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Abstract
This thesis presents a Microwave Kinetic Inductance Detector (MKID) spec-
trograph concept, the Kinetic Inductance Detector Spectrometer (KIDSpec).
MKIDs are superconducting photon-counting detectors that can resolve the

energy of incoming photons and their time of arrival.

KIDSpec will use these detectors to separate incoming spectral orders from a
grating, thereby not requiring a cross-disperser. In Chapter 3, a simulation
tool is presented for assessing KIDSpec’s potential performance upon construc-
tion to optimise a given design. This simulation tool is the KIDSpec Simulator
(KSIM), a Python package designed to simulate various KIDSpec and obser-
vation parameters. A range of astrophysical objects is simulated, including
stellar objects, an SDSS-observed galaxy, a Seyfert galaxy, and a mock galaxy
spectrum from the JAGUAR catalogue. Multiple medium spectral resolution
designs for KIDSpec are simulated. The possible impact of MKID energy res-
olution variance and dead pixels is also simulated, with observed impacts on
KIDSpec performance assessed using the Reduced Chi-Squared (RCS) value.
Using dead pixel percentages from current instruments, the RCS result was
found to increase to only 1.21 at worst for one of the designs simulated. SNR,
comparisons of object simulations between KSIM and X-Shooter’s ETC were
also performed. KIDSpec demonstrates a particular improvement over X-
Shooter for short and faint observations. For a Seyfert galaxy (mp = 21)
simulation with a 180s exposure, KIDSpec achieved an average SNR of 4.8,
compared to 1.5 for X-Shooter. By using KSIM, the design of KIDSpec can

be optimised to further enhance the instrument.

Chapter 4 presents the Superconducting Spectrograph for Medium resolution
in an Array of Telescopes (SuperSmart). This concept would utilise an array of
small (<1m diameter) telescopes, each with a KIDSpec-style instrument con-

nected optically with a fibre. A key benefit of this would be the use of MKIDs,
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which would allow these smaller telescopes to bin the photons they observe
together, effectively becoming the equivalent of a larger-class telescope, such
as a 4m-class telescope. The concept and a design for the array is presented,
with KSIM simulations used to predict the performance of both individual
telescopes and the array as a whole. The simulations include limiting mag-
nitudes, a set of survey objects from GAIA, and LISA calibration sources. If
enough 0.6m diameter telescopes are used to reach a total equivalent telescope
diameter of 4m, SuperSmart would need 190 nights to observe 100,000 objects
of my < 19. This assumes that each telescope can act independently and does
not require the rest of the array to finish an observation before moving to a
new object. If this independence is not considered, the required nights more
than doubled to 477 nights. From KSIM simulations, SuperSmart could char-
acterise important gravitational wave sources for LISA. To halve the standard
error on the radial velocity semi-amplitude of ZTF J1539+5027, SuperSmart
would utilise the time resolution and lack of read noise. This would involve
using exposures of 9s throughout the ~ 414s period and improving the signal-

to-noise ratio in these time bins over 15 hours of observation.

An important part of MKID operation is the analysis of the data received from
the MKID. Initially, this involves characterising the MKID before analysing
the data stream for photon events. Chapter 5 describes the methods used
for this. Chapter 6 presents the KIDSpec Prototype. The Prototype is a
fibre-fed spectrograph, with the camera affixed on an arm articulating from
the grating. The MKID, which is fibre-fed from the output of the camera,
then separates the spectral orders that the camera observes. The concept,
design, and assembly are presented, along with data taken from calibration
lamps and the Sun. Full spectra of the bandpass =~ 300 — 1500nm are observed
from the calibration lamps; however, a solar spectrum was not achieved due to
poor weather with intermittent clouds in Durham, UK. Nevertheless, photons
were observed and separated between the orders, demonstrating the MKID’s

capability for spectrographs.

Supervisors: Dr Kieran S. O’Brien and Prof Chris Done
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An 1Q loop measured of an Al MKID, with the probe signal sweeping in
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Left contains the I(QQ points from an 8s exposure using an Al-based

MKID when exposed to a 633 nm source. Included is the IQ loop

characterisation for this device taken before this exposure, using a tone

power of -46 dBm at 4.250 GHz. Right shows a section in time of the

phase time stream for this exposure from these 1() points shown. The

peaks within the phase time stream are due to photons from the 633

nm source used. The peak reaching ~ 100 degrees may be random noise

from the electronics, as it tades too rapidly to likely be a photon event.

It also is too great a reaction in phase tfor a single photon event. | . . .

. 124

Left contains a mostly photon-less or ‘dark’ 0.02s portion of a phase

time stream, but with a single photon event at ~ 0.085 seconds. Middle

i1s the zoom-in ot this single photon event, an example of how photons

appear in the MKID data. Right shows an example of when two photon

events arrive within a short amount of time, on the order of hundreds

of microseconds. The second photon event sits on the phase ‘tail’ of the

first event, resulting in an apparent phase peak of =~ 92 degrees. This

data was from an 8s exposure using an Al-based MKID when exposed

to a 633 nm source. A tone power of -46 dBm at 4.250 GHz was used.| .

125

A phase time stream taken with the Al-based MKID, when exposed to

photons with wavelength 1000 and 500nm. Bold bars are plotted over

the phase time stream corresponding to the mean of the phase stream

without any potential photon events, and increasing standard deviations

of this average. Here 40 was selected, because it was above the ‘dark’

phase time stream, and below the visible events.| . . . . . . . ... ...

XXiv



B.1T

A section of a phase time stream containing a A =~ 1000nm photon.

Measured using an Al MKID at a tone frequency and power of 4.250

GHz and -46 dBm respectively. Overlaid onto the phase stream data is

the resulting fit using the method described in Sec. [5.2.2] This resulted

in a y of 5.22 degrees, 7 of 294us, and feypent 0f 0.44s after the start of

the exposure. . . . . . . . . e
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event was fitted using the method outlined in Sec. [5.2.2f and then passed
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CHAPTER ].

Introduction

In 1666, Isaac Newton observed a beam of light from the Sun that entered a
darkened room through a ‘slit,” which was, in fact, a hole in his window curtains.
Placed approximately 22 feet away from the slit was a glass prism, which he used to
observe the beam become separated into five colours: red, yellow, green, blue, and
violet (Newton, 1672). This groundbreaking experiment marked the first recorded
demonstration of astronomical spectroscopy (Hearnshaw, 2009), during which he

observed five solar lines.

Spectroscopy, as we know it today, involves the study of an object’s intensity de-
pending on the wavelength of the electromagnetic radiation emanating from that
object. The resulting spectrum of an object provides significant insight into its
characteristics and properties. The applications of this powerful technique are
numerous and diverse, including the study of atomic structure (Cowan, |1981)), im-
proving drug effectiveness (McLoughlin et al [2009), and understanding the human
body itself (Hamaoka et al., 2011). Another field where spectroscopy remains a
primary method of data acquisition, and is the topic of this work, is astronomical

spectroscopy.

In this field, spectroscopy allows us to study our Universe and its fundamental
constituents. For instance, it facilitates the determination of elemental abundances

within stars (Hamann and Ferland, [1999)) and offers a means to peer into the past.




1.1. Astronomical Spectrographic Instruments

When we observe astronomical objects moving away from Earth, the wavelength
of incoming light becomes ’stretched’ or increased, a phenomenon known as red-
shift. The extent of this redshift in the light provides information about when the
light was originally emitted by the astronomical object, as redshift depends on the
distance between the observer and the object. By measuring the distance of the
object from Earth, we can ascertain the time period during the Universe’s existence

when the light originated (Kaiser) |2014]).

Studying the Universe and its makeup through spectroscopy enables us to answer
fundamental questions about both the Universe’s origins and our own. It offers
insights into the evolution and composition of cosmic objects, shedding light on

the processes that have shaped our cosmic history.

1.1 Astronomical Spectrographic Instruments

In the approximately 360 years since Isaac Newton’s groundbreaking demonstra-
tion, astronomical spectroscopy has advanced significantly. Nowadays, an astro-
nomical spectrograph typically consists of five key components: the slit, collimator,
grating, camera, and detector. The instrument is optically connected to an astro-
nomical telescope, which focuses the light onto the instrument’s slit or fibre, as is
the case for the instrument under study in this thesis. These advancements in as-
tronomical spectroscopy include increased spectral resolution, which refers to how
small a difference in wavelength the spectroscope can separate. Additionally, the
use of larger telescopes has enabled the observation of fainter objects in the night

sky.

For instance, almost 100 years ago, the Palomar Hale Dome was unveiled, housing
a large telescope with a diameter of 200 inches (5.1 meters). Since then, many large
telescopes have been built, such as the 8.2-meter-diameter Very Large Telescope
(VLT) and the 10-meter-diameter Keck telescope. Currently, the construction of

the 40-meter-diameter Extremely Large Telescope (ELT) is underway, with an




1.1. Astronomical Spectrographic Instruments

expected first light in 2027 (Tamai et al.l 2020). This will be the largest telescope
ever constructed, opening up new opportunities for groundbreaking astronomical

observations.

A modern spectrograph of note used on the VLT is X-Shooter (Vernet et al.|
2011)), a single-target medium spectral resolution spectrograph in use on the VLT.
X-Shooter has a wide bandpass of 300-2500 nm, high efficiency, and offers spectral
resolving powers of 4000-17000. To achieve such a wide bandpass, X-Shooter is sep-
arated into three spectral arms: UV, visible, and NIR. X-Shooter has contributed
significantly to various science cases, such as extreme star evolution (Martayan
et al., [2011), providing new insights into the outflows of high-redshift red quasars
(Zakamska et al., 2016]), advancing our understanding of red supergiant physics
(Davies et al., 2013)), and playing a role in epoch of reionisation studies. The epoch
of reionisation was studied with z>6 Ly« galaxies (Caruana et al., |2014) (Sobral
et al.,[2015), quasars (Schindler et al.,|2020), and the objects that potentially played

major roles in this epoch were studied in (Naidu et al., 2021)).

Recent developments in astronomical spectroscopy have introduced new types of
spectroscopes that go beyond single-target spectroscopy, such as integral field units
(Integral Field Units (IEUk)), which enable 2D spectroscopy. In 2D spectroscopy,
both spectral and spatial information are captured, providing a spectrum for each
spatial pixel observed in the sky. The concept of an IFU was initially proposed
in a paper by |Courtes (1982). This proposal suggested using a microlens array to
separate the image field, potentially in conjunction with a fibre bundle to direct
incoming light to the spectrograph(s). However, the first realisation of this concept
took place with the TIGER instrument (Bacon et all) |1988) in 1987. TIGER
did not follow the original route proposed by |Courtes| (1982); instead, it directly
fed light from the microlens array into a grism spectrograph. TIGER achieved a
spectral resolving power of 220-2200, depending on the grism used, with a bandpass
spanning approximately 380-850 nm. This advancement allowed for the study of

galaxy dynamics and chemical composition, as demonstrated in Bacon et al. (1988).
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Figure 1.1: A summary of the different methods used for IFU instruments to
separate the FoV into spatial pixels each with spectra. Shown from

Smith! (2006).

More recent IFU instruments employ alternative methods, such as image slicers,

which are utilised in instruments like Multi Unit Spectroscopic Explorer (MUSEI)

(Bacon et al., 2010)). Figure |1.1|provides a summary of the different methods used

for field separation in IFUs.

Unlike TIGER, MUSE employs a Mini-Lens Array to separate the field from the

telescope. Further separation of these fields is achieved using an image slicer

(Henault et al., 2003)). This image slicer consists of a reflective surface with differ-

ently angled ‘slices’, effectively dividing the image into sub-fields (Content, |1997),

which are then directed to individual spectrographs. A summary of this is provided
in Figure

In contrast to TIGER, which achieved a highest spatial resolution of 0.6" upon con-
struction, MUSE significantly enhances spatial resolution, achieving an impressive
0.2". This improvement has enabled in-depth studies of galaxy physics, includ-

ing investigations into the relationships between galaxies and their central super-

massive black holes (Henault et al.,2003). MUSE also offers a generous bandpass
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Figure 1.2: The schematic view of the MUSE instrument where it splits the incom-
ing field. Shown from Henault et al.[ (2003).

of 475-935 nm, with spectral resolving powers ranging from 1750 to 7500. This

spectral capability makes it well-suited for tasks like separating the OII doublet for

galaxy redshift estimation (Urrutia et al. [2019).

Thanks to its remarkable spectral and spatial resolution, MUSE is particularly
well-suited for survey observations, allowing for the characterisation of numerous
galaxies, even those at redshifts exceeding z > 6. MUSE has impressively observed

approximately 10,000 objects up to redshifts around z ~ 6.6, providing valuable

data for further scientific investigations (Hashimoto et al., 2017).

Current Multi-Object Spectroscopy (MOS) instruments, such as FLAMES i
, , boast nearly 200 fibres across their Field of View (FoV) and are optic-
ally connected to two instruments. GIRAFFE operates within the range of 370-950
nm with spectral resolving powers ranging from 6000 to 33,000. The UVES Red
Arm offers a resolving power of 47,000, with three possible setups featuring central
wavelengths of 520, 560, and 860 nm. This extensive range enables observations
spanning from 420 to 1100 nm. GIRAFFE utilises 162 fibres, while UVES employs

8 fibres. Notably, the number of fibres will increase with upcoming instruments like

MOONS (Cirasuolo and Consortium), 2020)), which will harness a thousand fibres
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within its observing field, enabling simultaneous observations of numerous objects.
Each fibre is optically linked to a spectrograph, providing a spectral resolving power

of 4000-7000 within the wavelength range of 645-1800 nm.

Another notable MOS instrument pertinent to this thesis is FORS (Appenzeller
et al., [1998), which employs a slit mask to observe multiple objects in a single
observation. Nevertheless, FORS can also operate in a single-object mode. The
instrument boasts a spectral resolving power of up to 5000, contingent on vari-
ous instrument parameters, and offers a bandpass spanning from 330 to 1100 nm.
FORS’ versatility in observing modes, coupled with its capacity to observe faint
objects, facilitated the execution of a survey known as the FORS Deep Field (Noll
et al., 2004). In this field, objects up to redshift z= 5 were observed using both
imaging and spectroscopy, significantly advancing our comprehension of galaxy
evolution (Heidt et al., 2001)). One of the primary advantages of the FORS Deep
Field Survey was its larger field of view compared to earlier faint measurements
conducted with the Hubble Space Telescope. Some of these measurements were
performed using the Faint Object Spectrograph (FOS), an instrument operating
in the wavelength range of 115-700 nm and offering resolving powers ranging from

100 to 1000 (Harms et al., [1979).

1.2 Instrument Detectors

A vital component for all instruments, not just those listed in the previous Section,
is the detector used at the camera of the spectrograph. In this section, a selection
of both relevant and important detectors that have been used for these instruments

will be discussed.

There are many detectors used for instruments in astronomical spectroscopy. Here,
the focus will be on detectors relevant to the optical and near-infrared regimes
of electromagnetic radiation, as well as detectors relevant to the work conducted

throughout this thesis.
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Figure 1.3: Left shows a basic diagram of a CCD, made by Teledyne Imaging.
Incoming photons strike the Buried Channel (or epitaxial layer) and create electrons
by the photoelectric effect. These photons are then stored using a biased Gate above
this layer. Right shows a step diagram of the readout process of a CCD. Gates are
procedurally biased to move the collected charge through the array to the output
amplifiers where the analogue-to-digital conversion takes place.

1.2.1 Charge-Coupled Devices

Arguably, in the visible, the most common detector used for astronomy is the CCD.
It is favoured for its high quantum efficiency in the range of approximately 400-
1000 nm and its ability to have a large number of pixels, reaching up to 80 million
in a single arrayf] for off-the-shelf arrays. Specialist arrays of CCDs have reached
1.4 billion pixels, which was the array used for the Pan-STARRS facility
2010). A diagram of a CCD is shown in Fig. provided by Teledyne
Imagingﬂ

The CCD structure consists of a silicon substrate with an epitaxial layer above it,
also made of silicon but doped with other elements. This epitaxial layer, labelled
as the “Buried Channel” in Fig. is where electrons are generated through the

photoelectric effect in response to incoming photons.

*https://www.teledyneimaging.com/en/aerospace-and-defense/products/
ccds-for-space/

Thttps://www.teledyneimaging.com/media/1300/2020-01-22_e2v_
how-a-charge-coupled-device-works_web.pdf
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1.2.2.  Electron-Multiplying CCDs

These generated electrons are then held in place with the biased Gate, which is
separated from the buried channel by an insulating layer. As photons strike the
CCD, more electrons are created and stored in the channel, accumulating more

charge depending on the number of photons that arrived.

To convert this collected charge into usable data, the readout process is initiated.
As shown in the right panel of Fig. also from [f], the gate’s biases are proced-
urally altered to shift the collected electrons out of the CCD array. The collected
charge is then read out row by row, one pixel at a time, to output amplifiers that

convert the charge into a voltage.

While simple, CCDs introduce some added noise sources, as discussed in [Dussault
and Hoess (2004), such as readout noise. This noise is caused by electrons being
either left behind or jumping ahead during the charge transfer process due to the
electron circuitry used in the device. Readout noise also includes output amplifier
and quantisation noise. The quantisation noise occurs as a result of the analog-
to-digital conversion of the continuous CCD "image" to a digital image, which is a

collection of integer values (Merchant and Castleman) [2022)).

Another factor affecting CCD measurements is dark current, which is caused by
thermally generated electrons in the CCD silicon substrate. However, the effect of

this dark current can be reduced with dark field subtraction.

Despite these noise sources, CCDs have been successfully used in many astronom-

ical instruments, such as X-Shooter (Vernet et al., |2011) on the VLT.

1.2.2 Electron-Multiplying CCDs

A variation of CCD technology that has garnered interest is the Electron-Multiplying
Charge Coupled Device (EMCCDI), and has been used in instruments such as UL-
TRASPEC (Dhillon et al.,|2008). As described in [Tulloch and Dhillon| (2011)), EM-

*https://www.teledyneimaging.com/media/1300/2020-01-22_e2v_
how-a-charge-coupled-device-works_web.pdf
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1.2.2.  Electron-Multiplying CCDs

CCDs address two significant issues associated with standard CCDs: slow readout
times and read noise. To improve readout times, EMCCDs employ a frame transfer
design. This design includes both an ‘Image’ section and a ‘Storage’ section, both
of the same size in pixels. After an exposure is completed in the ‘Image’ section,
the charge is automatically transferred to the ‘Storage’ section, following the same
process described earlier in this section. While the ‘Storage’ section is being read

out, a new exposure can already begin in the ‘Image’ section.

Regarding the readout noise, before the collected charge reaches the output ampli-
fier, it passes through an additional multi-stage register. In this stage, the collected
electrons are multiplied using a high voltage clock, creating potential wells to which
the electrons are moved. When the electrons fall into the potential well, they can
be multiplied through the impact ionisation effect. This effect occurs when an elec-
tron with enough energy impacts the crystal lattice and creates extra electron-hole
pairs through ionisation, generating the amplification of the collected charge (Ives

et al., |2008]).

Due to the multiplied charge, and given that the readout noise is independent
of the incoming charge, the readout noise is now negligible in comparison to the
multiplied charge. However, EMCCDs then suffer from multiplication noise, which
arises from the fact that a single electron passing through the multi-stage register
can cause a wide range of output amplification. According to [Tulloch and Dhillon
(2011)), this has the effect of doubling the variance of the incoming signal, which
is statistically equivalent to halving the Quantum Efficiency (QE]). This means
that in a photon noise-limited regime, a standard CCD will actually outperform
an EMCCD (Tulloch and Dhillon| [2011). Additionally, EMCCD detectors do not
offer the array sizes available to their typical CCD counterparts, with the largest
available at the time of Tulloch and Dhillon| (2011) being a 1k x 1k EMCCD, much

smaller than a typical CCD.
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1.2.3 Complementary Metal Oxide Semiconductor

Complementary Metal Oxide Semiconductor (CMOS]) detectors have been widely
used for near-infrared and infrared astronomy, in the form of HgCdTe detectors,
for example, on X-Shooter (Vernet et al., 2011]). CMOS and CCD detectors share
some similarity in operation. Electrons are generated in both as a result of incoming
photons in the HgCdTe photodiode, but for the CMOS readout, this charge is then
converted straight to a voltage at the individual pixel by pairing the photodiode
and readout amplifier together (Rogalski, 2019). This allows for knowing how much
flux each specific individual pixel observes. However, these detectors primarily
suffer from thermal, dark current, and ’reset’ noise. Reset noise arises from the
temperature and capacitance of the CMOS circuit. However, due to the use of
HgCdTe, the effective wavelength range can be tuned by altering the individual
elemental compositions, granting usability up to 2um and beyond (Magnan, 2003)),

hence its use in the NIR arm of X-Shooter.

1.2.4 Selex Avalanche Photodiode for HgCdTe InfraRed Array

Selex Avalanche Photodiode for HgCdTe InfraRed Array (SAPHIRAI) detectors are
HgCdTe electron avalanche photodiodes. These detectors were developed with the
aim of reducing the observation time by reaching photon limited performance for
smaller photon counts than those of other detectors operating in the 0.8 — 2.5um
range (Baker et al., 2016|). An incoming electron strikes a HgCdTe layer on the
detector, which creates electron-hole pairs in the layer. These electrons are then
drawn through the detector, as shown in Fig. shown from Baker et al.| (2016).
Because of this these detectors are low read and dark noise, and can have enhanced
frame rates by reading out particular subarrays of the detector, rather than the
entire detector (Goebel et al.,|2018)). From this SAPHIRA detectors have been used
at the Suburu Telescope on SCExAQO, the NASA Infrared Telescope Facility, the
KECK II AO system, and GRAVITY, but the list extends beyond these (Goebel
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Figure 1.4: The schematic view of an HgCdTe e-APD array which the SAPHIRA

detector is based on, shown from Baker et al.| (2016]).

2018)). However while reduced, these detectors still suffer from read and dark

current noise (Baker et all) [2016), and the maximum reduction of noise can only

be achieved with the trade off of a longer pixel reset time (Goebel et al.l |2018]).

1.2.5 Microwave Kinetic Inductance Detectors

The next stage of astronomical spectroscopy is positioned to incorporate the bene-
fits of the detectors and instruments listed here, while minimising their disadvant-
ages. This detector is the Microwave Kinetic Inductance Detector (MKIDI)
, a superconducting detector. MKIDs are energy-resolving photon-
counting detectors and, therefore, do not suffer from read noise like CCDs
. Their energy-resolving capabilities enable new spectrograph designs that
can improve the optical system’s throughput. Moreover, the absence of read noise
allows for spectral rebinning without any penalty, eliminating the need for pre-
defined spectral resolutions with instruments using these detectors
. They have an effective wavelength range from the visible to near-infrared

(De Visser et al., 2021} |Zobrist et al., 2022 without requiring three spectrographs,

as is the case with X-Shooter. Additionally, throughout their effective wavelength

range, MKIDs do not suffer from increased readout noise or dark current at near-

11
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infrared wavelengths, as observed in CMOS detectors (Mazin), 2020). MKIDs can
also achieve photon arrival time resolutions on the order of microseconds (Mazin
et al., 2013)), and they do not exhibit a relative loss in performance in either photon
noise-limited or read noise-limited regimes. These features can be harnessed for a
new astronomical spectrograph that offers a wide bandpass, time resolution, high

throughput, and exceptional performance in low SNR regimes.
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CHAPTER 2

MKID Principles and Use

The overall structure of an MKID is an LC resonant circuit, composed of a capacitor
and inductor (Day et al|[2003). An image of an example MKID is shown in Fig. [2.1]
For a brief overview of the operating principle: when an incoming photon strikes the
inductor portion of the MKID, Cooper pairs are broken, generating quasiparticles.
Due to the energy gap of the superconducting materials used for these detectors,
many Cooper pairs are broken, creating numerous quasiparticles. To read out the
information about the photon impact, a microwave signal is propagated through
the MKID circuit. Depending on the number of quasiparticles created, the phase
and amplitude of the signal are altered. Because this alteration depends on the
number of quasiparticles generated, which is in turn dependent on the energy of the
incoming photon, this grants the MKID energy-resolving capabilities. Due to the
form of the readout information, photon events can be both individually counted
and observed to a us (Mazin et al., |2010). However, due to the superconducting
requirement of the MKID, they must be cryogenically cooled to temperatures of

the order of ~ 100 mK. The operation and readout will be discussed in more detail

in Sec. and Chapter

It should be noted that MKIDs are not the only detectors in the superconduct-
ing category; others include Superconducting Tunnel Junctions (STJk) (Kurakado),
1992) and Transition Edge Sensors (TESkK) (Irwin et al., 2005). Compared to these

13
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25 um

Figure 2.1: Image shown from |Zobrist et al. (2022). A hafnium MKID coupled to
a coplanar waveguide. An approximate scale bar was included for reference. False
colours were added for labelling purposes. The dark area surrounding the capacitor
and inductor is bare sapphire substrate. During operation, light is focused onto
the inductor portion of the device using a microlens.

other detectors, MKIDs are a newer technology, but they offer several advantages

over other cryogenic detectors.

For example, MKIDs can be fabricated into larger pixel arrays than STJs and
TESs. This is because these two detectors require each pixel to have its own
signal processing electronics and subsequently wiring, which presents limitations
in hardware and thermal noise. However, this is only the case for when the units
are simply grouped into an array. Alternatively, for STJs, a matrix readout can
be used, which involves reading out the base and top film of the units separately
in a ‘base’ and ‘top’ array in a line. After readout, a coincidence technique is
utilised to match base and top film signals. This method reduces the processing
and wiring required from N1xN2 to N14+N2, where N1 and N2 are the number of
pixels. The drawbacks to this option for STJs are that count rates larger than

1000/s are more difficult to process for the electronics, and IR suppression is also

made more difficult (Verhoeve et al., 2000). The IR suppression issue is a result of

14
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IR flux seen by each unit (and therefore line here) being recorded as noise, which
will be much higher than the simple array setup (Martin et al., [2000). However it
should be noted MKIDs also suffer from issues of having a maximum photon rate
and more difficult IR suppression. These will be discussed more in Chapter [3|and
TESs typically employ the use of Superconducting QUantum Interference Devices
(SQUIDs), which also allows the TESs to be multiplexed. The use of SQUIDs,
though, involves extra wires between the SQUID and TESs, requiring a complex

heat management system for the thermal load (Irwin et al., 2005)).

2.1 Theory of Operation

Following from Sec. a KID (and MKID) is essentially made up of a reson-
ant circuit containing a capacitor and an inductor. The circuit is also capacitively
coupled to a coplanar waveguide for excitation and readout, shown in Fig. [2.1]
Included as an example of the use of MKIDs, Fig. shows images of the MKID
array used for DARKNESS (Meeker et al., 2018]). In this resonant circuit, a super-
conductor is used as the inductor, and its complex impedance is measured through

the circuit. The surface impedance of the superconductor is given by Eq.

Zs = Ry +iwL, (2.1)

where Ly is the surface inductance, Rs the surface resistance, and w is angular

frequency.

The use of a superconductor allows for no resistance for DC electrical currents, but
this is not the case for AC electrical currents, where the impedance is non-zero.
The current through the system is carried by Cooper pairs, which are pairs of
loosely bound electrons bonded via the electron-phonon interaction. When an AC
electric field is applied near the surface of the superconductor, it causes the Cooper

pairs to accelerate, applying kinetic energy to these pairs (Day et al.;|[2003). This, if
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Figure 2.2: (Top) is a microscopic image of the DARKNESS MKID array after
fabrication. (Bottom) shows the DARKNESS array after being mounted in their
sample boxes and wire bond connections made. The DARKNESS array contains
10,000 MKIDS. Figure shown from |Szypryt et al.| (2017).

measured, results in extra inductance caused by the extraction of the kinetic energy
of the Cooper pairs. To do this, the field direction must be reversed. Measurement
of this can then be done by placing the superconductor within a lithographed
resonator (Mazin et al.l 2012). This change in inductance then causes a change in
impedance from Eq. The change of impedance can be described using Eq.
below, which is fully derived in [Mazin| (2004),

16
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where ¢ is the complex conductivity. For the case of an incoming photon with
greater energy than the band gap of the superconductor, if the incoming photon
is absorbed it will break one or more Cooper pairs depending on its energy. As a
result of this a cascade of interacting quasiparticles is formed with a population of

excess quasiparticles described by Eq. (Day et al., 2003),

Ngp =~ ——. (2.3)

In Eq. 2.3]n ~ 0.57 is the efficiency of the photon energy conversion to quasiparticles
(Mazin), 2004). The band gap parameter is represented by A, and hv describes the
energy of the incoming photon by Planck’s constant and frequency respectively.
These generated quasiparticles have a average lifetime of 7,4,, during which two
quasiparticles meet, emit a phonon, and recombine into a Cooper pair. For the
devices used in this thesis, this lifetime is on the order of hundreds of us. During
the time where there are excess quasiparticles however, this causes a change in
the superconductor similar to a change in temperature. A change in temperature
causes a change in conductivity which, from Eq. 2.2 causes a change in surface
impedance Z (Mazin, 2004). The change in Z; depending on the change in density

of thermally excited quasiparticles ng, can be described by,

0Zs
0Zs = OMNgp—=—— 2.4
Ngp Ongp (2.4)
which can be approximated to,
0, Mngp
~ P 2.
Zs 2NyA (25)

where Np is the single-spin density of electron states at the Fermi energy of the
superconductor material. The approximation made between Eq. [2.4 and [2.5] arises
from the expectation that the fraction of Cooper pairs broken is comparable to the

fractional change in surface impedance (Mazin, 2004)).
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This change dZ; can be measured then using a resonant circuit. When the surface
resistance Ry increases as a result of quasiparticle generation, the width of the
resonance dip increases and becomes shallower. The result of this increase in Rq
is the inductor becomes slightly lossy and adds a series resistance. At resonance
the coplanar waveguide through line is loaded by the LC circuit, which causes a
transmission dip. Also when quasiparticles are produced the surface inductance
L increases, increasing the total inductance L, and lowering the frequency. These
effects combine to alter the amplitude and phase (the definition of which is de-
scribed below) of a microwave signal transferred through the circuit, used to excite
the detector. The amplitude change specifically causes a power change §P (Day
et al., [2003). Shown in Fig. is a general overview of the photon detection

process that is described here, shown from Day et al.| (2003).

After the microwave signal is transmitted through the MKID device, a broadband
cryogenic High Electron Mobility Transistor (HEMT]) amplifies it. Next, an in-
phase-quadrature (IQ) mixer measures the phase and amplitude of the signal as
a function of time. The I portion is a sine wave at the resonant frequency of
the MKID (I=in-phase), and the Q is a similar wave shifted -90 degrees out of
phase (Q=quadrature) (McHugh et al., 2012)). In the IQ plane, the resonance
as a function of frequency can be shown and generates a circle, with different
frequencies representing a different point on the circle. Fig. shows an example
loop. The phase angle 0 is then calculated after using the centre of the circle as a
reference to translate the circle to the origin. As the resonant frequency changes
as a result of photons, the phase angle will change as well. The higher the number
of quasiparticles generated, the higher the phase angle change (Day et al., 2003).
When this phase angle is plotted with time, it is referred to in this work as a phase
time stream. When an MKID is exposed to a monochromatic source, the phase
angle change experienced by the MKID will vary, even though the wavelength of
the incoming photons is approximately equal. This is the result of many factors,

such as phonon losses, signal to noise ratio, and quasiparticle diffusion. The limit
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Figure 2.3: Figure shown from Day et al.| (2003). (a) shows absorption of photons
with energy hv > 2A by a superconductor(typically a film) cooled to T' << T,
causing Cooper pairs to be broken and quasiparticles to be generated. Here Ns(E)
represents the density of states for quasiparticles, and the shaded region as a func-
tion of energy of the quasiparticle. A Cooper pair at the Fermi level is represented
by C. (b) describes the impact of the incoming photon on the LC circuit, namely
changing Z, of the superconducting film. The circuit is shown here as a parallel
LC circuit capacitively coupled to a CPW through line. (c) presents the power
change §P dip change, which occurs as a result of the generated quasiparticles
increasing Ly and R, lowering the resonant frequency, and making the dip smal-
ler and broader, shown by the dotted line. Finally (d) includes the data actually
measured, the phase angle 6, with the change to phase as a result of quasiparticle
generation shown by the dotted line.
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Figure 2.4: An IQ loop of an Al MKID, with the probe signal sweeping in frequency
from =~ 4.29 — 4.31 GHz. Each point represents a frequency in this range. At each
frequency 256 readings of I and Q are taken, and then mean averaged.

of the resolving power of an MKID is due to the initial photon energy conversion
to quasiparticles, which occurs through a number of electron-electron and electron-
phonon interactions (De Visser et all 2021). The range of this variation can be

described by,

2.2 Energy Resolution

Importantly for this thesis is the Energy Resolution (Rg|) of MKIDs, which es-
sentially is how well an MKID can discern different energy photons as a result of

quasiparticle generation. Energy resolution in MKIDs can be defined as,

E 1 nhv
R pr— pr— 2-6
= Erwnm 2355\ FA (2:6)
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where F is energy, 7n is the conversion of energy into quasiparticles efficiency
(=0.57), hv is photon energy, A is bandgap energy, and F is the Fano factor
(~0.2) (Kozorezov et al., 2008; [Mazin et al., [2019)). Eq. is for the case where
the resolving power is governed by Fano statistics, which is where the incoming
photon’s energy is entirely kept inside the detector after the initial impact of the
photon (De Visser et al.l [2021) which results in Rg oc A=!. This is the limit for
the MKID Rpg, caused by the variation in quasiparticle generation by each photon.
Due to higher energy (and as such, shorter wavelengths), photons generate more
quasiparticles, and energy resolution falls as a result of increasing wavelength. To
determine Rpg, though, the FWHM of the pulse height distribution is measured.
When a photon interacts with the MKID and generates quasiparticles, causing a
change in phase, it appears as a peak in a phase time stream. However, the height
of the peak is not the same with every photon of the same energy, because of the
quasiparticle generation variation and current detectors are unable to trap all the
energy from the incoming photons. For example through phonon losses after the

initial photon arrival.

There are a number of intrinsic and external factors that influence the height of
the peak, such as the amplifier noise, Fano noise, and the generation recombination
noise (Yates et al., 2011; Mazin et al., 2013]), which can be seen as phase stream
noise in Fig. The Fano noise represents the variance in number of generated
quasiparticles from a photon event. The generation recombination noise repres-
ents the fluctuation of the kinetic inductance of the superconductor, as a result
of random generation and recombination of the thermal quasiparticles also in the
superconductor (Mazin, 2004). There is also additional noise introduced from the
electronics used for the readout of the detector, such as the previously mentioned

amplifier noise.

Because of these factors, if a monochromatic source is exposed onto an MKID the
pulse heights will not all be equal. The Rg value of an MKID can be determined

by the full width half maximum (FWHM) of the phase heights distribution, when
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Figure 2.5: (Left) Pulses in the phase time stream of an MKID pixel resulting
from 694nm and 982nm photons. The height of these pulses is defined as the
maximum phase change (in degrees), which has been measured by the microwave
probe signal fed through the pixel. As seen in this panel, lower wavelengths result in
higher pulse peaks. (Right) The energy resolution Rp at a particular wavelength
can be determined by measuring the FWHM of the pulse height distribution after
exposure to monochromatic light. Here, for 694 nm, R ~ 5, and for 982 nm,
RE ~ 3. Figure shown from Meeker et al.| (2015).

the MKID has been exposed to monochromatic light (Meeker et al. 2015). This

phase height distribution can be approximated as a Gaussian-like trend, as shown
in Fig. If R were infinite, the resulting Gaussian would actually be a delta
function, and the MKID would be able to separate every photon of differing energy
from each other. The impact of Rg for a MKID instrument will be explored in

Chapter

Additionally the Rp of MKIDs can be affected by the choice of material, such as
previously mentioned PtSi, or Al. These materials are used as a superconduct-

ing film deposited on the device for the superconducting resonator, consisting of

the inductor and capacitor portions of the device (Szypryt et al., [2017), shown in

Fig. The PtSi devices achieved Rg values of 5.8-8.1 at 1310-808nm respect-

ively (Szypryt et al. 2017)), whereas the Al devices achieved 19-52 at 1545-402nm

(De Visser et al 2021). For aluminium this is in comparison to a maximum the-

oretical value of 94 at 400nm 2004). However the designs of the devices
were also different, contributing to these results. The Al devices from
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et al. (2021)) had a focus on reducing various noise sources, at the cost of a lower
photon absorption efficiency due to the aluminium being more reflective in the

optical wavelength range.

The Rp of MKIDs can also be affected by fabrication effects. One such fabrication
effect that can potentially affect observations with MKIDs is Rp variance (Ruq])
Meeker et al.| (2018). When an MKID array is fabricated, the Rg of the MKID
pixels may not all be equal to each other. Meeker et al.| (2018) showed that in an
array of PtSi MKIDs, the Rp values had a normal distribution with a FWHM of
approximately 3. This variance may have been the result of the resonator etching
process for the inductor, where 300nm wide features were fabricated. With 10,000
MKIDs to fabricate on a single array, some etches may not have been completed
and caused varying results and resonator properties (Szypryt et all 2017). The
effects of this fabrication effect, in addition to the dead pixel fraction, are explored

in Sec. [3.4.2

2.3 Cryogenic Refrigerators

Due to the superconducting nature of the MKIDs, to avoid thermal excitations,
they must be operated below the critical temperature, at temperatures of T ~
10~'K, thereby requiring a cryogenic refrigerator. Aluminium MKID devices have
been operated at 120mK (De Visser et al., [2021), and PtSi devices have been
operated at a temperature of 100mK (Meeker et al., 2018). To do this cryostats
are used, which does impose added constraints and requirements on instrument
design. Two choices of cryogenic refrigerators are Dilution Refrigerators (DRk)

and Adiabatic Demagnetisation Refrigerators (ADRk).

DRs use a mixture of 3He and *He pumped through a system for heat absorption
to achieve mK temperatures. The *He leaves a still and begins by being cooled
initially with the use of liquid nitrogen followed then by a bath of *He at 4.2K. Next

a 1K vacuum pumped *He bath liquefies the 3He. The He is afterwards directed
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to the mixing chamber. Here the *He removes heat from the mixing chamber and
as such cools the desired device. After leaving the mixing chamber the *He returns

to the still before continuing the cycle (Martin et al., 2010).

ADRs on the other hand exploit salts. Salt molecules have particularly large in-
ternal magnetic fields in comparison to other molecules. When these molecules
are exposed to an external magnetic field the molecules will align themselves with
this magnetic field. However the random thermal motions of the molecules have
the opposite effect causing the molecules to de-align, with a greater temperature
causing a greater de-alignment. These salt molecules are contained inside a salt pill
in the ADR, thermally connected to the device which is to be cooled. When this
salt pill is subjected to a strong magnetic field the molecules align with the field,
until the strength of the field is decreased and the thermal motions of the molecules
begin to de-align them. This process of de-aligning requires energy, which comes
from the thermal motion and heat from the surroundings. The result of this is the
thermal energy is transformed into magnetic energy which cools the salt pill and

as a result the device to be cooled (Hagmann and Richards, [1995]).

DRs tend to be smaller and lighter due to not having the added magnets require-
ments (Martin et al., 2010) and can be kept at milliKelvin temperatures much
longer than ADRs, but ADRs have a lower base temperature, higher efficiency,

and do not require gravity to function (Shirron et al., [1999).

2.4 MKID instruments

At the time of writing this work, MKIDs’ unique properties have been exploited
in an increasing number of optical/NIR instruments, such as the Array Cam-
era for Optical to Near-IR Spectrophotometry (ARCONS; Mazin et al., 2013,
the DARK-speckle Near-infrared Energy-resolving Superconducting Spectropho-
tometer (DARKNESS; |Meeker et al., [2018), and the MKID Exoplanet Camera
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(MEC; Walter et al., 2020). More instruments are also planned to take advantage

of these superconducting detectors.

ARCONS was an imaging spectrophotometer deployed on the Palomar 200-inch
and Lick 120-inch telescopes in 2010. It utilised TiN MKIDs to create images of
the night sky, with each MKID capable of resolving a spectrum with R~ 10 at
400nm. Initially, 1024 MKIDs arranged in a 32x32 grid were used, providing a
FoV of 10x10 arcseconds (Mazin et al., 2010). In 2013, an upgrade increased the
number of MKIDs to 2024, expanding the FoV to 20x20 arcseconds. The decision
to employ MKIDs was motivated by their advantages, including a simple optical
design, improved throughput, us time resolution, a wide detector bandpass without
the need for extra spectral arms, no loss of observing time due to readout, precise
photon arrival time recording, and the absence of read noise or dark current (Mazin

et al., [2013).

Thanks to their energy-resolving capability, MKIDs eliminate the need for addi-
tional optics to separate incoming wavelengths, a requirement for CCDs. MKIDs
can perform this task independently, with spectral resolution determined by their
specific capabilities. Moreover, the precise recording of photon arrival times en-
hances cosmic ray removal, as cosmic rays affect only a few-microsecond time bins,

unlike CCDs, where they impact the entire exposure.

ARCONS, deployed on 24 observing nights at Palomar Observatory, capitalised
on these MKID advantages. During its observations of celestial objects, ARCONS
revealed a connection between enhanced optical flux and giant radio pulses, regis-
tering an increase of 11.3 £+ 2.5% in the presence of a radio pulse (Strader et al.,
2013). ARCONS also studied SDSS J0926+3624, placing constraints on its orbital
period rate of change at (3.0740.56) x 10~'3 days per cycle. This finding indicated
orbital expansion, shedding light on the system’s formation history. These discov-
eries were made possible by MKIDs, particularly their time and energy resolution
(Szypryt et al., 2014). These features facilitated data timing for comparison with

radio observations and enabled tracking of spectral variability from blue to infrared
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Figure 2.6: Shown in Mazin et al. (2013]), this image was taken by ARCONS on
the Palomar 200-inch telescope, capturing the interacting galaxies Arp 147. The
observation was made with 36 pointings, each lasting 1 minute. The false colours in
the image were created by separating the ARCONS MKID data into three bands:
red, green, and blue. The inset figure in the top right corner shows a processed
Hubble Space Telescope image of the same galaxy system.

wavelengths by observing in multiple bands, as illustrated in Fig. from Mazin
et al| (2013). This marked a significant milestone in the application of MKID

instruments (Meeker et al., [2018).

The next MKID instrument commissioned in 2017 at the Palomar Observatory was
DARKNESS. When undergoing exoplanet imaging, a significant issue encountered
are speckles. These speckles are particular patterns that resemble faint compan-
ions to the host star. They occur within the adaptive optics of the instrument due
to residual wavelength and non-common path aberrations between the wavefront
sensor and science camera, which allow some light from the host star to escape
the coronagraph (Meeker et al., 2018). Speckles can also arise from the optics of
the instrument or residual atmospheric aberrations. These atmospheric aberration
speckles have decorrelation times of the order of milliseconds to seconds. To over-

come this issue, fast, low-noise detectors in the NIR are needed. DARKNESS was
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2.4. MKID instruments

constructed precisely to fulfil this requirement.

DARKNESS employs PtSi MKIDs in an 80x125 (10,000) array, representing a
substantial increase over ARCONS. The selection of PtSi material for MKIDs in
DARKNESS resulted from a performance comparison, demonstrating that PtSi
devices performed as well as or even better than TiN devices. This superiority
was particularly noticeable in terms of the uniformity of the fabricated array and
photometric stability. The instrument’s bandpass ranged from 800 to 1400 nm.
The MKIDs used in DARKNESS offered a resolution of approximately 7 at 800

nm, which decreased to 5 at 1400 nm.

As illustrated in|Meeker et al.| (2018), during the observation of 32 Peg Ab, DARK-
NESS effectively suppressed fast speckles. This was achieved by leveraging the
MKID’s microsecond time resolution to discern differences in intensity over time,

as compared to an actual companion object.

Building upon the successes of DARKNESS, MEC (as described in Walter et al.,
2020) was developed as the first permanently deployed NIR, MKID instrument. It
operates at the Subaru telescope, serving dual roles as an Integral Field Unit (IFU)
and a focal plane wavefront sensor for the adaptive optics system at SCExAO. MEC
shares several similarities with DARKNESS, including the same bandpass, MKID
devices, and readout electronics. However, MEC’s MKID array is larger, with
dimensions of 140x146 (20,440), approximately double the size of DARKNESS. As
of the time of writing this thesis, MEC boasts the largest active MKID array in

the optical /NIR domain.
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CHAPTER,:3

KIDSpec Simulation

3.1 Kinetic Inductance Detector Spectrometer

As discussed in the previous Chapter, MKID usage in the optical/NIR range is
growing. In the future, a new instrument that could take advantage of these de-
tectors is Kinetic Inductance Detector Spectrometer (KIDSped), which is the focus
of this thesis. KIDSpec is a conceptual medium-resolution optical through near-
IR MKID echelle spectrograph (O’Brien, 2020)). In this instrument, MKIDs will
enable medium-resolution spectroscopy instead of the spectro-imaging applications

of previous instruments.

MKID technology presents exciting opportunities for low-SNR spectroscopy, which
remains in high demand. MKIDs are well-suited for this purpose due to their
absence of read noise and dark current (Mazin et al., [2018)), and their inherent
energy resolving capabilities. The improvements in SNR, provided by MKIDs can

be observed from the standard SNR equation,

Now;
\/Nowj + Noiy + RON2 + Npgit

SNR = (3.1)

where Npy; represents the target object signal, Ngy, is the sky background signal,

RON is the readout noise contribution, Np,., is the dark current contribution,

28



3.1. Kinetic Inductance Detector Spectrometer

and t is exposure time in seconds. The absence of read noise and dark current
components for MKIDs allows for higher SNR at shorter exposures compared to
typical semiconductor detectors. MKIDs also offer greater flexibility than typical
semiconductor detectors, as it is possible to rebin the spectrum to a lower spectral

resolution post-observation without adding additional readout noise.

KIDSpec will provide low-noise spectroscopy, particularly suitable for studying
faint sources such as high redshift galaxies. Examples of these faint sources in
relation to KIDSpec are explored further in Sec. [3.5.2)and [3.5.3] These sources are
of great importance as they provide crucial information on the different stages of
the universe’s evolution and enable studies of the stellar content of these galaxies.
MKIDs’ lack of read noise and dark current will support these studies, while their

time resolution will allow for other features such as excellent cosmic ray removal.

The time-resolving capabilities of MKIDs will also facilitate observations of short-
period binary systems, such as eclipsing double white dwarf binaries (Burdge et al.|
2019). Furthermore, the MKID’s ability to take real-time simultaneous sky back-
ground data using an extra spatial pixel will improve sky subtraction. This will
be possible by utilising the energy and time resolving capabilities of the MKIDs to

track sky emission throughout an observation (Mazin et al., [2010).

KIDSpec is intended to have similar capabilities to the VLT instrument X-Shooter
(Vernet et al., 2011)), which is currently one of the most oversubscribed instruments
on the VLT and utilises CCDs for the visible wavelength range. KIDSpec aims to
fulfil similar goals as X-Shooter and then more with additional functionality due to
KIDSpec’s use of MKIDs. This key difference in the instruments leads to alterations
in design, one of which is the use of a cross-disperser for order resolving. CCDs
require the use of a cross-disperser to separate the orders of incoming diffracted
light since CCDs lack energy-resolving capabilities and cannot differentiate different
orders (Vernet et al., 2011; [Tull et al., 2019). The complex optical layout of the
NIR arm of X-Shooter, as a result of this requirement, is shown in Fig. As

stated in the X-Shooter User Manual, the NIR arm optical system has 29 surfaces.
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Figure 3.1: Shown from Vernet et al|(2011), the optical layout of the NIR, arm of
X-Shooter.

KIDSpec would not need this many surfaces due to the lack of a need for a cross-
disperser, improving its throughput in comparison. Since the MKIDs can separate
between orders through their energy-resolving capability, the cross-disperser is not

needed. Potential designs of KIDSpec will be explored in this Chapter.

3.2 KIDSpec Design

KIDSpec will be a single object spectrograph with sufficient spectral resolution to
resolve background sky lines for their subtraction, with a bandpass of 0.35 —1.8um
in this work. The grating which would be used would be an echelle grating, which
is a ruled grating with a low groove density and high blaze angle in comparison to
standard ruled gratings. The use of an echelle grating would allow for more orders
to be exposed onto an MKID from the higher orders accessible with an echelle

grating, allowing higher spectral resolutions.

The use of MKIDs will allow KIDSpec to photon count with ps time resolution.
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Figure 3.2: Conceptual optical layout of KIDSpec. Note that a cross disperser is
not required. Shown after the grating are the first and second orders, arbitrarily
chosen to show an example of separate order wavelengths which are incident on the
MKIDs. Each set of wavelengths from the orders shown are exposed onto a single
MKID, which can then separate the different orders. In practice many orders, and
hence wavelengths, would be exposed onto a single MKID.

These features and the MKIDs low-noise capabilities makes KIDSpec an exciting
instrument for many science cases, especially those which require short and/or faint
exposures with a wide bandpass. Fig. shows a conceptual optical layout for
KIDSpec.

This design is based on a slit spectrograph where each spatial resolution element is
dispersed onto a linear array of MKIDs. The slit could be formed by a mask, or a
fibre, or even an integral field unit (IFU). A KIDSpec design with multiple spatial
elements would require additional MKID pixels but would deliver additional in-
formation such as a simultaneous sky measurements or spatial information on the
source. We have chosen to keep the geometry here as simple as possible to demon-
strate KIDSpec’s and KSIM’s functionality, but more complex spaxel geometries

could also be simulated in a similar manner.

A key parameter of MKIDs, and thereby KIDSpec is how accurately they can
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3.2. KIDSpec Design

determine the energy of a photon, their energy resolution (Rg). This Rg allows
KIDSpec to discern the incoming orders from the echelle grating, thereby not re-
quiring a cross-disperser. The highest Rp achieved for MKIDs in the optical/NIR
regime is 55 at 402nm (de Visser et al., 2020). This is sufficient for KIDSpec but
is still 2-3 times lower than the theoretical maximum for MKID energy resolution

(Mazin et al., [2010]).

To separate the incoming orders, each MKID pixel within KIDSpec would see a
particular wavelength bin from each order exposed onto it, depending on the pixel’s
position in the linear array. The Rg then determines the number of orders which
can be separated, since a higher Rg results in a smaller FWHM for the phase height
Gaussians of each order. This is shown in Fig. with example grating orders of
8, 9, and 10, with the Rg for each order determined. Essentially, the higher the
Rp is of an MKID, the more orders can be resolved by the device. Conversely,
as the Rp lowers, the order Gaussians overlap more, and in a wider wavelength
range it becomes unclear to which order an individual photon belongs, and it could
be misidentified. From the top panel of Fig. if a photon event appears as
~475nm to the MKID, there is a finite probability that it could belong to any of
the orders shown. Probability distributions using the Scipy Stats Python module
were generated of the dataset shown in the top panel of Fig. A 475nm photon
would have a 20% likelihood to be from order 10, 74% likelihood to belong to order
9, and a 6% likelihood to belong to order 8. Here this photon would be sorted into
order 9, due to it having the highest probability, but it may have been incorrectly

placed.

In the bottom panel of Fig. a 3 X m separation between the orders is shown,
where m is the order number. For equal height Gaussians, the orders are fully
separated when Rg > 3m. The Rg of the MKIDs in an array hence defines the
highest grating order which can be resolved with this separation. However, by
using a separation factor of 2 instead, this would reduce the number of MKIDs

required for the same spectral resolution. The lower separation requirement means
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Figure 3.3: Three adjacent order Gaussians for orders 8, 9, and 10 with wavelengths
550, 489, and 440 nm at varying Rg. Values used here for Rg are 10, 20, and 30 at
the centre of Order 10, which are equal to the order number m, 2m, and 3m, where
m = 10 is the order number. Note that if the Rr was higher, the MKID could
resolve higher order numbers. The Gaussians were generated using the photon time
stream simulation outlined in Sec. and exhibit the spread of wavelengths of
the incoming photons as seen by the MKID because of its Rg, which is determined
for each order. The percentage of photons falling in an overlapping region for an
Rp of 10, 20, and 30 were approximately 97%, 38%, and 0% respectively.
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a higher maximum grating order, increasing the number of spectral orders exposed

onto the MKID. However, this increases the overlap between order Gaussians as
seen in Fig. [3:3]

To prevent photon misidentification issues in this scenario, these Gaussians could
be fitted with probability density functions to determine what photons are sorted
into which order. This function would be used to determine the probability of the
photon belonging to each spectral, similarly to the probabilities presented in the
previous paragraph. Whereas with a separation factor of 3, a range of wavelengths
would be assigned to each order and the incoming photons can simply be sorted
into which order they have originated from. Therefore reducing the separation
factor does complicate the analysis of incoming photons, and also requires enough
incoming photons to create the fits for the orders. For simplicity hereafter, a

separation factor of 3 is used.

Variance in the Rg of the MKIDs will also affect how well each individual MKID
can separate incoming wavelengths, meaning the width of the Gaussians shown in
Fig. will vary between MKID pixels in the array. We define this variance as
Ry which will also affect KIDSpec. This fabrication effect in addition to the dead

pixel fraction are explored in Sec.

To develop the design and establish the limitations of KIDSpec, a simulation tool
has been created to test various design and observational parameters, for a range
of science cases. This is the KIDSpec SIMulator (KSIM|). For the remainder of
this Chapter we outline KSIM and its current features, and include simulations of
a selection of KIDSpec’s science cases to showcase the instrument’s potential, and

limitations, upon construction.

3.3 KIDSpec Simulator

KSIM aims to give a performance prediction of what KIDSpec could achieve on

sky. A key motivation for KSIM is flexibility, to be able to simulate a range of

34



3.3. KIDSpec Simulator

Inbut parameters Telescope & other Count of photons
putp optics effects landing on MKIDs l
v v v
Import data Instrument slit Apply MK!D order
spectrum gaussians Simulate MKID
v v v photon time stream
. . Sort photons MKIDs during observation
Photon conversion Grating
observe/output
v v v
Sky photon addition MKID pixel incoming Observed photon list
photons
v v v
Atmospheric effects MKID QE Processing produced } Final output
data spectrum

Figure 3.4: Flowchart depicting an overview of KSIM during the simulation of an
object spectrum. The split in the directional arrows in the top right corner of the
diagram indicates a choice of two methods for processing the MKID response to
the incoming photons, the order Gaussians and photon time stream method, more

details in Sec. and

potential KIDSpec instruments, to give an overview simulation of what science
those potential instruments could be used for. Fig. shows a flowchart of KSIM.
A parameter text file is read in, which includes aspects such as the grating para-
meters, telescope information, and atmospheric parameters. The full list of KSIM
parameters are included in Sec. All steps in KSIM are modular and so can be
modified easily. Within KSIM, spectral pixels are defined as the number of MKID
pixels used to make up an individual 1D spectrum. The effective number of MKID

pixels is the total MKID pixels multiplied by the number of orders each MKID
observes, more details in Sec. and

The simulation initially reads in the data spectrum of the object to be simulated. As
the simulation progresses, various processes are accounted for such as atmosphere

and telescope transmission.
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3.3.1 Atmospheric effects, photon conversion, and telescope

effects

Transmission data for the atmosphere was acquired from the GEMINI Observat-
or in Cerro Pachon, Chile. The optical (OPT) extinction, and the near-infrared
(NIR) atmospheric transmissimﬂ data were utilised. This transmission data was
used instead of potential data from Paranal because the GEMINI data is publicly
available. Paranal data that could be sourced was used, such as the sky emission
used later in this Chapter. The OPT extinction data was converted to the OPT

transmission of the atmosphere using Eq.

I2 _ Aatmos®
71 = OPTTransmission =€ t2'5 (32)

where I; and I, are the intensity before and after atmospheric transmission respect-
ively, Aatmos is the atmospheric extinction values from GEMINI, and z is airmass.
The computed OPT transmission data and GEMINI NIR transmission data are
then applied to the spectrum. For flux to photon conversion Eq. is used which

. . 9 1 z-1
assumes flux F in units of erg cm™2 s A",

F AN Amirror texposure
Ephoton

Nphotons - ( > X ,Ttel X T’ins (33)

where A\ is the size of the wavelength bins in the spectrum, Apirror is the area of the
telescope mirror, texposure i the exposure time, Nppotons is the number of photons
arriving within A\ with wavelength A, energy of the photon is defined as Eppoton =
he/ A, Ty is the telescope transmission, and Tj,s is the optics transmission of the
instrument. Telescope and optics reflectance are separately modelled using material

reflectivity values as a function of wavelength. For the telescope mirrors and optical

*https://www.gemini.edu/
Thttps://www.gemini.edu/observing/telescopes-and-sites/sites#Transmission
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3.8.2. Instrument slit and MKID QFE

surfaces transmission, freshly recoated silver mirror transmission data is used from

the GEMINTI telescopes]

3.3.2 Instrument slit and MKID QE

This section of KSIM is where the effects of the incoming light propagating through
the slit are simulated. A transmissions file is used containing transmission factors

with respect to wavelength, which can be generated within KSIM.

A Gaussian distribution is used to model the point spread function of the incom-
ing point source object flux, over the desired slit parameters. To create one of
the transmission files the standard deviation of this Gaussian is calculated. An
example of this Gaussian distribution is shown in Fig. This method is well
documented within the ESO ETCs and in van den Ancker et al.| (2016), and is used
in KSIM because many of the simulations that will be done with KSIM will not
involve individually simulating each incoming photon. Rather, the final result of
the exposure will be determined, similar to the ESO ETC simulations. It should be
noted then, that effects due to speckles and short exposure PSF distortion are not
considered for the photon stream simulations later in this Chapter. However the
purpose of the photon stream is more focused on the performance of the MKIDs
themselves rather than an entire exposure, particularly due to the computing time

required, as discussed later.

The standard deviation is dependant on the wavelength of the incoming photons
and is also the result of atmospheric effects, i.e. seeing in units of arcseconds. The
simulation calculates the standard deviation value by finding the FWHM using a
method outlined in jvan den Ancker et al.| (2016]) and is also used in the X-Shooter
Exposure Time Calculatorﬂ To determine the FWHM of the Gaussian, the Image

Quality (IQ) using Eq. is found,

“http://www.gemini.edu/observing/telescopes-and-sites/telescopes
Thttps://www.eso.org/observing/etc/bin/gen/form?INS . NAME=X- SHOOTER+INS . MODE=
spectro
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Figure 3.5: Gaussian distribution of a stellar object because of simulated atmo-
sphere. Parameters were; seeing set to 0.8", airmass 1.5, slit width 0.63" and length
2.7", pixel scale of 0.3", and at a wavelength of 534nm. The solid box shows the
spaxel used in this work. The dashed boxes represent a potential spatial geometry
using additional spaxels, e.g. for simultaneous sky measurement.

1Q = \/FWHMZ,, (5, X, A) + FWHMZ,(D, ) + FWHM?

atm ins

(3.4)

where s is seeing in arcseconds, x airmass, A wavelength in nm, and D telescope

diameter in metres. The value of FWHM;,s is a constant adopted from

\Ancker et al| (2016) as an estimate for KIDSpec also. FWHMy, is calculated as

shown in Eq. (van den Ancker et al. 2016) which is the FWHM of the Airy

disc with the same units as Eq.

A
FWHMei(D, A) = 0.000212 7. (3.5)

Finally,
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A —0.2
500nm (3.6)

\/1 + Fxolp X 2.183 x (rq/Lg)0-356

FWHMam (s, 2,A) = s x 200 x

where Lg is the wavefront outer scale, Fiopp is the Kolb factor, and rg is the Fried
parameter defined in Eq. (van den Ancker et all[2016). When Ly is approached
to or exceeded by the telescope’s diameter, the optical turbulence effects change.
For example tip and tilt aberration power is reduced (Ziad, 2016). The Fried

parameter is described in Eq. at a particular wavelength and airmass,

1 A2 0.6
= 0.101 - et .
ro = 0.101 x s7° X 5000 (3.7)
The Kolb factor is defined as follows,
1
Fxot, = 1 (3-8)

1+300x D/Ly

with the same definitions as above (van den Ancker et al., 2016). When the stand-
ard deviation is calculated and applied to a Gaussian distribution in a 2D plane,
it results in images similar to Fig. This image shows the spread of a point
source’s incoming flux to ground observatories as a result of atmospheric effects.
These Gaussian fields are used to find the object intensity transmission through

the user-set slit, depending on wavelength.

At this point in the simulation the sky background is added, using data generated
from the ESO SKYCALC Sky Model Calculatoif] A separate sky-only simulation
is computed simultaneously from this point, for sky subtraction in the final steps of
KSIM. This assumes the same slit geometry as the science observation. In practice,
this could be taken by offsetting the telescope at the expense of additional telescope
time, or a simultaneous sky exposure could be taken using additional MKIDs as

described in Sec. [3.2

*http://www.eso.org/observing/etc/bin/gen/form?INS.MODE=swuspectr+INS.NAME=
SKYCALC
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3.3.8. Grating

The QE of the MKIDs is also applied here to simplify the software at later stages.
The QE value used is either a constant value of 0.75 (Marsden et al., 2013), or a
value between 0.73 at 200nm reducing to 0.22 at 3000nm, as shown in |Mazin et al.
(2010). However, more recent work has begun to improve this to >80% absorption
from 400 to 1500nm (Kouwenhoven et al., |2021)), using a method shown in Dai
et al.| (2019) where efficiencies > 90% were demonstrated at 1550nm. The use of a
microlens array to focus incoming light onto the sensitive portion of the detector

is assumed in KSIM. This is to ensure a nearly 100% factor (Mazin et al., [2010)).

3.3.3 Grating

KIDSpec will use an echelle grating for multiple orders to be exposed onto the
MKID array. The grating of the instrument and its efficiency is simulated using a

method outlined in |Casini and Nelson| (2014).

This section of the simulation is split into three parts; calculating the relevant orders
and efficiency of the grating setup, assigning the pixels that the spectrum photons
fall onto by their wavelength, and distributing the photons which arrive to the
instrument. For the first part the simulation calculates each order’s wavelengths up
to a chosen order number. While the light from all orders will land onto the MKIDs,
only orders with wavelengths within the bandpass are considered. The wavelengths

KIDSpec will observe in KSIM are calculated using the grating equation,

d (sin(B) + sin(a))

A= (3.9)

where ) is wavelength, d the groove spacing, m the order number, « the incidence
angle, and 8 the angle of diffraction. The orders which have values of A within the

bandpass are extracted.

The efficiency of the grating is found using Eq. [3.10
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3.8.4. MKID Order Gaussians

(3.10)

1(8) = sinc® (Wr cos(a) sin(o — @) +sin(f — ¢>)

cos(a — @) sin(a) + sin(3)

where ¢ is the blaze angle and all other variables have the same definition as Eq.
(Casini and Nelson|, [2014). Fig. shows an example of how Eq. is used within
KSIM. The calculated wavelengths (from Eq. and efficiencies are mapped to
the MKIDs, depending on their position in the array. The number of wavelengths
a spectral pixel (an MKID) will observe is the number of orders passing the grating
calculations. For the third part of this section, the majority of input data spectra
used will have a different spectral resolution than what KSIM can produce. This
is because of a large number of effective MKID pixels; the data spectrum can be

interpolated if necessary.

Starting with the data spectrum, each wavelength is binned onto a KIDSpec grid
of effective MKID pixel bins using Eq. [3.9] The grating efficiency for each bin
in the order is applied. In the cases where photons with a wavelength which falls
within a region of order overlap, the grating efficiency of each order distributes
the photons into the different grating orders. A Poisson distribution is used to
simulate the photon shot noise for each bin. In an MKID array there are a typically
a number of unresponsive (or dead) pixels due to current fabrication processes
(Walter et al., 2020). These can be included in the simulation and distributed

randomly in position in the array.

3.3.4 MKID Order Gaussians

The MKID pixel response to each order incident on it is applied in this section of the
simulation tool, examples of which are shown in Fig. 3.3] Each MKID has a single
wavelength incident on it from each order, defined here as the order wavelength.
However incoming photons of the same wavelength cause a range of responses by
the MKID, resulting in a range of measured wavelengths for each order, as discussed

in Sec. The size of this range is dependant on the Rg. To represent this range
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3.8.4. MKID Order Gaussians
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Figure 3.6: Grating efficiency plot calculated using Eq. For this a grating
with 241 grooves/mm, a blaze angle of 25 degrees, and a reflected angle angle
of 16.9 degrees was used. This grating is only used here as an example to show
how the grating efficiencies are calculated later in KSIM, using a method shown in
Casini and Nelson| (2014).

of wavelengths, each order observed by the MKID is assigned a random Gaussian
distribution. The mean of this order Gaussian is the order wavelength incident
on that MKID. The standard deviation value of the order Gaussian distribution is
calculated using Eq. used from Marsden et al.| (2013) with the FWHM term
defined as in Sec.

(3.11)

lo

_ 22
"~ Rp x 2/21log(2)

with Rp and the mean wavelength p). Rp in the MKID array reduces as the
wavelength increases, owing to them breaking fewer Cooper pairs, which also causes
the fast rise heights to drop closer to the phase stream noise. In the simulation the
RE drops from the value set in the parameters, decreasing linearly with increasing
wavelength (O’Brien et al., 2014)) instead of decreasing as the square root. This is
because the condition of retaining all of the photon’s energy within the detector
was assumed to not be met here, following MKID detectors constructed at the

time of writing this thesis (De Visser et al., 2021; [Szypryt et al., [2017)). Ryq is
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3.8.4. MKID Order Gaussians

implemented here if desired, and will vary each MKID pixel’s Rg following an
approximately Gaussian trend (Meeker et al. 2018) centred on the set Rg in the

KSIM parameters. The scale of R, can be set by the user.

Order overlap within the simulation is defined as when the Gaussians calculated
above, overlap in wavelength as seen in Fig. [3.3] The order of a photon within
an overlapping region of wavelength, is determined by the order with the highest
probability for that particular wavelength. After the overlap is calculated, the
photons are sorted into their highest probability orders using the description above.
A list of photon counts seen by the MKID from each order is then produced. A
non-trivial scenario which can be seen with KSIM is when the Gaussians are not all
equal height, which can negatively impact the percentage of photons misidentified.
An example of this is bright sky lines which could cause this difference in heights

to occur during observations.

For the bottom panel of Fig. where the Rg was 30 at 400nm, the misidentified
photon percentage was 0.2, 0.2, and 0.1 % for orders 8, 9, and 10 respectively. When
the incoming photon count of order 9 was increased to be 100 times the counts of
the other orders, orders 8, 9, and 10 had misidentified photon percentages of 5.8,
0.1, and 7.1% — a decrease in misidentified photons for the more intense order 9,

and an increase for the adjacent two orders.

The impact of the unequal Gaussian heights can be reduced by careful design of
the MKID arrays and optics used for KIDSpec. For example, in a constructed
KIDSpec there will be MKID pixels which will fall outside of multiple spectral
order’s Free Spectral Ranges (ESRE), and as such will receive less flux from these
orders. This will occur for MKIDs on the ends of the linear array. If these MKID
pixels with fewer orders are where the bright sky lines are exposed then the sky
lines will impact fewer orders than if it was exposed onto a central MKID which

had wavelengths from all order’s FSR.
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3.3.5. Photon Time Stream

3.3.5 Photon Time Stream

An alternative, more computationally expensive method to Sec. [3.34] is to simulate
the photon time stream (PTS) which each MKID would observe in an exposure.
This represents an actual MKID observation more closely than Sec. [3.3.4 This
method provides more output information of an object simulation, such as number
of potentially saturated time bins. A saturated time bin has had two photons arrive

in the same microsecond time bin.

The PTS method produces time bins from an exposure, rather than using only the
total photon count in wavelength bins, as described in Sec. The number of
time bins is determined by the exposure time, time resolution of the MKIDs, and
any coincidence rejection time the user wishes to incorporate. This coincidence
rejection time is incorporated because of the ‘cool-off’ tail of a fast rise in a phase
time stream, owing to a photon arrival. This tail can be seen in Fig. 2.5 If
a photon then arrives during this tail, the height of the rise will have the tail’s
height included within it, which makes it non-trivial to find the incoming photon’s
true fast rise height. Because of this, a duration of time bins following a photon
detection are rejected in software. For an example of a time bin calculation, an
MKID with time resolution 1us, used for an exposure of 50s, with a coincidence
rejection time of 200us, would result in a minimum of 250,000 time bins. This
200us rejection time is a conservative figure, as analysis of MKID data improves
this can be reduced to effectively zero, and currently on MEC a 10us rejection time
is used (Walter et al.,2020). The photons arriving at each MKID are then assigned
randomly into the time stream bins. Each order the MKID observes receives its
own time stream. The total MKID response for each time bin is determined by

summing the energies of the photons which arrived in that time bin.

Rp of the MKIDs at each order is calculated in the same way as in Sec. [3.3.4]
and similarly used in a random Gaussian distribution with the order wavelength

as the mean. After the PTS has been generated, the total response of each time
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bin is taken and KSIM attempts to assign the correct order wavelength to the
result of that time bin. A Gaussian probability density function is created for each
order, using the order wavelength and previously calculated 1o as the mean and
standard deviation respectively. The order distribution which produces the highest
probability is assumed to be the order of the photon which arrived in that time

bin.

A maximum of one photon per time bin is allowed here; any additional photons
saturate the time bin and have the potential to cause misidentifications in the
assignments of wavelengths to these photons. In the PTS the time bins of the
following = 100us after a photon event are not used because of the ‘cool-off’ tail
following the fast rise event. It should be noted that the method used here aims

to be conservative in its simulation.

As Rp increases with MKID development, more orders will also be able to be re-
solved, lowering the required MKIDs in an array as discussed in Sec. The
potential misidentification issues will also be reduced in the future as the readout
technology continues to be developed, and is not an issue with the MKIDs them-

selves.

3.3.6 Simulation Output

Here a grid of the MKID’s responses to the simulated observation is produced.
This response grid is in dimensions of order number vs pixel, and has a wavelength
counterpart. Sky subtraction is applied here using the sky only response grid, which
has been run through the simulation tool simultaneously. Using the sky subtracted

and sky only grids the SNR is determined.

Orders are merged using these response grids by rebinning the response grids onto
a larger grid to form a 1D spectrum. From the rebinning a raw photon spectrum
is produced, before having a set of standard star weights applied to the wavelength

bins. The observed photon counts are not discarded however and can be retrieved.
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3.4. Simulations

These standard star weights are calculated by simulating a standard star spectrum,
GD71 (V=13.032), with the simulation tool. This spectrum was obtained from
the ESO Archive and simulated using KSIM with an exposure time of one hour.
The resulting spectrum of the standard star simulation is divided by the original
standard star spectrum, to produce factors with respect to wavelength to account
for the instrument, atmosphere and telescope response, similarly to Modigliani
et al. (2010). This method assumes a bright enough comparison star can be found

that will mean the SNR of the object will dominate instrument performance.

Instead of using the known values of the various responses in KSIM, the standard
star weights are used to represent an observation using KIDSpec where these re-
sponses may not be known. The weighted spectrum is then converted back to units

: _9 1 ;-1
of flux in ergem=2s 1 A",

3.4 Simulations

In this section we optimise potential designs of a medium resolution KIDSpec and
show the impacts MKID fabrication effects may have on observations. Consistent

simulation parameters are shown in Table

3.4.1 KSIM to influence KIDSpec’s design

When designing KIDSpec the wavelength coverage must be carefully chosen to
maximise the use of the MKIDs, covering as wide a desired bandpass as possible.
To find the optimal use of a KIDSpec design, a scoring script was used which de-
termined the optimal grating order placements, considering the sky background
and atmospheric transmission. The orders were placed using a method from [Crop-
per et al.| (2003). The scorer varied the position of the highest order and number of
MKID pixels required given a set spectral resolution and Rg. Given a certain spec-

tral resolution, the wavelengths in each order were then sampled in the scorer with
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3.4.1. KSIM to influence KIDSpec’s design

Table 3.1: Consistent parameters and astronomical objects for simulations shown
in this Chapter. These parameters were used for each of the three setups described
in Sec. which were used to simulate the cases in this Chapter, unless stated
otherwise. The QE used was from Mazin et al. (2010]), and the fill factor of the
MKIDs was assumed to be incorporated in these QE results.

Parameter Value
Seeing (arcsec) 0.8
Airmass 1.5
Slit width (arcsec) 0.63
Pixel FOV (arcsec) 0.3
Incidence angle (deg) 25
Blaze angle (deg) 25
Telescope diameter (m) 8
Effective area (m?) 50
QE/Fill Factor 0.73-0.22/1.0
SDSS J003948.20+000814 (V=16) exposure time (seconds) 60
SDSS J003948.20+000814 (V=22) exposure time (seconds) 180
Mrk 348 (R=14) exposure time (seconds) 60
Mrk 348 (R=21) exposure time (seconds) 180
JAGUAR mock galaxy (R=20) exposure time (seconds) 180 & 1800
HD212442 (R=T7) exposure time (seconds) 60

score gained for the wavelength residing in an area of high atmospheric transmis-
sion and low sky background. For the atmospheric transmission score, values were
given by the transmission values themselves, with score also gained from orders
missing areas of low transmission. For the sky background the values were norm-
alised, and then the inverse was used to calculate the score. The results for these
calculations for each individual wavelength bin were then summed to form the final
score of the setup. Two spectral resolving powers were chosen here, 5000 and 8500
to coincide with X-Shooter spectral resolving powers (Vernet et al., 2011)). A range

of Rg between 25 and 40 inclusive at approximately 400nm were also selected.
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Figure 3.8: Grating order placement optimiser results for a KIDSpec with a spectral
resolving powers of 8500 at Rp values of 30 (Top) and 40 (Bottom). Plotted for
all are the grating order wavelength ranges observed by the MKIDs in bold black
bars. The free spectral range for each order is represented by the thinner black
lines and arrows pointing inwards. Magnitude bands from ESO used for ETC
simulations are also plotted, with the GEMINI atmospheric transmission data.
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Figure 3.9: Grating order placement optimiser results for a KIDSpec with a spectral
resolving power of 5000 at Rp values of 30 (Top) and 25 (Bottom). Plotted for
both are the grating order wavelength ranges observed by the MKIDs in bold black
bars. The free spectral range for each order is represented by the thinner black

lines and arrows pointing inwards. Magnitude bands from ESO used for ETC
simulations are also plotted, with the GEMINI atmospheric transmission data.
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3.4.1. KSIM to influence KIDSpec’s design

The optimiser’s results for the parameter space which was sampled is shown in
Fig 37 For the 8500 spectral resolving power setup, two Rp values were used,
30 and 40. These optimisations resulted in a 1st order central wavelength of 3.44
and 4.86um respectively. The number of pixels determined were 6000 and 3800
respectively. The difference in number of pixels between the two were the result
of the R = 40 setup observing more grating orders with a 30 separation as
discussed in Sec. The gaps in coverage for these setups were optimised by
the scorer to contain the large dips in atmospheric transmission, rather than add
extra MKIDs to get full bandpass coverage at this resolving power. For the 5000
spectral resolving power setup Rp values of 25 and 30 were used. This gave a
1st order central wavelength of 3.04 and 3.50 um respectively, with 4000 and 3200
MKID pixels. Shown in Fig. and are the scorer’s chosen grating order
placements for a spectral resolving power of both 8500 and 5000 at various Rp
values. Magnitude bands from ESO[f] used for ETC simulations are also plotted in
Fig. and with the GEMINI atmospheric transmission data. The Rg = 30
results demonstrate a trade off between spectral resolving power and number of
MKID pixels, to achieve similar grating order placement. This trade off is shown
by the 8500 spectral resolving power results for Rp = 30 having a number of MKID
pixels that was higher, than that for the 5000 spectral resolving power. Additionally
from Fig. [3.§ and [3.9] with the results using the same spectral resolving power, a
higher Rp allows for a reduction in the number of MKID pixels required for an
optimised coverage in the range ~ 400 — 2000nm. This is understandable, owing to
a higher Rr meaning more orders can be separated and so more order wavelengths

can be observed on a single MKID.

For all of these KIDSpec setups, limiting magnitudes were predicted using KSIM.
The AB magnitudes of each order’s blaze wavelength were simulated, for varying
exposures on a 8m class telescope, at the point where SNR>10, given a 30s expos-

ure, without the Rp variation effects. This demonstrates KIDSpec’s potential for

“https://www.eso.org/observing/etc/doc/formulabook/nodel2.html
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3.4.1. KSIM to influence KIDSpec’s design

short exposure science. A one hour exposure for SNR>10 was also done, to match
the X-Shooter limiting magnitudes setup in Vernet et al| (2011)). Table con-
tains the results of the predictions. From Table [3.2] KIDSpec could, for exposures
of only 30 seconds for an SNR>10, achieve magnitudes of up to ~ 17.7 for a spec-
tral resolving power of 8500, and = 18.0 for 5000. This increases to up to ~ 21.7
and =~ 21.8 for the two spectral resolving powers respectively, for an exposure of
one hour. The results for the exposure time of 3600s are plotted in Fig. All
the plots show the same general trend as seen in Kaper et al. (2008) as a result
of atmospheric absorption. An interesting result is the spectral resolution of 5000
and Rg of 30 at ~ 1100nm which has a sudden brighter magnitude. This is due
to this wavelength region being within an area of atmospheric absorption that is
high and happened to correspond with this results wavelength bin, which can be

seen in Fig. and which then caused the poorer performance here.

KIDSpec’s spectral resolving power can be lowered post observation with rebinning
and no detriment, owing to the lack of readout noise. The 5000 spectral resolving
power performs similarly to the 8500 spectral resolving power setup towards the
H band. This is the result of the low atmospheric transmission areas contained
inside these orders as seen in Fig. and For the two spectral resolving
power setups with R = 30, as expected, the lower spectral resolving power had
fainter magnitudes, except for the ~ 1200nm result where the two are very similar.
This is because of this wavelength being in a low atmosphere transmission region
in the J band. These results demonstrate that KIDSpec has the potential to make
a large impact, while still having the flexibility in post observation rebinning and

low-noise capabilities of the MKID devices.

These varying simulated KIDSpec setups demonstrate KSIM’s potential to simulate
a variety of design choices for KIDSpec and will therefore help finalise a KIDSpec

design.

In the rest of this work, we utilise the two 5000 spectral resolving power setups,

and the 8500 spectral resolving power setup with Ry = 40. The Rg = 30 setup is
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3.4.2. MKID Fabrication Effects

omitted, because of it having similar grating order placements as its 5000 spectral

resolving power counterpart.

3.4.2 MKID Fabrication Effects

To observe the potential impact of MKID effects such as dead pixels and varying

Rpg, KSIM can include these effects in a simulation.

Here the impact of combinations of dead pixels and R, are explored. The dead
pixel proportion was allowed to vary up to 22%, similar to the yield from [Walter
et al. (2020)), with the dead pixels randomly assigned. Other dead pixel propor-
tions included are; 1% a yield from a Hawaii 2RG detector currently conducting
observation and 3% from the yield of a avalanche photodiode array (Atkinson
et al., |2017)). Other instrument avalanche photodiode arrays have reported yields
of 5%|ﬂ Meeker et al.|(2018) showed a R4, that occurred in an array of MKIDs for
DARKNESS. This variance had an approximately Gaussian form with a standard
deviation of 3, centred on 8. To investigate the impact this variance could have
on KIDSpec, it is simulated using KSIM. As described in Sec. Rp of the
MKIDs were randomly chosen using a normal distribution with varying standard
deviations, up to 10. This is a similar ratio to central Rr as was observed in Meeker
et al. (2018]), owing to the Rp here being higher. It should be noted that these
values used for the dead pixels and R, are an upper limit, and are from earlier
MKID instruments. Current MKID technology is expected to improve on these

values.

The object used for these simulations was a mpr = 20 mock star-forming galaxy
spectrum at redshift z = 2, from the JAGUAR mock catalogue (Williams et al.|
2018]), chosen for the wide wavelength range which covers the KIDSpec bandpass

in these simulations. An example of this simulation is included in Fig. for

*https://www.eso.org/sci/facilities/paranal/instruments/crires/doc/CRIRES_User_
Manual_P108_Phase2.pdf

Thttps://www.eso.org/observing/dfo/quality/PIONIER/reports/HEALTH/trend_report_
BADPIX_HC.html
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3.4.2. MKID Fabrication Effects

the 8500 spectral resolving power design. The ESO SKYCALC tool was used here
for the sky background, with the assumption of a second MKID array observing
a similar patch of sky simultaneously during the observation. The rebinning of
this spectrum from a spectral resolution of 8500 to 4000 would also have reduced
the appearance of sky features from the background. The section between /1300
to ~1500 nm falls directly in a region of poor atmospheric transmission, which
could result in a poorer recreation of the galaxy spectrum. This setup however has
omitted this area of atmospheric transmission owing to the optimiser which gives
the gap seen in their respective figures. The region of ~ 350 — 370nm has poor
results here also because of the atmospheric transmission reducing quickly from
~ 400nm as can be seen in Fig. and [3.9] This transmission resulted in very
low numbers of photons reaching the detector stage of the simulation causing this
wide spread of flux for this region. The sharp line noise at ~ 1100nm is also the

result of low atmospheric transmission and bright sky lines in this region.

To understand how these MKID effects may impact observations, different com-
binations of these effects were tested for the spectral resolving powers of 8500 with
Rg = 40, and both 5000 KIDSpec setups. An exposure time of 1800s is used on
an 8m diameter telescope. To track KIDSpec performance in observing this spec-
trum, a Reduced Chi-Squared (RCS)) value between the JAGUAR spectrum and

the KIDSpec spectrum was used.

Fig. contains the results for each combination. All had multiple simulation
results averaged, to reduce the impact of photon shot noise. Of the two effects
tested, the dead pixels had the largest impact on the RCS value. For no dead pixels,
the Ryq- caused a change of 0.09, 0.34, and 0.30 in the RCS value, from standard
deviation values of 0-10 for the Rr = 40, 30, and 25 setups respectively. Whereas
for no variance, the dead pixels caused a change of 1.66, 1.43, and 1.37 in RCS value
from 0-22% dead pixels, for the Rg = 40, 30, and 25 setups respectively. Generally
for all plots, a trend of increasing RCS occurs diagonally, following increasing dead

pixels and R,q-. Outliers such as the 6% dead pixels and Rg standard deviation of
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Figure 3.11: Simulations of a JAGUAR mock spectrum (mp = 20) for 1800s on a
8m telescope using the consistent parameters in Table Shown is the result for
the KIDSpec setup with a spectral resolving power of 8500, rebinned to a spectral
resolving power of ~ 4000, the original resolving power of the JAGUAR spectra.
In the upper segment of the Figure the blue represents the KSIM result, and the
red the input spectrum. The percentage residuals for their respective simulations
are included in the bottom segment of the Figure. The result from KSIM has been
split into two plots because of the lower flux at wavelengths higher than 1000nm,
this was simulated for a KIDSpec design with bandpass 0.35 — 1.8um.

10 tile, in the Rp = 25 simulations are the results of particularly unfortunate dead
or low Rg MKIDs. Here these MKIDs have had brighter portions of the JAGUAR

spectrum incident on them, and then are dead, have a lower Rg, or both.

As mentioned above, for the two 5000 spectral resolving power setups, Ry had
a greater impact than for the higher Rp 8500 spectral resolving power setup. All
RpE standard deviations of 10 had higher RCS values for the R = 25 and 30 setup
than the R = 40 simulations. This is expected since the value of the standard
deviations used across the setup simulations was the same. But this demonstrates
that as the Rp continues to improve alongside the fabrication, the effect of the
RpE variation will be mitigated. The dead pixel percentages which follow currently

active instruments also did not greatly impact the RCS value. The 1% dead pixel
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3.5. Science Examples

simulations had average RCS values of only 1.15, 1.11, and 1.21 across the R = 40,
30, and 25 simulations respectively. For the 3% dead pixel simulations, the average
RCS values were 1.21, 1.55, and 1.26. In particular for the Ry = 40 simulations

these effects did not cause a large increase in RCS.

To mitigate the impact these effects will have on an observation with KIDSpec,
any dead pixels, with their locations, and the Rg values of the MKID array will
be known when the MKID array has been fabricated. This knowledge could be
used to dither or nod the telescope to manoeuvre objects of interest away from
being exposed onto dead pixels. This would therefore reduce their impact on a
final observation. Additionally because of the lack of read noise, rebinning can be
used here with no penalty. For example, if a dead pixel would happen to have
a part of a line feature incident on it. With KIDSpec the spectrum could be
rebinned, removing that dead bin and only leaving the reduction to the overall
SNR. Additionally for both effects, as fabrication methods improve these effects

will reduce, further lowering their impact.

3.5 Science Examples

3.5.1 Stellar Spectra

HD212442, a B9 type star of mg = 7, is simulated here to act as a comparison object
between the PTS and Order Gaussian methods of simulating the MKID response.
The HD212442 spectrum is used from the ESO Archive Library. Parameters used
for these simulations are shown in Table with exposure time and telescope
primary mirror diameter being set to 60 seconds and 0.5 metres respectively. This
exposure is chosen here owing to this being the exposure time taken of HD212442
by X-Shooter to gain this data. Here KIDSpec was simulated on a 0.5m diameter
telescope, to coincide with the many smaller robotic telescopes currently active in

the world, for examples see|Jehin et al.|(2011), Williams et al.| (2008)), |Steeghs et al.
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3.5.1. Stellar Spectra

(2022), Roelfsema et al.| (2016]) and Boer et al.| (2003]).

This comparison of the resulting HD212442 spectrum, between the Order Gaussian
and PTS methods gave a R value of 0.964, implying strong positive correlation.
Here a value of 1 or -1 implies the two spectra are entirely positively or negat-
ively correlated respectively, greater than 0.5 implies strong positive correlation,
and 0 implies entirely no relationship between the two datasets. Additionally the
Ha feature at =~ 656nm for both was fitted, as shown in Fig. A Lorentzian
fitted to this feature gave a width which, both matched each other and the ori-
ginal data spectrum of HD212442 used, with the Order Gaussian method having a
width of 1.513£0.040 nm and the PTS method had 1.5054+0.038 nm. The original
data spectrum of HD212442 had a Ha width of 1.483+0.007 nm, meaning KSIM
successfully retrieved this feature across both methods of MKID simulation. From
these results we assume the two methods act generally consistently. To observe how
faint KIDSpec could still fit this feature for a 60 second exposure on a 0.5m dia-
meter telescope, the magnitude of HD212442 was reduced and simulated using the
Order Gaussian method. This was also measured using the Pearson R correlation
coefficient value between the KSIM spectrum and the HD212442 spectrum. Fig.
shows the results of this as HD212442’s magnitude was progressively reduced.
From Fig. KIDSpec could successfully retrieve the Ha line to mp ~ 14 on a
0.5m diameter telescope for a 60s exposure. Extending this to a 3600s exposure,
the Ha line could be retrieved down to mp = 18, with a fit of 1.420+0.141 with a
R value of 0.50. This gain in magnitude is greater than what would be expected
when just considering the SNR, which is /(60) or ~ 2.2mag. However the fitter
was being used on a known line and therefore the wavelength region is known to

the fitter. This allowed it to fit beyond the SNR dropoff.

The theoretical brightness limit for this particular simulation on a 0.5m diameter
telescope can also be determined with KSIM. Using the MKID’s s time resolution
and the chosen coincidence rejection time, a maximum number of possible photons

per second can be calculated. The same coincidence rejection times discussed in
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Figure 3.13: Lorentzian fits of the Ha line for the PTS method of KSIM (Left),
the input data spectrum of HD212442 (Middle), and the Order Gaussian method
of KSIM (Right). The blue spectrum indicates the spectrum used for fitting, and
the red line is the resulting fit. These fits respectively gave a FWHM of the Ha
feature of 1.505+0.038, 1.483+0.007, and 1.513+0.040 nm. Both methods were
simulated using the KIDSpec setup with Rg = 30, and a spectral resolving power
of 5000. The R value comparing the two MKID simulation methods was 0.964.

Both methods were simulated using the parameters in Table and for 60s on a
0.5m telescope.
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Figure 3.14: Fit results of KSIM simulations of the magnitude reduced spectrum
of HD212442, simulated on a 0.5m telescope for 60s using the spectral resolving
power of 5000 and energy resolution of 30. The bold black horizontal line is the fit
to the input spectrum, and the red bar is the error in this fit. The circular points
are the KSIM data fit and the errorbars are included for each fit. At mpr =~ 14 the
R value of the resulting fit reduces to 0.48, below the 0.5 threshold for the fit and
data to be strongly correlated.
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3.5.2. SDSS J005948.20+000814.6

Sec. 200 and 10 ps, are used here. Considering the Hc line again from the
HD212442 spectrum, it could be observed to mgr ~ 0.5 for a coincidence rejection
time of 200 ps. For 10 us, the line could be observed up to mpr ~ —2.4, with a

range then of down to mg =~ 18, as described above.

3.5.2 SDSS J003948.204+000814.6

KIDSpec has the potential to be able to observe many galaxy emission lines. As an
example of this is the my = 16 star forming galaxy SDSS J003948.20+000814.6 was
simulated in KSIM. The data for this galaxy was used from the Sloan Digital Sky
Survey’s (SDSS’s) 16th Data Release (DR) (Ahumada et al.,[2020). In Table[3.1]are
the parameters used for the simulation of this target, with telescope diameter and
exposure time set to 8m and 60s respectively. These simulations gave an average
blaze wavelength SNR of 24.1, 29.2, and 32.8 for the 8500, 5000 (Rg = 25), and
5000 (Rp = 30) spectral resolving power setups respectively. These results are in
line with expectations, because an improvement in SNR of /8500/5000 would be
expected. Here that is 24.2 x /8500/5000 = 30.9, which is approximately the two
R = 5000 SNR results.

One of the key advantages KIDSpec would have over typical CCD detectors is the
lack of read noise and dark current, particularly aiding faint source spectroscopy.
To illustrate this, X-Shooter’s ETC was used to calculate the predicted SNR for an
observation and compare with KIDSpec’s. This instrument was chosen because X-
Shooter is an optical to NIR spectrograph with comparable spectral resolution. For
this comparison a my = 22 spectrum of SDSS J003948.20+000814.6 was simulated,
for a 180s exposure on an 8m telescope. The mean SNR was taken from the blaze
wavelength SNRs from X-Shooter’s ETC for this spectrum observation, and the
same was done for KSIM’s result. Results are shown in Table The average SNR
for KIDSpec in this comparison was 1.66 and 1.71 for the two spectral resolving

power of 5000 setups, with Rp 25 and 30 respectively. The spectral resolving power
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Figure 3.15: KSIM simulation of SDSS J003948.20+000814.6 (my = 22), with an
exposure of 180s on an 8m class telescope. Shown are the Lorentzian fit results
for the KIDSpec setup with spectral resolving power 8500 and R = 40 (Left),
spectral resolving power 5000 and Rp = 30 (Middle Left), spectral resolving
power 5000 and Rp = 25 (Middle Right), and the original spectral resolving
power =~ 2000 data spectrum (Right). Included here is the Lorentzian fit of the
Ha and NII line located at =726 and 729nm to determine its FWHM. For the Ha
line this gave 0.7924+0.052nm for the input data spectrum from the SDSS DR, and
0.809+0.084, 0.8154+0.100nm, and 0.927+0.096nm for the 8500, 5000 (Rgp = 30),
and 5000 (Rgp = 25) spectral resolving power setups respectively. For the NII
line this gave 0.614+0.076nm for the input data spectrum from the SDSS DR, and
0.6344+0.142nm, 0.640£0.130nm, and 0.568+0.101nm for the 8500, 5000 (Rr = 30),
and 5000 (Rg = 25) spectral resolving power setups respectively.

of 8500 had a average SNR of 1.44. For X-Shooter the average SNRs were 1.10 and

0.83 respectively for the spectral resolving power options of 5000 and 8900.

Using its MKIDs, KIDSpec would also be able to flexibly rebin down to lower spec-
tral resolving powers, because the detectors do not suffer from read noise. By rebin-
ning down to a spectral resolving power of = 2000, features can be extracted from
faint objects and short exposures. This resolving power is the approximate spec-
tral resolving power used to originally observe SDSS J003948.204+000814.6. The
rebinning which was computed was including bright sky lines, and the wavelength
bins were calculated using the desired spectral resolution across the bandpass of the
simulation. This simple method was chosen to demonstrate the benefit of rebinning

KIDSpec observations without adding complexity to the data analysis.
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3.5.8. Mrk 348

The Lorentzian fitter was used to find the width of the Ha and NII lines, located
at ~726 and 729nm respectively. For the Ha line, this gave 0.792+0.052 nm for
the input data spectrum from the SDSS DR, and 0.809+0.084, 0.815+0.100, and
0.9274+0.096 nm for the 8500, 5000 (Rp = 30), and 5000 (Rp = 25) spectral
resolving power setups respectively. For the NII line, this gave 0.614+0.076 nm
for the input data spectrum from the SDSS DR. KIDSpec achieved 0.63440.142,
0.640+0.130, and 0.568+0.101 nm for the 8500, 5000 (Rg = 30), and 5000 (Rg =
25) spectral resolving power setups respectively. Results are shown in Fig. .
These results demonstrate the potential for KIDSpec to reach higher SNRs with set
exposure times, using its lack of read noise and dark current. This is particularly
so for these short observations, where KIDSpec still successfully recreates spectral

lines.

3.5.3 Mrk 348

A NIR spectrum of Mrk 348 (mpr = 14) was simulated using KSIM, with the
parameters used for the simulation in Table The data of Mrk 348 shown
in Ramos Almeida et al.| (2009), were shared by the author for use in KSIM.
Exposure time and telescope diameter was set to 60s and 8m respectively. The
average SNR values for these simulations were 82.5, 105, and 102 for the 8500, 5000
(Rp = 25), and 5000 (Rg = 30) spectral resolving power setups respectively. The
larger difference between the SNR results for the Rg of 40 and 30 is expected here
also. This is due to the R =30 and 25 setups having a lower spectral resolution
of 5000 than the Rp=40 spectral resolution of 8500. The expected SNR for the
R = 5000 setup would be 82.5 x 1/8500/5000 = 107.3. The SNR results for the
R = 5000 setups are in line with this, with the difference here being acceptable due

to the photon shot noise simulated in these results.

To push KIDSpec to more extreme parameters, the mp magnitude of this spectrum
was reduced to 21, and simulated with an exposure time of 180s. Results are shown

in Fig. These simulations had average SNR values of 3.63, 4.60, and 4.79

64



3.5.8. Mrk 348

le—-17

—— Model spectrum
—— Spectrum from simulation rebinned

H

w

N

Flux / ergcm=2s"14-1

=

50

=50

900 1000 1100 1200 1300 1400 . 1500
Wavelength / nm

Residuals / %
o

Figure 3.16: Simulation of Mrk 348 (mp = 21) for 180s on a 8m telescope using the
parameters in Table Shown is the result for the KIDSpec setup with a spectral
resolving power of 8500. The percentage residuals are included in the bottom
segment of the Figure. The section between 1300 to ~1500 nm falls directly in
a region of poor atmospheric transmission, which results in a poorer recreation of
the galaxy spectrum. This setup however has omitted this area of atmospheric
transmission, owing to the optimiser which gives the gap seen in this wavelength
range.

for the 8500, 5000 (Rr = 25), and 5000 (Rg = 30) spectral resolving power
setups respectively. It is noted that the region of ~ 1300 — 1500nm had low flux
results for the Ry = 25 setup, which was because this region has poor atmospheric
transmission. For this reason the optimiser in Sec. omitted this region for
the other two setups shown in this Chapter, which can be seen in Fig. [3.16] This

poor transmission area can also be seen in Fig. and

From this, as done in Sec. [3.5.2] an SNR comparison was done with the X-Shooter
ETC. In the NIR KIDSpec is expected to improve over conventional NIR, detectors,
such as those used for X-Shooter, owing to the MKID’s lower noise capabilities
described in Sec. 2.1} As in Sec. 3.5.2] the setups from the ETC were chosen to
match KIDSpec’s spectral resolving power setups in KSIM. Table shows the

result for this comparison, with X-Shooter having average SNRs of 1.47 and 1.16
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for a spectral resolving power of 5000 and 8100 respectively. Here, KIDSpec more
than doubles these with 3.63, 4.60, and 4.79 for the 8500, 5000 (R = 25), and

5000 (Rg = 30) spectral resolving power setups respectively.

In Sec. the MKID’s improved sky subtraction was discussed, namely by util-
ising a simultaneous sky subtraction with the MKID’s time resolving capabilities.
To illustrate the impact a simultaneous sky subtraction has in comparison to not,
Mrk 348 at myz = 20 was simulated with both for 1800s. The simultaneous sky
subtraction resulted in an R value of 0.964. The sky spectrum from this expos-
ure was then used for the sky subtraction in a repeated simulation, to replicate
a separate sky exposure in an observation. This had an R value of 0.794. When
repeated for an exposure of 900s, the simultaneous sky exposure had an R value
of 0.960. Whereas the separate sky subtraction had an R value of 0.444, passing
the threshold of 0.5 making the result no longer strongly correlated. Additionally,
KIDSpec’s time resolving capability gives the potential to be able to track variation
in the sky lines with photon counting (Mazin et al., |2010). The logistics of using
simultaneous sky subtraction could be approached with multiple methods. Some
examples would be using a separate MKID array for KIDSpec, or ‘nodding’ the
telescope on sky. These aspects could improve KIDSpec’s performance particularly

in shorter exposures, where KIDSpec has scientific interests.

3.6 Short Period Binary systems

The Vera Rubin Observatory is predicted to detect tens of millions of eclipsing
binary systems during its survey, and Gaia was predicted to observe 30 million non-
single stars and 8 million spectroscopic binaries. So when short period systems are
found, typical CCD detectors will struggle to characterise these systems due to the
very short exposures required, causing errors as large as the estimated parameter
itself (Burdge et al., 2019) . These systems are also of great interest as they are

LISA verification sources (Kupfer et al., 2018; |Amaro-Seoane et al. |[2017) . It was
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3.6.1. KIDSpec Design and Simulation
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Figure 3.17: Optimiser grating parameters for a Rp of 40 with spectral resolv-
ing power 7500. Plotted are the grating order wavelength ranges observed by the
MKIDs in bold black bars. The free spectral range for each order is represented by
the thinner black lines and arrows pointing inwards. Magnitude bands from ESO
used for ETC simulations are also plotted. The GEMINI atmospheric transmission
data is plotted here at a sampling of 0.01nm, to illustrate the atmospheric trans-
mission across the bandpass. This gave a central first order wavelength of 4.9um
with 3400 MKIDs in the linear array. In the region of ~ 1.4um, the optimiser has
excluded this region due to the poor atmospheric transmission.

predicted that LSST would be able to find these systems up to a magnitude of ~ 24
(Korol et al., 2017) , but spectroscopic follow up will be non-trivial with typical
CCDs. KIDSpec however, using its low noise detectors present a solution to this

issue.

3.6.1 KIDSpec Design and Simulation

To determine a KIDSpec design for this, an optimiser was used to assign grating
parameters for the instrument. This optimiser takes in a desired Rp and spectral
resolving power to find the most suitable grating order placements with respect
to wavelength. Accounted for is the atmospheric transmission and sky brightness.

Atmospheric data is used from GEMINIF| and the ESO SKYCALC Sky Model

*http://www.gemini.edu/observing/telescopes-and-sites/telescopes
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3.6.2. Simulation Results

CalculatorT is used for the sky. A Rp of 40 was chosen as this would allow enough
orders to be separated for a spectral resolving power of 7500, which is high enough
to track spectral lines in a variety of astrophysical objects (D’Odorico et al., |2004)
, particularly for an instrument with a wide bandpass such as KIDSpec. The result
of the optimiser for the grating orders is shown in Fig. giving a central first
order wavelength of 4.9um with 3400 MKIDs in the linear array. This design for
KIDSpec was then simulated in this work using the KIDSpec Simulator (KSIM),

a end-to-end simulator to estimate how KIDSpec designs could perform on sky.

3.6.2 Simulation Results

3.6.2.1 8m telescope

To demonstrate the gains KIDSpec could make over conventional detectors, its
performance using KSIM was compared to FORS’ using its ESO ETC. Both were
simulated on an 8m diameter telescope. Simulated was a spectrum of ZTFJ1539
+ 5027 like system, the binary observed in |Burdge et al.| (2019) . This system has
a magnitude of ~ 19 and a period of 7 minutes. The setup chosen for FORS was
a spectral resolving power of 1420, due to this being closest to the ~ 1600 spectral
resolving power used for the original observations with LRIS. Through the lack
of read noise of the MKIDs, it is possible for KIDSpec’s original resolving power
of 7500 exposure to be flexibly rebinned down to 1420, without requiring different
gratings or setups. Additionally since KIDSpec would not need to be readout like a
typical CCD detector, this would give more time on sky observing the object rather
than reading out during a night on a telescope. This is considered here, with the
setup used for FORS this would require a readout time of 395@ Here this would
mean KIDSpec would be observing for an extra 39s on top of the original exposure

time, the total hereafter in this Chapter named the cycle time. The ZTFJ1539 +

“http://www.eso.org/observing/etc/bin/gen/form?INS.MODE=swspectr+INS.NAME=
SKYCALC

Thttps://www.eso.org/sci/facilities/paranal/instruments/fors/doc/
VLT-MAN-ES0-13100-1543_PO7.pdf
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3.6.2.1. 8m telescope
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Figure 3.18: SNR results at 452nm for simulating a ZTFJ1539 + 5027 like system at
various exposures. Also simulated were the cycle times for these FORS exposures.
SNR taken at a spectral resolving power of 1420, to align with the ~ 1600 spectral
resolving power setup used by LRIS for the original observations of ZTFJ1539 +
5027.

5027 like system was simulated for both instruments at varying exposure times, and
the SNR at FORS’ central wavelength of 452nm was taken. The same wavelength

bin was used for the KIDSpec result. Results are shown in Fig. 3.1

From Fig. at the shorter exposures such as 10s, KIDSpec at an SNR of 3.5
almost doubles the SNR of FORS at 1.8. This is as expected due to KIDSpec’s
MKIDs not suffering from read noise and dark current counts. When the cycle
time is considered, for a FORS exposure of 10s at 1.8 SNR KIDSpec had an SNR
of 7.7, a four times increase over the FORS result. As the exposure time increases
the gains KIDSpec makes reduces, down to 1.3 times the FORS SNR of 6.2. This is
expected as the exposure time increases since the impact of the read noise reduces

with longer exposures where you are no longer read noise dominated.
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3.6.2.2 40m telescope

Since there are gains to made using KIDSpec with its MKIDs, the potential of
KIDSpec on an ELT class telescope of diameter 39.3m was simulated using KSIM.
The ELT’s transmission for M1-6 were considered, and parameters for the atmo-
spheric conditions from ESO were also used (Clénet et al., 2015)). The ZTFJ1539 +
5027 (Burdge et al., 2019) like system was simulated here with reduced magnitudes
to find the limit for KIDSpec on the ELT. The threshold for this limit was 5, as
this was the likely target for the original LRIS observations, since the FORS ETC
simulations resulted in SNRs of ~ 5 when replicating the original observations in
Burdge et al.| (2019). The SNR was taken in the same way as Sec. Also
as in Sec. the KSIM 7500 spectral resolving power result was rebinned to
1420. KIDSpec using its MKIDs would not be limited by requiring a readout, so
in addition to using the MKIDs time resolution, signal in a particular time bin
can be built up with a continuous long observation. In Burdge et al. (2019)) 317
52s exposures were used, so with readout time this may have been a nights worth
of observations. Several observation times for this object were simulated; one 10s
time bin in the period as done in Sec. [3.6.2.1] one hour of observation, and 10

hours of observation.

Fig. [3.19 contains the results for the magnitude limits of these exposures. With a
spectral resolving power of 7500, KIDSpec could potentially reach my =~ 19.9 for
one orbital period which the approximate magnitude of ZTFJ1539 + 5027. When
rebinned to 1420 resolving power this increases to my = 21.3. Extending this
to an hour of observation would allow KIDSpec to reach my ~ 22.9, and finally
with 10 hours achieving my =~ 24.3. This improvement in magnitude is expected,
since increasing the exposure time from one hour to ten hours an improvement of
~ 1.25 magnitudes would be predicted. With a night of observation then on a
40m diameter telescope KIDSpec could spectroscopically follow up on any LISA

verification sources LSST photometrically finds in the sky.
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Figure 3.19: Magnitude limits for various exposures observing ZTFJ1539 + 5027
with an SNR of 5. With a spectral resolving power of 7500, KIDSpec could po-
tentially reach my ~ 19.9 for one period which the approximate magnitude of
ZTFJ1539 + 5027. When rebinned to 1420 resolving power this increases to
my ~ 21.3. Extending this to an hour of observation would allow KIDSpec to
reach my = 22.9, and finally with 10 hours achieving my =~ 24.3. This passes the
magnitude of 24 threshold from LSST for these LISA verification sources.

The limiting magnitudes of this design of KIDSpec across its bandpass on the ELT
were also found for an hour and 30s exposure, with a threshold of an SNR of 10.
Each grating order’s blaze wavelength SNR was measure here. Fig. contains
these results. The large peak at ~ 1000nm is the result of an unfortunate bright
sky line at this wavelength which reduced the limiting magnitude at this order’s
blaze wavelength. The 30s exposure limiting magnitudes at ~ 400 — 500nm again
approach the 19 magnitude of ZTFJ1539 + 5027, which would allow KIDSpec to
take more phase bins of the period. For 3600s KIDSpec could reach a magnitude
of ~ 23.8 and =~ 20.5 for 30s.

However the state of MKID research when the ELT construction is complete can
also be considered, as this is still quite some time away, at least the second half
of the 2020s (Tamai et al., 2020). In 2013 ARCONS (Mazin et all [2013) had
2024 MKIDs at an average Rp of 8. MEC (Walter et al., 2020) in 2020 had an
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Figure 3.20: Limiting magnitudes for the 7500 spectral resolving power design
used in this work. Each grating order’s blaze wavelength SNR was taken with a
threshold of SNR>10. Two exposure times were considered, 3600s and 30s. The
large peak at ~ 1000nm is the result of an unfortunate bright sky line at this
wavelength which reduced the limiting magnitude at this order’s blaze wavelength.
The 30s exposure limiting magnitudes at ~ 400 — 500nm again approach the 19
magnitude of ZTFJ1539 + 5027, which would allow KIDSpec to take more phase
bins of the period.

average Rp of 10 with 20,440 MKIDs. One of the focuses for MKID research in the
OPT/NIR in the 2020s will be to improve the energy resolution of the detectors

(Mazin et al., [2019)).

3.7 Discussion

As shown in this Chapter, KIDSpec will have the ability to observe a variety of
astronomical targets, and contribute to a wide range of science areas. The spectra
of stars carry important information about them; abundance of elements, effective
temperature, and gravity for example (Szczerba et al., [2020). Galaxy observa-
tions also present opportunities for many different science areas. High redshift star
forming galaxies and their emission lines can provide information on the stages of

evolution of the universe, such as the epoch of reionisation (Onodera et al., [2020)).
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Emission line galaxies at medium to high redshifts can aid in testing the cosmolo-
gical dark energy model and constrain it (Gao and Jing, 2020). The central phase
of reionisation of hydrogen in the universe can be investigated using Lya emitter
galaxies, because of the resonant scattering of Lya photons being responsive to
the neutral hydrogen in the intergalactic medium (Yang et all [2019)). KIDSpec’s
relevant features for this are that MKIDs do not suffer from readout noise, and
KIDSpec would have superb cosmic ray removal owing to the MKID’s time resol-
ution (Mazin et al. 2013). In an MKID, the cosmic ray event lasts a few hundred
microseconds and can be easily removed from the phase time-stream because of
its amplitude. This will result in the loss of a small fraction of an exposure. In a
semiconductor detector, all of the charge from the cosmic ray is stored until the

readout, affecting the whole exposure time (O’Brien} 2020)).

Also as discussed in Sec. because of the MKID’s lack of readout noise, the

resulting spectrum can be rebinned flexibly to a lower spectral resolution.

Active galactic nuclei can be spectrally identified using observed emission lines and
from this, information on their stellar populations can be gained. NIR spectroscopy
is well suited to this as it is in a less extinct wavelength range when compared to
the optical. NIR spectroscopy is not dominated by nonstellar emission, allowing
for the study of the stellar content of the galaxy, and the search for signatures of

intense star formation (Ramos Almeida et al., |2009).

Other science areas of interest to KIDSpec include spectrally time resolved stud-
ies such as orbits of compact binaries. These observations are currently limited,
especially ahead of the launch of the Laser Interferometer Space Antenna (LISA)
(Amaro-Seoane et al., 2017). LISA will aim to detect tens of thousands of these
systems (Burdge et al., 2019). For short period binaries, ~ 15 minutes, one limit-
ation of CCDs is their read noise. A sufficiently long exposure must be taken to
reduce the read noise’s impact, which limits the number of phase bins of the bin-
ary’s period to constrain its parameters. The effect of this is an increase in error

on the parameters, possibly even to similar values to the found feature (Burdge
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et al., [2019). Additionally, smearing of spectral features for systems with high ra-
dial velocity make long exposures also unsuitable, as the spectral line would not
be resolvable. MKIDs however, are not limited by exposure time owing to a lack
of read noise, and therefore can use more phase bins, i.e. shorter exposures, and
hence result in more constrained parameters. The LRIS instrument (Oke et al.,
1995) was used for spectroscopic observations of the system in Burdge et al.| (2019)).
LRIS can have a spectral resolving power between 300 and 5000 with a bandpass
of 320 to 1000 nm, making the 5000 spectral resolving power KIDSpec setup de-
scribed here an appropriate option. The magnitudes for 30s exposures with an
SNR > 10, calculated in Sec. [3.4.1] at a spectral resolving power of 5000 approach
the ~ 19 AB magnitude of the system observed in [Burdge et al. (2019). Using
KIDSpec would allow for more phase bins during an observation of these systems,
reducing the final error on the parameters. Additionally KIDSpec could take a con-
tinuous exposure and the observation can be separated afterwards because of the
time resolving capabilities of the MKIDs. This makes KIDSpec suited to observing

short period binaries, such as the systems LISA will observe.

Another field of interest is fast time variability systems such as pulsars, magnetic
white dwarfs, and other binary systems (Mazin), [2004). For pulsars and magnetic
white dwarfs, optical data alongside simultaneous radio and gamma ray observa-
tions, will aid testing of high-energy emission models (Mazin et al.,2010]). KIDSpec
will also be able to constrain parameters of various types of binaries (O’Brien, 2020).
In the Bowen region of 463 to 466 nm, there are narrow high excitation emission
lines, and these lines appear to move during the period of the binary system. Us-
ing the movement of these lines the semi amplitude of the radial velocity and mass
function can be constrained (Cornelisse et al., |2008). Discussed here are just a

selection of KIDSpec’s science cases, which continues to grow.
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3.8 KSIM Parameter List

Table [3.4] contains all variable parameters for KSIM, with units and formats.

Table 3.4: All parameters which can be altered for a astronomical target object

observation simulation using KSIM. Where appropriate, a requirement or range for

the value of the parameter is also included.

Parameter

Description

object_name

object_file

binstep

mairr_diam

central__obscuration

seeing

exposure__t

Name of astronomical target object being

simulated within KSIM.

Name of file containing spectrum of as-
tronomical target object, structured in
the form of two columns with wavelength

(nm) and flux (ergcmfzsflA_l).

The size in nm of the bins in the Object

File spectrum.

Diameter in cm of the primary mirror of

the telescope.

Percentage obscuration to the primary

mirror of the telescope.

Value of the atmospheric seeing, in arc-

seconds.

Exposure time of simulated observation in

seconds.
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3.8. KSIM Parameter List

tele_file Text file containing two columns,
wavelength in nm and percentage reflect-

ance of telescope mirror material.

lambda__low wval Minimum wavelength for simulated KID-
Spec bandpass. Minimum value of 350nm

and maximum value of 2999nm.

lambda__high__val Maximum wavelength for simulated KID-
spec bandpass. Minimum value of 351nm

and maximum value of 3000nm.

n_ pizels Number of MKID pixels in linear array for
KIDSpec. Minimum value greater than

Zero.

alpha__val Incidence angle of incoming light to grat-
ing in degrees.
phi_val Reflected central angle of incoming light

to grating in degrees.

refl _deg Reflected angle range of incoming light

passed to MKIDs in degrees.
grooves Number of grooves on grating per mm.

norders Number of grating orders to test for in-

coming wavelengths.

number__optical _surfaces Number of optical surfaces in KIDSpec
instrument between primary mirror and
MKIDs. The GEMINI silver mirrors re-

flectance is used here.
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3.8. KSIM Parameter List

folder__dir

fudicial _energy_res

fudicial _wavelength

coincidence__rejection__time

raw__sky_file

slit__width

pizel_fov

off _centre

airmass

dead__pizel perc

R_E spread

redshift

redshift _orig

Folder path where all other files can be

found and where results are saved to.

Energy resolution used to calculate energy

resolution at all other wavelengths.

Wavelength used to calculate energy res-

olution at all other wavelengths.

The coincidence rejection time, in us, used
for MKID saturation calculations for both

the PTS and Order Gaussian methods.

FITS file containing the sky background,
can be generated using ESO SKYCALC.

Width of slit in arcseconds.
FoV of MKID pixels in arcseconds.

Sets the distance target object is from the
centre of the slit in arcseconds. Can be set

to zero or greater.
Airmass of atmosphere.

Percentage of MKIDs which are con-
sidered dead. Value can be set in the range

0-100.

Standard deviation value of normal dis-
tribution used to generate spread of Rp.

Can be set to zero or greater.
Desired redshift of target object.

Original redshift of target object.
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mag__reduce

generate__sky seeing _eff

sky_seeing__eff file__save_ or_load

generate__model__seeing _eff

model__seeing _eff file_save or_load

generate__additional _plots

generate_standard__star_factors

stand__star_run__filename__details

fwhm__fitter

fwhm__fitter _central__wavelength

Factor which reduces incoming flux from
simulated target. Can be set to <1 for an

increase in flux.

Generates transmission file, containing

transmission of sky spectrum though slit.

Name of sky seeing transmission file to

either save or load.

Generates transmission file, containing
transmission of target object spectrum

though slit

Name of target object seeing transmission

file to either save or load.

Plots additional steps throughout KSIM,
including photon spectra at various stages
such as atmosphere, telescope, and grating

orders.

Generates standard star spectral weights

as described in Sec. [3.3.6

Name of standard star spectral weights to

either save or load.

Option to use a Lorentzian shape fitter
for spectral features, up to two features

at once.

Central wavelength of a Lorentzian

shaped line.
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fwhm__fitter__central _wavelength_ 2

double_fitter

continuum,__removal__use__polynomial

reset_R_FE spread_array

reset__dead_ pizel array

Central wavelength of a second Lorentzian

shaped line.

If two lines are to be fitted then this is set

to True.

If True a polynomial will be fitted to the
spectrum to remove the spectrum con-

tinuum. If False a linear fit is used.

When True generates new energy resolu-

tion spreads.

When True generates dead pixel spreads.
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CHAPTER 4

SuperSmart

4.1 Concept

The benefits of using an instrument like KIDSpec in the optical/near-infrared can
also be harnessed with an array of small robotic telescopes. This setup would enable
the features described in Chapter [3] such as the absence of read noise for short
exposures, while providing flexibility in observations. All telescopes could operate
independently, and the MKIDs used could incoherently combine their exposures.
Additionally, this approach would not necessitate large-scale construction projects

like those required for 2m and larger-class telescopes.

Some examples of small telescopes or telescope arrays include Tarot-S (Boer et al.,
2003), LOTIS (Williams et al., |2008), TRAPPIST (Jehin et al. 2011), MINERVA
(Swift et al., 2014), BlackGEM (Roelfsema et al., [2016), and GOTO (Steeghs et al.,

2022). A brief summary of these telescopes is provided in Table

These telescopes were all originally designed for photometry in scientific areas such
as gamma-ray burst optical follow-up (Boer et al.,|2003), exoplanet discovery (Jehin
et al., 2011)), and gravitational wave event optical follow-up (Roelfsema et al., 2016;
Steeghs et al., 2022). By employing photometry, they were able to observe fainter
objects while using telescopes with diameters of less than 1 meter. However, this

concept will focus on spectroscopy with small telescopes.
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4.1. Concept

Table 4.1: Brief summary of a selection of small telescopes or telescope arrays.
All facilities shown conduct observations using photometry, but MINERVA also
conducts high resolution spectroscopy. 1. is Telescopes, and D. is Diameter. The
telescope number shown for GOTO is a planned upgrade for the facility, [Steeghs
et al. (2022) demonstrated a 4 telescope prototype.

Name No. T. | T. D. (cm) | CCD array
GOTO 32 40 8304x6220
BlackGEM 3 65 111 Megapixel
MINERVA 4 70 2048x2048
NGTS 12 20 2048x2048
TRAPPIST 1 60 2048x2048

LOTIS 1 60 2048x2048
Tarot-S 1 25 2048x2048

KIDSpec, using MKIDs, would function as a photon-counting, read-noise-free,
high-throughput spectrograph, allowing flexible rebinning without any penalty.
With these capabilities, once photons are identified, they can be incoherently com-
bined, even if they were detected on different MKID arrays. Using separate arrays
of MKIDs could of course add additional complexity such as varying energy res-
olutions between arrays, which could limit the resulting spectral resolving power.

Here however the focus is on the initial design.

For instance, if 100,000 MKIDs were deployed and organised into 20 linear arrays
of 5,000 MKIDs each, each linear array could be paired with a 0.8m diameter tele-
scope. These 20 0.8m telescopes could be utilised independently, or the photons
detected by their linear MKID arrays could be combined, effectively simulating
a larger single telescope without any drawbacks. Combining all 20 MKID lin-
ear arrays from their respective 0.8m telescopes would be equivalent to a single
3.6m telescope. This telescope array concept is known as Superconducting Spec-
trograph for Medium resolution in an Array of Telescopes (SuperSmart]). Figure
illustrates a diagram of the SuperSmart concept. This chapter explores poten-
tial SuperSmart designs, including the limiting magnitudes of various SuperSmart

setups.
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Figure 4.1: Diagram of the SuperSmart concept.  FEach individual tele-
scope in the array would be optically linked to an MKID linear array by
an optical fibre. The telescopes would be able to act independently or ob-
serve the same object, with all the MKID array’s observed photons incoher-
ently combined to improve the signal-to-noise ratio (SNR). Image of night
sky shown from https://cs.astronomy.com/asy/b/daves-universe/archive/
2014/06/02/adventures-in-the-atacama-desert.aspx.

4.2 Science Motivation

SuperSmart would contribute to a wide variety of science cases through its use of
MKIDs and multiple telescopes. A selection are considered here, with more also

being discussed previously in Chapter

4.2.1 GAIA

For instance, during the GAIA survey, there were approximately 100,000 stars down
to magnitude my = 19 in the Milky Way that required follow-up spectroscopy.

These stars were primarily located in the local thin Disk of the Milky Way, but
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4.2.2. Vera C. Rubin Observatory

stars were also sampled from the Bulge and thick Disc of the Milky Way. This
follow-up was accomplished using FLAMES (Pasquini et al., [2002) on the VLT

over 300 nights (Gilmore et al., [2012).

4.2.2 Vera C. Rubin Observatory

Currently, the Vera C. Rubin Observatory (VCROJ) (Ivezi¢ et al.,[2019) is expected
to complete construction by the end of 2024 Claver et al.| (2022)) and commence its
planned 10-year survey, the Legacy Survey of Space and Time (LSST]). The survey
is anticipated to observe an enormous number of objects, many of which will re-
quire follow-up spectroscopy. It is projected that LSST will observe approximately
20 billion Milky Way stars with magnitudes exceeding m, = 20 and several billion
galaxies (Ivezi¢ et al., [2019). These objects will contribute to a wide range of sci-
entific investigations, including the analysis of the intricate and dynamic structure
of our home, the Milky Way Galaxy (Bond et al., [2010), the study of variable star
populations such as cataclysmic variables (Sesar et al. 2007)), and the exploration

of dark energy and dark matter.

4.2.2.1 Dark Energy and Matter

The nature of dark energy remains unknown, but it can be explored by studying
the relationship between redshift and distance, which reveals its influence on the
expansion rate of the Universe. Additionally, investigating the clustering rate of
matter provides insights into the energy contents of the Universe (Ivezi¢ et al.|
2019). This approach allows for testing general relativity and the ACDM cos-
mological model, as modifying the large-scale behaviour of gravity could help us

understand the nature of dark energy and matter (Howlett et al., 2017al).

The LSST is expected to observe approximately 400,000 photometrically classified
Type Ia supernovae (SNe Ia), which can significantly contribute to these investiga-

tions, particularly when both light curves and spectroscopic redshifts are utilised.
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Achieving a maximum spectral resolving power of approximately 2700 would be
required for these studies (Da Cunha et all) 2017). Additionally, [Howlett et al.
(2017a)) previously used a predicted SNe Ia sample to be observed by LSST with
m; < 18.1. Howlett et al.| (2017a) also noted the importance of a future survey
sample with J<19.0, pushing the wavelength range of interest up to ~ 1500nm
from the UV /visible.

Using these measured redshifts, the redshift distance can be determined, and the
difference between the redshift distance and the true distance of the galaxy can
be used to obtain the Peculiar Velocity (PV]) of the host galaxy (Howlett et al.
2017b). The PV can then be employed to calculate the linear growth rate, denoted
as f, of the universe. According to general relativity, the linear growth rate is
predicted as f(z) & Q,(2)7, where v ~ 0.55, z represents the redshift, and €,
denotes the matter density fraction (Linder and Cahnl 2007). If the measured linear
growth rate deviates from this prediction, it would indicate the need to modify the

theoretical behaviour of gravity on large scales.

4.2.2.2 Milky Way structure

The structure of the Milky Way can be described using nine dimensions: three
spatial coordinates, three velocity components, luminosity, effective temperature,
and metallicity. The velocity components of the Milky Way can be constrained by
studying the star sample observed by the LSST. Medium-resolution spectra of these
stars can be compared to stellar templates to determine their spectral type, radial
velocity, and radial velocity error (Bond et al., [2010). The templates which can be
used for this are the ELODIE templates with a wavelength range of 410 — 680nm
(Prugniel and Soubiran, 2001]).

Analysis of a set of these objects of interest was conducted in Bond et al| (2010)
using the Sloan Digital Sky Survey (SDSS|) spectroscopic survey, with a spectral
resolving power of ~ 1800 (Castander et al., 2001)), m, < 20, and the ELODIE
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templates. LSST will extend the sample used here, and therefore will require more
spectroscopic followup. Depending whether a higher spectral resolving power is re-
quired, spectral resolving power of >1800 exposure can be taken with SuperSmart,
subtracted for sky background at that resolving power, and subsequently rebinned
down to a lower spectral resolving power to improve sky subtraction (O’Brien,
2020). This approach would enhance the accuracy of spectrum matching to tem-

plates.

By utilising the radial velocity in conjunction with the star’s location, all three
velocity components can be calculated (Bond et al., |2010). Increasing the number
of suitable stars in different stellar categories will constrain these parameters of the
Milky Way. Similarly, as mentioned earlier, SuperSmart would efficiently observe
these objects with each telescope operating independently. The rate at which

SuperSmart can observe objects is explored in Section [£.4]

4.2.2.3 Gravitational Waves

50 million variable stars will also possibly be observed by the LSST, enabling studies
of the systems where these objects reside. This includes the potential identification
of LISA sources in the form of Ultra-Compact Binarys (UCBk) (Kupfer et al.|[2018),
as described in Section [3.6] Spectroscopic observations of these systems will assist
in characterising them prior to the launch of LISA, particularly for short periods
of approximately 15 minutes or less, where parameter constraints have exhibited

errors as large as the actual parameter itself (Burdge et al.l 2019).

A time resolution of 34 seconds was used in post-processing of LRIS (Oke et al.|
1995)) data, providing 12 phase bins for the ZTF J1539 + 5027 system. This was
done to determine the radial velocity semi-amplitudes of the two stars, which are
essential parameters for spectroscopically constraining the masses of the stars. As
discussed in Sec. [3.6] the radial velocity semi-amplitudes can be constrained by

characterising the ‘movement’ of spectral features or lines during the period of the
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binary system (Cornelisse et al., |2008)).

To improve this, a time resolution on the order of seconds would be needed to
reduce the error found by Burdge et al.| (2019). To estimate the required timing,
we can use the standard error equation: SE = on_1/v/N, where N is the number
of data points, and on_1 is the standard deviation of the data set. From this
equation, we can see that the standard error is inversely proportional to 1/v/N.
For 12 points, this would result in a 1/ V/N = 0.3 standard error. To reduce this

factor to 0.15, approximately 47 data points would be needed.

The period of ZTF J1539 + 5027 is 414 seconds, so for 47 data points, each exposure
would need to be 9 seconds. Another UCB system with a short period is HM Cnc,
which has a period of 5.4 minutes (Roelofs et al., 2010). To observe HM Cnc with

47 data points in its period, exposures of 7 seconds each would be required.

According to Kupfer et al.| (2018]), LSST is projected to discover at least 100 LISA
sources with orbital periods below 10 minutes and magnitudes below 24. UCB
characteristics will be crucial for predicting the gravitational wave strength emitted
by these sources, enabling testing of the LISA instruments and maximising the
scientific output of the mission. These characteristics include the distance, masses,
and orbital inclination of the systems. The masses can be constrained by fitting
optical spectroscopy and photometry (Copperwheat et al., 2010). The inclination
can be determined from ellipsoidal variations in time-resolved photometry (Brown
et al [2011). Finally, the distance can be constrained using parallax measurements
from either space or the ground; the Hubble Space Telescope has been used for this

purpose (Kupfer et al., 2018)).

Additionally, SuperSmart could make significant contributions to other areas of
gravitational wave science. Following the binary neutron star merger event GW170817,
emissions were observed across the electromagnetic spectrum. A gamma-ray burst
was detected approximately 1.7 seconds after the merger event, and optical obser-

vations revealed a redward evolution over a span of 10 days. Initial observations, as
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early as 11 hours after the merger event, were conducted using telescopes as small
as 40cm in diameter. These observations unveiled a featureless blue emission that
rapidly dimmed over the course of days, while the NIR emission grew brighter, ulti-
mately culminating in broad spectral features. Optical spectrographs were crucial
within 24 hours to determine the likelihood of a coincidental occurrence between
the observed gravitational wave, gamma-ray burst, and optical transient originat-
ing from the host galaxy (Abbott et al.,[2017). In Pian et al|(2017) GW170817 was
spectroscopically followed up on using many instruments, for example X-Shooter
with a spectral resolving power of ~ 6000, and FORS2 with a spectral resolving
power of ~ 1000. The wavelength ranges used here to observe GW170817’s after-
math stretched from a~ 350 — 2400nm, with the lower limit of the NIR observations
being =~ 1600nm. From this a range of at least 350-1600nm would be needed to

contribute to these follow up observations.

In this context, SuperSmart could rapidly respond to the call for observations
immediately after the detection of a merger event and continuously track the event’s
evolution without interruptions, except when the object is no longer visible in the
sky. This capability stems from having multiple fast-moving smaller telescopes and

utilising MKIDs, which do not require readouts like CCDs.

Other examples include studying gamma-ray and X-ray binaries to advance the un-
derstanding of particle acceleration, magnetised relativistic outflows, and accretion-
ejection physics, as well as enabling other tests of general relativity (Dubus, 2013).
These observations require a minimum spectral resolving power of ~ 2000, with

SuperSmart providing the added benefit of time resolution for these sources.

These are just a selection of the scientific possibilities that could be explored with
SuperSmart. The capabilities of a photon counting, time-resolving, wide-bandpass,
medium spectral resolving power spectrograph open up numerous other science

cases beyond those mentioned.
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4.3 Design

The choices for telescopes to be considered for possible SuperSmart designs were
selected from the Astrosystemd] catalogue. This was because this provider has a
range of diameters for their small telescopes ranging from 0.6-2.5m, with publicly
available specifications for each. The telescope sizes under consideration were 60
cm, 80 cm, and 100 cm. A single telescope with a smaller diameter would not
be able to fully utilise the MKID arrays due to a low number of photons, ren-
dering it impractical for the array. On the other hand, larger telescope diameters
were excluded as the number of telescopes that could be accommodated decreased

significantly due to their higher cost.

The spectral resolving powers simulated was 6000, chosen from the upper limit of
the science cases listed in Sec. and some science cases for LSST follow-up may
require this slightly higher spectral resolving power (Ivezi¢ et al., 2019)). All other
spectral resolving powers can be reached by rebinning this higher spectral resolving

power to the desired spectral resolving power.

The optimiser used in Section[3.4.1| was also employed here to determine the optimal
first-order central wavelengths and the number of MKID pixels required for a linear
array. The values of Rp used were 30 and 40 at approximately 400 nm, which are
similar to the values discussed in Section Additionally, |Zobrist et al.| (2022)
demonstrated a hafnium/indium bilayer design for an MKID with R = 33 at
406 nm. This design, while having a lower Rr than membrane devices (De Visser
et al [2021), is less complex to fabricate, making it more suitable for large arrays

of MKIDs.

A wavelength range of approximately 350-1800 nm was investigated, similar to the
range in Section A separation factor of 3 was considered, and by using the

relation Rg > 3m described in Section [3.2] it would allow for the separation of

“https://www.astrosysteme.com/products/
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4.3.1.  Spectral Order Optimiser

Table 4.2: Summary of requirements used for simulations in this Chapter. The
spectral resolving power requirement originates from the gravitational waves sci-
ence cases, but can be rebinned with no penalty to the resolutions discussed in
Sec. [4.2.2.1] & [4.2.2.2] The values used for the energy resolution are a result of
recent advancements in upcoming MKID detectors, discussed in Sec. The
wavelength range is also set by the gravitational wave science but due to its width
also includes the other science cases discussed in Sec. 4.2l The time resolution
requirement is because of the short period binary systems discussed in Sec. [£.2.2.3]
and the need for phase resolved spectroscopy to characterise these systems.

Parameter Value
Spectral resolving power 6000
Telescope Diameters (cm) 60, 80, 100
Energy Resolution 30 & 40
Wavelength Range (nm) ~ 350 — 1800
Minimum Exposure Time (s) ~ T
SNe Ia magnitude limit m; < 18.1
Milky Way stellar sample mag. limit my < 20
LISA gravitational wave sources mag. limit <24

10 and 13 orders for Rp values of 30 and 40, respectively. Table [£.2] contains a

summary of the requirements simulated here.

4.3.1 Spectral Order Optimiser

The results of the optimisation process are depicted in Figure It should be
noted that this stage represents a conceptual phase for SuperSmart, and various
aspects of the physical design could be modified in future implementations of the
array. Figure depict the optimised grating order placements. The magnitude
bands from ESOff] used for ETC simulations are also plotted in Figure [4.3] along

with the GEMINI atmospheric transmission data.

For a spectral resolving power of 6000 and Rr = 30, the optimised values were
4.86 pm and 2670, respectively, while for Rg = 40, the values were 4.87 pm and

2670, respectively.

“https://www.eso.org/observing/etc/doc/formulabook/nodel12.html
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Figure 4.2: Optimiser score heatmaps for grating order placements with a spectral
resolving power of 6000, and Rg values of 30 (Top) and 40 (Bottom). The
score increased by positioning grating orders within regions of high atmospheric
transmission and low sky brightness. The spectral resolving power of 6000 found
for Rp = 30, the optimiser identified a first-order wavelength of 4.86 pm and
determined that 2670 MKID pixels were required. For Rp = 40, the optimiser
determined a first-order wavelength of 4.87 ym and a requirement of 2670 MKID
pixels.
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4.3.1.  Spectral Order Optimiser

There was not a significant change in the number of MKID pixels required between
the two Rp values. From Figure [4.3] the trade-off between the two Rp values
lies in the width of the bandpass. By using the same number of MKID pixels,
the Rg = 40 setup achieves bandpass coverage that extends to a central order
wavelength of 373 nm with a maximum order of 13, while the Rg = 30 setup
reaches 486 nm with its maximum order of 10. These maximum orders originate
from the separation requirement of the order Gaussians the MKIDs are required
to separate. Higher orders will be more complex to separate, as discussed in Sec.
B:2l Photons from higher orders will still potentially be exposed onto the MKID
but can be minimised with the use of filters. Additionally, the drop in atmospheric
transmission below ~400nm and the high transmission in the H-band, resulted in

the optimiser placing the orders for the two setups in similar positions.

The placement of orders as preferred by the optimiser is clearly influenced by the
positioning of regions with low atmospheric transmission in relation to the orders.
Due to the atmospheric transmission the results from the comparison between the
two energy resolutions demonstrate that an Ry of 30 would be sufficient for optim-
ised coverage of the bandpass ~ 400 — 1800nm. The extra orders granted by the
RE = 40 setup would not bring additional benefits such as a reduced MKID pixel
number. Orders placed at wavelengths lower than =~ 450nm would result in poor
atmospheric transmission, thereby reducing their score. In both panels of Figure
triangular regions with low scores can be observed. These triangles are formed
as the orders traverse areas of the bandpass with low atmospheric transmission,

thereby placing the gaps between the orders in regions of high transmission.

But, this observable bandpass may not pose an issue because the atmospheric
transmission begins to rapidly decrease around the wavelength where the coverage
of the Rg = 30 setup ends, at approximately 400nm. However spectral features
such as the Balmer jump at approximately 364nm (Knigge et al., 1998) would be

out of reach of this design.
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Figure 4.3: Grating order placements from the optimiser results shown in Fig. ,
with spectral resolving power 6000, and Rf values of 30 (Top) and 40 (Bottom).
Bold black bars represent the wavelength ranges observed by the MKIDs for each
grating order. The thinner black lines with inward-pointing arrows indicate the

free spectral range for each order.

Magnitude bands from ESO, used for ETC

simulations, are also included, along with the GEMINI atmospheric transmission

data.
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4.3.2 Telescopes

The determined number of MKID pixels for the optimised setups can now be util-
ised to calculate the number of telescopes that can be employed in SuperSmart.
For each telescope, it is assumed that 3 linear MKID arrays are required: one for
science, one for sky subtraction, and one for a comparison object. These can be
setup on the telescopes by using a pick-off fibre taking a portion of the FoV, or
by attaching a spotter scope, such as the Celestron C90 MAK[ to the telescope
allowing for more flexibility in pointing. Using a separate spotter scope would place
requirements on a bright enough comparison star to facilitate a comparison obser-
vation in the same exposure as the target object, and increase the complexity of
the software needed for this instrument. However using a separate fibre to observe
a portion of the FoV would have more sky coverage than the spotter scope, not
require more overheads on a separate comparison star observation, and not have
the requirements on the comparison star brightness. The comparison star would
not need to be brighter than what the telescope itself can observe. The FoV would
be slightly obscured however. An example of a pick-off system that could be used
to feed a fibre is presented but not utilised in [Dhillon et al.| (2021). In this work a
fibre pick-off system is assumed. An estimated maximum of 100,000 MKID pixels
is considered here, which could potentially correspond to several arrays of MEC
number of MKID pixels (Walter et al., [2020) with an alternative aspect ratio, in a

sufficiently large cryostat.

BlueFors’ most popular fridge is the LD dilution 1refrige1rat01r_f-]7 which provides a
total of approximately 77 coax RF portﬂ Each MKID feedline requires two of
these ports: one for propagating the microwave signal to the MKID and another
for the return of the signal, allowing for approximately 38 feedlines. However, with

the development of new coaxial cables, such as the high-density flexible coax from

*https://www.celestron.com/products/c90-mak-spotting-scope
Thttps://bluefors.com/products/ld-dilution-refrigerator/
thttps://bluefors.com/products/coaxial-wiring/
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4.3.2. Telescopes

Delft Circuits, the number of possible feedlines will increase. More details on the

MKID readout are included in Chapter

Assuming a maximum number of 50 feedlines in the cryostat with a custom LD re-
frigerator from BlueFors, with each feedline capable of accommodating 2000 MKID
pixels (Walter et al.l 2020), the upper limit for a single cryostat is also 100,000

MKID pixels. However, multiple cryostats could be utilised.

From Section the number of MKID pixels required per linear array is ap-
proximately 2670 for a spectral resolving power of 6000. This would allow for a
maximum of 12 telescopes from a single cryostat, when considering three sets of
2670 MKIDs for a single telescope. The additional sets would be for observing both

a companion star and sky data simultaneously to an observation.

As discussed previously, Astrosysteme telescopeg’could be used for the SuperSmart
array. A summary is included here of their telescopes which were considered, for
their smaller size. The following prices include a driver mount, but no enclosure
or other general construction which would influence the cost of SuperSmart. The
RC60dﬂ is a 60cm diameter telescope with a price of €102,000. With 12 telescopes,
this would cost a total of €1,224,000. The 80cm diameter telescope is the RCSOﬂ
costing €227,000. This would be a total of €2,724,000 for 12 telescopes. For a
100cm diameter telescope this would be the AZlOOd?], costing €549,000, costing
€6,588,000 for 12 telescopes.

The RC600 telescopes have a central obscuration of 40%, resulting in an effective
collection area of 1809 cm? out of a total area of 2827 cm?. Therefore, they have
an effective diameter of 48 cm. The RC800 and AZ1000 telescopes have central
obscurations of 41% and 40%, respectively, leading to effective collecting areas of
3277 cm? and 5027 cm?, respectively. This corresponds to effective diameters of

65 cm and 80 cm, respectively. Considering the total collecting area of 12 RC600,

“https://www.astrosysteme.com/
Thttps://www.astrosysteme.com/products/rc600_1/
thttps://www.astrosysteme.com/products/rc800_5/
Shttps://www.astrosysteme.com/products/asa-az1000/
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4.4. KSIM Simulations

RC800, and AZ1000 telescopes each, they are equivalent to a single telescope with
diameters of 1.7 m, 2.2 m, and 2.8 m, respectively with no central obscuration.
With a central obscuration of 41%, which is Astrosysteme’s 2.5m telescope’s ob-
scuration, these telescopes would be equivalent to 2.2m, 2.9m, and 3.7m telescopes

respectively.

Alternatively, instead of maximising the number of telescopes per cryostat, one
might prefer to achieve an equivalent single telescope effective diameter, such as
2m. In this case, it would require either 18 RC600 telescopes, 10 RC800 telescopes,

or 7 AZ1000 telescopes.

4.4 KSIM Simulations

4.4.1 Limiting Magnitudes

Using the telescopes discussed in Section and the grating order placements
determined in Section [4.3.1] sets of KSIM simulations were conducted to determine
limiting magnitudes. These simulations involved calculating the AB magnitudes
at the blaze wavelengths of each order. Varying exposures were conducted at the
point where the SNR>5. Specifically, we simulated two exposure times: 60 seconds
and 1 hour. The choice of 1 hour aligns with other limiting magnitude determ-
inations, such as those in the X-Shooter User Manual? and similar instruments
discussed below. Furthermore, results were included for 2m and 4m class telescopes
to demonstrate the potential performance of combining the setups determined in
Section into larger telescopes. The results cover spectral resolving powers of
6000, 1000, and 100, showcasing the flexible rebinning capability of the MKIDs.
The simulations were run using 2 pixels per spectral resolution element, and the
magnitudes shown are per spectral resolution element. The specific results of the

simulations are included in Tables [4.3] to [L.5

*https://www.eso.org/sci/facilities/paranal/instruments/xshooter/doc.html
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4.4.1.  Limiting Magnitudes

Table shows that SuperSmart, with an effective diameter of 4m, can achieve
magnitudes of approximately 21.7 at a spectral resolving power of 6000 with 3600-
second exposures, maintaining an SNR > 5. Similarly, the AAOmega spectrograph
on the 4m Anglo-Australian Telescope can reach an SNR of 4.1 within an hour at
my = 22, offering a spectral resolving power of approximately 5000 (Saunders
et al., 2004). The under-construction WEAVE instrument (Dalton et al., 2012)) is
also expected to reach my = 21 with an SNR of 7.2 in a one-hour exposure, with a
spectral resolving power of 5000 For 60-second exposures, the faintest magnitude
achievable with SuperSmart is approximately 18.5. Therefore, SuperSmart can
perform a wide range of observations at varying resolving powers and exposure
times while maintaining limiting magnitudes comparable to other instruments on

4m telescopes.

Across Tables to[d.5] the results for Ry values of 30 and 40 were largely similar
in terms of wavelength placement, which is expected because the optimiser placed
the orders in similar positions. The main difference between these two setups lies
in the bandpass wavelength range, with the Rp = 40 configuration having an
additional ~ 100nm coverage from the higher orders which satisfy the separation

condition of 3.

Other expected trends were also observed. For larger telescope diameters or lower
spectral resolving powers, the limiting magnitudes became fainter. Additionally, all
sets of limiting magnitudes exhibited their faintest magnitudes around 500nm, with
the magnitudes then increasing with longer wavelengths. This is expected as the
sky becomes brighter at longer wavelengths in this regime, and the atmosphere’s
transmission begins to decline at shorter wavelengths. A similar trend can be seen

in Kaper et al.| (2008) for X-Shooter’s limiting magnitudes.

An unexpected trend was observed for two &~ 1600nm and ~ 1200nm results across
the spectral resolving powers of 100 to 1000. Here the 100 set of results at these

wavelengths had a lower magnitude result than the spectral resolving power of 1000

*https://www.ing.iac.es/Astronomy/instruments/weave/weaveinst.html
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4.4.2. Survey Simulation

for the 2m diameter telescope. From Fig. there are regions of low transmission
in the J and H bands, which correspond to the wavelengths shown in these limiting
magnitude results. These results being limited to only some of the results for
these wavelengths and not consistently suggest these anomalous results are due to
unfortunate wavelength bins being impacted by reduced atmospheric transmissions

in these wavelength regions.

4.4.2 Survey Simulation

4.4.2.1 Survey Simulation Setup

One of the key benefits of SuperSmart, with its individual telescopes, is their ability
to operate independently. To investigate this, parameters need to be defined to
estimate SuperSmart’s performance for specific sets of objects or individual science
cases. Firstly, the duration required for sets of objects with SuperSmart is defined
as the number of nights needed. Here, a single night is defined as 8 hours, an

average duration for nighttime throughout the year.

The time required to move the telescopes between objects is also necessary. The use
of small telescopes allows for quick repositioning across the sky. An estimate of 30
seconds between objects was used because with driver slew speeds available on the
market at 40 degrees/ secon the movement between objects can be rapid. GOTO
is able to begin observing a target within 30 seconds of receiving the commandlﬂ
MINERVA can also lock onto a target object in approximately 20 seconds (Swift
et al., [2014]).

The survey example used here was the GAIA follow-up survey containing 100,000
objects at my < 19 (Gilmore et al) 2012). Data was used from the GAIA Archive
EI, containing stars from DR2 (Brown et al., 2018). This gave a distribution of stars

with varying magnitudes, shown in Fig.

*https://astelco.com/products.htm
f(Steeghs et al., [2022)
thttps://gea.esac.esa.int/archive/
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4.4.2.1. Survey Simulation Setup
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Figure 4.4: Star data obtained from the GATA Archive. Shown is the histogram of
the number of stars at varying magnitudes, with 1000 bins in the magnitude range
~ 14 <my < 19.

This data is used to create a function for the number of stars vs. a given mag-
nitude. A probability density function is also calculated for the histogram shown
using the Matplotlib library of Python. This is used to predict how many of each
magnitude would be present in a 100,000 stellar object set. It should be noted
that the magnitudes provided in Tables[4.3|to 4.5 do not directly correspond to the
magnitudes simulated in subsequent Sections. To approximate the limiting mag-
nitudes for different exposure times, additional KSIM simulations were conducted
to determine the magnitudes achievable with varying exposure times. KSIM sim-
ulations were run to determine the required exposure times for an SNR>5, for 60,
80, and 100cm telescopes. The results of this are shown in Table These values
were then interpolated using SciPy for any magnitudes which lay between the data

points shown.

With the exposure times required for the varying telescopes in SuperSmart and
the calculated number of objects to observe, a simulation of the survey observa-
tion of 100,000 objects was conducted using these KSIM results. This simulation

configured a desired number of telescopes, and when they were ready, i.e., not ob-
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Table 4.6: KSIM rerun simulations to determine exposure times in seconds for the
telescope diameters 60, 80, and 100cm at my 14-19, with an SNR>5.

my Exposure time (s)

100cm 80cm 60cm
19 | 3200 5000 9000
18 1031 1611 2900
17 391 611 1100
16 146 228 410
15 57 89 160
14 23 36 64

serving an object, one of a particular magnitude was assigned to each telescope.
The object was randomly assigned based on the probability density function cre-
ated using GAIA star data, as shown in Fig. [£.4] The time required to observe each
assigned object was tracked until completion, at which point the telescope was set
to ready’ for a new assignment. The total time taken for all objects to be observed
was tracked and then converted into the number of nights required. An outline
of this process is shown in Fig. It is noted that certain error sources were
not included in detail because they were outside the scope of this initial concept
simulation. These include effects such as the residual atmospheric dispersion and
fibre coupling efficiency. These error sources can be explored in more detail with
a purpose built simulation instead. As with the simulations in Chapter [3 error

sources such as the loss from the optics involved are considered.

4.4.2.2 Results

Considering the GATA follow-up survey of approximately 100,000 stars with mag-
nitudes ~ 14 < my < 19. For the estimation as discussed in Sec. an
average of 8 hours was assumed for observations in a single night, a movement
time of 30s between objects was used, and all objects had magnitudes assigned to

them from the probability density function shown previously.

Different total effective diameter SuperSmarts were simulated to determine the
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Figure 4.5: A block diagram of the Survery simulation used to determine the
number of nights required for a SuperSmart design to observe a set number of
objects. The observation durations were set by previously determined exposure
times from KSIM. Two telescopes (A and B) are shown here as an example but
this can be any number of telescopes.

number of nights required, using the simulation outlined in the previous Section.
These SuperSmarts consisted of varying amounts of 0.6m telescopes, from 17 (2.0m
effective diameter) to 69 (4.0m effective diameter). Fig. contains the results of

the simulations.

As expected, the number of nights required decreases with a higher total effective
diameter. This was also simulated with the telescopes all acting independently, a
key feature of any SuperSmart design. The benefit of this approach is that, for
example, with a 4.0m effective diameter, the number of nights required was 190.
However, when the telescopes were also set to wait for all telescopes in the array to
finish their current observation, having more similarity to a traditional telescope
and spectrograph. Here the number of nights more than doubled, increasing to 477

nights.
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Figure 4.6: Number of nights (Npignts) required to observe the 100,000 object set,
with varying effective diameter. The left inset contains the standard error with
units of number of nights. The right inset shows the ratio of the number of nights
required by a set of non-independent telescopes to the nights required by a set of
independent telescopes (Nn7/Ny).

The other diameters were also tested with non-independence. The simulation was
used to represent how a single larger telescope of diameter 2.0-4.0m with many
fibres would operate, where to move the single telescope all of the fibres would
need to finish their observation. These are displayed in Fig. along with the
standard error of the simulations and the ratio of the non-independent number of
nights to the independent number of nights. This ratio illustrates how the gains
evolve, with the benefit of using them independently increasing as the number of

telescopes grows.

Because of the random assignment of objects, the calculated number of nights var-
ied slightly in each simulation, typically by approximately one night. To determine
the mean average of the required number of nights, we conducted ten repetitions
for each diameter. We then calculated the mean average and determined the stand-
ard error. This repetition process was not applied to the independent telescopes
simulation because, as all objects would be observed independently, the order of

selection for faint objects did not impact the results.
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As shown in the left inset of Fig. the error in the average number of nights
was found to be negligible when compared to the actual values of the number of
nights, even at its highest value of 0.29 for the lowest number of telescopes, which
was 17. Fig. also indicates that increasing the number of telescopes reduces
this error. Despite the larger number of telescopes being restricted to the longest
exposure, the increased number of observations at once still leads to an improved

spread in the resulting number of nights.

4.4.3 LISA sources

As discussed in Section UCBs play a crucial role in the context of LISA. In
this analysis, we consider two magnitudes: the faintest magnitude of the UCBs
described in [Kupfer et al.| (2018) and Section , which is approximately 24, and
the magnitude of the double white dwarf binary system ZTF J153932.16+502738.8
described in Burdge et al.| (2019), which is ~ 20.4 at a wavelength of ~ 467nm.
Due to the faintness of these objects, we reran KSIM simulations to provide a more

accurate prediction of SuperSmart’s potential performance.

The reran limiting magnitudes at 538nm were used for comparison with a mag-
nitude of 24. To observe a system with a magnitude of 24 at a medium spectral
resolving power in a single night, it would be necessary to combine enough tele-
scopes to form an effective telescope diameter greater than 4m. Specifically, a 2m
effective diameter telescope would only be capable of observing an object with a
magnitude of 22.1 at SNR>5 within a single night, assuming a spectral resolv-
ing power of 6000. However, if the spectral resolving power is rebinned to 1420,
as described in Section [3.6] a 2m effective diameter telescope could observe an
object with a magnitude of approximately 22.7. Lastly, a single 0.8m telescope,
when rebinned to a spectral resolving power of 1420, could reach a magnitude of

approximately 21.6 within an 8-hour night.

In a single 8-hour observing night, a SuperSmart with a total 4m effective diameter
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could reach magnitudes of approximately 22.9 at a spectral resolving power of 6000.
However, if the spectral resolving power is rebinned to 1420, the limiting magnitude

improves to approximately 23.5.

To observe an object with magnitude m = 24 and SNR>5, a 4m effective diameter
SuperSmart would require 18 hours, or 2.3 nights. This would still be straight-
forward with SuperSmart because multiple exposures across nights can be binned

together owing to the MKID’s lack of read noise and photon counting capabilities.

For ZTF J153932.164+502738.8, with a magnitude of approximately 20.4 at =
467nm, this object could be observed even with a single 0.6m telescope when
rebinned to lower spectral resolving powers. Using the limiting magnitude of 18.3 in
1 hour at 484nm at medium spectral resolving power, when rebinned to a spectral
resolving power of 1420, it would take almost an entire night, specifically 6 hours,
to achieve an SNR>5. Alternatively, a 2m effective diameter telescope would be
able to observe ZTF J153932.16+502738.8 for an SNR>5 at medium spectral res-
olution in 1.7 hours. With a 4m effective diameter telescope, it would take 1200s

at medium spectral resolution, less than the hour required as shown in Table [£.3]

To achieve the required 9s exposures with SNR>5 for this particular system, ap-
proximately 15 hours of observation would be required. Alternatively, considering
the exposure time requirement discussed in Table observing HM Cnc instead,
which has mp = 20.7. For phase bins of 7s with SNR>5 with a 4m effective dia-
meter SuperSmart, approximately 24 hours of observation would be required, but
is achievable with the same capabilities mentioned for the Burdge et al.| (2019)
system. This would give 47 points throughout the orbit of these systems, which
would reduce the error of subsequent fits of the system’s S-wave. In reality this
number of points may even be reduced because the orbital phase itself can be used

to rebin the exposure into desired phase bins, from the MKID time stream.

107



4.5. Telescope Design Cost Estimation

4.5 Telescope Design Cost Estimation

The cost of using a large number of telescopes is now an important consideration.
For 35 0.6m telescopes when all telescopes are combined, they would have an
effective diameter of 2.9m. The cost of these telescopes would amount to €3.7
million. In contrast, using 20 0.8m telescopes would also result in a total effective
diameter of 2.9m and cost €4.5 million for the telescopes. Thus, for a larger total
effective diameter, combining 60cm telescopes is more cost-effective than using

80cm diameter telescopes.

To further illustrate this telescope cost efficiency, the area per cost of just the
individual telescopes can be used as a metric. The 0.8m telescopes have an efficiency
of 1.4mm? /€, whereas the 0.6m telescopes have an efficiency of 1.8mm?/€. This
indicates that the 0.6m telescopes offer improved cost efficiency compared to the

0.8m telescopes, as observed above.

Using 13 1m would also result in an effective diameter of 2.9m. The total cost for
these telescopes would amount to €7.1 million, with a cost efficiency of 0.9mm? /€.
This cost efficiency here is half that of the 0.6m telescope. However, the number
of dilution refrigerators required may also negatively impact some cost efficiencies
when they are considered. Fig. [4.7] illustrates the cost to total effective diameter

when using multiple of the same telescope.

SuperSmart could however, be a combination of different-sized telescopes. For
example, by using 15 0.6m telescopes, 7 0.8m telescopes, and 3 1m telescopes, the
total telescope cost for this combination would amount to €4.8 million, with a
cost efficiency of 1.4mm?/€. This combination of telescopes would also result in
an effective diameter of 2.9m. To reach an effective diameter of 3.6m with a cost
efficiency of 1.4mm? /€, 23 0.6m telescopes, 11 0.8m telescopes, and 5 1m telescopes
would be required. These setups would have a cost efficiency the same as using

only 0.8m telescopes, also with the same number of dilution refrigerators for an
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Figure 4.7: Cost of varying telescope sizes and amounts. The individual telescopes,
marked with a blue line, are made up of the increasingly larger size telescopes
and their cost from Astrosysteme. All other datasets are made up of one size
telescope, but with their size totalled with increasing numbers of them used. The
star markers represent the combination of telescopes discussed in this Section. The
black bars on the colourbar indicate the number of dilution refrigerators required,
with the number of telescopes underneath each bar representing the number of
fridges needed. This was calculated using 2670 MKIDs per linear array, with three
linear arrays per telescope.

effective diameter of 2.9m.

4.6 Future Implementation

From these results, it is clear that SuperSmart has the potential to contribute to im-
portant science cases. SuperSmart’s potential to observe both sets of objects and
faint single targets has been demonstrated, with independent telescopes quickly
observing survey objects, doubling the rate of observation in comparison to non-
independent telescopes. Medium resolution observations of ZTF J153932.16+-502738.8
and HM Cnc with the required time resolution of 7s were also seen to be possible.
This could be achieved using multiple smaller telescopes together, making up an

effective diameter of = 4m, and an observation of 24 hours.
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To fully maximise SuperSmart’s potential in these observing scenarios, the future
implementation should focus on a combination of differently sized telescopes. This
approach strikes a balance between having a larger total effective diameter, indi-
vidual telescopes with larger diameters for individual fainter observations, and the
cost of the smaller telescopes. When fully combined, this design would also have a

sufficiently large effective diameter for the LISA verification systems described in

Sec. 1.4.3]

The total cost of implementing 23 0.6m telescopes, 11 0.8m telescopes, and 5 1.0m
telescopes would be approximately €8 million, however without an enclosure or
the construction costs of the array. If the external scope for simultaneous sky
subtraction is desired, this will add an estimate of €250 per scope, and therefore
€500 per telescope. This price is used as a guideline from Celestron| This would
add an additional €20,000. Alternatively, by assuming a price of €20,000 to install

the fibre pick-off for a single telescope, this would cost €780,000 for 39 telescopes.

Using 3 sets of 2670 MKIDs for a spectral resolving power of 6000 would require
a total of 312,390 MKIDs, which could be accommodated in multiple large arrays
of MKIDs. Omne MKID set for science, one for sky subtraction, and one for a
comparison object. This would also necessitate up to 4 cryogenic refrigerators. The
majority of the cost for the MKIDs would come from the cryogenic refrigerators
and the detector readout. by assuming a refrigerator cost of €500,000, the use
of the fibre pick-off system, and a per-pixel readout cost of ~€10 which includes
the boards and required HEMT amplifiers (discussed more in Chapter , the
combination of differently sized telescopes design for SuperSmart would currently
cost approximately €14 million, resulting in a total effective diameter telescope of

3.6m.

“https://www.celestron.com/products/c90-mak-spotting-scope
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CHAPTER 5

MKID Operation

The readout of MKID devices broadly involves generating a set of probe signals.
These signals are tuned to the resonant frequencies of the MKID devices in the
array, forming a ’frequency comb’ that is propagated through the devices. They
modify their corresponding probe signals depending on the observed photons. Once
the probe signals return, they undergo amplification with a cryogenic HEMT and
are then digitised outside of the cryostat. The phase and amplitude modulation of
the frequency comb are recorded using electronics at room temperature (McHugh

et al., |2012]).

To generate, send, and receive these signals, a Xilinx ZCU111 boardlﬂ is used.
These boards come equipped with 60.5 Mb of memory, 4272 DSP (Digital Signal
Processor) slices, 16 33G transceivers responsible for data communication at a rate
of up to 33 Gbps, and 371 maximum I/O pins for external connections via digital

signals.

However, the resonant frequencies of MKIDs are above the range possible for
the Digital-to-Analogue Converters (DACK) and Analogue-to-Digital Converters
(ADCk)—the ZCU111, in particular, is equipped with 8 of each. The DAC is re-
sponsible for converting the probe signals from digital to analogue, and vice versa

for the ADC. To address this limitation, a Local Oscillator (LQ]) is employed. The

Thttps://www.xilinx.com/products/boards-and-kits/zculll.html#information
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5. MKID Operation

LO generates a continuous microwave tone frequency that closely matches the res-
onant frequencies of the MKID devices. This LO signal is then multiplied by a
"baseband’ signal, which operates within the working range of the DAC and ADC.
Each baseband signal for each device comprises two waveforms: a sine wave at
the resonant frequency of the MKID minus the LO frequency (I=in-phase), and
a similar wave shifted -90 degrees out of phase (Q=quadrature) (McHugh et al.,
2012).

After the converted probe signal has traversed the MKID and amplifiers, it is then
returned to its baseband form using the ADC. Once the data has been digitised by
the ADC, the frequency comb must be separated into individual tones, a process
referred to as channelisation. The bandwidth of the frequency comb is divided into
equally sized bins. For each tone in the frequency comb, a low-pass filter is applied
to isolate the individual tones and a narrow bandwidth around the tone frequencies
(Strader} 2016). The result of the channelisation step is a complex signal of (1,Q).
Fig. as depicted in Strader| (2016), provides an overview of this channelisation

process.

The IQ data is then initially used to characterise the MKID. This is achieved by
altering the frequency of the sent probe signal to generate the device’s IQ loop. A
basic outline of this readout process is shown in Fig. with an example 1Q loop.
Once the IQ loop is characterised, photon data can be collected. This photon data
can be used to determine the Rg of the device by exposing it to a monochromatic
source. As discussed in Chapter [3] the Rp defines how many spectral orders an
MKID can separate, and characterising this value determines design aspects of a
constructed KIDSpec, such as the Prototype shown in Chapter [0} In this chapter,

these characterisation steps will be described in more detail.

112



5.1. Device Readout

of| — FFT hin
— final channel

—  tone 7-
-20} /

response (dB)
|
ey
(=]

-60+ (
7

| I .
5 6 10
frequency (MHz)

Figure 5.1: Shown from (2016) is an example of the channelisation process,

which separates the frequency comb into its individual tones. One of the equally
sized bins in the first stage of channelisation is labelled as the Fast-Fourier Trans-
form (FFT) bin. The ‘final channel’ is the result of the second stage, where the
individual tone is constrained using a low-pass filter.

5.1 Device Readout

5.1.1 Overview

As described above for readout, a microwave signal passes through the MKID.
The frequency comb itself is generated by the Xilinx ZCU111 board, which then
sends the signal into a BlueFors cryogenic refrigerator, as shown in Fig. Here,
as described in Chapter [2, photon events cause the resonant frequency to shift,
moving the resonance to a lower frequency and making the resonance dip shallower

and broader. This, in turn, alters the amplitude and phase of the microwave signal

(Day et al., [2003)). The data received from the Xilinx board after the signal returns

is in the form of points in the IQ plane, provided in arbitrary units.
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Figure 5.2: The outline of the MKID readout process from frequency comb gener-
ation to the 1Q data generation. The IQ data shown in the figure is the result of
altering the probe signal frequency to a single MKID, thereby generating this loop.
The resonant frequency is the portion of the loop pointed at the IQ origin.

Figure 5.3: Left shows a BlueFors dilution refrigerator. Achieves sub-Kelvin tem-
peratures by pumping liquid helium throughout the system to cool the MKID, as
described in Sec. Right shows the Xilinx board used to generate and receive
the microwave tones used for reading out the MKID devices.
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The following sections are responsible for analysing the data received from the
readout Xilinx board. To be able to use the MKID devices for science with the
layout described here, two essential characteristics are required: the center of the

1Q loop and the resonant frequency of the device.

5.1.2 1IQ Loop Fitting

The IQ loop centre and naturally the resonant frequency are vital for using an
MKID device for science. When a photon strikes an MKID, the effect of this on
the IQ loop is that the resonant frequency moves along the loop. The angle at
which the resonant frequency moves around the loop describes the energy of the
photon. To determine this angle the centre of the IQ loop is required for the readout
used in this thesis. To generate the IQ loop, a range of frequencies surrounding
the resonant frequency must be sampled. An example IQ loop from an Al-based
MKID device from De Visser et al. (2021) with a resonant frequency of 4.25 GHz,
sampled with +/- 1 MHz, is shown in Fig. 5.4, To characterise the loop itself for
the central coordinates, a Least-Squares Approximation is used. This assumes that
the loop is a circle; however, if the loop is not a circle, the response due to photons
is no longer linear. If the MKID’s response is not linear, it causes the photon event
analysis to be less trivial and requires a more complex wavelength calibration. This
non-linearity is due to the IQ loop becoming an ellipse or even bifurcating, which

means that the shape cannot effectively track the changes caused by the photons.

The IQ points are first trimmed to remove the tails on either end of the loop, leaving
only the loop itself. This is shown in Fig. [5.5] The Least-Squares Approximation

begins with the equation of the circle, given by Eq.

(I 1) +(Q Q) =7 (5.1)

where I. and . are the centre coordinates of the circle, r is the radius of the circle,

and I and @ are the IQ coordinates of the loop. Eq. [5.1] can then be expanded to,

115



5.1.2. 1Q Loop Fitting

e ®® ] -”.0-.~

800

600 .

400

200

—-200 ...Ooo.- oo’

200 400 600 800 1000 1200
I

Figure 5.4: An IQ loop measured of an Al MKID, with the probe signal sweeping
in frequency from =~ 4.249 — 4.251 GHz. Each point represents a frequency in
this range. At each frequency 256 readings of I and Q are taken, and then mean
averaged. The tone power used was -46dBm.

2L +2QQ. + 12 —I* — Q> = I* + Q> (5.2)

Here new variables a, b, and ¢ are introduced, with definitions,

a =21,
b=2Q. (5.3)

C=7“2—ICQ—Q§.

Now the loops points can be written in matrix form as,
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L Qu 1| rq |I}+@Q3
a
L Qs 1 I3+ Q3
“lpl = (5.4)
C
I, Qu 1| ~° |I2+@Q?

From this the loop points can now be given by,

A-X=B (5.5)
where,
L @ 1 i I + QF
a
L @ 1 I3+ Q3
A= X =|p|,B= (5.6)
C
I, Qn 1 " 124+ Q2

Following this X can be calculated using,

X=A"-B (5.7)

where A% is the Moore-Penrose inverse of A. This can be calculated using AT, the

transpose of A,

AT = (A-AT)71AT, (5.8)

From the found X, all that remains is to find the coordinates of the centre and the

radius of the IQ loop as follows,
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Figure 5.5: An IQ loop from an Al MKID. The IQ loop is the loop shown in
Fig. The blue points are the trimmed IQ data points which are used for
characterisation. The least-squares approximation used to characterise the loop
for the centre coordinates and radius is shown, resulting in central coordinates of

(634,348) and a radius of 539.
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Fig. shows a characterisation of the loop using this method (Chernov and
Lesort, |2005). This method gave values for I., Q., and r of 634, 348, and 539

respectively for Fig. [5.5

Moving on to determining the resonant frequency, when analysing the magnitude

of the IQ points (|S21|), a dip appears, as shown in the example in Fig,. At this
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Figure 5.6: The resonance dip, obtained by taking the absolute values of the 1Q
points shown in Fig. , was fitted using the method described in |Gao| (2008).
The primary goal was to find the frequency of the resonance dip. The blue point in
the plot represents the absoluted IQ point with the shortest distance to the origin,
thus providing the estimated resonant frequency. In this case, the resonance was
found to be at 4.24985 GHz using both methods.

point, there are two options to consider. The first option is to infer the resonant

frequency from the loop itself, while the second option is to fit the resonance dip.

To infer the resonant frequency from the IQ points, the distance of each IQ point to
the origin is calculated. Based on the shape of the resonance dip, the IQ point with
the shortest distance to the origin is identified as the minimum of the resonance dip.
This provides the estimated resonant frequency because each IQ point corresponds

to a known frequency, which was set before beginning the frequency sweep.

The second option involves fitting the resonant dip using Eq. from|Gao (2008),

. Qr/chﬁ/)o

S —qe 2T | o R
21 (f) 1+ 2]‘Qf;rfr

(5.10)

where So; represents the complex transmission through the readout system, a is
a complex constant representing the gain and phase shift through the system, 7
represents the electronics delay, @, is the resonator quality factor, (). the coupling
quality factor, @ the quality factor of the resonant circuit, f are the sampled

frequencies, f; is the resonant frequency, and g is the rotation angle with respect
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to the origin. The magnitude of So; has the form of the dip shown in Fig. [5.6]
The parameters shown in Eq. [5.10]are fitted using Python. The resulting fit is also
shown in Fig. with a fitted resonant frequency of 4.24985 GHz. This fit was

computed for the same 1Q points shown in Fig. [5.5

The first method using the IQ points only requires the IQ loop and is faster in
computation time than the fitting method. However, if extra parameters about
the device or a more accurate estimate of the resonant frequency are desired, then
the fitting can be used instead, as the IQ points on their own give a fast estimate

of the resonant frequency.

5.2 Characterisation and Calibration

5.2.1 Power Sweep

Before being used for science, the MKID device must undergo a power sweep to find
the ideal power to give the tone sent to the MKID. This is necessary to maximize
the signal-to-noise ratio without applying so much power that the IQ loop appears

distorted or bifurcates (Mazin, [2004).

Bifurcation is an issue because it prevents the MKID device’s response to photons
from being observable along the 1Q loop. The distortion of the IQ loop occurs
when the driving power of the probe signal, set by the readout, exceeds the power
handling capacity of the superconducting transmission line, which is what couples
the incoming photons to the MKID device (Mazinl 2004). For the devices used
here from SRON, the power range was swept from -60 to -40 dBm. Fig. [5.7] shows

1Q loops with increasing power from the same MKID device.

Initially, for each power, the IQ loop is characterised following the method shown
in Sec. An ellipse is also applied to the IQ data using a similar method to

the one used in Sec. for a circle, and the eccentricity of the ellipse is then

120



Power Sweep

5.2.1.

"99°0 PU® ‘FG°0 ‘T€0 ‘0£°0 ‘F€°0 ‘8€°0 FH0 FF 0 o10m 8013101130000 dsdIfe oYy ‘[oued 3307 dog, 93 WOI UOIOAIIP

osImM¥oo[0 e ul "doof oy sjusssidor IoFuo] ou oderys 9[OI oY) 0s ‘OsdIi[[o Ue dwodaq sey 1 ‘[oued JYIIY wojljog oY) ur pue ‘oued
STy S[PPIIN W03)0g 91} Ul UdS sk ‘UL10] 07 surdaq odeys [eorydif[e o) ‘seseaioul omod auo) oY) Sy [g 1°g 90§ Ul poryjeu o} 09
Aprequuts poynduroo uoryewrxoxdde asdi(e ue st aul] uvAd oY) pue (g 1°¢l 00§ ul paqLsep uorjeurrxordde o[dI10 oY} SI oUI] PoI 8} ‘“R)RpP
O1 2y3 juesaxdax syutod oe[q oy} ‘jord yoes uy -sromod ouoj Sursearour je painseawr sdooms Aouanboy [re 107 sy doo] O] :L°G 0In31yq

0009

sjuiod | 0007 000T 0
0 000Z— 000%— [ 000¥-
000¥ 0002 0 000¥ 0002 0 ; ) )
ro L oose—
L 000v—
t 0001 L 000€-
I 000z
t 0002 r 000€- t005Z—
wapy- _
+ 000Y + 000€ | 000z~ r 000z
L 0oosT-
t 000t
L 0001~
} 0009 | 000T—
} 0005
t 005D
°
000€ 0002 000T 009 0oy 00e 0 00z- 009 00 00z =
- . . 0002 005T 0001 005 : : : 001 2.
Foost— [ - - * L oov I
tosz—
L ooz
L 000T-
Lo L 009
L oo
[00s— tosz
L oos
L oor
Lo t o0s
L ooot L 00s
tosz
I oos
L 009
L 000t
000 Loozt

121



5.2.2. Photon Event Fitting

determined, which defines how elliptical the shape is. Eq. and defines

the ellipse,

IQ Q2
l=—+7 (5.11)

b2
e=\1- - (5.12)

where a and b correspond to the width and height of the ellipse respectively, and
e is the ellipse eccentricity. From Fig. [5.7] the eccentricities for the powers -60,
-56, -52, -48, -46, -44, -42, and -40 dBm were 0.44, 0.44, 0.38, 0.34, 0.30, 0.31,
0.54, and 0.66, respectively. To calibrate the device used in this work the power
-46 dBm was chosen as the optimum power due to it having the lowest eccentricity
before the higher powers began experiencing greater eccentricities. Additionally,
for the lower powers tested, the loops appear noisier, potentially contributing to the
deformation of the IQ loop circle. As the signal power is increased, the SNR clearly
increases, due to the loops appearing less noisy with higher power. For simplicity,
the eccentricity is not used in subsequent sections, and a circle is assumed. While
the loop does not bifurcate and the device is properly calibrated to understand it’s
phase response to photons, then the eccentricity will not affect future data taken.
In addition the power of the probe signal used to propagate through the MKID

must not be changed.

5.2.2 Photon Event Fitting

With the IQ loop centre and resonant frequency characterised, the incoming 1Q
data points from a photon exposure can be converted to a phase time stream in
units of degrees. This is done by computing the angle of the IQ points on the
loop with respect to the loop centre. This stream can then be analysed for photon

events.
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5.2.2. Photon Event Fitting

An example of this stream is shown in Fig. with the IQ points from which
the phase time stream originated. This phase stream had 633nm photons incident
on the MKID during its recording, causing a change in the amplitude and phase
of the probe signal. As a result, the IQ points appear to shift around the loop, as
illustrated in the IQ data in Fig. 5.8 In a phase time stream, photons manifest as
phase value peaks, as seen in the right panel of Fig. |5.8, This is due to photons
causing the IQ points to shift around the loop, altering their angle relative to the

centre of the IQ loop.

Because a monochromatic source was used for the data in Fig. the heights of
the phase peaks should be quite uniform. However, phase heights of approximately
92 and 98 degrees can be seen. This is due to photons arriving very closely together
in time, causing photon peaks to coincide with the ‘tail’ of previous phase peak
events. This results in a higher phase change that may not represent a separate
photon event. An example of this and a single photon event is shown in Fig. [5.9
To avoid these events compromising the data by showing incorrect phase peak

heights, the events are fitted, and events with poor fits are filtered.

A small MKID detector, consisting of four MKID devices from SRON in the Neth-
erlands, as shown in De Visser et al. (2021), was used during the work in this
thesis. Initially, a threshold in the phase is used to sort any potential photons.
The threshold is set up by taking the mean average of a dark phase time stream,
i.e., no photons exposed onto the MKID. This threshold does not require the ut-
most accuracy, as the photon event fitting procedure filters out any non-events. The

standard deviation of this mean average is then used to determine the threshold.

Fig. shows a phase time stream taken when the MKID was exposed to photons
with wavelengths of 1000 and 500nm. Using the calculated average dark phase, the
standard deviations of the phase were also calculated, resulting in the bold bars
seen in Fig. The threshold can then be set to a desired number of standard
deviations above the mean average of the phase time stream. This does introduce

a trade off where some low energy photons may be lost, to reduce the number of
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Figure 5.8: Left contains the IQ points from an 8s exposure using an Al-based
MKID when exposed to a 633 nm source. Included is the 1Q loop characterisation
for this device taken before this exposure, using a tone power of -46 dBm at 4.250
GHz. Right shows a section in time of the phase time stream for this exposure
from these IQ points shown. The peaks within the phase time stream are due to
photons from the 633 nm source used. The peak reaching ~ 100 degrees may be
random noise from the electronics, as it fades too rapidly to likely be a photon
event. It also is too great a reaction in phase for a single photon event.

overall photon candidates computed, because this is a process that could have the
length of hours for a simply 8 second exposure. From Fig. [5.10, 40 was used to
filter out as much noise as possible while still retaining potential photon events.
Once the potential events have been filtered out of the phase time stream, a section
of phase approximately 300 us before each event and approximately 800 us after

the event is used for fitting. This section is shown in Fig.
An exponential decay is used to fit this section of data using,

Y X €Xp (_5) ’ if ¢ > tevent
0 = (5.13)

0, otherwise

where 6 is the phase in degrees, -y is the height of the phase peak, teyent is the time
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Figure 5.9: Left contains a mostly photon-less or ‘dark’ 0.02s portion of a phase
time stream, but with a single photon event at ~ 0.085 seconds. Middle is the
zoom-in of this single photon event, an example of how photons appear in the
MKID data. Right shows an example of when two photon events arrive within
a short amount of time, on the order of hundreds of microseconds. The second
photon event sits on the phase ‘tail’ of the first event, resulting in an apparent
phase peak of ~ 92 degrees. This data was from an 8s exposure using an Al-based
MKID when exposed to a 633 nm source. A tone power of -46 dBm at 4.250 GHz
was used.

of the photon arriving in seconds, ¢ is time in seconds, and 7 is the decay constant
of the photon event, also in seconds. Eq. is then used as the function for fitting
using Python, with the phase and time stream data as the inputs. This returns
v, tevent, and 7. It should be noted that it is possible to not fit 7 when using the
MKID. This was not done here because the value of 7 had not been determined to
an acceptable confidence, and would require more data to understand this. A wide
range of 7 values were determined from data taken and fitted during this work,
and fitting a value that would not affect future data was not within the scope of
this work. Because of this the value of 7 was fitted for each event to avoid this
potential issue. Determining a value for 7 for the device in use would however help

future science uses of a particular MKID once the value of 7 is suitably known,
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Figure 5.10: A phase time stream taken with the Al-based MKID, when exposed
to photons with wavelength 1000 and 500nm. Bold bars are plotted over the phase
time stream corresponding to the mean of the phase stream without any potential
photon events, and increasing standard deviations of this average. Here 40 was
selected, because it was above the ‘dark’ phase time stream, and below the visible
events.

and reduce computing time for analysis of the phase time stream. An example of

a completed fit for an event from the Al-based device described in Sec. is
shown in Fig.

With Eq. this can then be used to determine how likely it is that the fitted
event is as Eq. describes. The likelihood is preferred because of factors such as
detector and photon noise. Therefore after the fit has been computed, it is passed
through a Reduced-Chi Squared filter to ascertain whether the event is likely due
to a photon. The noise model used for this is composed of three parts. Two of
them are MKID noise sources estimated using [Mazin| (2004)), and the third uses the
phase noise to represent the electronics noise. The first noise source is the Fano

noise equation (Mazinl 2004)),
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Figure 5.11: A section of a phase time stream containing a A =~ 1000nm photon.
Measured using an Al MKID at a tone frequency and power of 4.250 GHz and -46
dBm respectively. Overlaid onto the phase stream data is the resulting fit using
the method described in Sec. This resulted in a  of 5.22 degrees, T of 294 s,
and teyent of 0.44s after the start of the exposure.

on =/ Fnhv/A (5.14)

where F is the Fano factor, 7 is the quasiparticle generation efficiency, hv is the
energy of the incoming photon, and A is the gap energy of the superconductor.
Fano noise describes the variation in the number of quasiparticles generated when
a photon is absorbed by the MKID. However, some of the energy is lost as it is
converted to phonons rather than generating quasiparticles, separating Eq. [5.14]
from Eq. The variance in the generated quasiparticle number, denoted as
on, is related not only to the quasiparticle population Ny, but also to F'Ny,, as

described in |Mazin| (2004).

The second noise source is the generation-recombination noise, which is caused
by the random generation and recombination of thermal quasiparticles, leading to

fluctuations in the kinetic inductance. This noise can be described by,
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5.2.2. Photon Event Fitting

NEP,, = 2A\/ Neg/Tap (5.15)

where NEP,, is the noise equivalent power as a result of the generation recom-
bination noise, N4 is the equilibrium number of quasiparticles, and 7y, is the
quasiparticle lifetime. Finally, for the third component, a section of the phase time
stream data without any potential photon events is taken, and the variance of that
section is measured. This phase time stream section, visible in Fig. has its
continuum removed, and then the phase variance is calculated. These noise sources
are then used in a Reduced-Chi Squared test, along with the photon event fit and
phase time stream data shown in Fig. After the fit has been tested with
a Reduced-Chi Squared test, a Pearson Correlation Coefficient test is computed
between the fit and data, as described in Sec. [3.6.2] This is done to ensure that
the data does not include multiple photon events. If the data does not return a
correlation score greater than 0.75, it is discarded. These values that are used are
done to ensure that what is observed is indeed statistically a photon, while there
is a possibility that some photons are lost, these filters prevent excess noise from

tainting science data taken with the MKID.

In summary, each potential photon data segment from the phase time stream is
fitted with Eq. [5.13] and subjected to a Reduced-Chi Squared test. If the resulting
score is below 2.71, it passes the photon event analysis and is saved. According to
Avni| (1976), a score of 2.71 corresponds to a 90% confidence level when evaluating
one primary parameter of interest, which, in our case, is the photon event phase
height. This means that 90% of data repeats with the same height should yield a

similar fit.

Several fits of varying Reduced-Chi Squared scores are shown in Fig. [5.12] as
a result of 1000nm photons. The bottom-right panel with a Reduced-Chi score
of 4.17 appears to have had either a large amount of noise incident or a longer,

potentially NIR, wavelength photon incident on the MKID during the tail of the
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Figure 5.12: = 1000nm photon events measured using an Al MKID at a tone
frequency and power of 4.250 GHz and -46 dBm respectively. Fach photon event
was fitted using the method outlined in Sec. and then passed through the
Reduced-Chi testing described in the same Section. The results of each Reduced-
Chi test result is shown in the top left of each panel.

photon event. Because of the Reduced-Chi Squared score exceeding 2.71, this event
would be discarded. It appears to resemble a photon, but due to the shape of its
decay, its height is non-trivial to determine. From this result, it can be seen how it
can be a double photon event, where one photon sits on the tail of another photon

event as shown in the right panel of Fig. can be filtered out.

Due to the limited number of MKID devices available, the method of fitting the
potential photon events is suitable in this context. This is because fitting each
potential photon is a slow process, taking approximately 10 minutes for four res-
onators that may have observed on the order of a thousand photons. If there were
a full instrument-level MKID array with tens of thousands of MKIDs, fitting each
potential photon would become impractical due to its slowness and computational

expense. An alternative approach could involve computing a correlation statistic
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on the phase time stream using a photon template. Peaks in this correlation could

then be used to extract photon events, significantly reducing computation time.

5.2.3 Determining Device Energy Resolution

Rp is a critical parameter for MKIDs and KIDSpec because it defines how ef-
fectively an MKID can determine the energy carried by an incoming photon. As
discussed in Section RpE for KIDSpec plays a crucial role in determining the
number of spectral orders it can separate. To determine Rp, a monochromatic
source is exposed to the MKID device. From this exposure, we observe a spread in

photon event phase heights, as determined in Section

When the photon heights are binned into a histogram, this spread takes the ap-
proximate form of a Gaussian distribution. To determine the Rg, the mean of the
resulting Gaussian is divided by the FWHM (Meeker et al., 2015). This Gaussian
is shown in Fig. which displays a Gaussian distribution of photon event phase
heights, generated from 633nm photons observed by the same Al device used pre-
viously and subsequently in this thesis. Potential photons were fitted using the
method outlined in Section and filtered using a Reduced-Chi score of < 2.71.
Using 5357 photons, a Gaussian distribution was fitted to a histogram of these
photon’s phase changes. The calculated mean and standard deviation of the Gaus-
sian resulted in an Rg of 7.19. The appearance of a tail stretching to lower phase
changes, as shown in [De Visser et al.,| (2021), is the result of photons striking the
MKID in non-inductor areas of the device, causing lower-energy events. This tail
is not necessarily the result of lower energy photons being incident on the MKID,

which only had 633nm photons exposed onto it (De Visser et al., [2021)).

5.3 MKID devices

The MKID devices available throughout this work’s duration were Al-based detect-

ors described in |De Visser et al| (2021). These are research-grade devices, which
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Figure 5.13: The resulting spread of wavelengths from a 633 nm laser exposed
onto an Al MKID, with a tone frequency and power of 4.250 GHz and -46 dBm
respectively. Each potential photons was fitted using the method in Sec. and
then filtered for events with a Reduced-Chi Score of < 2.71. With a total of 5357
photons this resulted in an of R = 7.19.

had higher R values owing to a membrane used to trap phonons caused by photon

absorption.

These devices cannot be fabricated into large arrays due to their architecture and
design, as the silicon nitride membrane increases the fabrication time for a large
array. Additionally, the use of aluminium makes the devices highly reflective in
the optical, has a small area with respect to the whole device, and has low kinetic
inductance, making it difficult to fabricate an MKID array with a high QE on the
order of thousands or hundreds of thousands (De Visser et al., [2021; |Zobrist et al.|

2022).

The value of the R for these devices is &~ 40 at 986nm and is also capable of Rp ~
52 at 400nm. The Ry of these devices do not follow Eq. due to them not being
entirely governed by Fano statistics, due to phonon losses still occurring. As seen
in Sec. their maximum Rg was unable to be reproduced due to differences

in readout and cryogenic refrigerator setup, such as not having a magnetic shield
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for the MKIDs (De Visser et all, 2021)).
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CHAPTER 6

KIDSpec Prototype

6.1 Overview

To demonstrate the MKIDs benefit to a spectrograph, the KIDSpec Prototype was
created, intended to be used with the Al-based MKID described previously in Sec.

B.3l

This therefore required the Prototype to be able to produce a spectrum with a

bandpass of an MKID, = 300 — 1500nm here, with a single device.

The overall design of the prototype involved placing the grating at the centre of
a rotating stage, equipped with an ’arm’ for positioning the camera. This arm
held the camera, which focused a portion of the spectrum dispersed by the grating
into a fibre, ultimately connected to a single MKID. The arm could be rotated
to gradually assemble a spectrum, covering the required bandpass. A diagram

illustrating the Prototype concept can be found in Fig.

6.2 Optical and Mechanical Design

The initial step in developing the KIDSpec Prototype was to create an optical
design. The initial concept involved setting up a simple spectrograph using Off-

Axis Parabola (OAP)) mirrors coated with protected silver from Thorlabs for the
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Figure 6.1: Concept diagram for the KIDSpec Prototype. The Prototype will have
a rotating arm to allow the capture of a ~ 300 — 1500nm spectrum using a single
MKID pixel. The arm rotating around the grating will pass the camera through the
spectral orders, allowing for the capture of the bandpass while also demonstrating
the MKID’s order separation capability.

camera and collimator. The choice of mirrors over lenses was driven by the need
for a wider effective wavelength range. Lenses have high efficiency only within
specific narrow bands and are susceptible to chromatic aberration due to varying
focal lengths over such a wide bandpass. This is not a concern for the silver-coated
mirrors, which exhibit over 90% reflectance across the range of 0.4 to 20 pm, as
demonstrated in Fig. from Thorlabs. In contrast, a lens collimator system
from Thorlabs guarantees over 95% efficiency only within the 350-700 nm range,
as shown in Fig. from Thorlabg*]

From this stage of the concept the final spectral resolution of the KIDSpec Pro-
totype can be used to determine other factors of the Prototype, such as camera

focal length. The predicted spectral resolution can be found from the reciprocal

“https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=12897
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Figure 6.2: Reflectance with wavelength of the Thorlabs off-axis parabolic mirror
with a protected silver coating. This is beneficial to the KIDSpec Prototype due
to these mirrors having >90% efficiency across the bandpass of the single MKID
detector.

dispersion defined as,

cos (0) x 1e6
A = ——— 6.1
gnFCam ( )

where A© is the reciprocal dispersion in units of nm/mm, 6 is the angle of reflection,
g is the grooves per mm, n is the order number, and F,,, is the camera focal length.
Utilising the reciprocal dispersion, one can calculate the wavelength range focused
into a 200um diameter fibre, acting as a slit and limiting the spectral resolution
of this design. From this range, A\, the resolving power can be determined using

R=\AM\

For these calculations, a 300 lines/mm grating at blaze at 1000nm, cos () ~ 1, and

a Thorlabs mirror at the camera with a focal length of 203.2mm, the longest focal
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Figure 6.3: Reflectance with wavelength of the Thorlabs high-NA achromatic col-
limators for multimode fibres. Lens based options like these were not considered
for the Prototype due to their narrow range of effectiveness, as shown here. Here
this range is only guaranteed between 350-700nm.

length available, were employed. This yielded A©® = 8.2nm/mm. Given a 200um
diameter fibre, A\ was approximated to be around 1.64nm for grating order 2 and

approximately 3.28nm for order 1.

The resolving power at the wavelength of interest can be determined as 0.5 X A/ A\,
where the factor of 0.5 accounts for Nyquist sampling. Finally, the resolution
element for the order can be calculated by dividing the central order wavelength

by the resolving power.

For order 1, with a central wavelength of 1000nm and sampling at 710nm, the
expected resolution element is 9.24nm. For order 2, sampling at 550nm, the res-
olution element should be 2.98nm. These wavelengths were selected to test the
resolution using lines from a Ne and Hg(Ar) lamp, respectively, as detailed in Sec.

This setup was initially chosen to start the Prototype, and after construction
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and testing, improvements to the spectral resolution can be made.

To create the optical design for the Prototype, Zemax¥] was used. Using the para-
meters in Sec. and a 24.5mm focal length collimator OAP mirror, the design
shown in Fig. was developed. To facilitate the transmission of light to and
from the Prototype, a 0.22 numerical aperture (NA) 200pum diameter fibre was
used. Specifically the M25 series of fibres from Thorlabs. These fibres are com-
monly used and have a wide wavelength range of 400-2200nm. The mirrors used as
the collimator and camera were the MPD119-P01 and MPD189-P01 respectively,
from Thorlabs. The mirror used for the collimator was used for its focal length of
25.4mm to fill the mirror’s full circular diameter of 25.4mm, longer focal lengths
would cause the light to be extended beyond the mirror’s area. The mirror with
the longest focal length offered by Thorlabs was used for the camera to maximise
the spectral resolution, as seen in Eq. [6.1] This focal length is 203.2mm. For the
grating, the GR25-0310 Thorlabs model was used, for its physical dimensions being
larger than the beam diameter (of approximately 10mm) from the collimator. For
this grating and a beam diameter of 10mm, this would result in a resolving power
in spectral order 2 of R = mN = 6000 where m is order number and N is the

number of grooves which are illuminated.

With the Zemax design illustrated in Fig. [6.4] we can validate the predicted spec-
tral resolution. By focusing on the central field from the input fibre, we expect
the wavelength range that covers the 200um diameter of the output fibre to be

approximately 1.64nm when considering order 2 at 700nm.

Fig. presents a footprint diagram of a 200um diameter aperture at the IMAGE
surface in Zemax. These diagrams display optical spot sizes over a specific surface

in the optical design.

The results obtained from Fig. [6.5] align with the theory presented earlier in this

section, which predicted a range of approximately 1.64nm. The central spot is at

*https://www.zemax.com/
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Figure 6.4: The optical design for the KIDSpec Prototype as seen within the
Zemax optical simulation software. The collimator mirror (MPD119-P01) has a
focal length of 24.5mm, and the camera mirror (MPD189-P01) has a focal length
of 203.2mm. The grating used here is the GR25-0310 model. The M25 fibres from
Thorlabs are used as the input and output of the system. The system shown is the
ray path of order 2 at 700nm.

700nm, so a spot representing 700.82nm should still be visible at the diameter of the
200um fibre. This is because a range of 1.64nm, as previously found, is covered by
wavelengths ranging from 4+0.82nm from the central wavelength. Notably, Zemax
showed that wavelengths up to 700.85nm were visible inside the fibre diameter,

resulting in a focused wavelength range of 1.7nm.

Any optical system will encounter optical aberrations, and this will ultimately affect
the linewidth the Prototype can produce.There are a number of optical aberrations
which could affect this, and make this wavelength range larger, reducing the overall
resolution of the Prototype. For example, spherical aberration caused by light
focusing in different points due to the curvature of the mirrors used. The use of
mirrors is also an attempt to avoid chromatic aberration, because all of the light
within the bandpass wavelength here would be affected in the same way by the

mirrors. If a lens was used the light would be focused differently depending on
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Figure 6.5: Footprint diagrams of a 200um diameter aperture at the IMAGE plane.
Top shows the central spot of 700nm. Due to the central wavelength being focused
well it is not quite visible in the shown, in comparison to the size of the fibre. Also
shown in the spot of the 700.82nm wavelength, clearly within the fibre diameter.
Bottom shows the same as Top, but with 700.85nm instead, which has mostly
fallen outside the fibre diameter. Any higher wavelengths would be completely<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>