DISSERTATION

TRANSIENT PHASE MICROSCOPY USING BALANCED-DETECTION TEMPORAL
INTERFEROMETRY AND A COMPACT PIEZOELECTRIC MICROSCOPE DESIGN WITH
SPARSE INPAINTING

Submitted by
Cameron N. Coleal

Department of Electrical and Computer Engineering

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Spring 2024

Doctoral Committee:
Advisor: Jesse Wilson

Randy Bartels
Nancy Levinger
Henry Adams



Copyright by Cameron N. Coleal 2024
All Rights Reserved



ABSTRACT

TRANSIENT PHASE MICROSCOPY USING BALANCED-DETECTION TEMPORAL
INTERFEROMETRY AND A COMPACT PIEZOELECTRIC MICROSCOPE DESIGN WITH
SPARSE INPAINTING

Transient phase detection, which measures the Re{ AN}, is the complement to transient ab-
sorption detection (Im{AN}). This work extends transient phase detection from spectroscopy to
microscopy using a fast-galvanometer point-scanning setup and compares the trade-offs in tran-
sient phase versus transient absorption microscopy for the same pump and probe wavelengths.
The realization of transient phase microscopy in conjunction with transient absorption microscopy
opens a new door to measure the excited-state kinetics with phase-based or absorption-based tech-
niques; depending on the sample and the wavelengths in use, transient phase detection may provide
a signal improvement over transient absorption. Up until this point, transient phase microscopy has
been a neglected technique in ultrafast pump-probe imaging applications. Additionally, this work
evaluates a miniature piezoelectric actuator to replace galvanometers in a compact point-scanning
microscope design. Sparsity limitations present in the design are addressed by the construction of
a Fourier-projections based inpainting algorithm which could enable faster imaging acquisition in

future applications.
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Chapter 1

Introduction

Microscopy has opened many doors in medicine, allowing scientists to peer into the inner
workings and structures of the human body. As the field of microscopy has advanced various
barriers regulate the translation of technology from laboratory to clinic. These barriers include ex-
posure limitations to mitigate laser damage during use, manufacturing costs, microscope size and
bulk, slow imaging speeds and signal-to-noise limitations. One pump-probe technology, transient
absorption microscopy (TAM) shows great promise for biological research with a unique contrast
method that reveals molecular excited state kinetics. The wavelength of the pump pulse deter-
mines the energy transferred to the sample to create the excited-state; the probe pulse measures
the change induced in the absorption spectrum of the sample at the probe wavelength. Ideally,
the probe pulse wavelength can be tuned to maximize the detected signal. In practice this can be
difficult and often both the pump and probe wavelengths are largely limited by the laser source.
Tunability can be added to a laser in the form of an optical parametric amplifier (OPA) or through
frequency-doubling, though typically only one OPA is added to a system due to cost constraints.
Additionally, the OPA is usually added to the pump arm since the pump wavelength controls the
type of excited-state prepared. This presents a challenge; the accessible probing wavelengths are
limited and may or may not correspond to a strong change in the ground versus excited state ab-
sorption spectrum. The first project presented in this dissertation details the development of a
complementary technique, transient phase microscopy, and compares the performance of transient
phase versus transient absorption detection for the same pump and probe wavelengths. Instead
of measuring changes in absorption, transient phase detection measures changes in refractive in-
dex, which can be stronger than absorption changes for the same probing wavelengths. This work
demonstrates a path forward that could greatly improve the application of transient absorption
and phase measurements in biological research by relaxing wavelength constraints. The second

project presented in this dissertation explores a compact piezoelectric actuator for point-scanning



microscopes to replace bulky actuator designs such as galvanometers; this work supports the devel-
opment of smaller and more compact microscope designs. The final project details a computational
algorithm that can allow for faster and sparser imaging (reducing overall laser exposure) by inpaint-
ing missing data. Overall, these three projects pave the way for smaller and faster microscopes with
alternative avenues for contrast generation.

This dissertation is organized as follows: Chapter 2 details the conversion of a pump-probe
transient absorption microscope to a transient phase microscope with sections covering pulse com-
pression, polarization control, and a demonstration of transient phase measurements in graphene,
hemoglobin, and live red blood cells. Chapter 3 reviews the construction of a compact fiber scan-
ning microscope, characterization and calibration procedures, and an analysis of the scan pattern
and sparsity constraints. Finally, Chapter 4 presents an inpainting algorithm to address the spar-
sity limitations of the fiber scanner, extending the usable field of view and creating opportunities
for future use in sparse imaging. The appendix chapters cover laboratory protocols, background

measurements, and the usage of custom software programs made publicly available in [1].

Galvo-scanning transient phase microscopy with balanced detection and arbitrary pump po-

larization

Transient absorption microscopy is able to measure excited state kinetics based on the imagi-
nary part of the pump-induced perturbation to the complex refractive index, i.e. Im{ AN}, with ap-
plications in both materials and biomedical sciences. Its complement, transient phase microscopy,
enabled by stable inline birefringent interferometry, measures Re{ AN}, but has been limited to
slow stage-scanning microscopes and materials science applications. Both real and imaginary parts
of AN are needed for complete characterization, but in some scenarios, one may have clear advan-
tages, e.g. the Kramers-Kronig relations imply that both probe phase (Re{AN}) and absorption
(Im{ AN}) will experience a change following pump excitation; depending on the wavelength one
signal may be stronger than the other. This research demonstrates transient phase microscopy in a
fast galvo-scanning microscope with balanced detection, comparing amplitude and phase measure-

ments in graphene, hemoglobin, and red blood cells. We examine the impacts and limitations of



galvo scanning in addition to relocation of the pump-probe combining dichroic to permit arbitrary
polarization of the pump. Our results suggest that transient phase microscopy combined with two-
photon pumping may enable label-free imaging of endogenous pigments with higher SNR than
TAM in some scenarios. Ultimately, there appears to be a significant advantage to being able to
measure both transient absorption and transient phase.

Initially pioneered by Nobel laureate Ahmed Zewail [2], pump-probe transient absorption
spectroscopy (TAS) has become a valuable tool for probing femtosecond chemical reactions and
excited-state molecular relaxation pathways. When coupled with a laser-scanning microscope,
transient absorption microscopy (TAM) [3] generates contrast from absorptive materials through
pump-induced changes in the complex refractive index, AN (e.g. excited state absorption, ground
state depletion, stimulated emission, transient changes in Franck-Condon broadening, and tran-
sient photoproducts) and associated relaxation pathways and kinetics (e.g. spontaneous emission,
vibrational cooling, and photodissociated ligand recombination). The differences in excited-state
lifetimes can provide stark contrast between materials that have very similar absorption spectra,
such as melanins [4, 5, 6]. Other applications include hemoglobin spectroscopy and imaging [7, 8]
and emerging techniques to evaluate mitochondrial redox through the cytochrome electron trans-
port hemeproteins [9, 10], along with numerous applications in materials sciences [11, 12, 13, 14]
and cultural heritage [15, 16].

With precious few exceptions, TAM operates by measuring pump-induced changes to detected
probe intensity, after a time delay i.e. Stay o Im{AN(7)}. The complementary measurement
by transient phase microscopy (T®M), senses Sty < Re{ AN ()} through interference between
the probe and a reference pulse. In pump-probe spectroscopy, such phase measurements are most
often associated with impulsive Raman scattering, where molecular bond deformations are di-
rectly coupled to Re{ AN (7)} via the differential polarizability [17] and can be measured through
interferometry [18, 19] or spectral shifting [20]. A similar situation is found with pump-induced
molecular rotational motion [21]. On the other hand, in pump-probe imaging and spectroscopy

of absorptive pigments, Re{AN(7)} is mostly neglected, owing to the simplicity of measuring



Im{AN(7)}, which does not require stable probe-reference interference. However, full character-
ization of AN requires both real and imaginary parts, and there may be some scenarios where it is
advantageous to measure T®M instead of TAM.

Various techniques have been developed to measure Re{ AN} through its modulation of probe
pulse phase. The simplest measurement detects spectral shifting proportional to the time deriva-
tive of the modulation, as has been done in cross-phase modulation (XPM) imaging of biological
samples [22] and is frequently employed in impulsive Raman scattering (ISRS) spectroscopy and
imaging [20]. A more direct measurement of probe phase can be done by interference with a
reference pulse. Early work in ISRS focused on spectral interferometry, where the time-delayed
probe and reference pulses produce interference fringes on a spectrometer. The fringe spacing is
inversely proportional to probe-reference delay, and pump-induced Re{AN} causes the fringes
to shift. Alternatively, probe and reference pulses can be re-timed and overlapped on a single-
element detector. Such measurements are spoiled by any relative phase instability between probe
and reference, and high stability is achieved in geometries where probe and reference pulses trace
the same path from the point where they are split from a common initial pulse to the point where
their interference is measured after interaction with the sample.

The challenge in common-path interferometry is to ensure the probe interacts with the pump-
induced perturbations to the sample, while the reference does not. This can be done in a Sagnac
interferometer in which counter-propagating probe and reference pulses arrive at different times in
the sample [23], or by propagating probe and reference along slightly different paths so that the
pump overlaps spatially only with the probe [19], or using group delay differences in bulk bire-
fringent media to create a probe-reference pair, which arrive at different times in the sample [24].
(It should be noted that for short probe-reference delays, these methods measure a finite difference
Re{AN (7)) — AN (Tyer) } rather than Re{AN (7,,)} directly [18].) Of these, the birefringent
common path interferometer provides a simple means of re-timing probe and reference, enabling
measurement with a single-element detector rather than a spectrometer, and has been employed for

microscopic spectroscopy. In a transmission setup with a pair of separation and re-timing calcites,



[25] measured both the real and imaginary components of the perturbed optical transmission coef-
ficient for gold nanoparticles. Similarly, [26] made complex measurements of the perturbed optical
reflection coefficient for a tungsten thin film. In their setup, the probe and reference are split on
their way to the sample by a birefringent crystal, then after reflection from the sample re-timed by
propagating in the reverse direction through the same crystal. A half-wave plate can shift the mea-
surement from phase to amplitude in both studies, permitting measurement of the complex AN
This approach to T®M has yet to be implemented on biological samples or adapted for imaging. In
addition, the placement of the pump-combining dichroic before the birefringent splitter precludes
rotation of pump polarization angle, which can have a large effect on time-resolved spectroscopy
of biological pigments such as melanin [27].

This research extends T®M with birefringent inline interferometry to a fast galvanometer-
scanning microscope, measuring samples in a transmission geometry. In contrast to previous
works [25, 26], we place the pump combining dichroic after the probe-reference birefringent split-
ter, allowing for the freedom to arbitrarily rotate the pump polarization. We evaluate the impact
that galvanometer scanning has on probe-reference retiming and field of view, in addition to the
signal-to-noise impact of polarization effects from placing the dichroic after the birefringent probe-
reference splitter [28]. Furthermore, we provide a calibration procedure for the nonlinear phase
measurements and add in a balanced detection scheme that doubles the T®M signal while cancel-
ing relative intensity noise (RIN) from the laser. We demonstrate imaging applications on graphene
and red blood cells (using 2-photon absorption for pumping), comparing the relative signal to noise
ratio (SNR) achievable between TAM and T®M. Our results demonstrate the feasibility of galvo-
scan imaging using transient phase detection and show that T®M is an excellent complement to
TAM. Overall, T®M provides an alternative method of measuring pump-induced excited-state ki-

netics.



Sparse Lissajous-scanning reflectance confocal microscope with an adjustable field-of-view

and fast iterative Fourier filtering reconstruction

The work presented in Chapters 3 and 4 is motivated by the need for next-generation handheld
reflectance confocal microscopes to support broader clinical adoption, with adjustable fields-of-
view at faster frame rates while retaining a small form factor. Size, weight, and portability con-
siderations have continued to push the development of smaller, lighter, and more versatile form
factors of traditionally large medical imaging devices. In dermatology, for example, the decision
for whether or not to biopsy a lesion is determined by visual inspection. The use of reflectance
confocal microscopy [29] has only recently been introduced into the field for additional disease
screening following its grant of medical insurance reimbursement codes in 2017, and provides a
non-invasive way to screen for malignant melanoma that can potentially reduce the number of un-
necessary biopsies [30]. Despite this significant milestone, there are few options for purchasing
commercial-grade reflectance confocal microscopes for dermatology in the USA (i.e. VivaScope
[31]) and these product offerings are both expensive and large in form factor. There remains a need
for “smaller, lower-cost and easier-to-use microscopes’ to achieve broader dissemination into the
dermatology community than what has been achieved thus far [30].

Chapter 3 presents a characterization and analysis of a compact reflectance confocal micro-
scope we have constructed followed by the presentation of an iterative sparse reconstruction algo-
rithm capable of extending the usable field of view in Chapter 4. This work lays the procedural
foundation for characterizing a range of mechanical responses associated with an adjustable piezo-
electric actuator and the subsequent optimization of scanning parameters to best achieve a high
frame rate, fill factor, and field-of-view. The reconstruction algorithm provides a platform that can
be used with any sparse-sampling imaging situation.

Reflectance confocal microscopes deliver focused light to a sample and collect back-reflected
light from the focal spot through a pinhole [32]. Images are formed by either scanning the sample
or the focal spot. The most common type of actuator design for focal spot scanning uses a pair

of (resonant) galvanometer-mounted mirrors which are able to achieve high frame rates [33] with



precise positioning; however, galvanometers are large, bulky, and not suited for small, compact,
point-scanning designs. For our intended application field of handheld microscopes, a smaller and
more compact form of actuation is required.

Two popular ways to construct a compact and lightweight scanner are by either a) replacing the
galvanometers with micro-electrical-mechanical (MEMS) scan mirrors or b) scanning the tip of an
optical fiber with a piezoelectric tube actuator. MEMS actuators are very compact and lightweight
devices with good robustness to handheld movement or perturbation [34]. MEMS, however, can
be expensive and complex to fabricate [35] and can have limited actuation displacement. Electro-
static MEMS actuators can achieve a larger displacement (which is more desirable for applications
in dermatology), however, they tend to have higher working temperatures and low working fre-
quencies (which places an upper limit on frame rate) [36], additionally, they suffer from optical
losses on reflectivity [37]. Similar to galvanometers, the reflective geometry of MEMS scanners
requires the incident beam to enter at an angle (typically 90°) to the optic axis of the imaging
lenses, adding bulk to the design. Piezoelectric fiber scanners tend to be more compact and the
imaging optics are coaxial with the fiber tip to the sample plane [38], making them popular for
smaller endoscopic designs [36]. Additional advantages of piezoelectric fiber scanners include 1)
low cost of components and ease of fabrication, 2) large fiber tip displacement near resonance
(corresponding to a large field of view) [36], and 3) no optical losses from mirrors [37]. However,
piezoelectric fiber scanners suffer from two major mechanical drawbacks that limit their practical
application, namely cross-coupling between fiber cantilever modes and harmonic distortions when
driven at large-amplitude displacement.

For the most part, piezoelectric fiber scanner designs in the literature avoid these problems by
operating on resonance with a low framerate spiral scan pattern or when a high framerate Lissajous
pattern is used, optimizing for a single, small FOV with dense sampling and at a driving amplitude
where harmonic distortions are not prominent. We provide a characterization of these mechanical

non-idealities and describe strategies for mitigating these drawbacks by eigenaxis calibration, real-



time position sensing detection, and image reconstruction algorithms. The unique contributions of

this body of research include:

* Characterization of optical fiber cantilever eigenaxes under semi-resonant conditions that
support Lissajous scanning, and a procedure for rotating driving waveform to minimize

cross-coupling.

» Compensation of distortions in the fiber cantilever trajectory with the use of a real-time
position sensitive detector and identification of amplitude-dependent mechanical harmonics

and resonance blue shift.

* Introduction of a novel reconstruction algorithm based on the physical constraint that a finite
numerical aperture imposes in the Fourier domain and comparison to a related inpainting

algorithm used in reconstructing images from Lissajous scan patterns.

Taken together, these characterizations and improvements will open opportunities for more
widespread usage of coaxial piezoelectric fiber scanning designs by allowing for more accurate
image reconstruction, higher framerates, and larger fields-of-view, in a manner robust against me-

chanical distortions.
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Chapter 2

Transient Phase Microscopy

2.1 Background

Pump-probe microscopy is a nonlinear imaging technique that uses a pair of time-delayed
ultrafast light pulses to probe the excited-state kinetics of a sample [1]. One way to measure this
is through transient absorption microscopy (TAM); first a sample is excited with the pump pulse
and then absorption changes of a successive probe pulse are measured [2]. The absorption of the
probe pulse will be different when it is measured directly after excitation than when it is measured
at longer delay times. The change in the probe absorption following excitation is specific to the
probe wavelength and can be used as a contrast mechanism to differentiate samples with similar
linear absorption spectra. However, the wavelengths accessible by a particular laser system may
not always align with a peak in the absorption spectrum of the sample; this can limit which samples
can be examined.

A related pump-probe technique, transient phase spectroscopy, is able to measure the transient
phase changes in an excited sample [3, 4, 5]; we propose an extension of this method to imaging
called transient phase microscopy (T®M). Phase changes arise from variations to the real part of
the complex refractive index of a sample. The complex refractive index N is a summation of real
and imaginary components; the real component governs dispersion and the imaginary component
governs absorption [6]. The real and imaginary components of the complex refractive index are
linked through the Kramer’s-Kronig relations [6] which results in a corresponding change to one
component with an induced change in the other. Thus, for an induced change in the absorption of
a sample Im{ AN}, a corresponding change is expected in the phase of a sample Re{AN}. This
correspondence ties together the pump-probe techniques of transient absorption microscopy and

transient phase microscopy. So long as a resonant pump pulse induces a change in the complex re-
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fractive index AN, we can measure changes to the imaginary component with transient absorption
(Stam o< Im{AN}) and changes to the real component with transient phase (St o< Re{AN}).

For a particular probing wavelength, T®M may provide a stronger signal than TAM, so the
ability to measure both a transient phase and transient absorption signal may increase the accessi-
bility of a wider variety of samples. In biological samples, off-resonant probing with TAM has been
demonstrated [7] but can result in a weaker signal. With the additional option of measuring T®M,
off-resonant probing may become a more attractive option for some samples when Sten > Stam
conferring the benefits of reduced photodamage. This chapter describes the work taken to extend
transient phase detection to microscopy and evaluate the feasibility and trade-offs of T®M and
TAM for the same pump and probe wavelengths.

The direction of this research was governed by four primary goals:

1. to adapt a transient absorption microscope for phase measurements
2. to calibrate the units for transient phase measurements

3. to demonstrate the successful measurement of transient phase with an off-resonant probe

wavelength

4. to extend the measurements to imaging applications

Each of these goals was met throughout the duration of the research by the following: First, the
microscope was designed to employ similar polarization-based phase detection as shown in [4, 5]
by utilizing an inline birefringent calcite crystal pair for time-resolved interferometry. Then, a
calibration technique was developed which capitalized on the adjustable phase compensation of
the calcite crystal pair. Finally, comparative measurements were made between TOM and TAM;
these measurements included both pump-probe temporal delay scans and imaging. In addition to
these actions, polarization modeling of the system uncovered that diattenuation and polarization
aberration may be contributing to a T®M signal reduction.

This chapter steps through several of these stages (and others) related to the development of a

transient phase microscope for off-resonant phase detection. Section 2.2 presents the underlying
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theory relating transient absorption and phase measurements. Section 2.3 discusses pulse compres-
sion and sections 2.4 and 2.5 step through system design, construction and evaluation. Sections
2.6 and 2.7 present modeling efforts used to quantify signal reduction effects from diattenuation
and polarization aberration, calibrate the phase measurements, and determine the spatial phase ef-
fects of galvanometer-based imaging. Finally, section 2.8 presents transient phase measurements
compared to transient absorption measurements in borosilicate glass, a graphene monolayer and
in hemoglobin. The findings of this research corroborate that neither TAM nor T®M requires a
resonant probe pulse; as long as Stan o< Im{ AN} or Stenm o< Re{ AN}, related to the change in
probe absorption or refractive index properties, is greater than the noise floor then a signal can be
measured. The decision on whether to use TAM versus T®M can be complicated and sample de-
pendent; in some scenarios TAM might present the stronger signal but perhaps it is more important
to see structural detail in the image that cross-phase modulation can detect, so T®M could be used
instead. In this work we have presented an approach to upgrade a transient absorption microscope
so that both TAM and T®M measurements can be made and compared the two detection tech-
niques in material and biological applications. The limitations for T®PM with point-scan imaging
are addressed and future research will be able to select which measurement is most desirable and
begin to map out more fully the wavelength dependent benefits of the two techniques for biological

microscopy. T®M shows great promise as a complement to TAM.

2.2 Theory

This section introduces a light theoretical derivation of the mathematics used to model light-
matter interactions and the related absorption and refractive index properties coupled through

Kramers-Kronig relations.

2.2.1 Opverview of Light-Matter Interactions

At a base level, atoms are made up of protons, neutrons, and electrons. The protons and

neutrons create the atomic nucleus and electrons are externally bound; a group of atoms bonded
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together can create a molecule. When light is incident upon a molecule, the frequency of the light
will dictate the molecular response according to the molecule’s inherent properties of absorption
and refractive index; these properties arise from the atomic, electronic and vibrational structures
of the molecule. From the Bohr frequency condition, the frequency of incident light can be related
to an energy transition in a molecule from energy state [/; to energy state Fs, where Fy — Ey =
AFE = hf = hw [8]; if the incident frequency f; corresponds to an energy transition AE then
absorption can take place. If the incident frequency does not correspond to an energy transition
and the intensity of the laser is such that only linear interactions are able to occur, then the light will
simply undergo dispersion upon incidence. Dispersion occurs when different frequencies of light
experience a different phase velocity (defined as v = ﬁ) due to the frequency dependence of the
refractive index [6]. At an interface, light will bend in order to maintain the phase relationship of
the incident and transmitted waveforms in a process called refraction; the angle of bend is related
to the incident frequency, angle, index of refraction [6]. This relationship is captured by Snell’s
law, where the refracted angle of light 6, in a material can be calculated by the incident angle 6;
and the incident n; and material n. refractive indices: n; sin 8, = n. sin 6, [6].

We can break down light-matter interactions to encompass several components: the incident
light, the material response, and the exiting light. Light is an electromagnetic wave with three
important vectors: the electric field vector, the magnetic field vector, and the phase propagation
vector. All three of these vectors are orthogonal in space, allowing light to be modelled as a
transverse wave that propagates in direction Z with an oscillatory electric field along one axis
(z) and an out-of-phase oscillatory magnetic field along the other axis (7). We can model an

electromagnetic wave E(t) as

E(t) = A(t)e™" + A(t)e ™" 2.1)

where A(t) is the temporal amplitude envelope of the waveform oscillating at the optical frequency
w. Note that £(t) is a summation over both positive and negative frequencies; for the sake of sim-

plicity we will show only the positive frequency component of the electric field hereafter with the
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implication that the derivations apply also to the complex conjugate. The material properties and
response can be encoded by the susceptibility x(w) which is the expected bulk material perturba-
tion in an electromagnetic field of a certain intensity and wavelength. Note that x(w) is a function
of frequency. When light interacts with a material the resulting material response is referred to as

the electric dipole polarization P(t) in time and P(w) in frequency where
P(w) = ¢px(w)E(w) (2.2)

This is known as the constitutive relation for a linear interaction [6]. £(w) and P(w) are the Fourier
transforms of F(¢) and P(t), respectively.

The molecular susceptibility contains the interesting aspects of the material that we want to
study; the next section of this discussion focuses on the properties of this term. It was mentioned
earlier that a molecule can be described in terms of its absorption and dispersion properties, both of
which are functions of frequency. From the molecular susceptibility (a complex quantity), we can
extract the frequency-dependent absorption and dispersion properties through the complex index

of refraction A/, where

N(w) =1+ x(w) =n(w) +ir(w) (2.3)

The real part of the index of refraction n(w) is responsible for dispersion (which governs events of
refraction) while the imaginary part x(w) is responsible for absorption. The susceptibility can be
modeled to the first order as a damped linear oscillator (Lorentz oscillator) after interaction with

an electric field

= L 2.4
X(w) wd — iwy — w? 24)

where w is the frequency of the incident driving field, v is the damping coefficient responsible for

absorption, wy is the harmonic frequency responsible for absorption and wy, is the plasma frequency

defining the contributing electron cloud at certain incident frequencies [6]. The plasma frequency
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can be described by

wy = || —% (2.5

2.2.2 Kramers-Kronig Relations

The Kramers-Kronig relations are a set of equations that relate the real and imaginary parts of
the complex refractive index [9]. While the imaginary component is easily measured (ie. this is an
absorption spectrum) for linear interactions, measuring the real component can be more challeng-
ing. One major utility of the Kramers-Kronig relations is that they can allow one to estimate the
the real component from the imaginary component (or vice versa) if only one frequency-dependent
component has been measured. The Kramers-Kronig relations can be derived from the constitutive
relation shown in Equation 2.2 subject to causality, where the polarization of a molecule cannot
occur before the incidence of the electric field; a consequence of this derivation (which can be

found in [6]) is that the following expression must be true

1 oo /
X(w) = E/_ :)(/(C_uzddw’ (2.6)
which is equivalently stated as
Re{x(w)} + Infx(w)} = [ Rt} )

After separately equating the imaginary and real parts in Equation 2.7, the final expression for the

Kramers-Kronig relations for susceptibility can be shown as

Re{x(w)} = % /_ N wdw’ (2.8)
Im{x(w)} = —% /_OO Wdﬁ (2.9)
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These expressions can be further used to relate the real and imaginary parts of the complex index

of refraction
1 o0 /
n(w) —1 = —/ ﬂdw/ (2.10)
T ) oW —w
1 [ 1
K(w) = ——/ %dw’ 2.11)
T ) o W—w

Where Equation 2.10 is the real part and Equation 2.11 is the imaginary part. Figure 2.1
shows an example of the real and imaginary components of N for susceptibility modeled as a
Lorentz oscillator (Equation 2.4). Importantly, since transient absorption measures a change in the
absorption of the probe following excitation with a pump, it is actually measuring Im{ AN (w,,)},
where AN = N, — Ny and N, and ./\/g are the excited state and ground state complex refractive
indices, respectively. In comparison, transient phase measures Re{ AN (w,,)}. Thus, in order for
off-resonant T®M to provide a stronger signal than TAM, the change in excited vs. ground state
probe phase must be greater than the change in excited vs. ground state probe absorption for the
probing wavelength (ie. Re{AN (w,,)} > Im{AN (w,.)}). The opposite is true for TAM to be
stronger than TOM.

Plot of the Real and Imaginary

Components of the Complex Refractive Index
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Figure 2.1: A plot of the real and imaginary components of the complex refractive index for the suscepti-
bility modeled as a Lorentz oscillator (Equation 2.4).
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In order to build intuition into the factors that might make T®M more favorable to measure
than TAM, two simulations are presented. The shape of the excited state spectrum is related to
the ground state spectrum, but distinct changes can occur as a result of the molecular dynamics in-
duced by the pump. Earlier we discussed that the absorption properties of a molecule are frequency
dependent and showed that frequency has a direct relation to an energy transition. The pump wave-
length in our setup is 1035 nm with the ability to excite two-photon absorption at 517 nm; thus the
pump wavelength falls into the category of near-infrared (NIR) or visible (VIS) excitation. The
types of molecular transitions that can be induced by VIS and NIR wavelengths include electronic
transitions. Once excited, a molecule can relax through either a radiative or a non-radiative path-
way. Examples of radiative pathways include fluorescence and phosphorescense, where light is
emitted from the sample after excitation. Techniques such as transient absorption and transient
phase are also able to probe non-radiative decay pathways, of which there are many. After exciting
an electronic transition, the non-radiative decay pathway can result in vibrational and rotational
motions which can occur on the order of tens to hundreds of femtoseconds. The particular molec-
ular environment will dictate through which pathways energy will be transferred in non-radiative
decay; one common vibrational phenomenon that can occur when there is good overlap between
two electronic states is known as Franck-Condon broadening. Franck-Condon broadening is a
type of homogeneous broadening that depends upon the Franck-Condon factors influenced by the
geometry of the molecule under investigation [8]. The Franck-Condon principle says that elec-
tronic transitions occur so quickly that the internuclear distance effectively remains the same [10];
the Franck-Condon factors relate the intensity of a vibronic transition to the overlap integral of
two vibrational wavefunctions [11]. Other contributing factors to the vibronic transition intensity
includes the bond length between the ground and excited-state manifolds and population of the
vibrational levels [11, 8]. In pump-probe spectroscopy, the pump pulse serves to place a molecule
in an excited state. For non-radiative decay processes after the pump pulse excites, energy can be
redistributed through the molecule as heat. This results in "hot" ground states (vibrationally ex-

cited ground-states); when the probe pulse interacts with the molecule in this state, the occupation
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of higher (ground-state) vibrational levels can contribute to a spectral red shift and broadening of
the absorption spectrum.

With the development T®M, we want to understand how differences in the excited-state spec-
trum versus ground-state spectrum can influence the measurable signal levels and the decision for
whether to measure TAM or T®M. The first simulation presented looks at how vibrational factors
(spectral broadening and red-shifting) in an excited-state spectrum could affect a simple Lorentzian
absorption lineshape (the imaginary component of a Lorentz oscillator model). The second simu-
lation seeks to take this a step further by analyzing a more spectrally complex example, myoglobin,
using a time-correlator approach. The time-correlator approach depends on Franck-Condon coef-
ficients (related to temperature-dependent vibrationally hot-ground state effects) to estimate what
the excited-state spectrum might look like. Typically this model is used to evaluate the imagi-
nary component of the complex susceptibility (proportional to absorption), but by taking the real

component a relative comparison of TAM and T®M can be made.

Simulating a Comparison of Sty vs. Stan for a Lorentz Oscillator

Figures 2.2 and 2.3 show a simple simulation of what the real and imaginary components of
a Lorentz oscillator model for an electronic excitation of AN might look like under different
circumstances. The goal of these figures is to convey some intuition into how broadening and
spectral shift factors can affect Sten VS. STaM-

Figure 2.2 compares two excited state broadening factors for a smaller excited state red shift
(25 THz or ~50 nm), while Figure 2.3 compares two excited state broadening factors for a larger
excited state red shift (85 THz or ~200 nm). The bottom row of both figures provides the most
insight by comparing the relative change in AN for Stey vs. Stam. When the black line plotting
|IRe{AN}| — [Im{AN}]| is positive Stem > Stam, and when the black line is negative Stawm
< Stam- In Figure 2.2, with the smaller red-shift value (25 THz), we can see that the spectral
coverage for both Stey and Stan generally increases with broadening (col. a, row 3 versus col.
b, row 3). Also of note; both T®M and TAM indicate a signal Im{AN} and Re{AN}) off of the

resonant peak (row 2).
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With a larger red-shift (85 THz), these results are emphasized (row 3, Figure 2.3). Comparing
Figure 2.2 to Figure 2.3, two observations can be made: (1) larger broadening factors result in
increased spectral coverage for both Sten and Stan and (2) larger spectral-shifts result in stronger
signals for both Stgy and Stay. The peak signals and thus optimal probing wavelengths for TAM
and T®M occur slightly offset from the resonance peak. To further investigate the relationship

between Sten and Stay, a similar simulation but for myoglobin is presented next.
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Simulation: Broaden N, by 2X, Shift N. by 25 THz
Ground and Excited-state Complex Refractive Index

Simulation: Broaden N, by 4X, Shift N. by 25 THz
Ground and Excited-state Complex Refractive Index
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Figure 2.2: This figure compares the effects of different broadening factors on the excited state complex
refractive with a red shift of 25 THz. NV, is the simulated ground state complex refractive index and N is
the simulated excited state complex refractive index. Column (a) has an excited state broadening factor of
2X compared to the spectral width of Im{/,}, while column (b) has an excited state broadening factor of
4X. Row 1 shows the real and imaginary components of AV, and the real and imaginary components of .
Row 2 shows the real and imaginary spectral components corresponding to AN = N, — N, with a trace
of the ground state absorption spectrum shown for comparison. Finally, Row 3 shows the absolute differ-
ence between the real and imaginary components of AN/, again with a trace of the ground state absorption
spectrum for comparison. This row can be interpreted as a positive component corresponding to a stronger
T®M than TAM signal, and a negative component corresponding to a stronger TAM than T®M signal for

the specified wavelength.
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Simulation: Broaden N, by 2X, Shift N. by 85 THz
Ground and Excited-state Complex Refractive Index

Simulation: Broaden N, by 4X, Shift N. by 85 THz
Ground and Excited-state Complex Refractive Index
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Figure 2.3: This figure compares the effects of different broadening factors on the excited state complex
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refractive with a red shift of 85 THz. NV, is the simulated ground state complex refractive index and N is
the simulated excited state complex refractive index. Column (a) has an excited state broadening factor of
2X compared to the spectral width of Im{/,}, while column (b) has an excited state broadening factor of
4X. Row 1 shows the real and imaginary components of AV, and the real and imaginary components of .
Row 2 shows the real and imaginary spectral components corresponding to AN = N, — N, with a trace
of the ground state absorption spectrum shown for comparison. Finally, Row 3 shows the absolute differ-
ence between the real and imaginary components of AN/, again with a trace of the ground state absorption
spectrum for comparison. This row can be interpreted as a positive component corresponding to a stronger
T®M than TAM signal, and a negative component corresponding to a stronger TAM than T®M signal for

the specified wavelength.
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Simulating a Comparison of AXr¢\ vs. AXTay for Deoxymyoglobin
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Figure 2.4: Row 1 shows a simulation of the (proportional) ground-state absorption spectrum for de-
oxymyoglobin in red and the associated phase spectrum in blue for 293 K; the excited-state absorption
spectrum is shown as a red dashed line and the associated excited-state phase spectrum is shown as a blue
dashed line for 1400 K (simulation courtesy of Dr. Jesse Wilson). Row 2 shows AX for both absorption
and phase. Row 3 shows the difference of the absolute value for each spectrum; again, positive compo-
nents correspond to a stronger T®M than TAM signal, and negative components correspond to a stronger
TAM than T®M signal for the specified wavelength. (Note that N' = /1 + X)

Myoglobin is a heme protein, a trait linked to the porphyrin structure in the molecule which

binds iron; other heme proteins include hemoglobin and cytochromes [12]. Using a time-correlator

approach, [13] modelled the temperature-dependent energy relaxation processes for deoxymyo-
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globin. In their report, [13] only showed the imaginary component of the complex susceptibility;
here we show the real and imaginary components of their model for the complex susceptibility.
Figure 2.4 shows the modelled ground and excited-state real and imaginary components of the
complex susceptibility (courtesy of code provided by Dr. Jesse Wilson). Similar to the process
shown above, row 2 shows the difference spectrums for both the imaginary and real components
and row 3 compares the overall change in ground versus excited spectrums for the real and imagi-
nary components. When the black line plotting |[Re{AX'}| — |[Im{AX'}| is positive Sten > STam,
and when the black line is negative Sten < STam- This approach can help to estimate what wave-
lengths might provide a stronger T®M signal versus TAM signal, but require the use of documented
Frank-Condon and Herzberg-Teller coefficients in the literature; sometimes this can be difficult to
find for a particular sample or the coefficients may not be recorded. Additional approaches to
estimate the excited-state spectra include time-independent [14] frameworks and Frank-Condon
displaced-harmonic-oscillator models [15]. The example shown for deoxymyoglobin indicates
that TAM might provide a stronger signal between 500-555 nm and 575-620 nm, and T®M might
provide a stronger signal between 400-500 nm, 555-575 nm, and 620-800 nm. Determining which
is better to measure for a particular probe wavelength would be difficult without knowing exactly
the ground and excited-state absorption spectra for the pump wavelength in use. Depending on the
molecule in question, T®M may be more advantageous to probe, but without accurate ground and

excited state spectral measurements, it would be prudent to measure both TAM and T®M.

2.3 Pulse Compression

For pump-probe experiments, the temporal pulse width A7 of the pump and probe pulses
dictate the maximum temporal resolution of the measurement [16]. Thus, in order to uncover
faster temporal dynamics of a molecule, shorter pulses need to be used. For a specific bandwidth

Auw, the time-bandwidth product relation for a Gaussian pulse [17]

AwAT > 0.441 (2.12)
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can be used to determine the transform-limit. The transform-limit is the shortest pulse of light that
can be constructed with a specified bandwidth [17]. In this experiment our laser source supplies
a pump beam with a center wavelength of 1035 nm and a bandwidth of ~8.25 nm; the associated
transform-limit for the pump is 7 ~ 191 fs. For the probe center wavelength of 800 nm with a
bandwidth around 12 nm, the estimated transform limit is 7 ~ 78 fs.

In order to achieve a transform-limit pulse, all of the frequencies in the bandwidth must coher-
ently overlap in time. This level of coherence can be accounted for in the spectral phase profile
of the pulse; a flat spectral phase means that all of the frequencies overlap in time to maximally
constructively interfere. However, when light passes through any medium (other than a vacuum) it
experiences material dispersion. As discussed earlier, with dispersion different frequencies of light
will see different indices of refraction resulting in a frequency-dependent phase velocity (i.e. some
frequencies advance faster through the medium than others). Thus, from the time the laser pulse is
generated to when it reaches the sample at the focal plane of the microscope, material dispersion
can accumulate causing the temporal pulse width to broaden significantly and the spectral phase
function to be curved. However, this unwanted dispersion can be corrected for with the use of
prism and grating compressors. Compressors are able to apply spectral phase of the opposite sign
to that of material dispersion, allowing the two to cancel out and minimize the pulse-broadening
effects.

This section will first discuss the laser source utilized in this research and then will move into a
discussion of how the temporal profile of the pump and probe pulses were measured and optimized.
For these experiments a minimum pulse width of 350 fs will provide sufficient resolution between
the reference and probe pulses (separated by 1.2 ps), meaning we do not need to be transform-

limited.

2.3.1 Laser Source

The laser used in this experiment supplies two outputs: a pump line centered at A = 1035 nm

and a tunable probe line set to A = 800 nm. Figure 2.5 shows a diagram of the laser source.
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Figure 2.5: The laser oscillator seeds a fiber chirped pulse amplifier and produces pulses at fr., = 5 MHz
centered at A = 1035 nm with a bandwidth of ~ 8.25 nm. A half-wave plate (\/2) controls the power split
between the pump output and light directed into a non-collinear optical parametric amplifier which pro-
duces the probe output. A delay stage following the white light generation controls the tunable wavelength
for the probe.

Our laser source is generated by a Ytterbium-doped fiber laser oscillator (Menlo YLMO) which
seeds a fiber chirped pulse amplifier to provide pulses at f.., = 5 MHz centered at A = 1035 nm
with a bandwidth of ~ 8.25 nm. This output is split into a pump pulse train for the experiments,
and another portion feeds a non-collinear optical parametric amplifier to generate the probe pulse
train at A = 800 nm. In the optical parametric amplification stage, part of the light is frequency
doubled through second harmonic generation to create green light at 517 nm. Figure 2.6 shows the
Jablonski diagrams for second harmonic generation on the left side; for second harmonic gener-
ation to occur two photons of the same frequency w must arrive simultaneously in a birefringent
crystal to create one photon at twice the frequency 2w [18]. Crystals such as Beta Barium Bo-
rate (BBO) can be utilized for second harmonic generation and optical parametric amplification
[19][20]. Following SHG, this beam is focused into another crystal for non-collinear optical para-
metric amplification. The light not split off for SHG at the PBS is sent through a sapphire crystal

for white light generation, which creates a broadband pulse. A 30 mm rod of SF11 follows the
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Figure 2.6: Jablonski diagrams for second harmonic generation (SHG) and difference frequency gener-
ation (DFG)/optical parametric amplification (OPA) [18]. The dashed lines represent virtual states which
implies that these interactions are instantaneous.

white light generation to chirp the broadband pulse in time (ie. separating the frequencies in time).
This beam line proceeds through a delay stage before being focused into the NOPA crystal. The
white light and the green light must be spatially overlapped inside of the crystal for difference
frequency generation to occur; difference frequency generation is the process by which optical
parametric amplification occurs. This process is shown on the right side of Figure 2.6, where
w3 > we > wy; a high frequency photon at w3 divides into two lower frequency photons at wy and
w1. One of the photons (ws or wy) must be present alongside w3 and will experience gain while the
remaining photon is created. At the current delay stage position, w3 is the green light at 517 nm
(pump), w-, 1s a photon at 800 nm (signal) supplied from the white light bandwidth that experiences
gain and light at w3 = 1233 nm 1s generated (idler). By changing the delay stage position, ws will
change causing a corresponding change in w; to satisfy the expression hws = hwy + hwy [18]. At
the output of the laser the pulses should be near transform-limited; the optics between the laser
output and the sample focus will add material dispersion to these pulses, the effects of which will

be discussed next.

2.3.2 Dispersion and Dispersion Compensation
Dispersion
Material dispersion has the effect of broadening short pulses of light; this is problematic since

the temporal resolution of pump-probe spectroscopy depends on the temporal pulse width [16].
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Thus, longer pulses result in a poorer temporal resolution. This broadening occurs because of the
frequency dependence of the real part of the complex refractive index; as a reminder from before,
materials can supply either normal or anomalous dispersion effects. In normal dispersion, higher
frequencies see a higher index of refraction and thus travel slower than their lower frequency
counterparts (i.e. blue light will travel slower than red). In anomalous dispersion, the opposite is
true.

From a mathematical standpoint, spectral phase can capture the effects of temporal dispersion;
the following discussion relates the material properties of refractive index to the imparted spectral

phase on a pulse. In the frequency domain, the equation for a Gaussian light pulse is
E(Q) = A(Q)e?® (2.13)

where ¢(£2) is the variable for spectral phase, ie phase as a function of frequency. We can expand
the spectral phase term using a Taylor series expansion order to get a look at the impacts of first,

second and third order spectral phase [21].

do 1d% 1 d3
E(Q )+§W(Q wo)” +g@(9—wo)3
@2

= ¢o + 1(Q —wo) + 5 (= wp)® +

¢(€) = o(Qo) +

¢3 (Q wo)® (2.14)

The zero order term ¢ is a phase offset term at the center frequency wy. The first order
term ¢ (€2 — wyp) is linear spectral phase which results in a shift in the time domain. The second
order term %2 = (0 — wo)? is quadratic spectral phase which causes frequencies at the edge of the
bandwidth to travel at different speeds (phase velocity) than those in the center; this term results
in temporal pulse broadening. The third order term 22 2(Q - wp)? is cubic spectral phase and can
cause asymmetric changes to the temporal profile. From a pulse broadening standpoint, second

order dispersion is typically the dominant contributor.
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Figure 2.7: Impacts of spectral phase on a 75 fs transform-limited Gaussian pulse. Row 1 shows the fre-
quency domain pulse envelope (black) and the applied spectral phase function (red dotted), row 2 shows
the corresponding time domain pulse after taking the Fourier transform. Column 1 is the transform-limited
pulse; the spectral phase function is flat. Column 2 has 100 fs of linear spectral phase applied, a corre-
sponding 100 fs temporal shift can be seen in the time domain pulse. Column 3 has 5000 fs? of quadratic
spectral phase applied, the corresponding time domain pulse has broadened from 75 fs to 199 fs. Column
4 has 90000 fs® of cubic spectral phase applied, the corresponding time domain pulse causes the temporal
profile to become asymmetric with an oscillatory tail to one side [21].

Figure 2.7 demonstrates the impact of each order of spectral phase on a transform limited
pulse. The top row shows a Gaussian pulse in the frequency domain (black) with the spectral
phase function overlaid (dotted red). The bottom row shows the Fourier-transform associated with
the top row function. When there is zero spectral phase ¢({2) = 0, the spectral phase function is
a flat line. The time domain corollary is a transform-limited pulse. When linear spectral phase is
applied (second column, ¢; = 100 fs), a corresponding shift occurs in the time domain. However,
there is no change to the pulse width, it is still transform-limited. When quadratic spectral phase is
applied (third column, ¢, = 5000 fs?), pulse broadening occurs in the time domain. Finally, when
cubic spectral phase is applied (fourth column, ¢, = 90000 fs?), the pulse profile experiences an
asymmetric distortion with an oscillatory structure on one side [21].

When an optical pulse travels through a material of length L, material dispersion gives rise to

a non-zero spectral phase through
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#(Q) = —k(Q)L (2.15)

where k(2) = @ is the propagation constant in the medium with refractive index n({2). Similar
to the spectral phase function, we can also express the propagation constant as a Taylor series

expansion and draw insights from its higher order terms.

dk 1 d’k , 1%
E(Q) = k(Q) + —= (Q —wp) + QW(Q —wo)? + e

aQ (6 = wo)”
k k
= ko + k1 (Q — wo) + EQ(Q —wo)? + é’(Q —w)® (2.16)

Each of these terms can be directly related to refractive index in terms of frequency or wave-

length (equations from [17])

dte n  Qdn 1 dn
s _ Dy — A 2.17
Q¢ can c(” dA) @17)
d’k  2dn  Qd*n AN 1 [ ,dn
&2 caa T eae (ﬁ) . (A H) @.18)
Bk 3dn  QdPn A\ 1 d*n dPn
_3 L O I iyl 2.19
AP~ cd? T Cdo <2m) c ( e d/\3> (2.19)

The second order dispersion term k, is referred to as Group Velocity Dispersion (GVD), but

once it is multiplied by the material pathlength %k, L it is referred to as Group Delay Dispersion

d3n
dQs

dn  d?n

0> gz and

(GDD). The dispersion parameters are material properties that can be looked up
for many common materials; Table 2.1 shows the dispersion parameters for glass, dense flint and

fused silica.
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Table 2.1: This table was adapted from [17] and provides a list of the dispersion parameters for glass
(BK7), dense flint (SF10) and fused silica (SQ1).

Material | A\, [nm] || n(w,) || 2 (fs] | L3 (£52] | S8 [f%] || 22 (pm—"] | $3 [pm=2] | £2 [pm—?]
1072 | 1077 1074 1072

BK7 | 800 || 1.5106| 0.67 | 0.06 39 2 0.05 -0.29
1000 || 1.5074 | 073 | -3.2 114 -1.4 0.016 -0.09

SFI0 | 800 |[ 17112 1.7 6 58 5 0.17 -1
1000 || 1.7038 | 1.5 2 132 2.8 0.06 0.3

SQI 800 14533 058 | -04 41 1.7 0.04 -0.24
1000 || 1.4504 | 0.67 | -3.8 121 1.3 0.012 -0.08

Material dispersion is the dominant contributor to spectral phase that can cause pulse broaden-
ing, however, angular dispersion can be utilized to undo these effects and shorten pulses. This can

be achieved through the incorporation of a prism and/or grating compressor.

Prism and Grating Compressors

While material imparts a positive second and third order spectral phase component to a light
pulse, prism compressors are able to impart negative second and third order spectral phase. In-
terestingly, grating compressors are able to impart negative second order but positive third order
spectral phase [17]. Table 2.2 shows the comparison of spectral phase signs for these three sce-

narios.

Table 2.2: Sign of the second and third order spectral phase imparted by material dispersion, a grating
compressor, and a prism compressor [17]

Material | Gratings | Prisms
GDD + - -
TOD + + -

Prism and grating compressors can be utilized separately or in tandem. Figure 2.8 shows an
example of a double-pass prism compressor on the left and a double-pass grating compressor on

the right. Grating compressors can be constructed much more compactly than prism compressors
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and only provide one tuning knob: the separation between a pair of gratings. They are great for
compensating for large amounts of GDD, but cannot be used to compensate for TOD simultane-
ously [21]. Prism compressors, however, provide two tuning knobs: the separation between a pair
of prisms and the material pathlength through the prisms. They can add negative GDD with in-
creased prism separation and can independently tune the amount of TOD by changing the prism
insertion. However, they provide low angular dispersion in comparison to grating compressors. In
tandem, a grating and prism compressor can account for large amounts of GDD while indepen-

dently tuning for TOD compensation.

| Prism Compressor | | Grating Compressor

input/output input/qutput

mirror

Figure 2.8: Example diagrams for a double-pass prism compressor (left) and a double-pass grating com-
pressor (right). In a prism compressor, the separation between the two prisms can be adjusted (1) and the
insertion of each prism into the beam line can be adjusted (2) and (3). In a grating compressor, only the
separation between the gratings can be adjusted (1).
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Prism Compressor Spectral Phase Equations Changing the insertion of a prism alters the
amount of material dispersion experienced, while increasing the distance between the two prisms
increases the amount of angular dispersion.

Equations 2.20 and 2.21 show spectral phase terms for a double-pass prism compressor con-
figuration. L is the separation between the two prisms which controls angular dispersion and L, is

the pathlength through the prisms on a single pass. These equations are from [17].

d*¢ Ly |, dn d*n We L, dn\”
o
sy
A dn’? dn (1 dn d*n d*n dn?
e 12 (@ [ o) 2w 5 (0 + ) )
(2.21)

Grating Compressor Spectral Phase Equations In a grating compressor, the first grating re-
fracts the spectral components of a light pulse at different angles. This causes different frequencies
of light to experience different pathlengths through air before the second grating spatially recom-

bines the beam. The second order dispersion applied by a pair of gratings can be computed with

o A /A2 1
ao? 2 { 27 c? (E) cos? ' (w.) } L (2:22)

where d is the width of one line (equal to 1 over the groove density), L is the grating separation

and [ is the angle of incidence. This equation is taken from [17].
As we have seen, angular dispersion is a critical tool in the pulse compression toolbox. It allows
compressors built using prisms and gratings to compensate for second and third order spectral

phase effects that would otherwise make short pulses longer. However, in order to determine how
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much GDD and TOD exists on an optical pulse, and thus how much needs to be compensated for,

we turn to a technique known as Frequency Resolved Optical Gating (FROG).

2.3.3 Measuring the Spectral Phase with FROG

In 1991 a technique known as Frequency Resolved Optical Gating (FROG) was proposed by
Daniel Kane and Rick Trebino [22] as a way to measure the spectral phase on an optical pulse.
This is the technique employed here to determine the spectral phase on the pump and probe pulses
after they have passed through the majority of optical elements (but before they are focused by the
objective onto the sample plane). FROG requires an indirect measurement of the pulse paired with
an iterative algorithm to back out the associated spectral phase. The measurement is a spectrogram
of the pulses (frequency versus delay); typically a second harmonic (SHG) spectrogram is utilized
though other types of spectrograms can be used. The iterative algorithm has seen many varia-
tions over the years; the algorithm employed in this work is the Principal Component Generalized
Projections Algorithm (PCGPA) [23].

In order to measure the SHG spectrogram of a pulse, two identical copies of the pulse must be
made and then focused (non-collinearly) into a second harmonic crystal like KDP. Each pulse will
generate a second harmonic pulse, but the two pulses will also together generate a sum frequency
pulse (SFG) at the second harmonic wavelength. It is this SFG pulse that needs to be measured by
a spectrometer as a function of delay between the two pulses. After running a delay scan an array
like the one shown in (a) of Figure 2.9 will be generated.

The measured spectrogram is utilized as an intensity constraint as the algorithm iterates be-
tween the time and frequency domain to reconstruct the pulse. Following the steps shown in
Figure 2.9 (b), first a guess is made for the probe P(t) and gating functions G(t). Then the outer
product of the two functions is taken to create an array followed by a row-rotation and the Fourier
transform (FFT) along the columns. At this point, an estimated spectrogram is created. The phase
of the estimated spectrogram is retained, but the intensity is replaced by the modulus of the mea-

sured spectrogram. Then the inverse Fourier transform (iFFT) is taken followed by an inverse
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Figure 2.9: (a) An example of a SHG spectrogram. (b) The process for the iterative algorithm to solve for
spectral phase from the measured spectrogram, adapted from [24] (FFT: Fast Fourier Transform, iFFT:
inverse Fast Fourier Transform, SVD: Singular Value Decomposition, P(t): Probe function, G(t): Gate
function)

row-rotation. Application of a singular value decomposition (SVD) to the array will then produce
estimates of the probe and gate functions. For SHG FROG, the gating function is set equal to the
probe and the process repeats itself until the estimated spectrogram is a match for the measured
spectrogram.

One drawback of the SHG FROG technique is that suffers from a time reversal ambiguity [21].
In order to use the spectral phase estimates from SHG FROG, a secondary spectrogram must also
be processed where an object of known dispersion has been added to the beam line. This allows the
proper sign to be applied to the phase estimates; recall that this is important for knowing whether

to add or subtract positive versus negative GDD and TOD with the compressors.

Measurements

A pre-constructed optical setup was utilized for acquiring the spectrogram traces on the pump
and probe lines; a diagram of this setup is shown in Figure 2.10. The pump and probe pulses
were measured separately with only one beam line entering the FROG apparatus, which is split
by a beam-splitter. One copy encouters a motorized delay stage, the other proceeds directly to the
second harmonic crystal, KDP. Importantly, the pulse pair is crossed in a non-collinear geome-

try through the KDP, allowing the SFG component to easily be selected by the spectrometer for
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measurement when it appears between the two SHG components. The spectrogram measurements
made for both the pump and probe were acquired as far downstream in the optical setup as possible;
ideally the FROG measurement would be taken at the focal plane of the objective but for practical
purposes this is not possible. Thus, while the majority of the system dispersion is captured in the
FROG measurements, dispersion from the objective was not included. In order to compensate for
this, the FROG measurements were acquired with a rod of BK7 placed in the beam line to add
similar amount of GDD as was expected by the objective. A secondary advantage of doing this
is that it allowed the sign of the spectral phase estimates to be determined between spectrograms

acquired with and without the rod.

spectrometer
KDP N/ M
! \\M / |\
N.\ N glass
B.S.
= \
M
y )
6\ yd —
delay stage
M <

Figure 2.10: Diagram of the SHG FROG setup used. This setup was built by one of Dr. Bartel’s previous
students. The setup is self-contained on a breadboard and preferentially accepts p-polarized light. The inci-
dent beam is split by a neutral density beamsplitter; a beam copy proceeds to a roof mirror on a motorized
delay stage and a copy proceeds through a piece of glass to account for dispersion obtained by the other
beam before the two bounce off two curved mirrors and are focused into a KDP crystal in a non-collinear
geometry. The sum-frequency component generated in the nonlinear crystal appears between two second
harmonic components which continue along either beam propagation direction. (M: Mirror, B.S.: Beam-
splitter)

The GDD applied from a piece of BK7 can be estimated from the equation

2 4w

70 10?2 (2.23)

o Ly { dn dQn]
c
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where L, is the pathlength through the material, c is the speed of light, and w. is the center wave-
length. The dispersion parameters for BK7 can be found for the pump and probe wavelengths in
Table 2.1. According to [25], our current objective in use (Nikon Plan Apo A, 20X/0.75 NA) adds
a GDD of approximately 4150 fs?. By inserting a 9 cm rod of BK7 into either beam line prior to
the FROG apparatus, approximately 4062 fs? of GDD was added to the probe beam and 2631 fs?
of GDD to the pump beam. This provided a closer approximation to what the pulse width would
look like at the focal plane for either pulse.

Initially, only a prism compressor existed on the probe arm and a grating compressor on the
pump arm (from the adopted setup). However, third order dispersion was found to be a limiting
factor in the pump pulse so a prism compressor was added to complement the grating compressor.
It is hypothesized that this third order dispersion is tied to self-phase modulation occurring during
the chirped pulse amplification stage of the laser source. The pump and probe compressors were
tuned alongside various FROG measurements until the pulse width for each was reduced to at least

350 fs (which provides good resolution between the 1.2 ps separated probe and reference pulses).

Final Probe Dispersion The final FROG measurement after tuning the prism compressor on the
probe arm placed the estimated pulse width around 167 fs. As a reminder, the transform limit for
the probe is ~ 78 fs meaning additional compression could occur, however, this is well below the
necessary 350 fs pulse width needed in this project. Figure 2.11 shows the final measured and
reconstructed FROG spectrogram after running the iterative PCGPA algorithm. The 9 cm rod of
BK7 was included in this FROG measurement, so the pulse width should be more similar to what

it would be after passing through the objective.
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Figure 2.11: Reconstructed (left) and measured (right) FROG traces for the final prism compressor posi-
tion on the probe arm.
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Figure 2.12: Reconstructed probe pulse after running the FROG algorithm for the time domain (left) and
frequency domain (right).

Freq Domain: Probe
Fxn: @(x,FO)FO.p1*x.4+F0.p2*x.3+FO.p3*x.2+F0.p4*x+F0.p355

257 — Y Values
Probe Amplitude =
Probe Phase |, g pl 7.2287e-07
§ Py Probe Phase Fit % pE _3.1183e-05
f= 2 < p3 -0.0044
(e)] 72 o
S 5l B pd 0.0194
' 8 b3 3.0076
Q.
n GD (ps) 0.0194
1 1 1 1 1 1 1 1 1 .I'\.
20 45 0 5 0 5 10 15 20 GDD {fs"2) -440.7003
Frequency (THz) TOD (fs3) -3.1183e+03
(a) (b)

Figure 2.13: (a) shows the reconstructed spectral pulse for the probe with a fit polynomial function to the
reconstructed spectral phase. (b) displays the fit parameters for the polynomial (p1 - p5) and the resulting
extraction of the GD, GDD, and TOD parameters from the fit.
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Figure 2.12 shows the reconstructed temporal and spectral pulse profiles and Figure 2.13 shows
the polynomial fit to the spectral phase function (a) and the extracted dispersion values (b). The
function was fit to a fourth order polynomial (variables pl - p5) and the first, second and third
order polynomials were converted to group delay (GD), group delay dispersion (GDD) and third
order dispersion (TOD) values. Note that about ~440 fs*> of GDD still exists on the pulse as well

as ~3118 fs® of TOD.

Final Pump Dispersion Before the addition of a prism compressor to the pump line, the grat-
ing compressor was first optimized. It was found that the minimum cross-correlation between the
pump and probe achievable at this point was 400 fs, approximately 50 fs greater than desired, and
that TOD dispersion on the order of 8000 fs* remained on the pump pulse. A prism compressor
was added to the pump line in order to add independent TOD compensation from the grating com-
pressor and further reduce the pump pulse width. Figure 2.14 shows the before and after designs
for the addition of a prism compressor to the pump arm. Careful note was taken of pathlengths
in the initial setup before the prism compressor was constructed. This made it easier to re-acquire

time-overlap after the prism compressor was complete.
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Figure 2.14: (left) Previous beam path on the pump arm from the gratings to the spatial filter. (b) Modified
beam path (in orange) with the addition of a prism compressor after the grating compressor. In order to
minimize the impact on time overlap, the pathlengths were measured on the previous design. (M: Mirror,
D-M: D-Mirror,

The prism compressor shows a folded design, where the pump beam double passes through
each prism but at a different height on the return path. In the design of the prism compressor,
Equations 2.20 and 2.21 were used to determine what prism separation and insertion values could
make a SF10 prism pair GDD neutral. Ideally, the grating compressor could be set to maximally
compensate for GDD and the prism compressor could be set to maximally compensate for TOD.

Table 2.3 shows several starting configurations for the prism compressor where GDD is neutral
and primarily TOD is compensated. This table was utilized in determining how to initially setup

the prism pair.
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Table 2.3: Estimation of prism configurations that would minimize GDD compensation.

Material Pathlength | Material Pathlength | Prism Separation | GDD | TOD
(per prism) [cm] (total) [cm] [mm] [fs?] | [fs®]
1.225 245 500 3.50 | 6297

1.345 2.69 550 7.26 | 6941

1.470 2.94 600 4.28 | 7557

1.590 3.18 650 6.55 | 8201

1.715 3.43 700 4.99 | 8817

1.835 3.67 750 5.34 | 9446

After the prism compressor was built and set to the estimated position, the cross-correlation
pulse width was found to be ~ 350 fs achieving enough pulse compression to continue with ex-
periments. A final FROG taken at this position is shown in Figure 2.15. The reconstructed pulses
(Figure 2.16) and the fit spectral phase function (Figure 2.17) places the remaining GDD on the

pump pulse ~ 111 fs? and the remaining TOD ~ 1872 fs3.
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Figure 2.15: Reconstructed (left) and measured (right) FROG traces after the addition of a prism com-
pressor following the grating compressor on the pump arm.
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Figure 2.16: Reconstructed pump pulse after running the FROG algorithm for the time domain (left) and
frequency domain (right). This FROG was taken after a prism compressor was added to the pump line.
The FWHM of the reconstructed temporal pulse is ~ 350 fs.
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Figure 2.17: (a) shows the reconstructed spectral pulse for the pump after the prism compressor addition
with a fit polynomial function to the reconstructed spectral phase. (b) displays the fit parameters and the
resulting extraction of the GD, GDD, and TOD parameters from the fit.

In summary, the addition of the prism compressor to the grating compressor on the pump arm
was able to reduce the overall pulse width by ~50 fs. The transform-limit for the pump is ~ 191
fs, meaning there is room for a 160 fs improvement still in the pump compression if future research
requires it. In the next section, we will turn our attention to the microscope design required to carry

out the transient phase and transient absorption measurements.
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2.4 Microscope Design

2.4.1 Changes to the Original Microscope

The microscope adopted for this project was originally setup as a transient absorption micro-

scope by previous graduate student, Dr. Patrick Stockton. Figure 2.18 shows the layout of this

microscope; a delay stage on the probe arm controlled the pump-probe delay 7y, spatial filters

present on both arms helped clean up the spatial beam modes, and an acoustic optic modulator

(AOM) on the pump line imparted an amplitude modulation to the pump pulse train for down-

stream lock-in detection. A dichroic beam combiner (Thorlabs DMLP900) was used to combine

the pump and probe beams before they were relayed onto a set of = /y scanning galvonometer mir-

rors conjugated to the back focal plane of a microscope objective, focused onto the sample plane

and followed by a condenser. The light exiting the condenser was then relayed to a detector which

sent a voltage signal to a preamplifier and lock-in amplifier (LIA) before being processed by the

data acquisition device (DAQ).
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Figure 2.18: The original transient absorption microscope. (HWP: half-wave plate, POL: polarizer, CAL:
calcite, DM: dichroic mirror, L: lens, DET: detector, LIA: lock-in amplifier, DAQ: data acquisition device)
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The modifications to this microscope design for transient phase include three primary differ-
ences: a prism compressor added to the pump line, polarization optics added to both beam lines,

and the addition of a second detector for balanced detection.
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Figure 2.19: Modifications to the transient absorption microscope for transient phase. The probe pulse

is split into a reference and probe pulse with the first calcite crystal (CAL 1) separated by a time delay of
T9 ~1.2ps (see Label A). The delay stage in the probe beam controls the temporal separation of the pump
and reference pulses 71 (see Label B). We utilize a Nikon Plan-Apo A 20X objective (0.75 NA) and a Zeiss
LD Epiplan 50X condenser (0.50 NA). The Fourier plane on the back aperture of the condenser is relayed
to the plane between the re-timing calcite (CAL 2) and half-wave plate (HWP 3), as well as to the detector
planes. (HWP: half-wave plate, POL: polarizer, CAL: calcite, DM: dichroic mirror, L: lens, DET: detector,
LIA: lock-in amplifier, DAQ: data acquisition device)

Figure 2.19 shows the comparative modifications made to the original microscope. Following
the AOM on the pump arm, polarization control was added in the form of a polarizer (POL) and a
half-wave plate (HWP). On the probe arm several polarization optics were added: first a half-wave
plate (HWP 1) and polarizer (POL 1) combination to clean up and maximize linearly polarized
light. Then another half-wave plate (HWP 2) was utilized to change the rotation angle of the

polarization before incidence on a 2 mm thick calcite crystal (CAL 1). CAL 1 creates a reference-
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probe pulse pair with a separation 7, determined by the calcite thickness and angle of incidence.
Finally in the detection another calcite crystal (CAL 2) for re-timing and half-wave plate (HWP
3) for polarization control were added. A polarizing beam splitter with two detectors (DET A and
DET B) in a balanced detection configuration were also added. Also note the relay lenses of the
detection arm are setup such that the Fourier plane appears between CAL 2 and HWP 3 (where
these are placed as close together as possible) and at each detector plane; optimally minimizing
translation through both of them when point scanning. The objective utilized in the transient phase
setup was a Nikon Plan Apo A (20X/0.75 NA) and the condenser a Zeiss LD Epiplan (50X/0.50
NA). The two detectors are both amplified photodiodes (Thorlabs PDA36A2) with the gain setting
at 0 dB.

2.4.2 Polarization Optics

The polarization optics on the probe arm and in the detection tree allow phase measurements
to be made by converting phase changes into interference effects which are then time-integrated
into amplitude changes by the detectors. If the polarization optics are set incorrectly or if the
microscope optics between CAL 1 and CAL 2 add polarization aberrations, then proper pulse
splitting and re-timing might not occur and decreases in the achievable signal-to-noise ratio (SNR)
can arise.

Figure 2.20 shows a closer inspection of the role for each polarization optic used for phase
detection. POL 1 is set to allow p-polarized light to transmit, where p-polarization is defined
parallel to the plane of the optical table (step 1). HWP 1 is rotated to maximize the amount of light
that transmits through POL 1. HWP 2 is used to rotate the linearly polarized light to 45 degrees
(step 2). CAL 1 is 2 mm thick piece of calcite cut so that the optic axis runs along the front face
of the crystal (a-cut). It is oriented so that the extraordinary axis coincides with p-polarized light
and the ordinary axis coincides with s-polarized light. When the probe beam is incident on CAL
1 at 45 degrees it is projected onto the ordinary (n, = 1.6514,n,, = 1.673) and extraordinary

axes (n. = 1.4826,n,4, = 1.4920). Two pulses exit CAL 1 (step 3) orthogonally polarized;
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Figure 2.20: Overview of the polarization and detection optics and their impact on the reference and probe
pulses. The (HWP: half-wave plate, POL: polarizer, CAL: calcite, DET: detector, LIA: lock-in amplifier)

the reference pulse is advanced and p-polarized, the probe pulse is delayed and s-polarized. The
probe pulse pair proceeds through the microscope before encountering CAL 2. CAL 2 is oriented
opposite to CAL 1; the ordinary (slow) axis is rotated to coincide with the advanced reference pulse
and the extraordinary (fast) axis coincides with the delayed probe pulse. The result is a re-timing
of the two pulses (step 4). Note that the axes of CAL 2 may not align with s- and p- polarization
as referenced to the table surface, but is instead set based on the axes of the reference and probe
polarizations after going through the microscope. HWP 3 is used to rotate the re-timed reference
and probe polarizations such that they are 45 degrees to the s- and p- axes of the polarizing beam
splitter (PBS), so that both the reference and probe pulses send a copy of themselves to DET A
and DET B (step 5). The pulse pair copy on DET B (step 6) will be 7 out of phase from the
pulse pair on DET A (step 7). Thus, if one detector measures destructive interference between the
reference-probe pair then the other detector will measure constructive interference.

With each sample, the initial offset phase @, between the probe and reference pulses is set to a

balanced position such that V4 — Vg = 0, where V4 is the voltage on DET A and V7 is the voltage
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on DET B. The offset phase can be set by adjusting the angle-of-incidence (cvey) of CAL 1 with
p-polarized light. This angle is set with the pump pulse blocked so that the offset phase accounts
for any residual phase imparted to the reference and probe pulses by the microscope and sample.
When the pump pulse is unblocked, a phase advance imparted to the probe pulse from an excited
sample will cause an increase in V4 and a decrease in V5 and the overall balanced detection signal
Vi — Vi will swing positive. Similarly, a phase delay imparted to the probe pulse will cause a
decrease in V4 and an increase in V and the overall signal V4 — Vp will swing negative. Figure
2.21 shows an example of the temporal interference between the reference (pink) and probe (blue)

pulses on detector A and B for these scenarios.
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Figure 2.21: Visual of the interference signals present on Detector A and B with different phase shifts
imparted to the probe pulse.
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Ultimately our setup is capable of measuring an excited state phase change of +7 from the
initial offset point. The voltage measured on each detector is the time integrated interference
between the reference and probe; since our final signal is V4 — V5 we end up with a 2X increase
in measurable signal than if we were conducting our measurements with only one detector. The
preamplifier (SR 560) measures V4 — Vg and applies a voltage gain before the difference signal
is sent into a lock-in amplifier (Liquid Instruments Moku:Lab). The lock-in amplifier measures
amplitude changes of V4 — Vp that coincide with the 500 kHz modulation frequency of the pump

train; these measurements correspond to pump-induced phase changes Re{ AN}

Setting up the Calcite Crystals

When setting up the pulse splitting and re-timing calcites there are a few measurements that

can be made to verify proper orientation. These measurements are described next.

Calcite 1 The first calcite controls two parameters: the time delay 7, between the reference
and probe pulses and the phase offset @, between the reference and probe pulses. The temporal
pulse separation 7, at normal incidence is governed by the group indices for the extraordinary and

ordinary axes and the thickness d of the calcite;

Mo~ Nge | _ 1.6737 — 1.4920
c 3% 108 m/s

2mm ~ 1.21 ps (2.24)

Ty =

The anticipated pulse separation with a 2 mm thick piece of calcite is 1.21 ps. In order to
verify this, a half-wave plate was placed directly after CAL 1 to rotate the polarization back to 45
degrees before passing both pulses into a polarizing beam splitter. The interference spectrum was
then measured at the output of the transmitted (p-polarized) light. Figure 2.22 shows the measured
spectral fringes and the corresponding Fourier transform; as expected the fringes correspond to a
temporal separation of ~1.2 ps.

From the way that CAL 1 is mounted, two angles can be rotated. Figure 2.23 provides a

visual of this mount. fcar; controls the relative angle of the optic axis (which is coincident with
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Figure 2.22: A Fourier transform of the spectral interference fringes measured after the first calcite reveal
the expected reference-probe temporal pulse separation of 1.2 picoseconds.

the extraordinary axis n.) with the polarization of incident light. As a reminder, the polarization
incident on CAL 1 has been set to 45 degrees where p-polarization is defined as parallel to the
optical table. When 6cay; is correctly set an equal projection of the incident pulse will be split to
the extraordinary and ordinary axes. .y controls the angle-of-incidence between the propagation

vector of the incident light and the front plane of the calcite crystal; a., is what changes the phase

offset &, between the reference and probe pulses.

Light
Propagation

Rotation
Mount

Figure 2.23: Diagram of calcite 1 mount. fcar,; controls the orientation of the optic axis (O.A.) and auext
controls the angle-of-incidence which changes the offset phase ¢y between the probe and reference.

Calcite2 The second calcite is responsible for proper re-timing of the reference and probe pulses.

This is critical for temporal interference to occur and thus phase measurements to be made. Similar
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to CAL 1, there is an angle 6caro that controls the relative alignment of the optic axis (O.A.). Fig-
ure 2.24 demonstrates three possible scenarios that can occur to the reference-probe pair depending

on the orientation of CAL 2.
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Figure 2.24: The effects of calcite 2 on the reference and probe pulses for different optic axis orientations.
Row 1 shows the proper re-timing scenario where the optic axes of calcite 1 and calcite 2 are orthogonal.
In this case no spectral fringes would be measured on a spectrometer. Row 2 shows the scenario with the
optic axis of calcite 2 rotated 45 degrees to calcite 1; in this case each the reference and probe pulses are
re-split. From the orientation of the HWP 3 though, the pair that proceeds to the spectrometer is only ~1.2
ps apart. Finally, row 3 shows the scenario where the reference and probe pulses are further separated,
resulting in spectral fringes o<2.4 ps.
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The ideal scenario occurs in the top row of Figure 2.24 where the O.A. of CAL 2 is perpendic-
ular to that of CAL 1; in this case the reference and probe are properly re-timed. A confirmation
of re-timing can be made by placing a spectrometer in place of one of the detectors in the scheme
outlined in Figure 2.20. When the pulses are overlapped in time, no spectral fringes will be visible
on the spectrometer; column 1 in Figure 2.25 shows an example of a measured spectrum corre-

sponding to this scenario.
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Figure 2.25: The interference spectrums measured for different rotation angles of the re-timing calcite.
The bottom row depicts the Fourier transform of each spectrum where the positive sideband is shown.
Peaks can be seen for the bottom center and bottom right image corresponding to 7 = 1.2 ps and 27».

Two other undesirable scenarios can occur. One is shown in the second row of Figure 2.24
where the axes of the second calcite are rotated 45 degrees from the axes of the first crystal. The
result is that both the advanced reference pulse and the delayed probe pulse are re-projected onto
the slow and fast axes of the second calcite crystal splitting into two more pulses and ultimately
creating four probe pulses. After HWP 3 rotates these pulses 45 degrees, the reference pulse pair
is sent to one detector and the probe pulse pair to the other detector. Thus at the spectrometer
spectral fringes corresponding to a 1.2 ps separation are measured; column 2 in Figure 2.25 shows

an example of a measured spectrum corresponding to this scenario.
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The final scenario that can occur is when axes of the second calcite align with the axes of the
first calcite, further delaying the probe pulse and advancing the reference pulse. This results in
two pulses which are separated by 27, manifesting as spectral fringes on the spectrometer that are
twice the frequency as seen in the most recent scenario; column 3 in Figure 2.25 shows an example

of a measured spectrum corresponding to this scenario.

2.4.3 Controlling the Measurement of Re{ AN} vs Im{ AN}

One advantage of this detection configuration is the ability to switch between measuring tran-
sient absorption (Im{AN}) and transient phase (Re{AN}) simply by changing the projection of
the probe and reference pulses on the PBS axes. This projection angle is controlled by HWP 3;
Figure 2.26 shows three projection scenarios of the reference-probe pair polarization axes onto the
PBS. If HWP 3 is oriented such that the reference-probe pair polarization axes are 45 degrees to the
s- and p- axes of the PBS (left image), then there is an equal amplitude projection of both pulses
to the two detectors. This setting is for making purely a phase measurement since any changes to
the amplitudes of either pulse will cancel in the balanced detection scheme; only changes to the

temporal interference on either detector caused by changes in Re{ AN} will resultin V4 — V5 # 0.

Phase & Absorption .
Phase Measurement P Absorption Measurement
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Figure 2.26: Polarization angle with respect to PBS axes determines if the measurement will be a phase
measurement, an absorption measurement, or a combination of the two.
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If HWP 3 is oriented such that the reference-probe pair polarization axes are aligned to the s-
and p- axes of the PBS (right image), then DET A will measure amplitude changes to the reference
pulse and DET B wil measure amplitude changes to the probe pulse. This setting is for making
purely an absorption measurement since any changes to the phase of either pulse will have no
bearing on the integrated intensity measured by the detector; only changes to the amplitude of
either pulse caused by changes in Im{ AN} will resultin V4 — Vi # 0.

Finally, if HWP 3 is oriented for any other projection (middle image), then a combination of a

phase and absorption measurement will be made.

2.5 Sources of Signal Degradation

Signal degradation can occur with either a decrease in signal or an increase in noise, both
resulting in a smaller signal-to-noise ratio (SNR). In this setup, the dichroic mirror was found
to spoil the maximum signal levels by decreasing the fringe contrast of the interferometric signals
integrated by the detectors. One way by which this occurred was due to the creation of polarization-
dependent spectral phase on the reference and probe (which were orthogonally polarized at the
dichroic mirror interface). This is discussed below. Measurements of the noise floor found that the
system is limited by the electronic noise floor of the preamplifier, approximately 40 dB above the

shot noise floor.

2.5.1 Dichroic Mirror Polarization-dependent Spectral Phase

The existence of polarization-dependent spectral phase was confirmed after measuring the in-
terference spectrum of the reference-probe pulses with and without the pump-combining dichroic

mirror. Figure 2.27 shows the experimental setup that was used to test this.
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Figure 2.27: Setup used to measure the existence of spectral phase effects due to the dichroic beam com-
biner. The maroon path shows the setup for measurements bypassing the dichroic and the turquoise path
shows the setup for measurements with the dichroic. (CAL: calcite, M: mirror, DM: dichroic mirror, HWP:
half-wave plate, PBS: polarizing beam splitter, L:lens)
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Figure 2.28: An overall comparison of the maximum constructive and destructive interference measured
by tuning the phase relationship of the reference and probe pulse with and without the dichroic beam-
combiner in the beam path.

With CAL 2 set for re-timing of the probe and reference, spectra were measured for the different

offset phases @, imparted by changing c..x; of CAL 1 corresponding to maximum and minimum
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interference. When the dichroic is bypassed the spectrogram is able to show fully constructive and
fully destructive interactions as seen in the left column of Figure 2.28. However, the maximally
constructive and destructive measurements with the dichroic show that only some wavelengths are
constructive while others are destructive (and vice versa). The overall decrease in swing (integrated
maximum constructive interference spectrum minus integrated minimum constructive interference
spectrum) is close to 2X with the dichroic versus without the dichroic. One benefit of leaving the
dichroic in its current position is the ability to freely change the pump polarization, however, this

is at the expense of a decreased T®M signal.

2.5.2 Noise Floor

Figure 2.29 shows the spectral noise measurements made for the detection system. The top
left image shows the measured electronic noise floor at four different configurations: from the
MOKU with no inputs attached, with the pre-amplifier connected but turned off, with the pre-
amplifier connected and turned on (no input connections), and finally with the detectors turned off
but connected to the pre-amplifier. The top right image shows the noise floor with the detectors
blocked but turned on (i.e. measuring the dark current of the photodetectors). The bottom left
image shows the noise floor with one detector blocked and 0.22 mW of laser power on the other
detector. This demonstrates the noise floor in the absence of balanced detection where RIN can be
seen. Adding in the balanced detection configuration with 0.28 mW of laser power on the other
detector returns the noise floor back to the electronic noise floor of the pre-amplifier. Thus we are
not yet at the shot noise limit (this still lies beneath the electronic noise floor by ~40 dB) but rather
by the electronic noise floor of the pre-amplifier. The addition of balanced detection affords a RIN
reduction of ~ 6 dB at a pre-amplifier gain of 1.

In order to calculate the expected shot noise we can use the equation

Lot = V Qquc (225)
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Figure 2.29: Spectral noise measurements

where g, 15 the shot noise current [A], q is the charge of an electron [C], and /4. = P, R is the
current [A] generated by an input power P, [W] at the detector responsivity R for the wavelength
of light incident. The gain setting for the photodetectors used (Thorlabs PDA36A2) was set to 0

dB but with a specified gain G of 1.51 x 103 %. The shot noise [V] can then be calculated from

Vihot = Glghot (2.26)

and converted to units of dBV with dBV,y = 201og;( Vot )- For a power of 0.22 mW, the ex-
pected shot noise is —160.9 [dBV]. However, we utilize 20 dB attenuators inline on both detectors
leading into the pre-amplifier to avoid saturation. The 20 dB attenuator results in a Vipot attn =
0.1Vihot such that the actual expected shot noise for our setup is —180.9 [dBV]; well below the
electronic noise floor measured.

For future improvements to the SNR of this system, the first calcite crystal could be moved

to after the dichroic mirror as is done in [4, 5]. This would avoid the effects of polarization-
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dependent spectral phase but would require the pump polarization to lie either along the ordinary
or extraordinary axes of the calcite crystal. However, doing so should increase the signal levels
for phase measurements by close to 2X. Alternatively, the beam-joining dichroic could be re-
placed by a 50:50 beam splitter; while this would cut the power in half it would also eliminate
the polarization-dependent spectral phase effects and retain the freedom of selecting the pump
polarization. Another option that would increase the signal level would be to remove the 20 dB
attenuators. The use of 20 dB attenuators was required to prevent saturation in the preamp (which
has a 1 VDC input range); if a future preamplifier had a larger DC input range, then a 20 dB im-
provement could be added to the signal levels by removing the attenuators but without changing
the noise floor (since the shot noise would then be close to —160 dB which is still 20 dB below
the preamp electronic noise floor). Past that, improvements to decrease the noise floor down to the

shot noise limit would increase the SNR.

2.6 Polarization Modeling

In order to calibrate the phase measurements the first calcite AOI (aey;) Was rotated to impart
various phases ®cap;(6) to the reference-probe pulse pair while Vi — Vi was measured from
the preamplifier. By creating a model that connects ax; to Pcar(6) to accompany the voltage
measurements, an overall calibration map can be created that ties a change in phase (here that is
Pcari(6) but in real TPM measurements the phase change would be due to A®y,,) to Vi — V.
Figure 2.30 shows a measurement made for a.,; from -1.2 to 6 degrees passing through normal

incidence at zero degrees.
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Measured Data: Calcite 1 AOIl vs Preamp Voltage

0.45mW

N
o
T

N
o
T

o
o
T

Preamp Output A-B (mV)
o

A
o
T

Qlext (deg)

Figure 2.30: Measured preamp output for a range of ey passing through normal incidence (0 deg). The
power measured on detector A with calcite 2 removed was 0.45 mW; the power levels are required for
backing out a power-dependent calibration map shown on page 84.

The next section describes in detail various model components and then compares a complete
model to the measured data. Mismatch between the model and measured data is addressed through
the addition of diattenuation and polarization aberration terms to the model which indicate that our

setup is operating at 55% of its achievable signal level (without amplitude or polarization defects).

2.6.1 Model Components

There are several components that need to be accounted for in this model: the phase imparted
by CAL 1, the phase imparted by CAL 2, and the angle of HWP 3 which controls the amplitude

projection from the polarizing beam splitter onto detectors A and B.
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Calcite Model

Top View
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Figure 2.31: Diagram of the first calcite crystal (based on the diagram in [26] and adapted for our setup).
Qext 18 the external angle of incidence, 6y is the internal refraction angle for the ordinary ray, 6. is the in-
ternal refraction angle for the extraordinary ray, p is the walk-off angle and §" = 90 — 6,.

Figure 2.31 shows a diagram of the calcite crystals used in this setup. The optic axis is cut
along the front face of the crystal (a-cut) and creates an angle dependent extraordinary axis index
of refraction n.(¢'). The calcite is d = 2 mm thick. Snell’s law determines the relationship be-
tween incident and transmitted angles at an interface with n;sinf; = nsiné; [6]. This relationship
holds simply for the ordinary ray of light which sees the ordinary refractive index. Since the ex-
traordinary axis is angle dependent an extra step is needed to determine the refractive index value
as a function of the internal refracted angle 6. measured relative to the optic axis by §’. Figure 2.32
shows the extraordinary index of refraction n. as a function of external angle of incidence cveyg.

The range of refractive index values for the extraordinary axis is from 1.4819 to 1.5454.
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Angle-Depedendent Refractive Index
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Figure 2.32: Angle-dependent index of refraction.

The propagation vector of the incident light is normal to the crystal face when a.xy = 0 and po-
larized at 45 degrees; the 45 degree polarization splits at the air-crystal interface into a polarization
component parallel to the optic axis (p-polarized) which sees an extraordinary index of refraction
and a polarization component perpendicular to the optic axis (s-polarized) which sees the ordinary
index of refraction. Calcite is a negative uniaxial crystal where n. — n, < 0 and n. < n,. This
means that the polarization component with the lower refractive index (p-polarized) will travel
faster through the calcite than the component with the higher refractive index (s-polarized). This
results in an advanced reference pulse that is p-polarized and a delayed probe pulse that is s-

polarized.

Snell's Law: External vs Internal Angles

__80F .

(@]

[}

°

o 60 .

=,

C

<40+

£ —,

(O]

£20] —0_ |
p

0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Qext (deg)

Figure 2.33: A simulation of the internal refracted angles as a function of external angle of incidence eyt
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Figure 2.33 shows the internal refracted angles for the ordinary (,) and extraordinary (¢.) axes
as a function of external angle of incidence. Theoretically, as the propagation vector rotates from
perpendicular to the optic axis (0° = 90) to parallel to the optic axis (8’ = 0), the extraordinary
index of refraction should collapse back to the value of the ordinary index of refraction [27][6].
However, in our configuration since the optic axis is cut along the front face of the crystal (and we
cannot set the propagation vector to lie along this axis), the maximum refracted angle 6. that can

be achieved is 40.3 degrees and the corresponding minimum angle 6’ is 49.7 degrees.

Temporal Pulse Separation The pulse separation imparted between the probe and reference
pulses is a function of the external angle-of-incidence since the extraordinary refractive index is a
function of angle. Figure 2.34 shows the calculated pulse separation as a function of a,; where

the maximum pulse separation occurs at normal incidence with 7, = 1.21 ps.

External AOI vs Pulse Separation
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Figure 2.34: The simulated maximum pulse separation between the ordinary and extraordinary pulses is
1.21 picoseconds

At a wavelength of 800 nm the group refractive indices for calcite are ny, = 1.6737 and

ng. = 1.4920; from [26] the equation to calculate total pulse delay is

1

C

T = = [Long + Lexy — Lenf (6] (2.27)
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where c is the speed of light in a vacuum. L, + Ly is the pathlength of the ordinary ray and
L, is the pathlength of the extraordinary ray. We can utilize Snell’s law to find the pathlength of

the ordinary ray in the calcite with

d Nod
L, = = (2.28)
cos(fo) /N2 — sin?(Qext)
To determine the pathlengths L., and L., we first must find . and n{ (') of the extraordinary
ray. Using Snell’s law again and accounting for the a-cut of the crystal we can solve for 6, by

substituting Equation 2.30 into Equation 2.29,

ny (0') sin B, = SIn eyt (2.29)

[27][6

where 6 = I — 0. The angle dependent refractive index **!*71! is found with

ng(0) = Dooltgc (2.30)
\/nfhe cos?(0") + n2  sin’*(0)

where the substitution of cos(§ —6.) = sin(f.) and sin(5 — 6.) = cos(6.) can be utilized. Note, ¢’
in the equation above is specifically measured from the Z principal axis of the calcite crystal [28];
by convention however for uniaxial crystals n, = n, = n, and n, = n. # n, [27], meaning the

principal Z axis aligns with the optic axis. After some rearranging this results in the expression

n
0, = tan ! 9.2 (2.31)
ey g,

Neglecting Poynting walkoff, we can finally find the extraordinary ray pathlength with

L. = (2.32)
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and the external ordinary pathlength

Lesy = [tan(0,) — tan(6,)] d sin(aexs)

(2.33)

Phase Difference between Pulses In order to find the phase difference between the ordinary and

extraordinary rays imparted by the first calcite we can use the same equations except with strictly

the phase refractive indices n, and n. instead of the group refractive indices. This means that the

equation for the angle of refraction of the extraordinary ray becomes

o

() —

sin ezt

0, = tan™*

the extraordinary refractive index becomes

MoTle

ne(0) =

v/n2cos?(6') + n2sin?(¢)
The phase on the reference pulse from the first calcite is

Len.(6)

c

(I)rcf,l (9/) = (

Jw

and the phase on the probe pulse from the first calcite is

Lono + Lezt

(I)pr,l - ( -

Jw

where L., is recalculated using the new 6..

(2.34)

(2.35)

(2.36)

(2.37)

At the second (retiming) calcite the phase on the reference pulse from the ordinary axis is
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and the phase on the probe pulse from the extraordinary axis at normal incidence is

Jw (2.39)

As a reminder, the CAL 1 and CAL 2 axes are orthogonal so that the reference pulse sees the
extraordinary axis for CAL 1 and the ordinary axis for CAL 2. Likewise, the probe pulse sees the
ordinary axis for CAL 1 and the extraordinary axis at normal incidence for CAL 2. Thus, the total

phase imparted to the reference pulse from calcite 1 and 2 is

L.n. (60 L,n,
(I)ref = q)ref,l(el) + (I)ref,2 = (T())w + ( c )w (240)
and the phase on the probe pulse is
LOnO + LCI Lene
D= Dppy + Ppro = (ft)w + (=) (2.41)

Figure 2.35 shows the phase difference imparted to the probe and reference pulses just from rotat-

ing the angle-of-incidence on the first calcite.

d
=y
EAN
o

T
1

60 - 15 ]

40 - ! 1
05

Phase Difference (rad)
[0}
o

1 1 1 1 | 1 1 1 1

-80 -60 -40 -20 0 20 40 60 80
Qext (deg)

Figure 2.35: Total phase imparted after the second calcite crystal. The external incidence angle refers to
the incidence angle on the first calcite only; the second calcite is oriented at normal incidence.
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HWP 3 Model

PBS, s- axis

PBS Axes

Figure 2.36: For the reference pulse, the cosine term of { proceeds to detector A and the sine term to de-
tector B. For the probe pulse, the sine term of  proceeds to detector A and the cosine term to detector B.

HWP 3 is used to rotate the polarization axes of the reference and probe pulses after they
exit calcite 2. The polarization axes are set to 45 degrees relative to the PBS axes so that both
the reference and probe pulses equally project onto the s- and p- axes. Detector A measures the
waveforms that transmit on the p- axis and detector B measures the waveforms that reflect on the s-
axis. Figure 2.36 shows a diagram relating the polarization axes of the reference and probe pulses
to the axes of the PBS. When ¢ = 7 the amplitude of each pulse is split equally to either detector.
If ( is any other value, the amplitude projection of the reference pulse to the two detectors will be

related by

cos()
REE (COS(C) + Sin(g)) (2.42)

B sin(¢)
e (o) 24

and the amplitude of the probe projection will be swapped (ie. the cosine term will correspond to

s- polarization and the sine term to p- polarization)

5 (o)) (244
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Where E4. and EZ; are the electric fields incident on the A and B detectors from the reference

pulse, respectively, and Elfr and Efr are the electric fields incident on the A and B detectors from

the probe pulse.

2.6.2 Modeling the Balanced Detection Signal

Figure 2.37 (row 2) shows a comparison of the modelled balanced detection signal versus
measured data. There is a mismatch in the position of the valley around 5.5 degrees between the
model and the measurement; the measured data extends lower than the model and has a minimum
~0.2 degrees to the left. The working range of the system is from 3.2 to 5.6 degrees, so the model
vs measurement mismatch at 0 degrees can be ignored. Figure 2.38 shows a closer comparison of
the model vs. measurement for the working range. The balance point V4 — Vg = 0 occurs where

the dashed line intercepts the data.

Modelled Photodetector Signals

Detector A
Detector B

Detector Signals

1r <

> B

| <

LE 0

805
-1

Model
Measured

.
o

Qlext (deg)

Figure 2.37: Modelled photodetector signals (row 1) and a comparison of the modelled signal V4 — Vg
to measured data (row 2) for 0.55 mW incident on detector A (power measured with the retiming calcite
removed); &g = 37/2
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Working Range: 3.2°t0 5.6°
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Figure 2.38: The working range for the system is from 3.2 to 5.6 degrees. The dashed line indicates the
setting corresponding to a balanced point where V4 — Vp = 0. This is the balance point that all the TPM
measurements start at; a phase advance in the probe will cause the signal to swing positive and a phase
delay will cause the signal to swing negative. An overall phase shift of —F : 5 can be measured from the
balance point.

We can create a model for the balanced detection signal in the absence of the pump pulse by
starting with the reference and probe waveforms estimated as Gaussian envelopes with a carrier
frequency w, then adding in phase terms picked up between the first and second calcites. The

reference waveforms measured on DET A and DET B are

E;?af — Ae—(#3/0%) giwt oiPres 1 (0") iPrer,2 COS(C). (2.46)
cos((¢) + sin(Q)

E[Ef f— Ae_(tQ/O-Q)etheiq)rcf,l(el)ei@rcf,Q ( SID(C) > (247)
cos(C) + sin(()

and the two probe waveforms measured are

EA — _ A(e—((t—to)?/0?) it iPpr1 yipe,2 sin() i®0 2.48
pr (e e ¢ € cos(¢) + sin(() € ( )
EB — Ae—((t—t0)2/a2)eiwteifbprJei‘Ppr,Q COS(C) ei®o (2.49)

pr cos(¢) + sin(()

where @ is an offset phase is an picked up during travel through the microscope, A is an amplitude
term, and ¢ measures the angle between ref-probe polarization axes and the s- and p- polarization

axes of the PBS; in the ideal scenario ¢ = 7 for a phase measurement. Note the negative sign in
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Eqn. 2.73; this accounts for the 7 phase shift between the probe and reference pulses incident on
detector A.

The waveforms on detectors A and B are then
EA=EL +E) (2.50)

EP =EL, +E] (2.51)

Since the detectors are slow compared with the optical carrier frequency and the pulse duration,

the signal measured on each detector is the time-integrated intensity of the waveforms,

Vi o / dtl? = / dtEA EA* (2.52)

Vi / dtI® = / dtEB BB (2.53)

where V4 and V5 are the voltage signals measured on detector A and B, respectively. Finally, for

balanced detection the ultimate signal we are measuring AV is
AV =V, — Vg ox =A% cos(Po + Pprt + Ppro — Pref,1(0') — Prer) (2.54)

where AV is dominated by a cosine that is a function of the phase terms. The phase offset @,
shifts the relative location of the calibration model fringes and the associated DC offset at normal

incidence as shown for a variety of phase values in Figure 2.39.
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Phase Offset between Reference and Probe
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Figure 2.39: The impact of changing ®( on the signal AV'.

There are two effects that could be contributing to the model-measurement mismatch shown
in Figures 2.37 and 2.38; diattenuation and polarization aberration. Diattenuation is related to the
unequal absorption of a material based on the incident polarization state; the result of this would be
an unequal amplitude of the reference and probe pulses A, # A,,. Polarization aberrations can
result in a change to initial polarization state of a pulse; in our setup likely the linear polarization
states of the reference and probe pulses are picking up some ellipticity. If we add in terms for
diattenuation and polarization aberration to the model it is able to match the measured data very
well; however, this only occurs if both of these effects are present. If only diattenuation or only
polarization aberration is present, the model does not match the measured data any better than the

model without these terms.

Diattenuation

In order to account for diattenuation in the model we can add amplitude terms to the reference
and probe pulses, A, and A, where A, # A,. The waveforms on the two detectors thus

become
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B4 = A (170 gt it (0) e, cos(¢) 2.55
ot = A ST ) () 2

EB — Are e*(t2/02)€i0-)tei‘pref,1(9/)ei‘1>ref,2 SlIl(C) 2.56
ref f cos(() + sin(() ( )

EA — _A . —((t—to)2/0'2) iwt iPpr 1 iPpr,2 Sll’l(g) i®g 2.57
= e T @ @) ¢ 237

EP = A e ((1=10)2/0%) gitt (i%®pr.1 iPpr,2 cos(©) i 2.58
pr pre cee cos(¢) + sin(¢) ‘ (28)

and the overall balanced detection signal reduces to
AV = VA — VB XX —AprAref COS((I)() + (I)pr,l + (I)an — (I)ref’l(el) — (I)ref,g) (259)

If Equation 2.59 is compared to equation 2.54 for different values of A, versus A,,, a compar-
ative SNR can be calculated. Figure 2.40 shows the trade-offs in maximum signal level available
for different ratios of amplitude inequality. Interestingly, diattenuation amounts to an SNR de-
crease that is linear with respect to the ratio of reference to probe pulse amplitude (or vice versa if

Aref > Apr)-

Impact of Diattenuation on SNR
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Figure 2.40: A comparative SNR analysis for diattenuation; here SNR is plotted as a percent of the max-
imum SNR when A, = Ap,. The X axis denotes the percent decrease of A,.r as compared to A, (i.e.
Aref = 0.8A; is a 20% decrease)

73



Adding in Diattenuation Term to the Model
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Figure 2.41: The top figure compares the diattenuation model with A,.; = 0.72A4,,. to the initial model
(normalized to the initial model). The diattenuation model shows a symmetrically reduced swing. The bot-
tom figure compares the diattenuation model with A,.; = 0.72A4,,. to the measured data (each normalized
independently). The diattenuation model is unable to match the asymmetric signal swing present on the
measured data.

Figure 2.41 (row 1) shows a comparison of the original model to a model with a diattenuation
term of A,.s = 0.72A,, (normalized to the original model); The diattenaution model shows a sym-
metric reduction in the signal swing versus the original model. When compared to the measured
data, the model is still unable to match the asymmetric signal swing that extends further negative

than positive (row 2).
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Polarization Aberration
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Figure 2.42: 1) The probe and reference pulses incident on the retiming calcite for ¥ > 90°. 2) The out-
put of the retiming calcite is a pair of reference pulses orthogonally polarized (one advanced and one re-
timed) and a pair of probe pulses orthogonally polarized (one retimed and one delayed). 3) Since the angle
of HWP 3 is set with the probe pulse blocked and the retiming calcite removed, the pulses are offset from
45 degrees on the PBS axes by ‘I’_TQOO. 4) Four pulses proceed to detector A and four pulses to detector B.
The DC offset created by the advanced and delayed pulses cancel out between the two detectors since the
amplitudes Ao = Ap; so only the retimed pulses contribute to a signal.

If the reference and probe pulses pick up ellipticity as they travel through the microscope,
then the way they interact with the retiming calcite will change and a decrease in SNR will occur.
We can define an angle W that is a proxy measurement of ellipticity of the probe and reference

polarizations (shown in Figure 2.42), where U = 90° + O,¢¢ + 0.,
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Figure 2.43: 0, (left) and 0, (right) are measures of ellipticity that result in polarization components on
the orthogonal axes.

For normal conditions where the probe and reference are linearly polarized and orthogonal,
U = 90°. If the p-polarized reference pulse picks up ellipticity, then an orthogonal polarization
component is present along the s-polarization axis. We can define an angle 6, that measures the
amount of power projected onto the s-component versus the p-component of polarization for the
ellipticity present (see Figure 2.43). Similarly, we can define a term 6, for the probe pulse. A
formal measure of ellipticity is defined as e = % where FE.,;, is the the minor axis field and
Elax 18 the major axis field [6]. e ranges from O to 1 where O corresponds to linear polarization
and 1 corresponds to circular polarization. The angle 0. is related to the ellipticity factor by
Ore = tan~!(e2;) = tan_l(%), where an elliptical or circular polarization state is measured
when 0, > 0.

When the retiming calcite angle Oc a1 is set the assumption is that the 45 degree axis between
ne and n, on the crystal face aligns with % Since ¥ > 90° the reference pulse splits into an
advanced and retimed pulse pair orthogonally polarized and the probe pulse splits into a retimed
and delayed pulse pair orthogonally polarized. Figure 2.42 shows an example of the angle ¥ = 90°
and the resulting double pulse pair. HWP 3 is set so that the reference pulse aligns with the 45
degree axis of the PBS when the retiming calcite is removed; once the retiming calcite is replaced

the angle ( = = — g where § = ¥ — 90° resulting in an uneven amplitude distribution on two

us
4
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detectors for each pulse. The reference pulse that is advanced in time sends a larger amplitude copy
to detector B than detector A and thus there is a DC offset on detector B after balanced detection
from the reference. The retimed reference and probe pulses are also split in unequal amplitude to
the two detectors where they both interfere. The delayed probe pulse, similarly to the advanced
reference pulse, will create a DC offset on detector A. Since the amplitude of the two pulses is

equal in this scenario (At = A, = A), the retimed waveforms are

EAf — Ae_(tQ/UQ)etheiq)ref,l(el) COS(ﬁ> elcbrefg ( COS(C) ) (260)
rebret cos(2) + sin(2) cos(() + sin(()
6 .
B,y = Al gt @) __ON5) o, ( = ) 261)
rebret cos(2) + sin(2) cos(() + sin(()
ﬁ .
E'Ifr ot = _A(e—((t—to)Q/o'Q)eiwtei{)pr 1 COS( 2) 3 i®pr 2 ( SlH(C). ) ei@o (2.62)
cos(2) + sin(2) cos(¢) +sin(()
B
cos( ) +sin(5) cos(¢) + sin(¢)
On detector A the non-retimed waveforms are
) S
Eflp oy, = e (71207 it i) 7 L (2.64)
COS( ) —+ 31n<§) COS(C) + SIH(C)
a8
. S
Efay = e~ ((t+1.2p5)*/0%) gt in) 3 COS(C). (2.65)
cos(2) + sin(2) cos(¢) + sin(¢)
On detector B the non-retimed waveforms are
(B
Eref adv. = € ((tfl.QPS)Q/OQ)eth Sln(Z) 5 COS(Q). (266)
cos(8) + sin(2) cos(¢) + sin(C)
s)“ /o W Sln( ) Sl
EpBr dly ((t+1.2p )2/ 2)6 t 3 (C) (2.67)
Cos( ) + sin(£) cos(¢) + sin(¢)
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Thus the total intensity measured on detectors A and B is

A A A A A A * A
" = [ref,adv. + (Epr,ret. + Eref,ret.)<Epr,ret. + Eref,ret.) + Ipr,dly (268)
IB = Ilgf,adv. + (EpB;,ret. + ng,ret.)(EpB;,ret. + Elif,ret.ﬁ< + Ig,dly (269)

and the overall balanced detection signal reduces to

4A% cos(£)?sin(B)
cos(2() —4sin(f8) — 3

AV = VA — VB [0¢ COS((PO —f- (I)le + CI)pr’Q — CI)refJ(@/) — Cbref,2) (270)

Note that for the advanced reference pulse and the delayed probe pulse, the pulse phases do not

need to be tracked since there will be no interference when those pulses hit either detector.

Adding in Polarization Angle Term to the Model
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Figure 2.44: The top figure compares the polarization aberration model with the diattenuation model and
the initial model (all normalized to the initial model). The polarization aberration shows a symmetrically
reduced swing compared to the initial model. The bottom figure compares the polarization aberration
model with ¥ = 104.4° to the measured data (each normalized independently). The polarization aber-
ration model is unable to match the assymmetric signal swing present on the measured data.

Figure 2.44 shows the addition of a model with a polarization aberration term compared to

the initial model and the diattenuation model (row 1). Similar to the diattenuation model, the
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polarization aberration model sees a symmetric decrease in the positive and negative signal levels.
When compared to the measured data (row 2), again the updated model is not able to match the
asymmetric signal swing present in the measurement.

An important observation of the advanced reference and delayed probe pulses is that as long
as Ayef = Ape = A then Eqn. 2.64 cancels with Eqn. 2.67 and Eqn. 2.65 cancels with Eqn. 2.66
in the balanced detection scheme. Therefore, only the retimed pulses contribute to the measured
signal and any elliptical polarization components due to ¥ > 90° simply cause an SNR decrease.
Figure 2.45 shows the comparative SNR decrease as a function of W for the polarization aberration

model compared to the initial model.

Impact of a Non-orthogonal Polarization Relationship on SNR
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Figure 2.45: SNR decrease due to a change in the polarization relationship between the reference and
probe pulse captured in angles of ¥

Diattenuation & Polarization Aberration

In the event that both diattenuation and polarization aberration have occurred, the asymmetric
swing in the measured data can be matched by the model. Figure 2.46 shows a comparison of this
model with the measured data (row 2) for A,f = 0.72A,, and ¥ = 104.4°. From the equations for
the retimed, advanced and delayed pulses shown below we can see that with A,.s # A, Equations
2.75 and 2.78 and Equations 2.76 and 2.77 no longer cancel which contribute to the unequal swing

seen in the measured data. The retimed waveforms are
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Adding in Polarization Angle and Diattenuation Terms to the Model
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Figure 2.46: The top figure compares all four model modifications to the initial model: the diattenuation
& polarization aberration model (A,ef = 0.72A,, and ¥ = 104.4°), the polarization aberration model
(Arer = Aprand U = 104.4°), the diattenuation model (A,ef = 0.72A,, and ¥ = 90°) and the initial
model (Ayef = Apr and ¥ = 90°). The diattenuation & polarization aberration model is able to match the
asymmetric swing that is present in the measured data (bottom figure), while the other three models could
not.
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and the overall balanced detection signal reduces to
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Figure 2.47 shows several curves comparing the SNR for various W values at different ampli-
tude relationships to the initial model. For the values of A, = 0.72A,, and ¥ = 104.4°, the SNR

decrease compared to the original model is ~ 55.84% (Figure 2.43).

Impact of Diattenuation & Non-orthogonal Polarization on SNR
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Figure 2.47: Evaluation of SNR with both diattenuation and a change in the polarization relationship be-
tween the reference and probe pulse captured in angles of ¥
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Figure 2.48: The SNR decrease for the diattenuation & polarization model (A,ef = 0.72A4,, and ¥ =
104.4°) compared to the initial model (A;e; = Apr and ¥ = 90°).

By adding additional diattenuation and polarization aberration terms to the model we have
been able to show good agreement with the measured data. For more details on the selection of the
model terms A, = 0.72A4,, and ¥ = 104.4° see the appendix page 158. It was earlier discussed
that the dichroic beam combiner was contributing polarization-dependent spectral phase to the
reference and probe pulse. It is possible that the dichroic is also the source of the diattenuation and
polarization aberration suspected in our system,; it is known that dichroic beam combiners can be
sources of diattenuation and polarization aberration [29]. If this is the case, then swapping out the
dichroic beam combiner for a regular 50/50 beam combiner could increase the attainable SNR for
the system. This would of course be at the expense of tossing 50% of the power before the focus,
but since the system operates at very low power (several mW) for analyzing biological samples

this would not be an issue.
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2.7 Phase Calibration

2.7.1 Generating a Voltage to Phase Conversion Map

Measured Preamp Signal vs Calcite Angle-of-Incidence
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Figure 2.49: Mapping measured voltage data to phase, the power levels for each curve denote the power
measured on the s- detector with the re-timing calcite removed

Finally, we can utilize our model of .y versus ®car; in conjunction with the measured
Qlext VS balanced detection signal (AV) to create a phase to voltage (Pcar1 to AV) mapping. This
calibration mapping will allow us to convert all future measurements from voltage to units of phase
shift (mRad).

For data collection, the "balance" point that the system is set to is where the curve passes
through OV between the maxima and minima (row 2, Figure 2.49). At that balance point the power
on the s- detector is measured with each sample so a corresponding calibration curve can be scaled.
A +7/2 positive phase shift results in a voltage swing from the minima to the maxima of this curve.
Confining our window to only the minimum and maximum of this curve and zero centering the
phase shift we are able to formally create our voltage to phase calibration curve shown in Figure

2.50.
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Measured Data vs Curve Fit
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Figure 2.50: Voltage to Phase Calibration Curve.

Note the x-axis is now in units of radians; we are expecting a 7 phase shift between the mini-
mum and maximum values of our curve.
Utilizing Figure 2.50, we curve fit the 0.24 mW curve with a sinusoid function and scaled the

line of best fit by the power levels. The line of best fit ultimately has the form

Y =19.02 a sin(3.363X — 0.1946) — 1.429 (2.82)

where a is a scaling factor compared to 0.24 mW (i.e. for the 0.70 mW curve a = 8—21 = 2.9167).
X is the phase axis in units of radians and Y is the signal out of the preamp in millivolts. For
the 0.24 mW curve that was fit the SSE is 1.134, the R-square value is 0.9999, and the RMSE =
0.1282. The final calculated phase will need to have the phase for Y=0V subtracted from it (Thus,

Xeinal = X (Y) — X(0)). Note, this assumes a constant transmissivity through the sample.
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2.7.2 Impact of Galvanometer Scan Angle on Re-timing Phase
Modelling the Impact of Scan Angle

Galvo-scanning microscopy is a new development in T®M and comes at the price of a limited
FOV based on angle-dependent retiming phase. As a larger FOV is scanned the angle-of-incidence
at calcite 2 (aext 2) impacts the phase imparted to the retimed reference and probe pulse; this angle
is equivalent to 05 in Figure 2.51 and can be solved for in terms of the displacement 3 of the laser

spot in the object plane.

L7

E ' ' ' H '
Ll TR R B3 f4 fa ' f5 f5 )

galvo obj.ect
plane plane Calcite

Figure 2.51: A map of the galvonometer angle through the microscope system to the retiming calcite
plane.

Equation 2.83 shows the relationship between 05 and x5

gy g fetan(fa) fo tan(tan™" (%)) .y Jes
05 = tan (f7) = tan (—f7 ) =tan " ( T ) = tan (f5f7) (2.83)
Thus,
_n _ -1 Je3
Kext,2 = 05 = tan (_f5f7) (284)

Note that x5 is the projection onto the extraordinary axis of the crystal since only the extraordinary

axis is angle-dependent. Thus,

x3 = /22 + y? cos(n) (2.85)
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where 7) is the angle between the extraordinary axis of the crystal and the axis defined by a chord

through (0,0) and the (x,y) location of the pixel being scanned (Figure 2.52).

y-axis / Ne axis
N\

N

——— Xx-axis

/

Figure 2.52: Determining the projection onto the re-timing calcite extraordinary axis, x3, from the pixel
location in the object scan plane

The phase accumulated as a function of external angle of incidence then becomes

Lene Qlext,2 )W Lono + Lex w
(I)galvo(aext,Q) = (I)galvo,e(aext,2) - (I)galvo,o = <C t’2) - ( c t) (286)

using equations 2.28, 2.32, and 2.33 to solve for the length vectors as a function of the galvo-
based external angle of incidence iy 2 in place of aey. From Equation 2.84 it can be easily seen
that the retiming phase is proportional to the field-of-view (x3) and fg and inversely proportional to
f5 and f7. Thus, decreasing the FOV and/or increasing the magnification of the beam at the calcite
plane would minimize retiming phase effects. This can be seen from the magnification relationship

of % where increasing f; or decreasing fg causes the beam size to increase and 5 to decrease.

Scan Data through Glass

Galvo-scanning microscopy is a new development in T®M and comes at the price of an angle-
dependent retiming phase present across the scanned field-of-view. In order to determine how big
an impact galvo dependent re-timing phase has on this system, a cross-phase modulation (XPM)

image was taken in a glass slide at different fields-of-view. Since glass is homogenous and has
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no transient signal, a flat signal would be expected across the entire FOV in the absence of galvo
dependent re-timing phase. The measured data shown in Figure 2.53 indicates a phase shift of 80
#Rad and 96 pRad across a 30 um FOV due to scan angle for XPM images taken at the pump-
reference overlap (row 1, column 1) and pump-probe overlap (row 1, column 2), and a phase shift
of 342 Rad and 406 pRad across a 225 pm FOV due to scan angle for the pump-reference (row
2, column 1) and pump-probe (row 2, column 2) XPM images, respectively. The images shown in
Figure 2.53 have had the on-axis phase shift DC subtracted so only the spatially-dependent phase

shift is portrayed.

Galvo-Dependent Phase Shift in Glass XPM (uRad)
T=-1.2ps 7=00ps

30um FOV

300
200
100

-100
-200
-300

225um FOV

Figure 2.53: The top row shows the XPM images in glass measured at the pump-reference and pump-
probe overlap peaks for a 30 gm x 30 pm FOV. The red scale bar is 5 pm wide. The bottom row shows
the XPM images measured at the pump-reference and pump-probe overlap peaks for a 225 pym x 225 ym
FOV. The square box in the center of each image outlines the FOV for the top row images. The scale for
all images is the same and shows phase shift as a function of position with units of zRad, where the on-
axis phase shift has been DC subtracted.

Clearly, the larger field of view sees a stronger galvo-dependent phase shift ®g,,,. One possible

way to completely mitigate this effect could be to add in de-scanning prior to the retiming calcite.

88



2.8 Results

This section presents the results of measuring transient absorption and transient phase in glass,
a graphene monolayer, bovine hemoglobin in solution and in live human red blood cells. The probe

wavelength of 800 nm is considered off-resonance for the hemoglobin and red blood cell samples.

2.8.1 Cross-phase Modulation Measurement in Glass

Delay Scan in Glass 218 1.62
400 T T T T T T A T
200 .E ]
i
§ 2
g = S
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2 2 <
&
-200 - E
s Cross-Phase Modulation
= Two Photon Absorption
_400 1 1 1 1 1 1
3 2 -1 0 1 2 219 3-1.62

Delay (ps)

Figure 2.54: An initial delay scan in borosilicate glass revealed a cross-phase modulation detectable by
transient phase, and a very small two photon signal measured with transient absorption. At the focus, the
pump power is 3.9 mW and the probe power is 0.78 mW. The pump-induced phase shift ®pgyr = {—206 :
204} pRad.

First we acquired a delay scan in a glass microscope slide (Figure 2.54). Glass has a minimal
absorption at the probe wavelength of 800 nm and the interaction that occurs between the sample
and the pump pulse is instantaneous. Thus, the width of the cross phase modulation pulses gives
us an estimate of pulse duration for our reference and probe pulses as they overlap with the pump
pulse in time; these pulses are ~350 fs in duration. The pump-induced phase shift ®rgy =

{—206 : 204} uRad after converting the measured voltage to phase.

2.8.2 Graphene Monolayer

Next we explored the 2D and 3D nonlinear response of a graphene monolayer on a 0.5 mm

quartz substrate placed on top of a 1 mm glass microscope slide. Previous works looking at
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graphene have utilized transient absorption to analyze graphene carrier dynamics [30, 31]. It is
a material that shows promise for use in various applications including electronics and drug de-
livery making it a popular research target [32]. Here, graphene serves as a control material to
compare TAM with T®M since it has a strong transient absorption response at our pump and

probe wavelengths.

Time-Domain Spectroscopy

An initial delay scan taken in the center of the sample revealed a stronger transient absorption

vs transient phase response with a decay time of ~2 picoseconds.

Delay Scan in Graphene 41033
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Figure 2.55: A transient absorption versus transient phase delay scan in monolayer graphene. At the fo-
cus, the pump power is 7.8 mW and the probe power is 0.97 mW. The transient phase signal ranges from
-15 pRad to 22 pRad.

The first peak at 7 = —1.2 ps corresponds to the pump-reference overlap and has a maximum
phase shift of ey = 22 pRad and the second peak at 7 = 0 ps corresponds to the pump-probe

overlap with a maximum phase shift of ®r¢)\ = —15 pRad.

Imaging
Image stacks were acquired at the edge of the graphene sample where we expected to see some
variation in the deposition of graphene on the quartz substrate. A calibration image was acquired

after setting the half-waveplate for phase measurements and the angle of incidence for the first
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calcite for a "balanced" state (i.e. V4 — Vp = 0) with the pump blocked. Ultilizing the power
measured on one of the photodetectors after setting the balance, the acquired calibration image
can be used to back out a map of ground-state (in the absence of the pump) phase changes which
can change the starting "balance state" V4 — Vg spatially. Stated differently, the calibration image
accounts for ground refractive index changes that alter the spatially-dependent starting voltage,
where the on-axis starting voltage is set to zero indicating a "balanced state". This allows the units
of the measured transient phase image to be converted to uRad. From Figure 2.56 the edge of the

sample can be seen and give context to interpreting the image stack in Figure 2.57.

Calibration Image (V) XPM: -1.2 ps (uRad) XPM: 0 ps (zRad)
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Figure 2.56: Graphene phase calibration image and the peak XPM images with calibrated units of phase
(uRad). The phase shift in the XPM image at -1.2 ps ranges from {-2.16 : 11.59} pRad and the phase shift
in XPM at O ps ranges from {-7.07 : 2.18} pRad.
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An image stack was acquired for both transient phase and transient absorption at the edge of the
graphene and are compared with output from the lock-in amplifier (V) (Figure 2.57). The transient

absorption measurements still provide better SNR, but similar structural information can be seen

in both techniques.

2.8.3 Hemoglobin and Red Blood Cells

Next we moved onto a biological sample. First we looked at the spectroscopy of a hemoglobin
sample prepared with 9 mM of bovine hemoglobin lyophilized powder (Sigma-Aldrich H2500) in
phosphate buffer solution. Then we imaged a droplet of whole blood placed on a Poly-L-Lysine

coated microscope slide with a glass coverslip. The whole blood used was acquired from healthy
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Graphene Monolayer: Image Stack
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Transient
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Figure 2.57: Intensity is measured in voltage from the lock-in amplifier output. The scale bar is 25 ym
wide. At the focus, the pump power is 7.8 mW and the probe power is 0.97 mW.

donors by venipuncture by Dr. Liszt Madruga of the Department of Chemical Engineering (CSU)
working under Prof. Matt Kipper of the Departments of Chemical & Biological Engineering CSU)
and Prof. Ketul Popat of the Department of Mechanical Engineering (CSU). The protocol followed

was approved by the Colorado State University Institutional Review Board.

Time-Domain Spectroscopy of Hemoglobin

The hemoglobin sample showed a ~ 2.5 ps decay curve (top row in Figure 2.58). Interestingly,
hemoglobin demonstrated a pump polarization dependent signal with differences between the po-
larization sensitivity of the transient absorption vs transient phase measurements (bottom row of
Figure 2.58), which would be impossible to observe if the pump combining dichroic was placed
before the probe-reference splitting calcite like in [4, 5]. With transient absorption the pump-
reference overlap showed a polarization dependence while the pump-probe overlap did not. For
the pump-reference overlap, the strongest signal occurred with an s-polarized pump. With transient
phase both overlaps demonstrated a polarization dependence; the pump-reference overlap shows
the largest signal for the s- polarized pump and the pump-probe overlap shows the largest signal
for the p- polarized pump. With a 45°pump, the transient phase signal ranges from {21.9 : 26.35}
#Rad. With an s-polarized pump, the transient phase signal ranges from {-25.55 : 17.55 } pRad.

Finally, with a p-polarized pump, the transient phase signal ranges from {-16.15 : 38.45} pRad.
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Delay Scan in 9mM Hemoglobin

45° Polarized Pump
T T T

T T T T

01 Transient Phase
Transient Absorption
_ 0.05
=
o 0
(=)
&

-0.05

-0.1

Transient Phase

0.1 40
45° pump
0.05 S-pol pump 5 20
< P-pol pump C‘CS
: 0 e A SRR ‘q:; 0 e e
4 i .
45 pump
-0.05 o--20 S-pol pump
P-pol pump
-0.1 -40
2 1 0 1 2 -2 -1 0 1 2
Time (ps) Time (ps)

Figure 2.58: Delay scans in 9 mM bovine hemoglobin powder in phosphate buffer solution; the pump
power at the focus is 0.81 mW and the probe power at the focus is 0.73 mW. The top row shows a compar-
ison (in V) of the measured transient phase (black) and transient absorption (pink) delay scans for a 45°
polarized pump beam. The first peak occurs with overlap of the pump-reference pulses at 7 = —1.2 ps and
the second peak occurs with overlap of the pump-probe pulses at 7 = 0 ps. The bottom left image com-
pares three transient absorption delay scans for different pump polarizations and the bottom right image
compares three transient phase delay scans for different pump polarizations.
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Red Blood Cell Imaging

Imaging human red blood cells we expected to see a predominant signal from hemoglobin
and a similar SNR from the two techniques (based on the results from the delay scans), however
transient phase demonstrated a stronger signal than transient absorption in this case with clearer
structural details due to XPM. Figure 2.59 shows a comparison of T®M and TAM for imaging the
transient decay in RBC. All of the images are shown on the same intensity scale; the overlaps with
the pump-reference at 7 = —1.20 ps and with the pump-probe at 7 = 0 ps show the strongest

signals and good structural detail for TOM.

Red Blood Cells: Image Stack
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-

F
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Figure 2.59: Image delay stack of live red blood cells. The scale bar is 10um wide; the intensity axis de-
notes voltage.

These cells were suspended in plasma beneath a coverslip on a Poly-L-Lysine slide but it was
observed that the cells did not adhere to the slide. During the time it took to acquire image stacks
the cells migrated significantly. Figure 2.60 shows a calibration image acquired before the imaging
session (left) and after the imaging session (right). Clearly the images are not the same; thus a
spatial mapping connecting ®y(x,y) to the transmitted power measured at (z = 0,y = 0) cannot
be made in correspondence with the measured transient phase images since the power scaling

factor a in Equation 2.82 is not known spatially.
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Calibration Images
Before Imaging Session After Imaging Session

-10 0 10

Figure 2.60: Comparison of a transient phase calibration image taken before the imaging session (left) vs
after the imaging session (right). The red blood cells have drifted position during the length of the imaging
session.

2.9 Conclusion

The purpose of this research was to evaluate T®PM as a complement to TAM for constrained
probing wavelengths. If the TAM and T®M spectra are not known for a particular sample, mea-
suring both TAM and T®M may uncover that one technique is advantageous to measure over the
other. Conveniently, the microscope design presented here allows for an easy transition between
TAM and T®M measurements. In the future two changes to the microscope design here could be
made to improve the utility for T®M; first, the dichroic beam combiner could be swapped for a
50/50 beamsplitter. While this would cut the power at the combiner by half, it would also elim-
inate the polarization-dependent effects that we have shown negatively impact the SNR of TOM.
Additionally, descanning could be added prior to the retiming calcite to remove the spatial depen-
dence on retiming phase. Another interesting route forward would be to swap the pump and probe
arms of this microscope and place the tunability on the pump. Then the impact of pump excitation

wavelength could be evaluated in conjunction with a NIR probe wavelength for TAM and T®M.
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Chapter 3
The Development of a Compact Reflectance Confocal

Fiber Scanning Microscope

In the previous chapter the microscope utilized a point-scan imaging technique controlled by
fast scanning mirror galvanometers. Galvanometers are commonly used actuators that can achieve
high frame rates [1] with precise positioning, but they are large, bulky, and not suited for small,
compact, point scanning designs. In this chapter, we present the development of a compact fiber
scanning microscope that uses an alternative actuator: a miniature piezoelectric tube. Actuation
influences important parameters of an imaging device such as size, weight, frame rate, field-of-
view (FOV) and image reconstruction for point-scanning techniques. Current literature around
piezoelectric actuators focuses on device optimization with a fixed FOV but neglects adjustabil-
ity. Here we introduce an adjustable FOV piezoelectric fiber-cantilever microscope and provide
a characterization and optimization procedure. To overcome calibration challenges we utilized a
Position Sensitive Detector (PSD) and address trade-offs between FOV and sparsity with a novel
inpainting technique (Chapter 4). Overall, this work furthers optimization research into compact
actuation designs to support the future development of smaller medical imaging devices, helping
to bridge the gap between laboratory and clinic.

This chapter is structured to first introduce the light source and system design followed by an
in-depth review of the design and construction process. The remaining sections describe the char-
acterization and calibration of the final microscope build (Version 3.3) and present an evaluation

of the system imaging performance and limitations.

3.1 Background

In this project, we are measuring the reflected and back-scattered light from a sample with

a technique known as reflectance confocal microscopy (RCM). Confocal microscopy is a simple
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imaging technique that requires few optical components; the hallmark attribute of a confocal sys-
tem is the use of a spatial filter (a pinhole) placed at a specific plane to prevent out of focus light
from being collected by the detector. The only requirement for the light source is that it interacts
with the sample and is collected by the detector in either a transmission or reflection geometry.
Figure 3.1 shows an example of a reflection confocal geometry; a typical setup has an illumination
source which is focused onto the object and separated from back-reflected light using a beam-
splitter. The detector and pinhole are placed 1-f away from the closest relay lens that is focusing
the light. In order to scan different axial planes, the sample can be raised or lowered through the
focus. Note the majority of the light emitted from planes below and above the focus is blocked by
the pinhole. Due to the pinhole configuration, this technique typically uses a single pixel detector
which records light intensity as a function of time. Additionally, the extension of this technique
to imaging applications typically requires point-scan imaging. In point-scanning the focal point is
swept across the object and the beam position is recorded in time in conjunction with the reflected

intensity.

Detector

Time (s)

>
Reflected Intensity
| %

Pinhole

Light Source

Focal
Plane

Sample

Figure 3.1: Reflection setup for confocal microscopy
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Light incident upon a sample will either be transmitted, absorbed, scattered, or reflected [2].
The signal being measured in this system is related to the reflected light intensity which is in turn
related to the refractive index of a sample. The Fresnel equations calculate the amplitudes of the
reflected and transmitted light, which are reliant upon the angle of incidence, polarization, and
refractive indices of the incident and object medium [2]. Snell’s law n; sin 6; = n; sin 6, allows us
to determine the angle of refraction for the transmitted light, and the law of reflection informs us

that the reflected angle equals the incident angle [3]. The Fresnel reflection coefficients are

. sin(@t — 92)
" Sin0, + 0, 3.1

"= Yan(0, + ;)

Note the subscripts s and p denote s- versus p- polarized light incident on a medium. Clearly
the amount of reflected light we measure (/ o< r5 + 7,) varies as a function of the refractive index
of a material when Snell’s law is plugged in. If a material has a complex refractive index (ie
N = n +ix), then N replaces n. Thus for materials with a complex refractive index (i.te. non-
transparent materials for visible light), the reflected light contains information about the refractive

index and the absorption properties of a material [3].

3.1.1 Light Source

In our system light is supplied from a 10 mW 785 nm CW laser diode (Thorlabs LPS-785-
FC) and diode driver (Thorlabs CLD1010). The output of the laser diode is connected to a non-
polarization maintaining fiber optic cable. At the output of the fiber optic the light is likely a mix
of polarization states even though the light exiting the laser diode is linearly polarized; it has been
shown that birefringence can occur in single mode optical fibers due to imperfections in the core
geometry (deviating from a circular cross-section) as well as compressive stress when the fiber is
bent [4], which would alter the input polarization state. Next, the light exits the fiber optic with a

numerical aperture (NA) of 0.13 and is relayed by two plano-convex lenses in a 4-f configuration
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to the imaging plane. Light is collected in the reflection geometry and the fiber optic core and
cladding act as a pinhole, rejecting out of focus background light. Due to this confocal geometry
our initial point spread function dictating our lateral resolution at the imaging plane is multiplied
by itself upon collection, providing an increased lateral resolution than would be possible without
a confocal measurement. The next section describes a derivation for the lateral and axial point

spread functions used to determine the resolution of scanner version 3.3.

Derivation of Lateral and Axial Point-Spread Functions

Optical resolution is dictated by the lateral and axial point spread functions (PSFs). Here we
define resolution as the full-width at half maximum (FWHM) of the fitted PSFs. Mode Field
Diameter (MFD), the e% beam width, is related to FWHM and beam radius, wy, by MFD = 2w, =
1.699 x FWHM.

In reflectance confocal microscopy the point spread function of the system is convolved with
the object being imaged then multiplied by itself on the return path back through the confocal
pinhole [5]. Assuming a standard Gaussian laser beam at the sample plane with the intensity

distribution,

2
I(r,2) = Io( o ) e~ 2 /w@)* (3.3)

w(z)
where the z-dependent spot size is w(z) = wo+/1 + (z/zr)?, the PSF for both illumination and

collection is multiplied leaving us with the square of the intensity:

4
PSF(r,2)? = I(r,2)* = I ( VZO)) e~ 4 /w2, (3.4)
w(z

To determine lateral resolution, we utilized the “knife edge” method [6][7][8], where we translate

a reflective sharp edge across the beam at the focal plane. This measures reflected power, P, as a
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function of x-position of the knife edge,

P(xy) / / z,y)*dydz (3.5)
Ty —

where the coordinate x;, = (x,y) is where the measurement is made and the cross-sectional inten-

sity profile of a Gaussian (TEM ) mode is
G(x,y) = PSF(r, z = 0) = [ye 2@/ (3.6)

The response measured by the photodetector when only translating the knife edge along the x-axis

can then be written by

P(x3) / / L2+ qyd, (3.7)
Ty —

Utilizing u-substitution we can simplify this further to

P(x )_PW VT / e~ Ve dy. (3.8)

From [8] we can cast this measurement in terms of the complementary error function,

/ e~ 2qy, (3.9)

erfc(x

E\H
3

such that

Wo

P(zy) = Igwoﬂgerfc <ﬂ> , (3.10)

where u = 21/8/w,. We can directly fit the complementary error function to the data and deter-

mine the beam radius, wy.

104



Likewise, the axial PSF can be measured by detected power from a reflective surface that is

scanned in z:

o] 0 4
P(z) = / / PSF(r, 2)2dz dy = I(2)* = I2 (W“(’z)) = 2 (ﬁ) (3.11)

3.1.2 Microscope Overview
Actuation

In order to create an image our scanner utilizes the mechanical resonance of a cantilever, trans-
lating micrometers of displacement of a piezoelectric tube into hundreds of micrometers of dis-

placement of a cantilevered optical fiber.

Piezotube

Bushing

Ceramic Ferrule .
. Fiber Optic

11.5mm

Figure 3.2: Exploded view of the cantilever components. The solder balls on the piezotube are visible but
the quadrant electrodes are not shown. The optical fiber is seated inside a ceramic ferrule which press-fits
into the bushing. The bushing is glued to the inside of the piezotube.

The actuator assembly consists of four components: the piezoelectric tube, a bushing, a ceramic
ferrule and an optical fiber (shown in Figure 3.2). The optical fiber is a single mode fiber (Thorlabs
780HP) and is held concentric to the four-quadrant cylindrical piezotube. 11.5 cm of the fiber
optic extends past the ceramic ferrule, and the base of the fiber is secured as it enters the ferrule
creating a cantilever geometry. The piezotube itself is also a cantilever with the free end facing
the fiber optic. A distinct benefit of utilizing a piezotube to drive fiber motion is that the actuator
size is small, though it does require a high-voltage control scheme. Competing micro-actuation
techniques include electromagnetic, electrothermal, and shape memory alloys, among others (see
[9] for a thorough review of actuation techniques). In addition to the small convenient form factor,
by utilizing piezoelectric actuation we are able to take advantage of a wide driving frequency range,

which accommodates flexibility in various fiber resonances.
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System Design
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Figure 3.3: High-level system design. DAQ-Data Acquisition, Xin/Yin - Input waveforms to the High
Voltage Amplifier (bounded 0-1V), X Amp./Y Amp. - Output High Voltage Waveforms, BS - Beam Split-
ter, CW - Continuous Wave Laser Source

As previously stated, the fiber optic acts as a confocal pinhole for imaging in the reflection ge-
ometry which rejects out-of-focus reflections and enables optical sectioning [10, 11]. Additionally,
in the cantilever design, we can take advantage of an adjustable field of view which is dependent
on the applied driving voltage. Figure 3.3 displays the entire system diagram.

The optical fiber cantilever is created by cutting a patch cable in half and cleaving the free
end. The glass fiber optic (Thorlabs 780HP) has a 0.13 NA, 125 pm diameter cladding, 4.4 pym
diameter core, and 5.0 um nominal mode field diameter. The optical fiber is threaded through a
2.5 mm diameter ceramic ferrule, which is press fit into a custom made bushing so that half of
its length is inside the bushing. Finally the bushing is slid into the front of the piezotube. This
assembly places the fiber cantilever at the end of the base piezotube cantilever. Small deflections
by the base cantilever will amplify into larger deflections by mechanical resonance in the fiber
optic cantilever.

We use a computer controlled data acquisition (DAQ) module (National Instruments USB
6211) to send sinusoidal driving waveforms to the homebuilt high voltage amplifier. The high
voltage differential output is applied to opposite electrodes on the four-quadrant piezotube (see

Figure 3.4) at frequencies near the resonant frequency of the fiber cantilever.
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Figure 3.4: Driving axes of the piezotube. The cross-section shows a front view of the tube and locations
for the X and Y axis high-voltage electrode contacts. Application of a sinusoidal voltage across the +/-

Y electrodes drives a vertical cantilevered response of the free end of the piezotube. A sinusoidal voltage
across the +/- X electrodes drives a horizontal cantilevered response of the free end of the piezotube.

Light from the fiber tip is relayed to the object focal plane with a 4-f lens system; and then
recollected in the reflection geometry. We use a thin glass coverslip to pick off ~ 4% of the
excitation beam before L1, which is redirected onto a 9mm square position sensitive detector
(PSD) (see Figure 3.5).

The PSD tracks the beam position during scanning and has two outputs to track position,
Az and Ay, and a normalization reference, SUM. The beam positions are calculated {x,y} =
Lz nA{x,y}/2 SUM, where L, and L, are the X and Y dimensions of the PSD active area,
respectively. We use a 10mW 785nm CW laser diode (Thorlabs LPS-785-FC) and diode driver
(Thorlabs CLD1010) as the light source which passes through a 50:50 fiber optic coupler (Thor-
labs TN785R5F2). Backreflections from the sample pass back through the coupler to an amplified
photodetector (Thorlabs PDA36A?2). During scanning, the DAQ synchronously collects this signal
along with all three PSD pins at a rate of 62.5kHz. This low sampling rate compounds issues of
sparsity that we encounter at larger driving voltages.

Details of the custom piezo driver are posted in a GitHub repository [12]. In brief, the high-
voltage amplifier is a power op-amp (LM675) driving a step-up transformer (Talema 62020, toroidal

power transformer, 5.0 VA, 7V/14V secondary, 115V/230V primary). It has a gain of 120, an out-
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put range of 6V to 240V and relies on a 12V DC power supply. This arrangement provides several
high-voltage safety features: There is no need for a high-voltage power supply to power the ampli-
fier, no high-voltage is present when there is no input signal, and the transformer provides intrinsic
electrical isolation. A minor disadvantage is it cannot provide high-voltage DC and the frequency
range is limited at 50 Hz to 2 kHz.

Tracking the fiber position in real-time is important for accurate image reconstruction, espe-
cially with resonant actuation where the fiber-optic cantilever is sensitive to handheld motion, me-
chanical perturbation, and general nonlinearities. Various approaches have been taken to address
fiber-tip tracking such as recording an initial calibration scan before continued use [13], construct-
ing a two-headed scanner with a lock-in to determine phase [14], implementing a control loop
[15] [16], using a maximum image correlation algorithm in post-processing [17], utilizing a CCD
which collects segments of a trace over many cycles to build up an image [18], and sensing coils
which are calibrated during the ring-down of a scan [11]. All of these methods are comparatively
complicated, slower, or not able to capture subtleties of motion blur and short-lived nonlinearities
in frame to frame changes of a scan pattern compared to an integrated PSD in the scan head. We
believe this technique has been significantly overlooked in the literature, having found only one
paper making use of an integrated PSD [19]. PSDs are available as off-the-shelf components, are
very easy to implement and calibrate, and provide continuous, beam tracking data for robust image
reconstruction. A limitation we have found while utilizing the PSD is related to a strain-induced
birefringence in the non-polarization-maintaining fiber optic cable. When the cable is moved, we
have found that the front and back polarization-dependent surface reflections on the PSD from
the coverslip can differ in intensity. Since the PSD takes the centroid of the intensity distribu-
tion incident upon it, differences in intensity between the two beam spots on the PSD make the
beam appear to be moving when it is physically stable. This limitation can be mitigated with a

polarization-maintaining fiber or by using a non-polarizing beam splitter in lieu of a coverslip.
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Figure 3.5: 4- f imaging design with a PSD. The main light path is imaged from the fiber tip through Lens
1 (L1) and 2 (L2) to the focal plane and reflected light retraces this path to be captured by the fiber tip. A
secondary light path is picked using a glass coverslip prior to L.1 which sends approximately 4% of the
main light towards Lens 3 (LL3) and the PSD due to the backreflection off the coverslip surface.

3.2 Construction

Three versions of this scanner were constructed, moving the scanner from a state of exposed
parts to an enclosed and portable system mounted to an optical breadboard. Throughout the it-
erations of design and construction the two primary challenges were to design a concentric, re-
placeable and repeatable fiber mounting assembly and to design a cheap, enclosed, and portable
microscope housing.

Figure 3.6 shows the evolution of the fiber mount and housing assemblies. The next two sec-

tions provide details on the upgrades made with each version.

3.2.1 Fiber Mounting Assembly

The fiber mounting assembly connects the optical fiber as a cantilever to the piezotube actuator.
Three important aspects drove the design changes between versions 1 and 3. First, the fiber optic
needed to be mounted concentric to the axis of the piezotube. This was important to ensure that
when the assembly was enclosed with lens tubing that the light from the fiber optic was on axis with
the relay lenses. Off-axis tilt of the fiber cantilever would result in imaging aberrations. Second,

the base of the fiber cantilever needed to be secure within the piezotube. The piezotube is hollow
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Figure 3.6: Various fiber scanner constructions and fiber mounting mechanisms.
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with an internal diameter of ~3.7 mm and the fiber optic has an outer diameter of 2.5 mm. This
leaves a gap of about 1.2 mm between the fiber optic and internal wall of the piezotube where the
fiber optic needs to be securely fastened. Poor fastening can cause increased dampening of the
fiber optic cantilever (meaning a smaller scan range/field-of-view) and a transfer of downstream
fiber optic motion to the cantilever (which would add unwanted distortions to the scan pattern).
Finally, in the event that the fiber optic breaks, it would be ideal for the fiber to be able to be
replaced without having to also replace the piezotube.

Figure 3.7 shows a visual of the various mounting approaches taken. In version 1 of the scanner
(created by previous graduate student Erkang Wang), the optic fiber was UV glued into the piezo-
tube. He centered the fiber by eye and then used UV light to cure the glue. Several problems arise
with this approach: first the room for variation in the distribution of UV glue make it a difficult
process to repeat. Second, the concentricity of the fiber within the piezotube is not precise since it
is centered visually. Thirdly, if the fiber were to break in this setup the entire piezotube would need
to be replaced; ideally our setup would allow for the fiber to be re-cleaved and mounted without

discarding components were it to break.
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Figure 3.7: Different methods of fiber gluing explored

Version 2 iterated on this design with the addition of a thin acrylic alignment ring (row 2).
This ring sat on top of the end lip of the piezotube and the fiber passed through the center hole,
however since the acrylic ring sits outside of the piezotube it still needs to be visually centered.
Additionally, this design would still require a piezotube replacement in the event of fiber breakage.

Version 3 utilized a two part assembly: a plastic bushing and an off-the-shelf fiber optic ferrule.
I machined the plastic bushing (the ferrule holder) to slip fit over the Thorlabs ferrule (CF128) and
inside of the piezotube (see Figure 3.8). The lip on the ferrule holder acts as a stopper on the edge
of the piezotube. This mounting style better secures the fiber inside of the ferrule and creates a
stronger cantilever base. The buffer holder (a 1" long plastic tube) acts as a stabilizer to rigidly

hold the fiber optic seated inside additional furcation tubing (buffer) right after it exits the backside
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of the piezotube. This helps keep the fiber and piezotube concentric and reduces the chance of

angular strain at the backside of the ferrule.

Ferrule Piezotube

Buffer/Furcation Tubing

Fiber Optic

Ferrule Holder
Buffer Holder

Figure 3.8: Fiber mount assembly V3.3: the optical fiber is glued to the inside of a Thorlabs ferrule which
press-fits inside of a machined plastic ferrule holder. The external diameter of the ferrule holder matches
the internal diameter of the piezotube with a lip added to secure the holder in place. A machined buffer
holder backs up to the end of the piezotube to reduce strain on the fiber optic.

For Version 3.2 Loctite epoxy EA E-00CL was used to glue the bushing to the inside of the
piezotube and UV glue was used to anchor the ferrule to the bushing and the fiber to the ferrule
(row 3, Figure 3.7). In this setup if the fiber breaks, the ferrule can be removed from the bushing
by carefully chipping away the UV glue holding the ferrule to the bushing. Then the fiber can be
mounted into a new ferrule and re-cleaved before the ferrule is reattached to the bushing; this task
can be cumbersome though. In Version 3.3, Loctite epoxy was still used to anchor the bushing into
the piezotube, but a Thorlabs fiber connector epoxy F120 was used to secure the fiber optic inside
of the ferrule instead of the UV glue (row 4, Figure 3.7). Additionally no glue was used to attach
the ferrule to the bushing, and the press fit is the only force securing the two together. This design
addresses issues of concentricity with machined precision, provides a stable cantilever base for the

optical fiber, and allows the assembly to be re-used even if the fiber breaks.

3.2.2 Housing

The housing structure encloses the fiber optic/actuator assembly and the relay lenses. The

design requirements for the housing included a full, portable enclosure (i.e. so the scanner can
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be handheld) and a cost-effective repeatable design. The first scanner version did not include any

form of enclosure; the parts were simply attached to the optics bench independently.

Angle bracket

Fiber optic

- NN

HV wires

Figure 3.9: (A) photograph of the V2 scanner. An acrylic angle bracket was used to anchor the piezotube
inside of the lens tubing. (B) slits cut into the acrylic allowed the high voltage (HV) wires to feed through
and connect to an adapter on the opposite side of acrylic. Note the back of the angle bracket is exposed.
(C) The lack of tip/tilt and lateral/vertical shift control in this version meant that if the piezotube was not
seated perfectly then the fiber optic could extend off-axis to the lens tubing.

Version 2 included mounting the relay lenses inside of lens tubing and the addition of an acrylic
angle bracket (courtesy of the 2020 senior design team) was installed to help with cable manage-
ment for the high voltage supply to the piezotube and the fiber optic cable. Figure 3.9 (A) shows
the acrylic angle bracket attached to the lens tubing and the connected fiber optic cable. The angle
bracket included a depression to anchor the piezotube, however securing the piezotube so that both
the tube and the fiber optic were concentric to the lens tubing was a challenge. Figure 3.9 (C)
shows an example of the impact when the piezotube was not seated properly in the angle bracket.
Off-axis fiber tilt could be severe with respect to the center axis of the lens tube due to the lack of

tip/tilt and lateral/vertical shift control in this design. Additionally, this design did not include an
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enclosure for the wire connections that provide the high voltage connection to the piezotube and
the fiber optic cable experienced strain with how it was held by the angle bracket. Figure 3.9 (B)
shows the front and back sides of the angle bracket where slits cut into the acrylic feed through the
high voltage (HV) wires that control the piezotube. Note that the backside of the angle bracket is

exposed.

Piezotube Holder
External
Housing (#1)

/
/

Fiber Optic Jacket

Figure 3.10: Version 3 housing changes: the piezotube was mounted into a holder with a deeper depres-
sion to seat the piezotube. The high voltage wires feed through slots next to the tube. The piezotube holder
is mounted inside the first piece of a two-part external housing setup.

In version 3, the backside of the piezotube has a snug fit into the piezotube holder with slots
cut so that the piezotube wires can feed through (see Figure 3.10). The buffer holder is also held
in place by the piezotube holder. In order to address issues of fiber tilt once mounted into the
ferrule & piezotube, a spring and screw-based tilt system was created between the interface of the
piezotube holder and the Thorlabs 1" flange to lens adapter. Additional external screw holes allow
for slight lateral and vertical adjustment of the fiber axis relative to the center axis of the lens tubes

attached to the 1" flange to lens adapter (see Figure 3.11).
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Figure 3.11: Addition of alignment control to the V3.3 housing design; tension screws were added to the
four corners connecting the 1" flange to lens tube adapter to the piezotube holder providing tip and tilt
control of the fiber optic with respect to the center axis of the lens tubing. A vertical and horizontal screw
and spring pair additionally provided slight lateral and vertical shift control of the fiber optic.

This final housing design fully enclosed the fiber mount/actuator assembly with adjustment
capability for aligning the piezotube and fiber optic down the center axis of the lens tubing. Ad-
ditionally an external housing provided cable management for the high voltage wires and reduced
strain on the fiber optic cable feeding into the piezotube. This setup is not attached to the opti-
cal breadboard and can be picked up. Finally, many components of this design were 3D printed
(included the external housing and piezotube holder) or machined in the machine shop (plastic
bushing and buffer holder) and the tip/tilt and lateral/vertical shift control was incorporated with
simple screw and spring assemblies thus driving down overall design costs. Figure 3.12 shows

photographs taken during the construction of V3.3. See the appendix page 178 for a build tutorial.
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Figure 3.12: Housing build for V3.3. (A) the piezotube seated into the 3D printed piezotube holder. (B)
the tip/tilt control setup between the piezotube holder and the 1" flange-to-lens tube adapter. (C) the in-
side of the external housing #1; screw and spring pairs for lateral/vertical shift are shown and poke-home
connectors attached to high-voltage connections from the HV adapter are shown. (D) mounting of the
piezotube holder into the external housing #1. (E) A side view of the piezotube holder, piezotube, tip/tilt
control, and the buffer holder to fiber optic cable extending out of the back. The inset shows the Thorlabs
ferrule seated inside the machined ferrule holder. (F) The ferrule/ferrule holder mounted into the end of the
piezotube. (G) The two external housing pieces (#1, #2) combine to create a full enclosure. (H) The final
housing assembly before adding relay lenses/tubing, the PSD, and external housing #2.

3.2.3 Major Design Changes and Observations

One major design change that occurred between versions 2 and 3 was the incorporation of a
position sensitive detector (PSD) for continuous beam tracking. The initial plan for reconstructing
an image with the version 2 fiber scanner was to utilize the PSD at the focal plane to capture an
initial calibration scan pattern for post-processing image reconstruction. Early on it was observed
that the actual fiber scanning trajectory deviated from the theoretical scan pattern. Incorporation of
the PSD in version 3 meant that any changes in the scan pattern between images would be captured

whether due to mechanical nonlinearities or noise.
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Additional observations found that laser feedback from back-reflections at fiber-to-fiber con-
nections when the diode was run at full power was contributing noise to the measured signal.
The specifications for the laser diode (Thorlabs LPS-785-FC) place the the working drive current
around 50 mA. However, a measured current vs output power curve for our laser diode unit (see
Figure 3.13) found that 1) we had a measured maximum driving current of ~47 mA before we hit
the maximum output power of 10mW (less than the specifications) and 2) that reducing the driving
current even more (down to ~39 mA with an output power of ~7 mW) was found to minimize the
effects of back-reflections but at the expense of reducing the overall system power. With an optical
loss of 83.8% this leaves only ~1.13 mW to be measured at the focus for an input power of 7
mW; for a reflective sample like the resolution card enough light is reflected back to the detector to
measure a signal. However, if the sample is scattering, the measured signal is not strong enough to
surpass the noise floor. For a future version the installation of polarization maintaining fibers would
change the fiber connections from FC to APC to help reduce back-reflections at fiber-to-fiber con-
nections. It would also allow a polarization maintaining beamsplitter to be used which only splits
the light on the return path, not both the outgoing and returning paths as the current beam splitter
does. Polishing the fiber optic tip to an angle of 8 degrees [20] would also help reduce back-
reflections. Additionally, a higher NA imaging system could be used to increase the collection
efficiency, or an isolator could be added after the laser diode output to prevent back-reflections.
Finally, a higher powered laser diode could be purchased; our diode has a specified output power
of 10mW, however Thorlabs creates laser diodes that would work with our driver at output powers
of 20mW (LP785-SF20) and laser diodes with powers up to 100mW (LP785-SF100), though these
might require a different TEC and driver (CLD1011LP).

A final observation of version 3.3 was that when the fiber optic cable outside of the external
housing experienced motion (but no voltage was applied to the piezotube), the PSD detected mo-
tion. Physically, it is highly unlikely that the fiber optic cantilever is actually moving (it is adhered
to the inside of the 10 mm long ferrule and downstream motion should be decoupled). However, it

is hypothesized that polarization-dependent bending loss in the optical fiber could be causing the
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Figure 3.13: Measured current vs. output power curve for laser diode unit LPS-785-FC (Thorlabs).

false motion recorded on the PSD. A glass coverslip is used to direct ~ 4% of the laser to a posi-
tion sensitive detector (PSD) for recording the laser position. A front and back surface reflection
on the coverslip results in two points of light being focused onto the PSD and the PSD measures
the centroid of these two back-reflections to determine position. If polarization-dependent bending
loss occurs in the fiber optic cable when it is jostled it could cause the intensity of the polarization-
dependent back-reflections to change ultimately shifting the centroid measured by the PSD. Thus,
motion is detected by the PSD even when the fiber is stationary. This issue needs to be addressed
before the system can be handheld; in the future, the use of polarization maintaining fibers should

be able to mitigate this effect.

3.3 Characterization

The characterization procedure developed for the various version of fiber scanners built in-
cluded evaluation of the cantilever resonant frequency response, an optimal selection of driving
frequencies, measurement of the transformation matrices to compensate for misalignment between
the cantilever eigenaxes fo the fiber and piezotube, and of optical resolution. Each of these factors
is fully dependent on the fiber type, fiber length, and model-to-model variations in the epoxying

and mounting of the fiber to the piezotube.
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3.3.1 Resolution

We performed a "knife edge" measurement [6][7][8] utilizing the reflected intensity in order
to determine the lateral resolution. The fit Gaussian complementary error function is shown in

Figure 3.14, where the fit beam radius is wg = 4.23pm leading to a FWHM of 4.98 um.

Lateral PSF: Gaussian Complementary Error Fit

Position (um)

Figure 3.14: The measured knife-edge response resulting from a lateral translation of a sharp edge across
a static beam path. Within a confidence interval of 95% the lower and upper estimates for wg are 3.87 pm
and 4.59 pm, respectively, with an R? value of 0.998 for the estimate of wo = 4.23um.

The specified mode field diameter (MFD) of the fiber at 850nm is 5 & 0.5 pum, which after
de-magnification by L1 and L2 estimates a FWHM of 1.47 um at the focal plane. Our relay optics
encompass a simple 4-f configuration utilizing a 1" diameter, uncoated, f=30mm, plano-convex
lens and a 1/2" diameter, uncoated, f=15mm, plano-convex lens.

From a beam radius of wy = 4.23 ym we expect a Rayleigh range of z, = (wimn)/\ =
71.6 pm, which is within the 95% confidence interval of our measured Rayleigh range. The data
collected for the axial PSF measurement revealed a primary lobe with two smaller side lobes,
indicative of spherical aberration [21][22], which is to be expected in the absence of corrective op-
tics. In order to estimate the axial resolution we only fit the primary lobe in Figure 3.15, revealing

a Rayleigh range of zp = 80.61 ym and an axial resolution of b = 2z = 161.2 um.
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Figure 3.15: The measured axial point spread function; reflected signal was measured against position as
a planar reflective target was swept through the focus. Within a confidence interval of 95%, the Rayleigh

range minimum and maximum estimates are 64.9 ym and 96.2 pm, respectively, and the R? value for the
estimate of zr = 80.61 pm is 0.9807.

Our measured lateral resolution is about 2.9X the theoretical resolution of the system. We
conjecture that our resolution could be improved if we increased the beam size to fill the back-
aperture of the second lens (currently we are filling ~62%), swapped our plano-convex lenses for
aspheres, altered the tube length of the second lens or added a corrective lens [23]. The NA of the
fiber and the focal length of the first lens set the beam diameter incident upon the second lens, thus
with a higher NA fiber or a longer focal lens first lens we could increase the amount of coverage
on the back-aperture of the second lens [10].

To see a protocol for acquiring the lateral and axial point spread function data, see page 171

and the associated code in [24].

3.3.2 Frequency Response

When driven on a single axis, the fiber tip (illuminated spot on the PSD) typically traces an
ellipse oriented on some diagonal, indicating a cross-coupling between the response axes of the
fiber versus the driving axis of the piezotube. Note the X-Y coordinate system of the PSD is not

aligned with the piezo tube, which accounts for part of the angle of the diagonal. With no cross-
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coupling the trace would be a straight line at an angle that is the relative orientation of the PSD
and piezo tube. The magnitude of the response is measured as the diagonal length of the bounding
box of the ellipse as shown in Figure 3.16, i.e. R = VAX? + AY? where (AX,AY) is the
peak-to-peak response on each PSD axis.

The first-order resonant frequency of the fiber is a function of the fiber cantilever length, thick-
ness and material (see [9] for the equation). The cantilever length is 11.5mm long where the free
end of the fiber extends beyond the end of the ferrule.

To determine the mechanical response of the fiber we perform independent sweeps of driving
frequency along the X and Y axes (as defined by the quadrants of the piezotube) for nine different
driving voltages, acquiring one second of data at each frequency in 0.5Hz steps. For this measure-

ment, the PSD was mounted at the focal plane of lens L2, rather than L3, to directly measure beam

displacement.
Measured Beam
— RMS Displacement
JAXZ+ AY?
- >
: . PSD
—— X-Axis

\/

Figure 3.16: Computing the magnitude of the frequency response vector, R, from the independently mea-
sured X and Y beam positions on the position sensitive detector.

Frequency response measurements are shown in Figure 3.17; one for driving the X-axis and

one for driving the Y-Axis of the piezotube. We show the measured voltage-dependent frequency
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response of the fiber by plotting fiber displacement responses versus driving frequency. The res-
onant frequency for both drive axes hovers around 805Hz, however, it is interesting to note that
with increasing drive voltage there is a slight blue shift of the resonant frequency (see the inset of
Fig 3.17). This could be due to a nonlinear “hardening” spring effect such as increasing centripetal
acceleration with increasing drive voltage[15]. We also report that with higher drive voltages, the

path the fiber traces is more circular, indicating more cross-coupling.
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Figure 3.17: Voltage-dependent frequency response of the cantilevered optical fiber when driven only
along the X axis of the piezotube (top figure) and the Y axis of the piezotube (bottom figure). The legend
denotes the voltage applied to the electrode contacts of the piezotube; the larger the applied voltage the
larger the peak fiber displacement. Inset: With increasing voltage we see increasing non-linearities and
distortions, and a shift in the peak resonant frequency from a lower to higher frequency. This shift is on the
order of 2Hz over a voltage range of 12V to 120V.
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A protocol for measuring the frequency response can be found on page 172.

3.3.3 Selecting Driving Frequencies

We follow the method outlined by [25] to select semi-resonant driving frequencies that best
manage frame rate and field of view. Typically, in Lissajous scanning the frame rate is defined as
the pattern repeat time and is equal to the greatest common factor between the two driving frequen-
cies. In a semi-resonant regime, the greater the frequency separation of the driving frequencies,
the higher the frame rate. However, this places the two frequencies at a lower amplitude on the
resonant curve, resulting in a smaller FOV for the same drive voltage.

As an example, our chosen frequency pair falls within 10% of the peak resonant displacement,
while the best frequency pair at twice the frame rate is less than 50% of the peak resonant displace-
ment at a drive voltage of 60V. The second row of Table 3.1 shows the fiber displacement tradeoffs

for a frequency pair at 3 fps and 6 fps.

Table 3.1: Fiber Displacement vs Frame Rate Tradeoffs

’ H 3 Frames/s 6 Frames/s
Frequency Pair 804 Hz, 807 Hz | 810 Hz, 798 Hz
X,Y)
Fiber 397um, 370pm | 187um, 172um
Displacement
(60V)
Smallest FOV 0.183 mm? 0.006 mm?
(6V)
Largest FOV 1.385 mm? 0.409 mm?
(90V)

If we compare this frequency pair at the smallest and largest usable driving voltages (shown in
the third and fourth rows of Table 3.1), we approximately find a 30x increase in the area covered at
lower driving voltages and about a 3.4 x increase in maximum area imaged when the fiber is driven

at 3 fps instead of 6 fps. These are important tradeoffs to be aware of when selecting frequency
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pairs. The remaining results presented in this paper will be data collected from the fiber scanner at
3 fps (frequencies 804Hz and 807Hz) to provide the larger field of view.

A protocol for selecting driving frequencies can be found on page 172.

3.3.4 Eigen Transformations

As illustrated in Figure 3.18, mismatch between the piezotube drive axes and the mechanical
cantilever eigenaxes of the fiber, result in mechanical cross-couplings (“whirling”), or elliptical
motion of the fiber tip when a linear driving force is applied [9][13][17] [26]. Such cross-coupling
occurs with small deviations from concentricity in the draw of the fiber resulting in ovularity,
as well as possible asymmetries in stiffness at the cantilever base due to uneven gluing. This
results in eigenaxes of the fiber that are not exactly perpendicular, paired with overlapping resonant
frequency curves that can result in a non-zero response along the axis orthogonal to the driving axis.

This undesired motion can be corrected by rotating the applied driving waveforms to match the
cantilever eigenaxes of the fiber at angles 64 and 6.

The transformations occurring from the driving of our piezotube to our reconstructed image

are:

cos(fa) —sin(fa)| | X X

- (3.12)
sin(f4) cos(fa) 0 X;J
cos (6 —sin(0 0 Y,
65) —sin(@z)| 0] [¥2 .
sin(fg) cos(0p) Y Yy'
X' =X, +Y,
(3.14)
V=X,
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Figure 3.18: Patterns traced by the optical fiber in an ideal situation (left) when driven only along the X
piezotube axis (red) or Y piezotube axis (blue), the actual measured beam path (center), and the final mea-
sured beam path after correcting for an orientation and angle mismatch between the driving axes of the

piezotube and the response axes of the fiber (right).
Here X and Y are the input driving waveforms to the piezotube where X = A, cos(27268(3)t)
and Y = Ajcos(2m269(3)t + (268)) and A,, A, are the corresponding input voltage amplitudes.
0 4 is the rotation angle from the X coordinate axis of the piezotube to the first eigenaxis of the
fiber, and g is the angle from the X axis to the second eigenaxis.

The driving waveforms sent to the piezotube are precompensated by these matrices so that the
actual trajectory traced out by the fiber tip is (X', Y).

Shown in (3.15), we apply an additional transformation matrix to the acquired data on the PSD,

which simply rotates the field of view to squarely match the plotting window.

/

cos(vp) —sin(y)| | X B XMEASURED (3.15)
sin(¢)  cos(v)) Y

!

YMEASURED
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Figure 3.19: Angles between the piezotube axes and fiber response axes.

3.4 Calibration

3.4.1 Finding Eigenaxes

We measure 64 and 0 in Figure 3.19 by placing the position sensitive detector at the sample
plane of the microscope and sending out a single driving waveform that is rotated through 180 de-
grees, recording the data off of the PSD for 1 second at every angle. We are able to identify the two
input rotation angles which minimize the cross-coupling seen at the sample plane. Cross-coupling
presents itself as an ellipse traced by the fiber when driven by a waveform that should result in a
straight line. By rotating this straight line driving waveform we can find the angle at which the
fiber minimizes cross coupling and the ellipse traced by the fiber collapses down to a straight line.
Computationally, we process all of this data using Matlab to plot a recorded fiber trace at each
input rotation angle, compute the approximate major and minor axes lengths of a fitted ellipse,
and then plot the axes length as a function of rotation angle. We have consistently found that the
fiber mechanical eigenaxes are ~ 81 — 88° apart. It should be noted that angle corresponding to
the eigenaxis of the fiber is both amplitude and frequency dependent, the two eigenaxes measured

at the X driving frequency and the two eigenaxes measured at the Y driving frequency can differ
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by several degrees which necessitates a small compromise in the selected eigenangles to minimize
cross coupling as much as possible along both axes. A slight amplitude dependence also exists so
we decided to select the eigenangles corresponding to 60V. The measured values 64 and 65 are
63° and 151° for an input X and Y driving waveform on our scanner, respectively. Note, finding
the accurate eigenaxes does severely impact the Lissajous scan pattern — without this step, the scan
pattern is dominated by cross-coupling and the resulting beam path deviates significantly from a
Lissajous. It does not however, affect the reconstructed data since we are able to continuously track
the beam position with the position sensitive detector (PSD).

A protocol for measuring a fibers eigenaxes can be found on page 175.

3.4.2 Display Rotation

After determining the appropriate input drive rotations, we need to determine the angle v to
rotate the image reconstructed using the position sensitive detector so that the image captured
is oriented optimally inside of the matlab viewing window (lines up the edges). Then we apply a
correction factor determined from imaging a ronchi-ruling of known lines per millimeter to convert
the measured displacement measured on the PSD into the displacement of the fiber at the focal

plane.

3.5 Scan Pattern Analysis

The Lissajous scan, like the raster and spiral scan, is a commonly employed bi-axial scan
pattern used for point scanning techniques [27]. The selection of the scan pattern used with a point
scanning microscope becomes an integrated decision which requires careful characterization of the
constructed setup. Since our scanner utilizes a resonant mechanical process to actuate the optical
fiber we are limited to utilizing either a Lissajous or spiral scan. A major pitfall of spiral scanning
which prompts us to pursue Lissajous scanning instead is its high sampling density at the center of
its FOV. This can result in photo-damage and photo-bleaching for live specimens [28, 29]. For the

future of microscopes utilized for dermatological use we believe that Lissajous scan patterns are
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better suited to the imaging of live cells due to their reduced likelihood of photo-damage. Despite
this benefit though, a Lissajous scan does not provide homogeneous sampling over its field of
view. Typically, the center of the scan is less densely sampled than the outer edges, which can
cause reduced image quality in the center of the frame depending on how sparsely sampled the
image is.

The incorporation of a PSD into our scanner design eliminates the need for any calibration
procedures before the scanner can be utilized. This is in contrast to many designs that require re-
peated calibrations in order to link driving waveforms and focal-plane position to the point-scanned
reflected intensity signal. A significant advantage of continuous beam tracking is the ability to op-
erate our scanner at a range of driving voltages and with distorted mechanical responses, since we
aren’t limited to a repeatable scan pattern in order to know what location in the focal-plane we
are imaging. As we will discuss in the next section, at higher driving voltages these distortions
to the scan pattern could be used advantageously as they provide additional sampling coverage
frame-to-frame that wouldn’t be acquired with a repeated scan trajectory. On a single frame basis
however, our iterative sparse reconstruction algorithm is able to extend the usable field of view

despite distortions and address sparsity without having to sacrifice frame rate

3.5.1 Theoretical

Here we compare theoretical and measured Lissajous patterns, both with the selected driving
frequencies of f, = 804Hz, f, = 807Hz, a 3Hz frame rate and sampled at 62500 samples per

second. The driving waveforms have the form of

X = A, cos(2mn, fot) (3.16)
km

Y = A, cos(2mn, fot + 1 ) (3.17)
Ny

Where n, = 268, n, = 269, fo = 3Hz, and k = 2. Figure 3.20 below shows the expected

ideal scan pattern.
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Ideal Lissajous Trace: 1 Frame (333ms)
X: Cos(27*268*3*1)
Y: Cos(27*269*3*t + ¢)

Figure 3.20: Ideal Lissajous scan patterns for a single frame.

3.5.2 Experimental

In practice we have identified that mechanical harmonics present in the fiber cantilever con-
tribute to a distortion from rectangularity in our field of view, which increase with driving voltage.
This distortion from an ideal scan or from a single calibration scan indicates the importance of
having a real-time beam tracking capability for proper image reconstruction. We have also charac-

terized how field of view and fill-factor with our setup change as a function of driving voltage.

Harmonic Distortion

Figure 3.21 shows the difference between two Lissajous traces; both driven with the same
sinusoidal waveforms except that Ax,Ay = 6V for the top figure and Ax,Ay = 90V for the bottom
figure. Each figure shows one frame of acquired data. With the larger driving amplitude we see
a prominent increase in the harmonics present and more severe distortion from the ideal square
field of view. The increased harmonic distortion with increased drive voltage is consistent with an
underlying nonlinear cause.

In principle the harmonic distortions seen at higher driving voltages could be dampened by

shortening the fiber length, however this would increase the drive frequency and decrease the FOV.
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This trade-off is application dependent, for applications in dermatology a FOV >1mm is highly

desirable.
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Figure 3.21: Mechanical harmonic distortion present in the measured Lissajous trace. The mechanical
harmonics shown on the right side for the measured X and Y beam positions (log scale) increase in ampli-
tude with increasing applied voltage resulting in more distortion (seen in the full Lissajous trace plotted on

the left side for 6V and 90V).

3.6 Image Sampling Limitations

3.6.1 Fill-Factor
There is one fundamental limitation of the Lissajous scan when retaining a consistent frame
rate: sparser sampling with an increased field of view. Due to the path that a Lissajous scan takes,

this sparseness shows up in the center of the image, with higher sampling density around the edges
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of the field of view. This poses an upper limit on the field of view that can be used at a particular
frame rate and ADC sampling rate — a limit we can extend with the use of our reconstruction

algorithm.

Input Voltage vs Fill-Factor and FOV

D
()
L)

0.5

Fill Factor (%)
N
o

[\
(=)

Field of View (mm?)

0
OO RXPRPRIRPE LAV >
Input Voltage (V)

Figure 3.22: Fill-factor decreases with increasing drive voltage (blue line) at a constant frame rate and the
field of view increases with increasing drive voltage (red line).

In the literature fill-factor has been used to describe two different methods of measure for sam-
pling density potential of a Lissajous pattern; here we provide clarification. There is line density
which [30] describes as “judged by the distance between two adjacent lines. . . in the center of the
scan” which is a measure of resolution defined by the scan pattern. This is typically calculated
from the ideal pattern that will be sent to the scanning electronics. Then there is fill-factor which
is measured after an image is acquired and is dependent on the ratio of the lateral resolution to
pixel size [30] and ADC sample rate. It can be measured as a percentage of sampled versus un-
sampled pixels for a given gridding [29] and highlights the sparsity of a given scan pattern after
reconstruction. Here we utilize the definition for fill-factor provided by [29] and measure fill-factor
as a function of input voltage.

In order to satisfy Nyquist it is required that we have two pixels per lateral PSF FWHM

_ FWHM
2

= 2.49um (3.18)

Wpg
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where w,,, is the largest pixel width we can utilize.

Figure 3.22 shows the experimentally-measured tradeoffs between field of view and fill-factor
versus driving voltage. Ranging from 6V to 90V at 3fps, we found that we could achieve a field
of view ranging from 0.183 mm? to 1.385 mm? over which sampling density decreased from 80%
to 8%. Figure 3.23 shows the measured Lissajous patterns for several different driving voltages,
where it is easier to see the increase in sparsity and impact of harmonic distortion on the scan

pattern.

6V 18V 42V

54V 66V 9oV

Figure 3.23: Sample Lissajous frames measured at increasing drive voltages. The black points show lo-
cations that are sampled in the field of view for a single frame. As drive voltage increases the sampling
density becomes sparser (decreased fill-factor) and the field of view becomes larger and more distorted.

Chapter 4 presents some of the acquired image data for this scanner imaging a ronchi ruling
reflective/transmissive target. The issues with sampling sparsity shown in this section are addressed

with a custom inpainting algorithm coined Fast-Iterative Fourier Filtering Reconstruction (FIFFR).
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Chapter 4
Sparse Inpainting with a Fast Iterative Fourier

Filtering Algorithm

4.1 Summary

The scanner described in Chapter 3 suffered from a low DAQ sampling rate rendering images
taken at larger fields-of-view very sparse. This prompted the construction of a computational solu-
tion able to supplement the sparsity problem with an inpainting approach. This section describes
the outcome of this challenge: a fast iterative fourier-filtering reconstruction algorithm, coined
FIFFR. Currently this algorithm is only adapted for use in post-processing but shows promise
as a quick FFT-based inpainting solution for real-time processing in the future. Many different
approaches to addressing the inpainting problem exist; references [1][2][3][4] provide a brief sam-

pling of the techniques that exist in this field.

4.2 Operating Principle

The scanner detailed in the previous section can achieve large fields of view at the expense of
scan pattern distortions and sampling sparsity. Both of these problems are mitigated during image
reconstruction by (a) making use of the PSD readings track the fiber trajectory in real time and (b)
using a fast iterative Fourier filtering reconstruction (FIFFR) method to inpaint the missing data.
Unlike algorithms [S5] [6] based on regularized estimation, FIFFR is based on alternating iterative
Fourier projections, similar to the approach used in phase retrieval and ptychographic imaging
[71[8]. The algorithm is illustrated in Figure 4.1. First, a spatial grid (z,y) is set up to cover
the extent of the scan pattern with grid spacing set for Nyquist sampling (2.49 pm pixel width),
i.e. two pixels across the lateral PSF FWHM. Each time-domain sample from the photodiode is

assigned to a pixel based on the PSD X, Y coordinates.
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Then a 2D fast Fourier Transform (FFT) transforms the image to the spatial frequency domain
(K, ky). There, a binary mask eliminates spatial frequencies outside a defined bandwidth, which is
initially set to be narrow and progressively relaxed to match the physical numerical aperture (NA)
of the optical imaging system. An inverse 2D FFT transforms the data back to the spatial domain
(x,y), where sampled pixels are replaced with measured values. The process iterates between the
Fourier bandwidth constraint and the spatial-domain measurement constraint until convergence.
The sparser the acquired data, the higher the number of iterations that will be needed to reach
an optimal reconstruction. Note also the time it takes per iteration increases with respect to grid
size of the reconstructed image. Our final reconstructed image retains the original values of the

sampled pixels and only estimates the values for the unsampled pixels.

1. Initialize

Sparsely Sampled Image Fourier Transform

2. Take the FFT

6. Take the

FFT Estimate with

Pixel Replacement

7. Stop Iterative [y
Process

3. Apply
Thresholding

-

Iterative Loop

5. Replace
Sampled Pixels

Thresholded
Fourier Transform

* 4. Take the
iFFT

Estimate

Logical Array
for Sampled Points

Figure 4.1: Fast iterative Fourier filtering reconstruction Loop: First the data is acquired and Fourier trans-
formed, a binary mask is applied to clip a specific set of spatial frequencies (determined by the threshold
function) and the image is inverse Fourier transformed. Then the points measured in the acquired data re-
place their associated estimated pixel values and the loop begins again with a Fourier transform.

X-NA

The Fourier bandwidth constraint is . = =}

, where «, is the radial cutoff frequency for

the spatial frequency support in the Fourier plane, n is the index of refraction and N A is the
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numerical aperture of the system, A is the wavelength, and X is an iteration-dependent multiplier

that gradually relaxes the bandwidth constraint.

4.2.1 Bandwidth Constraint

Masked Fourier Transforms

Iteration 5 Iteration 15 Iteration 20

X X X
> Threshold Function
d 5 T T T T T T
-]
©
>
k3
o
% O —— ) s———— 1 1 1
> 2 4 6 8 10 12 14 16 18 20

FIFFR Iteration (i)

Figure 4.2: A progressive thresholding function (bottom row) creates a Fourier constraint with a cutoff
frequency, k. = X;f:\[ 4 equal to some percentage of the maximum x or y spatial frequency (whichever is
larger). The top row shows three examples of the masked Fourier transform after the Fourier constraint has

been applied.

The need for a progressively relaxed bandwidth constraint arises from spatial frequency arti-
facts due to the scan pattern sampling in the spatial domain. By starting with tight lowpass filtering
in the Fourier domain, unsampled pixels in the spatial domain estimate approach the value of their
neighboring pixels, reducing the scan pattern artifacts in the next iteration. Allowing the filter
radius to increase to the maximum spatial frequency support of the image in later iterations then
allows the replacement step to fill in higher frequency information in the spatial estimate (see
Figure 4.2).

Experimentally we have found that using a sigmoid function for X, to relax the bandwidth
constraint, performs well, but depends on several tunable parameters. As shown in Algorithm 1,

these parameters are 1) I, the number of iterations, 2) U, the upper limit (i.e. translates to the
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largest x.), 3) L, the lower limit (i.e. translates to the smallest «.), 4) a, the slope of the sigmoid,

and 5) s, the shift of the sigmoid.

Algorithm 1 Bandwidth constraint relaxation function

X = multiplier value
1 = iteration number
U = upper limit

L = lower limit

a = sigmoid slope

s = sigmoid shift

N(z) = (x — min(x))/(mazx(x) — min(x))

Often an iterative algorithm is run until some convergence criterion is met. Instead we choose
the number of iterations based on time constraints, and adjust the sigmoid function for best results.
This reduces the number of tuning knobs and allows the optimization of the reconstruction to be
focused on just the slope and shift of the threshold function.

In this way the total number of iterations, /, can be determined simply from [ = t,,4./t1,
where t,,,, 1s the maximum time a user wants the algorithm to run, and ¢, is the time it takes for a
single iteration (at a specific grid size) to process. The upper limit, U, is set so that x. 1s equal to
the largest spatial frequency that will be retained in the final reconstruction. For the lower limit, L,
we have found experimentally that a value of 0.1 is sufficient. The sigmoid slope and shift values
are the two values that require the most tuning. Experimentally we have found the best values for
a range from 0.1 to 0.5 and for s range from 83% to 100% of the number of iterations.

These values were experimentally determined with a simulated dataset where the ground truth
image was known and a direct comparison could be made between the reconstructed image and
the ground truth image using the Structural Similarity Index Measure (SSIM) [9]. The SSIM is

measured on a scale of [-1, 1], where a score of 1 indicates a perfect match between the two
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images being compared. The sigmoid slope and shift values were tuned in order to maximize the
achievable SSIM, however, our approach was not exhaustive and future research should encompass

a more robust approach to the parameter optimization procedure.

4.2.2 Fourier Artifacts

Ground Truth FFT

Ground Truth Image

Sampling Pattern FFT

Sampled Image

Sampled Image FFT

Figure 4.3: The ground truth image (top left) is multiplied with the sampling pattern (mid left) in the real
domain to create the sampled image (bottom left). In the fourier domain this amounts to a convolution of
the ground truth FFT (top right) and the sampling pattern FFT (mid right), such that the fourier transform
of the sampled image (bottom right) contains both real information and artifacts of the sampling pattern.

When an image of interest is sampled in the spatial domain, the image is effectively multiplied
by the sampling pattern. In the Fourier domain, this amounts to a convolution of the underlying
image’s spectrum with the sampling pattern’s spectrum. Thus the Fourier transform of the sampled
image contains both information on the underlying image and artifacts from the sampling pattern

(see Figure 4.3). Many of these artifacts are high-frequency components and can be iteratively
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removed through initial tight lowpass filtering. This is the reasoning behind a progressively re-
laxed bandwidth constraint that starts with a small aperture constraint for many iterations before
increasing the bandwidth to match the NA of the lens system. Additionally, the tight bandwidth
forces the unsampled pixels to approach an optimal initial estimate. We have found this decouples
starting values used to replace unsampled Null values from the resulting reconstruction; i.e. using
zero, a median-value, or a maximum value to replace NaN values prior to taking the FFT does not

result in a change in the quality of the reconstruction.

4.3 Simulation Results

Sampled Image FIFFR Reconstruction DCT-LS Reconstruction

Figure 4.4: Examples of reconstruction results from FIFFR (middle column) and DCT-LS (right column)
for an input image with a fill-factor of 36.3% (top row) and 17% (bottom row). Here FIFFR was run 40
iterations with an SSIM of 0.9353 (top) and 100 iterations with an SSIM of 0.8500 (bottom), and DCT-LS
was run 100 iterations with an SSIM of 0.9210 (top) and 20 iterations with an SSIM of 0.8457 (bottom)

In order to benchmark the performance of FIFFR we first applied the algorithm to a simulated
dataset where the ground truth image was known. Figure 4.4 shows the results of FIFFR recon-
struction on a simulated test 381 x 647 image. Sampling was simulated with Lissajous waveforms
(using the same frequencies as our experimental setup), varying the fill factor by changing the num-
ber of points sampled. We compared the performance of FIFFR to a related inpainting algorithm,

Discrete Cosine Transform Least Squares (DCT-LS) [5], which has recently found use in recon-
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structing images from sparsely-sampled Lissajous scan patterns [6] [10]. For DCT-LS, we used
the open source code made available by its original author [11]. Like FIFFR, DCT-LS is an itera-
tive algorithm, which alternates between spatial and frequency domain representations of the data.
The key difference is that DCT-LS seeks a reconstruction that balances fit to measured datapoints
with a complexity penalty in the spatial domain, while FIFFR enforces a bandwidth constraint in
the Fourier domain. DCT-LS balances fit error versus complexity by searching for a regulariza-
tion parameter that optimizes generalized cross-validation. FIFFR, on the other hand, alternates
between applying a measured data constraint (by substitution) in the spatial domain and applying
a bandwidth constraint in the Fourier domain. This bandwidth constraint is initially set extremely
narrow to fill large unsampled gaps and eliminate the bulk of the sparse sampling artifacts, and is

progressively relaxed to the physical numerical aperture of the optics.

Comparison of Time to Inpaint
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Figure 4.5: The minimum, mean, and maximum amounts of compute time to inpaint (averaged over 10
datapoints) for both FIFFR and DCT-LS run at various total iterations

For the same number of iterations, FIFFR outperforms DCT-LS in terms of speed (see Fig-
ure 4.5). This comparison of time to inpaint was conducted on a PC with an Intel Core 15-6500
CPU with 8GB of RAM. Additionally, as seen in Figure 4.6, FIFFR was able to achieve compara-

ble SSIM scores to DCT-LS.
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FIFFR vs. DCT-LS Performance
on Simulated Data

091
% 0.8 —%— DCT-LS (I=100)
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Figure 4.6: A comparison between FIFFR and DCT-LS performance at various fill-factors. The SSIM
score for DCT-LS is shown for the default number of iterations (100) and for 20 iterations. A comparable
SSIM score for FIFFR is shown at various iterations.

4.4 Application to RCM

4.4.1 Comparison With & Without FIFFR

Figure 4.7 shows the FIFFR results acquired from the scanner imaging a Ronchi-ruling test tar-
get having 30 lines/mm (33um pitch) at two different driving voltages. In both cases, the Lissajous
pattern is driven with the same frequencies, but different voltages, showing the tradeoff between
field of view and sparsity. The upper limit, U was set to equal 2 so that the maximum spatial
frequency reached was k. = % since our system is confocal [12].

The FIFFR reconstruction effectively doubles the usable field of view in post-processing, how-
ever at FOV’s larger than 0.183 mm? it can be seen that the signal tapers off at the edges. This
is because we are imaging a planar reflective target and the surface that the fiber traces out while
scanning is spherical, meaning the axial plane sampled at the edges of the FOV is in front of the
axial plane we are imaging when the fiber is at DC. However, the ronchi ruling is visible even at
the higher driving voltages, allowing FOV’s where the scan pattern is both sparse and distorted to
be usable.

In Chapter 3 I highlighted some of the fundamental challenges arising from tradeoffs between

field of view, scan pattern distortions, and sparsity. In answer to these challenges we presented

a fast iterative Fourier-filtering reconstruction (FIFFR) algorithm. In tests with a Ronchi ruling
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0.052mm?, 6V 0.183mm?, 12V 0.539mm?, 24V 0.698mm?, 30V
79.6% Fill-Factor 41.0% Fill-Factor 17.2% Fill-Factor 13.9% Fill-Factor

Sampled Image

FIFFR Image

Figure 4.7: Experimental results imaging a 30 Jpmm ronchi ruling target. The top row shows the input im-
ages, where unsampled pixels are black (initialized at zero), and the bottom row shows the output images
of the algorithm, where unsampled pixels have been inpainted. The red line indicates S0um.

target, FIFFR was able to take advantage of scan pattern distortions and non-uniformities to in-
crease the usable field of view from 0.052 mm? up to 0.698 mm?. This algorithm can be utilized
not only with Lissajous scan patterns, but with any point scanning method that faces problems
with sparsity or in post-processing for any acquired images that are sparsely sampled. Finally, in
addition to expanding the usable field of view, we anticipate that this combination of real time
position sensing and fast sparse reconstruction will enable applications in scenarios where external
mechanical motion perturbs the fiber scanning pattern, e.g. handheld operation in the field or in
clinical settings.

While we have only explored the application of FIFFR to post-processed data, this algorithm
shows great potential for utilization in real-time imaging applications. The approach shown in
Figure 4.1 could be adapted for continuous estimation by adding in newly sampled data at Step 5
versus sampled pixels from the same frame. By placing a window over the number of iterations
to keep in working "memory" for the current running estimate, the reconstruction could update as

the FOV was panned. FIFFR in a "dynamic sampling" case would be able to keep up with the
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frame rate of any instrument who’s frame rate was slower than a single iteration of the algorithm,
which we have seen for an image sized 381x647 pixels can take on the order of 0.03 s (or 2 kHz).
Additionally, scan pattern distortion could be further exploited to help each subsequent frame to
sample different regions, resulting in a clearer reconstruction. Future research will explore this
application and focus on a more robust approach to parameter optimization, providing further

avenues to improve scanner operation when sparsity and distortion dominate the field-of-view.
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Chapter 5

Conclusion

Taken together the results of these projects have provided advancements towards smaller, faster,
and broader microscopy applications. The research in Chapter 2 demonstrates the benefits of
measuring both transient phase and transient absorption in pump-probe microscopy. Off-resonant
probing in biological samples may become a more attractive method with transient phase detection
to complement transient absorption detection, helping to avoid the existing limitations of sample
heating and improving the applicability for future research into the biological mechanisms under-
lying various human diseases. The research in Chapters 3 and 4 have uncovered limitations and
trade-offs with a compact piezoelectric actuator, an important step as smaller actuator designs are
evaluated in the inevitable miniaturization of current reflectance confocal technologies. The sparse
inpainting algorithm provides an additional route forward to work with non-ideal scan patterns
and low sampling rates while allowing for faster imaging. Each of these projects were completed
end-to-end requiring stages of design, construction, characterization and performance evaluation
while navigating constraints of budget, software creation, laser maintenance, and experimental
trial-and-error.

In Chapter 2, I discussed the Kramers-Kronig relations underlying the relationship between
transient phase and transient absorption measurements. Beginning with an adopted transient ab-
sorption setup, initial pulse compression efforts were found to be tied to the self-phase modulation
dispersion imparted by the chirped pulse amplification stage of the laser source. It was determined
that significant third-order dispersion effects were present on the pump line after a major laser
tuning, resulting in the construction of a prism compressor. Various approaches were taken to op-
timize the pulse compression, ending with the utilization of Frequency Resolved Optical Gating
(FROG) in order to achieve a pump-probe cross-correlation pulse around 350 fs. The addition of
polarization optics and a balanced detection scheme to the transient absorption microscope con-

verted it into a transient phase setup capable of measuring both absorption and phase kinetics. A
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computational model was constructed to allow for calibrated measurements and to verify the per-
formance of the detection scheme. It was uncovered that the beam-joining dichroic located after
the initial pulse-splitting on the probe line was contributing several undesired effects including
polarization-dependent spectral phase and was likely cause of several SNR decreases. An exten-
sion of the initial model to include effects of diattenuation and polarization aberration was able to
quantify an estimated signal-to-noise reduction present on the transient phase measurements. A
successful demonstration of transient phase microscopy was made in graphene and live red-blood
cells and transient absorption and phase measurements were compared. Additional measurements
made in a glass microscope slide were utilized in evaluating the impact of scan-angle re-timing
phase due to the point-scanning galvanometer setup for TOM.

Compared to TAM, T®M is able to measure the real component of the complex refractive in-
dex; this provides similar information about the excited state decay as the imaginary component,
but there are trade-offs between the two techniques. Since T®M requires a phase measurement that
depends on the polarization state of the probe and reference being retained, it is sensitive to po-
larization aberrations. However, these effects can be minimized with a careful selection of optical
components. For example, in our setup the dichroic beam combiner could be swapped for a 50/50
beam splitter to eliminate the polarization-dependent effects we uncovered. Additionally, FOV
limitations in T®M arising from the angle-dependent retiming phase on the second calcite could
be mitigated by incorporating galvo de-scanning. It remains to be seen how TAM and T®M with
off-resonant probing compare for a broader range of biological targets; for a NIR probe wavelength
of 800 nm, we have shown that T®M has a stronger hemoglobin signal in human red blood cells
than TAM. To map out more clearly other biological targets that could benefit from NIR probing
with T®M vs. TAM, the pump and probe arms of this microscope setup could be swapped moving
the wavelength tunability to the pump.

In Chapter 3 I introduced the construction design challenges and solutions that led to the
creation of the current fiber scanner version. The current design addresses obstacles in stable,

concentric, and adjustable fiber optic mounting within the piezotube actuator fully enclosed in a
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compact and portable housing. Aspects of the housing design incorporated 3D printed structures
and simple adjustability mechanisms utilizing anchored screw and spring pairs to reduce costs. A
position sensing detector was added to allow for real-time beam tracking, alleviating the repeata-
bility requirements of single-shot calibration techniques and allowing for scan pattern distortion
to be measured without jeopardizing the reconstructed image quality. Characterization of the con-
structed versions revealed the source of cross-coupling contributing to some of the scan pattern
distortion and voltage dependent qualities such as resonant frequency, piezotube-to-fiber optic ro-
tational eigenaxes, and mechanical harmonics. Calibration procedures were created to reduce some
of the scan pattern distortion due to the cross-coupling phenomenon but the final scan pattern was
found to suffer from issues of sparsity at higher driving voltages with larger fields-of-view; this
was in part addressed by the development of an inpainting algorithm. However, in future versions
a higher sampling DAQ would help to further reduce sparsity impacts. The use of non-polarization
maintaining optical fibers resulted in a sensitivity to upstream fiber optic cable motion preventing
this version from being used handheld; swapping out the current optical fiber for a polarization
maintaining fiber should not only address this issue, it would also improve the low power limits. A
high optical loss in part due to the double-passed 50/50 beam splitter in the current configuration
places a maximum of the output power at the focus to ~ 1.13 mW. With scattering samples, not
enough power is measured on the return path to overcome the noise floor, limiting scanner use to
reflective targets. With a polarization maintaining beam splitter, only one 50/50 split occurs on the
return path increasing available signal by 2X. Additionally, a higher power diode (20 mW) could
be purchased to increase the overhead power.

Finally, in Chapter 4, I presented a simple inpainting algorithm based on iterative Fourier pro-
jections with a 2D progressive bandwidth constraint and a real-space pixel replacement constraint.
Compared to existing inpainting techniques this algorithm provides reconstruction results of com-
parable quality but with an algorithm structure that is straightforward to implement and at a faster
performance time. This algorithm was developed to address the sparsity issues faced by the com-

pact scanning microscope and ultimately extended the usable field-of-view from 0.05 mm? to
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0.69 mm?. Currently it is only developed for post-processing usage, but adjustments could be
made for real-time applications by supplying in new data each iteration.

In conclusion, this dissertation has explored a broad spectrum of technologies in microscopy.
From low-power compact microscope designs to measuring excited state phase changes with an
ultrafast microscope, these advances will help pave the way for future technologies in smaller,

faster, and safer medical imaging devices.
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Appendix A

Protocols for TOM Microscope and Research

A.1 Operating the Laser

A.1.1 Quick Startup Procedures from Native Software

1. Open Avasoft 8 (Avantes) software to view the spectrometers
2. Open the TEC shortcut a verify at 43C
3. Open the LV 15 preamp diode software

(a) Select “reset” on the YFi box to clear the interlock, then select “clear” on the GUI
(b) Set the current to 2.25A (right click in slider)

(¢) Turn “Laser ON”
4. Open the Digital Delay Generator (DDG) software

(a) Open the image (.png) of boxes to fill from the open file folder:
i. Trigger > Source > Select “External +”

ii. Parameters:
A. Frequency > 50,000,000
B. 50 Ohm > Check the box
C. Div>10
D. Level > 0.3

iii. Channel A
A. Delay > nsec > 16
B. Width > nsec > 22

C. Select “On”
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iv. Channel B
A. Delay > nsec > 16
B. Width > nsec > 22

C. Select “On”
(b) Click “Send”
(c) Click “Refresh” and verify parameters are updated

(d) Close the dialog box
5. Switch back to the Avasoft software and verify that the Oscillator spectrum is present
6. Open the MV diode software

(a) Select “reset” on the YFi box to clear the interlock if necessary, then select “clear” on

the GUI on screen for both COM3 and COM4

7. Right click in the slider to set the current to 7.5A for both COM3 and COM4 (navigate using

the “communications” tab in the upper taskbar)
8. Select “Laser On” for both COM3 and COM4

9. Switch back to the Avasoft software and verify that the NOPA spectrum is present and be-

ginning to grow.

10. Allow the system 15-20 minutes to warm up

A.1.2 Quick Shutdown Procedures from Native Software

1. Inthe MV Diode software GUI a Re-select “Laser On” for both COM3 and COM4 to TURN

THE LASER DIODES OFF. The current should drop to OA. Close GUI

2. In the LV Diode software GUI a Re-select “Laser On” to TURN OFF THE LASER DIODE.
The current should drop to OA. Close GUL
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3. Return to the Avasoft software and verify that both spectrums have disappeared. Close the

GUL

A.2 Field-of-View Calibration

In order to calibrate the FOV a resolution card was imaged with transmitted probe light. The
resolution card denotes 25 um segments with a black line in the horizontal and vertical directions.
From Figure A.1 it was determined that and applied voltage of 1 V to the galvonometers (galvo)

results in a deflection of £150 um with a total span of 300 um.

Measured FOV

Applied 1V Applied 0.75V Applied 0.5V
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Figure A.1: Resolution card images for calibration the galvo driving voltage to FOV in the sample plane.
(Note: The loss of contrast at the center of target is due to surface damage on the resolution card).

A.3 Resolution Estimate

In order to estimate the resolution for the pump-probe measurements, the transmission point-
spread function (PSF) was measured and then squared. Since pump-probe techniques are a nonlin-
ear interaction, the resolution is actually proportional to the PSF2. For the purposes of this research

an estimate of resolution is

An initial resolution measurement was made using the transmission light of the probe beam

through a resolution target with periodic absorptive and transmissive lines.
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Figure A.3: Line fits overlaid on top of measured data
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Table A.1: Resolution fit paramters for the probe beam

X Y
Wo 0.9821 um | 0.7976 um
FWHM | 1.1561 um | 0.9389 um

The lineouts passing over a sharp edge can be fit with the function

V2(x — x0)

P
Py+ —(1 —erf
o+2( er( wo

) (A.D)

where F is an offset for background power, P is the maximum transmitted laser power, x is the
position of the laser, wy is the Gaussian beam radius [1]. Note the full-width half-max (FWHM)
of a fit Gaussian point-spread function (PSF) is 2wy,

The theoretical resolution based on the objective and condenser numerical aperture (NA) can
be estimated with the equation ﬁ. Using this equation the theoretical resolution of the objective
is 0.53um and the the theoretical resolution of the condenser is 0.82 um. From the fit parameters
shown in Figure A.3 the estimated probe pulse resolution parameters are shown in Table A.1.

This provides the resolution measurements for all of the transmission data collected by the
probe pulse. The resolution of the pump-probe setup was not measured, however as a multiphoton
process, the pump and probe pulses will multiply resulting in a point-spread function that is similar

to the PSF2, achieving a better resolution than is available with simply transmission imaging.

A.4 Selection of Diattenuation & Polarization Aberration Model

Parameters (V,A,.,A,)

For the diattenuation & polarization aberration model (A, = 0.72A4,, and ¥ = 104.4°), the
value for U was measured and the value A,s = 0.72A,,, was qualitatively determined by sweeping
through amplitude values until the model matched the measured data. Interestingly, the measured
power differences between the probe and reference pulses placed the amplitude relationship at

Aver = 0.93A,,, but the model does not match the measurement as well with these parameters. A

158



possible source of this discrepancy could lie in the polarization-dependent spectral phase imparted
by the dichroic. A difference in spectral phase on the probe versus the reference pulse would
impact the integrated wavelength-dependent constructive versus destructive interference measured
by the photodetectors, but not the overall power measured on the individual reference and probe
pulses.

As areminder, ¥ = 90° 4 0,¢r + 0. In order to measure 6,, first a power measurement was
made at the detector planes with only the reference pulse (Pef s and Pt ); a PBS was placed
directly after CAL 1 but before the dichroic mirror to redirect the s- polarized probe pulse into
a beam block. Figure A.4 (A) diagrams the setup for this measurement. CAL 2 was removed
and HWP 3 was oriented to maximize the signal on detector A, but a small amount of power
was still measurable on detector B. The measured power values were Pera = 0.37 mW and

Prets = 0.02 mW for setup A.

Probe Probe
Beam Beam
v v

HWP 1
POL1
HWP 2
= CAL 1 DET B
A

DETB

ﬂ power

R P ..+P )
| measurement('eﬂB pr.B

PBS
block

P power P
measurement( YGVB)

320|q weaq

DETA | DETA

microscope microscope

Dichroic Dich

Mirror \“Qa, PBS A Mirror @Q% PBS a

Q power ( ) Q power (P P )
measurement |refA measurement \ 'efA " " PrA

Figure A.4: (A) This was the setup for the first power measurement made. The probe pulse was redirected
by a PBS after CAL 1 and HWP 3 was oriented to maximize the power of the reference pulse on DET A.
(B) This was the setup for the second power measurement made; both the reference and probe pulses were
allowed to transmit through the system. Power was again measured directly before DET A and and DET
B.

Then a power measurement was made with the PBS block removed. Here both the reference

and probe pulses transmitted through the microscope and onto the detectors. The orientation of
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HWP 3 was not adjusted from the previous measurement. The measured power values for setup B
were Per o + Pora = 0.44 mW and Pies g + Por 3 = 0.37 mW. To determine 0, the power levels
measured in this geometry must first subtract the reference power levels.

Using the geometry of the beamsplitter, we can determine the ellipticity of the reference polar-
ization where the p-polarized axis of the detection PBS is aligned to the major axis of the polar-
ization, but there is a directional ambiguity as to whether the angle 6,.; should be denoted as cw or
ccw with respect to the PBS axis. Figure A.5 shows relationship between the reference and probe

pulses and the s- and p- axes of the PBS for the HWP 3 position.

PBS Axes PBS Axes
Opr. Opr

reference

Figure A.5: Ambiguity on the sign of 0,¢f and 0, arises since both negative and positive signs contribute
equal power to the opposing detector.

To calculate 6..; and determine projections onto the s- and p- detectors for the reference pulse

we can use the trigonometric relationships

Ore P, 0.37 mW

CO8 et _ A - — 0.9487 (A2)
COS Ore +SiN bt Preta + Pregz 0.37 mW + 0.02 mW

cOS Orer = 0.9487(c08 Orer + Sin Oyer) (A.3)

sin Qref Pref B 0.02 mW
= J = = 0.0512 A4
COS Oper +SiN byt Preta + Pretz 0.37 mW + 0.02 mW (A4)
Sin Oy = 0.0512(c08 Orer + Sin Oref) (A.5)
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Sin O, COS Ot

= A.6
0.0512  0.9487 (8.6
0.0512
ref — = 0.054 A.
tan O,ef 00137 0.0540 (A7)
Ot = 0.0539 rad = 3.0892° (A.8)

min ref,B 0.02mW _
We can also show that the ellipticity factor e, = \/ P \/ Prorn — \/ ITmIV = 0.2325.

Similarly we can determine 6, but taking into account the subtraction of power contributed by

the reference pulse to the measurement in B; thus, P, o = 0.44 mW — P a = 0.07 mW and

Ppr,B =0.37TmW — Pref,B = 0.35 mW.

oS Oy PyB 0.35 mW
= ’ = = 0.8333 A9
cosOpy +sinty,  Pya+ Py 0.35 mW + 0.07 mW (A-9)
08 Oy = 0.8333(cos O, + sinb,,) (A.10)
sin O, Pora 0.07 mW
= ’ = = 0.1666 A1l
cosOpy +sinty,  Pora + Py 0.35 mW 4 0.07 mW ( )
sin @, = 0.1666(cos O, + sin O,,;) (A.12)
sin O, _ cos Opr (A.13)
0.1666  0.8333
0.1666
=2 01 A.14
tand, 02333 0.1999 ( )
0o = 0.1973 rad = 11.3056° (A.15)

The ellipticity factor for the probe is e, = \/ min — \/ ipr’g‘ \/ 8 ggmw 0.4472. Since the
Prax pr,

signs of both 6, and 6, suffer from ambiguity, the overall angle ¥ could be one of four values:

U = 90° + 11.3056° 4 3.0892° = 104.4° (A.16)
U = 90° 4 11.3056° — 3.0892° = 98.2° (A.17)
U = 90° — 11.3056° + 3.0892° = 81.8° (A.18)
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U = 90° — 11.3056° — 3.0892° = 75.6° (A.19)

In order to find similar model and measurement overlap with each of these values of W, the di-
attenuation terms were adjusted manually until good model/measurement overlap occurred. Figure
A.6 shows a comparison of these curves. The resulting diattenuation and polarization aberration

value pairs are shown in Table A.2.

Comparison of Model/Measurement for Different Polarization Aberration and Diattenuation Terms

¥ = 104.4° and Ayer = 0.724,; ¥ = 98.2° and At = 0.57Ap:
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Figure A.6: Corresponding model/measurement curves to accompany the value pairs shown in Table A.2.

Table A.2: A comparison of values of ¥ to the diattenuation terms required for good model/measurement
overlap.

Polarization Aberration Term | Diattenuation Term
U = 104.4° Aver = 0.72A,,
U = 98.2° Aver = 0.57 A,
U = §81.8° Aver = 1.T8A,
U = 75.6° Aver = 1.40A,,

As a reminder, a measurement of the probe and reference powers revealed a diattenuation term
of Aes = 0.93A,,. However, if we compare the model with the measured terms ¥ = 104.4°

and A, = 0.93A,, to the measured data, the fit is poor. Comparatively, an adjustment of the
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diattenuation term to A, = 0.72A,, shows a good fit. Figure A.7 shows a comparison of these

two models to the measured data.

Measurement vs Model with Measured Diattenuation Term
and Model with Fit Diattenuation Term

T T T T T
L seesses Model with A = 0.724,, and ¥ = 104.4° |
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Figure A.7: A comparison of the model with measured parameters ¥ = 104.4° and A,y = 0.934,,
versus the model with measured parameter ¥ = 104.4° and fit parameter A, = 0.72A,, to the measured
data.

In conclusion, there is a mismatch between the model and the measured data regarding the diat-
tenuation term; this could be due to spectral phase interference effects or there could be a different
factor not accounted for in this model. However, the good overlap between the measured data and
the model with the measured W value and a fit diattenuation term suggests that diattenuation and
polarization aberration could be contributing to SNR decreases in the TPM signal on the order of
45%. Excluding the results of the polarization modeling, there is clearly an SNR decrease experi-
enced (see page 56) in the T®M signal that is due to polarization-dependent spectral phase picked
up at the dichroic mirror. It is possible that the dichroic mirror is also contributing polarization
aberration to the probe and reference pulses by changing the linear polarization to elliptical polar-
ization [2]. The best course of action to mitigate any SNR affects by the dichroic mirror would
be to swap out the dichroic for an optic such as a 50/50 beam splitter. While this would reduce
power by 50%, it would not contribute polarization-dependent aberrations to the reference and

probe pulses. Additionally, the 50% power cut would be insignificant for our research purposes
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since we have been using only several milliwatts of power at the focus; overall, the probe arm has

several hundred mW of power available and the pump arm has over a watt of power available.
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Appendix B

Protocols for a Cantilevered Fiber Optic Scanning

Microscope

B.1 Operating the V3.3 System

B.1.1 Startup

Make sure you have the correct protective laser eyewear for the wavelength of light and power

you are using. As of 7/14/22 the 785nm laser diode is in use.

Step

Image

1. Flip a light switch to illuminate
the LASER ON sign outside of the
lab door

2. Turn ON the power supply for
the high voltage amplifier. Voltage
should read 12.3V, current 0.03A.

gés 123 aga 123

® 00 .0

e
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3. Turn ON the power supply for
the position sensitive detector. The

voltage should read 5V.

4. Turn ON the photodiode.

5. Turn ON the power for the laser

diode driver by selecting the power

switch on the back of the driver unit.

6. Turn ON the TEC for the laser
diode driver from the touch screen.
The temperature should be rise to

settle at 25C.

TECis ON
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7. Rotate the safety KEYLOCK on

the back panel from LOCKED to

UNLOCKED. The red keylock light
on the front of the driver will turn
off when the key is rotated to the
unlocked position. This is a safety
mechanism to make sure the laser

is not accidentally turned on when

touching the screen.

8. Select the LASER button the

screen to turn the laser output ON. "
The current should be set to 36mA
(but really should be set so that it is

below the max limit on the measured

current vs max output power curve.

B.1.2 Shutdown

1. Turn OFF the Laser

2. Rotate the Keylock from the UNLOCKED position to LOCKED
3. Turn OFF the TEC

4. Power OFF the laser diode driver

5. Turn OFF the photodiode
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6. Turn OFF the power supply for the position sensitive detector
7. Turn OFF the power supply for the high votlage amplifier

8. Switch off the light switch for the laser safety sign outside the lab door

B.1.3 Imaging

Code for acquiring and plotting continuous imaging data can be found at FiberScanner >
ImagingCode > ContinuousDataAcquisitionCode_CNC_20230ct12.m from [1]. Another file in
this folder titled ContinuousDataAcquisitionCode_CNC_20230ct12_WithLPSparselnpainting.m
will plot both the raw image data as well as a low pass image to help bridge the gaps for sparsely

sampled images when real-time feedback is needed.

B.2 Aligning the 4f Imaging Lenses inside Lens Tubing

For this process you will need three plano-convex lenses; L1 and L2 associated with your 4f-
imaging setup where the focal lengths of L1 and L2 are f1 and 2, respectively. You will also need
a third plano convex lens, preferably with a focal length similar to L1/L2 if you are short on table
space. You will also need and iris and a slip on post collar to set and save the height of the post,
two separate post holders, and an optical rail that can be attached to the table and that is atleast

longer than 2*f1 + 2*{2, but ideally as long as possible (this helps with checking collimation).

1. Begin with the housing holding the fiber bolted to the optics table. Adjust the fiber until it is
visually as level to the plane of the table as possible. It can be helpful to place a magnetic
ruler on the opposite side of the fiber optic so you can gauge the levelness of the cantilever
base to the fiber tip. This is a crucial step — it will be very difficult to properly align the
lenses if the fiber is angled with respect to the plane of the table; especially if the lenses have

longer focal lengths.

2. To initially set the height of the iris, pick two locations near and far to the fiber tip within the

diameter of the iris and set the iris height for the far location. You will want to screw down
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a post holder at the near point and far point where the iris is centered. If the iris height is
not the same for the two points then your fiber cantilever is not level; return to step one and

utilize the near and far point iris to help you narrow in on a flat fiber.

. Press the optical rail up against the base of each post (avoiding the table clamp) so that the

optical rail defines a straight line along the path of the posts. Secure.

. The easiest way to determine if a lens is at its focal length from the previous plane is to check
the collimation. We will start by adding in the external lens, L3, to create collimated light
from the diverging light exiting the fiber tip. First, remove the two posts that were secured to
the table in Step 2 and add in a post with L3 mounted. Move the other two posts downstream
to use for the iris; make sure the locations chosen have the post base touching the optical rail
similarly to their previous position. This will ensure that all the optics are aligned along a

defined line.

. Set the height of L3 by checking the vertical positioning on the downstream iris at two
locations. Once the vertical position is centered at both locations then the L3 post is at the

correct height.

. Check the collimation by closing down the iris until it is just around the diameter of the
beam (visible with the IR viewer for our wavelength of 785nm), then move the iris post to
the other post holder and determine if the beam diameter has changed. If it has then either
move L3 closer or farther from the fiber tip until the collimation is perfect. This can easily

be done by sliding the base along the optical rail secured in Step 3.

. Finally set the angle of L3 by checking for the back reflection on the fiber, using the IR

viewer this backreflection should be centered on the piezotube.

. Next, add in L1. The distance from L3 does not matter; start by setting the post height of L1

using the same method in Step 5 with two downstream iris locations.
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9. Then set the angle of L1 by again checking the back reflection on L3 and on the piezotube,

making sure the back reflections are centered.

10. Now add in L2; if L2 is in a lens tube connected to L2 the distance from L1 can initially
be approximated and checked by checking the collimation on the downstream iris at two

locations. The angle and height should automatically be set.

11. Remove L3 and set the distance of L1 from the fiber tip by checking the downstream colli-
mation. If L1 is connected to the fiber optic housing with a lens tube, then again the angle

and height are automatically set.

B.3 Measuring the Resolution of a Fiber Cantilever

After collecting the following data manually, utilize the matlab file FiberScanner > Res-
olutionMeasurements > DetermineRayleighRangeandBeamWaistFromAxialandLateral PSFMea-
surements.m from [1]. You will need to fit your acquired data to the functions outlined in the

Chapter 3 > Characterization > Resolution section.

B.3.1 Lateral PSF Measurement

Utilizing the large square reflective resolution target (or a square mirror), start by finding the
focus of the beam with the target normal to the fiber scanner. The target should be mounted on
both a Z translation stage (for finding the focus) and an X translation stage (for moving laterally
across the focus). Starting near the edge of the target but with the beam still fully reflected back,
measure changes in position versus the measured steady state reflected intensity. You will need to

take steps < 0.5um.

B.3.2 Axial PSF Measurement

For the axial measurement you do not need to have a lateral translation stage; just a stage in
Z. Start with the stage in front of the focus (if you are far enough out of the focus, the measured

intensity will not change if you change the axial position slightly). Then measure the reflected
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steady state intensity as a function of position on the translation stage as you move the reflective

target backwards through the focus until you have reached a point that is again out of the focus.

B.4 Measuring the Frequency Response of a Fiber Cantilever

Using the matlab file found at FiberScanner > ResonantFrequency > ScannerSystem_ Res-
onanceFinder.m from [1], start by setting the range of frequencies you wish to sweep through and
the step frequency. For this code you must only drive the X or Y channel and then re-run the script
to acquire data for the other channel. The position sensitive detector (PSD) should be placed at the
beam focus.

The resonant frequency is dependent on the driving voltage and can be acquired at various
driving voltages. See Figure 3.17 from Chapter 3. A single-axis sinusoid is output to the piezotube
for one second before stepping to the next frequency and the fiber displacement is measured by the
PSD.

Then utilize the matlab file FiberScanner > ResonantFrequency > ProcessFrequencySweep-
Data.m from [1] to load each one second trace, calculate the PSD X axis and Y axis displacement

and plot the resulting maximum displacements versus frequency for the two axes.

B.5 Selecting the Optimal Driving Frequencies of a Lissajous-

Scanning Fiber Cantilever

Once the resonant frequency sweep has been conducted and there is a clear peak in the data,
move on to selecting the optimal driving frequencies. The frequencies selected for driving a lis-
sajous pattern in this section will follow a semi-resonant selection; thus the actual resonant fre-
quency will not be chosen to drive the fiber, rather a pair of frequencies straddling the peak will be
selected. Generally, the higher the resonant frequency, the faster the available frame rates there are
to choose from. The frame rate depends on the greatest common factor between the two frequen-

cies that are selected.
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The goal is to select a frequency pair that is as close to the peak resonant frequency as possible

(this will control the maximum fiber displacement available), but also select a pair that is separated

enough to allow for the highest GCF (this will control frame rate).

Driving Freq Rx Ry
(Hz) (Vpp) (Vpp)
797.5 1.01 1.07
798.0 1.12 1.13
798.5 1.15 1.20
799.0 1.26 1.27
799.5 1.34 1.37
800.0 1.42 1.44
800.5 1.52
801.0
8015 Range Calculations
802.0 Rx Ry
gggg FEERIET 805 Hz | 2.61 Vpp 806 Hz | 2.48 Vpp
803.5 Top 10%
804.0 10-20%
804.5 20-30%
805.0 30-40%
805.5 40-50%| 1.30-1.56 Vpp 1.24-1.49 Vpp
ggg-g 50-60%| 1.04-1.30Vpp | 0.99-1.24 Vpp
807.0
807.5 Frame Rate Combinations
808.0
808.5 1.47 1.48 Possible Frequency Pairs 798Hz, 801Hz, 804Hz, 807Hz
809.0 1.39 1.38 Optimal Frequency Pair (804Hz, 807Hz)
809.5 1.31 1.29 Fiber Response 252 Vpp, 243V,
810.0 1.19 1.23
8105 1.12 9319 Possible Frequency Pairs 798Hz, 804Hz, 810Hz
811.0 1.09 1.10 Optimal Frequency Pair (810Hz, 798Hz)
8115 1.02 1.03 Fiber Response (1.19Vpp, 1.13 Vpp)

(a) (b)

Figure B.1: Table (a) is color coded based the voltage value as related to the maximum value (shown with
white text); it shows driving frequency (col. 1) versus measured X and Y voltage peak-to-peak signal

(i.e. an indicator of fiber displacement). The decile-based color-coding legend in (b, upper) shows dif-
ferent voltage ranges depending on the X versus Y measurements. The frame rate combinations table in
(b, lower) shows possible frequency pairs, optimal frequency pairs once considering displacement and the
associated voltage response for two frame rates.

I typically start by loading the portion of data around the resonant peak into a table and sepa-
rating those frequencies which fall into the upper 20 percent of the maximum displacement (peak

resonance). The widths of the resonance peaks for the X axis may differ from those for the Y axis.
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Starting with the a GCF of 2 and working up until you hit the maximum GCF allowed within the

top 20 percent range, list out all the possible frequency pairs. Figure B.1 shows a visual of this

Process.

Figure B.2 visualizes the table shown in Figure B.1 so that it is easier to see the roll off of fiber

displacement as one moves away from resonance to select a larger GCF.

472

Fiber Displacement (mm)

305

Fiber Displacement (mm)
o
M2

Drive Piezotube X Axis: R Frequency Response

WL o e D s
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e, O [N Yy ...
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"""""""""""""""""""""""""""""""""""""""" 50-60% ~
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798 800 802 804 806 808 810
Driving Frequency (Hz)
(a)
3 Frames/s 6 Frames/s
Freq Pair (Hz) Freq Pair (Hz)
(804, 807) (810, 798)

Displacement (mm)

Displacement {mm)

(0.397, 0.370)

(0.187, 0.172)

(b)

Figure B.2: Visual of the tradeoffs between fiber displacement and frame rate when selecting a frequency

pair.
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The frequencies selected for a particular instrument version will have to optimize the most
important parameters for its intended application. In this scenario, fiber displacement was valued
more than fiber displacement. A general rule of thumb is that the longer the fiber cantilever the
lower the resonant frequency will be and thus the slower the available frame rates; the shorter the
fiber cantilever the higher the resonant frequency, the higher the available frame rates. This is an
important design consideration that can play into the earlier construction and cleaving of the fiber

optic.

B.6 Finding and Applying Eigen-Transformations to Correct
for Non-Ideal Lissajous Scan Patterns with a Fiber Can-

tilever

Start by placing the position sensitive detector (PSD) at the focal plane. The PSD will measure
the displacement of the fiber.

Starting with the X axis driving frequency, use the matlab code FiberScanner > Eigenax-
isIdentification > SendOutputWaveformsforMeasuringEigenaxisResponse.m from [1] to send a
single axis sinusoidal waveform rotated through 180 degrees. The rotation occurs in 1 degree steps
and acquires the PSD signal at each angle for 1 second. After acquiring data for the X axis driving
frequency, the script will collect the fiber response at the Y axis driving frequency. Do this first
for the smallest driving voltage that will be applied to the piezotube, and then repeat for the largest
driving voltage. In addition to being sensitive to frequency, the eigenaxes of the fiber optic are also

sensitive to driving voltage.
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X Drive Eigenaxes
30 Degrees 50 Degrees 57 Degrees

—Scan Pattern
* Minor Axis
= Major Axis

65 Degrees 84 Degrees

Figure B.3: Measured beam path trajectories (ellipses) for driving a 12V 804Hz single axis sinusoidal
waveform through various input angle rotations. The major and minor axis chords are shown on each beam
outline, corresponding to the plotted chord length in Figure B.6.

After the data has been acquired load each 1s datafile, utilize the matlab file FiberScanner >
Eigenaxisldentification > ProcessEigenaxisDataandDetermineOptimalEigenangles.m from [1] to
plot it and compute the minor and major axis of the measured ellipse. Make sure this file is in the
same folder as the functions calculate_major_minor_axes_final.m and calculate_subplots_axes.m.
The angles where the major axis is at a maximum and the minor axis a minimum correspond to

eigenangles for the drive frequency applied.
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Eigenaxis Length X: 804Hz with 12V Applied
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Figure B.4: For a 12V drive voltage with a driving frequency for the X axis of 804Hz, these are the mea-
sured major and minor ellipse axes. The major axis length is shown in blue with the left hand axis; the

minor axis length is shown in red with the right hand axis. The two eigenaxes occur at 65 degrees and 154
degrees for 804Hz.

Eigenaxis Length Y: 807Hz with 12V Applied
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Figure B.5: For a 12V drive voltage with a driving frequency for the X axis of 804Hz, these are the mea-
sured major and minor ellipse axes. The major axis length is shown in blue with the left hand axis; the

minor axis length is shown in red with the right hand axis. The two eigenaxes occur at 65 degrees and 153
degrees for 807Hz.

With 90V applied the eigenaxes for 804Hz are at 67 and 149 degrees and for 807Hz are at 68

and 149 degrees. Note that these are different from applying 12V (804Hz: 65, 154 deg | 807Hz:
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65, 154 deg). Thus the eigenaxes are sensitive to both driving frequency and driving voltage where

nonlinear mechanical distortions can shift things significantly.

Eigenaxis Length X: 804Hz with 90V Applied
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Figure B.6: For a 90V drive voltage with a driving frequency for the X axis of 804Hz, these are the mea-
sured major and minor ellipse axes. The major axis length is shown in blue with the left hand axis; the

minor axis length is shown in red with the right hand axis. The two eigenaxes occur at 65 degrees and 153
degrees for 807Hz.

B.6.1 Build Tutorial for Version 3

Table B.2: List of components for V3.3 Scanner Build.

| Component | Source
(1) Ferrule Thorlabs: CF128-10
(2) Fiber Optic Patch Cable Thorlabs: P1-780A-FC-5
(3) 900um Furcation Tubing Thorlabs: FT900Y
(4) 1" Flange to Lens Adapter | Thorlabs: SM1F2
(5) Piezotube PiezoDrive: TB2005
(6) Conn Junct 2POS Poke-in | Digikey: 478-8728-ND
18-26AWG
(7) 4-40 Screws & Hex Nuts Ace Hardware
(8) Ferrule Holder Machined out of plastic
(9) Buffer Holder Machined out of plastic
(10) Piezo Holder 3D Printed
(11) External Housing (2 3D Printed
pieces)
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This tutorial provides step-by-step instructions for how to build Version 3.3 of the fiber scanner.
CAD files with dimensions can be found in my public github repository at [1] under Dissertation

> FiberScanner > CADFiles.

Step-by-Step Instuctions
1. Start by attatching the piezo holder and the flange-to-lens tube adapter together. You will
need the piezo holder, the 4-40 screws and hex nuts and four small springs that fit over the

4-40 screws.

(a) Add a hex nut to each 4-40 screw and rotate until it is snug against the screw head.
Then, add a screw to each corner of the flange-to-lens tube adapter with the the screw
head and the lens tube threads on the same side. After sliding the screws through, each
screw should have a spring slipped over it between the adapter face and the front face
of the piezo holder. The cylindrical tube of the piezo holder sits inside the cutout on
the adapter. On the exiting side of the piezo holder, add a 4-40 hex nut to the end of
each screw and UV glue the hex nut to the piezo holder so it does not rotate (only the

screw can rotate through it).

2. Next mount the assembly from (1) into the larger external housing, using the vertical and

horizontal pairs of screws and springs.

(a) With the external housing piece that has a large cutout, place a spring inside each
of the two rectangular cutouts on the inside of the edging. Then, while holding the
piezo holder centric inside the cutout, slide a screw through each opposing hole on
the external housing and into the groove on the outside of the piezo holder. Adjust
the screw lengths and spring positions until the piezo holder is held snugly inside the

cutout.

3. Screw in the high voltage connector to the back side of the external housing piece used in

Q).
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10.

11.

12.

13.

14.

Add in the push-release wire connectors. UV glue to an out of the way location inside of the

housing used in (2).

Connect the high voltage wires to the push-release connectors.

Add in the buffer holder. UV glue the front or the back side to the outer housing.

Mount the piezotube into the piezo holder. The wires should slide all the way through and
fit around the buffer holder to the inside of the housing. You can slightly tug onthese wires
to help adjust the position of the piezotube. Make sure the piezotube is perpendicular to the

external housing front plane before curing the glue at the base.

. Add in the wires from the piezotube to the push-connectors.

. Remove about 5 inches of jacket from the patch cable. Slide a piece of buffer (~8-9 inches)

into the jacket leaving enough space at the tip of the buffer so that the fiber is not coming

out.

Slide the buffer through the hole for the jacket in the back of the external housing and into
the buffer holder. Then slide the jacket up the buffer all the way to the slot on the external

housing, making sure the kevlar fibers stay short and out of the way.

Push the buffer into the jacket and allow some of the fiber to come out of the end of the
piezotube (several inches). Remove the fiber coating using the heated coating remover and

cut the end of the fiber using the fiber cleaver.

Use gloved hands to slide the fiber into a ferrule with a bore hole atleast 2 microns larger

than the recommended size (I used a ferrule with a bore hole of 128um instead of 126um).

Add fiber epoxy to the ferrule and allow it to wick up.

Slip fit the ferrule into the ferrule holder.
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15. Pull buffer out of the jacket to pull the fiber tip assembly into the front of the piezotube. Here
I used loctite epoxy EA E-OOCL to glue the ferrule holder into the piezotube. (A previous
student did studies on off-gassing of different epoxies and found this was the only one that

wouldn’t coat and ruin the fiber optics while curing).

16. Construction is complete.
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Appendix C
Protocols for FIFFR

C.1 Parameter Optimization

There are four variables to optimize when running FIFFR. A brief exploration found that the
order in which these four variables is optimized does matter; first the minimum threshold L is to be
optimized, then the maximum threshold U, then the sigmoid slope a and finally the sigmoid shift s
from Algorithm 1. These values can be optimized for varying levels of sparsity using a simulated

sparsely sampled image and computing the SSIM to the original fully sampled image.

Minimum Threshold In order to optimize the minimum threshold, the following values were
present until they could also be optimized: U = 20e — 2, a = 1, s = 0. L is swept from
values of 0.1e — 4 to le — 2. Matlab code to run this optimization can be found at FIFFR >

NAoptimize_minthresh.m from [1].

Maximum Threshold After the optimal L value is found, then U is swept from 0.1e—2 to 90e—2
with L equal to its new optimal value, a = 1 and s = (0. Matlab code to run this optimization can

be found at FIFFR > NAoptimize_maxthresh.m from [1].

Sigmoid Slope Next, a is swept from 0.05 to 0.025 with L and U equal to their optimal values,
and s = 0. Matlab code to run this optimization can be found at FIFFR > NAoptimize_a.m from

[1].

Sigmoid Shift The threshold function in matlab is fed a vector ranging from -10 to 10 which is
scaled for the number of iterations after the Next, a is swept from 0.05 to 0.025 with L and U equal
to their optimal values, and s = (. Matlab code to run this optimization can be found at FIFFR >

NAoptimize_a.m from [1].
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C.2 Static FIFFR Algorithm

Code to run the FIFFR algorithm on simulated data is available in [1] at FIFFR > static-

FIFFRAIgorithm.m where the simulated dataset is titled SparseSampledButterflyData.mat.
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Appendix D

License

Colorado State University LaTeX Thesis Template
by Elliott Forney — 2017
This is free and unencumbered software released into the public domain.

Anyone is free to copy, modify, publish, use, compile, sell, or distribute this software, either in
source code form or as a compiled binary, for any purpose, commercial or non-commercial, and

by any means.

In jurisdictions that recognize copyright laws, the author or authors of this software dedicate any
and all copyright interest in the software to the public domain. We make this dedication for the
benefit of the public at large and to the detriment of our heirs and successors. We intend this
dedication to be an overt act of relinquishment in perpetuity of all present and future rights to this

software under copyright law.

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, EX-
PRESS OR IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF MER-
CHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT.
IN NO EVENT SHALL THE AUTHORS BE LIABLE FOR ANY CLAIM, DAMAGES OR
OTHER LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR OTHERWISE,
ARISING FROM, OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE OR
OTHER DEALINGS IN THE SOFTWARE.
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