Rochester Institute of Technology

RIT Digital Institutional Repository

Theses

7-2024

Simulation of a Single Photon Counting Photonic Spectrograph
for Direct Imaging of Exoplanet Atmospheres with the Habitable
Worlds Observatory

Edwin Alexani
ea2191@rit.edu

Follow this and additional works at: https://repository.rit.edu/theses

Recommended Citation

Alexani, Edwin, "Simulation of a Single Photon Counting Photonic Spectrograph for Direct Imaging of
Exoplanet Atmospheres with the Habitable Worlds Observatory" (2024). Thesis. Rochester Institute of
Technology. Accessed from

This Thesis is brought to you for free and open access by the RIT Libraries. For more information, please contact
repository@rit.edu.


https://repository.rit.edu/
https://repository.rit.edu/theses
https://repository.rit.edu/theses?utm_source=repository.rit.edu%2Ftheses%2F11906&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.rit.edu/theses/11906?utm_source=repository.rit.edu%2Ftheses%2F11906&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:repository@rit.edu

Simulation of a Single Photon
Counting Photonic Spectrograph for
Direct Imaging of Exoplanet
Atmospheres with the Habitable
Worlds Observatory

M.S. Master of Science
in Astrophysical Sciences and Technology

Edwin Alexani

School of Physics and Astronomy
Rochester Institute of Technology
Rochester, New York

July 2024






College of Science
R I T Astrophysical Sciences
and Technology

CERTIFICATE OF APPROVAL

MASTER’S DEGREE THESIS

The Master’s Degree Thesis of Edwin Alexani has been examined and
approved by the thesis committee as satisfactory for the dissertation
requirement for the Master of Science degree in Astrophysical Sciences and
Technology.

Dr. Donald F. Figer, Thesis Advisor

Dr. Zoran Ninkov, Committee Member

Dr. Michael Zemcov, Committee Member

Date




College of Science
Astrophysical Sciences
and Technology

SIMULATION OF A SINGLE PHOTON
COUNTING PHOTONIC
SPECTROGRAPH FOR DIRECT
IMAGING OF EXOPLANET
ATMOSPHERES WITH THE
HABITABLE WORLDS

OBSERVATORY
By

Edwin Alexani

A Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of Master of Science in
Astrophysical Sciences & Technology

School of Physics and Astronomy
College of Science
Rochester Institute of Technology
Rochester, NY

July 2024

Approved by:
Andrew Robinson, Ph.D Date
Director, Astrophysical Sciences and Technology




Abstract

NASA’s highest-priority future flagship astrophysics mission is a large infrared /optical /ultra-
violet (IR/O/UV) telescope, the first in a series of new Great Observatories recommended by
the 2020 Decadal Survey. The current concept for this telescope is the Habitable Worlds Ob-
servatory (HWO), drawing on past design projects such as LUVOIR and HabEx. A key goal
for HWO is to identify habitable exoplanets. The HWO will obtain spectra and direct images
of distant, dim worlds, necessitating highly sensitive instruments. The HWO will require a
coronagraph that achieves a 10719 contrast ratio to suppress the starlight and reveal terrestrial
exoplanets. The detector’s dark current and read noise must be extremely low to enable high
contrast imaging of terrestrial exoplanets, from which only a few photons per hour reach the

telescope. These requirements have created a need for single photon counting detectors for

HWO.

This paper presents the instrument requirements and design for an optical single photon
counting photonic spectrograph (SPCPS) based on simulated observations of an earthlike exo-
planet atmosphere. The SPCPS incorporates emerging technologies: a single photon counting
CMOS detector and an on-chip astrophotonic spectrograph, the latter offering a smaller and
lighter instrument compared to traditional spectrographs. This project identifies the stellar
parameter space within which direct imaging of exoplanets in the local galactic neighbor-
hood (~50 pc) would be possible with HWO. The integration time to reach a desired spectral
signal-to-noise ratio (SNR) of the O3-A band biosignature at 760 nm is determined by using
the Earth to simulate exoplanet atmospheric observations around different stars. The inte-
gration time and SNR are the key criteria for optimizing the SPCPS system. Initial findings
suggest that the SPCPS achieves an SNR of 10 with a 45% error on the equivalent width
of the Oz-A band in ~ 103 hours. This work assesses design requirements for the SPCPS
for exoplanet atmosphere characterization and suggests future improvements for design and

model considerations.



ii



Contents

Abstract

Contents

List of Figures

List of Tables

1 Introduction

1.1

1.2

1.3

1.4

1.5

1.6

Exoplanets and Where to Find Them . . . . .. .. .. ... ... ... .....
1.1.1 Detection Methods and Exoplanet Types . . .. ... .. ... .....
1.1.2 Direct Imaging . . . . . . . . . . ...
1.1.3 Biosignatures . . . . . . . . . ...
Low Noise Detectors . . . . . . . . .. . .
Astrophotonic Spectrograph! . . . . . . . ... ...
Telescopes and Coronagraphs . . . . . . . . . .. ... ... ... ... ...,
Stellar Spectral Types . . . . . . . . . .
1.5.1  Stellar Lifetime . . . . . . . .. . . ...
1.5.2 Habitable Zone . . . . . . . . ...
1.5.3 Inner and Outer Working Angles . . . . . .. .. ... .. ... .....
Structure and Context of Researchl . . . . . .. ... ... ... ... ... ...

iii

iii

xiii



2 Methods 23

2.1 Visible Band Astrophotonic Spectrograph| . . . . . . . ... ... ... ... .. 23
2.2 CMOS BAE HWK4123 Single Photon Counting Detector, . . . . . .. ... .. 24
2.2.1 Relevant Parameters . . . . . . . . ... .. ... L 25

2.2.2  Preliminary Measurements . . . . . . . . . . . ... ... L. 26

2.2.3  Estimated Values . . . . . . . . . .. o 28

2.3 Overview of the SPCPS Instrument Design . . . . . .. ... ... ... .... 30
2.4 Telescope Specifications . . . . . . . . .. .. L 31
2.5 Astronomical Sources|. . . . . . ... Lo 32
2.6 Modelling the SPCPS . . . . . . . . . . . 43
3__Results 47
3.1 Achievable Signal-to-Noise Ratio| . . . . . .. .. ... ... ... ... ... .. 47
3.2 The Optical Setup of the SPCPS| . . . . . .. ... ... ... ... ....... 50

4 Discussion 55
5 Conclusion 59
Appendices 62
A Equivalent Width A.65
B Achieved Signal-to-Noise Ratio for Other Stars B.69
C _Exozodiacal Disk and Planet Orbit around Other Stars C.83
D Using exoVista on a Windows Operating System D.89
Acknowledgements 91
Bibliography 92

v



List of Figures

1.1

1.2

1.3

1.4

The plot above shows 4,234 exoplanets confirmed by the transit detection
method. The colors represent the temperature of the stellar host. Hot Jupiters
are clustering in the upper left, and Super-Earths and Sub-Neptunes (1.4Rg
- 3Rg) are clustering in the middle. The dashed lines represent the Earth’s
radius and orbital period. Notice the paucity of exoplanets near the Earth’s
parameter SPacCe. | . . . .. .. .o e e e e e e e e e e e e e
The histogram above shows 4,234 exoplanets confirmed by the transit detection
method. The planets are categorized using only their radius. The majority
of exoplanets confirmed by transit are in the Super-Earth and Sub-Neptune
categories. There are no such known equivalent planets in our solar system.
The majority of all planets in this plot orbit their Sun-like host star in less than
100 days, and are thus out of the habitable zone. |. . . . . . ... ... ... ..
The plot above shows 1,010 exoplanets confirmed by the radial velocity detection
method. The colors represent the temperature of the stellar host. Notice the
Hot Jupiters clustering in the upper left. The dashed lines represent the Earth’s
radius and orbital period. Notice the paucity of exoplanets near the Earth’s
parameter Space. |. . . . .. .. ..o e
The histogram above shows 1,010 exoplanets confirmed by the radial velocity
detection method. The planets are binned by radius. The majority of exoplanets
confirmed by radial velocity are Hot Jupiters and Hot Super-Jupiters, and orbit

their host star in less than 10 days. | . . . . . . . .. .. .. ... .. ...



1.5

1.6

1.7

1.8

1.9

1.10

2.1

2.2

2.3

The image shows the BAE HWK4123 CMOS single photon counting detector.

It measures 3.6 X 3.1 cm and has 9 Mpixels of size 4.6 pm. | . . . . . . ... ..

The curve shows the ORCA Quest camera QE. The QE of the detector is above

50% for the astrophotonic spectrograph’s (APS) operating range (500 — 800 nm).
caption without citation for lof . . . . . . . .. .. .. ... ... ... .. ...
The plot above shows the main sequence lifetime of stars using Equation 1.5.1.

The plot above shows the habitable zone for stars from spectral type FOV to
M9.5V. The more luminous the star is, the farther away and larger the HZ

becomes. | . . ..

Shown above are the angular sizes of the habitable zone as a function of distance
depending on the spectral type of the star. The lower horizontal dashed line
is the IWA and the upper dashed line is the OWA, for LUVOIR-B at 760 nm.
Notice that, for M5V stars, the HZ falls within the IWA below 1 pc and is
suppressed by the coronagraph. The solid color curves represent the location at
which a planet would receive the same flux as the Earth does around the Sun.

The shading represents the inner and outer edges of the HZ. | . . . . . . . . ..

Plotted above are the measured dark current values for different integration

Plotted above is the measured read noise for ORCA Quest. The mean value is

in agreement with Hamamatsu'’s reported value. | . . . . . . . .. ... .. ...

Shown above is a schematic of the SPCPS. Light from the targeted object
passes through a single-mode fiber connected to the APS that creates the output
spectrum. The spectrum then reaches a collimating lens, followed by a camera
lens, and the detector receives the final image. The current design uses paraxial

lenses, which ignore wavelength-dependent effects. | . . . . . ... .. ... ...

vi

12



2.4

2.5

2.6

2.7

2.8

2.9

Plotted above are the contrast ratios for the planet against the star, for different
eons. The planet’s orbital position is selected such that the bottom of the Oo-A
band absorption feature at 760 nm is just above a contrast of 107!V to meet the
coronagraph requirements. Notice that only modern Earth shows a deep Oo-A

band feature, while the Proterozoic High Oy Earth shows only a minor dip.

Plotted above are the contrast ratios for the planet against the star, for different
stars, for Modern Earth only. Notice the contrast ratio for K dwarfs is higher
than that of I dwarfs, meaning a K dwarf outshines the exoplanet less than an

F dwarf. | . .

Displayed above is the effect of orbital position on the contrast ratio. The
position of the planet around its star affects the area of the planet visible to
the observer, similar to the phases of the moon or Venus. Notice that at the
minimum, the contrast ratio of reflected light is at 10!, dipping below the

coronagraph starlight suppression, and making the detection much more diffi-

Shown above is the intensity of the stellar spectrum (Sun) output by exoVista
for a distance of 10 pc. The flux is in Jansky and is later converted into photo-

electron counts. | . . . . . L L

Shown above are the intensities of the stellar spectra output by exoVista for a
distance of 10 pc. The flux is in Jansky and is later converted into photoelectron
counts. Notice the different spectral features due to the stellar temperatures
(spectral types). These different features will appear in the reflection spectrum

of the exoplanet. |. . . . . . . . . ..

The total light spectrum of the planet is shown for different Earth eons. Notice
the stellar spectrum contaminates the spectrum, especially below 700 nm. Hab-
itable planets should not be hot enough to emit significant thermal radiation in

the optical and ultraviolet regimes. | . . . . . . . . ... ... ... ... ...

vii

33



2.10

2.11

2.12

2.13

2.14

2.15

This figure shows the total light received from the exoplanet. It is equivalent
to [Figure 2.9 for Modern Earth only, around different stellar spectral types.
Ignoring differences inherited from reflecting different stellar spectral profiles
(such as large differences in the UV spectrum across stellar types), the amount
of light reflected at 760 nm is roughly the same for all stellar types. This is a
definitional effect from modelling all exoplanets in the habitable zone of their

host star, since they receive the same integrated photon flux. | . . . . . . . . ..

This figure illustrates the integrated light spectrum as computed by [Equation
2.5.3. Notice the imprint of detector quantum efficiency from Figure 1.6/ in the
shape of the spectrum. There are only a few photons per hour for the Os-A

band. | . . . e

This figure is the equivalent of |[Figure 2.11 for Modern Earth only, for different

stellar spectral types considered. | . . . . . . .. ... ... L.

The black curve is the integrated spectrum for Modern Earth with resolution
from data given to exoVista. The spacing for the input data increases with
wavelength. In red is the rebinned integrated spectrum to match the 46 evenly
spaced APS channels. Note that moving to lower resolutions (coarser band-
width) increases the number of photons per channel, explaining the red curve
being above the black curve. The effect of the APS channel throughput (30%

for all channels), is shown in gold. | . . . . . . . ... ... ... ... ...

The curves above are the equivalent of the gold curve in [Figure 2.13. They
represent the integrated spectrum of the Earth twin, around other stars at 10

pc, and include the flat 30% spectrograph throughput. | . . . . . ... ... ..

The map shows the contrast ratio of the exozodiacal dust computed by exoVista
at ~744 nm for the SST. The pixels are 2 mas in length. The orbit of the planet
is shown, the dot is the position at which the bottom of the Oo-A band feature

has a contrast of 10710, | . . . . . ...



2.16 (left) The SNR;, as computed by Equation 2.5.5 explores the parameter space

3.1

3.2

3.3

3.4

B.1

of the continuum to line depth ratio, which is about ~2.5 from Figure 2.13.
(right) The SNR;., as computed by Equation 2.5.6 considers the equivalent
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Chapter 1

Introduction

The Habitable Worlds Observatory (HWO) is one of NASA’s anticipated future IR/O/UV
Great Observatories for astrophysics. The 2020 Decadal Survey defines the search for hab-
itable exoplanets as one of HWO’s main goals [I]. HWO draws characteristics from both
the Habitable Exoplanet Observatory (HabEx) and the Large Ultraviolet Optical Infrared

Surveyor (LUVOIR) mission concepts [2] [3].

The HWO aims to directly image habitable worlds and analyze their spectra. Direct
imaging is a promising method for finding habitable exoplanets but requires high contrast
imaging (HCI) [4] [5]. One tool for achieving HCI is a coronagraph. For a typical Earth twin
orbiting a solar analog in the stellar neighborhood (~ 10 pc), the coronagraph must provide a
contrast of 10710 for HCI [2] [3]. Despite starlight suppression to increase the signal-to-noise
ratio, the exoplanet signal consists of only a few photons per hour, necessitating detectors
with extremely low read noise and dark current [6] [7] [8]. Additionally, the spectrograph
must have enough resolution to detect biosignatures. While traditional spectrographs can
achieve the required resolution, their designs typically feature large and massive optics. For

instance, the LUVOIR ECLIPS instrument is expected to weigh about 1000 kg [3] [9].

CMOS single photon counting detectors (SPCD) and on-chip astrophotonic spectrographs
(APS) are new, compact, and promising technologies to integrate with the HWO flagship.

Commercial CMOS SPCDs are sensitive and widely available, and APS may significantly

Chapter 1. Introduction 1



Chapter 1. Introduction

reduce the size and weight of instruments, thereby lowering mission costs. Combining an
SPCD and APS into a single photon counting photonic spectrograph (SPCPS) could reduce the
weight and size of future flagship observatories while maintaining the detectability of science
targets. As current efforts continue to inform the design of HWO, the available LUVOIR-B
mission concept is selected in this study [3]. Using a simulated observation of an Earth twin,
we estimate the SNR required to detect the Os-A absorption band and the SNR achievable
by the system. The SNR and exposure time requirements then flow down into the instrument
design. This paper presents a simulated observation of an Earth twin with an 8-meter class
telescope (LUVOIR-B) equipped with a coronagraph and an SPCPS, and addresses areas of

improvement for the design and models.

1.1 Exoplanets and Where to Find Them

Since the discovery of exoplanets at the turn of the century, NASA has confirmed the detection
of 5,678 exoplanets!. The transit method is the most successful at finding exoplanets thus far.
However, the transit method favors short orbital periods, Super-Earths, and Sub-Neptunes.
To detect an Earth twin around a Sun-like star, direct imaging will be required. This detection
method will provide results for many of the HWO science cases. Habitable exoplanets with
liquid water on their surface are expected to be found in the habitable zone of their host star.
The water would likely appear in the atmosphere as one of many biosignatures. Biosignatures
are gases that may indicate the presence of life (carbon-based) on an exoplanet. A prominent
biosignature in Earth’s spectrum is the Os-A band at 760 nm. Current oxygen levels on Earth
are maintained by photosynthesis, a biological process. Therefore, the O2-A band will be used

as the case study in this paper.

"https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html, numbers reported here have
likely changed on the website.
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1.1. Exoplanets and Where to Find Them

1.1.1 Detection Methods and Exoplanet Types

The primary exoplanet detection methods are transit, radial velocity, gravitational microlens-
ing, and direct imaging. A full list of detection methods with corresponding results is provided
in Table 1.1. The transit method has found 4,216 exoplanets to date, 74.25% of all confirmed
exoplanets. In edge-on systems, planets transit in front of the host star, causing a measurable
and cyclical decrease in the star’s brightness. The transit depth and the duration provide in-
formation about the planet’s radius and orbital velocity. The transit method typically detects
planets with short orbital periods, as these offer multiple transit events to confirm the planet’s
presence over short observation times. Potentially habitable rocky planets have been discov-
ered by transit, notably those around the M-dwarf TRAPPIST-1. This compact system is
suitable for discovery by transit but susceptible to tidal locking which may affect habitability

[10] [11], especially around flaring M-dwarfs.

Table 1.1: Exoplanet Detection Methods and Yields

Method Number Confirmed | Percentage
Transit 4216 74.25
Radial Velocity 1089 19.18
Microlensing 222 3.91
Imaging 82 1.44
Transit Timing Variations 29 0.51
Eclipse Timing Variations 17 0.30
Orbital Brightness Modulations 9 0.16
Pulsar Timing Variations 8 0.14
Astrometry 3 0.05
Pulsation Timing Variations 2 0.04
Disk Kinematics 1 0.02
Total 5678 100

Values from https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html

are likely to change from the time of writing.

Transits most frequently find Super-Earths and Sub-Neptunes in close proximity to the

host star [12]. This effect is apparent in Figure 1.1. The exoplanets are classified in Figure
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1.2, The classification scheme used here is loosely inspired from [I3] and [I4], the main purpose
is to highlight the abundance of Super-Earths (defined here as 1.4Rg; - 2Rg) and Sub-Neptunes
(defined here as 2Rg - 3Rg). This classification is based solely on the planet’s radius. The 2023
Exoplanet Exploration Program Science Gap List [I3] defines Earth-sized planets as having
a radius between 0.8Rg, - 1.4Rg, while [14] defines Earths as 0.5Rg, - 1Rg, underscoring the

lack of a universally accepted exoplanet classification scheme.

The radial velocity method is the second most successful and has confirmed 1,089 exoplan-
ets. It measures the Doppler shift in the stellar light caused by the gravitational influence of
a planet on its parent star [5]. This method favors Hot Jupiters, which are massive and close
to their star, thus exerting a greater measurable gravitational tug. This bias is illustrated in

Figures 1.3/ and |1.4.

While the transit and radial velocity methods have found the most planets to date, they
do not yield many potentially earthlike habitable planets. Terrestrial planets have lower size,
mass, and luminosity compared to Super-Earth and Sub-Neptune, decreasing the probability
of detection by transit and radial velocity [4]. Additionally, these detection methods are
biased against larger orbits, where the habitable zone typically lies for most stellar types. For
instance, an Earth twin orbiting the Sun has only a 0.5% chance of transiting due to the larger

orbit, thus motivating the need for direct imaging, as described in [15].

Ounly 373 exoplanets (6.57%) have been found using other methods, with 82 directly imaged
planets. Of those 82, only 29 exoplanets have radius data, and all are Jupiter-sized objects.
Most of these planets were imaged from ground-based telescopes such as the Paranal, W. M.
Keck, Gemini, Palomar, and Las Campanas Observatories, and the Subaru Telescope. A few
have also been observed by the Hubble Space Telescope, James Webb Space Telescope, and
Spitzer. However, the high contrast imaging capabilities of these telescopes are not yet at the

level required for HWO, and thus favor Hot Jupiters [5] [16].

4 1.1. Exoplanets and Where to Find Them
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Figure 1.1: The plot above shows 4,234 exoplanets confirmed by the transit detection method.
The colors represent the temperature of the stellar host. Hot Jupiters are clustering in the up-
per left, and Super-Earths and Sub-Neptunes (1.4Rg - 3Rg) are clustering in the middle. The
dashed lines represent the Earth’s radius and orbital period. Notice the paucity of exoplanets
near the Earth’s parameter space.
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Figure 1.2: The histogram above shows 4,234 exoplanets confirmed by the transit detection
method. The planets are categorized using only their radius. The majority of exoplanets
confirmed by transit are in the Super-Earth and Sub-Neptune categories. There are no such
known equivalent planets in our solar system. The majority of all planets in this plot orbit
their Sun-like host star in less than 100 days, and are thus out of the habitable zone.
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Figure 1.3: The plot above shows 1,010 exoplanets confirmed by the radial velocity detection
method. The colors represent the temperature of the stellar host. Notice the Hot Jupiters
clustering in the upper left. The dashed lines represent the Earth’s radius and orbital period.
Notice the paucity of exoplanets near the Earth’s parameter space.
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Radial Velocity Exoplanets by Type
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Figure 1.4: The histogram above shows 1,010 exoplanets confirmed by the radial velocity
detection method. The planets are binned by radius. The majority of exoplanets confirmed
by radial velocity are Hot Jupiters and Hot Super-Jupiters, and orbit their host star in less
than 10 days.
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1.1.2 Direct Imaging

The Habitable Worlds Observatory will directly image earthlike exoplanets around nearby
stars, which is only possible by suppressing the star’s light. For a solar system twin located
10 pc away, the host star will be 10'° times brighter than the Earth twin. A coronagraph
suppresses the host star to achieve HCI and make the planet detectable [2] [3] [I7]. Still, many
sources of noise degrade this challenging detection, including leakage of starlight, speckles, shot
noise, zodiacal dust, exozodiacal dust, detector dark current, and read noise. Careful design
can limit the excess light from the coronagraph, and new detectors with low dark current and
read noise can reduce detector noise. Minimizing noise is crucial for optimizing the exposure
time needed for a credible biosignature detection, especially when spectroscopy divides light

from an already faint source.

1.1.3 Biosignatures

The atmosphere of an exoplanet is one of the few observables that can be used to determine its
composition, and thus habitability. Biological processes can release gases into the atmosphere
that abiotic processes would otherwise deplete. A prime example is the production of oxygen
by photosynthesis on Earth. Oxygen is a highly reactive gas that filters out of the atmosphere
by oxidizing (rusting) other materials [I8]. Photosynthesis has maintained Earth’s current
oxygen levels, making oxygen a marker of biological processes on Earth. A strong indicator
of oxygen’s presence in FEarth’s atmosphere is the deep Os-A band absorption feature at 760
nm. Other biosignatures, including Og, CHy, HoO, and CO4, appear throughout the IR/O/UV
regimes [19] [20] [21] [22] [23] |24] [25] |26]. Additionally, different forms of life produce different
biosignature gases. For instance, Earth’s early atmosphere did not have high levels of oxygen
but instead had noticeable levels of methane from bacterial life. Although compelling habitable
planet candidates with water vapor signatures exist, a Modern Earth analog with a significant
O2-A band remains elusive. A biosignature alone may not guarantee life on an exoplanet
without other gases to rule out abiotic processes and false positives. Therefore, an IR/O/UV

telescope capable of studying multiple biosignatures is required to discover Earth twins. HWO
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will search for biosignatures in the IR/O/UV range to rule out abiotic processes and false

positives, with many studies developing methods to achieve this [21] [24] [25] [27] [28] [29].

1.2 Low Noise Detectors

Detectors that directly image earthlike exoplanets must have very low dark current and read
noise. Suitable detectors include electron-multiplying charge-coupled devices (EMCCDs),
skipper CCDs, microwave kinetic inductance detectors (MKIDs), and single photon count-
ing CMOS (complementary metal-oxide semiconductor) sensors. EMCCDs have low read
noise and dark current, and exist in large formats [30]. However, the EMCCD architecture
clocks the signal charge across many pixels, making EMCCDs susceptible to defective pixels,
radiation damage, and charge transfer efficiency degradation [3I] [32] [33]. Skipper CCDs have
been in development for about 30 years, and have recently shown promise in low noise and
low dark current applications [34] [35]. Skipper CCDs also allow non-destructive readout but
are not yet commercialized or available in large formats [36]. MKIDs offer high quantum effi-
ciency, low dark current, and have recently shown radiation hardness [37]. However, they are
not readily available in large formats and require sub-Kelvin operation provided by resource
expensive readout and refrigeration systems [38] [39].

Single photon counting CMOS detectors have low read noise and low dark current [40].
These SPCDs use a physically small and low-capacitance floating diffusion sense node to
achieve a high input referred conversion gain (>320 pV/e™) [40]. The high gain resolves indi-
vidual charge carriers, making the devices photon-number resolving. Unlike CCDs, which can
propagate single-pixel failures across a pixel row during readout, CMOS detectors use direct
readout circuits that isolate the effects of single-pixel failures (e.g., defective pixels, radiation
damage, cosmic rays) to the affected pixel. CMOS SPCDs are radiation tolerant and have low
power consumption [41][42]. Additionally, CMOS detectors are part of the multibillion-dollar
cellphone camera industry, making them commercially available and leveraging third party
research and development [43]. Furthermore, the dark current per pixel in CMOS SPCDs is

comparable in magnitude to those of EMCCDs, encouraging the move towards CMOS devices
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in astronomy (see Table 1.2)). Given the performance requirements for direct imaging and HCI
applications for HWO, the CMOS SPCD is the detector candidate in this study. CMOS SPCDs
offer low read noise, low dark current, radiation tolerance, and are commercially available in

many formats.

The Strategic Astrophysics Technology (SAT) program Grant No. 80NSSC24K0372 sup-
ports our team in the Center for Detectors (CfD) at RIT in characterizing BAE Systems
Imaging Solutions Inc.’s HWK4123 CMOS sensors (shown in Figure 1.5) and the Hamamatsu
Photonics K.K. C15550-20UP ORCA Quest camera. The ORCA Quest camera uses HWK4123
sensors, and the quantum efficiency reported by [44] is plotted in Figure 1.6, Quantum ef-
ficiency defines how well a system can convert photons into electrons, where zero represents

total photon loss.

Packaging
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Figure 1.5: The image shows the BAE HWK4123 CMOS single photon counting detector. It
measures 3.6 X 3.1 cm and has 9 Mpixels of size 4.6 pym.
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BAE HWK4123 Sensor QE on ORCA Quest
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Figure 1.6: The curve shows the ORCA Quest camera QE. The QE of the detector is above
50% for the astrophotonic spectrograph’s (APS) operating range (500 — 800 nm).

Table 1.2: State of the Art Detector Performance

Detector | CMOS SPCD [4d] | EMCCD [435] | Skipper CCD [35] | MKID [46]
Model BAE HWK4123 | HNii 1024-1MP SENSEI ARCONS
Pixel Size [pm] 4.6 13 15 222
Dark Curr. [ /s/pix] 1.63 x 1075 7.0 x 107°° ~ 3.8 x 1074 ~04
Read Noise [e”/pix] 0.27 0.1 ~0.14 ~04

@ interpolated value from [47], see Section 2.2.3 at 183 K.

b reported value from [45] for the ALPHA model, at 183 K.

¢ calculated from Figure 10 in [35], at 185 K.

4 ARCONS reported with no dark current (at 110 mK) and no read noise by [46] and [48].
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1.3 Astrophotonic Spectrograph

Astrophotonics is an emerging field that applies photonic technologies to astrophysical instru-
mentation. Broadly defined, photonics is the study of light and using light in technology.
Historically, notable contributors are Mozi (China, camera obscura), Ibn al-Haytham (Iraq,
highly cited by modern counterparts such as Newton, Huygens, Kepler, and Galileo), and
Euclid (Greece, geometrical optics). In the modern era, the term "photonics" which emerged
in the 1960-70s emphasizes technological applications, such as optical fibers in telecommunica-
tions. Photonic technologies are being developed and used in astrophysical applications, such
as adaptive optics for ground-based telescopes [49] [50] [51] [52] [53]. Another photonic tech-
nology is the astrophotonic spectrograph (APS), which leverages arrayed waveguide gratings
to produce a discrete spectrum. The APS shows great potential for integration in astronomical
instruments, with most advancements being in the NIR domain and recent efforts targeting

the optical range [54] [55] [56] [57] [58] [59] [60].

This section describes the basic design of an APS. An optical APS design is shown in
Figure 1.7, and the APS components described above are identified in Figure 2.3. A detailed
description of general APS geometry is provided in the foundational paper by [61]. Light enters
an optical single-mode fiber (SMF), which strictly allows the fundamental mode of the light
to propagate to prevent excitation of higher modes, mode conversion, and thus degradation of
the signal [6I]. The SMF guides the light to the free propagation region (FPR). This region
allows the light the spread until it reaches the arrayed waveguides (AWG) which are made
of SMFs. Each waveguide is mA longer than its preceding neighbor, where m is the spectral
order of diffraction. That is, the length difference is AL = m - ]/\\,—z, where m is the spectral
order, A is the central wavelength, and N is the effective index of the waveguide [6I]. This
path difference allows for constructive interference of the light. The light then travels through
a second FPR. The focusing of light in the second FPR follows a circular image plane, which
is typical of Rowland-type mountings (see Figure 1b of [61], Figure 10 of [62], and Figure 1.7).
The output fibers are then placed at the focal points on the Rowland circle for each wavelength

channel to provide the output spectrum [63].
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The discretized APS output differs from a traditional spectrograph, which produces a
continuous spectrum. Object location information is lost when using an APS, meaning the
spectrum’s position on the detector’s surface does not correlate with the object location in
the telescope optics image plane. Instead, the input fiber is positioned at the object’s image
location and the output spectrum is imaged on the detector. The APS is extremely compact,

measuring just a few centimeters, and can be stacked for multi-object spectroscopy [64].

Key spectrograph performance metrics for APS include resolving power, free spectral range,
crosstalk, and throughput. Resolving power is defined as the central wavelength of the channel
divided by the channel spacing (bandwidth), expressed as R = A/AA. The channel bandwidth
is the wavelength difference between adjacent Gaussian peaks of the discretized transmission

response from the AWG.

The spectral orders from the AWG follow the cyclical output of conventional diffraction
gratings. In conventional gratings, higher order modes repeat at a distance m\ away from
the fundamental mode. In an AWG, the free spectral range (FSR) determines how far, in
wavelength space, the higher order modes will appear from the fundamental mode. Properly
selecting the FSR avoids cross dispersion of higher modes into neighboring channels. An
output channel with a Gaussian distribution centered at A will have higher order peaks at A £+
FSR, A + 2 FSR, and so on. Therefore, the FSR must be at least as large as the wavelength
range that the APS will cover. This ensures that the first higher order of the lowest wavelength
channel falls beyond the fundamental mode location of the highest wavelength channel, and

so forth for all channels.

Channel crosstalk, broadly defined, is the contamination of a given spectral channel by
other channels. Several mechanisms contribute to crosstalk, such as receiver crosstalk (cou-
pling of light distribution), aperture truncation (finite width of array modulates power), mode
conversion (excitation of first-order mode at junctions), coupling in the array (at input and
output from phase distortion), phase transfer incoherence (due to imperfections), and back-

ground radiation (light scattered within arrays) [61] [62] [65].
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AWG Output Plane

Focusing Image Plane

FPR

Figure 1.7: (top) The image provided by Pradip Gatkine shows a model for the optical as-
trophotonic spectrograph. It has a 300 nm free spectral range spanning 500 — 800 nm. The
APS has 46 output waveguides, each with a diameter of 6 um and a core-to-core spacing of
100 pm. Each channel has a spectral bandwidth of ~6.5 nm. The input fiber is located at
the bottom right, above which is the first propagation region. The arrayed waveguides are
the multiple curved fibers in the center of the image. The second propagation region is the
Rowland circle in the bottom left, from which the output waveguides produce the spectrum.
(bottom) The diagram shows a simplified version of Figure 1b of [6I] and Figure 10 of [62] for
the Rowland-mount type geometry. The AWG fibers are in a circle of radius R,, and the focal
plane for the constructive interference pattern follows a circle of radius R,/2. The output
channel fibers are located where the constructive interference of the channel occurs.
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1.4 Telescopes and Coronagraphs

LUVOIR and HabEx are telescope designs with a shared goal of finding habitable exoplan-
ets. Concepts and ideas from both may be incorporated into HWO, a 6 m class telescope
recommended to NASA by the 2020 Decadal Survey [I]. The HWO design is an active area
of collaboration, with ongoing efforts actualizing the mission concept. HabEx is a 4 m class
telescope with an external starshade working in tandem with an internal coronagraph. The
HabEx coronagraph is required to provide a contrast of order 1071%. LUVOIR offers two
designs: a 15 m class telescope (LUVOIR-A) and an 8 m class telescope (LUVOIR-B), both
with coronagraphs (ECLIPS-A and -B) designed to reach the contrast ratio of 1071Y necessary
for detecting habitable exoplanets [3]. To avoid confusion later in the text, I define "higher"
contrast ratios for cases in which the exoplanet and star contrast is closer to 1, so the star
outshines the planet less. Correspondingly, I define "lower" contrast ratios for cases in which
the exoplanet and star contrast is closer to 0, so the star outshines the planet more.
Coronagraphs have an inner working angle (IWA) determined by the central portion of the
image being suppressed, and an outer working angle (OWA) set by the optics of the system.
For LUVOIR-B, the IWA is designed as IWA = - & and the OWA is as OW A = 64- %, where
A is the observed wavelength and D is the telescope diameter. These angles are expressed in
radians, which can be converted to arcseconds. The IWA, OWA, and distance to the stellar
system restrict the observable region of the system when using a coronagraph. For example,
the IWA for a LUVOIR-type mission would exclude the inner 0.5 au of a solar system twin,

rendering a planet like Mercury undetectable [15].

1.5 Stellar Spectral Types

The Morgan-Keenan spectral classification system sorts stars based on their luminosity and
surface temperature. Stars of the same spectral type have similar luminosity, mass, and radius.
The luminosity determines the photon flux received by a planet at a specific distance from

its host star, and thus the location and size of the habitable zone (HZ). The main sequence
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lifetime depends on stellar mass and luminosity, and affects the amount of time for which a
stellar system maintains a stable HZ. The apparent size of the HZ also affects the detectability

of habitable planets due to constraints from the coronagraph’s inner and outer working angles.

1.5.1 Stellar Lifetime

The stellar main sequence lifetime depends on the star’s mass and luminosity, and thus spectral
type. This lifetime influences the duration for which a stellar system provides stable conditions

for life to develop. To first order, the main sequence lifetime of a star is:

B n- M, -c? 1
o L, 3.154 x 107

T [years] (1.5.1)

where 7 is the efficiency of fusion, adopting a value of 0.0007 from the Sun, and 3.154 x 107

converts from seconds to years. Main sequence lifetimes are plotted in Figure 1.8.
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Figure 1.8: The plot above shows the main sequence lifetime of stars using Equation 1.5.1.
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A typical O star runs out of fuel and explodes after about 10 million years. Luminous,
short-lived stars cannot provide stable conditions for enough time to allow life to develop. In
fact, the Earth took 10 to 500 million years to cool down from its formation before liquid water
could remain on its surface. Before cooling, life on the planet would be virtually impossible.
The cooling time is debated after the discovery of 4.4 billion-year-old zircon crystals which
support faster cooling [66]. For this paper, I restrict the upper luminosity of stars to FOV
stars, which last roughly 2 billion years on the main sequence — enough time to allow the

Earth’s Great Oxygenation Event to occur [18].

1.5.2 Habitable Zone

The habitable zone around a star is broadly defined as the distance from the star at which a
planet may maintain liquid water. The 2020 Decadal Survey [I] and 2023 Exoplanet Science
Gap [13] adopt the conservative HZ of 0.95 — 1.67 astronomical units (au) first discussed in
[10]. Using this definition for the solar system’s HZ, the equations to express the HZ inner
edge (Finner ), outer edge (router), and the location at which a planet receives the same photon

flux as the Earth (rgz = rg) are:

e =095 (£2) =005, (;; (;;)2) - (152)
raz =re = 1.00- (f;) =1.00 - (g; : (;;)2) [au] (1.5.3)

L, R, (T.\?
ou e'r:1- : — | =1 = | = 1.54
T out 67 <L®> 67 (R@ <T@> ) [au] (1.5.4)

where "," indicates parameters for the star, and "

indicates solar values.
The stellar type affects the location and size of the habitable zone, as shown in Fig-
ure 1.9, Since ryyz defines the location at which a planet receives the same photon flux as

Earth, the amount of light reflected by the planet should be roughly the same (ignoring stellar

temperature-dependent spectral features), regardless of stellar spectral type (see Figure 2.10).
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Habitable Zone vs. Stellar Luminosity

linner

lHz

router

Habitable Zone

Stellar Luminosity [Lo]
. ~ N L.

[

o

0 1 2 3 4
Distance from Star [au]

Figure 1.9: The plot above shows the habitable zone for stars from spectral type FOV to
M9.5V. The more luminous the star is, the farther away and larger the HZ becomes.

However, the contrast ratio between the star and the planet will differ, with more luminous
stars outshining the planet to a greater extent. That is, the light scattered by a coronagraph
for a more luminous star has higher amplitude (e.g. Airy disk), thus outshining the planet
more. This effect is shown in Figure 2.5. Additionally, the apparent angular size of the HZ

based on spectral type has implications for observations, as discussed below.

1.5.3 Inner and Outer Working Angles

The more luminous a star is, the farther away and larger the habitable zone is, as shown in
Figure 1.9. Consequently, lower luminosity M, K, G dwarfs will have smaller and closer HZs

than their more luminous O, B, A counterparts. The location of the HZ spans a distance from
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the star, which translates into an angle in the sky. The angle « is defined by the distance to
the stellar system, d, and the location of the HZ relative to the star, riz, as shown in the

following equation:

a = 206265 - arctan (THTZ) [arcseconds] (1.5.5)

where the units for rgyz and d must match, and the prefactor converts the angle from radians

to arcseconds (as). The results of Equation 1.5.5 are in Figure 1.10 .

The apparent angular size of the habitable zone constrains the spectral type of star that
can be observed. The HZ may fall within the IWA for faint stars, or beyond the OWA for
bright stars. For a distance of 10 pc, the outer edge of the HZ for KbV dwarfs appears at the
IWA of LUVOIR-B at 760 nm (0.068 as). Conversely, the inner edge of the HZ of a B8V star
coming into view from the OWA of LUVOIR-B at 760 nm (1.25 as). For this paper, the lower
brightness limit is set to K5V stars due to the IWA, and the brightest stars considered are

FOV stars due to main sequence lifetime constraints.

1.6 Structure and Context of Research

This project focuses on the simulation of a new instrument, the SPCPS, for the application of
direct imaging of terrestrial exoplanets. The SPCPS incorporates new and compact technolo-
gies: the CMOS single photon counting detector (SCPD) and the astrophotonic spectrograph
(APS). This work demonstrates the versatility of astrophotonics in providing new instruments
for astrophysical applications. The CMOS SPCD has very low dark current and read noise,
which are required to directly image earthlike exoplanets which emit only a few photons per
hour per spectral bin (see Figure 2.11). The APS provides the spectrum of the exoplanet,
which helps identify the presence or absence of biosignatures.

To understand the requirements for the instrument design, the science target is simulated
to establish observational constraints. The [Methods| section outlines the selected technology

parameters: APS in Section 2.1, CMOS SPCD in [Section 2.2}, telescope in [Section 2.4. A brief
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Figure 1.10: Shown above are the angular sizes of the habitable zone as a function of distance
depending on the spectral type of the star. The lower horizontal dashed line is the IWA and
the upper dashed line is the OWA, for LUVOIR-B at 760 nm. Notice that, for M5V stars, the
HZ falls within the IWA below 1 pc and is suppressed by the coronagraph. The solid color
curves represent the location at which a planet would receive the same flux as the Earth does
around the Sun. The shading represents the inner and outer edges of the HZ.
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description of the instrument layout is provided in [Section 2.3, with a more detailed view in
Section 2.6l The simulation of the stellar system and exoplanet is covered in |Section 2.5\
The open-source software exoVista generates the spectrum of the star, exoplanet, and an
exozodiacal dust map for the simulated stellar system. Section 2.5 describes how exoVista
produces these parameters, and how they are used to derive a signal-to-noise ratio (SNR)
which drives system requirements on the instrument. The SNR for an observed biosignature
can be derived using the equivalent width of the line (see Equation 2.5.6), and then compared
to the SNR that uses astronomical sources and instrument characteristics (see Equation 3.1.1).
The Results section describes the integration times required to reach a desired SNR for
the direct observation of the Os-A band. The [Discussion section explores the current instru-
ment design and future improvements. The |Conclusion| section summarizes the findings and

discoveries of this work.
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Methods

This section describes the technologies used for the single photon counting photonic spectro-
graph, the telescope specifications, and the models for the astronomical sources. The astropho-
tonic spectrograph is described in Section 2.1, the CMOS single photon counting detector in
Section 2.2, the basic SPCPS design in Section 2.3, the model telescope in Section 2.4, the
astronomical sources in Section 2.5, and the parameters for the SPCPS model with observation

requirement flow down in [Section 2.6.

2.1 Visible Band Astrophotonic Spectrograph

The astrophotonic spectrograph in this project being developed by Pradip Gatkine and his
group, who have extensive expertise in designing and characterizing this technology [50] [63]
[67] [68] [69] [70] [7I]. The materials selected for the APS are SiN and doped-SiOz, which
are promising for low loss of light in the optical regime [56][72] and will inform a comparative
performance study. The spectrograph is required to have an FSR of 300 nm such that the
APS can cover the optical range from 500 - 800 nm without higher spectral order overlap
from other channels. The APS will have 46 output waveguides with a physical diameter of 6
pm. The output channels have an equal bandwidth of AA~6.5 nm. The resolution R=X\/A\
is given by the central wavelength A of the channel and the bandwidth AA. For instance, a

channel centered at 763 nm will have R~120. This resolution is close to that required for an
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O2-A band detection, owing to the feature’s full-width at half-maximum of ~5 nm and central
wavelength of 760 nm yielding R~140 [20]. The channel cores are spaced 100 um apart on the
chip to minimize channel output coupling. The expected channel crosstalk will be less than or
about 1% by design, and is thus omitted as a source of noise from this study. The estimated
channel throughput is 30% for all channels, based on projections from a NIR astrophotonic
spectrograph using SiN [56]. The APS under development should perform similarly to the
NIR APS. The APS parameters for this study are listed in Table 2.1,

Table 2.1: Astrophotonic Spectrograph Parameters

Parameter ‘ Value ‘ Notes
Format 46 channels -
Channel Bandwidth 6.5 nm uniform
Operating Range 500 - 800 nm -

Free Spectral Range 300 nm -
Waveguide Diameter 6 pm -
Channel Core-to-Core Spacing 100 pm -
Channel Crosstalk <1% -
Throughput* 30% all channels

* estimate based on [50]

2.2 CMOS BAE HWK4123 Single Photon Counting Detector

The devices selected for this study are the BAE HWK4123 CMOS SPCD and the Hamamatsu
Photonics K.K. C15550-20UP ORCA Quest camera. The ORCA Quest camera uses BAE
HWK4123 sensors. Their characterization is part of a NASA-funded effort in the CfD (SAT
Grant No. 80NSSC24K0372). The HWK4123 sensor is shown in Figure 1.5/ and the ORCA
Quest quantum efficiency [44] is depicted in Figure 1.6. Both technologies are in the early
stages of characterization by the CfD, which has thus far measured read noise and dark current
at 253 K. These preliminary measurements provide order of magnitude information, but are
not yet reliable. As such, the simulations in this work rely on published and estimated values
for the dark current and read noise as listed in Table 2.2 Future work on this project will use

the HWK4123 sensor characterization by the CfD once the devices are better understood.
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2.2.1 Relevant Parameters

To simulate the SPCPS instrument performance for exoplanet observations, detector noise
must be included in SNR calculations. The primary sources of detector noise are dark current
and read noise. Dark current competes with the low photon flux from the exoplanet, while read
noise accumulates with the number of frames used to create a stacked image to improve SNR.
Other sources of detector noise exist, such as clock induced charge (CIC), but are assumed to

be negligible and thus omitted from this preliminary study.

Dark current is the amount of charge accumulated in a detector pixel in the absence of
photons. It is measured in electrons per second per pixel (e~ /s/pixel). The dark current count
rate is the product of the number of pixels n,;,; on which the APS channel is imaged and the
average dark current igg,:

DC = igari(T) - npiz €7 /5] (2.2.1)

The dark current depends on the detector temperature, and decreases for lower temperatures.

Read noise, broadly defined, is the uncertainty of the measured voltage (and thus charge)
on the pixel. The total read noise is the product of the number of pixels np;;, the number of

reads Nyeqqs, and the read noise per pixel “rn”:

RN =10 - Nyeads - /Mpiz €] (2.2.2)

These equations will be used later to calculate the achievable SNR (SNR.p;) by the system
(Equation 3.1.1). This study does not consider the limiting effect of cosmic rays on the
maximum integration time per frame, but it will be addressed in future model improvements.
Cosmic ray hits restrict the readout time for a sensor, as their effects (secondary photons)
accrue in the detector pixel storage well. The maximum integration time per frame determines
the number of frames needed to satisfy the total observation time required to reach a desired
SNR. The number of frames required defines the value of n,..qs. Thus, the parameter space
of cosmic ray hits and the storage well of the detector as competing limiting factors in the

maximum integration time per frame is unexplored in this paper.
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Currently, the maximum integration time per frame is obtained by finding the integration
time for which an observation would fill the detector’s pixel to half of the storage well depth of
the pixel. The contributing photon sources are the detector dark current and the astronomical
sources described in Section 2.5. The storage well of a pixel can hold a certain number of
electrons before the pixel becomes saturated. To avoid the non-linear response regime of
CMOS devices as the pixels approach saturation, the upper limit for the storage well is set to

half full.

2.2.2 Preliminary Measurements

The CfD is currently integrating the ORCA Quest camera with the Rochester Imaging Detector
Laboratory (RIDL) systems to characterize relevant metrics, such as dark current and read

noise.

Dark current measurements require an environment devoid of photons. Initial attempts to
couple the ORCA Quest camera to a dark integrating sphere at RIDL were unsuccessful due
to unresolved light leaks. The darkest environment achieved for the Quest involved placing
aluminum tape on the lens cap in a dark room. Dark current can then be measured by fitting
the slope of integrated charge over time. However, the ORCA Quest is a commercial camera
that attempts to automatically subtract dark current from its images. For such cases, dark
current is calculated from the slope of increasing variance in the signal against integration
time [73].

The dark current integration region is defined as the central 128 x 128 pixels of the camera
in our experiment. This region is chosen to avoid vignetting on the detector surface caused
by the C-mount lens on the ORCA Quest camera. For each integration time, 10,000 frames
are collected to measure the variance per pixel. The variances are averaged to represent each
integration time. The measured values are shown in Figure 2.1. The dark current slope of
the Quest is measured to be 0.045 e~ /s/pixel at 253 K, nearly 3 times the 0.016 e~ /s/pixel
reported by [74]. Due to this discrepancy and the lack of measured values at lower tempera-

tures, dark current values are modeled according to the treatment in [Section 2.2.3/
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Measured Dark Current for ORCA Quest at 253 K
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Figure 2.1: Plotted above are the measured dark current values for different integration times.

Read noise can be measured by using the shortest integration time and averaging the signal
accrued per pixel. The short integration time prevents dark current from contributing signif-
icantly to the signal, leaving "only" the read noise. The shortest integration time achievable
by the ORCA Quest camera is 172 us. Using this integration time, 10,000 frames were taken
for the entire 4096 x 2304 pixel array and averaged to provide a read noise measurement per
pixel. Note that these measurements may include readout electronics noise, 1/f noise, random
telegraph noise, and reset kT'C noise. Since the sensor on ORCA Quest cannot be isolated, it
is impossible to constrain the other sources of noise. Therefore, the measurements described
above are treated as the read noise. The measured values are shown in [Figure 2.2. The read
noise distribution shows a hot tail, which has been reported for other CMOS SPCDs [42]. The

mean read noise is 0.27 e~ which agrees with the mean 0.24 e~ reported by Hamamatsu [74].
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Measured ORCA Quest Read Noise at 253 K
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Figure 2.2: Plotted above is the measured read noise for ORCA Quest. The mean value is in
agreement with Hamamatsu’s reported value.

2.2.3 Estimated Values

Presented below are two methods to model dark current based on published values. The first
method uses the doubling temperature, the second method scales interpolated and extrapo-
lated values from previous measurements made by the CfD for another SPCD, the Quantum
Image Sensor (QIS) [42]. The dark current values listed in Table 2.2 are evaluated for the
telescope specification temperatures listed in Table 2.3.

The doubling temperature calculation requires one set of corresponding temperature and
dark current values, and the temperature change for which the dark current doubles. The
values used to set up the doubling temperature estimate are the reported dark current of 2
e~ /s/pix at 303 K by [47] and a doubling temperature of 8 K measured for the QIS [42].
Reported values for the HWK4123 dark current at 253 K and 237 K are 0.016 e~ /s/pix
and 0.006 e~ /s/pix respectively [74], obtained for the ORCA Quest camera which uses BAE
HWK4123 sensors. These values align with the doubling temperature estimates, which are
0.026 e~ /s/pix and 0.007 e~ /s/pix at 253 K and 237 K respectively. No measurements below

those temperatures have been reported for this sensor.
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However, the QIS characterization reports values down to 180 K. The QIS is a silicon
device that appears to have a dark current floor below ~ 250 K [42]. In fact, the dark cur-
rent floor for silicon devices is the subject of investigation by other groups, such as for UV
EMCCD devices!. This suggests that the doubling temperature method may not be valid at

lower temperatures for silicon devices (and thus the HWK4123 sensors).

The scaling method uses measured dark current values from the QIS detector and adjusts
them based on the area of the pixels. The pre-radiation values provided in Figure 12 of [42]
appear to show two coarse linear regimes above and below 250 K. The slope above 250 K is
about 2.5 x 107* e~ /s/pix/K, and about 2.5 x 1076 e~ /s/pix/K below 250 K. Using these
two regimes, the dark current values can be interpolated and extrapolated for the QIS. Then,
multiplying the estimated values by the areal ratio of the pixels scales the results, assuming
a similar pixel thickness. The QIS has 1.1 um pixels, whereas HWK4123 has 4.6 pum pixels.
This method accounts for the apparent dark current floor for CMOS devices. The rest of the

paper uses the values from the dark current floor and scaling method (column ® in Table 2.2).

Table 2.2: Single Photon Counting Detector Parameters

Parameter CMOS BAE HWK4123 |  Notes
Format 4096 x 2304 pixels -
Pixel Size 4.6 pm -
Read Noise 0.23 e~ /pix median
Storage Well Depth 7,000 e~
3.4 %1077 | 0.00092° 70 K
B 4.5 x 1070 0.0046° 153 K
Dark Current *° [e~ /s/pix]| 9.0 % 10-50 0.0053" 170 K
0.11¢ 0.072° 270 K
7% 500 nm
Quantum Efficiency 61% 760 nm Figure [1.6
56% 800 nm

® values estimated from [47].
b values estimated from [42].

"https://spie.org/astronomical-telescopes-instrumentation/presentation/
Advancing-Ultraviolet-Detector-Technology-for-future-missions--Investigating-the/13093-26
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We note that dark current is one of the highest contributors of noise in the exoplanet
direct imaging application. The required integration time for a desired SNR. is highly sensitive
to dark current. The values used in this paper are estimates that will be updated upon
completion of the HWK4123 characterization. At the moment, it is unclear whether the dark
current floor at lower temperatures exists for all devices, and the one selected here. This will
be determined by the sensor characterization in the CfD, as well as research from other groups.
If the HWK4123 can be modeled with doubling temperature at lower temperatures, then the
integration times will decrease. The dark current floor method provides a conservative upper

value for the HWK4123 sensor dark current and is used out of caution.

2.3 Overview of the SPCPS Instrument Design

The preliminary design for the single photon counting photonic spectrograph (SPCPS) is
simple and compact. The instrument excludes telescope components upstream of the as-
trophotonic chip (i.e. mirrors, Lyot stops, coronagraphs, etc), as well as refrigeration and data
acquisition systems. Instead, SNR calculations account for the upstream components with

terms such as the telescope throughput.

The instrument design is constrained by the SNR requirements. The SPCPS presented
here assumes that light from the target object (exoplanet) enters the APS from a single-mode
input fiber. The APS produces the discretized 46-channel spectrum through the output fibers.
The light then propagates in free space and reaches a collimating lens, followed by a camera
lens. The detector sits at the focal plane behind the camera lens and captures the spec-
trum. A simple schematic illustrates this setup in Figure 2.3. Paraxial (perfect) lenses neglect
wavelength-dependent effects of light propagation and are used here for simplicity. Future
work will involve inserting real lenses into the system and deriving new design requirements
by including wavelength-dependent effects. For instance, the channel spot size on the detector

surface will differ based on the channel’s central wavelength.
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The Single Photon Counting Photonic Spectrograph
Arrayed
Waveguide Photonic Chip
(AWG)
Single Photon
Counting Detector
Lenses
Free Propagation
Region (FPR) —_—
AA, Ay —_—
Input - Spectrum
A Output
Input Fiber e Waveguice -
Feed
o Astrophotonic Spectrograph

Figure 2.3: Shown above is a schematic of the SPCPS. Light from the targeted object passes
through a single-mode fiber connected to the APS that creates the output spectrum. The
spectrum then reaches a collimating lens, followed by a camera lens, and the detector receives

the final image. The current design uses paraxial lenses, which ignore wavelength-dependent
effects.

2.4 Telescope Specifications

The Habitable Worlds Observatory, LUVOIR, and HabEx share the objective of discovering
an Earth analog. The important telescope system parameters for this study are the telescope
aperture diameter, end-to-end throughput, the contrast ratio necessary for the coronagraph,
the detector operating temperature, and detector read noise and dark current. Relevant tele-
scope parameters are listed in [Table 2.3 The aperture diameter controls the photon collecting
area for all astronomical sources in the field of view. The end-to-end throughput is broadly
defined as a measure of the loss of light as it travels through different telescope components,
analogous to a detector’s quantum efficiency. The contrast ratio for the coronagraph deter-
mines the amount of starlight that can be suppressed from the image field before it is captured

by the detector. The detector operating temperature affects the thermal dark current rate.

The HWO design is in its infancy, with ongoing efforts and recent moves by the United

States Congress to ramp up its realization. Future iterations of this project will benefit from
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Table 2.3: Telescope Specifications

Telescope HWO -+ LUVOIR [3] HabEx [2]

Model - LUVOIR-A | LUVOIR-B -

Diameter 6 m 15 m 8 m 4 m

Telescope 270 K 270 K > 260 K

Temperature

Direct Imaging : ECLIPS-A | ECLIPS-B 551 HCG (coro-
(starshade) nagraph)

Instrument

Contrast Ratio || 1 x 10710 1x10710 1x10710 [ 2.5 x 10710

77T K (A)
_ _ *
Detector Tem 170 K 153 K 153 K (B)
perature
=7
Dark Current g 7715(]) 3% 107 e~ /pix/s <10~ e /s
Read Noise 0.1 e 0e” < 0.1 e~ RMS

+ using default parameters found at https://hwo.stsci.edu/coron_model, which cites [75].
* assumed to be same as HDI from Table 8-5 in [3].

relevant values from the upcoming HWO design. For now, LUVOIR-B is the telescope con-
sidered in this study. It is an 8 m telescope, close to the 2020 Decadal Survey’s recommended
6 m flagship [I]. Finally, the telescope throughput is estimated at 20% by using throughput
values for the Hubble Space Telescope instruments? (~ 20 — 30%) [76] and Table B-9 from

I77.

2.5 Astronomical Sources

ExoVista is a comprehensive open-source tool capable of generating random and user-specified
stellar systems, and the different astronomical sources within them [78]. This project focuses
on a specific case: identifying an Earth twin and detecting the O2-A band. The stellar systems
modeled in this study have host stars from spectral type K5V to FOV, omitting non-integer
classes (F9.5V, K0.5V, etc). The spectrum of Modern Earth is used for the different stellar
systems. A solar system twin (hereafter named SST') located 10 pc away is also defined, with
different Earth eons: Archean Earth, Hazy Archean Earth, Modern Earth, and Proterozoic

Earth with low and high levels of oxygen. This highlights that not all habitable planets will

®https://www.stsci.edu/hst/instrumentation/wfc3/performance/throughputs
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show a deep O2-A band feature, contingent upon the life they currently harbor. The SST is
the highlighted case study, and results for other systems are in |/Appendix B|and [Appendix C.

Default parameters for the exozodiacal dust disk, the Earth’s orbit, and stellar system
inclination for the solar system twin are used as provided in the exoVista solar system.dat
file. All sources for the data used by exoVista are provided in Table 1 of [78]. The exact
procedure and execution of the exoVista software is described in Appendix Dl for a Windows
operating system. The stellar system parameters are scaled linearly for other spectral types for
the habitable zone rgz using Equation 1.5.3. The stellar system evolves over time to provide
information at different orbital positions, which affects the contrast ratio due to the phases of
the exoplanet. ExoVista generates the spectrum of the star, the contrast ratio of the planet
against the star, and the contrast ratio for the exozodiacal dust. The planetary contrast ratios
are shown in Figure 2.4/ and Figure 2.5. The data for the planetary albedo (and thus spectra)
are from [79]. The effect of orbital position on the contrast ratio is shown in Figure 2.6.

Contrast Ratio for Earth Eons around Sun at 10 pc

=—— Archean Hazy Archean - Proterozoic Low O,
= Earth (Modern) —— Proterozoic High O, APS (500-800 nm)

6x10719

4x1071°

3x10710

2x10719

Contrast Ratio Planet/Star

10710

300 400 500 600 700 800 900 1000
Wavelength [nm]

Figure 2.4: Plotted above are the contrast ratios for the planet against the star, for different
eons. The planet’s orbital position is selected such that the bottom of the O2-A band absorp-
tion feature at 760 nm is just above a contrast of 1071° to meet the coronagraph requirements.
Notice that only modern Earth shows a deep O2-A band feature, while the Proterozoic High
O2 Earth shows only a minor dip.
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Figure 2.5: Plotted above are the contrast ratios for the planet against the star, for different
stars, for Modern Earth only. Notice the contrast ratio for K dwarfs is higher than that of F
dwarfs, meaning a K dwarf outshines the exoplanet less than an F dwarf.
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Figure 2.6: Displayed above is the effect of orbital position on the contrast ratio. The position
of the planet around its star affects the area of the planet visible to the observer, similar to the
phases of the moon or Venus. Notice that at the minimum, the contrast ratio of reflected light
is at 107!, dipping below the coronagraph starlight suppression, and making the detection
much more difficult.
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The planet’s position at the time of observation can affect its detection as it goes through
phases like the moon or Venus: we could observe the right system at the wrong time. The
selected planet location for the SST satisfies the coronagraph’s 10710 contrast requirement
by having the bottom of the O2-A band absorption feature just above that value. For stars
brighter than the Sun (G2V), the O2-A band contrast ratio decreases, making the detection
more difficult (see Appendix B). The exozodiacal dust map in |Figure 2.15 provides the selected

planet location for the SST, the rest are compiled in |Appendix C.

The first step is to recover the total flux of the planet. ExoVista divides the planetary
spectrum by the stellar spectrum and returns the contrast ratio. Multiplying the contrast
ratio by the stellar spectrum yields the total planet spectrum (reflected and emitted). This
operation imprints the stellar spectrum in the planetary spectrum, which is inevitable but
necessary to obtain the total flux from the planet. Indeed, direct imaging observations of
exoplanets will contain spectral features of the light reflected from the star in addition to their
own. The stellar spectrum (Sun) is shown in Figure 2.7, and those of other stars in Figure

2.8, The data for the stellar spectra are from [80], as listed in Table 1 of [7§].

Spectrum of Star at 10 pc (Sun)

300 400 500 600 700 800 900 1000
Wavelength [nm]

Figure 2.7: Shown above is the intensity of the stellar spectrum (Sun) output by exoVista for
a distance of 10 pc. The flux is in Jansky and is later converted into photoelectron counts.
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Spectra of Stars at 10 pc

500 600 700
Wavelength [nm]

Figure 2.8: Shown above are the intensities of the stellar spectra output by exoVista for a
distance of 10 pc. The flux is in Jansky and is later converted into photoelectron counts.
Notice the different spectral features due to the stellar temperatures (spectral types). These
different features will appear in the reflection spectrum of the exoplanet.

The total light received from the planet is shown in Figure 2.9 for the SST, and in [Figure
2.10| for other stars. Recall that the systems are modeled such that the exoplanets receive the
same energy (photon flux) as the Earth does at its current location. To first order, the light
received from the exoplanets should be similar. Differences arise from the individual stellar
spectra due to different blackbody emission and absorption features in the stellar atmospheres.
The exoplanet receives the starlight, modulates the spectrum in its atmosphere, then reflects
the light and emits its own spectrum. There is a considerable influence from the stellar
spectrum in the optical and ultraviolet regimes, since a habitable planet should not be hot
enough for significant self-luminosity in those regimes. In fact, the blackbody intensity in the
optical (500 nm) at ~1500 K is the same as Earth’s blackbody emission peak in the mid-IR

(10 pm) for its average surface temperature of ~288 K.
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Total Light for Earth Eons around Sun at 10 pc
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Figure 2.9: The total light spectrum of the planet is shown for different Earth eons. Notice
the stellar spectrum contaminates the spectrum, especially below 700 nm. Habitable planets
should not be hot enough to emit significant thermal radiation in the optical and ultraviolet

regimes.

Flux [)y]
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Figure 2.10: This figure shows the total light received from the exoplanet. It is equivalent to
Figure 2.9 for Modern Earth only, around different stellar spectral types. Ignoring differences
inherited from reflecting different stellar spectral profiles (such as large differences in the UV
spectrum across stellar types), the amount of light reflected at 760 nm is roughly the same
for all stellar types. This is a definitional effect from modelling all exoplanets in the habitable
zone of their host star, since they receive the same integrated photon flux.
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Integrating the total light from the planet gives the photon flux per channel. This operation
requires defining the resolution of each channel from the input data given to exoVista. The
bin size AX) Ezov is the distance between adjacent midpoints for neighboring data points.
The bin sizes of the input data are different, with data at shorter wavelengths being more
closely spaced together. The integration amounts to multiplying the bin size by the flux at the
given wavelength. The integrated spectrum is then multiplied by the assumed 20% telescope
throughput, the collecting area of the 8 m telescope, and the quantum efficiency of the detector
using estimated values that match the channel wavelengths (Figure 1.6). The integration is
expressed by Equation 2.5.3l Note that the detector QE changes the photon number v into

an electron number. The results for the SST are plotted in Figure 2.11 and Figure 2.12 for

other systems.

c A _
Sap,EzoV = F)p Ezov 2 e AM Brov - QFxdet - TPier - Ager - (1x 107 erg/s/em?/Hz/ Jy)

[e” /s/channelgyoy] (2.5.3)

0_2!ntegrated Spectrum for Earth Eons around Sun at 10 pc
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Figure 2.11: This figure illustrates the integrated light spectrum as computed by Equation
2.5.3. Notice the imprint of detector quantum efficiency from [Figure 1.6/ in the shape of the
spectrum. There are only a few photons per hour for the Os-A band.
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Figure 2.12: This figure is the equivalent of Figure 2.11 for Modern Earth only, for different
stellar spectral types considered.

Following the integration of the total light spectrum is rebinning the data to match the APS
channel resolution. The 46 APS channels are equally spaced, each having a bandwidth of ~6.5
nm. The results are then multiplied by the APS channel specific throughput. This process
assigns the correct number of photoelectrons to each APS channel, and is encapsulated in
Equation 2.5.4. The weight w; represents the fraction of the exoVista channel that is assigned
to the APS channel. The final result for the SST is plotted in [Figure 2.13, and in Figure 2.14

for other stars.

A2 Wi+ Sip ExoV
7 i,p,Exo

Sxp,aps = TPy aps E AN e

= \APS

[e” /s/channel 4pg] (2.5.4)

Equation 2.5.3 and 2.5.4 are applied to the stellar spectrum F) , gz to get the stellar
integrated flux, Sy, aps. The exozodiacal dust requires a more careful approach. ExoVista
returns the contrast ratio for exozodiacal dust as a map using a broadband spectrum. The
data for the dust are in part from [8I] and in part from [78]. The results for 744 nm (closest

data point to 760 nm), are in Figure 2.15/for the SST and in Appendix B for the other systems.
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Integrated Spectrum of Modern Earth around Sun at 10pc
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Figure 2.13: The black curve is the integrated spectrum for Modern Earth with resolution
from data given to exoVista. The spacing for the input data increases with wavelength. In
red is the rebinned integrated spectrum to match the 46 evenly spaced APS channels. Note
that moving to lower resolutions (coarser bandwidth) increases the number of photons per
channel, explaining the red curve being above the black curve. The effect of the APS channel
throughput (30% for all channels), is shown in gold.

Integrated Spectrum of Modern Earth around Different Stars at 10pc

Photoelectrons [#/s/Channel]

650
Wavelength [nm]

Figure 2.14: The curves above are the equivalent of the gold curve in Figure 2.13. They
represent the integrated spectrum of the Earth twin, around other stars at 10 pc, and include
the flat 30% spectrograph throughput.
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ExoVista pixels in this model have an angular size of 2 mas and area of 4 mas?. The
contrast values thus define the surface brightness of the dust at the pixel location. This
means exoVista returns an integrated angular area for the contribution of the exozodiacal
dust. Taking the full pixel’s surface brightness is too large an area to isolate the exoplanet.
For comparison, at a distance of 10 pc, the Earth has an angular diameter of 8.52 x 107 mas
and cross-section of 5.70 x 107° mas?. That is, the Earth is ~234 times smaller in length and
~70,200 times smaller in area than the exoVista pixel. To minimize the integrated surface
brightness, a square aperture isolates the planet, as was assumed in [75]. This project uses a
square aperture of 0.3 mas in length, comparable to the pixel scale of the LUVOIR-B Optical
Telescope Assembly (0.699 arcsec/mm or 0.699 mas/um) [3]. The 0.3 mas square aperture
reduces the integrated surface brightness from exozodiacal dust by ~50 times the value it

would have for the 2 mas pixel.
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Figure 2.15: The map shows the contrast ratio of the exozodiacal dust computed by exoVista
at ~744 nm for the SST. The pixels are 2 mas in length. The orbit of the planet is shown, the
dot is the position at which the bottom of the Os-A band feature has a contrast of 10710,
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Once the area of the exozodiacal dust is established, Equation 2.5.3 and Equation 2.5.4
recover the integrated spectrum (XZD), with the additional step to rebin the broadband
contrast ratio to match the initial stellar spectrum resolution. Finally, the exozodiacal dust
cloud appears about two times brighter than the solar system’s zodiacal dust, which is observed
from Earth as within the cloud [82]. This approximates the integrated local solar system
zodiacal dust (ZD) contribution as half of XZD. The astronomical sources’ integrated spectra

will later apply to the achievable signal-to-noise ratio calculations.

Prior to this, the required SNR defines the limit that the achievable SNR must reach.
Thus, Equation 2.5.5 uses the results from Equation 2.5.4/ to provide SNR,¢, of the Oz-A
band absorption feature. [Equation 2.5.5 derives from the error on the equivalent width as
defined by the fractional error x = W / AW, and then solving for SNR;., (see Appendix A
and [83]).

1.406 Seont Alaps
SN Ryey = : 1/ 2.5.5
/ X Scont - Sline FWHM ( )

Equation 2.5.6/ rewrites [Equation 2.5.5/in terms of the equivalent width W, with the deriva-

tion shown in Appendix Al

L.5VFWHM - Aaps

SN Ryeq = W

(2.5.6)

In [Equation 2.5.5, the fractional term with S.,,;: and Sy defines the absorption line
ratio, which is ~2.5 for the O2-A band for the simulated SST observation (Figure 2.13). The
equivalent width W in [Equation 2.5.6/is ~1.84 nm. Results from |Equation 2.5.5 and Equation
2.5.6 are illustrated in Figure 2.16. The black curves in Figure 2.16| represent the simulated
observation in this paper (ratio = 2.5, W = 1.84 nm). The other curves demonstrate the line
ratio and equivalent width parameter space. The SNR;., for a detection with 20% error on
the equivalent width is ~20, and is 10 for ~45% error on the equivalent width. The SNR =

10 case is selected for this paper.
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Figure 2.16: (left) The SNR;¢, as computed by Equation 2.5.5 explores the parameter space
of the continuum to line depth ratio, which is about ~2.5 from [Figure 2.13. (right) The
SNR¢4 as computed by Equation 2.5.6 considers the equivalent width. The O2-A band has
an equivalent width of ~1.84 nm. (both) For a fractional error of 20%, SNR,.; ~20. For a
fractional error of ~45%, SNR;.¢, ~10.

2.6 Modelling the SPCPS

The single photon counting photonic spectrograph (SPCPS) has a simple design. It includes
an on-chip APS, a collimating lens, a camera lens, and an SPCD. Ray tracing is accomplished
using the proprietary Ansys Zemax OpticStudio software. The architecture of the APS is
not included fully on Zemax. Instead, 46 source elements represent the 46 output channels.
Dr. Gatkine and his team at UCLA are developing the APS using RSoft. Their research will
provide the channel-specific throughput and crosstalk for the optical APS. For now, a flat 30%
throughput is adopted for all channels, and crosstalk is ignored as it is expected to be less

than 1% by design. Each channel will have a bandwidth of about 6.5 nm.

To incorporate the APS in the Zemax model, 46 “Source Radial” elements represent the
output waveguides. “Source Radial” elements account for the aperture size of the source (6
pm diameter waveguides), the minimum and maximum opening angles (0 — 90°), and the
intensity at each angle. The opening angle is the angle between the outermost ray and the

axis of the waveguide. The output of all channels follows a Gaussian distribution that decays
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to 1/e? at an opening angle of 30°. This implies that a 40° opening angle spans 99% of the
channel’s intensity. The angle bin resolution is set to 1° to finely sample the Gaussian intensity
distribution weights from 0 — 90°. The total power in each channel is weighted using the results

from Figure 2.13 to represent the integrated spectrum, shown in Figure 3.4.

Then, a collimating lens focuses the light into parallel rays. The rays reach the camera
lens, which produces the final image on the detector surface. Paraxial lenses keep the prelimi-
nary design simple, since these “perfect” lenses ignore wavelength-dependent diffraction effects.
Furthermore, the paraxial lenses are perfectly flat. The omission of real lenses, which would
account for wavelength-dependent effects and curved shape, relaxes focal length requirements.
This makes all channels equidistant from the collimating lens regardless of their location on
the APS. Both lenses are currently set to a focal length of 5 mm, which keeps the total SPCPS
length to ~15 mm. Since both lenses have the same focal length, there is no magnification
by these lenses in the system. The detector lies at the focal plane of the camera lens. The
detector surface on Zemax matches the BAE HWK4123 pixel plane. It contains 4096 x 2304

pixels with 4.6 x 4.6 ym dimensions.

The only variable this treatment leaves is the position of the APS channels with respect to
the focal plane of the collimating lens, which relates to the number of pixels used to image each
channel. For instance, placing the APS channels at exactly the focal plane of the collimating
lens results in the 6 pm diameter waveguide image to be mapped onto the 4.6 pm pixels. That
is close to a 1:1 ratio, which has benefits and drawbacks. The benefit is that using less pixels
results in lower total dark current and read noise, since both scale as the number of pixels.
The drawback is that the channel image is vulnerable to defective pixels and transient events,

such as cosmic rays.

Thus, the parameter space of the distance between the APS channels and the focal plane
of the collimating lens is explored in this work, with one limitation. Suppose the APS is
sufficiently far away, such that the “output cones” of neighboring channels begin to overlap.
This overlap will be present on the detector surface as well, resulting in channel contamination.

I restrict this overlap to be 1% of the intensity of a neighboring channel, and define the
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maximum distance d,,q; the APS is allowed to be from the focal plane of the collimating lens
as:
0.5 (channel core spacing — waveguide diameter)

dmax = 2.6.7
tan 999% ( )

where 0gqo, is the opening angle for which 99% of the Gaussian intensity profile is emitted,
and the numerator comes from considering the geometry.

In our model, the channel core-to-core spacing is 100 pym and the waveguide diameter is
6 pm. The angle 8gg0;, is 40°, which yields djuqr = 56 pm. The channel core-to-core spacing
sets the upper limit on the number of pixels, since the limiting case would allow the channel
light cones to expand and graze each other on the detector surface. For 100 pm channel core
spacing and 4.6 pm pixels, the maximum waveguide image spans a diameter of ~22 pixels, so

a maximum area of 416 pixels.
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Chapter 3

Results

The performance of the single photon counting photonic spectrograph can be defined by the
amount of time required to reach a desired SNR with a given error on the equivalent width of
the target feature. Section 3.1 describes the achievable signal-to-noise ratio by the SPCPS on
a LUVOIR-B class telescope, and Section 3.2| covers the SPCPS design based on SNR.

3.1 Achievable Signal-to-Noise Ratio

The achievable signal-to-noise ratio (SNR,.p;) is the fraction of the total target counts over
the square root of the total noise counts. The target is the integrated planet spectrum.
The major sources of noise considered are: shot noise from detector dark current and read
noise, and shot noise from astronomical sources which are the planet, starlight leaking from
the coronagraph, zodiacal dust, and exozodiacal dust. |[Equation 2.5.4 defines the integrated
planet spectrum (the square root of which gives planet shot noise), the starlight spectrum,
and the exozodiacal dust (XZD). The zodiacal dust (ZD) is approximately half of the XZD
[82]. The starlight leakage is defined as KopxSy «, where Kop is the contrast ratio achieved
by the coronagraph [84]. The dark current is from Equation 2.2.1 and the read noise from

Equation 2.2.2 Combining these parameters together, SNR,.4; becomes:
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SA,P -t
V/(Sxp + KcpSxx + DC+ ZD + XZD) -t + RN?

SN Rgeni = (3.1.1)

The variables implicit in Equation 3.1.1 are the detector temperature and the number
of pixels n,;;, which affect the dark current and read noise (see Equation 2.2.1/ and 2.2.2).
Further, SNR,.,; must meet the requirement of 10 set by the selected SNR,., from Equation
2.5.6 and |[Figure 2.16. Exploring the parameter space of detector temperature and number
of pixels provides the integration time needed for a given combination. The temperatures
considered are 70 K, 153 K, 170 K, and 270 K, motivated by the telescope parameters in
Table 2.3 The areal number of pixels considered are 1, 4, 9, 25, and 416 pixels, which would
span circles of diameter 1, 2, 3, 5, and 22 pixels respectively. The 22 pixel case is the upper
limit before the channel images on the detector surface begin overlapping. Note that the areal
number of pixels includes fully and partially covered pixels. This is because partially covered
pixels cannot partially read out their charge, and thus the entire dark current and read noise

contributions are made for those pixels.

Based on the desired integration time and SNRy.pi, the number of pixels flows down to
the SPCPS design. Recall the number of pixels used to image an APS channel on the detector
affects the required distance between the channels and the focal plane of the collimating lens.
The results for SNR,q; for the SST are shown in [Figure 3.1 and [Table 3.1. Similar plots
to [Figure 3.1 for other stars are in Appendix B. To first order, the time required to reach a
desired SNR.p; decreases with decreasing stellar luminosity. However, the improvement in
integration time shows oscillatory behavior or perhaps a plateau for G and K dwarfs, but is
beyond the scope of this paper.

The achievable SNR by the system strongly depends on the number of pixels imaging the
APS channel due to dark current. The blue curve in [Figure 3.1 represents the LUVOIR 170 K
detector temperature, for which SNR.n; = 10 takes 17, 35, 63, 154, and 2381 days of exposure
time for 1, 4, 9, 25, and 416 pixels respectively. This gives a slope of ~5.7 days/pixel (intercept

~11.7) for SNR = 10, which is the integration time cost for using more than one pixel.

The 9-pixel case is selected as the upper limit for the pixel number requirement to flow
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Figure 3.1: The panels show the effect of temperature and pixel number, both of which affect
dark current, on the integration time required for SNRy.pi, for the solar system twin. The
LUVOIR detector temperature (170 K) is the solid blue curve. Considering the 170 K case,
for 1 pixel, it takes ~17 days to reach SNR = 10. For 9 pixels, it takes ~63 days, and ~154
days for 25 pixels. Not plotted above, the case for 4 pixels takes ~35 days and 416 pixels takes
~6.5 years to reach SNR = 10 for 170 K.

Table 3.1: SNR relation to pixel number and detector temperature

‘ 1 pixel ‘ 4 pixels ‘ 9 pixels ‘ 25 pixels H 416 pixels
Integration Time [days| * | 17.43 | 34.50 | 62.95 | 154.02 | 2381.4

SNR (70 K) 11.17 14.84 17.48 20.57 23.73
SNR (153 K) 10.23 10.47 10.58 10.67 10.73
SNR (170 K) 10.00 | 10.00 10.00 10.00 10.00
SNR (270 K) 4.42 3.28 2.98 2.81 2.72

* the integration time is given such that SNR = 10 for 170 K.

down to the SPCPS design. The APS channel is sampled by 9 pixels, providing some robust-
ness against defective pixels and single event upsets (i.e. cosmic rays), but incurring higher
integration times. The HWK4123 characterization and investigation in the dark current floor

at lower temperatures will determine whether the floor overestimates dark current values. If
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the sensor shows no dark current plateau, then the dark current values will be lower than

those used here, and would decrease required integration times for the same number of pixels.

3.2 The Optical Setup of the SPCPS

The SPCPS has three main sections: the astrophotonic spectrograph, the collimating and
camera lenses, and the single photon counting detector. The distance between the APS and
the collimating lens focal plane determines how much the APS channel output light can spread,
as described by Equation 2.6.7. To select this distance, replace the numerator in Equation

2.6.7 entirely by the desired channel image radius.

The achievable SNR provides the required number of pixels that the APS channel maps
onto. The selected area of 9 pixels has a diameter of 3 pixels. Using the desired channel image
radius (half of 3 pixels of 4.6 ym), and fgg0,=40°, the distance between the APS channels and
the focal plane of the collimating lens is given as 8.22 um by Equation 2.6.7. This offset allows
the light of the channels to spread to a circle of diameter 3 pixels that contains 99% of the

channel’s intensity.

At this stage, the focal length of the lenses is arbitrary, given the choice to use paraxial
lenses, which provide perfect optics. For now, the collimating lens has a focal length of 5 mm.
This places the astrophotonic spectrograph at a total distance (offset + focal length) of 5.00822
mm away from the collimating lens. The camera lens has a focal length of 5 mm, positioning
it 5 mm behind the collimating lens. To maintain the image size (i.e. no magnification), the
detector surface is placed 5 mm behind the camera lens, which is the location of the camera
lens focal plane. Thus, the total free space from the channels of the APS to the surface of the
detector is the sum of the space between the APS and the collimating lens (5.000822 mm), the
collimating lens and the camera lens (5 mm), and the camera lens and the detector (5 mm).

The total free space is thus 15.00822 mm.
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f“ } 110 mm

Figure 3.2: The SPCPS instrument is shown as modeled on Zemax. The collimating lens
and camera lens each have a focal length of 5 mm. The offset between the astrophotonic
spectrograph output channels and the focal plane of the collimating lens is 8.22 um. The total
system length is ~15 mm.

The setup returned by Zemax is in [Figure 3.2. The spreading of channel light due to the
offset is illustrated in [Figure 3.3. Only 23 channels are shown in these figures, to provide a
better view of the discretized channels. The colors displayed in the ray tracing are represen-

tative of the central wavelength of the channels, which span 500 — 800 nm.

For simplicity, the lenses used are paraxial lenses, which ignore all wavelength-dependent
effects. Further, the lenses are perfectly flat, which ignores the effects of channel location on
the APS with respect to the curvature of the lens. These dependencies will be explored in
future work, and will affect the amount of pixels that the channels are imaged onto. That is
to say, using real lenses will affect the APS output channels offset from the focal plane of the

collimating lens.
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Offset APS Channel
Image
Location of APS
Channel Initial Image

Detector Surface

Figure 3.3: This image magnifies Figure 3.2/to highlight the effect of placing the APS channels
at an offset from the focal plane of the collimating lens. The cross-section of the expanding
light cone (a circle) from the channels reaches the focal plane of the collimating lens, and
eventually the detector surface.

To further demonstrate the discretized nature of the output spectrum, the 22-pixel case is
shown below in |[Figure 3.4, Although this is not the selected design for the SPCPS due to the
oversampling of the channel in a photon-starved application, it best highlights the Gaussian
shape of the channel output as well as the design choice to avoid overlap between channels.
The "counts" values reported in Figure 3.4 are not to be used for interpretation in this paper,
as the Zemax model used here normalized the results from [Figure 2.13| and used Watts. A
unit conversion with Zemax output is straightforward, but not required at this stage in the

design considerations, since Zemax is used for the optical components only.
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Figure 3.4: The image at the top shows the discretized output channels for the APS on the
detector for the 22-pixel case. The selected channels span 728-800 nm and include the Os-
A band. The curves in the lower panel show the isolated Gaussian channels, with minimal
overlap on the detector surface. The data used for the amplitude of the channels came from

the results of [Figure 2.13.
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Chapter 4

Discussion

The single photon counting photonic spectrograph can provide measurements of the Os-A
band biosignature with an SNR, of 10. The selected design of the SPCPS requires ~15 mm of
free space for the optics. The APS and SPCD are only a few centimeters in size, making the
instrument about the size of a shoe box. The instrument includes all parts between the single
mode fiber that feeds into the APS and the SPCD. The telescope parts, cooling systems, and

readout circuits are not part of the optical model for the SPCPS.

The number of pixels used to image the APS output channel affects the required integration
time. The selected 9-pixel case results in an integration time of ~103 hours. This timescale
is comparable to that found on the HWO Planet Spectrum Simulator!, which is based on
methods from [75]. The number of pixels impacts SNR,¢, and the integration time as the

planet’s signal spreads over pixels that each contribute dark current and read noise.

The instrument resolution and the target biosignature also govern the total integration
time. As demonstrated in Figure 2.16), biosignatures with larger equivalent widths require lower
SNR for a given fractional error on the equivalent width, and thus lower integration times. The
choice of the Os-A band biosignature derives from its importance in the Earth’s atmosphere as
an indicator of photosynthesis. For instance, detecting water absorption features with broader

equivalent widths may be easier to achieve, but water alone may not indicate photosynthesis,

"https://hwo.stsci.edu/coron_model
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a biological process. Further, we caution that biosignatures need the context of the entire
planetary spectrum and model atmospheres to avoid false positives, even for the Os-A band

211 241 [25] 1271 28] [29.

The required integration time uses assumed values that will change the current results
when replaced with known values. The assumed values are listed from most to least impactful
on SNR,., and integration time: the detector dark current, the square aperture to isolate
the planet, the zodiacal dust model, and the telescope and spectrograph throughput. The

following paragraphs describe the impact of each assumption.

The detector dark current is the highest source of noise in this study and directly corre-
lates to SNR,¢, and integration time. Dark current values for the HWK4123 sensors for lower
temperatures are anticipated from the CfD characterization program. For now, two methods
estimated the dark current and returned contrasting values (Table 2.2). The doubling tem-
perature gives dark current at the 10™° magnitude required in Table 2.3 for the habitable
exoplanet direct imaging application. However, the dark current floor and scaling method
from the previous QIS characterization returns a dark current of about 1072 e~ /s/pix. Scal-
ing the results to the HWK4123 sensors provides conservative values for the dark current and
thus higher integration times. Whether the dark current floor exists in the HWK4123 sensors

is a question that the characterization by the CfD will answer.

The size of the square aperture determines the amount of background astronomical sources
integrated with the planet. This means larger photometry apertures allow more zodiacal,
exozodiacal, stellar, and interstellar backgrounds to permeate the region that feeds light into
the spectrograph. The largest surface brightness component is the exozodiacal dust. The

eventual HWO design should provide the photometry aperture.

Zodiacal dust is an astronomical background source that degrades the SNR and increases
integration time. The zodiacal dust model in this study is approximated as twice as dim as
the exozodiacal dust, but may not be entirely accurate depending on the inclination of the
exozodiacal dust with respect to the observer [82]. As such, decoupling the zodiacal dust

model in future works will affect the integration time, since zodiacal dust counts are on the
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same order of magnitude as those expected from the exoplanet.

Current efforts to model and design HWO will provide a value for the telescope through-
put. The updated value will apply to future work in this project, if available. Similarly, the
optical APS model will provide the simulated spectrograph throughput. Then, fabricating
and characterizing the APS will provide measured throughput values to apply to this study.

The telescope and spectrograph throughput affect the astronomical sources, per wave-
length, and should only have an order of magnitude effect on the derived values. Thus, they
should have the least impact on the required integration time.

The assumed values above directly impact the total integration time required to achieve a
desired SNR. The integration time directly relates to the number of pixels that can be used
to image the channel, which in turn affects the design of the SPCPS. A reduction in the
integration time may allow more pixels to image the channel, or to simply image more planets
within a given time budget.

Additionally, cosmic rays are omitted from this project. The main effect of cosmic rays is to
limit the maximum integration time of each read [75]. Currently, the number of reads required
is determined by dividing the total noise counts (astronomical sources and dark current) by
half of the full well depth of the HWK4123 pixels (7,000 e™) to stay in the linear integration
regime of the detector. Future work will investigate whether the full well depth or cosmic ray
strikes are the limiting factor for the maximum read time.

The instrument design currently uses paraxial lenses that ignore all wavelength-dependent
effects. The perfect lens assumption does not appreciably affect the achievable SNR, as low-
loss lenses will transmit most of the light. Instead, the perfect lenses have simplified the optics
of the system. Wavelength-dependent effects, such as diffraction, will affect the channel image
location on the detector. Future work will extensively explore these effects on the SPCPS

design.
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Chapter 5

Conclusion

NASA plans to deploy New Great Observatories, the first of which is the Habitable Worlds
Observatory. A primary goal of HWO is to directly image terrestrial exoplanets, which emit
only a few photons per spectral channel per hour [6] [7]. This requires high contrast imaging
using a coronagraph and detectors with low read noise and dark current. To determine the
habitability of the terrestrial exoplanets, spectrographs provide the planet’s spectrum. Current
spectrograph designs, such as LUVOIR ECLIPS, will weigh ~ 1000 kg [3] [9]. To reduce
mission costs, instrument weight, and maintain instrument performance, we modelled a single
photon counting photonic spectrograph (SPCPS), which uses a compact on-chip astrophotonic
spectrograph to replace traditional designs and a single photon counting CMOS detector for
its performance.

This study considers the O2-A band biosignature at 760 nm for the Earth in a solar
system twin located 10 pc away. This biosignature reveals the presence of O, a byproduct of
photosynthesis and thus life on Earth. The SPCPS design flows from the SNR requirements
to detect the biosignature. The current design uses perfect lenses, which ignores wavelength-
dependent effects.

This project defines the required SNR (SNR,¢,) based on the error in the equivalent width
of the target absorption line. We select an error of 45% in the equivalent width at an SNR,¢q of

10. The achievable SNR (SNRp;) is then determined by system parameters and astronomical
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sources, which limit the integration time. The variable that drives the SPCPS design in the
SNReni is the number of pixels used to map the APS channels on the detector. The number of
pixels affects the dark current and read noise, and thus the integration time. The contribution
to SNRyp; from astronomical sources is held constant. Thus, the number of pixels used to
image the APS channels is derived from the integration time required to reach a desired SNR.
The number of pixels used to map the channel should not oversample the channel and degrade
SNR, but should also be resilient to damaged pixels, particularly due to radiation degradation
in space. We choose to map the channels on a circle of 3 pixels in diameter (9 pixels total). We
estimate that this choice places a constraint of two months of integration time to reach SNR;¢4;
= 10. Using 3 pixels to span the width of the channel slightly oversamples the channel, at the
cost of increased dark current, read noise, and integration time, but for the benefit of a more

damage-resilient channel.

The number of pixels to image the channel also influences the system’s optics. We find that
an offset of 8.22 pum between the APS and the focal plane of the collimating lens is required
to allow the channel light to spread sufficiently to produce a channel image that is 3 pixels in

diameter on the detector surface.

The SPCPS presents a new technology with applications that are not limited to HWO.
The SPCPS can be used in small satellite missions such as CubeSats, can enhance the band-
width of telecommunication in the optical regime, and can serve in monitoring systems for
environmental or military sensors. In its preliminary models, the SPCPS demonstrates com-
petitiveness with current models made for the HWO, which estimate only half the integration
time as the SPCPS needs to detect the Os-A Band for SNR = 10, thus on the same order of
magnitude (see https://hwo.stsci.edu/coron_model). The better integration time for the

HWO models is partially due to the fact that a lower dark current is used for the detector.

Many assumptions made in this paper will be resolved in future work, which will provide
a better understanding of the SPCPS performance. The most impactful assumption is the
HWK4123 sensor’s dark current at lower temperatures, which will be measured by the Center

for Detectors at RIT with the NASA Strategic Astrophysics Technology (SAT) program Grant
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No. 80NSSC24K0372.
The first order model presented in this paper shows potential for the SPCPS to perform
well in low-flux spectroscopic applications, such as direct exoplanet imaging. The model will be

updated and refined in future work to provide a new instrument for the astronomy community.
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Appendix A

Equivalent Width

This section describes the derivation of the required signal-to-noise ratio defined by the error
on the equivalent width of the target line feature. The treatment in [83] assumes a Gaussian
absorption line of depth “a,” surrounded by a locally flat continuum S., and derives the error
on the equivalent width of such a feature for a given sampling size (the “pixel” resolution

element) of the spectrum.

Adapting Equation 6’ from [83] gives the error on the equivalent width, AW, as:

1.5FWHDM - p

AW =
SNR,

(1.A)

where FWHM is the full-width at half maximum of the absorption line, “p” is the “pixel” size
(resolution element), and SNR,, is the signal-to-noise ratio of the resolution element. The
resolution element is defined by the astrophotonic spectrograph channel size AAqpg. Moving
forward, “p” is rewritten as Alaps, and SNR,, will be SNR,¢,, the required SNR on the

equivalent width based on AW.

Another way to define AW is to represent it as a fraction x of the equivalent width W, as:

AW =x-W (2.A)

Given that the absorption feature is assumed to be Gaussian, a relation can be defined between
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the equivalent width W and the standard deviation of the Gaussian feature. Recall that a
Gaussian fg(x) is defined as:

fa=a- e (55 (3.A)

where “a” is the amplitude, “b” is the line center, ¢ is the standard deviation, and x is any

location on the Gaussian. The relation between o and FWHM (and thus W) is:
FWHM =2+/2In(2)-0 =2350 (4.A)

Finally, the non-normalized area under a Gaussian curve, Ag, is defined as:

to= [ g tr=a- - Vor=a- rwiA V2T (5.4)

The equivalent width is defined as the width of the rectangle that has the same height as
the local flat continuum S. surrounding the absorption line and has the same area as the

absorption feature. This is expressed as:

Ag=8. - W (6.A)

Solving Equation 6.A|for W, and plugging in Equation 2.A|for W gives:

Ag

AW =y - 5

(7.A)

Then, plugging Equation 1.A| in Equation 7.A|for AW and Equation [5.A] for Ag yields:

Loy FWHM Maps _ o FWHM
SNR,eq Se

(8.A)

Rearranging for SNR..,4, and noting that “a” is the amplitude of the Gaussian (the line depth)

can be written as “S. — Syine,” We get:

~ 1.406 Se Alaps
SNRyeq = S S \/FWHM (9.A)
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Equation 9.A is one of the two useful forms for SNR,¢,. This one shows the effect of the line
depth ratio in the second fraction term. The larger the fraction is, the shallower the feature
appears, and the higher the SNR,.; needs to be. This is shown on the left panel of Figure
11. This form of the equation allows the user to explore the parameter space of the FWHM,
AMaps, line depth ratio, and the fractional error . Another form for SNR,;.., can be obtained
by going back to Equation 2.A] and only replacing AW by Equation [1.A] then again solving
for SNR,¢4 to yield:

L5VFWHM - Aaps

SN Ryeq = W

(10.A)

This form allows the user to explore the parameter space of the FWHM, AXpg, equivalent

width, and fractional error y.
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Appendix B

Achieved Signal-to-Noise Ratio for

Other Stars

The figures below provide the achieved signal-to-noise ratio (SNRgep;) for the O-A band
around other stars. These figures are the counterpart to |[Figure 3.2 in the text, and followed
the same derivation as described in Chapter 2: Methods. These plots demonstrate that, to first
order, the time to reach a desired SNR decreases with decreasing stellar luminosity. This is
mainly caused by higher contrast ratios with dimmer stellar hosts, for which the star outshines
the planet less. This trend may not be linear, as suggested by the oscillation in the required
time to achieve a desired SNR, in the G and K dwarf plots. The characterization of this trend
is beyond the scope of this paper, but can be constrained by considering dimmer stars, such

as M dwarfs.
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Figure B.1: The plots above show SNR; for the Os-A band around an FOV star.
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Figure B.2: The plots above show SNR.; for the Os-A band around an F1V star.
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Figure B.3: The plots above show SNR; for the Os-A band around an F2V star.
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Figure B.4: The plots above show SNR.; for the Os-A band around an F3V star.
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Figure B.5: The plots above show SNR.p; for the Os-A band around an F4V star.
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Figure B.6: The plots above show SNR.x; for the Os-A band around an F5V star.
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Figure B.7: The plots above show SNR; for the Os-A band around an F6V star.
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Figure B.8: The plots above show SNR.; for the Os-A band around an F7V star.
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Figure B.9: The plots above show SNR; for the Os-A band around an F8V star.
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Figure B.10: The plots above show SNR.p; for the Os-A band around an F9V star.
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Figure B.11: The plots above show SNR,p; for the O2-A band around a GOV star.
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Figure B.12: The plots above show SNRy.p; for the O2-A band around a G1V star.
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Figure B.13: The plots above show SNR,p; for the O2-A band around a G2V star.
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Figure B.14: The plots above show SNRy.p; for the O2-A band around a G3V star.
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SNR zchieved Tor O2-A band for Different Number of Pixels around G4V Star
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Figure B.15: The plots above show SNR,p; for the O2-A band around a G4V star.
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Figure B.16: The plots above show SNRy.p; for the O2-A band around a G5V star.
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Figure B.17: The plots above show SNR,p; for the O2-A band around a G6V star.
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Figure B.18: The plots above show SNRy.p; for the O2-A band around a G7V star.
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SNR zchieved Tor O2-A band for Different Number of Pixels around G8V Star

Figure B.19: The plots above show SNR,p; for the O2-A band around a G8V star.
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Figure B.20: The plots above show SNRy.p; for the O2-A band around a G9V star.
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Figure B.21: The plots above show SNRyp; for the O2-A band around a KOV star.
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Figure B.22: The plots above show SNRy.p; for the O2-A band around a K1V star.
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SNR chieved TOr O5-A band for Different Number of Pixels around K2V Star
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Figure B.23: The plots above show SNRy.p; for the O2-A band around a K2V star.
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Figure B.24: The plots above show SNRy.p; for the O2-A band around a K3V star.
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Figure B.25: The plots above show SNRy.p; for the O2-A band around a K4V star.
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Figure B.26: The plots above show SNRy.p; for the O2-A band around a K5V star.
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Appendix C

Exozodiacal Disk and Planet Orbit

around Other Stars

The figures below provide the exozodiacal dust map and planet location around other stars.
These figures are the counterpart to|Figure 2.8 in the text, and followed the same derivation as
described in Chapter 2: Methods. These images demonstrate the effect of stellar type on the
location of the habitable zone and its apparent size for different systems at the same distance
away. Each pixel in the figures below is 2 milliarcseconds (mas). The inner working angle for

LUVOIR-B at 760 nm is 68 mas (32 pixels).

Exozodiacal Dust for FOV Star Lo Exozodiacal Dust for F1V Star 10-9

: :
c

1« 200 10-100 w 107105
Q g [J] .
x < X <
a N o e
£ 190 5 % 5
E 10—11; i 10_11§
-~ +J
g 100 S g S
> % > %
g 10—12 E Q 10712 E
50 = i =
o (o]
O O

10713 10713

50 100 150 200 250 Chs 50 100 150 200
ExoVista X-Axis Pixels ExoVista X-Axis Pixels

Figure C.1: The images above show the exozodiacal dust maps and exoplanet orbit in the
habitable zone of (left) an FOV star, and (right) an F1V star, at 10 parsecs away.

Exozodiacal Disk and Planet Orbit around Other Stars C.83



C.84 Exozodiacal Disk and Planet Orbit around Other Stars

0~* Exozodiacal Dust for F3V Star 10°°
10710 10-10
10-1 10-11
10712 : 10-12
107 o 10-13

Exozodiacal Dust for F2V Star

=

ExoVista Y-Axis Pixels
Contrast Ratio for 744.0 nm
ExoVista Y-Axis Pixels
Contrast Ratio for 744.0 nm

50 100 150 200 100 150 200
ExoVista X-Axis Pixels Exonsta X-Axis Pixels

=

Exozodiacal Dust for F4V Star

10-°
0-° .
Exozodiacal Dust for F5V Star

_ 10-10

200 1071 200
150 Lo-1t 0 150 10-11

100 100
10712 ' 1072

50 50
10-13 10713

0 s

ExoVista Y-Axis Pixels
Contrast Ratio for 744.0 nm
ExoVista Y-Axis Pixels
Contrast Ratio for 744.0 nm

50 100 150 200
ExoVista X-Axis Pixels Exonsta X-Axis Pixels

Exozodiacal Dust for F6V Star Exozodiacal Dust for F7V Star
10—10
~ F R 10 11
10712 . 107
10713 107
03

100 150 200

=
o
|
=
o

-
=

._.
o
Contrast Ratio for 744.0 nm
ExoVista Y-Axis Pixels

ExoVista Y-Axis Pixels
Contrast Ratio for 744.0 nm

50 100 150 200
ExoVista X-Axis Pixels ExoVista X-Axis Pixels

50 100 150 200

Figure C.2: The images above show the exozodiacal dust maps and exoplanet orbit in the
habitable zone of (top left) an F2V star, (top right) an F3V star, (center left) an F4V star,
(center right) an F5V star, (bottom left) an F6V star, and (bottom right) an F7V star, at 10
parsecs away.
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Figure C.3: The images above show the exozodiacal dust maps and exoplanet orbit in the
habitable zone of (top left) an F8V star, (top right) an FOV star, (center left) a GOV star,
(center right) a G1V star, (bottom left) a G2V star, and (bottom right) a G3V star, at 10
parsecs away.

Exozodiacal Disk and Planet Orbit around Other Stars C.85



C.86 Exozodiacal Disk and Planet Orbit around Other Stars

Exozodiacal Dust for G4V Star " Exozodiacal Dust for G5V Star
10-
200 200
101t 10-11
150 wn 150
10-12° 10-12"
100 100
50 1038 50 1038
0

—

[S)
L
S

ExoVista Y-Axis Pixels

ExoVista Y-Axis Pixels
Contrast Ratio for 744.0 nm

Contrast Ratlo for 744.0 nm

100 150 200 100 150 200

Exonsta X-Axis Pixels 10-14 Exonsta X-Axis Pixels 10-14

Exozodiacal Dust for G6V Star . Exozodiacal Dust for G7V Star
10~ 10-10
200 200
101t 10-11
150 w150
12 12-
100 107 100 10-
50 103§ 50 103§
s

ExoVista Y-Axis Pixels
Contrast Ratio for 744.0 nm

ExoVista Y-Axis Pixels
Contrast Ratio for 744.0 nm

100 150 200
Exonsta X-Axis Pixels

100 150 200

10-14 ExoV|sta X-Axis Pixels 10714

Exozodiacal Dust for G8V Star Exozodiacal Dust for GOV Star
10-1° 10-1°0
200
10~ 11 R 10 11
wn 150
12 12
10~ 100 10~
10—13U 50 10—13
0

ExoVista Y-Axis Pixels
ontrast Ratio for 744.0 nm
ExoVista Y-Axis Pixels

Contrast Ratio for 744.0 nm

100 150 200
Exonsta X-Axis Pixels

100 150 200
107 Exonsta X-Axis Pixels

10714
Figure C.4: The images above show the exozodiacal dust maps and exoplanet orbit in the
habitable zone of (top left) a G4V star, (top right) a G5V star, (center left) a G6V star,
(center right) a GTV star, (bottom left) a G8V star, and (bottom right) an G9V star, at 10
parsecs away.
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Figure C.5: The images above show the exozodiacal dust maps and exoplanet orbit in the
habitable zone of (top left) a KOV star, (top right) a K1V star, (center left) a K2V star,
(center right) a K3V star, (bottom left) a K4V star, and (bottom right) an K5V star, at 10
parsecs away.
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Appendix D

Using exoVista on a Windows

Operating System

The open source software exoVista created by Christopher Stark [78] provides a way to
simulate randomized and customized stellar systems. It is available on GitHub at https:
//github.com/alexrhowe/ExoVista, and is maintained by Christopher Stark and Alex Howe.
Installation instructions are provided on the GitHub page, along with a PDF document that
offers a comprehensive description of the software and its usage. For other works and software

developed by Christopher Stark, please visit https://starkspace.com/.

Using exoVista on a Windows operating system requires certain prerequisites. The com-
puter must have a C compiler (such as gcc or g+-+), with Visual Studio recommended as the
compiler. Additionally, Python and required packages (such as Cython) must be installed
and accessible to exoVista for compiling and executing files. Based on personal experience, I
recommend downloading Visual Studio for the C compiler, installing Anaconda to get Python
and required packages, and to then proceeding with the installation of exoVista by following

the GitHub instructions.

Once exoVista is successfully installed, it is executed through the command line. I strongly
suggest using Anaconda’s Windows Powershell shortcut (accessible through the Anaconda

Navigator) so that the correct environment variable paths are set.
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To create a customized system using exoVista, we must first navigate through the com-
mand line to reach the folder containing the exoVista code. This folder is chosen by the user
upon the installation of exoVista. Specifically, we navigate to the directory that contains the
file "solar system.dat" and the executable "ExoVistaSystem.py". The "solar system.dat"
file contains default parameters for the solar system. This file can be modified to change the
star, the distance to the system, the system’s inclination, the planets in the system (orbit,
albedo), and the zodiacal dust disks. The "ExoVistaSystem.py" executable reads in a data
file, such as "solar _system.dat", to create the customized system. Once we are in the directory

that contains the executable, type:

python ExoVistaSystem.py

This command will launch exoVista with the specified data, producing a FITS file that can
be opened and manipulated with Python. I recommend using Jupyter Notebooks to explore
the data and create plots.

In this work, customized stellar systems for other stars are used in addition to the default
"solar system.dat". To do this, I suggest copying the default file, renaming it to match
the stellar type (i.e. KOV, F2V, etc), and then modifying the stellar parameters such as
temperature, surface gravity, radius, etc. Next, the exozodiacal dust disk is scaled linearly
using the habitable zone equation: Equation 1.5.3. This approach assumes that the nebular
hypothesis is correct for the formation of stellar systems, meaning dust forms according to
snow lines and temperature gradients in the natal debris disk around the protostar. Finally,
as is done in this work, the planet is placed in the habitable zone of its new star. All other
default values, such as system inclination and data files for dust and planet albedo, are kept
the same.

There are default albedo files and exozodiacal dust files available in exoVista, the sources
of which are listed in Table 1 of [78]. Customized files may be used if desired, but must be

properly formatted to match the input and output structure within exoVista.
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