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ABSTRACT

This thesis presents the results of introducing spectral differentiation into an optical
method called SPIFI (spatial frequency modulated imaging). SPIFI is a method defined by
its use of a special modulation mask, which varies in time and creates a correlation between
spatial and temporal variables. In experimental tests, it was recorded that adding spectral
dependence to SPIFT creates functionality similar to that of SEATADPOLE.

SEATADPOLE is another imaging method, based on spectral interferometry, that is
most often used to measure dispersion within signals. Such dispersion measurements are
encoded in turn as correlation between the frequency of incoming light and spatial variables.
The method has been investigated and verified to bring various benefits to the field of optical
imaging.

Our primary goal was to combine the two methods in order to confirm that a SEATAD-
POLE trace, and the related spatial and temporal measurements, can be extracted from
SPIFI. This is important because it allows for a rigorous level of self-characterization of
the focal intensity within the system. In order to check that the hypothesis is theoretically
viable, preliminary tests were done through the Zemax Optic Studio interface. This high-
lights many valuable parameters within the system, including aberration, the specific values
of dispersion, and the light beam cross section through the system as explained by theory.
The experiment was then repeated in a laboratory setup. Images taken in this system cor-
respond to the most important theoretical cross-sections and measurements, including the
SEATADPOLE trace. Overall, the main hypothesis is clearly confirmed, with a baseline
SEATADPOLE trace identified and verified against theoretical tests, based on a system
with no sample; the results that do not agree perfectly also can serve as a source of new

information upon which the methods can be refined and further developed.
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CHAPTER 1
INTRODUCTION

There is a continual demand for higher quality image measurements in terms of reso-
lution, field of view, and imaging speed improvements. In particular, Spatial Frequency
Modulation Imaging (SPIFI) addresses these areas of imaging, as it enables resolution en-
hancements, and the possibility of capturing large fields of view, on the millimeter scale at
millisecond exposure times.

Confocal microscopy and multi-photon imaging are two imaging methods previously used
for these purposes. Some shortcomings of confocal microscopy are that it could potentially
damage the sample due to the energy of individual photons being used (wavelength <400
nm) and that there is a limit on how deep it can image inside scattering media. This limit
has been stated as approximately 100 um in biological tissue [1], and is highly dependent on
the distance from the focal axis itself [2] due to system aberrations.

Multiphoton microscopy addresses the damage issue by using two or more infrared pho-
tons (800-1600 nm) to deliver the energy present in one blue or green photon (350-532 nm)
used in confocal methods. Multiphoton microscopy has other benefits as well. For example,
a greater imaging depth can be obtained within scattering media, such as 200-250 pm in [3]
for biological tissue. Traditionally, multiphoton microscopy, like confocal, utilizes a single
point beam that is rastered in the focal plane to create a two-dimensional image. This re-
quires a higher amount of data processing compared to methods utilizing a linear scanning
beam, because in order to create a three-dimensional image, the beam or specimen is stepped
axially and a two-dimensional image is captured at each step. The process would be more
efficient if an extended source such as a line could be used as opposed to a point. However,
line sources have traditionally required using a camera for detection. The problem with the

camera is that one of the inherent advantages of multiphoton microscopy, as well as confocal,



is lost - the ability to image deep into scattering specimens.

For the first time, SPIFI is an imaging method that enables the use of an extended imag-
ing source with point detection, such as a photodiode or photomultiplier tube. Consequently,
the more efficient line excitation schemes can be used, and are capable of imaging in scat-
tering media. The term SPIFT originates as an acronym from Spatial Frequency modulated
Imaging, and as indicated by the name, the method involves projecting varying spatial fre-
quencies created by modulating an extended line source in rapid succession. Notably, SPIFI
allows for increased resolution through its use of spatial frequency-based modulation [4].
Such modulation is generated by a rotating mask that has a specific pattern which produces
a linear variation in the spatial frequency over the angle of rotation.

The mask in fact acts as a diffraction grating, and diffracts the light at variable angles,
defined by Azsin(6,,) = mA, for m being the diffraction order number, Az being the base
grating spacing, and 0,, the diffraction angle. The initial line beam is created by focusing the
light with a cylindrical lens onto the mask, creating a light sheet. The bandwidth of spatial
frequencies on the reticle cause the angle of the diffracted orders to change over time, as a
function of mask rotation. After the mask, the diffracted orders, which are the individual
light sheets, are focused onto the sample. There, they cross and the resultant interference
sets up fringes creating a single spatial frequency. The point detector integrates the signal
from these projections as a function of time, via the mask rotation. The image is then re-
trieved by a simple Fourier transform of the time-varying signal from the detector.

The resolution available to SPIFI is inversely proportional to the highest spatial frequency
available from the mask [5]. The traditional image resolution is set by the interference of the
zero order beam with the positive and negative first order beams. Notably, the spatial fre-
quency produced by interference of the first order beams between themselves is nearly twice
that of the zero order beam interference. A remarkable property of SPIFI is that the images
from both interference terms are recovered in the Fourier transform. It is this property that

makes enhanced resolution possible in SPIFT.



SPIFI works across imaging modalities, and its ability to function across such a scope
provides a justification for it to be used in this experiment and in other optical imaging
setups. It can be used with linear excitation, linear fluorescence, and multiphoton fluores-
cence for example. It is also compatible with methods that use second or third harmonic
generation processes as contrast mechanisms. These processes produce nonlinear modalities
which provide additional information through the phenomena that happen throughout the

system. The various modality options are shown in Figure 1.1.
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Figure 1.1: Multiphoton processes and modalities available in SPIFI.

The extended excitation source used in SPIFI enables the ability to monitor how samples
may change over time and thus to identify what is causing those changes in a facile way.
For example, one-dimensional dynamics require no beam scanning, while two-dimensional
dynamics involve shifting the beam along a single dimension.

This brings many advantages, such as the ability to monitor how samples may change
over time and thus to identify what is causing those changes. While real-time imaging is pos-
sible from a single point source, the amount of processing power required is greatly increased
compared to using a more extended source, often requiring measures that compromise on
potential quality of the image. The amount of exposure time and resultant data achieved
through a linear source versus a single point is proportional to the focal spot size compared
to the dimensions of the linear source beam used.

On the other hand, an extended source has limits to its potential use. Normally, using an



extended source for the initial imaging beam requires utilizing the resultant spatial contrasts
in the detector. This precludes the option of using a single-element detector, unless some
other way to encode spatial information can be implemented. One of SPIFI’s most important
benefits is to allow for the usage of both a single-element detector and an extended imaging
beam source through a temporal encoding of spatial information. One option for such an
encoding would be to translate the spatial information from the sample into temporal data
through the use of a time-dependent component with a clear spatial signature. Such a com-
ponent appears in the form of the modulation mask, which is the primary basis of the SPIFI
method.

SPIFT is a novel imaging method that relies on the use of spatial frequency terms as a
defining factor in data collection to improve image quality. The most important component
that enables measurements based on spatial frequency is the modulation mask. This mask
generates diffraction from a variable grating, and when it is rotated, it produces spatial fre-
quency modulation [6]. The diffraction grating is described as in equation 0.1 below, with m
representing the transmission fraction, and Ak the minimum groove spatial frequency. The
equation shows continuously varying spacing between grooves as the mask rotates at angle
0. There is one specific point on the mask where there is no grating effect at all, defined as
0 = 0 by the equation; here, the intensity always computes to 1, so all the light is transmitted
and there is minimal diffraction. The range of angles is [—m, ), although in some instances
a part of the mask near § = +x are cut out and made fully transmissive to aid with the

calibration and detection processes.
1
m(r,0) = 5(1 + cos((ko + Akr)0)) (1.1)

Once the sample has been fully scanned, the parts of the sample imaged are then con-
structed together as a complete image. The optics and detection instrument, defining how
tightly the light focuses and the number of photons measured, are what determines the res-
olution of the image. In order to achieve an image with the increased resolution that SPIFI

provides, a setup similar to Figure 1.2 can be used.
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Figure 1.2: The initial SPIFT setup.

The components seen in this figure are the output of a fiber laser module, a telescope
serving as a beam expander, a cylindrical lens to focus the expanded beam to a linear cross
section, the SPIFI mask, a 4F image relay composed of additional spherical lenses after the
mask, imaging the SPIFI pattern onto the sample, and finally the collection optics and the
photodetector. The initial fiber laser used for imaging can have parameters primarily based
on specific objectives rather than on the foundation of the method itself, but most impor-
tantly the fiber laser needs to be collimated and spatially coherent.

The fiber laser used for this setup operates at a central wavelength of 1050 nm, with an
output power of 350 mW. The pulse duration is fixed at 150 fs, with a repetition rate of
50 MHz. The laser is expanded so that the final beam diameter is 2.2 ¢cm, and once it is
collimated, it passes through a f=10cm cylindrical lens. It then passes through a circular
mask shown in Figure 1.2. The 2.2cm figure is chosen because it best matches the dimension
of the lenses and other components themselves, keeping the beam within the imaging scope
of the system while utilizing as much of the mask and sample area as possible. Lastly, the

sample is located at the third focal point, where the beam becomes a horizontal profile again;



this maps the mask profile onto the sample, a necessary imaging consideration.

Mask Rotation
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Beari Diffraction
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Linear beam crass
section at mask

Figure 1.3: Mask profile and interaction with incoming beam for SPIFI system.

The mask is defined as it is for several reasons; to maintain local linearity so that a linear
beam gets uniformly diffracted, and to provide a smooth variation of spatial frequency with
spatial rotation. After the mask, the light is collected by a f=10cm spherical lens (Thorlabs
AC508-100-B-ML), which is 10cm from the mask. A second spherical lens, with f = 7.5cm
(Thorlabs AC508-075-B-ML), focuses the light onto the specimen. The separation between
the two lenses is 17.5 cm, and the specimen plane is 7.5 cm after the second spherical lens.
The transmitted light is collected by the final optic and focused onto the photodetector.

Lastly, the detector used for SPIFI is a single-element photodiode, which is connected to
a NIDAQ data acquisition system (USB6341) on a computer. The only other requirement is
that the wavelength range used in the imaging laser (here 1050 4+ 12 nm) is fully detectable
by the instrument used to measure the beam. An interesting point when considering multi-
photon processes is that its imaging efficiency depends on the pulse width and other beam
properties when nonlinear modality is present. Given a fixed total energy within a single
pulse, the detector reading is recorded as:

- Etot

I= AtA

(1.2)




However, nonlinear modalities create a different intensity function, based on the specific
interactions present. Here, the general intensity signal is raised to a power, resulting in
factors of the pulse width showing up in the intensity function, for the power coefficient k

representing how many photons interact.

nE*
I= e (1.3)

For k greater than 1, this means that the imaging method becomes more effective for
shorter pulses, and also indicates that it may be possible to measure imaging efficiency
through pulse shape identifications. The most common value for k here is 2, meaning that
the relationship is a direct inverse proportionality; this covers both harmonic generation in
its most common form as well as two photon fluorescence. While these phenomena are not
investigated in this experiment, SEATADPOLE and various extensions to it, combined with
the principles of SPIFI, can result in the imaging efficiency calculation becoming a useful
part of optical imaging.

Figure 1.1 shows a physical implementation of a SPIFI system, but the mathematical
derivation of such a system is required to understand it from a pure physics point of view.

The following derivation shows what happens to a one-dimensional signal in the SPIFI
system, from where it first interacts with the mask to where it is recorded on the pho-
todetector. The initial beam profile is defined as a Gaussian beam. In this case, only one
dimension of the beam is simulated, so the overall equation is described in equation 1.4, with

Ejy representing the initial Gaussian beam.

|
‘!‘?'3
(V)

O

Ey=e (1.4)

The cylindrical lens, present in the system to focus the beam to a linear profile, essentially
makes this a one-dimensional problem. The beam keeps the form of equation 1.4 until it

reaches the modulation mask. To obtain the profile after the mask, the mask formula in



equation 1.5 is multiplied by the initial beam, to obtain equation 1.6.

1+cos(2x;) 1+ 008(297”;)

m(x,0,) = 5 = 5

(1.5)

_s2 ] + cos({Z=2llm
E, = Em(z —z.)=e "0 (2 v

(1.6)

The corresponding figure showing the field at the mask, F,,, is seen in Figure 1.4 for two

different angles. Note how the spatial frequency is higher at the larger angle.
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Figure 1.4: Beam profiles at different positions of the modulation mask.

When 6,, = m, the spatial frequency of the mask becomes 0, and the entire beam is
transmitted, without diffraction. As #,, rotates towards 0, the spatial frequency steadily
increases, leading to diffraction of the incoming beam. At higher spatial frequency, the
beam is diffracted out at a greater angle.

When the diffractive mask is set to rotate, the mask then creates a relationship between
time and the spatial frequency of the beam modulation. As the mask rotates at a constant
rate, the spatial frequency changes linearly over time. The mask is symmetric across the
axis between 6,, = 0 and 6,, = m, so only half of a full mask rotation can be accounted for

in the overall change in spatial frequency.



After the mask, the beam is transmitted through the sample, where it gains another term
g(x) dependent only on the features of the sample. This is shown below as equation 1.7. At
this point, between the two spherical lenses, the beam gains a linear profile again, only this

time perpendicular to the profile at the mask.

221 + cos(LEzlin
E, = Eym(x — z.)g(z) =e " (2 EST

g(x) (1.7)

The sample provides the third important imaging plane for SPIFI, because the spatial
frequencies of the mask are displayed here by interference effects. After the sample, the light
is assumed not to be changed until it reaches the detector. However, the detector does not
directly measure the field itself; it measures the intensity of the beam, which is the square of
the magnitude of the field as shown in equation 1.9. With the detector being single-element,
the general form of the incoming light is integrated across the beam to produce a signal
that varies in time only. The expression for the integral is shown below in equation 1.8; the

Gaussian illumination term from the initial beam will be written u(z).

T—2c)Om
-2 (1 + cos(“5))?
1

I, = |Egm(z — zc)’g(2)’| = e l9(@)[? (1.8)

2(x — xc)0n,

Az, ))dx

(1.9)

Iy = /|E§m($—$c)29($)2|dl“ = /w(gjﬁcos(%ﬂ—%cas(

As can be seen in equation 1.9, the squaring of the field function to generate the intensity
recorded creates harmonics in the signal. Order 0 in the equation is a constant term, with

the formula depicted in equation 1.10.

_ [ 3Ju(z)?g(x)?|
30_/ 1 dx (1.10)

This term is a given signal that does not vary with the rotation of the mask. However,

the intensity of other terms is described as in Figure 1.5, varying with time.
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Figure 1.5: Intensity profile over mask rotation for SPIFI system.
Higher orders, however, do show dependence on the overall mask rotation. Their expres-
sions are shown in equations 1.11 and 1.12.
2 2
ulxr x M j(2=zc)om
s1 :/| ( )29( ) | Az +e Az )dx (111)
2 2 , .
ulax x 1 2i(x—zc)bOm _ 2i(z—xc)0m
L (112)

From these equations, it is possible to notice that the mask essentially is the physical
implementation of the Fourier transform of the signal, from z to ¢ through 6,,. This thus
indicates that the system is correlating a spatial variable in the mask to a temporal variable
at the detector.

Based on this derivation, the function of SPIFT is to create a modulation in an imaging
system through spatial frequencies. This is accomplished through a mask which generates
a variable spatial frequency profile, essentially scanning spatial information about the sam-
ple in a temporal format, and thus allowing the use of an extended source as well as a
single-element detector. Once the first and second order signals are obtained, it can then be

analyzed to extract sample data.
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The hypothesis in this thesis is that by spectrally resolving the line source at the object
plane, the system can be characterized in terms of any phase differences across the micro-
scope aperture. This is especially important when using the microscope with femtosecond
pulses. We hypothesize that a spectrally resolved SPIFI image is in fact equivalent to a
SEATADPOLE trace used to characterize femtosecond pulses. SEATADPOLE was first
invented by Bowlan [7] in 2006, and was later developed further in subsequent studies, involv-
ing Bowlan and other contributors, including [8] and [9]. SEA stands for Spatially Encoded
Arrangement, while TADPOLE represents Temporal Analysis through Dispersion (of a Pair
of Light E-fields).

SEATADPOLE has offered considerable advantages in the field of optical imaging in gen-
eral, specifically relating to pulse measurement and characterization. Bowlan demonstrated
that much higher time-bandwidth product is possible with SEATADPOLE compared with
other methods, enabling measurement of more spectrally and spatially complex, as well as
temporally extended pulses. The spectral resolution obtained was calculated to be 0.04 nm.

SEATADPOLE involves interfering a reference pulse with an unknown pulse, then spec-
trally resolving this interference with an imaging spectrometer. The resultant spectrally
resolved interferogram can then be inverted to provide the intensity characteristics of the
unknown pulse both in space and time. The hypothesis here, is that by spectrally resolving
the line cursor at the focal plane of the SPIFI imaging system, we have the equivalent of
a SEATADPOLE trace, and can therefore fully characterize the imaging systems intensity.
This thesis is organized accordingly. In the next chapter, we will first introduce the back-
ground theory of SEATADPOLE. By way of example, we will show how dispersion changes
these traces and how the phase introduced can be extracted related to these changes. Fi-
nally, we will show how SPIFI can be used to make SEATADPOLE measurements. In
chapter three, we analyze the SPIFI imaging system in ZEMAX, and calculate what the
SEATADPOLE trace should look like for this system. In chapter 4 we compare the cal-

culated trace to one that is measured in the laboratory, in support of our hypothesis: the

11



purpose of this thesis is to demonstrate, for the first time, that spectrally resolved SPIFT,
produces a SEATADPOLE trace that can rigorously measure the spatial and temporal char-

acteristics of the completed system. Chapter 5 is conclusions and future work.
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CHAPTER 2
SEATADPOLE

In order to describe the overall method used for this thesis, it is first necessary to un-
derstand SEATADPOLE in general, and how the method is mathematically justified. To
provide a benchmark for experimental results, it is necessary to obtain comparative theoret-
ical results and knowledge on what transpires within the system, to provide meaning to such
results. This is done through analysis of the overall equations, determining the behavior of
the imaging beams and how the diffraction orders differ in phase and overall characteristics
throughout the system.

SEATADPOLE is used to characterize dispersion in the optical signals, by measuring
the spatio-spectral phase of the pulse. The spectral phase is a function, typically expressed
as ¢(w), that defines the phase as a variable that depends on the frequency profile of light.
This is a logical variable to introduce for optical imaging in general, as many components
widely used throughout the field cause wavelength-dependent profiles to be introduced into
the system. This ability within SEATADPOLE allows considerable improvements in other
qualities of optical imaging, given the spectrometric nature of the method; not only simple
femtosecond pulses can be measured, but longer or more spatially and spectrally complex
pulses are now within the imaging scope of SEATADPOLE. Additionally, once the pulse
shape is measured, the imaging efficiency can be calculated.

The function F(t) describes the general pulse behavior over time, and since we are going
to work in the spectral domain, the Fourier transform F(E(t)) shows the dependence of this
pulse on the frequency w of the light. This is commonly expressed as E (w)e®“@)  where e®®)
is a term produced by the propagation of light through the system.

The value of ¢(w) is a phase term expressed as a function of the frequency. This is an

important term to investigate in the theory of optical imaging, as the path length through

13



an optical imaging system is wavelength dependent. We can expand ¢(w) as a Taylor series
to understand how the path length variations, or dispersion, impacts the pulse shape. The
expansion of the Taylor series is described in equation 2.1, where wy is the central frequency
of the pulse.

p(w) = d(wo) + ZDJ‘(WO)(W — wo)’ (2.1)

J=1

The various orders available have different impacts on the signal over time, and are
described in equation 2.2.

_ ¢

D; = .
dw?

(2.2)

The first order, often called group delay (GD), is the first derivative of the phase, and
simply describes how long it takes for the pulse to propagate through the system. The
second order, group delay dispersion (GDD), is more important to the overall variation of
the pulse through the system, because a nonzero second order results in pulse broadening. It
is often important to minimize the effects of pulse broadening to optimize imaging efficiency,
and as a result of this, the second order is normally the first dispersion component to be
compensated for. Higher orders, above group delay dispersion, also have clear effects on the
pulse behavior, further broadening and asymmetrically distorting the intensity profile of the
pulse. In general, even orders broaden the pulse, while odd orders asymmetrically disperse
the pulse intensity profile in time. SEATADPOLE enables the characterization of the phase
and amplitude of the pulse by providing a direct measure of the dispersion of the optical
system. Another expression for the spectral phase is shown below in equation 2.3, and
provides additional insights on how dispersion affects the system and on the mathematical

properties of the orders.

2 2
Sw)=R-7 = “nl= TP (2.3)

In this formula, P represents the optical path length, A the wavelength which is implicitly

dependent on w, and ﬁ and 7 are vectors describing the initial properties of the beam. n is

14



the refractive index of the wavelength dependent material, and [ is the length of the material,
making the effective path length equal to P = nl. This is equivalent to equation 2.1, and
as a result it is possible to describe the dispersion orders as functions of the wavelength and
overall path length. As stated, the dispersion orders provide crucial information about how
the pulse intensity profile changes throughout the system. Through the use of dispersion
orders, it is possible to control the beam compression to optimize the pulse intensity profile
at the object.

The basic SEATADPOLE system for characterizing dispersion of a femtosecond pulse
is shown in Figure 2.1. Essentially, an unknown pulse is referenced against a known pulse,
with a defined frequency distribution and spatial profile. The two pulses enter an imaging
spectrometer at an angle 6 relative to one another. The resultant spectral interferogram can

then be analyzed to extract the spatio-spectral phase of the unknown pulse.

Detector

Cylindrical lens

Spectrally
differentiated
light

Unknown pulse

L S

Reference pulse ¢ Grating

Figure 2.1: Previously used SEATADPOLE setup as described in Bowlan et al. 2006

To appreciate how the SEATADPOLE trace characterizes dispersion, let’s examine the

orders of dispersion.
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Given a known phase contribution ¢y, the first dispersion equation is shown in Equation
2.4. The value of Z—J; and higher derivatives, where P is the path length, can be used to
calculate the dispersion orders separately. By analyzing the SEATADPOLE trace, we can

extract the orders of the dispersion. The 1% to 4" orders are shown in the equations below.

_ar 2.4

GDD = 4212% (2.5)

TOD = 1;; = (3621]; + Af;};) (2.6)
FOD = %7;(12% + 8A6571: + AQZZ;T]:) (2.7)

These equations are derived through taking derivatives of the initial spectral phase, seen
in equation 2.3. The following figure shows what happens to a Gaussian pulse with duration
100 fs when dispersion is added and the pulse is propagated. The dispersion is turned on
one order at a time, starting with the GD, then GDD, and continuing into higher orders. In
this way it becomes clear how the different orders of dispersion impact the pulse intensity

profile.
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Figure 2.2: Results of propagating a pulse with dispersion.
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The first dispersion order results in the same overall profile as the term with only ¢(wp),
with the exception of a constant shift in time with magnitude 20 fs. Even dispersion orders
produce a symmetric modification of the pulse, while odd orders alter one side differently
from the other and shift the temporal center of the pulse. The second order, included with
magnitude 4000 fs2, only broadens the Gaussian pulse, so that its profile stays Gaussian but
becomes more temporally spread out, decreasing in amplitude to conserve energy. The third
order, here shown at 4.24 * 10° fs®, produces more complicated, variable results, depending
on the magnitude of dispersion. At lower levels, dispersion simply broadens the distribution
on one side while narrowing the other. At higher levels, however, the narrower side becomes
oscillatory. Generally, beyond the fourth order, the orders can become insignificant in their
contribution to the signal, and they are thus ignored in this study.

Because SEATADPOLE provides a method of quantifying dispersion, however, it has
many advantages in optical imaging in general. To help explain why these advantages exist,
the derivation of the SEATADPOLE equation is required.

The SEATADPOLE equation, 2.8, is derived through analysis of the interference equa-

tions for the known situation. Following the notation of [7]:

S = Sref + 51+ 2/ SrefSic08(p1 — Pres + wT) (2.8)

Initially, the beams need to be identified, and their intensities are defined by the variables
S1 and Syep. Syep, with phase ¢,qs is defined as the undiffracted, axial beam of the system,
and is used as a reference signal. The other beams, any of which can be represented by S;
and ¢, are the nonzero diffraction orders. Overall, the mathematical relationships describ-
ing this situation are identical to the basic forms of spectral interferometry; the symmetries

and equivalences are seen in the figure below.
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Figure 2.3: Example of a spectral interferometry system

In general, the result of interference between the two beams is the sum of their phase
vector forms, E = F,e'® + E,e'®?. The phase of the undiffracted beam has only one com-
ponent that needs to be considered, which is defined as ¢;, due to the undiffracted beam
comprising the entirety of the reference pulse in our experiment. Assuming the second beam
also has a defined phase ¢, at the diffraction point, the sum of the fields is seen in equation

2.9.
E = B + Eye'® (2.9)

In an optical system, the path lengths on-axis and off-axis are the same for no aberrations.
To find the actual intensity from this function, the value of F is multiplied by its conjugate,
which results in the equation below. This specific equation describes the most general case
of spectral interferometry, where a reference beam is interfered with an unknown beam to

create phase measurements.

d
[ = B2+ B2 + 2B, Escos(¢s — ¢, + Tx) (2.10)
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Given that the intensities of signals 1 and 2 are represented as E} and E3, the equation can
be written as:

dx

1211+IQ+2\/ ]1]2008(@52-@51—}-7) (211)
The phase term in the interference signal, dyx, is based on the beams being displaced by an

angle 6, the resultant path length difference would be dx = xsin(6). For two plane waves,

interfering at an angle #, we can thus write:
I =1+ I+ 2\/ 11 Iscos(¢po — ¢1 + 2kxsin(0)) (2.12)

A similar interference term arises in the SPIFI method, in which two beams separated by
the modulation mask are interfered at an angle when they focus together again. However,
different variables are the focus of the SPIFI and SEATADPOLE methods; SPIFI generally
uses varying € through rotating the modulation mask, while SEATADPOLE keeps the angle
fixed. Thus, the SPIFI angle will be fixed when we perform SEATADPOLE measurements,
by manually rotating the SPIFI mask and making the measurement with the mask at a
stationary angle.

The SEATADPOLE trace is the most important result from the method; it is generated
when the main equation above is plotted against a spatial variable and wavelength, which
actually describes the signal at the spectrometer. When the pulses have no phase difference,
we expect to see a uniform SEATADPOLE trace where the straight line fringes are deter-
mined solely by the angle they are combined at. Figure 2.4 shows a plot with two equal
pulses.

As seen in Figure 2.4, there is no difference in dispersion apparent, as the wavefronts
of the interference fringes are completely straight. Ideally, this is the expected case for a
perfect imaging system. Between each fringe there is a clear minimum reached in inten-
sity, corresponding to full destructive interference between the two beams of similar overall
power. This holds for any frequency distribution, provided it is identical across both pulses,

as demonstrated in Figure 2.5 with two Gaussian pulses. The overall frequency dependence
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Figure 2.4: SEATADPOLE trace with no phase difference, with two equal pulses.

of the SEATADPOLE trace holds consistent to the frequency profiles of the original pulses
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Figure 2.5: SEATADPOLE trace with no phase difference, with two Gaussian pulses.

The residual phase differences are realized as a distinct term in the SEATADPOLE
equation, specifically within the cosine term of the interference between beams. The phase
difference is best analyzed through separation into polynomial components at the base fre-

quency, as given by the initial dispersion function D,, = iﬁ—‘f. Generally, the results of these
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differences within the trace can be directly related to these dispersion terms, with each power
term corresponding to an equal dispersion order.

When a known wavelength dependence is used instead for a Gaussian beam, it replaces
the values of S; and S,¢¢. This simplifies the SEATADPOLE equation further, as assuming
Sy = aS) for some constant a leads to S = (1+4a)S; +2v/1 + aS;cos(wT), which is a linear
oscillation superimposed onto a graph of ;.

As described earlier, dispersion generates pulse profiles that vary as a polynomial in the
spatial dimension relative to frequency terms, as can be seen in Figure 2.6. Each dispersive
order changes the shape of the interference fringes of the SEATADPOLE trace.

Figure 2.6 shows how the interference fringes of the SEATADPOLE trace vary as a
function of the dispersion order. One of the most important measurements obtained with
SEATADPOLE is used for detection of these phase relationships in pulses. This is essential
for the amplification of ultrashort chirped pulses, which often distort if amplified directly.
Chirp is a factor that, being a direct result of dispersion, can be helpful in any SEATAD-
POLE trace due to identifying spatial dependence on frequency, which would show up as a

non-horizontal periodic term in the SEATADPOLE plot.
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Figure 2.6: SEATADPOLE trace for fixed phase difference and added dispersion orders.

In summary, SEATADPOLE traces can identify data about path lengths and then sub-
sequently dispersion. Given the group delay, GD = ﬁ%, spatial frequencies mark periodic
path length variations and thus in turn identify a similar periodic variance in the group
delay. Similarly, other derivatives and transforms of the GD function result in the higher
dispersion orders, which are identified similarly in the Fourier transformed data. Addition-
ally, dispersion can be used to identify certain properties of materials as well.

Overall, the general function of SEATADPOLE means that the SPIFI setup can be used
to measure the SEATADPOLE plot through interference effects. The lens parameters are
known, with the focal lengths being used to determine the actual relationship of path length

through glass to diffraction order. The SPIFI setup has all the necessary components to
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accomplish such a measurement: the grating is replaced by the diffractive mask, and a
spectrometer is placed at the focal plane of the SPIFI microscope. SPIFI is designed to
produce a focal point equivalent to that found in the SEATADPOLE system, with the light
beams meeting at a known angle to create a fixed spatial frequency. Thus, through placing
a spectrometer at the SPIFI focal plane, all the benefits of SEATADPOLE through pulse
characterization and dispersion measurements are available. This is the first time such an
analysis of a pulse has been performed.

While the SEATADPOLE setup used in [7] has separate unknown and reference pulses,

the SPIFI system uses diffraction orders from the same original beam for this purpose.
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Figure 2.7: Comparison between SPIFI and SEATADPOLE setups
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Given that the dispersion orders are clearly represented by wavefronts in the SEATAD-
POLE trace, the distance between them and the beam intersection angle can be changed
easily through rotating the mask. This enables another degree of freedom in measurements
to optimize potential results. Extraction of the dispersion orders is done as shown earlier,
with the appropriate scaling factors being calculated and the wavefronts’ spatial variance
being translated into dispersion coefficients. Overall, every aspect of SEATADPOLE can be
replicated in a SPIFI system.

In the upcoming section, the overall method produced by this combination of SPIFI and
SEATADPOLE is investigated further, with theoretical examples of the final signals and
comparisons with experimental results. The various benefits of SEATADPOLE are proven
in the SPIFI context in the remainder of the thesis, and the optical imaging qualities ex-
pected are examined. Resolution, phase differentiation, dispersion measurement and the

behavior of the system in regards to samples inserted are the primary sources of information

on which to base the viability of SEATADPOLE in a SPIFI system.
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CHAPTER 3
SPIFTI SYSTEM ANALYSIS WITH ZEMAX

In order to fully understand the operation of the laboratory setup, it is necessary to cre-
ate a separate model of it to simulate its behavior. This model is constructed in Zemax, an
optical simulation software which enables the representation of many different types of com-
ponents and their effects on incoming light. The following section details the construction
of the combined SPIFI/SEATADPOLE setup in Zemax, as well as simulation of its effects
throughout the system on the imaging beam.

All lenses in this system are either spherical or cylindrical, and are aligned perpendicu-
larly to the beam path. These criteria are defined based on the two surfaces of the relevant
glass. However, the lenses are constrained by what is commercially available, meaning that
only a discrete set of lens parameters can be used.

In order to accomplish this, Zemax allows optimization based on various quantities rel-
evant to the system. The primary quantities of interest include the overall focal length,
dispersion, and fixed system distances. The general parameters that determine the lens
properties are the intended beam dimensions and potential aberrations. The intended beam
dimension criteria begin with an initial collimated, circular 2.2 cm diameter beam, with
central wavelength 1050 nm. SPIFI requires an extended line source which is achieved with
a cylindrical lens.

There is no single optimal solution to these criteria, given that even the number of lenses
is not fixed. However, individual solutions can be identified and achieved through the se-
lection of specific conditions for the system to operate correctly. Such conditions can take
many forms, including setting the basic parameters of the lenses, identifying which aberra-
tions should specifically be targeted to cancel out, and investigating the spectral response of

the system.
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Zemax also provides the ability to trace rays through the system, extracting data about
them and how they are affected by the components they pass through. Data that can be
extracted from this function includes the path lengths of the examined beam and the spe-
cific trajectories it takes. Tracing the path lengths provides important functionality, such as
calculating the dispersion from how they vary with the wavelength.

The next step for constructing the system in Zemax is to simulate the modulation mask.
The mask is represented by a linear grating, which is a valid assumption as the grating is
locally linear at a fixed angle. Unlike the lenses, however, the diffraction mask in the system
is not necessarily of fixed orientation, as rotating it alters a critical property of the sys-
tem: the angle at which the beams meet. The rotation is implemented by merely changing
the grating spacing, according to equation 1.1. The minimum spacing between diffraction
grooves is defined as 40 pum, which represents ﬁ in equation 1.1.

Despite the imaging of multiple orders being possible in a real system, Zemax allows for
the simulation of individual light orders only from diffraction gratings. This is a significant
obstacle for investigating interference-dependent systems. This is because the SEATAD-
POLE trace and some functions of SPIFI depend on interference between different orders,
and it becomes complicated to extract the full SEATADPOLE trace within Zemax alone,
requiring certain special functions. Beam cross-sections are also prevented by this restriction
when they require interference to calculate; the light sheets coming from individual orders
can only be simulated separately in the basic functionality of Zemax. However, they reveal
more information than just their general distances and orientations. Their finer structure
can be used to decipher optical aberrations within the system.

The simulated system used in this paper was modeled in Zemax and shown in Figure 3.1
below. This model minimizes aberrational effects and defines focal lengths. The measure-
ment points in this model are variable, but generally correspond to known components and

focal points.
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Figure 3.1: Combined SPIFI and SEATADPOLE setup in Zemax.

The first important lens in this figure is cylindrical. The cylindrical lens is plano-convex,
unlike the other focusing lenses, with a focal length of 10 cm. This is a commercially avail-
able optical component, chosen just because its focal length is within a range that makes
sense for the scale of the system. Its preset thickness is 0.6 cm, and it is made of BK7
glass. The mask is placed 10 cm after the cylindrical lens, at its focal point. Here, the beam
is a horizontal line, and the presence of the mask separates it into diffraction orders. Due
to Zemax being able to simulate the nonzero focal spot size of the beam at this point, the
focusing tendencies afterward can be accurately understood within the program, and some
features in both Zemax cross-section images and their equivalents in the real lab setup can
be easily explained. The first lens after the mask is the most important one to calibrate
properly, as its effects propagate over a greater distance. This lens is set to be bi-convex but
not symmetric, with curvatures set to 6.58, -5.60, and -28.1 cm, from the preset model of
the corresponding lens in the lab experiment, AC508-100-B-ML from Thorlabs. This lens is
also an achromat, meaning that it is designed to reduce the effects of chromatic aberration.

Based on the system, the combined horizontal focal length resulting from the combina-
tion of lenses is 15.17 cm after the first achromat. The second focusing lens was set to the
AC508-075-B-ML lens model, with curvatures at 5.18, -9.31, and -29.1 cm, again correspond-

ing to the real lens used in the lab. It is placed at a distance of 17.5 cm from the first lens,
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fulfilling the premises of the 4F system with a distance equal to the sum of the focal lengths
of the two lenses. Between the lenses, at a point defined by the focal lengths, the beam
becomes linear again, but perpendicular to its orientation at the mask. When the beam flips
back to its orientation at the mask, it arrives at the sample. This distance is equal to 6.69
cm, defined from the back focal length of the last lens. The separate simulation of different
orders enables analysis of what types of aberrations exist in the system, and how they would
contribute to the final SEATADPOLE trace.

The combined SPIFI/SEATADPOLE system also introduces new concepts into the the-
ory. Instead of expressing the intensity in temporal terms, the mask is set to not rotate,
eliminating all such dependences from the equation. Instead, as the spectrometer is inserted
into the system, the appropriate dependent variable is now the wavelength. Rehashing the
equation in terms of the wavelength results in the equation below;

T

s(\) = 2\@(%);@03(2@; +ad'(5) (3.1)

Given how the time variance is replaced by a spectral variance, the plot of the final signal
at the detector now behaves as the SEATADPOLE trace, given that the same interference
between diffraction orders happens at the detector.

The separate diffraction orders manifest as light sheets in the system, with cross sections
that vary through the scope of the system. There are vertical light sheets at the horizontal
focal point that vary primarily in distance with the separation of the mask grooves. The
distance is proportional to the spatial frequency of the mask, as given by the original diffrac-
tion equation’s Fourier transform. At the vertical focal point, the results are a continuous
dashed horizontal line, with the length and spacing of the dashes proportional to the mask
groove separation.

At the mask, the beam cross section does appear roughly linear; however, the distribution
within that shows signs of other processes in the system, as seen in Figure 3.2. The beams

are spaced roughly linearly based on their orders.
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Figure 3.2: Light sheets at vertical and horizontal focal points.

Figure 3.2 shows the general theoretical simulations of the distribution of the vertical light
sheets. As seen, results are close to ideal, and they show minimal aberrations in the general
distribution. Between distinct diffraction orders, hardly any differences are visible in the
profiles of the beam, either in the wavelength dependence or the general spatial distribu-
tion. The sheets demonstrate normal behavior in terms of orientation and uniform spacing,
as well as representing a generally linear spatial function of the system beyond the visible
aberrations.

In the Zemax system, at maximal separation between orders, the -1, 0, and 1 orders
can be fully imaged by the detector, while part of the -2 and 2 orders also fall within the
detection area due to the circular shape of lenses and apertures, even though the detection

area is rectangular. Orders beyond that are completely inaccessible without moving one or
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more of the components or rotating the mask to increase grating separation. In the real
imaging system used, a similar set of vertical lines is noted in the image at the focal point.
This is shown in Figure 3.4.

This is because the beam separates into distinct orders after the mask. These orders are
defined by the basic diffraction equation, which creates the angle separation seen in the final
images. Given the orders following the same focal behavior as the overall beam, becoming
fully focused at the same distance the main beam does, the same lens setup can be used to
collimate all the diffraction orders.

A primary measuring point for the light sheets is when the diffraction orders end up
crossing again, after being separated by the mask. This lies between the two lenses, at a
point defined by their focal lengths. The normal SPIFI method is designed as well to take
advantage of the resultant interactions of the orders at this point. Here, the beams show
a different kind of interference quality, mirroring the grating cross-section along the initial
linear beam. This produces a dashed line profile in the light sheets imaged at the horizontal
focal points in Figure 3.3. The spacing here is proportional to the mask grating spacing,

varying with the rotation of the mask.

Experimental: Mask angle = 2.08 Experimental: Mask angle = 1.16 Experimental: Mask angle = 0.78

Figure 3.3: Light sheets imaged at horizontal focal points.
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Figure 3.4: Light sheets imaged at vertical focal points.

Notably, the imaged vertical light sheets accurately represent the simulated forms. However,
there is evidence for spherical aberration in the real imaging system; away from the main axis
at the center of the images, the vertical focal point graphs show oscillations that are damped
out at this axis. These oscillations are stronger for higher orders, and their displacement

relative to the zero order appears to reflect the mask angle.
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Figure 3.5: Simulated light sheets at horizontal focal points.

The real imaging system also shows agreement with Figure 3.2, including a fixed hori-
zontal line with periodic breaks mirroring the diffraction mask. As seen in Figure 3.3, the
spacing varies in proportion to the mask spacing, and represents exactly the same overall

function.
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The horizontal focal point is where the final interference happens in the SEATADPOLE
system. According to Bowlan et al, using a spectrometer setup in the system then produces
the SEATADPOLE trace [7]. At the final recording point of the system, where the beam is
focused once again horizontally, the light sheets imaged make up the SEATADPOLE trace.

Spatially based optical aberrations can also show up in the final SEATADPOLE trace.
These distort the spatial profile of the orders exiting the mask and lenses, which means that
the light sheets would translate differently, as the various focusing dynamics of the beam
tend to keep the pattern of aberration intact, changing with the overall shape of the beam.
As the SEATADPOLE trace is itself a spectrally resolved combination of diffraction orders,
there could be visible effects from aberration as well, showing not only how it physically
affects the system but also how it might vary with wavelength.

The Zemax system provides sufficient parameters that can be used to design a sepa-
rate SEATADPOLE trace, in order to compare the focusing and path length of separate
diffraction orders. Based on their behavior, dispersion can be detected from the path length
dependence on wavelength. As phase is primarily dependent on the path length, this depen-
dence is the necessary condition for creating the dispersion-dependent wavefronts exhibited
in the trace. In Zemax, the path length is obtained through a ray tracing, showing the
position of a specific ray starting from the source throughout the system. The primary step
in performing ray tracing is to compare the undiffracted beam to the nonzero diffraction
orders, as interference between them generates the trace itself.

Dispersion differences are generally most useful when compared between the central beam
and a marginal ray in the system, thus measuring how such effects vary across the spatial
extent of the beam. This is best done using the Zemax ray trace function, which provides
path length measurements for individual rays chosen. The first case that will be demon-
strated is a fixed slab of BK7 glass that light passes through without refracting.

For a spatially invariant piece of BK7 glass, the only source of dispersion is from the re-

fractive index itself. The refractive index is defined by the Sellmeier equation, which can be
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obtained through Zemax. A macro constructed within Zemax enables path length measure-
ments to incorporate the index of refraction, which in turn allows computation of dispersion
generated by the materials used. The GD is first generated through equation 2.4, giving
general values of 0.507 ns through 10 cm of BK7 for the 1038-1060 nm wavelength range.
Taking another derivative of the path length then results in equation 2.5, the value of the
GDD. This computes to around 2330 fs?. A plot of the dispersion orders for 10cm of BK7

taken through this method is shown below in Figure 3.6.
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Figure 3.6: Calculated GD and GDD for 10cm BKT.

A slight curvature can be seen in the first order graph, confirming the presence of nonzero
higher orders. To verify this, the Sellmeier coefficients can be put into Mathematica to com-
pute the dispersion coefficients separately; this method also computes the refractive index,
meaning that the same derivatives need to be taken in order to find the dispersion. Multi-
plying the refractive index, and its respective derivatives, by the natural path length of the
BKT7 slab (disregarding the index), gives the correct path lengths. This calculation agrees
well with the Zemax simulation, giving a total first order dispersion of 0.507 ns, and a total
second order dispersion of 2360 fs? at the middle wavelength of 1.049 um. Not only does
this verify the dispersion calculations to within error margins, it also verifies the use of the

correct glass model and can be used to test other unknown data in order to investigate a
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sample.

Beyond the simple case of a spatially invariant system, where all parts of the beam are
affected the same way, more data can be uncovered from calculating the dispersion. A singlet
lens provides a simple yet useful reference point for ray tracing and the general procedures
related to it, as well as some of the impacts on dispersion that individual components pro-
vide.

Theoretically, the dispersion from the on-axis beam consists solely of refractive index vari-
ation, as the trajectory is not affected at all by the wavelength range used. No components
in the system refract or reflect the beam from on axis. However, the refraction generated
off axis by the nonlinear lens surfaces may produce dispersion itself, through varying the

distance light travels within a material.
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Figure 3.7: Diagram of singlet lens tested.

Within air, the main medium of this optical system, the refractive index differs much less
(by a factor of 0.0001) across wavelength, meaning it is safe to ignore variations produced by
the air itself; only the glass actually has a significant contribution to dispersion. However,
when a system is designed to properly cancel out dispersion, the effects of the air or whatever
base medium the light propagates through can be measured. The singlet lens analyzed in
this case is the Thorlabs model AC508-100-A, composed of two separate layers of N-LAK22

and N-SF6HT glass. Thus, there are three radii of curvature that need to be defined for the
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lens.

Through the Zemax calculations on the singlet lens, the GD is computed as 0.86 ns, and
the GDD as 356 fs? at the central ray. Moving out to the marginal ray at 10 mm from the
axis, the parameters hardly change, staying within 0.3% of their values on axis. This means
that theoretically, the singlet used (the same type as the lenses used in the experimental
setup) balances out dispersion variations effectively. The dispersion for the lens is shown

below in Figure 3.8.
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Figure 3.8: Calculated GD and GDD for singlet lens.

The values of the refractive index derivatives exponentially decrease by orders considering
the behavior of the refractive index itself, which in addition to the other factors used in
calculating the dispersion, results in dispersion orders above 4 being neglected.

Given the tests performed on simpler systems, and the accuracy provided in agree-
ment with the Sellmeier model, a logical step would be to test this paradigm on the SPI-
FI/SEATADPOLE system. Comparing the marginal and central ray dispersion results for
the experimental setup can be done through replicating the system in Zemax and using the
same program as for simpler systems. The system examined is shown below in Figure 3.9.
Again, there are three curvatures given for each lens, as the Thorlabs lens models are com-

posed of two separate glass layers, N-LAK22 and N-SF6HT. Due to the complicated nature
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of the lenses, it is not possible to provide accurate path length measurements; instead, the

dispersion is calculated directly from the Zemax system.
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Figure 3.9: Diagram of Zemax system simulated to obtain dispersion orders.

Within the Zemax system, there are other options to consider before calculating the
dispersion. First, multiple diffraction orders cannot be imaged simultaneously; instead, one
order must be calculated and analyzed at a time. Individual dispersion orders, in turn, do
not create the SEATADPOLE trace by themselves, as the trace is formed by interference;
instead, the phase terms causing this interference can be calculated as the differences in
dispersion between the on-axis and off-axis beams interfering.

While the higher orders are often difficult to measure due to precision levels, GD and
GDD normally give values around 1 ns and 1000 fs? for individual beams. The final disper-
sion values for this system were 1.96 ns and 2280 fs?, varying negligibly and with no clear
pattern between the marginal ray and central ray for a wavelength range of 1038-1060 nm,
calculated at the midpoint of 1049 nm. The differences in the GD amount to 60 fs, while
the GDD differences fall below 10 fs?, showing no detectable variation.

The numerical value for the GD of 60 fs may still seem significant relative to earlier
simulated values; however, it does not entirely contribute to the SEATADPOLE trace. Most
of this comes from a fixed path length difference between central and marginal rays, created

by the equation for GD, equation 2.4. The base path length difference between the beams
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calculates to 0.305 mm, which is equivalent to 29.5 wavelengths, or 73.4 fs. Therefore, the
overall GD influence on the SEATADPOLE trace is 13.4 fs, still comparable to the earlier
simulated values. This specific figure is very sensitive to the precise alignment of the lenses
used; as the second lens is shifted with the focal length, various values for this difference were
obtained, ranging from undetectable to well over 20 fs; the dispersion varied continuously

and monotonically through the range of lens distances used.
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Figure 3.10: Calculated GD and GDD for SPIFI/SEATADPOLE system.

The spatial differences show random variation and very small values relative to the total
dispersion at given individual beams. This means that the current SPIFI/SEATADPOLE
setup is, for the GDD, aligned to properly cancel both the wavelength dependence and spatial

dependence of dispersion across the known wavelength range and spatial profile of the beam.
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On the other hand, there is some residual GD, although the base path lengths that generate
it are cancelled effectively, meaning that there is some form of spatial dependence creating
it.

This supports the SEATADPOLE trace observed in Figure 4.1, in the lack of visible
dispersion other than a noticeable amount in the GD; therefore, the Zemax model properly
predicts all the major characteristics of the experimental setup. The cancellation achieved
is better than for a singlet lens, showing that the given SPIFI/SEATADPOLE setup was
optimized specially to establish a uniform dispersion function across the spatial range of the

beam. The GD term itself is also very sensitive to alignment, as evidenced by the Zemax

tests varying from negligible to 30 fs; this means that it can easily be adjusted or eliminated

I

through proper calibration.
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Figure 3.11: Theoretical SEATADPOLE trace with dispersion obtained from Zemax system.

For the central wavelength of 1050 nm and a bandwidth of 10 nm, we find that there is
no significant difference within the GDD when comparing a marginal ray off-axis with the
central ray of the system. As a result of this, the SEATADPOLE trace is expected to have
straight wavefronts, an observation confirmed by experiment.

In order to construct the SEATADPOLE trace from such data, the known dispersion has
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to be used based on a previously known trace. Based on the calculated dispersion values,
the resulting theoretical trace is shown in Figure 3.13. This trace agrees well with the exper-
imental trace, showing no higher order dispersion and the existence of harmonic terms based
on the specific value of the phase difference. First, a spatial oscillatory pattern is present
from the cross term in the SEATADPOLE equation. Second, the wavelength distribution is
mapped onto the horizontal dimension of the trace, from the innate spectroscopic function of
SEATADPOLE. The experimental trace below features both of these effects, showing linear
oscillations and a spectroscopic function as well. Even though there are limitations of what
can be simulated in Zemax, it has been used to effectively model the SEATADPOLE trace in
a SPIFT setup. The results of this model can be used to compare to the actual experimental

results that are discussed in the next chapter.
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CHAPTER 4
MEASURED SEATADPOLE TRACE

The initial SEATADPOLE trace is defined by equation 1.5. In it, the two incoming pulses
are interfered together, producing a final pulse that differs from the sum of the initial pulses
by a term dependent on their path length difference, which varies with the angle of intersec-
tion. There are several features expected to be created by such an equation. First, a spatial
oscillatory pattern is present from the cross term in the SEATADPOLE equation. Second,
the wavelength distribution is mapped onto the horizontal dimension of Figure 4.1, from the
spectral differentiation produced by the components within the system. The experimental
trace below features both of these effects, showing linear oscillations and a spectroscopic

function as well.
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Figure 4.1: Final experimental SEATADPOLE trace.

Overall, Figure 4.1 represents an accurate depiction of the SEATADPOLE equation, ver-
ifying that SPIFI, when augmented with spectral differentiation, can produce a meaningful

SEATADPOLE trace.
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The wavefronts in the experimental data of figure 4.1 appear perfectly straight, meaning
that there is no detectable 2nd order or higher dispersion. As a result of this, it is possible
to conclude that the experimental setup is well defined to cancel out dispersion. The com-
ponent alignment either creates no higher order dispersion at all, or causes one component’s
dispersion to cancel out that of other components.

In this case, it is expected that no other components that could directly cause a shift in
the dispersion over the spatial extent of the imaging beam are present. However, the use of
separate dispersive components can be quite beneficial in SEATADPOLE, through identify-
ing other imaging effects that may appear as part of the dispersion signature. In order to
evaluate the trace overall and what effects are visible in it, it is a useful idea to compare it
to equivalent traces in other setups, to see what differs between them, their capabilities in
overall measurement, and how accurately they represent dispersion.

The SEATADPOLE traces show not only the same information, but also additional
effects that could enable further analysis. These effects include an additional oscillatory
wavelength-dependent term and visible dispersion terms. Another useful benchmark to com-
pare the experimental trace to is the theoretical trace from a system simulated in Zemax

obtained from the dispersion values, as illustrated in Figures 2.5 to 2.7.
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Figure 4.2: Final SEATADPOLE trace comparison.

There are several notable differences between these figures that lend themselves to addi-
tional conclusions, as well as similarities that highlight how the methods used are equivalent
in their setups. The experimental figure already takes a similar form to related figures like
the Bowlan trace, in that it is composed of a series of near-parallel lines separated by position
on the detector, and with the opposite dimension defined by wavelength. The lines are not
perfectly parallel, which indicates there is something in the system that causes dispersion-
like effects.

Another important aspect of these results is that the Zemax second order dispersion order

values are highly sensitive to the alignment of the system. Based on the spherical aberration
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seen in the focusing dynamics, the dispersion varies close to linearly with the placement of
the lenses and detector; values from near 0 to 30 fs? have been obtained, and are a result
of the incident angle variance. When the empirical focal length was tested, the value was
calculated to be 2.8 fs2. However, not all the data comes from the base traces; the Fourier
transform of the traces can reveal other information.

Understanding the degree of agreement between Zemax, our current experiment, and
previous SEATADPOLE systems requires knowing what causes the various errors seen in
the results. Some errors are easily visible in the traces, while others come from sources not
directly imaged in the system. However, analyzing and determining where they come from
and how to correct them not only improves the future potential results of the method used
here, but also enables extensions for later experiments and sometimes ways to implement
parts of SEATADPOLE or SPIFI in other imaging methods.

The grating, purely by causing diffraction, introduces wavelength dependence into the
system. In this case, for SEATADPOLE, it is necessary to utilize this effect. BK7, as well
as any other lens material, has a predefined wavelength dependence for the refractive in-
dex variable, and is shown in the basic traces in Chapter 2. This wavelength dependence,
combined with that resulting from diffraction, creates the overall spatial projection of the
spectrum. As shown in Figure 4.1, the spatial projection is not purely linear. This can
generate several sources of error in itself, both physical and chromatic aberrations.

Aberrations are mostly caused by lenses in this setup; adjusting them typically requires
changes in a defined parameter of a lens, such as its curvature, distance from other compo-
nents, and its orientation. However, other optical aberrations cannot be corrected this way
normally, such as chromatic effects. To fix those, entirely new types of lenses are required.
Achromats have many different uses in the realm of SEATADPOLE/SPIFI measurements.
In some further experiments, it may be helpful to maintain a constant wavelength response
throughout the system. Achromats and other corrective equipment can be used to modify

the wavelength response to suit the desired situation.
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Overall, the comparison of the traces obtained in theory and experimentally reveals
that the concept has been implemented successfully. The combined SPIFI/SEATADPOLE
method has been shown to provide benefits of both, as well as rigorous measurements of spa-
tial and temporal characteristics of the system. Some concepts, such as measuring dispersion
and phase terms, exhibit full confirmation of theoretically expected results. However, there
is still a wide variety of further conclusions, analysis, and even extensions to the experiment

required to achieve full confirmation of all the ideas investigated here.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

Overall, the experiment produced significant agreement with theoretical results of SEATAD-
POLE traces based on the fundamental imaging system. Both SPIFI and SEATADPOLE
modes produced clear images that confirmed their theoretical basis. In addition, multiple
relevant effects that characterize SEATADPOLE traces are visible, including the parallel
wavefronts and spectral differentiation, with potential measurement of dispersion based on
the traces.

The dispersion orders measured agree with theoretical predictions based on the construc-
tion of a Zemax system simulating the laboratory setup, although not without differences.
As a result of this, the SEATADPOLE trace calculated from the Zemax setup additionally
showed various signs that verified the same origin for the known optical phenomena as the
experimental trace, including the separate inner harmonics and general slopes of the wave-
fronts.

As a result, this experiment demonstrates the capability of a spectrally resolved SPIFI
system to produce a SEATADPOLE trace, and thus to more effectively measure the spatial
and temporal characteristics of the full imaging system. While this is already a significant
result, the future of such experiments should be focused on how to improve the overall imag-
ing capability of the system, and how best to image samples used in the system. How this
factor compares to an equivalent measure in other systems is an important guideline for
these next steps, as well as understanding the imaging capability that results from including
such measures in similar methods.

Currently, phase measurement is being conducted in the SPIFI system; however, only the
phase differece between two beams is being calculated, ignoring the concrete phase values.

Generally, the concrete phase values for individual diffraction orderss cannot be obtained
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by interfering them with a separate beam from the same source. Given that the diffraction
orders all go through the same components and eventually recombine, the only phase dif-
ferences that can be obtained from interfering these separate orders are due to a difference
in the dispersion relation between chief and marginal rays. This applies to the final results
as well; only the difference in dispersion between orders is recorded on the SEATADPOLE
trace.

Further improvements in the SPIFI/SEATADPOLE method can be made through iden-
tification of these concrete phase values, as they correlate to several other properties of the
system: not only can they potentially improve dispersion measurements.

Past research has uncovered several possibilities for achieving such single-beam phase
measurements; one option that appears highly relevant to this experiment is that studied by
Motz et al., titled SPARC (Spectral Phase and Amplitude Reconstruction Compensation).

In Motz et al., another enhancement of SPIFI is considered for the purpose of creating a
random-access imaging method within the SPIFI framework [10]. This feature in an imaging
algorithm enables further increases in the image acquisition rate. A random-access imaging
method is defined as a method that can focus to points in a sample dynamically, and follow
a specific part of the sample in real time. This is accomplished using an additional technique
called SPARC. SPARC (Spectral Phase and Amplitude Reconstruction Compensation) is
one of many options for adjusting the imaging method to the specific sample being used.
It begins with the use of multiple gratings to minimize dispersion and contains an artificial
method of inducing harmonic generation in the beam, through a doubling crystal. More
specifically, it utilizes a phase retrieval algorithm, which enables both the phase and tempo-
ral dependences of the incoming beam simultaneously.

SPARC provides yet other options within the imaging method tested [10]. It provides
a way to measure the concrete phase values for a single beam, without needing a reference
beam; the separate on-axis and off-axis measurements are taken through modifications of the

system such as blocking a specific beam. Combining this with the imaging setup can produce
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great benefits in the overall quality and meaning of the results obtained with SEATADPOLE.

When combined with the SEATADPOLE method, characterization of pulses can be im-
proved further. One pulse, in this case the undiffracted beam can have its absolute phase
measured through SPARC, while the diffracted pulses are measured through SEATADPOLE
to find their phase differences with the main beam. Thus, all the diffraction orders can be
measured simultaneously using a combination of SEATADPOLE and SPARC. The setup for
such a combination is shown below in Figure 5.1.

Through the combination of the SPIFI/SEATADPOLE and SPARC systems, it is possi-
ble to achieve dispersion compensation and the ability to characterize a reference pulse fully,

with absolute phase measurements for all components.
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Figure 5.1: Combined SEATADPOLE/SPARC system.
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The primary objective of this experiment was to obtain SEATADPOLE functionality
from the SPIFI system; specifically, being able to measure dispersion and relative phase
differences between diffraction orders. Within this experiment, the full functionality of
SEATADPOLE has been realized. Based on the SPIFI system, spectrally differentiating
the final signal arriving at the detector shows a figure equivalent to a SEATADPOLE trace,
allowing for dispersion measurements to be taken. Most importantly, the diffraction grating
serves as the interference mechanism to allow for capturing the phase differences. As a step
in verification, the dispersion measurements were compared against an equivalent Zemax
model of the SPIFI system; upon success of this measurement, the SEATADPOLE trace is
confirmed, concluding the objectives.

Overall, this experiment has verified that SPIFI and SEATADPOLE can be combined
in a single setup to exhibit the benefits of both simultaneously: the resolution and mea-
surement benefits of SPIFI with the spectral aspects of SEATADPOLE. This experiment
also provides numerous insights on further work, through comparison and combination with
other optical imaging setups such as SPARC. Using such integrated methods, it should be

possible to further extend many of the frontiers of optical imaging.
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APPENDIX
ABERRATIONS

Optical aberrations can be used to optimize some of the unknown variables within the
system, providing additional conditions to achieve optimization of the system.

Initially, some values may already be given for a starting point to the optimization.
However, the key in optimization is to reduce errors within the system. Optically, errors
often display themselves as a form of aberration. There are multiple types of aberrations
relevant in any optical system; to best understand them, it is necessary to investigate what
they mean mathematically. Aberration is often expressed mathematically in terms of the
Seidel coefficients. These coefficients describe aberration as an equation in terms of relative
displacements in the beam used for imaging. The general form of the total aberration is
shown as below in equation A.1.

W = sqj )sin’ (0) (A1)

j=1 g=1

In equation A.1, the coefficients s,; represent different types of aberration. Generally,
there are two basic qualities that contribute to the aberration, angular features with order
7 and radial features with order ¢q. Some specific aberration terms, such as s49, s31, and
S99, are more important to analysis of optical systems than others, and these are the main
source of optimization information in this system. Spherical aberration is defined as a form
of aberration that is radially symmetric. This is shown as s4, an aberration form that
shows no dependence on the angle. The fourth power, or any even power, of the radius
creates a symmetric term that only varies the intensity and oscillation in the radial direction.
Depending on its value, one side of the focus will be more biased towards having a central
peak, while the other side has the maximum further out, displaced from the normal Gaussian

or modulated Gaussian spatial profile as shown in Figure A.1.
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Figure A.1: Cross-sections of propagated beam with spherical aberration.

These effects often produce different measurements for focal distances, depending on how
the focal point is measured, and impair the overall focusing capability and imaging resolu-
tion possible in many instances. However, spherical aberration is not the only source of error
in a system like the SPIFI setup. Other aberrations produce effects that are not radially
symmetric, distorting the beam spot to a non-circular profile. Coma is one of these effects,
caused by the coefficient s3;. Coma can result in general blurring of images, as well as direc-
tionally influenced effects. Odd directional orders give an effect that only has a clear peak
at one specific angle on the system, resulting in asymmetric beam profiles. At this direction
and opposite it, off-axis light is directed in such a way as to create a blur away from the
focal point in the same direction, as given by the odd angular order. The focal spot widens
and blurs away from the axis in one direction, while being absent on the opposite side.

Astigmatism is another aberration effect, represented by so5. In an even directional order,
light is directed in opposite directions on either side of the axis. In this form of aberration,

different beam orientations end up with different focal points. This results in a horizontal
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and vertical focal point separate from each other when scanning the cross sections of the
beam. In between these focal points, the beam does become circular at one point, but with
more blurring effects and a distinctly modified profile from before the focusing components.

These are the main aberrations that are in the SPIFI/SEATADPOLE system. However,
other orders exist and can be meaningful to the overall function of optical systems. Often,
there is a factor of n! in the expression for the aberration terms’ magnitude, making the
higher orders normally negligible compared to orders 4 and below. Generally for the angular
orders, the odd and even terms can be readily distinguished in images they affect, and the
order of aberration can often be ascertained within images from their spatial signatures.

Once all the spatial aberration sources are identified, it is possible to measure the indi-
vidual magnitude of each source. The Strehl ratio is a measure of how non-ideal a focusing
system is. It is defined by the ratio of maximum irradiance of the actual optic compared to
its ideal, diffraction-limited theoretical value. This can be identified through optical signa-
tures of the components within the system, where light sheets show non-ideal profiles that
include aberrant signal components. [11] In addition to spatial aberration effects, chromatic
aberrations also exist and must be considered.

Chromatic aberrations are another type of dependence in components which is a result
of parameters varying over the wavelength of the incoming light. This can come from sev-
eral sources, but the main ones are the variations of refractive index or diffraction angles
with respect to wavelength. This is generally viewed as an aberration for this purpose, as
SEATADPOLE includes a spectrometric function for imaging. One major way to address
such problems is to use specially designed lenses and/or component placements to minimize
the overall impact of such functions dependent on wavelength.

Achromatic lenses are designed in such a way as to make the wavelength dependences
of different materials cancel out. This can be done through several methods, such as us-
ing layers of different materials to provide a variety of wavelength functions to cancel out.

However, aberrations often must be balanced against dispersion, which can also impair the
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measurement results. [12]

Aberration typically comes from non-ideal profiles of components in the system. Non-
ideal profiles are often inherent in optical systems, and are normally not practical to fix.
As a result, aberrations should generally be minimized at points where the beam will be
measured. Aberrations are known to produce suboptimal focal properties of beams, as can
be referenced in various previous studies [13]. Some examples of these include spherical,
coma, and astigmatism, which vary in their overall impacts for focal distance, spot size, and
sensitivity to various optical properties [14].

It is possible in Zemax to measure the aberration values in the SPIFI/SEATADPOLE
system. In Zemax, the aberration measurements are a default functionality, expressed in
terms of the Seidel coefficients. The algorithm also separates the components that can be
ascribed to particular surfaces in the system, enabling identification of the primary sources
of aberration. An example for the tested system is shown below, describing the aberration

signature irrelevant of the diffraction order.
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Figure A.2: Seidel coefficients for SPIFI/SEATADPOLE system in Zemax.

As shown in Figure A.2, the only significant aberration value is the Seidel coefficient
S40, the spherical aberration. It equates to a total of 13.6 wavelengths, of which the largest

contribution comes from the lens directly after the mask. This explains several results of the
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simulation, such as perfect symmetry in the vertical light sheets, and the lack of differences
when considering diffraction orders, given that there was negligible change in the aberration
between the orders.

This observation agrees with some of the results seen in earlier light sheet figures. Within
the vertical light sheets, there is evidence of even aberration orders through the presence of
circular oscillations interacting with the light sheets. This direct projection of aberration
is another consequence of the mathematical formulation, where the result is described as

below. A, represents the various functions defined by aberration orders.
I(,y,t) = Y anB(z,y — nAfo(t) An(z, y) (A.2)

However, the horizontal light sheets show different evidence. The visible terms are asym-
metric, showing a different dependence above and below the main beam. This is a sign of
improper alignment, where a component is placed off axis; this would contribute to odd
aberration orders in general. Aberration is a very useful aspect of optical imaging, pro-
viding gauges of how accurate and effective the imaging method used is, as well as linking

to other properties of pulses, including dispersion, through the path length changes it entails.
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