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ABSTRACT

SPatlal Frequency modulation Imaging (SPIFT) is a well-established structured illumination imaging
technique that has demonstrated enhanced resolution imaging with an extended illumination source and
single-pixel detection. This thesis presents work done to improve modulation scan times as well as enhance
performance in multiphoton microscopy.

The standard implementation of SPIFI uses a spinning disk to impart the spatial frequency modulation
onto a line cursor. This architecture is simple to implement in a laser microscope, but is limited in speed
and stability due to using a DC motor to spin a patterned disk. As an alternative, the use of polygonal
scan mirrors was investigated. These mirrors operate at high speed and stability, but required development
of a new SPIFI modulation architecture. The resulting systems showed a reduction in scan times of
approximately two orders of magnitude while retaining enhanced resolution capability.

For multiphoton modalities which require ultrafast laser pulses, a new method of pulse characterization
with SPIFI was investigated. While not completely successful, it led to a method for rapid dispersion
compensation optimization as well as a collaboration with promising initial characterization results. The
dispersion optimization system coupled with a spinning disk SPIFI system was used to optimize for
dispersion through the full microscope system, demonstrating enhanced resolution imaging with pulse
energies on the order of nanojoules without significant processing.

To pursue further resolution enhancement, photon counting SPIFI was demonstrated using a custom
software application to provide a GUI interface and rapid, multi-threaded processing. To achieve stable
modulation signals and rapid acquisition, the polygonal scan mirror architecture was used for this
multiphoton microscope. Signals were acquired and processed for photon counting at a rate of 500 Hz with
a simple USB oscilloscope. With this system, fourth order SPIFI enhanced images were acquired with 1.75

seconds of captured exposure per line and nanojoule pulse energies.
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dependent on the mask's spatial frequencies and position in rotation. CYL: achromatic
cylindrical lens; TL: tube lens; OBJ: objective; SAM: sample to be imaged; CO:
collection optic, exible choice provided all light is collected onto photodiode sensor;
PD: photodiode. . . . . . . . .. e

A: Cartesian SPIFI mask with a beam at one positionx(t) scanning left to right from

[ Xmax;Xmax]- B: Resulting SPIFI signal through one modulation period. The beam is
modeled as a Gaussian line cursor along at one value forx(t). The mask modulation
period is simulated at 50 ms. C: FFT of the SPIFI signal. With no object being
imaged the SPIFI orders in the FFT reconstruct the Gaussian beam shape. The rst

order image is centered at 1750 Hz and the second order image is centered at 3493 Hz.

The FWHM of the rst order is 235.5 Hz while the second order has approximately
twice the bandwidth at 471.2 Hz. This increase in bandwidth corresponds to the
expected greater image spatial frequency support as there are more pixels in the image
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Flowchart for processing SPIFI signals. A: Array of SPIFI signals to process for line
images. B: One signal with zero-padding. C: Fast Fourier transform of the padded
signal. The frequency range corresponding to one image order is isolated. D: The
isolated image signal is copied onto a zero-array covering the same frequency range as
the original Fourier transform. E: The inverse fast Fourier transform of the isolated

FFT yields a padded signal speci c to that SPIFI order. F: The wobble correction

phase is applied to the original signal region highlighted between the red lines in E. G:
The fast Fourier transform of the wobble corrected signal yields a corrected line image
for the selected SPIFl order. . . . . . . . . . . . . .

Comparison of SPIFI signals in a traditional SPIFI architecture (A) and in the
polygonal scan mirror (8-facet) architecture (B). In (A) a circular SPIFI mask is spun

at 20 Hz yielding line image exposure times of 50 ms. In (B) the polygonal scan mirror
is used at a rotation rate of 10k rpm. The resulting signal spans a period of 120 s.
With dead time between line exposures considered, the full time between signals is
approximately 240 s. This dead time is due to the bevels between facets and
scanning beyond the range of the SPIFI mask and/or scan optics. . . . ... ... ...

A: Spot size at the SPIFI mask and B: Incidence angle on the SPIFI mask as a
function of scan angle/scan position, simulated using the polygonal scan system
architecture from the source to the SPIFI mask as shown in Figure 2.6 and

Figure 2.10. Mask dimensions were chosen to be limited to a total width of 14 mm,
indicated by the red lines in A and B. C: example mask pattern with blocking edges to
completely block the beam at the edges of the SPIFI signal. This enables easier
triggering and trimming of data, as well as blocks returning light as spot size degrades
through higher angles achieved by the polygonal scan mirror. . . . . . . ... ... ...
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Figure 2.6
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Diagram of the full beam scanning polygonal scan mirror SPIFI system. Note that the
galvonometric mirror only steps to a new position following a full scan across the

SPIFI mask from the polygonal scan mirror, or after a full rotation to use every facet

for imaging. CYL: achromatic cylindrical lens; PBS: polarizing beam splitter; PSM:
polygonal scan mirror; SL-A: scan lens A, a ThorLabs LSM05-BB; SPIFI: re ective
SPIFI mask; SL-B: scan lens B, a ThorLabs LSM54-1050; GM: galvonometric mirror;
SAM: sample to be imaged; TL: tube lens (ThorLabs TTL200MP); LA: Plano-convex
collection lens; PD: photodiode. . . . . . . . .. ... ... . ...

A: Spot size of the line cursor width at the sample plane, scanned with a
galvonometric mirror and ThorLabs LSM54-1050 scan lens. B: Angle of incidence on
the sample plane after scanning. The red bars in both indicate the desired operating

range to maintain a consistent spot size intheimage. . . ... ... . ... ... ... ..

Diagram of the timing subsystem used to sync the galvonometric mirror with the
rotation of the polygonal scan mirror. Once per facet, the laser diode output sweeps
across the photodiode and the signal adds to a counter on the Arduino. At a count of
25 facets, the counter is reset and a signal is sent to the ADPro oscilloscope to record
data for a full mirror rotation period. The ADPro then sends a digital signal to the
Arduino to move the galvo by adjusting the PWM signal to the galvo controller. Once
the galvo is moved, the Arduino sends a signal to the ADPro to reset the trigger and
wait for the next signal from the Arduino. PSM: polygonal scan mirror; LD: laser

diode; PD: photodiode; ARD: Arduino; ADP: Analog Discovery Pro (ADPro). . . .. .. 16

USAF Resolution Target group 1 elements 1 & 2. Each image is generated from
signals from a single facet. Image axes were set using the known target line widths.

Diagram of the sample scanning architecture designed for use with the polygonal scan
mirror SPIFI system. The SPIFI scan portion is nearly identical to that of the beam
scanning architecture, but the rst cylindrical lens is double passed. This allows for
magni cation and further propagation prior to the microscope objective. The

magni cation architecture here consists of CYL-2, LA-1, and LA-2, which are selected
based on the analysis that follows, summarized in Figure 2.11-Figure 2.14. The sample
is placed on a stage to be scanned in one dimension perpendicular to the SPIFI line
cursor as indicated by the dashed box. PBS: polarizing beam splitter; CYL-1:
achromatic cylindrical lens 1; PSM: polygonal scan mirror; SL-A: scan lens A; SPIFI:

re ective SPIFI mask; CYL-2: achromatic cylindrical lens 2, longer f to magnify

SPIFI diracted order spread; LA-1: achromatic lens 1, for expansion telescope; LA-2,
achromatic lens 2, longerf than LA-1 for expansion telescope; OBJ: microscope
objective; SAM: sample to image; CO: collection optics, exible choice of optics
provided all light is collected onto photodiode; PD: photodiode. . . . ... ... .....

With SPIFI di racted orders returned from the scan system and re ected by the PBS,
the collimated beams are diverging. To image onto the sample with the SPIFI
modulated light, a cylindrical lens is needed to reproduce the modulated line cursors
from the collimated beams. The cylindrical lens at the bottom has twice the focal

length of that at the top - resulting in greater spread of the di racted line cursor
distances on the objective pupil by a factoroftwo. . . . .. ... ... ... .. .....
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Diagrams of the four architectures investigated for expanding the SPIFI orders to

maximize use of the objective pupil. These examples are all shown with one cylindrical
lens focal length. Longer focal lengths can yield further spread as shown in

Figure 2.11, and is also shown in simulation by comparing Figure 2.13 and Figure 2.14.
The four architectures shown here for comparison with computational modeling are as
follows: A: cylindrical lens (CYL) with no extra magni cation; B: magni cation

telescope prior to the cylindrical lens; C: 2X telescope following the cylindrical lens; D:

4X telescope following the cylindrical lens. . . . . . . . ... ... ... .. ........ 21

Each of the four architectures with a 100 mm secondary cylindrical lens are shown

here. Each column shows one architecture with the line cursors at the objective pupil

at top and the focused line at bottom, with a noted FWHM. These architectures
correspond to those shown in Figure 2.12, with Figure 2.12A being the leftmost

column and Figure 2.12D being the rightmost column. Note the plot dimensions on

the top row are constant while the bottom row change due to changing FOVs. For

each gure, red represents the zeroth order di racted SPIFI cursor, and blue and green
each represent either the 1 SPIFl diracted orders. . . .. ... ... ... ....... 21

Each of the four architectures as presented in Figure 2.13, but with a 250 mm

secondary cylindrical lens. These architectures correspond to those shown in

Figure 2.12, but with a longer focal length cylindrical lens. As in Figure 2.13 to

compare to the diagrams in Figure 2.12, Figure 2.12A is the leftmost column and

Figure 2.12D is the rightmost column. For each gure, red represents the zeroth order

di racted SPIFI cursor, and blue and green each represent either the 1 SPIFI

diracted orders. . . . . . . . e 22

Mutual facet wobble phase and correction using a 2m pinhole. A: The Gabor

transform from one facet's time signal, using a transform window width of 4 s

scanned across 512 steps. B: The wobble phase for each facet obtained by integrating

the Gabor transform centroid in (A) relative to the central frequency of all facets.

Each colored line represents the unique wobble phase for one facet. C: The pinhole

images of each facet prior to correction with the phases in (B). Each colored line is a
pinhole image for a unique facet, corresponding to the colors in (B). D: The corrected
pinhole images, with colors corresponding to each facetasin (B)and (C). . . ... ... 24

Pinhole scan image showing the frequency axis (top) and the calibrated position axis
(bottom). This calibration uses the rst order image; the second order position

calibration can be set by using half the step size [m/Hz] as it spans twice the

frequency space. . . . . . . . 26

First and second order SPIFI images of a 1951 USAF resolution test target focused on
group 7. Elements of this group are labeled along the rows as 1-6. In this image the

SPIFI cursor is along x. The blue lines along the x-axis in element 6 for both images

show where the line pro les in the lower plots are from. In the rst order, the contrast
between peaks and troughs ranges between about 15% and 25%. In the second order,
there is full contrast between peaks and troughs with no overlap between the target

bars. . . e 26

Single-photon uorescence occurs when a dye absorbs a photon of a certain energy to
reach an excited state. Following internal relaxation, the energy is eventually emitted
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Jablonski energy level diagram showing the absorption of two photons to reach an

excited state. Eventual internal relaxation followed by a return to the ground state via
emission of a photon of greater energy than one of the two input photons, but less

than the sum of both. This process requires time (known as the uorescence lifetime)

to produce the emitted photon. . . . . . . . ... ... ... 30

Jablonski diagram of energy levels in second harmonic generation. Two photons of

light are instantaneously converted to one photon of equivalent energy. This requires

speci ¢ material properties and particular wavelengths. For example, a beta barium
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Diagram of the multithreaded processing ow used for RAAR based SPARC-SPIFI
reconstructions. Optical propagations and calculations can be performed

independently for each scan step along , with a split of steps determined by the
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machine being used. Steps 9-10 at the end of the ow just prior to checking the error
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Simulation results of SPARC-SPIFI under the experimental sampling parameters, with
added Gaussian noise of 2.5% of the max spectral value. After around 200 iterations,
the error stabilizes but not at the desired precision. Spectral phase and amplitude, and
the temporal pro le of the pulse show the appropriate shapes with noise. . . . .. .. .. 39

Diagram of the experimental system used for SPARC-SPIFI. The SPIFI mask is

placed at the central focal plane of a Martinez pulse compressor. A ip mirror was

used to switch between a microscope arm (not shown) and the SPARC-SPIFI arm. A
beta barium borate (BBO) crystal is placed at the focus of an achromat to produce
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block out the fundamental light. . . . . . .. ... ... ... ... .. ... . ... ..., 40
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Diagram of the time-resolved pulse characterization system. When the rst ip mirror
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Figure 3.9 Results from the time-resolved SPIFI based pulse characterization technique. The left
plots show results with a standard, single pulse being characterized. The right plots
show results with a doubled pulse train from the pulse delay system in Figure 3.8. The
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Intensity pro le of the line cursor at one modulation time step. G: Normalized
modulation of each colored pixel highlighted in D. Each pixel has a unique temporal
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Figure 4.2 A: A perfectly centered mounted SPIFI mask corresponding to a wobble phase of
(t) = 0. The blue lines show that the leftmost and rightmost pixels along the line
cursor maintain a constant radius from the center of the mask. B: An o -center mask
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centroid. D: The wobble phase obtained via a cumulative integral of the centroid in C.
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bar (known as a \status bar") shows current rates of signal acquisitions and plot
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CHAPTER 1
INTRODUCTION

Microscopy enables scienti ¢ discovery in increasingly dynamic and shrinkingly small domains. From
new technologies in advanced manufacturing to cutting-edge research in biomedical elds, the ability to
measure small structures with greater speed, speci city, and resolution leads to new developments and
solutions to many of the challenges that we face. Microscopic imaging has advanced signi cantly since the
1800s, and now a plethora of tools and techniques are available to researchers, all with their own distinct
advantages. Early on in microscopy, Ernst Abbe determined the theoretical limits for resolution dependent
on the numerical aperture (NA) of the objective lens and the wavelength [1], called the di raction limit.
Because light has a wavelength and interferes at an angle determined by the NA, the focal spot size - and
the resulting image resolution - has a lower limit. The resolution can also be thought of in terms of the
point spread function (PSF) which is the impulse response of the imaging system. When an image of an
object is taken, the PSF is convolved with the object to produce an image. If features in the object are
signi cantly smaller than the PSF, then they will not be resolvable in the produced image. Another way to
think about the PSF is to take its Fourier transform (FT). In frequency space, the PSF is represented as
the modulation transfer function (MTF) which describes the frequency cuto of an imaging system and the
relative amplitudes for the range of spatial frequencies below the cuto . This di raction limit and the
corresponding PSF and MTF set a fundamental limit to the resolution of standard imaging systems.

In the time since Abbe's work, techniques have been developed to take images in innovative ways that
nd a way around the standard di raction limit. Out of the multitude of these techniques, some employ
unique illumination and collection methods, while others take advantage of chemical compositions and
properties of the materials of interest. Some examples of microscopy techniques that break the di raction
limit are: stimulated emission depletion (STED) which uses two beams to rst deplete a region of
uorophores and then stimulate the emission of a photon from a smaller region [2, 3]; photo activated
localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) which use
photoswitchable uorophores to build up images by activating subsets of uorophores repeatedly [4{6]; and
the easy to implement confocal microscopy technique introduced by Marvin Minksy in the mid-20th
century [7], which uses a pinhole to eliminate out of focus light. Each family of techniques has their own
sets of advantages and disadvantages. One other family of techniques, structured illumination microscopy
(SIM) covers a broad range of approaches which all impart some form of modulation or structure on the

illumination beam to then break the di raction limit.



1.1 Structured lllumination

In the many forms of SIM, advancements including enhanced resolution, optical sectioning, surface
pro ling, and phase imaging [8] have been demonstrated. Initially conceived at the end of the 19th century
by Kehler [9], enhanced resolution SIM was achieved much more recently at the turn of the 21st century by
Gustafsson [10]. Since then, many extensions and adaptations have been made including HiLo [11, 12],
which captures two images with high and low frequency information for reconstruction. This technique was
extended to light sheet uorescence microscopy due to its background rejection capability [13]. Recent
extensions to the HiLo technique have also implemented temporal focusing in multiphoton modalities [14]
as well as a line-scanning implementation [15]. Other SIM techniques impart structure using
interferometric architectures [16], intensity modulation [17], temporal focusing with nonlinear structure
[18], clever optical processing [19, 20], ber arrays [21], and time encoding [22] and have all achieved
enhanced resolution. Research in SIM has also made advancements using deep learning to further enhance
images in post-processing using commercially available SIM instruments [23]. Common among these
techniques is the use of 2D detector arrays such as charge-coupled device (CCD) or complimentary metal
oxide semiconductor (CMOS) cameras, as well as devices such as spatial light modulators (SLM) and
digital micromirror devices (DMD) to impart the structure.

While 2D detectors are common and intuitive for producing images, there are downsides. In biological
imaging for example, light can be highly scattered by various forms of tissue. Scattering worsens with
depth in the tissue and can result in a blurry image on a 2D detector. Ideally, if all of the signal light were
collected then it would all be assigned to the proper origin in the image. If a detector with a single pixel
such as a photodiode were used in such a way that signal light can be tied to the proper pixel in the object,
then scattering e ects can be mitigated. Single element detectors have been used successfully for full 2D
and 3D imaging in various techniques whose core builds on the concept of structured illumination. Recent
applications of single pixel imaging have taken advantage of its application to compressive sensing and have
implemented L1 norm minimization to achieve 100 frames per second (fps) [24], and others have further
pushed frame-rates into the kHz region using acousto-optic modulators [25]. Recent techniques that are
compatible with a multiphoton modality have been demonstrated; one such technique uses a Morlet basis
with temporal focusing from a digital micro-mirror device [26], while another uses a cheaper spinning mask
to apply a Hadamard mask for reconstructive 2D imaging with single pixel detection [27]. The latter
technique achieves high frame-rates without a DMD or SLM and has reconstruction complexity of

O(N logN).



1.2 Spatial Frequency Modulation Imaging (SPIFI) Introduction

One technique that uses structured illumination and single pixel detection is SPatlal Frequency
modulation Imaging (SPIFI) [28]. SPIFI traditionally uses a spinning glass disk, or reticle, with a
time-varying spatial frequency pattern printed or machined onto it. This pattern is designed such that each
position along a radius is modulated at one frequency in time as the mask rotates, encoding each position
with a frequency [29] that can be used for later retrieval. In order to make use of this radial position
encoding, SPIFI uses an extended source (line cursor) beam. This modulated line is then imaged to the
sample and the signal light is collected onto a photodiode, photomultiplier tube, or similar single pixel
device. The modulation in SPIFI results in a series of spatial frequencies projected onto the image, which
can be directly related to the MTF of an optical system. The maximum spatial frequency that SPIFI
modulation imparts determines the imaging cuto frequency, assuming that the spatial frequency is
supported by the optics. SPIFI is introduced in detail, along with mathematical explanations in two of the
included articles, found in Chapter 2 and Chapter 4. Key in the mathematics behind SPIFI is the
expansion that yields higher order terms with greater spatial frequency support. These higher orders
indicate signal components with greater cuto frequencies in the MTF, resulting in enhanced resolution
images.

While enhanced resolution is an obvious benet, the use of a line cursor provides another key bene t:
enhanced pixel dwell time. For a given image with a given number of pixels in two dimensions and a given
frame rate, the pixel dwell time is the amount of time that each pixel in the object plane is illuminated to
produce the image. Because SPIFI uses a line cursor, scanning is only needed along one dimension to
produce a 2D image. With an array of pixels illuminated simultaneously, the overall pixel dwell time
increases signi cantly while maintaining the same scan time compared to techniques that scan a point
focus. For example, if a 256x256 pixel image were to be scanned with a point focus at 30 frames per
second, each pixel would be exposed for approximately 500 nanoseconds per frame. If the imaging modality
required a pulsed laser, it would be important to consider the number of pulses incident on each pixel per
image frame. If a 100 MHz repetition rate laser were used, only approximately 51 pulses would be incident
on each pixel per frame. For modalities such as multiphoton microscopy, this would result in very low
signal-to-noise ratio (SNR) for each pixel and could be mitigated to an extent by increasing the laser power
to ensure better signal photon e ciency. Higher powers in a point focus however can quickly lead to
photo-damage depending on the sample. Even with a perfect conversion and collection to retrieve one
signal photon per incident pulse, the SNR will be severely limited. If a line cursor is used instead with the

same image dimensions and rate, the pixel dwell time increases to 130 microseconds. Considering a SPIFI



mask that has roughly a 50 percent duty cycle through the modulation, the illumination time per pixel is
still 65 microseconds - a factor of 100 improvement. For the same pulsed laser illumination, this
improvement yields 6,500 pulses incident per pixel. The enhanced pixel dwell time in SPIFI yields stronger
SNR in images with similar or shorter total exposure times, without drastically increasing laser power.
This thesis discusses a collection of works involving SPIFI and new applications. First, a new scan
architecture using a polygonal scan mirror was investigated to reduce SPIFI scan times. This work was
published as a co- rst author paper with Seth Cottrell in Applied Optics and is included in Chapter 2.
Following other works which began employing SPIFI for spectral modulation, it was investigated if SPIFI
could be used to characterize ultrafast laser pulses, described in Chapter 3. Continuing from there, a
cascaded wavelength domain and standard spatial domain SPIFI system was built and used for rapid
ultrafast dispersion compensation optimization and subsequent enhanced resolution multiphoton imaging.
This work was presented rst as a conference proceeding [30], for which it won runner-up for the JenLab
Young Investigator Award. The work was then elaborated on in a publication in the Journal of Biomedical
Optics, where it was featured online and is included in Chapter 4. Software was then developed for the
multiphoton SPIFI system to enable photon counting to build up the SPIFI signal over longer exposures,
which demonstrates imaging out to the fourth SPIFI order with relatively low exposure times. A short
summary of this work and results, planned for submission to be published, is included in Chapter 5.
Elaborations on the system, software, and methods for photon counting SPIFI follow in Chapter 6.
Overall, this work details several advancements in SPIFI to provide enhanced resolution imaging in elds

ranging from advanced manufacturing to the life sciences.



CHAPTER 2
DESIGN AND ANALYSIS OF POLYGONAL MIRROR-BASED SCAN ENGINES FOR IMPROVED
SPATIAL FREQUENCY MODULATION IMAGING

Modi ed from a paper published in Applied Optics .
Daniel Scarbrouglt:3, Seth Cottrell>3, John Czersk?, lan Kingsolver?, Je Field 4:°, Randy Bartels*5,

and Je Squier?
2.1 Abstract

SPatlal Frequency modulation Imaging (SPIFI) is a structured illumination single pixel imaging
technique that is most often achieved via a rotating modulation disk. This implementation produces line
images with exposure times on the order of tens of milliseconds. Here, we present a new architecture for
SPIFI using a polygonal scan mirror with the following advances: 1) reducing SPIFI line image exposure
times by two orders of magnitude, 2) facet-to-facet measurement and correction for polygonal scan design,

3) a new anamorphic magni cation scheme that improves resolution for long working distance optics.
2.2 Spatial Frequency Modulation Imaging

An imaging method known as SPatlal Frequency modulation Imaging (SPIFI) has been previously
demonstrated as an extended source, structured illumination, single element detection imaging technique
[28]. A wide range of imaging modalities have been implemented with SPIFI with coherent and incoherent
optical modalities and nonlinear optical interaction. Coherent optical interactions have been demonstrated
for linear optical absorption [28] and phase imaging [31, 32], as well as nonlinear interactions such as two
photon excitation uorescence [33{35], second harmonic generation [34, 36], and coherent anti-Stokes
Raman scattering [36]. Incoherent optical interactions include uorescent imaging [28, 35, 37], compressive
spontaneous Raman [38, 39], localization microscopy [40], hyperspectral imaging [41, 42], and di use
optical spectroscopic imaging [43, 44]. Moreover, with a slight modi cation of SPIFI illumination, it is
possible to mimic coherent optical imaging methods with single pixel detection, demonstrating single pixel
uorescent holography [45{47] and optical di raction tomography [48, 49]. SPIFI is also capable of

enhanced resolution [34] like many other structured illumination techniques.

1Reprinted with permission of Applied Optics, Vol. 62, Issue 15, pp. 3861-3873
2Colorado School of Mines, Department of Physics

3Co- rst-author

“4Colorado State University, Department of Electrical and Computer Engineering
5Colorado State University, Department of Biomedical Engineering



By encoding a time dependent spatial frequency on a line beam using a modulation reticle [29, 50],
signal light can be collected onto a single element detector with spatial frequency information of the image
plane (Figure 2.1) recovered via a Fourier transform (Figure 2.2). This methodology is robust against
blurring due to scattering from the sample, which can be an issue with 2D detectors such as CCD or
CMOS cameras. A major benet in SPIFI over other techniques which mitigate scattering via point
scanning is that pixel dwell time is signi cantly increased due to the line cursor. For example to image a
256x256 pixel grid at 30 fps using a point scanning technique (assuming a linear scanning strategy) each
pixel will have an exposure time of 510 ns, while a SPIFI line cursor scanning across the same object in 256
steps yields a pixel dwell time of 65 s, considering the 50% duty cycle of the modulation mask.

SPIFI is versatile and has been extended in several ways. Imaging in two and three dimensions has
been implemented with two dimensional modulation strategies [51, 52], random access imaging [53], line
camera detection [54], and single pixel tomographic imaging [48, 49, 55, 56]. SPIFI modulation reticles can
be made using commercial lithography to generate the standard transmission modulation disk, but also by
etching fused silica and silvered mirrors using a femtosecond laser [57]. SPIFI modulation is typically
achieved with a spinning modulation disk, yielding line scans on the order of tens of milliseconds.
Limitations on the stability of spinning the modulation mask make it challenging to push exposure times
below a millisecond. By adjusting the modulation architecture to a Cartesian mask to make use of a
polygonal scan mirror, the line scan time can be reduced by two orders of magnitude, down to hundreds of
microseconds. To implement polygonal scan mirror driven SPIFI modulation, careful consideration was
taken in the system design to address anamorphic magni cation constraints, limitations imposed by the

scan mirror, and processing of the data to correct for variations in the facet mirrors.
2.2.1 SPIFI Theory

Here we present a brief analysis of SPIFI summarized from previous work done in [34, 49]. The mask
pattern that produces the frequency modulation is most often in polar coordinates for the spinning disk

form of SPIFI, written as

M (r; (1)) = %f1+cos[k(ro+ ry (t)lg: (2.2)



Figure 2.1 A pictorial model of a standard spinning disk SPIFI system. The SPIFI mask acts as a variable
grating which results in di racted orders with the angles of di raction dependent on the mask's spatial
frequencies and position in rotation. CYL: achromatic cylindrical lens; TL: tube lens; OBJ: objective;
SAM: sample to be imaged; CO: collection optic, exible choice provided all light is collected onto
photodiode sensor; PD: photodiode.

Where k (units: mm 1) sets the rate at which modulation frequency increases with radial positionr
(units: mm), yielding a unitless frequency in the cos term.rg is an o set (units: mm) to set a lower bound
along with k, such that krg is unitless and sets a lower frequency bound. (t) represents the
time-dependent angle of the mask with respect to the excitation beam, which in this case, is also the angle
of rotation of the mask. By using a cylindrical lens, a line cursor is modulated by this mask and imaged to
an object of interest. Because of the structured modulation, the one dimensional image can be collected
onto a photodiode and reconstructed with a fast Fourier transform (FFT). An example diagram of a
spinning disk SPIFI system is shown in Figure 2.1. The SPIFI modulation and image recovery is covered in
more detail in the following paragraphs, with a modi cation to the modulation pattern to accommodate a
polygonal scan mirror architecture.

The SPIFI mask can also be generated in Cartesian coordinates, which is nearly just a coordinate swap
but with extra consideration for how the spatial frequency is represented. This format is shown in
Equation 2.2 where y andyg replacer and rg, and x(t) replaces (t) with the condition that it results in a
factor ranging from [ ; ]. When designing a SPIFI system for a polygonal scan mirror, the varying
modulation occurs due to beam scanning rather than reticle rotation. For this case, a Cartesian mask is
used such that the line cursor is scanned across the mask by the polygonal scan mirror. The resulting

equation to represent a Cartesian SPIFI mask is then

M (y; x(1)) = %fl‘*COS[k(yo““ V)X (1)=Xmax)19;  X() =[  Xmax; Xmax]: (2.2)



The Cartesian mask's time dependence in modulation occurs along { meaning the line cursor is
scanned in this dimension. With the pattern centered along the x axis at zero, the pattern spans from
[ Xmax;Xmax]- This limit within X (t)=xmax as in Equation 2.2 sets a maximum frequency by ensuring the
trigonometric range holds within [ ; ]. This symmetry in the mask ensures that the projected spatial
frequencies range from the maximum to zero and back to the maximum. This symmetry generates
symmetric signals which are readily processed via FFT. For simpli cation in further analysis, the argument
of the cosine term is written asf(t)y, which covers the time varying modulation along the line cursor,
projected alongy. This simpli ed form is shown in Equation 2.3. An additional note of importance is that
the SPIFI mask pattern acts as a variable grating, which produces di raction with variable angles in the

1 orders. These diracted orders result in line beams which enter the objective pupil o set from the

central zeroth order beam. The result is two beams which interfere at a higher angle to enable enhanced
resolution over a standard microscopy setup. This enhanced result is apparent following mathematical
expansion of the imaged eld. To simplify this expansion to demonstrate the enhancement, the Cartesian

mask in Equation 2.2 is simpli ed by writing a single time-dependent spatial frequency in the cos term
M (y;t) = %fl +cos[2 f ,(t)ylg: (2.3)

The use of a mask in Cartesian coordinates also eliminates an out-of-plane di raction of the 1
di racted orders that occurs with a spinning SPIFI mask implemented in polar coordinates [46, 58]. The
di raction out of the plane de ned by the line focus is a result of the curvature of the SPIFI mask in polar
coordinates. This out-of-plane di raction has been used to select only two di racted orders and has found
use in single pixel uorescent holography [45] and optical di raction tomography [48] as well as

guantitative phase imaging [31].



Figure 2.2 A: Cartesian SPIFI mask with a beam at one positionx(t) scanning left to right from

[ Xmax;Xmax]- B: Resulting SPIFI signal through one modulation period. The beam is modeled as a
Gaussian line cursor alongy at one value forx(t). The mask modulation period is simulated at 50 ms. C:
FFT of the SPIFI signal. With no object being imaged the SPIFI orders in the FFT reconstruct the

Gaussian beam shape. The rst order image is centered at 1750 Hz and the second order image is centered
at 3493 Hz. The FWHM of the rst order is 235.5 Hz while the second order has approximately twice the
bandwidth at 471.2 Hz. This increase in bandwidth corresponds to the expected greater image spatial
frequency support as there are more pixels in the image reconstruction.

To generate an image, the one dimensional eldE (y) is passed through the modulation maskM (y;t)
and then imaged to an objectc(y). The modulation of the eld E by the mask M and then the object c is
represented by the product of eachE (y)M (y;t)c(y). This product is then squared to measure the intensity
I m. For simplicity, the object intensity is represented by C(y) yielding I (y;t) = [E(Y)M (y; t)]2 C(y).
Expanding of the square and simpli cation with the identity cos?( ) = %[1 +cos(2 )] leads to the

resolution enhancement of SPIFI in Equation 2.4 shown by the factor of 2 on the second cosine term

Im(yit) = 1(y) T3+ 4cos2 1 y(0)y] +cosl2 20, (OIgC(y): (2.4)

This one-dimensional model reliably captures the imaging properties of SPIFI, which is validated by the
more complete model computed for three-dimensional SPIFI imaging provided in a recent single pixel
tomographic imaging review [49].

Because SPIFI uses single pixel detection, the measured intensity is spatially integrated. Integrating
each term individually yields three components of the total intensity: | m:pc (t), Im:1(Y;t), and I 2(y; t).

The DC term is ignored, as it provides no spatial information about the object. I, 1(y;t) corresponds to



the cos[2f (t)y] term and |y, 2(y;t) corresponds to the cos[2 2f , (t)y] term. In the time domain the total
transmitted intensity is denoted as Hq(t), as it is dependent on varying vignetting due to the time
dependent di raction angle and the lower intensity of the di racted orders o of the SPIFI mask [34].

Upon looking at one term in the spatial integral and applying the Euler identity it becomes clear how
SPIFI enables reconstruction of spatial frequency information of the object as the integral is equivalent to
a Fourier transform. The collected signal for the rst non-DC intensity term is S 1(t) where the plus or
minus comes from the Euler identity. The result is a signal consisting of the product of the time varying
intensity transmission and the spatial frequency information of the object C[f (t)]. Applying the same
integration to the |y term yields a similar result, however the factor of 2 due to the square expansion
yields a signalS ,(t) with twice the spatial frequency support in the object: C[2f,(t)]. The expressions
for S ; and S ; are as follows in Equation 2.5 and Equation 2.6. These separate terms in SPIFI are known
as \orders", where the rst order represents a standard resolution image and orders beyond that
demonstrate enhanced resolution. For linear imaging modalities, resolution enhancement goes to the
second order term. However, higher harmonics of the SPIFI mask may still be in the Fourier transform
[59]. In nonlinear modalities where the image is dependent on intensity squared and beyond, higher order
terms are present in the expansion with higher spatial frequency support. For a linear imaging modality,

the rst two order terms are relevant and are expressed as

Z,

S 1(t) = Ha(t) . dy exp[ i2f y()y]lC(y) = Hi()C[ fy(t)] (2.5)
Z

S 2(t) = Ha(t) . dy exp[ i2 2fy(t)y]C(y) = Ha(t)C[ 2fy(1)]: (2.6)

As the information in the Fourier transform is redundant between the positive and negative frequencies
here, only the positive terms are retained. All SPIFI signals are then denoted a$,(t) where q is the order.
Each order has its own time dependent intensity amplitude termHg(t) as noted previously, and the leading
constants following the expansion in Equation 2.4 result in a reduction in signal intensity asq increases.
This expression indicates that higher orders can have reduced signal-to-noise ratio (SNR) in low power or
noisy applications [36].

These signals are demodulated from the carrier frequency of the modulation period,.. In the case of a
spinning disk SPIFI system . is dependent on the mask rotation rate, and in the Cartesian representation
it is the rate at which the beam scans across the mask. The carrier frequency is included in the modulation
term M (y;t) = %fl +cos[2f y(t)y+2 (t]g and picks up the same constanty following expansion. After
applying the Euler identity as before, the carrier frequency term is in the spatial integral as a complex

exponential as well but has no spatial dependence. From this the signal functionSy(t) are rewritten to
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include this term, resulting in the expression
n 0

Sq(t) = Hq(t)Re expli2 g ctIClafy(t)] : 2.7)

This expression represents any SPIFI ordeg. The key to SPIFI and its enhanced orders with the
inclusion of the carrier frequency is that in the Fourier transform to reconstruct the object, q . yields an
o set in frequency space which enables every available order to be measured independently from each other
in the single photodetector signal, provided there is no overlap in the spatial frequency bands between
orders. Information on designing the SPIFI modulation mask to avoid this overlap is discussed in the
supplementary document for this manuscript.

Another major advantage of SPIFI is that the frequency encoding enables tracking of modulation error
throughout a scan period. This error is simplest to understand in standard spinning reticle SPIFI systems.
For these systems a frequency shift error is mainly due to an o -center mounting of the modulation mask,
causing the beam to shift radially from the mask center. This shifting changes the temporal frequency that
each pixel is modulated at throughout the scan. This e ect is known as wobble. For a polygonal scan
SPIFI system with a Cartesian mask, wobble may be caused by the scan axis not being parallel with the
mask's x axis, by a physical wobble in the rotation of the polygonal scan mirror, and from facet mirrors
having varying angles. In total wobble is considered as a phase term(t) applied to the collected signal,

yielding Equation 2.8 in which the wobble phase is also multiplied by the SPIFI orderq and reads as
n o}

Sq(t) = Hg(t)Re expli2 q ct]expliq (1)]Clafy(t)] : (2.8)
2.2.2 SPIFI Image Reconstruction

Generating 2D SPIFI images with a series of line images, with or without averaging, and with wobble
correction is done almost entirely through Fourier transforms. First the signal acquisition parameters
should be con gured to a frequency and duration that captures an entire SPIFI period signal such as in
Figure 2.2B. The acquisition frequency should be set well beyond Nyquist for the highest modulation
frequency, determined by the carrier frequency and the greatest mask pattern frequency according to

cK(Yo + Ymax ). One of these signals is needed for each line image, and they may be averaged if desired.
Often the number of acquired samples in a SPIFI signal Nlsig) limits the frequency resolution of an FFT,
this is addressed via symmetric zero-padding to a number of pointsNpaq). The FFT of the padded signal
is then taken. Each SPIFI order of interest (1st and 2nd for linear imaging) is windowed and isolated into
its own array of length Npaq, with all other values in the arrays set to zero. The inverse fast Fourier
transform (IFFT) is taken, yielding a time signal for each SPIFI order. The phase correction exp( iq (t))

is then multiplied on the original signal portion of the signal (central Nsjg points - not padding points).
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The FFT is taken again and the wobble corrected image for that SPIFI order is the result. This process is

summarized in the owchart in Figure 2.3.

Figure 2.3 Flowchart for processing SPIFI signals. A: Array of SPIFI signals to process for line images. B:
One signal with zero-padding. C: Fast Fourier transform of the padded signal. The frequency range
corresponding to one image order is isolated. D: The isolated image signal is copied onto a zero-array
covering the same frequency range as the original Fourier transform. E: The inverse fast Fourier transform
of the isolated FFT yields a padded signal speci c to that SPIFI order. F: The wobble correction phase is
applied to the original signal region highlighted between the red lines in E. G: The fast Fourier transform
of the wobble corrected signal yields a corrected line image for the selected SPIFI order.

2.3 Polygonal Scan Mirror SPIFI

While SPIFI has presented many unigue advantages in previous experiments, its line image exposure
time has typically been limited to the order of tens of milliseconds in spinning disk architectures. In the
spinning disk modulation scheme, motor stability and inertial limits of the glass disk prevent higher
modulation speeds. To demonstrate SPIFI using a polygonal scan mirror, a scan engine system was
designed with the goal of reducing SPIFI modulation time while minimizing extra aberrations from the
scan optics. Consequently, consideration for the quality of the line cursor through the scanning range was
taken, and optimizing resolution following limitations from the scan mirror required careful design of an
anamorphic magni cation system that helps minimize reduction of the eld of view (FOV). The impact of
the polygonal scan mirror is clear when comparing the resulting exposure time with that of a spinning disk
SPIFI modulation system. The exposure time for one line image is improved by two orders of magnitude as
shown in Figure 2.4 when compared to a typical signal from a spinning disk system.

Polygonal scan mirror SPIFI was evaluated experimentally using two models of scan mirrors and two
unique system architectures. The two scan mirrors were a Lincoln Laser 25-facet air bearing scanner (P/N:

DT-25-236-035), and a Precision Laser Scanning 8-facet scanner (P/N: PLS-08-400-060-AU-8K).
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Maintaining a at eld in focus across the mask in either system required the use of a scan lens (ThorLabs
LSMO05-BB) following the polygonal scan mirror. Analysis in Zemax OpticStudio was done to simulate the
performance of this scan lens. Following optimization of distances through the center of the optic, a macro
was used to evaluate the line focus width at a range of scan angles. Ensuring that only the scan range
which does not su er from severe axial focal shift is used was done by designing a mask which ts within
an acceptable range. For the LSM05-BB we limited the modulation range to 14 mm around the center
based on the analysis. The eld curvature and corresponding mask cuto areas are shown in Figure 2.5.
Prior to the polygonal scan mirror a quarter waveplate and polarizing beam splitter (PBS) are used to
divert the returning beam to the imaging subsystem. Returning through the scan lens de-scans the beam

allowing it to be passed all the way back to the PBS in-line.

Figure 2.4 Comparison of SPIFI signals in a traditional SPIFI architecture (A) and in the polygonal scan
mirror (8-facet) architecture (B). In (A) a circular SPIFI mask is spun at 20 Hz yielding line image
exposure times of 50 ms. In (B) the polygonal scan mirror is used at a rotation rate of 10k rpm. The
resulting signal spans a period of 120 s. With dead time between line exposures considered, the full time
between signals is approximately 240 s. This dead time is due to the bevels between facets and scanning
beyond the range of the SPIFI mask and/or scan optics.
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Figure 2.5 A: Spot size at the SPIFI mask and B: Incidence angle on the SPIFI mask as a function of scan
angle/scan position, simulated using the polygonal scan system architecture from the source to the SPIFI
mask as shown in Figure 2.6 and Figure 2.10. Mask dimensions were chosen to be limited to a total width
of 14 mm, indicated by the red lines in A and B. C: example mask pattern with blocking edges to
completely block the beam at the edges of the SPIFI signal. This enables easier triggering and trimming of
data, as well as blocks returning light as spot size degrades through higher angles achieved by the
polygonal scan mirror.

The rst of the two architectures was a beam scanning architecture that uses a galvonometric scan
mirror to scan the SPIFI modulated line cursor across the sample. The second architecture relies on
scanning the sample through a stationary modulated beam. For both architectures, it is important to note
that the polygonal scan mirror scanning subsystem is used only for the SPIFI modulation - sample

scanning is independent of the scan mirror.
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