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Abstract

High-power, high-energy, ultrashort, mid-infrared (MID-IR) laser systems
operating at high repetition rates are of significant interest for coherent vibra-
tional spectroscopy investigations within the “fingerprint region” (6 — 16 pm).
First of all, the optical properties of Li-based nonlinear crystals (NLC) for MID-
IR generation are evaluated under high power laser irradiation at 1030 nm
central wavelength using a thermal imaging method. It turns out that
lithium gallium sulfide (LGS) crystal exhibits a relatively low linear ab-
sorption coefficient < 0.002cm ™!, the lowest nonlinear absorption coefficient
<3.2x107*em/W and a nonlinear refractive index < 6.4x1071% cm? /W, po-
sitioning it as a highly promising material candidate for MID-IR optical
parametric chirped-pulse amplifier (OPCPA) applications.

Based on the LGS crystal, a versatile design of a MID-IR OPCPA laser
system is developed, featuring two complementary operation modes differ that
in the group-delay dispersion (GDD) of the signal pulse. One scheme provides
a wavelength-tunable source (from 4.2 to 11 um) at = 1 ps pulse width, while
the other sheme generates a broadband pulse (from 7 to 11 pm) centered
at 9um with 114fs pulse duration, which corresponds to about 3optical
cycles. Both MID-IR laser operation modes exhibit high average power
exceeding 200 mW and high pulse energy of 1.2 uJ operating at 200 kHz, having
significant potential for vibrational spectroscopy and microscopy making use
of characteristic molecular fingerprints in the MID-IR spectral range.

Moreover, by utilizing the broadband ultrashort MID-IR pulse, the ultra-
broadband vibrational sum-frequency generation (BB-VSFG) spectroscopy is
demonstrated using glucose pellets as a proof-of-principle sample, revealing
8 characteristic vibrational modes spanning from 800 to 1400 cm ™. Notably,
the carbon-oxygen bond stretching mode at 1035 cm~! shows high sensitivity
to biologically relevant 10 mM of glucose solution in the VSFG spectra.
Consequently, this methodology holds promise for blood sugar monitoring in
diabetic individuals.



Kurzfassung

Leistungsstarke, energiereiche, ultrakurze Lasersysteme mit Wellenldngen A
im mittleren Infrarot (MID-IR), die mit hohen Wiederholraten arbeiten, sind
von erheblichem Interesse fiir koharente Schwingungsspektroskopie im soge-
nannten “Fingerabdruckbereich” (6 < A < 16 um). Zunéchst werden die
optischen Eigenschaften von nichtlinearen Kristallen (NLC) auf Li-Basis fiir die
MID-IR-~Erzeugung unter Verwendung eines Hochleistungslasers bei 1030 nm
mittels einer thermischen Bildgebungsmethode vermessen. Es zeigt sich,
dass Lithium-Gallium-Sulfid (LGS) Kristall einen relativ niedrigeren linearen
Absorptionskoeffizienten < 0.002cm™!, den niedrigsten nichtlinearen Absorp-
tionskoeffizienten <3.2x10~* ¢cm/W und einen nichtlinearen Brechungsindex
<6.4x107"° cm?/W besitzt, was dieses Material zu einem vielversprechenden
Kandidaten fiir Anwendungen im Bereich der MID-IR optisch parametrischen
Verstarkung mit gestreckten Pulsen (OPCPA) macht.

Auf der Grundlage des LGS-Kristalls wurde ein vielseitiges Design eines
MID-IR OPCPA Lasersystems entwickelt, das sich durch zwei komplementére
Betriebsmodi auszeichnet, welche sich in der Gruppenverzogerungsdispersion
(GDD) des Signalpulses unterscheiden. Das eine Schema bietet eine in der
Wellenlénge abstimmbare (von 4.2 bis 11 um) Quelle bei &~ 1ps. Das andere
Schema erzeugt breitbandige (von 7 bis 11 pm), auf 9 um Wellenldnge zentri-
erte Pulse mit einer Pulsdauer von 114 fs, welches etwa 3 optischen Zyklen
entspricht. Beide MID-IR-Betriebsmodi weisen eine hohe mittlere Leistung
von iiber 200 mW und eine hohe Pulsenergie von 1.2 uJ bei 200 kHz auf, was
ein erhebliches Potenzial fiir die Schwingungsspektroskopie und Mikroskopie
von Molekiilen bietet, indem charakteristische molekulare Fingerabdriicke im
MID-IR Spektralbereich genutzt werden.

Dariiber hinaus wird durch die Verwendung des breitbandigen ultra-
kurzen MID-IR-Pulses die ultrabreitbandige Schwingungs-Summen-Frequenz-
Erzeugung (BB-VSFG) in Glukose Pellets als Proof-of-Principle Probe demon-
striert, wobei 8 charakteristische Schwingungsmoden von 800 bis 1400 cm~*
sichtbar werden. Insbesondere die Streckschwingung der Kohlenstoff-Sauerstoft-
Bindung bei 1035 cm™! zeigt in den VSFG-Spektren eine hohe Sensitivitit
fiir eine biologisch relevante 10 mM Glukose Losung. Folglich ist diese Meth-
ode ein Erfolg versprechender, Ansatz fiir die Blutzuckeriiberwachung bei
Diabetikern.
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Chapter 1

Introduction

Early detection of health problems and prompt delivery of treatment are the
key to maintaining good health and a long lifespan. Preventive healthcare is
dependent on the ability to reliably detect a process from health to disease
by efficient and sensitive screening techniques. In recent years, infrared vibra-
tional spectroscopy of biofluids could offer that capacity, because abundant
information of important biomolecules can be accessed within the infrared
range from 6 to 16 pm which is also called “fingerprint region”. For example,
Krausz et al. have studied infrared fingerprints of plasma and serum samples
from 1639 individuals, and found the distinct signatures of breast, bladder,
prostate, and lung cancer[l]. By machine learning algorithm, individuals
can be classified based on four types of cancer, thereby presenting a novel
approach for cancer diagnosis.

Another application of the infrared technique is blood sugar sensing. It
is estimated by the International Diabetes Federation (IDF) that, around
783 million adults, equating to 1 in 8 individuals, will be affected by diabetes
by 2045[2]. For tackling diabetes, it is essential to monitor the blood glucose
levels of individuals between 4-11 mM. However, the conventional method of
using a finger pricker for measurement can be uncomfortable, and there may
be variations in blood sugar readings between different test strips. Hence,
developing a noninvasive and highly sensitive method of glucose detection is
also of considerable interest. So far, some techniques with incoherent light
sources were developed to observe the vibrational spectrum of blood sugar like:
MID-IR spectroscopic imaging of the wrist[3] and Raman spectroscopy in vivo
skin[4]. In general, the detection of glucose signal is quite challenging due to
the absorption of light by non-glucose-specific components in vivo. Therefore,
signal enhancement by the methods of nonlinear optics such as coherent
anti-stokes Raman scattering (CARS)[5] and stimulated Raman scattering
(SRS)[6] can improve sensitivity. Furthermore, field-resolved spectroscopy

1



2 CHAPTER 1. INTRODUCTION

(FRS)[7] by ultrashort MID-IR pulses owns higher sensitivity and accuracy
to probe the glucose concentration until 0.1 mM.

To follow up on the above ideas, a high-power and energy MID-IR ultra-
short pulses provided at high repetition rate are highly needed. In order to
develop such a laser system for vibrational spectroscopy, several questions have
to be addressed: first, what could be the suitable nonlinear crystal for MID-IR
generation in realistic operational conditions? Second, how to build up a
versatile high-power MID-IR laser system, which covers our interested spectral
region and also allows for few-cycle (broad spectral bandwidth) operation?
Third, what is the level of sensitivity in glucose detection using vibrational
spectroscopy? For answering these questions, this research work is structured
as following: Chapter2 explains the theoretical background of ultrashort laser
pulse generation and characterization, nonlinear optics, OPCPA and vibra-
tional sum-frequency generation spectroscopy. Chapter3 presents the optical
properties of lithium-based nonlinear crystals under high-power laser pumping.
By thermal investigation during operation, some optical parameters such as
linear and nonlinear absorption coefficients and the nonlinear refractive index
are obtained. The most promising candidate among these NLCs is lithium
gallium sulfide (LGS) selected for MID-IR generation. Chapter4 introduces
the home-built MID-IR, OPCPA which exhibits two complementary operation
modes by manipulating the chirped signal pulse when generating the MID-IR
idler. One configuration shows wavelength-tunable MID-IR pulses with ~ 1 ps
pulse duration, while the other exhibits a broad MID-IR spectral bandwidth
supporting &~ 100fs pulse duration. Chapter5 shows characteristic exam-
ples of broadband vibrational sum-frequency-generation spectroscopy from
solid state samples (quartz) to biomolecules in aqueous solution (glucose).
Moreover, the later concentration dependent experiments on glucose solutions
demonstrate the high sensitivity required for sensing blood sugar levels.



Chapter 2

Theoretical Background

2.1 Ultrashort Laser Pulse

Ultrashort laser pulses are electromagnetic wave packets, fully described by
the electric field representation in time and space domain. The propagation
and interaction with matter are governed by Maxwell’s equations with taking
into account the polarization in material. In a simple case, we begin with the
temporal dependence of the electric field amplitude neglecting its spatial and
polarization dependence, i.e., E(x,y, z,t) = E(t). In general, the complex
representation of the electric field is more convenient to be used, although all
observables are real quantities!. Through Fourier transform, the field can be
described in frequency domain and be transformed to time domain inversely:

E(w) = F{E(t)} = /OO E(t)e ™" dt (2.1.1)
Et)=F YEWw)} = % /_OO E(w)e™! dw. (2.1.2)

Practically, the functions of negative frequencies are not real, and the
complex representation of the electric field in time domain is necessary. Both
needs can be met by introducing an electric field in complex form as

. E(w) forw >0

Et(w) = |E ibw) — 2.1.3
(w) = |E(w)le 0 for w < 0, ( )

where |E(w)| denotes the spectral amplitude, and ¢(w) is the spectral
phase.

Following the way of notation in the book (Diels & Rudolph, 2006, p.1-9)[8], the
complex quantities related to the field are typically written with a tilde.
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By the definition of the complex Fourier transform, E*(t) and E't(w) are
related with one another

Bt (t) = % /_ " B (w)etda (2.1.4)

Et(w) = /_ h Et(t)e ™tdt. (2.1.5)

The actual physical electric field and its complex Fourier transform can
be represented using the variables obtained from earlier equations, along with
the corresponding variables £~ (t), E~(w) for the negative frequencies. The
electric field quantity can be expressed in this manner

E(t)=E*(t) + E~(t) (2.1.6)
E(w) = E*(w) 4+ E~(w). (2.1.7)

In most practical cases relevant, the spectral amplitude is typically con-
centrated around an average frequency denoted as wy , with significant values
existing within a narrow frequency range Aw that is considerably smaller
than wy. This implies the utility of incorporating a carrier frequency w, and
expressing Bt (t) accordingly in the time domain

. 1 o 1.
E*(t) = §S(t)e’¢°ez¢(t)ewﬁ = 55(15)6’”“, (2.1.8)

the time-varying phase function ¢(t) and the complex field envelope £(t) are
defined, with £ representing the real-field envelope. The constant phase term
¢ is typically insignificant and can be disregarded, except in cases involving
short pulses, where it influences the interaction with matter, known as the
“carrier-to-envelope phase” (CEP). Monitoring and managing ¢ can be crucial
in such scenarios. The mathematical description of an ultrashort pulse is
plotted in Fig.2.1

In practical terms, the intensity (W/cm?) is a measurable quantity per
unit area. As the laser pulse represents as a propagating electromagnetic
wave packet, its spectrum lacks a direct current (DC) component, resulting
in a value of zero in the time integral over the electric field. The intensity
can also be expressed as

1 [tT/2 1 R
I(t) = egen— E2(t)dt' = ZegenE2(t) (2.1.9)
T Jors2 2
The spectral characteristics of light are commonly determined by assess-
ing the field’s intensity at the output of a spectrometer, without temporal
resolution. The quantity being measured is the spectral intensity.
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Figure 2.1: A 100fs ultrashort pulse, which is composed of few optical cycles.
CEP ¢g denotes the offset between the peak of the pulse envelope and the nearest
peak of the carrier-wave electric field.

S(w) = |n(w)E+(w)|2, (2.1.10)

The parameter 7 represents a scaling factor that considers various factors
such as losses, geometrical effects, and the limited resolution of the spectrom-
eter. In the case of an ideal spectrometer, the value of |n]? can be calculated
based on the principle of energy conservation

In|? /OO |EF (w)[2dw = 2eqen /OO EY(O)E (t)dt (2.1.11)

0 0

and Parseval’s theorem in mathematics

/OO R = = [ B ()2 (2.1.12)

00 27T0

from which follows
In|* = egen /. (2.1.13)

The complete expression for the spectral intensity is thus:

S(w) = EZ;”|£(W —w)l. (2.1.14)
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2.2 Nonlinear Optics

The study of phenomena that occur as the modifications of the optical
properties in materials in the course of the light-matter interaction is called
“nonlinear optics.” Due to the high intensity of lasers, the field of nonlinear
optics were opened up after the invention of laser. Literally, the nonlinear
optical phenomena indicate that the response to an applied optical field in
materials depends on the strength of the optical field in a nonlinear way. For
example, the intensity of the second-harmonic generation increases along with
the square of the intensity of the applied laser. For more precise description in
physics, let’s begin with the case of conventional optics, i.e. that the induced
polarization P(t) of a material system depends linearly on the strength E(t)of
the applied electric field?

P(t) = eoxVE(1), (2.2.1)

where the constant of proportionality ¥V is known as the linear suscep-
tibility and € is the permittivity of free space. Furthermore, Eq.2.2.1 can
be generalized as a power series in field strength E(t) for expressing the
polarization P(t) as

(1) + XPE () + XV (6) 4 -]
+

P+ PP )+ (2.2.2)

P(t) =eo[x""
—p" )

The quantities Y and x® are known as the second- and third-order

nonlinear optical tensor, and p®? (1), p® (t) are referred to as the second-
and third-order nonlinear polarization, the higher-order terms can be derived
and so on. Among the higher-order polarizations, the second-order nonlinear
polarization are often used in the present work. Therefore, let’s consider
the common circumstance in which a second-order nonlinear optical medium
interacts with two distinct frequency components, which is represented in the
form

E(t) = Eje™! + Eye™? + c.c. (2.2.3)

2 According to the book (R. W. Boyd, 2008, p.69-74)[9], the tilde (7) denotes a quantity
that varies rapidly in time. Constant quantities, slowly varying quantities, and Fourier
amplitudes are written without the tilde. We begin to use this notation from this section
to the end.
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Then, we bring the superposition of electric fields into Eq.2.2.2, and the
second-order term becomes:

P(t) = eoxPE’(¢)
= 2€0deﬁr{]§)ie"2‘”1t + Ezew‘”t + c.c. (
+ 2B Eyetrtwat o ¢ (
EED) 57 DNEUCE R ) (DFG)
+2[EE, + E:E)]} (OR), (2.2.4)

where d.g is the so-called effective nonlinear optical coefficient, which is
determined by the specific components of x®. According to the frequency
given on the power of exponential terms, the names of physical process are
denoted, such as 2wy, 2wy (second-harmonic generation, SHG), w; + wy (sum-
frequency generation, SFG), w; — wy (difference-frequency generation, DFG),
and optical rectification (OR). It is worth to note that, because each of these
quantities has its complex conjugate, there is also a response at the negative
frequency. Nevertheless, it is unnecessary to take account of both the positive
and negative frequency components, so these terms at negative frequencies
are presented in the denotation of c.c..

Eq.2.2.4 can be understood that the second-order polarization generates
new frequency components, which are very different to the incident radiation
field, acting as sources of the electromagnetic field at new frequencies. From
the aspect of observation, SHG can be seen as the destruction of two photons
of frequency w; (or wy) and the creation a photon of frequency 2w; (or 2ws)
simultaneously. Likewise, after absorbing two photons of frequency w; and
wsy, SFG emits a photon of sum frequency, and the photon at the difference
frequency is emitted via DFG. Lastly, the quasi-DC component creates a
static electric field by optical rectification, leading to the radiation of an
electromagnetic single-cycle pulse, whose central frequency is in the terahertz
spectral region.

So far, the basic phenomena of the second-order polarization have been
introduced. For describing the temporal evolution of the incident electromag-
netic fields (E and B) by means of the Maxwell equations, the polarization
and the fields, which are generated from the polarization itself in the nonlinear
optical medium, have to be involved. The formulas are written with the
electric displacement field D and the magnetizing field H in the material
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V-D=p, 2.2
V-B=0, 2.2.6
. OB
E=-"—"— 2.2.
V X at~7 ( 7)
- oD -
H=-""1+1. 2.2.
V x BT +J (2.2.8)

The region where we solve the equations has no free charge (5 = 0) and
no free current (J = 0). Besides, the material is assumed to be nonmagnetic,
and the polarization depends on the local strength of the electric field inside.

Hence, the fields in material can be written as

B = uoH, (2.2.9)

D = ¢E + P. (2.2.10)

Then, we take the curl of both sides in Eq.2.2.7. On the left-hand side, the
identity from vector calculus can be utilized (V x V x E = V(V - E) — V2E),
and the V - E term is always dropped, because of slowly varying envelope
approximation. On the right-hand side, Eq.2.2.9 and 2.2.8 are used to replace
V x B by (0D /0t), so that the wave equation can be obtained as

he 1 OPE 1 0*P
V°E 2wl o (2.2.11)

As we are interested in the nonlinear response in the wave equation, it is

often convenient to split P into linear and nonlinear parts

p=p" p"" (2.2.12)
and the displacement field D can be decomposed and expressed with a
dielectric tensor® €

S

D=D" + P = e®«E+P"". (2.2.13)

where * is a convolution symbol. From Eq.2.2.10 and 2.2.13 the wave
equation 2.2.11 can be rewritten as

.1 1 o™
2 L M yR = —
Vv 2 ot? [+ E] €c:  Ot?

(2.2.14)

3In dispersionless and lossless material, e(1 is a real and frequency-independent dielectric
tensor.
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In the case of dispersive media, this equation is useful to describe the
linear propagation of a pulse, which is composed of monochromatic waves

at multi-frequencies in the absence of nonlinear polarization P~ 0. To
solve this equation is particularly straightforward in the frequency domain.
Hence, we take the Fourier transform of both sides of Eq.2.2.14, and limit
the propagation in z-direction for simplicity

PE(z,w)  w? o

52 T gn(w) E(z,w) =0, (2.2.15)
where n is a frequency-dependent refractive index and satisfies n(w)?=€e™ (w).
The general solution of the field is

B(z,w) = E,(w)e @7 1 F (w)e*®@)= (2.2.16)
where the wave vector k(w)=w n(w)/c is introduced and E,(w), E,.(w) are the
complex amplitudes of progressive and regressive waves, respectively. Finally,
we take the inverse Fourier transform of the progressive term of field

- 1 [ . .
E(z,t) = %/ E(w)e™=%dw, (2.2.17)

—0o0

here E(w) is the Fourier transform of E(z = 0,t). This mathematical form
conveys an intuitive concept that a propagating pulse is a superposition of
traveling monochromatic waves at frequency w with a spectral phase ¢ =
E(w)z, which is accumulated by each monochromatic wave along propagation.
The dependence of ¢ on w determines the pulse dispersion, which will be
discussed in Sec.2.4.

2.3 Optical Parametric Amplification

In the previous section, the second-order polarization induced by applying
fields and their wave equation in a material were derived. Actually, the
mechanism of optical parametric amplification (OPA) is similar to DFG,
except for the intensities of interacting fields. DFG occurs when the fields
of pump and signal are at comparable intensities, while OPA happens when
the field of the signal is much weaker than that of the pump. The principle
of OPA is the following[10]: the high-intensity beam at higher frequency ws
pumps the nonlinear crystal, and transfers energy to the signal beam. The
latter is at lower frequency w; with lower incident intensity, which is thus
amplified; in addition the idler beam at frequency ws is generated via DFG.
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_______ e

Figure 2.2: Optical parametric amplification can be seen as the stimulated emissions
of signal and idler photons after pumping the virtual level in a nonlinear crystal.

As visualized in Fig.2.2, the OPA process can also be explained in the
viewpoint of collision obeying conservation laws: a photon at frequency ws is
absorbed by the virtual level of a nonlinear crystal, and a photon at frequency
w1 stimulates the emissions of two photons at frequencies ws and w;. The OPA
process has to fulfill the energy conservation Eq.2.3.1 and the momentum
conservation Eq.2.3.2:

FLLLJ?, = FLLLJQ -+ hwl, (231)

where k; are the wave vectors of the interacting beams. From Eq.2.3.2,
the phase-matching condition is obtained as:
Ak =ks —ky—k; =0 (2.3.3)

Now, let’s consider the propagation of three monochromatic waves along
z-direction in nonlinear medium. From the form of Eq.2.2.17 the interacting
electric field is

_ 1 - .
B(z. 1) = (A ()t 0
+ Ay(z)e @2t k22) L Ag()ellwst ks 4 e (2.3.4)

where* the complex amplitude A; of the wave is a slowly varying function of

z. Its nonlinear second-order polarization P calculated by Eq.2.2.4 contains

4For convenience, the below discussions are in the scalar field approximation.
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SHG, SFG, DFG terms, but only the terms at frequency w;(= w3 — ws),
wo(= w3 —wi) and w3 (= w; + wq) remain efficiently due to the phase-matching
condition.

]—:’NL(Z,t) :GodeHA;(Z) . Ag(Z') . ei[wltf(]%,]@)z]
Feodog Al (2) - Ag(z) - ellwrt=(hs—h1)z]
+eodeﬁ/~11(z) . Az(z) eilwst—(kitha)z] | (o (2.3.5)

It is worth to note that the nonlinear polarization at one frequency is
composed of the product of amplitudes at the other two frequencies, which
means three waves are nonlinearly coupled.

By substituting Eq.2.3.5 into Eq.2.2.14, dividing the frequency components
into three equations, and dropping the term 9?A(z)/9z* because of the slowly
varying envelope approximation. The coupled wave equations of fields can be
obtained

oA o - i
0A o - W
04s(z = —io3Al(2) - Ay(z2) - 1Bk, (2.3.6)

0z

where 0y = degw;/cn; and Ak = ks-ko-ky, which is called wave-vector
mismatch. Note that A; (signal) and A, (idler) have the identical form, which
means the fields at frequency w; (signal) and wy (idler) are equally important
to amplification and can be exchanged mutually. For solving the coupled
wave equations, we assume that the pump beam is strong and undepleted
during the interaction (Az ~ constant) and there is no idler beam in the
beginning (A5(0)=0) as the boundary conditions. The solutions of signal and
idler intensities are®:

SFor the detailed manipulations the reader is referred to to the article (Manzoni &
Cerullo, 2016, p.4-5)[10] and the book (Boyd, 2008, p.105-108)[9].
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2
T e?gL
L(L) ~ ,(0) <§> T (2.3.7)
we [T 2e29L
L(L)~LO0)—=| -] — 2.3.8
(D =102 (1) 5 (2.35)
2d? Ak?
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where L is the interaction length in the NLC and the phase-matching
condition Ak = 0. The exponential growth of intensities with the interaction
length in Eq.2.3.7 and 2.3.8 indicates that an OPA behaves like a real amplifier,
which is essentially different from the quadratic growth in the other second-
order polarizations like SHG and SFG.

For designing a highly efficient OPA, several crucial parameters, which
affect the parametric gain G(L)=I;(L)/I;(0) according to Eq.2.3.7, have to
be considered. Fist of all, the phase-matching condition Ak = 0 is one of key
factors. The gain value rapidly decreases while there is any fine misalignment
of interacting beams leading to the non-zero values of Ak. Second, the dg
value of NLC plays a role from the value I', which shows that the higher d.g
has higher amplification efficiency. However, the other properties of NLC have
to be included in OPA design as well, such as high optical damage threshold,
which tolerates the large scaling of pump intensity /3. Third, continued with
the pump intensity I3, it depends on the pulse duration, energy and the beam
size. Hence, the ultrashort pulses are suitable for pumping OPAs, because
of their high peak powers. Lastly, the crystal length obviously affects the
efficiency. With longer interaction length L of the NLC, the exponential
growth of intensities should have higher gain. On the contrary, if the spatial
or temporal walk off of the idler beam from the pump gets larger along
with longer L, the idler could be absorbed by the NLC or depleted by other
parasitic processes, causing a lower gain value. In summary, it is essential to
consistently consider the above factors when developing an OPA architecture.

2.4 Chirped Pulse Amplification

As the laser technology was pushed to high power and energy before 1980s, the
peak intensity at the level of 10'W /cm? could easily cause damages on laser
components and detrimental nonlinear pulse distortion, which limited the
development of high-power lasers. The experimental breakthrough was the
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technique of chirped pulse amplification (CPA) introduced by Strickland and
Mourou in 1985[11]. Since then, it revolutionized ultrafast science and was
rewarded the Nobel prize in 2018. Currently, the intensity of ultrashort pulses
is capable to reach the 102 W/cm? level at the extreme light infrastructure
(ELI) for nuclear physics|12].

The idea of CPA is depicted in Fig.2.3: we begin with a transform-limited
pulse (the so-called “unchirped pulse”), which has the shortest pulse duration
transformed from an optical rainbow spectrum. Before being sent to the
optical amplifier, the unchirped pulse is temporally stretched to a much
longer duration by a strongly dispersive element (e.g. a grating pair or fiber),
becoming a “chirped pulse”. In the amplifier, although the power of pulse
largely increases, its peak power is reduced dramatically to a level, where
the above-mentioned problems can be avoided, because of the long pulse
duration. After the amplifier, another dispersive element is used to remove the
chirp and temporally compress the pulse to a duration close to the unchirped
pulse showing ultra-high peak power. The combination of OPA and CPA is
the optical parametric chirped-pulse amplifier (OPCPA), which is the key
concept applied in the present thesis for high-power MID-IR laser research
and development.

‘ Pulse
Stretch Optical

Parametric
Am lif
PHLY Pulse
Compress

Figure 2.3: Diagram illustrating the methodology of chirped pulse amplification.

Based on the CPA’s working principle, the management of chromatic
dispersion including the introduction and removal of chirp has to be controlled
finely. In order to quantify the chirp in a pulse, the spectral phase ¢(w) in
Eq.2.2.17, which conveys important information about the propagation of the
pulse in a medium, is introduced. Since ¢ depends on w, it can be described

with a Taylor expansion around the pulse carrier frequency w, (Manzoni &
Cerullo, 2016, p.27-28)[10]
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CEP is the phase shift between the envelope of the electric field and the
carrier wave, which has been introduced in Eq.2.1.8. GD is the temporal delay
of a wave packet centered around w, after propagating through a dispersive
medium. The higher order terms in the expansion, such as GDD and TOD,
play a significant role in altering the shape of the pulse. GDD contributes
to the stretching of the pulse duration, whereas a high TOD results in an
asymmetric temporal profile and the emergence of multiple delayed replicas.
Therefore, GDD serves as a crucial parameter for characterizing the chirp
in the pulse, which must be accounted for during the CPA process. The
correlation between pulse duration and GDD can be expressed as follows:

GDD )2 (2.4.2)

Tout = TA/ 1+ ( 5
-

In the absence of GDD, the pulse duration is denoted as 7, while 74y
represents the broadened pulse duration following propagation through a
dispersive medium. In cases where GDD > 7 (indicating large dispersion or a
short pulse), the equation can be simplified to 7, & GDD/7. This suggests
that shorter pulse widths are more susceptible to dispersive broadening. This
phenomenon can be conceptually grasped by recognizing that an ultrashort
pulse encompasses numerous frequencies, each traveling at distinct group
velocities within the medium. Conversely, when GDD < 7 (indicating small
dispersion or a long pulse), 7oy & 7, and the pulse experiences minimal
prolongation.

Another consideration about CPA design is the pulse duration of pump
and signal pulse, respectively. Both have to be largely overlapped in time
domain for exchanging energy efficiently. For most commercial femtosecond
lasers, the pulse duration of the signal pulse is longer than the pump pulse
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duration. Thus, a limited number of frequency components of the signal
overlapping temporally with the short pump pulse leads to a spectrally
narrower amplification bandwidth, corresponding to a longer OPA pulse.
Conversely, if the pump pulse is longer than the signal pulse and only limited
energy can be transferred, and the OPA is still not efficient. In our case,
in order to match the pulse duration of pump (= 1ps), it is necessary to
temporally stretch the signal pulse (= 0.7 ps). e.g. by propagation in dispersive
glasses or chirped mirrors.

2.5 Ultrashort Pulse Diagnostics

2.5.1 Fourier-transform Infrared Spectrometer

Different to commercial spectrometers for the near-infrared and visible spectral
range, the MID-IR spectrometers have substantial challenges[13]. First of all,
well-performing photodetectors are not easily available in MID-IR spectral
range. Some optical devices such as photodiode arrays, which are typically
used for data acquisitions, are difficult to make for MID-IR frequences. Second,
the emitted thermal radiations from all heat-absorbing objects at room
temperature might be in the IR spectral range, causing a strong thermal
background noise. In order to suppress the noise, MID-IR detectors have to be
cooled down to 77 K with liquid nitrogen. Third, MID-IR radiation is strongly
absorbed by common optical glasses (e.g. fused silica, BK7). Therefore, the
optical devices and instruments in this range are customized and costly in
general.

Based on the above difficulties, our solution is a home-built Fourier-
transform infrared spectrometer (FTIR). As shown in Fig.2.4(a), the basic
scheme of FTIR is a Michelson interferometer. The input MID-IR pulse splits
into two replica pulses by the beam spliter (germanium coating on a 3 mm
thick KBr substrate) propagating in two arms; one pulse is reflected back in a
fixed beam path, while the length of the second beampath is controlled by a
motorized delay stage. After recombination in the beam spliter, the two beams
interfere with each other and are recorded by an HgCdTe (mercury cadmium
telluride, MCT) detector, which is cooled by liquid nitrogen. A computer
programm controls the delay stage, the data acquisition and calculates the
MID-IR spectrum from the recorded interferogram according to the following
operation principle. The MCT detector’s output intensity is determined by
the square of the interfered electric field of the two pulses, averaged over one
light period T (Diels & Rudolph, 2006, p.65)[8]
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Figure 2.4: Figure (a) the scheme of FTIR. BS: beam spliter, PC: phase compen-
sation. With a little adjustment and installation of the NLC, FTIR can switch to
second-order autocorrelation, shown in Figure (b). AgGaSes is the NLC used for
SHG and the polarizer in front of the MCT detector effectively reduce the noise.

1 t+T/2
I(t,7) =egen— / (B (' — 1) + Ey(t)]2dt
t—T/2

:éeocn{gf(t — 1) FE(D)
FE (L —T)E(1)e™ ™ + (L —T)E5(1)e (2.5.1)

In realistic conditions, the intensity is averaged over the response time
of the detector, which is much longer than the ultrashort pulse duration.
Therefore, the measurement can be seen as the time integral ffooo I, )dt'.

1(r) = eoen{(€2) + (1)

+ / N [E1(t — T)EA(t)e™ ™ + & (t — 1)E5(t)e ™ ]dt}  (2.5.2)

0

The first two averaged terms are the DC-constant of the interferogram,
and the time integral part is the oscillation caused by interference. It is
worth to note that the time integral is equivalent to a correlation function.
Furthermore, the Fourier transform of the correlation of two functions is the
product of the Fourier transforms by the convolution theorem. Here, the
negative spectral component of the complex electric field can not be measured.
Hence, we only deal with the positive spectral component:
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_ For an ideal interferometer, the output from the two arms are identical,
Ei(w) = E(w), and the result of Fourier transform is simply the spectral
intensity of the light, which is given by Eq.2.1.14.

2.5.2 Intensity Autocorrelator

In general, the principle of temporal diagnosis is always that a faster timer
measures a slower event. If the event itself is a ultrashort pulse (femtosecond =
107155, attosecond = 107!8s) | what is the faster timer for the measurement?
The answer is the autocorrelator, i.e. an ultrashort pulse can be used to
measure its duration.

As shown in Fig.2.4(b), the working principle of an autocorrelator is the
following: the MID-IR pulse is split into two delayed replicas in a Michelson
interferometer, both replicas are focused by an off-axis parabolic mirror
and spatially overlapped inside a 0.1 mm AgGaSe, (AGSe) crystal (type I
phase-matching in the XY plane, § = 44.2°; ¢ = 45°). The intensity of
second-harmonic generation is recorded as a function of the delay. When both
replicas have better temporal overlap inside the crystal, the second harmonic
signal becomes higher. Due to the thin thickness of AGSe, the signal is
typically week. Thanks to the polarization of SHG being perpendicular to
two replicas, a polarizer before the MCT detector acts as a short-pass filter
and increase the signal-to-noise ratio significantly. The intensity recorded by
the MCT detector is given by

Lic(r) = /_ " It )t = / T DL ()L (t — Tt (2.5.4)

o0 —0o0

In the ideal case, the intensities of two replicas are identical, so the output
result is an intensity autocorrelation. Because of the simple implementation,
intensity autocorrelation is a widely used diagnostic technique and the first
choice to measure a pulse duration.

However, there are some limitations in the information content of intensity
autocorrelation measurements. First, it provides little information about
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the pulse shape. Because autocorrelation is always a symmetric function in
time domain, its deconvolution could be an infinite number of symmetric and
asymmetric pulse shapes. Second, it does not provide any phase informa-
tion of the pulse. Third, to estimate the pulse duration from the recorded
autocorrelation trace, one has to make an assumption on the pulse shape.
The most widely used pulse shapes are a sech? or a Gaussian function. The
determination of the pulse duration in the reconstruction makes use of the
known ratio between the FWHM of the measurement and that of the pulse.

2.5.3 Interferometric Autocorrelator

For coping with the limitations of intensity autocorrelation measurements,
interferometric autocorrelation is implemented for providing more information
about the MID-IR pulses. The only difference in the interferometric setup is
the collinear beam path of the two replica pulses after beam combination. By
detecting the second-harmonic generation and filtering the fundamental, the
detected intensity is proportional to (Diels & Rudolph, 2006, p.458-464)]8]:

A(T) = Ag(7) + Re[AL(T)e ™) + Re[Ay(1)e 7], (2.5.5)
where
Ag(T) = /oo [EXt —7) 4+ E3(t) + 4E2(t — 1)E2(t)]dt (2.5.6)

Ai(r) =4 / E(t — TVEM)EXE — 1) + EX(1)]e == W gy
_ (2.5.7)
Ay() = 2/ EX(t — 7)E2(t)e*or =)=l gy (2.5.8)

oo

The three contributions of detected signal are at three different frequencies.
Typically, only the DC-term Ag(7) will be measured, because the detector
works as a low-frequency pass filter. According to Eq.2.5.6, the result is
composed of a background and the intensity autocorrelation described by
Eq.2.5.4. The terms Ay, A1, and A, can be determined from experimental data
through the application of the Fourier transform. Besides, the components
Ay(7) and Ay(7) contain phase terms ¢;(t-7)-¢2(t), so the information of
linearly chirped pulses can be accessed.

Let us discuss more details in the above equations for the cross-correlation,
where both fields & and & are equal to £&. When 7 is equal to 0, the
maximum value of the function A(7 = 0) is calculated as 16 [~ £*(t)dt. For
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large delay 7 in comparison to the duration of the pulse, terms involving
E(t-7)E(t) in the cross products become negligible, resulting in a residual
value of A(T = o0) equal to 2 £*(t)dt. Consequently, the ratio of the
peak value to the background value for the interferometric autocorrelation
is 8 to 1. Furthermore, the DC component Ay(7) represents an intensity
autocorrelation and exhibits a peak to background ratio of 3 to 1.

The interferometric autocorrelator utilized in this study is a commercially
available system (APE autocorrelator). The specific model employed has
the capability to assess pulse durations ranging from less than 5fs to 500 ps
within the wavelength range from 7 to 12 um. The detection technology is
based on two photon absorption (TPA)[14].

2.6 Vibrational Sum-frequency (ceneration

Vibrational sum-frequency generation (VSFG) spectroscopy is a nonlinear
optical technique that involves the combination of infrared (wig) and visible
(wyis) beams to produce a new electromagnetic wave whose frequency is
the sum of the frequencies of the two input beams, denoted as wspg =
wir +wyis. The process of VSFG is illustrated in Fig.2.5. When the frequency
of the infrared beam w;rp excites a vibrational transition within a molecule
and the visible beam wyg interacts with the vibration as it decays back
to its ground state, enabling the extraction of vibrational information by
detecting the emitted photons from the molecule at the frequency wspg.
Unlike conventional linear spectroscopic methods such as infrared and Raman
spectroscopy, VSFG is only observable in a medium where centrosymmetry is
broken. Interfaces between two centrosymmetric or disordered phases satisfy
this noncentrosymmetry criterion, such as surfaces, interfaces and monolayer
molecules, making SFG a valuable technique for surface-specific vibrational
analysis.

The principle of VSFG is based on the SFG term in Eq.2.2.3, so a general
form expressing the VSFG intensity can be written as[16]

Ispa o |P(wspg))?

: , LAk

oc\xl(\?f){ + Z ngemq + X Epc|*sinc? (T)L2[VISIIR. (2.6.1)
q

In Eq.2.6.1 Xl(\?}){ and Xg;present the nonresonant and resonant part of

the surface nonlinear susceptibility, and v, is the relative phase of the ¢y

vibrational mode characterized by bond-specific vibrational states v. In
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Figure 2.5: Illustration of vibrational sum-frequency generation (VSFG) with
contributions arising from IR absorption of vibrational modes characterized by
bond-specific vibrational energy states v = 0,1. (horizontal lines) and Raman
scattering from a virtual energy state of the molecule (horizontal dotted line).
Adapted with permission from [15].

some cases, third-order contributions y* will also show up, if there is a net
electrical field Epc within the system of interest, e.g., ionic species adsorb
at the water surface[17]. The component involving the sinc function is the
synchronization factor, which accounts for the phase matching between the
incoming and SFG beams (Ak = kgrg —kyis — kir) in the specified dimension
(L) as they propagate through the sample.

In experiments, the enhancement in the SFG responses can be observed
when the frequency of infrared radiation is resonant with sum-frequency
active vibrations. Moreover, VSFG can be viewed as a combination of a
resonant infrared transition with a nonresonant Raman transition, based on
the energy-level diagram in Fig.2.5[18|. In other words, the generation of a
VSFG signal primarily depends on infrared activity, while Raman activity
(polarizability change) acts as an enhancement factor but is not a necessary
condition. Therefore, a rank-3 tensor Xg), which is a direct product of the
Raman transition polarizability o;; and the IR transition dipole moment i
with a Lorentzian function can be defined as:

2 Qij - Mk
NANe'e 2.6.2
ARk wy — wir — 10y ( )
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where the vibration is mathematically described with the resonant fre-
quency w, and the natural line width of the transition I',.

Lambert et al.[19] extensively discussed various tensor elements exam-
ined through different polarization combinations. In the context of VSFG
spectroscopy, spectra are commonly denoted with polarization combinations
like “PPP,” “SSP,” or “SPS,” indicating the polarizations of the three beams
in decreasing frequency order. For instance, SSP signifies that the SF and
VIS light are S-polarized, while the IR light is P-polarized. Among the eight
potential combinations, only four are relevant when detecting a VSFG signal

from a molecule: PPP, SSP, SPS, and PSS.

y 4 SFG

Figure 2.6: An illustration of a VSFG experimental setup with the IR beam
in purple, the VIS beam in green, and the SFG beam in blue. The laboratory
and molecular frames are represented in black and gray, respectively, with the
surface plane as the XY-plane and the incidence plane as the XZ-plane. The
linear polarization orientations of each beam (S or P) are indicated by colored
double-headed arrows. A molecule positioned at an angle to the surface is displayed.
Reflected IR and VIS beams are omitted for clarity.

At a microscopic level, the Xg; tensor is derived from a molecular (i, j,
k) frame coordinate system that is transformed into the laboratory (X, Y,
Z) frame, as illustrated in Fig.2.6. The orientation of a molecule relative to
the surface, which is the angle between these frames, influences the values of
the individual elements of the Xg; tensor. Consequently, VSFG is inherently
sensitive to the alignment of molecules and molecular groups with respect
to the surface. Examining the angle dependence of specific tensor elements
can aid in the analysis of the orientations of molecules or specific molecular
groups in relation to the surface.
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From the perspective of experiment, the selection of appropriate angles of
incidence for the IR and VIS beams is crucial for optimizing the SFG signal
through the maximization of the so-called Fresnel factors. These factors, also
known as “local field-correction factors,” are significantly influenced by the
incident angles. Typically, angles ranging between 40° and 60° are found to
have good results across a wide range of samples and wavelengths. However, it
is advisable to compute the Fresnel factors tailored to the specific experimental
conditions. By utilizing the equations derived by Zhuang et al.[20] and the
Python script written by Pickering et al.[21, 22|, the relevant Fresnel factors
as a function of incident angle for the most common polarization combinations
(SSP, SPS, PSS, and PPP) are plotted in Fig.2.7.

In our setup, the wave-mixing of broadband MID-IR, (from 900 to 2500 cm ™)
and visible (515 nm) up-converts the molecular vibrations into the visible
range (from 480 to 492nm) for detection. Therefore, the incident angle of
VIS and MID-IR are aligned at 53° and 45° respectively, and the combination
of SFG, VIS and MID-IR are at SSP polarization.
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Figure 2.7: Fresnel factors for the tensor elements probed in the most common
SFG polarization combinations as a function of IR, and VIS incident angles, for
a typical air-water interface as applied in the present research project. The area
between the white dashed lines illustrates the angles commonly used in VSFG

instruments.
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Chapter 3

Optical Properties of Nonlinear
Crystals

3.1 Motivation

Mid-infrared optical parametric chirped-pulse amplification (MID-IR OPCPA)
laser systems, which operate at wavelengths above 5 um and generate short
pulses at high repetition rates and power levels, are of significant interest.
Some applications of MID-IR OPCPA like vibrational spectroscopy, label-free
microscopy, and ultrafast dynamic studies[23] are promising to effectively
observe and manipulate matter, materials, and biological samples. This desire
is pushing advancements in both MID-IR laser technologies and advanced
laser pulse shaping capabilities within this spectral range[24].

By the impressive power scalability of 1 pm Ytterbium (Yb) pump lasers,
optical parametric amplifiers (OPAs) operating between 3 and 4 pm have
been developed, enabling the generation of femtosecond laser pulses at multi-
MHz rates with power outputs in the multiple-watt range[25, 26, 27, 28,
29, 30]. These systems utilize wide-bandgap oxide crystals for parametric
frequency down-conversion, which are available commercially in sizes larger
than 1cm. Various nonlinear optical materials, such as LiNbO3, KNbOs,
and KTiOAsOy, can be successfully pumped by high-power lasers with short
pulses (< 1.5ps) at 1 um, showing minimal two-photon absorption and high
damage thresholds[31, 32]. However, due to the high multi-photon absorption
by oxide crystals in the spectral range above 5um, an OPA-DFG cascade
must be extended to the longer mid-infrared range. In such laser setups,
the OPA stages use oxide crystals, while the DFG stage employs non-oxide
semiconductor crystals like AgGaSes[33, 34], GaSe [24, 35, 36, 37], AgGaS,[38,
39], CdSiP,[40] and ZnGeP2[41, 42, 43]. However, these crystals have relatively

25
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small bandgaps around 2.4 eV, which is very close to the two-photon energy
of high-power commercial Yb pump lasers, making efficient DFG processes at
1 pm challenging[44].

Typically, the energy conversion efficiency from pump to MID-IR in
OPA /DFG cascades is usually less than 0.5% at a central wavelength of
approximately 8 um. The improvement of efficiency relies on the availability
of novel non-oxide Li-based materials like LiGaS, (LGS), LiGaSe, (LGSe),
LiInS, (LIS), and LilnSe, (LISe) that are transparent across a wide spectral
range (from 6 to 16 um) and have high damage thresholds. Combined with
high-power 1 um Yb pump lasers, this advancement enables the extension of
ultrashort high-power laser pulses for various R&D projects, and industrial
applications towards the longer-wave infrared (LWIR) region. Some progress
has been achieved by using LGS crystals, which show transparency from 0.32
to 11.61 wm and a large bandgap of around 4 eV. Notably, ultrashort pulses
at the nanojoule level with pulse durations close to the Fourier-transform
limit at central wavelengths spanning from 7 to 11 um have been success-
fully demonstrated in OPA[45, 46, 47|, DFG[35], and intra-pulse DFG laser
systems[29, 48, 49].

For increasing the pulse energy and average power of LGS-based MID-IR
lasers in DFG and OPA schemes, the size and length of the LGS crystal play a
role, having the current limitation of crystal aperture size (~ 7 x 7mm?) and
length (=~ 5-7mm), respectively. The higher pulse energies beyond 100 nJ and
watt-level average power could be achieved by utilizing longer crystals (several
mm) and pump pulse widths (= 10 ps)[23]. However, the damage threshold
of LGS at peak intensity, approximately 50 GW /cm?, becomes a critical
factor[45]. Managing thermal loads when pumping at 1 pm with ultrashort
pulses at MHz repetition rates is crucial to prevent spatially inhomogeneous
refractive index changes that can affect phase-matching conditions, average
power, spectral bandwidth, beam quality, and long-term performance stability.
Therefore, a thorough understanding of the optical properties of converter
materials under realistic high-power and high-energy conditions is essential
for designing robust MID-IR laser architectures[50]. Nonetheless, studies on
material properties related to ultrafast laser-induced damage in nonlinear
crystals above a few kHz repetition rates are rare[51].

In the present thesis project, a straightforward thermal imaging technique
offers a reliable estimation of the linear and nonlinear absorption coefficients,
as well as the nonlinear refractive index, “under realistic conditions”[52].
This approach involves measuring material parameters using laser pump
settings consistent with those intended for high-power and high-energy OPCPA
applications. Specifically, a high-power laser is directed at the entire surface
area of a large crystal with an aperture of approximately 9 x 9mm?. These
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measurements provide more accurate estimation of absorption and nonlinear
coefficients by averaging over large crystals that may contain local defects,
impurities, and surface irregularities. Consequently, the thermal imaging
method provides more realistic upper limits compared to techniques that
focus on localized measurements within small perfect crystals[52]. In contrast,
the widely-used photothermal common-path interferometry (PCI) method[53]
primarily determines linear absorption within the crystal volume with high
precision using a low-power continuous wave laser, but the multi-photon
absorption coefficient can not be obtained. Furthermore, the z-scan method,
pioneered by van Stryland and co-workers[54] in 1990, accurately determines
the nonlinear refractive index n, within a limited volume of the crystal.

3.2 Thermal Imaging Scheme

For the current investigation, a selection of non-oxide nonlinear crystals (NLC)
is analyzed to derive their linear and two-photon absorption coefficients, as
well as the nonlinear refractive index at 1030 nm by utilizing a commercial
AMPHOS laser system, which is based on the Innoslab amplifier technol-
ogy[56]. Fig.3.1 shows the basic design of the Innoslab amplifier. It consists
of two key components: an edge pumped slab crystal inside the amplifier
resonator. In edge pumping geometry, pump and signal intensity can overlap
along the whole slab, which leads to high intrinsic efficiency. The resonator

Fundamental advantages omputbeamt BT beAn
« Com pa ct (amplified) 1 (seed)

e Simple* l

e Scalable

Heatsinks

\— Pump optics

Figure 3.1: AMPHOS innoslab laser. Adapted from [55]

‘ \ t SLAB crystal
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folds the laser beam several times through the pumped slab, largely reducing
the thermal lensing effect. Besides, the large surfaces provide one-dimensional
heat flow, which is efficient for heat removal by heat sinks. The scalability
of the output power can be easily achieved by increasing the crystal width
without increasing the demand on brightness of the pump diodes. This laser
system generates pulses with a full width at half maximum (FWHM) duration
of 7 = 0.92 ps, centered at A\, = 1030 nm with a spectral bandwidth of ap-
proximately 1.1nm, M? < 1.3, and offering a tunable repetition rate ranging
from 200 kHz to 1 MHz. Comparable average power levels can be achieved at
both repetition rates, with a maximum output power of P = 200 + 2 W.

The experimental configuration is illustrated in Fig.3.2. The NLCs are
positioned on ceramic stands in such a way that only the bottom corners
contact with the crystals, and they are secured from the top by a nylon tip
screw. This setup makes sure that all surfaces of the crystals are exposed
to ambient airflow, minimizing thermal conduction to the holder. The “free
standing” NLCs are exposed to the AMPHOS laser beam under the realistic
conditions. The experiments are carried out at repetition rates of 1 MHz and
200 kHz, respectively. By using a half-wave plate and polarizer, the average
power at each repetition rate can be adjusted. The laser beam sizes are
consistent in both scenarios (with 1/e? radius w = 2.1 mm), tailored to fill
the entire crystal aperture (9 x 9mm?) to achieve uniform heat distribution
across the crystal. The NLCs, which are studied in this scheme, includes
LGS (type II-XY plane, 6§ = 90%¢ = 37.5°), LGSe (type II-XY plane,
0 =90°; ¢ = 33.5°), LIS (type II-XY plane, § = 90°; ¢ = 31.5°), LISe (type II-
XY plane, 8 = 90°; ¢ = 33.0°) and AGS (type I[I-XY plane, § = 90°; ¢ = 39.5°)
crystals, each 2mm thick (Ascut Ltd. & Co.KG)[50]. The crystals are
uncoated on both sides, and the cut angle is chosen for 10 wm idler wavelength
when pumped at 1030 nm.

All measurements were conducted with the pump laser in “e” polarization.
The power inside the crystal and Fresnel reflections at the front and back
surfaces were estimated by measuring the reflected and transmitted pump
laser powers, resulting in a 13.4 % reduction in total power. The beam profile
of the transmitted beam was monitored using a Basler camera (Basler Aca
1300gm) by reflecting a small portion of it with a wedge. Thermal equilibrium
thermal images of the crystals were captured using an IR camera (FLUKE
Ti25, spectral range from 7.5 to 14 pm. An illustrative example of the heat
distribution in a pumped crystal is shown in Fig.3.2 (bottom, left).
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Figure 3.2: Experimental setup for thermal imaging. The NLCs utilized in the
study are 9x9x2mm? in size and positioned in a “free-standing” configuration.
Power meters are employed to approximate the power contained within the crystal
and validate the expected Fresnel reflections at the front and back surfaces. Thermal
imaging is conducted to assess the temperature distribution over the crystal surfaces.
An illustrative thermal image captured by the thermal camera is presented in the
lower left section. Additionally, a Basler camera is utilized to capture beam profiles
that are altered by the nonlinear behavior of the NLCs. Adapted with permission
from[57].

3.3 Results and Discussion

3.3.1 Linear and Nonlinear Absorption Coefficients

The main limitations to increasing the average power levels of OPCPAs are
the thermal effects caused by the absorption of pump, signal, and idler pulses
in NLCs. In the case of MID-IR, OPCPAs (ranging from 6 to 16 pm), the
relatively low conversion efficiency suggests minimal absorption of the idler
pulse, while the absorption effects of the signal wavelengths are expected
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to be similar to those of the pump wavelength. Therefore, the thermal
equilibrium of the crystals should be mainly influenced by the pump pulse[52,
58]. A thermal model is utilized under thermal equilibrium to calculate
the linear and nonlinear absorption coefficients, using established laser and
material parameters, with the absorption coefficients « (linear) and g (multi-
photon) as variables. The heat equation is developed by considering energy
transfer during laser interaction, taking into account black body radiation
and convection under thermal equilibrium[52, 59]. This method is considered
suitable for high repetition rate Yb pump lasers, as the thermal relaxation time
significantly surpasses the time between successive pulses. Essentially, the
thermal model assumes that the absorbed laser power P, can be represented
as[60]

Pabs = ClOéI + CQBIQ, (331)
is re-emitted. Thus, total heat H exchanged is given by

H = Hblack—body + Hconvection - O-EA(Té - Té) + hA(TC - TR) (332>
which finally results in

oeA(TE — TR) + hA(Te — Tr) = Cral + CyBI°. (3.3.3)

The thermal energy emitted through black-body radiation is influenced by
the Stefan-Boltzmann constant (o = 5.669x 1078 W m—2K~4)[59]. The surface
emissivity of the crystals are calibrated against a thermal reference, because
the transparency range of the thermal camera is falling in the transmission
window of the MID-IR NLCs. In the case of LGS, the emissivity value
eras = 0.6 , while for other crystals, the values are as follows: exgs = 0.37,
erase = 0.42; er1g = 0.6 and €15 = 0.44. Parameters such as the crystal’s
surface area A, crystal temperature T , room temperature Ty, and a typical
heat convection coefficient A = 10 Wm2K~! as reported in literature[59]
are considered. The coefficients €| and C5 are determined by the laser
pulse characteristics, including the repetition rate f, radial beam waists wywy
perpendicular to the propagation direction, pulse duration 7, and crystal
length L. The integration of the squared hyperbolic secant (sech) function
representing the pulse shape is performed to derive the final results

C1 = fL(1.206wxwyT)
Oy = fL(0.426w,wy 7). (3.3.4)
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Figure 3.3: An illustrative temperature profile was obtained utilizing the LGS
crystal, derived from thermal imaging data captured by progressively increasing
the irradiation power levels within the crystal at repetition rates of 1 MHz (a)
and 200kHz (b). The black line depicts the average temperature distribution
throughout the crystal relative to the laser intensity. Adapted with permission
from|[57]
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The figure presented in Fig.3.3 illustrates the change in average tempera-
ture across the surface of the crystal as the pump laser intensity increases,
specifically focusing on the LGS crystal. The temperature is obtained from
the central region of the crystal aperture in the thermal image. The experi-
ments are conducted at repetition rates of 1 MHz and 200 kHz, respectively.
The average power within the crystal is calculated by considering losses from
Fresnel reflections, which are measured by analyzing the reflected power from
the crystal surfaces. The pulse duration and spatial beam profiles are similar
in both experimental sessions. When analyzing data at high repetition rates of
1 MHz with lower pulse energies, linear absorption played a larger role, while
at 200 kHz with higher pulse energies, nonlinear absorption is more dominant,
as depicted in Fig.3.4. This pattern is consistent across all non-oxide NLCs,
except for LGSe, where strong multi-photon absorption is obvious even at
low energy per pulse at 1 MHz. By evaluating the total heat as a function
of pump laser intensity from the recorded thermal images and fitting the
data according to Eq.3.3.3, approximate values of the linear and nonlinear
absorption coefficients are obtained for various NLCs. The linear absorption
coefficient « is determined through a linear fit of the 1 MHz data, which
is then utilized in a nonlinear curve fit of the 200 kHz data to derive the
nonlinear absorption coefficient 5. Independent measure of a enhances the
accuracy of the fitting process for estimating 5. An illustration of the data
analysis for the LGS crystal is provided in Fig.3.4.

The estimated values of the linear and nonlinear absorption coefficients
for different crystals are presented in Tab.3.1, with the bandgap and d.g
values sourced from references [61] and [62], respectively. The fitting error
across all graphs is below 0.2 %. Nevertheless, it is important to mention
that systematic errors usually result in an overestimation of values when
using these methods[52]. Therefore, all experimentally obtained values are
presented as upper limits.

Additionally, in the case of non-oxide NLCs, the generation of second-
harmonic “green” light and increased lensing effects at high intensities are ob-
served, although these effects are deemed negligible for the analysis conducted
in this study. Notably, the AGS crystal exhibited a significant Kerr-lensing
effect at an average power of 45 W, evident in both the 1 MHz and 200 kHz
datasets, corresponding to peak intensities of approximately 0.8 GW /cm?
and 4.2 GW /cm?, respectively. Consequently, experiments on AGS are not
extended to higher power levels to prevent crystal damage. A similar trend
was observed with LISe. In the case of the AGS crystal, a linear increase in
temperature is the predominant observation for both repetition rates within

experimental error margins. Hence, only the linear absorption coefficient is
determined for AGS.
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Figure 3.4: A linear curve fitting was performed at 1 MHz (a), while a nonlinear
curve fitting was conducted at 200 kHz (b) to determine the linear and nonlinear
absorption coefficients based on the analytical model correlating total heat with

intensity for the LGS crystal. Reproduced with permission from

3.3.2 Nonlinear Refractive Index

In this section, a straightforward and reliable approach is presented for
estimating the upper limit of the second-order nonlinear refractive index ny of
NLCs. The approach are under realistic high-power user conditions and beam
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derived constants for 1030 nm wavelength

nonlinear crystal Bandgap[61] d.s[62] a B no

[eV] [pm/V] fem™]  [em/GW] [cm? /W]
AgGaSey (AGS) 2.70 15.9 <0.005 - < 140.6x10~1
LiGaS, (LGS) 415 560 <0002 <3.2x107% < 6.4x10°1
LiGaSe; (LGSe) 3.34 9.27 <0.002 <2.0x1073 < 27.4x1071
LilnS, (LIS ) 3.57 6.90 <0.001 <2.6x10~* < 94x1071
LilnSe, (LISe) 2.86 948  <0.01 <1.6x1073 < 16.2x1071

Table 3.1: Optical properties of MID-IR non-oxide, Li-based nonlinear crystals.
Adapted with permission from|[57].

parameters, based on beam profile measurements after traversing the crystal.
It is important to note that an effective ny can be influenced by cascaded
second-order effects and Kerr lensing[63, 64], which are significant factors in
the design of OPCPA systems. To validate our measurements, we selected
uncoated LGS as the sample material due to its recently reported effective no
values of 3.5 x 107 cm?/W[45] and 4.1 x 1071% cm?/W[51] under high-power
1 um pumping. The z-scan method, initially introduced by van Stryland and
colleagues in 1990[54], is employed for this purpose.

The Basler camera captures images after the beam has passed through
the ”free-standing” NLC and is projected into the camera using a wedge (W)
and a lens (Lg) with a focal length of 400 mm as depicted in Fig.3.2. The
results for the LGS crystal are illustrated in Fig.3.5. At 1 MHz, characterized
by relatively low intensity, the beam profiles exhibit consistency with and
without the NLC crystal, thereby allowing the neglect of thermal lensing
effects. However, at 200 kHz, the beam profiles display a reduction in diameter
with increasing pump intensity due to Kerr lensing effects. The beam profile
measurements are conducted to monitor these phenomena and to detect any
potential irreversible damage during the assessment.

According to the electro-optic (Kerr) effect, a Kerr lens is formed with
focal length fx given by

fx = w?/(4noIL). (3.3.5)

Here, w is the 1/e* beam radius (determined by the knife-edge method), T
describes the peak intensity and L denotes the length of the crystal. As the
pump intensity increases, the NLC acts like a lens, causing the original size
of the pump profile to decrease. This original pump profile is observed in the
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Figure 3.5: Basler camera images are utilized to observe the beam profile of crystal
LGS as the pump intensity increased, showcasing a nonlinear response at both
1MHz and 200 kHz repetition rates. The beam profiles displayed a progression
from top to bottom, corresponding to laser pump power levels of 100 %, 80 %, 40 %,
20 %, and 10 % of the total power, with the estimated internal power of the crystal
indicated in square brackets. Adapted with permission from[57]

absence of the NLC or at very low intensities. Assuming the propagation of
Gaussian beams and known laser, crystal, and imaging optics, the parameter
fx is determined through a comparison of images at different intensities with
a simulation of Gaussian beam propagation employing idealized lenses. For
the LGS crystal, an upper estimate of the second-order nonlinear refractive
index ny is provided, which is approximately 6.4 x 107 cm? /W, aligning well
with the published results. The calculated n, values for other crystals under
investigation are presented in Tab.3.1.

In summary, only a limited number of suitable nonlinear crystals are
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accessible in the MID-IR range (from 6 to 16 um). While the widely used
AGS crystal exhibits a high d.g, it possesses a lower bandgap and significantly
higher nonlinear refractive index (ny) compared to other Lithium-based
crystals when pumped at 1030 nm (refer to Tab.3.1), making it unsuitable
for high-energy and power applications. For low-power applications, LIS
and LISe show promise due to their relatively high d.g. Conversely, for high-
energy and power applications, LGS crystal offers a combination of substantial
deg and a comparatively high optical damage threshold owing to its large
bandgap and broad transparency range. Furthermore, LGS demonstrates
the lowest multi-photon absorption coefficient and nonlinear refractive index
(see Tab.3.1), positioning it as a highly promising candidate among non-
oxide NLCs for high-power ultrashort MID-IR OPCPA applications directly
pumped at 1030 nm.



Chapter 4

Versatile MID-IR OPCPA

4.1 Motivation

Ultrashort laser pulses, characterized by a limited number of optical cycles
within the 6-16 pm spectral range, present numerous research opportunities
in the fields of materials and life sciences. The advancement of versatile
femtosecond (fs) sources is essential for investigating intricate physical, chem-
ical, and biological processes through sophisticated experimental techniques
like 2-dimensional vibrational [65, 66, 67, 68|, label-free microscopy|69, 70],
nonlinear optics|71, 72|, and nonlinear phononics|73]. The ability to stimulate
and probe low-energy excitation is crucial for elucidating a wide range of
diverse phenomena, spanning from high-temperature superconductivity in
solid-state materials to the structure and dynamics of proteins in the liquid
phase.
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Figure 4.1: Resonant absorption of important biomolecules as a function of
wavelength. The region from 6-16 pum is often called the “fingerprint region”.
Figure adapted from [74]
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In the MID-IR wavelength range, numerous essential biomolecules exhibit
distinct vibrational absorption bands, commonly referred to as the fingerprint
region as illustrated in Fig.4.1. Vibrations such as amide vibrations within
the range from 1200 to 1700 cm ™, aromatic breathing, and out-of-plane CH
bending modes (occurring in the range from 900 to 1000 cm™!) can be directly
probed using wavelength-tunable MID-IR sources [65, 66]. Presently, these
vibrational characteristics of biological molecules observed in spectroscopic
studies play a crucial role in disease diagnostics, for instance, detecting glucose
Raman peaks in people with diabetes|[5].

Apart from the well-established one-photon excitations, the high peak
power of ultrashort laser pulses with high pulse energy induces nonlinear
absorption, leading to the excitation of higher vibrational states through multi-
photon processes. These final states may not be accessible using continuous-
wave IR sources due to dipole selection rules in single-photon transitions.
Moreover, the integration of long-wavelength sources with pulse-shaping
capabilities for tailored waveform generation introduces a new dimension to
the coherent-control toolbox, primarily aimed at directing photophysical and
photochemical processes using light [75, 76, 24]. For example, the enhanced
selective excitation of ground-state vibrational modes in the fingerprint region
could be utilized to differentiate various cellular components in an image
based on their intrinsic vibrations in a non-invasive manner[77]. This concept
has been validated through two significant demonstrations in the past. Firstly,
MID-IR pulse shaping has been employed to efficiently excite vibrational
energy levels in NO molecules through step-wise excitation (“vibrational
ladder climbing”) using tailored electromagnetic waveforms accounting for the
anharmonic molecular potential [78]. Secondly, MID-IR-induced vibrational
absorption has been applied in photothermal imaging applications, where the
spatially resolved photothermal effect is achieved using a visible laser beam.
This approach overcomes the spatial resolution limitations associated with
longer-wavelength MID-IR sources, and chemical-specific contrast images are
obtained [69].

In recent years, the advancement of novel fs MID-IR laser architectures
has been facilitated by two key factors: the availability of nonlinear crystals
transparent in the MID-IR range and the development of high-power pump
lasers capable of operating at high repetition rates up to 1000 W with sub-
picosecond (picosecond = 10712 s) pulse duration. Various research groups
globally have contributed to this progress through power-scaling strategies
utilizing diverse pump-laser technologies such as fiber[79, 80], thin-disk|[81],
and Innoslab lasers[82], operating at pump wavelengths of 1 pm and 2 pm/[45,
33]. The selection of NLCs that can be effectively pumped at 1 um plays a
key role. As what have been concluded in Chapter3, LGS has emerged as a
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preferred choice.

In OPAs, the two primary methods for converting the pump photon into
the MID-IR idler involve either intra-pulse or inter-pulse difference-frequency
generation (DFG) processes[36]. In the case of intra-pulse DFG, which is
driven by pulses possessing a wide spectral bandwidth, the idler is generated
through the difference frequency mixing of the blue side (pump for DFG)
and red side (signal for DFG) of its spectrum via nonlinear interaction
(wave-mixing) within the NLC. Intra-pulse DFG offers advantages such as a
straightforward optical setup and the production of broadband MID-IR with
a pulse duration similar to that of the pump pulse. However, the tunability
of intra-pulse DFG is generally limited due to the requirement of the best
phase-matching angle of the crystal for achieving the broad bandwidth. On
the other hand, inter-pulse DFG needs two separate signal and pump laser
pulses, enabling a broader tunable spectral range compared to intra-pulse
DFG. This is because independent wavelength tuning of the signal is feasible
along with NLC angle tuning. To prevent the generation of angular-dispersive
idler pulses in inter-pulse DFG, the optical setup geometry must be collinear.
However, this also poses a significant challenge in the development of the
MID-IR OPA, as separating the MID-IR from the high-intensity pump pulse
and the signal pulse requires special filters and coatings with high damage
thresholds and low group-delay-dispersion (GDD) materials[83, 62]. The goal
of the MID-IR laser research and development project within the present PhD
project is to construct a versatile source capable of delivering both broadband,
few-cycle, high-energy pulses and wavelength-tunable, high-energy pulses for
spectroscopic applications. The outcome is a robust OPCPA system with two
complementary operational modes at a repetition rate of 200 kHz, requiring
minimal readjustment when switching between modes.

4.2 Experimental Scheme

Fig.4.2 presents an overview of the MID-IR, OPCPA configuration, consisting
of the AMPHOS pump laser, two complementary chirped signal NOPA
architectures allowing for wavelength tunability or short pulse operation
mode, an OPA/DFG stage in LGS crystal, and MID-IR diagnostics. The
optical layout and details regarding spectra, power levels, and pulse energies
at each stage will be provided in subsequent sections. On top of the MID-IR
OPCPA, the remaining portion of the pump laser and MID-IR are employed
to excite the vibrational sum-frequency generation (VSFG) spectra from the
target samples, which will be discussed in more detail in Chapterb.
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Figure 4.2: The schematic of MID-IR OPCPA. WLG: white-light generation, PS:
pulse stretcher, SHG: second-harmonic generation, NOPA: non-collinear optical
parametric amplifier, DFG: difference-frequency generation, BS: beam separator,

PC: pulse compressor, VSFG: vibrational sum-frequency generation.

4.2.1 Two Chirped-signal NOPA Architectures

The optical configuration of the NOPA is illustrated in Fig.4.3. The system is
driven by a total of 40 W output at 200 kHz repetition rate from the AMPHOS
laser, equivalent to a pulse energy of 200 pJ. This energy is distributed among
three branches: White-light generation (WLG), SHG, and the pump for
DFG. By utilizing a combination of a half-wave plate and thin film polarizer,
the power ratio between the branch of WLG and SHG can be adjusted as
needed. A portion of approximately 8 uJ from the total energy is directed
towards generating the signal pulse through the WLG process within an
undoped bulk yttrium aluminum garnet (YAG) crystal of 10 mm length. A
10mm YAG crystal was demonstrated to have the broadest, most stable and
robust supercontinuum, pumped with sub-picosecond pulses at 1030 nm|84].
Consistent with the study, the power stability of the white-light output is
presented in Fig.4.4, indicating minimal fluctuation of only 0.8 % over a period
of 24 hours.

To increase the duration of the signal pulse, either positive or negative
group delay dispersion (GDD) needs to be introduced. Let’s consider the
scenario of the positively chirped pulse first. SF11 is a highly dispersive
glass among the commonly used optical materials, and frequently employed
to add dispersion either as a simple glass block or in a prism setup. In
our configuration, two SF11 blocks with a combined length of 100 mm are
placed in the beam path, resulting in a GDD of 12570 fs? and a TOD of
11950 fs* in the signal pulse. When dealing with the negatively chirped
signal, chirped mirrors (CMs) are chosen for their stability, resistance to beam
misalignment, and flexibility through adjusting the number of bounces. The
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Figure 4.3: Schematic of positively and negatively chirped-signal NOPA allowing
for complementary wavelength tunability or short pulse operation mode, respectively.
HWP: half-wave plates, TFP: thin film polarizer, AL: Achromatic lens, LPF: long
pass filter, CMs: chirped mirrors, Lenses: F1= 100 mm, Fo= 500 mm, F3= 500 mm,
YAG: yttrium aluminium garnet for WLG; BBO: BaBsO4 for SHG and OPA. The
two operation modes dependeing on the NOPA architecture can be switched by
minimum re-adjustment indicated by the two dotted boxes.
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Figure 4.4: White-light power as a function of operation time shows an average
value of 14.67mW with a standard deviation of 120 pW.

dispersion caused by CMs can be modified in small increments, allowing for
precise dispersion tuning by adding dispersive materials to the beam’s path.
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However, CMs have drawbacks such as their higher cost and the need for
custom design and fabrication processes, which may not always be available in
the interested MID-IR range. Practically, the SF11 stretcher can be replaced
with custom-made CMs (Layertec), and the shift of beam path is compensated
with minimal readjustment of the setup. In total, the signal pulse obtains
the GDD of -11000 fs?, as it travels 20 bounces between chirped mirrors.

For the 515nm pump of NOPA, another portion of 26 wJ is directed
towards a 1mm thick g-Barium Borate (BBO) (type I phase-matching).
The diameter of the pump beam at the SHG crystal location is /=260 um,
resulting in an intensity of around 80 GW/cm? (which is near the damage
threshold of the 1 mm BBO crystal). This process achieves a conversion
efficiency of ~ 53 %. Following the reflection of the pump beam by two high
reflective mirrors, the SHG pump energy at the NOPA position is measured
at 15 uJ with a beam diameter of &~ 300 um, corresponding to an intensity of
27GW /cm?. The NLC utilized in the NOPA is a 3mm type I phase-matching
BBO crystal with an external angle of 4.1° between the SHG and the signal
beam.

The spectra and pulse energy curves of the two chirped-signal NOPA
schemes are shown in Fig.4.5. For the case of positively chirped signal in
Fig.4.5 (a) and (b), the maximum power of the signal is 460 mW, corresponding
to an energy of 2.3 uJ around 1.15 um, resulting in a conversion efficiency of
~ 15.3%. The central wavelength of the signal can be adjusted within the
range of 1.14 to 1.36 wum by manually adjusting the time delay between the
signal and the pump. Furthermore, the energy profile indicates that energy
levels rise as the wavelength decreases, with optimal amplification occurring
between 1.12 and 1.16 um signal wavelength. For the case of the negatively
chirped signal in Fig.4.5 (¢) and (d), a peak power of 200 mW is reached,
which corresponds to a pulse energy of 1 uJ at around 1.15 um, leading to an
estimated conversion efficiency of about 6.7%. The reason causing lower power
and pulse energy is the limited available spectral range of the CMs, which
only have high reflection (> 99.8 %) and introduce GDD in the spectral range
from 1.14 to 1.21 um. Therefore, some parts of signal, which are out of the
available spectral range of the CMs, are unable to participate in the NOPA
process, resulting in lower amplification and narrower wavelength-tunable
range.

4.2.2 OPA/DFG Scheme in LGS Crystal

Following the NOPA setup, Fig.4.6 shows that, the remaining pulse energy
of the pump ~155 pJ with a peak intensity ~ 15GW /cm? is used as the
pump in the final OPA/DFG stage consisting of an LGS crystal (type 1T
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Figure 4.5: The pulse energy curve (a) and the spectra (b) from the positively
chirped signal NOPA. The pulse energy curve (c) and the spectra (d) from the
negatively chirped signal NOPA.
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phase-matching in the XY plane, § = 90°; ¢ = 37.5°). Additionally, the power
levels of the signal and pump pulses can be adjusted separately to maximize
energy extraction. A dichroic beam combiner (Semrock) is used to align the
pump and the signal after the NOPA.

It is worth to mention that a specially designed beam separator on a 3 mm-
thick ZnSe substrate was utilized to remove the pump and signal pulses, as
well as residual chirp in the idler pulse. However, the beam separator required
water cooling for long-term use. Due to the high-power pump and signal
pulses, the coating on ZnSe substrate was damaged after 30 minutes without
cooling. Another successful approach that we used involved taking advantage
of the greater divergence in the long-wavelength idler. By combining a two-
inch Herriott cell mirror coated with gold (f = 200 mm, center hole diameter
of 4mm) and a protected gold convex mirror (f = -150 mm), a part of the
MID-IR can be easily separated and collimated. The central hole of the
Herriott cell mirror allows the high-power pump and signal pulses, along
with ~ 65 % of the MID-IR idler, to pass through. This method is primarily
suitable for MID-IR pulse characterization and setup optimization due to the
inherent losses. Following the separation of the MID-IR from the pump, a
3mm ZnSe component acts as a temporal pulse width compressor to reduce
remaining positive GDD in the MID-IR pulses. It also serves as a long pass
filter to block any remaining signal beam.

/%QJ e
1}\
HWP  F, DM DFG LPF =" x
A = Power =
! LGS : —» & ¢
Y - -
I{ Fs M eecm;
‘ .llllllllllll
T j - FTIR = O

& - )
- £ > = -
© = Autocorrelator=

= R ERRRRARREE
HWP

Figure 4.6: Schematic of OPA/DFG. HWP: half-wave plates, DM: dichroic mirror,
LGS-5mm thick: LiGaSy crystal for OPA/DFG, LPF: long pass filter transmits
above 1030nm, ZnSe-3 mm thick: the temporal pulse width compressor and long
pass filter for MID-IR, Lenses: Fy= 1000mm, Fz= 1000 mm, M;: Herriott cell
mirror f = 200 mm with center hole diameter of 4mm, My: gold convex mirror f =
-150 mm.
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After the long pass filter, which transmits above 1030 nm, the pulse energy
and spectra of the amplified signal in the final OPA/DFG stage can be
recorded, as shown in Fig.4.7 and Fig.4.8.
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Figure 4.7: Positively chirped signal pulse energy curves behind the final pumped-
OPA/DFG stage employing an LGS crystal (a) and the corresponding spectra (b).
The spectral bandwidth is derived from the FWHM of spectra.
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Figure 4.8: Negatively chirped signal pulse spectra behind the final pumped-
OPA/DFG stage employing an LGS crystal. The pulse energy levels are around
10 pJ.
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Due to the distinct characteristics of two NOPAs, the amplified signal
pulses exhibit specific spectra and amplifications. In the case of the positively
chirped signal, the spectra in Fig.4.7, show a broad wavelength-tunability
from 1.14 to 1.36 wum, which is inherited from its NOPA. Notably, a wide
spectral bandwidth of 35 nm is centered at 1.175 pm, and the energy curve
displays a peak ~ 22 pJ with a gain of 10. These phenomena can be explained
by the phase-matching of LGS, which is calculated by the software “SNLO
V76" and presented in Fig.4.9. For the OPA/DFG pumped at 1030 nm, the
spectral range from 1.165 to 1.175 pum of signal pulses have the phase-matching
angle = 36.75° in LGS crystal. Therefore, a broad spectral range of signal
pulse participates in the OPA process at the same time, showing a broad
spectrum and high pulse energy around 1.175 um. Conversely, inheriting
features from the negatively chirped signal NOPA, the signal is amplified
up to the maximum of 13 nJ through the OPA/DFG stage, maintaining a
broad bandwidth around 1.16 pm with limited wavelength-tunability between
1.14 and 1.21 pm as depicted in Fig.4.8. The two NOPA architectures result
in complementary MID-IR pulse properties. The selected operation mode
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Figure 4.9: The phase-matching of LGS crystal for OPA /DFG pumped at 1030 nm.
The signal and idler wavelengths are displayed on separate y-axes. A magnified
view of the spectral range from 1.15 to 1.19 um is shown. The result is generated
using the "Opoangles” function in SNLO v76[62].
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offers either a large MID-IR wavelength tunability range or a few-cycle, broad
spectral bandwidth MID-IR pulse. Their characteristics will be discussed in
the following section.

4.3 MID-IR Pulse Characterization

4.3.1 Spectral Properties

Due to the symmetry of signal and idler, the MID-IR idler pulses exhibit
similar characteristics to the amplified signal pulses. First, the spectra and
the energy profile of the MID-IR generated from the positively chirped signal
are shown in Fig.4.10. Being down-converted in frequency from the wide
tunable spectra of the amplified signal pulses, which is displayed in Fig.4.7,
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Figure 4.10: MID-IR pulse energy curve (a) and the total efficiencies of the
MID-IR spectra (b) generated from the positively chirped signal NOPA scheme.
The gray area denotes the spectral range of water-vapor absorption. Adapted with
permission from [85].
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Figure 4.11: The MID-IR spectra generated from the negatively chirped signal
NOPA scheme, which can be tuned between 7.8 to 10.2 um (a). By detuned LGS
crystal # angle from the perfect phase-matching, the MID-IR spectra present double
peaks at 7.8 and 10 um, and the peaks can even be separated further to 6.8 and
11 um for larger detuning angles (b).

the MID-IR pulses own the wavelength-tunability from 4.2 to 11 pm as well.
By achieving perfect phase matching, a maximum pulse energy of ~ 2.2 uJ
and an average power of = 450 mW are obtained at 8.5 um. It is worth to note
that a bradband spectrum is also amplified with peaks at 8.3 pm and 9.7 um.
Due to the fine mismatch from the perfect phase-matching in the degenerate
OPA, multiple signal wavelengths can be involved in the condition of Ak=0,
resulting in broader spectra of the signal and idler. Further details about
the calculation of wave—vector mismatch and expected gain bandwidth can
be found in the OPA tutorial (Manzoni & Cerullo, 2016, p.15)[10]. Overall,
the MID-IR pulses have high energy levels exceeding 1 pJ, except for a dip
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at 5.5-7.5 um, attributed to water-vapor absorption in air, which can be
mitigated using beam propagation in vacuum.

In the case of the negatively chirped signal NOPA, converted from the
amplified signal spectra shown in Fig.4.8, the MID-IR idler spectra are
depicted in Fig.4.11 (a). The measured MID-IR spectra can be adjusted
within the range of 7.8 to 10.2 um by tuning the central wavelength of the
signal in the NOPA. The spectrum at a central wavelength of 9 pm has an
average power of around 240 mW, which is corresponding to ~ 1.2 uJ. It is
important to note that the LGS transmission near 9 pm is only about 20%,
which is evident as a dip in the spectrum. Another crucial factor of changing
the spectral profile is the phase-matching of the LGS crystal. The optimal
amplification of MID-IR (1.35wJ) exhibits two peaks at 7.8 and 10.2 um
in the spectrum, which are similar to the spectrum in Fig.4.10 (b). If the
0 angle of the LGS crystal deviates from the perfect phase-matching, the
two peaks will separate further at 6.8 and 11 um, respectively. To cover a
broad spectral range and achieve a Gaussian-like spectrum for temporal pulse
compression, the spectrum at a central wavelength of 9 um is chosen and
the pulse fully characterized in time domain as it will be discussed in the
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Figure 4.12: The MID-IR power monitoring has been done for 3hours and
demonstrates an average power of 98.4 mW with a standard deviation of 3.795mW.
The 1/e? diameter along the horizontal and vertical direction are 3.8 and 3.1 mm,
showing an effective diameter of 3.4 mm with M? ~ 1.4 using a commercial beam

profiler (WinCamD-IR-BB).
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following subsection. We note in passing that some characteristics such as
beam profile measurements and long-term power monitoring have been done
as well. The results are given in Fig.4.12, exhibiting a beam diameter of ~
3.4mm and 3.8% power fluctuation. The broad 9 um spectrum remains the
same spectral shape after an overnight measurement.

4.3.2 Temporal Properties

Regarding the temporal characteristics of the MID-IR pulses in the posi-
tively chirped signal scheme, the spectral bandwidth from 7.5 to 10.2 um in
Fig.4.10 (b) supports a theoretical Fourier-transform-limited pulse duration
of 77fs. However, residual GDD and TOD from SF11 are challenging to
eliminate entirely using germanium (Ge) bulk material. Because of introduc-
ing additional TOD from Ge, an asymmetric temporal profile and multiple
delayed replicas may cause problems for the temporal diagnosis. Hence, a
pulse duration of 1042 fs without compressing is calculated by the program,
which will be introduced in the Appendix (Sec.7.2).

For the MID-IR generated from the negatively chirped signal scheme, the
temporal characterization of pulses are done using a home-built intensity and
a commercial interferometric autocorrelator, respectively. As illustrated in
Fig.2.4, the beam splitter in the intensity autocorrelator is a KBr substrate
(thickness, 4 mm) with a Ge coating on one side (Spectral Systems). Due to the
GDD introduced by the KBr substrate (17 mm path length gives -3953.74 fs?),
the transmitted part of the MID-IR gets additional chirp. Therefore, the
convolution of chirped and unchirped MID-IR pulses is actually a cross-
correlation, instead of an autocorrelation. The details of deconvolution are
given in the Appendix (Sec.7.2). In short, the cross-correlation width 7¢c
(FWHM) results in a MID-IR pulse width of 7, ~ 74+2fs (FWHM).

The challenges associated with the cross-correlator include the inability
to directly measure the pulse width and the necessity of making assumptions
and approximations when performing deconvolution through mathematical
methods. Hence, the utilization of a commercial interferometric autocorre-
lator for the direct assessment of pulse duration offers advantages. First,
the reflected and transmitted beams travel the equal distance in the bal-
anced beam splitter, so two identical replicas of MID-IR pulses can undergo
autocorrelation. Furthermore, interferometric autocorrelation demonstrates
sensitivity to the chirp of pulses that is not discernible through intensity
autocorrelation measurements.

The interferometric autocorrelation trace, which has been fitted with a
Gaussian envelope, is depicted in Fig.4.13 (a). The measurement perfectly
matches the mathematical descriptions of the autocorrelation: (1) the ratio
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Figure 4.13: The autocorrelation trace of the MID-IR pulse fitted with a Gaussian
function (a) and the shortest autocorrelation width 168 fs extended by adding group
delay dispersion from bulk materials, e.g, Ge for +GDD and ZnSe for -GDD (b).

of the peak to the background is 8:1 and (2) the interference-free component,
which is actually an intensity autocorrelation, exhibits a peak to background
ratio of 3:1 from the Gaussian fitting. Furthermore, the narrowness of
interference pattern can be used to approximately measure the linear chirp
of pulses. For instance, if the pattern of lower and upper envelope is much
narrower than the intensity autocorrelation component, it indicates that a
large chirp exists in pulses. In our case, the lower and upper envelopes of the
interference pattern split evenly from the background level and merge along
with the intensity autocorrelation at large time delay, showing that the MID-IR
is close to an unchirped pulse. For pushing towards the shortest pulse width,
Ge and ZnSe bulk material are inserted into the MID-IR beam path to remove
the residual GDD. Fig.4.13 (b) demonstrates that the shortest autocorrelation
width can be achieved at around 168 fs by introducing about -4000 fs?> GDD
with a 6 mm thick ZnSe. Due to the chirp (-1430fs?* GDD) caused by the
balanced beam splitter in the autocorrelator, an unchirped pulse width has
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to be derived by Eq.2.4.2. In summary, an interferometric autocorrelation
reveals a pulse width of 114 fs, which corresponds to 3.8 optical cycles at a
central wavelength of 9 um. This measurement is near the transform-limited
pulse width of 80 fs.

4.4 Performances of MID-IR OPCPAs

To summarize, a versatile design of a MID-IR OPCPA laser system is presented
by using an LGS crystal for efficient frequency-down conversion of high-power
1030 nm pump pulses. The two discussed operation modes differ in the GDD
of the signal pulse in the final DFG stage. Depending on the application, the
laser architecture can be easily switched between complementary MID-IR
pulse parameters in frequency and time domain, which are characterized by
means of FTIR and autocorrelators, respectively. On the one hand, the scheme
with the positively chirped signal provides a wavelength-tunable source (from
4.2 to 11 um) that is well-suited for vibrational spectroscopy of gas phase
molecules and liquids. The vibrational line widths of molecules are in the few
~ 1-10 ps region, therefore the system without the pulse width compressing
is an ideal tool for vibrational imaging and related applications including

Authors Spectral range Power Energy Width
[pm] [mW] (1] [fs]

This 4.2-11 450 at 8.5 um 2.2 1042
work 7.8-10.2 245 broadband 1.2 114
[29] 6.7-18 103 broadband  0.001 66
[45] 6-11 1300 at 8.5 um  0.034 110
23] - 140 at 9 pm 14 142
[86] 6.5-9.2 105 at 8.1 wm 1.05 121
[87] 5.7-10.5 53 at 7.8 um 0.53 98
[46] 3-7.5 40 at 7.5 um 0.04 540
[35] 6.5-12 31 at 7 um 0.16 120
[47] 5-11 11 broadband 0.22 32
[88] 4.6-9.2 0.04 at 9.2 um 8 2000

Table 4.1: Performance parameters of MID-IR laser systems based on lithium
gallium sulfide (LGS) nonlinear crystals. Adapted with permission from [85].
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microscopy. On the other hand, the negatively chirped signal scheme provides
a broadband MID-IR pulses centered at 9 um that can be compressed to a
shortest pulse width of 114 fs. These schemes are of considerable interest for
coherent nonlinear spectroscopy and imaging applications involving multi-
photon physics and time-resolved studies. It is important to note that both
schemes generate pulses with 1-2 nJ energy at 200 kHz repetition rate, reaching
similar pulse-energy levels as other published works. The state-of-the-art
laser parameters from recent literature using LGS crystals in the final DFG
stage in comparison to the present thesis work are summarized in Tab4.1.
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Chapter 5

Vibrational Sum-frequency
Generation Spectroscopy from
Quarz to Biomolecules in
Solution

5.1 Motivation

According to the estimation from International Diabetes Federation (IDF),
10.5% of the adult population (20-79 years) has diabetes in 2021, and there
will be around 783 million adults, equating to 1 in 8 individuals, affected
by diabetes by 2045[2]. Therefore, monitoring the blood glucose levels of
individuals is a crucial task for preventing and controlling the disease. However,
conventional finger pricking measurement makes it uncomfortable and there
are variations in blood sugar readings between test strips. Hence, sensitive
and accurate non-invasive glucose monitoring techniques (NIGM) are of
considerable interest.

Some techniques with vibrational spectroscopy were developed to observe
the carbon-oxygen bond stretching modes between 1000 and 1200 cm~!, which
are sensitive to the concentration of glucose solution. Using infrared light
sources such as commercial FTIR[89] and quantum cascade laser (QCL)[90],
the absorption band at 1035 cm™! shows highly linearity with glucose concen-
tration until 5.5 mM, which is close to the blood sugar level of 4- 11 mM, but
does not cover the entire range. Raman spectroscopy can detect even lower
concentration down to 1 mM with a peak at 1125cm™[91]. However, the
Raman glucose peak is often a weak signal in vivo detection, because of the
light absorption by non-glucose components. Therefore, some enhanced Ra-

25
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man techniques are utilized like, surface-enhanced Raman scattering (SERS),
which could increase the signal strength by 8 orders of magnitude and shorten
the acquisition time to 30second[92], and graphene-enhanced Raman scat-
tering (GERS), which is sensitive up to 0.5mM|[93]. In addition, to remove
the fluorescence background, which is caused by laser irradiation in sponta-
neous Raman scattering, coherent Raman methodologies are implemented by
probing the third-order susceptibility ) with ultrashort pulses. For exam-
ple, coherent anti-stokes Raman scattering (CARS) typically shows stronger
signals than Raman scattering with mitigated background[5]. Furthermore,
stimulated Raman scattering (SRS) is able to provide a background-free
glucose spectrum that can be recorded in a phenomenal 0.6 second integration
time|6].

Recently, ultrashort MID-IR pulses at wavelength in the spectral finger-
print region offer more opportunities in glucose sensing. For example, MID-IR
field-resolved spectroscopy (FRS)[7] breaks through the limit of detection
(LOD) down to 0.1 mM. Besides, enhanced selective excitation of ground-
state vibrational modes, MID-IR pulses could be used to identify different
cellular components by means of hyperspectral imaging[77]. Vibrational
sum-frequency generation (VSFG) spectroscopy is a powerful surface-sensitive
method, which relies on a second-order nonlinear process (the explaination can
be found in Sec.2.6). Hence, the application range from studies of structural
characteristics, chemical composition, and molecular orientation by probing
vibrational resonances at liquid-solid, liquid-gas, and solid-gas interfaces. Fur-
thermore, the spatial resolution in VSFG microscopy can exceed that of IR
microscopy by focusing the visible (VIS) wavelength laser beam for frequency
upconversion down to the sub-pum range.

For typical applications, there are two types of setups, which are commer-
cially available[94]. One realization is narrowband scanning-SFG (typical spec-
tral bandwidth 6 cm™!) with wavelength-tunable IR (from 1000 to 4300 cm™1)
picosecond pulses. In this scheme, the IR wavelength is step-scanned across
the complete spectral range of interest. Here can excite only one vibrational
band without coupling the other states. Another realization is broadband-SFG
(BB-SFG) with broadband IR (spectral bandwidth from 150 to 450 cm™1)
femtosecond pulses (=~ 100fs). BB-SFG can simultaneously probe many vibra-
tions at once. If the spectral window of interest is completely covered by the
spectral range of the IR pulse, there is no need for IR scanning. More variants
of SFG can be realized by manipulating the VIS beam. For example, high-
resolution SFG (0.6 cm™') has been demonstrated using an extremely long
VIS pulse (= 90 ps) in time domain[95], and doubly-resonant SFG applying a
wavelengh-tunable VIS pulse is another option[96]. Furthermore, advanced
experimental schemes like, time-resolved SFG[97], phase-sensitive SFG[98§]
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and momentum-dependent SFG[99] open many windows for characterizing
molecular vibrations at surfaces and interfaces.

Since 1999, the vibrational fingerprint of glucose from 2800 to 3000 cm ™t
has been studied by VSFG spectroscopy[100, 101, 102]. However, to the best of
my knowledge, there is no publication on VSFG studies on vibrations between
1000 and 1200 cm ™, which are crucial for glucose sensing in aqueous solution.
The potential constraints may arise from low MID-IR power and pulse energy
generated from AgGaSs crystal. For example, the commercially available
BB-SFG of the EKSPLA company|[94] offers only 0.5mW and 0.5 pJ at 10 pm
(corresponding to 1000 cm™'). Research and development in recent years
allowed for BB-SFG by making use of an LGS crystal in a single OPA stage.
This scheme generates broadband pulses around 1180 cm™! at significantly
higher output power of 48 mW|[87]. Following this strategy, the MID-IR
pulses generated at 200 kHz from our home-built OPCPA at higher pulse
energy of 1.2 uJ and higher power of 245 mW around 1100 cm ™! paves the way
for observing characteristic glucose absorption bands in VSFG spectroscopy.
Furthermore, the developed VSFG spectroscopy setup makes perfect use of
the two complementary operation modes of the MID-IR OPCPA, i.e. the wide
wavelength scanning range from 800 to 2500 cm™! and the ultra-broadband
(few-cycle pulse) from 800 to 1400 cm™!. More details will be introduced in
the following sections.

5.2 Experimental Scheme

5.2.1 Vis-IR Sum-frequency Generation Setup

After the DFG process shown in Fig.4.6, the 1030 nm beam and the MID-IR
beam are separated using a concave mirror with a center hole diameter of 4 mm.
The beam path of the MID-IR is illustrated in Fig.5.1. To control the power of
the MID-IR beam, a combination of a half-wave plate (HWP) and a wire-grid
polarizer (WGP) is used. Due to the broad spectral bandwidth of the MID-IR,
a single HWP cannot cover this entire spectral range, necessitating the use of at
least three HWPs individually for the measurements. However, this approach
significantly increases the complexity of the experiment. Furthermore, the
small apertures of the HWPs (with a typical diameter of 6 mm) introduce
losses in the MID-IR beam. Thus, the setup shown in Fig.5.1 uses a different
approach. The MID-IR beam is maintained at P-polarization as it was initially
generated, and the power can be adjusted by rotating the WGP, which reflects
all polarization along the wire length. The WGP not only transmits the
P-polarized MID-IR beam but also eliminates any light leakage from the
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Figure 5.1: Schematic of the ultra-broadband VSFG spectroscopy setup. HWP:
half-wave plate, TFP: thin film polarizer, BBO: BaB20O4, GTP: Glan-Thompson
polarizer, WGP: wire-grid polarizer, BPF: bandpass filter, Lenses: F; = 150 mm,
Fo = 75mm, F3 = 200mm, Fy : 30mm, Fy : 75mm, Fg : 150 mm, FM: flip mirror.
Adapted with permission from [15].

previous DFG stage. Finally, the MID-IR power of 120 mW is focused onto
the sample using a ZnSe lens, resulting in an intensity of ~1.5GW/cm? at a
beam diameter of 675 pm according to calculations. It is important to note
that the thickness of the ZnSe lens can precisely compensate for the remaining
GDD in the MID-IR pulse.

After setting the MID-IR to P-polarization, it is beneficial to adjust the
VIS to S-polarization to enhance the response of the S-polarized SFG, as
indicated by the Fresnel factors in Fig.2.7. When focusing the P-polarized
1030 nm beam onto a 1 mm type I BBO crystal, the SHG process generates
an S-polarized 515 nm beam with an efficiency of &~ 20 %, and the pulse width
is on the order of &~ 1ps generated by 0.8 ps width of AMPHOS laser pulse.
The VIS power can be adjusted between 0 and 1 W by using a combination of
the HWP and Glan Thompson polarizer (GTP). It is important to clean the
VIS beam with a band pass filter (BPF) to remove unwanted light from the
previous DFG stage. Once the beam is filtered, focusing 1 W of power on the
sample position results in an intensity of ~7GW /ecm? at a beam diameter of
around 300 pm according to calculations.

Having generated the necessary pulses for VSFG, the next step is to direct
MID-IR and VIS towards the sample followed by collecting and sending the
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SFG to the detection system, commonly known as “the bridge” in VSFG
experiments[22]. The first thing to decide is the geometry of combining
MID-IR, VIS and SFG, i.e. between collinear or non-collinear SFG. On the
one hand, collinear SFG, because a appropriate dichroic mirrors for MID-
IR and VIS are typically rare and expensive, can be pretty-well achieved
by a simple D-shape mirror. In practice, the D-shape mirror reflects VIS
and let MID-IR pass by as close as possible without clipping. One benefit
is that the collinear SFG spatially overlaps with the VIS beam, making it
straightforward to locate and direct the beam into the spectrometer. However,
the VIS beam also cause a trouble, because the leakage from the filter in
front of the spectrometer saturates the charge-coupled device (CCD) detector
during long exposure times or for high pumping intensity. On the other hand,
non-collinear geometry can block the unwanted propagation of the VIS beam
onto the CCD easily by passing the SFG through a pin hole. This results in
better signal-to-noise ratio. It is important to point out that because of the
phase-matching condition, non-collinear SFG results in angular dispersion,
which causes a divergent distribution of sum-frequency wavelengths. However,
the impact of this dispersion on the recorded SFG spectra is minimal due
to the small angle (< 8°) between incident beams and the small magnitude
of MID-IR k-vector (= 5% of 515nm k-vector). Furthermore, the angular
dispersion can be managed by setting a wider spectrometer’s slit width (from
300 to 500 pwm).

The molecular VSFG signal is typically weak in intensity, so the strategy
of searching for the SFG involves starting with samples that exhibit a strong
response, such as LiNbO3, GaSe and LGS nonlinear crystals. Once the spatial
and temporal overlap are determined, the SFG can be visually observed.
Moreover, the transmitted SFG is significantly more intense than the reflected
SFG by up to 3 orders of magnitude, attributed to the longer coherence
length[16]. Due to its high transparency at 515 nm and MID-IR wavelength,
LGS is an optimal crystal for detecting SFG signal in our configuration.
Practically, a needle is utilized to mark the sample surface position, facilitating
the identification of the signal, which becomes more straightforward and
reproducible when changing samples.

To improve the collection and collimation of scattered SFG from samples
with rough surfaces, a lens with a short focal length of 30 mm is used. The
gathered SFG is directed into the detection branch separately by a flipping
mirror for both transmitted and reflected SFG beams. The GTP selectively
transmits the S-polarized SFG, while the BPF blocks the 515 nm beam and
allows the transmission of the SFG beam in the spectral region of interest from
480 to 492nm. Finally, a lens positioned before the spectrometer focuses the
light onto a slit to enhance the spectral resolution and transmission intensity
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of the SFG[22].

5.2.2 Low-noise Spectrometer with Cooled CCD

After directing the light into the spectrometer, the frequencies of SFG beam
are dispersed by the grating of the spectrograph (Andor Shamrock SR-500i)
and then captured with a CCD camera (Newton 940) based on a Czerny-
Turner optical design. Depending on the application one can choose between
different gratings. Each grating has a specific groove density, where higher
densities provide better spectral resolution but reduce efficiency. Each grating
is also blazed to maximize efficiency at a particular wavelength. Additionally,
gratings with higher groove densities cover a smaller spectral range, as the
enhanced frequency resolution essentially zoom into a specific part of the
spectrum. The Shamrock SR-500i spectrograph is a fully motorized device to
control the slit width from 10 to 2500 um and switch between gratings, which
are listed in Tab.5.1.

The spectrograph is equipped with a CCD camera. CCD cameras used
for VSFG spectroscopy must be highly sensitive to detect the rather small
signal intensity generated in experiments. A low background level is crucial
for achieving a high signal-to-noise ratio. It can originate from various sources
such as residual light in the lab and stray light from the OPCPA. In general,
a conventional CCD camera that is cooled down can be utilized. Cooling
the CCD helps to reduce dark current to a minimum and ensures that any

Groove density Blaze wavelength Efficiency  Resolution

[1/mm] [nm] %] [nm]  fem™]
150 500 73 052 22
300 500 81 026 10
300 860 15 026 10
1200 850 20 0.06 2.5
1800 400 65 0.04  1.67
2400 300 45 0.03 1.25

Table 5.1: Parameter of gratings comprising the spectrograph. Note the
efficiency applies to the SFG wavelengh (from 480 to 492 nm) and the given
spectral resolution is only valid for minimized scattered light, e.g., the nar-
rowest slit width of 10 um.
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incoming light generates a strong signal compared to the background. The
Newton 940 CCD camera series features a 2048 x 512 array of 13.5 um sized
pixels and is equipped with thermoelectric cooling down to -100 °C (typically
-50°C in our setting) for exceptional performance. The spectrograph is
calibrated by using a Hg/Ne lamp that emits a well-known spectrum, which
helps determine the wavelengths corresponding to each pixel on the CCD.

5.3 Results and Discussion

5.3.1 Sum-frequency Phonon Spectroscopy on Quartz
for VSFG Alignment

The experimental campaign has been started by recording a strong SFG
signal from the LGS crystal. However, this signal is only suitable for rough
alignment. Achieving precise alignment with nonlinear crystals is difficult for
several reasons. Firstly, the signal is so intense that it can easily saturate
the CCD camera. Secondly, the signal may primarily come from the bulk of
the crystal rather than from the surface, where centrosymmetry is broken
and the liquid sample will be positioned. Thirdly, LGS may not show “flat”
phase-matching in the long-wavelength range, causing differences between the
generated SF'G spectral profile, which should be the up-converted MID-IR
pulse spectrum, and the actual MID-IR spectral profile. Therefore, it is
necessary for precise alignment to replace LGS with a material that generates
a much weaker nonresonant SFG response.

Experimental studies have demonstrated that a gold (Au) film on wafer[103]
and quartz[16] are well-suited materials because of their spectral flatness at
somewhat higher photon energies (2000-4000 cm™'). This means that the
SFG spectrum only reflects the spectral profile of the MID-IR pulse. The SFG
from Au and quartz are solely generated by a nonresonant process, having
a constant Xl(\?F){ and no resonant contributions ng) in Eq.2.6.1. In our spec-
tral range of interest, quartz crystal has been demonstrated to show strong
zone-center optical phonon absorption peaks at 1065 and 1160 cm™![104].
In the present work, the quartz sample allows for easy alignment and first
calibration of the VSFG spectrometer providing a strong resonance-enhanced
SFG signal. A 5mm thick z-cut a-quartz is used in the experiments, as both
transmitted and reflected SFG from quartz can be measured. By adjusting
the sample position, temporal/spatial overlaps, and the OPCPA in real-time,
the intensity and spectrum of SFG is optimized. Once the signal is correctly
directed onto the CCD camera, the measurement can proceed under optimized
experimental conditions by switching from quartz to the glucose samples.
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Figure 5.2: The FTIR spectrum of broad 9 um and the SFG spectrum from the
quartz surface. The latter spectrum is generated by 10 mW of 515nm and 100 mW
of MID-IR. The spectral resolution of the VSFG and the FTIR spectrometer is

32cm ! and 2cm !, respectively.
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Figure 5.3: The SFG spectra from the quartz surface, which can be adjusted
between 900 and 1400 cm ™! by tuning the central wavelength of the signal in
NOPA.
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Fig.5.2 displays the reflected SFG spectrum from quartz. The excitation
energy of characteristic optical phonon modes of the a-quartz crystal lies well
within the MID-IR pulse spectrum. Additionally, the SFG spectrum can be
tuned between 900 and 1400 cm ™! by adjusting the central wavelength of the
signal in NOPA, as depicted in Fig.5.3.
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Figure 5.4: The MID-IR power-dependent SFG spectra with the fixed 515 nm
power of 50mW (a) and the 515 nm power-dependent SFG spectra with the fixed
MID-IR power of 100mW (b).
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To improve the signal-to-noise ratio, it is necessary to use higher power
levels of VIS and MID-IR pumping without causing damage to the samples
of interest. The average power range of VIS and MID-IR are tested using
quartz. Thereby it is ensured that the pulses generate similar spectra as
a function of laser average power without causing higher-order nonlinear
effects. The spectral profiles of the SFG signal remain overall consistent
as the power level of the MID-IR increases, as shown in Fig.5.4 (a) when
excited with a fixed 515 nm power of 50 mW. Slight shifts in the center of
mass are likely due to experimental uncertainties. The maximum values of
the spectra vary linearly with the power of MID-IR, as depicted in Fig.5.5
(a). The SFG intensity, described as a second-order process in Eq.2.6.1, is
directly proportional to the intensity of MID-IR (or VIS) with fixed VIS (or
MID-IR) intensity, in agreement with our experimental result. When the
MID-IR power is fixed at 100 mW, the SFG spectra dependent on the 515 nm
power exhibit a linear relationship up to 400 mW, with a slight blue shift at
600 mW, as shown in Fig.5.4 (b). Above 500 mW of VIS power the spectra
show intensity saturation, as seen in Fig.5.5 (b). The following experiments
on cellulose and glucose samples are all carried out in the linear power-level
region.

5.3.2 Setup Calibration Using Cellulose Pellets

Before doing experiments on the glucose samples of interest, it is advisable to
measure a well-characterized test sample to showcase the capabilities of the
VSFG setup. Additionally, the fine calibration of the spectrograph (usually
below +10cm™! accuracy) using a known sample is essential, as the rough
calibration with Hg/Ne lamp is only accurate to ~ +30cm™1.

In the MID-IR spectral range of interest for the present study, Kim et al.
have investigated crystalline cellulose. The data provides spectroscopic details
on its structure, chain orientation, and vibrational modes using IR, Raman,
and SFG techniques[105, 95]. Moreover, cellulose acts as a valuable substrate
for the initial alignment of the SFG setup, because of its ability to generate
strong SFG signals that scatter in various directions. The beam alignment
can be achieved with a rapid refresh rate (0.5 seconds per spectral reading),
enabling real-time optimization of the SFG signal. Therefore, crystalline
cellulose is chosen as our test sample.

Microcrystalline cellulose powder with a particle size of &~ 50 um (Sigma-
Aldrich) is a pure form of cellulose that has been partially depolymerized
through acid hydrolysis of specialty wood pulp. It is hand-pressed into a pellet
with a diameter of 10 mm. To prevent damage, the power levels for exciting
at 515nm and MID-IR are limited to 50mW and 10 mW, respectively. A
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Figure 5.5: Linear fitting of the maximum values from MID-IR power dependent
VSFG spectra (a) and of the maximum values from 515 nm power dependent VSFG
spectra (b)

comparison between the present experimental results using VSFG spectroscopy
and published data[16] on cellulose is shown in Fig.5.6. The vibrations in the
range of 1000 to 1250 cm™! are attributed to various C-C and C-O stretching
modes, as well as C-C-H, O-C-H, and C-O-H bending modes. The peak
at 1100.3 cm ™! is particularly sharp and useful for precise calibration. By
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using a Lorentz model to fit this peak, two specific wavenumbers from our
measurement and the literature can be determined. Ultimately, we can adjust
our wavenumber axis by +5.7cm ™! to align with the 1106 cm ™! peak position
from the literature for accurate calibration.
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Figure 5.6: VSFG spectrum of cellulose pellet for fine spectral calibration.

5.3.3 VSFG of Glucose Pellets

Glucose, with the chemical formula CgH50g, is a vital sugar in the energy
metabolism for all living organisms. It is stored as starch and amylopectin in
plants and as glycogen in animals. In animals, glucose is found circulating
in the blood as blood sugar. The naturally occurring form of glucose is
D-glucose, while its synthetic stereoisomer, L-glucose, is less biologically
active and produced in comparatively small quantities. As shown in Fig.5.7,
the glucose molecule can be found in both an open-chain (acyclic) and ring
(cyclic) form. In a solution, the open-chain form of glucose is in equilibrium
with various cyclic isomers (pyranose and furanose forms), each with a ring
of carbons closed by an oxygen atom. In an aqueous solution, over 99 % of
glucose molecules are in pyranose forms. The open-chain form makes up
around 0.25 %, and furanose forms are present in very small amounts. Besides,
the other forms, which referred to as “a—" and “g—", differ by the hydroxyl
group position in the Haworth projection|[106]. The cyclic forms of glucose are
frequently referred to as D-glucose. The D-glucose powder (Sigma-Aldrich)
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utilized in our experiments is hand-pressed into a pellet with a diameter of
10 mm.

In order to prevent the glucose surface from melting, the power levels
used for exciting at 515 nm and MID-IR are restricted to 50 mW and 40 mW,
respectively. The VSFG spectra are captured as images using a CCD camera.
When dealing with optically flat surface samples like NL.Cs or quartz, the
SFG signal can be gathered with a small vertical bin size setting, typically
around 5bins. However, for samples with highly scattering SFG signals
such as glucose and cellulose, the vertical beam size on the CCD camera
exceeds 200 bins. Consequently, each VSFG spectrum is obtained by averaging
150 bins in the brighter region of the image. Fig.5.8 illustrates the glucose
VSFG spectra obtained using gratings with groove densities of 150, 300, and
12001/mm. A higher groove density results in improved spectral resolution of
VSFG, resulting in the observation of distinct and multiple vibrational peaks.
The increased frequency resolution allows for a more detailed analysis of the
recorded spectra, but it also leads to a reduction in the maximum number of
counts on the CCD. For instance, the grating with 3001/mm has only one-
tenth of the counts compared to the 1501/mm grating. Consequently, longer
exposure times are required to capture a clear image, such as 900 seconds
for the 12001/mm grating, which has a low efficiency of 20% at the SFG
wavelengths. To optimize the signal intensity and spectral resolution of VSFG
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Figure 5.7: Cyclic forms and open-chain form of glucose in the Haworth projection.
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for glucose samples, the 18001/mm grating is used. A distinct cumulative
spectrum is obtained with an exposure time of 30seconds repeated five times.

The glucose pellet VSFG spectrum is shown in Fig.5.9 (b), displaying
8 distinct vibrational modes ranging from 800 to 1400 cm!. The quartz refer-
ence spectrum in Fig.5.9 (a) suggests an optimal probing range between 1000
and 1300 cm ™!, However, observed peaks at 1351.2, 956.3, and 844.0cm ™!,
which are out of this range, indicate that our VSFG setup has a wide detecting
range and a very good signal-to-noise ratio for weak signals, i.e. exhibit high
sensitivity. Notably, the VSFG vibrations coincide with IR and Raman peaks,
as shown by red dashed lines in Fig.5.9 (c), as each VSFG vibration results
from an IR and Raman transition according to Eq.2.6.2. By comparing with
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Figure 5.8: The VSFG images (a), (b), and (c) and spectra (d), (e), and (f) of
glucose pellets with gratings of 150, 300, 12001/mm, respectively. The exposure
time of measurements are both 300 seconds for 150 and 3001/mm, but 900 seconds
for 12001/mm due to the low grating efficiency.
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Figure 5.9: The SFG reference spectrum from quartz (a). The VSFG spectrum

from glucose pellets measured with the 18001/mm grating (b).

The observed 8

vibrational modescan be assigned to vibrational peaks in IR and Raman spectra
from the online database[107, 108] (c¢). The red dashed lines indicate the positions
of VSFG resonant frequencies.
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the IR and Raman literatures of glucose[109, 110], the VSFG vibrational
modes can be easily assigned, as detailed in Tab.5.2. Because the MID-IR
pulse has nonuniform spectral intensity, determining the intrinsic amplitudes
of the vibrational modes involves dividing the VSFG signal spectrum by the
quartz nonresonant reference spectrum. However, this approach has not been
applied here, because of the central dip in the MID-IR spectral pulse profile
and the observed phonon bands in the quartz SFG response spectrum. In
particular, weak vibrational structures might be obscured by noise at the
processed spectrum’s rising and falling edges, where the MID-IR pulse spectral
intensity is close to zero.

Vibrational modes between 1000 and 1200 cm ™! have been used in the fol-
lowing to detect low concentrations (< 10 mM) of glucose in aqueous solution.
Specifically, the C-O stretching mode at 1015.6 cm™! is IR sensitive[89], while
the C-O-H bending mode at 1147.5cm™! is Raman active[91], making them
key indicators for monitoring concentration changes in glucose solutions.

5.3.4 VSFG of Glucose in Aqueous Solution

A healthy individual typically has a blood sugar level ranging from 4 to 6 mM
when fasting and less than 8 mM after eating. For diabetics, the recommended
range is between 5 and 7mM when fasting and less than 10 mM after meals.
Hypoglycemia is diagnosed when blood sugar levels drop below 3 mM, leading
to symptoms like clumsiness, confusion, and seizures. On the other hand,

Vibrational frequency Line width Amplitude Vibrational mode

[em™!] [em™!] [a.u.] reference
1351.2 7.7 0.25 CH, wagging
1265.2 16.51 6.42 CH, twisting
1211.2 13.39 13.12 CH; twisting
1147.5 24.79 75.92 C-O-H bending
1076.8 18.59 28.09 C-O stretching
1015.6 18.62 27.33 C-O stretching
956.3 23.81 3.85 C-O-H bending
844.0 17.30 0.61 C-O stretching

Table 5.2: The fitting parameters of the intensity-normalized VSFG spectrum
from glucose pellet by 8 Lorentz models.
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hyperglycemia occurs when blood sugar levels exceed 11 mM, resulting in
symptoms such as excessive thirst, hunger, fatigue, and increased urination.
Therefore, the glucose concentrations range from 3 to 11 mM are the main
measuring targets for developing VSF'G as a concentration sensing technique.
Various concentrations (from 400 to 10mM) of Glucose in aqueous solution
are prepared by dissolving different amounts of glucose in 100 ml of deionized
water. For instance, a concentration of 10 mM is made by dissolving 180 mg of
glucose powder. Additionally, a saturated solution (> 1000 mM) is prepared
for the initial detection of signal due to its stronger VSFG intensity.

A demountable liquid cell (Specac Ltd.) is utilized to sandwich the glucose
solution between two BaFy windows with a 5mm thick spacer. The high
transparency of the solution allows for the measurement of the transmitted
SFG, which is more intense than the reflected SFG. Following the developed
successful measurement strategy, the transmitted quartz SFG reference spec-
trum must be obtained first. It is important to optimize the spatial and
temporal overlaps again to deal with the slight shifts caused by differences in
refractive indexes and group delays of the 515 nm and MID-IR beams in the
BaF,; window. After that, the quartz is replaced by the glucose solution with
minimal changes to the liquid cell setup. Due to the low solubility of BaF,
in water (1.61g/1 at 25°C), window transparency decreases over time. To
compensate for this effect, higher pumping power levels of 515 nm and MID-IR
at 1W and 120 mW, respectively, are utilized for the solutions. Note, blurred
BaF,; windows in the solution experiments result in reduced transparency. To
compensate for this effect, rather high pumping power are chosen assuming
that the glucose interaction is still below saturation. Since the SFG signal
from liquid samples is generally weaker than that from solid samples, a longer
exposure time of 30 minutes is required to achieve a satisfactory signal-to-noise
ratio spectrum.

Fig.5.10 (b) displays the two VSFG spectra of the saturated glucose solu-
tion when excited by two MID-IR spectral profiles shown in Fig.5.10 (a). The
VSFG spectra of the quartz reference and the saturated solution are presented
with dashed and solid lines of the same color, respectively. The high intensity
515 nm pumping leaks through the bandpass filter affecting the spectral region
below 1000cm™!. It makes the analysis in the highlighted spectral range
challenging. To mitigate the leakage background, the spectrometer’s detection
range is limited to 1010 cm™! by controling the grating when measuring the
orange spectra. The wavelength drive hardware sets the system to the target
wavelength and also allows control of the grating selection. On the one hand,
the VSFG spectrum of the saturated solution shown in green exhibits at
least three vibrational modes between 1000 and 1400 cm™!, resembling the
characteristics of the glucose pellet VSFG spectrum presented in Fig.5.9 (b).
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On the other hand, the corresponding VSFG spectrum excited by a lower
central frequency of MID-IR pulse shows a distinct vibration at 1035 cm™!,
corresponding exactly to the IR-sensitive C-O stretching mode[89, 90].

It is important to note that, a flat spectrum shown in grey from deionized
water is recorded to confirm that the observed vibrational structure originated
from the glucose molecules. The data indicate that the SFG signal of water
at the BaF, interface is at or near the noise background level. Moreover,
some dissolution is expected, when a BaF; surface is exposed to liquid water.
Experiments carried out by Khatib et al. could show how the pH value of
water affects the recorded VSFG signal from a similar CaFs/water interface
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Figure 5.10: The SFG reference spectra from quartz (a). The VSFG spectra from
the saturated glucose solution and water (b). The blue area shows where the VSFG
spectra are affected by significant background signal on the CCD chip originating
from the VIS beam.
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in the spectral range from 2800 to 3200 cm ™! [111]. At low pI, a positively
charged fluoride vacancy (FCa™)gy¢ is created at the crystal surface because
of the excess of hydronium ions. At high pH, the hydroxide ions are expected
to react with CaFy leading to (CaFOH )iyer at the interface. However, at
neutral pH the interface carries little charge as only a minor amount of CaF,
will dissolve and the VSFG signal vanishes as the result of a more random
orientation of the interfacial water molecules[111]. This is consistent with
our measurements, where we don’t observe SFG signal from the BaF,/water
interface between 900 and 1400 cm 1.

Next, VSFG spectra of glucose concentrations at 400 and 10 mM, which
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Figure 5.11: The SFG reference spectra from quartz (a). The VSFG spectra from
the glucose solution of 400 and 10 mM (b). The blue area shows where the VSFG
spectra are affected by significant background signal and stray light, respectively.
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are pumped by the same MID-IR spectral profile, are measured and shown
in Fig.5.11 (a) and (b). Both spectra show the characteristic C-O stretching
mode at 1035 cm™~!. Its signal strength depends on the glucose concentration.
The fitting parameters for the C-O stretch vibration in different solutions
can be found in Tab.5.3. It is worthy to mention that glucose adsorption
on the BaF, window could form Ba-O and hydrogen bonds at the solid-
liquid interface of the liquid cell[112]. Thus, we cannot exclude that the signal
strength of the C-O stretch vibration could be affected to some extent by both,
the glucose concentration and adsorption at the interface. In any case, our
data clearly demonstrates that the VSFG peak can be employed for detecting
low glucose concentrations in aqueous solution with high sensitivity. The data
benchmark the performance of the spectrometer for spectral fingerprinting of
low-concentration specimen at complex interfaces.

Glucose solution  Vibrational frequency Line width Amplitude

[mM] [em™!] [em™!] [a.u.]

> 1000 1034.6* 32.72 107163.14

(saturated solution)

400 1033.4* 23.62 47046.50
1113.7 59.08 47815.19
10 1035.2* 24.69 10227.41
1134.4 84.78 13277.83

Table 5.3: The fitting parameters of the VSFG spectrum from glucose solutions
by Lorentz models. The IR sensitive peaks of the three solutions are denoted
with *. The peaks at 1113.7 and 1134.4cm™! are assigned to the C-O-H
bending mode[91].
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Conclusion and Outlook

In the present work, the optical characteristics of lithium-based nonlinear
crystals for MID-IR generation have been examined under high-power laser
irradiation at 1030 nm wavelength using thermal imaging techniques. The LGS
crystal stands out due to its low linear/nonlinear absorption coefficients and
high optical damage threshold, making it an ideal candidate for high-power
few-cycle MID-IR pulse generation. In recent years, some novel materials also
show promises of MID-IR generation beyond 10 pm such as BaGa,S7([86] and
Cdoe5Hgo.35GaS4[113]. Another interesting avenue is to employ a high-power
2 um laser for driving an OPCPA laser system. For instance, generating MID-
IR pulses at 7 um with pulse energies reaching mJ levels has been achieved
by using the highly nonlinear crystal ZnGePy (deg &~ 75 pm/V) pumped at
2 um[42]. However, the main challenge lies in enhancing the pulse energy and
average power of these 2 um pump lasers further to fully utilize the significant
effective nonlinearity of the available nonlinear crystals.

Moreover, a versatile home-built MID-IR OPCPA laser system has been
developed using the identified superior performing LGS crystal. This system
has been fully characterized and offers two different modes of operation:
wavelength-tunable and few-cycle schemes. Both modes generate MID-IR
ultrashort pulses with high average power exceeding 200 mW and a pulse
energy of 1.2 uJ at 200 kHz. By increasing the AMPHOS laser power used for
pumping the OPCPA to 200 W at 1 MHz, the OPCPA system could achieve
an average power of over 2W at the same pulse energy level without causing
damage to optics and the LGS nonlinear crystal.

As a first application of the developed MID-IR laser system, the vibrations
of glucose in solid form and in aqueous solution have been first studied
by vibrational sum-frequency generation (VSFG) spectroscopy. Developing
VSFG as a tool for blood sugar sensing was the key goal of the present thesis
and has been accomplished by demonstrating glucose sensing on the C-O

75
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stretch vibration at 1035 cm™? in the biologically relevant concentration range
from 3 to 11 mM.

From a technical point of view, it turned out that detector saturation due
to strong excitation pulse contributions below 1000 cm™! makes it challenging
to analyse the data and limits achievable the signal-to-noise ratio in the
present setup. This might be adressed in future by reducing the 515 nm pump
intensity and increasing the MID-IR intensity using a smaller beam diameter
of ~ 25 um . This would also shorten the measurement time from 30 minutes
to just a few seconds. Additionally, slight variations in sample position
and angle are inevitable when disassembling the liquid cell and changing
solution concentrations. Therefore, a stable, sealed liquid cell that allows
glucose solutions to flow in from outside is crucial for concentration-dependent
measurements. Since the surfaces of BaFs windows solvated in water become
blurred within 24 hours, all measurements should be conducted promptly to
compare vibrational peak amplitudes across different glucose concentrations.

Last but not least, more detailed studies on biomolecules in the spectral
fingerprint region will become possible by applying advanced experimental
techniques such as time-resolved VSFG spectroscopy and VSFG microscopy.
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Appendix

7.1 Calculation of High-order Dispersion

Dispersion management is a critical aspect of OPCPA design, involving the
manipulation of pulse duration through stretching and compressing. When
the dispersion within the pulse is minimized, the pulse duration will closely
approach the Fourier-transform limit of the spectrum. Tab.7.1 provides
parameters for dispersion nduced by NLCs and optical lenses in the OPCPA
systems. The calculation of pulse dispersion involves summing up individual
dispersion values. It is important to highlight that the cumulative GDD is
added into the chirped signal pulse before the DFG stage using the LGS
crystal. During the DFG process, higher signal frequencies are transformed
into lower idler frequencies, and vice versa. If the rainbow spectrum in Fig.2.4
indicates a chirped signal pulse, the rainbow will be horizontally inverted
in the idler spectrum. Consequently, following the DFG stage, a positively
chirped signal pulse will be converted into a negatively chirped idler pulse.

In the case of the negatively chirped signal scheme, the GDD of +11000 fs?
induced by the chirped mirrors in the MID-IR Idler are almost removed by
the LGS crystal, which gives -10467.88 fs> GDD, and acts as a pulse width
compressor. Therefore, the remaining GDD of -2176.03 fs? can be easily offset
by a 3mm thick ZnSe bulk. On the other hand, the idler generated by the
positively chirped signal scheme still retains a significant GDD of -23582.60 fs?,
requiring a minimum of a 60 mm thick Ge bulk for compensation. However,
such a thick Ge bulk also gives a big amount of TOD and FOD, causing a
significant distortion of the pulse shape. Therefore, the effective compression
of the MID-IR pulse width in this scheme is not available.

7



Stage Crystal n GD GDD TOD FOD
[fs] [fs?] [fs?] [fs4]
YAG 10.0 mm 1.81 | 61.15 539.68 776.16 -762.40
BBO 3.0mm 1.65 | 16.74 109.48 203.78 -216.17
Fused Silica 8.0 mm 1.45 | 39.01 86.08 424.35 -708.06
OPCPA SEF11 100.0 mm 1.75 | 594.01 | 10406.57 | 12494.59 -6561.98
Chipred Mirrors - - -11000 - -
LGS 5.0mm 2.05| 36.5 |-10467.88 | 154160.90 | -2992094.08
ZnSe 3.0 mm 241 | 24.60 | -1972.91 | 34380.41 -705597.37
+GDD scheme: Dispersion in MID-IR pulse 772.01 | -23582.60 | 202440.19 | -3705940.06
-GDD scheme: Dispersion in MID-IR pulse 178% | -2176.03* | 189945.60* | -3699378.08*
cross-correlation KBr 17.0mm 1.53 | 87.61 | -3960.60 | 59449.71 | -1129063.93

Table 7.1: The dispersion management in the MID-IR, OPCPA. The parameters in the negatively chirped scheme,

which are denoted with *, will be used for the deconvolution of the recorded cross-correlation trace. n: Refractive

index; GD: Group delay; GDD: Group delay dispersion; TOD: Third-order dispersion; FOD: Fourth-order dispersion.
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7.2 Deconvolution of the Recorded MID-IR
Cross-correlation Trace

From Eq.2.2.17, we learn that a spectral phase ¢ is accumulated by monochro-
matic propagating waves. The dependence of ¢ on w determines the pulse
dispersion, which is given by Eq.2.4.1. Based on the above equations, a
Matlab program provided by Dr. Mark J. Prandolini can simulate the pulse
width of MID-IR pulses. This program can generate the theoretical temporal
shape and pulse width by using the MID-IR spectrum and the dispersion
parameters. For example, a chirped MID-IR pulse width of 1042 fs generated
by the positively chirped signal scheme is derived using the broad MID-IR
spectrum shown in Fig.4.10 (b) and the dispersion parameters listed in Tab.7.1.
In the same way, based on the MID-IR spectrum displayed in Fig.7.1 (a) and
the parameters for negatively chirped signal scheme, a theoretical pulse width
can be obtained. Additionally, the program can simulate the convolution
of unchirped and chirped MID-IR pulses measured in our home-built cross-
correlator, as depicted in Fig.2.4 (b), by providing the KBr dispersion values
of the optics.

The width 7.. (FWHM) of the measured cross-correlation trace is 194 fs
as shown in Fig.7.1 (b). Higher-order dispersion such as TOD and FOD
affect the temporal shape, but the pulse width is primarily determined by
GDD. By varying the GDD from -2000 to 5500 fs?, the program calculates
the theoretical widths of pulse 1 (with zero dispersion from KBr), pulse 2
(with additional dispersion from KBr), and their cross-correlation width, as
depicted in Fig.7.2. The 194 fs width, indicated by the horizontal dashed line,
corresponds to a residual GDD value of -300 fs? in pulse 1 and a pulse width
7, of 74 fs, which is close to the transform limit of 68fs.
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Figure 7.1: MID-IR spectrum (a), cross-correlation trace and Gaussain fit (b).
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