (3-50 um) within the
infrared spectrum are becoming of particular interest to researchers for their applications in science

and technology fields. We summarize some applications for the mid-IR sources as follows.
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Figure 1.1 The absorption peaks of some molecules in the wavelength range of 2-20 um. The picture is from the
paper [4].
The fundamental vibration-rotational frequencies of most molecules lie in the “molecular
fingerprint region” of 2 to 20 um, the corresponding absorption lines for every molecule in this
region are distinguished and specific, refer to Figure 1.1 from the paper [4]. This allows researchers
to identify different molecules with the mid-IR spectroscopy. This kind of mid-IR spectroscopy

could be applied in industrial process control [5-7], medical diagnosis [8] and environment



monitoring [9, 10]. Currently, thermal sources radiating the mid-IR are extensively used in
frequency-resolved mid-IR spectroscopy [11], but the sources exhibit poor spatial coherence and
relatively low brightness, which largely limit the sensitivity and spectral resolution of the mid-IR
spectroscopy. With the rapid development of ultrafast laser techniques, the ultrafast table-top mid-
IR sources with a broadband spectrum and a few-cycle pulse width are pushing the mid-IR
spectroscopy into high sensitivity, high spectral resolution and even high temporal resolution for
their excellent temporal and spatial coherence nature. For example, using the frequency comb
technique based on mid-IR ultrafast lasers, the spectral resolution can even reach the precision of
single comb linewidth [12-14]. Excited by few-cycle mid-IR pulses, a coherent electric field with
the information of molecular compositions is emitted by the molecules. This electric field can be
detected using an electro-optic sampling (EOS) technique, enabling the ultra-sensitive time-
resolved mid-IR spectroscopy [15]. Apart from applications in the mid-IR spectroscopy, mid-IR

ultrafast sources with high peak power are becoming promising tools in strong-field physics.

The typical example is to drive high harmonic generation (HHG). HHG up-converts the driving
photon energy to the higher photon energy and the emitted highest photon energy scales as A? in
gases [16] and scales as A in solids [17] (A is the wavelength of the driving pulses). Driven by the
mid-IR pulses, the high harmonics can reach soft X-ray spectral region (up to 1 keV) in gases [16]
and extreme ultraviolet (XUV) region in solids [18]. Soft X-ray pulses are a good tool for probing
the structure and tracking the electron dynamics in atomics, molecules and materials at nanoscale
[19-21]. In the past, the coherent soft X-ray pulses were usually produced using synchrotrons and
free-electron lasers (FELs). However, these facilities have a very large scale and need a very high
cost. Therefore, a table-top mid-IR-driven HHG source is a good alternative of these sources. In
addition, HHG driven by mid-IR pulses can access a very short wavelength with a very broad
spectrum, thus providing an effective solution for the generation of attosecond pulses [22, 23] and
the relevant research on the attosecond science [24]. Moreover, the XUV (10-100 eV) pulses
produced by the mid-IR-driven HHG also pave a way to manufacture semiconductor items with a

smaller size by photolithography.

Another application example of high-energy few-cycle mid-IR pulses in strong-field physics is to
drive incoherent femtosecond hard X-ray generation via plasma in metal targets. As the maximum

kinetic energy of energic electrons accelerated by the laser field is proportional to A%, the energic
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electrons accelerated by mid-IR pulses have higher kinetic energy than that by near-IR pluses. The
electrons with higher energy add the probability to ionize the inner-shell electrons and thus
increase the flux of hard X-ray generation via the electron transition from outer-shell to inner-shell.
An experimental evidence was given in paper [25], in which the hard X-ray flux driven at 3.9 um
is 25 times higher than that drive at 0.8 pum with the same driving intensity. Although the hard X-
ray pulses have a worse spectral coherence, the spatial coherence is related to the spot dimensions
of hard X-ray. A manipulated pm-scale spot size makes the hard X-ray suitable for diffraction
imaging with a spatial resolution at an atomic size [26, 27]. Besides, such table-top hard X-ray
femtosecond pulses are excellent structure probes in time-resolved X-ray absorption and

diffraction [28, 29].

High-energy few-cycle mid-IR pulses can also find their applications in manipulating electrons,
such as electron acceleration for the study of fundamental physics [30, 31], laser-induced electron
diffraction for imaging of ultrafast molecular dynamics [32] and wave-controlled ultrafast
electronics in dielectrics and semiconductors [33,34] and isolated attosecond electron pulse
generation [35-37]. There are also many other application examples of mid-IR ultrafast pulses. For
instance, mid-IR pulses have a deeper penetration depth in semiconductors and insulators, making
them a useful tool for micro-fabrication processes [38]. Mid-IR pulses are also making
contributions on the high-resolution imaging and optical coherence tomography without invasion

for living tissues [39-41].

Inspired by aforementioned applications, the scope of this thesis is to generate high-energy

broadband few-cycle mid-IR pulses. In the next section, we will detail how to produce such pulses.
1.2 How to generate ultrafast mid-IR pulses

Ultrafast laser sources have gain enormous progress since the demonstration of the first ultrafast
laser based on a liquid-dye gain medium [42]. Nowadays, the femtosecond solid-state lasers based
on Ti: sapphire gain media have been a very mature technology and a dominant driving source for
strong-field physical experiments in the laboratories worldwide due to their large gain bandwidth
supporting few-cycle duration and good mechanical properties [43, 44]. Ultrafast solid-state lasers
based on Yb-doped gain media emitting at 1 um are well-developed as well. Currently, they can

deliver high-power (up to kW-level), high-energy (up to hundred-mJ-level), ps or sub-ps pulses
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[45-48]. With a nonlinear spectral broadening and a post compression, the ps or sub-ps pulse width
from those lasers can be compressed to few cycles with a good beam quality and a high throughput
[49, 50], enabling the Yb: YAG solid-state lasers to challenge the dominant position of Ti: sapphire
lasers in strong-field physics. However, ultrafast solid-state lasers emitting the mid-IR are not as

mature as that at 0.8 and 1 um.
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Figure 1.2 The spectral coverage of representative ultrafast mid-IR sources. Narrow-band tunable sources and

broadband sources are represented by dotted lines and solid lines, respectively.

Figure 1.2 shows that there are only a few gain media which are suitable for the generation of mid-
IR pulses. They only cover the short-wavelength mid-IR region from 2 to 5 pm, such as Tm- or
Ho-doped crystals for 1.9-2.1 um [51-54], Cr or Fe-doped crystals for 2-5um [55-58]. Although
advances have been made in developing these gain media based solid-state lasers, for instance, Ho:
YLF solid-state laser was reported for the generation of 260 mJ, 16 ps pulses centered at 2052 nm
[54] and Cr: ZnSe solid-state laser was reported to deliver 4 mJ, 44 fs (< 6 cycles), 2.5 um pulses

[56], they only satisfy the several of the above-mentioned applications.

In the methods directly producing mid-IR pulses, beside solid-state lasers, CO, lasers, Quantum
cascade lasers (QCLs), and FELs are also feasible solutions, see the Figure 1.2. CO, lasers can
radiate the longer wavelength around 10 pm, but spectral bandwidths are rather narrow and pulse
widths are in the order of ps [59, 60]. QCLs can offer a broadly tunable mid-IR radiation from 2
to 30 um [61, 62], but with a low output power. In addition, QCLs usually need to work at a high



threshold current and a low temperature. FELs radiate high-power, wavelength-tunable mid-IR
pulses from 5 to 50 um by adjusting the undulator period [63, 64]. However, they are building-

size facilities and only deliver ns or longer pulses which limit their usability.

Thanks to the invention of optical parametric down-conversion techniques such as optical
parametric oscillators (OPOs), optical parametric amplification (OPA), optical parametric chirped-
pulse amplification (OPCPA), difference frequency generation (DFG) and intrapulse DFG
(IPDFG). The bottlenecks faced by abovementioned mid-IR ultrafast sources can be overcome to
some extent. Different from solid-state lasers which are based on the population inversion, optical
parametric down-conversion techniques transfer energy from pump to signal by a parametric
process occurring at a second-order nonlinear medium (see Chapter 2). During this process, no
energy is stored directly in the medium due to the instantaneous nature which largely mitigates the
thermal effects. Since the emitted center wavelength and bandwidth by these techniques are
determined by phase-matching conditions, we can design mid-IR sources with different center
wavelengths and bandwidths by selecting suitable pump sources and nonlinear media. The ability
of producing high-power, high-energy, broadband, few-cycle pulses at different mid-IR
wavelengths by the optical parametric down-conversion techniques has been demonstrated
extensively [65-79]. The pulses provided by those techniques could cover the overall mid-IR
region (3-50 um, see Figure 1.2), with an average power from < 1 mW to >20 W and a pulse
energy from < 1 pJ to >30 mJ. For example, mid-IR pulses with a broad spectrum covering from
3 to 8 um and an average power of 400 mW were obtained in an OPO [65]. Using OPA
configuration and a 2 um driving source, sub-cycle pulses with a 2.5 to 10 um spectral coverage
and a >30 pJ pulse energy were produced [66]. A system, based on the DFG between 1.18 pm and
1.28 um pulses, covering the frequency components of 1-60 THz (5-300 um) with a single-cycle
pulse width was reported [67]. The near-single-cycle IPDFG source with a 6-18 pum spectral
coverage and a 500 mW average power [68] and the ultrabroadband IPDFG source with a spectral
coverage of 5-20 um and a 24 mW average power [69] were reported as well. In terms of energy,
OPCPA systems boost few-cycle mid-IR pulse energy up to 2.6 mJ at 2 um [70], 39 mJ at 3.9 um
[71], 1.0 mJ at5 um [72], 0.75 mJ at 7 um [73]. The ability of OPCPA systems for > 10 W, few-

cycle pulse generation has also been verified [74-79]. Therefore, those techniques based on the



optical parametric down-conversion are a versatile method to pursue high-power high-energy

broadband few-cycle mid-IR pulses.

In addition, there are other methods to generate broadband ultrafast mid-IR pulses, such as four-
wave mixing (FWM) and supercontinuum generation (SCG). FWM and SCG can be used to
produce sub-cycle mid-IR pulses [80] and ultrabroad mid-IR spectral coverage [81, 82]. However,
the pulse energy obtained by these two methods is usually in the scale of pJ or nJ. It is worth
mentioning that SCG is a commonly used method to extend the narrow-band mid-IR spectrum to
a multi-octave spectrum covering the molecular fingerprint region. In this thesis, we used SCG to

extend the spectral coverage of our mid-IR sources, see the Chapter 5 for details.
1.3 Objectives and challenges

This thesis targets at developing table-top mid-IR sources delivering few-cycle, broadband, >3 pm
mid-IR pulses with a kHz repetition rate and > 1 pJ pulse energy based on optical parametric down-
conversion techniques which satisfy the requirements of applications such as HHG in gases or in
solids, laser-induced electron diffraction imaging, wave-controlled ultrafast electronics in
dielectrics and semiconductors and the mid-IR spectroscopy. We adopt OPCPA, IPDFG and OPA
techniques for high-power, high-energy, broadband, few-cycle mid-IR pulse generation at 3 pm

and 10 um, respectively. The challenges for such mid-IR sources are listed as follows.

To develop the high-power, high-energy, few-cycle 3 um OPCPA system, we use the 1 pm
solid-state laser with a high power, a high energy and a moderate pulse width as the pump
source. Based on the pump source, we need to select the nonlinear crystals with the properties
of the high damage threshold and the broad phase-matching bandwidth. After the nonlinear
crystals are selected, a solution of the seed generation for the 3 um OPCPA needs to be
proposed, which must provide enough broad bandwidth and moderate energy in order to be
amplified efficiently. The dispersion management of the OPCPA system is another challenge.
Suitable materials providing positive and negative dispersions need to be selected. We also
should find a solution to measure the CEP stability of 3 um pulses. To pursue the two-cycle
or even single-cycle pulses at 3 um, a relevant nonlinear pulse compression technique needs

to be exploited.



1l.

iil.

1v.

To obtain longer-wavelength broadband few-cycle pulses using IPDFG, we propose to use 3
um pulses as the driver for the benefits of reducing the nonlinear absorption of narrow bandgap
nonlinear crystals and the quantum defect between the driving wavelength and IPDFG
wavelength. For this IPDFG design, we need to select a nonlinear crystal with the broad
transmission, the good phase-matching bandwidth and the high damage threshold. To obtain
optimized IPDFG output, the phase-matching type, the phase-matching angle and the pump
intensity on the nonlinear crystal need to be determined. Once obtaining the optimized IPDFG
output, we need to verify whether there are residual dispersions included in the pulses and
investigate how to dechirp the pulses. In addition, some effects contributing to the IPDFG
process, such as the SPM effect and the cascade effect, need to be distinguished and analyzed

systematically.

To achieve broadband, few-cycle, long-wavelength mid-IR pulses using OPA, we need to
select the pump wavelength and the nonlinear crystal with the good phase-matching
bandwidth, the broadband transmission and the high damage threshold. Other challenges are
how to generate the broadband seed for the OPA system, how to combine and split the pump

and signal in the case of the lack of dichroic mirrors for broadband mid-IR pulses.

Verify the applicability of these mid-IR sources, such as in HHG and SCG.

1.4 Major contributions

The major contributions of this thesis are as follows:

1.

We design and present the first 3 um OPCPA system based on the PPSLT crystals. Benefiting
from the high damage threshold and the broad phase-matching bandwidth of PPSLT crystals,
3 um pulses with a 3 W average power, a 300 pJ pulse energy and a 61 fs pulse width are
delivered. In addition, using a bulk YAG as the extra nonlinear-compression stage, the pulse
width is further compressed to two cycles (21 fs) with a 255 pJ pulse energy. The high pulse
energy and short pulse duration enable the HHG investigations in gases or solids. As a
demonstration, a 15" -order harmonic of 6.5 eV is generated via HHG in ZnO using nonlinearly

compressed 3 pm pulses.



2. We demonstrate the first mid-IR IPDFG source driven at 3 um. We also investigate the
contribution of SPM effect to the IPDFG process experimentally and find that the SPM
broadens the spectrum of the driving pulses and produces the signal components of IPDFG.
The IPDFG source delivers 10.3 um mid-IR pulses with a spectral span from 7 to 15 um, a ~1
uJ pulse energy and a ~10 mW average power. The pulse compressibility from 80 fs to 60 fs

(sub-two-cycle) confirms that the mid-IR pulses exhibit a good coherence.

3. We demonstrate an IPDFG source with a record-high conversion efficiency up to 5.3%. The
IPDFG sources are based on the nonlinearly compressed pulses from the 3 pum OPCPA system
and a GaSe crystal. We produce 5 pJ, 50 mW, 60 fs mid-IR pulses covering 6-13.2 um. The
pulse energy, to the best of our knowledge, is highest in reported mid-IR IPDFG sources. Using
the IPDFG pulses as a driver, 3-octave and 2.3-octave SC spectra spanning from 2 to 16 um
and 3 to 14.5 um are produced in KRS-5 and ZnSe, respectively. Both spectra both support

sub-cycle pulse widths.

4. We report a GaSe-based OPA system driven at 2 pm and seeded by SC pulses. Benefitting
from the good phase-matching bandwidth of GaSe at 2 um, the idler spectrum covers 4.2-16
um with a 3 dB bandwidth from 4.5 to 13.3 um, which, to the best of our knowledge, is broadest
in reported OPA sources. Combined with ~3.4 pJ pulse energy, the OPA source has a potential

in molecular spectroscopy and some strong-field experiments in solids.

1.5 Thesis organization

In Chapter 1, the application fields and generation techniques for mid-IR pulses are presented.
Subsequently, we provide the details of some optical parametric down-conversion techniques we
used in this thesis, i.e. OPA, OPCPA and IPDFG in Chapter 2. Particularly, we also introduce the
principle of OPA, the parametric gain, the phase-matching bandwidth and how to satisfy the phase

matching in this chapter.

In Chapter 3, the design, experimental setups and experimental results for the 3 um OPCPA system

are introduced in detail, including the crystal selection, the dispersion management, the



characterizations for pulse shape and pulse energy and the CEP measurement. In addition,

nonlinear pulse compression in a nonlinear crystal and HHG in a solid are studied as well.

To further generate mid-IR pulses with a longer wavelength, we design and develop an IPDFG
source driven by the 3 pum pulses directly from the above developed OPCPA system. The
contribution of SPM effect on IPDFG is investigated systematically. All other details are also
provided in Chapter 4.

In Chapter 5, we explore and verify the possibility to improve the conversion efficiency of IPDFG,
i.e. output energy, with nonlinearly compressed pulses at 3 um. A comparative analysis with the
IPDFG results in Chapter 4 is given. In this chapter, we also study the SCG in nonlinear crystals,

multi-octave SC spectra generated in KRS-5 and ZnSe are presented.

The high-energy, ultrabroadband OPA system driven at 2 um are presented in Chapter 6. The
nonlinear crystal, the selected crystal angle, experimental setups, experimental results and the

numerical simulation are discussed in detail.

Chapter 7 summarizes about the preceding chapters and gives a conclusion of this thesis. A brief

introduction about future work is discussed.



Chapter 2 The optical parametric down-conversion processes in

nonlinear media

In this chapter, the details of a few optical parametric down-conversion processes involved in this

thesis are introduced. The theoretical part of this chapter can refer to the literatures [83-85].

The light-matter interaction occurs when the light is shined into transparent materials. In the case

of weak light intensity, the polarization describing the interaction is linear, with a form:
P = g, xVE (2.1)

In which, &,is the vacuum permittivity, x*) represents linear susceptibility. From the equation, we
can see the optical properties of materials are independent on the electrical field, no wave
interaction occurs. However, in the case of intense light, second-, third- and higher-order
susceptibilities, i.e. x@,x® - , become important. The relation between the polarization and the

electrical field assuming no losses and no dispersion are nonlinear, with a form:
P = B, + By = £o(xXVE + x@EE + x®EEE +--) (2.2)

The relation shows the optical properties strongly depend on the electrical field and nonlinear
interactions between waves occur (please also refer to Section 2.1 for a better understanding). The
nonlinear interactions generate new frequency components. Therefore, high-order nonlinear

process can be used to extend the wavelength range of lasers.

2.1 Optical parametric amplification

For second-order nonlinear materials, we can assume the second-order susceptibility is non-zero
and other higher-order susceptibilities are zero. The nonlinear polarization in scalar is expressed

as
Par = goXxPE? = 2gdogE? (2.3)

Where, dqfr is the effective nonlinear coefficient. We also assume three monochromatic waves
with frequencies of w,, w, and w; (w3 > w, > w,) propagating along z-direction interact, the

resulting electric field is
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E = A;(z) exp[—j(w;t — ky2)]
+ A, (z) exp[—j(wat — ky2) ] + A5 (2) exp[—j(wst — ksz)] +c.c. (2.4)

Substituting electrical field E into the equation (2.3), we can find many new frequency components
are in the equation (2.3), including frequencies at second harmonic generation (SHG): 2w, 2w,,
2wj3, frequencies at sum frequency generation (SFG): w; + w,, w, + w3, w; + w3 and
frequencies at DFG: w, — w1, w3 — w,, w3 — w4 . As for which frequencies are emitted, it
depends on the phase-matching condition. We only consider those interactions involving w; +
Wy (= w3),w3 — w1 (= W), w3 — w, (= w,) efficiently take place. The nonlinear polarization

can be written as

PyL(z, 1) = 4eqdegAs (2)A3(2) exp{—jlw,t — (k3 — k,)z]}
+ 4e¢derA7 (2)A3(2) exp{—jlw,t — (k3 — k1)z]}
+ 4eydesrA; (2) A, (2) exp{—jlwst — (k; + k,)z]} + c.c. (2.5)

and the forcing source term 92P,y/0t? is

d PI(\;];EZ t) —407gderrA3 (2)A3(2) exp{—jlwit — (k3 — k;)z[}

— 4w30desrA7 (2)A3(z) exp{—jlw,t — (k3 — k;)z]}
— 4wigydegrA; (2)A,(2) exp{—ij[wst — (k; + ky)z]} + c.c (2.6)

The scalar nonlinear propagation equation in the z-direction derived from the Maxwell’s equations
is:

92E  9°D  9%Py,
3z Mogz =Ho5a 2.7)

Where, D represents the linear part of electrical displacement field. iy in this equation is the
permeability in vacuum. By substituting the forcing term into nonlinear propagation equation and
splitting the frequency components in three equations, and applying the slowly varying envelope

92 A; (z) 0A; (z)

approximation | | < 2Kk;i] (i=1,2,3) [83], we can get coupled-wave equations

describing SFG and DFG[84] :
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<L 4 (2)A5 (2) exp(Akz)

A1(z)A3(z) exp(jAkz)
n,c

dA;(z) _  wqdegr
dz ] 1

dA,(z) _ _ Wodefr
dz ] 2

dA3(z) _ _W3degr
dz ]

nac A, (z)A, exp(—jAkz)

(2.8)

(2.9)

(2.10)

Where, Ak = k3 — k, — k; is called the phase-mismatching term. The difference between SFG

and DFG lies at the initial input conditions. For SFG, the two low-frequency input waves at w;

and w, interact and generate the high-frequency wave at w; = w; + w,, as shown in Figure 2.1

(upper). For DFG, one high-frequency input wave at w5 interacts with one low-frequency input

wave at wq, another low-frequency wave at w, = w3 — w; is produced, as shown in Figure 2.1

(lower).

w1

Figure 2.1 Upper: Sum-frequency generation (SFG). Lower: Difference frequency generation (DFG).

defr =5
SFG

defr =5
DFG

1)((2) W3=W1+TwWy

1)((2) Wy = W3 — Wy

A special case for DFG is that when the input waves at w; and w3 have very weak and strong

intensities, respectively, the wave at w; (signal) absorbs the energy from the wave at w5 (pump)

and is amplified, simultaneously with the generation of the wave at w, (idler). This special case

of DFG is called OPA. The physical process of OPA is shown in Figure 2.2.
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Figure 2. 2 The physical process of OPA.

In the other hand, the Manley—Rowe relation can be derived from the coupled-wave equations
(2.8)-(2.10) and is presented as
1d; 1dl 1 dls

e 2 2.11
w; dz  w, dz w3 dz ( )

Here, [; = %socni|Ai|2 (i = 1,2,3) is the corresponding frequency intensity. From the equation
(2.11), it is found that the photons are conserved in the second-order parametric interaction.
Therefore, the OPA process can be understood as the absorption and emission of photons between
virtual energy levels. As shown in Figure 2.3, a pump photon at frequency ws is absorbed and
excites the material to the highest virtual energy level. Then a signal photon at frequency w-
stimulate the emission of a new photon at the same frequency and phase as the signal. This is the
principle of amplification. After that, a photon at frequency w; is emitted and decays the material
to the ground state. We should also know that due to the instantaneous property of the material
response, the photons at frequency w; and w; must go through the same volume of the material

simultaneously. Then the two photons collide to produce new frequency. The probability of
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collision depends on the number of photons. Thus, to achieve a high conversion efficiency, a high

pump intensity and moderate signal intensity are required.

Figure 2.3 The photon explanation of OPA.

2.1.1 Small-signal parametric gain

The small-signal parametric gain expression can be derived from the coupled-wave equations by
considering a case of no depleted pump. Assuming the initial signal intensity I; = I;(0), the

intensity expressions with the crystal length L for signal and idler are:

2

I,(L) = 1,(0) l1 + ;—Zsinhz (gL)l (2.12)
w, %

L(L) =1 (O)w—lf_j—zsmh2 (gL) (2.13)

2
Here,g = ’FZ - (A?k)z, rz= Mlg. The small-signal parametric gain is defined as

c3ggnynyng
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LW . ore,
TON 1+ = sinh(gL) (2.14)

G(L) =

When the phase-matching condition is satisfied (Ak = 0), g = I'. Therefore,
G(L) = 1 + sinh?(gL) (2.15)

In the large gain limit of I'L > 1:
1
G(L) = Zexp(ZFL) (2.16)

This expression (2.16) shows that under the conditions of the non-depletion approximation and
phase-matching, the parametric gain depends on the pump intensity I3, the effective nonlinear
coefficient de¢r, and the crystal length L. The gain increases with the crystal length L exponentially.
With reasonable selections of those parameters, the resulted gain may be > 10° [85]. It should be
noted that the gain exponential growth as crystal length in OPA is very different from the quadratic
growth in other parametric processes like SFG, SHG. The reason for the difference can be
understood from photon perspective [85]. In OPA process, under the intense pump, an incident
signal photon produces an additional signal photon and a new idler photon. The new produced
idler photon further excites an additional idler photon and a signal photon. In other words, the
signal photon and idler photon mutually provide the positive feedback, thus the signal and idler
can be amplified simultaneously very quickly. This explains why the signal gain grows
exponentially as the crystal length L. In addition, in the conditions of Ak = 0 and gL > 1, the idler

grows exponentially with respect to crystal length as the following expression:
1 Wy
I,(L) = =1;(0) —exp(2I'L) (2.17)
4 w1

2.1.2 Gain bandwidth

In the broadband OPA, the phase-mismatching term Ak can be expanded as a Taylor series with

respect to signal frequency w;. Considering the first-order approximation:
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= (i - i) Ao (2.18)

dAk(w,) 0k, ok,
) A(D v Vv
20 10

Ak(wl) = awl Imlo(wl - (010) - (a |(l)20 aw |(l)10
Where, w,, and w,, are the central frequencies of signal and idler. v;, and v,, are group
velocities of signal and idler. Combined with the equation (2.14), the gain bandwidth of OPA is

approximated as

2VIn2 1
Ay = (2.19)
s 1 1
Vzo Vio

From this equation, we can find that the gain bandwidth is affected by the group velocities of signal
and idler. An extremely large amplification bandwidth could be achieved by matching the group
velocities of signal and idler. This matching can be fulfilled at the degeneracy point where the
signal and idler wavelength are equal to twice the pump wavelength [86]. Some nonlinear crystals
can also find this matching at two sides of its zero-dispersion point. For example, the zero-
dispersion point of GaSe is ~5.2 um, and the dependence of group velocity on wavelength around
the zero-dispersion point is illustrated in Figure 2.4. It is noted that lots of combinations of signal
and idler satisfying group velocity matching can be found. An example is that when the group
velocity matching of signal and idler is at 2.73 um and 9.67 um, the pump wavelength is 2.13 um.
It is worth mentioning that GaSe always can find such combinations with the ~2 pm pump
wavelength. In fact, the real OPA must consider the pump availability, because not every pump
wavelength is available due to the limit of laser technology. ~ 2um wavelength can be accessed by
some laser techniques. Therefore, GaSe is a very potential crystal for broadband OPA. This

inspires our research on ultrabroadband GaSe OPA driven at ~2 pum, as presented in Chapter 6.

In the case of that the group velocity of signal equals that of idler, the equation (2.19) loses the
validity. Second-order approximation of Ak must be considered and the gain bandwidth has the

following form:

2(1n2)4 ( )% 1

K 0 K (2.20)
| ; |(1>10 v I(Dzo
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Figure 2.4 The dependence of group velocity of GaSe on wavelength.

2.1.3 Birefringent phase-matching
To obtain the large gain, the phase-matching condition (Ak = 0) must be fulfilled, namely,
n3(L)3 = nl(,k)l + nz(,k)z (221)

In general case, it is very difficult to fulfill the phase-matching condition in isotropic media. We
assume the isotropic media have a positive dispersion (n; < n, < n3). Therefore, n; — n, >
0,n; —n, < 0 and the equation (2.21) has no solution. Similarly, when the media have a negative
dispersion, this conclusion still holds. However, for birefringent crystals, the case becomes
different. In birefringent crystals, the beam propagating along it could have two different refractive
indexes depending on the polarization states (ordinary polarization and extraordinary polarization).
The beam with an ordinary polarization propagates with the refractive index n,. However, the
beam with an extraordinary polarization propagates with a refractive index changeable from nq to

n, dependent on the propagation direction 8. The propagation direction 0 is the crossing angle

between the beam wavevector K and optical axis (z) of the nonlinear crystal, see the Figure 2.5.

The dependence of n.(0) on the propagation direction 0 in negative uniaxial crystals is given by
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1 cos?(B) sin?(0)

(2.22)

n2(8)  n2 nZ

A

Figure 2. 5 The index ellipsoid of a negative uniaxial crystal, viewed from the negative y direction. n.(8) varies

with the propagation direction 8. n, and n, are the semi-minor axis and semi-major axis, respectively.

It is often possible to find a value of 6,, to fulfill the phase-matching condition described by
equation (2.21). The type of method to satisfy the phase-matching condition is called birefringent
phase-matching and the corresponding 0, is called phase-matching angle. According to the
polarization states of three interacting beams, the phase matching satisfied by birefringence can be
classified into two types. If signal and idler have the same polarization states, either ordinary or
extraordinary, we call it Type-I phase-matching, the resulting configurations are ooe and eeo. If
the signal and idler propagate with different polarizations, that is, they are cross polarized, we call

it Type-II phase-matching, which can lead to oeo, eoo,oee and eoe configurations.

Here, we give an example of Type-I phase matching in negative uniaxial crystals to show how to
calculate the phase-matching angle 6,,. In negative uniaxial crystal, n, < ng, in order to achieve
phase-matching, the pump must be of extraordinary polarization, so the phase-matching condition

is written as
N3¢(6n) w3 = Nyow; + Nz, (2.23)
Here, n3.(0,,) is the refractive index of pump, the relationship between ns.(0,,) and the

refractive indexes ns,, Nz, of principal axes is
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1 sin?(8)  cos?(6y)

— (2.24)
nfe(6m) N nZo
Therefore, the Type-I phase-matching angle in negative uniaxial crystals is calculated as
n nZ, —n2.(0
0,, = arcsin > 0 36(2 m) (2.25)
n3e(em) n30 - n3e

2.1.4 Quasi phase-matching

w3
: = W3 — W
w1

Figure 2.6 The sketch of a periodically poled crystal. The arrows denote the direction of x(). L. and A are the

coherent length and poling period.

Quasi phase-matching is another approach to satisfy phase-matching condition, which is achieved
by periodically changing the x(* sign of nonlinear crystals, as shown in Figure 2.6. In Quasi
phase-matching, the phase-mismatching (AKk) is always non-zero and the phase difference of three
waves 0 < A = Akz < 1 when the propagation length z is between 0 and the coherent length L.
(0 < z < L,). At the position of z = L, due to the sign change of x(#), an extra 1 phase change is
added into the phase difference. This leads to the phase difference 2m < A@ = Akz + m < 37 for
L. < z < 2L, so the frequency conversion always occurs within the poling period A = 2L.. The

phase-matching condition of quasi phase-matching can be written as
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Unlike birefringent phase-matching, the quasi phase-matching crystals are cut at 6 = 90° and the
polarizations of three waves are same (Type-0 configuration). This enables quasi phase-matching
to utilize the maximum nonlinearity of the crystals and simultaneously avoid the spatial walk-off
of three waves due to the wave vectors and Poynting vectors with the same direction along the

principal axis of crystals.

2.2 Optical parametric chirped-pulse amplification

. _ A |
e

Figure 2.7 The schematic of OPCPA.

The pump and signal pulse widths of OPA are usually in the order of femtosecond. To avoid the
crystal damage, the pump energy must be below the crystal damage threshold. This limits the OPA
output energy in the uJ level. OPCPA technique is the combination of the OPA and CPA
techniques, which is first presented in 1992 [87] and is developed to boost the femtosecond OPA
output energy to higher level. In OPCPA, ps or ns narrowband pump is used, therefore a higher
pump energy can be used before the crystal damage occurs. The working principle of OPCPA is
depicted in Figure 2.7. To extract the pump energy efficiently, the femtosecond seed pulses (signal)
is stretched to a wider pulse width matched with that of pump pulses and experience amplification
in multi-stage of OPAs. After amplification, the amplified pulses are recompressed to a
femtosecond pulse width using compressors. In contrast to CPA based on population inversion,
OPCPA can provide shorter femtosecond pulses due to broader gain bandwidth and new

wavelength coverage not accessed by the CPA. Moreover, the instantaneous nature of OPA makes
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no heat production during amplification, enabling OPCPA to pursue higher average power and

higher energy.

2.3 Intrapulse difference frequency generation

'(a) OPA/OPCPA | ® 1PDFG

e ——

(1)2 (Ul (1)3 wz

Figure 2.8 The explanations of OPA/OPCPA (a) and IPDFG(b) in frequency domain.

OPA and OPCPA need two separated pulses, the pulse at high frequency w3 serves as pump and
the pulse at low frequency w; serves as signal. They interact in nonlinear crystals to generate the
idler pulse at low frequency w,, see Figure 2.8(a). In practical experiments, the pump and signal
pulses of OPA and OPCPA are overlapped in time and space by fine beam alignments. Slight beam
misalignments caused by beam pointing fluctuations bring some issues to systems, such as low
conversion efficiency, idler angular dispersion. In addition, any instability from the system would
cause timing jitter between pump and signal pulses, further having impact on the CEP stability.
The pump and signal of IPDFG are from the same pulse, see the Figure 2.8(b). The pulse overlaps
with itself completely in time and space, so IPDFG neglects some temporal and spatial alignments
and overcomes the issues brought by those alignments in OPA and OPCPA. Passive CEP stability
is another advantage of IPDFG. The pump and signal within one pulse share the same CEP, so the
generated idler is passively CEP-stable due to DFG nature [88, 89]. However, IPDFG has also
some disadvantages with respect to OPA and OPCPA. One is that IPDFG needs driving pulses
with a broadband spectrum covering the pump and signal frequencies simultaneously. Such

broadband pulses are usually obtained from narrow-band pulses via the nonlinear spectral
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broadening. This may take some complexities into the system. Another is that IPDFG only utilizes
a fractional spectrum at high frequency of driving pulses as pump unlike OPA and OPCPA in
which the full spectrum of the pump is used. Thus, the conversion efficiency of IPDFG is lower
than that of OPA and OPCPA. However, those disadvantages can be mitigated by selecting a
moderately broadband driving source and suitable nonlinear crystals. For example, in Chapter 4,
we use a slight narrowband driving spectrum which do not cover the signal components of IPDFG,
a broadband idler is still observed. This benefits from the SPM effect of the nonlinear crystal which
broadens the spectrum of driving pulses and produces the necessary signal components during
IPDFG process. In Chapter 5, we observe an up-to-5.3% IPDFG conversion efficiency by using 3
um driving pulses with a spectrum covering the pump and signal components of IPDFG. The high
conversion efficiency shows that the decrease of quantum defect between the driving wavelength

and expected IPDFG wavelength benefits the IPDFG conversion efficiency.
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Chapter 3 High-power, high-energy, few-cycle, 3 pm OPCPA

Among the methods of producing mid-IR pulses introduced in Section 1.2 of Chapter 1, OPCPA
is a promising method to generate high-power, high-energy, broadband, few-cycle mid-IR pulses
satisfying some applications in strong-field physics. The development of such powerful OPCPA
systems is highly dependent on the progress of the pump sources. The required pump sources need
to provide not only high power and high pulse energy, but also a moderate pulse width. The
optimized pumping pulse width of OPCPA systems is in the order of 1 ps, which is a trade-off
value by considering the optical damage and the temporal walk-off between pump and signal
pulses [90]. As introduced in Section 1.2 in Chapter 1, ultrafast solid-state lasers based on Yb-
doped gain media emitting at 1 pum are becoming more and more mature. Currently, they can
deliver high-power (up to kW-level), high-energy (up to hundred-mJ-level), ~ 1ps pulses [45-48].
It is obvious that Yb-doped solid-state lasers fulfill all these requirements. OPCPA systems using
the compact, cost-effective, powerful, 1-ps-scale, 1 um pumping offer intense, broad, few-cycle
pulse amplification with a high conversion efficiency at some wavelengths not accessed by other
techniques. Therefore, we choose a high-power, high-energy, 1-ps-scale Yb-doped solid-state laser
as the pump of our OPCPA system. The pump source we used is a commercial Yb: YAG solid-
state laser based on CPA and Innoslab amplification technologies. It can deliver 120 W, 12 mJ, 1
ps, 10 kHz pulses centered at 1030 nm (AMPHOS 100) with a possibility to upgrade to a 30 mJ
pulse energy (AMPHOS 300). Based on such a pump source, we design and present a CEP-stable
3 um OPCPA system with a 300 pJ pulse energy, a 3 W average power, and a 61fs pulse width at
a repetition rate of 10 kHz.

In this chapter, we introduce the overall OPCPA system in detail including the seed generation,
the selection of the nonlinear crystal, the dispersion management and the CEP stability
measurement. In addition, to pursue a shorter pulse width, the nonlinear pulse compression in
YAG is also investigated. Two-cycle (21fs) pulses are obtained with a 255 pJ pulse energy after
YAG. Using such pulses, we also generate a broadband HHG spectrum with up to the 15th order
in a 0.5 mm thick ZnO crystal. Compared with HHG driven by 3 um pulses before the nonlinear

pulse compression, one order of magnitude enhancement of the harmonic intensity is demonstrated,
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revealing the significance of the intensity enhancement of the driving source. The results shown

in this chapter were published in [91].

3.1 Seed generation
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Figure 3.1 The optical schematic of supercontinuum generation (SCG). HWP: half-wave plate. TFP: thin film
polarizer. LPF: long-pass filter.

The 3 um OPCPA systems pumped by 1-100 ps Yb: YAG or Nd: YVO4 solid-state lasers have
been demonstrated to seed with a 1.5 pm Er-doped femtosecond fiber laser [92, 93], a DFG source
[77, 78, 94] or an OPO source [95]. Those seed sources provide the suitable broadband spectrum
at 1.5 um or 3 um, but these independent seed setups are usually complicated, which add the
complexity and the cost of the overall OPCPA system. Moreover, if the front end used to generate
the seed is independent on the amplification chain, an extra electronic locking is even needed to
synchronize the seed and the pump pulses. This, to some extent, decreases the long-term stability
of the system. Luckily, the broadband SC is becoming a good alternative for the above-mentioned
seeds due to its simplified setup. Provided that SC can be directly generated using a fractional
energy of the ps OPCPA pump, passively optical synchronization between seed and pump is also
simultaneously achieved [96], neglecting the need of electronic synchronization systems. More
importantly, in this case, the ps pulses for SCG and OPCPA are both from the same pump and
therefore share the same CEP. This also makes it possible to build up a passive CEP-stable OPCPA
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system. Based on these reasons, we developed an ultrabroadband ps-pulses-pumped SCG in a
bulk-shape YAG crystal, pumped by a small fraction of energy from a 120 W, 12 mJ, 1 ps, 1030
nm Yb:YAG Innoslab laser at a 10 kHz repetition rate. The generated 1.5 pum frequency

components from the SC source is especially suitable for seeding the 3 um OPCPA system.

Table 3.1 The specifications for some common crystals. The nonlinear refractive indices (n) are from [97] and the

damage thresholds are from [98]. A, and n, represent the zero dispersion point and the nonlinear refractive index,

respectively.
Crystals M n,at 1 pm Damage threshold (J/cm?)
(nm) (10-1%¢m?/W) @ 1.03 pm, 500 fs

YAG 1.6 73 7.5
Quartz 1.27 3 5.36
Sapphire 1.3 2.9 5.36
CakF, 1.67 1.24 5.17
BaF, 1.92 - 291

When the peak power of pulses is higher than the critical peak power P..for self-focusing and the
media thickness is longer than the self-focusing length, the filament is generated due to self-
focusing and plasma formation [99]. Here, P.. = 3.77A%/(8mnyn,) where A4 is the laser
wavelength, n, is the linear refractive index and n, is the nonlinear refractive index. In the
filamentation, SPM broadens the spectrum of pulses [100]. A simplest model for SPM is shown in
the equation (3.1) in which w(t), w, and I(t) are the instantaneous frequency and central frequency

field-intensity of driving pulses.

n,w, 0I(t)
Z_
dt

3.1)

w(t)~wy —
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It can be noted from the equation (3.1) that SPM gets stronger in the filamentation as the beam
shrinks and the intensity I(t) gets higher. Therefore, the filamentation in crystals is adopted to
produce the broadband SCG. The experimental setup for SCG is shown in Figure 3.1. ~ 80 pJ
energy is split from the Yb:YAG Innoslab laser for SCG. The nonlinear crystal for SCG is a YAG
crystal with a 16-mm thickness which is fixed on a one-dimension linear stage. YAG is chosen
due to its high nonlinear refractive index and high damage threshold compared with other crystals
such as Quartz, Sapphire, CaF» and BaF, see the Table 3.1. The pump pulses are coupled into the
Y AG crystal by an anti-reflection (AR)-coated convex lens at 1030 nm with a focal length of 100
mm. To avoid the optical damage, the YAG is always placed after the focal spot of the lens. For
the stable SCG assisted by filamentation, the intensity and the divergence of pump in YAG are
carefully adjusted by the variable attenuator which is a combination of a half-wave plate (HWP)
and a thin film polarizer (TFP), the iris aperture and the crystal position from the focal spot. The
generated SC is then collimated and filtered out by a coated lens with 50 mm focal length and a
long-pass filter (LPF) with a cut-off wavelength of 1180 nm. When the pump energy after iris is
~10 pJ and the crystal is ~3 mm away from the focal spot. The optimized SC output is achieved
with the longest wavelength edge up to 2000 nm in the spectrum, see the Figure 3.2(a). The big
notch at~1350 nm in the spectrum is due to water absorption in air. The measured SC energy
at >1180 nm is 9.3 nJ, with an energy fluctuation of 1.9% for two-hour operation duration, as
shown in Figure 3.2 (b). With the nJ pulse energy and broad bandwidth at 1.5 pum, this SC is
suitable for seeding the 3 pum OPCPA system.
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Figure 3.2 SC spectrum (a) and energy stability (b) from YAG after the LPF.
3.2 Nonlinear crystals and dispersion management

To obtain high-energy, few-cycle, mid-IR pulses at 3 um, the selected crystals for the OPCPA
system must have a good phase-matching, a broad transmission window and a high damage
threshold. Table 3.2 lists the specifications of a few nonlinear oxide crystals suitable for broadband
few-cycle pulse generation at 3 um, in which the noncollinear angles for the broad amplification,
the signal wavelength for seeding and the effective nonlinear coefficients (defr) are obtained from
SNLO [101]. The transmission ranges and damage thresholds are from [102]. For those crystals,
while KTP has a moderate nonlinear coefficient and provides broadband phase-matching
bandwidth, it is not commonly used due to its large transmission loss at >3 um. Other crystals have

been extensively used for different mid-IR OPCPA systems. Bulk KTA and MgO: LN crystals
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with large apertures were used for high-energy, Hz-rate, mid-IR OPCPA systems [71, 103, 104].
3.9 um, 35 mJ, 100 fs pulses at a 20 Hz repetition rate [71] and 3.3 um, 31 mJ, 70 fs pulses at a
repetition rate of 10 Hz [104] were delivered. KNbO3- and KTA-based mid-IR OPCPA systems
were reported for the generation of 21 W, 131 pJ, 97 fs, 160 kHz-rate pulses centered at 3.25 um
[77] and the generation of 12.5 W, 125 uJ, 73 fs, 100 kHz-rate pulses centered at 3.1 um [78].
Based on these results, we can find that KTA, MgO: LN and KNbO; are suitable for > 70 fs few-
cycle pulse generation. It is worth mention that the good phase-matching bandwidth supporting
~70 fs pulse width in KTA must be achieved in a noncollinear geometry with a 1.5 um seed, see
Table 3.2. This means that there exists a large angular dispersion in the generated idler pulses at 3
um. Some extra components such as gratings must be used to compensate the angular dispersion
of 3 um pulses and this takes some complexities into the system [78]. PPLN or apodized PPLN
with quasi phase-matching has been used to pursue shorter pulse width in the mid-IR OPCPA
systems [92, 105, 106]. 3.1 um pulses as short as 38 fs were generated [106]. However, the pulse
energy is only 40 uJ, which is hindered by the low damage threshold of PPLN (~10 GW/cm? at 6
ps [102]). The PPSLT has a larger damage threshold of 80-180 GW/cm? [102, 107-109] which is
one order of magnitude higher than that of PPLN. While the PPST has not demonstrated for
OPCPA systems at 3 um, the ~2 um PPSLT-based OPCPA systems working at the degenerated
wavelength can deliver pulses with hundreds of uJ pulse energy and few-cycle pulse width
[107,108]. This shows its potential in boosting the pulse energy of mid-IR few-cycle pulses.
Compared with PPLN, the phase-matching bandwidth of PPSLT at ~3 um is slightly smaller (233
nm and195 nm in 2 mm thick PPLN and PPSLT, respectively [102]). This issue can be mitigated
by using thinner PPSLT and applying higher pump intensity in the OPCPA, because the gain
bandwidth of OPA is proportional to the pump intensity and inversely proportional to the crystal
length, as predicted by the equation (2.19). It is also worth mentioning that compared to the
birefringent phase-matching nonlinear crystals such as KTA, MgO: LN, and KNbO3, PPSLT has
a larger effective nonlinear coefficient (7.7 pm/V). Therefore, PPSLT is a good candidate for high
energy, few-cycle OPCPA systems at ~3 pm. Considering that the PPLN and PPSLT both support
the wide amplification bandwidth and PPSLT has a higher damage threshold, we use PPLN as
nonlinear crystals for the first two stages of our OPCPA system due to the relatively low pump
intensity and PPSLT as nonlinear crystals of the last two stages in which a higher pump intensity

1s used.
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Table 3.2 Nonlinear crystals for the broadband parametric amplification at 3 pum. The optimized noncollinear angles
for the broadband amplification, the signal wavelength for seeding and the effective nonlinear coefficients (dcsr) are

obtained from SNLO [101]. The transmission range and damage threshold are from [102].

Oxide  Noncollinear angle dess Transmission Damage threshold
Crystals for broadband Signal (pm/V) range at1 pm
amplification (nm) (GW/cm?)
MgO: LN 5 deg for Type-I 3000 nm -4.0 0.33-5.5 10 (6 ps)
LIO 2.7 deg for Type-I 3000 nm 1.17 0.3-6.0 19 (45 ps)
KNbO; 4 deg for Type-I 3000 nm 6 0.4-4.5 100 (100 ps)
KTA 4 deg for Type-11 1568.5 nm -2.5 0.35-4.0 >1.2 (8 ns)
KTP 3.5 deg for Type-II 1568.5 nm -2.7 0.35-4.0 15 (1 ns)
PPSLT 0 deg for Type-0  1568.5 or 3000 nm 7.7 0.38-5.5 >80 (30 ps)
PPLN 0 deg for Type-0  1568.5 or 3000 nm 14.8 0.33-5.5 10 (6 ps)

Another important aspect to consider when we design an OPCPA system is the dispersion
management of the system, i.e. how to chirp and dechirp the pulses. From the Figure 3.1(a), we
can see that the seed for the OPCPA system is enough wide in spectrum and the estimated pulse
width of 1.5 um pulses is less than 60 fs. However, the pump duration is ~1 ps, ~20 time longer
than the seed. For the efficient amplification, the 1.5 um seed pulse must be chirped to a longer
pulse width to extract the energy from the pump pulses more efficiently. A few methods may be
used to stretch the pulse duration, such as grating pairs, chirped mirrors and solid materials with a
large second-order dispersion at the corresponding working wavelength. Grating pairs can provide
a high positive or negative second-order dispersion with an accurate control of the dispersion
amount by adjusting the distance between grating pairs, but a complicated alignment is needed.
Chirped mirrors to chirp or dechirp pulses usually need multiple mirror reflections for reaching

enough high dispersion. This causes large reflection losses. Solid materials are a feasible
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alternative for grating pairs and chirped mirrors due to the nature of the easy alignment and low
loss. For our OPCPA system, we choose the Si and Sapphire to serve as the stretcher to chirp
1568.5 nm or 3000 nm signal/idler pulses and the compressor to dechirp the 3000 nm pulses,
respectively. Since these two types of crystals have highest second-order dispersion at the
corresponding wavelength, see Table 3.3. Considering that the crystal thickness is hard to change
for an accurate dispersion management, an acousto-optic programmable dispersive filter (AOPDF)
(Fastlite, Dazzler) working at 1.5 pm is inserted to serve as a stretcher as well. The AOPDF can
not only accurately adjust the second-order dispersion, but also control the third-order dispersion
and even forth-order dispersion brought by the optics and the crystals. One issue worth to mention
here is that when 1.5 pm pulses are chirped using Si, the pulses are at positive second-order
dispersion. Based on the signal/idler dispersion relationship during the OPA process, the 3 pm
second-order dispersion is negative. Si should be the most suitable crystal for the compression of
3 um pulses. However, in our experiment, some unknown loss is found when Si is used as a
compressor, possibly from multiphoton absorption. Therefore, Sapphire is chosen as the
compressor. In this case, in order to make the second-order dispersion of 3 um pulses to be positive,
a large positive second-order dispersion is added to the 1.5 um pulses using AOPDF. The

experimental details for this are introduced in next section.

Table 3.3 The second- and third-order dispersions for common crystals at 1.5 pum and 3 pm.

Solid materials [, at 1568.5 nm 8, at 3000 nm B3 at 1568.5 nm B3 at 3000 nm

(fs? /mm) (fs? /mm) (fs3/mm) (fs3/mm)

Si 4930.6 72 21559 2073
YAG 4.6 -360 165.4 2179
Sapphire -30 -534 158.7 3620
ZnSe 378.4 161 386.6 440

nS 224 61 239 456.4
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3.3 OPCPA results
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Figure 3.3 The schematic of the 3 um OPCPA system using PPLN and PPSLT as nonlinear crystals followed by the
nonlinear pulse compression and the high-harmonic generation (HHG). AOPDF: Acousto-optic programmable

dispersive filter.

The schematic of the 3 um OPCPA system is shown in Figure 3.3. It starts from a 1030 nm
Yb:YAG Innoslab laser. An 80 pJ, 1030 nm pump is split to generate SC in the SCG setup
described in Section 3.1. 1.5 pm pulses with 2 nJ pulse energy are obtained after the LPF with a
cut-off wavelength of 1300 nm and they are subsequently stretched to ~300 fs pulse width by a 4
mm thick Si block and are injected into the OPCPA system with four-stage amplifiers in a collinear
geometry. The first-stage amplifier is based on an uncoated, 3 mm thick 5%-MgO-doped PPLN
crystal (HC Photonics). ~ 350 uJ pump energy is distributed to this stage, which amplifies the 1.5
um seed pulses to a pulse energy of 14 pJ. Figure 3.4 shows the amplified spectrum spans from
1400 nm to 1700 nm, supporting a ~30 fs transform-limited (TL) pulse width. This sufficiently
verifies the good phase-matching bandwidth of PPLN. To invert the pulse chirp from positive to
negative and stretch the pulse width to a scale matched with the pump pulse width, as analyzed in
Section 3.2. An AOPDF is used, which adds —22500 fs?second-order dispersion into 1.5 pm pulses.
After the AOPDF, the 1.5 um pulses have an 850 fs pulse width and a 3 pJ pulse energy. ~79%
energy loss is found, which is attributed to the diffraction loss of AOPDF.
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Figure 3.4 The spectrum of 1.5 um pulses from the first-stage amplifier with a comparison of the SC spectrum.

In the second-stage amplifier, the same thick uncoated PPLN crystal is used. With a pump energy
of 800 wJ, 40 wJ, 3 um idler pulses are obtained with a spectrum covering 2600 nm to 3250 nm
(the black curve in Figure 3.5 (a)). The bandwidth matches well with that predicted by the phase-
matching function |sinc(AKL/2)| [67], see the black curve of Figure 3.5 (b). Although the 3 pm
idler pulses has a positive chirp as expected, the amount is rather small due to the chirp impact
from the pump pulses. Thus, a 7 mm thick AR-coated Si block are used to further stretch the pulses
to ~700 fs by adding +5047 fs? second-order dispersion. After that, the 3 pm idler pulses are used
to seed the last two-stage amplifiers based on 1.2 mm and 0.9 mm thick uncoated PPSLT crystals
(Deltronic Crystal) with 3 mmx10 mm apertures to boost energy further. The working temperature
of the PPSLT crystals are both set at 170°C for mitigating the photorefractive effect. Taking into
account the high damage threshold of PPLST, 5 mJ pulse energy is distributed to each stage and
the corresponding pump intensity on PPLST is ~140 GW/cm?. 160 pJ and 306 pJ 3 um pulses are
obtained for the third- and fourth-stage amplifiers, respectively. No crystal damage and beam
distortion are observed. The total efficiency of the OPCPA system from pump to idler is 2.6%.
The low efficiency may be caused by the large losses from the Fresnel reflection on the uncoated

PPSLT crystals. Therefore, the efficiency could be further enhanced by the AR-coated crystals.
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Figure 3.5 (a) The spectra of 3 pm pulses from the second-, third- and fourth-stage amplifiers. (b) The phase-
matching (PM) function |sinc(AKL/2)| [67] for the 3 mm thick PPLN crystal in the second-stage amplifier, 1.2 mm
thick PPSLT crystal in the third-stage amplifier and 0.9 mm thick PPSLT crystal in the fourth-state amplifier.

The spectra from the last two-stage amplifiers are characterized and shown as the red and blue
curves in Figure 3.5(a). Although PPLST has a slightly narrower phase-matching bandwidth than
PPLN when the same thick crystal is used, the PPSLT crystals are >2.5 times thinner than PPLN
in our OPCPA system. From the phase-matching curves in Figure 3.5(b), we can find that the
phase-matching bandwidths of two PPSLT crystals are broader. Therefore, we did not find the
obvious spectral narrowing for the last two-stage amplifiers compared to the second-stage
amplifier. In addition, the phase-matching curves also explain why the fourth-stage amplifier has
a broader spectrum than the third-stage amplifier. The pulse width of 3 um pulses from the final-
stage amplifier is ~500 fs and the spectrum supports a 60 fs TL pulse width. +10700 fs? second-
order dispersion is included in the pulses. Therefore, 20 mm thick Sapphire blocks cut at Brewster
angles as a compressor are used to compensate the second-order dispersion. It is worth mentioning

that beside second-order dispersion, +100000 fs® third-order and +650000 fs* fourth-order
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dispersions from nonlinear crystals, Si blocks, Sapphire blocks and other optics are also included

in the pulses. These high-order dispersions are compensated by the AOPDF.
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Figure 3.6 Long-term stability of the 3 pm pulses at 300 pJ pulse energy. The inset shows the measured beam profile
at 300 pJ pulse energy.

After the compressor, we measured the energy stability for a 1-hour measurement duration and the
beam profile of 3 um pulses at 306 pJ output energy, which is shown in Figure 3.6. The energy
fluctuation is ~0.5%. It is much smaller than the energy fluctuation of SC seed, possibly related to
the saturation amplification in the last two-stage amplifiers. The inset of Figure 3.6 reveals the
beam profile of 3 um pulses has a Gaussian distribution, indicating the good focus in strong-filed
physics. The temporal profiles of the 3 um pulses are characterized using a commercial SHG
frequency-resolved optical gating (SHG-FROG) from FROGscan. A 30 um thick GaSe is used as
the SHG crystal for its broad SHG PM bandwidth and the SHG signal is acquired by the
spectrometer from Ocean optics (NIRQuest, 900-2500 nm). The measured and retrieved FROG
traces together with the retrieved temporal and spectral profiles are shown in Figure 3.7. 61 fs
pulse width is measured, which is almost equal to the TL pulse width of the measured idler

spectrum.
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Figure 3.7 The measured FROG results of 3 um pulses at 306 pJ. Measured (a) and retrieved (b) FROG traces. (c)
Measured and retrieved spectra. (d) Retrieved pulse shape and phase. The Frog error is 0.9% with a free frequency

marginal.
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3.4 CEP stability measurement

Setup of the CEP measurement o
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Figure 3.8 The setup for CEP measurement.

Delay line

|

As discussed in Section 3.1, a stable CEP is desired for our 3 um OPCPA system. The CEP stability
is measured using an f-3f spectral interferometer. The setup is shown in Figure 3.8. The 3 pm beam
is split into two arms (transmitted and reflected) by a 1-mm thick Si wafer serving as a beam
splitter. The pulses in the transmitted arm are focused into a 3-mm thick uncoated YAG plate using
a concave mirror with an effective focal length of 50 mm to generate SC covering the third-
harmonic frequency (~1 pum), through single filamentation. The 3 um pulses in the reflected arm
are focused into a 2-mm thick GaSe crystal placed at Type-I phase-matching angle, which
generates the third harmonic pulses at ~1 um. The SC and the third-harmonic pulses with the
orthogonal polarizations are combined using a polarizing beam splitter (PBS), and they interfere
with each other at ~1000 nm wavelength. The interference spectrum is recorded using a near-
infrared spectrometer equipped with a fast detector (AVANTES, AvaSpec-ULS2048-EVO-RS).
The spectrometer is set to an integration time of 10 ps. The visibility of the spectral fringes is
optimized with another PBS, and a typical interference spectrum is shown in Figure 3.9(b). An
interferogram as plotted in Figure 3.9(a) is acquired over 100 s. The extracted CEP fluctuations as
a function of time are shown in Figure 3.9(c), and its RMS value is measured to be 391 mrad over

al00 s time period.
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Figure 3.9 (a) Interferogram over 100 s based on the f-3f measurement, (b) typical interference spectrum, and (c)

measured CEP fluctuation indicating an RMS value of 391 mrad over 100 s period.
3.5 Nonlinear pulse compression and high harmonic generation

Due to the limited amplification bandwidth of our OPCPA system, it cannot directly output sub-
two-cycle or even single-cycle pulses which are required by some strong-field applications such
as isolated attosecond pulse generation. However, the nonlinear pulse compression technique
based on the nonlinear spectral broadening via SPM [100] and either subsequent [110, 112] or
simultaneous dispersion compensation [77, 111, 113] can further shorten the pulse width of such
high-energy pulses with a low loss. The nonlinear media for the spectral broadening may be gases
or bulk materials. For example, gas-filled waveguides have been used for multi-mJ, sub-two-cycle
pulse generation [110, 111] and high-energy single-cycle pulse generation [77]. Direct nonlinear
pulse compression in air without the use of waveguides was demonstrated for tens of mJ, 35 fs
pulse generation [71]. In recent years, solids as nonlinear media are also thriving for the high-
energy nonlinear pulse compression with the low loss. While filamentation in solids can broaden
the spectra largely, as discussed in Section 3.1, it causes the large loss due to multiphoton
excitation and ionization [99], especially for high-energy femtosecond or picosecond pulses. In
order to avoid the large loss, filamentation-free is needed for the high-energy pulses. This can be

achieved by using thin solids to minimize the self-focusing-the beams exits solids before
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filamentation. In the near-infrared region, a single-cycle pulse compression with a pulse energy of
up to 0.4 mJ using multiple thin fused silica plates was demonstrated [112]. In the mid-IR region,
using a single YAG plate as a nonlinear medium, the 21 mJ, mid-IR pulses are compressed to 30

fs from 94 fs with only slight ionization loss found [113].
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Figure 3.10 The spectrum of nonlinearly compressed pulses from YAG with a comparison of that from OPCPA.

To pursue shorter pulse width, the nonlinear pulse compression of the 3 um pulses from the
OPCPA system is investigated using a 2-mm thick uncoated YAG plate in our experiment. YAG
is chosen for its high third-order nonlinearity and good mechanical properties. The setup for
nonlinear pulse compression is shown in Figure 3.3, in which an AR-coated CaF lens with a focal
length of 75 mm is used to focus the 3 W, 300 pJ, 61fs , 3 um pulses to the YAG plate which is
placed slightly after the focal spot to avoid the crystal damage and the obvious ionization. By
optimizing the position of YAG from the focal spot, a symmetrically broadened spectrum spanning
from 2160 nm to 3840 nm are obtained due to SPM, as show in Figure 3.10, which supports 18 fs
TL pulse width. ~255 uJ pulse energy is measured after the Y AG without the degradation of beam
profile (the inset of Figure 3.10). It is worth mentioning that ~15% energy loss is mainly from the
Fresnel reflection on the uncoated surfaces of YAG. Because the positive second-order dispersion

arising from SPM is counteracted by the negative second-order dispersion of YAG, the pulses are
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thus self-compressed. The temporal profile of the 3 um nonlinearly compressed pulses measured
using SHG-FROG is shown in Figure 3.11. 21 fs pulse width is obtained, which corresponds to

two-cycle pulse width centered at 3 pum.
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Figure 3.11 FROG measurement at the output of the nonlinear compressor. Measured (a) and retrieved (b) FROG
traces. (c) Measured and retrieved spectra. (d) Measured and retrieved temporal profiles of the 3 um pulses. The

Frog error is 0.8% with a free frequency marginal.

Next, we explore the HHG in a ZnO crystal (1120 cut) using high-energy, high-power, few-cycle,
3 um pulses before and after nonlinear pulse compression, respectively. The HHG mechanism in
solid materials can be obtained in [114]. In the process of HHG in solids, electrons from the
valence band are first excited to the conduction band through tunneling ionization and then they
are accelerated by the laser field and acquire the kinetic energy. The accelerated electrons could
return to the valence band and recombine with the parent ions. During the recombination, the high
harmonics are emitted. There is also another case which is different from HHG in gases, the

accelerated electrons do not return to the valence band but form the intra-band current in the
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conduction band. The intra-band current source also makes contribution to high harmonics through
Bloch oscillation process [115, 116]. The cut-off energy of HHG in solids linearly scales with the
wavelength of the driving pulses [17]. The research on HHG in solids has been demonstrated in
different materials, such as GaSe [34], MoS2[117], glass [118], Si [119], ZnO [120], MgO [121]
and Sapphire [122]. The ZnO crystal is chosen in our experiment for its large bandgap energy of
3.3 eV (376 nm in wavelength) and larger nonlinearity (1111 =1.32 x 1073 cm?® erg) compared to
the other solid materials. To avoid filamentation generation, the ZnO with a 0.5 mm thickness is

used and the setup for HHG is depicted in Figure 3.3.
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Figure 3. 12 Measured HHG spectra driven by the 3 pm pulses before (red curve) and after (black curve) nonlinear
pulse compression. The HHG spectra measured by different spectrometers are calibrated and stitched. The

discontinuity at ~4 eV is due to the lack of measured spectra at the edge of the spectrometer.

We use 3 um pulses before and after nonlinear compression as the drivers and the energies are
both attenuated to 120 pJ with an iris. Then they are focused to the ZnO crystal using an AR-
coated CaF> lens with a focus length of 150 mm. The estimated vacuum intensities on ZnO are 4.4
TW/cm? and 1.3 TW/cm?, corresponding to field intensities of 0.42 V/A and 0.23 V/A for the 3
um pulses before and after nonlinear compression, respectively. Under the pump intensities, stable
concentric circles with visible colors are observed after ZnO for both cases. To avoid the
disturbance of the strong fundamental 3 pm pulses, the HHG spectra from the backside reflection

of ZnO are characterized using two different Ocean Optics spectrometers (HR 2000+ and Maya
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2000 Pro). The measured HHG spectra using 3 um pulses before and after nonlinear pulse
compression are plotted in Figure 3.12. It is found that the odd harmonics up to the 15th order,
which is well beyond the bandgap energy, are clearly seen in both HHG spectra. The HHG
intensity obtained with nonlinearly compressed pulses is one order of magnitude higher than that
using pulses before nonlinear pulse compression, which is attributed to the enhancement of pump
intensity. The harmonics energy generated by 3 um, 21 fs pulses is measured as 1.6 pJ after a 1300
nm short-pass filter, which corresponds to 1.3% conversion efficiency for the third-order and
above harmonics. It is worth mentioning that the HHG spectra could be used to probe crystal band

structures [123] and image the charge dynamics in solids [124].

3.6 Conclusions

A CEP-stable, 3 um OPCPA system is designed and developed, in which the PPSLT crystals with
the good phase-matching bandwidth and the large damage threshold are used as the nonlinear
crystals. To the best of our knowledge, this is the first time that PPSLT is used as nonlinear crystals
in a ~3 um OPCPA system. The demonstrated OPCPA delivers pulses with a 3 W average power,
a 300 uJ pulse energy and 61 fs pulse width at al0 kHz repetition rate. This verifies the potential
of PPLST crystals for high-power, high-energy, few-cycle, 3 um OPCPA systems. To pursue
shorter pulse width, nonlinear pulse compressor based on a 2 mm thick YAG crystal is also
developed and the 3 um pulses are compressed to 21 fs (two cycles) with a 255 pJ pulse energy.
The nonlinear compressor cut in Brewster angle would further enhance efficiency. Using those
pulses, we also generate a broadband HHG spectrum with up to the 15th order in a 0.5 mm thick
ZnO crystal. Compared with HHG driven by 3 um pulses before the nonlinear pulse compression,
one order of magnitude enhancement of the harmonic intensity is demonstrated, revealing the

significance of the intensity enhancement of the driving source.
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Chapter 4 Mid-IR IPDFG assisted by SPM

The IPDFG as a simpler technique, which does not require the precise control of the cavity length
in the OPO or delay stages in the OPA, OPCPA and the DFG, emerges recently for long-
wavelength mid-IR pulse generation. Benefitting from the progress of the broadband few-cycle
driving lasers centered at 1 pm [125, 126], 1.5 um [127], 2 um [68, 69, 128, 129], 2.3 um [130],
and 2.5 pum [131], broadband mid-IR IPDFG sources have been demonstrated with 4-20 um
spectral coverage [69], watt-scale output power [68, 129] and sub-two-cycle pulse width [68, 125].
At present, high-power, high-energy, few-cycle, ~3 um sources based on OPCPA are becoming
available [77, 78]. For example, U. Elu et al. demonstrated the generation of 21 W, 97 fs, 3.25 um
pulses from a KNbOs-based OPCPA system, and the generation of 9.6 W, 14.5 fs self-compressed
pulses with a gas-filled hollow-core fiber as the nonlinear pulse compression stage in 2017 [77].
Later, M. Mero et al. reported a KTA-based OPCPA system delivering 3.1 um, 12.5 W, 73 fs
pulses [78]. It is thus worth exploring broadband mid-IR pulse generation via IPDFG pumped by
the 3 um driving sources for several potential benefits, such as the smaller nonlinear absorption
for the narrow-bandgap nonlinear crystals and the potential high conversion efficiency due to the
reduced quantum defect between the driving wavelength and IPDFG wavelength. The difficulty
in the IPDFG driven by 3 pum sources is the generation of the short mid-IR wavelengths which
highly depends on the spectral span of the driving sources. Assuming driven by 3 um, 60 fs
Gaussian pulses, the calculated shortest mid-IR wavelength generated in the IPDFG is 12 pm
which largely limits the bandwidth of the generated IPDFG pulses. The access to the shorter mid-
IR wavelengths via IPDFG directly pumped by the 3 um, 60 fs OPCPA thus seems impossible,
due to the absence of the necessary spectral components in the driving pulses. The extra nonlinear
compression to obtain a broader pumping bandwidth could be adopted, as in the IPDFG systems
driven at 1 um [125, 126] and 2 pm [68, 129] wavelengths. On the other hand, some works suggest
that the ultra-broadband IPDFG could be achieved by making use of the SPM effect in the IPDFG

crystals [126, 128] or via cascade parametric conversions [130].

In this chapter, driven by a 3 pum, 65 fs, 10 kHz pulses from our OPCPA system, we report a
broadband, > 6 um, mid-IR IPDFG assisted by SPM in a GaSe crystal. The IPDFG pulses with a

7-15 um spectral coverage, a 0.91 pJ pulse energy, and 9.1 mW output power are generated. The
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contribution of the driving pulse spectral broadening via SPM in the process of IPDFG is
confirmed experimentally. A home-made interferometric autocorrelator (IAC) reveals that the
generated IPDFG pulse can be compressed to 60 fs pulse width corresponding to 1.8 cycles by
adding extra bulk materials. The good compressibility of the IPDFG pulses verifies the good
spectral coherence of the IPDFG pulses. The results of this chapter have been published in [132].

4.1 Nonlinear crystals for long-wavelength mid-IR

Table 4.1 The specifications of non-oxide nonlinear crystals.

Non-oxide crystals Transmission Bandgap n, Damage threshold
range (pum) (3134 (eV) w134 (10%cm?/W at 2) (GW/cm? @ 2, T)
AgGaS;(AGS) 0.5-13 2.70 150 @ 4.6 pm 033 0.6-0.7@1.06pm, 35 ps 138
AgGaSe, (AGSe) 0.7-18 1.8 350 @ 1.5 pmie) >200 @ 2.1 pm, 26fs v28
ZnGeP,(ZGP) 2.0-11 2.34 400 @ 2.1 pm 034 0.086 @ 2.1 um, 21 ns 13
GaSe 0.65-18 2.1 450 @ 1.06 pm 134 1700 @ 1.9 pm, 16fs 021
GaP 0.54-10.5 2.26 200 @ 0.78 pm 134 70.5 @ 1.04 pm, 61fs 0
CdSiP,(CSP) 0.5-9 2.45 - 0.086 @ 2.1 pm, 21 ns 139
LiGaS,(LGS) 0.3-11 3.76 41 @ 1.03 pum 137 0.24 @ 1.06 pm, 14 ns o4
LiGaSe,(LGSe) 0.4-13 3.65 - <0.24 @ 1.06 pm, 14 ns 041

Due to the intrinsic absorption of oxide-crystals, they are not suitable for the generation of ultrafast
mid-IR pulses at the wavelength of >5 um. In this case, the extension of operating wavelengths for
optical parametric systems is satisfied by the new generation of non-oxide crystals capable of
providing the optical transparency of beyond 5 um, such as AgGaSe,(AGSe) ,
ZnGeP, (ZGP),GaSe,GaP, CdSiP, (CSP), LiGaS,(LGS) and LiGaSe,(LGSe).Table 4.1 shows the

specifications of corresponding mid-IR crystals, in which the transmission ranges and bandgaps
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are from [133,134], the nonlinear refractive indices (n,) are from [134-137] and the damage
thresholds are from [128, 129, 138-141]. Here, we give a simple overview about non-oxide crystals

for the long-wavelength mid-infrared pulse generation.

AGS [142, 143], CSP [66], GaP and ZGP [72, 73] have been employed to extend high-energy few-
cycle pulses to the wavelength range of 4-12 um. 8.5 um, 150 pJ, few-cycle pulses were
demonstrated by mixing the 1.8 um pump and the 2.4 pm signal in an AGS-based DFG system
[142]. 33 wJ, 0.88-cycle pulses covering 2.5-10 pm spectral range were generated by coherent
synthesis of signal and idler pulses of a CSP OPA, pumped by a 2 um OPCPA [66]. Using 1.5 pm
Er-doped fiber laser as pump, IPDFG based on orientation patterned (OP)-GaP output a 4-12 pm
spectrum [127]. The energies of a few-cycle ZGP-based OPCPA system at a central wavelength
of 5 and 7 um were boosted to 1. 0 and 0.7 mJ, respectively, with powerful 2 um solid-state lasers
as pumping [72, 73]. Recently, the wide bandgap nonlinear crystal LGS has emerged. 7-11 pm
few-cycle, or even single-cycle pulses with nano-joule-level pulse energy have been demonstrated
in OPA and IPDFG configurations based on LGS crystals and pumped at the near-IR wavelength
[125, 126, 144, 145]. Subsequently, up to 14 pJ few-cycle pulses centered at 9 um were obtained
in an LGS-based OPCPA system [146]. To pursue longer wavelength up to 20 pm, AGSe [128,
147] and GaSe [67-69] nonlinear crystals have been employed in the DFG or IPDFG configuration,
thanks to their longer transparent cutoff wavelength. Especially, GaSe was demonstrated for
broadband, single-cycle mid-IR pulse generation with a spectral coverage from 4 to 300 um [67-
69]. In order to avoid parasitic two- or three-photon absorption, AGSe and GaSe should ideally
be pumped at > 2 um wavelength. Without doubt, 3 um driving sources potentially mitigate the

nonlinear absorption.

Figure 4.1 depicts the phase-matching curves (Ak = 0) of AGSe and GaSe for 3 pm pump [101].
We can see that both crystals have phase-matching for Type-I and Type-II. The phase-matching
angle of AGSe changes from 39.8" to 47.8° for 6-16 um wavelength with an angle change of
8’ for Type-I and changes from 51.7° to 67.1° for 6-16 pm wavelength with an angle change of
15.4° for Type-II. GaSe satisfies the phase-matching in the same wavelength ranges with only 2
angle change from 10.6" to 12.6" for Type-I and 1.8" angle change from 13.2° to 15" for Type-IL.
Whether Type-I phase-matching or Type-II phase-matching for GaSe is better than that of AGSe.
Beside the better phase-matching, Gase has also higher nonlinear coefficients (55 pm/V for Type-
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I, 53 pm/V for Type-II from SNLO [101]), higher damage threshold (~ 1.7 TW/cm? [129]) and
higher nonlinear refractive index (450 X 1071 cm? /W [134]). Nonlinear refractive index is
considered as an important assessment parameter for the crystal selection, because SPM makes
contributions for IPDFG in nonlinear crystals with the high nonlinear refractive index. For the

aforementioned reasons, GaSe is chosen as the nonlinear crystal for 3 um-pumped IPDFG.
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Figure 4.1 The calculated phase-matching curves of AGSe for Type-I (a) and Type-II (b) and the calculated phase-
matching curves of GaSe for Type-I (¢) and Type-II (d), using SNLO. All calculations use 3000 nm as pump

wavelength.

In Chapter 2, we introduce the phase-matching bandwidth is related to the crystal thickness. Here,
we plot, in the Figure 4.2, the phase-matching function |sinc(AKL/2)| with respect to the phase-
matching angle and the phase-matching wavelength, in a GaSe crystal (L = 2 mm) and a 3 pm

pump wavelength for the Type-I and Type-II. It is found that when the phase-matching function
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|sinc(AKL/2)| for Type-II is maximized, as indicated by the black dashed curve in Figure 4.2(b),
the group velocity of the signal (4204 nm, o-wave) and the idler (10475 nm, e-wave) which are
shown as the two stationary points marked by the arrows match at the phase-matching angle
of 13.2°. For better understanding, please also see the Section 2.1.2 in Chapter 2, where the
equation (2.19) about bandwidth shows when the group velocity of signal equals that of idler, a
maximum bandwidth is given. Thus, Type-II is chosen in our experiment due to the maximized

phase-matching bandwidth [67].
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Figure 4.2 (a) The PM function |sinc(AKL/2)| with respect to the PM angle and the PM wavelength, in a GaSe
crystal (L = 2 mm) for the Type-I (a) Type-II (b) using a 3 pm pump wavelength.

4.2 Experimental setups

The schematic of the 3 um driving source is shown in Figure 4.3(a), which is a four-stage OPCPA

system, including a SCG stage in YAG, two-stage MgO: PPLN-based amplifiers and two-stage
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PPSLT-based amplifiers. The OPCPA is driven by a 1030 nm, 1 ps, 10 kHz Innoslab laser with a
maximum output energy of 12 mJ. The pump energy is split into 80 pJ for SCG, 350 pJ for the
first OPA stage, 0.8 mJ for the second OPA stage, 5 mJ and 5 mJ for the third and the fourth OPA
stages. PPSLT crystals with a large damage threshold of > 80 GW/cm?and the good phase-
matching bandwidth at 3 um [102] are adopted for the last two stage OPAs, to achieve the high
pulse energy and the large amplification bandwidth simultaneously. A maximum pulse energy of
~300 pJ at 3 um is delivered. The other details about the 3 pum OPCPA could be found in Chapter
3. The temporal profile of the 3 um pulses after the compressor is characterized using a commercial
SHG-FROG, as shown in Figure 4.4. 65 fs pulse width is measured with a FROG error of ~0.7%
and a free frequency marginal, which corresponds to 1.08 times TL pulse duration. Note that the
spectrum and pulse duration of 3um pulses are slightly different from that in Chapter 3. That may
be caused by the alignment for the last-two stages of our OPCPA system and the settings of
AOPDF.

YAG PPLN PPLN PPSLT ppsLT(®)
Lypm, 1ps, o gcG OPA 3 OPA 4
10 kHz i
Innoslab 2
Laser E
. | pm (b)
B .5 um il I [I /
3 um mmm PFs GaSe Lens HWP
10 um
Power meter Monochromator [ntexierarmpini
autocorrelator

Figure 4.3 The schematic of the experimental setup. (a) The 3 um OPCPA system based on PPLN and PPSLT
crystals. The stretchers consisting of the bulk silicon and an AOPDF are not shown in the schematic. The Sapphire

block serves as a compressor. (b) The stage of the mid-IR IPDFG.

The IPDFG stage in Figure 4.3(b) consists of an HWP working at 3 um, an AR-coated CaF, lens
with 350-mm focal length and a 2-mm thick uncoated GaSe crystal. The 140 pJ, 3 um pulses are
used to drive the IPDFG stage. As the GaSe is in z-cut orientation (8 = 0°), an external angle of

38.4" corresponding to the internal phase-matching angle of 13.2" is chosen, which results in a
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Fresnel reflectance loss of ~14%. Thus, 120 pJ driving pulses enters the crystal. The energy of the
3 um driving pulses is distributed onto the o-axis and the e-axis of the GaSe crystal by rotating the
HWP. The short-wavelength spectral components of the e-wave (p-polarized), and the long-
wavelength spectral components of the o-wave (s-polarized) from the same driving pulses are
mixed, serving as the pump and signal pulses, respectively. The e-wave IPDFG output as the idler
is generated. The generated IPDFG beam is collimated by a gold-coated 90° off-axis parabolic
mirror with an effective focal length of 101 mm, and then separated from the residual pump using
LPFs with different cut-off wavelengths. A series of characterizations for IPDFG pulses are
accomplished by the power meter, the monochromator with a liquid-nitrogen-cooled HgCdTe

(MCT) detector, the mid-IR beam profiler and a home-built IAC.
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Figure 4.4 Characterization of the 3 um driving pulses. The measured (a) and retrieved (b) FROG traces. (c) The
measured spectrum, the retrieved spectrum and the retrieved phase. (d) The retrieved temporal profile and the

spectral phase. The Frog error is 0.7% with a free frequency marginal.
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4.3 IPDFG output energy and spectrum

At the beginning, a I-mm-thick GaSe crystal is firstly used and it is placed at a position where the
peak intensity on the GaSe is ~1.5 TW/cm?. By rotating the HWP and the phase-matching angle,
the maximum output energy behind 7.3 um LPF is only ~100 nJ. The crystal thickness limits the
conversion efficiency. Subsequently, a 2-mm-thick GaSe crystal is placed on the same position.
The IPDFG output energy is boosted to 1.4 pJ. Taking into account the losses from the LPF (10%)
and the parabolic mirror (6%), a 1.63 pJ pulse energy (16.3 mW average power) is obtained after
the output surface of the crystal, which corresponds to an internal conversion efficiency of 1.6%
(taking into account the surface reflection losses of GaSe). However, slight damage on the crystal
surface is observed after half an hour operation. In order to avoid damage, the crystal is placed at
a safe position with a peak intensity of ~0.9 TW/cm?, corresponding to an internal intensity of
0.77 TW/cm?. At this position, a systematic investigation is executed, which is introduced as

follows.
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Figure 4.5 The IPDFG output energy after 7.3 pm LPF with the input polarization of driving pulses.
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Figure 4.6 The retardance curve of HWP at 3000 nm.

The IPDFG output is optimized through rotating the HWP and the crystal angle (¢ = 0,8 =
13.2°). Figure 4.5 shows the IPDFG output energy after the 7.3 um LPF as a function of the input
polarization of the driving pulses. A maximum output energy of 0.91 puJ is obtained when the input
polarization is rotated by ~80°, which indicates the major energy of the driving pulses is used to
serve as the pump part in IPDFG similar to the OPA process. Taking into account the losses from
the LPF, the parabolic mirror and the surface reflection of GaSe, the internal conversion efficiency
is 1.02%. It should be noted in Figure 4.5 that there are still some IPDFG outputs when the
polarization is rotated by ~0° and ~180°. However, when we rotate polarization of driving pulses
at o-axis or o-axis using the HWP, theoretically all energy should be along the o-axis or e-axis. A
zero IPDFG output should be found. The non-zero IPDFG output can be attributed to the imperfect
retardation of HWP outside the wavelength of 3000 nm, as shown in Figure 4.6, it is obvious that
the HWP only provide 0.5\ retardance at 3000 nm. Because the driving pulses have a broad
spectral coverage, some polarization leakage into another axis always occurs in the spectral range
beside 3000 nm. Due to the large gain of OPA (see the Section 2.1.1 in Chapter 2), the small
leakage of energy in another axis brings a significant impact on the output energy. The IPDFG
output fluctuation for a period of 1 hour at 0.91 pJ is measured as ~1.3% rms as shown in Figure

4.7. The inset of Figure 4.7 shows the IPDFG pulses has also a good beam profile.
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Figure 4.7 The one-hour energy stability of the IPDFG pulses, measured behind the 7.3 um LPF. The inset shows
the measured IPDFG beam profile.
The measured IPDFG spectrum at maximum output energy is depicted in Figure 4.8(b), which
spans from 7 to 15 pm and agrees well with the prediction of the PM function in Fig. 4.8(a). Note
that the Figure 4.8(a) is same as the Figure 4.2(b). For the clear comparison with the [IPDFG
spectrum, it is plot again as Figure 4.8(a). Those spectral components of 3.6 - 5.3 um (measured
behind a 3.6 um LPF), functioning as the signal in the IPDFG process is also identified in Figure
4.8(b), which, however, are obviously missing in the driving pulses, as shown in Figure 4.4(c).
Considering the large nonlinear refractive index of the GaSe crystal and the high pump intensity,
the SPM caused spectral broadening is considered as the origin of these extra spectral components.

The origin of such signal spectral components could be confirmed in future systematic studies.
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Figure 4.8 (a) The PM function |sinc(AKL/2)| with respect to the PM angle and the PM wavelength, in a GaSe
crystal (L = 2 mm) for the Type-II PM and a 3 um pump wavelength. The two stationary points marked by the
black arrows represent the signal and idler with the matched group velocity, when the PM function is maximized.
(b) The measured mid-IR spectrum of > 3.6 um at the PM angle of ~13.2". The spectra of signal and idler are

normalized, respectively.
4.4 SPM effect in IPDFG

To study the contribution of the SPM effect in GaSe to the 3.6-5.3 um signal generation, a setup
as shown in the inset of Figure 4.9 is developed, which consists of a 300-pum thick Si plate placed
at a Brewster angle of 73.8" with respect to the 3 um wavelength. The reflection coefficients of Si
for the s-polarized and the p-polarized light in the wavelength range of 2.5-16 um are plotted in
Figure 4.9. It has a reflection coefficient of < 10~° and ~71% for the p-polarized and s-polarized
light, respectively. It is also worth mentioning that the reflection coefficient for the s-polarized
mid-IR radiation is quite flat and smooth in the spectral range of 2.5-16 pm with only 0.18%
fluctuation between the maximum (2.5 pm, 71.22%) and minimum (16 pm, 71.04%). This enables
the s-polarized light to be almost completely separated from the p-polarized light without shaping

the spectrum.
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Figure 4.9 The reflection coefficient of the Si plate placed at Brewster angle with respect to the 3 um wavelength.

The inset shows the corresponding setup to separate the s and p polarized pulses.

With the help of this setup, the spectral broadening of the s-polarized signal and the p-polarized
pump via SPM is measured independently. In the first step, at the phase-matching condition (¢ =
0°,8 = 13.2°), the spectrum of the reflected mid-IR output which corresponds to the amplified
signal in the s polarization is measured as the blue curve in Fig. 4.10(a). The spectrum spanning
in the range of 3.6 - 5.3 um is manifested. The 7 - 15 pm spectral components are not found in the
measured signal spectrum, which confirms the p-polarized spectral components (including pump
and idler) are isolated well. The signal without amplification is then measured by rotating the
azimuthal angle (¢) of GaSe by 90°, which makes the effective nonlinear coefficient ~0 pm/V,
and fully suppresses the amplification in IPDFG. As shown in the measured spectrum (the red
curve) in Figure 4.10(a), it is found that the signal without amplification is well extended to cover
the wavelength range of 3.6 - 5.3 um by SPM, and its spectral shape and components are very
similar to the one after amplification. Therefore, it is confirmed that the SPM which causes the
spectral broadening of the signal plays a crucial role in seeding the IPDFG process. Besides the
signal, the spectral broadening of the pump needs to be considered as well. Figure 4.10(b) shows
the spectrum of the pump after the GaSe without the amplification. It is clear that there is

substantial spectral blue-shift to <2.7 pym wavelength which is uncovered by the spectrum of the
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original driving pulses. It is worth mentioning that the contribution of the blue-shifted spectral
components to the IPDFG is non-negligible. For example, the new pump spectral component at
2.5 um have a good phase-matching at the same phase-matching angle of 13.2°, as shown in the
inset of Figure 4.10(b), which makes contribution to the generation of 7-9 um spectral components.
Thus, we suggest that the ultra-broadband IPDFG is a combination effect of the spectral red-shift

of the signal and the blue-shift of the pump in a nonlinear crystal with the large nonlinear refractive

index.
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Figure 4.10 The spectra of the signal with and without amplification, measured via the setup in the inset of Figure
4.9. (b) The spectrum of the pump after the GaSe crystal without amplification. Inset: The PM function
|sinc(AKL/2)| with respect to the PM wavelength in GaSe (L = 2 mm), at the PM angle of 13.2°, by using 2.5 um

as the pump wavelength.

4.5 Pulse characterization

The pJ-level output energy enables the temporal profile characterization using our home-built IAC
in which a 1-mm thick GaSe is used as the SHG crystal due to the good phase-matching bandwidth
and a 2-mm thick uncoated ZnSe placed at 45 is used as the beam splitter. The IPDFG beam after
a 7.3 um LPF with a 2-mm thick Ge substrate enters the IAC and is split into two beams by the
ZnSe. The transmitted one goes through a delay line and is focused into the GaSe with the reflected
one together using the parabolic mirror with an effective focal length of 150 mm in a collinear
geometry. The generated SHG signal is refocused into a photodetector using a CaF» lens with a

focal length of 100 mm. The SHG signal with the delay time is recorded using an oscilloscope.
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The IPDFG pulse width is measured as 85 fs, which corresponds to 1.54 times TL duration (55 fs),
as shown in Figure 4.11(a). The calculated residual second-order dispersion is —1540 fs?which is
mainly from the ZnSe beam splitter in the IAC. Here, the contribution of the higher-order
dispersions is not taken into account. The sign of the residual second-order dispersion is judged
through inserting the Ge plates with the normal dispersion, or the ZnSe plates with the anomalous
dispersion, and monitoring the changes of the pulse width. To compensate the residual dispersion,
a 5-mm thick AR-coated Ge plate which gives +1890 fs? dispersion is added. As shown in Figure
4.11(b), the IPDFG pulse is compressed to 60 fs which corresponds to 1.8 optical cycles and 1.09

times TL pulse width. The sub-2-cycle compressibility gives a direct evidence of the good

coherence of the [IPDFG pulse.
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Figure 4.11 (a) The interferometric autocorrelator (IAC) trace of the IPDFG pulses behind the 7.3 pm LPF. (b) The
IAC trace of the compressed IPDFG pulses using a 5-mm AR-coated Ge plate.

4.6 Conclusions

In conclusion, utilizing the SPM effect in a nonlinear crystal with a high nonlinear refractive index,
we have demonstrated a SPM assisted IPDFG source covering 7-15 pm wavelength range, directly
driven by a 3 um OPCPA, without the use of an extra nonlinear pulse compression stage. The

contribution of SPM on the signal generation (3.6 to 5.3 um) in the IPDFG process is
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experimentally confirmed. The generated IPDFG pulse has a pulse energy of 0.91 pJ (9.1 mW)
and a 60 fs (1.8-cycle) pulse width, centered at 10.3 um. To the best of our knowledge, this is the
first report of the IPDFG driven at 3 um wavelength and it shows the potential of the 3 um OPCPA
systems in producing the coherent mid-IR radiation. The few-cycle mid-IR IPDFG pulse could

serve as a useful tool for coherent time-resolved applications.
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Chapter 5 Highly efficient IPDFG and ultrabroadband SCG driven
by IPDFG pulses

In Chapter 4, we know that the IPDFGs have been demonstrated for the broadband, few-cycle mid-
IR pulse generation in non-oxide nonlinear crystals by using driving pulses at different
wavelengths [68, 69, 125-131]. Here, we introduce a few representative works by considering their
conversion efficiencies. T. Morimoto et al. demonstrated an 800 nJ, few-cycle IPDFG source
covering 8 to 13 wm, driven by spectrally broadened 0.8 um, 1 kHz, Ti:sapphire laser pulses [148].
I. Pupeza et al. used nonlinearly compressed, 1 pm, 100 MHz Yb:YAG laser pulses to produce
few-cycle IPDFG pulses with the spectrum from 6.8 to 16.4 um (at —30 dB) and 103 mW average
power, in a LGS crystal [125]. However, the IPDFG efficiency driven by 0.8 um or 1 um pulses
is relatively low (in the order of 0.1%). More efficient down conversion into the wavelengths of >5
um has been achieved by using the longer-wavelength driving pulses for the lower quantum defect
and the reduced nonlinear absorption in the non-oxide crystals. Using the 2 um self-compressed,
MHz laser pulses from the Tm-doped fiber lasers, C. Gaida et al. and T.P. Butler et al.
demonstrated the 450 mW (at 1.25 MHz) and 500 mW (at 50 MHz) mid-IR output via IPDFG
with the spectral coverage of 6 tol8 um in GaSe crystals, at the conversion efficiencies of 1.8%
and 2%, respectively [68, 129]. S. Vasilyev et al. reported the IPDFG source spanning from 5.8 to
12.5 um with a conversion efficiency of 3.3 %, using few-cycle, 78 MHz, 2.5 um driving pulses
from a Cr: ZnS laser and a ZGP nonlinear crystal [131]. These reports represent the state-of-the-

art IPDFG sources for the high conversion efficiency.

In Chapter 4, we used 3 um pulses directly from OPCPA system to produce mid-IR IPDFG output
with 1% -1.6% conversion efficiency. However, such pulses are not optimized for efficient IPDFG
conversion due to the necessary ‘signal’ components above 3.6 um must be generated via SPM in
GaSe. In this chapter, the ‘signal’ components above 3.6 um are readily generated using YAG
before driving the IPDFG stage and we further boost the IPDFG conversion efficiency to 5.3%
which leads to a new record. The driver of IPDFG we use is 3 um, 10 kHz, 95 pJ, 35 fs pulses
from a YAG nonlinear compressor. 5 pJ, 50 mW, 68 fs corresponding to 2.1 cycles centered at 9.7
um IPDFG pulses with a spectrum spanning from 6 to 13.2 um are produced from a GaSe crystal.
The resulted field strength of the IPDFG pulses can exceed 0.27 V/A, enabling the study of HHG

in solids, laser-induced electron diffraction for the imaging of ultrafast molecular dynamics, wave-
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controlled ultrafast electronics in dielectrics and semiconductors, and the study of ultra-broadband
SCG. As a demonstration of the application in the nonlinear optics in solid materials, we
investigated its use in SCG. Pumped by the IPDFG pulses, a 2.4 pJ, 24 mW SC with a 3-octave
spectrum from 2 to 16 pum in KRS-5 and a 2.7 pJ, 27 mW SC with a 2.3-octave spectrum from 3
to 14.5 um are produced. Two SC spectra both support sub-cycle pulse widths. The results of this
chapter have been published in [149].

5.1 Experimental setups

The schematic of the experimental setup is depicted in Figure 5.1, which consists of the 3 um few-
cycle driver and the IPDFG stage. Different from the setup for IPDFG in Chapter 4, a further
compression of 3 um pulses from the OPCPA system down to a shorter pulse duration is

implemented in this setup.

3 pm few-cycle driver for IPDFG IPDFG with conversion efficiency of 5.3%

120 pJ, 95 nJ,
3 pm & E——— |
OPCPA
Lens YAG 7.3 pm LPF
mmmm  Pump beam S 16T (S0 mW),

638 fs

== JPDFG beam

Figure 5.1 The schematic of experimental setups.

The 3 pum few-cycle driving source starts with a home-made multi-stage OPCPA based on PPLN
and PPSLT crystals driven by a 10 kHz Yb: YAG Innoslab laser. It can deliver ~300 pJ, few-cycle,
3 um pulses, see Chapter 3 and 4. The 120 pJ, 3 um pulses are used and focused into a 2-mm-thick
uncoated YAG crystal by an AR coated CaF, lens with a 75-mm focal length, for the nonlinear
compression. Here, the YAG is chosen for its large nonlinear refractive index and good mechanical
properties. It is placed at a position slightly after the focal spot to avoid the damage and the strong
ionization. Inside the YAG, 3 um pulses are spectrally broadened by the SPM, and simultaneously

compressed in the temporal domain with the anomalous dispersion in YAG at 3 um. The measured
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pulse energy after the YAG is ~105 pJ, with the loss mainly from the Fresnel reflection and the weak

1onization.

In the IPDFG stage, a GaSe with a thickness of 2 mm is chosen as the nonlinear crystal, same as the
Chapter 4, for its broad transmission window (0.65-18 um), large second-order nonlinearity (~50
pm/V from SNLO, good phase-matching bandwidth, and high damage threshold (~1.7 TW/cm?).
An uncoated CaF, lens with the focal length of 100 mm is used to focus the self-compressed 3 pm
beam from the YAG plate to a beam diameter of ~600 um at its beam waist. The pulse energy
measured behind the uncoated CaF, lens is 95 pJ. In our experiment, the GaSe crystal is placed at
a type-1I phase-matching angle of ~13.2° (azimuthal angle (¢)=0"), and the IPDFG output is
optimized for the output energy so as the conversion efficiency after the LPF with a cut-off
wavelength of 7.3 um. The parameters of optimization include: the pump intensity on GaSe by
adjusting the position of GaSe from the beam waist and the energy distribution of the 3 um driving
pulses on the o-axis and e-axis by rotating the crystal along the propagation direction of the driving
pulses. The long-wavelength and the short-wavelength components on the o-axis and e-axis serve
as the signal and pump, respectively, in the DFG process, and the IPDFG output is generated as
the idler. The IPDFG pulses are collimated by a gold-coated parabolic mirror (Thorlabs) and
separated from the driving pulses by the different long-pass filters (LPFs). The characterizations
of IPDFG pulses are accomplished by a series of setups, such as the thermal power meter, the
monochromator with a liquid-nitrogen-cooled MCT detector, the mid-IR beam profiler and a

home-built IAC.

5.2 Experimental results and discussion

The spectrum of the 3 pm OPCPA is shown as the red dashed curve in Figure 5.2(a), which has a
spectral coverage from 2.8 to 3.4 um. The temporal profile of the 3 um OPCPA pulses measured
by the SHG-FROG is revealed in Figures 5.2(b)-2(d). A 65 fs pulse width is measured as shown
in Figure 5.2(d). This information is same as that in the last chapter. The spectrum of self-
compressed pulses from YAG is shown as the black solid curve in Figure 5.2(a), with a spectral
span from 2.3 to 4.5 um. Here, the long-wavelength tail is measured with all energy behind 3.6
um LPF coupled into the monochromator. It is worth mentioning that the new generated spectral

components in the range of 3.4-4.5 um which serves as the signal in the process of IPDFG are
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crucial for the efficient conversion of mid-IR pulses via IPDFG. The good Gaussian beam profiles
before and after nonlinear compression are compared in the inset of Figure 5.2(a), manifesting no
degradation of the beam profile in the nonlinear compression process. The temporal profile of the
self-compressed pulse is also characterized by using SHG-FROG, as shown in Figures 5.2(e)-2(g).
A 35 fs pulse width is measured with a FROG error of ~0.9% and a free frequency marginal, which
corresponds to a 1.08 times TL pulse width. Further pulse compression down to shorter pulse width
and broader spectrum by placing the YAG at a position of higher intensity is possible. However,
this does not increase the conversion efficiency of IPDFG due to the walk-off length limit between

signal and pump.
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Figure 5.2 Characterization of the 3 um driving pulses. (a) The spectra before and after the nonlinear pulse
compression. Inset: the beam profiles before and after the nonlinear compression. (b)-(d) show the measured FROG
trace, the retrieved FROG trace and the pulse shape, respectively, for the 3 um pulses before nonlinear compression.

(e)-(g) show the measured FROG trace, the retrieved FROG trace and the pulse shape, respectively, for the 3 um

pulses after nonlinear compression.

The dependence of the IPDFG output and conversion efficiency on the pump intensity is shown in
Figure 5.3. It is found that the roll-over of the IPDFG output occurs when the pump intensity is
increased to ~295 GW/cm?, and the measured maximum IPDFG output pulse energy behind the
7.3 um LPF is 5 pJ (50 mW in average power). This corresponds to a 5.3% conversion efficiency

from the 3 um driving pulses to IPDFG output, which, to the best of our knowledge, represents
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the highest IPDFG efficiency to date. Taking into account the losses from the LPF (10%), the
parabolic mirror (6%) and the surface reflections of the uncoated GaSe crystal, the internal
conversion efficiency is up to 8.3%. This proves the advantage of the 3-pm-driven IPDFG in
enhancing the conversion efficiency due to lower quantum defect compared to IPDFG sources
driven at 0.8 [148], 1 [125], 2 [68, 129] or 2.5 um [131]. In addition, it is worth mentioning that
the 5 pJ output pulse energy is much higher than that of the reported advanced IPDFG sources at
high repetition rates [68, 129, 131], which makes our source suitable for some particular
applications, such as HHG or SCG in solids. The inset of Figure 5.3 shows that the IPDFG output
has a Gaussian beam profile at 5 uJ output energy, which allows good focus for the strong-field
applications. Using the same optimization approaches, 0.5 mm and 1 mm-thick crystals are also
used for the IPDFG, with IPDFG outputs of ~30 nJ and ~900 nJ for 0.5-mm and 1-mm thick
crystals. It is found that the IPDFG output is much lower than 2-mm thick crystal. This is because
that the gain of IPDFG grows exponentially with the crystal thickness, a thicker crystal obviously
increases the IPDFG output.
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Figure 5.3 The IPDFG output energy and conversion efficiency measured behind a 7.3 um LPF at different pump

intensities. The inset shows the measured beam profile for 5 pJ IPDFG output.

The IPDFG spectrum at the highest output energy is shown in Figure 5.4(a), which spans from 6
to 13.2 um. Some large dips are found in the IPDFG spectrum, which are mainly caused by the
spectral shapes of the short-wavelength pump and the long-wavelength signal in the driving pulses.

For example, the CO, absorption line at 4.3 um in the signal spectrum is transferred to the IPDFG
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spectrum in the IPDFG process, leading to a spectral dip at 10.7 um with 3.07 um serving as pump,

as presented in Figure 5.4(a).
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Figure 5.4 (a) The measured IPDFG spectrum at 5 uJ output energy. (b) The simulated IPDFG spectrum.

We also measured the amplified signal of >3.6 um using the 3.6 pm LPF, which is shown in
Figure 5.5(a). It is found that the amplified signal covers up to 6 um in spectrum, however, the
long-wavelength tail from the 3 um driving pulses can only reach 4.5 um, as shown in Figure
5.2(a). Thus, some new spectral components at 4.5-6 um are generated, serving as signal in the

IPDFG process. The origin is attributed to the SPM caused spectral broadening as discussed in
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Chapter 4 and the cascaded processes [130]. Figure 5.5(b) shows the measured signal spectrum
after the GaSe crystal by rotating the azimuthal angle (¢) of GaSe to 90°, in order to suppress the
amplification. One finds the signal without amplification is spectrally broadened due to the high
nonlinear refractive index of GaSe (450 X 10716cm? /W [134]). The spectral components of 4.5-
6 um are emerged, which provides an explanation for what is found in the amplified signal. In this
case, the energy behind 3.6 um LPF is 4 times higher than that without GaSe, giving another

evidence that SPM makes contribution.

In addition, the intrinsic cascade processes can also be responsible for the origin of the 4.5-6 um
spectral components. One example of the cascaded process is that with the same PM angle, the 7.5
um idler is firstly generated via IPDFG between the 2.5 um and 3.75 um components in the driving
pulses. Subsequently, the generated 7.5 um idler serves as a new ‘signal’, and is amplified by the
3 um pump to obtain the 5 um spectral component in the amplified signal. Similarly, other 4.5-6
um signal spectral components could be produced by similar cascaded processes. Therefore, it is

suggested that the IPDFG process is assisted by both the SPM and the cascaded effect.
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Figure 5.5 (a) The amplified signal spectrum measured behind the 3.6 um LPF. (b) The broadened signal spectrum
via SPM, measured behind the 3.6 um LPF by rotating the azimuthal angle (¢) of GaSe to 90°, to turn off the

amplification.

A simulation is also done using a (2 + 1) dimensional nonlinear pulse propagation code [150].
Different from some simulation codes which solve three coupled-wave differential equations using

the split-step Fourier methods, the (2 + 1) dimensional simulation code solves only two coupled-
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wave differential equations with two orthogonal linear polarizations (o-polarized and e-polarized)
using the Euler method. The latter is more suitable for the broadband parametric processes,
especially when pump, signal, idler overlap in spectrum such as IPDFG. What is more, this code
contains all possible second-order nonlinear processes for all involved ultrafast pulses and the
cascade effects are thus included automatically. For our experiment, SPM and self-focusing effects
make contributions due to the high nonlinear refractive index and long crystal thickness of GaSe,
therefore they are included in the simulation. 82 pJ, 35 fs, 3 um FT Gaussian pulses with a
collimated geometry are used as the driver of GaSe and they are distributed for 80 pJ on e-axis as
pump and 2 pJ on o-axis as signal. The phase-matching angle is set to 13.2° for Type-II. Figure
5.4(b) shows the simulated IPDFG output for > 6 um wavelength at an output energy of 5.3 uJ.
The simulated spectrum is quantitively matched with the measured one with a slightly broader
spectrum spanning from 6 to 14 um. The dips are not found in the simulated spectrum. This is
because the driving spectrum is assumed as a smooth Gaussian shape, the dips contributed by

absorption dips of the driving spectrum vanishes in the simulated spectrum.

The energy stability of the mid-IR sources is an important parameter for the molecular
spectroscopy and strong-field applications. The measured energy fluctuation of the IPDFG output
is 1.1% rms for 1-hour measurement duration, as shown in Figure 5.6(a). The good energy stability
of the IPDFG mainly benefits from the stable driving pulses with less than 0.7% rms fluctuation.
Moreover, the IPDFG pulse width is characterized using the home-built IAC in which a 0.5 mm
thick GaSe is used as the SHG crystal for its good SHG phase-matching bandwidth at ~10 pum.
The dispersion of 2-mm-thick ZnSe serving as a beam splitter in the IAC is compensated using a
Ge plate. The measured IAC trace of the IPDFG output after the 7.3 pm LPF is shown in Figure
5.6(b). It is worth noting that the 7.3 um LPF cuts some spectral components from 6 to 7.3 um,
and the temporal profile measurement with the full IPDFG spectrum could be achieved by using a
LPF with the cut-off wavelength of 6 um. Figure 5.6(b) reveals a 68 fs pulse width corresponding
to 2.1 cycles centered at 9.7 um, and 1.2 times the TL pulse width. It agrees well with the calculated
IAC trace, which is obtained by adding the -1300 fs? second-order dispersion into the TL pulse
based on the measured spectrum behind the 7.3 um LPF. The residual dispersion is mainly from

the 2-mm-thick GaSe and the 7.3 um LPF with a 1-mm-thick Ge substrate. The field strength of 5
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uJ, 68 fs IPDFG pulses could reach 0.27 V/A at a beam diameter of 70 um, disclosing new

opportunities to investigate nonlinear phenomena like SCG or strong-filed physics in solids.
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Figure 5.6 (a) The measured energy stability of IPDFG output behind the 7.3 um LPF. (b) The measured and
calculated IAC traces behind the 7.3 um LPF. The calculated IAC is obtained by adding the -1300 fs? dispersion
which is mainly from the 2-mm-thick GaSe and the 7.3 um LPF with a 1-mm-thick Ge substrate into the TL pulse

based on the measured spectrum.
5.3 Mid-IR SCG via filamentation driven by IPDFG pulses

SCG in bulk materials via filamentation is a simple and compact technique to broaden a narrow-
band spectrum of femtosecond or picosecond pulses to a broadband spectrum covering multiple

octaves simultaneously with a good coherence and a moderate brightness. Unlike the second-order
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nonlinear processes, SCG is insensitive to the crystal angle and thus reduces the reliability on the
environments. SCG in the mid-IR spectral range is highly desired for the multiple-molecule
spectroscopy. In the multiple-molecule spectroscopy, to simultaneously analyze those molecules,
several lasers are often required due to limited spectral width of one single laser. This adds the
measurement time. The SC mid-IR sources covering the overall wavelength range of interest are
expected to overcome this limitation. In addition, SCG in bulks also provide a few-cycle or even
one-cycle pulses by the design of the pump wavelength and nonlinear materials, benefiting the

time-resolved spectroscopy.

Intensive advances have been made for the broadband, coherent mid-IR SCG via filamentation in
bulk materials in recent years. In 2012, a 3.3-octave SC from 450 nm to the mid-IR was
demonstrated for the first time in a bulk material [151]. In which, 3.1 um, 85 fs pulses were used
to drive the filamentation in YAG. The simulation shows the pulse width of the SC pulses was of
near-single cycle, with a compression factor of 10. In 2015, a systematic investigation of the
filamentation in CaF,, BaF,and ZnS using 2.1um, 27 fs pulses was reported [152]. The broadest
SC spectrum was generated from the ZnS with a spectral span from 500 nm to beyond 4.5 pum,
corresponding to 3.1 octaves. CaF, and BaF, gave relative narrow spectral span with the long-
wavelength extension of 3.3 um and 3.8 pm. Despite the relatively narrow SCG in CaF, and BaF,,
the pulses were self-compressed to 27 fs and 19 fs, respectively, due to the pump wavelength
located in the negative second-order dispersion region of both crystals. In 2017, fused silica, YAG
and LiF were systematically investigated for filamentation-assisted SCG using 2.3 pum, 100 fs
pulses [153]. Multi-octave SC was generated with the spectrum from 310 nm to 3.75 um in fused
silica, from 350 nm to 3.8 um in YAG and from 290 nm to 4.3 um. In 2019, using NaCl and KBr
as the nonlinear materials, 0.7 to 5.4 um and 0.8 to 5.4 um SC spectra were produced with the 3.6
um, 70 fs pulses [154]. Despite NaCl and KBr have very broad transmission windows (0.17-18
um for NaCl and 0.2 -30.6 pum for KBr) and the pump wavelength is the vicinity of the zero
dispersion points of both crystals, no longer wavelength spectral components were observed. This
was explained as the formation of persistent color centers which significantly limited the
transmission energy and narrowed the SC spectra. KRS-5 and KRS-6 with a ultrabroad
transmittance up to 42 um and 27 pm were also verified for the broadband single-filamentation

generation, with the similar spectral coverage from 1.5 to more than 5.5 pm using 3.1 and 3.6 um,
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60 fs pulses, respectively [155]. The access to the long-wave parts of the mid-IR spectrum have
been achieved using pump pulses at a longer wavelength. In ZnSe, a multi-filamentation-assisted
SC covering 0.5 -11 um was reported using pump pulses centered at 5 pum [156]. 3- 18 pm SC was
generated using 7.9 um, 150 fs pulses, with a pulse self-compression down to 45 fs in GaAs [157].
Besides the aforementioned crystals, fluoride, tellurite, lanthanum and chalcogenide glasses also
produced broad mid-IR coverage with up to 10 um [158-161]. In this section, we report an ultra-
broad SCG in KRS-5 and ZnSe with the spectra from 2 to 16 pm and 3 to 14 pm at a pulse energy
of 2.4 W and 2.5 pJ, respectively, driven by the IPDFG pulses produced in last section.

Table 5.1 The parameters of some commonly used crystals with the broader transmission in the mid-IR. Ay and n,
represent the zero dispersion point and the nonlinear refractive index, respectively.

Materials Bandgap Transmittance Ay n; (x 1071 cm? /W)
(eV) 7 (jm)®7 (pm)

NaCl 9.0 0.17-18 2.76 4.35 154

KBr 7.6 0.2-30.6 3.83 7.95 1541
ZnSe 4. 0.5-20 4.8 5 1631
GaAs 1.4 0.9-20 6.8 500 7]
KRS-5 2.5 0.85-42 6.6 105 [L31
KRS-6 3.25 0.42-27 - 54 [155]
KI 10 0.25-39 4.53 29 152

A recent simulation predicted the femtosecond pulses with a wavelength deeply in the mid-IR are
helpful to produce multi-octave SC with remarkable red shifts via filamentation in the deep

negative second-order dispersion region of crystals [162]. Therefore, the criteria for the selection
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of nonlinear crystals is based on the broad transmission in the mid-IR, high nonlinear refractive
index, zero dispersion point deeply below the pump wavelength. The oxide crystals such as fused
silica and YAG and fluoride crystals such as CaF» and BaF» are excluded due to their transmission
limit. Table 5.1 lists the parameters of some commonly used crystals with the broader transmission
in the mid-IR. For those crystals, NaCl and KBr have been demonstrated for the formation of color
centers limiting the spectral broadening in filamentation. Therefore, they are not suggested.
However, ZnSe, GaAs, KRS-5, KRS-6 and KI satisfy the criteria. Two of them, i. e. ZnSe and

KRS-5, are chosen in our experiment for the broadband SCG.

The Figure 5.7 shows the schematics of the SCG setup. The 5 pJ, 68 fs IPDFG pulses centered at
9.7 um are focused into the uncoated 8 mm thick KRS-5 or 9 mm thick ZnSe crystals using a
parabolic mirror with an effective focal length of 38 mm. In order to avoid damage and suppress
the multi-filamentation, the crystals are placed after the focus point of the parabolic mirror, and
the pump intensity on the crystals are carefully adjusted using a linear stage. To ensure the single-
filamentation generation, a beam profiler is used to monitor the beam shape of the generated SC
pulses when optimization is made. The generated SC pulses are collimated by another parabolic
mirror with an effective focal length of 50 mm, then they are characterized using a series of setups.
The calculated critical peak powers for self-focusing of KRS-5 and ZnSe are 5.6 MW and 10.1
MW, respectively. Taking into account the losses from the parabolic mirror (6%) and the surface
reflection (16.5% and 17%) of KRS-5 and ZnSe, the peak powers inside KRS-5 and ZnSe are both
~57 MW. They are ~10 times and 5.6 times higher than the corresponding critical peak powers.

SCG setup

KRS-5/ZnSe

Figure 5.7 The setup of SCG.

68



When stable single-filamentation is generated from KRS-5, the beam profile and the spectrum of
SCG are measured, shown in the Figure 5.8 and its inset. The beam has a Gaussian distribution in
the center of the beam and some weak outer rings surrounding the center due to the distortion
caused by the unperfect aligned parabolic mirror. The SC spectrum covers from 2 to 16 um at -30
dB intensity, corresponding to 3 octaves. The sharp dips at 4.3 um and 15 pum are caused by CO,
absorption in air. This SC covers more spectral components deeply in the mid-IR than the SC
generated in KRS-5 driven at 3.1 and 3.6um, in which a 1.5 -5.5 um SC is generated. In the
filamentation, SPM broadens the spectrum of pump pulses symmetrically in blue and red parts,
see the equation (3.1). However, we cannot find the symmetry in the SC spectrum. More blue
shifts are found, this can be attributed to the self-steepening effect. In KRS-5, the instantaneous
refractive index, n = ny + n,I(t), increases with the field intensity. Therefore, the peak of the
driving pluses has a lower velocity than the trailing edge of the driving pulses. After the
propagation of the pulses in KRS-5, the trailing part catches up with the peak, leading to a steep
edge in the trailing part of pulses. From the equation, we can see the new formed spectral
components in the trailing part becomes more blue-shifted due to the self-steepening. This explains
the more blue-shifted spectrum in the SCG. The measured pulse energy of SC is 2.4 puJ (24 mW
in average power). ~52% energy is lost from the input pulses to the output pulses. Amongst, ~38%
loss is caused by the parabolic mirrors and surface reflections of KRS-5. The other ~14% is due
to the ionization during filamentation. With the ultrabroad spectrum which covers most of the
molecular fingerprint region and a 24 mW average power, this SC is especially suitable for the

multi-molecule spectroscopy.
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Figure 5.8 The SC spectrum assisted by a single filament from the KRS-5 crystal driven by the IPDFG pulses. The

inset shows the corresponding SC beam profile.
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Figure 5.9 The SC spectrum assisted by a single filament from the ZnSe crystal driven by the IPDFG pulses. The

inset shows the corresponding SC beam profile.

In ZnSe, when the stable single-filamentation is generated, the spectrum and the beam profile of
SC are shown in the Figure 5.9 and its inset. Similar beam profile is observed with that in KRS-5
and the spectrum has a 2.3-octave span from 3 to 14.5 um at -30 dB intensity. Compared with the
SC spectrum in KRS-5, the bandwidth in ZnSe is slightly narrow due to the less flatness of the
second-order dispersion at the pump wavelength (see the Figure 5.10). Different from the KRS-5,
the polycrystalline ZnSe is non-centrosymmetric with a high second-order nonlinear coefficient
(desr~20pm/V [101]) and random quasi phase-matching. Therefore, beside the SPM caused

spectral broadening in the short-wavelength range, the SHG contributes as well. A peak at ~Sum,
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which is the SHG of fundamental, is found in the SC spectrum of ZnSe, which does not appear in
that of KRS-5 due to the vanished SH nonlinearity. The measured SC pulse energy is 2.7uJ (27

mW in average power), with an ionization loss of ~15% similar to that in that in KRS-5.
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Figure 5.10 The second-order dispersion curves of KRS-5 and ZnSe between 2 and 15 um.

Another aspect worth mentioning is that the SPM and KRS-5/ZnSe bring positive and negative
chirps into the pulses, respectively. The pulse-self-compression is companied with the broadening
of the spectra in both crystals. The FT pulse widths supported by the SC spectra of KRS-5 and
ZnSe are 8 fs and 13 fs. Thus, sub-cycle pulses are expected. Combined with beyond 2 pJ pulse
energy, the peak electric field could reach > 10 GV/m or 0.27 V/A. Such sub-cycle pulses open a
way for the electron microscopy with ultimate temporal and spatial resolution besides the

spectroscopy.
5.4 Conclusions

Using 3 um, 10 kHz, 35 fs nonlinearly compressed pulses from our OPCPA system as the IPDFG
driver, we boost the IPDFG conversion efficiency to 5.3% in this Chapter. Compared with the
IPDFG conversion efficiency using pulses before nonlinear pulse compression in Chapter 4, the
efficiency is boosted by at least 3 times. This, to the best of our knowledge, represents the highest
IPDFG efficiency to date. The 5 pJ, 50 mW, 68 fs pulses with a spectrum spanning from 6 to 13.2
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pm are delivered, which could lead to a field strength of 0.27 V/A at a beam diameter of 70 pm.
Some applications such as SCG and HHG in solids could be pursued by the demonstrated high-
energy IPDFG, compared to current state-of-the-art IPDFG sources at high repetition rates.
Moreover, we give an application example for our IPDFG source in SCG. Pumped by the IPDFG
pulses, a 2.4 uJ, 24 mW SC with a 3-octave spectrum from 2 to 16 um in KRS-5 and a 2.7 pJ, 27
mW SC with a 2.3-octave spectrum from 3 to 14.5 pm are produced. Two SC spectra both support

sub-cycle pulse widths.
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Chapter 6 Ultrabroadband mid-IR OPA

In above Chapters, we have studied the generation of two-cycle mid-IR pulses with a broadband
spectrum from 6 to 15 um and a uJ-level pulse energy, using an IPDFG method. To pursue a
broader parametric source, in this chapter, we develop a multi-microjoule, ultra-broadband mid-
IR OPA source based on a GaSe nonlinear crystal and a driven source at ~2 um. Benefiting from
the better phase-matching bandwidth of GaSe at 2 um pump wavelength, we obtain idler pulses
with a flat spectrum spanning from 4.5 to 13.3 pm at -3 dB and 4.2 to 16 pum in the full spectral
range, at a central wavelength of 8.8 um. The proposed scheme supports a sub-cycle TL pulse
width of ~19fs. A (2+1)-dimensional numerical simulation is employed to reproduce the obtained
idler spectrum. To our best knowledge, this is the broadest spectrum ever obtained by OPA systems
in this spectral region. The idler pulse energy is ~3.4 pJ with a conversion efficiency of ~2% from
the ~2 um pump to the idler pulses. We believe the generated multi-microjoule, few-cycle, ultra-
broadband, long-wavelength mid-IR pulses would be impactful for both mid-IR molecular
spectroscopy and strong-field physics in solids. The results of this chapter have been published in
[164].

6.1 Phase matching of GaSe at 2 pm

We have summarized some nonlinear crystals with the transmission in long-wavelength mid-IR in
Section 4.1 of Chapter 4. By the comparison of specifications between AGSe and GaSe, GaSe is
chosen as the crystal for the 3 -um-driven IPDFG. Here, we further analyze whether the GaSe is
still more suitable than AGSe at the 2 um pump wavelength. At the 2 pm pump wavelength, the
dependences of phase-matching wavelengths on the phase-matching angles for Type-I and Type-
IT in AGSe and GaSe are shown in Figure 6.1. With the comparison analysis similar to that at 3
um pump wavelength, we find that GaSe still has a better phase-matching than AGSe whether for
Type-I or for Type-II. Thus, GaSe is chosen. In the implemented OPA experiment, a 1-mm-thick
GaSe is used. Figure 6.2 shows the phase-matching function |sinc(AKL/2)| with respect to the
phase-matching angle and the phase-matching wavelength for Type-I and Type-II, where a pump
wavelength of 2.15 um are used, which is the pump wavelength used in our experiment, for the
calculation. For Type-I and Type-II, both group velocity matching points of signal and idler are

found. However, For Type-I, within ~0.4" deviation of the phase-matching angle, centered at
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~11.1°, the phase-matching bandwidth of the idler ranging from 4 to 16 um could be realized. For
Type-1I, with ~0.4" deviation of the phase-matching angle, centered at ~12.3°, the phase-
matching bandwidth only span from 9 to 15 um. It is narrower than Type-I. Therefore, Type-I

phase-matching is selected.

16 g 16 T T -
Sl —idl 1 St Type-II for AGSe idll ]
= 12 Type-I for AGSe il {9) = 12 » =L
S10¢ S10F :
£ 8} 5 st
° .l < |

2 T T 2 — N N

43 44 45 46 47 48 50 60 70 80 90
PM angle (degree) - PM angle (degree)

16 T T T T T T
—_ _ d
£ 14f© eall i”'() 1
= signal (o) =, ]
S12t E 12 Type-II for GaSe

. — ) =

§n 10k Type-I for GaSe 1 g0t signal (0)] 1
S gt g s8¢t idler (¢) |
° < 6F ]
29 54
z 4 =4

2 - . - — 2 . -

10.8 1 11.2 11.4 11.6 ng 10 15 20 25 30 35

PM angle (degree) PM angle (degree)

Figure 6.1 Phase-matching wavelength versus phase-matching angle in AGSe and GaSe, calculated using SNLO. (a)
and (b) are for Type-I and Type-II in AGSe. (c) and (d) are for Type-I and Type-II in GaSe.
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Figure 6.2 The PM function |sinc(AKL/2)| with respect to the PM angle and the PM wavelength, in a GaSe crystal
with a length (L) of 1 mm, for the Type-I phase match, ata 2.15 pm pump wavelength.
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6.2 The pump source and experimental setups

The pump source is a commercial multi-stage BBO-based OPA system (TOPAS from Light
Conversion), which is driven by a 5 mJ, 26 fs, 800 nm Ti: Sapphire laser system at a 1 kHz
repetition rate. It can deliver 1.2-2.6 um pulses with few hundreds of puJ. We tune the TOPAS
output at a ~2 um wavelength. At this wavelength, the corresponding pulse energy is measured as
420 pJ using a thermal sensitive power meter. Subsequently, the spectral and temporal profiles of
~2 um pulses from TOPAS are characterized using the spectrometer and the AC. The measured
spectrum is shown in Figure 6.3(a). It has a full width at half maximum of ~220 nm, centered at
2.15 pm, which supports ~31 fs TL pulse width. The AC trace, shown in Figure 6.3(b), reveals the
pulse width of ~51 fs, with the assumption of a Gaussian temporal profile, indicating that some
residual dispersions are included in the pulses. Those dispersion are mainly from the TOPAS optics,
including about —400 fs? dispersion from the beam splitter with a substrate of 3-mm-thick fused

silica (reflecting 800 nm, and transmitting 2.15 um).
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Figure 6.3 (a) The measured pump spectrum from the TOPAS source with a ~420 pJ output energy. (b) The

autocorrelation trace of the pump pulses with the ~420 pJ output energy.
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Figure 6.4 shows the layout of the OPA system starting from the driving source. The driving beam
is split into two using a CaF, wedge placed at 22° with respect to the driving beam. The reflected
one is used to drive SCG stage to generate the signal of OPA. The transmitted one possessing
major energy is used to serve as the pump of OPA. In the SCG stage, the reflected p-polarized
pulses with ~10 pJ pulse energy are rotated to s-polarization by a HWP, and then focused into a 6-
mm thick BaF, by L; to generate SC pulses. Here, BaF, is used due to its better spectral
broadening in the mid-IR wavelength [152]. Before reaching the GaSe crystal, the SC pulses are
collimated by L, and resized to ~2.5 mm 1/e? diameter by a telescope comprised of L3 and L.
The transmitted 2.15 um pulses enters the pump line, which includes a delay line and a telescope
(Ls and L), to form a collimated pump beam with a comparable beam size as that of the signal

beam.

800 nm, 5 mJ, 26 fs
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Figure 6.4 The schematic of the GaSe-based mid-IR OPA. The pump, the generated SC, and the amplified mid-IR
pulses are shown in maroon, purple, and pink, respectively. (HWP-half wave plate, DL: delay line. LPF: long pass

filter. BD: beam dump, CS: characterization setups. L;-L¢ are CaF, lenses.

Due to the lack of dichroic mirrors (DMs) for pump and signal, a 300-um thick Si plate placed at
a Brewster angle of 73.8° with respect to the pump beam are used as the beam combiner. This
plate produces ~71% reflection for the s-polarized signal beam and ~100% transmission for the
p-polarized pump beam, as shown in Figure 6.5(a). The combined beams enter the GaSe crystal
with a thickness of 1-mm thickness for the mid-IR pulse generation. As the GaSe crystal could be
cleaved only along the (001) plane (z-cut, 8 =0°), an internal phase-matching angle of
~11.1"corresponding to an external angle of ~32° for Type-I is introduced. This causes ~16%
loss for the p-polarized pump. It is noted that the pump beam is routed to the crystal using multiple

silver mirrors with a ~96% reflection for each. Taking into account all the losses, the maximum
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available pulse energy of the 2.15 pm pump is ~300 pJ, giving an estimated peak intensity of ~224
GW/cm?. After the GaSe crystal, another Si plate placed at the same Brewster angle is used to
split the residual pump, the amplified signal and the generated idler beams. Because the signal and
idler beams have the same polarization states and they are both reflected by the Si plate with ~71%
reflection coefficient, a LPF with a cut-off wavelength of 4.5 pum is used to separate the generated
idler beam from the amplified signal beam further. At last, the mid-IR pulses are characterized by
a thermal sensitive power meter with a resolution of 1 pW (S401C, Thorlabs) and a calibrated mid-
IR monochromator with a liquid-nitrogen-cooled MCT detector. For the spectral measurement, an
uncoated ZnSe lens with a near-flat transmission over 1-15 um (Figure 6.5(b)) and a dielectric-
coated mid-IR hollow-core fiber with a 500-um core diameter (HFS500MW, OptoKnowledge) are
employed to couple the mid-IR pulses into the monochromator. The hollow-core fiber has a near-

flat transmission in the range of 3.2-16 um (the inset of Fig. 6.5(b)).
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Figure 6.5 (a) The reflection coefficient of silicon plate placed at Brewster angle for s-polarized and p-polarized
light in the range of 1.2 to 16 um. It provides ~71% reflection for s-polarized signal and idler and ~100%
transmission for p-polarized pump. It is very suitable for serving as the beam combiner and splitter of signal, idler
and pump. (b) The referenced transmission curves (from Thorlabs) of the uncoated ZnSe lens and the inset shows

the referenced transmission curves of the mid-IR hollow-core fiber at 3.2-16 pm.

6.3 Experimental results and discussion

For broadband SCG in BaF,, the pump energy and the beam size are carefully optimized using an
iris. Figure 6.6 shows the long-wavelength side of the SC spectrum (measured through a InF; fiber
and a 2.4 um LPF) which serves as the signal of the mid-IR OPA. It extends up to ~4.3 um. The
dip at ~2.7 um is related to the water absorption in air and the OH absorption in the InF; fiber.
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With the knowledge of the long-wavelength edge of the signal, the calculated spectral edge on the
short-wavelength side of the generated idler is <4.3 pum, which means the signal and idler overlap
in the frequency domain. Thus, the LPF with a 4.5 um cut-off wavelength is employed to separate

the generated idler from the amplified signal.
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Figure 6.6 The SC spectrum generated from 6-mm-thick BaF,, which serves as the signal of the mid-IR OPA,

measured using 2.4 pm LPF and InF; fiber with 300-pm core diameter.

By carefully optimizing the crystal angle, temporal and spatial overlaps between the pump and the
signal. An ultra-broadband idler spectrum is obtained. Its spectrum spans from 4.2 to 16 um, with
the -3 dB bandwidth ranging from 4.5 to 13.3 um, shown in Figure 6.7(a). The spectrum is broader
than the spectrum via IPDFG driven at 3 um, as predicted by the phase-matching function in Figure
6.2(a). It is also much broader than the reported parametric sources based on other nonlinear
crystals such as CSP [66], AGS [142, 143], AGSe [128, 147] and ZGP [72, 73]. It should be noted
that the 4.5 um LPF is responsible for the steep edge at ~4.6 pum. The distance from the OPA output
to the detector of the monochromator is ~3 m, thus some fine structures caused by the atmospheric
absorption appear in the spectrum. Similar absorption structures have been reported in the
broadband mid-IR systems [165, 166]. In addition, the SC components in the range of 2.5-3 um

are located in the water absorption window. These absorption structures are transferred to the 7-
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15 um idler spectrum during the parametric amplification, which also contributes to the fine
structures of the idler spectrum. A vacuum or nobel gas purging chamber could be used to remove
these spectral structures [129]. The signal spectrum in Figure 6.7(b) shows a non-zero intensity,

indicating the signal and idler spectrum overlap in frequency domain.
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Figure 6.7 (a) The measured (solid blue, 20 nm resolution) and simulated (dashed red) spectra of the idler pulses. (b)
The spectrum of amplified signal pulses. Note that the measured spectra are calibrated by taking into account the
response curves of the grating, MCT, LPF and the hollow-core fiber. The simulated idler spectrum includes the edge
response of the LPF. The short-wavelength side of the signal spectrum is cut by the transmission of the hollow-core

fiber.

The OPA process is further investigated using a (2+1)-dimensional numerical simulation code
introduced in Chapter 5. Taking into account the high pump intensity and the large nonlinear
refractive index of GaSe (n, = 450 X 1071 cm?/W) [134], the SPM and self-focusing are
included in the calculations, which are found crucial for reproducing the measured spectrum. A

2.15 um, 300 pJ, 50 fs chirped Gaussian pump pulse with a spectrum spanning from 1.8 to 2.3 pum,
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and a 2.84 um, 3 nJ, 50 fs chirped signal with a spectral shape similar to the measured SC covering
2.3 to 4.3 um are employed in the simulation to mimic the experimental conditions. The PM angle
is set to 11.15". The simulated idler spectrum is shown in Figure 6.7(a) which qualitatively match
with the measured idler. The mismatch for idler spectrum at > 13 um is due to the crystal absorption

[167].

In order to further verify the accuracy of the measured idler spectrum, we integrate the measured
spectrum and calculate the energy distribution in different spectral bands, i.e. 4.2-7.3 um, 7.3-11.3
um, and 11.3-16 um, based on the measured idler pulse energy. We compare the integrated pulse
energies with the measured, as shown in Figure 6.8(a). The good agreement between the integrated
and measured pulse energy gives a direct evidence for the accuracy of the spectrum measurement.
Based on the idler spectrum, the calculated TL pulse width is ~19 fs (Figure 6.8(b)), which
corresponds to 0.65-cycle pulse width, centered at 8.8 um. The actual pulse width could be
broadened to few cycles due to the dispersion from the 1 mm thick 4.5 um LPF (Ge substrate) and
the intrinsic dispersion from the OPA. It is worth noting that as the signal and the pump are from
the same TOPAS pump system, the CEP fluctuation in the idler pulse is self-canceled through the
DFG nature of the OPA [88]. Recently, stable CEP of the idler pulse from a passively CEP stable
mid-IR OPA has been experimentally confirmed [66]. Thus, we, to the large extent, believe that
the CEP for this system is stable. Its CEP stability could be degraded by some factors such as the
intensity-to-phase noise of the pump, and the temporal jitters between the pump and the signal

[88].
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Figure 6.8 (a) The measured and integrated energy distribution in different bands of the idler wavelength. (b) The calculated TL

pulse width based on the measured idler spectrum.
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The pulse energy of the generated idler is measured as ~3.4 pJ behind a 4.5 um LPF, with ~300 pJ
pump energy. Considering the 85% transmission of the LPF and ~71% reflection from the silicon
beam splitter for the idler pulses, ~2% conversion efficiency from the pump to the idler is achieved.
For this OPA system, the measured OPA output by blocking the signal is ~0.12 pJ, and the energy
fluctuation of the generated idler pulses is 2.8% rms for a measurement duration of 30 minutes. In
addition, the idler pulse energies with different LPFs as a function of the pump energy are
measured, shown in Figure 6.9. No saturation occurs at the maximum pump energy, which implies
further energy scaling up is possible with higher pump energy. The idler beam profile behind the
4.5 um LPF are also measured, exhibiting a good Gaussian profile shown in the inset of Figure

6.9.
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Figure 6.9 The dependence of the idler pulse energy on the pump energy behind the 4.5 and 7.3 pm LPFs. The inset
is the beam profile of the idler pulse behind the 4.5 um LPF at the output energy of ~3.4 uJ.

6.4 Conclusions

In conclusions, we demonstrate a GaSe-based OPA system driven by a 2 um driving source and
seeded by a SC spectrum. 3.4 pJ ultra-broadband mid-IR pulses with a spectrum spanning from
4.5to 13.3 um at -3 dB and from 4.2 to 16 um in the full spectral range and a conversion efficiency
of 2% from the 2 pm pulses to idler pulses are generated. To the best of our knowledge, this is the

broadest spectrum ever obtained by OPA systems in this wavelength region. With the rapid
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progress of ~2 um Ho:YLF or Ho: Y AG CPA systems, the energy scaling up of the ultra-broadband
mid-IR pulses is expected through the development of the GaSe-based OPCPA systems.
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Chapter 7 Summary and future work

7.1 Summary

In this thesis, we have studied that high-power, high-energy, broadband, few-cycle mid-IR pulse
generation with a wavelength of >3 um and a kHz repetition rate using OPCPA, IPDFG and OPA
methods. Some significant efforts have also been made in nonlinear pulse compression, HHG and
SCG using the developed high-power, high-energy, broadband, few-cycle mid-IR sources. We

summarize our works in the following.

We design and present a CEP-stable 3 um OPCPA system based on PPLN and PPSLT crystals,
pumped by a 120 W, 12 mJ, 1 ps, 1030 nm Innoslab Yb:YAG laser at a 10 kHz repetition rate. 3
um pulses with a 3 W average power, a 300 pJ pulse energy, and a 61 fs pulse width are delivered.
To the best of our knowledge, this is the first time that PPLST crystals are used in a 3 um OPCPA
system. In order to obtain the shorter pulses, a bulk YAG crystal is employed to further nonlinearly
compress the 3 um pulses to 21 fs corresponding to two-cycle pulse width, with an 83%
compression efficiency. Driven by the high-energy, high-power, 3 um nonlinearly compressed
pulses, HHG with up to the 15th order is generated in a ZnO crystal. Compared with HHG driven
by 3 um pulses before nonlinear pulse compression, one order of magnitude enhancement of the
harmonic intensity is demonstrated, which reveals the significance of the intensity enhancement

of the driving source.

To further extend the spectrum to the long-wavelength mid-IR region, we use the SPM effect in
GaSe to generate an internal signal of IPDFG and report a broadband, > 6 um, SPM-assisted mid-
IR IPDFG directly driven by 3 um pulses from the OPCPA system we developed, without the use
of the extra nonlinear spectral broadening stage. The IPDFG pulses have a 7-15 um spectral span,
0.91 pJ pulse energy, and 9.1 mW output power. The contribution of the driving pulse spectral
broadening via SPM in the process of IPDFG is confirmed experimentally. The generated IPDFG
pulses are compressed to 1.8-cycle (60 fs) pulse width by adding extra bulk materials. The good
compressibility of the IPDFG pulses verifies the IPDFG pulses have the good spectral coherence.

By nonlinear pulse compression of 3 pm OPCPA pulses in YAG, the spectrum of 3 pm pulses is
broadened to 4.5 um. An external signal of IPDFG is produced. Using such pulses, we boost the
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efficiency of IPDFG to a record value of up to 5.3%. 5 pJ, 50 mW, 68 fs corresponding to 2.1
cycles centered at 9.7 um IPDFG pulses with a spectrum spanning from 6 to 13.2 um are obtained
from a GaSe crystal. With a focal spot of 70 um, the field strength of the IPDFG pulses can exceed
0.27 V/A, enabling the applications in the nonlinear optics in solid materials. As a demonstration,
pumped by the IPDFG output, a 2.4 nJ, 24 mW SC with a 3-octave bandwidth covering 2 to 16
um and a 2.7 wJ, 27 mW SC with a 2.3-octave bandwidth covering 3 to 14.5 pum are generated in
a KRS-5 crystal and a ZnSe crystal, respectively. Both SC spectra support sub-cycle pulse widths.
Thus, sub-cycle pulses are expected. Such sub-cycle pulses open a way for the electron microscopy

with ultimate temporal and spatial resolution besides the spectroscopy.

In above works, we report the generation of two-cycle mid-IR pulses with a broadband spectrum
from 6 to 15 um and a ulJ-level pulse energy, using an IPDFG method. Further, we explore the
mid-IR pulse generation with a broader spectrum supporting sub-cycle pulse width using an OPA
method. We report a GaSe-based OPA system driven at 2 pm and seeded by SC pulses. Benefitting
from the good phase-matching bandwidth of GaSe at 2 um, the idler spectrum covers 4.2-16 pm
with a 3 dB bandwidth from 4.5 to 13.3 um, which, to the best of our knowledge, is broadest in
reported OPA sources. Combined with ~3.4 pJ pulse energy, the OPA source has a potential in

molecular spectroscopy and some strong-field experiments in solids.
7.2 Future work

In future, some upgraded works will be done, such as further boosting the energy of the 3 pm
OPCPA system to > 1 mJ using a more powerful 1 um driving source. Based on the 3 um pulses
with higher energy, the specs of broadband IPDFG sources are improved accordingly. In addition,
we have explored HHG in a solid using 3 um pulses from the OPCPA system and SCG in bulk
crystals using the 9.7 um pulses from the IPDFG source. In the future, more applications will be
explored using the current sources or the upgraded sources. For example, we can develop the table-
top water window soft X-ray source via HHG in gases using the 255 pJ, 21 fs, 10 kHz, 3 pm mid-
IR pulses we have developed. Recently, 250 pJ, 16.5 fs, 100 kHz, 2.2 um pulses were reported for
soft X-ray generation with a photon energy of up to 0.6 keV in He gas [79]. Our mid-IR source
provides the similar peak intensity, but a longer driving wavelength. Therefore, it has a potential

to generate the soft X-ray with a photon energy of > 0.6 keV. By improving the pulse energy of 3
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um pulses to > ImJ, we can even pursue > 1 keV soft-ray and attosecond pulses. The developed
IPDFG source with a spectrum from 6 to 13.2 um and a 5 pJ pulse energy or the SCG source with
a spectrum from 2 to 16 um and a 2.4 pJ pulse energy will be applied in the frequency-resolved
spectroscopy, time-resolved spectroscopy, ultrafast electron diffraction and so on. Especially, the
IPDFG pulses have the intrinsic CEP stability. Combined with 10-fs-scale sampling pulses which
could be produced by the ~1ps, 1030 nm pulses via filamentation, the IPDFG pulses can benefit

many time-resolved studies [15, 168].
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